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Isolation and S tructural E lucidation of A llam andin, an Antileukem ic  
Iridoid Lactone from  Allam anda cathartica1

S. Morris Kupchan,* Albert L . Dessertine, Bruce T . Blaylock, and Robert F. Bryan

Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901 

Received March 12, 1974

The isolation and structural elucidation of a new antileukemic iridoid lactone, allamandin (1 ), and the new 
companion iridoids, allamandicin (3) and allamdin (4), are reported. Elemental analysis and mass spectrometry 
established a CisHigCb molecular formula for allamandin (1 ), and the structure was established by spectral stud
ies and dehydration to the previously known and cooccurring plumericin (5). Assignment of configuration was ef
fected by spin-decoupling studies of acetylallamandin (2). The isomeric iridoid, allamandicin (3), was character
ized by dehydration to plumericin (5) and additional chemical and spectral studies. The structure of allamdin (4) 
was deduced by spectral studies, and proven by direct X-ray crystallographic analysis.

In the course of a continuing search for tumor inhibitors 
of plant origin, an ethanolic extract of A llam an da  ca th a r ti
ca  L inn . (Apocynaceae)2 was found to show significant ac
tivity in  vivo  against the P-388 leukemia in the mouse and 
in  v itro  against cells derived from hum an carcinoma of the 
nasopharnyx (K B )3 (Table I). Reported herein are the frac-

Table I
Activity of Fractions from A. cathartica against KB 

Tissue Culture
Fraction BDôo, Mg/ml Fraction EDfio, uglml

A 4.6 H 3.1
B > 1 0 0 1 2 . 1
C > 1 0 0 3 > 1 0
D 0.48 4 > 1 0
E 0 .8 5 2.7
F 0.25 6 2 . 6
G 1 . 6

tionation of an active extract of A. ca th a rtica  and the isola
tion and structural elucidation of a new antileukemic ir i
doid lactone, allamandin (1), and the new companion ir i
doids,4 allam andicin (3) and allamdin (4).

Fractionation of the ethanol extract (A) (Chart I) re
vealed that the in  vivo  activity was concentrated, succes
sively, in the chloroform layer (D) of a chloroform-water 
partition, the aqueous methanol layer of a 1 0 %  aqueous 
methanol-petroleum ether partition, the aqueous methanol 
layer of a 20%  aqueous m ethanol-carbon tetrachloride par
tition, and the chloroform layer (G) of a chloroform -40%  
aqueous methanol partition. Rapid column chromatogra
phy of the final chloroform-soluble material gave a fraction 
which was further separated into two major bands by pre
parative thin layer chromatography. Rechromatography of 
the higher R f  band gave the known iridoids plumericin (5) 
and isoplumericin (6), identified by comparison of their 
physical and spectral characteristics with those recorded 
previously.5,6 Rechromatography of the second band yield
ed allamandin (1), allamandicin (3), and allamdin (4).

2, R = Ac 3 4

8, /t-H; a-CRXAl,

Elem ental analysis and mass spectrometry established a 
molecular formula of C i 5H 16 0 7  for allamandin (1). T h is  
corresponded to the addition of the elements of water to ei
ther plumericin (5) or isoplumericin (6), and, indeed, the 
infrared spectrum of 1 showed hydroxyl absorption (2.98 
p ). Attempted acetylation of 1 in pyridine resulted in dehy
dration to plumericin (5). The ir and uv spectra of 1 re
vealed the presence of the a,/t-unsaturated lactone and the 
absence of an a,/?-unsaturated methyl ester system. Acety
lation to acetylallamandin (2) was ultim ately effected (in 
the absence of base), and the nmr spectrum (Table II)  of 2 
proved to be most significant. Th e spectrum showed no sig
nal at r  2.64 [assigned to the olefinic C -3  proton in plum eri
cin (5)6], but did show a one-proton doublet at r  3.72 (J  =  8 
H z), corresponding to the C -3  proton of 2. Double-reso-
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Chart I
Fractionation of Cytotoxic Extract from A. Cathartica 

concentrated ethanolic extract of 
A. cathartica  

A (281 g)

partition between 
chloroform and water

water extract chloroform extract

partition between 
water and ethyl 
acetate

water extract ethyl acetate 

extract

B (152 g) C (31 g)

evaporation 

D (44 g)

partition between 
10% aqueous 
methanol and 
petroleum ether

aqueous
methanol
extract

partition between 
20% aqueous methanol 
and carbon tetrachloride

petroleum ether 

extract 

E (8 g)

20% aqueous methanol 

extract

partition between 
40% aqueous methanol 
and chloroform

40% aqueous methanol 

extract

H (2 g)

chloroform extract

G (12  g)

carbon tetrachloride 

extract 

F (13 g)

nance studies demonstrated that irradiation o f the C-3 pro
ton doublet caused collapse of a doublet o f doublets cen
tered at r 7.11 [leaving a doublet (J  = 4.5 Hz)], assignable 
to the C-4 proton. Irradiation o f the multiplet at r 6.43 
caused the collapse of the C-4 proton doublet of doublets to 
a doublet (J  =  8 Hz) and the two doublets o f doublets due 
to the C -6  and C-7 olefinic protons to doublets (J  = 6  Hz). 
Assignment of the r 6.43 multiplet to the C-5 proton was 
confirmed as follows. Irradiation of the C -l proton doublet 
at r 4.49 (J = 4.5 Hz) led to the assignment of the doublet 
o f doublets at r 6.93 (J  = 8 , 4.5 Hz) to the C-9 proton. 
Then, irradiation of these peaks caused not only the col
lapse of the doublet at r 4.49 (C -l proton), but sharpening 
o f the multiplet at r 6.43, indicating the coupling of the 
protons at the ring junction. Careful examination of Dreid- 
ing models indicated that the six-membered ring may as
sume a half-chair conformation with C -l, C-9, C-5, and C-4 
held in the same plane and with the protons attached to 
these carbons on the same side o f the ring. This conforma
tion accords with the observation of the same coupling con

stant between the protons at C -l and C-9 (J  1 9  = 4.5 Hz) 
and the protons at C-4 and C-5 (J 4,5 = 4.5 Hz). The latter 
coupling, along with that seen for the C-3 and C-4 protons 
(e/3t4 = 8 Hz), accords only with the configuration bearing 
the carbomethoxy group in the a. orientation and the pro
ton at C-3 also a and in an axial conformation.

Allamandicin (3) was characterized as an isomer o f 1 on 
the basis of elemental analysis and mass spectral data. The 
ir spectrum indicated the presence o f a hydroxyl group and 
the ir and uv spectra the presence o f an «,/1 -unsaturated 
methyl ester and a saturated lactone. The nmr spectrum of 
allamandicin showed a one-proton singlet at r 2.65, assign
able to the C-3 olefinic proton. The spectrum also con
tained a three-proton doublet at r 8.65 (J  =  6 Hz), indica
tive that the C-14 methyl was not vinylic in nature. The 
splitting for this signal demonstrated the presence o f but 
one proton on the adjacent carbon (C-13), corresponding to 
a broad multiplet at r 5.61. Irradiation of the multiplet 
caused the methyl doublet to collapse to a singlet and the 
doublet for the C -ll  proton at r 7.32 (J  = 1.5 Hz) to be-
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Table II
Nuclear Magnetic Resonance Data"

Compd C-l C-3 C-4 C-5 C-66 C-76 C-9 C-10 C -ll C-13 C-14 OCOMe, other

2 4.49 d 3.72 d 7.11 dd 6.43 m 4.03 dd 4.14 dd 6.93 dd 4.88 d 2.78 dq 8.00 d 6.30 s

3
(4.5) 

4.56 d
(8)

2.65 s
(8, 4.5)

6.12 td
(6, 2) 

4.14 dd
(6, 2) 

4.32 dd
(8, 4.5) 

6.69 dd
(1.5)

5.34 s 7.32 d
(1.5, 7) 

5.61 m
(7)

8.65 d
Ac 7.99 s 

6.30 s

4
(6)

5.00 dd 2.62 d
(2, 8) 

6.20 m
(5, 2) 

3.63 dd
(5, 2) 

4.66 dd
(8, 6) 

7.03 dd
(1.5)

3.29 t 7.74 dq
(6)

8.88 t
OH 7.5 m 

6.30 s
(5, 3) (3) (6, 5) (6, 2) (8, 3) (1.5) (1.5, 8) (8) OH 5 .8 br d

(5)
6.30 s5c 4.52 d 2.63 s 6.08 td 4.03 dd 4.45 dd 6.66 dd 4.98 2.9 dq 7.98 d

(6) (2, 9) (6, 2) (6, 2) (9, 6) br s (1.5, 7) (7)
“ Spectra were determined on a Varian HA-100 spectrometer in deuteriochloroform solutions. Values are given in r units 

relative to tetramethylsilane as an internal standard. Multiplicity of signals is designated as follows: s, singlet; d, doublet; t, 
triplet; q, quartet; m, multiplet; br, broad. Numbers in parentheses denote coupling constants in hertz. 6 Assignments for 
these protons are made on the basis of analogy to those for 4 and published values for similar cases (ref 10). The assignment 
differs, however, from that made in the case of 5 (ref 4 ) .c The spectrum for isoplumericin (6) differs only at C-13 [r 3.27 q (7) ] 
and C-14 [r 7.75 d (7) ].

come a sharp singlet. In  addition, the signal for the hydrox
yl proton at ca. t 7.50 became sharper. Th e a  orientation of 
the hydroxyethyl group could be inferred from the nature 
of the signal assigned the proton at C -10 .6 The singlet ob
served (r 5.34) for this proton is consistent with the 0  ori
entation of the proton at C - l l ,  by analogy with spectra of 
a-dihydroplum ericin (7) and ;j-dihydroplum ericin (8). M o
lecular models indicate that maximum orbital overlap with 
the C -10  hydrogen occurs when the C - l l  proton is in the a  
configuration, and, accordingly, a doublet for the C -10  pro
ton appears in the spectrum of 7.6 A  3  orientation for the 
C - l l  proton provides little orbital overlap, and, indeed, a 
singlet for the C -10  proton is observed in the spectrum of 8.

Allam andicin (3) was readily dehydrated to give plumer- 
icin (5) upon attempts at acetylation and upon treatment 
with phosphorus oxychloride in pyridine.7 Th e latter reac
tion is known to involve trans elimination,8 and favors the 
S  configuration for the C -1 3  carbon.

The molecular formula of allamdin (4), C | 6H lfiOfi, was 
established on the basis of elemental analysis and mass 
spectrometry. Th e ir spectrum of 4 indicated the presence 
of a hydroxyl group and both a,/3-unsaturated lactone and 
a,/j-unsaturated methyl ester systems. The uv spectrum

Figure 1. Stereoscopic view of the allamdin molecule as found in 
atoms were not located in the analysis and are not shown.

confirmed the presence of the unsaturated chromophores. 
The nmr spectrum of 4 revealed that carbons 13  and 14  
constituted an ethyl side chain. Th e olefinic proton at C -10

(t 3.30) was not strongly coupled to the C -1 3  protons (J  =  2 
Hz). Double-resonance studies demonstrated that the pro
ton at C - l  ( t 5.00) appeared as a broad doublet of doublets 
( J  =  5, 3 Hz) coupled to both the hydroxyl proton and the 
C -9  proton. Th e positions of the remaining protons on the 
six-membered ring were confirmed using this technique. 
Th e protons attached to the olefinic 6 and 7 carbons ap
peared as two doublets of doublets, at r  3.63 and 4.66. The  
set of peaks farther downfield was assigned to the C -6  pro
ton, owing to its greater secondary coupling constant (J  =  5 
Hz). Th e apparent increased mobility of the six-membered 
ring in 4, when compared to the other compounds, presents 
the opportunity for increased orbital overlap between the 
C -5  and C -6  protons. Presumably, this effect increases the 
value of the coupling constant between these protons (Js# ) 
more than the coupling constant between the protons on 
C -5  and C -7  (5/ 5 ,7 ). The negative molecular rotation of al
lam din ([M]d  —10 2 °)  favored the 3  configuration for the 
C - l  hydroxyl group.9

Th e configuration at C - l  and the detailed structure and 
stereochemistry of allamdin (4) were proven by direct X -  
ray crystallographic analysis.11 A  view of the allamdin mol
ecule as found in the crystal is shown in Figure 1. The mo-

crystal. The hydrogen atoms attached to the two methyl carbon

lecular structure found clearly corresponds to 4, and the 3  
orientation of the C - l  hydroxyl group is firm ly established. 
Although brief reports have been given of X -ra y  structure
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determinations of both a Rb salt of monotropein12 and a 
derivative of loganin, 13 in neither case were atomic coordi
nates provided, so that this report gives the first detailed 
description of the molecular geometry o f an iridoid.

Internal agreement between individual measurements of 
bond distances for equivalent bond types is good. Thus, the 
average of the four Csp3-C sp3 bond distances is 1.54 ±  0.03 
A, of the four Csp3-C sp2 distances 1.51 ±  0 .0 2  A, and of the 
three Csp2= C sp2 distances 1.32 ±  0.02 A. All o f these aver
age values are close to the standard values for the various 
bond types. 14 By contrast, o f the two Csp2-C sp2 distances, 
C -ll-C -1 2  is longer than normal, probably owing to strain 
in the unsaturated lactone ring and indicating a minimum 
of conjugation between C -1 0 -C - 1 1  and the carbonyl group 
o f the ring, while C-4-C-15 is of a more normal length. The 
two C= 0  bonds are of normal length, 1.18 and 1.19 A, 
while the three Csp3-O R  bonds average 1.49 ±  0 .0 2  A and 
the three Csp2-O R  bonds 1.35 ±  0 .0 2  A. The hydroxyl bond 
at C -l is somewhat shorter than the standard value of 1.426 
(5) A.

The intraring valence angles in the dihydropvran ring 
have fairly normal values as compared to cyclohexene, but 
the substitution o f the oxygen atom 2  with its correspond
ing open valence angle of 116° produces significant changes 
in angles in the rest of the ring which would otherwise be 
expected to be equivalent, e.g., 1 2 2 ° at C-4 us. 126° at C-3, 
and 110° at C-5 vs. 115° at C-9. The intraring valence angle 
at C -l is close to the regular tetrahedral value and the ex
traring valence angles involving the hydroxyl group are 
both less than the regular tetrahedral value. It has com 
monly been assumed15 in the calculation of minimum ener
gy conformations of six-membered rings that substitution 
at tetrahedral carbon atoms will lead to increased values 
for the corresponding intraring valence angles. While there 
is ample evidence that this is so for methyl substituents, 
the arrangement here suggests that attention should also 
be paid to the nature of the substituent atoms involved.

A similar pattern of valence angles occurs at each of the 
three sp2-carbon atoms C-4, C-12, and C-15. In each case 
the double bond is flanked by two angles > 1 2 0 ° while the 
third angle is significantly <120°. At both C - 1 2  and C-15 
the smaller o f the two largest valence angles is found adja
cent to an ether oxygen atom, the larger adjacent to an sp2 
carbon. The limiting steric interaction in each case seems 
to be the maintenance of a 1,3 O—O separation o f around
2 .2 2  A.

Within the cyclopentene ring the valence angles at both 
sp2 and sp3 carbons are reduced by about the same amount, 
ca. 7°, from the regular trigonal and tetrahedral values. 
More severe closures o f the intraring Csp2 angles are found 
in the unsaturated lactone ring at C - l l  and C-12 than at 
C-10, reflecting the enhanced length o f C -ll-C -1 2  already 
mentioned. A pronounced asymmetry of the extraring an
gles at C -ll , 132° us. 122°, occurs and is to be associated 
with the near coplanarity of the lactone ring with the ethyl 
group at C -ll . This brings H-10 into close proximity with 
the C-14 methyl group (C-14—H-10, 2.60 A) and suggests a 
locking o f the methyl group by interposition of H-10 be
tween two o f the methyl hydrogens. However, the methyl 
group hydrogen atoms have not been located in the final 
electron-density maps.

The valence angles at the spiro atom C -8  show equal in
traring values of 103° in both the cyclopentene and lactone 
rings, but a fair asymmetry in the remaining angles. The 
angle between the two planes defined by C-7, C-8 , C-9', and 
C-10, C-8 , 0-20 is 87.5°.

The pattern o f torsion angles in the dihydropyran ring 
shows it to have a 1 ,2 -biplanar (sofa) conformation . 15 Tor

sion angles about bonds not involving 0 - 2  have values very 
close to those calculated for the minimum energy confor
mation o f this type in cyclohexene. 15 The 1 ,2 -biplanar ar
rangement is calculated to be about 1.5 kcal/mol greater in 
energy than the monoplanar (half-chair) conformation for 
cyclohexene. The observed reduction in the torsion angles 
about C -l-O -2  and 0 -2-C -3  is about 10° in each case from 
the value expected for the corresponding bonds in this 
form of cyclohexene. This type o f reduction is to be expect
ed on substitution of an oxygen atom for a methylene 
group, as this involves an opening of the valence angle at 
this position in the ring from about 1 1 2 ° to 116° and is ac
companied by a reduction in the length of the bonds to this 
position. The overall result is a flattening o f the ring in the 
vicinity of 0 - 2  as compared to the corresponding cyclohex
ene.

The torsion angles of the cyclopentene ring show it to 
have Cs symmetry in a plane from C-9 perpendicular to and 
passing through the midpoint of the double bond C -6=C -7. 
The mean deviation of the four atoms C-5, C-6 , C-7, and 
C -8  from the mean plane through them is 0.007 A (maxi
mum 0.009 A) and C-9 is displaced from this plane by 
-0 .37  A.

In the cq/3-unsaturated lactone ring the low values o f the 
torsion angles indicate a near-planar arrangement of the 
atoms and this impression is initially confirmed upon cal
culation of a least-squares mean plane through the five 
atoms of the ring and 0-19. The mean deviation from this 
plane is 0.14 A, and the maximum —0.23 A. However, a 
closer inspection reveals that the four carbon atoms of the 
ring are coplanar to within 0 .0 0 1  A whereas 0 - 2 0  is dis
placed from that plane by fully 0.07 A. The exact confor
mation of the ring is thus shown to deviate significantly 
from coplanarity. The displacements from the four-atom 
plane in the ring for 0-19, C-13, and C-14 are 0.03, 0.04, 
and —0.07 A, respectively.

The stereochemistry at the dihydropyran-cyclopentene 
ring junction is cis. The combination of this cis stereochem
istry and the unusual spiro linkage of the cyclopentene and 
lactone rings is clearly linked to the /S orientation of the C -l 
hydroxyl group and the conformation o f the dihydropyran 
ring. In the dihydropyran C -l is displaced out of the rough 
plane through the other atoms of the ring by about 0.5 A in 
a direction nearly perpendicular to the plane of the lactone 
ring. C -l approaches C-10 in a 1,4 interaction within 2.98 
A, while H -l is only 2.92 A from C - 1 0  and 3.36 A from C -ll . 
A hydroxyl group a at C -l in this particular conformation 
of the dihydropyran ring would be involved in sterically 
unfavorable interactions with C-10 and C - l l  while not 
being able to compensate for these stresses by intramolecu
lar hydrogen bonding with either 0-19 or 0-20, since the 
hydroxyl hydrogen atom would be behind both oxygens in 
a position sterically unfitted for hydrogen bond formation. 
Other close intramolecular approaches involve 0 -2  with O-
2 —H - 1 0  2.67 A and O-2 —C - 1 0  only 2.96 A in a 1,5 orienta
tion.

The C -l hydroxyl group takes part in intermolecular hy
drogen bond formation with 0-19, the carbonyl oxygen of 
the lactone ring, in a neighbor. This leads to linearly con
nected strings of molecules in the crystal.

E x p e rim e n tal S e ctio n 16
Extraction and Preliminary Fractionation of Allamanda 

cathartica. The dried ground roots of A. cathartica (1.61 kg) were 
continuously extracted with hot 95% ethanol for 45 hr and the eth
anol extract was concentrated under reduced pressure to a dark 
brown residue (A, 281 g). Fraction A was partitioned between 
water (1.5 1.) and chloroform (2.0 1.), and the aqueous layer was 
further extracted with ethyl acetate (2 1.). The water and ethyl ace
tate portions were evaporated to give fractions B (152 g) and C (31
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g), respectively. T h e  chloroform  extract was evaporated to give D  
(44 g), w hich was then p artitio n ed  between 1 0 %  aqueous m ethanol 
( 1 1 . )  and petroleum  ether ( 1  L). E va p o ra tio n  of the petroleum  
ether gave E  ( 8  g). T h e  aqueous m ethanol fractio n  was d ilu te d  
w ith water, and the resu ltin g  2 0 %  aqueous m ethanol solution 
(1 .2 2 5  1.) was extracted w ith carbon tetrach lo rid e  (1.5  1.). T h e  ca r
bon tetrachloride was evaporated to give F  (13  g). T h e  2 0 %  aque
ous m ethanol portio n was d ilu te d  w ith  water to give 4 0 %  aqueous 
m ethanol (1 .5  1.), w hich was extracted w ith  chloroform  (2 1.). T h e  
chloroform  and aqueous m ethanol so lutions were evaporated to 
give fractions G  ( 1 2  g) and H  ( 2  g), respectively.

Isolation Procedure. A  larger fractio n  (83 g) corresponding to 
G  was obtained from  another extract of p la n t m ateria l (5.7 kg). 
T h is  fractio n  was subjected to colum n chrom ato graphy (s ilica  gel 
60) and eluted w ith chloroform  followed b y 2 %  m ethanol in  ch lo ro 
form . T h e  co lum n fractions were com bined according to a n a ly t ic a l 
t ic  resu lts and yie ld ed  40 g of a fraction co n ta in in g  the desired m a 
te ria ls. P re p a ra tiv e  tic  of a 4-g portio n  (S ilp la te s, 20 X 20 X 2 m m ) 
w ith 5 %  m ethanol in  chloroform  resulted in  two m ajor fractions (I 
and J ) . T h e  h ig her Rf fra ctio n  (I, 1 .16  g) deposited crude crysta ls 
on standing.

T h is  crude crysta llin e  m ateria l was subjected to p rep arative  tic  
(S ilp la te s, 20 X 20 X 0.25 m m ) w ith  chloroform  as a solvent. T h e  
m ateria l from  the h ig her R f  band was re crysta llize d  from  m eth y
lene ch lo rid e -h e x an e  to give iso p lu m e ric in  (6 ) as colorless plates 
(350 mg, m p 1 9 5 -1 9 8 °) ,  id en tifie d  b y m eltin g  p o int, n m r, ir , and 
m ass spectral com parison w ith p u b lish ed  d a ta . 5 ’6 T h e  m ateria l 
from  the lower Rf  band from  the p rep arative  t ic  was treated in  the 
sam e way to give p lu m e ric in  (5), as colorless plates (460 mg, m p 

. 2 0 9 -2 1 2 °) ,  id en tifie d  as for 6  above.
T h e  second m ajor band from  the p rep arative  tic  w ith the 2 -m m  

th ic k  p lates (J, 2.00 g) was subjected to d ry  colum n chrom ato gra
p h y . 1 7  T h e  colum n was charged w ith 130  g of S il ic A R  C C -7  packed 
in  5 -cm  fla t d iam eter n ylo n  tub ing , and eluted w ith 3 %  m ethanol 
in  ether. T h e  b u lk  of the m ateria l from  the colum n was eluted 
from  a u v-fluo rescent band (Rf ca. 0.5). O n standing, th is  fractio n  
deposited a crysta llin e  m ateria l. T r it u ra t io n  w ith  chloroform  gave 
a lla m a n d in  (1 , 37 mg). R e cry sta lliza tio n  from  m e th a n o l-e th y l ace
tate gave th in  plates: m p 2 1 2 - 2 1 5 ° ;  [a]21D + 1 5 °  (c 0.06, m ethanol); 
u v  Xmax (M e O H ) h igh end absorption; ir  Xmax ( K B r )  2.98, 3.38,
5.79, 5.99, 6.94, 8.35, 8.52, 9.90 P ; m ass spectrum  m/e 308 (M + ), 
290, 277, 262, 258, 230, 2 1 1 ,  1 7 9 ,1 6 1 ,  and 15 1 .

A n a l. C a lc d  for C i 5H 1 6 0 7: C ,  58.44; H , 5.23. Fo u n d : C , 58 .17; H ,
5 .1 1 .

T h e  d ry  colum n fra ctio n  (546 mg) from  the zone between the 
band w hich gave 1 , and a d a rk  blue fluorescent band (uv) at the 
solvent front, was subjected to p rep arative  t ic  on C h ro m A R  to 
y ie ld  two m ajor fractio ns ( K , 248 mg, low Rf, L ,  138 mg, h ig h  Rf).

F ra c tio n  K  was rechrom atographed tw ice (S ilp la te s, 20 X 20 X
0.5 m m . 1 %  m ethanol in  chloroform  followed b y  C h ro m A R  plates, 
e th er-hex ane, 1 : 1 ) to y ie ld  a residue w hich was crysta llize d  (e th e r- 
hexane) as colorless plates. R e cry sta lliza tio n  gave a lla m a n d ic in  (3, 
27 mg): m p 1 1 7 - 1 1 8 ° ;  [a]21D  + 2 9 3 °  (c 0.42, chloroform ); uv Amax 
(E t O H ) 238 nm  (e 11,5 0 0 ); ir  Amax ( K B r )  2.87, 3.24, 3.38, 5.64, 5.9 1,
6.08, 6.96, 8.45, 9.22 P ; m ass spectrum  m /e 308 (M + ) 290, 279, 2 6 1, 
246, 233, 230, 2 18 , 2 1 4 , 1 9 8 ,1 9 7 ,1 8 8 ,1 8 6 ,1 7 0 ,  and 150.

A n a l. C a lc d  for C 1 5 H 1 6 O 7 : C , 58.44; H , 5.23. Fo u n d : C , 58.76; H , 
5.38.

F ra c tio n  L  was subjected to the sam e sequence and gave a re s i
due w hich was crysta llize d  (ether-h exan e) to give p rism s of a lla m - 
d in  (4, 35 m g): m p 1 3 1 - 1 3 2 °  dec; [a]21D —3 5 ° (c 0.46, chloroform ); 
UV Xmax (E t O H )  238 nm  (r 14,000, sh) and h ig h  end absorption; ir  
Xmax (K B r )  2.92, 3 .22, 3.24, 3.36, 5.77, 5.90, 6 .1 1 ,  6.98, 7.77, 9.00,
9.37 ; m ass spectrum  m/e 292 (M + ), 274, 263, 232, 2 3 1 , 2 14 , 203, 
1 8 6 ,17 5 , and 162.

A n a l. C a lc d  for C i 5 H I 60 6 : C ,  61.64; H , 5.52. Fo u n d : C ,  61.89; H ,
5.56.

Dehydration of Allamandin (1). A  solution  of a lla m a n d in  (1,
16.2 mg) in  d ry  p y r id in e  ( 2  m l) was treated w ith  acetic a n h yd rid e  
(1 m l). T h e  m ix tu re  was stirred  at room  tem perature for 19  hr. T h e  
solvent and excess reagent were rem oved under vacuum  and the 
residue was a pp lied  to three S ilp la te s  (20 X 20 X 0.25 m m ), w hich 
were developed in  1 %  m ethanol in  chloroform . T h e  m ajor band 
y ield ed a so lid  ( 1 0  mg) w hich  was recrysta llize d  (m ethylene ch lo 
rid e -h e xa n e ) to give colorless plates of 5, m p 2 0 7 - 2 1 1 ° ,  ch a ra cter
ized by m elting  p o int, m ix tu re  m eltin g  p o int, and com parison of 
nm r and m ass spectra w ith those of a u th e ntic  m ateria l.

Acetylallamandin (2). A  suspension of a lla m a n d in  (1,1 7  mg) in  
acetic an hyd rid e  (7.5 m l) was stirred  at 7 0 ° for 18 .5  hr. T h e  solvent 
was rem oved under vacuum  and the residue was a p p lie d  to three

C h ro m A R  plates (20 X 20 X 0.25 m m ). D evelo p m en t w ith e th e r- 
hexane (2 : 1 ) was effected twice, and the m a te ria l from  the m ajor 
band was eluted and crysta llize d  from  ether to y ie ld  a c e ty la lla 
m an d in  (2, 1 1  mg). R e cry sta lliza tio n  from  m ethylene c h lo r id e - 
hexane gave needles: m p 1 7 3 - 1 7 7 ° ;  [a]21D + 6 1 °  (c 0.36, ch lo ro 
form ); u v  Amax (E t O H ) h ig h  end absorption; ir  Xmax ( K B r )  3.38,
5.62, 5.74, 5.78, 5.95, 6.98, 8.18, 9.30, 9.97, 10.6 P ; m ass spectrum  
m/e 350 (M + ), 308, 2 9 1, 277, 253, 2 1 1 , 1 9 3 , 1 7 9 , 1 6 1 , 1 4 0 ,  and 98.

Dehydration of Allamandicin (3). A  solution  of a lla m a n d ic in  
(3, 13  mg) in  d ry  p y rid in e  was cooled to 2 °  and treated w ith phos
phorus oxychloride (5 drops). A fte r 4 m in , the m ix tu re  was allowed 
to w arm  to room tem perature and the solvent was rem oved under 
vacuum . A  chloroform  solution of the residue was filtered  and a p 
p lie d  to two S ilp la te s  (20 X 20 X 0.25 m m ). T h e  plates were d evel
oped three tim es w ith chloroform  and the m ateria l eluted from  the 
two h ig h  Rf  bands was obtained as crude crysta ls. R e cry sta lliza tio n  
(m ethylene ch lo rid e -h e x an e ) gave, as the m ajo r product, p lu m e ri
c in  (5, 6.5 mg), m p 2 0 8 -2 1 1 ° ,  characterized b y m eltin g  point, m ix 
ture m elting  point, tic, and com parison of ir  ( C H C I 3 ) and m ass 
spectra w ith those of a u th entic m ateria l. T h e  m in o r p ro duct ( < 1  
mg) was id en tifie d  as iso p lu m e ric in  (6 ) b y  com parison of its  m ass 
spectrum  and t ic  behavior w ith  those of an au th entic sam ple.

X-Ray Crystallographic Structural Data for Allamdin 
( C 1 5 H 1 6 O 6): orthorhom bic, space group P 2 i 2 i 2 i ,  a =  1 3 .2 1 1  (2), b =  
13.736  (2 ), c =  7.858 ( 1 ) A , Pobsd =  1.34, Z  =  4, pcalcd =  1.36, p (C u  
K « )  =  9 cm - 1 .

T h e  space group was determ ined from  precession photographs 
from  the system atic absences in  the a x ia l reflections w ith  h, k, or / 
odd. U n it  ce ll d im ensions were obtained b y a least-sq uares f it  to 
the values of ± 2 0  for 18  general reflections m easured at room  tem 
perature on the diffractom eter (X =  1 .5 4 18  A ). F o r  the m easure
m ents of in te n s ity  a crysta l block (1.0  X 0.5 X 0.2 m m 3) was 
m ounted w ith the c* a x is  p a ra lle l to the <j> a x is  of a P ic k e r  fo u r-c ir 
cle d iffractom eter operated under the control of an X D S  S ig m a  2  

com puter. C u  K a  rad ia tio n  was used, m ade m onochrom atic by 
B ragg reflection from  the (002) p lanes of a h ig h ly  oriented g rap h
ite crysta l. T h e  reciprocal lattice  was surveyed at some 115 0  points 
out to s in  8/X =  0.545 and d iffracted  in te n s ity  s ig n ific a n tly  above 
background [ /  >  3.0<x(/)] was m easured at 1097 of them . T h e  8/28 
scan m ethod was used w ith a scan range of 3 .5 ° and a scan rate of 
2 ° /m in . B a ckg ro u nd  in te n s ity  was ca lcu lated for each reflection 
from  a predeterm ined survey of the va ria tio n  of background as a 
functio n  of 28 over the operating range of the d iffracto m eter w ith  
the crysta l in  place.

Structure Determination and Refinement. T h e  structure was 
solved by use of the program  MULTAN of G e rm a in , M a in , and 
W oolfson . 18

T h e  stru ctu ra l param eters were refined b y b lo ck -d ia g o n al least- 
squares m ethods to R =  0 .14  w ith  in d iv id u a l isotropic th erm a l p a 
ram eters assum ed, and to R  =  0 .10  on the assum ptio n  of a n iso 
tropic th erm a l param eters. O f the 16  hydrogen atom s in  the m ole
cule  a ll except those associated w ith the two m eth yl groups were 
c le a rly  id en tifia b le  from  a d ifference e le ctro n -d e n sity  fu n ctio n  c a l
culated at th is  stage. T h e y  were in c lu d ed  in  the refinem ent w ith 
iso tro p ic th erm a l param eters and the refinem ent continued to give 
R =  0.081 at convergence.

N o  co n vin cing  d istin ctio n  between the two possib le enantio m er
ic  structures emerged when co n tribu tio n s for the anom alous d is 
persion corrections for the oxygen atom s were in c lu d ed  in  separate 
structure factor ca lcu latio ns, nor could conclusive differences in 
B ijv o e t p airs  of reflections be detected, so th a t the absolute co nfig 
u ratio n  of a lla m d in  was not determ ined b y  th is  analysis.

W ith  the exception of MULTAN a ll program s used in  the a n a lys is  
were w ritten in  th is  lab o rato ry for the S ig m a  2 com puter. S ca tte r
in g  functio ns for the atom s were taken from  the co m p ila tio n  of 
H a n so n , et al.19 N o  account was taken of effects due to absorption. 
T h e  co m p a ra tive ly  h ig h  resid u al is m ost p ro b a b ly  a ttrib u ta b le  to 
th is  neglect, b u t is l ik e ly  to have litt le  effect on the f in a l p o sitio n a l 
param eters. A  f in a l d ifference e lectro n -d en sity  m ap showed o nly 
random  d istr ib u tio n  of resid u al peaks of height not exceeding ± 0 . 2  

e /A 3. W e ig h tin g  functio ns for the least-squares refinem ent were 
based on the treatm ent suggested b y K ille a n , et al.20

Registry No.—1, 5 18 2 0 -8 2 -7 ; 2, 5 18 20 -8 3 -8 ; 3, 5 18 38 -8 3-6 ; 4, 
518 20 -8 4-9 .

Supplementary Material Available. P o sit io n a l param eters 
d e fin in g  the crysta l structure, the th e rm a l param eters of the 
atom s, and d iag ram s show ing the bond lengths, bond angles, to r
sion angles, and other features of the m olecular geom etry of a lla m -
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d in  w ill appear follow ing these pages in  the m icro film  edition  of 
th is  volum e of the jo u rn a l. Photocopies of the su pp lem entary  m a 
te ria l from  th is  paper o n ly  or m icrofiche (10 5  X  148 m m , 2 4 X  re 
d uction, negatives) conta in ing  a ll of the su pp lem entary  m ateria l 
for the papers in  th is  issue m ay be obtained from  the Jo u rn a ls  D e 
p artm en t, A m e rica n  C h e m ica l Society, 1 1 5 5  16 th  S t., N .W ., W a sh 
ington, D . C . 20036. R e m it check or m oney order for $3.00 for p ho 
tocopy or $2.00 for m icro fiche, referring  to code num ber J O C -7 4 - 
2477.
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Nucleosides. LXXXVII. Total Synthesis of Pentopyranine A, an a -L Cytosine 
Nucleoside Elaborated by S trep tom yces  griseochrom ogenes1

K. A. Watanabe,* T. M. K. Chiu, D. H. Hollenberg, and J. J. Fox

L a b o ra to ry  o f  O rga n ic  C h em is try , M em o r ia l  S lo a n -K e t t e r in g  C a n c er  C en ter , S lo a n -K e t t e r in g  
I n s t i tu t e ,  S lo a n -K e t t e r in g  D iv is io n  o f  C o rn e ll  U n iv e r s i ty  G ra d u a te  S ch o o l o f  M ed ic a l  S c ien c e s , N e w  Y ork , N e w  Y ork  10021

R e c e iv e d  M a rch  27, 1974

T h e  nucleoside l-(2 ,3 -d id e o x y-a -L -g /;yce ro -p e n to p y ra n o sy l)cyto sm e  (1)  was synthesized b y  a series of reactions 
from  tr i-O -a c e ty l-L -a ra b in o p y ra n o s y l brom ide. T h e  id e n tity  of 1 w ith  the n a tu ra lly  occurring  pento p yran ine A  
was established b y ir , uv, and m ass spectra l com parisons. T h e  syn th etic  sequence and ph ysico ch em ical data  for 1 
reported herein  provide co n firm in g  evidence for the stru ctu re  p re v io u sly  assigned to pentopyran ine A.

Two cytosine nucleosides, pentopyranine A and C, have 
been isolated by Seto, et al.,2 from the fermentation broth 
o f Streptomyces griseochromogenes, a blasticidin S pro
ducing microorganism .3 The structures of these nucleosides 
( 1  and 2 ) were assigned on the basis o f uv, nmr, and mass

pentopyran ine A  p ento p yran in e  C

spectral evidence o f these and their acetyl derivatives.2 
Pentopyranine A and C are the first naturally occurring 
nucleosides possessing the a -L configuration. Recently,4 we 
reported the total synthesis of pentopyranine C, l-(3 - 
deoxy-a-L-f/ireo-pentopy ranosyl)cytosine (2 ), from 3 -

deoxy-l,2 :5 ,6-di-0-isopropylidene-a-D -xy/o-hexofuranose. 
In this paper we describe the total synthesis o f  l-(2 ,3 -d ide- 
oxy-a-L-glycero- pentopyranosyl)cytosine (1) from  L-arab- 
inose and its identity with pentopyranine A.

Condensation o f tri-O-acetyl-L-arabinosyl bromide with 
,'V4-anisoylcytosine in nitromethane in the presence of mer
curic cyanide5 gave the protected nucleoside 3 in crystalline 
form. Treatment o f 3 with sodium methoxide in methanol 
selectively removed the acetyl groups to afford nucleoside 4 
in ~70% yield. Isopropylidenation o f 4 gave pure 8 which 
precipitated from the reaction mixture in high yield. After 
mesylation of 8 , the product 9 was isolated and treated 
with aqueous acetic acid at room temperature to remove 
the isopropylidene group.6 It was found, however, that 
under these conditions hydrolytic deamidation o f 9 oc
curred to a considerable extent. Therefore, the reaction 
mixture was refluxed in 80% acetic acid to complete the de
amidation reaction7 from which uracil nucleoside deriva
tive 1 0  was obtained in good yield.

Treatment o f 10 with sodium methoxide in methanol 
gave the epoxide 11. After acetylation o f 11, the product 12 
was treated with sodium iodide in a mixture o f acetic acid
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N H A n

I
H N A h

and acetone.8’9 The crystalline iodohydrin 13 thus obtained 
was converted into the olefinic sugar derivative 14 by treat
ment with mesyl chloride in pyridine.8’9 Hydrogenation of
14 gave the crystalline 2/,3,-dideoxy nucleoside derivative
15 in good yield. Thiation of 15 with phosphorus pentasul- 
fide in dioxane10 gave a syrupy product which resisted crys
tallization even after chromatographic purification. The 
chromatographieally homogeneous thiouracil derivative 16 
was treated with methanolic ammonia and the cytosine nu
cleoside 1 was obtained in good yield. Although the melting 
point o f this compound (browning at ~235° and efferves
cence at 253-256°) is different from that reported2 for pen- 
topyranine A (mp 258° dec), a direct comparison o f this 
compound with an authentic sample o f pentopyranine A 
showed them to be identical. The melting point (mixture 
melting point showed no depression), uv, and ir character
istics were the same for both the synthetic and natural

products. Acetylation of 1 afforded a cyrstalline diacetate
(17) which was identical in all respects (melting point, uv, 
ir, and nmr spectra) with the diacetate prepared from pen
topyranine A. These data not only provide proof of the 
identity o f 1  with the natural product but also, by virtue of 
the route employed for its total synthesis, strongly support 
the assignment o f the structure given by Seto, et a l.,2 for 
pentopyranine A.

It is noted that in the total synthesis shown, a cytosine 
nucleoside (3-9) was converted to uracil derivatives (10-15) 
and finally converted to a cytosine nucleoside ( 1 ) by thia
tion to 16. This rather lengthy route was necessitated by 
the susceptibility o f the 4-acylamino group of 9 to acid hy
drolysis conditions required for deketalization. The intro
duction of the more readily removable group at the 3',4' po
sitions was attempted. Thus treatment o f 4 with ethyl or
thoformate in DMF in the presence o f hydrogen chloride11
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afforded a syrupy mixture of the S'^'-ethoxymethylidene 
diastereoisomers (5), from which one of them was obtained 
in crystalline form. Mesylation o f crystalline 5 yielded the 
2'-mesylate 6 in good yield. Removal of the ethoxymethyli- 
dene grouping was readily achieved by brief acid treatment 
to afford 7. Attempts to convert 7 to the 2',3'-epoxide by 
treatment with sodium methoxide gave a mixture o f several 
products, none of which was formed in predominant 
amounts. This approach was therefore abandoned.

Data obtained from a mass spectral investigation of syn
thetic pentopyranine A and its diacetate 17 are fully con
sistent with the structure assigned. In the high-mass re
gion, synthetic 1 shows peaks at m/e 211 (M+), 112 (B + 2), 
111 (B + 1), and 100 (S) .12 Ion peaks corresponding to (M 
— 30) and (B +  30) are absent, indicating that the com 
pound contains neither a terminal hydroxymethyl function 
nor a hydroxyl group at C-2'.l:i More definitive information 
was obtained from the mass spectrum of the diacetate 17, 
which exhibits fragmentation peaks which are best ration
alized by the following sequences.

Sequence A
N H A c  N H A c

Sequence B
N H A c  N H A c

Sequence A requires a pyranoid —► furanoid rearrange
ment. Such a rearrangement has been observed in the mass

spectra o f 2,3-diacetoxypyran14 and o f several hexopyra- 
nose pentaacetates. 15 The ion peaks at m/e 295 (M +), 154 
(BA + 2), 153 (BA + 1), and 143 (S) as well as those listed 
in sequences A and B are consistent only with the presence 
o f an acetoxy function at C-4' o f a 2,3-dideoxypentopyrano- 
syl sugar moiety.

Experimental Section
General Procedure. M e ltin g  points were d eterm ined  on a 

T h o m a s-H o o v e r apparatus (c a p illa ry  m ethod) and are corrected. 
T h e  n m r spectra were recorded on a V a r ia n  A -6 0  or X L -1 0 0  using  
T M S  as in te rn a l standard. C h e m ic a l sh ifts are reported in  parts 
per m illio n  (8) and sig nals are described as s (singlet), d (doublet), 
t (trip let), and q (quartet). V a lu e s  g iven for co u p lin g  constants are 
first  order. T h in  la ye r chrom ato graphy (tic) was perform ed on s i l i 
ca gel G F 25 4  (M erck), developed in  a ch lo ro fo rm -m e th a n o l (9:1) 
system , and spots were detected b y u v  absorbance or b y sp ra yin g  
w ith 2 0 %  v /v  s u lfu ric  a c id -e th a n o l and heating. M icro a n alyses 
were perform ed b y G a lb ra ith  Lab o rato ries, In c ., K n o x v ille , T e n n .

iV4 -Anisoyl-l-(tri-0-acetyl-a-L-arabinosyl)cytosinc (3). A  
suspension of A A -a n iso ylcyto sin e  (37.5 g, 0 .15  m ol) and m ercu ric  
cya n id e  (75 g, 0.3 m ol) in  n itrom ethane (1700 m l) was d rie d  b y 
azeotropic d is t illa t io n  of ap p ro x im ate ly  200 m l of the solvent. T o  
the stirred  suspension was added a d ich loro m ethane so lutio n  
(~ 5 0 0  m l) of tr i-O -a c e ty l-L -a ra b in o p y ra n o s y l b ro m ide w hich  was 
prepared b y the follow ing procedure.

T e tra -0 -a c e ty l-/J -L -a ra b in o p y ra n o se  (95 g, 0.3 m ol) was shaken 
in  ~ 3 0 %  hydrogen brom ide in  acetic a c id  (800 m l) u n t il a clear so
lu tio n  was obtained. T h e  solution was left sta nd in g  for 15  m in , 
then p artitio n ed  between d ichloro m ethane ( 1 0 0 0  m l) and ic e -  
water (1000 m l). T h e  organic la ye r was separated and washed w ith 
cold w ater ( 2  X  1000 m l), saturated sodium  b icarbonate solution 
(500 m l), and water (1000 m l), then d rie d  over sodium  sulfate. T h e  
solvent was concentrated to ~ 5 0 0  m l.

T h e  condensation reaction m ixture  was refluxed for 2 h r, d u rin g  
w hich tim e the dichlorom ethane was rem oved b y d is t illa t io n . A fter 
cooling, the p rec ip itate  (Ar4 -a n iso ylcyto sin e, 19  g, 5 0 % ) was re 
m oved b y filtra t io n , and the filtra te  was evaporated to near d r y 
ness. T h e  residue was shaken w ith a m ix tu re  of d ich loro m ethane 
(500 m l) and 3 0 %  potassium  io dide solution  (500 m l). T h e  organic 
la ye r was separated and extracted w ith  3 0 %  potassium  io d id e  so lu 
tion (500 m l) and w ater (2 X  500 m l) and d rie d  over so d ium  s u l
fate. T h e  solution  was concentrated to ~ 2 0 0  m l in  v a cu o  and 
cooled to 0 ° overnight. Com pound 3 (32 g, 4 3 % ) was obtained as 
colorless, fin e  needles: m p 2 2 7 -2 2 8 ° ;  [o]27D + 5 3 °  (c 0.9, dioxane); 
n m r ( D M S O -d 6), O A c, 8 1.93 (s, 3 H ) , 1.98 (s, 3 H ) , 2 .18  (s, 3 H ); 
O C H 3, 8 3.86 (s, 3 H ) ; H - lt ,  8 6 . 1 0  (d, 1  H , ,JV X  =  8.0 H z ); uv Amax 
(M e O H ) 289 nm , Amin (M e O H ) 242 nm.

A n a l. C a lc d  for C ^ H ^ N ^ O n ) : C , 54.87; H , 5 .0 1; N , 8.35. Fo u n d : 
C , 54.93; H , 5 .3 1; N , 8.12.

AM-Anisoyl-l-(a-t.-arabinopyranosyl)cytosine (4). C o m 
pound 3 (15  g, 0.03 m ol) was dissolved in  d ioxane (15 0  m l) and the 
solution  was d ilu te d  w ith m ethanol (15 0  m l). T o  the solution  was 
added dropw ise 1 M  sodium  m ethoxide in  m ethanol (5 m l). A fte r 
15  m in  the m ix tu re  was neutralized  w ith  Dow ex 50 ( H + , 20 m l). 
T h e  resin  was rem oved b y filtra tio n  and the filtra te  was concen
trated to ~ 5 0  m l. W a ter (150  m l) was added to the m ix tu re, w hich 
was then concentrated to ~ 1 0 0  m l and cooled at 0 ° .  Co m p o un d  4 
(7.2 g, 6 5 % ) was obtained as colorless needles: m p '2 3 1 -2 3 3 ° ;  [a]27D 
+ 5 9 °  (c 1.3 , D M F ) . T h e  pro duct analyzed best for a  hydrate.

A n a l. C a lc d  for C i 7 H i 9N 3 0 7 *H2 0 : C ,  51.64; H , 5.35; N , 10.62. 
Fo u n d : C ,  5 2 .19 ; H , 5 .3 1; N , 10.20.

T h is  p ro d uct was not further p u rifie d  b u t used d ire c tly  in  the 
syntheses of 5 and 8 , both of w hich afforded correct analyses (see 
below).
/V4 -Anisoyl-l-(3,4-0-ethoxymethyIidene-a-l,-arabinopyrano- 

syl)cytosine (5). C om pound 4 (2.0 g, 5.3 m m ol) was d issolved in  
D M F  (20 m l). T o  the solution was added tr ie th y l orthoform ate (2 
m l) followed b y 10  M  hydrogen ch loride in  D M F  (1 m l). A fte r 2 hr, 
another charge of tr ie th y l orthoform ate (3 m l) and 10  M  hydrogen 
ch lo rid e  in  D M F  was added and the m ix tu re  was le ft overn ig ht at 
room tem perature. S o lid  sodium  bicarbonate (4 g) was added and 
the m ix tu re  was stirred  for 4 h r; then the in so lu b le  in o rg an ic m ate
r ia l was rem oved by filtra tio n . T h e  filtra te  was evaporated to a 
syru p  from  w hich crysta ls  slow ly separated. A fte r 20 h r at room  
tem perature, the m ixture  of syru p  and crysta ls  was tr itu ra te d  w ith  
ethanol (15  m l). T h e  crysta ls  were filtered  and washed w ith  e th a 
nol (0.9 g, 3 9 % ): m p 2 1 1 - 2 1 2 ° ;  [a]27D + 6 9 ° (c 1.3 , d ioxane); n m r 
(D M S O -d e ) 8 1 .1 5  (t, 3 H , C H 2 C H 3), 3.58 (q, 2  H , C H 2 C H 3), 3.85
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(s, 3 H , O C H 3), 5.53 (d, 1 H , H - l ' ,  J Vi2- =  9.5 H z ), 6 . 0 2  (s, 1  H , 
ethoxym ethylidene).

A n a l. C a lcd  for C 2oH 2 3 N 3 0 8: C ,  55.42; H , 5.34; N , 9.70. Fo u n d : C , 
55.42; H , 5.33; N , 9.63.

/V4 -Anisoyl-l-(3,4-O-ethoxy me thy lidene-2-O-mesyl-a-t.-ara- 
binopyranosyl)cytosine (6 ). T o  a so lution  of com pound 5 (433 
mg, 1  m m ol) in  p y rid in e  (5 m l) was added m sy l ch lo rid e  (0.6 m l) at 
0 ° ,  and the m ix tu re  was kept at 0 °  for 16 hr, then p artitio n ed  be
tween ice-cold  water (30 m l) and d ich loro m ethane (30 m l). T h e  or
ganic la ye r was separated, washed w ith 30 m l each of water, so d i
um  bicarbonate, and water, and then d rie d  over sodium  sulfate. 
T h e  solution  was evaporated to dryness and the residue was d is 
solved in  d ich loro m ethane ( ~ 1  m l); then the solution  was d ilu te d  
w ith ethanol ( ~ 4  m l). C om pound 6  crysta llize d  as pale yellow  nee
dles (452 m g, 8 8 % ) :  m p 1 7 3 °  (sintered), 1 7 4 -1 7 7 °  (effervesced); 
[a ]27D + 1 0 0 °  (c 1.3 , C H C 1 3); n m r ( D M S O -d 6) <5 1.2 3  (t, 3 H , 
C H 2 C H 3), 3 .2 1  (s, 3 H , O M s), 3.63 (q, 2  H , C H 2 C H 3), 3.87 (s, 3 H , 
O C H 3), 5.97 (s, 1 H , eth o x ym eth ylid en e), 5.97 (d, 1  H , H - l ' ,  J r  2 ' =
7.5 H z).

A n a l. C a lc d  for C 2 1 H 2 5 N 3 O ioS: C , 4 9.31; H , 4.93; N , 8 .2 2 ; S , 6.27. 
F o u n d : C , 49.45; H , 4.92; N , 7.99; S , 5.88.

Af4 -Anisoyl-(2-0-mesyl-a-L-arabinopyranosyl)cytosine (7). 
T o  a so lution  of 6  (382 mg, 0.75 m m ol) in  d ioxane (15 m l) was 
added 1 N  H C 1  (4 m l) w ith  s tirr in g . A fte r 25 m in , the m ix tu re  was 
d ilu te d  w ith ethanol (46 m l) and the solvent was rem oved in  va cu o  
below 40°. T h e  residue was coevaporated several tim es w ith  eth a
nol u n til pale yellow  m icro crysta ls  were obtained. A fte r one re c rys 
ta lliza tio n  from  ethanol, 7 was obtained as colorless, fine needles: 
m p 205° (sintered), 208-209° (effervesced); [a]27D +47° (c 1.3, 
p yrid in e ); n m r (D M S O -d e ) 5 3.20 (s, 3 H , m esyl C H 3), 4.79 (t, 1  H , 
H -2 ' ,  J y .2’ — J i',3' — 9.0 H z ), 5.91 (d, 1 H , H - l ' ,  J y ^  9.0 H z).

A n a l. C a lc d  for C i 8H 2 1 N 3 0 9 S : C , 5 1.0 7 ; H , 5.00; N , 9.93. Fo u n d : 
C , 50.77; H , 5 .2 1; N , 10 .12 .

7V4 -Anisoyl-(3,4-0-isopropylidene-a-L-arabinopyranosyl)cy- 
tosine (8 ). A m ix tu re  of 4 (12  g, 0.032 m ol), p -to lu en e su lfo n ic  acid  
(2 g), and 2 ,2 -d im eth o x yp ro p a n e (20 m l) in  acetone (480 m l) was 
vig o ro u sly  stirred  for 24 hr. C o m p o und  8  (7.5 g) separated as colo r
less needles w hich were filtered  and washed w ith acetone: m p 
2 3 0 -2 3 1 ° ;  [« ]27D + 7 8 °  (c 1 .3 , D M F ) ; n m r ( D M S O -d 6) b 1.2 4  (s, 3
H , isopropylidene C H 3), 1.54  (s, 3 H , iso p ro p ylidene C H 3), 3.87 (s, 
3 H , O C H a), 5.54 (d, 1 H , H - l ' ,  J r>2< =  9.5 H z).

A n a l. C a lc d  for C 20 H 2 3 N 3 O V H 2 O : C , 5 5 .17 ; H , 5.79; N , 9.65. 
Fo u n d : C , 5 5 .2 1; H , 5.95; N , 9.67. T h e  presence of 1  m ol of w ater of 
crysta lliza tio n  was shown b y the n m r spectrum .

T o  the com bined filtra te  and w ashings was added so lid  sodium  
b icarbonate (3 g) and the m ix tu re  was stirred  for 5 hr. In so lu b le  
so lid  was filtered  and washed w ith a sm a ll am o unt of acetone, the 
so lid  was suspended in w ater (40 m l), stirred  for 1 hr, and then f i l 
tered and dried  to give a d d it io n a l pro duct 8  (3.8 g, m p 2 2 9 -2 3 1 °) .  
A74-Anisoyl-(3,4-0-isopropylidene-2-0-mesyl-a-L-arabinopy- 

ranosyl)cytosine (9). A  m ix tu re  of 8  (7.5 g, 0 .018  m ol) in  p y rid in e  
(100 m l) was cooled in  an ice bath. M e sy l ch lo rid e  (3 m l) was 
added to the m ix tu re  w ith stirr in g . A fte r 4 hr, the reaction m ixture  
was poured into a m ix tu re  of ice and w ater (500 m l), and then the 
m ix tu re  was extracted w ith chloroform  (2 X 250 m l). T h e  com 
bined chloroform  extracts were washed w ith  w ater (250 m l), so d i
um  bicarbonate so lution  (2 X 250 m l), a n d  w ater (250 m l), and 
then d ried  over sodium  sulfate. T h e  so lutio n  was concentrated to 
dryness and the residue was coevaporated several tim es w ith  etha
nol u n t il a cry sta llin e  residue was obtained. T h e  residue was re 
crysta llize d  from  ethano l to give colorless needles: 7.2 g (8 1% ) ; m p 
19 9 -2 0 0 ° dec; [a ]27D + 1 0 2 °  (c 1 .1 ,  D M F ) ; n m r (D M S O -d 6) b 1 .3 7  
(s, 3 H , iso p ro p ylid ene C H 3), 1.58 (s, 3 H , iso p ro p ylid ene C H 3),
3 .2 1  (s, 3 H , S C H 3), 3.85 (s, 3 H , O C H 3), 5.93 (d, 1  H , H - l ' ,  J v ,2' =
8.5 H z).

A n a l  C a lc d  for C 2 i H 2 5 N 3 0 9S : C , 50.90; H , 5.09; N , 8.48; S , 6.47. 
F o u n d : C , 50.86; H , 4.78; N , 8.50; S , 6 .51.

l-(2-0-Mesyl-«-L-arabinopyranosyl)uracil (10). Com pound
9 (7.0 g, 0.014 m ol) was d issolved in  w arm  acetic acid  (320 m l) and 
the solution  was cooled to room  tem perature. W a ter (80 m l) was 
added to the solution  and the m ix tu re  was s tirred  overn ig ht and 
then refluxed for 3 hr. E va p o ra tio n  of the solvent and subsequent 
a d d itio n  and evaporation of toluene (3 X 100 m l) gave a sem iso lid  
residue w hich was tr itu ra te d  w ith chloroform  (2 X 30 m l). T h e  res
idue was crysta llize d  from  ethano l to give 10  as colorless, h a rd  nee
dles: 2.2 g (73%); m p 202-205° dec (effervesced); [a ]27D +79° (c
I .  3, D M F ).

1 -(2,3-Anhydro-a-L-ribopyranosyl)uraeil ( 1 1 ) .  A  m ix tu re  of
10 (1.8  g, 5.6 m m ol), 1 M  sod ium  m ethoxide in  m ethanol (7 m l), 
and ethanol (20 m l) was refluxed for 45 m in  and then cooled to

room tem perature. T h e  p recip itates were rem oved b y filtra tio n  
and the filtra te  was evaporated to dryness. T h e  residue was d is 
solved in  a 4 :1 ch lo ro fo rm -m e th a no l m ixture  ( ~ 5  m l) and chro m a
tographed over a s ilic a  gel G  colum n (50 g, 7 X  4 cm  d iam eter) 
using  4 :1 ch lo ro fo rm -m e th a n o l system  as the e luent. T h e  u v -a b - 
sorb ing  fractio ns were collected and concentrated to dryness. T h e  
cry sta llin e  residue was re crysta llize d  from  ethanol: 970 m g (7 7 % ) ; 
m p 1 6 4 -1 6 5 ° ;  [o ] 27D + 1 5 °  (c 0.8, p yrid in e ).

A n a l.  C a lc d  for C 9H 1 0 N 2 O 5 : C ,  47.79; H , 4.46; N , 12.39 . Fo u n d : 
C , 4 7.8 1; H , 4 .5 1; N , 12 .2 3 .

l-(4-0- Acetyl-2,3-anhydro-a-L-ribopyranosyl)uracil (12).
A cetic  a n h yd rid e  (1 m l) was added to a so lu tio n  of 11 (800 mg, 3.5 
m m ol) in  p y r id in e  (16  m l). T h e  m ix tu re  was stirred  overnight, 
after w hich it  was treated w ith ethanol (10  m l). A fte r evaporation 
o f the m ix tu re, the residue was tritu ra te d  w ith  ether (20 m l) and 
then crysta llize d  from  ethanol to give colorless needles: 7 2 1  mg 
(7 5 % ); m p 2 3 8 -2 4 4 ° dec; [ « ¡27D —2 7 ° (c 1.4 , p yrid in e ).

A n a l.  C a lc d  for C n H i 2N 206: C , 49.26; H ,  4 .5 1; N , 10.44. Fo u n d : 
C , 49.39; H , 4.47; N , 10.20.

l-(4-0-Acetyl-3-deoxy-3-iodo-a-L-xylopyranosyl) uracil 
(13). A  m ix tu re  of 12 (540 mg, 2 m m ol), sodium  io d id e  (1 .7  g), so d i
um  acetate (90 m g), and acetic acid  (2.8 m l) in  acetone (10  m l) was 
refluxed g en tly for 30 m in . E v a p o ra tio n  of the so lvent and subse
quent ad d itio n  and evaporation of toluene (2 X  10  m l) gave a solid  
residue w hich was then shaken w ith  a m ixture  o f w ater (20 m l) and 
chloroform . S lig h t ly  yello w ish  needles crysta llize d  out. T h e y  were 
filtered  and washed w ith a sm a ll am o unt of chloroform  (624.5 mg, 
8 0 % ): m p 1 9 3 -1 9 5 ° ,  1 9 8 -1 9 9 ° (effervesced); [a]27D + 2 4 °  (c 1.2 , 
p yrid in e ).

A n a l. C a lc d  for C n H i 3N 20 6I: C , 33.33; H , 3.28; N , 7.07; I , 32.07. 
Fo u n d : C , 32.94; H , 3.67; N , 6.95; I, 32.03.

1 -(4-0-Acetyl-2,3-dideoxy-a-L-^/yccro-pen t-2-enopyrano- 
syl)uracil (14). T o  a so lutio n  of 13 (590 mg, 1 .5  m m ol) in  p y r id in e  
(5.5 m l) was added m esyl ch loride (0.4 m l, 5.2  m m ol) and the m ix 
ture was kept at room tem perature for 16  hr. T h e  very  d a rk  col
ored reaction m ix tu re  was p artitio n ed  between chloroform  (20 m l) 
and w ater (20 m l). T h e  aqueous layer was w ashed w ith chloroform  
(20 m l). T h e  com bined chloroform  solutions were w ashed succes
s iv e ly  w ith  20 m l each of water, 0 .1 M  sod ium  th io su lfa te  (4 X ), 
and water, d ried  over so d ium  su lfate, and evaporated. T h e  residue 
was coevaporated several tim es w ith  ethano l u n t il crysta lliza tio n  
occurred. T h e  pro duct was re crysta llize d  from  ethano l to give fine 
needles: 17 3  mg (5 2 % ) ; m p 1 5 3 -1 5 4 ° ;  [a]27D  —8 4 ° (c 1 . 1 ,  d ioxane).

A n a l.  C a lc d  for C i i H i 2N 20 5: C , 52.38; H ,  4.80; N , 1 1 . 1 1 .  Fo u n d : 
C ,  5 2 .14 ; H , 4.68; N , 10.98.

A n  a d d it io n a l am o unt (72 m g, m p 1 5 1 - 1 5 3 ° )  was obtained from  
the m other liquo r.

1-(4-0-Acetyl-2,3-dideoxy-a-l.-#/ycero-pentopyranosyl) ura
cil (15). Com pound 14 (222 mg, 1  m m ol) was d issolved in  dioxane 
(10  m l) and hydrogenated over 1 0 %  p a lla d iu m  on carbon ( ~ 2 5  mg) 
at room tem perature and atm ospheric pressure. A fte r 1 m ol of h y 
drogen was taken up, the ca ta lyst was rem oved by filtra t io n  and 
the filtra te  was concentrated to dryness. T h e  residue was c ry s ta l
lized  from  ethanol to give colorless needles: 156 mg ( 7 1 % ) ;  m p 
1 4 6 -1 4 7 ° ;  [a]27D + 3 9 °  (c 0.9, d ioxane).

A n a l.  C a lc d  for C n H i4 N 20g: C , 51.9 7; H , 5.55; N , 11 .0 2 . Fo u n d : 
C , 51.89; H ,  5.57; N , 1 1 .1 8 .

l-(4-0-Acetyl-2,3-dideoxy-a-L-^lycero-pentopyranosyl)-4-
thiouracil (lfi). T o  a stirred  solution  of 15 ( 1 1 5  mg, 0.5 m m ol) in  
d ioxane (8 m l) was added phosphorus p entasu lfid e  ( 1 1 2  mg, 0.5 
m m ol) and the m ix tu re  was refluxed for 45 m in . A  second charge of 
phosphorus p entasulfid e  (82 mg) was then added and heating was 
resum ed for another 45 m in . O n ly  one spot (less p o lar th an  15) was 
detected on t ic  b y th is  tim e. T h e  m ix tu re  was cooled and the s u 
p ern atan t was decanted from  a sm a ll am o unt of in so lu b le  m ateria l 
and evaporated to dryness. T h e  residue was tr itu ra te d  w ith  a sm a ll 
am o unt ( ~ 5  m l) of w arm  water ( ~ 6 0 °)  for a few m inutes, and the 
m ix tu re  was extracted w ith  chloroform  ( 2 X 5  m l). T h e  com bined 
chloroform  extracts were washed w ith sodium  bicarbonate and 
w ater (5 m l each) and d rie d  over sodium  sulfate. A fte r rem oval of 
the so lvent b y evaporation, the residue (98 m g, 8 2 % ) was d issolved 
in  ~ 2  m l of chloroform  and spotted on a glass p late (20 X  20 cm) 
coated w ith s ilic a  gel P F 2!)4 and developed in  a ch lo ro fo rm -m e th a 
nol (9 :1) system . T h e  uv-ab so rb in g  band was rem oved a n d  extract
ed w ith ch lo ro fo rm -m e th a n o l (9:1). A fte r evaporation  of the so l
vent, 72  m g of yellow  syru p  was obtained. T h e  syru p  was used d i
rec tly  in  the next step.

l-(2,3-Dideoxy-a-L-g/ycero-pentopyranosyl)cytosine (1).
Co m p o un d  16 (52 mg, 0.2 m m ol) was d issolved in  ~ 2  m l of m etha- 
n o lic  a m m o nia  (saturated at 0 °)  in  a test tube w hich  was sealed
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and heated at 10 0 ° for 48 h r  in  a steel container. T h e  d a rk  yellow  
reaction m ix tu re  was concentrated to dryness and the residue was 
m ixed w ith  w ater (2 m l) and decolorized w ith  charcoal D arco  60. 
T h e  colorless aqueous solution  was evaporated to dryness and coe
vaporated several tim es w ith  ethanol. T h e  residue was tritu ra te d  
tw ice w ith  chloroform  (2 m l each) and the residue was f in a lly  c ry s 
ta llize d  from  w a te r-e th a no l to give colorless needles: 27.4 mg 
(6 0 %); m p ~ 2 3 5 °  (brow ning), 2 5 3 -2 5 6 ° (effervesced).

7V4 -Acetyl-l-(4-0-acetyl-2,3-dideoxy-a'-L-g/ycero-pentopy- 
ranosyl)cytosine (17). A  m ixture  of 1 (17  m g), acetic a n h yd rid e  
(0.5 m l), and p y rid in e  (2 m l) was kept at room  tem perature for 16 
hr. T h e  reaction was stopped b y  ad d itio n  of w ater (5 m l) follow ed 
b y  extraction  w ith  chloroform  ( 2 X 5  m l). T h e  organic extracts 
were washed w ith 5 m l each of water, saturated sodium  b icarb o n 
ate so lutio n , and w ater and d ried  over sodium  sulfate. A fte r re 
m oval o f the solvent, traces of p y rid in e  were rem oved b y coevapo- 

T a tio n  of ethanol. T h e  cry sta llin e  residue was recrysta llize d  from  
ethanol, 7 mg, m p 2 0 0 -2 0 2 °, unchanged on ad m ixtu re  w ith  an  a u 
th e n tic  sam p le .2
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Electrolytic Decarboxylation Reactions. I. Electrosyntheses of 
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T h e  p ro duct-selective  e le ctro lytic  d ecarboxylation  of y -s u b st itu te d  paraco nic a cid s has been stu d ied  (1)  in  d ry  
m ethanol using sodium  m ethoxide b y a d d it io n  of iro n  powder or ferric  n itra te  on p la tin u m  electrodes, (2) in  d ry  
m ethanol using sodium  m ethoxide on carbon rod electrodes, and (3) in  a m ixed solvent of t r ie th y la m in e -p y r id in e - 
water on carbon rod electrodes. C o n d it io n s  1  a n d  2 resulted in  exclusive fo rm atio n of y -s u b st itu te d  b u ty ro la c 
tones in  8 0 -9 9 %  yie ld s, whereas co n d itio n  3 pro vided a,)3-unsaturated butenolides in  7 0 -9 0 %  yie ld s. B y  m eans of 
the butenolide synthesis d /-3 -c a rb o x y -8 -h y d ro x y -A 3-m enthene y -la cto n e , a key interm ediate  for the prep aratio n  
of d /-m entho ne, could be prepared.

The value of non-Kolbe type electrolytic reactions for 
the preparation of synthetic intermediates has been dis
cussed recently. 1 Choices o f electrodes, solvents, support
ing electrolytes, additives, etc., in relation to product selec
tivity have been the subject of several investigations.2 We 
report herein the product-selective electrolytic decarboxyl
ation reaction of y-substituted paraconic acids ( 1 ), which 
led to the discovery of a chemically controlled electrolysis.

Preliminary electrolysis3 o f 1 [Ri, R 2 = -(C H 2)5- ] 4 in dry 
methanol using sodium methoxide as a supporting electro
lyte on platinum electrodes (Table I, run 1) afforded lac
tone derivatives o f 2 (32%), 3 (49%), and 4 (10%). However, 
addition o f iron powder or ferric nitrate in the electrolytic
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Table IElectrolytic Conditions for the Anodic Oxidation of 7 ,7-Pentamethyleneparaconic Acid (300 mg)

S up p o rtin g
Run Electrode

electrolyte
(mg)

Solvent
(ml) Current, A

Applied 
voltage, V

Temp,
° C

Time,
hr 2Product, % “-------

3 4

i Pt MeONa MeOH

2 pt (940)
M eONa-Fe

(40)
MeOH

1.25 10-17 20 1 2 32 49 10

3 c (940:100) 
MeONa

(40)
MeOH

1.25 10-17 20 1 2 80

4 c (940)
Et3N

(40)
Py-HaO

1.5 7-15 25-35 20 99

(30) (30:4) 0 .25-0 .1 60-80 20 1 2 78
0 Yields are calculated on isolated product.

Table IIElectrosynthesis of 7-Butyrolactones (2)
Results, %  yield“ 
M eO H - M eO H -

Product, M eO N a- M eO N a-
b u ty ro lac to n es (2) 

R i R?
R eg istry

no.
F e - (P t )  

(run  2)
(C)

(run  3) R ei

Me Me 3 1 2 3 - 9 7 - 5 9 7 9 2 b
Me 7î-C3H 7 3 2 8 4 - 9 3 - 3 9 9 9 4 b
Me 7l-CgHi3 7 0 1 1 - 8 3 - 8 9 9 9 5 c

-(C H ,),- 3 3 4 4 8 - 8 0 - 5 8 1 9 8 d
- (C H J r 6 9 9 - 6 1 - 6 8 0 9 9 e

“ Yields are calculated on isolated product., 6 S. Dev and
C. Rai, J . Ind ian  Chem. Soc., 34, 266 (1957). c R. L. Frank, 
P. G. Arvan, J. W. Richter, and C. R . Vanneman, J . Amer. 
Chem. Soc., 6 6 , 4 (1944). A This work; see Experimental Sec
tion. • Reference 1 2 .

the unique formation of 3 can possibly be explained by assuming exclusive reduction of cation 6, even if it arises, to 5 
by iron ion as follows: Fe2+ — e —*• Fe3+. On the other hand, 
it is possible that the significant difference between carbon and platinum electrodes may be due to the presence of 
paramagnetic centers on the carbon anode which entirely 
adsorb any radicals formed.2® The results shown in Tables I (run 3) and II are insufficient to give definitive explana
tions for the formation of 2; however, it may be tentatively concluded that coupling of 5 with hydrogen atoms occurs 
on the carbon electrode before desorption.

During the electrolysis of 1 in triethylamine-pyridine- water using platinum electrodes, evolution of carbon diox
ide was observed on the anode surface when the applied 
voltage reached 60 V (cell voltage 1.58-1.59 u s . see, Table 
IV). In this reaction, exclusive formation of a,/3-unsatu-

Table IIIElectrosynthesis of A2-Butenolides (3) from Paraconic Acids (1)
-Butenolides (3)------------ ---------- - -̂----------------Elemental analysis, %-

Ri
--------- P aracon ic  acids (1)----------------- -

Rs R eg is try  no.
B p  (mp), 
°C  (mm)

Y ield ,“
% R eg is try  no. F orm ula

.--------- C alcd
c H

,--------- F 01
c

and--------- n
H

Me M e6 79-91-4 89-91 (1) 68* 20019-64-1 c 6h 8o 2
Me 7l-C3H 7“ 51820-72-5 105-107 (1) 73 51820-73-6 C8H 12Oo 68.55 8.63 68.53 8.46
Me n-C6H13c 38840-98-1 130-131 (1) 85 51820-74-7 CnHigOo 72.49 9.95 72.64 9.80
H n-C6Uud 20597-52-8 105-104 (2) 70*' 2518-53-8 C.oH.eOo

-(CH,)«-* 18363-10-5 112-113 (1) 77 5732-90-1 CsHlo0 2 69.55 7.30 69.32 7.45
-(CH,)«-/ 2819-56-9 117-119 (2) 78' 4435-19-2 C 9H 12O2
•(CH,)u-» 15210-24-9 (85.0-86.3) 90 51820-75-8 c ,5h 24o . 76.23 10.24 76.14 10.31

“ Yields are calculated on isolated product. 6 R. Fittig and B. Frost, Justus Liebigs Ann. Chem., 226, 370 (1884). c See ref 
11. d R. Fittig and A. Schneegans, Justus Liebigs Ann. Chem., 227, 79 (1885). e See ref 10. The paraconic acid used in this ex
periment was obtained in the manner described in the Experimental Section. / S. F. Birch, W. Henry, and G. Armand. J. 
Chem. Soc., 119, 1315 (1921). > H. Nozaki, T. Mori, R. Noyori, and M. Kawanishi, Can. J . Chem., 45, 1804 (1967) . h R . Fittig 
and C. Geisler, Justus Liebigs Ann. Chem., 208, 37 (1881). * K. B. Sharpless, R. F. Lauer, and A. Y. Teranishi, J . Amer. 
Chem. Soc., 95, 6137 (1973). ' See ref 13.

solution and/or replacement of electrodes from platinum plates to carbon rods were found to be the most critical fac
tors in obtaining butyrolactones (runs 2 and 3). The results 
are shown in Table II.A further remarkable change in the electrolytic reaction was observed when a mixed solvent of triethylamine-pyri- 
dine-water (run 4)5 was employed instead of the methanol- sodium methoxide solution. The results of the latter experiment, giving butenolides (3), are listed in Table III.In the course of the electrolytic oxidation of 1, either a 
radical or a cation intermediate such as 5 and 6 must be produced. A notable feature in the electrolysis of 1 in a 
mixed solvent of triethylamine-pyridine-water(run 4) is the exclusive formation of 3 v i a  the cation intermediate 6, whereas formation of 2 from 1 (runs 2 and 3) can be consid
ered to arise from the radical intermediate 5 followed by abstraction of hydrogen from the medium.Although no evidence has been found for a catalytic ef
fect of iron ion or iron metal in the electrolytic solution,6

Table IVElectrolytic Voltages in Triethylamine- Pyridine-Water Solution
Applied voltage, V Cell voltage,“ V

30 1.38
40 1.43-1.44
50 1.50-1.51
60 1.58-1.59
70 1.63-1.66
80 1.69-1 .71
90 1.76-1.78

“ Platinum electrodes (vs. see).

rated lactone 3 from 6 should be assisted by abstraction of 
hydrogen atom at the a  position by amines.Electrolytic decarboxylation of acid 7 to butenolide 8 
was carried out successfully; subsequent hydrogenation gave in good yield the corresponding saturated lactone7
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which can serve as a precursor for the preparation of d l-  
menthone.

COOH

7 8

Experimental Section8
Electrolysis Apparatus. T y p e  I co n s is te d  o f  tw o  sm o o th  p la t i

nu m  e le c tro d e s  (3 cm 2) w h ich  w ere p la ced  p a ra lle l to  each  o th e r  2 
m m  a p a rt. T h e  e le ctro ly s is  ce ll was a w a te r -ja ck e te d  bea k er, 3.2 
cm  in d ia m e te r  an d  1 0  cm  h igh , fit te d  w ith  a gas lead  p ip e , a th e r 
m o m e te r , an d  a m a g n etic  s tirrer .9 C u rren t w as c o n tro lle d  b y  m a n 
u a lly  a d ju stin g  th e  a p p lie d  vo lta ge  as req u ired . T h e  d ire c t io n  o f  
cu r re n t  was ch a n g ed  ev ery  30 sec  b y  m ean s o f  a co m m u ta to r . T y p e  
II co n s is te d  o f  tw o  ca rb o n  ro d s  cu t  p erp e n d icu la r ly  in to  tw o  p arts  
( 1 0  m m  in d ia m e te r  an d  1 0  cm  lon g ), b e in g  im m e rse d  in to  a e le c 
t ro ly t ic  so lu tio n  in a d e p th  o f  5 -6  cm  an d  p la ce d  p ara lle l t o  each  
o th e r  3 m m  apart.

7 ,7 -Tetramethyleneparaconic Acid [1, Rj, R2 = -(CH2 )4-]-
A  so lu tio n  o f  c y c lo p e n ta n o n e  (3 .54  m l, 0 .04  m o l) a n d  z in c  p o w d e r  
(8 .1 6  g , 0 .125  m o l) in  d ry  te tra h yd ro fu ra n  (10  m l) w as re flu x e d  fo r  
30  m in . T o  th is  so lu tio n  io d in e  (5  m g) w as a d d e d  an d  th e  m ixtu re  
w as stirred  fo r  severa l m in u tes. T o  th e  m ix tu re  m e th y l a -b r o m o -  
su cc in a te  in  b e n ze n e  ( 1 0  m l) w as a d d e d  d ro p w ise  ov er  a p e r io d  o f  
20 m in. W h en  th e  a d d it io n  w as co m p le te d , th e  m ix tu re  w as h ea ted  
t o  m a in ta in  gen tle  re flu x  fo r  2 hr. A fte r  co o lin g , th e  excess  z in c  
p o w d e r  w as d e co m p o s e d  b y  d rop w ise  a d d it io n  o f  2 0  m l o f  1 0 % 
a q u e o u s  a ce t ic  a cid . T h e  orga n ic  layer w as sep a ra ted  an d  th e  a q u e 
ou s  layer was ex tra c te d  w ith  ether. T h e  c o m b in e d  o rg a n ic  phases 
w ere  w ash ed  w ith  w ater, 1 0 %  a q u eou s  a m m o n iu m  h y d ro x id e , d i 
lu te  a q u e o u s  h y d ro g e n  ch lo r id e , an d  w ater, a n d  d rie d  (N a 2 SC>4). 
R e m o v a l o f  th e  so lv e n t  gave an o il (7 .7  g ), b p  1 3 0 -1 5 0 °  (3 m m ). 
W ith o u t  fu rth er  p u r ifica t io n , th e  oil w as su b je c te d  t o  h y d ro lys is  
w ith  ex cess  m e th a n o lic  p o ta ss iu m  h y d ro x id e  at r o o m  tem p era tu re , 
a fte r  w o rk -u p  as an  usual m anner, t o  g ive  3 g  o f  1 [R i, R 2  =  
- ( C H 2) 4- ] :  m p  1 3 3 .0 -1 3 4 .5 °  ( l it . 10 m p  1 3 4 °); ir (N u jo l)  3 3 0 0 -3 0 0 0  
(C O O H ), 1750 c m ’ 1 ( C = 0 ) . n

Methyl 7 ,7 -tetramethyleneparaconate, m p  3 5 .5 -3 6 .0 ° , was 
o b ta in e d  b y  este r ifica tio n  o f  1  [R p  R 2 =  - ( C H 2) 4- ]  w ith  d ia z o 
m eth a n e : ir (n ea t) 1768 (la cto n e  C = 0 ) ,  1740 c m - 1  (ester  C = 0 ) ;  
n m r (C D C I3 ) 6 1 .6 0 -2 .1 0  (m , 8  H , C H 2), 2 .5 0 -2 .9 0  (m , 2 H , 
C H 2C = 0 ) ,  3 .1 0 -3 .5 0  (m , 1 H , C H C = 0 ) ,  3 .70  (s, 3 H , C H 30 ) .

Anal. C a lcd  fo r  C 10H 14 O 4: C , 60 .59; H , 7 .12. F o u n d : C , 60 .50 ; H ,
7.15.

Preparation of 7 -Substituted 7 -Butyrolactones (2 ) . Elec
trolytic Procedure I (Table I, Run 2 ) . A  so lu tio n  o f  1 [R j ,  R 2 = 
-(CH2)s-] (300 m g, 1.5 m m o l), sod iu m  m e th o x id e  fre sh ly  p rep a red  
fro m  sod iu m  m eta l (400 m g, 17.4 m g -a to m s), an d  iron  p o w d e r  (100 
m g), a fter  b e in g  d r ie d  u p  in an o v e n  at 1 0 0 °  fo r  1  hr in d ry  m e th a 
n o l (4 0  m l), w as e le c tro ly ze d  (a p p a ra tu s  ty p e  I) w ith o u t  sep a ra tion  
o f  e le c tro ly tic  ce lls  a t  a cu rren t o f  1.25 A  at 2 0 ° fo r  12 hr. T h e  r e a c 
t io n  m ix tu re  w as d ilu te d  w ith  w ater (5 0  m l) a n d  m o s t  o f  th e  m e th 
a n ol w as re m o v e d  in a ro ta ry  ev a p ora tor . T h e  a q u e o u s  so lu tio n  was 
e x tra c te d  w ith  ether. T h e  ex tra cts  w ere  w ash ed  w ith  d ilu te d  m in 
eral a d d  a n d  w ater, d rie d  (N a 2S 0 4), an d  co n ce n tra te d . T h e  resi
d u e  was ch ro m a to g ra p h e d  ov er  s ilica  ge l w ith  n -h e x a n e -e th e r  (4 :1 ) 
to  a ffo rd  190 m g  (80% ) o f  2  [R i, R 2 =  -(CH2)5-], b p  1 1 0 -1 1 2 °  ( 1  

m m ) [lit . 12  b p  5 0 ° (0 .05  m m )] , w h ose  sp e c tra l d a ta  are id e n tica l 
w ith  th ose  o f  an a u th e n tic  sam p le .

Electrolytic Procedure II (Table I, Run 3 ) . T h e  sam e m ixe d  
so lu tion  d e scr ib e d  in T a b le  I (ru n  2 ), w ith o u t  a d d it io n  o f  iron  p o w 
d er, w as e le c tro ly ze d  using  ca rb o n  e le c tro d e s  (a p p a ra tu s  typ e  II) at 
a cu rre n t o f  1 .4 -1 .5  A  at 2 5 -3 5 °  fo r  20 hr. T h e  c ru d e  p ro d u c t  w as 
ch ro m a to g ra p h e d  o v er  s ilica  gel w ith  re -h ex a n e -e th er  (4 :1 ) to  g ive 
230 m g  o f  2 [R i, R 2 =  - ( C H 2)s - ]  in  a q u a n tita tiv e  y ie ld .

In the similar manner, electrolysis of 1 [Ri, R2 = -(CH2)4-] gave 
2 [Ri, R2 = -(CH2)4-] in 98% yield: bp 104-106° (1 mm); ir (neat) 
1770 (C =0), 1163 cm-1; mass spectrum (70 eV) m /e (rel intensity) 
140 (23, M+), 111 (100), 98 (78), 85 (20), 83 (22).

Anal. Calcd for C8H120 2: C, 68.55; H, 8.63. Found: C, 68.55; H,
8.56.

Preparation of A2-Butenolide [3, Ri, R2 = -(CH 2 )s-] (Table 
I, Run 4). A stirred solution of 1 [Ri, R2 = -(CH 2 )s-] (300 mg, 1.5 
mmol), triethylamine (30 mg), and water (4 ml) in pyridine (30 ml) 
was electrolyzed using carbon rods as electrodes (apparatus type 
II) at a current of 0.25-0.10 A at 20° for 12 hr. The reaction mix
ture was concentrated in a rotary evaporator. The residue was 
taken up in benzene (40 ml). The benzene solution was washed 
with aqueous 1 0 % hydrogen chloride, followed with aqueous sodi
um hydrogen carbonate and water, and dried (Na2S0 4 ). Removal 
of the solvent gave a crude oil (190 mg), which was purified by a 
capillary distillation to give 180 mg (78%) of 3 [Ri, R2 = -(CH2)5-]: 
bp 117-119° (2 mm) [lit. 13 bp 84° (0.1 mm)]; ir (neat) 3070 
(HC=C), 1770, 1756 (C =0), 1607 cm' 1 (C=C); nmr (CDC13) 6
1 . 6 8  (broad, 10 H, CH2), 6.00 (d, 1 H, J = 6  Hz, HC=C), 7.47 (d, 1 
H, J  =  6  Hz, HC=C); mass spectrum (70 eV) m /e 152 (M+).

d/-3-Carboxy-8-hydroxy-A3-menthene 7 -Lactone (8 ). A 
stirred solution of d(-3,4-dicarboxy-8-hydroxymenthane 7 -lactone 
(7, 500 mg, 2.21 mmol), triethylamine (30 mg, 0.3 mmol), and 
water (4 ml) in pyridine (30 ml) was electrolyzed (apparatus type 
II) at a current of 0.20 A (terminal voltage 50 V) at 25-30° for 5 hr. 
The reaction mixture was concentrated under diminished pres
sure. After work-up in the usual manner, the residue was distilled 
to give 380 mg (95%) of 8 : bp 128-129° (3 mm); mp 52-53°; ir 
(neat) 1755 (lactone C = 0 ) ,  1675 cm- 1  ( C = C ) ;  nmr (C D C I3 ) 5 1.09 
(d, 3 H, J  = 6  Hz, C H 3 ), 1.42 (s, 6  H, C H 3 ); mass spectrum (70 eV) 
m /e 180 (M+).

Anal. Calcd for CnH160 2: C, 73.30; H, 8.95. Found: C, 73.32; H, 
8.82.

Registry No.—7, 51820-76-9; 8 , 51820-77-0; methyl 7 ,7 -tetra
methyleneparaconate, 18363-04-7; cyclopentanone, 120-92-3; 
methyl a-bromosuccinate, 760-90-7.
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Irradiation of 9-trideuterioverbenone (4) in cyclohexane or acetic acid gave a 1:1 mixture of 8- and 9-trideuter- 
iochrysanthenon e (G and 7). Irradiation of 9-acetoxyverbenone (5) gave 9- and 8-acetoxychrysanthenone (9 and
10). The ratio 9:10 was solvent dependent. The results are best explained by a nonconcerted diradicai or dipolar 
mechanism.

The photoisomerization o f verbenone (1) to chrysanthe- 
none (2)1 was shown by Erman2 to proceed by two path
ways, one (path a) with optical retention and the other 
(path b) with racemization (Chart I).

Chart I
9

(-1-2

Until now, the nature of species 3 and the stereochemical 
fate of the migrating carbon atom (C-6) have not been de
termined. The present research has been directed toward 
elucidation of these mechanistic aspects o f the rearrange
ment.

The irradiation o f two 9-substituted verbenones, 9-tri
deuterioverbenone (4) and 9-acetoxyverbenone (5), has 
been studied. These substituted verbenones were prepared 
by allylic oxidation with chromium trioxide-pyridine3 of 
the corresponding a-pinene derivatives, which in turn were 
prepared according to the procedures of Gibson and 
Erman4 (eq 1 and 2). Phosphorus oxychloride dehydration 
of the tertiary alcohols to the «-pinenes occurred with for
mation of minor amounts o f the /3-pinene derivatives.4 In 
both cases, the pinene mixture was oxidized and purifica
tion o f the substituted verbenones was accomplished by sil
ica gel chromatography. The nmr spectrum of 4 was identi
cal with that o f verbenone2 except for the absence o f the 
C-9 methyl singlet at <51.01.

Irradiation of 4 in either cyclohexane or acetic acid gave
8- and 9-trideuteriochrysanthenone (6 and 7) in a ratio of 
approximately 1:1 (eq 3). The nmr spectrum o f chrysanthe- 
none has absorption for the gem-dimethyl group as two sin
glets (6 hydrogens) at 5 1.19 and 1.22. The nmr spectrum of 
the trideuteriochrysanthenone mixture obtained from irra
diation of 4 has these same two singlets (3 hydrogens) in 
equal intensity, thus showing the presence o f both C-8 and 
C-9 methyl groups.

Further evidence of a 1:1 mixture was obtained by reduc
tion o f the photoproduct to trideuteriochrysanthenol, 
whose nmr spectrum has two methyl singlets of nearly 
equal intensity at 5 0.91 and 1.57 coincident with the meth-

* Author to whom inquiries should be addressed at Givaudan Corp., Clifton, 
N. J. 07014.

4
yl absorptions of chrysanthenol (8).1 The chrysanthenol 
nmr singlet at ô 1.57 was assigned to the methyl group in 
close proximity to the hydroxyl group.

Trideuterioverbenone, recovered after irradiation, gave 
an nmr spectrum identical with that obtained before irra
diation. Therefore, species 3 does not reclose to verbenone 
with scrambling o f the methyl groups.

Irradiation o f 5 gave two major photoproducts (eq 4) 
which were isolated in 50-60% yield by chromatography on 
silica gel followed by rechromatography on silica gel im
pregnated with silver nitrate. On the basis of spectral data
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(see Experimental Section), the structures were assigned as
9- and 8-acetoxychrysanthenone (9 and 10). The stereo
chemistry at C-6 was established by reduction of 9 and 10 
with lithium aluminum hydride. One o f the diols obtained 
had an nmr methyl singlet at 8 0.95 and the other had a sin
glet at 5 1.64. The 5 0.95 methyl singlet can be assigned to 
the C-9 methyl group in analogy with n-pinene (5 0.84), a- 
trans -bergamotene (5 0.85),5 and chrysanthenol (5 0.91). 
Consequently, the chrysanthenone precursor of this diol 
was assigned structure 10.

The ratio 9:10 was quite dependent on the solvent sys
tem and either isomer could be preferentially obtained 
with the proper choice of conditions (see Table I).

The acetoxychrysanthenones 9 and 10 did not photo- 
chemically interconvert under the conditions of irradiation 
and there was no evidence for the formation of 8-acetoxy- 
verbenone during the irradiation of 5. The major volatile 
by-product (7% yield) from irradiation of 5 in cyclohexane 
was identified on the basis of spectral data as 9-acetoxyiso- 
piperitenone (11).

11

The optical activity o f 9 and 10 was essentially indepen
dent o f solvent (Table II). At first, this result appeared in 
conflict with that of chrysanthenone (2), where the optical 
purity was dramatically lowered when the irradiation sol
vent was changed from acetic acid to cyclohexane (—76 and 
—36°, respectively).2 However, when the irradiation o f ver- 
benone (1) was repeated in both acetic acid and cyclohex
ane, 2 of comparable optical rotation could be isolated from 
either solvent (Table II) provided that irradiation was ter
minated prior to complete disappearance of 1. The rear
rangement o f 1 to 2 is more rapid in cyclohexane than in 
acetic acid; so, if the irradiation time is extended in cyclo
hexane, 2 is readily racemized (Table II) through photo
isomerization to the ketene followed by reclosure (Chart I).

Acetoxychrysanthenone 9 also rapidly racemizes under 
the conditions of irradiation. After 1 hr o f irradiation in cy
clohexane, a sample of 9 with a rotation of —107° was re
covered with a rotation o f —26.3°. The racemization of 10 
was not tested.

An estimate o f the amount of 9-acetoxyverbenone (5) 
that photoisomerizes via each pathway is possible if 9 and/ 
or 10 o f known rotation are correlated with 2, since the ab
solute rotation o f 2 is known2 (—108°).

9-Acetoxychrysanthenone (9) was converted to chrysan
thenol (8) (eq 5), which was identical with an authentic

1. ch 3o ~, c h 3oh

2. TsCl, py

9
[o ] d -106.3°

H
8

[a]D +32.3°

sample. The nmr spectrum of 8 derived from 9 was devoid 
o f any singlet at 8 1.19 corresponding to 7-epichrysanthe-

Table IRatio of 9:10 Obtained from Irradiation of 5

Solvent
Ratio
9:10 Solvent

Ratio
9:10

Cyclohexane 1.9 Cyclohexane-silica gel 0 .9
Neat (30°) 1.2 Methanol 0.9
Acetic acid 1.0 Neat ( -6 5 ° ) 0.3

Table IIOptical Rotations of Chrysanthenones Obtained from Pyrex-Filtered Irradiation of Verbenones
Photo-

product Irradiation solvent deg

9 Acetic acid -1 0 6 .39 Methanol -1 0 7 .09 Cyclohexane -1 0 2 .810 Acetic acid -8 2 .810 Cyclohexane -7 8 .5
2 Acetic acid (0.11 M , 1.5 hr) -9 1 .5
2 Cyclohexane (0.11 M , 0.4 hr) -8 1 .2
2 Cyclohexane (0.11 M , 1.5 hr) -6 2 .2

noi.6 A corresponding conversion of 10 to 8 was unsuccess
ful.7

Lithium aluminum hydride reduction of 2 with a rota
tion o f —91.5° (85% optically pure) gave 8 with a rotation of 
+38.7°. Since this reduction of 2 is known6 to give 8 
stereospecifically, the absolute rotation o f 8 can be estimat
ed to be +45.5°. Therefore, the optical purity of 9 is ap
proximately 71%.

The 9-acetoxypinene used for the synthesis o f 5 was opti
cally pure as determined by conversion4 to optically pure 
a-pinene (—55.4°). Since allylic oxidation of 9-acetoxypi
nene should not affect the optical purity, the racemization 
of 9 must have occurred during the irradiation of 5. There
fore, at least 71% o f the 9 from 5 is formed via path a. How
ever, since the chrysanthenones rapidly racemize under the 
conditions of. irradiation, there is a possibility that verbe
nones photoisomerize >90% via path a. The highest 
amount of path a isomerization that we were able to dem
onstrate was 85% in the case of 2.

Regarding the nature of species 3, scrambling of the 
methyl groups during formation of trideuteriochrysanthe- 
none (6 and 7) from irradiation of 4 indicates that 3 is best 
represented as a discrete intermediate o f diradicai or dipo
lar nature. A photochemical concerted 1,3-sigmatropic 
rearrangement, controlled by local symmetry, should have 
occurred with retention of stereochemistry at C-6, and 8- 
trideuteriochrysanthenon e (6) should have been the only 
product.

In polar solvents, near room temperature, rearrangement 
o f 5 also occurs with nearly complete scrambling o f the ace- 
toxy group. In cyclohexane, the electronic repulsion of the 
acetoxy and keto groups in the absence o f polar solvation 
probably disfavors the formation of 10. The rearrangement 
o f 5 to 10 involves the least movement o f atoms and this 
could explain the preferential formation o f 10 in the low- 
temperature rigid matrix.

Experimental Section
Preparative irradiations were carried out with a 450-W medium- 

pressure Hanovia mercury lamp in a quartz, water-cooled, immer
sion probe. The filter was a glass cylinder of Pyrex (>290 nm) in- 
sertable between the lamp and the probe. Solutions were outgassed 
with argon before and during the irradiations.

Infrared spectra were taken as neat samples and absorptions are 
reported as inverse centimeters, nmr spectra were taken on a Var- 
ian A-60A as chloroform-ah solutions and are reported as ò units 
relative to TMS, and optical rotations were taken as chloroform 
solutions. Gas-liquid chromatography (glc) was done on a 3% OV- 1  
column (8 ft X 0.125 in.).
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9-Acetoxyverbenone (5). To a slightly cooled solution of 143 g 
(1.81 mol) of anhydrous pyridine in 2400 ml of methylene chloride 
was added 90.0 g (0.90 mol) of chromium trioxide, and the mixture 
was allowed to stir at room temperature for 45 min. A solution of
13.9 g (0.072 mol) of 9-acetoxy-or-pinene4 (90% pure, major impuri
ty 9-acetoxy-d-pinene) in a small amount of methylene chloride 
was added and the mixture was allowed to stir for 24 hr at room 
temperature. The solution was decanted, the residue was rinsed 
with ether, and the combined organic phase was washed in succes
sion with saturated sodium bicarbonate solution, 2 N  hydrochloric 
acid, saturated sodium bicarbonate solution, and saturated salt so
lution. The organic phase was dried, filtered, and concentrated 
under reduced pressure, and the residual oil (16.9 g) was chroma
tographed on 500 g of silica gel (6 cm i.d.). Hexane-ether (3:1) elut
ed 1.72 g of recovered starting material. Hexane-ether (1:1) first 
eluted 1.94 g of several minor by-products and then 98% pure 5:
7.86 g (59% yield); ir 1740 (s), 1680 (s), 1620 (w), 1240 (s), 1035 
cm“ 1 (s); Amax (EtOH) 251 nm (t 5800), 315 (67); nmr S 5.75 (1 H, q, 
J  = 1.5 Hz, vinylic H), 3.87 and 4.16 (2 H, AB q, J  = 11 Hz, H a to 
acetoxy), 2.39-3.12 (4 H, m, cyclobutyl H), 2.05 (3 H, d, J  = 1.5 Hz, 
vinylic methyl H), 2.03 (3 H, s, acetoxy methyl H), 1.55 (3 H, s, 
methyl H); [a ]25D -119.3° (c 19.9).

Anal. Calcd for C12H160 3: C, 69.21; H, 7.74. Found: C, 69.36; H,
7.96.

The 9-acetoxy-o-pinene that was oxidized to 5 was converted4 to 
optically pure a-pinene, [a ]25D —55.4° (c 4.05) (reported rotation8 
of optically pure a-pinene in solution 54°).

9-Trideuterioverbenone (4). A mixture of 9-trideuterio-a- and 
-/3-pinene was prepared, following the procedure of Gibson and 
Erman,4 from 6,9-dimethyl-8-oxo-7-oxatricyclo[4.3.0.03>9]nonane 
using lithium aluminum deuteride for the appropriate reduction 
steps. The nmr spectrum was identical with that of a mixture of a- 
and /3-pinene except for the absence of methyl singlets at b 0.84 (a) 
and 0.72 (/?). The molecular weight of each isomer was 139 (mass 
spectrum).

The trideuteriopinenes (1.46 g, O.'Ol mol, 75% a, 25% /3) were oxi
dized as described above with chromium trioxide-pyridine. The 
reaction product (1.04 g) was chromatographed on 150 g of silica 
gel (2.5 cm i.d., 3:1 hexane-ether) to give 9-trideuterioverbenone
(4): 0.328 g (27% yield); ir 2100-2300 (w), 1680 (s), 1620 cm- 1 (m); 
nmr identical with that of verbenone2 except for the absence of the 
C-9 methyl singlet at b 1.01; mol wt 153 (mass spectrum); identical 
with verbenone on glc.

Irradiation of 9-Trideuterioverbenone (4). Dilute solutions 
(0.03-0.06 M) of 9-trideuterioverbenone (4) in either cyclohexane 
or glacial acetic acid were irradiated (0.5-1.0 hr) as described 
above. After irradiation, when the solvent was acetic acid, the solu
tion was partitioned between ether and water, and the ethereal so
lution was neutralized with sodium carbonate, dried, filtered, and 
concentrated. When the solvent was cyclohexane, the solution was 
concentrated under reduced pressure without any prior work-up. 
The crude reaction mixtures were chromatographed on silica gel 
(9:1 hexane-ether) to give trideuteriochrysanthenone (6 and 7): 
20-25% yield; ir 2100-2300 (w), 1785 cm- 1  (s); nmr identical with 
that of chrysanthenone2 except that the gem-dimethyl singlets at b 
1.19 and 1.22 integrated for three rather than six hydrogens; mol 
wt 153 (mass spectrum); identical with chrysanthenone on glc. The 
nmr gem-dimethyl singlets at b 1.22 and 1.19 for trideuteriochrys
anthenone (6 and 7) from irradiation in cyclohexane were in the 
ratio of 54:46, respectively. For trideuteriochrysanthenone (6 and
7) from irradiation in acetic acid, these methyl singlets were in the 
ratio of 50:50.

Lithium aluminum hydride reduction of trideuteriochrysanthe
none from irradiation in cyclohexane gave trideuteriochrysanthe- 
nol with gem-dimethyl nmr singlets at b 0.91 (56%) and 1.57 (44%). 
Chrysanthenol has equal intensity nmr singlets at b 0.91 (C-9 
methyl) and 1.57 (C-8  methyl).

9-Trideuterioverbenone (4) recovered after irradiation in acetic 
acid gave an nmr spectrum identical with that obtained before ir
radiation.

Irradiation of 9-Acetoxyverbenone (5). Dilute solutions 
(0.03-0.06 M) of 9-acetoxyverbenone (5) in cyclohexane, methanol, 
or glacial acetic acid were irradiated (0.5-1.0 hr) as described 
above. Glc showed two major photoproducts, 9-acetoxychrysanthe- 
none (9, 0.7 retention time relative to 5) and 8-acetoxychrysanthe- 
none (10, 0.8 retention time relative to 5). The chrysanthenones 
were isolated from the irradiation mixture (58% yield in cyclohex
ane, 46% yield in acetic acid) by chromatography on silica gel (3:1 
hexane-ether) and separated by rechromatography on silica gel 
impregnated with silver nitrate (20% silver nitrate, 4:1 hexane-

ether). 9-Acetoxychrysanthenone (9) had ir 1780 (s), 1740 cm- 1  (s); 
nmr b 5.42 (1 H, m, vinylic H), 4.47 and 4.25 (2 H, AB q, J  = 1 1  Hz, 
H a to acetoxy), 2.58-2.87 (4 H, m, allylic and cyclobutyl H), 2.08 
(3 H, s, acetoxy methyl H), 1.75 (3 H, q, J  = 1.5 Hz, vinylic methyl 
H), 1.27 (3 H, s, methyl H); [a ]25D —102.8° (c 1.25) (from irradia
tion in cyclohexane), —106.3° (c 1.20) (from irradiation in acetic 
acid), —107.0° (c 0.71) (from irradiation in methanol). 8-Acetoxy- 
chrysanthenone (10) had ir 1780 (s), 1740 cm- 1  (s); nmr b 5.42 (1
H, vinylic H), 4.10 (2 H, s, H a to acetoxy), 2.60-2.89 (4 H, m, allyl
ic and cyclobutyl H), 2.07 (3 H, s, acetoxy methyl H), 1.75 (3 H, q, 
J  = 1.5 Hz, vinylic methyl H), 1.22 (3 H, s, methyl H); [a ]25D 
—78.5° (c 1.30) (from irradiation in cyclohexane), -82.8° (c 1.16) 
(from irradiation in acetic acid). The high-resolution mass spec
trum showed m/e 208.1087; the elemental composition was 
C12H16O3.

The ratio of 9:10 changed with solvent: cyclohexane, 1.9; neat 
(30°), 1.2; acetic acid, 1.0; cyclohexane-silica gel, 0.9; methanol,
0.9; neat (-65°), 0.3.

A mixture of the two acetoxychrysanthenones (62% of the iso
mer first eluted from glc) was reduced in the normal manner with 
lithium aluminum hydride to a mixture of diols. The nmr spec
trum of the diols had two methyl singlets at 5 0.95 (35%) and 1.64 
(65%). 9-Acetoxychrysanthenone (9) was assigned as the isomer 
whose corresponding diol gave a methyl group nmr signal at 5 1.64. 
The nmr spectrum of the diol obtained by lithium aluminum hy
dride reduction of pure 9 (first eluted isomer on glc) had a methyl 
singlet at 5 1.64 and no absorption at 5 0.95.

Irradiation (cyclohexane, 0.06 M, Pyrex filter, 1 hr) of either 9 or 
10 (each >90% pure) did not interconvert the isomers.

9-Acetoxychrysanthenone (9) rapidly racemized when irradiat
ed. The optical rotation of 9 decreased from —107 to —26.3° (c
0.17) after 1 hr of irradiation as a very dilute solution (0.001 M) in 
cyclohexane.

The major volatile by-product from irradiation of 5 in cyclohex
ane was isolated in 7% yield by chromatography on silica gel (1:1 
hexane-ether) and identified by spectral data as 9-acetoxyisopip- 
eritenone (11): ir 1740 (s), 1670 (s), 1230 cm- 1  (s); nmr b 5.91 (1 H, 
q, J  = 1.5 Hz, vinylic H), 5.29 and 5.02 (2 H, 2 broad s, terminal 
vinylic H), 4.67 (2 H, s, H a to acetoxy), 3.08 (1 H, t, J  = 8 Hz, H a 
to ketone), 2.07 (3 H, s, acetoxy methyl H), 1.98 (3 H, broad s, 
vinylic methyl H).

9-Acetoxyverbenone (5), recovered after irradiation in acetic 
acid, gave an nmr spectrum identical with that obtained before ir
radiation.

Conversion of 9-Acetoxychrysanthenone (9) to Chrysan
thenol (8). A solution of 0.102 g of 9 ( [a ]25D —106.3°), 0.02 g of so
dium methoxide, and 20 ml of methanol was heated under reflux 
in a nitrogen atmosphere for 1.5 hr. After work-up, an ir spectrum 
of the crude oil (0.072 g) showed OH absorption (3480 cm-1), cy
clobutyl carbonyl absorption (1775 cm-1), and no acetate absorp
tion (1740 cm-1).

The crude hydroxy ketone was dissolved in 3 ml of anhydrous 
pyridine, the solution was cooled in an ice bath, and 0.3 g of recrys
tallized tosyl chloride was added. After stirring in the ice bath for 1 
hr, the mixture was placed in a refrigerator (6°) for 2 days. The 
mixture was poured into cold water and extracted with ether, and 
the ethereal extract was washed successively with 2 N  hydrochloric 
acid, half-saturated sodium bicarbonate solution, and saturated 
sodium chloride solution, dried, filtered, and concentrated under 
reduced pressure. The crude tosylate (0.115 g) was chromato
graphed on silica gel (1:1 hexane-ether) to give crystalline 9-tosy- 
loxychrysanthenone: 0.080 g, 80-90% pure; ir 1777 cm- 1  (s), no OH 
absorption; nmr b 7.40 and 7.84 (4 H, AB q, J  = 8.5 Hz, aromatic 
H), 5.36 (1 H, broad, vinylic H), 4.21 and 4.41 (2 H, AB q, J  = 10 
Hz, H a to tosyloxy), 2.2-2.8 (7 H, m, tosylate methyl s at 2.45),
I. 66 (3 H, d, J  = 1.5 Hz, vinylic methyl), 1.19 (3 H, s, methyl).

A solution of the tosylate in ether was added dropwise to a mix
ture of 0.3 g of lithium aluminum hydride in ether. After addition, 
the mixture was heated under reflux for 3 hr and cooled, and satu
rated ammonium chloride solution was added dropwise until a 
clear ether layer was obtained. The ethereal solution was decanted 
and the precipitate was rinsed several times with ether. The com
bined etherial solution was washed with water, dried, filtered, con
centrated under reduced pressure, and vacuum distilled on a Ku- 
gelrohr apparatus to give chrysanthenol (8): 0.032 g, 90-95% pure; 
[a ]25D +32.3° (c 0.5); nmr spectrum was identical with that of 8 
derived from lithium aluminum hydride reduction of 2 , and there 
was no detectable singlet at b 1.19 corresponding to 7-epichrysan- 
thenol.6

Attempted conversion of 8-acetoxychrysanthenone (10) to 8 was
a# ” • —
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unsuccessful. During reaction with sodium methoxide in methanol, 
rearrangement occurred to a compound tentatively identified as
2,4-dimethyl-2-hydroxymethylcyclohex-3- and -4-enecarboxylic 
acid lactone: ir 1775 (s), 1136 (s), 1018 cm- 1  (s); nmr 5 5.43 (broad) 
and 5.20 (broad s, 1 H, vinylic H), 3.95 and 3.98 (2 H, two absorp
tions of AB q, H a to oxygen), 1.66 (3 H, broad s, vinylic methyl),
1.15 and 1.17 (3 H, two s, methyl); mol wt 166 (mass spec
trum).

Chrysanthenone (2) from Irradiation of Verbenone (1) and 
Reduction to Chrysanthenol (8). Dilute solutions of 1 (2.5 g of 1 
in 150 ml of solvent, 0.11 M ) in either cyclohexane or glacial acetic 
acid were irradiated as described above. Chrysanthenone (2) was 
isolated from the irradiation mixture by chromatography on silica 
gel (2 was eluted with 3:1 hexane-ether and then the purest frac
tions of 2 were rechromatographed with 9:1 hexane-ether) and dis
tilled under vacuum on a Kugelrohr apparatus.

After 1.5 hr of irradiation in acetic acid, glc showed 26% remain
ing 1 ; 2 isolated from this irradiation had optical rotation [o ]25d  
—91.5° (c 1.0). After 25 min of irradiation in cyclohexane, glc 
showed 26% remaining 1 ; 2 isolated from this irradiation had opti
cal rotation [a]25D —81.2° (c 0.42). After 1.5 hr of irradiation in cy
clohexane, glc showed essentially no remaining 1 ; 2 isolated from 
this irradiation had optical rotation [a]25D —62.2° (c 0.43).

Chrysanthenone (2) with rotation —91.5° was reduced with lithi
um aluminum hydride to chrysanthenol (8) with [a]25D +38.7° (c 
0.91).
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Both isomers of erythromycin B oxime have been isolated and configurationally identified. The major stable 
isomer has been shown to be (E)-erythromycin B oxime by 1H nmr and ir. The E isomer has been suggested to 
predominate in the oxime, hydrazone, and isopropylidene hydrazone of both erythromycin A and B.

Several imino derivatives o f the ketone o f erythromycin 
A (1) have been prepared, including the oxime (2),1»2 hy
drazone (3),1,3 isopropylidene hydrazone (4),1 and the 
¡mine (5).4’5 Interest in these derivatives centers on their 
utility as antibiotics and as substrates for further modifica
tion such as reduction to erythromycyclamine.1’2-4'5We wish 
now to report our results in this area which concerns the 
preparation, isolation, and configurational assignments o f 
the two erythromycin B oxime isomers (7a and 7b) and the 
configurational analysis of 2, 3, 4, 8, and 9.

Discussion
Preparation, Isolation, and Characterization of Oxime Isomers. Two new compounds analyzing for the 

oxime structure were obtained on reaction o f erythromycin 
B with hydroxylamine. The major product was readily 
identified as an oxime in the infrared.6 However, the minor 
product, which could be obtained only 80% pure, failed to 
show a significant band in the 1600-cm_1 region in both the 
infrared and the Raman.7

Positive evidence for an oxime was considered necessary, 
as an alternate hemiacetal type structure 12 was possible 
for the minor isomer. The latter structure was suggested by 
a band in the hydroxyl region at 3240 cm-1 (Avi/2 100 
cm-1) in CC14 which could be interpreted as a hydrogen- 
bonded NH absorption o f a hydroxylamine.8 Such a struc
ture is also consistent with the known chemistry of the 
erythromycins.9

Conclusive evidence for the oxime structure of the minor 
product was derived from both :H nmr spectra in dimethyl 
sulfoxide-d6 solution and 13C nmr spectra. In DMSO-d6,

N - O H  2 7
N - N H 2 3 8

N - N = C ( C H 3)2 4 9

N H  5 10
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Table I Table IIChemical Shifts of Aglycone Ring Protons Chemical Shifts o f  Aglycone Ring Protonsin CDClj Solution in C5D5N Solution
Major

7a
Minor

7b
H-2 2 .8 8 —2 . 9
H-3 4.05 4.09
H-4 —2.2 —2.1
H-5 3.60 3.60
H-10 2.59 2.68
H -ll 3.65 3.83
H-13 5.42 5.19

the major isomer showed a one-proton absorption at 10.62 
ppm, which was exchangeable with D 20 . The minor isomer 
showed corresponding signals at 10.43 and 10.62 ppm (ca. 
20% impurity o f major isomer) also exchangeable with D 20 . 
These chemical shifts are clearly consistent with an oxime 
hydroxyl. 10 The 13C nmr spectrum of the major isomer 
showed peaks at 177.7 and 171.1 ppm downfield from TMS 
for the lactone11 and the oxime carbons12 while the minor 
isomer showed peaks at 178.0 and 169.4 ppm. With the 
compounds firmly established as isomeric oximes, configu
rational assignments were made on the basis o f infrared 
and nmr data.

Configurational Analysis of Oxime Isomers. Nuclear 
Magnetic Resonance. The most significant differences 
between the spectra o f the two oxime isomers which could 
be observed at 100 MHz are the changes in the chemical 
shifts of H - l l  and H-13 (Table I). Although H - l l  is not a 
to C-9, it is significantly deshielded in the minor isomer 
compared to the major product. The deshielding of H - l l  
can be attributed to a cis hydroxyl o f the oxime group and 
establishes that the minor isomer is 7b, the Z  isomer. 13 The 
magnitude of the deshielding is greater than that observed 
for /5-CH protons in simple oximes and hydrazones, 14-18 

which may be a reflection of the rigid conformation of the 
aglycone ring (Figure 1 ) . 19~21

The chemical shift changes o f H-10 are considerably 
smaller and less diagnostic, which is consistent with its un
favorable orientation with respect to the OH group. Never
theless, the minor isomer shows the expected deshielding of 
H-10 consistent with its syn orientation.

The shielding of H-13 in the spectrum o f the minor com 
ponent is unusual in view of the distance between C-9 and 
H-13, suggesting that the difference is not due entirely to 
the C-9 substituent but rather may be accentuated by a 
secondary effect. For example, the change in the chemical 
shifts may result in part from a decrease in the deshielding 
arising from the 11-hydroxyl group. This decrease may be 
caused by hydrogen bonding of the 1 1 -hydroxyl proton to 
the oxygen o f the lactone carbonyl. This interaction causes 
changes in the electronic character and therefore anisotro
py of the carbonyl which is reflected in a decrease in the 
deshielding of H-13. The required hydrogen bonding is 
supported by infrared evidence which follows.

Attempts to determine the configuration of the erythro-

Figure 1. Schematic representation of (£)- and (Z)-oxime isomers 
(R = remainder of ring).

1 6 2 7a
H-2 3.02 3.04 3.08 3.08
H-3 4.43 4.43 4.42 4.39
H-5 3.95 3.96 3.99 3.97
H-10 3.26 3.05 2.95 2.80
H -ll 4.29 4.27 4.14 4.06
H-13 5,41 5.65 5.51 5.78

Table IIIChemical Shifts of Aglycone Ring Protonsin CDCI3 Solution
3 4 8 9

H-2 2.80 2.80 2.90
H-3 4.00 4.04 4.01 4.02
H-4 -2.0 2.06 2.16
H-5 3.56 3.66 3.58 3.62
H-10 2.66 2.62 2.65
H -ll 3.51 3.72 3.49 3.66
H-13 5.06 5.14 5.41 5.48

mycin A oxime in a similar manner were hindered by the 
insolubility of the major isomer in CDCI3 and the unavaila
bility of the as yet unisolated minor isomer. Comparison of 
the nmr spectra of both major isomers in pyridine-d5 shows 
no differences not attributable to introduction of the 1 2 - 
OH in the erythromycin A isomer and which are not exact
ly mirrored in the comparison o f the patent antibiotics (c/. 
Table II). Therefore both major isomers are assigned the 
same stereochemistry in pyridine-dr, solution which is pre
sumed to be E.Infrared. At 2 X 10- 3  M  the major isomer showed peaks 
at 3592, 3560, and 3475 cm - 1  and a broad complex peak at 
about 3330 cm-1. The lactone was observed as a single 
strong band at 1730 cm-1. When diluted to 6 X 10~ 5 M  the 
free oxime hydroxyl at 3592 cm - 1  increased at the expense 
of peaks at 3560 and 3330 cm -1. The observed spectral 
changes indicate the oxime hydroxyl is not intramolecular - 
ly hydrogen bonded22 and is directed away from the 1 1 - 
hydroxyl group as shown for the E  isomer 7a in Figure 1.

The minor isomer at 2 X 10- 3  M  showed bands at 3593, 
3560, 3465, and 3240 cm - 1  in the hydroxyl region. The lat
ter band is unusually sharp {A i>i /2 10 0  cm-1) and is as
signed to an intramolecularly hydrogen bonded oxime hy
droxyl.23 The carbonyl region showed two bands at 1730 
and 1712 cm-1, each about half as intense as that of the 
major isomer. The appearance of the band at 1712 cm - 1  
along with weakening o f the 1730-cm-1 band is evidence of 
a mixture of hydrogen-bonded forms in which one form ex
ists with a hydrogen bond to the lactone carbonyl.24 On 
further dilution to 6 X 10~ 5 M the hydroxyl region showed 
no change, confirming the assignment o f the 3240-cm_1 
band to an intramolecular hydrogen bond. This compound 
is assigned as the Z  isomer with the hydrogen-bonding ar
rangement as shown in 7b (Figure 1).Configurational Analysis of Other 9-Imino Derivatives. The same trends observed in the nmr spectra of the 
oxime isomers are seen in the spectra of 3, 4, 8 , and 9 
(Table III), although the magnitudes of the changes vary 
depending on the nature of the 9-imino substituent. Identi
cal correlations can be made although they suffer from lack 
o f data for the unisolated Z  isomers.

The largest chemical shift differences should be associ
ated with H -8 . Unfortunately, this resonance cannot be di
rectly observed in the 100-MHz spectra of these com 
pounds; however, the 220-MHz spectra of 8 and 9 reveal 
complex multiplets at ca. 3.5 ppm which can be attributed
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to H-8. The comparable chemical shift in the erythromy
cins is 2.7 ppm. The large deshielding o f H-8 indicates that 
the E  isomer is present in both cases, even without the 
spectra of the second isomers for comparison.

In summary, the data clearly reveal that the major stable 
isomers of the oxime and hydrazone o f the erythromycins 
are configurationally homogeneous E  isomers. The isola
tion o f the minor unstable oxime isomer represents the first 
and only example o f a Z  isomer.

Experimental Section
General. 'H nmr spectra were obtained on Varian Associates 

HA-100 and HR-220 spectrometers. Chemical shifts were mea
sured from internal TMS in CDCI3 solution at 55°. 13C nmr spec
tra were obtained on a Bucher HFX-90 spectrometer. Chemical 
shifts were determined in methanol and methanol-d4 solutions and 
measured from an external capillary containing CS2. Chemical 
shifts were converted to the TMS scale by the formula 5tms =
193.7 — ¿cs2 external.25

Infrared data were obtained in both 3.0-mm NaCl cells and 
100-mm quartz cells using a Perkin-Elmer Model 521 infrared 
grating spectrophotometer. Raman data were obtained on solid 
samples using a Cary Model 83 Raman spectrophotometer which 
employs an Argon-Ion laser. Melting points are uncorrected.

Preparation of Erythromycin B Oxime (7). To a solution of 
15 g (20.9 mmol) of erythromycin B in 225 ml of methanol was 
added 9.60 ml of triethylamine and 6.30 g (90.6 mmol) of H 2NOH- 
HC1. The mixture was refluxed for 65 hr and then cooled and di
luted with 2.6 1. of water containing 260 ml of concentrated 
NH4OH. The product was extracted with CHCI3 and the combined 
extracts were washed with dilute NH4OH. The CHCI3 was dried 
over anhydrous Na2S04 and the solvent was evaporated to give
17.9 g of crude product. The sample was crystallized from CHCI3-  
hexane to give 12.3 g of oxime, mp 176-195°, obtained as a chloro
form solvate. The tic of this product (silica gel G, benzene-metha
nol, 80:20, atmosphere saturated with ammonia, arsenomolybdate 
reagent) showed two compounds, a major product with Rf  value 0.4 
(c a . 90%) and a minor product with Rf value 0.3 (c a . 10%). The iso
mers were separated by chromatography of ca. 2 .0-g samples on a 
200 g silica gel column (4 X 30 cm2) using 98:1:1 EtoAc-H20 -Et3N 
as the solvent system.

(£)-Erythromycin B Oxime (7a). Fractions obtained by chro
matography of 2.2  g of the isomeric mixture were combined and 
the solvent was evaporated to give 1.9 g of the pure E isomer. Crys
tallization from methanol-water and drying at 75° in a vacuum 
oven gave 1.0 g of 7a: mp 171-174°; [a ]24D —81.4° (c 1.00, MeOH). 
A n a l.  Calcd for C37H68N2Oi2 (732.96): C, 60.63; H, 9.35; N, 3.82; O,
26.19. Found: C, 60.95; H, 9.40; N, 3.84; O, 26.49. Nmr (see Table I 
for aglycone ring proton chemical shifts): e/2,3 = 9.0; </3j4 ~  1; J4 5 = 
7.0; Jio.ii — 1.0; Jn ,i2 = 10.5; e/12,13 — 1: J i3,i4 = 9.0, 5.0 Hz; H-l', b 
4.43, J v,r  = 7.0 Hz; H-2', 5 3.22, J2',3' = 10.0 Hz; H-l"„ 6 4.92, J v. 2" 
= 4.5, ~  1 Hz; H-4", b 2.97; H-5", 5 4.05, J y y  = 9.0 Hz; CH3-6| 5 
1.49; OCH3, S 3.30; N(CH3)2, 6 2.28.

(zf)-Erythromycin B Oxime (7b). The minor isomer could not 
be obtained in pure form because of isomerization during chroma
tography and work-up. The purest sample contained 20-25% of the 
E  isomer and was obtained by concentrating the eluent at 25° to a 
small volume, diluting with benzene, washing with water, drying 
over Na2S04, and finally evaporating the benzene solution to dry
ness at 25° to give 0.2 g. Analytical and spectral data were collect
ed on the glass obtained in this way: [a]24D -84.9° (c 1.00, MeOH).

Anal. Calcd for C37H68N2Oi2 (732.96). Found: C, 60.89; H, 9.58; N, 
3.80; O, 25.90. Nmr (see Table I for aglycone ring proton chemical 
shifts): J 2,3 = 9.0; J 3,4 ^  1 ; c/4,s = 7.5; Jio.n = 1 .0; Jn,i2 — 10.5; 
J 1213 =* 1; 3 13 14 = 9.0, 5.0 Hz; H-l', b 4.42, Jr ,2- = 7.5 Hz; H-2', 
3.21, J2' 3' = lo!o Hz; H-l", Ô 4.91, J v-X  = 4.5, ~  Ì Hz; H-4", Ò 2.99; 
H-5", b 4.04, J 4"(5" = 9.5 Hz; CH3-6, & 1.45; OCH3, ò 3.30; N(CH3)2, 
Ô 2.28.

Thermal Isomerization of the Z Isomer. The Z isomer was 
heated at 136° for 16 hr under vacuum. The sample was identified 
as the E isomer by tic and infrared spectrum (CC14, 4000-1650 
cm-1). The crystalline E isomer was unchanged by the same treat
ment.
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The preparation of 10,11-anhydroerythromycin B (10) from ll-0-methanesulfonyl-2'-0-acetyl-4"-0-formyi- 
erythromycin B (7a) is described. C-8 epimerization of both erythromycin B and 10 was effected in aqueous acetic 
acid. Base-catalyzed elimination of the elements of methanesulfonic acid from 11-O-methanesulfonylerythromy- 
cin A (6 a) may be controlled to lead selectively to either 10,11-anhydroerythromycin A (13) or 11,12-epoxyeryth
romycin A (14). Methods for effecting C-8 epimerization of 13 and 14 are described. The C-8 epimeric 11,12-epox- 
yerythromycins A (14 and 16) were readily rearranged to the corresponding C-8 epimeric 10,11-anhydroeryth- 
romycins A (13 and 15). 8,9-Anhydro-ll,12-epoxyerythromycin A 6,9-hemiacetal (18) was prepared and shown 
not to be an intermediate in the C-8 epimerization of 11,12-epoxyerythromycin A (14) effected by glacial acetic 
acid. Compound 18 was converted to a mixture of 14 and 16 in aqueous acetic acid.

The lactone rings of the macrolide antibiotics provide 
important and interesting substrates for fundamental stud
ies o f the chemistry o f large-ring alicyclic compounds. 
Knowledge of their chemistry is o f practical significance 
with respect to the goal o f preparing chemically modified 
macrolides with improved therapeutic properties, and 
should prove useful for contemplated total synthesis of 
these complex molecules.

The extreme sensitivity of erythromycins to both acidic 
and basic conditions presents a challenge with regard to ef
fecting both chemical and stereochemical modifications. 
Previous studies2 established that the erythromycins A 
(la) and B (2a) are readily and irreversibly degraded by

both dilute aqueous alkali and dilute mineral acid. The 
object o f our current work is the development of methodol
ogy for chemical and stereochemical modification of the 
erythromycin lactone rings. Our general approach is based 
on the selective introduction into the erythromycin lactone 
rings o f functionalizable sites o f unsaturation. Our interest 
in 8 -epi-erythromycins was stimulated by the postulate of 
Celmer3 concerning the importance of the stereochemistry 
at C -8  to antibacterial activity.

The d-hydroxy ketone functionality present in the eryth
romycin lactone rings suggested the introduction of a 1 0 , 1 1  
double bond. Although the C -8  epimeric 3,5-di-O-acetyl-
1 0 ,1 1 -anhydroerythronolides B (4 and 5) were prepared by 
Perun by acid-catalyzed degradation of 3,5,11-tri-O-acetyl-

erythronolide B (3) ,4 the sensitivity to acid and base of the 
intact erythromycins precluded direct acid- or base-cata
lyzed dehydration of the parent antibiotics. It was thus 
hoped that conversion of the 1 1 -hydroxyl groups of the 
erythromycins to good leaving groups, followed by treat
ment o f the resulting derivatives with a strong, nonnucleo- 
philic base, would lead to the desired 1 0 ,1 1 -anhydroeryth- 
romycins. A likely route involved preparation o f the 11-0- 
methanesulfonylerythromycins.

11-O-Methanesulfonylerythromycins. Selective meth- 
anesulfonation of the 1 1 -hydroxyl groups of the erythromy
cins required protection of the two secondary hydroxyl 
groups present in the desosamine and cladinose moieties. 
The technique for protecting the sugar hydroxyl groups 
was developed by Jones, et al.,5 who prepared the 2'-0-ace-
tyl-4"-0-formylerythromycins A and B, (lb and 2b) and
found that the parent erythromycins were readily regener
ated from these diesters by mild basic hydrolysis. Treat
ment o f the 2/-0-acetyl-4"-0-formylerythromycins A and 
B with methanesulfonic anhydride6 in pyridine gave rise to 
the corresponding 11-O-methanesulfonylerythromycins A 
and B (6a and 7a). These labile products were character-

H

r, jn
C H O  SO,CH,
H SO,CH,
H  COCH,

ized by their nmr spectra and used in preparative reactions 
without purification. Methanolysis o f the 2'-0-acetyl and 
4"-0-form yl groups of 6a and 7a gave the 11-O-meth-
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Table I
Antibacterial Activity of Selected Erythromycins

,--------------------------------------------------------------Minimum inhibitory concentrations, g/ml®-------------------------------------------------------------- -
H a e m o p h ilu s

S ta p h y lo c o cc u s  S ta p h y lo c o cc u s  S trep tococcu s K le b s ie lla  S h ig ella  s o n n ei M y c o b a c te r iu m  in flu en za e
Structure a u r e u s  9144 a u reu s  Smith ER** fa eca lls  10541 p n e u m o n ia e  10031 9290 g a llise p tic u m  S6 Patterson

la 0 . 2 > 1 0 0 0.05 3 .1 1 2 0 . 2 1.56
2a 0.39 > 1 0 0 0.05 6 . 2 25 0.05

10 6 . 2 > 1 0 0 1 . 6 25 > 1 0 0 1 0 0 1 0 0

13 6 . 2 > 1 0 0 1 . 6 1 2 > 1 0 0 0 .5 50
7b 3.1 > 1 0 0 0 . 2 25 1 0 0 0 .5 12.5
6b 50 > 1 0 0 6 . 2 50 > 1 0 0 50 > 1 0 0

14 > 1 0 0 > 1 0 0 25 25 > 1 0 0 1 > 1 0 0

11 25 1 0 0 3.1 1 0 0 > 1 0 0 5 > 1 0 0

20c 0.39 > 1 0 0 0.05 6 . 2 12.5 0.05 1.56
9 12.5 > 1 0 0 1.56 25 > 1 0 0 0.1 > 1 0 0

15 12.5 > 1 0 0 0.78 12.5 1 0 0 1.0 50

Determined by an agar dilution method. b Erythromycin resistant.

anesulfonylerythromycins A and B (6b and 7b), which were 
isolated in about 90% purity by column chromatography 
and characterized spectroscopically.

It has been established5 that while 11-0-acetylerythro- 
mycin B (7c) exists as the hydroxy ketone tautomer, 11-0- 
acetylerythromycin A exists as the hemiacetal, 6c. Similar
ly nmr and ir spectra provide evidence that 1 1 -0 -meth- 
anesulfonylerythromycin B exists as the hydroxy ketone 
7b, while 11-0-methanesulfonylerythromycin A exists as 
the hemiacetal 6b. The infrared spectrum of the hydroxy 
ketone 7b shows carbonyl absorptions o f both lactone (1727 
cm -1) and ketone (1704 cm-1) carbonyls, while the infrared 
spectrum of the hemiacetal 6b shows only a sharp symmet
rical lactone carbonyl (1727 cm-1). In addition, the C-10 
proton resonances (CDCI3) o f the 11-0-acetyl- and 11-0- 
methanesulfonylerythromycins A (6c and 6b) occur at 
higher field (<5 2.21 and 2.59, respectively) than those of the 
corresponding B derivatives, 7c and 7b (<5 2.99 and 3.16, re
spectively). This upfield shift o f the C-10 proton reso
nances of the A derivatives relative to the B is presumably 
the consequence of the absence of the C-9 keto carbonyls in 
the hemiacetals.

It is o f interest that the 11-esters of erythromycin A, 
which exist as hemiacetals, have little or no antibacterial 
activity, while the antibacterial activities o f the 1 1 -esters of 
erythromycin B, which exist as hydroxy ketones, is appre
ciable (Table I).

The C-8 E phneric E rythrom ycins B and the C-8 Ep- 
im eric 10,11-Anhydroerythromycins B. Kurath, et al.,1 
recently established that the erythromycins A (la ) and B 
(2a) are dehydrated to the corresponding 8,9-anhydro- 
erythromycin 6,9-hemiacetals 8a and 8b in glacial acetic 
acid. It was also found7 that the enol ether 8b is readily hy
drated in dilute aqueous mineral acid to regenerate eryth
romycin B (2a) (Scheme I). Since the C-8 carbon of 8b is no 
longer an asymmetric center, the interconversion of 2a and 
8b suggested that under suitable conditions an acid-cata
lyzed equilibration might be established via the enol ether 
8b leading to formation of 8 -epi-erythromycin B (9). Treat
ment of erythromycin B (2a) with 1 : 1  (v/v) acetic acid- 
water at room temperature for 96 hr gave a mixture from 
which were isolated 35% of 8 -epi-erythromycin B (9) and 
30% of erythromycin B (2a). To provide chemical evidence 
that 9 differed from 2a only in its configuration at C-8 , it 
was converted to the enol ether, 8b, in glacial acetic acid.

Comparison of the 220-MHz nmr spectra o f erythromy
cin B and 8 -ept-erythromycin B showed that both have es
sentially the same lactone ring conformations. The agly- 
cone ring vicinal coupling constants and chemical shifts of 
both compounds involving H -2 , -3, - 1 1 , - 1 2 , and -13 are 
very nearly identical. This indicates a close conformational

ñi R?
8 a H H H
2 0 a COCH3 CHO H
2 0  b COCH3 CHO so2ch}
2 0 c H H S02CH:

Scheme I

similarity of the ring segments containing these protons. 
Somewhat more substantial differences are observed in the 
chemical shifts of H-4, -7a, -7e, -8 , and -10 and the J_i  r, and 
C-7 methylene proton coupling constants. These differ
ences closely parallel those found when the spectra of 8 - 
epi-erythronolide B and erythronolide B were compared8 
and are attributable to the same conformational reorgani
zation involving the C -6  to C-9 ring segment as discussed in 
detail elsewhere.9 The near identity o f the coupling con
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stants, e/10,1 1 , o f erythromycin B (~1 Hz) and 8-epi-eryth- 
romycin B (~1 Hz) (Table II) established that both had the 
same configuration at C-10.

Since the C-10 protons and the C -ll  hydroxyl groups of 
the erythromycins A and B (la and 2a) are antiperiplanar, 
it was hoped that the corresponding 11-methanesulfonates 
would undergo facile, base-catalyzed trans elimination to 
form the 10,11-anhydroerythromycins (13 and 10). Treat
ment of ll-0-m ethanesulfonyl-2'-0-acetyl-4 ''-0-form yl- 
erythromycin B (7a) with l,5-diazabicyclo[4.3.0]undecene- 
5 (D BU )10 either under reflux for 0.5 hr or at 5° for 18 hr 
smoothly effected elimination of the elements of meth- 
anesulfonic acid. Methanolysis o f the 2/-0-acetyl and 4"-
O-formyl groups gave 10,11-anhydroerythromycin B (10), 
which was characterized by its infrared and ultraviolet 
spectra and by its conversion in glacial acetic acid to 8,9:
10.11- dianhydroerythromycin B 6,9-hemiacetal (11).

Equilibration of 10 in 1:1 glacial acetic acid-water for 48
hr at room temperature gave a mixture containing 8-epi-
10.11- anhydroerythromycin B (12) and 10,11-anhydro- 
erythromycin B (10) in a ratio of about 10:1 as estimated 
from the relative areas o f the corresponding C-10 methyl 
peaks in the nmr spectrum. Pure 12 was isolated by column 
chromatography.

To prove that 12 differed from 10 only in its configura
tion at C-8, it was converted to the enol ether 11 in glacial 
acetic acid. In addition, 8-epi-erythromycin B was convert
ed to 12 by the same sequence of reactions used to convert 
erythromycin B (2a) to 10,11-anhydroerythromycin B (10).

The C-8 Epimeric 10,11-Anhydroerythromycins A 
and the C-8 Epimeric 11,12-Epoxyerythromycins A. 
DBU-catalyzed elimination of the elements of methanesul- 
fonic acid from ll-0-m ethanesulfonyl-2 '-0-acetyl-4"-0- 
formylerythromycin A (6a) (Scheme II) may be controlled 
to lead selectively to 10,11-anhydroerythromycin A (13) or
11.12- epoxyerythromycin A (14). Treatment of 6a with 
DBU in refluxing benzene for 0.5 hr followed by methanol
ysis of the 2'-0-acetyl and 4"-0-form yl groups o f the prod
ucts led to isolation of 35% o f 10,11-anhydroerythromycin 
A (13) and 15% of 11,12-epoxyerythromycin A (14). In con-

Table II
A Nuclear Magnetic Resonance Comparison of 

Erythromycin B (2a) and 8-epi-Erythromycin B (9)“
✓----- Chemical shifts, ppm----- • ✓-------- Coupling constants, Hz----

2a 9 2a 9

H-2 2 .87 2 .89 c/2,3 8 .3 9 .1
H-3 4. 07 4 .05 e/3.4 1 1
H-4 2. 10 2..25 e/4,5 7. 0 9 1
H-5 3 .60 3 .59 J 7a,le 15 .0 14 .2
H-7a 2 .00 2 .06 J  7a,8 10 .0 7 .2
H-7e 1 .6 1 .93 J 7e,8 3 .0 2. 8
H-8 2 .76 2 .9 e/10,11 1 1
H-10 2 .98 2 .83 t/il,12 9 .8 10 .0
H -ll 3 .83 3 .84 «̂ 12,13 1 1 .2
H-12 1 .75 1 .7 <J13,14a 9 .0 9..1
H-13 5 .35 5 .31 J  13,14e 5 .5 4 .8
H-14a J  14a,l4e
H-14e
H -l' 4..43 4 .32 J l',2' 7 .0 7 .1
H-2' 3..21 3 .24 2',3' 10 .2 10 .0
H-3' 2 .47 2 .53 t̂ 3',4a' 12 .0 12 .1
H-4a' <̂ 3',4e' 3 .5 3 .8
H-4e' <̂ 4a',4e'
H-5' 3 .52 3 .52 e/4a',5' 10 .5 10 .6

H -l” 4 .89 4 .87 J 4e',5' 1 .8 1 .6
H-2a” 1 .58 1 .58 *Jl",2a" 4 .5 4 .2
H-2e” 2 .37 2 .40 J  i",2e" 1 .5 <1
H-4” 3 .00 3 .01 ,2e" 15 .5 15 .1
H-5” 4 .05 4 .02 9 .0 9 .5

“ All parameters were measured from 220-MHz spectra 
obtained at 55° in CDC13 solution.

trast, when the DBU-catalyzed elimination was carried out 
at 5° for 18 hr complete elimination of the elements of 
methanesulfonic acid was effected, as indicated by the nmr 
spectrum of the crude product, but the ir spectrum showed 
the absence of any a,/3-unsaturated ketone. After methano
lysis o f the 2'-0-acetyl and 4"-0-form yl groups 11,12- 
epoxyerythromycin A (14) was isolated in 45% yield by col
umn chromatography. A purified sample of 11-O-meth- 
anesulfonylerythromycin A (6b) was smoothly converted to 
14 by DBU in benzene at 5° for 18 hr.

Scheme II
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cm-1) to the lactone carbonyl absorption (1729 cm-1 ) 
from 0.5 to 0 .8 . This established that the minor component 
was the hemiacetal tautomer 14b which was largely con
verted to the hydroxy ketone tautomer 14a on heating in 
deuteriochloroform.

A preparative attempt to convert the 1.2:1 mixture of 
14a and 14b to a 2.4:1 mixture by heating a chloroform so
lution o f 14 under reflux for 0.5 hr was unsuccessful. After 
evaporation o f chloroform under reduced pressure and 
drying o f the residue under high vacuum at 56° for 20 hr, 
the hydroxy ketone to hemiacetal ratio (14a: 14b) was iden
tical with that of the starting material (1 .2 :1 ) by criteria of 
both nmr and ir. This result is interpreted to indicate that 
the 2.4:1 ratio of 14a to 14b in the heated chloroform solu
tion reverted to the original 1 .2 :1  ratio on evaporation o f 
solvent.

An nmr spectrum of a freshly prepared sample o f 14 in 
methanol-t/,j showed a ratio of hydroxy ketone to hemiace
tal o f 1.2. On heating at 56° for 0.5 hr, the ratio changed to 
0.9 favoring the hemiacetal. The identities of the two com
ponents in methanol-d.j is based on the intensity o f the sin
glet at 5 1.63 attributed to the C -6  methyl of the hemiacetal 
14b, relative to the intensities of the two NMe2 peaks ob
served.

A pure sample of the hemiacetal tautomer 14b was iso
lated (70% recovery) by crystallization from ether. The tau
tomeric purity of 14b was established from the nmr spec
trum o f a freshly prepared solution in deuteriochloroform. 
When the nmr spectrum was determined after the solution 
had remained at room temperature overnight it was found 
that the sample had reverted to a 2.3:1 m ixture o f 14a to 
14b. When the solution was heated at 56° for 0.5 hr the 
ratio o f 14a to 14b was found to be 2.4:1.

These data indicate that the tautomers 14a and 14b are 
interconvertible, but have a sufficiently high energy barrier 
to interconversion to preclude rapid equilibration at room 
temperature in chloroform solution.

In contrast to 1 1 ,1 2 -epoxyerythromycin A, which exists 
as an interconvertible mixture o f tautomers 14a and 14b, 
the following evidence indicates that 8 -e p i- ll ,1 2 -epoxyer- 
ythromycin A exists exclusively as the hemiacetal (16).

(1 ) The nmr spectrum of a freshly prepared solution of 
16 in CDCI3 showed only one sharp NM e2 peak and one 
sharp OMe peak, and otherwise indicated the presence of a 
single component. The appearance o f the spectrum did not 
change on prolonged heating of the solution at 56°.

(2 ) The ir spectra o f the pure C -8  epimeric hemiacetals 
14b and 16 (in deuteriochloroform) were virtually identical. 
Both showed only lactone carbonyl absoprtions at 1727 
cm-1 . In contrast the 1 .2 : 1  mixture of 14a and 14b 
showed both lactone (1729 cm-1 ) and ketone (1708 cm-1) 
absorptions.

(3) The nmr spectra of the hemiacetals 14b and 16 
showed singlet C-methyl absorptions at 5 1 .6 6  and 1.57, re
spectively, tentatively assigned to the C -6  methyl protons. 
In contrast the hydroxy ketone 14a shows no such absorp
tion in the region between 8 1.40 and 2.30.

(4) The C-10 proton resonances o f the hemiacetals 14b 
and 16 appear at 8 2.4 (J i0,n = 10 .0  Hz) and 2.21 (Jjo.ii =
10.0 Hz), respectively, while the C-10 proton resonance o f 
the hydroxy ketone 14a appears at 8 3.09 (J10,n = 10.0 Hz). 
This downfield shift o f the C - 1 0  proton resonance o f 14a 
relative to the hemiacetals is presumably the consequence 
of the presence in 14a of the C-9 keto carbonyl.

Examination o f Dreiding models o f the hydroxy ketone 
and hemiacetal tautomers of 8 -e p i-ll ,1 2 -epoxyerythromy- 
cin A suggests that relief of steric interaction between the 
C -6  and C -8  methyl groups, resulting from cyclization to 
the hemiacetal 16, may be a major factor responsible for

the existence o f 16 as the sole observable tautomer. In con
trast, no steric interaction between the C -6  and C -8  methyl 
groups o f either the hydroxy ketone 14a or the hemiacetal 
14b of 1 1 ,1 2 -epoxyerythromycin A is apparent.

Circular Dichroism of the 10,11-Anhydroerythromy- 
cins. Circular dichroism determinations have shown that 
the C -8  epimeric 1 0 ,1 1 -anhydroerythromycins have quite 
distinctive n —<► x* transitions o f the C-9 keto carbonyls. 
The 10,11-anhydro ketones with the natural configuration 
at C -8  show circular dichroism minima (13, [0)340 —870; 10,
[0)327 —2185) while the 8-ept-10,ll-anhydro ketones show 
circular dichroism maxima (15, [0 ) 3 1 0  +1100; 12, [0)320 
+1940). The signs o f the n —»• 7r* bands o f the C-8  epimeric
3 ,5 -di-O-acetylerythronolides B (4, [0)335 —2130; 5, [0)304 
+ 1620) confirm the assignments of Perun .4 The relation
ship of the CD curves of 4 and 5 to that of 1 0 ,1 1 -anhydro- 
oleandromycin diacetate has been discussed by Celmer.3a

Antibacterial Activities. Antimicrobial activities of 
many of the modified erythromycins described above, 
against a cross section o f bacteria, are shown in Table I. 
None o f the compounds possess in  v itro  antibacterial activ
ity approaching that of the parent erythromycins and most 
are devoid of activity against many strains except at ex
treme levels. Earlier reference was made to the predictions 
of Celmer,3b later abandoned,3“ concerning the possible an
tibacterial benefit o f C -8  epimerization. It should be noted 
that C -8  epimerization of erythromycin B drastically low
ers in  v itro  activity against wild and resistant strains, thus 
conforming to the current view o f Celrner.3“
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In an effort to explore the stereochemistry of 6-ketoabieta-8,ll,13-trienes, 18-nor-5/3-abieta-8,ll,13-trien-6-one
(8), 19-nor-5/3-abieta-8,ll,13-trien-6-one (14), 19-norabieta-8,ll,13-trien-6-one (3), and abieta-8,ll,13-trien-6- 
one (1) have been prepared. 19-Norabieta-8,ll,13-triene (7) was converted to ketone 8 by the sequence oxidation 
to 18-norabieta-8,ll,13-trien-7-one (5), reduction to the 7/3-ol (6), dehydration to 18-norabieta-6,8,ll,13-tetraene
(4), oxidation to a mixture of glycols, and dehydration to 8. 19-Norabieta-8,ll,13-trien-6-one (3) was prepared by 
a similar route using 19-norabieta-8,ll,13-trien-7-one (19) as starting material and also by isomerization of 19- 
nor-5d-abieta-8,ll,13-trien-6-one (14). Ketone 14 was obtained by oxidation of 19-nor-5(3-abieta-8,ll,13-trien- 
6/3-ol (15), which was the principal alcoholic product from the hydroboration-oxidation of 18-norabieta-4,8,ll,13- 
tetraene (9). Prolonged treatment of 9 with diborane, followed by oxidation, gave a mixture of 19-nor-5/3-abieta- 
8,ll,13-trien-7a- and -10-61 (17 and 18). Abieta-8,ll,13-trien-6-one (1) was prepared from abieta-8,ll,13-triene
(23) by the method used for the synthesis of ketones 3 and 8. The mechanism of the anomalous hydroboration of 
9 and the conformations of the various 6-ketones are discussed.

Several naturally occurring compounds, among them 
taxodione2 and maytenoquinone,3 have been isolated which 
contain a keto group in the 6 position of an abietane ring 
system. In addition to these compounds, and their deriva
tives, the parent compound abieta-8,ll,13-trien-6-one (1) 
has been prepared,4 as have a few other structurally related 
ketones.5 In the compounds of this type in which the stere
ochemistry about the A -B  ring fusion has been discussed, 
it has been either shown or assumed that the stable ring 
juncture is trans. However, ketones similar to 1 are essen
tially 9-methyl-1-decalone systems, in which it is known 
that there is very little energy difference between the cis 
and trans isomers,6 and in the trans isomer o f 1 there is also 
a severe axial-axial interaction between the /3-methyl 
group (C-19) at C-4 and the angular methyl. It would thus 
appear that for ketones such as I the cis isomer should be 
more stable. In order to explore this apparent stereochemi
cal inconsistency, the synthesis of 1 has been reinvestigat
ed, and the preparation o f the 18- and 19-nor ketones (2 
and 3) and their stereochemical preferences at C-5 studied.

The obvious precursor o f the 18-nor ketone (2), 18-nora- 
bieta-6,8,ll,13-tetraene (4), was prepared from 18-nora- 
bieta-8,ll,13-trien-7-one (5)7 by hydride reduction to the 
7/8-ol (6) which gave olefin 4 on dehydration with toluene- 
sulfonic acid in benzene. In order to ensure that no isomer
ization at C-5 had occurred under the conditions of the de
hydration, olefin 4 was reduced tol8-norabieta-8,11,13- 
triene (7).8 The attempted direct conversion o f ketone 5 to 
the olefin by reaction with toluenesulfonylhydrazine, fol
lowed by methyllithium,9 gave a complex mixture contain
ing no hydrocarbon.

Although olefins similar to 4 have been converted to the
6-ketones by various procedures,4’58 in our hands these did 
not prove efficient and an alternative route was chosen, 
which entailed oxidation o f 4 to a stereoisomeric mixture of 
cis glycols using sodium chlorate-osmium tetroxide,10 fol

lowed by treatment with hot formic acid to give the 6-ke
tone.

The nmr spectrum o f the product ketone shows a secon
dary methyl signal at 5 0.84 with a coupling constant o f 5 
Hz, indicating that this group is equatorial,11 consistent 
only with a cis A -B  ring fusion and a steroidal conforma
tion of these rings.12 It is thus aparent that the product of 
this sequence is 18-nor-5/3-abieta-8,ll,13-trien-6-one (8), 
and that during the reaction with formic acid, isomeriza
tion to the more stable cis isomer has occurred.

19-Norabietatrien-6-one (3) was initially obtained via a 
fortuitous series of reactions resulting from the investiga
tion of the hydroboration-oxidation o f 18-norabieta-
4.8.11.13- tetraene (9). It has been reported that hydrobora
tion-oxidation of the mixture of olefins obtained by lead 
tetraacetate decarboxylation of abieta-8,ll,13-trien-18-oic 
acid (dehydroabietic acid) affords, in addition to other 
products, 19-nor-5/?-abieta-8,ll,13-trien-7-one (10).7 It was 
suggested that this ketone was probably derived from ole
fin 9 via 19-nor-5/3-abieta-8,ll,13-triene (11); however, this 
could not be confirmed. In subsequent work, attempts were 
made to obtain a homogeneous sample o f hydrocarbon 9; 
however, a practical method for preparation o f this com
pound by acid-catalyzed isomerization o f the mixture of 
olefins obtained from dehydroabietic acid could not be ac
complished.121’

Attempted separation o f a mixture o f 9 and 18-nor-5/3- 
abieta-3,8,ll,13-tetraene (12)12 by reaction with bis(3- 
methyl-2-butyl)borane, which has been utilized to separate 
trisubstituted from tetrasubstituted olefins, gave residual 
hydrocarbons with essentially the same composition as the 
starting mixture.13 Both olefins apparently react with the 
reagent at nearly the same rate, and 18-nor-5/3-abieta-
8.11.13- trien-3a-ol (13),12b arising from olefin 12, was iso
lated from the reaction. When the mixture of olefins from 
the decarboxylation of dehydroabietic acid7 was treated
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f R = R '  =  C H 3
2, R ' =  C H ,; R ' =  H
3 , R  =  H ;R '  =  C H 3

4 ,R  =  C E , ;R '  =  H  5, R = C H , ;  R ' =  H  ; R "  =  R "' =  O 2 3 ,R =  R ' =  C H :J; R " =  R '"  =  H
21, R  =  H ; R ' =  C H :, 6, R  =  CH.,; R ' =  R "' =  H; R "  =  O H  24, R  =  R ' =  C H :); R "  =  H; R "' =  O C O C H 3
22, R  =  R ' =  CH,, 7 ,R  =  CH,,; R ' =  R "  =  R "' =  H  2 5 ,R  =  R ' =  C H 3; R "  =  H; R '"  =  O H

19, R  =  H; R' =  C H :„ R "  =  R "' =  0  26, R  =  R ' =  C H :1; R "  =  R '"  =  O
20, R  =  R " ' =  H; R ' =  C H :); R "  =  O H

11, R  =  R ' =  H8, R  =  C H :1; R ' =  H ; R "  =  R '"  =  0
14, R  =  H; R ' =  CH„; R "  =  R "' =  0
1 5 , R  =  R '"  =  H ; R ' =  C H 3; R "  =  O H
2 7 ,R  =  R ' =  C H . , ;R " = R ' "  =  0

with bis(3-methyl-2-butyl)borane, there was obtained a 
mixture of 9 (41%) and 18-norabieta-3,8,ll,13-tetraene (12, 
5a H, 58%), from which 9 could be obtained by selective 
periodate-permanganate oxidation of the 3-olefin.14

With a method available for the preparation of modest 
quantities of olefin 9, uncontaminated by its isomers, the 
hydroboration-oxidation was carried out under the condi
tions reported previously.7,1215 From this reaction there was 
obtained by careful chromatography an oily secondary al
cohol in 43% yield. Controlled oxidation of this alcohol 
with Jones reagent afforded an unstable nonconjugated ke
tone,15 the nmr spectrum o f which permitted an unequivo
cal assignment of structure and stereochemistry. The C-10 
methyl appears at 8 1.20, indicating that this compound al
most certainly has a cis A -B  ring fusion, with a steroidal 
conformation.12 The secondary methyl group at C-4 ap
peared as a doublet (J  = 7 Hz) at extremely high field (5 
0.52), which can only be accounted for by a cis ring fusion 
with the methyl group lying below the plane of the aromat
ic ring. The C-7 benzyl protons appear as an AB quartet (J 
= 20 Hz) at quite low field (5 3.22 and 3.65), indicating that 
the carbonyl group is at C-6. The C-5 proton is a clear dou
blet at 8 2.38, with a coupling constant o f 5 Hz consistent 
with a dihedral angle of approximately 60° between H-4 
and H-5.16 The only structure consistent with these data is
19-nor-5/3-abieta-8,ll,13-trien-6-one (14), which must exist 
in conformation 14a.

Acid-catalyzed isomerization o f 14 afforded 19-nora- 
bieta-8,ll,13-trien-6-one (3), which has an equatorial sec
ondary methyl group, as indicated by a coupling constant 
of 5 Hz for these protons.11 The other spectral properties o f 
this compound are in agreement with the assigned struc
ture (see Experimental Section).

Since oxidation o f the alcohol isolated from the hydrobo
ration-oxidation sequence gave ketone 14, this alcohol 
must be 19-nor-5/3-abieta-8,ll,13-trien-6/3-ol (15), derived 
from olefin 9 b,y hydroboration, elimination to 19-nora- 
bieta-5,8,ll,13-tètraene (16), and readdition o f diborane. 
Although the thermal isomerization o f alkylboranes is well 
known,173 there exist only a few examples of this type of 
reaction under mild conditions (i.e., room tempera
ture).171̂ 6 The stereochemistry o f 15 is based on the estab
lished stereochemistry o f the derived ketone (14) and the 
fact that hydroboration is a stereospecific cis process.18,19

17 , R  =  H ;R '  =  O H
18, R  =  O H ; R ' =  H

The nmr spectrum of 15 shows a very low field (8 1.38) an
gular methyl signal indicating a nonsteroidal conformation 
about the A -B  ring fusion,12 which is confirmed by the ob
servation that the secondary methyl signals show a normal 
chemical shift (8 1.09) with a coupling constant o f 5 Hz, 
characteristic of an equatorial methyl group.11

When the hydroboration of 9 was carried out for a pro
longed period, alcohol 15 could not be detected, but an in
separable mixture o f two compounds was obtained as the 
only isolable, alcoholic product. That these were the epim- 
eric 19-nor-5/?-abieta-8,ll,13-trien-7ai- and -/3-ols (17 and 
18) was shown by the nmr spectrum o f the mixture, which 
shows two C-10 methyl signals at 8 1.35 and 1.38, an equa
torial secondary methyl signal at 8 0.96 {J  = 6 Hz), and two 
low-field car b ind  protons, a quasi-equatorial 7 a proton 
(7/3-ol) as a triplet (Japp = 3 Hz) at 8 4.48 and a quasi-axial 
7/3 proton as a multiplet ( IV1/2 — 19 Hz) at 8 4.00. Integra
tion of the relative intensities o f these protons indicated 
that the ratio o f 18 to 17 was 3:2. Jones oxidation of the 
mixture afforded 19-nor-5/3-abieta-8,ll,13-trien-7-one 
(10).7

Although addition-elimination readdition sequences 
under mild hydroboration conditions have been reported 
previously,17b~e two successive such sequences is unusual. 
The stereochemical outcome of the first step of these reac
tions appears anomalous in that it involves attack of dibo- 
rane from the more hindered /3 face of the molecule in con
trast to the usually accepted mode of addition of this re
agent. The most plausible mechanism for the general reac
tion of diborane with olefins is that suggested recently by 
Jones20 which proposes the rapid, reversible formation of a 
it complex, followed by a rate-determining concerted con
version o f this intermediate to the reaction products. A l
though the initial ir complex derived from 9 should be 
formed more readily from the relatively unhindered a  face 
of the molecule, the energy of activation leading to a 5a 
product, with an axial (4/3) methyl group, would be consid
erably greater than that leading to a 5/3-substituted prod
uct, in which there is no incipient axial-axial interaction 
between the secondary and angular methyl groups in the 
transition state. Also, the orientation o f diborane in the ini
tial 7r complex, assuming /3 attack, would almost certainly 
favor addition o f boron at C-5, owing to the axial-axial in
teraction with the angular methyl group if boron were to
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2 a , R = C H 3;R ' =  H  8a, R  =  C H 3;R ' =  H
3 a , R = H ; R '  =  C H 3 14a. R  =  H ;R '  =  OH,

27a, R  =  R ' =  C H 3

14b,R= H;R'=CH:1 
27b,R = R '=CH 3

add from the fi face o f the molecule at C-4. The explanation 
for the fi stereospecificity in the addition of diborane to 16 is 
not as apparent, however; examination o f models o f this 
olefin indicates that the a face o f this molecule is concave 
and that attack from the (i side may be preferred for that 
reason.

The structure o f ketone 3, obtained from the hydrobora- 
tion-oxidation sequence, was confirmed by its synthesis via 
essentially the same route used for the preparation of 18- 
norabieta-8,ll,13-trien-6-one (2). Borohydride reduction 
o f 19-norabieta-8,ll,13-trien-7-one (19) gave 19-norabieta-
8.11.13- trien-7/i-ol (20), which on dehydration afforded ■ 
19-norabieta-6,8,ll,13-tetraene (21). Osmium tetroxide ox
idation o f 21, followed by treatment o f the mixed glycols 
with hot formic acid, gave ketone 3, identical with that ob
tained from olefin 9 by the method described above.

Although the preparation of abieta-8,ll,13-trien-6-one
(1) from abieta-6,8,ll,13-tetraene (22) by treatment with 
perbenzoic acid has been described,4 and although a similar 
route has been used in the preparation o f a related 6-ke
tone, 5a experience in the preparation o f ketone 2 indicated 
that not only was this not a particularly effective route for 
the preparation o f 1, but that the reported synthesis o f ole
fin 224 was probably not suitable for the preparation of 
quantities of this material.

Abieta-6,8,ll,13-tetraene (22) was prepared most readily 
by a modification o f the route used for the synthesis o f ole
fins 4 and 21. Lead tetraacetate oxidation o f abieta-
8.11.13- triene (23)21 gave 7«-acetoxyabieta-8,ll,13-triene
(24), which on hydrolysis or metal hydride reduction af

forded abieta-8,ll,13-trien-7a-ol.4 Pyrolysis o f acetate 24 
gave olefin 22, although in poor yield, as did dehydration of 
the corresponding alcohol (25) with either phosphoryl chlo
ride-pyridine or dimethyl sulfoxide.22 As in the case of the 
preparation of olefins 4 and 21, dehydration with toluene- 
sulfonic acid-benzene gave the desired product (22) in ac
ceptable yield. In contrast to the failure of the tosylhydra- 
zone o f ketone 5 to give an olefinic product, this reaction 
proceeded smoothly, although in mediocre yield when car
ried out on abieta-8,ll,13-trien-7-one (26). The conversion 
o f olefin 22 to abieta-8,ll,13-trien-6-one (1) was carried 
out in the manner described above for the preparation of 
the 18-nor 5/3-ketone (2). The initial preparation of this 
compound afforded a single ketone as expected from the 
reports of the earlier workers.2-5 The nmr spectrum of this 
compound shows three methyl signals at 8 1.11, 1.17, and
1.32 which is consistent only with a trans-fused ketone of 
structure l .12 The absence of a high-field methyl signal 
clearly contraindicates a cis steroidal ring fusion, which was 
expected if isomerization had occurred during dehydration. 
Attempted repetition o f the dehydration of the glycols de
rived from olefin 22, however, gave a mixture of three prod
ucts, two o f which were an inseparable mixture of 1 and, 
based on spectral data, the C-5 epimer o f 1, 5(3-abieta-
8,ll,13-trien-6-one (27). The nmr spectrum o f this mixture 
shows no high-field methyl signal, indicating that ketone 
27 must exist preferentially in a nonsteroidal conformation, 
which is confirmed by the presence o f a methyl signal at 8
1.56.12 The third component of the mixture was an unsta
ble yellow solid which showed the characteristic infrared 
absorptions o f an a-diketone. The mass spectrum gave a 
parent ion at m/e 298, and the nmr spectrum has a methyl 
signal at 8 0.44. These data are consistent only with struc
ture 28, 5)3-abieta-8,ll,13-triene-6,7-dione, which must 
exist in a steroidal conformation and which is probably de
rived from ketone 27 by air oxidation. Acid-catalyzed isom
erization of trans ketone 1 afforded the same mixture o f cis 
and trans ketones obtained from the formic acid dehydra
tion.

Although the conformational preferences o f the various
6-substituted abietatriene derivatives described above 
seem secure based on their nmr spectra, several o f these 
conformations are unexpected based on first-order confor
mational principles. As expected for the 6-ketone derived 
from 18-norabieta-8,ll,13-triene, the cis isomer (8) is more 
stable than the trans (2). In the trans isomer (2a), there ex
ists a severe axial-axial interaction between C-19 and the 
angular methyl group, which is relieved in the steroidal 
conformer of the cis isomer (8a).

It would be expected thatl9-nor-5d-abieta-8,11,13- 
trien-6-one (14) would exist as the nonsteroidal conformer 
(14b), in which the secondary methyl group is equatorial. 
However, the nmr spectrum o f this compound clearly indi
cates that it is in the steroidal conformation, with an axial 
methyl group (14a). Examination o f models shows that in 
the nonsteroidal conformation (14b), there exists a rather 
considerable steric interaction between C-18 and the car
bonyl group. In contrast to the other 6-ketones in this se
ries, the two benzylic protons at C-7 in ketone 14 are mag
netically nonequivalent (S 3.22 and 3.65). This difference in 
chemical shift can only be explained if the carbonyl group 
is not equidistant from each proton. These data are only 
consistent with a half-boat conformation for ring B, which 
relieves the rather severe interaction between C-19 and C-7 
which exists in the half-chair conformer.

In the case o f 19-nor-5d-abieta-8,ll,13-trien-6d-ol (15), 
the precursor o f ketone 14, the nmr spectrum indicates that 
the compound is in the nonsteroidal conformation, and ex
amination o f models discloses that with an sp3 hybrid car-
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18-lIorableh-e 11 13=:trlen~7..one(5}, - ".,18 "",terial vas prepue'" .,;

preri"..ly delerlbe4. hOll/ever, the ketone, orl11inall)' reported as an

011, p:'II! ",.,.IUII, 1lIP ~6_~a' on st.an<llnll. The other p,-opertie. of thls

eampoWli""re identical to those report.. d ....:rlhr. 1

1S-lloralliet&-8 11 13-trl"n-18.01Ui) ... '1'0 .. sUrred lolution of 3A1 of

a 10S.o11lt1on oraod.l\llllbll 2_( ... thoxyethoxy) aJ.uminumhydrll\e (fled_

AlllnbenuM, d1nolnd In 201111 ofdryetll"r."'''' ""''''"d,I''''ly ..

solYtlon of 1.059 II of 18-norllbhta-8,ll.13-trlen-Z-one (,v in lOll!1 M

dry ether. '!he .olution ...... stirred at 25' Irld"rn1tro~n for I, hr.

dlnoh"din" ..t",.. '!lie reactlOlllllixt\ll'1!vas extrllcUdvith ether""d

thertnctadrled., filt"red, and e ...aporated to S1vll 0.813 g (76') or

"..leJ"ll",,~vhichcry.tll.1l1udcnltWllUnll'!leery"talll.aUonr,..,..

he,.."" llanthe an&lytirLlIUlJ>le, mp 109-110"; nllU",15 1.01 (d,J-7lIt,

~. Cal~dro1'c1t1l2t0: c. 8).11; 11,10.)6. round: c.8).9);

11.10.40.

1~lIoral>1.tll.6 8 11 l}=utruneUd. - A solution or 0.532 " of Ie-nor-

1b1eu.-8,11.13-trl.en-7B-ol ttl In 15 al of benzene"'" treaad vlth 0.~5 ~

of ;t-toluennll1fonlc .<:ld llIId heated Il.t reflux, Ulln~ a Dean_Start< traf.

fo1' 1 hr. After <:oo11n/l, the .olutlon ..." "ashed \11th .u~ceul"'" portion.

of s ..turt.U4.0d1umb1<: ..rbon&telU'la ...t .....ated.odi""'<:hlori~. 1I1e ber.·

!.<In. 1......1' .... ob'1ed over ........nl"'" sulfite, f11tered, &lid evaporated

top..... 0.)81ItofyellO'l oil. Th. Cnldeproduet"" d1uolved In pen-

tane ""d f1Ltered throuR! ""'rdl al.-1n•. Elution .. ith pent&fle p""

0.331« (6TJ) of eolorle.. 011; ir ].4..w; nM 1.01 (d,J-71h. C-5 "",th;yl),

1.04 (" C-IQ "",th;yll, 5.18 (q, J'.7-9.5I1t,JS,7-]lh,II-6l. 6.40 (Q.Jti ,7

• Jl!t.1l.7): .....peetr\llll ,,/e {rel Inten.ityl 254 (lool. 2J:! (40), 225

portion. or.th.r,"hiehv.. cOlllbined."uhedllithbrine. dried &fldth.

oll .... takenIlPlnh.dfl.lU'ldrilt.redthro~Merdl&llml1n.tolti""

2.45/1ofl6-norab1et&_4.1l,1l,13-tetr..ne~contMlint.t.d.. lth13S

orlU'lotherhrdr<le.rbonvhleh.b...edonAledat" ..... on"Ofth.leor

19_no....bhtatr1enn. ",••p"ctrll.1prop"rtle. "rth" re..cUon prodllct

"ere ldentlcll.1 to those of ........le prep......dpreviOUll.)'.7

\/hen 6.67 tl ofa sd.:r.t\lJ"l! of 4311~noral>1.t&_~,8,1l,n_tetrune

WlU'ld5-nls.-nor-58.al>leta.),6,1l.l)-tetruneab(~)."... tre.t.d

vi th bis( ) ....thyl_ .._bllt;yll borAlle there "as obtained 4. 2~ l! of a I!I! rt\lJ"l!

conulninll ~2'S olefin..!. 58S olef1n 15."d 0.760 ~ of & .u:r.t""'" of

lI.1eolloL.fr""'wh1ehO.099/1ofl8-no....58-al>iett.-6,1l,13-trl.n-)tl-ol

(~).lZbllljlandllleP' 135_1)6° could be holllted.

Hzdrybor!tlD!! of 16-nortbhta-~ 8 U l}_tetrMnl (~l. A. - To & ~olut1al

ofO.500l!Ofolerln-2.(6r.cpurlty ...e.tlo"")lnlOm.lofdrytet~

drol\oran eontainingO.25 l! or l1thl". alW1linUlllhydri<\l! and wntained

at OOu...ddlld dr<lp.tlle 1.0 m.l of boron trinuoride etherate In 15 all

oftetrahydl"Of\ITan. 'nle re.eUoolllilct....... vu Itirre<1.tOO for on. hr

and at ... ient t""P"r.ture for IU'l tdtl1tioo&12hr. 'nle ..,eUI d1boran.

.... deeOllpOlled by the droP'll.e .dtl1t1on of ice ..,tel'. 15 m.l or 10~ &q......,us

1) al of )OS hydrojllln pero:r.1de "ere a.ddlld droJlvhe. '!he ruction sd.~.

tUJ'l!VU 1I.11CIIIldto .."""'tol'OOlIt'lIpI!rAtu.re ""d.UTTed for IBhr.

'Th.eaqueowilqerv.. llravnorfAlld.l(traeted ..ith tvoporUon. or

eth.. rvhich ".re oollb1nld .. ith the o:,idnal tetrahyllroruran .ollltion.

vUhedu1thbrlne, dried, and the ..ol""nt relllO""d to gl"" 0.5b8 gor

al_t""lorle.. oi1. Thholl .... dl .. ol""dlnhexaneandchrolll&to-

VOIla aetirity II n.utra.1I1.1W1ina. EluUoo with ben~elle__ thylen"

chloride ,uO! the anll.1;rUealulllpl.. III .. 00101'1.... glu•.

A!!.!!.. l:alell for CI~HUO: C. 63.n, H. 10.36. FO\llld: C. 6).610;

H, 10 .•~.

12-IIonbiet..-61l 11l3-t.tnene in). -'f't:>a.olut1on or 0.307 l!0r

a.leol:lol~in25I1l1.bo!nlAne..u .ddlldo.oJ.Ol':oftolueneo.uHooie acid.

1he "",tian VII cll.rried out and the product isolated ... de.crib..d aboY'!

forth.prepar.tionofl8-noral>htll.-6,6,1l,13-t.traene!l:J. C!l.TOIMto

l!....pIlronMerdla.llllO.inal!..... 0.19.«(61Slofeolorle•• oll ..hlch ....

_thyll. 1.00 (I, C-IO ... thyl). 5.66(q, J 6_,-811•• J5.6-2111, 11-6),

6.~2 (q. J,_,-&l1. J5_t-)Ill).

~.CalcdrorCUHn: C,~.TO;II.10.30. found: c,89.55;

H.IO.43

19_!For&bleu-811 13-t.rlen-6........e (~. A. _ To a lollltion oro.O!llo _ of

~.tone (W In 5m.lofdil':l:rme"" addedO.5,.10f2Nhydrochloricacid

and th.lII1rtllrev.. he .. tedOll th••U ... b.th Ihr. n.e re.ctlonlllix_

tUT'l! v.. poured into ....t.r and e~tracted vith t ..o portion. of ether. the

ethereal ertr..ctll v.T<! eollbined, ....h.dvith vater, lOS a<l""'o,,", .o<li ....

bie&rt>on.te IU'ld brine. dried and the .01Y'!nt re..ved t.o III "" 0.05~ g

(64S)lltketone.1 ... ;yell .... oi1. 'IM....teri ..l".. oo..,lnedvlth

0.0101 « fro•• preYloUli run, (h'01 ...dinb.nune ..ndf'i1ter.dthTO~

5 Il of Merck acid ....hed ahlllina to "he 0.069 p; of pure (tIc) ketone

.. ." \lUtebl', pale y.ll .... 011. ir 5.~1, 6 ...)~; nllJ' 0.92 (d, Jo5hL...

-.. l-pectnll .. /e (reI int.nlltr) 270 (Wl, 255 (100), "54 (~3). 2:9 (.3).

237 (6kl. 197 (al, 195 (l9l, 1610 (29).n

1l._'l'o ...olutlonof1.11211[0f19_norableta_6.8.11.1J..tet .....ne(Ql

(8).211 (l51,197 (58),18)(15).26

A 0.04~ l! '&IIlPle or the abo"" ....hr1ll1 vas hydrogennhd (pl&tin\llll

orlde_et.hllllol, 50 psi, 25° for 10 .un). The nmr spectrum of ~h. hrdro-

senated product IU'ld C""'pftraU"" ~ .... chro..togr ..phy on an OV-17 col\lllrl

.hOll.dOlehydrogenatedfM.t.ri .. J ...... l8-noral>leta-8,11,IJ..trien.l.l.).

IB-lIor_56_ablet.... 8111}-trlen_6_oneW.·T<> ••tirred.01utionof

0.2561':0f.odi\lJllChlo,...tel1lld.f""crystal.orouuUlIltetroxideln

15 ml.of\l.ter ......ddedO."b6 Rot lB-noral>I"ta~.8,Il,l:l-tetr...,n"i.;:)

In 5 all or tetrahrdroru.r"". '='1e re.ction ".~ X~l1M! .."" ~tl r .... d &t "50

for6hr ""dan ..cldltlono..l 0.7)0 11,0f.odlumehlorftte"". added. Stlr_

,.tng "" cont1nue<l .t 25° for l~ hr vh..n 25 IIIJ. or 101 sod1 Ul!I bi.ul fit.

lolution .... e.ddedll1\d.t1rrinl!contlnuedll1\ .ddltion.l1.5hr. The re-

&~t.1on 1II1xt.1ITe v .. t-.J<en up In chlorofo,..., IU'ld the org&flic lqer VM

v ..hed .. lth ..e.t.r.drJed.tilt.<oredll1\devaporatedtogiveO.4"TjI;of

blacl<l!U1O ..hlcll ..... dl ..olvedin 10ltlOf ....t.erand2mlot30S.odl"'"

hy<lro:r.lde solution. 1he m1)(1,.ure ..... heated ..t reflux for 16 hr &rtel'

which th...olventv.... ""lIIOvedtrlderve.cUl""."dtheproduet taken up In

ether. 'Il'.••ther lll)'er .. u ...... hed .. lth ...t .. r, dried &nd th...01""nt

re"",,,,,d to I':i ve O. 3~2 g of yell"" g\llll, 11' 2. 87w; the n..r .h"". no ole-

rlnlc pT'Otons. Thill ,...teri.llo a .urture of the 6",70 and6e. 7B-

diol. llIId ...... us.. d In th...~.equen·.• tep .. lthout purlflcltlon.

A ."lutton of 0.295 !! of the mixed p:lycoh In lC'.,I of98S roI'lll1c

..dd ...... he&ted at ren= ror ~5 lIJn. Art.. r coolinl!. the ,...&ctl"" lIJx_

ture"&Dpou,...dovercrU!lh..dle.""dextractedvithether. Theeth.r

e:rtr.cts ..env....hedvlthv.t.rth.nvlth.fttur.t"dlodi\llllbiclll'bon.te.

dl"i"dlltldthe.ol""nt,...lIIOvedtogi""0.?65!!ofbrQll'noil ..hich ......

d1..01""d in benzene !ll1d chro..... togr ..phed on Woelllllilic .. gel. Actlv1ty I,

Elutlon .. \thbrn,.en._10SethyI ..cetategaveO.126I1;ofbrovnoilwhich

llT&phedon 3OgofWoel.. aotivitr Hneutralaluroinl. Ellltloo .. it.h

h..x""e 158"'" O.ObT g (9S) ora ",l>:t""'" or&pproximat.ely eqWl.l portiOI'll

or t ..onorllbleta-8,11,13-tri.ne•. On the .,.... 1. ofnlll' &lid glc dat&

the'''&re L8""dI9_nor_58_.bleta_8,1l.n_trlene.1lb Eilltlon .. lth

l}-trlen-6B-ol (~l .... & colorl.... oil: 11' 2.98~; nllJ' 1.09 (<1.J-5H2.

e-lo ... thyll, 2.78 (q. J
app

7112.1211., H-7). 4.05 (q. J app 7112. 1211.,H-6);

lI\UI apectnno ..Ie (reI Intensity) 212 (~3), 2TO (53), 251( 58l. "55

(lool. 25" (J7). 239 (65), 211 (~O). 201 (83), 199 (51), 191 (65), 167

WIller the conditioo' de.crlb~d abo......

Ane.l. c..ucd for CI9I1aO: c. 83.11; 11.10.:;;. FO\lfld: c.63.66;

11.10.)6.

'!he l ..t .. r fraction•• lutedwlth the I .......ol""nt.y.t... gave an

a.ddit1onal 0.050 l! of l"'Pure-tJ. which on Ole bull ofn!llr d"ta (I.e

belOll) .... cont.....inatedvlth the 7-011 (.l!&fld,u')'

B. -ThehydroborationofO.463goro1efin.2 ...... curled out as

de.crib..d abo"", h""e ..... r, the ,....ction ..ith dlboranevu &11"".. d t.o pro

""edror18hr.lIlo1ll.t.ionofthereactionproduct.slntheUlII&1l1U11lne r

l!e.veO."27 gofa vi,colISoil. 'l'Ilsoil ..... takenuplnhexaneand

..ith hexe.ne p;a"" 0.15b g of .tartlnl! olenn ...h11e ben~.ne..... tllYlene

chloride (4tol) lla",,0.125 l! (38S.b....edon.hrtinl! ..e.t"ri&1 con_

'\IlII<!d) of a IlIirt\lJ"l! of 19-nor-~8-t.b1eta-8.11.l}-trlen·7oand 7fl.-.oll

(}.! and~) lIS & color1e.. olL AlthoUllh thill _t:.erial .."" hOlllOg.neous

to tIe (liLieagel-G,b"n2ene-eth;yl acetate. 6t.ol), thenmr.pectnlll\

c1earl.)' ..hOlled th.. presence or t ..o e.tcohol.: ir; 2.98. 6.2)~; n"r o.on

(d.Joo6H•• C_k thyl),1.35,1.38(I,C_JO ... th;yle},".00( .. 1I 1/ l 191l.,

nil, o.~ protta ), b.~8 (t, J.
pp

3Ht, 1Wl, 0.6 proton.); ..... 'p"etna

1n25alorp;yridlne ..asaddedl.OOl!ofo.III1... t.et.rodde. n.ereaction

lII1.rt...... v.....tirred&troomtemp.rat...... for52hr;)OtSl o rlOSaq""'otlll

lodl".bi,ulr:l.t• ."d 15 al or p;yrld1ne n' added. Arterlt.1rrinIl;2hr,

th. "'&cU...,aixture ........ poured ioto terandextractedvith t ..oportlon.

or ... thylenechlor\d•• '!he.xtr.cu ..e,...colli>lned,v...,h..dvith ..&ter.

three portiOfl. of lOS hYdrochloric Il.dd."d &l!l'in ..l.th ....tel'. Arter dryllll!

."d re..vin~ the .ol""nt the........ obtained 1.133 g of .. .u~ture of diols

at a pale yellOll ~h.II" vhleh ...... tilled in the It.i>.equent step .. itho\lt

plll'l.r1e.Uoo.

A .."Lutlon of LOO" I': or the lI1ud dio1ll1n 50 al or98J foI'lll1e &cld

.... heated at renllXand the product bol..ted as de8cribed abo"" in the

prepu&Uon or 18-nor_5S_ahieta_8.11,1l-trien_6-one. Art.r chTO<!latol!""J.ol!Y

there VII obta1ned 0.563 l! of ketooe SV'" a pal.. ;yellCIII oil. Thill

...terlal .... idienUo.. l to that described in partA.

19-IIor-58.ablet&-~11 l}-trien-T-ooe (10). _ To a lolutlon of 0.071 I': or

the II1xtureof 10 and 7B-ols (.!.!and~) de.eribed ..bo"" in 5 rt..l ofa""tooe

....., added, ..ith .tirringat 0°. 0.I50al (1.05equ!v.) otJones' n&jIIlnt.

'!'he reaetian Ilixture\I...Urred ..t00 for 101ll1n. _th""ol ..... ad~drt.lld

the lI1~t\ll"l! diluted ..lth ..&t.r and extr",ted ..lth tvo portion' of ether.

'nl .. eth"",al erlracte ..... re ood>ined ...""h.dvit.h brine. dried &lid the

.ohent rellOved to llift o.Ob~ II (5-n) of ketone J,2,U • colorle.. oil

vhidl cryat&1l1 ....don.tand1nll. IIec..,.st.&lliutlon fro.. hexane lII""whlte

f'r&red .p"et.na ...... i6enUeal to that or_te..ill.1 reported previoU5lJ'.7

18_"".. togebht•• 6 11l3-trien.. tj~). - To ••olut1on of •. 16 p; of abht.&_

6,1l.ll-triene (3il in 32 al of ll1ac1al ..caUc ""id .... added 6.0 I! or

l.&d tet.....cet.at.. and the Nxture h..atedon. ste.... b.t.h. Art"r2 hr

an a.ddJtlon&l ••Ol!ofle&dtlltr.....""t.atev.. add..d""dh... tinll: eon-

tln...d2hr. 'nle reaet.1onlll1xturev.... dilllted ..ithv..ter Mdext cl.ad

Huffman and Gibbs

...... dl ..ol""dinben ...nelU'lllrllteredthro~""TCkacld..""h.d&lUll1n...

Elut!OII with ben ne gave 0.120 l! (251) ofl<etone! ... M \Ifl6tabl.pll.1e

yell"" oil ..hicll hOB>l!"ne""" to tlc (Siliea Gel_C_be!lz.en"), 11' 3.)6

&rid 5.!lIow, nlllT (CDCl)) 0.64 (d.J-5H:, e-b _thrl). 1.06 (I. e-10 .,th;yll,

3.6L (br, I.H-7); ORD, 1388 +902, 1319 +1210, Ill~ +143~; II1&II••p"et.l'\III

..Ie (reI lnt.en.ity) 2TO (59).255 (lOO).,,)T(56l.227 (10). 21) (10l,

201 (20), 195 (17). 185 (l7}.U

Abiete...Jo8111}-tetruneW._AloltrtionOflO.llllofthllmx-

ture ofolerln. obtll.1ned fro.. <leh;ydroabletic ..dd!!!.le..d t... tra..""t.t.e

d.c&Tboxylatlon 7 , 11 1n15mloft.trehYdroruran"" ..dded.l",,lytO&

trifluoride etherau. 7.10 l! of2_methyl_l!-l>utene."d 1.b3 gof.od11J11l

borohydride In 35 111 of tetrahydrofurlU'l.n The ",&eUon III1rtllrev....

.tirredat rocat.elllpl!r..ture2hr, 20 I&l orve.t.er ..e", &ddeddropv1u.

roll""..dby15alorlOS&llueo""sodi\ll~X1de.'tot.bllllJrtUT'l!""

thenadded.l""lJ' 15 all of JlShydropn pere:r.ide'andthe re.etl00 .ux.

dravn orr. ext~..cted ..lth .ther. the ethereal extract wu oorillned ..ith

the oril(inalorIlMlcphlLleandth.. eol!lblnederlraetlvuhed ..lthbrine,

oil. 'lhisoilv""talr.enuplnhexane""dr11teredthroIl,ll;h200gof

Merck II.1lJ111na. Elution .. ithhexe.ne ga"" b.Ul!of.llIixture, ..hlch

contained b;y Illc ~lS abieta_~.8.11.13-tetraenet2..l ""d 59S 16-nor

IIblet&_3.8,ll.13-tetrune (~,5o-Hl. ThishydroearbOflIll1:r.ture"'"

d1uol""d h })O III or t-butlU'lol ""d added tl:> ••olution or O.~O g or

pote.uilllllpe..-:>gaa.&te. 25 l! of.od1"", ... taperiodau ""d21l! ofpot... -

Ii\lllearbon.t.e In 850ml. ofv.. t .. r. 'nl. reaetion lIl:r.ture ...... IUrred

at rOOJl l.ampere.t\lJ"l! 8lI hr, oo<lilllll ... t.&bllulrite VILI added IZltll the

reacUonvllS ooJorl... and the IlIirtu.re .. u e<>n""nt.rated!!!.:!!:£.!£.tO&

II/e (reI int.en&ity) 211 (60), 258 (l~). 257 (511. 25b (17), 240 (?O}.

2~(~).m(36),211(18l.201("3l,m(OOl,1~(~1,1~(28),

162 (b21, 159 ()(il. l~l ("6).

19_IIor_5l}_ebieta_8111}-trlen_l'i-one(1!t)._To.lollltialOfO.125l!

of19_nor_5S_abiet.a_6,ll,13_t.rien_6S_01(~)in7J11ofa""t.oneatOO

.... added drop"lIe 0.41 1111 (1.05 eQ.uiv.) or Jone. reqant.. '!be ","eti""

lllirlure"'" .. t.tr .....d at n° for 5 mn, ... thanol ..... added to deatro;r the

ex""n oxidJ.inl!l&"!ntMdthe ree.ctiOlllOixt\lJ"l! ...... pou.redlnto ..aur.

The ",.u1ting.Ulptn.lon""'ertr.ctedvith two portiOOll of ether. the

ethere&l.rt....cU "ere co..,1ned, .....hedwith ..ater andbrin•• dried and

t.he .ohent re ....""d at reol.uced prenUT'l! to iii"'" 0.100 g (80S) of ketone

~ ... 8ItlZloteblepale;y.. llavoU.Vhich ..ash.,.,p;eneOUlltotlc(sillca

p;el G, l>en",nel; 11' ,.87. 6.22\1; nlllr 0.52 (d. J.7H1, e-~ meth;yll. 1.2'0

J.201l., R-7); ORD (c -0.00053l hoo +100; .2l8 +920; .U6 +15"0;

1317+ ..2oo;llOOO ;.276_ 112OO ; ....llpeetTUll-.Je(rellnt.n.ity)

270 (7~). 256 (21l. 255 (100), 238 (12), 2]7 {581. 221 (:<1). 201 (88).

200 (21), 199 (25).195 (21).18'7 ()3), 111'5 (38l. U

19_Norableta_8 II 13-trl1ln_lS_o1 (go). - To ...olution ot 0.370 g or

19_n"ral>l.et.._8.11.l3-trien_7_one (~)' in 2'0 ISl or95Sethanol v U

&dded 1.0 l! of.od1U11borohydride. 'nle .uxture ..... b....tedat renw:
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Bis[irarw-3-(2'-methoxy-2'-prop-2'-oxy)-l-octenyl]copper lithium (2) has been added to cyclopent-2-enone and 
the resultant enolate ion converted to the silyl enol ether 8. This silyl enol ether was then alkylated with methyl 
cis-7-bromooct-5-enoate to yield 11-deoxyprostaglandin E2 methyl ester (10). By similar reactions (±)-5,6-dehy- 
dro-ll-deoxyprostaglandin E2 and (±)-ll,15-deoxyprostaglandin E2 methyl esters (15 and 20) were prepared.

Conjugate addition of an organocopper reagent followed 
by alkylation of the resulting nonequilibrated enolate ion 
is a convenient method for converting «,/3-unsaturated ke
tones to vicinally dialkylated ketones.2,3 The use of the 
cuprate derived from 3-(S)-irans-l-iodo-l-octen-3-ol in 
prostaglandin synthesis via conjugate addition to 2-alk- 
ylated cyclopentenones has been actively investigated in 
these laboratories4 and elsewhere.5 With the goal of devel
oping a short and converging synthesis of prostaglandins, 
we were interested in employing this conjugate addition in 
conjunction with an alkylation of the resultant enolate ion
(4) to a protected 4-hydroxycyclopent-2-enone, e.g., 3, in

H H
I\ ^ ^ c '’Hi1 — “ RCu\ ^ c * ‘

1 1

OC(CH.,),OCH3 Li+ OC(CH3)2OCH3

order to introduce both functionalized side chains charac
teristic of these natural products. Based on steric consid
erations, we expected that such an approach would give 
prostaglandins, incorporating mainly the trans,trans

stereochemical relationship at carbons 8, 11, and 12, while 
the use of the cuprate 2 obtained from 3-(S)-trons-l-iodo-
l-octen-3-ol methoxy isopropyl ether ( l )4 would establish 
the natural a configuration at C-15. Thus the prostaglan
dins resulting from such a sequence of reactions would be 
predominantly a mixture of PGE2 (6) and 8,11,12-epi- 
PGE2.6

We wish to describe here the application of this method 
to the synthesis of several 11-deoxyprostaglandins.

11-Deoxyprostaglandin E2 (10).7 Our initial attempts 
to alkylate enolate ion 7 obtained from the addition of 
achiral cuprate 2 (R = trans-CH=CHCH[OC- 
(CHshOCHajCsHn4), to cyclopent-2-enone were unsuc
cessful under a variety of conditions. Consequently, we 
turned to the expedient of trapping the enolate ion as the 
trimethylsilyl ether (8). This intermediate was not suffi-

0  M+ OSi(CH3)3

OCfCH^OCK, OC(CH3)2OCH3
7 8

ciently stable for characterization or extensive purifica
tion. However, extraction of the trimethyl phosphite-cop
per iodide complex from a hexane solution of 8 with 
DMSO gave silyl ether 8 of adequate purity for the alkyla
tion step.

In the alkylation procedure employed here, the achiral 
lithium enolate 7 (M = Li) was generated in liquid am
monia by reaction of silyl ether 8 with lithium amide. An 
excess of the alkylating agent, methyl cis-7-bromo-5-hep- 
tenoate (9), was added and, after a suitable period at 
—35°, the reaction was quenched with ammonium chlo
ride. Aqueous acetic acid removed the methoxy isopropyl 
ether group, resulting in a mixture of (±)-ll-deoxy-PG E2 
and (±)-ll-deoxy-15-epi-PGE2 methyl esters (10 and 11). 
By use of a fourfold ratio of allylic bromide to enolate ion
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and a 3-min reaction period, we have been able to isolate 
the racemic monoalkylation products 10 and 11, essential
ly free of polyalkylated materials.8 An overall yield of 
47% for this sequence of reactions consisting of cuprate 
addition, enolate trapping and regeneration, and alkyla
tion has been obtained.

In a similar process, utilizing chiral cuprate 2 (R = 1- 
pentynyl),9 we have also prepared optically active PGE2 
methyl ester. Thus the chiral enolate ion obtained from 
cyclopenten-2-one and the mixed cuprate reagent 2 (R =
I- pentynyl) was trapped with trimethylsilyl chloride to yield the chiral enol ethers 8. The copper pentyne was re
moved from the crude product by precipitation from cold 
hexane and the silyl enol ether was then alkylated as de
scribed above to yield a mixture of ll-deoxy-PGE2 and
II- deoxy-8,12-ept-PGE2 methyl esters (10 and 11a) in 40%, 
yield.

The proof of structure for compound 10 is based on 
spectral and chromatographic identity with 11-deoxy- 
PGE2 which was prepared independently from PGA2 iso
lated from Plexaura homomalla via reduction of the 10,11 
double bond with zinc in acetic acid-methanol.10 The fact 
that product 11a differs from ll-deoxy-PGE2 methyl ester 
only with respect to the absolute stereochemistry of car
bons 8 and 12 was established by reduction of 10 and 11a 
with potassium tri-sec-butylborohydride to the 9a alcohols 
followed by oxidation of the 15-hydroxyl groups with DDQ 
to yield hydroxy enones 12 and 13. Compounds 12 and 13 
were identical except for possessing mirror-image ORD 
spectra.

10

tions which gave clean monoalkylation. However, the 
monoalkylated products (15 and 16, R = CH3) were suffi
ciently stable to be removed from the product mixture by 
evaporative distillation at 150° (0.005 mm). The volatile 
fraction of the product mixture was contaminated with 
the nonalkylated cyclopentanone, 3-(trares-3-hydroxy-l- 
octenyl)cyclopentan-l-one. This impurity was readily re
moved by hydrolysis of the methyl esters in compounds 15 
and 16, R = CH3, followed by extraction of the neutral 
products. The free acids 15 and 16, R = H, were then sep
arated by chromatography on silica gel in 19.5% yield.

8 +  ICH,C=C(CH,)3CO,CH;1 
14

O O
_CH2C =C(CH2)3C02R II ^CH2C=C(CH2)3C02R

c .,h „ +

(±)-ll,15-Deoxyprostaglandin E2 (20, R = H).11 An
analogous sequence of reactions produced (± )-ll,15 - 
deoxy-PGE2 (20, R = H). Hydroalumination12 and bromi- 
nation of the intermediate vinyl alane transformed 1-oct- 
yne into iran.s-l-bromo-l-octene (17, X = Br). Reaction

with lithium gave the corresponding lithium reagent (17, 
X  = Li), which was converted to the cuprate 18 by treat
ment with cuprous iodide. This dialkylcopper lithium re
agent was then treated with cyclopent-2-enone and the 
enolate ion trapped with trimethylsilyl chloride to yield 
the enol ether 19 in 97% yield. This silyl ether was then 
alkylated with methyl 7-bromo-cis-5-heptenoate (9) to 
yield (±)-ll,15-deoxy-PGE2 methyl ester (20, R = C H 3 ) 
in 60% yield. Saponification gave the free acid, (±)-
ll,15-deoxy-PGE2 (20, R = H).
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(±)-5,6-Dehydro-ll-deoxyprostaglandin E2 (15, R =
H). In addition to ll-deoxy-PGE2, we have also prepared 
(±) -5,6-dehydro-ll-deoxy-PGE2 (15, R = H) by use of 
methyl 7-iodo-5-heptynoate (14) as the alkylating agent. 
Unfortunately, in this case we were unable to find condi
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Scheme I

Cr't)
8

Cyclopentanethiol and 2-norbornanethiol were character
ized as crystalline 2,4-dinitrophenyl (DNP) derivatives. 
The 2,4-dinitrophenyl-2-norbornyl sulfide was a mixture of 
endo and exo isomers which could not be completely sepa
rated by recrystallization. However, integration of the 
unique methine nmr signal showed that the major pyrolysis 
product was exo-2-norbornanethiol. Pure exo-2-norbor- 
nanethiol was prepared by addition o f thioacetic acid to 
norbornene followed by saponification of exo-2 -norbornyl 
thioacetate. endo-2-Norbornanethiol, containing some exo 
isomer, was prepared by NaBH4 reduction of 2-norbor- 
nanethione. endo-2-Norbornanethiol is distinguished from 
the exo isomer by its exo methine proton resonance at
2.95-3.45 ppm in CC14; this methine resonance occurs at
2.6-3.0 ppm in exo-2-norbornanethiol. In the endo-DNP 
derivative the methine resonance occurs at 3.45-3.9 ppm 
and in the exo-DNP derivative at 3.11-3.45 ppm.

Distillation products from atmospheric pressure pyroly
ses were generally more hydrogenated than the starting tri- 
thianes. Pot residues must then be relatively dehydrogen
ated. The dehydrogenation products o f triscyclohex- 
anethione, which appeared to give the least polymeric pot 
residue, were fractionated by molecular distillation fol
lowed by preparative tic. Major components were identi
fied as 1,2,3,4-tetrahydrodibenzothiophene ( 1 0 ), character
ized as its crystalline sulfone, crystalline dibenzothiophene
(11), 1,2,3,4,5,6,7,8-octahydrodibenzothiophene (9), and 
liquid spiro-2,2-pentamethylenebenzodithiolane (13).

Dehydrogenation product 13 had a chemical ionization 
mass spectral ion at m/e  223 (M + 1 ) with isotopic peak in
tensities expected for natural abundance 34S and 13C in a 
C 12H 14S2 compound. It had a uv spectrum compatible with 
an o-dithiobenzene derivative. 13 Spiro structure 13 was as
signed primarily on the basis of a four-proton multiplet at
1.9-2.3 ppm rather than a two-proton multiplet in this re
gion required for the conceivable isomer hexahydrothian- 
threne. Under the dehydrogenative conditions hexahy- 
drothianthrene, if present, could have been expected to un

dergo extensive dehydrogenation to thianthrene. Pyrolysis 
o f thianthrene is known to give dibenzothiophene.14 How
ever, no thianthrene could be detected in any fractions. 
Further, the presence of hydrodibenzothicphenes suggests 
that the route to dibenzothiophene is one of those shown in 
Scheme I rather than via thianthrene. Fromm investigated 
the pyrolysis o f triscyclohexanethione under similar condi
tions.15 He did not examine the pot residue but did isolate 
a major volatile component to which he assigned structure 
8 based on elemental analysis and the decolorization of 
bromine. Although the structural evidence is not compel
ling, compound 8 could be an intermediate between trimer 
5 and dibenzothiophene. Katritzky and coworkers observed 
the formation of spiro dimer 12 on treatment of an ethereal 
ethanolic solution of cyclohexanethione monomer, from 
which the red color had faded, with diazomethane at 25°.16 
Since 13 was probably formed via 12, the diazomethane 
used by Katritzky and coworkers is probably not necessary 
in the conversion o f cyclohexanethione into its dithiolane 
dimer.

Although reduced pressure pyrolysis of trithianes is not 
necessarily a general method o f preparing thioketones, it 
has some range of utility and is a very good method of 
preparation of 2-norbornanethione. The stability o f nor- 
bornanethione compares favorably with the most stable 
thioketones known. Thus norbornanethione provides a 
good model for investigation of thioketone chemistry be
yond enthiolization and trimerization.

Registry No.— 1, 51849-44-6; 3, 51849-42-4; 4, 177-61-7; 5, 177- 
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derivative, 51849-48-0; cyclopentanethiol 2,4-dinitrophenyl deriva
tive, 51849-49-1; exo-2-norbornanethiol, 51849-50-4.
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Iron and cobalt complexes [Fe(RS02N)2C0 -H20]„ and [Co(RS02N)2C0 -%H20]„ which are deficient of termi
nal and bridging metal carbonyls have been isolated Vom the reaction of methane-, benzene-, and p-toluenesul- 
fonyl azide with iron pentacarbonyl, diiron nonacarbonyl, and dicobalt octacarbonyl. Hydrolysis of these with di
lute hydrochloric acid leads to the corresponding A.A'-bisisulfonyhurea. Possible structures for the complexes 
involving coordination of a sulfonyl oxygen to the metal are presented and supporting evidence for such coordina
tion is given. Free singlet sulfonyl nitrenes are not formed in these decompositions. The decomposition of tert- 
butyl azidoformate with iron pentacarbonyl and diiron nonacarbonyl gave impure complexes, still containing ter
minal and bridging carbonyls, which could be hydrolyzed to give mainly teri-butyl carbamate, di-ierf-butyl imi- 
nodicarboxylate, and A,./V-bis(iert-butoxycarbonyl)urea.

Despite the large volume of information available on the 
thermal and photochemical decomposition of organic azid
es,11’’2“4 s(,udies pertaining to the decomposition of organic 
azides by transition metal carbonyls have only recently ap
peared. Phenyl azide, which thermolyzes only above 120°, 
decomposes at room temperature in the presence of diiron 
nonacarbonyl to give a low yield of the nitrene product, 
azobenzene. The main product is the complex 1, which de
composes spontaneously in solution to the urea complex 2.5

Ph
\  Fe(CO)3 

*0 \

Ph

N- ■
/  ^Fe(CO)3

Ph
\

N—Fe(CO)3
0 = /  V ¡

Fe(CO)j

Ph
/

A similar complex was obtained from 2-azidobiphenyl, to
gether with the urea and nitrene-derived products.6 As part 
of our interest in generating sulfonyl nitrenes under mild 
conditions to study their behavior with aromatic com
pounds under kinetic control conditions,3’7 we now report 
the results for the decomposition of sulfonyl azides and 
ferf-butyl azidoformate by transition metal carbonyls.

Results and Discussion
The decomposition of excess methane-, benzene-, and 

p-toluenesulfonyl azide and p-toluenesulfonyl isocyanate 
with diiron nonacarbonyl at room temperature (heteroge
neous) or iron pentacarbonyl at 60-65° (homogeneous) in 
benzene gave a low yield of the corresponding sulfonamide
(3) and a high-melting amorphous iron complex (4) devoid 
of both terminal and bridging iron carbonyls. A-Sulfonyl- 
azepines (5), the expected aromatic addition products if 
discrete nitrenes were formed, were not detected nor were 
the corresponding sulfonanilides (6). Thus, no free singlet 
sulfonylnitrenes are generated in these catalyzed decompo
sitions.

RS02N = C  =  0  (R = p-CH3C6H4)

rso ,n3 —
(R = CH3, Ph,
p-CH3C6H4)

|^jjN H SO ,R ------------

5 6
R SC bN H j +  iro n  c o m p le x  +  N 2 +  C O 4-

3
, 2 |N  HC1

basic alumina (R S 0 2N H )3C 0  

7

The nmr spectra of these complexes could not be ob
tained owing to their paramagnetic nature (vide infra) and 
their insolubility in solvents that did not effect their de
composition, and the mass spectra could not be determined 
owing to their insufficient volatility. Elemental analyses 
(reproducible from run to run) satisfied an empirical for
mula corresponding to Fe(RSC>2N)2CO\H2C). Hydrolysis of 
these complexes with dilute hydrochloric acid gave the cor
responding Ar,./V’,-bis(sulfonyl)urea (7) in high yield (70- 
80%), while chromatography on basic alumina gave the cor
responding sulfonamide (80%). The crystal structure of the 
complexes obtained in this study could not be determined 
because of our inability to obtain them crystalline. They 
gave blue solutions in dimethyl sulfoxide from which the 
complex could not be recovered.

The stoichiometry of the reaction was found to be azide: 
Fe2(CO)g = 4. For the decomposition of methanesulfonyl 
azide with diiron nonacarbonyl, the molar ratio of nitrogen 
to carbon monoxide evolved was 0.68. The calculated molar 
ratio, in which seven molecules of carbon monoxide are lost 
from diiron nonacarbonyl and four molecules of nitrogen 
are evolved from methanesulfonyl azide, is 0.57. The ob
served ratio is expected to be higher since a low yield of 
methanesulfonamide was also formed.

The decomposition of methanesulfonyl azide with dico
balt octacarbonyl in benzene at room temperature gave a
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Table I
67Fe Mcissbauer Data o f  Some Iron (III) Complexes

Compd Tem p, °K  Isomer shift, 6

Q uadrupole 
splittin g , AE

4, R  =  CH 3 78

H F e(H 20 )E D T A « 78
FeiterpyhCR6 77
[F e (phen) 2Clo ICICV 80
Sr3 [Fe (C2O4) .11? ■ 2H 2O d 78

15.

0.459 ±  
0.023

0.863 ±  
0.008

cobalt complex (8), also devoid of terminal and bridging 
metal carbonyls, as the major product and a low yield of 
methanesulfonamide. Elemental analysis (also reproduci
ble) satisfied an empirical formula corresponding to 
Co(CH3SO2N)2CO• H2O for the complex.

It is suggested that coordination of one of the sulfonyl 
oxygen atoms to the metal is the stabilizing factor which 
accounts for the absence of both bridging and terminal 
metal carbonyls in these complexes. Possible structures 
considered initially for the iron complexes were iron(II) di
meric and polymeric structures. The observed magnetic 
moment for the iron complex (4, R = CH3) was found to be
5.93 BM, however, and this corresponds to an iron(III) 
high-spin complex. Magnetic moments for iron(III) high- 
spin complexes vary from 5.7 to 6.0 BM.8 A metal-metal 
bond is unlikely in these complexes, since the observed 
magnetic moment approaches zero for binuclear complexes 
with metal-metal bonds.9 It is not surprising that these 
complexes are high spin if the sulfonyl oxygen is coordinat
ing to the metal because ligands having donor atoms of 
high electronegativity, especially oxygen and nitrogen, 
form high-spin complexes.10’11

The Mossbauer data for the iron complex (4, R = CH3) 
and some related iron(III) complexes are listed in Table I. 
The observed isomer shift (5 0.489) is in excellent agree
ment with that of other iron(III) complexes. Since the qua
drupole splitting (AE) is high, the iron is clearly in a very 
unsymmetrical environment.

The infrared spectra of these iron and cobalt complexes 
exhibited a number of intense absorptions. The strong ab
sorptions at ca. 3500-3200 and perhaps that at 1625 cm-1 
could be due to either “ lattice” water or coordinated water. 
If “ lattice” water, it should have been lost on vacuum 
drying at 100° but was not. The intense absorption at 1625 
cm-1 is more probably due to a > C = N - moiety and/or less 
likely to a perturbed organic carbonyl function.

The two sets of absorptions at 1340, 1360,1255 and 1150, 
1115, 1080 cm-1 for the cobalt complex are assigned re
spectively to the asymmetric and symmetric stretching 
modes of two different sulfonyl groups. If a sulfonyl oxygen 
is coordinated to cobalt or iron through oxygen, the two 
oxygen atoms of the sulfonyl groups are no longer equiva
lent and the degenerate vibrations are expected to be split. 
For the binuclear complex 9, in which the sulfate group is a

H.,
N

(NHshCo^ y

X so4
:co(n h 3)4 (NO;,).,

bidendate bridge, the sulfate absorptions are observed as 
two sets of bands at 1170, 1105, 1060, and 641, 571 cm-1.16 
In comparison, the free sulfate ion exhibits only strong ab
sorption at 1104 and 613 cm-1. Similarly, the iron com

plexes exhibited two sets of absorptions at 1345, 1310, 1270 
and 1165,1130, and 1070 cm“ 1

Possible structures for these complexes are suggested in 
10 and 11, which fit all the known properties of these mole-

0.457 0.422
0.46 0.54 O
0.39 0.05 n
0.45 0. 00

+
/c Reference 14. d Reference

R
,0

OH-

10

cules. It is appreciated, of course, that numerous variants 
on stereochemistry and positional isomerism are possible, 
and these structures are presented only as a basis for future 
discussion. The polymeric nature of these complexes is sug
gested by their amorphous character and their insolubility. 
Of the two possibilities we would tend to favor 11 in view of 
the absence of a normal urea i>c=o in the infrared spectra.

No reaction occurred between methanesulfonamide or 
Ar, N'-bisfmethanesulfonyljurea and diiron nonacarbonyl 
in benzene at room temperature or between methanesul- 
fonyl azide and diiron nonacarbonyl in aqueous ethanol.

Since aryl azides form iron complexes still retaining ter
minal and bridging carbonyls,5’6 we tested the suggestion of 
sulfonyl oxygen coordination with the metal by studying 
the decomposition of o-azidophenyl methyl sulfone (12) 
with metal carbonyls. The azide 12 was synthesized from
o-aminophenyl methyl sulfone.17

The heterogeneous decomposition of an excess of 12 with 
diiron nonacarbonyl gave an impure iron complex exhib
iting weak residual metal carbonyls. Attempted purifica
tion via Soxhlet extraction with benzene resulted in its de
composition to o-methanesulfonylaniline and N,N'-his{o- 
methanesulfonylphenyl)urea. The decomposition of an ex
cess of 12 with dicobalt octacarbonyl resulted in the forma
tion of a cobalt complex completely devoid of terminal 
metal carbonyls, but whose infrared spectrum exhibited 
strong absorptions at 1605-1598, 1340, 1305, 1265, and 
1145, 1125, 1060 cm-1. Elemental analysis corresponded to 
the empirical formula (^(CvFENC^ShCO-t^O. The stoi
chiometry of the reaction, determined from the relative 
amount of unconsumed azide, appeared to be azide: 
Co2(CO)g = 2, in contrast to the sulfonyl azide reaction, 
when the stoichiometric ratio was 4. It is difficult to assign 
a plausible structure to fit the formula Co2(C7- 
HvN02S)2C0-H20  without invoking a metal-metal bond. 
It is clear from the infrared spectrum, however, that a car-
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Synthesis of Dihalomethyl and a-Haloalkyl Sulfones by the Halogenative 
Decarboxylation of a-Aryl- and a-Alkylsulfonylalkanecarboxylic Acids
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The synthesis by brominative decarboxylation of meta- and para-substituted bromomethyl and a-bromoben- 
zyl benzyl sulfones is described. Included are nine ArCH2S02CH2Br, four PhCHBrS02CH2Ar, and five ArCH- 
BrSC^CFLPh types. The nine bromomethyl benzyl sulfones were prepared from the dibromomethyl benzyl sul
fones by reduction. Halogenative decarboxylations of a-cyclopropylsultonyl-«-phenylacetic acid and phenylsul- 
fonylacetic acid in refluxing carbon tetrachloride using Af-halosuccinimides are described. Phenylthioacetic acid 
with IV-chlorosuccinimide in CCL gave mainly phenylthio-a-chloroacetic acid at 25° and mainly phenyl chloro- 
methyl sulfide at 11°. Mechanisms for these reactions are discussed.

The halogenative decarboxylation of a-carboxyalkyl 
sulfones has been used as a preparative method for haloal- 
kyl and dihalomethyl sulfones since before the turn of the 
century.1 Sulfone carboxylic acids of the type ArSC>2- 
CH2CO2H give aryl dihalomethyl sulfones, ArS02CHX2 
(X = Cl, Br, or I), whereas ArSC^CHRCCUH types give 
ArS02CHXR.1 Since the corresponding sulfides, Ar- 
SCH2CO2H, ArSCHRC02H, RSCH2C 02H, and 
RSCHR'C02H, are readily available from reactions of 
ArSNa or RSNa with C1CH2C 02H or C1CHRC02H or 
from reactions of RX with HSCFUCOzNa or HSCHRCO2- 
Na, these provide convenient starting materials. The cor
responding sulfone carboxylic acids are obtained in high 
yield by oxidation. The latter react readily with halogens 
in aqueous acetic acid solution to give good yields, e.g., of 
dihalomethyl aryl or alkyl sulfones.1-2 It is often conve
nient to carry out the preparation of the sulfide, oxida
tion, bromination, and decarboxylation all in a single 
reaction vessel, as in the preparation of bis-a-bromobenzyl 
sulfone.3 In the present study this method has been ex

tended to the preparation of a number of other a-halo sul
fones, e.g.

1. H SCR2C 0 2Na
2» excess 30̂  H2O2

ArCHaX --------------------- *■ ArCH2S02CHBr2
3. NaBr

Use of excess hydrogen peroxide in step 2 ensures com
plete oxidation of the sulfide and serves to generate bro
mine in the halogénation step.

This method can also serve as a route to bromomethyl 
alkyl or aryl sulfones, since the dibromomethyl sulfones 
are readily reduced to bromomethyl sulfones by sulfite 
ion2 (see Experimental Section).

H 20 - E tOH
ArCH2S02CHBr2 + S032‘  + 2H20  ------------ ►

ArCH2S02CH2Br + S042“ + Br" + H30*

A number of types of a-bromobenzyl benzyl sulfones 
have now been prepared by this general route.
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Table I
Halogenative Decarboxylations o f Sulfone Carboxylic Acids by 

iV-Halosuccinimides (1 Bquiv) in  Refluxing Carbon Tetrachloride
Substrate Halogen source Tim e, hr Product Y ield,“  %

P h S 0 2C H 2C 0 2H  ( 1 ) N C S 6 1 2 P h S 0 2C H C l 2 7 3
P h S 0 2C H 2C l 1 5

c - P r S 0 2C H  ( P h )  C 0 2H  (2) N C S 6 5 . 5 c - P r S 0 2C H C l P h 8 0
c - P r S 0 2C C l 2P h 2 0

c - P r S 0 2C H ( P h ) C 0 2H  (2 ) N B S C 5 . 5 c - P r S 0 2C H B r P h 8 7  ( 6 3 ) J
c - P r S 0 2C H ( P h ) C 0 2H  (2) N I S e 6 c - P r S 0 2C H I P h 3 2
P h S 0 2C ( M e ) ( P h ) C 0 2H  (3) N C S 6 1 8 N o n e
P h S 0 2C  ( M e )  ( P h )  C 0 2H  (3) N C S 6 1 9 1 P h S O o C H  ( M  e) P h L o w
P h S C H 2C 0 2H N C S 6 4 P h S C H Æ l ( 8 0 ) «
P h S C H 2C 0 2H N C S 6 1 8 6 P h S C H C l C 0 2H 7 1

“ B y  n m r .  6 J V - C h lo r o s u c c in im id e . c N - B r o m o s u c c in im i d e .  d I s o l a t e d  y i e l d .  '  iV - I o d o s u c c i n im id e .  > I n  c h lo r o b e n z e n e  a t  1 4 0 ° .  
o I s o l a t e d  a s  t h e  s u lf o n e  a f t e r  o x id a t io n ;  n m r  a n a l y s is  s h o w e d  8 4 %  o f  P h S C H 2C l  a n d  1 6 %  o f  P h S C H ( C l ) C 0 2H .  h A t  2 5 ° .

We also report an alternative procedure for carrying out 
halogenative decarboxylations using A'-halosuccinimides 
as the halogen source and comment on the mechanism 
and possible extension of the reaction to related systems.

Results
Examples of brominative decarboxylations used in the 

preparation of bromo sulfones of the types ArSC>2CHBr2 , 
ArCH2S02CHBr2) ArCHBrS02R, PhCHBrS02CH2Ar, 
and ArCHBrS02CH2Ph are given in the Experimental 
Section.

The halogenative decarboxylations using N-halosuccini- 
mides (NCS, NBS, and NIS) as a source of halogen were 
carried out in refluxing carbon tetrachloride solution. 
Phenylsulfonylacetic acid (PhS02CH2C02H, 1), a-cyclo- 
propylsulfonyl-a-phenylacetic acid [c-PrS02CH- 
(Ph)C02H, 2], and a-phenyl-a-methyl-a-phenylsulfonyl- 
acetic acid [PbS02C(Me)(Ph)C02H, 3] were used as typi
cal substrates containing two, one, and zero enolizable hy
drogen atoms, respectively. The results are summarized in 
Table I.

Examination of Table I shows that halogenative decar
boxylation is successful when either one or two enolizable 
hydrogen atoms is present, but fails when an enolizable 
hydrogen atom is absent.

It seems likely that electrophilic reagents other than 
halogens may be used in electrophile decarboxylations. 
Attempts to substitute a PhS group into PhS02CH2C02H 
under the halogenative decarboxylation conditions using 
PhSCl, PhSS02C6H4Me-p, ¿V-PhS-phthalimide, or N- 
PhS-phthalimide and F3CC02H have thus far been un
successful, however.

Discussion
It is significant that in all the preparative halogenative 

decarboxylations of sulfone carboxylic acids reported to 
date one or two hydrogen atoms are present on the carbon 
atom bearing the RS02 and C02H groups.1-3 The failure 
of PhS02C(Me)(Ph)C02H (3) to undergo halogenative de
carboxylation, even under strenuous conditions (Table I), 
emphasizes the requirement of the presence of at least one 
enolizable hydrogen atom. Judging from these preparative 
studies and earlier kinetic studies on the decarboxylation 
of sulfone carboxylic acids and halo sulfone carboxylic 
acids, a mechanism involving rate-limiting enolization fol
lowed by rapid halogenation and subsequent rapid decar
boxylation becomes highly probable, e.g.4

slow fast
PhS02CH RC02H ------► PhS02C H = C (O H )2 — *-

f 3.8 t
PhS02C (X )(R )C 02H — PhSOjCHXR + C 0 2

IV-Halosuccinimides no doubt serve merely as a conve
nient source of low concentrations of X 2, a role that has

been demonstrated in other types of halogénations, in
cluding allylic halogénation.6 If two enolizable hydrogen 
atoms are present, enolization of the intermediate halo 
sulfone carboxylic acid, e.g., PhS02CHXC02H, competes 
favorably with decarboxylation, and the major product is 
the dihalomethyl sulfone, e.g., PhS02CHX2.

Evidence for rate-limiting enolization in the bromina- 
tion of a-sulfonylcarboxylic acids comes from the early 
work of Ramberg and his students, who demonstrated, 
using several optically ̂  active systems, e.g., EtSC^CH- 
(Me)C02H and PhS02CH(Me)C02H, that in acidic solu
tions in the presence of excess bromine the (pseudo-first- 
order) rates of bromination and racemization were essen
tially identical.7 The order of ease of decarboxylation 
rates RS02CX2C02H > RS02CHXC02H > RS02- 
CH2C02H was established in early preparative studies,1 
as was the more rapid decarboxylation of the carboxylate 
salts as compared to the free acids.1’9

It is clear from the above discussion that halo or dihalo 
sulfone carboxylic acids are intermediates in the halogen
ative decarboxylation of a-alkylsulfonyl- or a-arylsulfonyl- 
carboxylic acids. A different route is followed, however, in 
the conversion of a-phenylthioacetic acid to phenyl chlo- 
romethyl sulfide by the action of NCS in refluxing CCB- 
Here phenylthiochloroacetic acid can be isolated from a 
chlorination run at 25°, but it does not decarboxylate to 
phenyl chloromethyl sulfide under the reaction conditions 
(Table I).

PhSCH2C 0 2H

111

NCS

in CC14

25*

C 0 2 + PhSCH2Cl

PhSCH (Cl)C02H

A chlorosulfonium salt is probably formed as the initial 
product. At 25° it rearranges to phenylthiochloroacetic 
acid,11 but at higher temperatures decarboxylation of the 
sulfonium salt competes favorably with rearrangement.12

NCS
PhSCH2C 0 2H -----►

[PhSCHjCOjH]+C r

Cl

[PhSCH2 ~] — ► 

Cl

PhSCHClC02H

PhSCH2Cl

It seems likely from these mechanistic considerations 
that halogenative decarboxylations will be successful in 
general for systems of the type EWGCH2C02H and 
EWGCH(R)C02H, where EWG is a strongly electron- 
withdrawing group (ArS02, RS02, CN, N 02, COR, C02R, 
SR2+, NRa', and the like) and R is either an alkyl or an 
aryl group.
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Observation of deuterium exchange occurring during 1,3-dehydrobromination of MeiCHSCLCHBrPh in 
NaOMe-MeOD and of a low kH/kD isotope effect (1.2) for 1,3-dehydrobromination in 40% aqueous dioxane 
shows that this reaction is occurring by a two-stage, carbanion mechanism, rather than a one-stage, concerted 
mechanism. Deuterium exchange at the methine position of Me2CHS02CHClPh was found to be over 1000 
times as rapid as that in the parent sulfone, Me2CHS02CH2Ph. It is postulated that the chlorine atom acceler
ates exchange not only by an inductive effect but also by facilitating solvent exchange at the initially formed 
singly solvated carbanion.

In a previous paper we reported some surprising dif
ferences for the effect of methyl substitution on deuterium 
exchange a to a sulfonyl group us. removal of a similarly 
situated proton in a Ramberg-Backlund reaction. Each 
substitution of a methyl group in the series PI1CH2SO2CH3
(1), PhCH2S 02CH2Me (2), PhCH2S 0 2CHMe2 (3) caused a 
decrease in methoxide-catalyzed deuterium exchange rate 
of about 100-fold.1 The rate-limiting step in such exchanges 
has been shown by Cram to be the rate of solvent exchange 
between the initially solvated carbanion and bulk solvent
(ks).2

k 1

M e O ~  +  H C R 2S 0 2C H 2P h  M *  M e O H *  • • "C R 2S 0 2C H 2P h

MeOD | fcs

M e C T  +  D C R 2S 0 2C H 2P h  M e O D '  • • ~ C R 2S 0 2C H 2P h

Methyl substitution probably decreases fei by an induc
tive effect, and may also decrease ks. Since k - 1 (internal 
return) is extremely fast—perhaps even faster than a dif
fusion-controlled rate—it will be affected to a much lesser 
extent. Let us assume that the 104 rate decrease from 1 to 
3 results from a tenfold decrease in k i  and also in k s for 
each methyl substitution. An overall decrease in rate of 
~  100-fold would then be expected in analogous Ramberg- 
Backlund reactions in the series PhCHBrSO2CH3 (4), 
PhCHBrS02CH2Me (5), PhCHBrS02CHMe2 (6), since a 
tenfold retardation in k 1 should be observed on each 
methyl substitution.

k j
M e O "  +  H C R 2S 0 2C H B r P h  ~ T T  

4, 5, 6
( R  =  H  o r  M e )

M e O H - C R 2 C H B r P hV
0 2

R 2C — • C H P h  +  B r  '

s 7
O,

Instead, the overall rate is affected but little by methyl 
substitution, the relative rates for 4:5:6 being

(1.0):1.7:0.62.1 One way to account for these results is to 
assume that competition between k2 and k 1 has de
creased the relative amount of internal return.1 Another 
possibility is that there is a change in mechanism along 
the series; for example, the reaction of 4 (R = R = H) 
might occur in two stages, as indicated by the equations, 
whereas the reaction of 6 (R = R = Me) might occur in 
one stage (concerted mechanism). Additional experiments 
have now been carried out in an attempt to choose between 
these two possibilities.

Ordinarily, because of internal return, one observes low 
or even inverse kH/kD isotope effects for exchange of pro
tons a to sulfonyl groups.2 On the other hand, in a con
certed reaction one might expect to observe a sizable 
ku/kD isotope effect. The isotope effect for 6 was therefore 
examined. Since the two-stage Ramberg-Backlund reac
tion is known to have a large kBr/kcl leaving-group ef
fect,3 it was also of interest to examine the behavior of the 
chloro analog of 6, PhCHClS02CHMe2 (7).

Results
The desired a-bromobenzyl isopropyl sulfone and its 

deuterated analog were obtained by methods reported in 
the literature. The rates of hydroxide- or methoxide-ini- 
tiated dehydrobromination were measured spectrophoto- 
metrically in 40% aqueous dioxane and methanol solu
tions, respectively (Table I).

The fcH/feD of 1.0 in methanol indicated that prior ex
change was occurring, and this was supported by quench
ing experiments. In an experiment run with 6 at 25° in 
methanol-O-d the starting material was 37% deuterated at 
the methine position after the reaction was only 18% com
plete. Some exchange at the methine position occurred 
also in 40% aqueous dioxane, but the amount was not suf
ficient to affect the rate data, as may be judged by the 
high correlation coefficients obtained from a least-squares 
plot in the rate calculations (r = 0.9992 for the deuterium 
compound and 0.9999 for the hydrogen compound). We 
believe, therefore, that the kH/kD of 1.2 at 50° is reason
ably accurate; at 25° one would expect the ratio to in
crease slightly.
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Table I
Spectrophotom etric Rate Constants for the Reaction 

o f PhCDBrSO>CD(CH3)2 and PhCHBrSO.CH(CH3)2 
with Sodium Hydroxide in 40% Dioxane Water and 

with Sodium Methoxide in Methanol at 50°
Compd [NaOH] h i, 1. mol-1 sec-1 k H / k D

H 0.252 3.56 ±  0 .0 2  X  IO“ 3 1.21
D 0.252 2.94  ± 0 . 0 5  X 10~3
H 0.252 3.58  ±  0 .01  X 10” 3 « 1.18
D 0.252 3.03 ±  0 .05  X IO" 3 “
H 0.1155 3. öS6

Compd [NaOMe] k i ,  1. mol“ 1 sec-1 k n / k B

D 0.261 4.17  ±  0 .0 8  X  10“ 4
D 0.261 3 .82  ±  0 .0 9  X  10~4
H 0.261 4.33 ±  0 .0 8  X IO“ 4 1 .0
H 0.261 4.17  ±  0 .0 8  X IO“ 4

“ Calculated by  the infinity method. All others are calcu
lated by  the Guggenheim method. b Single run; this indicates 
that the reaction is second order in hydroxide ion.

The relatively slow rate of release o f halide ion from a- 
chlorobenzyl isopropyl sulfone (7) allowed a direct m ea
surement o f the rate o f exchange of the methine hydrogen 
in D 2 0 -dioxane by quenching experiments. The results 
are summarized in Table II.

Table II
Effect o f an «-Chlorine Atom  on the Deuteroxide- 
Catalyzed Exchange o f  the «'-H ydrogen Atom  in 

40% Dioxane 0 ,0  at 50°
Compd [NaOD] k i, 1. mol sec k IC\

P hC H (C l)S O ,C H (C H 3) 2 (7) 0.0355 (7 .19 ±  1035
0.02) X
10-3 a

P hC H 2S 0 2C H (C H 3)2 (3) 0.518 (6.94 ±  0 .4 ) (1 .0 )
X lO ” 6 «.'>

“ Average o f two runs. 6 M . D . Wolfinger reports 7.21 X
10-6 (single run): Ph.D . Dissertation, Northwestern Univer
sity, 1968, p 78.

PhC H C lC O C H M e2 vs. PhCH 2C O C H M e2.8 Our previous 
estimate o f a fivefold increase in the exchange rate due to 
the inductive effect o f a 7 -brom ine (or 7 -chlorine) atom 1 
can be raised to ca. tenfold, since the transmission o f elec
tronic effects “ through”  an S 0 2 group appears to be more 
efficient than “ through”  a methylene group.9 N everthe
less, a factor o f ca. 100 remains to be accounted for. It 
seems likely that an increase in the rate o f exchange o f ex
ternal solvent with the initially form ed solvated carbanion 
(ks) is responsible for the unexpected increase in rate of 
exchange. A pictorial representation is show n.11

Discussion
The observation o f 37% exchange at the M e2CH proton 

o f M e2C H S 0 2CHBrPh (6) with N aO M e in M eO D  at 18% 
reaction together with a kH/kD isotope effect o f 1.0 (Table
I) shows that k s >  k 2 and that 6 is reacting by a two- 
stage, carbanion mechanism and not by a one-stage, con 
certed mechanism . In 40% aqueous dioxane no exchange 
was observable. This does not mean, however, that a 
change to a concerted mechanism has occurred. A more 
reasonable interpretation would be that now k 2 has be
com e larger than ks. The low ku /kP isotope effect (1.2) is 
consistent with a two-stage mechanism with extensive in 
ternal return (k »  k 2). This interpretation is strongly 
supported by the kinetic data for the chloro analog, 
M e2C H S 0 2CH ClPh (7). Now k2 would be expected to be 
slower by a factor of at least 100,3 and k s should be larger 
than k2. This is what is observed (Table II). It is amusing 
to note that if one looks only at the relative rates of reac
tion with N aO M e in M eOD  of M e2C H S 0 2CHBrPh 
(Ram berg-Backlund) and M e2C H S 0 2CH 2Ph (exchange of 
the methine proton), which are 560:(1.0), and at the fail
ure o f exchange in M e2C H S 0 2CHBrPh to occur during 
reaction in 40% aqueous dioxane, one could make a strong 
case for a concerted reaction. It is only by a careful exam 
ination o f additional aspects that the two-stage m echa
nism is revealed.4

The most surprising result of the present investigation 
was the greater than 1000-fold increase in exchange rate 
on substitution o f a chlorine atom for a hydrogen atom in 
the 7 position o f 3 (Table II ). An effect o f com parable size

Y B a
PhCH2S 0 2CHMe2

3

is also apparently operative for 7 -bromine atom substitu
tion. This acceleration is remarkable when one considers 
that chlorine substitution at the a  position of P hS0 2CH 3 
causes only a slightly larger e ffect.6 Also, the result con
trasts sharply with that in ketones where an «-ch lorine 
atom has been reported to cause an 800-fold acceleration 
in exchange rate for acetone,7 whereas a 7 -chlorine atom 
causes only about a tenfold increase for

/
PhCH CHMe2 + DO

\  /
S
0 2

6 or 7

•••D ° \

f  l - H
PhCH CMe,

V '
0 2

8

. (D— Q
X
I

PhCH
i p)-
P M e ,

o2

For brom ide 6 the exchange data show that deuterium 
exchange rate and intramolecular displacem ent rate are 
com petitive. In contrast, for PhCH BrS0 2CH 3 deuterium 
exchange at methyl is much faster than intram olecular d is
placem ent. In view o f the strong accelerating effect o f 
the 7 -halogen atom on the exchange rate, it seems likely 
that this rate may remain relatively constant on m eth
yl substitution in the series P hC H B rS0 2CH 3, 
P h C H B rS 02CH 2M e, P h C H B rS 02C H M e2, in sharp con
trast to the 104 retardation observed in the parent series 
(hydrogen replaces brom ine). If k s does remain constant, 
then the rate o f intramolecular displacem ent (k 2) along 
the series must increase progressively in order for the 
change ks 3> k 2 to ks a: k 2 with methyl substitution to be 
observed. The constancy in the rate of Ram berg-Backlund 
reaction along this series must then be due to a balance of 
effects. M ethyl substitution decreases kx and thereby de
creases the equilibrium concentration of carbanion, but 
this effect is offset by an increase in the rate o f  k2.12

Experimental Section
Deuterium Exchange Kinetics. Hydrogen-deuterium ex

change rates were measured by integration of the remaining pro
ton signal in the pmr spectrum. A typical procedure is as follows. 
The sulfone (600 mg) was dissolved in 10 ml of purified dioxane 
(thermostatted to 50.04 ±  0.02°) and added to 15 ml of D20, 
0.0527 M  in NaOD (thermostatted). Aliquots (5 ml) were with
drawn at appropriate intervals and quenched with 0.15 M  HNO3
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(20 ml). The suspension was extracted with carbon tetrachloride 
(2 X 10 ml) and the carbon tetrachloride layers were washed with 
water and dried. Solvent was removed by rotary evaporation. Re
sidual dioxane was removed by pumping on the samples (0.1 mm, 
48 hr). Samples were dissolved in 500 gl of CDCI3 and the ex
changeable hydrogen was integrated. The aromatic protons were 
used as an internal standard. Four integrations of the proton and 
standard were performed in each case. Rate constants were deter
mined by plotting the natural logarithm of the remaining proton 
against time, using a least-squares method. Second-order rate 
constants were determined by dividing the first-order rate con
stants by the base strength.

The validity of the integration method was checked by prepa
ration of a calibration curve for a-chlorobenzyl isopropyl sulfone. 
Mixtures of 0, 25, 50, and 75 deuterated material were prepared 
by mixing together appropriate weights of undeuterated and fully 
deuterated (at the site of exchange) substrate. These mixtures 
were then dissolved in 500 yl of chloroform-d and integrated in a 
manner identical with that used in the rate determinations. The 
per cent of deuterium in the sample (by weight) was plotted 
against the per cent of deuterium in the sample by integration to 
give a straight line (r = 0.997) of slope 1.06 ±  0.05.
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The effects of increasing the proportion of nonaqueous solvent on the rate of reaction of PhCHBrS02CH2Ph 
with lyate ion in mixtures of water with 1,2-dimethoxyethane, dioxane, ethanol, or methanol have been found 
to be remarkably similar to those observed earlier under similar conditions with ethylene chlorohydrin. Deuteri
um exchange studies indicate that with ArCH2S0 2CH2X  (4) and ArCHXS0 2CH3 (5), as well as with ArCHX- 
S 0 2CH2Ar (6), equilibrium concentrations of a' carbanions are formed prior to halide loss. The overall p values 
for alkene formation from 4, 5, and 6 range from +1.29 to +3.43. Analysis shows that p for halide ion loss is neg
ative for 4 and slightly positive for 5 and 6. Methyl substitution at the a position of 4 or the a' position of 5 
causes surprisingly little change in the overall rate of alkene formation. The feBT/hcl leaving group effects for 4, 
5, and 6 in 40% aqueous dioxane ranged from 169 to 207. All of these observations are shown to be consistent 
with a mechanism wherein equilibrium concentrations of a' carbanions are formed in the first step and these 
carbanions participate in a nucleophilic displacement in a second, rate-limiting step.

A variety of stepwise mechanisms can be visualized for 
base-promoted 1,3-elimination of H X  from a system H- 
A -B -C -X  with consequent formation of a three-mem- 
bered ring.2 In the most common mechanism (1), deproto
nation by a base, B _ , generates an anion (2) from which 
X is eliminated by an intramolecular nucleophilic dis
placement initiated by atom A. (Either k1 or fe2 can be 
rate limiting, depending on the system.)

The presence of a negative charge in 2 would be expect
ed to enhance greatly the tendency for X to ionize without 
direct participation by the nucleophilic atom A '.  If one or 
more groups capable of stabilizing a carbonium ion, such 
as Ar, R, or RO, are present on the atom holding X, it 
would not be surprising, then, to find that the mechanism 
has changed to one where a dipolar ion intermediate (S') 
is produced in the second step (mechanism 2).

B
— » r*

H— A C — X * - 1  B — H +  A '  C— X —

1 2
A ------C + X '  (1)

\  /
B
3

Numerous examples are known where A is O, N, C, S, 
P, etc., and B and C are carbon atoms.3’4

B ’  + H— A C— X
\  /

B
1

77T  BH + A~ C— X — »
\  /

B
2

A~ C* — »  A -------C (2)
, / \  /
B B

3' 3
Examples where the evidence indicates that a type 2 

mechanism obtains, at least in some instances, include (a) 
a-lactone formation by solvolysis of ArCHXC02H in
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Volume %  o! Nonaqueous Solvent

Figure 1. Plot of log k for the reaction of a-bromobenzyl benzyl 
sulfone with lyate ion in various solvent media vs. the volume per 
cent of nonaqueous solvent.

aqueous base5 and (b ) cyclopropanone formation during 
Favorskii rearrangements of ArCH2COCHXCH3, Ar2CX- 
COCH3, and the like.6

The reaction of 2-haloalkanols with aqueous alkali to 
form epoxides probably utilize both types of mechanisms. 
When the halogen is primary or secondary the evidence 
points to participation by the oxide ion.7 When the halo
gen is tertiary, however, the rates calculated for ionization 
under the influence of the negative chaTge of the oxide ion 
are 1 to 3 orders of magnitude faster than the observed 
rates.8 Mechanism 2 appears likely, therefore, when the 
halogen is tertiary.

In earlier studies we have shown that 1,3-dehydrohalo- 
genation of an a-halo sulfone of the type 
PhCH2S02CHXPh by a base such as sodium methoxide 
in methanol (Ramberg-Backlund reaction) usually occurs 
by mechanism 1 with k2 (episulfone formation) being rate 
limiting.10 It was of interest to use additional probes to 
test this mechanism and at the same time to investigate 
its generality. To this end we have (a) determined the ef
fect of solvent changes on the rates for PhCH2S 0 2CHXPh 
(X = Cl and Br), (b) determined the effects of meta and 
para substituents on the rates for ArCH2S 0 2CH2X  (4),

ArCHXS02CH3 (5), and ArCHXS02CH2Ar' (6), and (c) 
determined the effect on the rates of methyl substitution 
a to the halogen in 4 and 5 and a to the phenyl group (a' 
position) in 5.

Results
Solvent effects on the rates of reaction of a-bromoben

zyl benzyl sulfone were determined in basic aqueous 1,2- 
dimethoxyethane (DME), dioxane, ethanol, and methanol 
solutions containing amounts of nonaqueous solvent rang
ing from 100% down to as low as 16% by volume. The re
sults are summarized in Figure l .11 a-Chlorobenzyl benzyl 
sulfone responded similarly to  these  solvent changes, ex
cept that the aqueous DME and dioxane mixtures showed 
a more nearly linear increase in rate with increasing vol
ume per cent of nonaqueous solvent.11

The desired substituted-benzyl bromomethyl sulfones, 
ArCH2S 02CH2Br (4), were prepared from the benzyl 
chlorides via the arylmethylsulfonylacetic acids, ArCH2- 
S 02CH2C 02H. The latter were subjected to brominative 
decarboxylation12 and the resulting benzyl dibromomethyl 
sulfones were reduced with potassium sulfite.12’13 This 
method was used also to prepare a-bromobenzyl benzyl 
sulfones of the type ArCHBrS02CH2Ph and 
PhCH2S 02CHBrAr, and for PhCHBrS02CH3.12 The re
maining a-halo  sulfones were prepared by halogenation of 
the appropriate sulfides, followed by oxidation (see Exper
imental Section).

Rates for ArCH2S 02CH2Br (4), ArCHBrS02CH3 (5), 
and ArCHBrS02Ar' (6) reacting with hydroxide ion in 
40% (v/v) dioxane-water or methoxide in methanol were 
determined spectrophotometrically and/or titrimetrically 
by methods described earlier.10 The results are summa
rized in Table 1.

Spectrophotometric rates for some members in series 4 
and 5 were difficult to determine because the change in 
absorption between starting sulfone and styrene product 
was small. For this reason the rates in methanol were de
termined titrim etrically. Spectrophotometric rate con
stants for 4 with Ar = S-BrCe.EU, 3-FCfiH-t, and CgHg were 
found to be 11% higher, 5.6% higher, and 6% lower, re
spectively, than the corresponding titrimetric rates.

The calculated a constant for p -N 02 in series 4, based 
on the rate constant and using the line defined by the 
other points, was 1.21, which agrees well with <t _ p - n o 2 
(1.27).

The rate for 3-bromo-4-methoxybenzyl bromomethyl 
sulfone was somewhat slower than anticipated by assum-

Table I
Second-Order Rate Constants for the Reaction o f  ArCH2S 0 2CH2Br (4), ArCITBrSO.CH. (5), and 

ArCH:SO,CHXAr' (6) with Base in 60% (v/v) Dioxane Water or Methanol
Halo sulfone Temp, °C Solvent-base kn,a M _1 sec"1 Pobad r

A rC H 2S 0 2C H 2Br 25.1 40%  dioxane-H 20 8.08  ±  0 .0 4  X 10“ 2 1 .47b-e 0.992
A rCH 2S 0 2C H 2Br 25.0 M ethanol 1.35 ±  0 .0 4  X  10“ 3 1.47«." 0.999
A rC H B rS 02C H 3 50.0 40%  dioxane-H 20 2.54  ±  0 .05 X  IO- 3 1 .29M 0.978".»
A rC H B rS 02C H 3 25.0 40%  dioxane-H 20 1.24  ±  10~4 (ealed)
A rC H B rS 02C H 3 50 .0 M ethanol 1 .83 ±  0 .12 X 10- 4 1.29".« 0,996"
A rC H 2S 0 2CH BrPh 24.9 M ethanol ,6.79 ± 0 . 0 6  X 10~2 2 . 0.993
A rC H B rS02C K 2Ph* 24.9 M ethanol 6 .7 9  ± 0 . 0 6  X  10~2 1 .51s ; 0.990"."
A rC H 2S 0 2CH C lPh 25.0 40%  dioxane-H 20 2.65 ± 0 . 0 1  X 10~2 2 .1 9 6.* 0.995
A rC H C lS 02CH 2Ph 25.0 40%  dioxane-H 20 2.65 ±  0 .01 X  10” 2 1.64M 0.993"
A rC H C lS 02CH Ar 25 .0 40%  dioxane-H 20 2.65  ± 0 . 0 1  X 10“ 2 3 .4 3 b’m 0.990"
A rC H C lS 02C H 2Ar 38 .9 M ethanol 2 .40  ±  0 .03  X  lO “ 3 3 .32».”* 0.993"

“ Rate for A r =  Ph. b Spectrophotom etric rates. « 3-NO», 3-Br, 3-F, 4-C1, 3-Br-4-QCH 3, 3-C H 3, and 4-CH 3 substituents. 
d Titrim etric rates. c 3 -N 0 2, 3-F, 4-C1, 3-CHa, and 4-C H 3 substituents. " a normal values were used. » Omission o f the 4-C1 
point gave p =  1.27 with r =  0.998. h 3-F, 4-C1, 3-C H 3, and 4-C H 3 substituents. < 4-NCh, 3 -N 0 2, 3-C1, 4-C1, 4-F, 3-C H 3, and
4-C H s substituents. " Omission o f  4-F point gave P = 1.55 with r =  0.999. * 3-F, 4-C1, and 4-O C H 3 substituents. 1 4 -N 0 2,
3 -N 0 2, 3-F, and 4-C1 substituents were used. m 4 -N 0 2, 3 -N 0 2, 3-F, 3-C1, 3-CHs, 4-C H s and 4-OCH-, substituents. "R eg istry
no., 19217-59-5.



Solvent Effects in the Ramberg-Bäcklund Reaction J. Org. C hem ., Vol. 39, N o. 17, 1974 2523

ing additive 3-Br and 4-OCH3 <r constants. The additive 
value is 0.28 when the <rn constant is used for p-OCH3 (— 
0.111),14 0.12 when the Hammett cr constant is used, and 
-0.39 when the <r+ constant is used for P-OCH3. A value 
of 0.05 is needed to fit the rate of the line.

a-Bromobenzyl methyl sulfone (5) underwent complete 
exchange at the a' position in 200 sec. Under these condi
tions the Ramberg-Backlund reaction was less than 15% 
complete, indicating that a preequilibrium is established.

Discussion
Solvent Effects. The effects of increasing the propor

tion of nonaqueous solvent on the rates of reaction of 
PhCHBrSC>2CH2Ph with lyate ion brought out in Figure 1 
are remarkably similar to the effects of similar solvent 
changes observed for the reaction of CICH2CH2OH with 
lyate ion under similar conditions.15 The similarity in be
havior of the two systems with changing solvents suggests 
a similarity in mechanism, supporting the assignments of 
mechanism 1 in each system that have been made pre
viously.7’10 The increased rate observed on increasing the 
concentration of 1,2-dimethoxyethane or dioxane in the 
solvent is presumably due to a decrease in solvation of 
anion 2 by water and a consequent increase in nucleophil- 
icity of this oxide ion or carbanion. The progressive de
crease in rate with increasing methanol concentration 
conceivably could be due to a greater acidity of methanol 
than water,16 but additional factors are no doubt also in
volved.

Influence of Phenyl and Aryl Substituents. Earlier 
work has shown that in MeONa-MeOD deuterium ex
change at the a' position is essentially complete for 
PhCH2S 02CHBrPh (6, Ar = Ph) prior to loss of Br .10 A 
preequilibrium involving the a' position is clearly estab
lished here and this must be true for PhCHzSOzCHzBr
(4), where bromide ion release is 50-fold slower at 25° than 
for 6 (Table I). Proton abstraction from the a' (methyl) 
position of PhCHBrSOzCHs (5) is ca. 104 slower than 
from the a' (benzylic) positions of 4 or 6.17 Nevertheless, 
the present study shows that deuterium exchange is es
sentially complete at the a' position, prior to loss of Br- , 
in this instance also. The correspondence between titri- 
metric and spectrophotometric rates for 4 shows the ha
lide loss, and not episulfone decomposition, is rate limit
ing. Comparable data have been obtained with 6.10

Information concerning the step in mechanism 1 where
in halogen is lost (k2) can be gleaned from relative rates 
and substituent effects for isomers 4 and 5. According to 
mechanism 1, when k2 is rate limiting, the rate ratio for 
halogen loss from 4 and 5 should be given by

k2U)/k2i5) =  K e^ / K e(lU) x  feobsd(4)A w C5)

where K <4)eq and K ,5,eQ are the equilibrium constants for 
the first (equilibrium) step. The pK  for PI1CH2SO2CH3 in 
dimethyl sulfoxide (DMSO) is ca. 4 units higher than for 
PhCH2S02CH3.19 Assuming a similar difference for 5 and 
4 gives a K'(5)eq/-K'<4,eq ratio of 104. Using the fe(4)0bsd/ 
k(5)obsd ratio of 650 reported in Table I (reactions in 40% 
dioxane at 25°) gives a /j2(4)/^2(5) value of 1/15. This indi
cates that intramolecular displacement of bromine by the 
carbanion in PhCHBrS02CH2'  is ca. 15 times as rapid as 
in PhCHS02CH2Br. The difference is probably due to a 
combination of a greater nucleophilicity of the carbanion 
in PhCHBrS02CH2~ and a greater susceptibility of the 
C-Br bond in this series to cleavage (phenyl activation; 
phenyl activation is well established for intermolecular 
nucleophilic displacements).

According to mechanism 1 the p values in Table I are a 
composite of Keq for step 1 and p*2 for step 2, i.e.

Pobsd =  Pk +  Pfteq 2

Judging from the p value for the equilibrium constant of 
ArCHzSOzCHs in DMSO (p = 5.019) pneq for ArCHz- 
SOzCHzBr in MeOH will be ca. 4. Using this value and 
Pobsd of 1.47 (Table I) gives p*2 ^  -2 .5  in 40% dioxane or 
methanol. In other words, electron-releasing groups 
strongly accelerate step 2 (i.e., increase k2). This is under
standable for mechanism 1 on the basis of increased nu
cleophilicity of the carbanion, or for mechanism 2 on the 
basis of enhancement of the rate of ionization through an 
electrostatic effect. A similar analysis of pobsd for ArCH- 
BrS02CH3 (1.29), ArCHBrS02CH2Ph (1.51), and Ar- 
CHClSOzCHzPh (1.64) systems favors interpretation by 
mechanism 1. In these systems the Ar group is separated 
from the acidic hydrogen atom by two additional atoms. 
Judging from the equilibrium p values in water of 1.00 for 
ArC02H, 0.562 for ArCH2C 02H, and 0.237 for Ar- 
CHaCHzCOzH,203 and p = 0.253 for ArSOzCHzCOzH,200 
the p value for ArCH2S02CH3 (or 5) should be about one- 
fourth that observed for ArCH2S02CH3 or ca. 1.0. The p 
values for the other two systems (6) should be somewhat 
smaller. This analysis then makes p*,2 for the ArCH- 
BrSOzCHa, ArCHBrS02CH2Ph, and ArCHClS02CH2Ph 
systems small and positive. A positive p value for k2 is of 
course inconsistent with mechanism 2, since one would 
expect a negative p for the step

Ar CHBrS02CH2~ — * B r‘  + Ar^HS02CH2'

On the other hand, a small positive p for an intramolec
ular nucleophilic displacement of a benzylic halide seems 
reasonable, since intermolecular nucleophilic displace
ments with benzylic halides often have small positive p 
values.21

The smaller negative p (ca. -1 .7 ) calculated (as above) 
for ArCH2S02CHBrPh, as compared to ArCHzSOzCHzBr, 
is consistent with the reaction becoming less sensitive to 
the nucleophilicity of the carbanion as cleavage of the 
C-Br bond becomes more facile (owing to phenyl activa
tion).

It is amusing to compare the results with the ArCH2- 
S02CH2Br system with those of the ArCH2COCH2Cl 
system, where p for loss of chloride ion is ca. - 5 .22 The 
large negative p for the chloro ketone system has been in
terpreted as indicating ionization to form a dipolar ion.22 
The formation of dipolar ion intermediates in such Favor- 
skii rearrangements is supported by the marked rate ac
celeration of halide loss observed with methyl substitution 
(ArCH2COCHClCH3) system,63 the formation in some 
systems of unusual cyclization products,60 and the 
changes in stereochemistry observed with changing condi
tions.60’23 As will be brought out below, the effect of 
methyl substitution in the ArCH2S02CH2Br system 
argues against the dipolar intermediate; the observation of 
a high degree of stereoselectivity in the Ramberg-Back
lund reaction provides additional evidence against the di
polar mechanism.24

Effect of Methyl Substitution. The effect of methyl 
substitution at the a or the a' positions of ArCHz- 
S 02CH2X  (4) and ArCHXS02CH3 (5) systems are sum
marized in Table n.

Examination of Table II shows that substitution of one 
or two methyl groups a to the halogen atom in 4 has sur
prisingly little effect on the rate of activation parameters. 
(Note the comparisons for the first five items in Table II.)
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Effects o f Methyl Substitution on  the Rates o f Reaction o f PhCH.SOjCH X  (4) and PhCHXSO.CH (5) in  40%
(v/v) Dioxane-Water

Table II

Registry no. Halo sulfone Tem p, °C k, sec“ 1 fefel
Ea,

kcal/m ol
AS*

(25°), eu

5 3 3 5 - 4 4 - 4 P h C H 2S 0 2C H 2C l 3 5 . 0 1 . 5 8  ±  0 . 0 5  X  1 0 - s ( 1 .0 0 )
4 9 . 5 7 1 . 0 4  ±  0 . 0 4  X  1 0 ~ 2
2 5 . 0 3 . 9 0  X  1 0 “ 4 (c a le d ) 2 5 . 6 + 9 . 6

5 1 3 9 2 -3 5 -9 P h C H 2S 0 2C H C l M e 3 5 .0 1 . 7 4  ±  0 . 0 2  X  1 0 ' » 1 . 1 0
4 9 .9 5 1 .1 7  ± 0 . 0 2  X  1 0 ' 2
2 5 . 0 4 . 3 7  X  1 0 - 2 (c a le d ) 2 5 . 2 + 8 . 7

5 1 3 9 2 - 3 6 - 0 P h C H 2S 0 2C C l M e 2 3 5 . 0 1 . 8 0  ±  0 . 0 4  X  1 0 ' 2 1 .1 4
4 9 .6 5 1 .1 5  ± 0 . 0 5  X  1 0 ~ 2
2 5 . 0 4 . 5 4  X  1 0 - 4 (c a le d ) 2 5 . 1 + 8 . 5

1 9 2 1 7 -5 8 -4 P h C H 2S 0 2C H 2B r 2 5 .0 4 8 . 0 8  ±  0 . 0 4  X  1 0 - 2 ( 1 .0 0 )
4 9 .6 0 1 . 1 8  ±  0 . 0 5 2 0 . 9 + 4 . 5

5 1 3 9 2 -3 7 -1 P h C H 2S 0 2C H B r M e 2 5 .0 7 1 . 0 8  ±  0 . 0 0 3  X  1 0 ' 1 1 .3 4
4 9 .6 0 1 . 6 3  ± 0 . 0 7 2 1 . 2 + 6 . 0

2 3 2 1 1 -6 9 -0 P h C H B r S 0 2C H 3 3 4 .9 7 4 . 3 9  ±  0 . 1 4  X  1 0 ' 4
4 9 .9 6 2 . 5 4  ±  0 . 0 5  X  1 0 - s
2 5 .0 0 1 .2 4  X  1 0 ' 4 (c a le d ) ( 1 .0 0 ) 2 3 . 2 - 0 . 7

3 5 5 0 1 -0 0 -9 P h C H B r S 0 2C H ,M e 3 4 .9 6 1 . 1 8  ±  0 . 0 7  X  1 0 ' 3
4 9 .9 1 6 . 9 3  ± 0 . 0 7  X  1 0 ' 3
2 5 .0 0 3 . 2 9  X  1 0 - 4 (c a le d ) 2 . 6 5 2 3 . 4 + 2 . 1

3 5 5 0 0 -9 9 -3 P h C H B r S 0 2C H M e 2 3 8 .6 9 1 . 1 5  ± 0 . 0 4  X  1 0 ' 3
5 0 .0 0 4 . 0 4  ±  0 . 2 3  X  1 0 ' 3
2 5 . 0 0 2 . 2 1  X  1 0 ' 4 (c a le d ) 1 .7 8 2 2 . 3 - 2 . 6

3 8 0 0 9 -8 6 -8 P h C H C l S 0 2C H 3 5 0 . 0 ( 1 . 4  X  1 0 - 5) » ( 1 .0 0 )
5 1 3 9 2 -1 6 -6 P h C H C l S O o C H M e - 5 0 . 0 4 . 6 0  X  l O ' 6 3 . 3

P h C H 2S 0 2C H B r M e 4 9 .6 0 1 . 6 3  ± 0 . 0 7
P h C H 2S 0 2C H B r M e 2 5 .0 7 1 . 0 8  ±  0 . 0 3  X  1 0 ' 1 2 1 . 8 2 1 . 2 + 6 . 0

5 1 3 9 2 -3 8 -2 P h C H M e S O ü C H B r M e 2 5 .0 4 4 . 9 5  ±  0 . 0 7  X  I O - 3 ( 1 .0 0 )

« F .  G . B o r d w e l l  a n d  G .  D .  C o o p e r ,  J .  A m er. Chem. Soc., 7 3 ,  5 1 8 7  (1 9 5 1 ) .

This is in sharp contrast to the PhCH2COCH2X system, 
where a-methyl substitution brings about a minimum rate 
acceleration of 220-fold. (The actual rate enhancement 
could be much greater.)63 The results with 4 also differ 
from those observed in base-promoted epoxide formation 
from 2-chloroalkanols, where methyl substitution in the 
series H0CH2CH2C1, HOCH2CH(Me)Cl, HOCH2C- 
(Me)2Cl leads to relative rates of (1.0):5.5:250.25 These 
rate accelerations find a logical explanation in that a- 
methyl groups are known to strongly stabilize carbonium 
ions.6a’7’26 Evidently the amount of ionic character for the 
C X bond developed in the transition state for the reac
tions of PhCH2S 02CH(Me)Br and PhCH2S 0 2C(Me)2Br 
are far less than in epoxide formation from ~OCH2C- 
(Me)2Cl or in the Favorskii rearrangement of PhC- 
HCOCH(Me)Cl. In other words, for reactions of 4 and its 
a-methyl derivatives there is no evidence for either a di
polar ion transition state or a dipolar ion intermediate.

Examination of Table H shows that methyl substitution 
at the a' position in ArCHBrS02CH3 (5) (items 6-10) also 
has very little effect on the rate. This again contrasts with 
epoxide formation, where the relative rates in the series 
HOCH2CH3Cl, HOCH(Me)CH2Cl, HOC(Me)2CH2Cl are
(1.0):21:250.25 Accelerations by /3-methyl groups in such 
instances have been explained by assuming the develop
ment of positive charge at the /3-carbon atom in the tran
sition state,7 and by an entropy effect wherein methyl 
substitution lowers the ground-state entropy, making en
tropy loss less for more crowded systems in going from 
ground state to transition state.28 Only the latter effect 
would be expected to apply in the present instance. Evi
dently, it is counteracted by some other factor or factors. 
One such could be decreased equilibrium concentrations 
of carbanions with successive methyl substitution.19 This 
effect will be at least partially counteracted by increased 
carbanion nucleophilicity.

The large kBr/fecl leaving group effects in the Ramberg- 
Backlund reaction found earlier in methanol have been

Table III
Relative Rate Ratio for a-Brom o and «-C hloro 

Sulfones in  the Ram berg-Backlund Reaction in  40% 
Dioxane-Water at 25°

a-Halo sulfone kBl/kcl

P h C H 2S 0 2C H 2X 2 0 7 “
P h C H 2S O o C H  ( M e )  X 2 4 7
P h C H 2S 0 2C H  (P h )  X 169b
C H 3S 0 2C H ( P h ) X 181“
M e 2C H S 0 2C H ( P h ) X 88“

“ A t  5 0 °  t h e  r a t i o  is  1 3 3 ; in  M e O H  a t  5 0 °  i t  is  1 2 8 . '’ A t  
2 5 °  in  M e O H  t h e  r a t i o  is  2 8 0 . c A t  5 0 ° .

substantiated and augmented in the present study (Table
III). It should be noted that the feBr/fecl Tate ratios de
crease rather markedly with increasing temperature be
cause the activation energies for chloro sulfones are ca. 4 
kcal/mol higher than those of bromo sulfones (Table II).

Experimental Section
S u b s t itu te d  a -C h lo r o b e n z y l  B e n z y l  S u l f o n e s . T h e  co rre 

sp o n d in g  m e ta - or p a ra -su b stitu te d  b e n z y l su lfid e s  w ere c h lo r i
n a te d  a n d  th e  resu ltin g  ch lo ro  su lfid e s  w ere  o x id iz e d  in  situ, as in  
the  fo llo w in g  p ro c e d u r e . 1 1  A  so lu tion  o f  8 .47  g (0 .0628 m o l) o f  su l- 
fu ry l ch lo r id e  in  60 m l o f  dry  CCl-t w as a d d e d  d rop w ise  ov er  1 0 0  

m in  to  a  stirred  so lu tio n  (u n d er  n itrogen ) o f  15.1 g (0 .0621 m o l) o f  
b is (4 -m e th y lb e n z y l)  su lfid e  d isso lv ed  in  80 m l o f  d ry  C C U  k e p t at 
re flu x . A fter  an  a d d it io n a l 1 hr o f  re flu x  th e  so lu tio n  w as co o le d  
to  0 ° a n d  tre a te d  w ith  a  so lu tio n  o f  28 .6  g (0 .166  m o l)  o f  80 %  m - 
ch lo ro p e ro x y b e n z o ic  a c id  in  250 m l o f  d ry  C H 2 CI2 . A fte r  a llow in g  
it to  w arm  to  room  tem p era tu re  ov er  a 4 -h r  p e r io d  th e  re a ctio n  
m ixtu re  w as d ilu te d  w ith  1 0 0  m l o f  C H C 1 3 a n d  w a sh ed  s u cce s 
s ive ly  w ith  a q u eou s  N a H S 0 3, sa tu ra ted  N a H C C h , an d  w ater. 
A fte r  d ry in g  ( M g S 0 4) th e  so lv en t w as e v a p o ra te d  an d  th e  ch lo ro  
su lfon e  w as c ry sta llized  from  95%  e th a n o l, m p  1 6 0 .8 -1 6 1 ,7 ° . T h e  
y ie ld s  in  th ese  p rep a ra tion s  a veraged  70 % . N m r: 7 .3 -7 .7  (m , 8  H ) ,
5 .49  (s , 1  H ) , A B  q u a rtet, da =  4 .73 , i>b  =  4 .34  ( J a b  =  14.7 H z , 2 
H ), 2 .43  (s, 3 H ), 3 .40 p p m  (s, H ).

T h e  o th er  ch lo ro  su lfon es  h a d  s im ila r  n m r sp e c tra . A n a ly t ica l 
d a ta  are su m m a rized  in  T a b le  IV .
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Table IV
Melting Points and Analytical Data“ for a-Chlorobenzyl Benzyl Sulfones, ArCHClS02CH2Ar

,---------- Caled, % ---------- . z----------Found, % ---------- .
Registry no. Substituent Mp, ” C* Molecular formula C H C H

51392-39-3 4-M ethyl 16 0 .8 -1 61 .7 C 16H l7C102S 62.23 5.55 62.31 5.35
51392-40-6 3-M ethyl 75 .2 -77 c 16h 17c i o 2s 62.23 5.55 62.23 5 .60
51392-41-7 4-Nitro 190-191 CuHnClNiOeS 45.34 2 .99 45.22 3 .09
51392-42-8 3-Nitro 160 . 5 -1 6 2 . 8 CuHnCINsOeS 45.34 2.99 45.61 3 .05
51392-43-9 3-Fluoro 9 5 -9 6 . 5 c 14h „ c i f 2o 2s 53.09 3 .50 53.15 3 .47
51392-44-0 4-M ethoxyc 14 5 .5 -146 .5 CjeHnCKXS 56.39 5 .03 56.16 5 .06

° M icro-Tech, Skokie, 111. b Uncorrected. c Prepared using iV-chlorosuccinimide.

Table V
Melting Points and Analytical Data“ for a-Brom obenzyl Methyl Sulfones, ArCHBrS02CH3

z----------Caled, % .---------- Found, % -----------,
Registry no. Substituent Mp, 'C 1 Molecular formula c H c H

51392-45-1 4-M ethyl 104-105 C 9H „B r 0 2S 41.08 4.21 40.91 4 .18
51464-53-0 3-M ethyl 64 .4 -67 C 9H „B r 0 2S 41.08 4.21 41.02 4.15
51392-46-2 4-N itroc 160-160.7 C 8H sB rN 0 4S 32.67 2 .74 32.99 2.90
51392-47-3 3-Nitro 159-160 CgHgBrNOiS 32.67 2 .74 32 .9 ; 2 .92
51392-48-4 3-Fluoro 63-64 C 8H 8B rF 0 2S 35.97 3 .02 35.79 3 .09
51392-49-5 4-Chloro 119-119.9 C 8H 8BrC102S 33.88 2 .84 34.09 2.90

“ M icro-Tech, Skokie, 111. 6 Uncorrected . c Bromine was used as the brominating agent.

a-Bromobenzyl Methyl Sulfones. These bromo sulfones 
(Table V) were prepared from the corresponding sulfides by a 
method similar to that described above using IV-bromosuccinim- 
ide as the brominating agent. Chromatography over silica gel was 
required to obtain pure samples of all but the 3-nitro derivative.11
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Bromination with iV-bromosuccinimide of either meso- or d(-PhCH(Me)S02CH(Me)Ph gave a nearly equimo
lar quantity of diastereomers, PhCH(Me)S02CBr(Me)Ph. Treatment of the higher melting erythro isomer (5a) 
with NaOMe in MeOH gave cis- and trans-a,a'-dimethylstilbene in a 93:7 ratio, whereas the threo isomer (5b) 
gave over 95% of trans-a,a'-dimethylstilbene. In reactions with 5a and 5b run to 10% or less conversion in 
MeOH the ratio of exchange to epimerization was ca. 50-100:1.0. The kinetics with 5a were second order, but 
with 5b they were independent of methoxide ion concentration when the base concentration was above 0.05 M. 
The latter behavior indicated that thermal decomposition of frares-2,3-dimethyl-2,3-diphenylthiirane 1,1-dioxide 
was rate limiting, and this was supported by independent spectroscopic evidence. Reaction of the diastereomers 
of PhCH(Me)S02CH(Br)CH3 with NaOMe-MeOH was also stereoselective, one isomer (presumably threo) giv
ing cis- and trans-2-phenvl-2-butene in a ratio of ca. 70:30 and the other isomer (presumably erythro) giving the 
opposite ratio. Recovery and nmr analysis of starting materials from incomplete reactions showed that exten
sive epimerization was accompanying these reactions. Reaction of PhCBr(Me)S02CH2CH3 gave cis- and trans-
2-phenyl-2-butene in a ratio of ca. 53:47, which differs appreciably from the equilibrium ratio for these alkenes 
(83:17). It is suggested that the stereochemistry in such instances is dictated to an appreciable extent by the 
formation of one of two possible diastereomeric carbanions in a higher equilibrium concentration.

Earlier studies of the Ramberg-Backlund reaction in a va
riety of systems support the stepwise mechanism shown in 
Scheme I.

Scheme I

mechanism, is the principal subject of the present paper.1 
Another aspect of the stereochemistry that has been ex
amined is the preferential formation of cis alkenes from 
the reaction of «-halo sulfones of the type 
RCHXS02CHR.

MeO“
a a

+ H -C  C-

0 2
1

MeOH +
slow

X“  +  c.

0 ;,
3

fa st
C = C ^ + ISO.]

Establishment of an equilibrium between 1 and 2 has 
been demonstrated for a-halo sulfones of widely differing 
structures by deuterium exchange studies.2 Step 2 (thi- 
irane 1,1-dioxide formation), rather than step 3 (alkene 
formation), has been shown to be rate limiting in these 
systems by comparisons of titrimetric and spectrophoto- 
metric rates,2 and by studies with thiirane 1,1-dioxides, 
which show that their rate of decomposition is usually 
such as to preclude their isolation under the reaction con
ditions.3 It is not surprising, then, that prior to the pres
ent work1 there has been no direct evidence for the forma
tion of a thiirane 1,1-dioxide intermediate in these sys
tems. Good indirect evidence was provided, however, 
from studies of the dehydrobromination of PhCHBr- 
SC>2CHBrPh. Here the presence of 2,3-diphenylthi- 
irene 1,1-dioxide as a transient intermediate was de
tected spectrophotometrically.4 This intermediate must 
arise from dehydrobromination of 2-bromo-2,3-diphenyl- 
thiirane 1,1-dioxide, and, indeed, the thermal decomposi
tion products, cis- and trans-2-bromostilbene, from this 
thiirane 1,1-dioxide are observed as by-products,4 or, 
under other conditions, as principal products.5

The dehydrobromination and debromination of dl- and 
meso-PhCHBrS02CHBrPh have been shown to occur 
stereoselectively with inversion of configuration at each 
chiral center.5 The stereoselective dehydrobromination of 
erythro- and fhreo-PhCBr(Me)S02CH(Me)Ph (5a and 5b, 
respectively), which also occurs by a double inversion

Results
Treatment of either meso- or d/-bis-«-methylbenzyl sul- 

fone with IV-bromosuccinimide in the presence of benzoyl 
peroxide in refluxing carbon tetrachloride yielded a nearly 
equimolar mixture of diastereomeric a-bromo-a-methyl- 
benzyl a-methylbenzyl sulfones (5). The diastereomers 
were separated by column chromatography on acidic alu
mina into monobromides melting at 76 and 112°. Single
crystal X-ray analysis of the 112° isomer identified it as 
the di-erythro bromo sulfone (5a).6 This requires the 76° 
isomer to have the dl-threo configuration (5b). The gross 
structures of 5a and 5b are supported by their ir and nmr 
spectra and by elemental analysis.

MePNT
c /

Me Me
S' ,Me 
^ ri ^ H plK  Txp/ C\

C Ph B r^  \ \
"'0 c / N0

5a 5b

Reaction of 5a or 5b with sodium methoxide in metha
nol yielded a,a'-dimethylstilbenes (8) quantitatively and 
stereoselectively. Thus the ¿(-erythro bromide 5a gave cis- 
and trans-a,a'-dimethylstilbene (8a and 8b) in a 93:7 
ratio at 25°, and the di-threo isomer 5b gave the trans- 
stilbene (8b) in excess of 95%. Several experiments were 
performed in methanol-O-d at 0° from which the starting 
material was recovered after partial conversion to alkenes. 
The recovered mixture from a reaction of 5a with excess 
methoxide ion after 62% conversion contained 8a and 8b 
in a ca. 9:1 ratio and 38% of the deuterium-exchanged 
bromo sulfone (5a-di). When a similar reaction of 5a was 
quenched after 10% conversion, exchange was incomplete, 
however, and the following composition was indicated by 
nmr analysis of the mixture: ca. 10% « ,ct'-dimethylsti 1- 
bene (8a and 8b), ca. 40% 5a, and ca. 50% 5a-dj. These 
data indicate that the ratio of exchange to epimerization 
for 5a is about 50:1 at 0°.7 A reaction of 5b which was in-
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Table I
Rate Data for the Reaction o f  

eryifcro-PhCBr fMe) S 0 2CH (Me)Ph (5a) with 
Sodium Methoxide in Methanol'16

Temp, °C [M e O 'l 102 k, M~l sec“ 1

2 5 .0 0 .0173 2.0
2 5 .0 0 .0518 2.0
2 5 .2 0.0590 2 .1 “
2 5 .2 0.0787 2 .2 “
2 5 .0 0 .0944 1.8
2 5 .0 0.0944 1.5d
2 5 .0 0 .0994 1 .3 “
3 4 .9 0 .0118 5 .9
3 4 .6 0 .0236 6 .3
4 4 .8 0 .0118 18
4 4 .8 0 .0236 19
4 4 .7 0 .1180 14
4 4 .7 0 .2361 9 .2

“ Unless otherwise indicated the second-order rate con
stants were determined spectrophotometrically under 
pseudo-first-order conditions. Runs were usually in triplicate 
and were reproducible to ± 5 % .6 From a plot (r = 0.998) of 
log k vs. 1/T at three temperatures, E* = 21.2 kcal mol-1 
and AS* = 3 eu (at 25°). “ Titrimetric rate d 0.026 M  LiCIO 
added.« 0.198 M LiC104 added.

terrupted after only ca. 6% conversion to stilbenes led to 
the recovery of ca. 67% 5b and 27% sulfone 5b-di and an 
exchange to epimerization ratio of ca. 90:1. A reaction of 
5b with excess methoxide ion in MeOD which was inter
rupted after ca. 10% conversion to cya'-dimethystilbenes 
led to the recovery of ca. 30% unreacted 5b and ca. 60% 
ob-dj with an exchange to epimerization ratio of ca. 120:1. 
When the reaction with 5b was allowed to go to 45% con
version the recovered bromo sulfone had undergone com
plete exchange. The results show that protonation of the 
carbanions derived from 5a or 5b with methanol occurs 
about five times as rapidly as does the intramolecular dis
placement to form the thiirane 1,1-dioxide under these 
conditions.

The kinetics of the reaction of 5a with methoxide ion in 
methanol were found to be first order in methoxide ion 
over a wide range of concentrations and overall second 
order (Table I). The second-order rate constants showed a 
slight decrease with increasing base concentration or upon 
addition of lithium perchlorate (small negative salt ef
fect). The rate of bromide ion release (titrimetric rate) 
was found to be equal to the rate of stilbene formation 
(spectrophotometric rate) within experimental error.

The kinetic behavior of dl-threo-PhCH(Me)S02C- 
Br(Me)Ph (5b) with NaOMe-MeOH was dramatically 
different from that of the dl-erythro isomer 5a. At base 
concentrations below ca. 0.05 M  the pseudo-first-order 
spectrophotometric rate constants increased with increas
ing base concentration, but at higher concentrations the 
rate of aya'-dimethylstilbene formation became indepen
dent of base concentration (Table II). On the other hand, 
the titrimetric rate constants (for bromide ion release) 
were found to be first order in methoxide ion (k = 2.6 X 
1(U2 A f"1 sec"1 at 25° with methoxide ion concentrations 
of either 0.0295 or 0.0590 M). With excess base of 0.1 M  
concentration the rate of pseudo-first-order bromide ion 
release was ca. 3.5 times as fast as the rate of a,a'-di- 
methylstilbene formation.

The kinetic results with 5b indicate that in this in
stance decomposition of the intermediate thiirane 1,1- 
dioxide is the rate-limiting step. This would require a 
buildup of the intermediate and, indeed, evidence for 
such a buildup was obtained by an examination of the 
absorbancy vs. time curve. With methoxide concentra-

Table II
Kinetic Data for the Reaction 

o f  i/weo-PhCBr(Me)S02CH(Me)Ph (5b) with Sodium 
Methoxide in Methanol“ '6

Tem p, °C [MeO-¡ IO4 k, sec-1

25 .0 0.0518 7 .4
25 .0 0.0944 7 .2
25 .0 0.0944 7 .2 “
25 .0 0.0944 7 . 2d
34.7 0.1180 23
34.7 0.2361 2 2
44.7 0.1180 73
44 .7 0.2361 73

“ Spectrophotometric rates run at least in triplicate (repro
ducible to within ±5% ). 6 From a plot of log k vs. 1/T yr = 
0.9995), Ea = 22.0 kcal m ol"1 and AS = 1.0 eu. “ 0.026 M 
LiCICh added. " 0.198 M  LiCICh added.

Table III
Rate Data for the Reaction o f PhCH2S 02CHBrPh (5) 

and Its Derivatives with Sodium 
Methoxide in M ethanol at 25°

a-Brom o sulfone 1 0 2 k , a  M ~ l sec-1 k  (relative)

PhCH2S02CHBrPh (1) 7 .56 1.0
PhCH2S02C (Me) BrPh 11.5 1.5
PhCH (Me) SOÆHBrPh 1.5 0.20
PhCH(Me) S02C(Me) BrPh (5a) 2.0 0.27
PhCH (Me) S02CHBrCH3 (9) 0.025 0.0033

“ Spectrophotometric rates determined under pseudo-first- 
order conditions. 6 Reference 2a.

tions in the range 0.05-0.118 M  the absorbance in the 
240-250-nm region due to 5b was observed to decrease 
with time. This decrease was followed by an increase in 
absorbance as trans-a,a'-dimethylstilbene (8b) began to 
appear.8 Excellent first-order plots were obtained from 
the latter portion of the absorbance vs. time curve. An ab
sorbance vs. time curve was calculated from the experi
mentally determined spectrophotometric rate constant 
(first-order rate constant for thiirane 1,1-dioxide decom
position) and the titrimetric rate constant (second-order 
rate constant for bromide release) using the following ini
tial conditions: the concentration of 5b being 1.0 X  10"4 
M  and the methoxide ion concentration being 5.18 x 10"2 
M  at 25°. The plot of concentration vs. time for these con
secutive reactions showed a maximum buildup of thi
irane 1,1-dioxide (7b) equaling approximately 50% of the 
initial concentration of 5b. Using experimentally deter
mined values for molar absorptivities of 5b and 8b, an ab
sorbance vs. time curve was also calculated. (The absorb
ance of 7b was assumed to be negligible.) This curve was 
in excellent agreement with the experimental curve for a 
reaction of 5b under comparable conditions.

Stereoselectivity was also observed for the Ramberg- 
Bácklund reactions of diastereomeric a-methylbenzyl a- 
bromoethyl sulfones, PhCH(Me)S02CH(Br)CH3 (9), with 
sodium methoxide in methanol. One diastereomer gave a 
mixture of 2-phenyl-c¿s- and trans-2-butene in a 30:70 ratio, 
whereas with the other diastereomer the ratio was 77:23. 
Nmr analysis of incomplete reactions of the diastereomer 
giving mainly cis alkene indicated that epimerization was 
occurring during the reaction, which is not surprising in 
view of the presence of two epimerizable reaction sites 
and a rate of reaction ca. 100 times slower than for system 
5 (Table HI). When ca. 17% of unreacted material re
mained it had been epimerized to the extent of 15%, 85% 
of the original diastereomer remaining. A comparable ex
periment with the other isomer showed 31% epimeriza
tion.
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Reaction of PhCBr(Me)S02CH2CH3 (10), a structural 
isomer of 9, with 0.62 M  sodium methoxide in methanol 
at reflux for 24 hr gave a 57:43 ratio of 2-phenyl-cts- and 
trans-2-butene. (Equilibration studies in acetic acid have 
shown the cis isomer to be favored at equilibrium by a 
83:17 ratio.9) Recovery of 10 (70%) from a comparable 
reaction at room temperature showed complete exchange 
of the a ' -hydrogen atoms by deuterium.

The rate studies described above allow an evaluation of 
the effect of methyl substitution on the rate of thiirane
1,1-dioxide formation (Table III).

Discussion
Mechanism for the Reaction with 5a, 9a, and 9b. The

results indicate that the mechanism for the reaction of the 
erythro bromo sulfone 5a is essentially that outlined in 
Scheme I, except that deuterium exchange experiments 
show that equilibrium involving the carbanion 6a is not 
complete. Evidently the intramolecular nucleophilic dis
placement (governed by k2) competes favorably with sol
vent exchange with the initially formed “ singly” solvated 
carbanion, which is presumably the rate-limiting step for 
the exchange reaction.10
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\
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The deuterium exchange experiments show that the 
rate of the exchange reaction is ca. 5 times k2. Exchange 
occurs with retention of configuration. [The exchange to 
epimerization rate ratios in MeOH at 0° of ca. 50- 
100: (1.0) for 5a and 5b are of the same order of magnitude 
as was found previously for PhCH(Me)S02CH(Me)Ph (ca. 
200:1) under comparable conditions.11] Reaction of 5a 
with methoxide ion involves stereoselective removal of the 
proton from a conformation wherein it is cis to and 
flanked by the two sulfonyl oxygen atoms.11’12 In step 2 
inversion occurs at the carbanion carbon and also at the 
carbon atom holding the bromine atom1’5 to give cis-2,3- 
dimethyl-2,3-diphenylthiirane 1,1-dioxide (7a). The latter 
cannot epimerize by deprotonation-protonation, as does 
c¿s-2,3-diphenylthiirane 1,1-dioxide,2a because it lacks the 
necessary «-hydrogen atoms. Stereoselective decomposi
tion of 7a then occurs to give cis-a,a'-dimethylstilbene 
(8a). The experimental results do not exclude double-re
tention stereochemistry, but we believe this pathway to be 
unlikely for reasons given earlier.5 The present results 
provide further evidence against a dipolar ion mechan
ism,215’13 since one would hardly expect a dipolar ion of 
the type PhC(Me)SO2C(M e)Ph1 (derived from 5a or 5b) 
to maintain chirality at both the carbanion and carboni- 
um ion centers.

The mechanism for the reactions of the diastereomers of 
PhCH(Me)S02CH(Br)CH3 (9) is no doubt similar to that 
for 5a. The rate of alkene formation from 9 is about 100 
times slower than from 5a. Since the carbon atoms from

which the carbanions are derived are structurally similar 
for 5a and 9, the slower rate must be due primarily to a 
slower displacement step in 9.14 More extensive epimeri
zation of 9a or 9b would be expected for this reason, and 
also because of the presence of a proton on the carbon 
atom holding the bromine atom.15 Assuming that double
inversion stereochemistry is being followed, as seems like
ly, the diastereomer giving mainly 2-phenyl-cts-2-butene 
must be the threo isomer (9a), and that giving mainly 2- 
phenyl-trans-2-butene must be the erythro isomer (9b).

M e M e

1 ^ h _________heatC t, — *X
0 *  '0

plus 23% o f  th e  

tra n s  isom er
M e ^  ^ M e

C=G
Phx  X

+
[S O ,]

Effect of Methyl Substitution. Examination of Table 
ITT shows that substitution of a methyl group at the a po
sition of 1 causes a 1.5-fold rate acceleration, whereas 
methyl substitution at the a' position causes a fivefold 
rate retardation. The effect of «^'-dim ethyl substitution 
is intermediate. These small methyl effects are compara
ble to those observed in related systems.20 Since a large 
rate acceleration would be expected for reaction by a di
polar mechanism,20 the present results provide additional 
evidence against this mechanism.

Mechanism for the Reaction with 5b. The nonidentity 
of the titrimetric and spectrophotometric rates for 5b, the 
lack of dependence of the rate of alkene formation on 
methoxide ion concentration,17 and the spectrophotomet
ric evidence for a buildup of a thiirane 1,1-dioxide inter
mediate are all consistent with a change in mechanism 
from that shown in Scheme I to one where thermal de
composition of trans-2,3-diphenyl-2,3-dimethylthiirane
1,1-dioxide (7b) has become rate limiting.

M e M e
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/ C\  / C\  HT V  Br
c /  X

9a

-H B r

5 b

Ph
Me*^ \

c X
M e
j^ P h

/ X
S . Br

O * sO 
6b

Ph

M e'

^Me
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s
o ,
7b

r Ph

This change in mechanism must be caused by a consid
erably slower rate of decomposition for 7b than for the 
corresponding cis isomer 7a. This conclusion is supported 
both by the small differences in the rate of formation of 
7a from 5a, as compared to the rates for comparable sub
strates wherein thiirane 1,1-dioxide formation is rate lim
iting (Table III), and by the fact that the rate of first- 
order decomposition for 7b in MeOH at 25° is ca. 33 times 
slower than that reported for frans-2,3-diphenylthiirane
1,1-dioxide under comparable conditions.3

It is noteworthy that the rates of thermal decomposition 
of thiirane 1,1-dioxides follow the order trans-2,3-diphe
nyl3 and cis-2,3-dimethyl-2,3-diphenyl > trans-2,3-di- 
methyl-2,3-diphenyl > cis-2,3-diphenyl3 > eis-2,3-dimeth-
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yl,13 and that the overall difference in rates does not ap
pear to be greater than about two orders of magnitude. 
The faster rate of decomposition of trans-2,3-diphenylthi- 
irane 1,1-dioxide than either its cis isomer or trans-2,3- 
dimethyl-2,3-diphenylthiirane 1,1-dioxide indicates that 
the stability of the incipient product alkene, rather than 
steric repulsions in the thiirane 1,1-dioxides, is the more 
important rate-controlling factor. On the other hand, the 
opposite conclusion is reached by comparing the rates for 
7a and 7b. Evidently neither of these factors is very large 
or is particularly dominant.

Relative Rates of Protonation, Epimerization, and 
Bromide Ion Expulsion of «-Sulfonyl Carbanions. The
rate of deuteration (k -i  [MeOD]) of carbanion 6a and the 
rate of intramolecular displacement (&2) of bromide ion 
by the carbanion are competitive. The experimental data 
indicate that the rate of formation of deuterated sulfone 
5a-di is ca. 5 times as fast as the rate of formation of cis- 
a,a'-dimethylstilbene (8a). Assuming a steady-state con
centration of 6a and the mechanistic scheme shown

u k ^ 2 _________________k i h  _  A i
fe.jM eO D ] + k2 $ k 2 + k2 6

From this relationship we find that =  6kobsd g  1.2 X
10-1 M^1 s e c 1 at 25° for PhCH(Me)S02CBr(Me)Ph 
(5a). This is ca. 100 times the rate of exchange observed 
for PhCD(Me)S02CD(Me)Ph catalyzed by NaOMe in 
MeOH.18 Acceleration of the rate of exchange by the 7- 
bromine atom is, therefore, remarkably large. A similar 
effect has been observed and commented on elsewhere.10

Formation of ca. 7% of trans-a,a'-dimethylstilbene (8b) 
from 5a is presumably caused by epimerization of 5a to 
some 5b prior to reaction, rather than by a nonstereoselec- 
tive decomposition of «s-2,3-dimethyl-2,3-diphenylthi- 
irane 1,1-dioxide (7a). This view is supported by the simi
larity of the kex/kep ratio calculated on the basis of this 
assumption with that found under comparable conditions 
with PhCH(Me)S02CH(Me)Ph isomers.19 Alternatively, 
8b might arise from carbanion 6a', a rotamer of 6a. One 
can imagine that ca. 7% of the 6a carbanions overcome 
the rotational barrier to give 6a' (the inverted form of 
carbanion 6b). Ring closure will then give thiirane 1,1- 
dioxide 7b, which decomposes to 8b.

6a

7b

It is also possible that 6a' might arise directly from 5a 
by deprotonation of a conformation in which the H-C 
bond is anti to the oxygen atoms of the sulfone group.10,12

Stereochemistry of the Reaction of RCH XS02CH2R 
Type Sulfones. In base-initiated 1,3-elimination reaction 
with RCHXS02CH2R, where R is an alkyl group, cis alk- 
enes are formed in considerably greater concentrations 
than expected from thermodynamic control. Thus, the per 
cent of c¿s-RCH=CHR is 78% for R = Me, 56% for R = 
Et, and 52% for R = Pr.13 At least four explanations have 
been offered to account for these unusual results: (1) at
traction between the methyl groups in the transition state

in the nucleophilic displacement step,13 (a) lesser steric 
inhibition of solvation in this step,20 (3) a higher concen
tration of the carbanion precursor of the cis thiirane 1,1- 
dioxide caused by a difference in rotational barriers,21 and
(4) preferential formation of a higher equilibrium concen
tration of the diastereomeric carbanion precursor of the 
cis thiirane 1,1-dioxide.22

Recently it was shown that kinetic control of the stereo
chemistry is operative even when R = Ph, since as much 
as 32% of cis-stilbene is formed from PhCHBrS02CH2Ph 
when the base used to initiate the 1,3-elimination is di- 
methylformamide (DMF).5 Kinetic control must also be 
operative in the stereoselective debrominations and dehy- 
drobrominations of dl- and meso-PhCHBrS02CHBrPh by 
triphenylphosphine and DMF, respectively.5 The stereo
selective dehydrobrominations of the diastereomeric a- 
bromo sulfones PhCBr(Me)S02CH(Me)Ph (5a and 5b) 
and PhCH(Me)S02CHBrMe (9a and 9b) in the present 
study also appear to be under kinetic control, as does the 
dehydrobromination of PhCBr(Me)S02CH2CH3 [ca. 43% 
of trans-PhC(Me)=CHCH3 formed as compared to ca. 
17% expected on the basis of thermodynamic control23].

The evidence indicating that in some instances there is 
a preference for two phenyl groups to become cis rather 
than trans in the thiirane 1,1-dioxide (e.g., the preferen
tial formation of cis-2,3-dimethylstilbene from 5a23) and 
for the preferential formation of a thiirane 1,1-dioxide 
where a phenyl and a methyl group, rather than two 
methyl groups, are cis (e.g., the preferential formation of 
irans-a-methylstilbene from one diastereomer of 9) argues 
against control of stereochemistry by attractive forces be
tween R groups in the step wherein the thiirane 1,1-diox
ide is formed.13 The evidence points, then, to the carban- 
ion-forming step as that controlling the stereochemistry.

A scheme for stereochemical control through preferen
tial formation of one of two possible diastereomeric carb
anions22 can be illustrated with the reaction of MeCH2- 
S 02CBr(Me)Ph (10). Deprotonation of 10 by methoxide 
ion can give either carbanion 10a or 10a', each of which 
would be expected to maintain its asymmetry for some

Table IV
Summary o f Brom ination o f  a-Methylbenzyl Sulfones

Reactant M m ol
CCÌ4,

ml

Reaction
time,

hr
Prod

uct
Yield,

%
P h C H (C H 3)S 0 2C2H6 50 100 48 10 70 (48) ■
[PhCH (C H 3X2SO2 50 100 32 5 80 (37)
P h C H (C H 3)S 0 2C H 2Ph 10 50 18 ip 75 (41)

“ Isolated yield is enclosed in parentheses; the other figure 
represents per cent as determined by  nmr analysis. b C om 
pound 11 is PhCH 2S 0 2C B r(C H 3)P h .25

Table V
Physical Data o f Brom o Sulfones“ 1

Com pd M p, °C  r------------------- N m r spectra“-

5a 112 1.67 2.13 4 .13
5b 76 1.53 2 .20 4.80
9aá 1.77 1.84 4 .24

4 .80
10 67 1.23 2.62 2 .9 4
11 138 2.48 4 .20

° Satisfactory analytical data (± 0 .4 %  for C and H) were 
reported for all new compounds listed in the table: Ed. b The 
sulfones had maxima at ca. 7.7 and 7.9 yu. c Chemical shifts 
are reported in 5 units relative to T M S  as internal standard 
in dilute chloroform-d solution. d Recovered as an oil by 
chromatographing the filtrate obtained from the crystalline 
isomer 9b.27
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Table VI
Methoxide Ion Induced 1,3-Elimination and Deuterium Exchange o f  5, 9, and 10

Brom o Reaction
sulfone M m ol [M e O -]a Solvent time, hr Product (s), (yield,

5a 0.39 0.063 M eOD 0 .3 5 ' 5a (40), 5a-di (50), 9a  and 8 b 
(ca. 10)

5a 0.57 0 .13 M eOD 1 .0' 5a-d, (38), 8 a (56), 8 b (ca. 6)
5a 0 .39 0.19 M eOH 1 6 '' 8 a (93), 8 b (7)
5b 0 .28 0.090 M eOD 0 .0 5 ' 5 b (67), 5b-di (27), 8 b (ca. 6)
5b 0.28 0.065 M eOD 0 . 10' 5b (30), 5b-di (60), 8 b (ca. 10)
5b 0.38 0.065 M eOD 0 .2 8 ' Sb-di (55), 8 b (45)
5b 0.31 0 .13 M eOH 12" 8 b (ca. 100)
9a 0.74 0.18 M eOH 4 4 9a (59), 9b  (31)7
9a 1 .1 0.57 M eOH 24' irans-PhBu (70), cis-PhBu (30)
9b 2 .7 0.85 M eO D 4 4 9b (85), 9a (15)7
9b 1.1 0 .93 M eOD 24' irans-PhBu-di (23), cts-PhBu-dj 

(77)
10 1 .5 0.18 M eOD 24rf 1 0 - d 2 (7 0 )4
1 0 0.87 0 .52 M eOD 24' irans-PhBu-di (43), cts-PhBu-di

(57)

“ In  each experiment excess sodium methoxide was used. Millimoles o f  methoxide ion may be calculated by  m ultiplying the 
given concentration by volume used (20 ml in each case). b Product ratios were determined by nmr and were checked by  vpc 
for products derived from  9 and 10. The deuterated brom o sulfones (5a-di, 5b-d,, and 10-d2) were isolated and identified b y  rr 
and melting point. c A t 0°. d R oom  temperature. '  Reflux temperature. > Also contained ca. 85%  2-phenyl-cis- and irans-2-bu- 
tene (cis-PhBu and irans-PhBu, respectively). 5 Isolated sulfone.

time in methanol solution. Carbanion 10a will react by 
double inversion to form thiirane 1,1-dioxide 10b, which 
gives rise to the more stable alkene, cis-2-phenyl-2-bu- 
tene; similarly 10a' forms 10b' and £rans-2-phenyl-2-bu- 
tene. The rates of formation of the cis and trans alkenes, 
assuming rate-limiting thiirane 1,1-dioxide formation, will 
be feCis = -Kâ a and ktrans = Ka'k&'. Presumably the rate 
constant ka will be larger than fea', but this factor favoring 
formation of 10b over 10b' can be counteracted, or even 
overshadowed if Ka is substantially larger than Ka ■. In 
this particular example the two factors approximately 
balance one another, since the cis:trans alkene ratio is ca. 
53:47. (In other instances the relative size of the equilibri
um constants appears to play the dominant role.) Unfor
tunately at present we have little insight as to the reason 
why the equilibrium constant Ka is larger than K.d-. Pre
sumably 10a is more stable than 10a' because of differ
ences in solvation.

amount of benzoyl peroxide were heated at reflux temperature for 
the indicated periods (Table IV).

Product Studies. The a-bromo sulfones (Table V) were allowed 
to react with excess sodium methoxide in methanol (or methanol- 
dr). The reaction mixture was either quenched with nitric acid 
and/or diluted with water and extracted with dichloromethane or 
pentane. The organic layer was dried (MgSOd, the solvent was 
removed under reduced pressure, and the products were analyzed 
(Table VI).

Kinetic Method. The spectrophotometric and titrimetric rates 
were determined by previously reported methods.213
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Experimental Section24
Bromination of a-Methylbenzyl Sulfones. The parent sulfone, 

N-bromosuccinimide (between 1 and 2 equiv) and a catalytic
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Data obtained for the reaction of l-bromo-2-thia-2,3-dihydrophenalene 2,2-dioxide (8) with NaOMe and 
MeOH, including deuterium exchange, kinetic order, kinetic salt effects, and kinetic activation parameters, are 
shown to be remarkably similar to data obtained under similar conditions in a study of an open-chain analog, 
PhCHBrS02CH2Ph (9). The evidence points to a two-stage (carbanion) mechanism for 8, despite the presence 
of a geometry that would appear to favor a one-stage (concerted) mechanism. It is concluded that the concerted 
mechanism for 1,3-elimination has relatively little driving force.

The stereochemistry of two-stage 1,3-elimination reac
tions involving carbanion intermediates is dictated pri
marily by the necessity of inversion at the nucleofugal 
center (N).1 In acyclic systems this requires removal of 
the electrofugal atom or group (E) from either conforma
tion 1 (exo-sickle) or conformation 2 (W). Concerted 1,3- 
elimination reactions could also presumably utilize transi
tion states with geometries corresponding to 1, 2, or one of 
three other possibilities (endo-S, apo-S, or U).2

tion when the nucleofugal group X  departs.1 (Rotation 
around O2S-C would give the wrong stereochemical re
sult: a barrier to this rotation is assumed.)

V  \
C C

é  b

P - N f
- ,.-c c

and rotation J  N'v^

< f  \)

1,3-Dehydrobromination of PhCH(Me)S02CBr(Me)Ph
(3)3 and 1,3-debromination of PhCHBrSC^CHBrPh (4)1 
have been found to involve carbanion intermediates and 
to prefer overall W geometry (2). Here the preference of W 
over exo-S geometry is believed to be dictated by pre
ferred deprotonation (of 3) or removal of Br+ (from 4) 
from a conformation in which these electrofugal atoms are 
flanked by the two oxygen atoms of the sulfonyl group.1’3 
The resulting carbanion (e.g., 5) is prevented for steric 
reasons from effecting ring closure. The transition state 
required for ring closure is 6 wherein carbanion 5 has in
verted its configuration and rotation has occurred around 
the O2S-CX bond so as to permit inversion of configura

5 6

If this representation of the reaction is correct, one 
would expect 1,3-eliminations of this type to be particu
larly facile in cyclic analogs such as l-halo-9-thiabicyclo-
[3.3.1]nonane 1,1-dioxides (7), where the E and N atoms

7
(E = H; N = X)

are fixed in the W configuration and the E atom is 
flanked by the oxygen atoms of the sulfonyl group, or 1-
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Table I
Rate Data for the 1,3-Elimination Reaction of l-Bromo-2-thia-2,3-dihydrophenalene 2,2-Dioxide (8, X  = Br)““c

Runs Temp, °C [CHsONa] ¿„bsd, sec"1 ki, M ‘ sec“1

3 25..0 2 .36 X 10“ 1 2 .63 X 1 0 -3 1 . 12 X 10“ 2
1 25..0 2 ,.48 X 10“ 1 2 ..73 X 10“ 3 1 . 10 X IO- 2
2 25..0 1 .24 X 10“ 1 1 .04 X IO' 3 0 .85 X IO" 2
3 25..0 1 .18 X 1 0 -1 1 .05 X i o - 3 0 .89 X IO- 2
2 25..0 1 .06 X 10“ 1 0 .98 X 1 0 "3 0 .92 X IO' 2
3 35 .0 1 .18 X 10“ 1 4 .34 X 1 0 "3 3. 62 X IO- 2
2 34 .9 5 .90 X i o - 2 1 .95 X i o - 3 3. 30 X 10-2
2 34 .9 5 .90 X 2 0 -2 ». 1 .73 X i o - 3 2 .94 X 10-2
2 43 .0 5 .90 X 1 0 "2 5 .76 X IO' 3 0 .98 X 10“ 1
2 42 .5 5 .90 X 10-2 d 5 .00 X 10“ 3 0 .85 X 10“ 1
3 42 .5 1 .18 X 10 —4 1 .30 X 10“ 2 1 .10 X 1 0 -1

# Correlation coefficients for all runs were at least 0.999. 6 In no case did rate constants (which were averaged) differ by  more 
than 5%  from  the mean value. c JEa = 25.5 k ca l/m o l- 1 and AS* = 16 eu (r = 0.9999) from  reactions involving 0.118 M  
sodium methoxide. d This solution was 0.064 M  in LiCICh.

Table II
Rate Data for the 1,3-Elim ination Reaction o f CeHsCHBrSOoCHUCcHt (9)

Runs Temp, "C [CHaONa] ¿„bad, sec- 1 hi, M 'sec 1

2
2
2

25.0
25 .0
25.0
25 .0

1.24 X  10“ 1
4 .97  X 10' 2
4 .97 X  10- 2 « 
1 .55 X 10- 2 6

1.17 X  10^2 
3 .80 X  10~3 
3 .23 X  10" 4

9 .4  X  IO" 2 
7 .6  X  10“ 2
6 .5  X  10“ 2
7 .5  X  IQ- 2

« This solution was 0.093 M  in LiC104. 6 Taken from  F. G. Bordwell and J. M . Williams, Jr., J. Amer. Chem. Soc., 90, 435 
(1968).

halo-2-thia-2,3-dihydrophenalene 2,2-dioxides (8), where 
this geometry is either preferred or easily attained.

Recent studies have indeed shown that 7 and 8 do un
dergo Ramberg-Backlund type reactions. Reaction of 7 (X 
= Br) with sodium tert-pentoxide in tetraglyme at 70° for 
1 hr gave an 81% yield of A^-bicyclop.S.Oloctane,4 and a 
75% yield was obtained from 7 (X = Cl) when treated with 
aqueous potassium hydroxide at 100° for 48 hr.5 Also, the 
parent sulfone 8 (X = H) is readily converted to acenaph
thylene by reaction with KOH-CCR under conditions 
where the evidence points to the chloro sulfone (8, X  = 
Cl) as the intermediate.6 Since the favored W geometry is 
readily available to 8, it seemed likely that proton remov
al, inversion at that carbon atom, and intramolecular dis
placement of X  (with inversion) would all occur in a sin
gle transition state (concerted mechanism). The concerted 
mechanism would be expected to be preferred in this in
stance, since the conformation of the ground state is al
ready constricted, which should lead to a more positive 
entropy of activation than for the acyclic analog. We 
therefore decided to study the Ramberg-Backlund reac
tion of 8 as a model for the concerted mechanism.

Results
The desired a-halo sulfones (8, X  = Br or Cl) were pre

pared by halogenating the corresponding sulfide followed 
by oxidation. The four benzylic protons of the parent sul
fone appear as a singlet in the nmr spectrum. Since exam
ination of molecular models indicates that the ring con
taining the sulfone bridge is puckered, the nmr data 
suggest that ring inversion is rapid on the nmr time scale. 
The nmr spectra of the halo sulfones 8 show a large down- 
field shift (1 ppm) of one of the methylene protons rela
tive to the other, indicating that the system is mobile, al
lowing considerable 1,3-diaxial interaction between one of 
the methylene protons and the halogen.

Reaction of 8 (X = Br or Cl) with sodium methoxide in 
methanol gave acenaphthylene in high yield, and as the 
only detectable product. Treatment of 8 (X = Br or Cl) 
with NaOMe-MeOD gave dideuterioacenaphthylene. Re
covery of the bromo sulfone from a run after about 1 half

life showed that the a and a' protons had been completely 
exchanged by deuterium.

Excellent first-order plots were obtained from spectro- 
photometric rate measurements made under pseudo-first- 
order conditions. Small increases in second-order rate 
constants were observed with increasing concentrations of 
sodium methoxide (Table I). Surprisingly enough, the rate 
constants decreased slightly, but significantly, in the pres
ence of lithium perchlorate. Examination of the rates for 
the reaction of sodium methoxide in methanol with and 
without added lithium perchlorate for PhCH^SCbCHBrPh
(9), an open-chain analog of 8, revealed comparable ef
fects (Table II).

Data were also obtained for chloride 8 at 25° (k2 = 0.87, 
0.93, and 0.93 x 10~4 M - 1 sec-1 with 0.248 M  NaOMe) 
and 39.7° (k2 = 0.93, 1.00, and 1.09 x  IO“ 3 M " 1 sec-1 
with 0.248 M  NaOMe; 0.83, 0.83, and 0.71 x 10-3 M _1 
sec-1 with 0.124 M  NaOMe); Ea = 30.3 kcal/mol for the 
runs with 0.248 M  base.

Discussion
It is significant that the rate data accumulated for the

l-halo-2-thia-2,3-dihydrophenalene 2,2-dioxide system (8) 
bear a remarkable resemblance to the data obtained for a 
open-chain analog, PhCHXS02CH2Ph (9).7 In each in
stance methoxide-catalyzed deuterium exchange is much 
faster than intramolecular nucleophilic displacement to 
form the thiirane 1,1-dioxide ring. Both reactions show 
slight increases in rate constants for alkene formation 
with increasing methoxide concentrations and slight de
creases in these rate constants with increasing lithium 
perchlorate concentration (Tables I and II). Both reac
tions exhibit large kBr/kc] leaving group effects (121 at 25° 
for 8 and 280 for 9). The overall rate of alkene formation 
from 9 (X = Br) is ca. 11 times faster at 25° than that 
from 8 (X = Br), but the activation parameters are the 
same within the experimental error of the measurements 
(Ea = 25.5 kcal/mol and AS* = 16 eu at 25° for 8 as com
pared to 25 kcal/mol and 17 eu at 25° for 9). The data 
point strongly to reaction of 8 and 9 by similar mecha
nisms. For 9, numerous lines of evidence point to (1) re
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versible carbanion formation as the initial step, (2) rate- 
limiting intramolecular nucleophilic displacement to form 
a thiirane 1,1-dioxide as the second step, and (3) rapid 
thermal decomposition of the thiirane dioxide to an alk- 
ene as the third step.7' 9 There appears to be every reason 
to accept this mechanism also for the Ramberg-Backlund 
reaction of 8.

Table III
Methoxide Ion Induced 1,3-Eliminations and 

Deuterium Exchange o f  2-Thia-2,3-dihydrophenalene
2,2-Dioxides (8)

Quantity, M eO ~, p solvent Reaction 
Com pd mmol mmol (ml) time Product

8 (X =  Br) 0 .50 3.7
8 0 .26 3 .7
8 0.09 0.18
8 (X -  Cl) 0 .45 2 .1

M eOH  (15) 12 hr A N -H 2» 
M eOD  (10) 4 hr A N -d2“
M eO D  (4) 50 sec lc -d s 6
M eO D  (10) 36 hr A N -d2“

“ A N -H 2 is acenaphthylene. b Characterized by ir, nmr, 
and melting point.

where one might have expected bond making to aid bond 
breaking in a concerted fashion.16 The conclusion con
cerning the rarity of the one-stage mechanism for 1,3- 
eliminations is supported in a general way by evidence 
that in similar reactions where two bonds are formed and 
two bonds are broken, such as S n2 ' reactions8 and 1,2- 
elimination reactions,17 two-stage mechanisms are much 
more common than one-stage mechanisms. Aside from the 
entropy factor mentioned previously, the most important 
factor dictating the preference for the two-stage mecha
nism in these reactions is probably the greater degree to 
which solvation forces can be utilized in providing the en
ergy necessary for rehybridization of the two carbon atoms 
and in the cleavage of the C -X  bond. In addition to these 
factors, the one-stage mechanism has a particular handi
cap in 1,3-eliminations in that a highly strained three- 
membered ring is being formed. As a result the amount of 
energy released during formation of the new C-C bond in 
a 1,3-elimination is appreciably less, for example, than 
during formation of the new C =C  bond in a 1,2-elimina-

Table IV
Nmr Data for 2-Thia-2,3-dihydrophenalene Derivatives“

Compd Methylene Methine Aromatic

8 (X  =  H )
8 (X  =  Br)

8 (X  =  Cl) 

10b

4 .60  (s, 4 H )
4 .43  (d, d, J  =  16, 3 Hz, 1 H) 6 .03 (d, J  =  3 Hz, 1 H)
5 .4 2  (d, J  =  16 H z, 1 H)
4 .45  (d, d, J  =  16, 3 Hz, 1 H) 5 .93  (d, J  =  3 Hz, 1 H)
5 .3 2  (d, J  =  16 Hz, 1 H)
4 .00  (s, 4 H)

~ 7 .7 (m, 6 H ) 
~ 7 .7 (m, 6 H)

—7 .7  (m, 6 H)

—7 .4  (m, 6 H)

“ Chemical shifts are reported in S units downfield from tetramethylsilane as internal standard. b M p 95-97° (lit. 19 mp 
102°).

Table V
Melting Points and Carbon-Hydrogen Analyses for 2-Thia-2,3-dihydrophenalene 2,2-Dioxides"

Molecular <--------------Calcd, % --------------> ,--------------Found, %-
Com pd& Mp, °C formula c H c H

8 (X  =  H) 244-245 C 12H 10SO2 66.03 4.62 65.83 4.55
8 (X  =  Br) 197-198 Ci2H gBrS0 2 48.50 3.05 47.83 2.99
8 (X  =  Cl) 167-168 C i2H 9C1S02 56.80 3.57 56.76 3.70

° The characteristic ir absorptions at 7.6 and 8.9 n were observed for the sulfones; crystallized from dichloromethane-hexane.

The failure of 8 to take advantage of the concerted 
pathway indicates that the concerted mechanism can pro
vide but little driving force in this instance. Apparently 
stepwise ionic processes, wherein maximum advantage 
can be taken of solvation forces, provide a lower energy 
pathway.13

The present evidence indicates that, even under what 
appear to be the most favorable circumstances for a con
certed pathway, the Ramberg-Backlund reaction occurs 
by a two-stage rather than a one-stage mechanism. Pre
viously we surveyed the stereochemical evidence that has 
accumulated with regard to 1,3-elimination reactions and 
concluded that concerted 1,3-eliminations are rare, if they 
exist at all.1’15 This conclusion was based on the premise 
that, if the one-stage mechanism is favored energetically, 
examples where a high degree of stereoselectivity is ob
served should be common and one preferred stereochemi
cal pathway would be likely to emerge. Instead, many
1,3-eliminations exhibit little or no selectivity, and no one 
stereochemical pathway has emerged as dominant. One 
example of U geometry being preferred to endo-S has been 
found,2 but in most instances the preferred geometry is 
either exo-S or W. These latter geometries are those ex
pected for two-stage pathways. To this evidence we now 
add the failure of a driving force to emerge in an example

tion. This makes the concerted mechanism less attractive 
in a 1,3- than in a 1,2-elimination process.

Experimental Section
Nmr spectra were determined on a Varian T-60 spectrometer 

(60 MHz). Chemical shifts are reported in S units (parts per mil
lion downfield from TMS) and were determined in chloroform-d 
solution. Infrared spectra were run on a Beckman IR-5 spectro
photometer in KBr disks. Analyses were performed by Micro- 
Tech Laboratories, Skokie, 111. Melting points are uncorrected.

P r e p a r a t io n  o f  S u lfo n e s . Chlorination (and bromination) of
2-thia-2,3-dihydrophenalene ( 10) was carried out according to the 
procedure of Tuleen.18 The crude halo sulfides were oxidized to 
sulfones (8) with m-chloroperoxy benzoic acid (MCPBA). The iso
lated yields of 8 b  (X  = Cl) 52 and 8 c  (X = Br) were 52 and 59%, 
respectively. The known sulfone 8 a  (X = H) was obtained from 
10 in 64% yield upon oxidation of the latter with MCPBA.

P r o d u c t  S tu d ie s . The halo sulfones 8 b  and 8 c  were allowed to 
react with excess sodium methoxide in methanol or methanol-di- 
The product, acenaphthylene, was identified by its ultraviolet 
and nmr spectra and melting point. See Table III for a summary 
of representative product study experiments, and Tables IV and 
V for data supporting structures of substrates used in kinetic 
studies.

K in e t ic  M e th o d . See previous reports from this laboratory for 
the spectrophotometric determination of rates.7 The appearance 
of acenaphthylene was measured at 320 mp, and the rates were 
followed through at least 5 half-lives.
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Thianthrene cation radical perchlorate (Th. + C104- ,  1) reacted in acetonitrile solution with acetanilide, phe
nol, o-chlorophenol, o-fert-butylphenol, and IV.lV-dimethylaniline to give 5-arylthianthrenium perchlorates 
(ThAr+C104~) in which bonding is presumed to have occurred at the aryl position para to the functional group. 
Excellent yields were obtained, except in the case of N,N-dimethylaniline, which also underwent oxidative dim
erization to JV,N,Al',lV'-tetramethylbenzidine. Thianthrene (Th) was formed along with the formation of the 5- 
arylthianthrenium perchlorates, according to the anticipated stoichiometry 2Th-+ + ArH -► Th + ThAr^ + 
H + . Reaction of 1 with hydrazobenzene caused both oxidation to azobenzene and rearrangement (by concur
rently formed acid) to benzidine monoperchlorate. Kinetics of reaction of 1 with phenol and acetanilide in ace
tonitrile were followed by use of the Durrum-Gibson stopped-flow spectrophotometer. Kinetics of reaction with 
anisole were reexamined by the same technique, allowing in each case the use of [1 ]o in the range 10_6- 10-5 
M. Reactions were second order in Th-+ and inverse order in thianthrene. Difficulties with a mechanism of 
reaction involving the thianthrene dication, formed in the first-stage disproportionation of the thianthrene cat
ion radical, are discussed. No other suitable mechanism is found.

Results and Discussion X

Products. The substitution reactions of organic cation 
radicals with aromatic substrates are not well explored.
Anodic dimerizations, particularly of aromatic amines and 
phenols, are well known,5 but we exclude them from the 
class of substitution reactions we have in mind. An earlier 
report6 showed that thianthrene cation radical perchlorate 
(1) reacted with anisole to form 5-(p-anisyl)thianthrenium 
perchlorate (2a) according to the stoichiometry of eq 1.
Compounds of this class are not well known. They may be 
formed in some cases (e.g., X  = Y = H) by reaction of 
thianthrene oxide with the aromatic and aluminum chlo
ride.6’7 Recently, analogous examples (3) have been made 
by the anodic dimerization of the sulfides CeH5SR (R = 
phenyl and alkyl).8 We have now found that reaction of 1 
with acetanilide and three phenols occurs very readily in 
good yield according to eq 1. Reaction with /V./V-dimethyl- 
aniline also occurred, but in poorer yield (21%), being 
overshadowed by oxidative dimerization to N,N,N',N'- 
tetramethylbenzidine (TMB) and the latter’s oxidation to 
the corresponding cation radical (TMB- + ). Reaction of 1 
with hydrazobenzene led not only to the formation of 
thianthrene and azobenzene but also to benzidine; ben
zidine rearrangement must without doubt have occurred 
from the acid liberated in the redox reaction.

,Y

a b c d e f g
OMe NHAc OH OH OH NMe2 NH2

H H H Cl i-Bu H H

—̂ 3 ~ sr C1°4~
R

3

Kinetics and Mechanism. In the earlier report the 
reaction of 1 with anisole was found to be second order in
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Table I
Kinetic Data for the Reaction o f  Thianthrene Cation Radical Perchlorate (1) with Phenol, 

Acetanilide, and Anisole in Acetonitrile Solution at 25°
Aromatic (Ar) 10’  [Ar]o, M 10« [l]o, M 10< [Th]o, M ôbsd» 'M. *sec“ 1 r a k, M sec-1

Phenol 4 .6 47 7 .6 7 .9 X 104 0.957 1 .3  X  103
Phenol 4 .6 47 7 .6 6 .8 X 104 0.995 1 .1  X 103
Acetanilide 1.3 2 .1 16 4 .3 X 103 0.991 5 .4  X  102
Acetanilide 1 .3 4 .8 16 2 .2 X 103 0.994 2 .8  X 102
Acetanilide 1 .3 17 16 9 .7 X 102 0.997 1 .2  X  102
Acetanilide 1 .9 3 .7 4 .0 1 .7 X 104 0.999 3 .7  X  102
Acetanilide 1 .9 20 4 .0 4 .8 X 103 0.986 1 .1  X 102
Anisole 0 .8 7 28 8 .7 5 .9 X 10 0.980 5 .9
Anisóle 12 27 8 .7 3 .4 X 102 0.999 2 .5
Anisole 12 59 8 .7 3 .3 X 102 0.999 2 .4
Anisole 180 13 28 2 .4 X 103 0.991 3 .7
Anisole 180 3 .2 28 1 .7 X 103 0.989 2 .6
Anisole 40 1 .4 5 .2 3 .6 X 103 0.974 4 .7
Anisóle 83 8 .1 5 .2 1 .6 X 103 0.989 1 .0

° Correlation coefficient.

Th- + and inverse order in thianthrene. We have repeated 
these kinetics and also run those with acetanilide and 
phenol with the use of a Durrum-Gibson stopped-flow 
spectrophotometer, allowing us to use much lower concen
trations (10-6-10-5 M) of 1 than were possible in the ear
lier conventional vacuum-line spectrophotometric tech
nique. Although the use of lower concentrations made ki
netic measurements more subject to error, the new results 
duplicate the older ones quite well. Conventional first- 
and second-order rate plots indicated clearly that the 
reactions were second order in Th- + . We have treated the 
rate data according to eq 2 and 3, and have calculated the

ki
2Th-* Th + Th2* (2)

*-i

Th2* + ArH —-*■ ThAr* + H* (3)
second-order rate constants (feobsa) by least-squares treat
ment, from which we have also calculated the rate con
stants, k = &obsd[Th]o/[ArH)o. For the anisole case the 
new results gave an average value of k = 3.3 ±  1.3 A/-1 
sec-1 , while the earlier results gave k = 2.4 ±  0.34 Af-1 
sec-1 , which we feel is a reasonable agreement. The rele
vant data are given in Table I. Similar work with acetani
lide and phenol gave the data in Table I.

These and the earlier results show that the reaction of 1 
with these aromatics is an aromatic substitution reaction 
in that reaction occurs easily when X in ArX is an elec
tron donor.6 At the same time, the rates for the three aro
matics do not parallel the <r+ constants for the substitu
ents as one might have expected. Recently, the <r+ con
stant for the p-acetamido group has been found to be 
somewhat more negative ( —0.69)9 than indicated ear
lier.10 The value for the p-hydroxy group remains at 
-0 .9 2 . A new value for p-methoxy has not been deter
mined,9 but there is no reason to believe that the old 
ones, averaging -0 .7 7 ,10 are likely to be in error. Thus, 
our rate data have substituent effects in the order OH > 
NHAc > OMe rather than in the <j+ -constant order of OH 
> OMe > NHAc. Furthermore, the rate for the anisole 
reaction is particularly low in comparison with the other 
two. The data for phenol and acetanilide gave a p value of 
-2 .7 , which is reasonable for attack of an electrophile on 
the aromatics, but the data for phenol and anisole lead to 
a p value of -1 6 .7 , which is entirely unreasonable. Conse
quently, it may be that reaction of 1 with anisole follows a 
quite different mechanism from reaction with phenol and 
acetanilide.

Criticisms of our interpretation (eq 2 and 3) of the aro

matic substitution reaction and the analogous water reac
tion have been made,11 particularly on the basis that the 
disproportionation constant (K, eq 2) is so small that sub
stitution rates (eq 3) must approach those of diffusion 
control to satisfy the rate data. Values of K have been de
termined from half-wave potentials for the oxidation of 
thianthrene to the cation radical and dication and found 
to be about 10-9.12,13 This requires the rate constant ki to 
be of the order 109-1012 for the three aromatics studied. 
These are, of course, decidedly difficult to accept. Never
theless, no satisfactory alternative mechanism of reaction 
has been proposed for reactions of thianthrene cation radi
cal which are second order in cation radical and inverse 
order in thianthrene. A two-step reaction analogous to 
parts of an electrochemical ECE process (eq 4 and 5) is

Th-* + ArH — ► ThAr- + H* (4)

ThAr- + Th-* — *■ ThAr* + Th (5)

unattractive because the electron-transfer reaction (eq 5) 
would have to be rate determining and reversible, neither 
of which is known to be valid. Recently, Parker proposed 
for the water reaction that the thianthrene dimer dication 
may be responsible (eq 6 and 7, in which ThO represents

2Th-* (Th-*)2 (6)

(Th-*)2 + H20  —  ThO + Th 4- 2H* (7)

thianthrene 5-oxide).14 Kinetics of the water reaction and 
the aromatic substitution reactions require in that case 
that eq 7 and analogous eq 8 be reversible. It is known

(T h-*)2 +  A r — ThAr* +  Th + H* (8)

that a mixture of a sulfide and sulfoxide in acid solution 
will give the cation radical (eq 9). In fact, this is the way

S + 2H* 
R ^  ^ R V S h 2o

( 9 )

in which Rundel and Scheffler15 make 1. On the other 
hand, the kinetics of the water reaction are not affected 
by addition of ThO and modest amounts of perchloric 
acid.16 Whether or not eq 10 is valid is also not known.

ThAr* + Th + H* — ► 2Th-* + A r (10)

Furthermore, although 1 is known to produce a dimer 
[i.e., (Th- + C104_)2] in propionitrile and trifluoroacetic 
anhydride-trifluoroacetic acid,17 no evidence for that tet-
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rameric aggregate has been found in acetonitrile solu
tion.18 Therefore, although the kinetic data for an aro
matic substitution reaction may be satisfied by eq 6 and 
8, there are no supporting data for them. An entirely sat
isfactory solution to all aspects of the mechanism of sub
stitution is, therefore, still needed.

Experimental Section
M a t e r ia ls .  Thianthrene cation radical perchlorate ( 1 )  was pre

pared by oxidizing thianthrene with perchloric acid.4 Solvent ace
tonitrile was Eastman Kodak Spectrograde (<0.01% water) and 
was kept over molecular sieve in a septum-capped bottle. Phenol, 
o-chlorophenol, o-tert-butylphenol, and Af.tV-dimethylaniline 
were distilled under vacuum. Acetanilide was crystallized from 
hot water, hydrazobenzene was crystallized from aqueous etha
nol, and IV.h/.A^lV'-tetramethylbenzidine was crystallized from 
ethanol after decolorizing in benzene with charcoal.

R e a c t io n  o f 1 w it h  A c e t a n i l id e .  To a solution of 1.13 g (3.6 
mmol) of 1 in 30 ml of acetonitrile was added 0.60 g (4.4 mmol) of 
solid acetanilide. As the acetanilide dissolved the purple color of 
the solution slowly faded to pale pink, and a white solid precipi
tated. This was filtered, the solution was rinsed from the flask 
with solvent acetone and evaporated to dryness at reduced pres
sure, and all solids were combined for chromatography on a col
umn of silica gel (Merck, 30-70 mesh, 16 x 2.4 cm). Elution with 
benzene gave 317 mg (1.5 mmol, 83%) of thianthrene. Elution 
with acetone gave 362 mg (2.7. mmol) of acetanilide. Elution with 
ethanol gave 795 mg (1.8 mmol, 100%) of the monohydrate of 5- 
(p-acetamidophenyl)thianthrenium perchlorate (2 b ), mp 136-137° 
(aqueous ethanol), ultraviolet Amax (acetonitrile) 282.6 nm (e 1.6 
X 104).

Anal. Calcd for CzoHieNSaClO-HsO: C, 51.3; H, 3.87; N, 2.99; 
S, 13.7; Cl, 7.57. Found: C, 51.7; H, 3.93; N, 3.01; S, 13.11; Cl,
8.06.

H y d r o l y s is  o f  5 -( p -A c e t a m id o p h e n y l) t h ia n t h r e n iu m  P e r c h l o 
r a t e  ( 2 b ) . A solution of 175 mg of 2 b  in 10 ml of ethanol was re
fluxed for 24 hr after 4 drops of 30% sodium hydroxide was added. 
The solution was evaporated and the white solid was washed with 
water and benzene and dried, giving 125 mg (0.3 mmol) of crude
5-(p-aminophenyl)thianthrenium perchlorate (2 g ), mp 242-243° 
(methanol), ultraviolet Amax (acetonitrile) 299 nm (10- 3 e 2.3), 
265(1.6).

Anal. Calcd for CigHuNSjClCb: C, 53.0; H, 3.45; N, 3.43; S, 
15.7; Cl, 8.69. Found: C, 52.7; H, 3.60; N, 3.33; S, 15.7; Cl, 8.40.

R e a c t io n  o f  1 w it h  P h e n o l.  The reactants were 619 mg (2.0 
mmol) of 1 in 30 ml of acetonitrile and 190 mg (2.0 mmol) of phe
nol. After work-up the residue was chromatographed and gave with 
benzene 217 mg (1.0 mmol, 100%) of thianthrene, with ether 68.2 
mg (0.3 mmol, 15.0%) of thianthrene 5-oxide, and with acetone 
572 mg of solids from which a quantitative yield of 5-(p-hydroxy- 
phenyl)thianthrenium perchlorate (2c) was obtained by crystalli
zation from ethanol, mp 256.5-257.5°, ultraviolet Amax (acetoni
trile) 316nm (broad, 10~4 e 2.4), 267 (sh, 1.0).

Anal. Calcd for C18H13S2CIO5: C, 52.9; H, 3.20; S, 15.7; Cl,
8.67. Found: C, 53.1; H, 3.37; S, 16.0; Cl, 8.98.

R e a c t io n  o f 1 w it h  o -C h lo r o p h e n o l.  The reactants were 600 
mg (1.90 mmol) of 1 in 20 ml of acetonitrile and 1 ml (9.6 mmol) 
of o-chlorophenol. Work-up gave a purple, liquid residue. Chro
matography gave with benzene 216 mg (1.0 mmol, 107%) of thian
threne, with ether 46.9 mg (0.20 mmol, 10.5%) of thianthrene 5- 
oxide, and with acetone 395 mg of solids from which crystalliza
tion from ethanol gave 5-(3-chloro-4-hydroxyphenyl)thianthren- 
ium perchlorate (2 d ), mp 229-230°, ultraviolet \max (acetonitrile) 
316 nm (10~4 i 0.85), 289 (1.0), 250 (1.5).

Anal. Calcd for CisH12S2Cl205: C, 48.7; H, 2.7; S, 14.5; Cl, 
16.0. Found: C, 48.7; H, 2.8; S, 14.9; Cl, 15.8.

R e a c t io n  o f  1 w it h  o -t e r t -B u t y lp h e n o l.  Reactants were 757 mg 
(2.4 mmol) of 1 in 25 ml of acetonitrile and 0.5 ml (2.6 mmol) of 
o-tert-butylphenol. The pale blue solution gave a mixture of 
white and dark solids. Chromatography gave with benzene 343 
mg of thianthrene wet with o-tert-butylphenol, with ether 59.7 mg 
(0.30 mmol, 12.5%) of thianthrene 5-oxide, and with acetone 511 
mg of solids from which crystallization from aqueous ethanol 
gave quantitatively 5-(3-tert-butyl-4-hydroxyphenyl)thianthre- 
nium perchlorate (2e ), mp 205-106°, ultraviolet Amax (aceto
nitrile) 313 nm (Kri4 1 0.67), 283 (1.1), 256 (1.5).

Anal. Calcd for C22H21S2CIO5: C, 56.8; H, 4.55; S, 13.8; Cl,
7.62. Found: C, 56.5; H, 4.65; S, 14.1; Cl, 8.11.

Reaction of 1 with Hydrazobenzene. Reactants were 919 mg 
(2.9 mmol) of 1 in 30 ml of acetonitrile and 570 mg (3.1 mmol) of 
hydrazobenzene. The purple solution turned yellow immediately 
when the hydrazobenzene was added. Elution of the silica gel col
umn with benzene gave a mixture of thianthrene and azobenzene. 
Elution with ethanol gave 405 mg of the monoperchlorate of ben
zidine. The mixture of thianthrene and azobenzene was separated 
on a column of Florisil (100-200 mesh, Sigma Chemical Co.) using 
methanol as eluent, giving 631 mg (2.9 mmol, 100%) of thian
threne and 313 mg (1.7 mmol) of azobenzene. The amount of azo
benzene corresponded with quantitative reduction of the cation 
radical, while the amount of benzidine monoperchlorate repre
sents the relatively slower rearrangement of remaining hydrazo
benzene, catalyzed by protons liberated in the reduction of the 
cation radical. Identification of benzidine monoperchlorate was 
made by comparing the melting point (234-245°), ultraviolet 
spectrum (Amax 292, 242, 237 nm in acetonitrile), and the change 
in spectrum on adding both excess of sodium hydroxide (Amax
287.5 nm) and excess of perchloric acid (Amax 243 nm) with those 
of authentic compound.

R e a c t io n  o f 1 w it h  N , iV - D im e t h y la n i l in e .  On adding 0.8 ml 
(6.3 mmol) of iV,N-dimethylaniline to a solution of 1.87 g (5.9 
mmol) of 1 in 40 ml of acetonitrile, the solution turned dark green 
immediately, and a copious mixture of green and white solids 
separated. The solids were filtered and washed with benzene, 
whereupon the white solid dissolved. The mixed benzene and ace
tonitrile solutions were evaporated and the residue was chromato
graphed. Elution with benzene gave 937 mg (4.3 mmol, 147%) of 
thianthrene. Elution with ether gave 16.5 mg (0.10 mmol, 1.7%) 
of thianthrene 5-oxide, and elution with acetone gave 283 mg 
(0.60 mmol, 21%) of the dihydrate of 5-(p-A(A,-dimethylamino- 
phenyl)thianthrenium perchlorate (2 f) , mp 115-116° (aqueous 
ethanol), ultraviolet Amax (acetonitrile) 316 nm (10~4 c 3.2), 223
(5.2).

Anal. Calcd for C2oH18NS2C104-2H20: C, 49.6; H, 4.58; N, 2.89; 
S, 13.2; Cl, 7.32. Found: C, 50.0; H, 4.93; N, 2.98; S, 13.09; Cl,
7.10.

The green, benzene-insoluble solid was identified as tetrameth- 
ylbenzidine cation radical perchlorate (10) by comparison with 
authentic 10 (see below).

R e a c t io n  o f 1 w it h  N, A r, N ' , A r' - T e t r a m e t h y lb e n z id in e  ( T M B ) .
To a solution of 1.00 g (3.20 mmol) of 1 in 30 ml of acetonitrile 
was added 1.20 g (5.00 mmol) of TMB. The solution immediately 
turned dark green, and during 10 min of stirring a dark green 
solid separated. This was filtered and washed with benzene and 
ether, giving 1.14 g (3.40 mmol, 106%) of TMB cation radical per
chlorate (10), with ultraviolet spectrum in nitromethane identical 
with that in the literature.19 The behavior of 10 was also consis
tent with the literature. Thus, attempts to crystallize 10 from 
aqueous DMSO caused its reduction to TMB. Attempts to crys
tallize 10 from ethanol led also to reduction and the formation of 
impure TMBH+ C IO ^ , identified by its ultraviolet spectrum.

Authentic samples of TM BH4, CIO4-, and TMB2H2+2C104_ 
were prepared. The former, a pale yellow solid, had mp 245-247° 
dec (ethanol), \max (acetonitrile) 312, 242, and 239 nm. The lat
ter, yellow needles, had mp 280-281° dec (ethanol), Amax (aceto
nitrile) 243 nm (broad).

K in e t ic s .  Phenol was distilled from calcium chloride, anisole 
was distilled, and acetanilide was recrystallized from ethanol. So
lutions of 1 and solutions of nucleophiles of known concentration 
were prepared on a vacuum line in septum-capped flasks from 
which samples could be withdrawn directly for use in the syringes 
of the stopped-flow apparatus. The solvent acetonitrile was used 
for these solutions was Eastman Kodak Spectrograde quality, and 
was finally dried on the vacuum line by distillation from a solu
tion of 1.

Kinetics were measured on a Durrum-Gibson Model D-110 
stopped-flow spectrometer connected to a Tetronix Model 5103N 
storage oscilloscope. Solutions were transferred from the storage 
flasks to the spectrometer with 10-ml syringes. The injection 
block and cell were water jacketed at 25°. The photomultiplier 
voltage was adjusted to provide an output of 10.0 V when a solu
tion of zero absorbance was in the cell. All measurements were 
made with the spectrometer amplifier in the absorbance mode 
and the oscilloscope set for as nearly full-scale output as possible. 
Oscilloscope traces were photographed for later data reduction. In 
most cases about 20 points were taken for each run and the re
sults were analyzed by least-squares and graphic techniques. All 
data given in Table I are from least-squares treatment. The ex
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tinction coefficient of the cation radical at 542 nm were assumed 
to be 8.5 X 103.4

Registry No.—1, 212999-20-7; 2b, 51608-82-3; 2c, 51608-83-4; 
2d, 51608-85-6; 2e, 51608-87-8; 2f, 51608-89-0; 2g, 51608-91-4; acet
anilide, 103-84-4; phenol, 108-95-2; anisole, 100-66-3; o-chlorophe- 
nol, 95-57-8; o-tert-butylphenol, 88-18-6; hydrazobenzene, 122-66- 
7; !V,iV-diinethylamline, 121-69-7; AffV.lV'.lV'-tetramethylbenzi- 
dine, 366-29-0.
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Reaction of thianthrene cation radical perchlorate (1) with fert-butylamine in acetonitrile solution gave equi
molar amounts of thianthrene and 5-(tert-butylamino)thianthrenium perchlorate (2) in quantitative yields. 
Similarly, dimethylamine, carbazole, and cyanoacetamide gave, respectively, 5-(dimethylamino)- (4) and 5-car- 
bazol-9-ylthianthrenium perchlorate (5) and 5-[(cyanoacetyl)imino]-5,5-dihydrothianthrene (6). Reaction of 1 
with methylamine, ethylamine, propylamine, and cyclohexylamine gave thianthrene and 5,5-dihydro-5-(5-thi- 
anthreniumylimino)thianthrene perchlorate (7) in good yields. Compound 7 is ordinarily obtained by reaction of 
1 with ammonia. Precautions were taken to eliminate the presence of ammonia in the amines used, and the way 
in which they give rise to 7 is being sought.

Very few reactions of organic cation radicals with 
amines are known. For the most part reactions have been 
of aromatic cation radicals with pyridine and methylpyri- 
dines, and many of these have been carried out electro- 
chemically.3-9 We have reported the reaction of the thian
threne and phenothiazine cation radicals with pyridine,10 
and the reaction of the thianthrene cation radical with 
ammonia.11 There are in the literature, particularly the 
electrochemical, examples of oxidative dimerization of ar
omatic amines which may be interpreted as involving in 
one of the steps the reaction of the arylamine with its cat
ion radical.12

As far as we know, however, reactions of cation radicals 
with aliphatic amines and amino compounds have not 
been reported. We have now found that some amines 
react quantitatively with the thianthrene cation radical 
perchlorate (1) to give sulfilimine derivatives. The overall 
stoichiometry is given for iert-butylamine in eq 1. The

2

reaction occurred rapidly (too rapidly for stopped-flow ki
netic measurements), and gave 5-(terf-butylamino)thian- 
threnium perchlorate (2). Analogous reactions with di
methylamine, carbazole, and cyanoacetamide gave the 
compounds 4, 5, and 6.

The mechanism of these reactions is not known. We 
have previously interpreted the reaction of 1 with ammo
nia as involving the thianthrene dication, formed by dis
proportionation of the cation radical, but we have not 
been able to verify this kinetically. Reactions of 1 with 
ammonia, terf-butylamine, and dimethylamine have been 
too fast for us to follow even with stopped-flow tech
niques. Attempts to overcome the problem by going to 
very low concentrations of 1 ( <10—6 M) were made unreli
able by competitive reaction of 1 with residual water in 
the dried solvents. By analogy with our interpretation of 
the ammonia reaction, the present reactions would follow 
eq 2 and 3, leading to the compounds 2, 4, 5, and 6, de
pending on whether Ri = H or not. It is noteworthy that+  HC10,
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the sulfilimine 3 must be significantly basic, since the 
product isolated from reaction with iert-butylam ine is 
protonated 3 (i.e., 2).

W e are surprised that reaction with so weak a base as 
cyanoacetam ide occurs. W e were also surprised to find 
that reaction with methylamine, ethylamine, propylam 
ine, and cyclohexylam ine gave not analogs of 2 and 4 but 
the dealkylated product 5,5-dihydro-5-(5-thianthreni- 
um ylim ino)thianthrene perchlorate (7), eq 4. W e have

4 1 +  R N H ,

tried to eliminate the likelihood that 7 was form ed from 
reaction with am m onia as an im purity in the amines. The 
amines were stored over am m onia-absorbing molecular 
sieve, m ethylamine was used directly from a com m ercial 
supply and also generated from its recrystallized hydro
chloride, and propylam ine and cyclohexylam ine were re
distilled. It is possible that the product o f reaction of 
these amines with 1 has initially the structure 8 , from 
which the alkyl group is elim inated, as shown in eq 5, as

an olefin or dialkylam ine. Searches for dim ethylam ine, di- 
cyclohexylam ine, and cyclohexene as products in the ap
propriate cases, however, have been so far unsuccessful.

Reaction o f 1 with carbazole gave not only 5 but also a 
green solid which gave an esr signal and is thought to be 
the cation radical perchlorate o f a carbazole dimer. This 
product was not exam ined further.

Reaction o f 1 with urea gave a product whose identity is 
still unknown to us.

Com pound 2 was deprotonated by sodium hydroxide, 
giving the iert-butylsulfilim ine 3.

Reaction o f 3 (and 2) in acetonitrile solution with cold 
dilute hydrochloric acid gave thianthrene, while warming 
3 in ethanol with concentrated hydrochloric acid gave 90% 
o f thianthrene 5-oxide and only 8% o f thianthrene (eq 6).

Alkyl-substituted sulfilimines are not readily m ade13 
and their chemistry has not been explored very m u ch .14 
Diethylsulfilim ine is reported to form iV-chlorodiethylsul- 
filim ine when treated with 0.1 N  hydrochloric acid ,15 and 
diphenylsulfilimine to  be hydrolyzed to diphenyl sulfoxide

when heated with 20% sulfuric a c id .16 Our present experi
ence suggests that displacem ent of thianthrene from the 
protonated sulfilimine by chloride ion may occur (eq 7), 
and we are exploring this possibility.

\  + / H O -  \^ S — NC Cl — *■ +  i-BuNHCl (7)
^  N-Bu

Experimental Section
Thianthrene cation radical perchlorate (1) was prepared as de

scribed earlier.17 Acetonitrile was Eastman Kodak Spectrograde 
and was stored over Linde 4A molecular sieve in a septum-capped 
bottle. Nitromethane was Eastman Kodak Spectrograde and was 
also stored over molecular sieve after drying over phosphorus 
pentoxide and distilling twice. Methylamine, dimethylamine, and 
ethylamine were Matheson anhydrous gases. Propylamine (98%), 
tert-butylamine (99+%), and carbazole (99+%) were from Al
drich. Cyclohexylamine and cyanoacetamide were from Eastman 
Organic Chemicals.

All column chromatography was performed with Merck silica 
gel either 30-70 ASTM mesh, 0.2-0.5 mm (Cat. No. 7733), or 70- 
325 ASTM mesh, 0.05-0.2 mm (Cat. No. 7734).

Reaction of 1 with tert-Butylamine. To a stirred solution of
1.37 g (4.30 mmol) of 1 in 40 ml of acetonitrile, protected by a 
drying tube, was added 1 ml (ca. 9.52 mmol) of tert-butylamine. 
The purple solution became pale yellow immediately and thian
threne precipitated. After 5 min the solution was rinsed from the 
flask with solvent acetone and evaporated, and the residue was 
chromatographed. Elution with benzene gave 480 mg (2.2 mmol, 
102% of theory) of thianthrene. Elution with ether gave 10 mg 
(0.043 mmol, 1%) of thianthrene 5-oxide. Elution with acetone 
gave 820 mg (2.1 mmol, 100% of theory) of 5-(fert-butylami- 
no)thianthrenium perchlorate (2), mp 203.5-204.5° (aqueous eth
anol), ultraviolet Xmax (acetonitrile) 224 nm (10~4 e 2.0), 254 
(1.0), 289 (0.54), and 326 (0.34).

Anal. Calcd for Ci6Hi8NS2C104: C, 49.5; H, 4.67; N, 3.71; S, 
16.5; Cl, 9.14. Found: C, 49.6; H, 4.81; N, 3.69; S, 16.3; Cl, 9.21.

Reaction of 2 with Base. Formation of 5-(tert-Butylimino)-
5,5-dihydrothianthrene (3). A mixture of 98 mg (0.25 mmol) of 2 
in 10 ml of ethanol and 3 ml of 30% aqueous sodium hydroxide 
was refluxed for 5 hr. Concentration gave a white solid, which was 
filtered, washed with water, and dried to give 72 mg (0.25 mmol, 
100%) of 3: mp 148-149° (aqueous DMSO); parent mass peak 
m/e 287.08; ultraviolet Xmax (acetonitrile) 249 nm (e 1.8 X 103), 
288 (weak, broad).

Anal. Calcd for C i6H17NS2: C, 66.8; H, 5.96; N, 4.87; S, 22.3. 
Found: C, 66.9; H, 6.16; N, 4.88; S, 22.1.

Reaction of 3 with Acids. Addition of 1 drop of concentrated 
hydrochloric acid to a 3-ml cuvette containing 3 in acetonitrile 
(4.23 X 10" 5 M) caused within the time of recording the spec
trum a change of the spectrum from that of 3 (249 nm) to that of 
thianthrene (256 nm). Addition of 1 drop of 1.2%) hydrochloric 
acid to a similar solution caused the spectrum to become immedi
ately that of protonated 3 (cf. 2) and then to change slowly to 
that of thianthrene, going through an isosbestic point at 236 nm. 
Addition of 1 drop of 70% perchloric acid to a similar solution 
caused the spectrum to change to that of 2. Addition of 1 drop of 
0.15%) hydrochloric acid gave also the spectrum of the protonated 
ion (2), namely Xmax 225, 255, 289, and 326 nm. In contrast, a so
lution of 58 mg (0.20 mmol) of 3 in 15 ml of ethanol containing 10 
drops of concentrated hydrochloric acid was warmed for 20 min 
on the water bath. The solution was then evaporated in the rota
ry evaporator at reduced pressure, and the white solid residue 
was washed with water several times, dried, and chromato
graphed on silica gel to give 3.7 mg (0.017 mmol, 8%) of thian
threne and 43.4 mg (0.19 mmol, 95%) of thianthrene 5-oxide, 
identified by its ultraviolet spectrum and mp 140-143°.
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R e a c t io n  o f  1 w it h  D im e th y la m in e . A stream of dry dimethyl- 
amine was bubbled into a solution of 1.65 g (5.2 mmol) of 1 in 80 
ml of acetonitrile. The purple solution became pale yellow almost 
instantly. The reaction mixture was worked up as before to give 
834 mg (3.9 mmol, 156%) of thianthrene, 70 mg (0.3 mmol, 5.8%) 
of thianthrene 5-oxide, and 465 mg (1.3 mmol, 57%) of 5-(di- 
methylamino)thianthrenium perchlorate (4), mp 139-140° (aque
ous ethanol), ultraviolet Xmax (acetonitrile) 226 nm (10~3 e 0.29), 
259 (9.0), 300 (7.0), 332 (4.0).

Anal. Calcd for Ci4H14NS2C104: C, 46.7; H, 3.92; N, 3.89; S, 
17.8; Cl, 9.85. Found: C, 46.4; H, 4.01; N, 4.07; S, 17.9; Cl, 9.97.

R e a c t io n  o f  1 w ith  C a r b a z o le .  To a solution of 1.01 g (3.2 
mmol) of 1 in 30 ml of acetonitrile was added 552 mg (3.3 mmol) 
of solid carbazole. The solution turned green immediately and a 
copious dark green precipitate formed. This was filtered after 
stirring for 10 min and washed with benzene. The green solid (178 
mg) gave a single-line esr spectrum. Evaporation of filtrate and 
washings gave a yellow-green residue. Chromatography gave with 
benzene 766 mg of a mixture of thianthrene and carbazole which 
could not be separated; with ether 19 mg (0.08 mmol, 2.5%) of 
thianthrene 5-oxide; and with acetone 932 mg (1.9 mmol, 121%) 
of crude 5-carbazol-9-ylthianthrenium perchlorate (5), mp 264- 
265° dec (methanol), ultraviolet Xmax (acetonitrile) 275 nm ( 10~3 
(43), 318 (sh, 6.4).

Anal. Calcd for C24H16NS2C104: C, 59.6; H, 3.34; N, 2.91; S, 
13.3; Cl, 7.35. Found: C, 59.6; H, 3.73; N, 3.06; S, 13.7; Cl, 7.23.

R e a c t io n  o f  1 w it h  C y a n o a c e t a m id e .  A solution of 1.03 g (3.3 
mmol) of 1 in 30 ml of acetonitrile and 340 mg (4.0 mmol) of solid 
cyanoacetamide were used. The purple color of the solution be
came pale purple only after 40 min of stirring. Much white solid 
formed. Evaporation gave a mixture of white and purple solids, 
which became pale yellow on trituration with acetone. Chroma
tography gave, with benzene,-381 mg (1.8 mmol, 110%) of thian
threne; with ether, 17.7 mg (0.076 mmol, 3%) of thianthrene-5- 
oxide; with ether-acetone (1:1) 162 mg (1.9 mmol) of cyano
acetamide; and with acetone 508 mg (1.6 mmol, 103%) of 5-[(cy- 
anoacetyl)imino]-5,5-dihydrothianthrene (6): mp 214-215° dec 
(DMSO); ultraviolet Xmax (acetonitrile) 282 nm (( 4.0 X 103); 
parent mass peak m/e 282.02.

Anal. Calcd for Ci5H10N 2S2O: C, 58.4; H, 3.26; N, 9.08; S,
20.8. Found: C, 58.8; H, 3.68; N, 9.05; S, 21.2.

Compound 6 was recovered quantitatively after being refluxed 
for 24 hr in 10 ml of ethanol containing 1 ml of 30% sodium hy
droxide. In contrast, treatment of 3 ml of a solution of 6 in aceto
nitrile with 1 drop of 10% hydrochloric acid caused the rapid ap
pearance of the thianthrene ultraviolet spectrum.

R e a c t io n  o f  1 w it h  M e th y la m in e . A .  Methylamine gas (Ma- 
theson), dried by passage through calcium chloride, was bubbled 
into a solution of 601 mg (1.9 mmol) of 1 in 50 ml of acetonitrile 
until the purple color was gone. Work-up and chromatography 
gave 247 mg (1.1 mmol, 118%) of thianthrene; 30.4 (0.1 mmol, 
5.3%) of thianthrene 5-oxide; and 437 mg (0.80 mmol, 94%) of
5,5-dihydro-5-(5-thianthreniumylimino)thianthrene perchlorate 
(7), mp 239-240° dec (aqueous D M S O ).

Anal Calcd for C24H i6NS4C104: C, 52.8; H, 2.93; N, 2.56; S, 
23.5; Cl, 6.49. Found: C, 52.7; H, 2.94; N, 3.14; S, 23.4; Cl, 6.56.

B. Methylamine gas was generated by addition of 50% sodium 
hydroxide solution to solid methylamine hydrochloride, dried by 
passage through calcium sulfate, and used as above with 1.06 g

(3.40 mmol) of 1 in 80 ml of acetonitrile. Work-up gave with ben
zene 389 mg (1.80 mmol) of thianthrene, with chloroform 37.1 mg 
(0.16 mmol) of thianthrene 5-oxide, and with acetone 575 mg 
(1.10 mmol) of 7.

R e a c t io n  o f  1 w it h  E th y la m in e . Ethylamine gas (Matheson) 
was used as above with 1.44 g (4.6 mmol) of 1 in 50 ml of nitro- 
methane. Work-up gave 570 mg (2.6 mmol, 114%) of thianthrene,
47.1 mg (0.20 mmol, 4.3%) of thianthrene 5-oxide, and 611 mg 
(1.1 mmol, 52%) of 7.

R e a c t io n  o f  1 w it h  P r o p y la m in e .  Propylamine, 0.106 g (1.8 
mmol), was added to a solution of 2.19 g (6.9 mmol) of 1 in 75 ml 
of acetonitrile. The purple color disappeared only slowly. Work
up gave 1.05 g (4.9 mmol, 143%) of thianthrene, 21.4 mg (0.09 
mmol, 1.5%) of thianthrene 5-oxide, and 1.13 g (2.1 mmol, 63%) 
of 7.

R e a c t io n  o f  1 w it h  C y c lo h e x y la m in e .  A . Reaction of 572 mg 
(1.8 mmol) of 1 in 30 ml of nitromethane with 0.8 ml (ca. 7.0 
mmol) of cyclohexylamine gave immediately a pale yellow solu
tion. Work-up gave 226 mg (1.0 mmol, 111%) of thianthrene, 7.2 mg 
(0.03 mmol, 1.7%) of thianthrene 5-oxide, and 326 mg (0.6 mmol, 
69%) of 7.

B. Cyclohexylamine was redistilled and passed through a col
umn packed with Linde molecular sieve (Type 4A). Enough of the 
amine was added to a solution of 1.1 g (3.5 mmol) of 1 in 25 ml of 
acetonitrile until the color of the solution was discharged. The so
lution was evaporated under vacuum and the pale brown residue 
was chromatographed on silica gel. Elution with benzene gave 514 
(2.4 mmol) of thianthrene; elution with ether gave 34 mg (0.1 
mmol) of thianthrene 5-oxide; and elution with acetone gave 707 
mg (1.3 mmol) of 7.

R e g is t r y  N o .— 1, 35787-71-4; 2, 51608-74-3; 3, 51608-75-4; 4, 
51608-77-6; 5, 51608-79-8; 6, 51608-80-1; 7, 35612-51-2; teri-butyla- 
mine, 75-64-9; dimethylamine, 124-40-3; carbazole, 86-74-8; cy
anoacetamide, 107-91-5; methylamine, 74-89-5; ethylamine, 75-
04-7; propylamine, 107-10-8; cyclohexylamine, 108-91-8.
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In the presence of anhydrous stannic chloride, thiophene reacts with ethoxycarbonyl isocyanate and isothio
cyanate to yield the title compounds, which exhibit considerable reactivity toward nucleophilic reagents at both 
carbonyl and thiocarbonyl groups.

The reactions of pyrrole with ethoxycarbonyl isocyanate 
and isothiocyanate proved to be convenient sources of a 
variety of 2-pyrrolyl derivatives.1 Some of these com
pounds were found to undergo cyclization reactions result
ing in the formation of a new five-membered ring fused to 
the original pyrrole ring at positions 1 and 2. In no case, 
however, was ring closure observed to occur between posi
tions 2 and 3 of the pyrrole ring. It was of interest to in
vestigate the chemistry of the corresponding derivatives of 
thiophene, which, like pyrrole, reacts with isocyanates at 
position 2.2,3 Cyclization of an initially formed 2-thienyl 
derivative, if it occurred, would have to involve position 3 
of the ring.

The reactivity of thiophene toward ethoxycarbonyl iso
cyanate and isothiocyanate has been found to be much 
less pronounced than that of pyrrole. A mixture of thio
phene with either reagent remains unchanged for several 
days. However, the anticipated reactions occur at a conve
nient rate in the presence of anhydrous stannic chloride 
and yield lV-ethoxycarbonylthiophene-2-carboxamide (1) 
and N-ethoxycarbonylthiophene-2-thiocarboxyamide (2), 
respectively. The reaction with the isocyanate appears to 
proceed more slowly, in spite of the otherwise greater re
activity of this reagent compared with the isothiocyanate. 
The structures assigned to the products of these reactions 
are in complete agreement with their ir and nmr spectra 
and are supported by the oxidation of 2 to 1 by alkaline 
hydrogen peroxide in ethanol. It is interesting to note that 
hydrogen peroxide in acetic acid oxidizes 2 to N-ethoxy - 
carbonylthiophene-2-thiocarboxamide S-oxide (3), just as 
observed in the case of the corresponding derivative of 
pyrrole.lb

In contrast to the behavior of ¿V-ethoxycarbonylpyrrole-
2-carboxamide (4a) and N-ethoxycarbonylpyrrole-2-thio- 
carboxamide (4b), neither 1 nor 2 undergo cyclization 
upon treatment with boiling quinoline, but yield instead 
tarry materials. Other than that, the reactions of thio
phene derivatives 1 and 2 are similar to those of the corre
sponding pyrrole derivatives. However, it is more difficult 
to cause nucleophilic attack to occur selectively at the 
ester carbonyl of 1 or 2 than for the pyrrole compounds, 
where the reactivity of the carbonyl or thiocarbonyl at
tached to the ring is decreased considerably by the nu
cleophilic character acquired by the pyrrole ring following 
loss of the NH proton.4 Thus, partial hydrolysis of 4a to 
pyrrole-2-carboxamide and 4b to pyrrole-2-thiocarboxam- 
ide is brought about easily by the action of hot aqueous 
sodium hydroxide.1 In the present case, the alkaline hy
drolysis of 1 or 2 cannot be stopped effectively at the 
amide or thio amide stage and thiophene-2-carboxylic 
acid (5) is the isolated product. Thiophene-2-carboxamide
(6) is nevertheless obtained from 1 by the action of hot, 
aqueous ammonia, under pressure. A similar treatment of 
2 results in the formation of thiophene-2-thiocarboxamide

OL■s' c
NHCOOEt

\

1. OH'. H,0
(X  = S)

ç k ,  ^NHCOOEt

H 20 2. A cO H

i x = o
2. X = S

NH,. H,0

ex, ̂NHCONHPh s c

7, X = 0  
9, X = S

(8). Momentary boiling with aniline causes reaction to 
occur at the ester carbonyl and converts 1 into /V-phenyl- 
carbamoylthiophene-2-carboxamide (7) and 2 into the cor
responding thiocarboxamide derivative 9. The evolution of 
H2S, in the latter case, is indicative of a competing reac
tion occurring at the thiocarbonyl, as described below. 
Alkaline hydrogen peroxide oxidizes the thio amides 8 and 
9 to the amides 6 and 7, respectively.

As in the case of the corresponding pyrrole derivative 
4b,lb the thiocarbonyl group of 2 shows considerable reac
tivity toward ammonia and primary or secondary amines. 
Thus 2 reacts with hot, alcoholic ammonia, under pres
sure, to yield ¿V'-ethoxycarbonylthiophene-2-carboxami- 
dine (10). Treatment with aniline at room temperature or 
with a hot, dilute solution of aniline in ethanol converts 2 
into Ah-ethoxycarbonyl-Ahphenylthiophene-2-carboxami- 
dine (11). Similarly, the morpholine derivative 12 is ob
tained when 2 is boiled briefly with a solution of morpho
line in ethanol. The fact that the carbonyl stretching band 
in the ir spectra of 11 and 12 appears at nearly the same 
place (1660 cm-1 for 11 and 1680 c m '1 for 12) supports 
the a ,fl-unsaturated ester structure for 11 rather than the 
isomeric carbamate structure. Hot, dilute hydrochloric 
acid hydrolyzes the amidines 10, 11, and 12 to jV-ethoxy- 
carbonylthiophene-2-carboxamide (1). Hydrolysis of 10 
and 12 under alkaline conditions proceeds as expected to 
form thiophene-2-carboxylic acid, but a similar treatment 
of 11 yields, instead, Ar,-phenylthiophene-2-carboxamidine
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NH,
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X COOEt

NHPh
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(13) together with a smaller amount of JV-phenylthio- 
phene-2-carboxamide (14). Since further refluxing of ami- 
dine 13 with aqueous sodium hydroxide does not convert 
it to anilide 14, it may be concluded that the former is not 
an intermediate in the formation of the latter.

In complete analogy with the behavior of the corre
sponding pyrrole derivative,lb when heated above its 
melting point amidine 11 undergoes a cyclization reaction 
involving the benzene ring to yield 2-(2-thienyl)quinazo- 
lin-4(liT)-one (15), or its 3H  tautomer. On the other hand, 
a condensation reaction involving two molecules of ami
dine 10 occurs when this compound is heated at 160-180°. 
Ethyl carbamate and ethanol are eliminated and a high- 
melting compound is produced which is formulated as
4,6-bis(2-thienyl)-l,3,5-triazin-2(l//)-one (16). The ir 
spectrum of this product, which contains a strong absorp
tion band at 1680 c m '1, is consistent with an a,/3-unsatu- 
rated carbonyl group and more in keeping with the struc
ture of the 1H  than the symmetrical 5H  tautomer, be
cause of its rather complex appearance. The nmr spec
trum displays only the typical signals of the ring protons 
of a 2-substituted thiophene. No signal for the NH proton 
has been detected, probably as a result of the low concen
tration of the solution used, due to the low solubility of 
the compound.

Further support for structure 16 is found in the analo
gous formation of 4,6-diphenylT,3,5-triazin-2(l/F)-one, to

gether with ethyl carbamate and ethanol, upon heating of 
/V'-ethoxycarbonylbenzamidine at about 150°.s

Experimental Section6
A f-E t h o x y c a r b o n y lt h io p h e n e -2 -c a r b o x a m id e  (1). A mixture of

8.4 g (0.10 mol) of thiophene, 11.5 g (0.10 mol) of ethoxycarbonyl 
isocyanate,7® and 10 ml of anhydrous stannic chloride was al
lowed to stand for 24 hr8 and the resulting solid was ground into a 
powder and thoroughly mixed with dilute hydrochloric acid. Fil
tration followed by washing of the precipitate first with dilute hy
drochloric acid and then with water yielded 15.5 g (78%) of crude 
1, mp 130-135°. The pure compound was obtained by recrystalli
zation from carbon tetrachloride-ethyl acetate (1:1) in the form of 
colorless crystals: mp 142-143°; ir 3260 (NH), 1730 cm ' 1 (0 = 0 ) ;  
nmr (CDCls) « 1.3 (t, 3, -CH3), 4.2 (q, 2, -OCH2-), 7.0 (m. 1, ring 
C-4 proton), 7.5 (m, 1, ring C-5 proton), 7.7 (m, 1, ring C-3 pro
ton), and 8.5 ppm (s, 1, NH).

Anal. Calcd for C8H90 3NS: C, 48.23; H, 4.55; N, 7.03. Found: 
C, 48.38; H, 4.65; N, 6.99.

iV -E t h o x y c a r b o n y lth io p h e n e -2 -t h io c a r b o x a m id e  (2). A mix
ture of 8.4 g (0.10 mol) of thiophene, 13.1 g (0.10 mol) of ethoxy
carbonyl isothiocyanate,76 and 10 ml of anhydrous stannic chlo
ride solidified completely when allowed to stand for 4 hr.8 The 
product was worked up as for 1 to yield 17.5 g (81%) of crude 2, 
mp 101-103°. Recrystallization from carbon tetrachloride yielded 
the pure compound as dark red crystals: mp 107-108; ir 3250 
(NH), 1730 (C = 0 ), 1190 cm“ 1 (C =S ); nmr (CDCI3) 5 1.3 (t, 3, 
-CH3), 4.2 (q, 2, -OCH2-), 6.9 (m, 1, ring C-4 proton). 7.4 (m, 2, 
ring C-3 and C-5 protons), and 9.1 ppm (s, 1, NH).

Anal. Calcd for C8H9O2NS2: C, 44.63; H, 4.21; N, 6.51. Found: 
C, 44.81; H, 4.03; N, 6.45.

I V -E t h o x y c a r b o n y lth io p h e n e -2 -t h io c a r b o x a m id e  S -O x id e  (3). 
Hydrogen peroxide (30%, 3 ml) was added to a solution of 0.50 g 
of 2 and 1.5 g of sodium acetate in 6 ml of acetic acid and the re
sulting mixture was let stand for 30 min. Dilution with water and 
filtration yielded 0.40 g (75%) of 3, mp 118-119° dec. The pure 
compound was obtained as yellow crystals by recrystallization 
from ethyl acetate: mp 120-121° dec; ir 3160 (NH), 1720 (C = 0 ), 
990 cm ' 1 (S = 0 ); nmr 6 1.3 (t, 3, -CH 3), 4.2 (q, 2, -OCH2-), 7.2 
(m, 1, ring C-4 proton), 7.9 (m, 2, ring C-3 and C-5 protons), and
10.5 ppm (broad s, 1, NH).

T h io p h e n e -2 -c a r b o x y l i c  A c id  (5). A . F r o m  1. A mixture of
0. 50 g of 1 and 10 ml of 10% aqueous sodium hydroxide was heat
ed on the steam bath for 30 min. Following a cooling treatment, 
acidification of the solution yielded 0.25 g (78%) of 5, mp 126- 
127°. Recrystallization from water raised the melting point to 
128-129° (lit.9 mp 129-130°): ir 1690 cm“ 1 (C = 0 ); nmr 6 6.9 (m,
1, ring C-4 proton), 7.5 (m, 2, ring C-3 and C-5 protons), and 11.5 
ppm (broad s, 1; -COOH).

B , F r o m  2. Acidification of the solution obtained by refluxing
1.0 g of 2 and 25 ml of 10% aqueous sodium hydroxide for 15 min 
yielded 0.40 g of 5, mp 120-125°.

T h io p h e n e -2 -c a r b o x a m id e  (6). A mixture of 1.0 g of 1, 5 ml of 
concentrated aqueous ammonia, and 5 ml of water was placed in 
a pressure bottle and heated on a steam bath for 30 min. The re
sulting solution was cooled and let stand in an open flask over
night to yield 0.40 g (63%) of 6, mp 172-175°. Recrystallization 
from water raised the melting point to 179-180° (lit.10 mp 179- 
180°): ir 3360, 3160 (NH), 1650 cm ' 1 (C = 0 ); nmr <5 7.0 (m, 1, 
ring C-4 proton) and 7.6 ppm (m superimposed on broad signal, 
4, ring C-3 and C-5 protons, -N H 2).

jV - P h e n y lc a r b a m o y lth io p h e n e -2 -c a r b o x a m id e  (7 ). After a 
mixture of 0.50 g of 1 and 2 ml of aniline had been boiled for a 
few moments, it was cooled and diluted with ethanol to yield 0.50 
g (81%) of pure 7 as colorless crystals: mp 222-223° (lit.11 mp 
206°); ir 3240 (NH), 1700 (C = 0 ), 1660 cm ' 1 (C = 0 ); nmr <5 7.0-
7.5 (m, 6, C-4 thienyl and phenyl protons), 7.9 (m, 1, C-5 thienyl 
proton), 8.2 (m, 1, C-3 thienyl proton), 10.5 (s, 1, NH), and 10.7 
ppm (s, 1, NH).

Anal. Calcd for C12H10O2N2S: C, 58.52; H, 4.09; N, 11.38. 
Found: C, 58.62; H, 4.11; N, 11.34.

T h io p h e n e -2 - t h io c a r b o x a m id e  (8). A mixture of 1.0 g of 2 and 
10 ml of concentrated aqueous ammonia was placed in a pressure 
bottle and heated on a steam bath for 1 hr. After it had been 
cooled, the resulting solution was acidified to yield 0.20 g (30%) of 
crude 8, mp 98-100°. Recrystallization from benzene yielded the 
pure compound in the form of yellow crystals: mp 107-109° (lit.12 
mp 108°); ir 3380 3270, 3170 (NH), 1050 cm " 1 (C = S ); nmr 5 7.0
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(m, 1, ring C-4 proton), 7.5 (m, 2, ring C-3 and C-5 protons), and
9.3 ppm (broad, partly resolved d, 2, -N H 2).

lV-Phenylcarbamoylthiophene-2-thiocarboxamide (9). As for 
7, from 0.50 g of 2 and 2 ml of aniline, there was obtained 0.20 g 
(33%) of crude 9, rap 203-205° dec. Recrystallization from ethanol 
yielded the pure compound in the form of yellow crystals: mp 
225-226° dec; ir 3260 (NH), 1690 cm ' 1 (0 = 0 ) ;  nmr 8 6.9-7.5 (m,
6, phenyl and C-4 thienyl protons), 7.8 (m, 2, C-3 and C-5 thienyl 
protons), 10.6 (s, 1, NH), and 10.1-11.8 ppm (very broad, diffuse 
signal, t, NH).

Anal. Calcd for C12Hi0ON2S2: C, 54.94; H, 3.84; N, 10.68. 
Found: C, 55.09; H, 3.66; N, 10.62.

lV'-Ethoxycarbonylthiophene-2-carboxamidine (10). A solu
tion of 5.0 g of 2 in 30 ml of ethanol saturated with ammonia at 0° 
was placed in a pressure bottle and heated on a steam bath for 35 
min. Following a cooling treatment, dilution with water yielded
3.5 g (76%) of 10, mp 150-152°. The pure compound was obtained 
by recrvstallization from aqueous ethanol as colorless crystals: 
mp 153.5-154.5°; ir 3370 (NH), 3200-3300 (NH), 1660 cm- 1 
(C = 0 ); nmr 8 1.2 (t, 3, -CH3), 4.0 (q, 2, -OCH2-), 7.0 (m, 1, ring 
C-4 proton), 7.6 (m, 1, ring C-5 proton), 7.9 (m, 1, ring C-3 pro
ton) , and 8.9 ppm (s, 2, -N H 2) •

Anal. Calcd for C8H10O2N2S: C, 48.47; H, 5.09; N, 14.13. 
Found: C, 48.64; H, 4.98; N, 14.16.

lV '-Ethoxycarbonyl-lV-phenylthiophene-2-carboxamidm e 
(11). A solution of 3.0 g of 2 and 6 ml of aniline in 50 ml of etha
nol was heated on a steam bath until the initial red color had 
been discharged (about 2 hr). Following filtration to remove a 
small amount of insoluble material (9), steam distillation of the 
filtrate left a gummy residue which was crystallized from aqueous 
ethanol to yield 2.6 g (68%) of 11, mp 98-101°. Recrystallization 
from the same solvent afforded the pure compound as colorless 
crystals: mp 101-102°; ir 3310 (NH), 1660 cm" 1 (C = 0 ): nmr 8 1.0 
(t, 3, -CH 3), 3.7 (q, 2, -OCH2-), 6.6-7.4 (m, 7, thienyl C-4, C-5, 
and phenyl protons), 7.6 (m, 1, thienyl C-3 proton), and 9.6 ppm 
(s, 1, NH).

Anal. Calcd for Ci4H140 2N2S: C, 61.30; H, 5.14; N, 10.21. 
Found: C, 61.47; H, 4.96; N, 10.29.

Hydrolysis of 11. Refluxing for 2 hr of a mixture of 2.0 g of 11 
and 20 ml of 10% aqueous sodium hydroxide, followed by cooling 
and filtration, yielded 1.2 g of a solid,, mp 106-136°. This was 
mixed thoroughly with dilute hydrochloric acid and the mixture 
was filtered to give 0.40 g (27%) of crude 14. The melting point of 
this product, initially 130-133°, became 143-145° after recrystalli
zation from aqueous ethanol and was undepressed upon ad
mixture with independently prepared 14 (lit.13 mp 144-145°). 
Further, its ir and nmr spectra were superimposable on those of 
authentic 14: ir 3300 (NH), 1625 cm" 1 (C = 0 ); nmr 8 7.0-7.7 (m,
7, thienyl C-4, C-5, and phenyl protons), 7.9 (m, 1, thienyl C-3 
proton), and 10.1 ppm (s, 1, NH). When the filtrate from the sep
aration of 14 was made alkaline by addition of 10% aqueous sodi
um hydroxide, a precipitate was formed and filtration yielded 
0.70 g (47%) of 13, mp 140-142°. Recrvstallization from aqueous 
ethanol yielded the pure compound as colorless crystals: mp 143- 
144° (lit.14 mp 144-145°); ir 3425, 3300, 3150, 1625, 1600, 1580 
cm-1 ; nmr 8 6.2 (s, 2, -N H 2), 6.6-7.6 ppm (m, 8, thienyl and 
phenyl protons).

Anal. Calcd for Ch HjoNzS: C, 65.32; H, 4.98; N, 13.85. Found: 
C, 65.50; H, 5.26; N, 13.91.

Amidine 13 was recovered unchanged after it had been refluxed 
with 10% aqueous sodium hydroxide for 2 hr. Similarly, treat
ment with hydrochloric acid under a variety of conditions, fol
lowed by neutralization, led to recovery of the original compound.

:V '-Ethoxy carbonyl-A 1, ,V-oxybis(ethylene)thiophene-2-car- 
boxamidine (12). A solution of 1.0 g of 2 and 2 ml of morpholine 
in 5 ml of ethanol was boiled for 3 min, then cooled and diluted

with water to yield 0.90 g (73%) of 12, mp 84-86°. The pure com
pound was obtained in the form of colorless crystals by recrystal
lization from cyclohexane: mp 85.5-87°; ir 1680 (C = 0 ), 1580 
cm" 1 (C =N ); nmr 8 0.9 (t, 3, -CH 3), 3.5 (m, 8, morpholine CH 
protons), 3.8 (q, 2, -0C H 2-), 7.0 (m, 2, thienyl C-4 and C-5 pro
tons), and 7.6 ppm (m, 1, thienyl C-3 proton).

Anal. Calcd for Ci2Hi60 3N2S: C, 53.71; H, 6.01; N, 10.44. 
Found: C, 53.84; H, 5.91; N, 10.30.

2-(2-ThicnyV)quinazo\in-4( \ H or 3H)-one (15). A mixture of
1.0 g of 11 and 5 ml of quinoline was boiled briefly, then cooled 
and diluted with petroleum ether (bp 65-75°) to yield 0.60 g 
(73%) of pure 15 as colorless crystals: mp 285-286° (sealed capil
lary); ir 3170 (NH), 1670 (C = 0 ), 1590 (C N), 770 cm" 1 (ortho- 
disubstituted benzene ring); nmr 8 7.0-8.1 (m, 7, thienyl and phe
nyl protons) and 12.3 ppm (s, 1, NH).

Anal. Calcd for C12H8ON2S: C, 63.14; H, 3.53; N, 12.27. 
Found: C, 63.28; H, 3.36; N, 12.18.

4,6-Bis(2-Thienyl)-l,3,5-triazin-2(lH)-one (16). When 1.0 g of 
10 had been heated at 180-200° for about 10 min, initial melting 
of the substance was accompanied by decomposition, resolidifica
tion, and formation of a condensate which was identified as ethyl 
carbamate on the basis of its ir and nmr spectra. The residue 
(0.60 g, 91%) was recrystallized from 1-butanol to yield pure 16 as 
colorless crystals: mp >300°; ir 1680 (C = 0 ), 1560, 1540, 1500 
cm "1; nmr 8 7.3 (m, 1, thienyl C-4 proton), 8.0 (m, 1, thienyl C-5 
proton), 8.2 ppm (m, 1, thienyl C-3 proton).

Anal. Calcd for CnH7ON3S2: C, 50.56; H. 2.70; N, 16.08. 
Found: C, 50.75; H, 2.74; N, 15.87.
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p-Nitrobenzenesulfonyl peroxide labeled with oxygen-18 in the sulfonyl oxygens was used to arylsulfonoxylate 
p-xylene and benzene to produce aryl p-nitrobenzenesulfonates in which the labeling of the phenolic oxygens was 
determined by mass spectral studies of the esters themselves or their hydrolysis products. From substitutions 
previously established to be kinetically clean first order with respect to arene (p-xylene in ethyl acetate solution 
and benzene in methylene chloride) the phenolic oxygens of the arylsulfonates arose exclusively from the peroxid- 
ic oxygens of the peroxide. Arylsulfonoxylation of benzene in ethyl acetate solution, which has previously been 
kinetically established to proceed 35% by a competing zero-order process, now from labeling experiments is found 
to give 41% of product incorporating sulfonyl oxygen of the peroxide as phenolic oxygen of the ester. In neat ben
zene, p-nitrophenylsulfonoxylation produces an ester arising 30.3% from the sulfonyl oxygens of the reagent. Pos
sible mechanisms for these reactions are discussed.

The reaction of aromatic compounds with substituted 
benzenesulfonyl peroxides to give the corresponding aryl 
nitrobenzenesulfonates has been classified as an electrophi
lic substitution2-7 on the basis of partial rate factors for the 
nitrophenylsulfonoxylationof monosubstituted benzenes, 
esr measurements of the reacting solutions, and the lack of 
side-chain hydrogen abstraction from alkylbenzenes.

Kinetic studies4’5 have revealed that benzene derivatives 
behave identically upon arylsulfonoxylation in that a clean 
first-order rate dependence on arene concentration is ob
served in both ethyl acetate and methylene chloride as sol
vents. The arylsulfonoxylation of benzene itself, in con
trast, exhibits a first-order dependence with respect to the 
aromatic only in methylene chloride; in ethyl acetate a par
tial (0.66-0.70) order is obtained. This fractional order re

sults from a competition to the familiar first-order reaction 
by a reaction zero order with respect to benzene.4

Three possible mechanisms involving the introduction of 
electropositive oxygen into the nucleus of an aromatic sub
strate and one for a radical substitution are given in Chart 
I. Which of these four mechanisms is operative might be es
tablished by nitrophenylsulfonoxylatingarenes with a per
oxide labeled with oxygen-18 in one of each pair of sulfonyl 
oxygens and determining the amount of incorporation of 
the oxygen-18 label in the phenolic oxygen of the resultant 
ester. If the reaction proceeds through 1, the phenolic oxy
gen of 5 will contain no oxygen-18. If the mechanism in
volves 2, the percentage of oxygen-18 in the phenolic oxy
gen of 5 should be one-half that of a labeled sulfonyl oxy
gen of the peroxide. If the ion pair 3 or radical 4 is the
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Table I
Mass Spectral Data and Isotope Ratios for the Reagents and Products

Number %  oxygen-18
Expt Comp Registry no. Ion o f  scans (M  +  2 )/M excess®

i b p - X y l y l  p - n i t r o b e n z e n e s u l f o n a t e 51821-10-4 0 2N C 6I L S 0 3C , H v ;- 15' 0.1075 ' 4 .02
p p - X y l y l  p -n i t r o b e n z e n e s u l f o n a t e o 2n c 6h 4s c f  + 16' 0.0984" 4.13
2 p - N i t r o b e n z e n e s u l f o n y l  c h lo r id e 98-74-8 o »n c 6h 4s o , + 10' 0 . 0907y 3.97
2e P h e n v l  t r im e t h y l s i l y l  e t h e r 1529-17-5 C 6H sS 0 3S i ( C H 3) 3 + I P 0.0455" -0 .0 0 3
3 p - N i t r o b e n z e n e s u l f o n y l  c h lo r id e o ,n c 6h 4s o 2c i  + 2k 0.4380“* 5.58
3b P h e n y l  t r im e t h y l s i l y l  e t h e r C d - h O S i c C l i .V  - 8' 0.0552» 1.13
4 b P h e n y l  p - n i t r o b e n z e n e s u l f o n a t e 32337-46-5 o ,n c 6h 4s o 3c 6h 5+ 8' 0.1274'“ 6 .02
4 b P h e n y l  p - n i t r o b e n z e n e s u l f o n a t e o ,n c 6h 4s o >+ 8' 0 .10514 4.77
5’ P h e n y l  p - n i t r o b e n z e n e s u l f o n a t e O oN C 6H 4S 0 3C 6H 3 + 13' 0.1236'“ 5.68
5* P h e n y l  p - n i t r o b e n z e n e s u l f o n a t e C b N C 6H 4S 0 2 + 13' 0 .10564 4.82

“ C a l c u la t e d  f o r  e x c e s s  o x y g e n - 1 8  in  o n e  o x y g e n  o n ly .  b R e a c t i o n  r u n  in  e t h y l  a c e t a t e  s o l u t i o n . e S t a t i s t i c a l  v a lu e  0 .0 6 5 1  w i t h 
o u t  la b e l in g .  d S t a t i s t i c a l  v a lu e  0 .0 5 5 0 .  e R e a c t i o n  r u n  in  m e t h y le n e  c h lo r id e .  f  S t a t i s t i c a l  v a lu e  0 .3 7 8 9 .  » S t a t i s t i c a l  v a lu e  
0 .0 4 3 8 . h S t a t i s t i c a l  v a lu e  0 .0 6 3 4 . • R e a c t i o n  r u n  in  n e a t  b e n z e n e . ' R e f e r e n c e  9 . 1 R e fe r e n c e  10 .

proper intermediate, the phenolic oxygen o f 5 should have 
one-third o f the oxygen-18 concentration originally present 
in the peroxide ’s labeled sulfonyl oxygen.

In the present work labeling experiments were planned 
to clarify the mechanisms o f the sulfonoxylation first order 
with respect to arenes and also the reaction in ethyl acetate 
zero order with respect to benzene.

Results and Discussion
Labeling o f the Peroxide. H ydrolysis o f  p -n itrobenzen

esulfonyl chloride with water enriched in oxygen-18 and 
treatment o f  the resultant acid with phosphorus pentachlo- 
ride regenerated the sulfonyl chloride with one o f  its two 
oxygens labeled with oxygen-18. The acid chloride was con 
verted to the peroxide as described in the literature.3

0
II

0 2NC6H4S02C1 +  H2180  — ► 0 2NC6Hj— S— 180H

0

180
II

ö jK Ä S c a

o

The labeling o f the peroxide was measured by one o f two 
m ethods in the present work. In some cases, after an arene 
had been arylsulfonoxylated, the resulting aryl p -n itroben- 
zenesulfonate was subjected directly to mass spectral anal
ysis and the am ount o f  oxygen-18 label present (as deter
m ined from the  parent peak) was taken to be identical with 
the labeling o f the peroxide. Alternatively, the oxygen-18 
enrichm ent o f  the precursor sulfonyl chloride was m ea
sured by mass spectrom etry and assumed to  persist in the 
sulfonyl oxygens o f the peroxide. This assumption was later 
proved correct when some reaction products were isolated 
which proved that scrambling o f the oxygen-18 label in the 
peroxide had not occurred. Confirm ation has also recently 
been reported by Yokoyam a, e t  al.,s who treated the analo
gous labeled m-nitrobenzenesulfonyl peroxide with tri- 
phenylphosphine and found none o f  the oxygen-18 label in 
the triphenylphosphine oxide produced.

Substitution o f p-Xylene in Ethyl Acetate Solution. 
K inetic studies4-5 o f  the  arylsulfonoxylations o f  several 
benzene derivatives in ethyl acetate solution have dem on
strated the substitutions to be first order with respect to 
the aromatic substrates. From the aromatics already 
proved to react by clean first-order kinetics,4 p-xylene was 
selected for study in the present work because it yields only 
one monosubstitution product.

Oxygen-18 labeled p-nitrobenzenesulfonyl peroxide was 
added to p-xylene in ethyl acetate and the resultant 2,5- 
dim ethylphenyl p-nitrobenzenesulfonate was isolated and 
subjected to mass spectral analysis.9 From  the parent peak, 
the labeling in one o f the oxygens (necessarily correspond
ing to one o f the sulfonyl oxygens o f the peroxide) was 
4.02% above natural abundance (Table I, expt 1). From  the 
peak corresponding to the p-nitrobenzenesulfonyl ion 
(0 2 N C sH 4S0 2 +), the labeling o f one o f  the sulfonyl oxy 
gens was 4.13% above natural abundance. Therefore, within 
the limits o f  experimental error the sulfonyl label was un
changed and the phenoxy oxygen o f the ester arose exclu
sively from  the peroxy oxygens o f the peroxide (interm edi
ate 1).

Substitution of Benzene in Methylene Chloride. The
substitution o f  benzene in methylene chloride solution has 
also been proved to be clean first order with respect to the 
arene.4 The substitution o f benzene in this solvent with p- 
nitrobenzenesulfonyl peroxide labeled with oxygen -18 
(3.97% above natural abundance in one o f the sulfonyl oxy 
gens from  the mass spectrum o f the precursor sulfonyl 
chloride) produced a phenyl sulfonate which after isolation 
was cleaved with sodium -naphthalene and the resultant 
phenol was converted to the trimethylsilyl ether. Mass 
spectral analysis o f this ether showed that its oxygen had 
zero enrichment o f oxygen-18 (—0.003%, Table I, expt 2), 
which corresponds to its form ation also via intermediate 1. 
Arylsulfonoxylation o f an aromatic via a process first order 
with respect to arene therefore exclusively involves incor
poration o f the peroxidic oxygens as phenolic oxygens o f 
the product ester.

The com plete absence o f  oxygen-18 in the phenolic oxy 
gen o f the ester is also proof that in the conversion o f the 
labeled sulfonyl chloride to the corresponding peroxide, no 
scrambling o f  the labeled oxygen occurred.

Substitution o f Benzene in Ethyl Acetate. p-N itro- 
benzenesulfonyl peroxide labeled in one-half o f  the su lfo
nyl oxygens (5.58%10 above natural abundance o f oxygen- 
18 in each o f  the labeled oxygens by measurement o f  the 
precursor sulfonyl chloride, Table I, expt 3) was added to 
benzene in ethyl acetate solution. T he phenyl p-n itroben- 
zenesulfonate was cleaved by sodium -naphthalene;11 the 
resultant phenol was converted to the trim ethylsilyl ether, 
and the ether’s oxygen-18 content (1.13% above natural 
abundance) was determ ined.9 These analytical values, tak
ing into account that the labeled and unlabeled sulfonyl 
oxygens are equivalent, correspond to 40.5% o f the phenolic 
oxygens arising from sulfonyl oxygens, 59.5% from  the 
peroxidic oxygens. In an alternate experiment (Table I, 
expt 4), the labeling o f the peroxide was determ ined from  
the parent ion o f the phenyl p-nitrobenzenesulfonate pro-



p-Nitrophenylsulfonoxylation of Arenes J. Org. C hem ., Vol. 39 , N o. 17, 1974 2545

duced (6 .0 2% oxygen-18 above natural abundance in one of 
the sulfonyl oxygens) and the labeling of the sulfonyl oxy
gens o f the ester from p-nitrobenzenesulfonyl ion (4.77% 
oxygen-18 above natural abundance). From this alternate 
experiment, 41.6% of the phenolic oxygens arose from sul
fonyl oxygens. The two procedures therefore check quite 
well with an average value of 41.0 ±  0.6%.

This partial labeling of the phenolic oxygen is not sur
prising because kinetic studies4 have already shown that in 
ethyl acetate the reaction first order with respect to ben
zene (which should yield exclusive peroxidic oxygen incor
poration in the phenol) competes with a reaction zero order 
with respect to aromatic. The present labeling experiment 
proves that the zero-order process also results in arylsulfo- 
noxylation and must involve either exclusive sulfonyl oxy
gen attack or a symmetrical intermediate leading to a 
scrambling of oxygens prior to formation o f the phenol. 
The rate constants reported for the ko and k \ processes, un
fortunately, are o f limited accuracy because they must be 
derived from plots of experimentally determined pseudo- 
first-order rate constants. Correcting these reported rate 
constants4 at 2 0 ° to room temperature (2 2 °) and adjusting 
for the concentration of benzene (1.18 M ) used in the pres
ent work gives the following rates: ko, 3.2 X  10- 5  mol l. - 1  
sec-1 ; k\, 5.9 X  10~ 5 mol l. - 1  sec-1 . From these corrected 
values the zero-order process should account for 35% of the 
reaction. The kinetic (35%) and labeling (41%) values are 
reasonably close under the circumstances, and correspond 
only to exclusive attack on the sulfonyl oxygen (intermedi
ate 2 ).

For the zero-order mechanism to proceed via an interme
diate in which three oxygens equilibrate (3 or 4) and give 
the observed 1.13% oxygen-18 label, it would be necessary 
for the zero-order reaction to produce 61% of the ester 
product. The reported k values admittedly have some limi
tations in accuracy, but not o f such magnitude to permit 
the zero-order rate to be 1.5 times as great instead of one- 
half as great as the first-order process. Only exclusive sulfo
nyl oxygen attack for the zero-order process is therefore 
compatible with the data.

A solvolytic dissociation of the peroxide (probably hpmo- 
lytic 4 and not heterolytic 3 from the entropy of activation) 
has been suggested for the reaction zero order with respect 
to benzene4 because it is solvent dependent. If solvation of 
the peroxidic oxygen promotes the homolytic dissociation, 
then the solvating molecule(s) might sterically prevent ap
proach of the benzene to this peroxidic oxygen site, leading 
to exclusive attack on the sulfonyl oxygens.

*0 \ *0
II \ II

0 2NCfiH4S— O—  +  EtOAc —  0>NC6H4S— O • EtOAc

l  l  u ,

o
II

0 2NC6H4S = 0  +  EtOAc

A reaction of the labeled peroxide with an ethyl acetate 
solution o f benzene was undertaken in the presence o f gal- 
vinoxyl. It was expected that the zero-order process (if 
homolytic) would be inhibited and only the first-order

reaction would occur with a complete absence o f incorpora
tion of oxygen-18 in the phenolic oxygen o f the resultant 
ester. Unfortunately, the peroxide reacted primarily with 
the galvinoxyl (probably via nuclear substitution) and too 
little phenyl p-nitrobenzenesulfonate was produced to per
mit isolation and sufficient purification for a mass spectral 
analysis.

p-Nitrophenylsulfonoxylation of Neat Benzene. If
the observed zero-order reaction with benzene in ethyl ace
tate is the result of a solvolytic dissociation of the peroxide, 
in neat benzene a clean first-order reaction yielding exclu
sive attack on peroxidic oxygen might be expected. A kinet
ic dependence in the neat solvent cannot be established, 
but a labeling experiment should be elucidating.

The reaction o f the labeled peroxide with neat benzene 
has now been used to produce phenyl p-nitrobenzenesulfo
nate (5.68% oxygen-18 above natural abundance in one 
oxygen from the parent ion peak of the mass spectrum of 
the ester, Table I, expt 5). The p-nitrobenzenesulfonyl ion 
peak (4.82% oxygen-18 above natural abundance in one sul
fonyl oxygen) in the mass spectrum showed that 30.3% of 
the phenolic oxygen arose from sulfonyl oxygen attack. 
Similarly the reaction o f labeled m-nitrobenzenesulfonyl 
peroxide in neat benzene has recently8 been reported to 
produce phenyl m-nitrobenzenesulfonate with 35-36% of 
the phenolic oxygen arising from sulfonyl oxygens. These 
low percentages do not correspond to any single intermedi
ate and must arise from competing reactions.

These data are difficult to interpret. It is known, how
ever, that coordination of the peroxide with the aromatic 
precedes electrophilic substitution5 and that with some po
lynuclear hydrocarbons at normal concentrations in ethyl 
acetate7 arylsulfonoxylation is second order with respect to 
arene. In neat benzene it is conceivable that the transition 
state might involve two or more arene molecules coordinat
ed to different oxygen atoms. Such a transition state could 
produce the partial scrambling o f the oxygen-18 label be
cause any one of the coordinated arene molecules might 
produce the aryl ester product.

Experimental Section
B o ilin g  p o in ts  an d  m eltin g  p o in ts  are u n corree ted .
Materials. T h e  H 2 180 , a b o u t  10 a tom  %  en r ich e d , w as o b ta in e d  

from  Y e d a  R . an d  D . C o . o r  T h o m p s o n  a n d  P a ck a rd , In c ., an d  used  
d ire c t ly . H e x a m e th y ld is ila za n e  (P en in su la r  C h e m R e se a rch  In c .) 
a n d  p -n it r o b e n z e n e s u lfo n y l ch lo r id e  (E a s tm a n  K o d a k ) w ere used  
as rece iv ed . B en zen e  (M a th e so n  C o lem a n  a n d  B ell, sp e c tro q u a lity ) 
w as fra c t io n a lly  d is tille d  an d  e th y l a ce ta te  (J. T . B ak er, a n a lyzed  
rea gen t) w as p u r if ie d 12  b e fo re  use.

p-Nitrobenzenesulfonyl Chlorid e-sulfonyl-wO. O x y g en -1 8  
e n r ich e d  w ater  (2.1 g, 0.117 m o l), p -n it r o b e n z e n e s u lfo n y l ch lor id e  
(22 .3  g, 0.1 m o l) an d  d ry  d io x a n e  (2 g) w ere  h ea ted  to  100° fo r  19 
hr in an aeroso l co m p a t ib il ity  tu be . T h e  tu b e  w as th en  co o le d , the  
ev o lv e d  h y d rogen  ch lo r id e  w as a llow ed  to  e sca p e , m e th y le n e  c h lo 
r id e  (3 0  m l) was a d d e d , a n d  th e  p re c ip ita te  (1 2 .8  g, 63% ) w h ich  
fo rm e d  w as c o lle c te d  b y  filtra tio n  to  y ie ld  c ru d e  p -n it r o b e n -  
ze n e su lfo n ic  a cid  w h ich  m elted  at 8 5 -9 0 °  ( l it . 13  m p  9 0 ° ). T o  the  
c ru d e  a c id  w as a d d e d  p h o sp h o ru s  p e n ta ch lo r id e  (25 .6  g, 0 .1 22  m o l) 
a n d  d ry  d io x a n e  (3 g ). A fte r  th e  v ig o ro u s  e v o lu t io n  o f  h y d rogen  
ch lo r id e  h a d  ceased , th e  m ixtu re  w as w arm ed  on  a steam  b a th  fo r  
1 0  m in  a n d  th en  p o u re d  ov er  cru sh ed  ice , an d  th e  p ro d u c t  w as e x 
tra cted  w ith  three  50 -m l p o rt io n s  o f  ch lo ro fo rm . T h e  co m b in e d  
c h lo ro fo rm  e x tra cts , a fte r  d ry in g  w ith  m agn esiu m  su lfa te , w ere 
e v a p o ra te d  to  d ryn ess  ire vacuo. A d d it io n  o f  h e p ta n e  (2 0  m l) to  the  
residu e  p ro d u ce d  crysta llin e  p -n it r o b e n z e n e s u lfo n y l ch lo r id e  
(10 .25  g, 73% ) w h ich  m e lte d  at 7 3 -7 5 °  ( l it . 14  m p  7 7 ° ). R e d u c t io n  in 
v o lu m e  o f  th e  h e p ta n e  filtra te  gave a se co n d  c ro p  o f  crysta ls  (0 . 2  g) 
w h ich  m e lte d  at 7 7 °.

p-Nitrobenzenesulfonyl Peroxide-sulfonyl-180. In a c o n v e n 
t ion a l sy n th e s is ,3 h y d rogen  p e ro x id e  (30% , 18.2 g ) w as ad d ed  at 
- 2 0 °  to  p o ta ss iu m  ca rb o n a te  (7 .8  g ) in 2:1 w a te r -e th a n o l (180 m l) 
in a W a rin g  b le n d e r  cu p . p -N itr o b e n z e n e s u lfo n y l c h lo r id e-sulfo- 
nyl-lsO ( 1 0  g) in ch lo ro fo rm  ( 2 0  m l) w as a d d e d  an d  the m ixtu re
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w as ag ita ted  a t  fu ll p ow er  fo r  1  m in . T h e  resu ltin g  p re c ip ita te  was 
c o lle c te d  b y  filtra tio n , w ash ed  w ith  w ater, a n d  d r ie d  b y  d ra w in g  
air th ro u g h  it. T h e  c ru d e  p e ro x id e  w as d is so lv e d  in a ce to n e  (180 
m l), th e  so lu tio n  w as f i lte re d , an d  a fte r  re d u ct io n  in  v o lu m e  to  90 
m l the  filtra te  w as c o o le d  in  D ry  Ice . T h e  p -n it r o b e n z e n e s u lfo n y l 
p e ro x id e-su lfony l-w O (4 .6  g, 46%  y ie ld ) w h ich  p re c ip ita te d , a fter  
c o lle c t io n  o n  a  filte r  a n d  d ry in g  in  vacuo, m e lte d  a t  125° (lit . 2 m p  
1 2 7 °).

p-Nitrophenylsulfonoxylation of p-Xylene. p -N it r o b e n -  
z en esu lfon y l p e ro x id e -s td /b /ty Z -180  (0 .202  g , 0 .5  m m o l) in  e th y l a c 
eta te  (50  m l) a n d  p -x y le n e  (5 .3 g, 0 .05  m o l) w as stirred  a t  ro o m  
te m p e ra tu re  fo r  24 hr. T h e  m ixtu re  w as w a sh ed  su ccess iv e ly  w ith  
5%  a q u e o u s  p o ta ss iu m  h y d ro x id e  (25  m l), 5%  h y d ro ch lo r ic  a c id  (25  
m l), an d  w a ter  (4 0  m l) a n d  d rie d  w ith  m a g n esiu m  su lfa te , an d  the 
so lv e n t was re m o v e d  in  vacuo. R e cry sta lliz a tio n  o f  th e  residu e  
from  1 : 1  b e n z e n e -h e p ta n e  gave p -x y ly l  p -n it r o b e n z e n e su lfo n a te  
(0 .083 g, 54% ) w h ich  h a d  an in fra red  sp e c tru m  id e n tica l w ith  th a t  
o f  an  a u th e n t ic  sam p le . T h is  ester w as su b je c te d  to  m ass sp ectra l 
an alysis (T a b le  I, e x p t  1).

p-Nitrophenylsulfonoxylation of Benzene in Methylene 
Chloride. A  m ix tu re  o f  la b e le d  p e ro x id e  (3 .1 g ) in  b e n ze n e  (9 .3  g) 
a n d  m e th y le n e  ch lo r id e  (89  m l) w as s t irre d  at r o o m  tem p era tu re  
fo r  85 hr. A  p ro ce d u re  id en tica l w ith  th a t  a b o v e  gave p h e n y l p -n i -  
t ro b e n z e n e su lfo n a te , m p  1 1 4 -1 1 6 °  ( l it . 15  m p  1 1 4 °). T h e  in fra red  
sp e c tru m  w as id e n tica l w ith  th a t  o f  an  a u th e n tic  sa m p le . A  p o r t io n  
o f  th is  ester, b y  th e  p ro ce d u re  g iven  b e lo w , w as c o n v e r te d  t o  th e  
trim e th y ls ily l e th er , w h ich  w as su b je c te d  t o  m ass sp ectra l an alysis 
(T a b le  I, e x p t  2).

Reaction of p-Nitrobenzenesulfonyl Peroxide -su lfo n y l- l80  
with Benzene in Ethyl Acetate Solution. A  so lu tio n  o f  p -n i t r o 
b e n ze n e su lfo n y l p e ro x id e -s u (/ 'o n y i-180  (2 .6  g , 6 .5  m m o l) in  e th y l 
a ce ta te  (75  m l) a n d  b en zen e  (7 .8  g, 0.1 m o l)  w as stirred  at r o o m  
te m p e ra tu re  fo r  70 hr. B y  a p ro ce d u re  id e n tica l w ith  th a t  p re v io u s 
ly  d e sc r ib e d , p h e n y l p -n itr o b e n z e n e su lfo n a te  w as is o la te d  a n d  
su b je c te d  d ire c t ly  to  m ass sp ectra l an alysis (T a b le  I, e x p t  4).

In a d u p lica te  run  th is  ester  was c lea v ed  to  p h e n o l, w h ich  was 
c o n v e r te d  t o  th e  tr im e th y ls ily l e th er , w h ich  w as th en  a n a ly zed  b y  
m ass sp e c tro m e try . P h e n y l p -n itr o b e n z e n e s u lfo n a te  (0 .73  g, 2.62 
m m o l) la b e le d  w ith  o x y g e n -1 8  a n d  te tra h y d ro fu ra n  ( 1 0  m l) w ere  
p la ce d  in  a fla sk  fit te d  w ith  a ru b b e r  se p tu m  a n d  p u rg e d  w ith  n i
tro g e n  fo r  5 m in . S o d iu m -n a p h th a le n e  in  te tra h y d ro fu ra n 8 (0 .6  M, 
30 m l) w as a d d e d  via  a syrin ge  a n d  a fter  3 m in  o f  stirr in g , w ater 
(0 .5  m l) w as a d d e d  t o  q u e n ch  th e  ex cess  so d iu m -n a p h th a le n e . T h e  
m ix tu re  w as filte re d  th ro u g h  a fr itte d  glass fu n n e l an d  th e  te tra h y 
d ro fu ra n  w as r e m o v e d  using  a ro ta ry  e v a p ora tor . T h e  res id u e  was

dissolved in ether (30 ml) and extracted with three 40-ml portions 
of 0.1 M  KOH. The combined alkaline solutions were acidified 
with 3 M  HC1 and extracted with ether (three 50-ml portions). The 
combined ether extracts, after drying with magnesium sulfate, 
were evaporated in vacuo. To the residue was added hexamethyl- 
disilazane (5 ml) and a trace of sand, and the mixture was refluxed 
for 3 hr. Vacuum distillation of the mixture gave a forerun of hex- 
amethyldisilazane and a clear liquid (0.2 ml) whose infrared spec
trum was identical with that of an authentic sample of phenyl tri
methylsilyl ether. This liquid was subjected to mass spectral anal
ysis (Table I, expt 3).

Reaction o f p-Nitrobenzenesulfonyl Peroxide-sulfonyl-lsO 
with Benzene (Neat). p-Nitrobenzenesulfonyl peroxide-sulfonyl- 
180  (1.0 g, 2.5 mmol) in benzene (50 g, 0.64 mol) was allowed to 
stand overnight at room temperature. By the procedure already 
described, phenyl p-nitrobenzenesulfonate was isolated and 
subjected to mass spectral analysis (Table I, expt 5).

Registry No.—p-Nitrobenzenesulfonylperoxide, 6209-72-9; p- 
xylene, 106-42-3; benzene, 71-43-2.
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A  series o f  three  3 ',5 '-d is u b s t itu te d  2 -a z id o b ip h e n y ls  (lb—d) has b e e n  p re p a re d . T h e  se n s itiv ity  o f  ca rb a z o le  
y ie ld  on  p h o to ly s is  t o  th e  p re se n ce  o f  th e  n u c le o p h ilic  t ra p p in g  a g en t d ie th y la m in e  (D E A ) has b e e n  d e te rm in e d  
a n d  co m p a r e d  w ith  sim ilar d a ta  fo r  th e  u n su b stitu te d  c o m p o u n d  la. A ll fo u r  co m p o u n d s  e x h ib it  fo rm a tio n  o f  
s om e  2 -d ie th y la m in o -3 -a r y l-3 //-a z e p in e  (3a-d) as w ell as th e  e x p e c te d  ca rb a z o le  (2a-d) on  p h o to ly s is  in  th e  p re s 
e n ce  o f  D E A . F o r  e le ctro n -w ith d ra w in g  su b stitu en ts  (C F 3, C O 2C H 3 ) th e  d ro p  in ca rb a zo le  y ie ld  is fr o m  ~ 8 0  to  
~ 2 0 -3 0 %  b u t fo r  C H 3 a n d  th e  u n su b stitu te d  c o m p o u n d  th e  d e cre a se  is so m e w h a t less. D e o x y g e n a t io n s  o f  2 -n itro - 
s o b ip h e n y l an d  th e  S '^ '-b is f t r i f lu o ro m e th y l)  an a log  w ere  s tu d ie d  t o  p ro v id e  an a ltern a tive  sou rce  o f  th e  p r e 
su m ed  n itren e  in term ed ia tes . T h e se  resu lts a p p ea r t o  req u ire  rev is ion  o f  p re v io u s  m ech a n ism s fo r  fo rm a tio n  o f  
ca rb a zo le  fr o m  b ip h e n y ln itre n e  to  in c lu d e  an  azirin e  in te rm e d ia te  w h ich  ca n  b e  d iv e r te d  t o  azep in e  fo rm a tio n  b y  
D E A .

The chemistry of phenylnitrene is dominated by an in
ternal bond reorganization which eventually leads to ring- 
expanded products iri the presence of nucleophilic trapping 
agents, specifically secondary amines. 1 The initial reaction 
in this sequence is very rapid and flash-photolysis studies 
indicate that phenylnitrene has a half-life of 30 psec or

less.1® Intermolecular addition and insertion reactions are 
inefficient processes for phenylnitrene.2’3 In contrast, aryl- 
nitrenes with adjacent sites of unsaturation cyclize with ef
ficiency .4 Biphenylnitrene, for example, gives carbazole in 
yields o f around 80%.5 The cause of the general inefficiency 
of intermolecular reactions o f phenylnitrene may lie in the
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rapidity of cyclization to the azirine and subsequent de
composition of this intermediate. An alternative view is 
that unsubstituted arylnitrenes are not as highly electron 
deficient as necessary to promote typical nitrene reactivi
ty . 6 The two points o f view are not mutually exclusive and 
both factors might contribute to the lack of intermolecular 
insertion reactions for phenylnitrene. We were interested

in probing the possibility of competition between the inter
nal bond reorganization process and carbazole formation 
for biphenylnitrenes. In this paper we report on the genera
tion o f such nitrenes in the presence o f secondary amines 
which serve to trap the azirine intermediate formed by in
ternal bond reorganization.

Results
Preliminary experiments involving photolysis of biphen

yl azide in TH F-D E A  mixtures resulted in the formation o f
2-diethylamino-3-phenyl-37i-azepine and an accompa
nying decrease in carbazole yield.7 The deoxygenation of
o-nitrobiphenyl, which presumably proceeds through the 
same nitrene intermediate, also gives rise to this azepine.8 
In order to study this competitive trapping process in more 
detail, a series o f substituted biphenyl azides (la-d, 
Scheme I) was prepared. 3',5'-Disubstituted systems were

Scheme I
X

3
a, X — H
b, X = cf3
c, X = CH,
d, X = C02CH;,

chosen. The symmetrical substitution results in there being 
a single possible carbazole product, and the presence of two 
substituent groups should accentuate any electronic effects 
on the competition between carbazole and azirine forma
tion. The Ulmann coupling reaction o f 3,5-disubstituted io- 
dobenzenes with o-bromonitrobenzene proved to be a gen
erally satisfactory synthetic method. Details o f the syn
theses, which are outlined in Scheme II, are given in the 
Experimental Section.

Scheme II

Photolyses of la, lb, and lc were carried out in T H F - 
DEA mixtures of varying concentration containing 5% by 
volume o f piperylene.9 The yield o f the appropriate carba
zole was measured by glpc in each case. Quantitative yield 
data were also obtained for the azepine in the case of la 
and lb . The carbazole yield data are summarized in Table 
I. In each o f the systems, it was possible to effect a substan
tial diversion o f the nitrene intermediate from carbazole 
formation at sufficiently high DEA concentration. The ef
fect is quite dramatic in the case o f lb, the bisl’trifluo- 
romethyl) system. The yield o f carbazole 2b drops from 
>80 to ~20% as DEA is incorporated into the solvent mix
ture to the extent o f 1% (■—-0.1 M ). Further addition o f DEA 
up to and including use o f DEA as the solvent medium 
(along with 5% by volume piperylene) causes no further 
diminution in carbazole yield.

For la and lc the concentration required for maximum 
diversion from carbazole formation is much higher (~50% 
or ~ 5  M ). The amount of nitrene which cannot be diverted 
to azepine is also substantially higher for la and lc, being 
40 ±  10%.

The bis(carbomethoxy) compound Id proved to be un
suitable for extensive quantitative study but qualitatively 
resembled the trifluoromethyl system. The substituted car
bazole 2d was formed in 82% yield in the absence of DEA 
but dropped to 27 ±  1% in solution containing 5, 95 and 
100% DEA. The azepine 3d was formed in 45 ±  1% yield 
under these conditions.

Azepine 3a has been previously described .7’8’12 The nmr 
spectra o f the substituted analogs 3b-d were very similar. 
In addition to the peaks expected for the diethylamino 
group and the 3-aryl groups, each compound showed a dou
blet (H-7) and multiplet (H-5) near 6.7-6 .8 and 6 .3-6.5 
ppm, respectively. In each case the other azepine ring pro
tons appear as a multiplet at 5.2-5.4 ppm.

Azepine yield data were measured in the experiments 
with la and lb. These data are included in Table I. It is ev
ident that the drop in carbazole yields is largely accounted 
for by azepine formation.

The extent o f internal bond reorganization as measured 
by azepine formation has been found to be wavelength de
pendent for p-cyanophenyl azide. 10 With 3500-A light a hy
drazine formed by nucleophilic trapping without bond 
reorganization is the major product while 2537-A light 
leads to the azepine and hydrazine in comparable amounts. 
We photolyzed la and lb with both unfiltered 2537-A and 
3000-A light filtered through Pyrex. The data for la indi
cate that a wavelength dependence is present. The azepine: 
carbazole ratio (Table II) is consistently higher and the 
azepine yield higher with the 2537-A source than with the 
longer wavelength source. The data for lb exhibit a similar 
trend. Control experiments in the unsubstituted system in
dicated that photodestruction o f 3a was not significant
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Product Yields“ as a Function of Diethylamine Concentration and Light Source
Table I

% DEA M b

-■—Mixed c—> 
2a 3a

----------- la --------------
*—2537 
2a 3a

✓—>2900 Ae—* 
2a 3a

—̂Mixed^—v 
2b 3b

---------------l b -----------
✓—2537 A0—s 

2b 3b
✓—>2900 Ah 

2b 3b

.-----1C-----v
M ixed1

2c

0 0 86 0 76 0 76 0 81 0 70 0 — ----- 81
0 .5 0 .49 29 49 26 43 45 41
1.0 0 .98 22 55 19 51 35 44
2 .0 0 .2 0 20 63 16 56 31 47
3 .0 0 .29 22 69
5 .0 0 .4 8 73 4 71 8 21 70 15 57 76

10.0 0 .9 8 69 9 58 22 64 4 15 68 62
25.0 2 .4 64 25 49 37 56 16 15 68 62
50.0 4 .8 62 28 41 45 52 18 17 64 51
75.0 7 .3 49 30 39 52 47 22 15 66 41
90 .0 8 .8 53 33 16 63 39
95 .0 9 .3 49 33 32 43 17 65 40

“ Yields quoted are averages o f at least two separate runs. In most cases duplicate values were within ± 3  percentage units 
o f  the mean. Occasional instances o f  wider deviation were checked with additional runs. 6 Calculated assuming additivity 
o f solvent volume. c 30-min photolysis; 40-50%  azide decomposition; light source was unfiltered irradiation from  Southern 
New England Ultraviolet R P R  3000-A lamps. d 30-min photolysis; 60-70%  azide decomposition; light source was unfiltered 
irradiation from R P R  2537-A source. '  60-min photolysis; 50-55%  azide decomposition; R P R  3000-A source filtered through 
Pyrex. 1 120-min photolysis; 75-85%  azide decomposition; unfiltered R P R  3000-A source. » 60-min photolysis; > 90 %  azide 
decomposition; unfiltered R P R  2537-A source. h 120-min photolysis; 75-80%  azide decomposition; R P R  3000-A source fil
tered through Pyrex. * 60-min photolysis; 65-80%  azide decomposition; unfiltered R P R  3000-A source.

over periods of up to 2  hr under the conditions used in col
lecting the analytical data. There was some photolysis of 
carbazole evident in the control experiments but this was 
more significant with the 3000-A source and therefore can
not be responsible for the lower azepinercarbazole ratio at 
the longer wavelength.

Deoxygenation of aromatic nitroso compounds provides 
an alternative method for generation o f arylnitrenes in so
lution near room temperature. 11 Data for deoxygenation of
o-nitrosobiphenyl and 2-nitroso-3',5'-bis(trifluoromethyl)- 
biphenyl are given in Table III. It is evident that the ni- 
trenes formed by deoxygenation can also be diverted to 
azepine. The yields in the deoxygenation reactions, how
ever, are lower than in the photolyses. The ratios of these 
two products are similar for the two alternative sources of 
the nitrene. Deoxygenation of2-nitroso-3/,5'-bis(trifluor 
omethyl)biphenyl also results in total azepine and carba
zole yields below those obtained in the photolysis. In 
TH F-D E A  mixtures, the ratio between azepine and carba
zole yields is again similar to those found from the azide. 
However, in the absence of DEA the 2b yield is only 47% 
and some of the azo compound is formed. The possibility of 
a variety of competing processes in the deoxygenation reac
tion makes attempts at quantitative comparison o f the 
product ratios with the azide photolysis of dubious value.

Discussion
These trapping experiments permit several qualitative 

statements to be made about the biphenylnitrene interme
diate. (1) The formation of azepines and concomitant de
crease in carbazole yield imply that the rate of internal 
bond reorganization must be competitive with intramolec
ular cyclization to a carbazole. (2) Since carbazole yields 
are high in the absence o f secondary amine trapping 
agents, the formation o f the azepine precursor cannot be an 
irreversible process which prevents subsequent carbazole 
formation . 13 (3) The extent to which the nitrene can be di
verted from carbazole formation is a function of the substi
tution on the second ring, with electron-attracting substit
uents favoring the formation of azepine in the presence of 
DEA. (4) A significant substituent effect also appears in 
the concentration o f DEA required to obtain the maximum 
diversion to azepine. (5) Finally, there is qualitative simi-

Table II
Wavelength Dependence of 

Azepine:Carbazole Ratio
------ :2 a -

2537 Â >2900 A
----- 3 b :2 b -------

>2900 Â%  D E A %  D E A 2537 À

25 0.76 0.29 0.5 1.6 0.91
50 1.1 0.35 1.0 2.7 1.2
75 1.3 0.47 2.0 3.5 1.5

Table III
Yield Data for Deoxygenation Reactions

2-N itroso-3 ' ,5 '-bis (trifhioromet hyl) -
-2-N itrosobipheny 1------ -— *

%  D E A  2a 3a 3a:2a %  D EA 2b 3b 3b :2b

0 67 0 0 47 0
25 24 15 0.62 0.5 14 32 2.3
50 23 17 0.74 1.0 13 40 3.1
75 12 11 0.92 5.0 12 48 4.0

100 10 10 1.0 50 13 51 3.9

larity between the behavior o f biphenylnitrenes generated 
by deoxygenation and those generated by azide photolysis. 
Further discussion o f these points will be made with refer
ence to a mechanism similar to that proposed in ref 7 and 
outlined in Scheme III.

We assume that in the high DEA concentration limit the 
azepine.-carbazole yield ratio reflects primarily k r:kc. The 
existence o f a fraction of nitrene which cannot be diverted 
from carbazole then reflects the competition between the 
cyclization (k c) and reorganization (kr) processes. These are 
seen to be closely balanced in each o f the cases studied with 
k r % kc for la and lc but with kT < 4kc for lb. This shift in 
the case of lb is in a reasonable direction if the nitrene at
tack on the adjacent aromatic ring is viewed as being elec
trophilic in character and therefore impeded by electron- 
withdrawing substituents. It is possible that k c represents 
the sum o f two processes. For example, if both singlet and 
triplet nitrene are generated, as has been observed in other 
azide photolyses, 14 kc would represent the composite of the 
two independent cyclization processes.

The internal bond reorganization process designated by 
k r must either be reversible or there must be a route from 
the azirine intermediate B to carbazole (such a process is



Reactivity of Aryl Nitrenes J. Org. C hem ., Vol. 39, N o. 17, 1974 2549

Scheme III

designated by k TC in Scheme III). These conditions are nec
essary in order to account for the high yield of carbazole in 
the absence o f nucleophilic trapping agent. A direct rear
rangement o f the azirine B to carbazole precursor C has 
some analogy in the facile formation o f 2 -phenylpyrrole 
from 3-styrylazirine below room temperature. 15

We have estimates of some o f the rates o f the reactions 
in this scheme from ongoing flash-photolysis studies. 1 ®'16 
Work with phenylnitrene indicates that azirine formation 
is very rapid.1® Reactions of the azirines from o-alkyl- 
phenylnitrenes with amines are in the range 3 X 104 to 8 X 
1 0 8 1. mol- 1  sec- 1  and a rough rate of ~ 1 0 6 1. mol- 1  sec- 1  
has been measured for formation o f azepine 3b . 1®’16 Rates 
o f carbazole formation have been reported17 for la (1.1 X
103 at 292°K) and measured16 for lb (~1.0 X 102 at 
293°K). These rates permit placing some limits on the 
pathways for azepine and carbazole formation. In the case 
of lb , 0.1 M  DEA is sufficient to cause maximal carbazole 
diversion. The trapping of B at this DEA concentration 
would be occurring at a rate o f ~ 1 0 5 sec-1 , much faster 
than carbazole is formed in the absence of DEA. This indi
cates the existence of two intermediates, one o f which can
not be intercepted by DEA. The nondivertable pathway 
must account for about 20% of the photolyzed azide. The 
case of la is more uncertain because it is not possible to 
measure k t. We estimate that it would be in the range 105-
1 0 4 1. mol- 1  sec- 1  on the basis of the value for lb and the 
fact that a substantial electronic effect has been noted in 
this reaction.1® Maximal diversion from carbazole in this 
case requires 5 M  DEA; so the rate o f azepine formation 
would be ~ 5  X 105 to 5 X 104 sec- 1  in the high DEA con
centration range. This is also sufficiently rapid that carba
zole formation (k *» 1 X 103 sec-1 ) would be completely 
suppressed if a single carbazole precursor which could be 
diverted to azepine were involved. Analysis in the case of 
both la and lb appears to require formation of two in te r
mediates during or very rapidly after the photolysis step. 
One o f these intermediates can be trapped by DEA; the 
other cannot. The carbazole yield data indicate that the 
ratio of trappable to nontrappable intermediate is ~ 1 : 1  for 
la and ~ 4:1  for lb. Although there is much less quantita
tive data on which to rely, it appears that the distribution

of intermediates from lc is very similar to that from la 
whereas Id resembles the lb case.

The maximum formation of azepine occurs at much 
lower amine concentrations for lb and Id than for la and
lc. This can be attributed to the electronic effect on k t. 
With k t large for lb (and, presumably, Id) the trapping 
process is able to divert all the azirine at significantly lower 
DEA concentration. At this stage the competition is with 
the processes governed by rate constants k - r and/or k Ic.

The data from the nitrosobiphenyl deoxygenations seem 
to imply the existence of both a trappable and a nontrap
pable carbazole precursor in this system as well. The yields 
in the deoxygenation reactions are lower and the likely in
volvement of other reactions which consume nitroso com 
pound, nitrene intermediate, and probably azepine prevent 
detailed quantitative comparison of the data from the two 
sources. However, for both 2-nitrosobiphenyl and the bis- 
(trifluoromethyl) derivative some carbazole formation oc
curs at high DEA concentrations. The limiting ratios of 
azepine to carbazole in these two systems (~1:1 and ~4:1 , 
respectively) are roughly similar to those noted in the azide 
photolysis experiments.

There appears to be some wavelength dependence on the 
azepine:carbazole ratio. These data are summarized in 
Table III. The tendency toward diminishing azepine yield 
at longer wavelength parallels the observation of Odum 
and W olf10 using p-cyanophenyl azide. The wavelength de
pendence o f the azepinercarbazole ratio implies that parti
tioning between the trappable and nontrappable interme
diates is affected by the energy o f the exciting light. Short
er wavelengths irradiation increases the fraction converted 
to the trappable intermediate.

There have been several prior studies on the mechanism 
o f formation o f carbazole after photolysis o f o-biphenyl 
azide. Reiser and coworkers examined the reaction in an' 
EPA glass at 77°K. They observed formation o f an inter
mediate which was converted to carbazole by subsequent 
irradiation. 18 The interpretation was that the intermediate 
was triplet o-biphenylnitrene. Cyclization, which was im
plied to involve hydrogen abstraction and recombination, 
was considered to proceed through excitation of the triplet 
intermediate. A singlet-state species as the reactive inter
mediate was not considered to have been excluded. Later, 
this group examined carbazole formation in a polymer ma
trix at room temperature. 19 Flash photolysis generated an 
intermediate which decayed at a rate o f ~350 sec- 1  and 
was considered to be triplet o-biphenylnitrene. The rate 
constant was associated with cyclization to carbazole and 
was considered to involve intramolecular hydrogen abstrac
tion followed by rapid recombination to give carbazole. 
Swenton, Ikeler, and Williams515 studied the photolysis in 
benzene near room temperature in the presence o f various 
sensitizers and quenchers. Their results appeared most 
consistent with a singlet nitrene intermediate but the mul
tiplicity was considered an open question. Lehman and 
Berry17 measured the rate o f carbazole appearance from a 
photochemically generated intermediate between 5 and 46° 
in cyclohexane. The rate constant at 24° is 1.85 X 103 sec-1 . 
They concluded that the rate-determining step is intramo
lecular addition o f triplet o-biphenylnitrene to the adjacent 
aromatic ring, generating a diradical which rapidly goes to 
carbazole by hydrogen atom migration. The absorption 
spectrum of the transient species, which is the same as that 
observed by Reiser, 18’19 was the principal basis for identi
fying the intermediate as the triplet nitrene.

None o f these mechanisms consider the possibility o f a 
reversible intramolecular bond reorganization process. In 
fact, these mechanisms make it very difficult to account for
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the formation of azepines. The species being trapped can
not be singlet biphenylnitrene, since it would not be ex
pected to have sufficient lifetime to permit reaction with 
DEA to occur over the period of 0.01-1.0 msec during 
which the trapping reaction occurs. 13 An addition reaction 
of triplet biphenylnitrene with DEA is not readily visual
ized. Neither is a mechanism for formation of the azepine 
initiated by a hydrogen-abstraction step attractive. The ev
idence against hydrogen-abstraction processes includes the 
fact that negligible amounts o f o-biphenylamines are 
formed in these reactions. Our data indicate that photode
composition of biphenyl azides generates two reactive in
termediates, only one of which can be diverted by DEA.

We suggest that the trappable carbazole precursor is the 
azirine B. This type o f structure is generally assumed115’13 
to be the precursor o f azepines in aryl azide thermal and 
photochemical decompositions. Our data do not permit a 
conclusion on the question of the route of conversion o f B 
to carbazole. This could occur via the nitrene A by reversal 
o f the cyclization step or by way of a carbazole precursor 
such as C.

The assignment o f a structure to the nontrappable inter
mediate is more uncertain. The nontrappable carbazole 
precursor could be C. If it were irreversibly formed compet
itively with B, a route to carbazole insensitive to trapping 
by DEA would exist. If k~r and/or kTC were large relative to 
conversion of C to carbazole, the concentration of C would 
rapidly build up. This mechanism would then attribute 
structure C to the carbazole precursor which has been ob
served by Reiser and coworkers18’19 and by Berry and Leh
man. 17 Although in contradiction to previous assignments 
o f this intermediate as the triplet nitrene, it should be 
pointed out that the previous spectral assignments20 rest 
on similarity of the spectrum to those o f other triplet aryl 
nitrenes and have not, for example, been corroborated by 
esr measurements. So far as we have been able to deter
mine there are no recorded spectra o f the 8 aff-carbazole 
chromophore present in C; so it is an open question as to 
whether the observed spectrum is compatible with struc
ture C.

Alternatively, the nontrappable intermediate could be 
considered to be the triplet form o f the nitrene, 3A. It 
would be expected that 3A would not be converted to azir
ine B and therefore would not be diverted by DEA. Forma
tion o f triplet nitrene in photolytic azide decompositions 
has adequate precedent. 14 Since this is the ground state of 
the nitrene, 3A could be formed from B by reversal to sin
glet nitrene followed by spin inversion. In this way B could 
be converted to 3A and then to carbazole in the absence of 
DEA. A reservation to assigning 3A as the nontrappable 
carbazole precursor is the fact that this assignment re
quires that the triplet nitrene be rather long lived (tx/ 2 for 
conversion to carbazole ~ 1  msec) even in the presence o f a 
substantial (0.01 M ) concentration o f piperylene. 16

The present data do not seem to permit an unambiguous 
assignment of structure to the nontrappable carbazole pre
cursor but do require that previously postulated mecha
nisms be modified to account for the ability o f DEA to di
vert some of the nitrene to azepine.

Experimental Section21
3',5'-Bis(trifluoromethyl)-2-nitrobiphenyl (4b). A stirred 

mixture of 3,5-di(trifluoromethyl)iodobenzene22 (34.0 g) and 1- 
bromo-2-nitrobenzene (20.2 g) was heated to 180°. Copper bronze 
(15 g) was added in portions over 0.5 hr and heating was continued 
for 3 hr after the addition was complete. The cooled reaction mix
ture was extracted with hot chloroform and after filtration and 
concentration the residue was chromatographed on alumina. 
Ether-hexane (1:4) eluted 4b and it was recrystallized from etha
nol (10.1 g, 30%): mp 76.5-77°; nmr (CDCI3) 5 7.80 (m); mass spec

trum m/e (rel intensity) 335 (27), 315 (30), 285 (58), 270 (20), 269 
(100), 266 (18), 238 (32), 237 (17), 236 (28), 220 (54), 219 (54), 201
(27), 199 (16), 170 (20), 169 (16), 75 (15).

2-Amino-3',5'-bis(trifluoromethyl)bipheny] (5b). Reduction 
of 4b in ethanol over Pd/C proceeded quantitatively to give 5b, 
which was recrystallized from hexane, mp 44-45°.

2-Azido-3',5'-bis(trifluoromethyl)biphenyl (lb). Procedure 
A of Smith and Brown23 was used. An ether extract of the azide 
was washed with dilute HC1, 5% NaHCCL, and water. Drying and 
evaporation of the ether gave lb as a white solid which was recrys
tallized from 95% ethanol: mp 43-43.5°; nmr (CDCI3) <5 7.29 (4, m),
7.84 (3, s); mass spectrum m/e (rel intensity) 331 (2), 303 (24), 284
(32), 283 (100), 234 (48), 233 (19), 214 (17), 213 (17), 75 (19), 69
(46).

3,5-Dimethyliodobenzene. 3,5-Dimethylaniline (5.0 g) was dis
solved in 65 ml of 25% sulfuric acid and the solution was cooled to 
—10°. Aqueous NaNOj was added until starch-iodide paper indi
cated the presence of unreacted nitrous acid. A solution of KI (8.0 
g) was then added, keeping the reaction mixture below 0°. The so
lution was kept overnight at room temperature, warmed for 0.5 hr 
on a steam bath, and finally extracted with ether. Distillation gave 
the product, bp 51-53 (1 mm), in 52% yield, nmr (CDCI3) b 2.23 (6, 
s), 6.90 (1, s), 7.30 (2, s).

2-Amino-3',5'-dimethylbiphenyl (5c). A mixture of 3,5-di- 
methyliodobenzene (12.3 g) and l-bromo-2-nitrobenzene (10.0 g) 
was heated to 170-180° with stirring and copper bronze (10.0 g) 
was added in small portions over 30 min. The solution was then 
maintained at 180° for 3 hr. The reaction mixture was extracted 
with boiling chloroform, filtered, concentrated, and distilled. After 
some unreacted iodo compound was recovered, 4c (6.9 g, 57%) dis
tilled at 130-135° (0.5 mm). Reduction over Pd/C in ethanol for 3 
hr at 3 atm hydrogen gave 5c in quantitative yield after distilla
tion, nmr (CDCI3) 5 2.30 (6, s), 3.7 (2, s), 6.85 (7, m).

2-Azido-3',5'-dimethylbiphenyl (lc). The azide was prepared 
following procedure A of Smith and Brown.23 The crude azide was 
extracted with ether and washed successively with 2 N  hydrochlo
ric acid, 5% NaHCCL solution, and water. After drying and evapo
ration of the solvent, the residual oil was purified by elution 
through silica gel with benzene. Evaporation of the benzene left an 
oil which was pure lc as judged by glpc, tic, and spectral data. The 
compound decomposed on attempted distillation and no satisfac
tory analysis was obtained.

Dimethyl 5-Iodoisophthalate. 5-Iodoisophthalic acid was pre
pared according to the procedure of Grahl24 and then esterified. 
The product was recrystallized from 95% ethanol, mp 100-102° 
(lit.25 mp 104-105°).

3',5'-Dicarbomethoxy-2-nitrobiphenyl (4d). The coupling 
reaction was carried out as for 4b but the heating period was re
duced to 2 hr. Chromatography on alumina using 1:9 ether-ben
zene gave 4d (44% yield) which was recrystallized from benzene- 
hexane: mp 145-147°; nmr (CDC13) 5 3.92 (6, s), 7.45 (4, m), 8.15 
(2, d ,J  = 1.5 Hz), 8.68 (1, m).

2-Amino-3',5'-dicarbomethoxybiphenyl (5d). Reduction over 
Pd/C at 3 atm pressure in 1:1 ethanol-tetrahydrofuran gave 5d 
(88% yield): mp 129-131° after recrystallization from 95% ethanol; 
nmr (CDCI3) 5 3.92 (8, s overlapping exchangeable NHo signal),
7.00 (4, m), 8.30 (2, m), and 8.60 (1, m).

2-Azido-3',5'-dicarbomethoxybiphenyl (Id). The procedure 
described for lb gave Id in 71% yield: mp 103-104° after recrystal
lization from 95% ethanol; nmr (CDCI3) b 3.92 (6, s), 7.24 (4, m),
8.22 (2, d), 8.60 (1, t).

Preparation of 1,3-Disubstituted Carbazoles. Samples of 
each of the carbazoles Ib-d were prepared by thermolysis of the 
appropriate azides in decalin at 170-190° for 0.5-1.5 hr.

A. 1,3-Bis(trifluoromethyl)carbazole (2b). Chromatography 
of the pyrolysis solution gave 2b (eluted by petroleum ether) in 
quantitative yield: mp 109-111° after recrystallization from ben
zene; uv (95% ethanol) Amax (log c) 215 (4.59), 241 (4.48), 267 (4.49), 
300 (3.96), 331 nm (3.60); nmr (acetone-rig) 5 7.48 (3, m), 7.92 (1, s),
8.27 (1, d, J  = 7 Hz), 8.70 (1, s), 11.1 (1, broad).

B. 1,3-Dimethylcarbazole (2c). After elution from alumina 
with benzene, recrystallization from Skellysolve gave 2c: mp OS- 
OS0 (lit.26 mp 95°); uv (95% ethanol) Amax (log e) 227 (4.52), 235 
(4.58), 240 (4.63), 250 (4.40), 261 (4.26), 297 (4.23), 331 nm (3.60).

C. 1,3-Dicarbomethoxycarbazole (2d). The carbazole (55% 
yield) precipitated on cooling the pyrolysis solution to —10° and 
was recrystallized from methanol, mp 193-193.5°.

Preparation and Characterization of 3-Aryl-2-diethyl- 
amino-3//-azepines. A. 2-Diethylamino-3-phenyI-3//-azepine 
(3a). This compound has been previously described.7’8 A sample
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Table IV Control Data**
---------------------------Yield, % -------------------------- ,

Photolysis ,------- 2537 A------- . ,----- >2900 A------.
time, hr 2b 3b 2b 3b

0 .5 52 39 '67 15
1 .0 44 40 60 15
2 .0 45 37 54 18
4 .0 48 17

“ Photolyses were carried out in 25%  D E A .

obtained in the present work by photolysis of la in DEA had spec
tral properties identical with those of the material prepared during 
the previous work.7

B. 2-Diethylamino-3-[.3,5-bis(trifluoromethyl)phenyl]-.'!//- 
azepine (3b). A solution of lb (451 mg) in 30 ml of 95:5 DEA-pip- 
erylene was deoxygenated by a nitrogen stream and photolyzed for
2.5 hr in a series of quartz test tubes using 3000-A lights in a Ray- 
onet Model RS photochemical reactor. After photolysis each tube 
was treated with 5 ml of 1% acetic acid in methanol and allowed to 
stand overnight to ensure completion of tautomerism to the stable 
3H isomer.lb The solvent was evaporated and the residue was 
chromatographed on alumina. Ether-hexane containing ~2% 
methanol eluted the azepine (155 mg, 30%). Further purification 
by preparative glpc on a 6-ft, 5% FS1265 column at an oven tem
perature of 170° gave a light yellow oil: rc—NC—c 1560, 1520 cm-1; 
nmr (CDC13) b 2.20 (6, t), 3.46 (4, q), 5.40 (3,’ m), 6.55, (2, d super
imposed on m), 7.52 (3, s).

2- Diethylamino-3-(3,5-dimethylphenyl)-3//-azepine (3c). A 
solution of 1c (520 mg) in 40 ml of 95:5 DEA-piperylene was pho
tolyzed and processed as described for 3b. Chromatography gave 
248 mg of unreacted lc and some of the carbazole 2c (90 mg, 38%). 
Ether-hexane containing about 2% methanol eluted 3c (96 mg, 
29%) which was further purified by preparative glpc under the 
same conditions as for 3b: cc= n,c—C 1570, 1530 cm-1; nmr (CDCI3) 
b 1.18 (6. t), 2.18 (6, s), 3.45 (4, q), 5.42 (3, m), 6.7 (5, m).

3- (3,5-DiearbomethoxyphenyI)-2-diethylamino-3/7-azepine 
(3d). A solution of Id (232 mg) in 20 ml of 95:5 DEA-piperylene 
was photolyzed for 2 hr and then worked up as described for 3b. 
Addition of ether to the residue from evaporation of solvent re
sulted in the precipitation of 3d (25% yield), which was recrystal
lized from petroleum ether: mp 171-172°; pc^ n.c—c 1570, 1520 
cm“ 1; nmr (CDCI3) b 1.20 (6, s), 3.52 (4, q), 3.88 (6, s), 5.40 (3, m),
6.64 (d, superimposed on m), 7.92 (2, s, slightly broadened), 8.35 
(1, s, slightly broadened).

Conditions for Photolysis and Quantitative Product Analy
sis. Accurately weighed amounts (~50 mg) of the azide were 
placed in quartz test tubes and dissolved in the appropriate sol
vent mixture. Solvent mixtures were prepared volumetrically by 
adding 0.50 ml of piperylene and the appropriate amount of DEA 
to a volumetric flask and then diluting to 10 ml with THF. An ali
quot (5.0 ±  0.2 ml) of the solution was then transferred to the test 
tubes, which were capped with rubber septa and deoxygenated 
with nitrogen for about 5 min using a hypodermic needle. The 
tubes were then placed in a merry-go-round apparatus centered in 
a Rayonet Type RS reactor and photolyzed at 38°.27 Photolysis 
times are included in Table I. At the completion of the photolysis 5 
ml of 1% acetic acid in methanol was injected into each test tube. 
The tubes were kept capped overnight at room temperature. The 
appropriate internal standard was added and analysis for unreact
ed azide, carbazole, and azepine (except for 3c) was then carried 
out under the following conditions: la, 2a, and 3a, 5% OV-101 col
umn, isothermal at 160° with stilbene internal standard; lb, 2b, 
and 3b, 5% SE-30 column, 140° until the azide elutes then to 180° 
at 8°/min with carbazole internal standard; lc and 2c, 5% FS1265, 
temperature programmed over 140 to 190° at 10°/min beginning at 
injection with carbazole internal standard. Detection was by flame 
ionization on Varian Aerograph Model 1800 or 2440 gas chromato
graphs.

Analysis of the reaction mixtures from Id were carried out by 
evaporating the solvent and dissolving the residue in methylene 
chloride. The azepine 3d was extracted by 6 N HC1. After neutral
ization with 8 N  NaOH the azepine was extracted into methylene 
chloride and diluted volumetrically. The azepine yield was deter
mined by uv absorbance at 291 nm. The carbazole yield was deter
mined by uv absorbance at 358 nm in the original methylene chlo
ride solution. The yields were corrected for unreacted azide by re
covery of the azide by chromatography.

Control Experiments to Determine Product Stability 
(Table IV). Selected reaction solutions were photolyzed for peri
ods longer than reported in Table I to determine product photo
sensitivity. Secondary photolysis of the product during the photol
ysis times used in the analytical experiments was significant only 
for carbazole.

2-Nitrosobiphenyl (6a). The procedure of Havinga and co
workers28 was used. After recrystallization from ethanol the com
pound melted at 112-114°, somewhat higher than previously re
ported (lit.11«-28 mp 101°). The nmr was concentration dependent 
because of dimerization of 6a. A doublet at 5 5.82 is due to dimer 
while that at 5 6.16 is due to monomer. Approximate ratios at sev
eral molarities in CDCI3 follow: 1.0 M  1:1; 0.5 M, 2:1; 0.25 M, 3:1; 
0.13 M, large. These ratios indicate that K  for dimerization = 1.7 ± 
0.3 mol-1.

3',5’-Bis(trifIuoromethyl)-2-nitrosobiphenyl (6b). A solution 
of the amine 5b (500 mg) in 20 ml of dichloromethane was treated 
dropwise with m-chloroperoxybenzoic acid (0.6 g) dissolved in 20 
ml of dichloromethane. The solution was allowed to stir at 0° over
night, warmed to room temperature, and washed several times 
with 5% NaHCOs solution. The solution was then dried and evapo
rated. The residue was dissolved in toluene and eluted through a 
small alumina column with toluene. The solvent was evaporated at 
reduced pressure and the residue was recrystallized from ether- 
benzene to give 6b, mp 123-124°.

Deoxygenation Reactions. A. Nitrosobiphenyl. A weighed so
lution of the nitroso compound (~50 mg) in THF (1 ml) was added 
over a period of 15 min to 20 ml of a cold (—10°) solution of the ap
propriate THF-DEA mixture containing 0.3 ml of triethvl phos
phite. The solution was then kept at room temperature for several 
hours and then the solvent was removed. Triethyl phosphite was 
removed using a vacuum pump and the residue was analyzed by 
glpc.

B. 2-Nitroso-3',5'-bis(trifluoromethyl)biphenyl. The proce
dure was identical with that used for nitrosobiphenyl except that 
the reaction was run at 38°. After removal of the solvent, glpc 
analysis was carried out. Runs on a 200-mg scale indicated some 
2,2,-bis(3,5-trifluoromethylphenyl)azobenzene (7b) to be formed 
(~10%) both in the presence and absence of DEA in addition to 2b 
and 3b.
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The cycloaddition of aromatic nitroso compounds p-X-CeH4NO with diphenylketene occurs in all cases rap
idly and with relatively low regioselectivity, which is little affected by solvents or substituents. With X  = 
CH3O, CH3, H, and CH3O2C, the principal product is the 2-aryl-4,4-diphenyl-l,2-oxazetidin-3-one. The isomer
ic oxazetidin-4-one, the main primary product for X = (CHahN, is unstable in all cases and decomposes to car
bon dioxide and a Schiff base, which reacts in situ to form an azetidinone. The oxazetidin-3-ones undergo a 
very facile solvolysis reaction, apparently via a nitrenium ion-like intermediate. The cycloaddition results 
suggest a near-concerted mechanism.

Like most reactions of ketenes, the cycloaddition with 
nitroso compounds was discovered by Staudinger, who re
ported in 19111 that diphenylketene (1) reacted with p- 
dimethylaminonitrosobenzene (2a) to yield ultimately the 
/S-lactam 3a (65%). Staudinger proposed that 3a arose via 
an unstable oxazetidin-4-one, 4a, which decomposed to a 
Schiff base; the latter was shown to give the product 3a 
(Scheme I). In contrast to 2a, nitrosobenzene (2b) gave 
the oxazetidin-3-one 5b in 63% yield.1

Scheme I

0  +  P h ,C = C = 0  
1

fa I
-CO,

P h ,C = N
Ph,C— N

Ph2C— C,
\ O

a, X =  NMe,
b, X = H
c, X = OMe
d, X = Me
e, X =  CO,Me
f, X = Br
g, X =  Cl

X

These results were extended by Kresze and Trede,2 who 
obtained oxazetidin-3-ones 5d, 5f, and 5g in 19-48% yields

from 2d, 2f, and 2g, and the |6-lactam 3c (40%) from reac
tion of 2c with 1. These workers deduced from the effect 
of the dimethylamino and methoxy groups on the prod
ucts that the unstable 4 was produced by a dipolar mech
anism and 5 by a concerted process.

Mechanisms of ketene cycloadditions have received 
substantial theoretical3' 5 and experimental study in re
cent years. Alkenes,6"10 vinyl ethers,11’12 and azo com
pounds13-15 react with ketenes by essentially concerted 
[„2s + „2a] mechanisms, whereas enamines (at least in 
part),16-18 imines,19-21 carbodiimides,22 and sulfodi- 
imides23 react via dipolar intermediates.

In contrast to these extensive studies on ketene cycload
ditions, nitroso compound cycloadditions have been rela
tively little studied. Nitroso compounds function as dieno- 
philes in Diels-Alder reactions,24’25 but their involvement 
in [2 + 2] cycloadditions, despite a number of erroneous 
early reports,26-31 is fairly rare. They do yield [2 + 2] ad
ducts (oxazetidines) with highly halogenated32,33 and 
methoxylated34 alkenes, presumably by diradical pro
cesses. More recently, the [2 + 2] cycloaddition of nitroso 
compounds with ketenimines has been reported and stud
ied by Barker.35 We report here a study of the mechanism 
of cycloaddition of diphenylketene (1) with substituted ni- 
trosobenzenes, 2.

Results
The principal tool used in this investigation has been 

the regioselectivity of the cycloaddition, as affected by 
substituents and solvents. Previous investigators1-2 had 
generally reported the formation of either 4 or 5 from a 
given nitrosobenzene derivative, which might be taken to 
imply a completely regiospecific cycloaddition, had the 
material balances been better.

In our study, the reaction was run by titrating a solu
tion of 1 with a solution of 2 until the end point was indi
cated by persistent blue or green color of 2 and the com
plete disappearance of ketene absorption at 2090 cm-1 in 
the ir. (This procedure was made practical by the great 
speed of the reaction.) In some cases (X = H, C02Me) the 
primary product 5 was stable and was isolated as such; in
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Table I
Products of Reaction of 1 with Nitroso Compounds p-XC6H.iNO“ (2)

X <rP % 36 % Sb % urethane0 -e % urea6' 1* % PhÆO6 % 4 ‘ -! %  51 '»

NMe2 0.83  61 0 28 0 36 61 (68) 28 (32)
OMe 0.27  22 0 81 0 69 22 (21) 81 (79)
Me 0.17  13 0 0 86 30 13 (13) 86 (87)
H* 0 .0 0  13 60 0 10 19 13 (16) 70 (84)
C02Me> 0.31  (28) (72) 0 0 0 (28) (72)

“ In chloroform at 25°. 6 Isolated yields, based on 2. c Formed by addition o f ethanol or methanol to the reaction mixture.
d Formed by hydrolysis o f  isocyanate (from 5) on chromatography. e Based on yield o f  3, derived from 4 . t  Yields in parenthe-
ses normalized to 100% . "  Based on com bined yields o f  5 and products derived therefrom . * Diphenylacetic acid (11% ) also
isolated. * Yields by nmr.

Table II
Effect of Solvents in Product Ratio in Reaction of 1 with 2

X Solvent E t ° % 3 = % 46 % urethane =  %  5b 7o Ph.CO6

OMe Hexane 30.9 22 (25) 67 (75) 68
OMe Chloroform 39.1 22 (21) 81 (79) 69
OMe Dim ethylform am ide 43 .8 17 (21) 65 (79) 64
OMe Acetonitrile 46 .0 9 (9) 91 (91) 74
NMe. Benzene 34.5 78 (79) 21 (21) 32
NMej Chloroform 39.1 61 (68) 28 (32) 35
NMe! Acetonitrile 46 .0 83 (94) 5 (6) 4

0 Solvent polarity parameter: ref 36. 6 Isolated yields, based on 2; yields in parentheses normalized to 100%.

others (X = NMe2, OMe) it decomposed in situ to benzo- 
phenone and an isocyanate, which was isolated as the ure
thane or urea. Thus the quantity of 4 formed in the initial

P h 2C — 0
: R'OH

C — N A r  P h ; C = 0  +  A rN  =  C = 0  -------► A r N H C 0 ,R '

( /
5

cycloaddition was measured by the quantity of /3-lactam 3 
isolated; the quantity of 5 was measured either directly or 
from the quantity of urethane or urea. The results are 
summarized in Table I.

Except for the case of 2a, the major primary product is 
the oxazetidin-3-one, whether X  is electron donating or 
electron withdrawing. Moreover, the regioselectivity is in 
no case very great, ranging from 1:2 to 6:1; both primary 
products, 4 and 5, are produced and detected in every 
case. The very strongly electron-donating dimethylamino 
group, as previously reported,1 causes 4 to become the 
predominant primary product, but only by a modest 2:1 
ratio. To test Kresze’s hypothesis2 that 4 arises by a dipo
lar and 5 by a concerted process, the effect of solvents on 
the product distribution was investigated (Table II) using 
2a and 2c, which should be most prone to react by a dipo
lar mechanism, and most sensitive therefore to solvent ef
fects.

It is evident that, for both 2a and 2c, the solvent, like 
the substituent X, has only a modest effect on the product 
ratio. There is no consistent increase in the amount of 4 
with increasing solvent polarity as required by Kresze’s 
proposal. The concept2 that one primary product, 4, is 
produced by one mechanism and the other, 5, by a funda
mentally different mechanism is not supported by these 
facts. We therefore conclude for the remainder of the dis
cussion that a common type of mechanism leads to both 
primary products in every case. This common mechanism 
might be a dipolar, diradical, or concerted mechanism, as 
limiting cases (Scheme II).

Dipolar intermediates are well established in some [2 + 
2] cycloadditions.16“23 In these cases, the reactions have

been found to be regiospecific, strongly affected by sol
vents, and prone to formation of 2:1 adducts by reaction 
of the 1,4-dipolar intermediate with an additional ketone 
molecule. As between the two possible dipolar intermedi-

Ph2C = C = 0 0 .
c ^ CPh-’

+
PhCH=NCH:,

PhCTK -  'CH,

1

Ph,C— C
I I

PhCH-N

19%

\
CH:i

81%
(ref 19)

ates, 6 and 7, the nitrenium ion37 6 seems less unreason
able than the oxenium ion 7, at least in the absence of 
strong electron-withdrawing groups X. One would there
fore expect 4 to be the predominant primary product in 
most cases, accompanied by 2:1 adduct(s).

Clearly none of the above expectations for a dipolar 
mechanism accords with the experimental observations: 
no 2:1 adducts are detectable in the reaction mixtures, 
despite the presence of a large excess of ketene 1 in the 
early stages; the major primary product is generally 5, not 
4; and solvent and substituent effects on the regioselectiv
ity are modest. We are therefore led to reject the dipolar 
mechanism.

In contrast to 6 and 7, diradical intermediates 8 and 9 
would appear a priori relatively favorable. Nitroxvl radi
cals (such as 9) are probably the most stable and best 
characterized of radicals;38 a number of stable oxaminyl 
radicals like 8 have also recently been characterized.39“14 
However, addition of radicals to nitroso compounds occurs 
only at N, to give nitroxyls, rather than at 0 , in the ab
sence of extraordinary steric hindrance at N.41-43 This in
dicates the greater stability of nitroxyls relative to oxam- 
inyls, as does the rearrangement of the latter.39'40 We
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Scheme II

Ph2C Ph2C—
0

ArN— 0 : A r N = 0 :
+ +

Ph2C—- c ^ °
i <-

-  ^ 0
Ph2C— Cr

:0 —
1

-N— Ar :0 = N — Ar

Ph,C— ( j Ph.,C— Cr

ArN— p: ArN— 0 : +

8

Ph2C— Cr Ph2C— Cr

:0 — N— Ar -0— N— Ar
—  '+

9

Ph.

TV

0

; c = c = o

\ Ar
10

— ► 4

—  5

— ► 4

— ► 4 and 5

would thus expect the diradical 9 to be substantially more 
stable than 8, and thus 5 to be the sole (or at least pre
dominant) primary product. Diradical 9 being the more 
polar of the two, polar solvents should increase the 5:4 
ratio relative to nonpolar solvents.45 Relative substituent 
effects on 8 and 9 are difficult to predict, however.

R — N — 6 — H  — ► R — N — 6 :
.. .. !

H

The observed preferential formation of 5 over 4 is quali
tatively consistent with a diradical mechanism; however, 
the low regioselectivity of the cycloaddition is difficult to 
reconcile with the normal regiospecificity of radical addi
tions to nitroso compounds, as is the preference for 4a 
over 5a.

However, the experimental observations are consistent 
with an essentially concerted mechanism, analogous to 
that proposed by Woodward and Hoffmann3 for the ke- 
tene + alkene cycloaddition. The transition state 10 is 
quite free of steric hindrance, and is stabilized by interac
tions of the ttno OMO of the nitroso compound with the 
7TCc* and ttco* (UMO) orbitals of the ketene (10a), compli
mented by interaction of the ttno* LUMO of the nitroso 
group with the ttcc HOMO of the ketene (10b). The low- 
lying nature of the 7tno* LUMO of nitrosobenzene is indi
cated by its facile electrochemical reduction.46 In view of 
the fairly weak N = 0  double bond and its relationship to 
singlet oxygen,47 one may expect a relatively high-lying 
7tno orbital.48

If the regioselectivity is ketene LUMO controlled49 (as 
in 10a), then 4 should be the major primary product, as in 
fact found with 2a. In the absence of the strong electron- 
donating (HOMO- and LUMO-raising) effect of the di- 
methylamino group of 2a, however, the reaction must be 
more nearly ketene HOMO controlled (10b), giving a 
moderate preference for 5 in most cases. The concept of 
ketene HOMO control is also in full accord with the rela
tive reactivities of various ketenophiles (e.g., A rN =0 > 
ArN=NR »  ArCH=CH2) in concerted reactions, which 
parallel their reducibilities.Stabilities of l,2-Oxazetidin-3-ones. The thermal sta
bilities of 5a-e exhibit a marked dependence on the sub
stituents X, ranging from the readily isolable 5e and 5b 
(X = C 02CHs, H) through 5d (X = CH3), stable in the 
reaction mixture but not to chromatography, and 5c (X  = 
OCH3), in part decomposed in the reaction mixture, to 5a 
(X = NMe2), entirely undetectable except through its de
composition products. Thus, the thermal stabilities of the 
oxazetidin-3-ones decrease dramatically as X  becomes
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more electron donating. This is most consistent with ther
mal decomposition via a nitrenium ion-like intermediate, 
11.50

0 — CPh, 0 — CPh2
11

C = 0  + 0=C Fh,

Analogous nitrenium ions have been detected in the sol- 
volyses of (V-chloroanilines, for which a p+ of -6.35 has 
been measured, by trapping with methanol.51 Similarly,

CH,0 ✓N— C

0 — CPh,

Scheme III

0

CH,0
+ . 0
N—

0 — CPh,
CH.OH

CH,0 N - C ^
I

0 — CPh,

Cl

addition of methanol to product mixtures from reaction of 
1 with 2a and 2c resulted in solvolysis of the oxazetidin-
3-ones via 11, as shown by the nature of the products 
formed. Thus, two additional products not present upon 
completion of the reaction (ir) were isolated from the 
reaction mixture of 1 with 2b after adding methanol. One 
of these, 12, was a white solid whose ir [2940 (s, br, OH), 
1634 (s, amide C = 0 ), 760 and 700 cm r1 (s, C6H5)], nmr 
[5 3.00 (s, 3 H), 7.2 (m, 15 H), 8.5 (br s, 1 H, exchange
able with D2O)], and analysis indicated the structure N- 
methoxybenzilanilide.®2 The other, 13, was identified as 
benzil-p-anisidide by its ir [1664 (s, amide C = 0 ), 833 
cm-1 (s, P-C6H4)] and nmr data [5 3.68 (s, 3 H), 6.72 (d, J  
=  10 Hz, 2 H), 7.2 (m, 13 H), 8.2 (br s, 1 H)[ and com
parison with an authentic sample.

11c

H° — C ^ °  0 = Q = N - C / 0

0 — CPh2 HO— CPh, _

HO— C^  

HO— CPh,
15

Related reactions have also been reported by Sherad- 
sky,54 who isolated ring-chlorinated products on treating 
5b with HC1. The nature of the product in all of these

HO— CPh, HO— CPh,
12 13

15 ^

O— CPh2 HO— CPh2
Cl

a - ® - N - < /  +  < ^ ^ n h c^ °

HO— CPh, HO— CPh2

cases implicates nitrenium ion-like intermediates 11 in 
the solvolyses and supports their intermediacy in the ther
mal decompositions to isocyanates and benzophenone.

Two additional products (Scheme III) were also ob
tained from methanolysis of the transient oxazetidin-3-one 
5c. One, 14, was identified as N-(2,4-dimethoxyphe- 
nyl)benzilamide by its ir [1669 (s, amide C = 0 ), 909 and 839 
(1,2,4-C6H3), 752 and 700 cm-1 (CeH5)] and nmr data 
[5 3.65 (s, 3 H), 3.67 (s, 3 H), 3.95 (s, 1 H), 6.41 (m, 2 H),
7.33 (m, 10 H), 8.3053 (d, J  «  9 Hz, 1 H), 8.89 (br s, 1 H)] 
and comparison with an authentic sample. The other 
product, 15, was identified as iV-(4-hydroxyphenyl)ben- 
zilamide by its ir [1640 (s, amide C = 0 ), 820 c m '1 (s, p- 
C6H4)], nmr [5 6.02 (d, -J ■ 10 Hz, 2 H), 6.45 (d, J  A  10 
Hz, 2 H), 7.25 (m, 12 H), 8.24 (s, exchangeable with D2O, 
1 H)], and mass spectra [m/e 319 (P+), 274 (P -  OH -  
CO+), 194 (Ph2CCO+), 183 (Ph2COH+), 135 (HO- 
C6H4NCO+),105(PhCO+)].

Experimental Section55
Materials. Diphenylketene (I),13 4-nitrosoanisole (2c),56 4-ni- 

trosotoluene (2d),57 and methyl 4-nitrosobenzoate (2e)58 were 
prepared by literature methods. Af,lV-Dimethyl-4-nitrosoaniline, 
nitrosobenzene, 4-aminophenol, fV.N-dimethyl-p-phenylenedi- 
amine, and 2,4-dimethoxyaniline were used as obtained from Al
drich Chemical Co. p-Anisidine (Aldrich) was recrystallized from 
cyclohexane.

Reaction of 2a with 1 in Chloroform. A chloroform solution of 
-/V,A-dimethyl-4-nitrosoaniline (2a, 2.700 g in 25 ml) was added 
dropwise to a stirred solution of diphenylketene (3.471 g, 17.9 
mmol) in 25 ml of chloroform, under a nitrogen atmosphere, until 
the ketene absorbance at 2090 cm-1 in the ir disappeared. The 
amount of 2a actually consumed was 1.670 g (11.1 mmol). The ir 
spectrum indicated isocyanate (2270 cm-1), lactam 3a (1730 
cm-1 ), and benzophenone (1655 cm -1). Ethanol (10 ml) was 
added to convert isocyanate to urethane, and after 5 hr the sol



2556 J. Org. C hem ., Vol. 39, N o. 17, 1974 Kerber and Cann

vents were stripped off. The residue was chromatographed on 65 g 
of silica gel. Elution with benzene yielded a binary mixture of 
lactam 3a and benzophenone (ir). Lactam 3a was isolated (2.23 g) 
by dissolving out the benzophenone with hexane-benzene, fol
lowed by recrystallization from acetone: mp 191-196° dec (lit.1 
mp 196-200°); nmr (CDC13) « 3.17 (s, 6 H), 6.79 (d, J  *  10 Hz, 2 
H), 7.28 (m) and 7.60 (d, J  ~  10 Hz) (combined integral 22 H); 
mass spectrum m/e (rel intensity) 494 (0.1, P), 300 (100, 
Ph2C =N C 6H4NMe2), 223 (34, PhC=NC6H4NMe2), 194 (26, 
Ph2CCO), 165 (59, Ci2Hg). The hexane-benzene filtrate left 1.81 g 
residue upon evaporation, which was dissolved in ethanol and 
treated with excess 2,4-dinitrophenylhydrazine reagent59 to pre
cipitate the 2,4-dinitrophenylhydrazone derivative of benzophe
none (1.43 g, 3.95 mmol), which indicated the residue to have 
contained 3.95 mmol (0.72 g, 36%) of benzophenone and 1.09 g of 
lactam 3a, for a total of 3.32 g (6.72 mmol, 61%) of the latter.

Elution of the column with 60% ether-benzene gave 0.651 g 
(3.13 mmol, 28%) of a green solid, mp 71-73°, which afforded a 
white solid, mp 77-78°, upon recrystallization from hexane, iden
tical (ir, nmr, mixture melting point) with authentic ethyl 4- 
(./V,lV-dimethylamino)carbanilate. The latter was prepared from 
ethyl chloroformate and 7V,iV-dimethyl-p-phenylenediamine: mp 
79-81°; ir (KBr) 3210 (s), 2860 (s, br), 1670 (s), 1640 (s, br), 943 
(m, br). 813 (s), and 758 cm“ 1 (m); nmr (CDCI3) 5 1.30 (t, J  = 8 
Hz, 3 H), 2.90 (s, 6 H), 4.23 {q, J ~  8 Hz, 2 H), 6.74 (d, J  =  9 
Hz, 2 H), 7.32 (d, J  9 Hz, 2 H).

A previous run of the reaction gave 46% isolated 3a, 42% ben
zophenone, and 28% of the urethane. Reactions in acetonitrile 
and benzene were run as above, with results as in Table II.

Reaction of 2c with 1 in Chloroform. A solution of 1.900 g of
4-nitrosoanisole (2c) in 25 ml of chloroform was added dropwise to 
a stirred solution of 1 (2.764 g, 14.3 mmol) in 25 ml of chloroform 
in a 250-ml three-neck flask equipped with a reflux condenser and 
nitrogen inlet tube, until the blue-green color persisted and the 
ketene absorbance at 2090 cm“ 1 in the ir disappeared. This left 
0.40 g of unreacted 2c, whence the amount consumed was 1.50 g 
(10.4 mmol). After 2 hr of stirring at room temperature, an ir 
spectrum showed strong peaks due to oxazetidin-3-one 5c (1764 
cm” 1) and lactam 3c (1730 cm” 1), and weak peaks due to isocy
anate (2260 cm” 1) and benzophenone (1655 cm” 1). Refluxing for 
4 hr resulted in loss of the oxazetidin-3-one and large increases in 
the isocyanate and benzophenone peaks. Methanol (10 ml) was 
added, the solution was stirred for 10 min, and the solvents were 
stripped off. Methanol (30 ml) was added to the partially crystal
line residue, which mixture was then filtered to give 1.07 g of 
white solid, mp 213-218°. Recrystallization from hexane-benzene 
gave white crystals of lactam 3c: mp 226-227° (lit.2 mp 222-225°); 
ir (KBr) 1730, 1520, 1350, 1250, and 850 cm “ 1 (all s); nmr 
(CDCI3) <5 3.62 (s, 3 H), 6.59 (d, J ~  10 Hz), 6.95 (m), 7.27 (d, J  
m 10 Hz) (doublets and multiplet, 24 H).

The residue from the methanol filtrate, 3.05 g brown oil, was 
chromatographed on 60 g of silica gel. Elution with benzene gave 
a binary mixture of benzophenone and lactam 3c (ir), 1.485 g. 
Hexane precipitated 0.10 g of 3c, mp 212-218°, for a total yield of
1.17 g (2.44 mmol, 22%). The remainder was benzophenone (1.37 
g, 7.56 mmol, 69%) by ir.

Elution of the column with 10% ether-benzene afforded methyl
4-methoxycarbanilate (1.60 g, 8.86 mmol, 81%), mp 82-88°. Re
crystallization from hexane-benzene gave a white solid: mp 90- 
91.5° (lit.60 mp 90°); ir (KBr) 3230 (m), 1740 (s), 1540 (s, br), 1235 
(s, br), 1080 (m), and 851 c m '1; nmr (CDCI3) 6 3.65, 3.68 (two 
singlets, total 6 H), 6.72 (d, J - 10 Hz, superimposed on br s, 
total 3 H), 7.16 (d, J  «  10 Hz, 2 H).

Reactions in acetonitrile, dimethylformamide, and hexane were 
run as above, with results as in Table II.

Reaction of 2d with 1 in Chloroform. The reaction was run as 
above, using 2.99 g (15.4 mmol) of I and 1.25 g (10.3 mmol) of 2d. 
An ir spectrum of the reaction mixture at completion showed 
peaks due to oxazetidin-3-one 5d2 (1779 cm“ 1) and lactam 3d (1735 
cm“ 1). The chloroform was stripped from the mixture, and 15 ml 
of hexane was added. Filtration after 18 hr yielded 3d (0.242 g) as 
a white solid, mp 186-195°. Crystallization from hexane-benzene 
gave white crystals: mp 199-205°; ir (KBr) 1735 (s), 1515 (m), 
1366 (s), 820 (m), 704 cm“ 1 (br m); nmr (CDCI3) & 2.21 (s, 3 H), 7.1 
(m, 24 H).

The residue from the hexane filtrate, 4.10 g of brown oil, was 
chromatographed on 65 g of silica gel. Elution with benzene af
forded a yellow oil, fractional crystallization of which from hexane 
yielded first 0.365 g of lactam 3d, then 0.100 g of a yellow solid, 
and further recrystallization of which gave a white solid, mp

158-161°, whose spectral data [ir (KBr) 3240 (s), 1670 (vs), 1605 
(s), 1518 (s), 700 cm” 1 (s); nmr (CDC13) 8 2.30 (s, 3 H), 3.96 (s, 1 
H), 5.01 (s, <1 H), 7.40 (m, ca. 13 H), 8.31 (d, <1 H, J  ~ 9 Hz), 
and 9.08 (s, 1 H)] did not suggest a unique structure.61 Treat
ment of the residue from the crystallizations with 2,4-dinitro
phenylhydrazine reagent59 gave 1.63 g (4.50 mmol) of 2,4-dinitro
phenylhydrazone derivative, whence the yield of benzophenone 
was also 4.50 mmol (0.83 g, 44%). Some additional 3d also con
tained in the residue could not be isolated. The total isolated 
amount of 3d was 0.607 g (1.34 mmol, 13%).

Elution of the column with 50% ether-benzene gave 1.07 g (4.40 
mmol, 86%) of crude di-p-tolylurea, mp 245-261°. Recrystalliza
tion from ether-benzene gave a white solid, mp 270-271° (lit.62 
mp 21V), identical (ir, nmr, mixture melting point) with authen
tic material.

Reaction of 2b with 1 in Chloroform. The reaction was run as
above, using 3.556 g (18.3 mmol) of 1 and 1.240 g (11.6 mmol) of 
2b. An ir spectrum at completion showed large amounts of oxaze- 
tidin-3-one 5b (1776 cm“ 1) and lactam 3b (1733 cm “ 1), and trac
es of phenyl isocyanate (2240 cm” 1) and benzophenone (1655 
cm-1). Evaporation of the chloroform left a yellow oil, which on 
standing for 18 hr in hexane precipitated 0.415 g of lactam 3b, mp 
181-190°. Recrystallization from ethanol gave pure 3b, mp 189- 
190° (lit.63 mp 190-191°), ir identical with that of an authentic64 
sample. The residue from the hexane filtrate (4.40 g) was chro
matographed on 65 g of silica gel. Elution with benzene yielded a 
yellow oil, fractional crystallization (hexane) of which yielded 
first 0.287 g of 3b, mp 188-189° (total yield 0.702 g, 1.55 mmol, 
13%), then 1.943 g of 5b: mp 72-73° (lit.2 mp 73.0-73.5°); ir (KBr) 
1773 (s), 1600 (m), 1493 (s), 1360 (s), 763 (s), 747 (s), and 694 
cm" 1 (s). The residue from the recrystallizations (0.539 g), a bi
nary mixture of oxazetidin-3-one 5b and benzophenone by ir, 
was treated to obtain the 2,4-dinitrophenylhydrazone of benzo
phenone59 (2.15 mmol, 19%), whence an additional 0.148 g of 5b 
was also present by difference. The total yield of 5b was thus
2.017 g (6.90 mmol, 60%).

Elution of the column with 8% ether-benzene gave 0.425 g (2.0 
mmol, 11%) of crude diphenylacetic acid, mp 127-140°, mp 142- 
146° after recrystallization from hexane-benzene (lit.65 mp 146°). 
Elution with 50% ether-benzene gave 0.128 g (0.605 mmol, 10%) 
of 1,3-diphenylurea, mp 219-222°, mp 240-241° after recrystalliza
tion from hexane-benzene (lit.66 mp 237-237.5°).

Reaction of 2e with 1 in Chloroform. The reaction was run as 
above, using 1.507 g (7.70 mmol) of 1 and 1.065 g (6.50 mmol) of 
2e. The ir spectrum indicated oxazetidin-3-one 5e (1779 cm“ 1) 
and lactam 3e (1742 cm“ 1), in addition to the ester groups at 
1712 cm“ 1. No change occurred in the ir after 18 hr. The chloro
form was stripped off and the residue, 3.62 g, was chromato
graphed on silica gel. Elution with benzene yielded a mixture of 
3e and 5e, which proved inseparable by preparative layer chro
matography as well as column chromatography. Fractional crys
tallization of the mixture from hexane-benzene yielded lactam 3e 
as opaque white crystals: mp 195-196°; ir (KBr) 1742 (s), 1712 (s), 
1597 (s), 1332 (s), 1271 (s), 1180 (m), 1104 (m), 830 (m, br), 770 
(m), 725 (m), and 694 cm“ 1 (m); nmr (CDCI3) 8 3.78 (s, 3 H), 7.10 
(brm, 20H), 7.58 (d, J  =  10Hz, 2 H), 7.92 (d, J  ~ 10H z,2H ).

Anal: Calcd for C35H27N0 3: C, 82.51; H, 5.31; N, 2.75; Found: 
C, 82.64; H, 5.35; N, 2.70.

The reaction was rerun as above, using 0.603 g (3.11 mmol) of 1 
and 0.364 g (2.21 mmol) of 2e. The ratio of the products was de
termined by careful integration of the two methyl ester peaks at 8 
3.78 (3e) and 3.82 (5e), using sweep widths of 108 and 54 Hz. This 
showed the quantities to be 28% lactam 3e and 72% oxazetidi- 
none 5e, ±2%. Fractional crystallization of the mixture from ace
tone afforded the oxazetidin-3-one 5e as colorless, transparent 
crystals: mp 122-123°; ir (KBr) 1770, 1724, 1600, 1372, 1274, 823, 
700 cm" 1 (all strong); nmr (CDC13) 5 3.82 (s, 3 H), 7.26 (m, 12 
H), 7.88 (d, J  ~ 9 Hz, 2 H).

Anal: Calcd for C22Hi7N 0 4: C, 73.54; H. 4.73; N, 3.90. Found: 
C, 73.75; H, 4.58; N, 3.82.

Reaction of 2b with 1, with Methanolysis of 5b. The reaction 
was run as previously described, using 4,221 g (21.7 mmol) of 1 
and 1.373 g (12.8 mmol) of 2b. Evaporation of the chloroform left 
a light brown oil, to which was added 25 ml of methanol. Filtra
tion of the resulting mixture gave solid lactam 3b (0.694 g, 1.54 
mmol, 12%), mp 177-186°. Evaporation of the methanol left 4.86 g 
of brown oil which was chromatographed as before. Elution with 
benzene gave a mixture (3.80 g) which contained benzophenone 
and 5b; further chromatography yielded 0.737 g (2.4 mmol, 19%) 
of 5b from this mixture. Elution with 8% ether-benzene gave first



a white solid (0.705 g), mp 96-96.5° after recrystallization from 
hexane, whose spectra (see text) and analysis suggested the 
structure Af-methoxybenzilanilide (12, 2.12 mmol, 17%).

Anal. Calcd for C2iHi9N 0 3: C, 75.67; H, 5.71; N, 4.20. Found: 
C, 75.51; H, 5.85; N, 4.19.

Continued elution with 8% ether-benzene gave benzil-p-anisi- 
dide ( 1 3 ) ,  mp 178-179.5° after recrystallization from carbon tetra
chloride (0.259 g, 0.78 mmol, 6%); for ir and nmr spectra, see text. 
The material was identical (ir, nmr, mixture melting point) with 
an authentic sample, mp 177-179.5° (lit.67 mp 170-172°), synthe
sized by reaction of chlorodiphenylacetyl chloride and p-anisi- 
dine, followed by hydrolysis.54 Elution of the column with ether 
gave 0.23 g (1.07 mmol, 5%) of diphenylacetic acid.

R e a c t io n  o f  2 c  w it h  1, w it h  M e t h a n o ly s is  o f  5 c . The reaction 
was run as previously described, using 3.27 g (16.9 mmol) of 1 and 
2.040 g (14.9 mmol) of 2 c .  After removal of the solvent, the resi
due was taken up in 25 ml of methanol. Filtration gave 1.675 g of 
lactam 3 c , mp 212-218°. The residue from evaporation of the fil
trate, 3.99 g of brown oil, was chromatographed on 65 g of silica 
gel. Elution with benzene yielded initially a mixture of benzophe- 
none and 3 c ; analysis as before indicated 6.1 mmol (41%) of ben- 
zophenone and 0.81 g of 3 c  (total yield 2.49 g, 5.16 mmol, 35%). 
Further elution with benzene yielded a green-yellow solid, mp 
117-119°, identified as 4,4'-azoxydianisole by ir.68 Elution with 
6% ether-benzene gave a brown oil (0.418 g, 1.15 mmol, 8%), re- 
crystallization of which from hexane-benzene gave a white solid, 
mp 122.5-123.5°; for spectra, see text. This was identical (ir, nmr, 
mixture melting point) with authentic Af-(2,4-dimethoxyphenyl- 
)benzilamide (14), mp 123-124°, synthesized by reaction of chlo
rodiphenylacetyl chloride with 2,4-dimethoxyaniline, followed by 
hydrolysis.54-69

Anal. Calcd for C22H21NO4: C, 72.72; N, 5.80; N, 3.85; O,
17.63. Found: C, 73.12; H, 5.70; N, 3.99; O, 17.20.

Further elution of the column with 6% ether-benzene gave 
methyl 4-methoxycarbanilate (0.665 g, 3.67 mmol, 25%), mp 90- 
91.5° after recrystallization from hexane-benzene. Elution with 
12% ether-benzene gave 15  as a brown solid (1.28 g, 4.02 mmol, 
27%), mp 173-177° after recrystallizations from hexane-benzene; 
for ir, nmr, and mass spectra, see text. A good carbon analysis 
could not be obtained on this difficultly purified material.

Anal. Calcd for C20H17NO3: C, 75.24; H, 5.33; N, 4.39. Found: 
C, 77.63, 77.32; H, 4.87, 5.19; N, 3.85, 4.14.
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Addition of nitrosyl chloride to trimethylsilyl enol ethers 1 in dichloromethane at —10 to -15° gives good 
yields of a-oximinocarbonyl compounds 2. In the case of aldehydes, these initial products are unstable, but may 
be trapped by hydroxylamine as the glyoximes 3. The silyl ether of cyclohexanone lh yields 2,6-dioximinocyclo- 
hexanone (4) upon treatment with excess NOCI, whereas with 1 equiv of NOCI the unstable nitroso dimer 5 is 
formed. Similarly, the silyl derivatives of esters, lactones, and carboxylic acids are directly converted to a-oxi- 
mino esters and acids. The results are explained by initial addition of NOCI to the silyl enol ether double bond, 
followed by elimination of trimethylsilyl chloride and tautomerization to the oxime.

Trimethylsilyl enol ethers are now readily available 
from ketones or aldehydes,23 and their utility as synthetic 
equivalents of enols3 -4 has recently been demonstrated. 
Similar derivatives of esters2b and acids2c have also re
cently become available. Our interest in the regiospecific 
and stereospecific introduction of nitrogen functions into 
organic molecules by additions to double bonds5 prompt
ed us to study the reaction of silyl enol ethers with nitro
syl chloride. We have found that the reaction is instanta
neous at -1 0  to -1 5 ° in dichloromethane and affords good 
yields of a-oximino carbonyl compounds in a high state of 
purity.

Results
When the ketone-derived trimethylsilyl enol ethers la c 

were treated with excess NOC1 for < 1  min, good yields of 
the corresponding a-oximino ketones 2a c were formed 
(Table I). The only by-products were the corresponding 
ketones, presumably from hydrolysis of 1 . Purification6 of

Table I
Oximes from Trimethylsilyl Enol Ethers 1 and 

Nitrosyl Chloride
Silyl

ether R Ri Product Yield, %

la Ph H 2a 82
ib Ph Me 2b 83.5
lc Et Me 2c 72
Id H Et 3d 66
le H PhCHo 3e 77.5
i f H n -C M n 2a 63

the NOC1 (by removal of HC1, H2O, and NO2 ) led to no 
improvement in yields or reduction of hydrolysis. If the 
reaction time was extended to several hours, different 
products were formed. For instance, when the reaction 
mixture from la  was allowed to stand for 18 hr at - 2 0 °, 
a-oximinophenacyl chloride (2g, R = Ph; R r = Cl) was 
obtained in 48% yield. Acetophenone (14%) and benzoic 
acid (2 1 %) were identified as by-products in this reaction. 
The formation of 2 g is not surprising, since it can also be 
prepared from acetophenone and excess NOC1 in 24.5% 
yield .7

OSiMe, O NOH

NOH NOH
1 2 3

The reaction of the silyl ether of cyclohexanone (lh ) is 
somewhat more complicated. With excess NOC1, 2,6-diox- 
iminocyclohexanone (4)8 was obtained in 93% yield. By 
contrast, treatment with 1  equiv of NOC1 yielded the un
stable nitroso dimer 5 in quantitative yield. Reaction of 
the latter with hydroxylamine afforded dimer 6 , which 
dissociated and tautomerized to dioxime 3h9 upon disso
lution in dimethyl sulfoxide (DM SO). The establishment 
of structures 5 and 6 rests upon spectral data and upon 
the isolation and identification of 3h (see Experimental 
Section).

When silyl ethers of aldehydes (ld -f)  were treated with 
NOC1, the initially formed a-oximino aldehydes 2 d -f were
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too unstable to be isolated, and polymerized upon warm
ing to ambient temperature. However, they could be 
trapped in good yield (Table I) as the glyoximes 3d-f by 
direct addition of a solution of hydroxylamine to the cold 
reaction mixture. This provides a facile two-step synthesis 
of this type of compound from simple aldehydes.

Reaction of NOCI with silyl ethers 7 and 9 gave the cor
responding «-nitroso compounds 8 and 10. The initial so-

Ph OSiMe3
\  /  NOCI

Ph Me
7

Ph
NO Me 

8

while 13 derived from a-butyrolactone gave 50.5% a-oxi- 
mino-y-butyrolactone (14), an important intermediate in 
the synthesis of methionine.11 With the bis(trimethylsilyl) 
acetal 15, the initial product 16 was not isolated, but was 
hydrolyzed directly by treatment with methanol to a-oxi- 
minophenylacetic acid ( 17)12 in 68.3% yield.

Discussion
The formation of «-oximino carbonyl products from the 

silyl ethers could involve initial addition of NOCI to the 
enol ether double bond (Scheme I). The initial adduct

OSiMe3
NOCI

R CR'R" 
1

Scheme I

OSiMe;1 

-CR"R'

Cl NO

0

—MejSiCl

5i l li> mo'D"R CR'R"
I

NO

R'

NOH
2

then rapidly eliminates trimethyisilyl chloride and tau- 
tomerization to the oxime occurs when an a hydrogen is 
present. An alternative explanation involves nucleophilic 
attack of the silyl ether oxygen on NOC1 (Scheme II), fol-

Ph

) “
Me

CHOSiMe,
NOCI

Ph

CHO

NO
10

lution containing 8 was intensely green in color, and rap
idly faded to pale yellow as 8 dimerized. The nmr of the 
crude product indicated an approximately 2:1 ratio of 
1,1-diphenylacetone to nitroso dimer (See Experimental 
Section). No attempt was made to separate them. The 
low yield of 8 here may be largely due to steric problems. 
Compound 10 produced a deep blue solution, and was ap
parently quite stable at 0° or lower, slowly dimerizing at 
room temperature. Various attempts at purification yield
ed acetophenone as the only isolable compound.

To test the generality of the reaction and its applicabil
ity to acid derivatives the nitrosation of some representa
tive ketene alkyl trimethylsilyl2b and bis(trimethylsilyl) 
acetals2c was studied. The acetal II derived from methyl 
propionate produced a-oximino ester 1210 in 63.5% yield,

OSiMe,
M eC H =^

NOCI

OMe
11

OSiMe,

NOH
11

MeCCCtMe

12

O

13

NOCI HON

* 0
14

Ph OSiMe:,
NOCI

H OSiMe:, 
15

HON HON
MeOH II

Ph— C— C02SiMe:1 -------* Ph— C— COOH
16 17

Scheme II

:OSiMe:)
t p i

+  NO— Cl
R CR'R" 

1

c r

R R'R"

NO

R'

NOH

lowed by rearrangement of the intermediate vinyl nitrite. 
The fact that such a reaction might be possible was shown 
by reaction of the silyl ether13 of benzyl alcohol (18) with 
nitrosyl chloride. After 3 hr at room temperature, nmr in
dicated a 77% conversion to benzyl nitrite (19).14 How-

Non
PhCH,OSi(CH:J>3 PhCHoONO

18 19

ever, the slower rate of this reaction as compared to that 
of the enol ethers, previous results on additions to silyl 
enol ethers,3’4 and the known ease of addition of NOC1 to 
double bonds,15 make Scheme I more reasonable.

«-Oximino ketones can be readily prepared from ke
tones under a variety of conditions.16 The new method is 
superior in cases where direct nitrosation of the ketone 
gives (1) low yields, (2) mixtures of products, or (3) only 
one of two possible isomers (see ref 16 for numerous exam
ples). The real utility of our procedure lies in the nitrosa
tion of aldehydes, since there appears to be no report in 
the literature of conventional nitrosation procedures.16 
This does not seem surprising in view of the instability 
noted for oximino aldehydes 2d-f. It was necessary to trap
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these products and it is reasonable to assume that other 
methods of trapping these unstable species can be devel
oped. Since a-oximino ketones have served in the prepa
ration of a large number of difficultly obtainable com 
pounds, 16 the scope of these reactions can now be easily 
extended to aldehyde derivatives as well. Derivatives of 
a-keto aldehydes have been obtained previously only 
through multistep syntheses.17

a-Oximino acids and esters, which áre important inter
mediates in the synthesis of a-amino acids and esters, 
have been available in the past by nitrosation of substi
tuted ¡3-keto esters, malonic acids, and malonic esters. 16 
These oximes also provide routes to cv-oxo acids and es
ters, to nitriles, and to hydroxamic acids. 12 The present 
procedure for their preparation appears to be more eco
nomical and desirable, since these a-oximino compounds 
are attainable directly, in two simple steps and without 
purification of the intermediate silyl acetals, from the cor
responding acids or esters. The entire reaction sequence 
requires about 2-3 hr. The lower yields of oximes from ke- 
tene acetals than from enol ethers are probably a reflec
tion of increased sensitivity of the former toward hydroly
sis.

Experimental Section
Melting points (taken on a Fisher-Johns block) and boiling 

points are uncorrected. Infrared spectra were obtained using a 
Perkin-Elmer 457 instrument. Nmr spectra were recorded on a 
Varían A-60A spectrometer with TMS as an internal standard. 
Mass spectra were taken on a Varian MAT CH-5 instrument.

Trimethylsilyl Enol Ethers. All trimethylsilyl ethers were pre
pared by the method of House.2* Ethers la,2a lb,4 ld,2a and lh2a 
have been described previously. The following new silyl ethers 
were prepared.

lc from 3-Pentanone. Nmr indicated the reaction to be com
plete after 11.5 hr. Normal work-up2a led to partial hydrolysis as 
evidenced by formation of starting ketone and trimethylsilyl alco
hol. Purification by distillation was difficult owing to the high 
volatility of lc, which codistilled with starting ketone. Pure lc, 
along with several fractions containing lc and ketone, was ob
tained in approximately 30% yield as a mixture of E and Z iso
mers, bp 130-135° at atmospheric pressure. No attempt was made 
to improve the yield: v (neat) 1680 cm "1; nmr (CCU) r 9.84 (s, 9 
H), 8.98 and 9.00 (2 t, J  a  7 Hz, 3 H), 8.38-8.62 (m, 3 H), 7.74- 
P.25 (m, 2 H), 5.30-5.77 (m, 1 H).

le from Hydrocinnamaldehyde. The time required for com
plete reaction was 3 hr. le was obtained as a 2:3 mixture of E and 
Z isomers: bp 98-102° (5.2 mm); 83.3% yield; v (neat) 1655 cm "1; 
nmr (CDCI3 ) r 9.83 (s, 9 H), 6.75 (d of d, J = 7.5 and 1.0 Hz, E 
isomer), and 6.54 (d of d, J = 7.5 and 1.50 Hz, Z isomer), total of 
2 H, 5.27 (d of t, J = 7.5 and 6.0 Hz, Z) and 4.79 (d to (d of t, J =
7.5 and 12.0 Hz, E), total of 1 H, 3.50-3.75 (m, 1 H), 2.75 (s, 5 H).

If from Decanal. Reaction time was 4 hr. If was obtained as a 
2:3 mixture of E and Z isomers: bp 115-125° ( ~  15 mm); 64.4% 
yield; v (neat) 1655 cm "1; nmr (CDCI3) r 9.82 (s, 9 H), 9.12 (t, J 
= 4.5 Hz, 3 H), 8.69 (m, 12 H), 8.07 (m, 2 H), 5.33-5.68 (d oft, J 
= 7.0 and 5.5 Hz, Z) and 4.75-5.22 (d of t, J = 7.0 and 12.0 Hz, 
E), total of 1 H, 3.64-3.93 (m, 1 H).

7 from 1,1-Diphenylacetone. Reaction time was 18 hr. 7 was 
obtained in 70% yield: bp 115-120° (0.5 mm); v (neat) 1660 and 
1625 cm -1; nmr (CDC13) t  9.85 (s, 9), 7.99 (s, 3), 2.64 (m, 5),
2.25-2.50(m, 3), 1.97-2.18 (m, 2).

9 from 2-Phenylpropionaldehyde. Reaction time was 1.5 hr. 9 
was obtained in 91% yield as a 3:1 mixture of E and Z isomers: 
bp 100-105° (7.5 mm); v (neat) 1645 cm "1; nmr (CDCI3 ) r 9.84 
and 9.79 (2 s, 9 H), 8.12 and 8.02 (2 d, J = 1.5 Hz, Z and E 3 H),
3.58 and 3.28 (2 q, J = 1.5 Hz, Z and E, 1 H), 2.50-2.87 (m) and
2.20-2.42 (m, Z  isomer), total of 5 H.

Ketene Alkyl Trimethylsilyl and Bis(trimethylsilyl) Acetals. 
The silyl acetals were prepared according to literature procedur
es21̂  and were used without purification for the subsequent reac
tion. Acetals l l2b and 152c were previously described, while 13 
was obtained from y-butyrolactone in 90.6% yield: v (neat) 1685 
cm "1; nmr (CDCI3) r 9.73 (s, 9 H), 7.38 (d of t, J  = 2.0 and 9.0 
Hz, 2 H), 6.30 (t, J = 2.0 Hz, 1 H), 5.68 (t, J = 9.0 Hz, 2 H).

General Procedure for Reaction of Silyl Ethers with NOCI. 
Dichloromethane solutions (10-15 ml) of nitrosyl chloride were

prepared at -1 0  to -15° (Dry Ice-carbon tetrachloride bath) ac
cording to the procedure of Hassner and Heathcock.18 A dichloro
methane solution of the silyl ether was added, and the mixture 
was stirred for co. 30 sec. Slow concentration of solvent in vacuo 
at ~0° often led to crystallization of relatively pure oxime 2. In 
the case of aldehydes, a slight excess of hydroxylamine solution9 
was added directly to the cold reaction mixture. The mixture was 
then allowed to warm to room temperature, stirred for about 1 hr, 
washed with water, and dried (Na2S0 4), and the solvent was re
moved to give crude dioxime 3. Variations in the procedure and 
identification of products are described below.

a-Oximinoacetophenone (2a). Silyl ether la (5 mmol) gave 
608 mg (82%) of 2a as pale yellow crystals, displaying infrared, 
nmr, and melting point properties identical with those published 
in Sadtler.

a-Oximinopropiophenone (2b). Silyl ether lb (10 mmol) pro
duced 1.28 g of 2b as colorless crystals: mp 112-113° (lit.19 mp
111-113°); v (KBr) 3240, 1660, 1650, 1190, 1020, 1005, 905 cm "1; 
nmr (acetone-d6) r 7.85 (s, 3 H), 2.32-2.64 (m, 3 H), 1.88-2.11 (m, 
2 H), -1.29 (br s, 1 H); mass spectrum m/e (rel abundance) 163
(41.2) , 118 (7.6), 105 (100). Chromatography of the filtrate on alu
mina gave 126 mg of propiophenone (9.5%) and an additional 80 
mg of 2b (total yield 83.5%)

2-Oximino-3-pentanone (2c). Silyl ether lc  (9.4 mmol) gave 
775 mg (72%) of 2c as colorless crystals: mp 70-71° (lit.20 mp 69- 
72°); v (KBr) 3300, 1665, 1020 cm "1; nmr (CDCI3) r 8.87 (t, J  = 7 
Hz, 3 H), 7.94 (s, 3 H), 7.12 (q. J  = 7 Hz, 2 H), 0.23 (br s, 1 H); 
mass spectrum m/e (rel abundance) 115 (9.1), 98 (10.3), 87 (10.7), 
58(14.7), 57 (100), 42(34.9).

Ethyl Glyoxime (3d). Silyl ether Id (3.47 mmol) gave 267 mg 
(66%) of 3d as a colorless solid: mp 127-128° (lit.17a mp 129°); v 
(KBr) 3240 with tailing to about 2500, 1425, 955, 825 cm "1; nmr 
(DMSO-d6) r 8.96 (t, J = 7 Hz, 3 H), 7.47 (q, J = 7 Hz, 2 H), 
2.36 (s, 1 H), -1.43 (br s, 2 H); mass spectrum m/e (rel abun
dance) 116 (28.5), 99 (100), 71 (28.8), 55 (29.7), 54 (46.4), 44
(73.3) .

Benzyl Glyoxime (3e). Silyl ether le (5 mmol) gave 690 mg 
(77.5%) of 3e as a colorless solid: mp 160-161.5° (lit.17b mp 163°); 
v (KBr) 3290, 3050, 2930, 1430, 970, 940, 875, 755, 710 cm "1; nmr 
(DMSO-d6) r 6.03 (s, 2 H), 2.75 (br s, 5 H), 2.20 (s, 1 H), -1.08 
(br s, 1 H), -1.32 (br s, 1 H); mass spectrum m/e (rel abun
dance) 178 (68.8), 161 (11.4), 144 (31.1), 143 (18.2), 117 (71.8), 91 
(100).

n-Octyl Glyoxime (3f). Silyl ether If (10 mmol) gave 1.26 g 
(63.0%) of 3f as a colorless solid (from acetone-hexane): mp 117- 
118°; v (KBr) 3280, 3100, 1465, 1430, 965 cm "1; nmr (DMSO-d6) r 
9.13 (t, J  = 4.5 Hz, 3 H), 8.72 (m, 12 H), 7.50 (m, 2 H), 2.35 (s, 1 
H), -1.45 (br s, 2 H); mass spectrum m/e (rel abundance) 200
(9.7) , 183 (100), 169 (21.3), 112 (35.0), 102 (71.9), 99 (12.2), 98
(73.3) , 85 (16.1), 71 (16.7), 69 (25.6), 57 (22.3), 55 (75.2), 43 (59.7).

Reaction of Silyl Ether lh with NOC1. A. Silyl ether lh (10
mmol) under the general reaction conditions gave 1.45 g (93%) of 
4 as an unstable pale yellow solid which displayed properties 
identical with those reported:8 v (KBr) 3160, 3070, 1700, 1570, 
1435, 1415, 1105, 900 cm"1; nmr (DMSO-d6) r 8.23 (p, J = 6.5 
Hz, 2 H), 7.25 (t, J = 6.5 Hz, 4 H), 0.92 (br s, 2 H); mass spec
trum m/e (rel abundance) 156 (100), 139 (17.8), 127 (11.3), 126
(6.5), 111 (37.1), 82 (13.7), 80 (12.1).

B. Alternatively, lh (5 mmol) was dissolved in 10 ml of CH2CI2 
and placed in a Dry Ice-CCl4 bath, and 3.5 ml of a NOC1 solu
tion18 was added and stirred for 10 min. Removal of solvent in 
vacuo gave 634 mg (100%) of 5 as a colorless solid, v (KBr) 1725, 
1240, 1210, 1195, 850 c m 1. Since dimer 5 turned yellow and de
composed fairly rapidly on standing, it was treated with 1 equiv 
of a hydroxylamine solution at room temperature overnight, then 
placed in the refrigerator for 2 hr. Filtration gave 256 mg (35.6%) 
of 6 as a colorless solid: v (KBr) 3280, 1140, 1385, 1330, 1195, 980, 
955, 870 cm "1; nmr (DMSOd6) t  8.70-6.90 (series of m, >18 H),
4.20-4.58 (m, 2 H), -0.90 (br s, 2 H), integration of the upfield 
multiplet was not accurate owing to partial dissociation (see 
below); mass spectrum m/e (rel abundance) no M + , 224 (5.4), 207
(2.2), 204 (2.2), 187 (4.0), 142 (21.3), 125 (5.3), 112 (56.7), 94
(34.7) , 81 (26.7), 79 (21.3), 67 (100). The filtrate from 6 yielded 
only polymer on evaporation. Monitoring of the nmr sample of 6 
showed complete conversion to 1,2-dioximinocyclohexane (3h) 
after 3 days. The nmr pattern was identical with Sadtler’s but 
shifted somewhat owing to the different solvent: nmr (DMSO-d6) 
t  8.44 (m, 4 H), 7.48 (m, 4 Hz, —1.12 (br s, 2 H). The sample was 
poured into water, and precipitated 3h was filtered and identified 
by comparison of its ir spectrum with Sadtler’s. Mass spectrum: 
m/e (rel abundance) 142 (74.2), 125 (15.6), 107 (23.3), 95 (19.0),



94 (16.4), 80 (22.4), 68 (24.2), 67 (70.8), 66 (23.3), 55 (50.0), 41
(100).

Reaction of Silyl Ether 7 with NOC1. Silyl ether 7 (5 mmol) 
was treated with excess NOC1 according to the general procedure 
to give a deep green solution. While excess NOC1 was removed in 
vacuo at 0°, the solution faded to light yellow. Removal of solvent 
in vacuo gave a yellow oil, v (neat) 1720, 1660, 1285 cm "1. Nmr 
indicated this to be a 2:1 mixture of 1,1-diphenylacetone and the 
nitroso dimer [r 7.62 (s)].

Reaction of Silyl Ether 9 with NOC1. A. Silyl ether 9 (5 
mmol) was treated with excess NOC1 according to the general 
procedure for ketones and the solvent was removed in vacuo to 
give 0.83 g of 10 as an intensely blue oil which, upon standing for 
30 sec, underwent an exothermic reaction to give the dimer as an 
orange oil: v (neat) 1735, 1550, 1495, 1450, 1290, 770, 705 cm "1; 
nmr (CDCU) r 8.02 (s, 3), 2.52 (bT s, 5), 0.50 (s, 1). No purifica
tion was achieved by chromatography on silica gel-ether, while 
treatment with 1 equiv of hydroxylamine for 1 hr led to a poly
mer.

B. The reaction was repeated according to the general proce
dure for silyl ethers ld-f, to yield a yellow oil (largely acetophe
none by nmr). Chromatography on alumina-ether gave 365 mg 
(54.5%) of acetophenone as the only identifiable product.

C. The reaction was repeated as in A, except that the excess 
NOC1 was removed in vacuo at 0° to give a deep blue solution, v 
(CH2CI2) 1720 and 1570 cm-1 . Upon warming to room tempera
ture, the solution slowly turned yellow. Removal of solvent in 
vacuo gave a yellow oil, the nmr of which indicated the presence 
of the dimer (as in A) as the major product, along with acetophe
none and polymer.

Reaction of Acetal 11 with NOC1. Acetal 11 (8.33 mmol), 
under the general reaction conditions, gave 620 mg (63.5%) of 
methyl a-oximinopropionate (12) as colorless crystals: mp 69° 
(lit.10 mp 68-69°); « (KBr) 3200, 1725, 1440, 1315, 1200, 1160, 
1035, 1000, 845, 770, and 750 cm "1; nmr (CDC13) r 7.86 (s, 3 H),
6.10 (s, 3 H), -0.20 (br s, 1 H); mass spectrum m/e (rel abun
dance) 117 (71.3), 86 (33.4), 85 (100), 59 (77.3), 58 (95.5), 57 
(50.0).

Reaction of Acetal 13 with NOC1. Acetal 13 (20 mmol) gave
1.16 g (50.5%) of a-oximino-7 -butyrolactone (14) as a pale yellow 
solid: mp 184-186° (lit.11 mp 183-185°); v (KBr) 3250, 1745, 1660, 
1390, 1295, 1265, 1000 cm "1; nmr (CDCI3 ) r 7.00 (t, J = 7.0 Hz, 2 
H), 5.52 (t, -J = 7.0 Hz, 2 H), -0.25 (br s, 1 H); mass spectrum 
m/e (rel abundance) 115 (100), 114 (41.3), 97 (54.4), 85 (59.8), 83
(15.2), 70 (13.6), 57 (68.5), 54 (76.1). The filtrate from 14 was a 
deep green in color. Upon standing overnight, the color had 
changed to yellow-orange. Removal of the solvent in vacuo gave
1.0 g of orange oil. Nmr indicated that this oil contained 7 -butyr- 
olactone, polymer, and perhaps a small amount of nitroso dimer.

Reaction of Acetal 15 with NOC1. Acetal 15 (20 mmol) gave a 
red-orange oil. This was dissolved in chloroform, excess methanol 
was added, and after 15 min the solvent was removed in vacuo to 
give 3.65 g of red oil. Repeated fractional crystallization from 
chloroform gave 2.25 g (68.3%) of a-oximinophenylacetic acid (17) 
as colorless needles, mp 147° dec (lit.12 mp 144-145° dec). The 
residue from the recrystallizations was dissolved in ether and ex
tracted twice with 5% aqueous sodium bicarbonate. The ether 
layer yielded 638 mg of a red polymeric oil. Acidification and 
reextraction of the bicarbonate layer gave 445 mg (16.3%) of 
phenylacetic acid.

Nitrosation of Carbonyl Compounds

Reaction of Benzyloxytrimethysilane (18) with NOC1. A so
lution of 18 (5 mmol) and NOC1 was stirred at room temperature 
and monitored by nmr. After 3 hr, the solvent was removed in 
vacuo to give a pale greenish oil which displayed infrared absorp
tions identical with those reported14 for benzyl nitrite. Nmr indi
cated benzyl nitrite (77%), 18 (10%), and benzyl alcohol (13.2%). 
A similar reaction with benzyl alcohol (3 hr at room temperature) 
led to a 60% conversion to benzaldehyde.

Registry No.—la, 13735-81-4; lb, 37471-46-8; (E)-lc, 51425- 
53-7; (Z)-lc, 51425-54-8; Id, 6651-33-8; (£ ) - le, 51425-55-9; (Z)-le, 
51425-56-0; (E)-lf, 51425-57-1; (Z)-lf, 51425-58-2; 2b, 119-51-7; 2c, 
32818-79-4; 3d, 51425-59-3; 3e, 4732-56-3; 3f, 51425-60-6; 5, 51425-
61-7; 6, 51425-62-8; 7, 51425-63-9; (E)-9, 51425-64-0; (Z)-9, 51425- 
65-1; 11, 34880-70-1; 12, 5634-53-7; 13, 51425-66-2; 14, 5400-68-0; 
15, 31491-21-1; 18, 14642-79-6; 3-pentanone, 96-22-0; hydrocinna- 
maldehyde, 104-53-0; decanal, 112-31-2; 1,1-diphenylacetone, 
781-35-1; 2-phenylpropionaldehyde, 93-53-8; 7 -butyrolactone, 96- 
48-0; nitrosyl chloride, 2696-92-6.

J. Org. C hem ., Vol. 39, N o. 17, 1974 2561

References and Notes
(1) Synthetic Methods. VI, For paper V see ref 4.
(2) (a) H. O. House, L. J. Czuba, M. Gall, and H. D. Olmstead, J. Org. 

Chem.. 34, 2324 (1969); (b) C. Ainsworth, F. Chen, and Y.-N. 
Kuo, J. Organom eta l. Chem.. 46, 59 (1972); (c) C. Ainsworth and 
Y.-N. Kuo, ib id.. 46, 73 (1972).

(3) S. Murai, Y. Kuroki, T. Aya, N. Sonoda, and S. Tsutsumi, J. Chem. 
Soc.. Chem. C om m un.. 741 (1972); S. Murai, Y. Kuroki, K. Hase- 
gawa, and S. Tsutsumi, ib id.. 946 (1972); Y, Kuroki, S. Mural, N, 
Sonoda, and S. Tsutsumi, O rganom etal. Chem. Syn.. 1 , 465
(1972) .

(4) J. K. Rasmussen and A. Hassner, Tetrahedron Lett.. 2783 (1973); 
R. H. Reuss and A. Hassner, J. Org. Chem.. 39, 1785 (1974).

(5) (a) A. Terada and A. Hassner; Bull. Chem. Soc. Jap.. 40, 1937
(1967), and references sited therein; (b) J, E. Kropp, A. Hassner, 
and G. J. Kent, Chem. Com m un.. 906 (1968); (c) A. Hassner, J. E. 
Kropp, and G. J. Kent, J. Org. Chem.. 34, 2628 (1969); (d) A, 
Hassner, R. P. Hoblitt, C. Heathcock, J. E, Kropp, and M. Lorber, 
J. Am er. Chem. Soc.. 92, 1326 (1970); (e) A. Hassner, Accounts 
Chem. Res.. 4, 9 (1971); (f) J. E. Galle and A. Hassner, J. Amer. 
Chem. Soc.. 94, 3930 (1972).

(6 ) E. G. Bozzi, C. -Y. Shlue, and L. B. Clapp, J. Org. Chem .. 38, 56
(1973) .

(7) H. Rheinboldt and O. Schmitz-Dumont, Justus Lieb igs Ann. Chem.. 
444, 113 (1925).

(8 ) W. Borsche, Chem. Zentr.. II, 1549 (1909).
(9) T. A. Geissman and M. J. Schlatter, J. Org. Chem., 11,771 (1946).

(10) R. Loquin, B ull Soc. Chem. Fr.. 31, 1068 (1904).
(11) H, R. Snyder, J. H. Andreen, G. W. Cannon, and C. F. Peters, J. 

Am er. Chem. Soc . 64, 2082 (1942).
(12) A. Ahmad and I. D. Spenser, Can. J. Chem.. 39, 1340 (1961).
(13) The authors thank Dr. A. H. Andrist for a sample of this compound.
(14) P. Gray, P. Rathbone, and A. Williams, J. Chem. Soc.. 3932 

(1960).
(15) J. March, "Advanced Organic Chemistry; Reactions, Mechanisms 

and Structure," McGraw-Hill, New York, N. Y., 1968, p 613.
(16) O. Touster, Org. R eact.. 7, 327 (1953).
(17) (a) W. Reppe, Justus Liebigs Ann. Chem .. 596, 38 (1955); (b) W. 

Bradley and J. K. Eaton, J. Chem. Soc.. 1913 (1937); (c) F. Wey- 
gand and H. J. Bestmann In "Newer Methods of Preparative Organ
ic Chemistry,” Vol. Ill, Academic Press, New York, N. Y., 1964, p 
460.

(18) A. Hassner and C. Heathcock, J. Org. Chem .. 29, 1350 (1964).
(19) W. Hartung and F, Crossley, "Organic Syntheses," Collect. Vol. II, 

Wiley, New York, N. Y., 1943, p 363.
(20) E. Janecke, Chem. Ber.. 32, 1095 (1899).



2562 J. Org. C h em ., Vol. 39, N o. 17, 1974 Bellucci, e t  al.

Evidence for Different Addition Mechanisms in the Bromochlorination of
3-feri-Butylcyclohexene with Bromine Chloride and with 

Monopyridinebromine(I) Chloride

Giuseppe Bellucci,* Giovanni Ingrosso, Franco Marioni, Ettore Mastrorilli, and Ivano Morelli

Istituto di Chimica Organica dell'Università di Pisa, 56100 Pisa, Italy 

Received January 15, 1974

The bromochlorination of 3-ierf-butylcyclohexene has been investigated in several solvents and with different 
halogenating reagents. The distribution of the four possible trans bromochlorides, which has been determined 
through a mixed glpc-ir method of analysis, is in accordance with ionic two-step mechanisms. The stereoselectiv
ity of the electrophilic attack by bromine ranges between 64 and 79% anti to the ieri-butyl group with preformed 
bromine chloride, but practically disappears when monopyridinebromine(I) chloride in chloroform is used as the 
reagent. The nucleophilic attack is directed preferentially at Ci on both of the bridged intermediates formed in 
the electrophilic step; however, while the regioselectivity of the attack by chloride syn to the tert-butyl group is 
constant under all examined conditions, that of the anti attack is strongly dependent both on the solvent and on 
the reagent. The results obtained with bromine chloride are consistent with an addition mechanism involving the 
rate- and product-determining formation of epibromonium ion intermediates; those found with pyridinebromine 
chloride suggest instead that the steric course of the addition be controlled mainly during the nucleophilic rather 
than during the electrophilic step.

Previous work1“3 on bromine addition to cyclohexene de
rivatives in low-polarity nonprotic solvents had shown a 
marked influence of the ring substituents, the solvent, and 
the brominating agent on the steric course of the halogéna
tion o f both nonconjugated and conjugated substrates. 
While the latter compounds can give both anti and syn di- 
bromo adducts in ratios depending on the reaction condi
tions,2 the former ones undergo exclusive anti addition, af
fording mixtures of diaxial and diequatorial trans dibrom
ides. It was also shown1 that alkyl substituents in the allylic 
position favor the formation of the diequatorial adducts, 
this effect being, however, markedly reduced by a basic sol
vent like ethyl ether or by the use of pyridine perbromide 
and pyridinium hydrobromide perbromide as the bromi
nating agents, or even by the mere presence of tertiary 
amines in the reaction medium. The product distribution 
of the addition o f free bromine in nondonor solvents was 
rationalized on the basis o f the usual bromination mecha
nism ,4 involving the rate-determining formation o f epibro
monium ion intermediates followed by a fast nucleophilic 
anti attack by bromide (or tribromide) ions to give the di- 
bromo adducts. The decrease in the ratio o f diequatorial to 
diaxial dibromides observed when bromine is coordinated 
by a base was attributed1 to a change in the rate-determin
ing step of the reaction, which would instead occur through 
a fast, reversible electrophilic step followed by a slow nu
cleophilic attack on the intermediates. Under these condi
tions both the stereo- and the regioselectivity o f the addi
tion would be determined mostly by substituent effects 
during the nucleophilic rather than during the electrophilic 
step. This type o f behavior was actually observed for elec
trophilic additions to cyclohexene derivatives of several 
nonsymmetrical reagents such as N B S-H 2O (but not pre
formed BrOH ) ,5'6 IOH ,7 IN3,7 IOAc,8 and Hg(OAc)2,9 
which permit us to distinguish between the direction o f the 
electrophilic and that of the nucleophilic attack, but, of 
course, this approach cannot be directly applied to the ad
dition of bromine, for which only indirect evidence based 
on the analogy with other reactions could be given. 1 -3 The 
possibility of a mechanism of the latter type has been, how
ever, recently inferred10 from kinetic evidence for the 
bromination of acyclic alkenes in trifluoroacetic acid. In 
order to obtain more significant information about the ha
logénation mechanisms o f cycloalkenes in low-polarity non
protic solvents, we undertook a study of the addition of an

intehalogen, bromine chloride, and chose 3-ierf-butylcyclo- 
hexene ( 1 ) as the first substrate, since previous work had 
shown5-1 1 -12 that an allylic ieri-butyl group exerts a strong 
directive effect on both the electrophilic and the nucleo
philic step of the additions.

Results
The bromochlorination o f 3-feri-butylcyclohexene (1) 

was performed with a variety of reagents, including bro
mine chloride preformed from molecular bromine and chlo
rine, IV-bromosuccinimide (NBS) in the presence of hydro
gen chloride, and monopyridinebromine(I) chloride. 
Mixtures of all expected trans bromochlorides 8-11 
(Scheme I) were obtained in every case, appreciable

Scheme I

12 13

amounts of trans dibromides and trans dichlorides being 
formed only with the first reagent. Column chromatogra-
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Table I
Products Distribution, Stereoselectivity, and Regioselectivity Found in the Bromochlorinations of 1

Ratio of Stereoselectivity of Regioselectivity of the

B romochlorinating 
reagent (solvent)

bromochlorides to 
dibromides plus 

dichlorides

Distribution of 
bromochlorides, %  
8 9 10 11

the electrophilic 
attack

syn/anti ratio

nucleophilic attack
,---------------- C1/C 2 ratio--------------------- -
Cis intermediate Trans intermediate

BrCl (CC14) 90:: 10 16 5 13 66 21:79 76:24 84:: 16
BrCl (CHCh) 80::20 18 15 11 56 33:67 55:45 84:: 16
BrCl (CH 2C1,) 80::20 20 16 11 53 36:64 56:44 83:: 17
BrCl (C6H6) 85:: 15 18 15 10 57 33:67 55:45 85:: 15
BrCl (Et20) 90:: 10 21 7 12 60 28:72 75:25 83:: 17
BrCl +  HC1 (CH2C1,) 85:: 15 22 9 12 57 31:69 71:29 83:: 17
NBS +  HC1 (CHoC12) 95::5 22 8 12 58 30:70 73:27 83:: 17
C5H5NBrCl (CC14) >95:: <5 38 2 10 50 40:60 95:5 83:: 17
C5H5NBrCl (CHCI3) >95:: < 5 50 2 8 40 52:48 96:4 83 : 17

phy o f these mixtures allowed isolation o f large amounts of 
pure 1 1 , while it was not possible to separate 8 and 1 0  from 
each other nor to isolate pure 9. Thermal equilibration of 
1 1  caused its conversion into 1 0  by 1 ,2 -interchange, 13 the 
equilibrium being shifted to about 98% in favor of the lat
ter. The other couple of bromochlorides (8  and 9) was pre
pared by treating both bromohydrins 12 and 13 with thion- 
yl chloride; a 70:30 ratio of 8 to 9 was obtained from 12 and 
a 63:37 ratio from 13. The 1,2-interchange of halogens oc
curring in these transformations was not unexpected, since 
the tendency o f vicinal bromine to participate in displace
ment reactions on bromohydrins through epibromonium 
ions or SNi' mechanisms is known. 14 Pure 8  and 9 could be 
separated from their mixtures, but 8 was more convenient
ly obtained after thermal equilibration, which changed the 
ratio of 8 to 9 to about 97:3.

The relative position o f bromine and chlorine with re
spect to the tert-butyl group and the relative configura
tions of these bromochlorides were inferred from the meth
od o f obtainment and from their nmr spectra. Thus, both 
products arising from 12 and 13 must have bromine cis to 
the feri-butyl group as in the starting bromohydrins, this 
halogen atom being therefore vicinal to the alkyl substitu
ent in the diaxial and in a 1,3 relationship to it in the die- 
quatorial isomer. In the 60-MHz nmr spectrum of the 
major product obtained from 12 and 13 the two protons a 
to the halogens gave overlapping narrow signals {W yz  = 4.5 
Hz), indicating a diaxial disposition o f the two halogen 
atoms as in 8 ; on the other hand, the minor isomer showed 
for the a protons a broad, complicated pattern o f signals at 
higher field, as expected for 9. The nmr spectra provided 
also safe configurational assignments for the other couple 
o f bromochlorides, since the thermodynamically stable iso
mer and its partner showed patterns respectively very simi
lar to those o f 8 and 9 and consistent with the relative con
figurations 1 0  and l l . 15

A complete analysis of the mixtures o f bromochlorides 
formed in the additions to 1  was not possible by glpc alone, 
but a mixed glpc-ir method solved the analytical problem 
(see Experimental Section). The results obtained by this 
method of analysis are summarized in Table I, which also 
includes the ratios o f bromochlorides to trans dibromides 
and dichlorides formed in the various conditions.

It can be seen from Table I that the distribution of the 
individual bromochlorides is affected both by the reagent 
and by the solvent. Furthermore, the amount o f trans di
bromides and dichlorides formed in the additions of free 
bromine chloride depends on the solvent. It must also be 
observed that the total amounts o f the diaxial adducts (8 +
10) and those of the diequatorial ones (9 + 11) are fairly 
constant in all mixtures obtained with preformed bromine 
chloride, but the total percentage of the former compounds 
increases when pyridinebromine chloride is used as the hal-

ogenating agent, in analogy with the results previously re
ported for the bromination reactions. 1

Discussion
It is well known16’17 that bromine is the electrophilic and 

chlorine the nucleophilic species in the polar additions of 
bromine chloride to alkenes. A two-stage mechanism, simi
lar to that involved in the bromination, is generally as
sumed. On this basis, the course of the additions o f bro
mine chloride to 1 can be illustrated as in Scheme I. It must 
be pointed out that this scheme is a rough simplification, 
since it does not consider the formation of charge transfer 
complexes between the interhalogen and the olefin, which, 
in analogy with the bromine additions, 18' 20 could be in
volved as the precursors of the epibromonium ions 2 and 3. 
Furthermore, the latter intermediates, which in the scheme 
are simply represented as free ions, in the nonpolar sol
vents employed are very probably ion-paired species, the 
nature of the negative counterion depending on the reac
tion order in electrophile.

The stereoselectivity of the electrophilic attack relative 
to the ¿cri-butyl group and regioselectivity o f the nucleo
philic one on the ionic intermediates in the various addi
tions o f bromine chloride to 1 are given in Table I.

The data of Table I show that in the addition o f pre
formed bromine chloride to 1  under all examined condi
tions the attack by positive bromine is directed preferen
tially anti to the alkyl substituent. This is consistent with 
the most generally accepted mechanism o f electrophilic ad
ditions to alkenes, 21 involving an irreversible, rate-limiting 
electrophilic step leading to cationic intermediates, fol
lowed by a fast nucleophilic attack to give the final ad
ducts. Under these conditions the stereoselectivity of the 
addition must be determined by steric and electronic ef
fects o f the substituents during the electrophilic stage. In 
the case of additions to 1 , the strong steric effect o f the al- 
lylic fert-butyl group, hindering syn attack, should cause 
the preferential formation o f products arising from anti 
electrophilic attack by bromine, as is actually found with 
preformed bromine chloride. The range of anti stereoselec
tivity observed in the various solvents is possibly due to a 
different polarization of the interhalogen and/or to slight 
solvent effects on the rates of attack on the two faces of the 
double bond.

The regioselectivity o f the nucleophilic attack on the 
trans intermediate 3 is remarkably constant under all ex
amined conditions (Table I) and very similar to that found 
in other electrophilic additions to 1 involving epibromon
ium ion intermediates.5 The high preference for attack on 
Ci is consistent with the expectation, supported also by the 
course of opening reactions of irans-3-ieri-butyl-l ,2-epox- 
ycyclohexane,5’Ub that the strong repulsive interaction be
tween the attacking nucleophile and the ferf-butyl group22
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raises the energy of transition state 6 with respect to 7 so 
much as to reverse the usual preference for antiparallel 
over parallel opening o f cyclohexene epibromonium ions.23 
The nucleophilic attack on the cis intermediate 2 occurs 
preferentially at Ci, through the chair-like transition state 
4; however, in the addition of preformed bromine chloride 
this regioselectivity is much lower than expected on the 
basis o f other additions to 1 involving electrophilic bromine 
as well as of opening reactions of cis-3-ier£-butyl-l,2-ep- 
oxycyclohexane,5'llb surprisingly high percentages of paral
lel attack on C2 anti to the terf-butyl group being found 
particularly in chloroform, dichloromethane, and benzene 
as the solvents. The latter results show that also more sub
tle factors than direct steric or inductive effects o f ring sub
stituents can play a considerable role in determining the 
mode of opening of cyclohexene epihalonium ions.

The steric course of the addition performed with NBS in 
the presence of hydrogen chloride is identical with that 
found when free bromine chloride is added in the presence 
of the same acid and is completely different from that ob
served with NBS in DMSO-water,5 which gives 78% o f the 
diaxial bromohydrin 12 through 2. This difference suggests 
that in the NBS-HC1 reaction, in contrast with the N B S- 
DMSO-water addition, bromine is not directly transferred 
from nitrogen to the alkene, but free bromine chloride is 
formed before the electrophilic attack.

A definite change in product distribution is brought 
about when pyridinebromine chloride is used as the halo- 
genating reagent. The inspection of Table I shows that this 
change is due first to an increased syn stereoselectivity of 
the electrophilic attack by bromine and second to a de
creased percentage o f parallel opening on C2 o f the cis in
termediate formed in the electrophilic step. The unlikely 
possibility that pyridinebromine chloride acts as a donor o f 
electrophilic chlorine rather than bromine can safely be 
ruled out, since the trans chloronium ion would give mostly 
the diequatorial adduct 9, which on the contrary is pro
duced in a very small amount. Also the hypothesis that the 
coordination of the halogen molecule by the base may re
duce the effective size o f electrophilic bromine so much as 
to cause a practically random attack on the two faces of the 
double bond of 1 in spite of the presence of the bulky alkyl 
substituent seems very unlikely. In fact, all examined one- 
step additions (like epoxidationlla and hydroboration12) 
and two-step additions involving an irreversible electrophi
lic step (like addition of preformed hypochlorous and hy- 
pobromous acid and acetyl hypobromite5’ub) to I show a 
definite preference for anti electrophilic attack, indepen
dently o f the different sizes of the various reagents. The 
change in steric course when pyridinebromine chloride is 
used as the reagent may instead be rationalized by the as
sumption of a change in the addition mechanism.

The present stage o f knowledge about the nature and 
chemical behavior o f this reagent does not allow definite 
conclusions to be drawn about its addition mechanism. 
However, it can be observed that both the stereoselectivity 
and the regioselectivity found in the bromochlorination o f 
1 with pyridinebromine chloride in chloroform tend to ap
proach those expected from an addition mechanism of the 
type already proposed for the bromination with pyridine 
perbromide1 and other additions showing a preference for 
syn electrophilic attack to a much higher degree.6 The lat
ter mechanism would involve a reversible electrophilic step 
leading to bridged cationic intermediates, followed by a 
slow, rate-determining nucleophilic attack to give products. 
Under these conditions, if the nucleophilic attacks are suf
ficiently slower than the formation o f the intermediates 2  
and 3 (or some equivalent species) and their reversal to the 
alkene, the overall steric course of the bromochlorination of

1 would mostly depend on the rates of the four competitive 
nucleophilic steps leading to the adducts 8-11. Since anti
parallel attack on Ci of the cis intermediate through a 
chair-like transition state like 4 would be less energy de
manding than both antiparallel attack on C2 o f the trans 
intermediate (a chair-like transition state of type 6 being 
destabilized by repulsive interaction between the attacking 
nucleophile and the feri-butyl group) and parallel attacks 
(involving energetically less favorable boat-like transition 
states like 5 and 7), 8 should therefore be the main product. 
This actually occurs in the addition o f pyridinebromine 
chloride in chloroform and to a smaller degree in carbon 
tetrachloride.

In conclusion, while more evidence, particularly of kinet
ic type, is definitely desirable and is being sought in order 
to better define mechanistic aspects, the present results fit 
well with the previously acquired ones into a picture that 
requires two different ionic mechanisms o f addition for d if
ferent electrophilic reagents.

Experimental Section
Ninr spectra were registered with a Geol C-60 HL spectrometer 

from ca. 30% (w/w) CDCI3 solutions using TMS as internal stan
dard. Glpc analyses were performed on a Fractovap C. Erba instru
ment, fitted with a 2-m glass column, 2.5 mm i.d., packed with 1% 
neopentyl glycol succinate on sylanized Chromosorb W 80-100 
mesh. Ir spectra were registered on liquid films with a Perkin- 
Elmer Model 257 double-beam grating spectrophotometer.

3-iert-Butylcyclohexene was obtained from 2-ferf-butylcyclo- 
hexanone tosylhydrazone with butyllithium.11“ Bromine chloride 
was prepared24 by mixing equimolar amounts of carbon tetrachlo
ride solutions of bromine and chlorine and used after several 
hours. Monopyridinebromine(I) chloride was prepared by slowly 
adding the calculated volume of a carbon tetrachloride solution of 
bromine chloride to a slight excess of dry pyridine in the same sol
vent;25 the white cyrstalline precipitate was immediately used 
without further purification. Dichloromethane was refluxed over 
P2O5 and rectified. Chloroform was purified by washing with 2 N  
NaOH, concentrated H2SO4, and water, drying with K2CO3, and 
distillation and was immediately used. Carbon tetrachloride was 
Rudi Pont spectroanalyzed reagent grade. Benzene was washed 
with H2SO4, refluxed on sodium, and distilled. Ethyl ether was 
freed from peroxides by washing with a solution of ferrous sulfate. 
MgSOi was always used as the drying agent. Evaporations were 
made in vacuo (rotary evaporator) at 30°. Petroleum ether refers 
to the fraction of boiling range 40-60°.

r-l-Chloro-£-2-bromo-f-3-£eri-butylcyclohexane (8) and r-
l-Bromo-f-2-chloro-c-3-fert-butylcyclohexane (9). A. Thionyl 
chloride (7.5 ml) was added at 0° to bromohydrin 135 (3.0 g), and 
the mixture was left in a sealed vessel at room temperature for 2 hr 
and then poured onto ice and extracted with ether. The extract 
was washed with water and saturated aqueous NaHCC>3, dried, and 
evaporated to give a crude residue (2.6 g) consisting of a mixture of 
8 and 9 in a ratio of 63:37. A portion of this mixture (1.0 g) was 
chromatographed through a 40 X 1.8 cm column of neutral silica 
gel (Schuchardt, grade I), petroleum ether being used as the el
uent; 25-ml fractions were collected. Fractions 4-8 contained 0.50 g 
of pure 8: n25D 1.5072; nmr b 0.96 (£-Bu, s, 9 H), 4.60 ppm (-CHBr- 
and -CHC1-, 2 overlapping m, Wi/2 = 4.5 Hz, 2 H); ir 665, 680 
cm-1.

Anal. Calcd for C10Hi8BrCl: C, 47.36; H, 7.15; Br, 31.50; Cl,
13.98. Found: C, 47.45; H, 7.25; Br, 31.70; Cl, 14.00.

Fractions 12-16 gave 0.28 g of pure 9: ra25D 1.5135; nmr S 1.08 
(f-Bu, s, 9 H), 3.65-4.32 ppm (-CH Br- and -CHC1-, 2 overlapping 
m, 2 H); ir 680, 740, 770 cm“ 1.

Anal. Calcd for Ci0H18BrCl: C, 47.36; H, 7.15; Br, 31.50; Cl,
13.98. Found: C, 47.25; H, 7.10; Br, 31.40; Cl, 13.80.

Another portion (1.0 g) of the above mixture was heated in a 
sealed vial for 6 hr at 165°. Glpc analysis showed that the original 
ratio of 8 to 9 was changed to 97:3, which remained unchanged 
after further heating. Percolation of this crude product through a 
silica gel column yielded pure 8.

B. Treatment of bromohydrin 125 with thionyl chloride as de
scribed under A gave a 70:30 mixture of 8 and 9.

The ratios of 8 to 9 obtained from both bromohydrins 12 and 13 
did not change after reaction times ranging between 30 min and 48
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hr, showing that the products were stable in the reaction condi
tions.

r-l-Chloro-f-2-bromo-c-3-iert-butylcyclohexane (11). A so
lution of N-bromosuccinimide (6.5 g, 36.5 mmol) in dichlorometh- 
ane (100 ml) was slowly added to a solution of 1 (4.0 g, 29 mmol) in 
100 ml of the same solvent cooled at 0° and saturated with dry hy
drogen chloride. The acid was bubbled until the end of the addi
tion. The reaction mixture was then washed with water, saturated 
aqueous NaHSCU, and water, dried, and evaporated to give 7.0 g of 
a crude mixture consisting of ~95% of bromochlorides and 5% of 
trans dibromides and dichlorides. Glpc analysis showed that the 
bromochlorides consisted of 34% of the diaxial adducts 8 and 10 
(unseparated), 58% of 11, and 8% of 9. This mixture was chromato
graphed on a 65 X 1.8 cm column of neutral silica gel with petrole
um ether as the eluent, and 25-ml fractions were collected. Frac
tions 5 and 6 contained mixtures of 8 and 10 (2.0 g) uncontaminat
ed by the other adducts; ir analysis showed for both of them a 8 to 
10 ratio of 64:36. Fractions 8-11 gave 2.5 g of pure 11: re25d 1.5140; 
nmr 8 1.08 (i-Bu, s, 9 H), 3.84-4.37 ppm (-CH Br- and -CHC1-, 2 
overlapping m, 2 H); ir 635, 690, 730, 780 cm-1.

Anal. Calcd for Ci0H18BrCl: C, 47.36; H, 7.15; Br, 31.50; Cl,
13.98. Found: C, 47.20; H, 7.05; Br, 31.65; Cl, 14.10.

High yields of pure 11 were also obtained by column chromatog
raphy of all mixtures obtained by addition of preformed bromine 
chloride or pyridinebromine chloride, as described below.

r-l-Bromo-t-2-chloro-f-3-ieri-butylcyclohexane (10). A 
sample of 11 (1.0 g) was heated in a sealed vial for 5 hr at 165°, 
after which time glpc analysis showed that it was transformed into 
10 in a 98% yield. A 2% amount of 11 remained unchanged also 
after further heating. Percolation of this crude product through a 
silica gel column gave pure 10: re25D 1.5070; nmr 8 0.96 (f-Bu, s, 9 
H), 4.62 ppm (-CHBr- and -CHC1-, 2 overlapping m, Wy/2 = 4.0 
Hz, 2 H); ir 650,695 cm-1.

Anal. Calcd for Ci0Hi8BrCl: C, 47.36; H, 7.15; Br, 31.50; Cl,
13.98. Found: C, 47.25; H, 7.05; Br, 31.70; Cl, 14.10.

Additions of Bromine Chloride. A. With BrCl. A 10% excess 
of 1 M  solution of BrCl in CC14 was added dropwise to a stirred so
lution of 1.0 g of 1 in 25 ml of the appropriate solvent at 0°. After 
the addition was complete, the reaction mixture was stirred for 10 
min, and then washed with saturated aqueous NaHSOs and water, 
dried, and evaporated. The reaction in dichloromethane in the 
presence of hydrogen chloride was performed by bubbling the acid 
during the addition of the interhalogen.

B. With C5H5NBrCl in CC14. A 20% excess of solid C5H5NBrCl 
(1.75 g) was added to a solution of 1 (1.0 g) in CCI4 (20 ml) at 0°. 
After stirring for 45 min most of the solid was dissolved and the 
reaction mixture was washed with saturated aqueous NaHSC>3, 
aqueous 2 N  HC1, and water, dried, and evaporated.

C. With C5H5NBrCl in CHC13. A solution of C5H5NBrCl (1.75 
g) in 17 ml of CHCI3 was added within 20 min to a stirred solution 
of 1 (1.0 g) in 20 ml of the same solvent at 0°. After 10 min the 
reaction mixture was treated as described under B.

Three or more experiments were carried out for every procedure. 
The crude reaction mixtures were subjected to glpc. Under the 
conditions employed (column 80°, evaporator 130°, detectors 130°, 
nitrogen flow 45 ml/min) the bromochlorides, in contrast with the 
dibromides, did not undergo thermal interconversion on the gas 
chromatographic columns and the trans dibromides and dichlo
rides present in some reaction mixtures did not interfere with their 
determination; however, while the diequatorial adducts 9 and 11 
were well separated from each other and from the diaxial isomers 8 
and 10, the latter two gave a single peak. The relative retention 
times of all possible adducts follow: r-l,t-2-dichloro-t-3-tert- 
butylcyclohexane, 1; 8 and 10 (unseparated), 1.75; r-l,i-2-dibromo- 
f-3-ferf-butylcyclohexane, 3.05; r-l,f-2-dichloro-c-3-ieri-butylcyc-

lohexane, 3.60; 11, 4.70; 9, 6.20; r-l,t-2-dibromo-c-3-ferf-butylcyc- 
lohexane, 7.60. Thus, glpc analysis gave the percentage of trans di
bromides and dichlorides, the single percentages of the diequato
rial bromochlorides (9 and 11), and the total percentage of the 
diaxial ones (8 and 10). The reaction mixtures were thereafter rap
idly chromatographed over silica gel. The first eluted fractions, 
consisting of mixtures of 8 and 10 free from the other adducts, 
were subjected to ir analysis utilizing the bands at 650 and 695 
cm-1, typical of 10, and those at 665 and 680 cm-1, typical of 8, by 
comparison with a calibration curve obtained with the pure refer
ence compounds. No fractionation of 8 and 10 occurred, since 
identical ratios of 8 to 10 were obtained from three or more consec
utive fractions. The single percentages of the diaxial bromochlo
rides were then deduced on the basis of their total percentage ob
tained by glpc and of the 8 to 10 ratio obtained by ir analysis. The 
values listed in Table I were reproducible within ±2%.
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Methyl 3/3-phenyl-l«//,5aH-tropane-2/3-carboxylate (1) has been cyclized by polyphosphoric acid to form 
l,2,3,4,4a,9a-hexahydro-2-methyl-9ii-l,3-ethanoindeno[2,l-c]pyridm-9-one (2a). Conversions of this 9-one to the 
corresponding 9-ols, 9-CH2, and some unsaturated products are described. Absolute configurations are assigned 
to all products.

In the course of our studies on the biological properties 
of rigid phenylalkylamines we prepared a series of tropanes 
carrying an aromatic ring at C-3 and a carboalkoxyl group 
at C-2.1 These compounds are exemplified by structure 1. 
Reactions of such compounds with polyphosphoric acid 
(PPA) gives rise to an even more restricted ring system 
typified by structure 2a. The chemistry of these 1,3-ethan- 
oindeno[2,l-c]pyridines is the subject of this paper.

c, R  =  R ' =  H

d, R  =  OH; R ' =  H
e, R  =  O A c; R ' =  H
f, R  = H; R ' = OH

Treatment of tropane ester 1 (cocaine configuration) or 
its C-2 equatorial epimer2 with PPA at 150° for 5 hr pro
duced ketone 2a (76%). Formation of a bisulfite addition 
complex facilitated separation of the product from 8% of 
unchanged starting material.

The thermodynamically more stable form of 2a is that in 
which the cyclopentanone ring is fused to the tropane moi
ety in a cis manner. Nmr coupling constants for 2a sub
stantiated that the compound at hand had this structure.3 
The 4a hydrogen of 2a originated as a nonepimerizable, a- 
oriented hydrogen in the starting material 1 and thus con
trolled which cis isomer was obtained.

It has been observed1’4 that axial substituents at C-2 in a 
tropane ring system prevent or significantly inhibit quater- 
nization of the nitrogen atom. In accord with predictions in 
the present system, the axial carbonyl group at C-9a pre
vented quaternization with EtI at room temperature (1 hr).

The carboxylic acid corresponding to structure l 1 also 
could be cyclized with PPA to give 2a (75%). Its 2a epimer1 
gave 2a in 57% yield. However, ring closure utilizing HF, 
H2SO4 (dioxane), PPA (dioxane), or PPA in hexamethyl- 
phosphoramide was not successful.

Since the absolute configuration of tropane ester I was 
known,1 the configuration of 2a could be assigned. Chemi
cal and spectral data below then allowed absolute configu
rational assignments to the other products described here.

Conversion of ketone 2a to thioketal 2b followed by 
desulfurization with Raney nickel afforded the 9-methy
lene derivative 2c. Failure of the product to quaternize 
with EtI indicated that the C-9 methylene was still in an 
axial configuration with respect to the tropane moiety.

Reduction of ketone 2a with NaBH4 produced an epim-

eric mixture of alcohols. The 9/3-ol 2d was readily recog
nized in that its ir spectrum demonstrated intramolecular 
hydrogen bonding (3200 cm-1). This value is rather low but 
is close to that found (3231 cm-1) for a similar case of in
tramolecular N—H -0  bonding in 3 /3 - p h e n y 1 -1 a H, 0 aH- tro - 
pane-2/3-methanol.1 Incidentally, the acetate ester 2e of al
cohol 2d was prepared.

The ir spectrum of a 0.001 M  solution of 9«-ol 2f in CC14 
showed hydroxyl stretching bands at 3644 (nonbonded) 
and 3604 cm-1 (H ir bonded). Benzyl alcohol shows similar 
ir bands at 3632 and 3615 cm-1.5

Reduction of ketone 2a by adding it to borane in THF 
resulted in formation of the 9-methylene derivative 2c in 
40% yield along with 9/?-ol 2d (54%) and 9a-ol 2f (3%). In
verse addition in this reaction raised the yield of 9-methy
lene compound to 73% and lowered the yield of 9/3-ol 2d to 
23%. No 9a-ol was isolated.

There was indication that a mixture of 9a- and 9/3-ols 
was initially formed and that the 9a-ol was transformed to
9-CH2 more rapidly than was the 9/3-ol. Thus, treatment of 
a mixture of equal parts of 9a- and 9/3-ols with borane gave 
two parts of 9-CH2 product and one part of 9/3-ol with no 
9a-ol remaining.

These observations afford a plausible explanation for the 
formation of considerably more 9-CH2 compound 2c by the 
inverse addition described above. In the initial experiment 
where the amino ketone was added to the borane, the high 
relative concentration of the latter produced complexing 
with the nitrogen6 and effective blocking of the 0 face of 
the ketone. Considerable a-attack then occurred to give 
9/?-ol 2d, the epimer which was reduced further only slowly. 
In the inverse addition, the borane added found less amino 
ketone in complexed form and was able to attack from the 
0 face to form more 9a-ol 2f, the epimer which was easily 
reduced further.

A methoxyl group on either C-6 or C-8 of ketone 2a dra
matically affected the reduction reaction with borane. It 
considerably activated the benzylic position with the result 
that the hydroxyl groups of both intermediates were com
pletely cleaved and only the 9-methylene product was iso
lated. The details of these reactions are reported in a relat
ed, biologically oriented paper.7

Reduction of aromatic ketones such as xanthone and 
thioxanthone to the corresponding methylene derivatives 
has been accomplished by BH3-THF at 0°.8 In the present 
work with mixed aliphatic-aromatic ketones a reflux tem
perature was necessary for good yields of the methylene de
rivatives. The mechanism of the reaction was not deter
mined.

Hitherto, all reductions discussed have been chemical in 
nature. Reduction with Adams catalyst in EtOH afforded a 
simple mixture (two tic spots) of 9/S-ol 2d (25%) and 9a-ol 
2f (49%).9 Although the 9/3-ol is a benzylic alcohol, it was 
not hydrogenolyzed by either Pt or Pd in EtOH in the pres
ence of HCIO4. This reaction was not checked with the 9a- 
ol.
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Reduction of ketone 2a in the form of the free base or its 
HC1 salt with 10% Pd/C in EtOH gave a surprising result. 
Apparently /¡-elimination of the amino group occurred fol
lowed by hydrogenation of the resulting unsaturated ke
tone as shown. Ketone 4 (44%) was the only product isolat-

2a ►

3 4

ed but some more-polar products observed by tic indicated 
that further reduction occurred.

Dehydration of alcohol 2d (9/3-ol) with POCl3 apparently 
produced only A9(9a) olefin 5 because immediate hydroge
nation of the crude product with Pd/C furnished essential
ly only the cis-syn compound 2c (aromatic ring on the 
same side as the nitrogen). A model shows that the 9 9a 
double bond is directed toward the 3 face and that hydro
genation should be expected from the a side. Attempted 
isolation of this A9(9a) olefin (exposure to NH4OH) resulted 
in partial isomerization to A4a(9a) olefin 6 (~7:3 ratio of 5: 
6). This ratio was little affected by tosyl acid in refluxing

ethanol, but NaOCH3 in CH3OH caused complete isomer
ization to 6.10 Hydrogenation of this olefin with Pd/C pro
duced cis-anti indenopyridine 7, resulting from /¡-side at

tack by hydrogen (cis hydrogenation assumed). This com
pound had no axial substituent on “ carbon-2” of the tro- 
pane moiety and indeed reacted rapidly with EtI to form a 
quaternary salt.

Chemical reduction (Na-NH3) of the 70:30 mixture of 
isomers 5 and 6 produced only the two cis compounds 2c 
(38%) and 7 (32%) with no evidence of any trans product; 
3% of unreduced material was recovered. Pure olefin 6 was 
reduced by the same reagent to form only the cis-anti 
product 7.

The effect of the double bonds in olefins 5 and 6 on the 
nmr peak positions of the NCH3 is worthy of note. The 
NCH3 peak in compound 2c with no styrenic double bond 
appears at 2.2 ppm. A A4a<9al double bond (6) deshields the 
methyl group (5 2.4 ppm). A A9(9a) bond (5) has a slight 
shielding effect (<5 2.1 ppm).

The enantiomers of tropane ester 1 and its 2a epimer 
were available from earlier work.1 They were transformed 
by PPA into the enantiomer of ketone 2a according to the 
procedure used for 2a. Borane (24 hr) reduced this ketone 
in the expected manner to give the enantiomers of 9/i-ol 2d 
and 9-methylene compound 2c. When the reflux time with 
borane was reduced to 3 hr, some of the enantiomer of 9a-

ol 2f was isolated. Enantiomeric 9-methylene compound 2c 
was also formed via the thioketal route used for 2c. As 
mentioned earlier in this paper, enantiomeric ketone 2a 
was reduced by P t02-H2 to form a mixture of 9a- and 9/3- 
ols.

Some final comments are related to other than reductive 
reactions of ketone 2a. A tendency toward /3-elimination in 
this /¡-amino ketone was evidenced in the formation of 4. 
Yet this ketone was stable to NaOCH3 in boiling THF for 
20 min.

An attempted Wittig reaction failed using trimethyl 
phosphonoacetate and NaOCH3 in DMF and again in 
DMSO. Starting ketone was recovered. This ketone also 
failed to react with trimethylsulfoxonium ylide and did not 
form an enamine with morpholine.

Ketone 2a reacted with N2H4 to form a complex mixture 
with at least seven components, probably involving /¡-elimi
nation. Acrylonitrile also produced a complex mixture and 
acetic anhydride gave other than a simple enol acetate.

The biological activity of the compounds described here 
together with a considerable number of analogs is being re
ported in the Journal of Medicinal Chemistry.1

Experimental Section11
(lfl,3S,4a«S,9aS)-l,2,3,4,4a,9a-Hexahydro-2-methyl-9H-l,3- 

ethanoindeno[2,l-c]pyridin-9-one (2a). A 1:3 mixture of methyl 
(l//,2S,3S,5S)-3/i-phenyl-la//,5aif-tropane-2/i-carboxylate (1) 
and its 2a epimer, methyl (lfl,27?,3S,5S)-3/J-phenyl-lQ'i/,5Q'i/-tro- 
pane-20-carboxylate1 (370 g, 1.42 mol) was warmed to 100° and 
added all at once to 3.7 kg (11 mol) of PPA at 100° with stirring. 
This mixture was stirred at 150° for 5 hr and poured onto a large 
volume of crushed ice. Concentrated NH4OH (5.4 kg) was added 
with cooling and the alkaline mixture was extracted with CH2CI2. 
Concentration of the dried (Na2S0 4) extracts gave an oily residue 
which was extracted multiply with a total of 8 1. of pentane. Partial 
concentration precipitated 136 g of 2a, mp 75-78°. The mother li
quor residue in 500 ml of MeOH was added to a solution of 440 g of 
Na2S2C>5 in 2.2 1. of H20. Extraction of this solution with 6 X 500 
ml of CH2CI2 separated 31 g (8%) of starting material. The aque
ous solution together with some bisulfite adduct which had precip
itated was treated with 560 g of solid NaHC03. Water (200 ml) and 
CH2CI2 (1.1 1.) were added and the mixture was heated under re
flux for 5 hr. The CH2CI2 layer yielded a solid residue which was 
recrystallized from pentane, giving 85.2 g more of 2a, mp 75-78° 
(76% based on 1 consumed). The analytical sample melted at 78- 
79° (pentane): [«]25D +13.4°; ir 1712 cm-1; uv max 245 nm (e 
11,600) and 288 (2900); nmr 6 1.30-2.40 (m, 6, CH2), 2.20 (s, 
NCH3), 2.45 (q, C9 H, J i 9a = 1.8 Hz, </4a9a = 7.5 Hz), 3.15 (m, C3 
H), 3.52 (q, C4a H), 3.90 (d, C4 H), 7.20-7.80 ppm (m, 4, aromatic 
H).

Anal. Calcd for CisH^NO: C, 79.26; H, 7.54; N, 6.16. Found: C, 
79.1; H, 7.6; N, 6.2.

The HC1 salt of 2a from CH3CN showed polymorphism: mp 
222-224 and 259° dec (evacuated capillary); [a]25D +39.8°.

Anal. Calcd for Ci6H17NO-HC1: C, 68.30; H, 6.88; Cl, 13.44. 
Found: C, 68.2; H, 6.9; Cl, 13.6.

Ketone 2a from Tropanecarboxylic acids. Treatment of 3/3- 
phenyltropane-2/i-carboxylic acid hydrochloride1 with PPA at 
150° for 5 hr with work-up as above gave a 73% yield of 2a using 
preparative tic (3:97 ¿-PrNH2-E t20) for purification. In the same 
manner the 2a-carboxylic acid1 gave 2a in 57% yield.

Nonreaetion of Ketone 2a with EtI. A solution of 5 g of 2a in 
150 ml of Et20 was treated with 3.44 g of EtI at room temperature. 
After 1 hr there was no evidence of precipitate formation and con
centration of the solution in vacuo gave only recovered starting 
material.

(lA,3,S',4a.S',9a.S')-l,2,3,4,4a,9a-Hexahydro-2-methyl-9/i-l,3- 
ethanoindeno[2,l-c]pyridine Hydrochloride (2c). A solution of 
9.35 g (0.040 mol) of ketone 2a in 250 ml of HOAc was treated with 
20 ml of ethanedithiol and 20 ml of boron trifluoride etherate. The 
next day the precipitate was separated, Et20  was added to the fil
trate, and more solid was collected. The solid residues were washed 
with fresh Et20  and then dissolved in H20. Dilute NaOH (2 N ) 
was added and the free base was separated with Et20 . Crystalliza
tion from pentane gave 6.7 g (55%) of (lF,3S,4aS,9aS)-9,9-ethyl- 
enedithio-1,2,3,4,4a,9a-hexahydro-2-methyI-9.fi-1,3-ethano-
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indeno[2,l-c]pyridine (2b): mp 102-103°,' uv max 262 nm (e
3400), 271 (3100), and 280 (2800).

Without further purification this product was dissolved in 350 
ml of 95% EtOH and refluxed for 12 hr in the presence of 12 tsp of 
Raney Ni. Removal of catalyst and solvent gave 3.4 g of crude 2c. 
A portion (0.5 g) was chromatographed on silica preparative plates 
(Et20-pentane-i-PrNH2, 50:47:3) to give pure, oily 2c: m/e 213; 
nmr 6 1.0-2.7 (m, 6, CH2), 2.2 (s, NCH3), 2.7-3.6 (m, 5, NCH, ben- 
zylic H), and 7.0-7.3 ppm (m, 4, Ar): Rf 0.55 (Si02, 97:3 Et20-i'- 
PrNH,).

The remainder of the crude 2c was converted to the HC1 salt:
2.4 g; mp 301° dec (from acetone); [a]25n +93.5°; total yield 51% 
from thioketal.

Anal. Calcd for C15Hi9N-HC1: C, 72.13; H, 8.07; N, 5.61. Found: 
C, 72.3; H, 8.2; N, 5.9.

NaBH4 Reduction o f (lR,3S,,4aS',9aS')-l,2,3,4,4a,9a-Hexahy- 
dro-2-m ethyl-9//-l,3-ethanoindeno[2,l-c]pyridin-9-one (2a). 
A solution of 3.13 g (13 mmol) of 2a in 50 ml of EtOH was treated 
with 1.5 g (40 mmol) of NaBH4 in 5 ml of H20. After 72 hr at room 
temperature the cooled solution was treated with acetone. More 
H20  and Et20  were added. The Et20  layer was dried (Na2S 04) 
and concentrated to afford a crude mixture of alcohols 2d and 2f. 
Plate chromatography (3:97 i-PrNH2-E t20, 11 plates, two solvent 
passes) gave 1.8 g of a more polar alcohol (2f), 57%, mp 98-100°, ir 
(CCI4, 0.05-0.001 M) 3644 and 3604 cm-1 , and 0.25 g of a less polar 
alcohol (2d), 8%, mp 140-142°, ir (CC14, 0.05-0.001 M) 3200 cm "1.

The HC1 salt o f 2f (acetonitrile) melted at 285-287° dec, [«]a n 
+ 62.9°.

Anal. Calcd for C15H i9NO-HC1: C, 67.79; H, 7.59; Cl, 13.34. 
Found: C, 68.0; H, 7.7; Cl, 13.3.

The HC1 salt o f  2d melted at 230-231° dec (acetone), [«]25n 
+74.1°.

Anal. Calcd for C1SH ,9N0-HC1: C, 67.79; H, 7.59; Cl, 13.34. 
Found: C, 67.5; H, 7.6; Cl, 13.6.

(lR,3S,4aS,9R,9aS)-l,2,3,4,4a,9a-Hexahydro-2-methyl-9fi-
l,3-ethanoindeno[2,l-c]pyridin-9-ol Acetate (2e). Alcohol 2d 
(10 g, 41 mmol) was treated with 50 ml of pyridine and 40 ml of 
Ac20  for 24 hr at room temperature and the product was isolated 
in the usual manner. Its crude methanesulfonate salt (9.48 g, 89%) 
melted at 202-205°. Recrystallization from acetone gave mp 214- 
215°; [«]25D +197°; ir (KBr) 1740 cm“ 1.

Anal. Calcd for Ci7H21N 02-CH3S 03H: C, 58.84; H, 6.86; S, 8.73. 
Found: C, 58.8; H, 6.9; S, 8.5.

Borane Reduction of 2a. A solution of 80 g (0.38 mol) of 2a in
1.0 1. of THF was added in 1.5 hr to 1.8 1. of 1 M  BH3 in THF with 
stirring under N2 and cooling by ice. The solution was heated 
under reflux for 24 hr. After standing at room temperature for 66 
hr, 160 ml of H20  was added dropwise followed by 800 ml of 2 N  
NaOH. Most of the THF was boiled away over a 2.5-hr period. 
Et20  was added and the layers were separated. The Et20  solution 
was dried (Na2S04) and concentrated to afford 89.4 g of an oily 
residue that partially crystallized from pentane. The solid was di
gested with Et20  to afford 37.3 g of 9/3-ol 2d, mp 138-140°. The 
combined mother liquors were distilled at 1 mm. The fraction boil
ing at 116-126° (29.9 g, 40%) was almost pure 2c, n28D 1.5562. The 
pot residue crystallized and afforded another 2.4 g of 2d, mp 139- 
142° (54% yield). The mother liquor obtained from this solid (5.1 
g) appeared to be a 1:1 mixture of «-alcohol 2f (3% yield) and ¡1- 
alcohol 2d by tic analysis.

Borane Reduction of 2a by Inverse Addition. A solution of 
1850 ml of 1 M  BH3 in THF was added over 0.5 hr to 80 g (0.38 
mol) of 2a in 940 ml of THF with stirring under N2 at room tem
perature. The solution was then heated under reflux for 24 hr. 
After standing at room temperature for another 66 hr, it was 
worked up as in the preceding experiment, affording 93.1 g of oily 
residue. Distillation at 0.7 mm and collection of the fraction that 
boiled at 110-123° gave 54.9 g (73%) of almost pure 2c. A fraction 
that boiled at 123-140° solidified, giving 11.7 g of 2d, mp 140- 
142°. The pot residue afforded another 6.9 g of 2d (from Et20), mp 
138-140° (23%).

Borane Reduction o f a Mixture of «-A lcohol 2f and /3-Alco-
hol 2d. A solution of 9.6 g of mother liquor from an experiment 
like the above containing an equal mixture of 2d and 2f  in 160 ml 
of THF was added to 250 ml of 1 M BH3 in THF at ice-bath tem
perature. .After 18-hr reflux and work-up as above the crude prod
uct showed only two components (2c and 2d) by tic. Distillation 
gave 3.6 g of 2c, bp 115-130° (0.7 mm). The pot residue crystal
lized and afforded 1.8 g of /3-alcohol 2d, mp 138-140°.

(4b/?,6S,9a/?)-5,6,7,8,9,9a-Hexahydro-6-(methylamino)- 
benz[a]azulen-10(4b/f)-one (4). A solution of 3.35 g (0.013 mol)

of 2a HC1 salt in 300 ml of 95% EtOH was hydrogenated at 3.5 kg/ 
cm2 in the presence of 0.3 g of 10% Pd/C. Absorption of 1 mol of H2 
required 2 hr. Removal of the catalyst and solvent afforded 3.4 g of 
a mixture of HC1 salts. Liberation of the free bases with 2 N  NaOH 
and extraction with Et20  gave 3.0 g of a mixture which was chro
matographed on 12 preparative plates using 3:97 !-PrNH2-E t20  
and six solvent passes. A less polar band afforded 1.3 g (44%) of 4. 
A mixture of more polar compounds (0.63 g) was poorly resolved 
and was not investigated further. Amino ketone 4 formed massive 
prisms: mp 76-78° (Et20-acetone); ir (CCI4) 3423 cm-1; ir (KBr) 
1700 cm-1; nmr S 1.0-2.4 (m, 9 H, CH2 and NH), 2.4-3.0 (d, 3 H, 
NCH3; m, 1 H, CHN; m, 1 H, ArCH), 4.6 (m, 1 H, > C H C = 0), and
7.0- 8.0 ppm (m, 4 H, aromatic); m/e 229.

The HC1 salt o f 4 melted at 262-264° dec (CH3CN), [a]26D 
- 22.1°.

Anal. Calcd for C15H19NO.HCI: C, 67.79; H, 7.59; Cl, 13.34. 
Found: C, 67.8; H, 7.7; Cl, 13.5.

Similar results were obtained when the free base was reduced 
with 10% palladium on carbon in EtOH.

Catalytic Hydrogenation of the Kinetic Dehydration P rod
uct o f  2d. A solution of 9.7 g (0.042 mol) of 9/3-hydroxy compound 
2d in 60 ml of P0C13 was heated under reflux for 3 hr. The excess 
reagent was removed by warming in vacuo. The residue was dis
solved in 300 ml of EtOH and hydrogenated at 3.5 kg/cm2 in the 
presence of 0.5 g of 10% Pd/C. When the theoretical amount of H2 
had been absorbed the catalyst and solvent were removed and the 
residue was treated with NH4OH and Et20 . Concentration of the 
Et20  layer afforded 8.9 g of crude cis-syn amine 2c which ap
peared almost entirely as a single tic spot of R( 0.55 (silica, 3:97 i- 
PrNH2-E t20). Conversion to the HC1 salt and recrystallization 
from acetone afforded 7.5 g (72%) of 2c, mp 295-297° dec. Glpc of 
the base from the mother liquors showed 45% of 2c (retention time 
63 min) and six minor peaks, none of which corresponded to the 
cis-anti amine 7.

Dehydration of 9/3-ol 2d with POCI3 and Rearrangement o f 
the Product to (lR,3S)-l,2,3,4-Tetrahydro-2-m ethyI-9//-l,3- 
ethanoindeno[2,l-c]pyridine (6). /3-Hydroxy compound 2d (26.4 
g, 0.12 mol) and 150 ml of P0C13 were refluxed for 3 hr. The excess 
reagent was removed by heating in vacuo. A small aliquot was 
treated with dilute NH4OH. Et20  extraction gave an oil: uv max 
260 nm (< 10,500), 225 (8000), and 217 (11,900); m/e 211; tic on sili
ca gel (97:3 Et20-i-PrN H 2) a more intense band at Rf 0.45 and a 
less intense band at Rf 0.40 (uv indicator and Dragendorff spray); 
nmr 5 6.47 (s, 0.7 H, vinyl) and 6.98-7.50 ppm (m, 4 H, aromatic). 
When this mixture was refluxed with p-toluenesulfonic acid in 
EtOH for 24 hr, tic indicated no change in composition. The bulk 
of the oily residue was dissolved in MeOH and treated with 2.5 g of 
NaOMe. The mixture was heated under reflux for 1.5 hr and fil
tered free of NaCl. The filtrate was diluted with Et20 , washed with 
saturated NaCl, dried (NaS04), and concentrated to give 20.0 g of 
almost pure 6 (84%). Distillation at 112-116° (0.5-0.6 mm) yielded 
18.0 g of 6 (74%): m/e 221; nmr 6 6.80-7.60 (m, 4 H. aromatic), 3.45 
(m, 1 H, CHN), 3.62 (m, 1 H CHN), 3.25 (s, 2 H, CH2 aromatic),
2.95 (m, 1 H, allylic), 2.80 (m, 1 H, allylic), 2.38 (s, 3 H, CH3N), and
1.00- 2.60 ppm (m, 4 H, CH2); uv max 260 nm (e 11,700), 225 
(8900), and 217 (13,300); tic (silica, 97:3 Et20-i-PrN H 2) Rf 0.40.

The HCI salt o f 6 melted at 268-270° (from acetone), [a]25D 
+80.7°.

Anal. Calcd for C15Hi7N-HCl: C, 72,71; H, 7.32; Cl, 14.31. 
Found: C, 72.6; H, 7.4; Cl, 14.2.

Catalytic Hydrogenation o f 6 to Form (lR,3S,4aR,9aR)- 
l,2,3,4,4a,9a-Hexahydro-2-methyl-9H-l,3-ethanoindeno[2,l-c]- 
pyridine Hydrochloride (7). A solution of 5.0 g (0.02 mol) of 
the HCI salt of 6 in 300 ml of 95% EtOH was hydrogenated at 3.5 
kg/cm2 in the presence of 0.5 g of 10% Pd/C. When 1 mol of H2 was 
absorbed, the catalyst and solvent were removed. The crystalline 
residue (5.0 g) was recrystallized from acetone to give 4.0 g (80%) 
of 7: mp 306° dec; [«]25d —27.9°; glpc retention time 68 min; tic 
(silica, 97:3 Et20-i-PrN H 2) Rf 0.25; nmr compatible with the as
signed structure but without sufficient separation of the 4a and 9a 
hydrogens.

Anal. Calcd for C i5H 19N-HCl: C, 72.13; H, 8.07; N, 5.61. Found: 
C, 72.0; H, 8.1; N, 5.6.

Reaction o f 7 with EtI. A solution of 100 mg of 7 in 1 ml of ace
tone was treated with 0.2 ml of EtI. There was almost immediate 
precipitation of a crystalline solid. After 2 hr, Et20  was added and 
a quantitative yield of the ethiodide of 7 was collected. The nmr 
was conslstant with this quaternary salt.

Anal. Calcd for Ci7H24NI: C, 55.29; H, 6.55; I, 34.36. Found: C, 
55.1; H, 6.6; I, 34.3.



Hydro-1,3-ethanoindeno[2,l-c]pyridines J. Org. Chem., Vol. 39, No. 17, 1974 2569

Attempted Reaction of 2c with EtI. A solution of 100 mg of 2c
in 1 ml of acetone was treated with 0.2 ml of EtI. After 2 hr, Et20 
was added. There was no precipitation. Evaporation of the solvent 
afforded 2c (tic confirmation).

Na-NH.i Reduction of the Dehydration Product from 2d. A
solution of 10 g (0.044 mol) of 9/3-ol 2d in 60 ml of POCI3 was heat
ed under reflux for 3 hr. The excess reagent was removed by warm
ing in vacuo. Ice-water and dilute NH4OH were added and the 
mixture was extracted with Et20. The Et20  was washed (saturated 
NaCl), dried (Na2SO,i), and concentrated to afford 9.2 g of dehy
drated product. Tic indicated an approximately 70:30 mixture of 
kinetic (5) to thermodynamic (6) product.

This product in 125 ml of THF was added to 11. of NH3 contain
ing 2.3 g (0.1 g-atom) of Na. After the reaction mixture was stirred 
for 20 min, 7.5 g of NH4CI was added. The NH3 was evaporated 
and Et20 and H2O were added. The Et20 layer afforded 9.2 g of 
crude product which was chromatographed on 500 g of silica gel 
pretreated with 100 ml of £-PrNH2 and air dried. A least polar 
band, eluted with 3:1 pentane-Et20, yielded 3.6 g (38%) of cis-syn 
compound 2c, which was identical with 2c described above by glpc, 
tic, ir, and nmr. Its HC1 salt melted at 298° dec.

A mid band (0.3 g), eluted with 1:1 Et20-pentane, was indicated 
to be starting material by tic.

A more polar band, eluted by 99:1 Et20-i-PrNH2, afforded the 
cis-anti compound 7 (3.0 g, 32%). Its HC1 salt melted at 301° dec 
and a sample of liberated base was identical with 7 described 
above (glpc, tic, ir, and nmr).

N a-N H 3 Reduction o f 6. Compound 6 (1.8 g, 8.5 mmol) in 25 
ml of THF was added to 0.46 g (0.02 g-atom) of Na in 100 ml of liq
uid NH3 and the reaction was worked up in the conventional man
ner. The HC1 salt of the crude product was recrystallized from ace
tone to give 1.2 g of 7 HC1, mp 303° dec, [a]25D — 27.1°. A sample 
of liberated base was identical with 7 described above (glpc, tic, ir, 
and nmr). Tic analysis of the reaction mother liquor indicated a 1: 
1 content of 7 and starting material 6 (estimated total yield of 7 
was 80%).

(lS,3i?,4aR,9a/i)-l,2,3,4,4a,9a-Hexahydro-2-methyl-9/f-l,3- 
ethanoindeno-[2,l-c]pyridin-9-one (2a enantiomer) was pre
pared from a 1:3 mixture of the enantiomer of 1 and its 2a epimer1 
in the same manner used to prepare 2a. The analytical sample 
melted at 78-80° (n-pentane), [a]26D —13.6°.

Anal. Calcd for CisHnNO: C, 79.26; H, 7.54; N, 6.16. Found: C, 
79.2; H, 7.5; N, 6.3.

The HC1 salt of 2a enantiomer from acetonitrile exhibited 
polymorphism, melting at 218-220 and 261° dec (evacuated tube), 
[a]2SD -39.4°.

Anal. Calcd for Ci5H i7NO-HC1: C, 68.30; H, 6.88; Cl, 13.44. 
Found: C, 68.3; H, 6.9; Cl, 13.5.

(IS,311,4aR,9aR)-1,2,3,4,4a,9a-Hexahydro-2-methyl-9.fi-1,3- 
ethanoindeno[2,l-c]pyridine hydrochloride (2c enantiomer)
was prepared from 2a enantiomer via the thioketal method used 
for conversion 2a —► 2b — 2c.

The analytical sample from acetone melted at 298° dec, [a]25D 
-95.8°.

Anal. Calcd for Ci6H 19N-HC1: C, 72.13; H, 8.07; N, 5.61. Found: 
C, 72.2; H, 8.1; N, 5.6.

Borane reduction of ketone 2a enantiomer in the manner de
scribed for 2a (ketone added to the borane) afforded 2c enantiom
er, bp 120-134° (1-1.5 mm), n27D 1.5552. Its HC1 salt melted at 
298° dec, [a]25D -  93.0°.

Also obtained was 2d enantiomer, mp 138-140°. The HC1 salt 
melted at 220° dec, [«]25d -74.7°.

Anal. Calcd for Ci5H19NO-HCl: C, 67.79; H, 7.58; Cl, 13.34. 
Found: C, 67.5; H, 7.7; Cl, 13.0.

In a similar experiment that was heated under reflux for only 3 
hr, 2f  enantiomer was also obtained after chromatography.

The HC1 salt melted at 282° dec, [a]24D — 62.6°.
Anal. Calcd for C15H i9NO-HC1: C, 67.79; H, 7.58; Cl, 13.34. 

Found: C, 67.6; H, 7.6; Cl, 13.4.
Platinum Oxide Catalyzed Hydrogenation of 2a Enantiom

er. A solution of 0.59 g (2.6 mmol) of 2a enantiomer in 300 ml of 
95% EtOH containing 0.25 g of Pt90  was hydrogenated at 3.5 kg/ 
cm2. Removal of the catalyst and solvent gave 0.59 g of an epimeric 
mixture of alcohols which was separated by plate chromatography 
(97:3 Et20-i-PrNH2). The less polar band afforded 150 mg (25%) 
of somewhat impure 2d enantiomer, mp 128-135°. The more polar 
band gave 290 mg (49%) of 2f enantiomer, mp 99-100°. Ir and tic 
comparison of these alcohols with their enantiomers confirmed 
their identity.
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51805-86-8; 7 HC1, 51829-82-4; 7 ethiodide, 51805-87-9; 3/3-phenyl- 
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The synthesis of [2.2](2,5)furano(2,5)pvridinophane by a “ cross-breeding” reaction between 2,5-dimethylene-
2,5-dihydrofuran and 2,5-dimethylene-2,5-dihydropyridine is described. The conformation of the compound is 
such that the furan ring is essentially perpendicular to the pyridine ring with the oxygen function of the furan 
ring closer to the C3-C 4 than to the N-C6 bond.

Reports describing the syntheses of cyclophanes and 
studies describing their physical and chemical properties 
abound . 1 For example, in a series of very elegant papers, 
Cram and coworkers2 have shown that in [2.2]paracyclo- 
phanes there exist transannular interactions between the 
benzene rings in these systems. These studies have been 
extended to include mixed [2 .2 ]paracyclophanes where one 
ring is pyridinoid and the other is benzenoid .3

The four isomeric [2.2](2,5)pyridinophanes have also 
been recently synthesized,4 as have been the two cyclo
phanes la  and lb .5’6

la,X =  0
b, X = nch3

We became interested in preparing the mixed heterocy- 
clophane 2 , since it represents the first example o f a mixed 
heterocyclophane composed o f a ^-deficient (pyridine) and 
a 7r-excessive (furan) ring.

The most reasonable approach to the synthesis o f com 
pound 2  appeared to us to be via a “ cross-breeding”  dimer
ization of compounds 3 and 4. In this type of reaction, it is,

4

of course, to be anticipated that the furan dimer la , as well 
as the isomeric [2.2](2,5)pyridinophanes, will also be 
formed. Compounds 3 and 4 were generated in  s itu  from 
the quaternary hydroxides 5 and 6 , respectively; the cross-

+

breeding reaction was carried out in refluxing toluene, and 
the reaction mixture was subjected to dry-column chroma
tography. The proportions of the various possible products 
expected were those reported in Table I. Along with these 
cyclophanes, a substantial amount of the ether 7, as ob-

7

Table IReaction Products Distribution
% of total * 7

Compd“ product

4821a 18
M ixture o f [2,2](2,5)pyridinophanes6 47 30

0 See text for structures. b Identified by pm r spectra (c f . 
ref 4).

served in the formation o f the pyridinophanes,4 was ob
tained.

The desired compound, 2, was identified by its correct 
elemental analysis, mass spectrometric molecular weight, 
and pmr spectrum. It is obvious that compound 2 could 
exist as conformer 8 , 9, or 10 or as a rapidly equilibrating 
mixture of these three conformers. The latter possibility

appears to be a fairly unlikely one in view of the fact that 
Dreiding models rule out a facile interconversion of the 
structures. In order to establish the correct structure for 
this mixed paracyclophane an analysis of its uv and pmr 
spectra was undertaken.

A comparison of the uv spectra o f the furanophane la  
with that of compound 2  shows that the furan absorption 
in compound 2 (Amax 224 nm) is the same as that found in 
the furanophane (Amax 222 nm). In the latter instance it has 
been established that the compound exists in the staggered 
conformation 1 1 .

11

Consequently, one can suggest that there is no transan
nular interaction o f the ir clouds of the furan ring with 
those o f the pyridine ring in compound 2 .

The furan protons o f the furan dimer la  (<5 6.05 ppm) are 
deshielded by 0.25 ppm in comparison to 2,5-dimethylfu- 
ran (5 5.80 ppm), while those of the mixed dimer 2 resonate 
at 5 5.69 and 5.75 ppm, respectively (see Table II). Thus, in 
the staggered conformation o f the furan dimer 1 1  the furan 
protons are subject to a deshielding effect, while in the con
figuration o f the mixed dimer 2 , the protons are experienc-
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T a b le  II
P m r  S p ectra l D ata“

X

K

£
Compd^ Hb Hc Hd

2.5- Dimethylfuran
2.5- Dimethylpyridine 7 .007.34

5.80
8.30

l a c
2 d 6.90 7.16

6.05
7 .72  5 .69  5 .75

“ In  parts per million (5). b D ilute solutions in CD CI3. 
c See text for structures. d The pmr spectrum, in CDCI3 or 
D M S O , is temperature independent from  —50 to 60°, and 
in C 5D 5N  from room temperature to 110°.

ing a slight shielding effect, with respect to the furan pro
tons in 2,5-dimethylfuran. Thus, these protons are not in
fluenced by the pyridine ring anisotropic effects. There are, 
however, significant shielding effects operating on the pyri
dine ring of dimer 2 where the a, y, and S protons are 
shielded, with respect to those in 2,5-dimethylpyridine, by 
0.58, 0.18, and 0.10 ppm, respectively. Consequently, one 
must conclude that compound 2 exists neither as confor- 
mer 8 nor conformer 10.

In view of the fact that the pyridine a proton in com
pound 2 is considerably more shielded than are the 7 and <5 
protons, and keeping in mind that the estimated anisotrop
ic effects in ether-type oxygens are represented by drawing 
12, one can strongly suggest that the correct room-temper-

12

ature configuration for compound 2 in solution is represen
tation 9 with the furan oxygen somewhat more closely sit
uated toward the N1-C6 bond than toward the C4-C5 bond.

A variable-temperature pmr study of compound 2 (110° 
in C5D5N to room temperature, and room temperature to 
—50° in CDCI3) showed no spectral changes in this temper
ature region. This behavior is surprising in view of the re
port that compound 13 is described as undergoing the type

13

of inversion as indicated for the similar conformers 8 and
10.9

Experimental Section
Nmr spectra were obtained with a Varian HA-100 spectrometer. 

Mass spectra were obtained with a Hitachi Perkin-Elmer RMU- 
6M instrument equipped with a solid sample injector. The ionizing 
voltage employed was 80 eV. Elemental analyses were determined 
by the Analytical Services Laboratory of the University of Ala
bama Chemistry Department.

6-M ethyl-A ,A '-d im ethyln ico tinam ide. Ethyl 2-methyl-5- 
ethylnicotinate8(25.5 g, 0.15 mol) was stirred at room temperature 
with an excess of a saturated aqueous solution of dimethylamine. 
After 30 hr, the clear reaction mixture was extracted with CHCI3 
and washed with 50 ml of H20  and 2 X 50 ml of a saturated aque

ous solution of NaCl. The organic layer was dried over anhydrous 
Na2C 03. The reaction mixture was distilled at 115-120° (1 Torr) 
and 12.5 g (50% yield) of product was collected: mol wt 164 (mass 
spectrum); pmr spectrum 5Tms (CDCL3) 7.67 (1 H, d of d), 7.18 (1 
H, d), 8.54 (1 H, d), 3.05 [6 H, -N(CH3)2, s], 2.56 (3 H, -CH 3, s).

2-Methyl-5-dimethylaminomethylpyridine. 6-Methyl-N,N'- 
dimethylnicotinamide (8.55 g, 0.052 mol) in 100 ml of ether was 
added dropwise to a slurry of LiAlH4 (1.9 g in 100 ml of ether) and 
the reaction mixture was refluxed with stirring overnight. Water 
(2.7 ml) was then added to destroy the excess of LiAlH4. The reac
tion mixture was then filtered, the filtrate was dried over anhy
drous Na2C0 3, the solvent was evaporated, and the product was 
distilled at 53-55° (1 Torr). The product, 3.59 g (46.1% yield), was 
collected: mol wt 150 (mass spectrum); pmr spectrum <5tms 
(CDC13) 8.38 (1 H, d), 7.53 (1 H, 2 d), 7.10 (1H, 5 d),and singlets 
at 3.38 (2 H, -CH 2-), 2.53 (3 H, -CH 3), and 2.22 [6 H, -N (CH 3)2], 
respectively.

2-Methyl-5-trimethylaminomethylpyridinium Iodide. 2-
Methyl-5-dimethylaminomethylpyridine (3.59 g, 0.024 mol) was 
dissolved in 50 ml of ether, and methyl iodide (4.48 g, 0.031 mol) in 
50 ml of ether was added slowly with stirring at room temperature. 
After stirring overnight, the reaction mixture was filtered and the 
off-white solid was washed with ether and dried (6.4 g, 91.7% 
yield).

Anal. Calcd for C 10H i7N2I: C, 41.11; H, 5.87; N, 9.59. Found: C, 
41.00; H, 6.17; N, 9.37.

[2.2](2,5)Furano(2,5)pyridinophane. 2-Methyl-5-trimeth- 
ylaminomethylpyridinium iodide (1.2 g, 0.004 mol) and 5-methyl-
2-furfuryltrimethylammonium iodide (1.1 g, 0.004 mol) were dis
solved in 100 ml of water and the resulting solution was stirred 
with 2.5 g of freshly prepared Ag20  for a period of 1 hr! The mix
ture was filtered and the filtrate was freeze-dried. The remaining 
solid was suspended in 300 ml of toluene, a small amount of hydro- 
quinone was added, the stirred mixture was heated at reflux, and 
the water that was formed was collected in a Dean-Stark trap. 
After 2 hr, no more trimethylamine was formed and the reaction 
was judged complete. The reaction mixture, after cooling tc room 
temperature, was filtered and the filtrate was concentrated in 
vacuo to dryness. The remaining oily material was then subjected 
to dry-column chromatography (15 X 1 in., neutral alumina, 100- 
200 mesh, Brockman grade III), using ether as a developing sol
vent. By examining the behavior of the reaction mixture on tic 
(identical conditions with the dry-column chromatogram) (visual
ization with I2), the location of the various components on the dry- 
column chromatogram was ascertained. The various zones were 
then collected and the compounds were extracted from the alumi
na with methylene chloride. In this manner four different compo
nents were obtained.

These compounds were identified respectively as (1)
[2.2](2,5)furanophane (la, 250 mg, 16%, mp 189-191° dec) by com
parison with an authentic sample;6 (2) [2.2](2,5)furano(2,5)pyridi- 
nophane [100 mg, 6.3%, mp 86-87° after vacuum sublimation at 
60° (1 Torr)] (Anal. Calcd for C13H13NO: C, 78.36; H, 6.63; N, 7.05. 
Found: C, 78.11; H, 6.89; N, 6.78) (c/. also pmr and uv data in ta
bles); (3) a mixture of the isomers of [2.2](2,5)pyridinophane (20 
mg, 1.2%) by comparison with the reported pmr spectra, and the 
mass spectrometric molecular weight of 210;4 (4) the ether 7 (190 
mg, 10.3%) by comparison with an authentic sample.4

Registry No.— la, 5088-46-0; 2, 51849-29-7; 7, 34107-45-4; 6- 
methyl-A,A-dimethylnicotinamide, 51849-30-0; ethyl 2-methyl-
5-ethylnicotinate, 22701-39-9; dimethylamine, 124-40-3; 2-methyl-
5-dimethylaminomethylpyridine, 51849-31-1; 2-methyI-5-tri- 
methylaminomethylpyridinium iodide, 51849-32-2.
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The reaction of carboethoxymethyloxazines with electrophilic aldehydes or olefins leads to a facile approach to 
polysubstituted pyrroles. The method allows, by appropriate choice of condition, either N-alkylpyrroles or fused 
pyrrolooxazines.

During the course of our total synthesis o f camptothecin3 
we observed an unusually facile reaction involving the ad
vanced intermediate 1 when an attempt was made to effect 
cyclization to the dihydropyridone 2. Upon acid-catalyzed 
hydrolysis o f 1 , none o f the desired fused tetracyclic system 
could be obtained, although the fused pyrrole 3 was formed 
in 80% yield. After various attempts to circumvent this

“ undesirable” reaction, it soon became clear that 3 was the 
result o f a much more favorable process than that leading 
to 2. A study was undertaken to assess the generality o f this 
pyrrole formation utilizing simpler systems and indeed 
proved that our anticipations were justified.

The oxazine ester 4 was employed as a suitable starting 
material, since it was readily available.4 Alkylation of oxa
zine ester 4 with iodoacetaldehyde diethyl acetal in di
methyl sulfoxide using sodium hydride as base afforded the 
acetal ester 5 in 78% yield. Treatment of the latter with a

catalytic amount of trifluoroacetic acid in refluxing tolu
ene, which had not been dried, for 2  hr led to the pyr- 
rolooxazine 6 in 98% yield. None o f the intermediates (pro
posed in brackets) could be isolated or detected in the 
crude reaction product. It was further found that reduction 
of the C = N  link in 5 with aqueous sodium borohydride 
(—30°, pH 4-6 )4 gave 7a in 92% yield as a crystalline prod
uct. Treatment o f 7a with a catalytic amount o f trifluo
roacetic acid in refluxing toluene led to an 83% yield of the 
N-alkyl-3-carboethoxypyrrole 8 . Mechanistically, the pyr-

8
role may be envisioned as arising from the ring-chain tau- 
tomerism4 as shown in intermediates 7a,b which ultimately 
undergoes ring closure after releasing the formyl group. 
This facile pyrrole synthesis is related to that recently re
ported by Wittig5 which involves the reaction of lithio im- 
ines 9 with a-halo ketones. This reaction, however, may

LiCH C=N R +
I

R"
9

and/or and/or

give rise to certain mixtures of isomers because o f its dual 
pathway (via halide displacement or epoxide formation).

Another interesting reaction which led to pyrrole forma
tion occurred when the ester oxazine 4 was treated with the 
unsaturated lactone 10  in acetonitrile or ethanol as solvent 
at 130-150° (sealed tube). No trace of the expected lactone 
1 1  was observed. Instead, the pyrrole 1 2  was formed in 91% 
yield.

Although lactone 1 1  could not be detected in the reaction 
mixture, it most likely is a transient intermediate in the
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formation o f 12. Following its formation, traces of water in 
the reaction mixture (the acetonitrile was not dried) would 
be expected to hydrolyze the lactone 1 1  to the aldehyde 
acid 11a. With the free aldehyde now present, condensa
tion to the pyrrole lib  would occur followed by decarboxyl
ation to give the pyrrole 12. A similar mode o f decarboxyla-r \  4
EtO O ^ D

10

tion was noted for the free acid of 3 producing the corre
sponding methyl derivative.3

When lactone 10 was transformed into the unsaturated 
ester3 13 and treated with oxazine ester 4 (145°, EtOH, 
OEt~), the adduct 14 was obtained in 62% yield. Heating

10
BF, ; 

EtOH*

EtO.

EtO'
-----CH =CH C02Et

13 (cis:trans 1:4)
CO,Et

CO,Et

the latter at reflux in toluene containing a trace o f trifluo- 
roacetic acid produced the fused pyrrole 15 in 78% yield. 
Thus, while the free carboxylic group in lib  is unstable 
and undergoes decarboxylation to 1 2 , the carboethoxy 
group in 14 remains intact en route to the pyrrole diester 
15. This was verified by hydrolysis of 14 in aqueous ethanol 
containing dilute hydrochloric acid. Under these condi
tions, a mixture (l.T) o f 12 and 15 was indeed obtained.

The most novel and least expected pyrrole formation was

4 +
.NO,

Ph
16

CO,Et

Ph

17a

observed when 1 equiv each of the oxazine ester 4 and /3- 
nitrostyrene (16) were refluxed in te r t-butyl alcohol for 2 0  

hr. The crude viscous residue, after chromatography on 
basic alumina, afforded two products. The major com po
nent (63% yield) was the expected Michael addition prod
uct 17 while the minor component (28% yield) was fully 
characterized as the pyrrole 18.

From a comparison o f the infrared spectrum o f the crude 
reaction product with that o f the pyrrole 18, it appears as 
though 18 was formed as a result o f the reaction conditions, 
and not during the chromatographic separations.

If this is the case, the direct pyrrole formation may be 
considered to pass through intermediates 17a and 17b in 
an intramolecular Nef-type reaction. No attempt was made 
to optimize the pyrrole formation via the /3-nitrostyrene 
route.

An effort was made to remove the Al-alkyl group in the 
monocyclic pyrroles 8 , which would then lead to the unen
cumbered nucleus. Hydrolytic, photochemical, thermal and 
retro Michael additions (on the corresponding ketone) all 
failed to dealkylate 8 .6

In summary, a route to monocyclic pyrroles and their 
fused homologs appears viable from oxazine esters and 
their derivatives (amide-containing oxazines) 3 which place 
various substituents at the 1 and/or 2, 3, and 4 positions of 
the pyrrole nucleus.

Experimental Section7
Oxazine Ester Diethyl Acetal 5. To the oxazine 4 (5.0 g, 0.0235 

mol) under an atmosphere of nitrogen in 25 ml of dry dimethyl 
sulfoxide (distilled from calcium hydride) was added sodium hy
dride (0.57 g, 1.0 g of 57% oil dispersion, 0.0235 mol). After hydro
gen evolution had ceased, iodoacetaldehyde diethyl acetal (5.73 g, 
0.0235 mol) was added dropwise at room temperature over a peri
od of 10 min. The reaction mixture was then stirred for 16 hr, 
poured into 100 ml of ice water, and extracted with chloroform. 
The combined extracts were washed with water several times, 
dried over anhydrous potassium carbonate, and evaporated in 
vacuo to a yellow oil. Distillation (92-98°, 0.06 mm) afforded 6.0 g 
(78% yield) of 5 as a colorless oil. The analytical sample was chro
matographed on silica gel (tic, eluted with ether) followed by dis
tillation (90-95°, 0.05 mm): ir (film) 1640, 1675, 1140-1120 cm“ 1; 
nmr (CDC13) <5 4.58 (t, 1 H), 4.19 (t, 2 H, J  = 7 Hz), 3.2-3.9 (com
plex multiplet, 5 H), 2.3-1.4 (m, 3 H), 1.4-1.1 (m, complex, 18 H); 
m/e 329 (molecular ion).

Anal. Calcd for C17H3iN 05: C, 61.98; H, 9.48; N, 4.25. Found: C, 
61.82; H, 9.61; N, 4.32.

Pyrrolooxazine 6. To the oxazine acetal 5 (0.83 g, 2.52 mmol) in 
10 ml of toluene was added trifluoroacetic acid (0.1 ml) and the 
reaction mixture was fitted with a Dean-Stark trap and refluxed 
under a nitrogen atmosphere for 2 hr. After cooling, the reaction 
mixture was washed with 10 ml of saturated sodium bicarbonate 
solution and dried over anhydrous sodium sulfate and the toluene 
was removed under vacuum. The pale orange oil crystallized, 0.59 g 
(98% yield). The analytical sample was recrystallized twice from 
petroleum ether-ether: mp 82-83°; ir (neat) 1675, 1550 cm "1; nmr 
(CDCI3) S 6.44 (d, 1 H, J  = 4 Hz), 6.25 (d, 1 H, J  = 4 Hz), 4.25 (q 
superimposed on a multiplet, 2 H, J  = 7 Hz, m, 1 H), 1.90 (d, 2 H, 
J  = 6 Hz), 1.47 (d, 3 H, J = 7 Hz), 1.50 (s, 6 H), 1.30 (t, 3 H, J = 7 
Hz); m/e 237 (molecular ion).

Anal. Calcd for C13H19NO3: C, 65.80; H, 8.07. Found: C, 65.67; 
H, 7.90.

Tetrahydro-l,3-oxazine Acetal 7a. To the oxazine acetal 5 
(1.64 g, 0.0050 mol) in 8 ml of tetrahydrofuran and 8 ml of ethanol 
(95%) cooled to -3 5  to -45° at pH 5 (made acidic at -35 ° with 
9.7% hydrochloric acid solution) was added sodium borohydride 
solution dropwise (0.19 g, 0.005 mol dissolved in 1.5 ml of water 
and stabilized with 1 drop of 40% sodium hydroxide solution). 
During the slow addition of the borohydride solution (~2Q min), 
the pH of the reaction mixture was maintained at 5 by dropwise 
addition of 9.7% hydrochloric acid solution as needed. After all the 
borohydride had been added, stirring was continued at —35 to 
—45° for 1 hr and then the reaction mixture was poured into a two- 
phase system of water (50 ml) (3 drops of 40% sodium hydroxide 
solution added) and dichloromethane (50 ml). After several extrac
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tions with dichloromethane, the combined extracts were dried over 
sodium sulfate, filtered and evaporated in vacuo to a pale yellow 
oil, 1.51 g.

The ir spectrum of the product showed only a very small amount 
of dihydrooxazine remaining. The product crystallized from pen
tane in the freezer: mp 54-55°; ir (neat) 3230, 1735 cm-1; nmr 
(CDCI3) b 4.28 (4 H, complex multiplet), 3.60 (5 H, complex multi- 
plet), 2.52 (1 H, J  = 6.5 Hz), 2.0 (2 H, t, J = 6 Hz), 1.12 (m, 21 H); 
m/e 331 (molecular ion).

Anal. Calcd for CnHgaNOs: C, 61.60; H, 10.04; N, 4.23. Found: 
C, 61.51; H, 10.02; N, 4.29.

N,3-Disubstituted Pyrrole 8. The tetrahydrooxazine 7a (0.55 
g, 2.30 mmol) in 10 ml of toluene, along with a catalytic amount of 
trifluoroacetic acid, were refluxed for 2 hr under an atmosphere of 
nitrogen. The cooled solution was washed with 10 ml of saturated 
sodium bicarbonate solution, dried over anhydrous potassium car
bonate, and concentrated in vacuo to an oil, 0.413 g. The total 
product was chromatographed on silica gel (tic, 20 X 40 cm plate, 
eluted with acetone) and distilled (135-145°, 0.02 mm) to give 0.33 
g (83% yield) of oily product: ir (film) 3350, 1705, 1695, and 1540 
cm“ 1; nmr (CDC13) <5 7.50 (m, 1 H), 6.82 (m, 1 H), 4.28 (q, 2 H, J = 
7 Hz), 3.66 (m, 1 H), 1.92 (s, 1 H), 1.91 (s, 1 H), 1.66 (s, 3 H), 1.59 
(s, 3 H), 1.33 (t, 3 H, J = 7 Hz), 1.10 (d, 3 H, J = 6 Hz); m/e 239 
(molecular ion).

Anal. Calcd for C13H21NO3: C, 65.25; H, 8.84; N, 5.85. Found: C, 
65.41; H, 9.06; N, 5.96.

Pyrrolooxazine 12. The oxazine ester 4 (0.32 g, 1.5 mmol) and 
the lactone 10 (0.192, 1.5 mmol)3 in 1 ml of dry ethanol were heat
ed in a sealed Pyrex tube for 24 hr at 130-140°. The tube was 
cooled in a Dry Ice-acetone bath and opened, and the solvent was 
removed under vacuum. The deep scarlet residue partially crystal
lized. Trituration with ether-petroleum ether gave 0.097 g of light 
yellow crystalline solid, mp 107-108°. Evaporation of the filtrate 
gave a red oil which was chromatographed on silica gel (8.5 X 1 cm 
column) and eluted with ether. The first fractions afforded an ad
ditional 0.09 g of pyrrole (total yield 50%). The product was puri
fied by sublimation (100-110°, 0.02 mm): mp 111-112.5°; ir (KBr) 
1675, 1535 cm“ 1; nmr (CDC13) h 6.06 (q, 1 H, J  = 1.5 Hz), 4.27 (q, 
superimposed on a multiplet, 2 H, J  = 7 Hz, m, 1 H), 2.2 (d, 3 H, J 
= 1.5 Hz), 1.95 (s, 1 H), 1.83 (s, 1 H), 1.50 (d, 3 H, J = 6 Hz), 1.50 
(s, 6 H), 1.30 (t, 3 H, J  = 7 Hz); m/e 251 (molecular ion).

Anal. Calcd for C14H21NO3: C, 66.91; H, 8.42; N, 5.57. Found: C, 
67.13; H, 8.40; N, 5.64.

When the oxazine ester 4 (0.93 g, 4.39 mmol) and the lactone 10 
(0.56 g, 4.38 mmol) were heated at 140-150° for 4 hr in a sealed 
Pyrex tube in acetonitrile solvent and worked up as above, 1.0 g 
(91% yield) of 12 was obtained, mp 108-110°. The ir and nmr spec
tra were superimposable with those of the product obtained above.

Oxazine Diester 14. To the oxazine ester 4 (0.400 g, 1.88 mmol) 
and the unsaturated ester 13 (0.442 g, 2.18 mmol)3 in 1.5 ml of dry 
ethanol (distilled from calcium hydride) in a Pyrex tube was added 
a catalytic amount of sodium ethoxide (prepared by dissolving ~15 
mg of sodium metal in 0.3 ml of dry ethanol and then using 3 drops 
of this solution). The tube was sealed and heated at 145° for 42 hr. 
Concentration of the reaction mixture gave a viscous oil. The prod
uct 14 distilled at 120-145° (0.06 mm) (0.485 g, 62% yield): ir (film) 
1740, 1670 cm-1; m/e 415 (molecular ion).

Anal. Calcd for C21H37NO7: C, 60.70; H, 8.98; N, 3.37. Found: C, 
60.84; H, 9.01; N, 3.52.

Pyrrolooxazine 15. To the acetal 14 (0.357 g, 0.861 mmol) in 10 
ml of toluene was added trifluoroacetic acid (3 drops), the flask 
was fitted with a Dean-Stark trap, and the contents were refluxed 
under a nitrogen atmosphere for 2 hr. The cooled solution was 
washed with 10 ml of saturated sodium bicarbonate solution and 
dried over sodium sulfate. The solvent was evaporated in vacuo to 
give 0.304 g of crude product which crystallized in a freezer over
night, 0.215 g (78% yield). The product crystallized from petrole
um ether (bp 30-60°) (ether was used to dissolve product and then

boiled off). Recrystallization from the same solvent system afford
ed the analytical sample: mp 94-95.5°; ir (film) 1740, 1675, 1550 
cm-1; nmr (CDCI3) b 6.24 (t, 1 H, J = 1.5 Hz), 4.21 (q, 2 H,J = 7 
Hz), 4.28 (q, 2 H, J = 7 Hz), ~4.3 (m, 1 H), 3.68 (d, 2 H, J  = 1.5 
Hz), 1.92 (s, 1 H), 1.82 (s, 1 H), 1.48 (d, 3 H, J  = 6 Hz), 1.48 (s, 6 
H), 1.30 (t, 3 H, J = 7 Hz), 1.27 (t, 3 H, J = 7 Hz); m/e 323 (molec
ular ion).

Anal. Calcd for C17H25NO5: C, 63.14; H, 7.79; N, 4.33. Found: C, 
62.97; H, 7.98; N, 4.48.

Michael Addition of 4 to /3-Nitrostyrene. Formation of 17
and 18. The oxazine ester 4 (2.88 g, 0.0135 mol) and /3-nitrostyrene 
(16, 2.01 g, 0.0135 mol) were refluxed for 20 hr in dry feri-butyl al
cohol. The solvent was evaporated in vacuo to give a light amber 
colored oil. The total product was chromatographed on alumina 
(Fisher, 80-200 mesh, 20 X 4 cm column). Elution was begun with 
benzene (650 ml), followed by increasing proportions of dichloro
methane in benzene (5, 15, 25, 30, and 50%). These fractions af
forded 1.3 g (28% yield) of pyrrole 18: mp 136-137°; ir (mineral oil) 
1700, 1545 c m '1; nmr (CDCI3) b 7.41 (m, 5 H), 6.27 (s, 1 H), 4.13 (q, 
2 H, J  = 7 Hz), 4.43 (m, 1 H), 1.90 (d, 2 H), 1.5 (d, 2 H, J = 6 Hz),
1.5 (s, 6 H), 1.12 (t, 3 H, J  = 7 Hz); m/e 313 (molecular ion).

Anal. Calcd for C^HasNOg: C, 72.82; H, 7.40; N, 4.47. Found: C, 
72.89; H, 7.74; N, 5.08.

Continued elution with dichloromethane and finally 95% etha
nol afforded 3.0 g (63% yield) of viscous oil. The spectral data are 
consistent with 17: ir (film) 1740, 1600, 1555 cm-1; nmr (CDCI3) b
7.3 (m, 5 H), 5.15-4.80 (m, 2 H), 4.64-3.40 (m, 4 H), 1.80-0.7 (m, 14 
H); m/e 362 (molecular ion).

Anal. Calcd for CjgHaeNaOs: C, 62.97; H, 7.23; N, 7.73. Found: C, 
62.68; H, 7.23; N, 7.77.

Iodoacetaldehyde Diethyl Acetal. To bromoacetaldehyde di
ethyl acetal (Aldrich, 19.7 g, 0.10 mol) in 250 ml of acetone was 
added sodium iodide (75.0 g, 0.2 mol) and the reaction mixture was 
refluxed for 6 days. The precipitated salts were removed by filtra
tion and the solvent was evaporated in vacuo. The resulting mass 
was triturated with ether and the precipitate was filtered. Evapo
ration of the ether in vacuo gave a red oil. Distillation (32-34°, 
0.075 mm) afforded 17.5 g (71% yield) of light yellow oil. The prod
uct was decolorized by filtration through finely ground sodium bi
sulfite: nmr (CC14) b 4.60 (t, 1 H, J  = 5.5 Hz), 3.56 (two quartets, 4 
H, J  = 7 Hz), 3.20 (d, 2 H, J = 5.5 Hz), 1.20 (t, 6 H, J = 7 Hz).

Anal Calcd for C6H130 2I: C, 29.5; H, 5.32; I, 52.1. Found: C, 
29.43; H, 5.33; I, 52.09.
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The methyl iodide induced conversion of iV-methylphenylhydrazones to indoles has been studied and an 
enehydrazine intermediate 3c has been isolated. N'-Protonation of the enehydrazine leads to a facile electrocyclic 
ring closure. Ketazinium methiodides have been converted to pyrroles by heating. Action of acetic anhydride on 
cyclopentylketazine intercepted an intermediate in the pyrrole synthesis as the acetyl derivative of a tautomer 15. 
Some modifications of the known reaction of carbonyl compounds with IV'-methylhydrazines and phenylhydra- 
zines are described.

During the course o f another research program, 4-cyclo- 
hexylcyclohexanone a-methylphenylhydrazone (lb) was 
treated with methyl iodide with the expectation that a hy- 
drazonium salt would result from méthylation at the « -n i
trogen atom; instead cyclization to the indole 7b occurred. 
The unusually mild conditions involved, especially the ab
sence o f deliberately added acid, suggested that further 
study of this system might lead to better understanding of 
some o f the steps of the Fischer indole synthesis.2 The 
ideas developed during this phase of the work led to inves
tigation o f other indolization procedures, and of the similar 
Piloty3 synthesis o f pyrroles.

Results and Discussion
Reaction of Phenylhydrazones with Methyl Iodide.

A solution of hydrazone lb  in excess methyl iodide began 
to deposit a solid within 30 min and precipitation contin
ued slowly at room temperature. After 12 hr the precipitate 
comprised a nearly quantitative yield o f méthylammonium 
iodide, and from the filtrate a good yield o f indole 7b was 
isolated. Attack o f methyl iodide on the hydrazone appears 
to occur exclusively at the /3-nitrogen atom, rather than at 
the «-nitrogen atom as is true with dimethylhydrazones.4 
No intermediates were observed when the reaction was car
ried out in the sample cell of an infrared spectrometer, with 
repeated scanning over several hours; therefore the first 
step in the reaction sequence, presumably formation of the 
hydrazinium salt 2 (Scheme I), is rate determining. Hence 
all subsequent steps are quite rapid at room temperature, 
including the key conversion of 4 into 6. This conclusion is 
supported by the fact that no products are found that re
sult from further méthylation of intermediates; these react 
faster along the path leading to indole than they react with 
methyl iodide.

To explore the question o f acid catalysis in steps fol
lowing the initial méthylation, the reactions of hydrazones 
la, lb and lc with methyl iodide were carried out under a 
variety of proton-scavenging conditions. A limitation on 
the choice o f bases which might be employed is that they 
must not react with methyl iodide. In the presence o f an 
excess o f the hindered amines 2,6-diisopropylpyridine and 
N,./V,2,6-tetramethylaniline,6 lb again furnished the indole 
and méthylammonium iodide, although the isolated yield 
of 7b from the second solvent was only 28% owing to sepa
ration problems. Although these media are formally basic, 
proton transfer from various ammonium ions which might 
be present is not precluded. It was found that in methanol 
solution at room temperature, N,Af,2,6-tetramethylanilini- 
um iodide slowly catalyzes indole formation from the hy
drazone, but méthylammonium iodide does not. In the 
methyl iodide promoted reactions, since méthylammonium 
iodide is produced, direct acid catalysis of indolization by 
the anilinium ion is eliminated, but acid catalysis of subse

quent steps by the méthylammonium ion remains a possi
bility.

Scheme I

Me
7

a, R =  Hb, R = cyclohexyl
c, R = ieri-butyl

Treatment of hydrazone lb  with methyl iodide in a vig
orously stirred suspension of anhydrous potassium carbon
ate in 2-butanone still produced the indole in substantial 
yield. When the ketone was replaced by the more basic di- 
methylformamide (DMF), no indole was found. High-vacu
um distillation o f the product of this reaction gave a vis
cous oil which could not be purified further nor completely 
characterized. Spectral and chemical evidence suggested 
that it was a mixture of enehydrazines containing some C- 
methylated components. To resolve the problem, two other 
hydrazones were subjected to similar reaction conditions. 
Cyclohexanone a-methylphenylhydrazone (la) still gave 
the indole 7a. This indicates that the 4-cyclohexyl group of 
lb decreases its rate of indolization, probably by conforma
tional effects in the transition state for cyclization; there-
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fore the even bulkier tert-butyl group was employed in the 
next experiments.

4-tert-Butylcyclohexanone a-methylphenylhydrazone
(lc ) was treated with 1.2 equiv of methyl iodide in a stirred 
K2CO3-DMF suspension at room temperature, furnishing 
a 90% yield of the enehydrazine 3c after appropriate work
up. When only 1 equiv of methyl iodide was used, some un
reacted hydrazone remained; when a large excess of methyl 
iodide was used, the product was a mixture of the C-methy- 
lated enehydrazines 8a and 8b. Apparently C-methylation 
of the enehydrazine is somewhat slower than N-methyl- 
ation of the hydrazone.

3c

N— N

Me Me
8a

N— N

Me Me 
8b

Me

Me

It was curiously difficult to find efficient conditions for 
the cyclization of 3c, considering that lc  in methyl iodide 
alone gave the indole in high yield at room temperature. 
With catalytic or equivalent amounts of strong acids at 
room temperature, no indole was formed during several 
hours. After 3c was allowed to stand overnight at room 
temperature with 0.5 equiv of trifluoroacetic acid in metha
nol, aqueous work-up gave approximately 0.5 equiv each of 
recovered 3c and 4-ieri-butylcyclohexanone.The latter 
probably arises by hydrolysis of the iminium salt 2c pro
duced by C-protonation of 3c. The best yield of indole 
(45%) when using fairly strong acid catalysts was obtained 
by refluxing 3c with 0.05 equiv of trifluoroacetic acid in 
DMF for 3 hr.

Acetic acid alone does not promote indolization, but 
when 3c was refluxed in acetic acid for 10 min in the pres
ence of excess solid ammonium chloride, a 25% yield of 7c 
was isolated. This was encouraging, but it was felt that the 
low solubility of ammonium chloride was deleterious, tert- 
Butylammonium chloride, which is quite soluble in acetic 
acid, proved to be an effective catalyst. When a cold solu
tion of this salt in acetic acid was added to 3c, the solution 
warmed spontaneously, and ir monitoring indicated that 
the reaction was complete within 15 min. Addition of water 
afforded a 95% yield of crystalline 7c.

The foregoing results suggest that the carbon-carbon 
bond-forming step in a typical Fischer indole synthesis is a 
rapid electrocyclic reaction of the N'-protonated enehydra
zine, structure 4.2c N-Protonation may be effected by mod
erately strong acids, ammonium ions being especially effec
tive. Strong acids, however, result in C-protonation to the 
iminium salt 2, which is kinetically immobile under these 
conditions and does not lead directly to the indole.

Thermal, i.e., non-acid-catalyzed, cyclizations of phen- 
ylhydrazones have been reported, but the intervention of 
trace amounts of acid is difficult to preclude.6 When 3c was 
refluxed with rapid stirring for 7 hr in a K2CO3-DMF sus
pension, a 15% yield of 7c was produced. This may repre
sent the non-acid-catalyzed cyclization of the enehydra
zine, but if so, it is about 106 times slower than the acid- 
catalyzed process described in the preceding paragraphs.

Reaction o f Ketazines with Methyl Iodide. Previous 
workers3’7 have converted a number of ketazines into pyr
roles, usually under rather vigorous conditions similar to 
those ordinarily employed in the Fischer synthesis. In a 
number of instances pyrazolines were formed in part or ex
clusively, especially with methyl ketones.

In an extension of the work described in the first section, 
three ketazines, diethylketazine, cyclohexylketazine, and 
cyclopentylketazine, were treated with methyl iodide and 
monomethiodides were obtained.8 Heating the ketazinium 
iodides under various conditions afforded pyrroles in mod
erate yields. That heat is required for cyclization, in con
trast with indole formation from 2, is not too surprising, 
since loss of a proton from the ketazinium ion 10 (Scheme
II) would produce an enehydrazine function in only one 
half of the molecule 11. Presumably conversion of 11 into 
the dienehydrazine 12 is relatively slow, as in the usual Pil- 
oty reactions.

Scheme II

R —  CH2 H,C— Rj Ri— CH2 H2C— R3

1 1 Mel
R —  C C — JR — *-

1 1
R2— C C— R,

' \  / \  //
N— N +N— N 1

9 1
Me

Rj H 10

\ /
C H2C— R,
II 1

Rl\  HH / Rl
V  SC

II II
R,— C C— R2 — »- R — C C— R

‘ \ / N— NN— N | \
Me H

Me
11

12

—H+

R,\  HH / Rl 
C - —
I I

R — C C— R,
N N

/  \
Me H

13

R r

R2"

-C ----C— R,
II II

- C ^ C - R

(Ii, Me) 
14

a, R, = CH3; Rj = C2H5
b, R, =  Rj =  (CH2)3
c, R1=  R2 = (CH2)4 .

The yields in the conversion of the ketazinium salts to 
pyrroles were fairly good for the salts derived from diethyl 
ketone and cyclohexanone, but that from cyclopentanone 
gave only 16%. This would seem to be due to the strain in 
the 5-5-5 ring system produced in the later stages of the 
reaction. Another difficulty which detracts from the utility 
of this pyrrole synthesis arises from the fact that at the 
stage of the heterocyclic ring closure and the subsequent 
elimination, either the substituted or the unsubstituted ni
trogen atom may be retained. This problem is not encoun
tered in indole syntheses, where it is invariably the anilino 
nitrogen that is retained.9 In the cyclohexanone series, N- 
methyloctahydrocarbazolewas the only isolated product, 
although the presence of some of the nor compound was in
dicated by the rapid oxidation of the crude material with 
the production of a deep green color.7’10 Starting with di
ethyl ketone, W-methyl and N-unsubstituted pyrroles were 
obtained in 1:2 ratio. With cyclopentanone, only the N- 
unsubstituted product was detected. If it is possible to gen
eralize from such a small number of observations, it would
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Table I

Indoles from  2-Substituted Phenylhydrazines
Time, Yield, Bp, °C

Phenylhydrazine Registry no. Carbonyl compd Registry no. Catalyst hr % M p , °C (1 mm) Registry no.

2-Phenyl- 122-66-7 Cyclohexanone 108-94-1 Resin“ 20 33 117-118 942-01-8
2 -Methyl- 622-36-6 Cyclohexanone Acetic acid 20 20 117
2-Methyl- Cyclohexanone Resin 20 85 118
2-Methyl- Cyclopentanone 120-92-3 Resin 20 54 108 s 2047-91-8
2-Methyl- 2-Heptanone 110-43-0 Resin 45 49“ 1 2 0 - 1 2 2 51801-51-5
2-Methyl- Heptanal 111-71-7 Resin 42 77 125-130 51801-52-6
2-Methyl- Acetophenone 98-86-2 p-TsOH 20 64 189á 948-65-2
2-Methyl- Propiophenone 93-55-0 Resin 45 25“ 90-92' 155-160 10257-92-8
1,2-Dimethyl- 5 29195-01-5 Cyclohexanone Resin 20 29 48A 150 6303-88-4
1,2-Dimethyl- 4-Cyclohexylcyclo- 92-68-2 Resin 20 6 82 6623-15-0

hexanone
1,2-Dimethyl- 2-Heptanone Resin 20 1 0 *.i 116-120 51801-53-7

“ Amberlite IR-20. b Lit. mp 108°: W. H. Perkin and S. G. P. Plant, J . Chem. Soc., 123, 3242 (1923). c 2-Methyl-3-butylin- 
dole by nmr. d Lit. mp 188-189°: R. L. Shriner, W . C. Ashley, and B. Welch, Org. Syn., 22, 98 (1942). 6 Minimum, reaction 
not complete.'  Lit. mp 90-92°: E. Leete, J . Amer. Chem. Soc., 81, 6023 (1959). " Products are IV-methy lind oies. h Lit. mp 50°: 
W . H. Perkin and S. G. P. Plant, J . Chem. Soc., 119, 1825 (1921). ‘ Minimum, mechanical loss. ‘ l,2-Dimethyl-3-butyIindole 
by nmr.

seem that cyclization of intermediate 13 is governed by 
electronic effects in the more facile reactions, as of the cy
clohexyl compound, with the more nucleophilic methylated 
nitrogen attacking the more electrophilic unsubstituted 
imine function. When adverse steric factors due to the car
bon skeleton are already present, the additional steric ef
fect of the IV-methyl substituent reverses the direction of 
addition, and becomes product determining.

Reaction of Ketazines with Acetic Anhydride. Suvo
rov11 reported obtaining the diacetyl derivative of a vinyl 
phenylhydrazine by treatment o f 2 -butanone phenylhydra- 
zone with acetic anhydride. In hope of similarly trapping 
an intermediate, the three ketazines mentioned in the pre
vious section were treated with acetic anhydride under re
flux. Cyclohexylketazine and diethylketazine gave the N - 
acetyl derivatives of the corresponding pyrroles in good 
yield.7b Cyclopentylketazine gave up to 37% yield of a solid, 
mp 187-189°, which was characterized as 2,2'-bis(acet- 
am ido)-l,l'-bicyclopentenyl (15) (Scheme III). Hydrolysis 
of 15 with dilute sulfuric acid gave the previously re
ported12 bis-2,2'-cyclopentanone 16a mp 70-71°, and its di- 
astereoisomer 16b, mp 37-40°.

(On-), Scheme III

N N
/ \  / \  

Ac HH Ac
15

H H

H ,0

IF*

0  0  
16

Though conversion of 15 into a pyrrole was not achieved, 
its formation can nevertheless be considered as the trap
ping o f a tautomeric form of an intermediate which in the 
methyl iodide promoted reaction did lead to pyrrole, albeit 
in low yield. That this trapping occurs in the cyclopentyl 
case, but not the other two, supports the contention made 
in the previous section that bond strain in the developing
5-5-5  ring system slows the conversion of 12b to 14b. A 
similar result was noted in the cyclization o f a-keto-y- 
butyrolactone phenylhydrazone, 13 though in that instance 
the intermediate was isolated as a salt of the imine tautom
er. On the other hand, formation of 15 in reasonable yield 
demonstrates that the strain is less severe in the 5-6 -5  ring

transition state o f the carbon-carbon bond-forming elec- 
trocyclic reaction.

Reaction of Carbonyl Compounds with TV'-Methyl- 
phenylhydrazines. Initially it was found that hydrazoben- 
zene reacted with cyclohexanone under appropriate condi
tions to give 1,2,3,4-tetrahydrocarbazole. The course of this 
reaction is highly dependent on the experimental condi
tions, since it is necessary to prevent benzidine rearrange
ment o f the hydrazobenzene, which is the only process ob
served with strong acids in polar media. The best yields 
were obtained by prolonged refluxing in toluene with con
tinuous water removal in the presence of a sulfonated cat
ion exchange resin in the acid form. It was felt that the di
protonation which seems to be necessary for the benzidine 
rearrangement14 would be less likely under these condi
tions. Reexamination of the literature showed that a simi
lar transformation had been reported previously, 15 al
though under more vigorous conditions and in a different 
research area.

Since the best yield employing hydrazobenzene was only 
33%, Af'-methylphenylhydrazines were used in the subse
quent experiments. Five ketones and one aldehyde were 
treated with 2 -methyl-1 -phenylhydrazineand furnished in
doles in yields of 25-85% (Table I). Because of the experi
ence with hydrazobenzene, the resin catalyst in refluxing 
toluene was used in most of these runs. Under these condi
tions methylamine was slowly evolved, as well as water, and 
was used to monitor the progress of the reactions (odor or 
pH paper). When hydrazobenzene was employed, the ani
line expected as a by-product reacted with cyclohexanone 
to form AT-cyclohexylideneaniline; therefore an excess o f 
the ketone was required. This would seem to be unneces
sary with the methylphenylhydrazines. It is probably also 
not necessary to use equivalent amounts of resin, though 
this was not investigated.

Acetophenone failed to react when the resin was used; 
substituting p-toluenesulfonic acid as the catalyst gave the 
indole in 63% yield. Propiophenone reacted quite slowly in 
the presence o f the resin; this reaction was not carried to 
completion and the 25% yield is only a minimum value.

Three ketones were refluxed with 1,2-dimethyl-l-phen- 
ylhydrazine and the resin catalyst in toluene. Methylamine 
was evolved very slowly and the yields of indoles were poor, 
only 29% from cyclohexanone, although the reactions may 
not have been completed. This is in distinct contrast with 
the results of the standard Fischer method employing 
phenylhydrazones; alkylation of the anilino nitrogen great
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ly facilitates such reactions. Since the presumed iminium 
intermediate in the reaction of 4-cyclohexylcyclohexanone 
with 1 ,2 -dimethyl-l-phenylhydrazine would be exactly the 
same, 2b, as encountered in the methyl iodide promoted 
process described in the first section o f this discussion, and 
which afforded a 96% yield of indole, the 6% yield under 
the more vigorous conditions currently being discussed in
dicates that the deleterious effect o f the 1 -methyl substitu
ent operates in the steps leading to 2b, probably during the 
nucleophilic attack by the 2 -nitrogen atom upon the car
bonyl group.

To assess the role o f the anilino nitrogen atom in the 
electrocyclic process, 4 -*  6, an analogous carbon com
pound was subjected to the reaction conditions of this sec
tion. A solution of Af-methylbenzylamine and cyclohexa
none in toluene was refluxed with some p-toluenesulfonic 
acid. Water separation was complete in 6 hr, but no 
methylamine was evolved. Vacuum distillation gave a sin
gle product in good yield; the nmr spectrum indicated that 
it was the enamine, Af-methyl-iV-benzylcyclohexenylam- 
ine. Although the greater strength o f the C -N  bond may be 
partly responsible, this failure to cyclize suggests that with 
the enehydrazines, the nonbonding electrons of the 1 -nitro
gen atom play a part in the electrocyclic reaction. However, 
Af-allyl vinylammonium ions have been reported to rear
range by a cyclic mechanism . 16Reaction of Ketones with Methylhydrazine and with 
1,2-Dimethylhydrazine. Pyrroles were formed rapidly 
and conveniently when 2  equiv o f the ketone was refluxed 
for a few minutes with 1  equiv of methylhydrazine in gla
cial acetic acid, followed by addition of an amine salt cata
lyst. Isolation of the ketone methylhydrazone was unneces
sary. 17 In this type of reaction, as in the reaction of ketaz- 
ines with methyl iodide, either methylamine or ammonia 
may be eliminated in the latter stages o f the process. In nu
merous preliminary runs with cyclohexanone, besides N - 
methyl-l,2,3,4,5,6,7,8-octahydrocarbazole, a considerable 
amount o f another, very easily oxidizable, material was ob
tained. This is probably the unmethylated compound, 
which is reported73’10 to be unstable and difficult to purify. 
The use o f methylammonium chloride as the catalyst was 
found to suppress formation of by-product, and this tech
nique was employed with the other ketones. Even under 
these conditions, diethyl ketone and cyclopentanone gave 
complex mixtures. Treatment o f cyclohexanone with 1,2- 
dimethyl hydrazine6 gave Af-methyloctahydrocarbazole as a 
pure white product without unstable impurities. However, 
this reaction was slower than that with methylhydrazine 
under comparable conditions, and 1 ,2 -dimethylhydrazine is 
quite expensive.

Experimental Section
Melting points were determined on a Fisher-Johns block cali

brated to give corrected melting points. Infrared spectra were ob
tained with a Perkin-Elmer Model 21 spectrometer and are re
ported in microns. Nmr spectra were obtained with a Varian 
Model A-60 spectrometer, and are reported in parts per million 
downfield from tetramethylsilane internal standard. Mass spectra 
were determined on a Bendix Model 12-107 time-of-flight instru
ment. Analyses were performed by Micro-Tech Laboratories, 
Skokie, 111., and by Mrs. G. Libovitz, Cornell University.

4-Cyclohexylcyclohexanone a-Methylphenylhydrazone
(lb). 4-Cyclohexylcyclohexanone was prepared by CrC>3-acetic 
acid oxidation of technical 4-cyclohexylcyclohexanol (cis-trans 
mixture, Dow Chemical Co.) and was purified through the bisulfite 
adduct. The hydrazone was prepared by refluxing the ketone with 
a-methylphenylhydrazine in methanol, without acid catalyst, and 
was recrystallized from methanol: yield 73%; mp 88-89°; ir (Nujol 
mull) 6.09, 6.24, 6.67, 7.76, 9.17,13.32,14.43 m-

Anal. Calcd for C19H28N2: C, 80.21; H, 9.86; N, 9.86. Found: C, 
80.38, H, 9.55; N, 9.99.

Addition of a small amount of hydrochloric acid to a warm 
methanolic solution of lb resulted in rapid crystallization of a 
nearly quantitative yield of 9-methyl-3-cyclohexyl-l,2,3,4- 
tetrahydrocarbazole (7b): mp 90°; ir (Nujol mull) 6.16, 7.03, 
7.60, 8.19, 8.45,8.70, 9.86,11.22,13.57 ¡x.

Anal. Calcd for Ci9H2SN: C, 85.32; H, 9.43; N, 5.24. Found: C, 
85.26; H, 9.40; N, 5.42.

In an attempt to prepare an N-benzylphenylhydrazone, 4-cyclo
hexylcyclohexanone (9.5 g, 0.05 mol) was refluxed for 6 hr with a 
solution of a-benzylphenylhydrazine hydrochloride (11 g, 0.05 
mol) and 10 ml of pyridine in 100 ml of methanol. The oily product 
was triturated with ether-petroleum ether and crystallized from 
isopropyl alcohol, yield 9.6 g (56%), mp 115-115.5°. The analysis 
indicates that cyclization to the indole, 9-benzyI-3-cyclohexyl-
1,2,3,4-tetrahydrocarbazole, had occurred.

Anal. Calcd for C25H29N: C, 87.40; H, 8.52; N, 4.08. Found: C, 
87.40; H, 8.59; N, 4.32.

Reactions of lb with Methyl Iodide. A solution of 10 g (0.035 
mol) of lb in 25 g of methyl iodide was allowed to stand overnight 
at room temperature. The precipitated solid was filtered, extracted 
twice with hot chloroform and then with ether, and dried. It was 
identified as methylammonium iodide, yield 5.0 g (90%), by ir com
parison with an authentic sample and by reaction with NaOH so
lution and phenyl isothiocyanate to produce A-methyl-W'-phenyl- 
thiourea,mp 113° (no depression with an authentic sample). The 
purity was confirmed by analysis.

Anal. Calcd for CH6NI: C, 7.55; H, 3.80; I, 79.81. Found: C, 7.44; 
H, 3.90; I, 80.01 (gravimetric).

The filtrate from the above reaction was evaporated and the res
idue was crystallized from methanol, yield 7.0 g (75%) of 7b, mp 
90°, no depression with the sample prepared above, ir identical.

In a similar reaction with commercial DMF as diluent, a compa
rable yield of 7b was obtained. When the experiment was repeated 
with DMF dried over calcium hydride, a 96% yield of 7b was real
ized.

Reactions in the Presence of Bases. A solution of 1  g of lb in
5 ml of methyl iodide and 2 ml of.A.N^.e-tetramethylaniline5 was 
allowed to stand at room temperature for 4 days. By this time 
0.127 g (23%) of methylammonium iodide, identified by ir and io
dide determination, had precipitated. Work-up of the filtrate was 
more difficult than before, because of the necessity of avoiding aci
dic conditions, but 0.26 g (28%) of 7b was isolated. A similar reac
tion in the presence of 2,6-diisopropylpyridine5 as base gave 64% of 
7b and 26% of methylammonium iodide.

Hydrazone lb (1 g, 3.5 mmol) was stirred for 2 days with a sus
pension of anhydrous potassium carbonate (0.5 g, 3.5 mmol) in 5 
ml of 2-butanone and 1 ml (17 mmol) of methyl iodide, yielding 
0.55 g (58%) of 7b. When the reaction time was cut to 12 hr, ir indi
cated a large amount of unreacted hydrazone.

When lb was treated with excess methyl iodide and potassium 
carbonate in dry DMF, no indole was formed if stirring was effi
cient enough. The ir of the product after molecular distillation at 
0.01 mm (200-230°) showed over 90% conversion of the hydrazone 
into incompletely identified compounds (see discussion).

4-ieri-Butylcyclohexanone a-Methylphenylhydrazone (lc). 
The ketone and the hydrazine were refluxed in methanol for 10 
min. Slow addition of water gave a 75% yield of crude product, mp 
63°, which was recrystallized from methanol-water, mp 63.5- 
64°.

Anal. Calcd for C17H26N2: C, 79.07; H, 10.08; N, 10.85. Found: C, 
79.05; H, 10.27; N, 10.82.

9-Methyl-3 -ierf-butyl-1 ,2,3,4-tetrahydrocarbazole (7c). An
authentic sample was prepared by briefly refluxing a methanol so
lution of lc containing a small amount of hydrochloric acid: mp
65.5-66° (lit.18 mp 66.5-67.5°); ir (melt) 6.3 (w), 6.92, 7.45, 8.53, 
9.98,13.8 m (s).

A solution of 0.85 g of lc in 1 ml of methyl iodide was allowed to 
stand overnight. Water was added, the product was taken up in 
ether, and after drying the solvent was evaporated, giving 0.80 g 
(quantitative) of 7c, mp after crystallization from ethanol 66.5- 
67.5°.

1,2-Dimethyl-l-phenyl-2-(4-teri-butylcyclohexenyl)hydra- 
zine (3c). A suspension of 5 g (35 mmol) of powdered anhydrous 
K2CO3 in 15 ml of dry DMF was stirred for several minutes to sca
venge traces of acid; then 2.58 g (10 mmol) of lc and 0.75 ml (12 
mmol) of methyl iodide were added. Rapid stirring under nitrogen 
was continued overnight at room temperature. Pentane (50 ml) 
was added and the mixture was stirred vigorously for 15 min. After 
settling, the pentane layer was decanted and the extraction was re
peated twice. The combined pentane extracts were stirred with
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solid Nal for 15 min, then transferred to a fresh portion of Nal and 
stirred again. This treatment removed practically all of the dis
solved DMF. The solvent was stripped and the residue (2.6 g, 95%) 
slowly crystallized when stored at —50° under nitrogen, mp 40- 
43°. An analytical sample was prepared by recrystallization from 
pentane at —50° under nitrogen: mp 44.5-45.5°; ir (melt) 6.11 (m),
6.31 (s), 6.74 (s), 6.89, 9.07, 13.45 (s), 14.52 n (s); nmr (CDC13) 5
6.8-7.4 (5 H), 4.8 (br, 1 H, vinyl), 2.81 (s, 3 H) and 2.72 (s, 3 
H)(NCH3’s), 2 .1  (br, 4 H), 1.25 (br, 2 H), 0.88 (s, 9 H). The meth- 
ine ring proton signal is buried under the ring methylenes and can
not be located.

Anal. Calcd for C18H28N2: C, 79.41; H, 10.30; N, 10.30. Found: C, 
79.26; H, 10.50; N, 10.21.

When only an equivalent amount of methyl iodide was used in 
the above preparation, the nmr indicated that the crude product 
contained about 20% of unreacted hydrazone.

Using a similar procedure, 1.6 g (6.5 mmol) of lc and 3 ml (6.7 g, 
48 mmol) of methyl iodide gave 1.5 g (77%) of a solid, mp 57-60°. 
In subsequent runs the yield of crude product was quantitative. 
Upon crystallization from pentane at —50°, various fractions of 
differing melting points were obtained, 65-70, 65-73, and 70-74° 
The combustion analyses of these fractions (below) were nearly the 
same, and the mass spectra all showed a strong parent peak at m/e 
286, corresponding to a monomethyl derivative of 3c. The nmr 
spectra indicated that all fractions are probably mixtures of the 
double-bond isomers 8 a and 8 b. The lowest melting fraction had a 
higher integrated value (80% of theory) of the vinyl hydrogen sig
nal at 3 4.6-4.9 and of the saturated-CH3 doublet at 3 1.05. It evi
dently consists largely of 1 ,2 -dimethyl-l-phenyl-2 -(6 -methyl- 
4-ier£-butylcyclohexenyl)hydrazine (8 a). In the nmr spectra of 
the higher melting fractions, these signals were weaker, and the 
vinyl methyl singlet at 3 2.50 was stronger. These fractions appar
ently are richer in l,2-dimethyl-l-phenyl-2-(2-methyl-4-tert- 
butylcyclohexenyl)hydrazine (8 b).

Anal. Calcd for C19H30N2: C, 79.79; H, 10.45; N, 9.79; mol wt, 
286. Found: C, 79.66; H, 10.60; N, 9.65; mol wt, 286.

Cyclization of the Enehydrazine 3c. A solution of 1.2 g (10 
mmol) of feri-butylammonium chloride in 15 ml of glacial acetic 
acid was cooled to 20° and 2.7 g (10 mmol) of 3c was added. Within 
a few minutes the solution warmed spontaneously to 30-35°. After 
15 min a little ethanol was added to assist crystallization, and then 
water was added slowly. The product was filtered and dried, yield
2.3 g (95%), mp 63-64°. After recrystallization from ethanol, the 
melting point was 66-66.5°, not depressed by authentic 7c, ir and 
nmr identical.

Reaction of Ketazines with Methyl Iodide. A. A solution of 
168 g (1 mol) of diethylketazine in 284 g (2 mol) of methyl iodide 
was allowed to stand at room temperature for 5 days (or alterna
tively, refluxed for several hours) under nitrogen. Crystallization 
of the oil which separated was induced by trituration with dry 
ether, and the product was dried under vacuum, yield 279 g (98%), 
mp 57-60°. The salt was too hygroscopic for satisfactory analysis, 
but the spectral data indicate that it is N-methyldiethylketaz- 
inium iodide (10a): ir (KBr) 5.68 11; nmr (CDCI3) 3 4.00 (s, 3 H, 
NCH3), 3.13 (q, 2 H), 2.62 (m, 6 H), 1.60-0.90 (m, 12 H).

A solution of 55 g of 10a in 100 ml of 1-propanol was refluxed 
under nitrogen for 4 hr. The solvent was stripped, and ether was 
added to the residue. The crystalline material was collected, 
washed with ether, and dried. Ir comparison with authentic sam
ples indicated that the solid was a mixture of methylammonium 
iodide and ammonium iodide, the estimated yields being 30 and 
18%, respectively. The ethereal filtrate was distilled, and the high
er boiling fractions were separated by preparative glc (Carbowax 
20M, 5 ft). In addition to a 6% recovery of diethylketazine, the 
major products were 3,4-dimethyl-2,5-diethylpyrrole, yield 37%, 
bp 210-215° (lit.3 bp 215°)(750 mm), ir 2.9 n (NH), nmr (CCI4) 5
7.02 (br, 1 H, exchanged by D20, NH), 2.42 (q, 4 H), 1.83 (s, 6 H), 
1.10 (t, 6 H), and l,3,4-trimethyl-2,5-diethylpyrrole, yield 18%, 
ir no HN, nmr (CC14) 3 3.32 (s, 3 H, NCH3), 2.48 (q, 4 H), 1.83 (s, 6 
H), 1.03 (t, 6 H).

B. When cyclopentylketazine (164 g, 1 mol) was added to methyl 
iodide (284 g, 2 mol), a mildly exothermic reaction occurred. After 
standing for 2 hr, the crystalline mass was extracted with tetrahy- 
drofuran (THF) and dried, yield 295 g (89%), mp 101-103°. A por
tion was recrystallized from CHCI3-THF (1:10), A'-methylcyclo- 
pentylketazinium iodide (10b): mp 107-108°; ir (KBr) 5.68, 5.88 
M; nmr (CDCI3) 3 3.98 (s, 3 H, NCH3), 3.40 (m, br, 2 H), 2.83 (m, br, 
6 H), 2.10 (m, br, 8 H).

Anal. Calcd for CnH19N2I: C, 43.14; H, 6.24; N, 9.14. Found: C, 
42.80; H, 6.28; N, 9.08.

Mild hydrolysis of 10b gave cyclopentanone and methylhydraz- 
inium iodide in a ratio of 2 :1 .

When a solution of 27.8 g (0.09 mol) of 10b in 100 ml of 1-buta- 
nol was warmed to 75°, an exothermic reaction began. The temper
ature was then held at 120° for 5 hr. After concentration under 
vacuum and dilution with chloroform, 3.1 g (21%) of methylammo
nium iodide separated, identified by ir comparison. The filtrate 
was distilled, and the fraction boiling at 78-116° (0.4 mm) was fur
ther separated by preparative glc (Carbowax 20M, 10 ft). The 
major component of the complex mixture was collected, yield 2.08 
g (16%), mp 84-87°. Because of ease of oxidation, a characteristic 
of pyrroles with an N-H bond, a completely satisfactory analysis 
was not obtained, but the nitrogen content excludes a pyrazoline 
structure. The spectral data indicate that the structure is bis(cy- 
clopenteno)[6 ,d]pyrrole 14b: ir 2.9 (w, NH), 6.19, 7.06 nmr 
(CDC13) 3 7.31 (s, 1 H, exchanged by D2O, NH), 3 (m, 8 H) shown 
by spin decoupling to be two triplets at 2.97 (4 H) and 2.85 (4 H),
2.09 (pentet, 4 H).

Anal. Calcd for CioHi3N: C, 81.58; H, 8.85; N, 9.51. Found: C, 
82.84; H, 8.18; N, 8.83.

C. A solution of 192 g (1 mol) of cyclohexylketazine in 284 g (2 
mol) of methyl iodide was allowed to stand at room temperature 
under nitrogen for 1 day. The crystalline product was filtered, 
washed with ether and THF, and dried under vacuum, yield 330 g 
(98%) of Af-methylcyclohexylketazinium iodide (10c): mp 
124-126°; ir (KBr) 5.68 n (cyclohexylketazine 6.18 a)', nmr (CDCI3) 
3 3.96 (s, 3 H, NCHg), 3.30 (m, 2 H), 2.63 (6 H), 1.86 (s, 12  H).

Anal. Calcd for C13H23N2I: C, 46.71; H, 6.93; N, 8.38. Found: C, 
46.65; H, 6.95; N, 8.37.

Mild hydrolysis of 10c produced cyclohexanone and methylhy- 
drazinium iodide in a 2 :1  ratio, both identified by ir and nmr com
parison with authentic samples. A possible alternative formulation 
for 1 0 c, the pyrazoline hydriodide, is reported not to hydrolyze 
readily. 19

A suspension of 10c (8.8 g, 25 mmol) in 30 ml of 1,2-dimethoxy- 
ethane was refluxed under nitrogen. After about 10 min, a mildly 
exothermic reaction ensued and the solid dissolved completely. 
Refluxing was continued for 2 hr, when the mixture was diluted 
with some water and cooled. The product soon solidified and was 
recrystallized from ethanol-water, yield 3.6 g (73%) of 9-methyl-
1.2.3.4.5.6.7.8- octahydrocarbazole (14c): mp 93-95° (lit.7® mp 
94°); nmr (CC14) 3 3.25 (s, 3 H, NCH3), 2.7-2.1 (m, 8 H), 1.8-1.5 
(m, 8 H). The aqueous solution remaining after removal of 14c was 
evaporated and the residue was crystallized from chloroform-etha
nol (5:1), giving 3.1 g (82%) of white crystals identified by ir com
parison as ammonium iodide. Heating 10c dry or in other solvents 
on the steam bath also gave 14c, but in lower yield and purity.

In the nmr spectra of the ketazinium salts, one of the methylene 
signals is shifted downfield by about 0.6 ppm. Comparison with 
spectra in the literature suggests that these signals are probably 
due to the methylene groups on the neutral carbon-nitrogen dou
ble bond anti to the positively charged nitrogen atom. In the nmr 
spectrum of diethylketazine, the methylene region consists of two 
equal overlapping quartets separated by 0.07 ppm, and the methyl 
region of two equal overlapping triplets separated by 0.15 ppm, 
each measured from the respective centers. This must be due to 
the relative syn and anti positions of the four ethyl groups. With 
the cyclic ketazines, the «-methylene regions are broadened, but 
not resolved.

Reaction of Ketazines with Acetic Anhydride. A. A solution 
of 4.8 g (25 mmol) of cyclohexylketazine and 0.5 g of p-toluenesul- 
fonic acid in 25 ml of acetic anhydride was refluxed for 1 hr. The 
solution was concentrated under vacuum and the residue was crys
tallized from methanol-water, yield 3.7 g (64%) of IV-acetyl-
1.2.3.4.5.6.7.8- octahydrocarbazole: mp 72-74° (lit.7® mp 73°); ir
5.9 n; nmr (CDC13) 3 2.80 (m, 4 H), 2.44 (s, 3 H, acetyl), 2.34 (m, 4 
H), 1.74 (m, 8 H).

B. A solution of 8.4 g (50 mmol) of diethylketazine and 0.2 g of 
p-toluenesulfonic acid in 50 ml of acetic anhydride was refluxed 
for 3 hr, then fractionally distilled, yield 7.8 g (68%) of N-acetyl- 
3,4-dimethyl-2,5-diethy]pyrrole: bp 76-78° (0.03 mm) or 242° 
(750 mm) [lit.3 bp 180° (88 mm)]; raZ0D 1.5079; ir 5.9 nmr 
(CDCI3) 3 2.70 (q, 4 H), 2.44 (s, 3 H, acetyl), 1.83 (s, 6 H), 1.07 (t, 
6 H).

C. 2,2'-Bis(acetamido)-l,l'-bicyclopentenyl (15). A solution 
of 66 g (0.4 mol) of cyclopentylketazine in 200 ml of acetic anhy
dride was heated at 85° for 4 hr, then 200 ml of methanol was 
added cautiously to the warm solution. Three crops of crystals 
were taken by alternately cooling and concentrating the solution, 
and the combined products were recrystallized from methanol,
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yield 37 g (37%) of 15: mp 187-189°; ir (KBr) 3.0, 6.0 m; nmr (deu- 
teriopyridine at 80°) 6 8.66 (br, 2 H, NH), 2.99 (m, 4 H), 2.22 (m, 4 
H), 2.08 (s, 6 H, acetyl), 1.75 (m, 4 H).

Anal. Calcd for C14H20N2O2: C, 67.75; H, 8.12; N, 11.28. Found: 
C, 68.20; H, 8.14; N, 11.20.

2,2'-Diketo-l,l'-bicyclopentyl (16a, 16b). Fifteen grams (60 
mmol) of 15 was warmed on the steam bath with 150 ml of 50% sul
furic acid for 3 hr. The oily product was taken up in ether, dried, 
and distilled, yield 9.5 g (95%), bp 88-89° (0.2 mm). The semisolid 
product was apparently a mixture of diastereoisomers (meso and 
racemic) and was separated by repeated fractional crystallization 
from heptane. At a preliminary stage this afforded 2.5 g of material 
of mp 65-69° and 2 g of mp 33-37°. Further crystallization gave
1.8 g of 16a, mp 70-71° (lit.12 mp 67-69°), and 1.5 g of 16b, mp
37-40°. The nmr spectra are complex multiplets and are useless 
for distinguishing the isomers, although consistent with the as
signed structures. The ir spectra show some variations in the weak
er bands: ir (melt) of 16a, 5.80 (s), 8.58, 8.71, 8.97, 10.62, 11.07, 
12.00, 12.24 ir (melt) of 16b, 5.80 (s), 8.72 n. The simpler spec
trum of 16b suggests that it is the meso isomer, which would be 
centrosymmetric in the anti conformation. The mass spectra of the 
two isomers are nearly identical, and only that of 16a is given: 
mass spectrum (70 eV) m/e (rel intensity) 166 (15), 148 (7), 138
(15), 111 (30), 98 (30), 84 (100), 83 (90), 68 (40), 67 (40), 55 (60), 44
(30), 41 (30), 40 (30), 39 (30).

The dinitrophenylhydrazones and semicarbazones melt with ex
tensive decomposition and cannot be trusted for distinguishing 
16a and 16b. The dioximes, prepared in pyridine-methanol and 
recrystallized from ethanol-water, are more satisfactory: 16a diox
ime, mp 182-186° with slight decomposition; 16b dioxime, mp 
200-201.5°.

Anal. Calcd for C10H16N2O2: C, 61.18; H, 8.16; N, 14.27. Found 
for 16a: C, 61.14; H, 7.97; N, 14.27. Found for 16b: C, 61.25; H, 
8.16; N, 14.27.

Reaction of Cyclohexanone with Hydrazobenzene. A mix
ture of 5.75 g (30 mmol) of hydrazobenzene, 6 g (60 mmol) of cyclo
hexanone, and 20 ml (wet volume) of Amberlite IR-20 resin (30 
mequiv) in 90 ml of toluene was refluxed with mechanical stirring 
to minimize bumping. Water was separated continuously by a Bar
rett trap. After water evolution ceased (20 hr), the resin was re
moved by filtration and the solvent was stripped. Repeated crys
tallization of the residue from ethanol gave 1.75 g (33%) of 1,2,3,4- 
tetrahydrocarbazole, mp 117-118° (lit.20 mp 117-118°), not de
pressed by an authentic sample.

Vacuum distillation of the mother liquors gave a fraction, bp 
80-85° (0.4 mm), whose ir and nmr spectra matched those of an 
authentic sample of N-cyclohexylideneaniline prepared by reflux
ing cyclohexanone with aniline in the presence of the resin as in 
the foregoing preparation, bp 83-85° (0.4 mm) [lit.21 bp 138-142° 
(19 mm)].

2-Methyl-l-phenylhydrazinewas prepared by a variation of a 
reported method,22 but employing sodium hydride in the methyl- 
ation of formyl phenylhydrazine rather than metallic sodium. It 
was found advisable to recrystallize the 2 -formyl-2 -methyl-l-phe- 
nylhydrazine three times from ethanol, mp 78-79° (lit.22 mp 79- 
80°), before hydrolyzing with base to avoid contamination of the 
product with 1 ,2 -dimethylphenylhydrazine, whose presence in ear
lier samples was indicated by a small nmr peak at & 2.8. 1,2-Di- 
methyl-1 -phenylhydrazine was prepared similarly, using sodium 
hydride in toluene for the methylation of 2 -formyl-l-methyl-l- 
phenylhydrazine. In this case basic hydrolysis was unsatisfactory, 
and Harries’ method of acidic alcoholysis23 was employed.

The syntheses of indoles summarized in Table I were carried out 
by refluxing the carbonyl compounds with 1 equiv of the appropri
ate hydrazine and the acid catalyst in toluene with water removal 
by a trap. In some runs evolved methylamine was trapped in a 
methanol solution of phenyl isothiocyanate. Chromatography of 
the crude crystalline product on alumina, eluting with hexane- 
ethyl acetate, gave two fractions: A, mp 113°, not depressed by au
thentic :V-methyl-7V'-phenylthiourea,and B, mp 91°, whose nmr 
spectrum suggested that it was methyl N-phenyithiocarbamate 
(lit. mp 93°), derived from the methanol.

Pyrroles from Methylhydrazines.9-Methyl-1,2,3,4,5,6,7,8- 
octahydrocarbazole. A. A solution of 2.2 g (0.05 mol) of meth- 
ylhydrazine and 10 g (0.1 mol) of cyclohexanone in 15 ml of glacial 
acetic acid was warmed on a steam bath for 5 min; hydrazone for

mation was indicated by the development of a golden yellow color. 
Upon addition of 1.5 g of méthylammonium chloride to the warm 
solution, the solution immediately became cloudy, and soon an oily 
layer of product rose to the surface. After an additional 30 min of 
heating, the mixture was cooled, whereupon the oil solidified. The 
product was removed, washed with water, and crystallized from 
methanol, yield 7.5 g (80%), mp 93-94°, not depressed by the sam
ple prepared above.

B. A mixture of 1.3 g (10 mmol) of 1,2-dimethylhydrazine dihy
drochloride, 2 g (20 mmol) of cyclohexanone, and 2 g of méthylam
monium acetate in 10  ml of toluene was refluxed for 1 day with 
continuous water removal. After a preliminary wash with water, 
the product was extracted into 10% HC1, liberated by base, and 
crystallized from ethanol, yield 1.1 g (57%), mp 93°, not depressed 
by the previous sample.

l-Methyl-2,5-diphenyl-3,4-dibenzylpyrrole was made from 
dibenzyl ketone by procedureA (above): yield 24%; mp 161.5-
162.5°; nmr (CC14) 5 7.1 (m, 20 H), 4.05 (s, 4 H), 3.05 (s, 3 H). A so
lution of this compound in dry chloroform oxidizes rapidly and 
turns dark blue when exposed to air, especially in the nmr probe.

Anal. Calcd for C3iH27N: C, 90.00; H, 6.54; N, 3.55. Found: C, 
90.03; H, 6.65; N, 3.35.

l,3,4-Trimethyl-2,5-diphenylpyrrole was made similarly in 
only 10% yield from phenylacetone, accompanied by large amounts 
of oily by-products: mp 142.5-143°; nmr (CCI4) <5 7.1 (10 H), 3.50 
(s, 3 H), 2.23 (s, 6 H).

Anal. Calcd for C19H19N: C, 87.45; H, 7.28; N, 5.36. Found: C, 
87.51; H, 7.42; N, 5.47.

Registry No.— lb, 6623-14-9; lc, 51801-54-8; 3c, 51801-55-9; 
7c, 22410-72-5; 8 a, 51801-56-0; 8 b, 51801-57-1; 9a, 1530-17-2; 9b, 
20615-04-7; 9c, 4278-87-9; 10a, 51838-68-7; 10b, 51801-58-2; 10c, 
51801-59-3; 14a (H), 27301-66-2; 14a (Me), 51801-60-6; 14b (H), 
51801-61-7; 14c (Me), 23518-22-1; 15, 51801-62-8; 16a, 51820-21-4; 
16a dioxime, 51801-63-9; 16b, 51820-22-5; 16b dioxime, 51820-23- 
6 ; a-benzylphenyhydrazine hydrochloride, 51801-64-0; 9-benzyl-
3-cyclohexyl-l,2,3,4-tetrahydrocarbazole, 51801-65-1; méthylam
monium iodide, 14965-49-2; lV-acetyl-l,2,3,4,5,6,7,8-octahydrocar- 
bazole, 51801-66-2; jV-acetyl-3,4-dimethyl-2,5-diethylpyrrole, 
51801-67-3; 1-methyl-2,5-diphenyl-3,4-dibenzylpyrrole, 51801-68- 
4; dibenzyl ketone, 102-04-5; l,3,4-trimethyl-2,5-diphenylpyrrole, 
24956-46-5; phenylacetone, 103-79-7;4-ieri-butylcyclohexanone,
98-53-3.

References and Notes
(1) (a) M.S. Thesis, 1969; (b) M.S. Thesis, 1967; (c) M.S. Thesis, 1957, pre

sented in part before the Organic Division, 19th National Meeting of the 
American Chemical Society, St. Louis, Mo., March 1961.

(2) (a) E. Fischer and F. Jourdan, Ber., 16, 2241 (1883); (b) G. M. Robinson 
and R. Robinson, J. Chem. Soc., 113, 639 (1918); B. Robinson, Chem. 
Rev., 6 9 ,  227(1969).

(3) O. Piloty, Ber., 43, 489 (1910).
(4) R. F. Smith and L. E. Walker, J. Org. Chem., 27, 4372 (1962).
(5) H. C. Brown and M. Grayson, J. Amer. Chem. Soc., 75, 20 (1953).
(6) W. Sucrow and G. Chondromatidis, Chem. Ber., 103, 1759 (1970).
(7) (a) W. H. Perkin and S. G. P. Plant, J. Chem. Soc., 125, 1503 (1924); (b)

F. King and G. Paterson, ibid., 137, 44 (1936); (c) A. N. Kost and I. I. 
Grandberg, J. Gen. Chem. USSR, 26, 607 (1956).

(8) (a) H. H. Hatt, Org. Syn., 16, 51 (1936); (b) M. Lamchen, W. Pugh, and 
A. M. Stephen, J. Chem. Soc., 155, 2429 (1954).

(9) C. F. H. Allen and C. V. Wilson, J. Amer. Chem. Soc., 65, 611 (1943).
(10) A. N. Kost and 1.1. Grandberg, Zh. Obshch. Khim., 26, 565 (1956).
(11) N. N. Suvorov, N. P. Sorokina, and Y. N. Sheinker, J. Gen. Chem. 

USSR, 28, 1058(1958).
(12) B. J. F. Hudson and R. Robinson, J. Chem. Soc., 143, 691 (1942); H. 

Paul, Chem. Ber., 93, 2395 (1960).
(13) H. Plieninger, Chem. Ber., 83, 273 (1950); H. Plieninger and I. Nogradi, 

ibid., 66, 1964(1955).
(14) G. S. Hammond and H. J. Shine, J. Amer. Chem. Soc., 72, 220 (1950).
(15) A. N. Nesmeyanov and R. V. Golovnya, Dokl. Akad. Nauk SSSR, 136, 

836 (1961).
(16) K. C. Brannock and R. D. Burpitt, J. Org. Chem., 26, 3576 (1961).
(17) P. Schiess and A. Grieder, Tetrahedron Lett., 2097 (1969).
(18) K. D. Berlin, P. E. Cook, and J. T. Schroeder, Proc. Okla. Acad. Sci. 47, 

215 (1968).
(19) A. N. Kost, G. A. Golubeva, and I. I. Grandberg, J. Gen. Chem. USSR, 

26, 2201 (1956).
(20) C. U. Rodgers and B. B. Corson, J. Amer. Chem. Soc., 69, 2910 (1947).
(21) G. Reddelien and O. Meyn, Ber., 53, 345 (1920).
(22) Beilstein, Vol. XV, p 118, citing DRP 57944.
(23) C. D. Harries, Ber., 27, 696 (1894).



Quinazoìines. II J. Org. Chem., Vol. 39, No. 17, 1974 2581

Q uinazoìines. II.1 O xidation of 2-Am inoindoles and R elated Compounds
Kikuo Ishizumi,* Shigeho Inaba, and Hisao Yamamoto 

Pharmaceuticals Division, Sumitomo Chemical Company, Ltd., Takarazuka, Hyogo, Japan

Received March 21,1974

On ozonolysis in acetic acid, 2-amino-5-chloro-l-methyl-3-phenylindole (7a) was oxidized to a mixture of 2 - 
imino-3-indolinol (12a, 85%) and quinazolinone 11a (1%), and N-unsubstituted derivative 7c only to 2-amino- 
3f/-indol-3-ol (14). Ozonolysis of 7a in carbon tetrachloride gave only 11a. Chromic acid oxidation of urethanes 4, 
5, and 6  gave the corresponding allophanates, which were hydrolyzed with base or acid to give quinazolinones 11. 
Indole-2-carboxylic acid azides 2a,b, precursors of 7a,b, gave 1 la,b (44, 41%) and small amounts of 12a,b by chro
mic acid oxidation, while their rearranged isocyanates 3a,b yielded mainly 12a,b (47, 64%) together with lla,b (4, 
6%). Chromic acid oxidation of N-unsubstituted derivative 2e led to the isolation of the postulated intermediary 
oxaniloyl azide 27c. To a crystalline peroxidic product isolated from ozonolysis of 3a, the l,2,4-dioxazol-3-one 
structure 24 is assigned instead of the expected ozonide structure 23. The Hofmann reaction of 5-chloro-l- 
methyl-3-phenylindole-2-carboxamide (28) with aqueous sodium hypobromite in tetrahydrofuran gave 11!, while 
similar reaction with aqueous sodium hypochlorite led to a mixture of oxindoles 29 and 30. By using methanolic 
sodium hypobromite the expected urethane 4a was, in addition to the further oxidized product 31, obtained, al
though in poor yield. The possible mechanisms involved in these oxidative transformations are discussed.

In our previous study, 1 the synthesis o f quinazolinones 
was accomplished via oxidation of indole-1 ,2 -dicarboxi- 
mides,followed by hydrolysis of their oxidation products. 
As an extension o f this work, we have now investigated the 
oxidation of 2 -aminoindoles and their precursors, i.e., in- 
dole-2-caTboxylic acid azides and their rearranged isocyan
ates.

3-Phenylindole-2-carboxylic acid azides 2 were prepared 
from the corresponding acid chlorides I2 by treatment with 
sodium azide. Azides 2 slowly rearranged to isocyanates 3 
at room temperature over a period o f 20-40 days. Ure

Scheme I

3 4, R, = CH3

5, = C2H5
6, R, = CH A H 5

(for 6 )/
a, X =C l;Y  = H;R1 =CH3
b, X = N02; Y = H; R, = CH3

c, X = Cl; Y = F; R, = H

thanes 4, 5, and 6 were prepared by heating azides 2 or iso
cyanates 3 in the corresponding alcohols. Hydrogenolysis of 
benzylurethanes 6a and 6c with a palladium on charcoal 
catalyst3 afforded 2-aminoindoles 7a and 7c, respectively. 
Compound 7a was also prepared by hydrolysis o f 3a with 
aqueous potassium hydroxide (Scheme I).

Oxidation of 2-Aminoindoles 7 and Urethanes 4, 5, 
and 6.4 Chromic acid oxidation of urethanes 4, 5, and 6 
gave the expected allophanic acid esters 8, 9, and 10, re
spectively. Although 8a, 9a, and 10a could not be isolated

4,5, and 6

8, R, = CH3

a, X  =  C l; Y  =  H ; R 2 =  C H 3

b, X  =  N 0 2; Y  =  H ; R, =  C H ,
c, X  =  C l; Y  =  F ; R , = H

in crystalline form, they were hydrolyzed with base or acid 
to give quinazolinone l la Sa,c in 21-43% yields. In the case 
o f 5c, the crystalline ethyl allophanate 9c was isolated, al
though in poor yield, and shown to be identical with the au
thentic sample. 1

Chromic acid oxidation of 2 -aminoindole 7a led to a 
complex mixture with no observable formation of 11a. On 
the other hand, ozonolysis of 7a in acetic acid using ozone- 
oxygen afforded, in addition to a small amount ( 1 %) o f the 
desired product 11a, 5-chloro-2-imino-l-methyl-3-phenyl-
3-indolinol (12a) in 85% yield. Compound 12a was hydro
lyzed with 40% aqueous sodium hydroxide in dimethyl sulf
oxide to yield 5-chloro-l-methyl-3-phenyldioxindole (13).
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On ozonolysis under the same conditions, 7c afforded 2- 
amino-5-chloro-3-(o-fluorophenyl)-3J/-indol-3-ol (14), ex
clusively. The structure of 14 was confirmed by an alterna
tive preparation6 from the corresponding 2-aminobenzo- 
phenone (15) as shown in Scheme II.

Scheme II

7a
0 ,

AcOH

C6H5

OH +  Ua
N ''N H

CH3 

12, X=C1

I  KCN

Ozone rather than oxygen7 was shown to be the oxidizing 
agent in the oxidation of 7a by the fact that no reaction oc
curred when oxygen was passed into the reaction mixture.

Although no simple explanation for the results observed 
can be offered at the present time, the formation of 12 and 
14 is probably facilitated by the fact that 7 is present in the 
conjugate acid form 17® in acetic acid. In fact, ozonolysis of

17

7a in the nonpolar solvent carbon tetrachloride9 gave only 11a in 7% yield.
Oxidation of 2-Isocyanatoindoles 3. Chromic acid oxi

dation of 2-isocyanato-l-methylindoles 3a and 3b gave, as 
the major product, 2-imino-3-indolinols 12a and 12b,10 re
spectively, together with small amounts of the correspond
ing 11a and lib , whereas under identical conditions 1-un- 
substituted derivative 3c afforded a complex mixture with 
no 11c and 14c detected.

The formation of 11 as minor products may be explained 
by initial oxidative cleavage of the indole 2,3 double bond 
in 3 to give an intermediate 18. Cyclization of the benzo- 
phenone carbonyl group in 18 to the isocyanate group

would give an intermediate 19 which eliminates carbon 
dioxide and yields 11.11

Ozonolysis of 3a in acetic acid gave, in addition to a 
small amount of 11a, a colorless, crystalline peroxidic prod
uct of the same molecular formula as that of the expected 
ozonide 23. However, this new product did not retain the 
isocyanate group, as evidenced by the ir spectrum, thus eli
minating 23 as a possible structure. On the assumption that 
this ozonolysis proceeds via the formation of either possible 
zwitterion 22 or 25,12 there are possible two other struc
tures, 24 and 26, which could be formed by the preferential 
cyclization of 22 and 25 on the isocyanate group rather 
than on the carbonyl group formed (Scheme III). This

Scheme III

C6H5 X  23

a, X = C1
b, X = N02
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might be expected to occur because the isocyanate group 
should be more reactive as an electrophile. The mass spec
trum, which showed major fragment ions characteristic of
2-aminobenzophenones,13 provided support for structure 24, Furthermore, the ir absorptions at 1670 (benzophenone 
C = 0 ) , 1638 (C=N ), and 1802 cm-1 (OCON) seemed more 
consistent with 24 than with 26. Thus, we believe structure 
24 to be the most likely one for the ozonolysis product of 3.

Under the same conditions 3b afforded 24b as an oil 
whereas 3c gave a complicated reaction mixture. Dioxazo- 
lones 24a and 24b were reduced with sodium iodide to give 
quinazolinones 11a and lib , respectively.

Oxidation of Indole-2-carboxylic Acid Azides 2. In 
contrast to isocyanates 3, chromic acid oxidation of azides 
2a and 2b gave, as the major product, quinazolinones 11a 
and lib , respectively, together with small amounts of the 
corresponding 2-imino-3-indolinols 12a and 12b. The latter 
compounds were probably formed either from isocyanates 
3 present as a contaminant in the sample of 214 or those 
formed by rearrangement prior to oxidation.

The formation of 11 from 2 can be visualized as proceed
ing via a sequence of reactions involving oxaniloyl azides 27 
and their rearranged isocyanate intermediates 18. The

27
a, X = Cl; Y = H; R = CH3

b, X = N02; Y = H; R = CH3

c, X = Cl; Y = F; R = H

chromic acid oxidation of 2c led to the isolation of the pos
tulated intermediary oxaniloyl azide 27c. Compound 27c is 
unexpectedly stable and can be kept at room temperature 
for several weeks without significant change as indicated 
by the ir spectroscopy. Conversion of 27c to 11c was 
achieved by refluxing in toluene for 6 hr.Hofmann Reaction of Indole-2-carboxamide 28. Fi
nally, we examined the applicability of the Hofmann reac
tion15 to the preparation of 2-aminoindoles 2. Although 2- 
aminoindoles have been prepared by other several meth
ods7 in addition to the Curtius reaction of indole-2-carbox- 
ylic acid azides, no reports have appeared on a Hofmann 
reaction of indole-2-carboxamide.

When a solution of indole-2-carboxamide 28 in tetrahy- 
drofuran16 was treated with aqueous sodium hypobromite, 
the unexpected quinazolinone 11a was obtained in 16% 
yield together with an unknown dimeric product.17 The

11a

reaction probably proceeds via initial rearrangement to 2- 
isocyanato- or 2-aminoindoles 3a or 7a, followed by oxida
tion of the indole 2,3 double bond by the hypobromite

present to give 11a. In fact, both 3a and 7a on treatment 
with aqueous potassium hypobromite gave 11a in yields of 
15 and 17%, respectively.

An alternative route to 11a involves initial oxidation to 
an oxamide such as 33, followed by rearrangement and sub
sequent cyclization to give 11a. The inertness of a solution 
of methyl 5-chloro-l-methyl-3-phenylindole-2-carboxylate (34) in tetrahydrofuran toward sodium hypobromite, how
ever, seems to exclude this possibility, although oxamide 33 
has been successfully converted to 11a by performing the 
Hofmann reaction, as reported in a subsequent paper.18

The use of 2.5 molar equiv of aqueous sodium hypochlo
rite with the addition of tetrahydrofuran led to the forma
tion of oxindoles 2919 (34%) and 30 (16%) (Scheme IV) as

Scheme IV

the major products. The structures of these compounds 
were assigned on the basis of their spectroscopic data. 
Compound 29 was shown to be identical with the sample 
obtained as a by-product from chromic acid oxidation of 28 
and hydrolyzed to 5-chloro-l-methyl-3-phenyloxindole.20

The expected urethane 4a was obtained, although in 
poor yield (2%), by employing the Jeffreys modification15 
of the Hofmann reaction. The major product was the fur
ther oxidized product 31 (27%), which was easily hydro
lyzed to 3-methoxy-3-phenyloxindole(32) with acid. The 
structure of 32 was confirmed by an alternate preparation 
from 30 by heating with methanol.21

Experimental Section
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Infrared spectra 
(Nujol mulls) were measured on a Hitachi Model EPI-G3 spectro
photometer and nmr spectra on a Varian T-60 instrument using 
tetramethylsilane as an internal standard. Mass spectra were 
taken on a Shimadzu LKB instrument with the direct sample inlet 
system and ionizing potential at 70 eV. Ozone was generated from 
oxygen using a Nippon ozone 0-10-2 ozonator. All solutions were
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Table I
Recrystn

Com pda Method solvent M p, °C Yield, %

2b A 174-175 dec 95.3
2ci A 113-116 dec 96.73b A >300 Quanti

tative3c A 77-82 Quanti
tative5c C EtOH 130.5-132 92.4

6a B EtOH 163.5-164.5 39.66c B ¿-PrOH 115.5-116.5 80.6
7c HC1 D EtOH 239-241.5 79.812b H EtOH 227.5-229 46.8 '

“ Satisfactory analytical data (± 0 .4 %  for C, H, Cl, and
N) were reported for all new compounds except 2c listed in 
the table: Ed. b A satisfactory carbon analysis could not be 
obtained.'  Quinazolinone l ib  was obtained in 3.7% yield as 
the minor product.

dried over anhydrous sodium sulfate and solvents were evaporated 
under water-aspirator pressure.

The following experiments are typical and illustrate the prepa
ration of the remaining compounds listed in Table I.

5-Chloro-l-methyl-3-phenylindole-2-carboxylic Acid Azide 
(2a) and Its Conversion into 5-Chloro-2-isocyanato-l-methyl- 
3 -phenylindole (3a). Method A. A mixture of 28.6 g of 5-chloro- 
l-methyl-3-phenylindole-2-carboxylic acid and 100 g of thionyl 
chloride was heated under reflux for 1 hr. Excess thionyl chloride 
was evaporated under reduced pressure and the residual acid chlo
ride was dissolved in 250 ml of acetone. To the cooled solution was 
added in one portion a solution of 10 g of sodium azide in 30 ml of 
water. The temperature rose from 5 to 25°. The reaction mixture 
was cooled to 10° and stirred for 30 min, and 250 ml of water was 
added. The precipitate that formed was collected by filtration, 
washed with water followed by 50% aqueous acetone, and dried in 
a vacuum desiccator at 10° to give 30 g (96.4%) of 2a: mp 91-94° 
dec; ir 2130 (N3), 1666 cm' 1 (CO). The azide 2a was too unstable 
for analysis.

On standing at room temperature, the azide 2a slowly rear
ranged to isocyanate 3a. The course of the reaction was monitored 
by infrared spectroscopy. After 2 weeks, one-half of 2a remained. 
Conversion to 3a was complete in 40 days: mp 153° dec; ir 2260 
cm- 1  (NCO).

Anal. Calcd for Ci6HuC1N20: C, 67.97; H, 3.92; Cl, 12.54; N, 
9.91. Found: C, 68.09; H, 3.92; Cl, 12.70; N, 10.00.

Methyl 5-Chloro-l -methyl-3-phenylindole-2-carbamate 
(4a). Method B. A mixture of 1.5 g of 3a and 50 ml of methanol 
was heated under reflux for 1 hr. An insoluble material was filtered 
off and the filtrate was concentrated to about 20 ml and cooled. 
The precipitate was collected by filtration to give 1.0 g (59.9%) of 
4a as colorless needles: mp 143-145°; ir 3175 (NH), 1722, 1698 
cm '1; nmr (CDC13) 5 3.56 (s, 3, CH3), 3.71 (s, 3, CH3), 6.54 (s, 1 , 
D20 exchangeable, NH), 7.16-7.70 (m, 8, aromatic H).

Anal. Calcd for C17H15C1N20 2: C, 64.87; H, 4.80; Cl, 11.26; N, 
8.90. Found: C, 65.03; H, 4.74; Cl, 11.22: N, 8.88.

Ethyl 5-Chloro-l-methyl-3-phenylindole-2-carbamate (5a). 
Method C. A mixture of 5.8 g of 2a and 300 mi of ethanol was re
fluxed for 2 hr. After evaporation of ethanol, the residue was re
crystallized from isopropyl alcohol to give 5.3 g (86.4%) of 5a, mp 
122-123.5°. Further recrystallization from isopropyl alcohol af
forded colorless prisms: mp 123-124°; ir 3220, 3130, 1712 cm '1.

Anal. Calcd for C18H17CIN2O2: C, 65.75; H, 5.21; Cl, 10.78; N, 
8.52. Found: C, 66.03; H, 5.03; Cl, 10.96; N, 8.50.

2-Amino-5-chloro-l-methyl-3-phenylindole (7a). Method D. 
From 6 a. The procedure was essentially that used for the prepara
tion of 2-aminoindole by Rinderknecht, et al.3 A solution of 2.8 g 
of 6 a in 70 ml of ethanol containing 1 ml of concentrated hydro
chloric acid was hydrogenated over 1.0 g of 5% palladium on char
coal until hydrogen uptake had ceased. The catalyst was removed 
and the filtrate was evaporated. The residue was recrystallized 
from a mixture of ethanol and ether to give 1.53 g of the hydro
chloride of 7a, mp 254-259° dec. The filtrate was evaporated to 
dryness and the residue was recrystallized from a mixture of etha
nol and acetone to yield an additional 0.43 g of product, mp 257- 
260° dec, for a combined yield of 1.96 g (93.3%): ir 1700 (C=N), 
1610 cm '1.

Anal. Calcd for CrsHuC^Na: c, 61.45; H, 4.81; Cl, 24.18; N, 9.55. 
Found: C, 61.83; H, 4.77; Cl, 24.13; N, 9.46.

The hydrochloride (0.41 g) was suspended in ether and neutral
ized with aqueous ammonia. The ether layer was separated, 
washed with water, dried, and evaporated to give 0.31 g (86.3%) of 
the free base of 7a, mp 128-131.5°. Two recrystallizations from a 
mixture of ether and pentane afforded colorless prisms: mp 133— 
136°; ir 3477, 3377 cm“ 1; nmr (CCI4)9 5 2.90 (s, NCH3 in the imino 
tautomer), 3.35 (s, NCH3 in the amino tautomer), 3.86 (broad s, 2, 
D20  exchangeable, NH2), 6.87-7.35 (m, 7, aromatic H).

Method E. From 3a. A mixture of 5.0 g of 3a, 30 ml of benzene, 
and 20 ml of 50% potassium hydroxide solution was stirred and 
heated under reflux for 5 min. After cooling, the benzene layer was 
separated and the aqueous layer was extracted with ether. The or
ganic layers were combined, washed with water, dried, and evapo
rated. The residue was triturated with ether to give 3.5 g (77.1%) of 
7a, mp 131-135°.22

Ethyl 4-[4-Chloro-2-(o-fluorobenzoyl)phenyl]allophanate 
(9c). Method F. To a suspension of 1.0 g of 5c in 10 ml of acetic 
acid was added a solution of 1.0  g of chromic anhydride in 1 ml of 
water. After stirring at room temperature for 15 hr, the reaction 
mixture was made basic with aqueous ammonia and extracted with 
chloroform. The chloroform extracts were combined, washed with 
water, dried, and evaporated. The oily residue was crystallized 
from ethanol with activated carbon to give 0.28 g of crude 9c, mp
162-180°. Three recrystallizations from ethanol afforded slightly 
yellow needles, mp 207-207.5°. t 22

Base Hydrolysis of Ethyl 4-(4-Chloro-2-benzoylphenyl)-4- 
methylallophanate (9a). Following the procedure described in 
method F, there was obtained 1.92 g of crude 9a as an oil from 2.0 g 
of 5a. The crude 9a was dissolved in 20 ml of ethanol, mixed with 5 
ml of 20% sodium hydroxide solution, and heated under reflux for 
30 min. After evaporation of ethanol, the precipitate was collected 
by filtration, washed with water, and recrystallized from isopropyl 
alcohol to give 0.60 g (36.4% from 5a) of 11a, mp 218-221°.6c'22

Acid Hydrolysis of Benzyl 4-(4-Chloro-2-benzoylphenyl)- 
4-methylallophanate (10a). The crude 10a (0.94 g from 1.0 g of 
6 a) was dissolved in 9 ml of ethanol, mixed with 3 ml of concen
trated hydrochloric acid, and heated under reflux for 1 hr. After 
evaporation of ethanol, the residue was made basic with aqueous 
ammonia and the precipitate was collected by filtration and 
washed with water. Recrystallization from ethanol afforded 0.30 g 
(43.3% from 6 a) of 11a, mp 218-221°.22

The crude 8a (1.0 g from 1.0 g of 4a) was hydrolyzed in the same 
way to yield 0.18 g (21.2% from 4a) of 11a, mp 215-2180.22

5-ChIoro-2-imino-l-methyl-3-phenyl-3-indolinol (12a). 
Method G. From 7a. An ozone-oxygen stream was passed through 
a stirred solution of 0.50 g of 7a in 10 ml of acetic acid at 10-15° 
for 10 min. The ozonized solution was diluted with 50 ml of water 
and extracted with chloroform. The chloroform extracts were com
bined, washed with water, dried, and evaporated. Trituration of 
the residue with ether followed by recrystallization from isopropyl 
alcohol furnished 7 mg (1.3%) of 1 la, mp 220.5-224°.22

The aqueous layer that separated from the chloroform layer was 
made basic with aqueous ammonia and extracted with chloroform. 
The organic extracts were combined, washed with water, dried, 
and evaporated. Recrystallization of the residue from isopropyl al
cohol afforded 0.45 g (84.7%) of 12a as off-white prisms: mp 200- 
200.5°; ir 3275 (NH), 3110 (OH), 1648 (C=N), 1610, 1600 cm '1; 
mass spectrum m/e 272 (M+, base peak).

Anal. Calcd for C15H13CIN2O: C, 66.06; H, 4.80; Cl, 13.00; N, 
10.27. Found: C, 66.10; H, 4.61; Cl, 13.28; N, 10,03.

Method H. From 3a. To a suspension of 1.0 g of 3a in 10 ml of 
acetic acid was added a solution of 1.0  g of chromic anhydride in 1 
ml of water at 15-20°, and the mixture was stirred at room tem
perature for 3 hr. It was then diluted with water and extracted 
with chloroform. The insoluble material that formed in the course 
of extraction was collected by filtration to give 0.94 g of crystals, 
the infrared spectrum of which [3350-2700,1700 (C=N), 1615,935 
cm- 1  (Cr042-)] indicated that it was probably a chromic acid salt 
of 12a. The free base was liberated with aqueous ammonia and re
crystallized from isopropyl alcohol to give 0.62 g (64.3%) of 12a as 
off-white prisms, mp 199.5-200°.22

The chloroform extracts were combined, washed with water, 
dried, and evaporated. The residue was triturated with ether and 
recrystallized from isopropyl alcohol to give 0.C6 g (6.3%) of 1 la, 
mp 222-223°.22

5-Chloro-l-methyl-3-phenyldioxindole (13). To a solution of 
50 mg of 12a in 4 ml of dimethyl sulfoxide was added 2 ml of 40% 
sodium hydroxide solution, and the mixture was stirred and heat



Quinazolines. II J. Org. Chem., Vol. 39, No. 17, 1974 2585

ed to 140° for 1 hr. After cooling, the reaction mixture was diluted 
with water, acidified with hdyrochloric acid, and extracted with 
ether. The ether extracts were combined, washed with water, 
dried, and evaporated. The residue was triturated with isopropyl 
ether and filtered to give 5 mg (10%) of 13,20'22 mp 169-171°. Re
crystallization from ether afforded colorless prisms: mp 172-173°; 
ir 3305, 1717 cm“ 1.

2-Amino-5-chloro-3-(o-fluorophenyI)-3//-indol-3-ol (14). 
Method I. From 7c. A suspension of 1.0 g of 7c HC1 in 10 ml of 
ether was made basic with aqueous ammonia. The ether layer was 
separated, washed with water, dried, and evaporated to give 0.88 g 
of the free base of 7c as a colorless oil. The base 7c (0.50 g) was dis
solved in 14 ml of acetic acid and subjected to a stream of ozone- 
oxygen at 14° for 1  hr. The ozonized solution was diluted with 
water, made basic with 10% sodium hydroxide solution, and ex
tracted with ether. The ether extracts were combined, washed with 
water, dried, and evaporated. The residue was crystallized from a 
mixture of ether and isopropyl ether to give 0.12 g (22.6%) of 14, 
mp 205.5-207.0°. Recrystallization from isopropyl alcohol fur
nished colorless needles: mp 205.5-206.5°; ir 3475, 3315, 1650 
cm-1.

Anal. Calcd for Ci4Hi0C1FN2O: C, 60.77; H, 3.64; Cl, 12.81; N,
10.12. Found: C, 60.53; H, 3.50; Cl, 12.60; N, 10.00.

Method J. From 2-Amino-5'-chloro-2'-fluorobenzophenone 
(15).23 To a solution of 2.3 g of 15 in 10 ml of chloroform was 
added a solution of 1.8 g of dichloroacetyl chloride in 5 ml of chlo
roform at 5-10°, and the mixture was stirred at room temperature 
for 3.5 hr. After evaporation of the solvent, the residue was crystal
lized and recrystallized from ethanol to give 2.05 g (61.7%) of 2'- 
(o-fluorobenzoyl)-2,2,4'-trichloroacetanilide (16) as yellow 
needles, mp 90-99.5°.

Anal. Calcd for C15H9CI3FNO2: C, 49.96; H, 2.52; Cl, 29.49; N, 
3.88. Found: C, 50.03; H, 2.53; Cl, 29.28; N, 3.87.

To a solution of 1.5 g of 16 in 22 ml of ethanol was added a solu
tion of 0.89 g of potassium cyanide in 7 ml of water. The reaction 
mixture was stirred at room temperature for 4 hr and diluted with 
water. The precipitate was collected by filtration and recrystal
lized from isopropyl alcohol to give 0.45 g (39.1%) of 14, mp
205.5-206.5°.22

Ozonolysis of 7a in Carbon Tetrachloride. An ozone-oxygen 
stream was passed through a stirred suspension of 1.0 g of 7a in 30 
ml of carbon tetrachloride at —5° for 30 min. During the reaction, 
an orange-red solution formed from the colorless suspension and 
then a new suspension appeared. The precipitate was collected by 
filtration, dissolved in chloroform, and mixed with 5 g of silica gel. 
After evaporation of the solvent, the residue was placed on a col
umn of 30 g of silica gel. Elution with ethyl acetate and recrystalli
zation from isopropyl alcohol gave 0.07 g (6.6%) of 11a, mp 221- 
223°.22

5-(2-Benzoyl-4-chloro-iV-methylaniIino)-l,2,4-dioxazoI-3- 
one (24a). An ozone-oxygen stream was passed through a stirred 
suspension of 2.0 g of 3a in 30 ml of acetic acid at 15° for 1 hr. The 
resulting solution was diluted with water and extracted with ether. 
The extracts were combined, washed with dilute sodium hydroxide 
solution and then with water, dried, and evaporated. The residue 
was triturated with ether and filtered to give 1.1 g (47.0%) of crude 
24a, mp 102-103° dec. The crude product was dissolved in 
tetrahydrofuran and ether was added. The precipitate that imme
diately formed was filtered off, the filtrate was evaporated to dry
ness, and the residue was again dissolved in tetrahydrofuran. This 
process was repeated three times to remove a small amount of con
taminating 11a. Recrystallization of the residue from a mixture of 
tetrahydrofuran and ether afforded 0.47 g of colorless needles. The 
product was shown to be pure 24a by tic: mp 103.5-105.5 dec; ir 
1802 (OCON), 1670 (benzophenone C =0), 1638 (strong, C=N), 
1596 cm“ 1; nmr (CDC13) 6 3.43 (s, 3, NCH3), 7.30-7.90 (m, 8 , aro
matic H): mass spectrum m/e (rel intensity) 286 (1), 269 (3), 242 
(34), 228 (3), 214 (3), 105 (7), 77 (12), 44 (100).

Anal. Calcd for Ci6HuC1N20 4: C, 58.11; H, 3.35; Cl, 10.72; N, 
8.47. Found: C, 58.29; H, 3.25; Cl, 10.82; N, 8.57.

The above pure sample (60 mg), when kept at room temperature 
for 1 month, decomposed to give a brown solid, which after recrys
tallization from isopropyl alcohol yielded 12 mg (24.4%) of 11a, mp 
218-221.5°.22

There was obtained a total of 0.10 g (5.2%) of 11a from both the 
original ether filtrate and the insoluble compounds at purification.

The crude oil dioxazolone 24b was obtained from similar ozonol
ysis of 3b in 53.3% yield together with a 5.2% yield of 1 lb.

Reduction of 24a with Sodium Iodide. To a cold suspension of 
0.20 g of 24a in 6 ml of acetic acid was added in one portion a solu

tion of 0.18 g of sodium iodide in 4.5 ml of acetic acid. Immediate 
iodine formation occurred. After stirring for 5 min, the precipitate 
formed was collected by filtration, washed successively with water, 
aqueous ammonia and ether, and recrystallized from ethanol to 
give 45 mg of 11a, mp 223-224°.22 The acetic acid filtrate was di
luted with water. Filtration of the resulting precipitate and recrys
tallization from ethanol gave an additional 45 mg of 1 la for a com
bined yield of 90 mg (57.5%).

A similar reduction of the crude dioxazolone 24b gave llb 5 b >2 2 in 
65.7% yield.

Chromic Acid Oxidation of 2a. Compound 2a, prepared from
2.0 g of the corresponding indole-2 -carboxylic acid in the same way 
as in method A immediately before use, was suspended in 20 ml of 
acetic acid and treated with a solution of 2.0 g of chromic anhy
dride in 2 ml of water. The mixture was stirred at room tempera
ture for 3 hr and diluted with water. The precipitate was collected 
by filtration, washed with water and aqueous ammonia, and dried 
to give 1.2 g of crude 11a, mp 200-202° dec. The filtrate was made 
basic with aqueous ammonia. The precipitate was collected by fil
tration, washed with dilute hydrochloric acid, and dried to give an 
additional 0.09 g of 11a. The two crops were combined and chro
matographed over 30 g of silica gel with ethyl acetate. Evaporation 
of the combined pure fractions and recrystallization from isopro
pyl alcohol afforded 0.84 g (44.2% from the indole-2-carboxylic 
acid) of 11a, mp 223.5-224.5°.22 A small amount of 12a was pres
ent in the hydrochloric acid washings as determined by thin layer 
chromatography.

In another run, the compound 12a2 2 was isolated in 4.5% yield 
together with a 32.9% yield of 11a.

A similar oxidation of 2b gave lib and 12b2 2  in 40.8 and 16.5% 
overall yields from the indole-2 -carboxylic acid.

4'-ChIoro-2'-(o-fluorobenzoyl)oxaniloyl Azide (27c). To a 
suspension of 1.0  g of 2 c in 10 ml of acetic acid was added a solu
tion of 1.0  g of chromic anhydride in 1 ml of water, and the mixture 
was stirred at room temperature for 3 hr. The precipitate that 
formed was collected by filtration, washed with water, and dried to 
give 0.14 g (12.7%) of 27c: mp 105-106° dec; ir 3230 (NH), 2230, 
2165 (N3), 1720, 1700 (COCO), 1640 (benzophenone CO), 1615 
cm-1.

Anal. Calcd for Ci5H8ClFN40 3: C, 51.97; H, 2.33; Cl, 10.23; N, 
16.16. Found: C, 52.07; H, 2.29; Cl, 10.38; N, 15.91.

Conversion of 27c to He. A suspension of 0.10 g of 27c in 3 ml 
of toluene was stirred and heated under reflux for 6 hr. After cool
ing, the precipitate was collected by filtration and washed with 
ether to give 55 mg (69.6%) of 1 lc, mp >300°.1-22

Reaction of 5-Chloro-l-methyl-3-phenylindole-2-carbox- 
amide (28)2c with Sodium Hypobromite. Method K. In Water- 
Tetrahydrofuran. Bromine (1.92 g, 12 mmol) was added dropwise 
to a solution of 2.4 g (60 mmol) of sodium hydroxide in 20 ml of 
water cooled to 0°. To the clear yellow solution was added immedi
ately a solution of 1.0 g (3.5 mmol) of 28 in 20 ml of tetrahydrofur
an, and the mixture was stirred and heated under reflux for 5 hr. 
After cooling, the organic layer was separated and the aqueous 
layer was extracted with ether. The organic layers were combined, 
washed with saturated brine, dried, and evaporated. The residue 
was chromatographed over 100  g of silica gel with ethyl acetate, 
followed by ethyl acetate-ethanol (9:1, v/v). Evaporation of the 
pure fractions eluted with ethyl acetate yielded 0.15 g (15.8%) of 
11a, mp 223-223.5°.22

The fractions eluted with ethyl acetate-ethanol (9:1) left 0.27 g 
of unidentified dimeric product as an amorphous solid: ir 1665 
cm- 1  (amide CO?); nmr (CC14) d 3.20 (s, 3, NCH3), 3.88 (s, 3, 
NCH3), 6.47-7.55 (m, 18, aromatic H); mass spectrum m/e 
(M+), 494 (M -  CONH2?), 284, 270, 256, 2 2 1 .

Anal. Calcd for C31H24CI2N4O: C, 69.02; H, 4.48; Cl, 13.14; N, 
10.38. Found: C, 67.64; H, 4.53; Cl, 13.00; N, 11.94.

The dimer was recovered unchanged both from base hydrolysis 
in aqueous ethanol and dimethyl sulfoxide, and from chromic acid 
oxidation in acetic acid.

Method L. In Methanol. Compound 28 (1.43 g, 5 mmol) was 
added to a solution of 0.92 g (40 mmol) of sodium in 55 ml of meth
anol. To the suspension was added with stirring 3.2 g (20 mmol) of 
bromine, and the mixture was stirred and refluxed for 35 min. 
After evaporation of the solvent, the residue was washed with 
water, dissolved in chloroform, and chromatographed over 100 g of 
silica gel with chloroform. The first eluted product, 30 mg (1.9%), 
mp 139-141°, was found to be urethane 4a. 2 2  The second product 
which was eluted was recrystallized from methanol to give 0.46 g 
(26.7%) of 5-chloro-3-methoxy-2-methoxycarbonylimino-l- 
methyl-3-phenylindoline (31), mp 173-174.5°. Further recrystal
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lization afforded colorless pillars: mp 174-175°; ir 1722,1693, 1612 
cm“ 1; nmr (C0C13) <5 3.25 (s, 3, CH3), 3.33 (s, 3, CH3), 3.45 (s, 3, 
CH3), 6.80-7.43 (m, 8, aromatic H); mass spectrum m/e 344 (M+).

Anal. Calcd for C18H17C1N20 3: C, 62.70; H, 4.97; Cl, 10.28; N,
8.12. Found: C, 62.71; H, 4.93; Cl, 10.24; N, 8.19.

Repetition of the same reaction using 0.23 g of sodium and 0.8 g 
of bromine led to a 33% recovery of unreacted 28 in addition to a 
small amount of 4a and a 13% yield of 31.

5-Chloro-l-methyl-3-phenyloxindole-3-carboxamide (29) 
and 3,5-Dichloro-3-phenyloxindole (30). A 1.8 N  solution of so
dium hypochlorite was prepared by the procedure described by 
Mallory.24 To 5 ml (9 mmol) of the sodium hypochlorite solution 
which had been cooled to —10 ° was added in one portion a cold so
lution of 1.0 g (3.5 mmol) of 28 in 20 ml of tetrahydrofuran. The 
mixture was stirred at —10 to —7° for 1 hr and at room tempera
ture for 1 hr. The tetrahydrofuran layer was separated and the 
aqueous layer was extracted with ether. The organic layers were 
combined, washed with saturated brine, and evaporated. The resi
due was crystallized from chloroform to yield 0.22 g of 29, mp
209.5-212°. Two recrystallizations from ethanol afforded colorless 
prisms:20'22 mp 210-214°; ir 3390, 3235, 1705 (CO), 1676 (amide 
CO), 1610 cm -1; nmr (DMSO-d6) <5 3.24 (s, 3, CH3), 7.10-7.72 (m, 
10, aromatic H and NH2).

Anal. Calcd for Ci6Hi3C1N20 2; c, 63.90; H, 4.36; Cl, 11.79; N, 
9.31. Found: C, 64.24; H, 4.39; Cl, 12.00; N, 9.11.

The chloroform filtrate was chromatographed over 50 g of silica 
gel with chloroform, followed by chloroform-ethanol (9:1, v/v). 
The oil eluted first with chloroform was crystallized and recrystal
lized from isopropyl alcohol to give 0.16 g (15.6%) of 30 as colorless 
prisms: mp 103-105°; ir 1737, 1612 cm -1; mass spectrum m/e 291 
(M+), containing two chlorine atoms.

Anal. Calcd for C16HnCl2NO: C, 61.67; H, 3.80; Cl, 24.27; N,
4.79. Found: C, 61.53; H, 3.88; Cl, 23.91; N, 4.71.

Continued elution with chloroform separated a second fraction 
which on trituration with ether gave a trace amount of 11a. 2 2  The 
third fraction eluted with chloroform-ethanol (9:1) left 0.18 g of an 
oil which was crystallized from isopropyl alcohol to yield an addi
tional 0.14 g of 29, mp 210.5-212°, for a combined yield of 0.36 g 
(34.1%).

When the same reaction was repeated using 10 ml (18 mmol) of 
the sodium hypochlorite solution, there were obtained only 30 
(46.3%) and 11! (2.9%) with no 29 detected.

5-Chloro-3-methoxy-3-phenyloxindole (32). Method M. 
From 31. A mixture of 100 mg of 31, 3 ml of ethanol, and 1 ml of 
20% hydrochloric acid was stirred and heated under reflux for 30 
min. The reaction mixture was concentrated and the residue was 
partitioned between water and ether. The aqueous layer was 
washed with ether. The combined ether extracts were washed with 
water, dried, and evaporated. The residue was triturated with 
ether to give 70 mg (76.6%) of 32, mp 120-125°. Recrystallization 
from ether afforded colorless prisms: mp 128-132°; ir 1735, 1615 
cm -1; nmr (CC14) 5 3.10 (s, 3, CH3), 3.16 (s, 3, CH3), 6.68-7.55 (m, 
8 , aromatic H).

Anal. Calcd for C16H14C1N02: C, 66.79; H, 4.90; Cl, 12.32; N, 
4.87. Found: C, 66.43; H, 4.73; Cl, 12.33; N, 5.02.

Method N. From 30. A solution of 0.20 g of 30 in 5 ml of metha
nol was heated under reflux for 2 hr. The solvent was evaporated 
and the residue was crystallized from isopropyl ether to yield 0.17 
g (86.3%) of 32, mp 127-130°.22

Reaction of 3a with Potassium Hypobromite. Method O.
Bromine (1.0 g) was added to a solution of 1.7 g of potassium hy
droxide in 10 ml of water cooled to 0°. To the clear yellow solution 
was added 1.42 g of 3a. The mixture was stirred at 0° for 30 min 
and at room temperature for 1 hr, and then heated to 70-80° for 1 
hr. After cooling the gummy solid that formed was separated by 
decantation, washed with water, and dissolved in ethanol by heat
ing. The insoluble material was filtered off and discarded. The fil
trate was concentrated to dryness, dissolved in chloroform, and 
chromatographed over 50 g of silica gel. Elution with ethyl acetate 
separated an oily solid which on trituration with ether gave 0.24 g 
(17.3%) of 11a, mp 218-221°.22 The ether filtrate was concentrated 
and the residue was rechromatographed on silica gel layer plates, 
using ethyl acetate as eluent, to give 85 mg (6.2%) of 13, mp 172- 
173 0 22 after recrystallization from ether.

When the reaction was carried out with sodium hypochlorite 
with the addition of tetrahydrofuran in a similar manner as de
scribed in method K, there was obtained a 8.4% yield of 11a.

Reaction of 7a with Potassium Hypobromite. The procedure 
described in method O was followed except that the heating time 
was extended to 2 hr. The gummy material was crystallized from

ether to give 0.10 g (14.8% from 0.64 g of 7a) of 11a, mp 222- 
223°.22 Considerable amounts of 7a and 12a were present in 
the ether filtrate as determined by thin layer chromatography.
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of 2-amino-1-methylindole: J. Kebrle and K. Hoffmann, Helv. Chim. 
Acta, 39, 116(1956).
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69; (b) H. O. House, "Modern Synthetic Reactions,” 2nd ed, W. A. Ben
jamin, New York, N. Y., 1972, p 275.

(11) In the oxidation of 3 a , similar results were realized either in aqueous 
acetic acid or in acetic acid containing acetic anhydride to maintain an
hydrous conditions. In either case, however, water was added in order 
to isolate products. Therefore, as suggested by a referee, the intermedi
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N -S u b s t itu te d  2 '-b e n z o y lo x a n ilo y l  ch lo r id e s  2, p re p a re d  fr o m  th e  re a ctio n  o f  th e  co rre sp o n d in g  2 -a m in o b e n zo - 
p h e n o n e s  I a n d  o x a ly l ch lo r id e , w ere  co n v e r te d  th ro u g h  th e ir  az id es  3 t o  q u in a z o lin o n e s  6  in  g o o d  y ie ld s  b y  t re a t 
m e n t  w ith  a q u e o u s  so d iu m  azide . N -U n su b s titu te d  d e riv a tiv e  2e gave th e  az id e  in te rm e d ia te  3e , w h ich  w as sh ow n  
to  b e  id en tica l w ith  th e  p r o d u c t  o f  c h ro m ic  a c id  o x id a tio n  o f  th e  co rre sp o n d in g  in d o le -2 -c a r b o x y lic  a c id  az id e . F or  
th e  H o fm a n n  re a ctio n , fV -(2 -b e n z o y lp h e n y l)o x a m id e s  7a,b,f w ere p re p a re d  fro m  th e  co rre sp o n d in g  ch lo r id e s  2 b y  
tre a tm e n t w ith  a m m on ia . S im ila r  re a c tio n  o f  n itro  c o m p o u n d  2c w ith  a m m o n ia  led  t o  a m ix tu re  o f  q u in a z o lin o n e  6c a n d  2 -h y d ro x y q u in a z o lin e  8. T h e  d e s ire d  o x a m id e  7c, h ow ever , w as o b ta in e d  b y  c h ro m ic  a c id  o x id a tio n  o f  in - 
d o le -2 -c a r b o x a m id e  10. IV -A lk y l-su b stitu ted  o x a m id e s  7a-c w ere co n v e r te d  t o  th e  c o rre sp o n d in g  q u in a z o lin o n e s  6 

in  sa t is fa cto ry  y ie ld s  e ith er  b y  tre a tm e n t w ith  a q u e o u s  so d iu m  h y p o b ro m ite  in  te tra h y d ro fu ra n , o r  w ith  m e th a n o - 
lic  so d iu m  h y p o b r o m ite  in m eth a n o l.

In an accompanying paper,1 it was shown that 2'-benzo- 
yloxaniloyl azides and their rearranged isocyanates were 
intermediates in the oxidative ring enlargement of indole-
2-carboxylic acid azides and 2-isocyanatoindoles to quina
zolinones. We wish to report now on the Curtius (sodium 
azide method)23 and Hofmann reactions2*5 of 2'-benzoylox- 
anilic acids. Although oxaniloyl azides have been reported 
to undergo the Curtius rearrangement in the presence of 
amines to give biurets,2d the Hofmann reaction of oxam
ides, which is expected to give ureas, has not been investi
gated.Curtius Reaction of 2'-Benzoyloxaniloyl Chlorides 2.
The required oxaniloyl chlorides 2 (Scheme I) were readily 
prepared from the corresponding 2-aminobenzophenones 1 
by treatment with oxalyl chloride, and utilized in the next 
step without further purification. When a solution of INI- 
substituted derivatives 2 in acetone was treated with aque
ous sodium azide (wet method), the expected quinazoli-

nones 6 were precipitated3 in high yields, as shown in Table 
I. This was, however, preceded by the formation of another 
compound as could be established by thin layer chromatog
raphy. In the case of 2a, this intermediate, urea 5a could be 
isolated by carrying out the reaction at low temperature 
and quenching with water. However, the urea 5a could not 
be purified owing to its great tendency to cyclize, although 
analysis of the crude product agreed with that of the as
signed structure. The crude product was cyclized complete
ly to 6a by refluxing in toluene. The isolation of 5a indi
cates that hydrolysis of the isocyanate intermediate 4 oc
curs prior to cyclization to 6.

The conversion of 2a to 6a was also achieved, although in 
lower yield, by heating a solution of 2a in toluene with pow
dered sodium azide4 (dry method), a method practicable 
only for reactive chlorides.23 Under these anhydrous condi
tions, the formation of 6 must involve direct cyclization of 4 
with elimination of carbon dioxide to give 6.

Table IReactions of 2'-BenzoyloxaniIoyI Chlorides with Sodium Azide
N o. Compel R X Y M eth o d

T em p,
°C T im e , h r P ro d u c t

Y ield ,“
% Mp) °C L it. m p, °C

l 2a c h 3 Cl H Wet C 4 . 5 6a 90 224-224.5 222-223-*2 2a c h 3 Cl H Dry 10 0 4 6a 36 223-224 222-223-*
3 2b CH 2-C-C3H 5 Cl H Wet C 4 6b 86 173-174 175-176e
4 2c CHS n o 2 H Wet 6 0 1 3 6c 77 269-270 261-262»
5 2d (CH2)2OCOCH3 NO, H Wet 6 0 1 1 6d 73* 154.5-155.5* 155-156’
6 2e H Cl F Wet c 0 . 5 3e j

( 3e 19 104-106 105-106*7 2e H Cl F Dry 112 1 . 5 )6e 4 >300 >300*

- Overall yield from the corresponding 2-aminobenzophenone and based on product precipitated from the reaction mixture 
unless otherwise stated. 6 The melting points were taken without recrystallization unless otherwise stated. c Room  tempera
ture. d Reference 5c. e Reference 5b. f  Before heating, the reaction temperature was maintained at room temperature with a 
reaction time of 1-2 hr. « Reference 6. * Yield and melting point of the sample recrystallized once from ethanol. 5 Reference 7. 
> The ir spectrum of the reaction product indicated the presence of 3e. Reference l . 'K .  Ishizumi, S. Inaba, and H. Yamamoto, 
J . Org. Chem., 38, 2617 (1973).
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Scheme I confirmed both by oxidation to 6c with chromic acid and 
by an independent preparation from 2'-benzoyl-(V-methyl- 
4/-nitroformanilide (9) and ammonium acetate.8 Com
pound 9 did not react with ammonia in tetrahydrofuran, 
conditions under which 2c gave 8, thus indicating that 9 is 
not an intermediate in the conversion of 2c to 8. The re
quired oxamide 7c was, however, obtained in 60% yield by 
oxidation of l-methyl-5-nitro-3-phenylindole-2-carboxam- 
ide9 (10) with chromic acid.

As expected, the Hofmann reaction of oxamides 7 gave 
the corresponding quinazolinones 6 with the results sum
marized in Table II. Although 6a was obtained by heating 
7a with aqueous sodium hypobromite, a standard proce
dure for the Hofmann reaction, the yield was improved 
considerably when 7a was added as a solution in tetrahy
drofuran1 to the same reagent, presumably because the in
crease of solubility of 7a permits a lower reaction tempera
ture. Comparison of runs 2 and 3 indicates the advantage of 
using hypobromite, contrary to the fact that better results 
are generally achieved with hypochlorite rather than hypo- 
bromite.2b

In analogy with the Curtius reaction of 2 using aqueous 
sodium azide, the Hofmann reaction of 7 to give 6 under 
aqueous conditions probably involves hydrolysis of the 
rearranged isocyanate intermediate 4 to 5, followed by cy- 
clization of 5 to 6, although 5 could not be isolated.

The Jeffreys modification of the Hofmann reaction was 
also applicable to conversion of 7 to 6. Thus, heating of 7 
with sodium methoxide and bromine in methanol directly 
precipitated 6 with no observable formation of the expect
ed methyl allophanate ( l l ) .10 The conversion of 7 to 6 in 
methanol seems to be explained simply by direct cycliza-

a, X = Cl; Y = H; R = CH:;
b, X = Cl; Y = H; R = CH2-c-C;,H5
c, X = N02; Y = H; R = CH,
d, X = NO,; Y = H; R = (CH ,),OCOCH;,
e, X = Cl; Y = F; R = H

Reaction of N-unsubstituted oxaniloyl chloride 2e with 
aqueous sodium azide gave an intractable mixture contain
ing the azide intermediate 3e. Under anhydrous conditions, 3e was actually isolated together with 6c (Table I). This 
compound was in every respect identical with the product 
of chromic acid oxidation of 5-chloro-3-(o-fluorophenyl)in- 
dole-2-carboxylic acid azide.1

The use of the sequence 1 —► 2 — 6 to prepare 1-substi- 
tuted quinazolinones in good yield is particularly inter
esting, since alkylation of 1-unsubstituted quinazolinones, 
especially with bulky alkyl halides, results in a mixture of 
N- and O-alkylated products.5 The same conversion (1 —- 
6) has previously been achieved in one operation by cycli- 
zation with derivatives of carbamic acid, such as urea, ure
thane, and potassium cyanate-acetic acid. However, these 
condensation reactions require severe reaction conditions 
and give relatively low yields of 6.5-s Furthermore, we were 
unsuccessful in converting Id to 6d7 by the urethane con
densation method, probably the only method applicable for 
the ring closure of nitro compounds.50’6 Consequently, the 
present method appears to offer major advantages for the 
preparation of 1-substituted quinazolinones from the cor
responding 2-aminobenzophenones.

Hofmann Reaction of Ar-(2-Benzoylphenyl)oxamide 
s (7). The chloro oxamides 7a,b,f (Scheme II) were pre
pared by treatment of the corresponding oxaniloyl chlo
rides 2 with ammonia in 79-92% overall yields from 1. The 
same treatment of the nitro compound 2c, however, led to a 
mixture of quinazolinone 6c and 2-hydroxyquinazoline 8 
instead of the expected oxamide 7c. The structure of 8 was

Scheme II

NH,
(for 2a, b, f )

NH, (for 2c)

j CH:,COONH, 

CH,

CrO;,

lc

a, X = Cl; R = CH:,
b, X = Cl; R = CHrC-CjH.,
c, X = N02; R = CH:, 
f, X = Cl; R = H
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Table II

Hofmann Reactions of N-(2-BenzoylphenyI)oxamides

No. Compd R X Reagent Temp, °C Time, hr Yield,

1 7a c h 3 Cl NaOBr 60 1.3 39
2 7a CH, Cl NaOBr (THF) - 5  to - 3 2 74
3 7a c h 3 Cl NaOCl (THF) — 5 to 0 2 35
4 7a c h 3 Cl NaOBr (CH3OH) Reflux 2 67
5 7b CH2-c-C3H5 Cl NaOBr (THF) — 5 to —4 0.8 82
6 7c c h 3 n o 2 NaOBr (THF) - 5  to 0 4 8
7 7c c h 3 n o 2 NaOBr (CH3OH) Reflux 2 50
8 7f H Cl NaOBr (THF) Reflux 1
9 7f H Cl NaOBr (CH3OH) Reflux 2 7

tion of the isocyanate intermediate 4 to 6 with elimination 
of carbon dioxide. However, the formation of methyl al- 
lophanate (11) as a precursor of 6 cannot be rigorously ex
cluded since 11a, on heating with sodium methoxide in 
methanol, gave 6a (Scheme III).

Scheme III

The Hofmann reaction of oxamides 7 to give 6 appears to 
be quite general, although it requires a substituent at the 
anilino nitrogen to obtain a satisfactory yield of 6.

Experimental Section
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Infrared spectra 
(Nujol mulls) were measured on a Hitachi Model EPI-G3 spectro
photometer and nmr spectra on a Varian T-60 instrument using 
tetramethylsilane as an internal standard. Mass spectra were 
taken on a Shimadzu LKB instrument with the direct sample inlet 
system and ionizing potential at 70 eV. All solutions were dried 
over anhydrous sodium sulfate and solvents were evaporated 
under water-aspirator pressure. The identity of compounds was es
tablished by a comparison of spectral properties.

Preparation of 2-Aminobenzophenones (1). All 2-aminoben- 
zophenones except Id have been characterized previously. Com
pounds la,lla lb,5b and lc1Ib were prepared by acid hydrolysis of 
the corresponding 1,3-dihydro-5-phenyl-2.fi- 1,4-benzodiazepin- 
2-ones12accordlng to the procedure described by Sternbach, e t  a/.nb 
Compounds le and If were prepared by the Friedel-Crafts reac
tion following the procedure described by Sternbach, e t  a /." “

2-(2-Acetoxyethyl)amino-5-nitrobenzophenone (Id) was 
prepared by heating 4.0 g of 2-(2-hydroxyethyl)amino-5-nitroben- 
zophenone13 in 40 ml of acetic anhydride containing 4.0 g of sodi
um acetate at 50-55° for 1 hr. The cooled solution was made basic

with aqueous ammonia. The resulting precipitate was collected by 
filtration, washed with water and ether, and dried. Recrystalliza
tion from ethanol gave 3.79 g (82.9%) of Id, mp 102.5-103.5°.

A n a l. Calcd for Ci7Hi6N20 5 : C, 62.19; H, 4.91; N, 8.53. Found: C, 
62.42; H, 4.75; N, 8.55.

Reaction of 2'-Benzoyloxaniloyl Chlorides (2) with Aque
ous Sodium Azide. Wet Method. The wet procedure may be ex
emplified by preparation of quinazolinone 6 a (run 1 ). To 2.5 g of 
oxalyl chloride was added 1.0 g (4.1 mmol) of la with stirring and 
cooling in an ice bath, and stirring was continued for 1 hr at room 
temperature. Excess oxalyl chloride was evaporated and the resid
ual oil, oxaniloyl chloride 2a was dissolved in 10 ml of acetone. The 
cold solution was added in one portion to a stirred solution of 0.60 
g (9.2 mmol) of sodium azide in 2 ml of water cooled to —5°. An 
exothermic reaction occurred (the temperature rose to 10°). The 
mixture was stirred at room temperature for 4.5 hr and then cooled 
in an ice bath. The precipitate was collected by filtration, washed 
with water, and dried to give 0.96 g of 6 a, mp 224-224.5°. From the 
filtrates, an additional 35 mg of product, mp 220-221.5°, was ob
tained for a combined yield of 995 mg (90.3%).

Similar procedures were used for the preparation of 6 b, 6 c, and 
6 d (runs 3, 4, and 5). The acetone-soluble quinazolinone 6 d was 
isolated by concentrating the reaction mixture, extracting with 
chloroform, and removing the solvent. The residue was crystallized 
from ether and recrystallized from ethanol to yield pure product. 
The results are summarized in Table I.

In the alternative procedure, the addition of aqueous sodium 
azide solution to the oxaniloyl chloride 2  in acetone solution, the 
yields of 6  were decreased by 10-25%, probably owing to the in
crease of hydrolysis reaction which occurs prior to reaction with 
sodium azide.

Reaction of 2a with Aqueous Sodium Azide at Low Temper
ature. Isolation of N-(2-Benzoyl- l-chlorophenyl)-Ar-methylu- 
rea (5a). The urea intermediate 5a was obtained in the crystalline 
state only one time. Oxaniloyl chloride 2a, from reaction of 2.0 g 
(8.1 mmol) of la and oxalyl chloride, was dissolved in 30 ml of ace
tone and cooled in an ice bath. To the stirred solution was added in 
one portion a cold solution of 1.2 g (18.4 mmol) of sodium azide in 
4 ml of water. The mixture was stirred under cooling for 2 hr and 
then 50 ml of ice water was slowly added. On further stirring crys
tallization occurred. The crystals were collected by filtration and 
washed with water and 50% aqueous acetone to give 1.81 g (77.0%) 
of 5a, which decomposed at 125-128° without melting and melted 
at 216-220°. Thin layer chromatography indicated that the sample 
was contaminated with a small amount of 6 a and, after melting at 
220°, converted completely to 6 a: ir 3270, 3170 (shoulder), 1643 
cm-1.

A n a l. Calcd for C15H13CIN2O2 : C, 62.40; H, 4.54; Cl, 12.28; N,
9.70. Found: C, 62.67; H, 4.27; Cl, 12.07; N, 9.39.

From the filtrates 0.14 g (6.4%) of 6 a, mp 223-224.5°, was ob
tained.

The urea 5a (0.50 g) was cyclized completely by heating in 5 ml 
of refluxing toluene for 2.5 hr. The mixture was cooled and the 
precipitate was collected by filtration to give 0.42 g (89.6%) of 6 a, 
mp 221-223°.
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Attempts to repeat the crystallization of the urea intermediate 
failed. The reactions behaved the same: apparently the urea 
formed (tic)* but failed to crystallize from the gummy material 
after dilution of the reaction mixture with water. The gummy ma
terial was converted directly to 6 a during the work-up procedure.

Reaction of 2a with Dry Sodium Azide. Dry Method (Run
2). To a solution of 2a [from 0.50 g (2.0 mmol) of la] in 10 ml of 
toluene was added 0.30 g (4.6 mmol) of powdered sodium azide,4 

and the mixture was stirred and heated at 100° for 4 hr. After cool
ing, the precipitate was collected by filtration, washed with water, 
and dried to yield 0.16 g of 6 a, mp 223-224°. From the filtrates an 
additional 0.04 g of product, mp 220.5-221.5°, was obtained for a 
combined yield of 0.20 g (36.3%).

4'-Chloro-2'-(o-fluorobenzoyl)oxaniloyl Chloride (2e). To
4.0 g of oxalyl chloride was added 1.0 g of le with stirring and cool
ing. The solid mass formed immediately. Toluene (5 ml) was added 
and stirring was continued at room temperature for 30 min. The 
solvent and excess oxalyl chloride was evaporated to dryness to 
yield 1.34 g (98.4%) of 2e: mp 127.5-130°; ir 3200,1770, 1728,1630, 
1612 cm“ 1.

A n a l. Calcd for Ci5H8Cl2FN0 3: C, 52.96; H, 2.37; N, 4.12. 
Found: C, 54.82; H, 2.71; N, 4.59.

The analysis indicates that it is perhaps contaminated with a 
small amount of 2',2"-bis(o-fluorobenzoyl)-4',4”-dichloroox- 
anilide (1 2 e) . 14

When the reaction was carried out by adding oxalyl chloride to 
le, the oxanilide 12e was obtained as the major product. After re
crystallization from dimethylformamide, colorless needles were ob
tained: mp > 300°; ir 3170,1710, 1655, 1620 cm“ 1-

A n a l. Calcd for C28H16CI2F2N2O4 : C, 60.78; H, 2.91; cl, 12.81; N,
5.06. Found: C, 60.76; H, 2.98; Cl, 12.43; N, 5.05.

4'-Chloro-2'-(o-fluorobenzoyl)oxaniloyl Azide (3e). Run 7. 
To a suspension of 0.67 g (2.0 mmol) of 2e in 10 ml of toluene was 
added 0.30 g (4.6 mmol) of powdered sodium azide. The mixture 
was stirred and refluxed for 1.5 hr. Filtration of the cooled mixture 
and washing with water gave 0 . 1 0  g of a solid, which was shown by 
infrared spectrum to be a mixture of 12e and 3e. From the com
bined filtrations, 0.13 g (18.7%) of 3e, mp 104-106°, was obtained 
after removal of the initially precipitated, impure product 3e (0.19 
g) by filtration. The infrared spectrum indicated that the sample 
was essentially pure and identical with an authentic sample. 1

The filtrates obtained after removal of 3e were separated and 
extracted with ether. The organic layers were combined, washed 
with water, dried, and evaporated to give 23 mg (4.2%) of 6 e, mp 
>300°.

When the reaction was carried out with aqueous sodium azide 
according to the general procedure, the azide 3e contaminated 
with unknown compounds was mainly obtained with a small 
amount of 1 2 e (run 6 ).

Attempted Condensation of Id with Urethane. A mixture of 
100 mg of Id, 30 mg of zinc chloride, and 150 mg of urethane was 
stirred and heated at 180-190° for 4 hr. The cooled reaction mix
ture was dissolved in chloroform and filtered to remove the insolu
ble material. The filtrate was washed with 5% sodium hydroxide 
solution and water, dried, and evaporated. An examination of the 
oily residue (40 mg) by thin layer chromatography indicated the 
presence of four products, but none of these corresponded to au
thentic samples of Id and 6 d.

A-(2-Benzoyl-4-chlorophenyl)-N-methyloxamide (7a). Ox-
aniloyl chloride 2 a (from 1 0 . 0  g of la) was dissolved in 1 0 0  ml of 
tetrahydrofuran and stirred in an ice bath. Ammonia was bubbled 
in slowly for 30 min and the reaction mixtre was filtered. The in
soluble material was washed thoroughly with tetrahydrofuran and 
the combined filtrates were evaporated. The oily residue was crys
tallized from ether to give 11.9 g (92.3% overall yield) of 7a, mp
144-146° . Recrystallization from a mixture of tetrahydrofuran and 
ether afforded yellow prisms: mp 144-146.5°; ir 3430, 3200, 3055, 
1715, 1672, 1662 cm“ 1; nmr (CDCI3 ) S 3.22 and 3.55 (9:2, s, 3, CH3), 
5.90 and 7.10 (1:1, broad s, 2, D20  exchangeable, NH2), 7.20-7.93 
(m, 8 , aromatic H); mass spectrum m/e 316 (M+), 272 (M -  
CONH2), 258, 230.

A n a l. Calcd for C]6Hi3ClN20 3: C, 60.67; H, 4.14; Cl, 11.19; N,
8.84. Found: C, 60.84; H, 4.14; Cl, 11.19; N, 8.92.

A/-(2-Benzoyl-4-chlorophenyl)-iV-cyclopropylmethyloxam
ide (7b) was prepared similarly from lb in 8 6 .8 % yield. Recrystal
lization from tetrahydrofuran gave pale yellow prisms, mp 143.5- 
144.5°.

A n a l. Calcd for C19H17C1N2 0 3 : C, 63.96; H, 4.80; Cl, 9.94; N,
7.85. Found: C, 63.66; H, 4.95; Cl, 9.84; N, 7.79.

(2-Benzoyl-4-chlorophenyl)oxamide (7f) was prepared simi

larly in 79.1% overall yield. Recrystallization from tetrahydrofuran 
afforded colorless prisms, mp 209-210° (lit. 16 mp 209-211°).

A n a l. Calcd for C15HnClN20 3: C, 59.59; H, 3.36; Cl, 11.71; N,
9.25. Found: C, 59.53; H, 3.70; Cl, 11.38; N, 9.22.

l,2-Dihydro-l-methyl-6-nitro-4-phenylquinazolin-2-ol (8 ). 
A. From 2c. Ammonia was bubbled through a stirred solution of 
2c (from 5.0 g of lc) in 100 ml of tetrahydrofuran in an ice bath for 
20 min. The reaction mixture was filtered. The insoluble material 
was dissolved in tetrahydrofuran by warming and filtered. The res
idue, left on concentration of the combined filtrates, was washed 
with ether and recrystallized from 550 ml of tetrahydrofuran to 
give 0.86 g (15.6%) of 8 , mp 188-192°. Further recrystallization 
from tetrahydrofuran afforded yellow needles: mp 195-200°; ir 
3070 (broad), 1630,1615 cm“ 1 (shoulder).

A n a l. Calcd for C15H13N3O3: C, 63.59; H, 4.63; N, 14.83. Found: 
C, 63.35; H, 4.53; N, 14.42.

The original mother liquor was concentrated and the residue 
was recrystallized from tetrahydrofuran to give 0 . 8 8  g (16.0%) of 
6 c, mp 254-260°.

B. From 2'-Benzoyl-lV-methyl-4'-nitroformanilide (9). A
mixture of 5.0 g of lc, 4.0 g of sodium formate, and 40 ml of formic 
acid was heated at 135-140° for 26.5 hr, during which time solu
tion occurred. The formic acid was evaporated and the residue was 
dissolved in methylene chloride. The solution was washed with di
lute sodium hydroxide solution and water, dried, and concentrated 
to dryness. The residue was chromatographed over 200 g of silica 
gel with chloroform to give 2.67 g of starting material (53.4% recov
ered lc) and 2.14 g of a brown oil as a second fraction. The oil was 
crystallized from hexane to yield 2.07 g (37.3%) of 9, mp 80-84°. 
Recrystallization from ether afforded slightly yellow plates, mp
85-88°.

A n a l. Calcd for C15H12N20 4: C, 63.38; H, 4.26: N, 9.86. Found: C, 
63.41; H, 4.54; N, 9.80.

A mixture of 1.0 g of 9, 2.4 g of ammonium acetate, and 2.7 g of 
pyridine in 25 ml of dimethyl sulfoxide was stirred and heated at 
75-85° for 1.5 hr. The reaction mixture was then poured into ice 
water. The precipitate that obtained by filtration was chromato
graphed over 30 g of silica gel. Elution with ethyl acetate yielded 
0.33 g (36.6%) of lc as a first fraction and 5 mg (0.5%) of 6 c, mp 
258-262°, as a second fraction. Continued elution with ethyl ace
tate gave 0.61 g of a yellow oil, which was crystallized from ether to 
yield 0.15 g (15.1%) of 8 , mp 194-198°.

When the reaction was carried out by treating a solution of 0.50 
g of 9 in 30 ml of tetrahydrofuran with a stream of ammonia and 
then refluxing the reaction mixture, 0.48 g (96%) of starting mate
rial was recovered unchanged.

Chromic Acid Oxidation of 8  to 6 c. To a stirred solution of 
0.30 g of 8  in 3.5 ml of acetic acid was added a solution of 0.43 g of 
chromic anhydride in 0.35 ml of water, and the mixture was stirred 
at room temperature for 3.5 hr. The reaction mixture was then di
luted with ice water. The resulting precipitate was collected by fil
tration, washed with water, and dried to give 0.28 g (94.0%) of 6 c, 
mp 265-269°.

/V-(2-Benzoyl-4-nitrophenyl)-/V-methyloxamide (7c). To a 
stirred suspension of 1 0 . 0  g of indole-2 -carboxamide 1 0 9 in 6 8  ml of 
acetic acid was added a solution of 1 0 . 2  g of chromic anhydride in 
10 ml of water below 20°. After stirring at room temperature for
1.5 hr, the mixture was diluted with 500 ml of water and filtered. 
The solid so obtained was washed with water and dissolved in 
methylene chloride. The solution was washed with water, dried, 
and evaporated. The residue was crystallized from methylene chlo
ride and ether to give 6.44 g of 7c, mp 152-157°. Concentration of 
the filtrate and crystallization from ether gave an additional 0.23 g 
of product for a combined yield of 6.67 g (60.2%). After recrystalli
zation from ethanol, yellow needles were obtained: mp 156-158°; ir 
3430, 3345, 3190, 3052, 1720, 1702, 1670, 1652 cm“ 1 (shoulder); 
mass spectrum m /e 327 (M+), 283 (M -  CONH2).

A n a l. Calcd for Ci6H]3N30 5 : C, 58.71; H, 4.00; N, 12.84. Found: 
C, 58.65; H, 3.96; N, 12.81.

Reaction of 7a with Sodium Hypobromite. A. In Water (Run
1). Bromine (1.0 g, 12.5 mmol) was added dropwise to a solution of
1.2 g (30 mmol) of sodium hydroxide in 10 ml of water cooled to 0°. 
To the clear yellow solution was added immediately 0.50 g (1.6 
mmol) of 7a. The mixture was stirred at room temperature for 1 hr 
and at 60° for 1.3 hr. After cooling, the precipitate was collected by 
filtration, washed with water, and dried to give 0.23 g of crude 6 a, 
mp 205-213°. Recrystallization from isopropyl alcohol afforded 
165 mg (38.6%) of pure 6 a, mp 223.5-224.5°.

B. In Water-Tetrahydrofuran (Run 2). Bromine (1.92 g, 24 
mmol) was added dropwise to a cooled solution of 2.4 g (60 mmol)
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of sodium hydroxide in 20 ml of water. To the hypobromite solu
tion was added immediately a cold solution of 1.0 g (3.2 mmol) of 
7a in 20 ml of tetrahydrofuran, and the mixture was stirred at —5 
to —3° for 2 hr. The insoluble material was filtered and washed 
with water to give 0.23 g of Ga, mp 222.5-224°. The filtrates were 
separated and the aqueous layer was washed with ether. The com
bined organic layers were dried and evaporated. Trituration of the 
residue with ether gave an additional 0.40 g of 6 a, mp 220-224°, 
for a combined yield of 0.63 g (73.7%).

Similar procedures were used for the preparation of 6b and 6c 
(runs 5 and 6). Compound 7f was unreactive to the reagent even 
under reflux, as indicated by thin layer chromatography (run 8).

In another experiment (run 3) 5 ml of 1.8 N  sodium hypochlorite 
solution1 was used in rearrangement of 0.50 g of 7a in 8 ml of te
trahydrofuran. A similar work-up as above gave 0.15 g (35.1%) of 
crude 6 a. The results are summarized in Table II.

C. In Methanol (Run 4). Compound 7a (1.0 g, 3.2 mmol) was 
added to a solution of 0.23 g (10 mmol) of sodium in 20 ml of meth
anol cooled to —7. To the solution was added 0.8 g (10 mmol) of 
bromine. The mixture was stirred at room temperature for 1 hr 
and then heated under reflux for 2 hr. The solid that separated on 
cooling was collected by filtration to yield 0.45 g of 6 a, mp 221.5- 
222.5°. The filtrates were concentrated to about one-third volume 
and diluted' with water. Filtration of the resulting precipitate and 
washing with ether afforded an additional 0.12 g of 6 a, mp 219- 
222°, for a combined yield of 0.57 g (66.7%).

Compound 6c, prepared from similar rearrangement of 7c, was 
recrystallized from tetrahydrofuran to give a 49.7% yield of pure 
product, mp 267-267.5° (run 7).

Compound 6f16 was obtained in 6.8% yield by first treating 1.0 g 
of 7f and 0.3 g of sodium in 20 ml of methanol with 0.8 g of bro
mine at —8° for 30 min and at room temperature for 1 hr, and then 
refluxing the mixture for 2 hr. The insoluble material was removed 
by filtration, and the filtrate was concentrated to about one-third 
of the original volume and diluted with water. The red oil that sep
arated, on standing, gradually crystallized. The yellow crystals 
were collected by filtration, heated in refluxing toluene, cooled, 
and filtered to yield 55 mg of product, mp >300° (run 9).

Cyclization of Methyl 4-(4-Chloro-2-benzoylphenyl)-4- 
methylallophanate (11a) to 6 a. A solution of 100 mg of crude 
1 1 a1 in 2 ml of methanol was refluxed for 2 hr, during which time 
no reaction occurred as indicated by thin layer chromatography. 
To the solution was added a small piece of sodium, and refluxing 
was continued for 30 min. After cooling, the precipitate was col
lected by filtration and washed with water to give 13 mg of 6 a, mp 
222-224°. From the filtrates, an additional 10 mg of product was 
obtained for a combined yield of 23 mg (29.5%).

Acknowledgment. We are grateful to Mr. M. Yamamo
to for his valuable comments and to Mr. Y. Kameno and 
Miss R. Kido for skillful technical assistance.

Registry No.—lc, 51806-03-2; Id, 51806-04-3; le, 784-38-3; 2a,
51806-05-4; 2b, 51806-06-5; 2c, 51806-07-6; 2d, 51806-08-7; 2e,
51806-09-8; 3e, 51806-10-1; 5a, 51806-11-2; 6 a, 20927-53-1; 6 b,
33453-19-9; 6 c, 26953-46-8; 6 d, 49830-84-4; 6 e, 40069-75-8; 6 f,
4797-43-7; 7a, 51806-12-3; 7b, 51806-13-4; 7c, 51806-14-5; 7f, 
19144-18-4; 8 , 51806-15-6; 9, 51806-16-7; 10, 30008-50-5; 11a, 
51806-17-8; 12e, 51806-18-9; 2-(2-hydroxyethyl)amino-5-nitroben- 
zophenone, 37554-73-7; sodium azide, 12136-89-9.

References and Notes
(1) Part II: K. Ishizumi, S. Inaba, and H. Yamamoto, J. Org. Chem., 39, 2581 

(1974).
(2) (a) P. A. S. Smith, Org. React., 3, 337 (1946); (b) E. S. Wallis and J. F. 

Lane, ibid ., 3, 267 (1946); (c) P. A. S. Smith, "Molecular Rearrange
ments,” P. de Mayo, Ed., Interscience, New York, N. Y„ 1963, pp 
528-568; (d) P. P. T. Sah, C.-W. Yil, H.-M. Chia, T.-L. Chen, and C. 
Chao, J. Chin. Chem. Soc. (Taipei), 14, 52 (1946); Chem. Abstr., 43, 
7446d(1949).

(3) Compound 2d yielded soluble qulnazollnone 6d. which could be Isolated 
by extraction procedures.

(4) Commercial sodium azide was used without activation.23
(5) (a) H. Ott and M. Denzer, J. Org. Chem., 33, 4263 (1968); (b) H. Yama

moto, et a i, Arzneim, Forsch., 23, 1266 (1973); (c) R. V. Coombs, et 
al., J. M ed. Chem., 16, 1237 (1973); (d) A. Yoshitake, Y. Makarl, K. Ka- 
wahara, and M. Endo, J. Label. Compounds, 9, 537 (1973).

(6) S. Inaba, M. Yamamoto, K. Ishizumi, K. Takahashi, K. Mori, and H. 
Yamamoto, Japanese Patent 40,067 (1972); Chem. Abstr., 78, 4278e 
(1973).

(7) Compound 6d was previously prepared, accompanied by the corre
sponding O-alkylated product, by alkylation of 1-unsubstituted quinazoli- 
none with chloroethyl acetate and sodium hydride: unpubllshec studies 
of Mr. M. Yamamoto.

(8) This synthetic method was first used by Mr. M. Yamamoto In the con
version of 2'-benzoyl-4'-chloro-A/-cyclopropylmethylformanilide to the 
corresponding 2-hydroxyqulnazollnone.

(9) S. Inaba, K. Ishizumi, K. Mori, and H. Yamamoto, Chem. Pharm. Bull., 
19, 722(1971).

(10) When the same reaction was carried out at —5°, followed by evapora
tion of solvent and subsequent addition of water, a red, oily product 
(4a?) was obtained which was gradually converted to yellow, crystalline 
quinazollnone 6a.

(11) (a) L. H. Sternbach, R. I. Fryer, W. Metleslcs, G. Sach, and A. Stempel, 
J. Org. Chem., 27, 3781 (1962); (b) L. H. Sternbach, R. I. Fryer, O. Kel
ler, W. Metlesics, G. Sach, and N. Steiger, J. Med. Chem., 6, 261 
(1963).

(12) S. Inaba, K. Ishizumi, K. Mori, and H. Yamamoto, Chem. Pharm. Bull. 
19, 722 (1971), and preceding papers.

(13) Mr. M. Yamamoto kindly supplied us with the sample.
(14) It has been reported that oxalyl chloride reaction with N-substituted ani

lines gives the desired oxaniloyl chloride, whereas reaction with primary 
aromatic amines leads only to the formation of oxamides; see R. Stolle, 
Ber., 46, 3915 (1913); R. Stolle, R. Bergdoll, M. Luther, A. Auerhahw, 
and W. Wacker, J. Prakt. Chem., 128, 1 (1930).

(15) FI. Zenno, T. Kamlya, and H. Yazawa, Japanese Patent 19,587 (1967); 
Chem. Abstr., 69, 188851n (1968).

(16) S. Inaba, M. Yamamoto, K. Ishizumi, K. Takahashi, K. Mori, and H. 
Yamamoto, German Patent 1,935,404 (1970); Chem. Abstr., 72, 
90494c (1970).

Substituent Constants for the 4,6-D im ethyl-s-triazinyl Group from Ionization  
and Fluorine Nuclear M agnetic Resonance D ata1

H. LeRoy Nyquist* and Barry Wolfe

D e p a r tm e n t  o f  C h em is try , C aliforn ia  S ta te  U n iversity , N orth r id g e , C aliforn ia  91324

R e c e iv e d  M a rch  11, 1974

The m - and p-(4,6-dimethyl-s-triazin-2-yl)benzoic acids (6 a and 6 b) have been synthesized and their pKa’s in 
50% aqueous ethanol (v/v) have been determined as 5.15 and 4.94, respectively. The substituent constants cal
culated from the pK a data for the 4,6-dimethyl-s-triazinyl substituent (1) are a m +0.25, rrp +0.39, and ai +0.15.
The corresponding dimethyl-s-triazinyl substituted fluorobenzenes (3c and 3d) have also been synthesized and 
their 19F chemical shifts have been determined relative to fluorobenzene in carbon tetrachloride, methanol, and 
dimethyl sulfoxide. The substituent constants for 1 based upon the chemical shifts in methanol are a i +0.18 
and +0.19. The substituent constants are discussed.

In view of the rather limited number of heterocyclic constants might afford, the determination of the substitu- 
substituents for which substituent constants have been ent constants for the 4,6-dimethyTs-triazin-2-yl substitu-
evaluated,2 and also the potential insights which such ent (1) was undertaken. This substituent was chosen be-
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H;,C
1

cause of the synthetic feasibility of incorporating it into 
molecules from which the necessary data could be ob
tained and also because the substituent possesses the 
electronegative nitrogen atoms as well as a high resonance 
energy of 41.2 kcal/mol.3 Presumably, the latter would 
have to be lost in part when the substituent participated 
in direct conjugation or through resonance with the reac
tion centers. With respect to desirability, the unsubsti
tuted s-triazine ring or parent substituent would have 
been preferred over 1, but the available evidence indicat
ed that compounds containing the former may be more 
difficult to synthesize4 and also that the unsubstituted 
triazinyl substituent may be more susceptible to hydroly
sis* than l .6 Consequently, substituent 1 was chosen for 
the studies.

Scheme I
Y T V '  HCl(g’2C13CCN +

ci3c
V - N  / T ~ V 'X  Zn 

N  Me0H

H:,C

C13C
=N

2a, X  — /n-CH;ib, X = p-CH;j
c, X = m-F 
d X = p-F

H:iC

\ — N /— v /X

i r c iÄ
H,C

3a, X = m-CH3
b, X = p-CH3
c, X = m-F d X = p-F

CH,Br
KXO,

H.’O-glyme

h3c
4a, meta isomer b. para isomer

h3c

N K?CH..OH
KMn04 

OH- '

H.;C

h3c

N

H;,C

» V //
=N v=

COOH

5a, meta isomer 
b, para isomer

6a, meta isomer 
b, para isomer

To determine the Hammett substituent constants for 1, 
the m- and p-(4,6-dimethyl-s-triazin-2-yl)benzoic acids 
(6a and 6b) were synthesized according to Scheme I. 
Among the unsuccessful attempts to synthesize significant 
amounts of 6a and 6b, or their precursors, were the cocy- 
clization of (1) cyanoacetophenone with trichloroacetoni- 
trile in the presence of hydrogen chloride,7 (2) cyanoben- 
zoic acid with trichloroacetonitrile in the presence of hy
drogen chloride,7 (3) ethyl acetylbenzimidate with ethyl 
acetimidate in the presence of acetic acid,8 and (4) cyano- 
benzoyl chloride with trichloroacetonitrile in the presence 
of aluminum chloride.9 Selective oxidation by potassium 
permanganate of the benzylic methyl group of 3a,b to 
yield 6a,b did not realize success nor did the oxidation of 
all three methyl groups followed by decarboxylation of the

Table IpKa’s of Substituted Benzoic Acids“
Compd p ifa 6

m-Toluic acid 5.62
Benzoic acid 5.49
m-Methoxybenzoic acid 5.39
m-Bromobenzoic acid 5.00
m-Nitrobenzoic acid 4.466a 5.156b 4.94

“ 0.05 M  in LiCl. 6 Reference 18a.

carboxyl groups on the triazine ring* to give the parent 
compounds, m- and p-triazinylbenzoic acid.

Taft10 has successfully separated the Hammett substit
uent constants for a large number of meta substituents 
into two parameters, one which represents the inductive 
or field effect, <n, and the other which represents a reso
nance effect, o-Rm. In the case of para substituents the 
Hammett substituent constant is separated into the in
ductive parameter and a resonance parameter, <j r p , or an 
effective resonance parameter, ar. The latter includes 
both the resonance polar effect10b as well as the direct con- 
jugative or through resonance effect between the substitu
ent and the reaction center.

Another and independent approach to the determina
tion of the inductive effect, cri, has also been developed by 
Gutowsky11 and Taft12 through the utilization of the 
chemical shifts of the 19F nmr signals of substituted fluo- 
robenzenes relative to the unsubstituted fluorobenzene. In 
the case of meta-substituted fluorobenzenes, the reso
nance parameter, <TRm, apparently makes no significant 
contribution to the 19F chemical shift, as evidenced by 
the wide applicability of eq 1 in a given solvent.13 For

-7 .1 0 a ! + 0.60 ( 1 )

many para substituents which are electron donating via a 
resonance effect (—R), the 19F chemical shift relative to 
fluorobenzene was found to correlate well with the induc
tive parameter and a resonance parameter, o -r 0 , as ex
pressed by the equation14

—29.5aR° +

-2 9 ,5 a R° -  7.10a! + 0.60 (2)

where <tr° represents a resonance contribution which is 
free of any direct conjugative or through resonance.15 
However, for para substituents having an electron-with
drawing effect ( + R) where through resonance is possible, 
linearity with respect to a resonance parameter is not 
realized. However, assuming identical inductive effects 
within the meta and para isomers,16 an effective reso
nance parameter may be solved for from eq 2 by replacing 
<tr° by 5r to give eq 3.14

ap-x r m - X  \
-  J )  (3)

Results and Discussion
The procedure used for the determination of the Ham

mett a values for the m- and p-4,6-dimethyl-s-triazin-2-yl 
(1) substituent was that recommended by Taft.17 The 
pKa’s for the acids listed in Table I were determined in 
50% (v/v) ethanol-water having a constant ionic strength
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of 0.05 M .18 A Hammett plot of the log Ka’s of the five 
reference acids against the recommended corresponding <r 
values17 gave, by the method of least squares, a p value of 
+1.47 (reported value 1.46418®) and a log K0 of -5.52.19 
The <7 values for the known substituents obtained from 
the calculated values of p and log K0 did not differ from 
the recommended a values by more than ±0.03 and gave a 
standard deviation of ±0.02. These values fall well within 
the limits established by Taft of ±0.07 and ±0.03, respec
tively.17 Using the experimental values of log Ka obtained 
for 6a and 6b, the Hammett a values for m-1 and p-1 are 
calculated as +0.25 and +0.39, respectively. These a 
values may then be further separated into the inductive 
parameter and a resonance parameter.10’16’20 This sepa
ration is achieved by assuming (1) that the inductive ef
fect and field effect of the substituent are identical for the 
meta and para isomers,16® (2) that within a given reaction 
series the resonance effect of the substituent in the meta 
position is a constant proportion (a) of its resonance effect 
in the para position,16®’17 and (3) that p\ = pm.17 These 
assumptions enable the inductive parameter, <n, to be 
solved for by eq 4.17 Taft and Lewis have determined the

ai =  ( r T ^ I T ) )  (1oS k  m/K a ~ a  log  K p/K(i) (4)

value of a for the ionization of benzoic acids in 50% aque
ous ethanol at 25° as 0.42.17 Based upon this value of a, 
the calculated values for the inductive parameter and the 
resonance parameter for the substituent 1 are given in 
Table n.

Table II
a  Values for 1 from Ionization Data

ai + 0 .1 5
<trp + 0 .2 4

vents,21 the <n values are larger in the more polar sol
vents, but the (tp+ values remain essentially unchanged. 
The a\ value in methanol (0.18) agrees quite well with the 
value obtained from the pKa data in 50% aqueous ethanol 
(0.15). Likewise, the values calculated from the 19F 
chemical shift data (0.18-0.19) agree within acceptable 
limits17 with that obtained from the pKa data (0.24). It 
might have been anticipated that the urp value from the 
chemical shift data would be larger than that from the 
pKa data in view of the possibility that, for an electron- 
withdrawing group, such as 1, direct conjugation or 
through resonance might be realized more fully in the p- 
triazinylfluorobenzene, 3d, than between the ground 
states of the corresponding para-substituted benzoic acid, 
6b, and its anion in comparably polar solvents. Indeed, a 
comparison of the values for crp from 19F chemical shift 
data and pKa data for six other +R substituents13*14,1911 
does show that the values for orp from the chemical shift 
data do in general exceed or equal those from the pKa 
data (+0.12 to -0.03; average +0.03). However, the en
hancements are small, and rightly so, in view of the rela
tively small difference of -0.13 between <r+ and cr 
(Hammett) for fluorine. Infrared intensities of para-sub
stituted fluorobenzenes also support the existence of di
rect conjugation between fluorine and strong electron- 
withdrawing substituents, but the resulting increase in 
the a value is estimated as only 0.03 unit.22 Thus, the 
above values for o-rp for 1 from the 19F chemical shift data 
might be adjusted downward to 0.15-0.16. It would seem 
somewhat untenable to postulate that the vrp value for 1 
from the pKa data is abnormally high relative to that from 
the 19F chemical shift data because of the existence of the 
conjugate acid of 6b, namely 7. Two factors would speak

In an attempt to confirm the above value for the induc
tive parameter, <n, for 1 by another independent method, 
the 19F chemical shifts of fluorobenzene, 3c, and 3d were 
measured relative to external p-difluorobenzene (20% so
lution in C C D ,13 and then the chemical shifts of 3c and 
3d were calculated relative to fluorobenzene. The use of

against any significant amount of 7. First, the basicity of 
the triazine ring is low, approximately of the order

Table III19F Chemical Shifts and Calculated Substituent Constants
Solvent

r H a

J p - F

r  m -la

J p  F
r p - 1° 

Jp-F J  H
r p  i "

J  H <n CTRP

ecu 7.11 7 .10 12.34 - 0 . 0 1 5.23 0.08 0.18
C H 3O H 3.39 4.07 9.69 0.68 6.30 0.18 0.19
D M S O 6.08 6.63 11.78 0.55 5.70 0.16 0.18

0 Approximately 3-5%  solution (wt/vol) o f unsubstituted or substituted fluorobenzene relative to external p-difluoroben-

X- x  /*H
> F ~  Jp  F'

p-difluorobenzene, rather than fluorobenzene, as an ex
perimental reference was necessitated because the signal 
from the meta isomeT, 3c, was close to or superimposed 
upon that of fluorobenzene. The chemical shifts were 
measured in carbon tetrachloride, methanol, and dimeth
yl sulfoxide, and are given in Table III together with the 
values for <n calculated with eq 1, and arp calculated with 
eq 3. The use of the dual substituent parameter (DSP) 
equation21 instead of eq 3 for carbon tetrachloride and di
methyl sulfoxide gave somewhat lower values for o -r p , 

namely, 0.15 and 0.13, respectively. As indicated in Table 
III, and in accord with Taft’s findings in aprotic sol-

Table IVComparison of Substituent Constants for +R Substituents
Substituent <Tpa D (TRP

P-NO, +  0.78 +  0.64 +  0.14
p -s o 2c h 3 +  0.72 +  0.55 +  0.17
p-CN +  0 .6 6 +  0.56 +  0 . 1 0
p -c f 3 +  0.54 +  0.41 +  0.13
p -c h 3c o +  0.50 +  0.28 +  0 . 2 2
p -C 0 2Et +  0.45 +  0.31 +  0.14
p - 1 +  0.39 +  0.15 +  0.24

“ Reference 19b. b From reactivities, ref 13.
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10" 1 1 ,23 anc[ second, if 7 were to exist in any significant 
amount, a much larger ai would be anticipated. Thus, the 
value of 0.24 for <trp from the pK & data for the substitu
ent 1 is probably the more reliable value, although an av
erage value of 0 .2 0  might be appropriate.

It is worth noting that a comparison of the substituent 
constants for 1 with those of other + R  groups as illus
trated in Table IV shows 1 to have the lowest <n value, 
but the largest arp value.

Experimental Section
Instrumentation. A ll m e ltin g  p o in ts  are  co rre c te d  a n d  w ere 

tak en  in  a stirred  s ilicon e  o il b a th  u s in g  ca lib ra te d  A n ch u e tz  
th e rm o m e te rs  w ith  th e  sa m p le  in  an op en  ca p illa ry  tu b e  un less 
n o te d  oth erw ise . A ll ir sp ectra  w ere o b ta in e d  on  a B e ck m a n  I R -8 

in fra red  s p e c tro p h o to m e te r . A ll p ro ton  n m r sp ectra  w ere o b ta in e d  
on  a H ita ch i P e rk in -E lm e r  R -2 0  sp e c tro m e te r . T h e  19F n m r s p e c 
tra  w ere  a lso  tak en  on  a  H ita ch i P e rk in -E lm e r  R -20  sp ectrom eter  
h a v in g  an  in tern a l lo ck -o n  a n d  e q u ip p e d  w ith  a 19F  R F  un it, 
M o d e l R -20 3F  o p e ra tin g  a t  56 .456 M H z . T h e  ch e m ica l sh ifts  w ere 
co u n te d  w ith  a T a k e d a  R ik en  fre q u e n cy  cou n ter , M o d e l T R - 
38 2 4 X . T h e  19F  sp ectra  w ere run at 34° w ith  an  extern al re feren ce  
o f  p -d iflu o ro b e n z e n e  [20%  ( v /v )  in  C C I*]. T h e  so lu tion s  o f  the  
flu orin e  c o m p o u n d s  in ca rb o n  te tra ch lo r id e  w ere a p p ro x im a te ly  5%  
(w t /v o l ) ,  w h erea s th ose  in  m eth a n o l an d  d im e th y l su lfo x id e  w ere 
a p p ro x im a te ly  3% . 2 1  T h e  sp ectra  fo r  th e  4 ,6 -d im e th y l-2 -(m -flu o ro - 
p h e n y l) -s -tr ia z in e  (3c) a n d  flu o ro b e n z e n e  w ere re cord ed  w ith  a 
sw eep  w id th  o f  10 p p m  a n d  a sw eep  t im e  o f  500 sec in  a ll so lv en ts . 
T h e  sp e c tra  fo r  th e  4 ,6 -d im e th y l-2 -(p -flu o ro p h e n y l)-s -tr ia z in e  (3d) 
w ere re co rd e d  w ith  a sw eep  w id th  o f  1 0  p p m  in  m e th a n o l a n d  2 0  

p p m  in  ca rb o n  te tra ch lo r id e  an d  d im e th y l su lfo x id e , an d  a sw eep  
t im e  o f  500 sec . E a ch  sp e ctru m  w as sw ep t three  t im es in  ea ch  d i 
re ct io n , a n d  th e  ch e m ica l sh ifts  w ere re co rd e d  fro m  th e  cen ters  o f  
the  signa ls  w ith  a p re c is io n  o f  ± 2  H z (± 0 .0 3 5  p p m ) .

p K a d e te rm in a tio n s  w ere  o b ta in e d  at 25 ±  0 .2 ° b y  p o te n tio m e t- 
ric  t itra tion s  u s in g  an IL  D e lta m a tic  M o d e l 245 p H  m eter  a n d  an 
IL  14063 co m b in a t io n  p H  e le ctro d e  sy stem . T h e  e le c tro d e  system  
w as b a la n ce d  a t  its iso e le c tr ic  p o in t  w ith  a 6 . 8 6  ±  0 . 0 1  b u ffe r , 
a n d  th en  th e  p H  s lop e  co n tro l w as a d ju ste d  w ith  a 4.01 ±  0.01 
b u ffer .

Solution Preparations. T h e  sod iu m  h y d ro x id e  so lu tio n  w as 
p rep a red  b y  d ilu tin g  H e llig e  co n ce n tra te  w ith  fresh ly  b o ile d  w ater 
a n d  th en  storin g  u n d er  n itrogen .

T h e  a q u eou s  1 M  l ith iu m  ch lor id e  so lu tio n  w as p rep a red  b y  
q u ick ly  w eigh in g  th e  A R  grade  lith iu m  ch lo r id e  (v a cu u m  d ried  
several w eeks) a n d  d isso lv in g  it  in  fresh ly  b o ile d  w ater  in  a v o lu 
m etr ic  fla sk . T h is  so lu tio n  co n ta in e d  n o  d e te c ta b le  h y d ro x id e  as 
d e te rm in e d  b y  a b la n k  t itra tio n . T h e  0.1 M  so lu tio n s  w ere o b 
ta in e d  b y  d ilu tio n  o f  th e  1.0 M  so lu tio n  w ith  fresh ly  b o ile d  w ater.

T h e  e th a n o lic  lith iu m  ch lo r id e  so lu tion  w as p rep a red  in  a m a n 
ner s im ila r  to  th e  p rep a ra tion  o f  a q u eou s so lu tio n .

T h e  re feren ce  b e n z o ic  a c id s  w ere o b ta in e d  co m m e rc ia lly  an d  
w ere re cry sta llized  at least tw ice  to  o b ta in  c o m p o u n d s  w h ose 
m e ltin g  p o in ts  w ere w ith in  2 ° o f  litera tu re  v a lu es .

pKa Determination. 18 A p p ro x im a te ly  0 .25  m m o l o f  th e  s u b s t i
tu te d  b e n z o ic  a c id  w as d isso lv ed  in  50 m l o f  d is tille d , ca rb o n a te - 
free, a b so lu te  e th a n o l. T o  th is  so lu tion  w as a d d e d  50 m l o f  ca r 
b o n a te -fre e  0 .1 M  a q u eou s  lith iu m  ch lo r id e  a n d  th e  resu ltin g  s o 
lu tion  w as titra ted  u n d er n itrogen , w ith  stirr in g  a t  25 ±  0 .2 °, w ith  
equ a l v o lu m e s  o f  0 .02  N  ca rb o n a te -fre e  so d iu m  h y d ro x id e  an d  
ca rb o n a te -fre e  0 .08  M  e th a n o lic  lith iu m  ch lo r id e . T h e  p K 3 o f  the  
a c id  w as d e te rm in e d  from  th e  p H  o f  th e  so lu tio n  a t  th e  h a lf-n e u 
tra liz a tio n  p o in t . T h e  n e u tra liza tio n  p o in t  or en d  p o in t  w as d e te r 
m in e d  to  b e  th e  p o in t  w h ere  th e  A p H  w as th e  greatest for  th e  a d 
d ition  o f  a 0 . 1 -m l a liq u o t  o f  ba se .

4 .6 -  Bis(trichloromethyl)-2-(p-tolyl)-s-triazine (2b). p -T o lu -  
n itrile  (56 .3  g, 0 .48  m o l) an d  tr ich lo ro a ce to n itr ile  (1 38 .4  g, 0.96 
m ol) w ere  c o m b in e d  in  a cy lin d r ica l re a c tio n  flask , a n d  d ry  h y 
drogen  ch lo r id e  w as b u b b le d  th rou g h  th e  m ix tu re  via a s in tered  
glass b u b b le r  for  7 hr (25°) a fter w h ich  th e  co n te n ts  w ere  p e rm it 
ted  to  sta n d  for  5 d ays  (2 5 °). T h e  resu ltin g  so lid  w as re m o v e d  
w ith  d ifficu lty , d isso lv e d  in  ether, a n d  w a sh ed  w ith  2 %  sod iu m  
h y d ro x id e  a n d  th en  w ith  w ater  to  p H  6 . T h e  eth er  w as d ried  
( M g S 0 4) a n d  e v a p o ra te d  to  y ie ld  y e llo w  cry sta ls  w h ich  w ere  r e 
c ry sta lliz e d  from  a b so lu te  e th a n o l to  y ie ld  101 g (5 2% ) o f  w h ite  
crysta ls : m p  1 2 3 .7 -1 2 4 .4 ° ; ir (N u jo l)  1550 c m " 1  (tr ia z in e ).

Anal. C a lcd  for C i 2H 7N 3 C l6: C , 35 .48 ; H , 1 .74; N , 10.34; C l, 
52 .44 . F o u n d : C , 35 .72 ; H , 1 .70; N , 10 .37 ; C l, 52.73.

4 .6 -  Dimethyl-2-(p-tolyl)-s-triazine (3b). T o  a stirred  so lu tion

o f  2b  (60  g, 0 .15  m o l) in  2.1 1. o f  m e th a n o l w as a d d e d  a p p ro x i
m a te ly  0 .5  g o f  cu p r ic  a ce ta te  fo llo w e d  b y  the s low  a d d it io n  o f  10 
m esh  z in c  (300 g, 4 .6  g -a to m s , a c t iv a te d  w ith  d ilu te  n itr ic  a c id ) 
over  a p eriod  o f  30 m in . T h e  stirred  so lu tio n  w as re flu x e d  from, 
the  b e g in n in g  o f  th e  a d d it io n  o f  th e  z in c , a n d  th e  c o lo r  o f  th e  so 
lu tion  ch a n g e d  from  green to  d ark  gray  d uring  th e  a d d it io n  an d  
rem a in ed  d ark  gray d u rin g  th e  co u rse  o f  th e  rea ction . T h e  m ix 
ture w as stirred  a n d  re flu x e d  fo r  6  d a y s , a fter w h ich  th e  rea ction  
m ixtu re  w as co o le d  a n d  d e ca n te d  in to  2 .5 1. o f  ice  w ater  to  g ive  a 
gray p re c ip ita te . T h e  m ix tu re  w as a c id if ie d  to  C on go  R e d  w ith  d i
lu te  n itr ic  a c id  a n d  th e  p re c ip ita te  w as filte red . T h e  filtra te  w as 
ex tra c te d  w ith  eth er  a n d  th e  la tte r  w as u sed  io  d isso lve  th e  p re 
c ip ita te . T h e  eth er  so lu tio n  w as w a sh e d  w ith  5%  sod iu m  c a r b o n 
ate a n d  w ith  w ater to  n eu tra lity , d r ie d  ( M g S 0 4), an d  ev a p ora ted  
to  y ie ld  21 g (7 4% ) o f  a y e llo w -b ro w n  so lid . T h is  so lid  w as recry s
ta llize d  from  a b so lu te  e th a n o l to  y ie ld  w h ite  crysta ls : m p  7 8 .5 - 
79 .5°; ir (N u jo l)  1530 c m " 1  (t r ia z in e ); n m r  (C C 14) r  1.68 (d , 2 H , 
a ro m a tic  H  o rth o  to  tr ia z in e ), 2 .85  (d , 2 H , a ro m a tic  H  m e ta  to  
tr ia z in e ), 7.42 (s, 6  H , - C H 3 on  tr ia z in e ), a n d  7.61 (s, 3 H , b e n - 
z y lic  - C H 3 ).

Anal. C a lcd  for C 1 2 H i 3 N 3: C , 72 .34 ; H , 6 .58 ; N , 21 .08. F o u n d : 
C , 72 .40 ; H , 6 .5 9 ; N , 20.90.

4,6-Dimethyl-2-(4-bromomethylphenyl)-s-triazine (4b). T o  a
stirred  so lu tio n  o f  3b (13 .8  g, 0 .069  m o l) in  75 m l o f  ca rb o n  te tra 
ch lo r id e  w as a d d e d  s low ly  (1 hr) a p u lv e r iz e d  m ix tu re  o f  N-bro- 
m o su cc in im id e  (15 .2  g, 0 .085 m o l) a n d  b e n z o y l p e ro x id e  (2 .6  g, 
0.011 m o l) . T h e  so lu tion  w as re flu x e d  fo r  5 hr, a fter  w h ich  t im e  
a ll th e  so lid  w as flo a tin g . T h e  h o t  so lu tio n  w as filte re d , th e  so lid  
w as d isca rd e d , a n d  th e  filtra te  w as co o le d  a n d  filte re d  ag a in  to  
y ie ld  a y e llo w  so lid . S e co n d  a n d  th ird  c ro p s  w ere a lso  o b ta in e d  
from  th e  filtra te  b y  the  sam e m e th o d . T h e  c o m b in e d  c ro p s  w ere 
tritu ra ted  w ith  h o t  w ater to  d isso lv e  an y  su cc in im id e  a n d  filte re d  
to  y ie ld  10.6 g (5 5% ) o f  ligh t co lo re d  cry sta ls . A  p ortion  o f  th is  
so lid  w as re cry sta llized  from  ca rb o n  te tra ch lo r id e  a n d  su b lim e d  
to  y ie ld  a w h ite  p ow d er : m p  1 4 5 .0 -1 4 6 .0 ° ; ir (C H 2C I2 ) 1530 c m " 1  

(tr ia z in e ); n m r (C C 14) r  1.60 (d , 2 H , a ro m a tic  H  o r th o  to  tr ia 
z in e ), 2 .62  (d , 2 H , a ro m a tic  H  m eta  to  t r ia z in e ) , 5 .5 6  (s , 2 H , 
b e n zy lic  - C H 2- ) , a n d  7.41 (s, 6  H , - C H 3  on  t r ia z in e ) .

Anal. C a lcd  for C 1 2 H i 2N 3B r: C , 51 .82 ; H , 4 .3 5 ; N , 15 .10 ; B r, 
28.73. F o u n d : C , 52 .13 ; H , 4 .6 2 ; N , 14 .97; B r, 28.75.

p-(4,6-Dimethyl-s-triazin-2-yl)benzyl Alcohol (5b). T o  a 
stirred  so lu tio n  o f  4b (10.1 g, 0 .036 m o l) in  235 m l o f  g ly m e  w as 
a d d e d  235 m l o f  5%  a q u eou s  p o ta ss iu m  ca rb o n a te . T h e  resu ltin g  
c lo u d y  so lu tio n  w as re flu x ed  for  3 hr (th e  so lu tio n  w as c lea r  a fter  
0 .5 h r), a fter w h ich  t im e  the g ly m e  w as d is tille d . T h e  b ro w n  oil 
w h ich  h a d  sep a ra ted  from  so lu tion  w as p h y s ica lly  re m o v e d  an d  
d isca rd e d . T h e  rem a in in g  so lu tion  w as c o o le d  (0 °) ov ern ig h t to  
y ie ld  4.88 g (6 3% ) o f  ye llow  crysta ls . T h e  y e llo w  cry sta ls  w ere r e 
c ry sta llized  from  b e n ze n e  a n d  th en  su b lim e d  to  y ie ld  2.34 g o f  
w h ite  p ow d er : m p  15 2 .5 -1 5 3 .3 °; ir (N u jo l)  3230 (O H ), 1520 (tr ia 
z in e ), a n d  1065 c m " 1  (C O ) ; n m r (C D C 13) r  1.63 (d , 2 H , a ro m a tic  
H  o rth o  to  tr ia z in e ), 2.64 (d , 2 H , a ro m a tic  H  m e ta  to  tr ia z in e ),
5.32 (s , 2 H , b e n z y lic  - C H 2- ) ,  6 . 8 8  (s, 1 H , a lc o h o lic  H ) , a n d  7.36  
(s, 6  H , - C H 3 on  tr ia z in e ); n m r a fter  sh a k in g  w ith  D 2 0 ,  r  5 .32  (s, 
sh arper) a n d  6 . 8 8  (n e g lig ib le ).

Anal. C a lcd  for  C i 2H i 3 N 3 0 :  C , 66 .96 ; H , 6 .09 ; N , 19 .52. F o u n d : 
C , 67 .14 ; H , 6 .73 ; N , 19.23.

p-(4,6-Dimethyl-s-triazin-2-yl)benzoic Acid (6b). T o  a stirred  
so lu tio n  (0 °) o f  p o ta ss iu m  p erm a n ga n a te  (2 .25  g, 0 .014 m o l, in  225 
m l o f  fresh ly  b o ile d  w ater) w as a d d e d  s low ly  5b (2 .02  g, 0 .0093 
m o l), fo llo w e d  b y  11.2 m l o f  5%  so d iu m  h y d ro x id e . T h e  so lu tion  
w as stirred  at 0° for  3 hr, a fter w h ich  t im e  th e  so lu tio n  w as f i l 
te red  a n d  a c id ifie d  to  C o n g o  R e d  w ith  6  N  n itr ic  a c id . T h e  re su lt
in g  p re c ip ita te  w as filte red  to  y ie ld  a w h ite  so lid  w h ich  w as r e 
cry sta lliz e d  from  d ie th y le n e  g ly co l a n d  th en  su b lim e d  to  y ie ld  
0.75 g (3 5% ) o f  a w h ite  p ow d er : m p  2 9 7 .2 -2 9 9 .3 °  (sea led  c a p il 
la ry ); ir (N u jo l)  1700 ( C = 0 ) ,  1525 (tr ia z in e ), a n d  1240 c m " 1  

(C O ) ; n m r (D M S O -d e )  t  0 .69  (s, b ro a d , 1  H , c a rb o x y l H ) , 1.48 (d , 
2 H , a ro m a tic  H  o rth o  to  tr ia z in e ), 1.90 (d , 2 H , a ro m a tic  H  m eta  
to  tr ia z in e ), a n d  7 .39  (s, 6  H , - C H 3 on  tr ia z in e ).

Anal. C a lcd  fo r  C i 2H n N s 0 2: C , 62 .87 ; H , 4 .8 4 ; N , 18.32. 
F o u n d : C , 62 .88; H , 4 .8 8 ; N , 17.92.

4,fi-Bis(trichloromethyl)-2-(m-tolyl)-.s-triazdne (2a). m -T o lu -  
n itrile  (4 4 .0  g, 0 .38  m o l) an d  tr ich lo ro a ce to n itr ile  (1 0 6 .0  g, 0 .74  
m o l) w ere co m b in e d  in  a cy lin d r ica l re a ctio n  flask  a n d  d ry  h y d r o 
gen ch lo r id e  w as b u b b le d  th rou gh  th e  m ix tu re  via a s in tered  b u b 
b ler  for  5 hr (2 5 °), a fter  w h ich  the  c o n te n ts  w ere p e rm itte d  to  
sta n d  for  7 d a ys  (25°) w ith  n o  a p p a re n t resu lts. D r y  h y d ro g e n  
ch lo r id e  w as aga in  b u b b le d  th rou g h  th e  so lu tion  for  5 hr (25°) a n d  
for  0 .5  hr (40°) a fter w h ich  th e  co n te n ts  w ere c o o le d  (0 °) for  9 
d ays. T h e  u n re a cte d  liq u id  n itr iles  w ere d e ca n te d  fro m  th e  re su lt
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ing  so lid  pro duct a n d  the latter was d issolved in  ether and 
w ashed w ith 5 %  so d ium  hydroxide an d  w ith  w ater to p H  6 . T h e  
ether was d ried  ( M g S 0 4) and evaporated to y ie ld  a w h itish  so lid  
w hich  was re c rysta llize d  from absolute ethanol to y ie ld  4 1.6  g  
(2 8 % ). A d d it io n a l d ry  hydrogen chloride (10  hr, 2 5°) was added to 
the decanted n it r ile s  a n d  the resu lting  so lutio n  was perm itted to 
stand for 24 h r (0 °). T h e  resu lting  so lid  was treated as above to 
y ie ld  35.7 g (2 4 % ) : m p 8 7.4 -8 8 .6 °; ir  (N u jo l) 1550 cm  1  (triaz in e); 
n m r ( C C 1 4) t  1.6 2  (m , 2 H ,  arom atic H  ortho to tr ia z in e ), 2.64 (m, 
2 H , aro m atic H  m eta to tria z in e ), and 7.50 (s, 3 H , b enzylic  
- C H S).

A n a l. C a lc d  for C 1 2 H 7 N 3 C I 6 : C , 35.48; H , 1 .74 ; N , 10 .34; C l,  
52.44. F o u n d  C , 35.75; H ,  1 .8 1 ; N , 10.28; C l,  52.06.

4 .6 - Dimethyl-2-(m-tolyl)-s-triazine (3a). C o m p o und  3a was 
prepared in  8 6 %  y ie ld  from  2 a b y the sam e m ethod as described 
above for the preparation  of 3b. A portion of the product was re- 
crysta llize d  from  absolute ethanol and su b lim e d  to y ie ld  a w hite 
powder: m p  7 6 .0 -7 7 .2 °; ir  (N u jo l) 1528 c m ' 1  (triaz in e); n m r 
(C C U ) t  1.78  (s, 2  H , aro m a tic  H  ortho to tr ia z in e ), 2.80 (d, 2  H , 
aro m atic H  m eta to tr ia z in e ), 7.43 (s, 6  H ,  - C H 3  on tr ia z in e ), and
7.60 (s, 3 H , b e n zy lic  - C H 3 ).

A nal. C a lc d  for C 1 2 H 1 3 N 3 : C , 72.34; H ,  6.58; N , 21.0 8 . Fo un d : 
C ,  72.24; H , 6 .4 1; N , 2 1 .0 1 .

4 .6 - Dimethyl-2-(3-bromomethylphenyl)-s-triazine (4a). C o m 
pound 4a was prepared in  56% y ie ld  from  3a b y the sam e m ethod 
described above for the preparation  of 4b. A portion of the prod
uct was recrysta llized  from 95% ethanol a n d  su b lim e d  to y ie ld  a 
w hite powder: m p 76.7-78.0°; ir  ( C H 2 C 12) 1525 c m “ 1  (triaz in e); n m r 
( C C I 4 ) r  1.48 (m , 2 H , aro m a tic  H  ortho to tr ia z in e ), 2.48 (m , 2  

H, a ro m atic H  m eta to tr ia z in e ), 5.47 (s, 2  H , b e n zy lic  - C H 2 - ) ,  
and 7.36 (s, 6  H, - C H 3 on tr ia z in e ).

A n a l. C a lc d  for C i 2 H i 2 N 3 B r : C ,  5 1.8 2 ; H , 4 .35; N , 15 .10 ; B r, 
28.73. Fo u n d : C , 51.68; H , 4.73; N , 15 .0 1 ; B r , 28.67.

m-(4,6-Dimethyl-s-triazin-2-yl)benzyl Alcohol (5a). C o m 
pound 5a was prepared in  3 5 %  y ie ld  from  4a b y the sam e m ethod 
described above for the preparation  of 5b. A  portion of the lig h t 
yellow  product was re c rysta llize d  from  benzene a n d  su blim ed  to 
y ie ld  a w hite powder: m p 10 0 .0 -10 0 .7 °; ir  ( C H 2 C I 2 ) 3450 (O H ), 
1538 (triazin e), and 1062 c m - 1  (C O ); n m r ( C D C I 3 ) r  1 .5 5  (m , 2 
H , aro m atic H  ortho to tr ia z in e ), 2.48 (m , 2 H , a ro m atic H  m eta 
to tria z in e ), 5.24  (s, 2 H , b e n zy lic  - C H 2 - ) ,  6.50 (s, 1  H , a lcoholic 
H ) , and 7.36 (s, 6  H , - C H 3  on tr ia z in e ).

A n a l. C a lc d  for C 1 2 H 1 3 N 3 O : C , 66.96; H , 6.09; N , 19 .5 2. Fo un d : 
C , 66.89; H , 5.90; N , 19 .10 .

m-(4,6-DimethyI-s-trianzin-2-yl)benzoic Acid (6 a). C o m 
pound 6 a was prepared in  7 3 %  y ie ld  from  5a b y the sam e m ethod 
described above for the preparation  of 6 b. T h e  off-w hite product 
was re crysta llize d  from  d iethylen e  g lycol an d  su b lim e d  to a w hite 
powder: m p 26 3.8 -26 4 .9 ° (w ith  d a rk e nin g ); ir  (N u jo l) 2200-3500 
(broad, O H ), 15 23  (triaz in e), 1695 ( C = 0 ) ,  a n d  1240 c m ' 1  (C O ); 
n m r (D M S O -d g )  ̂ 0 .9 2 -2 .4 0  (m , 4 H , a ro m a tic  H ) , 4.0 (s, 1  H , 
very broad, carbo xyl H ) , a n d  7.32  (s, 6  H , - C H 3  on tr ia z in e ).

A n a l. C a lc d  for C 1 2 H 1 1 N 3 O 2 : C ,  62.87; H ,  4.84; N , 18.32. 
Fo un d : C , 6 3 .11 ; H , 4.93; N , 17.96.

4 .6 - Bis(trichloromethyI)-2-(p-fluorophenyl)-s-triazine (2d). 
p -F lu o ro b e n zo n itrile  (9.6 g, 0.079 m ol) a n d  trich lo ro aceto n itrile  
(22.9 g, 0 .16  m ol) were com bined in  a c y lin d r ic a l reaction flask 
and dry hydrogen ch lo rid e  was added via  a  sintered glass b ub bler 
for 5 h r (25°) per d a y  for 4 consecutive days, after w h ich  the rea c
tion was p erm itted  to stand  for 2 days at 2 5 ° a n d  8  days at 0° to 
y ie ld  a so lid  w h ich  was filtered, d issolved in  ether, an d  washed 
w ith 5 %  sodium  h ydro xide and w ith  w ater to p H  6 . T h e  ether was 
dried ( M g S 0 4) and evaporated to y ie ld  5.84 g ( 18 % )  of a  w hite 
so lid. A  portion of th is  so lid  was rec rysta llize d  from  absolute eth
anol and su b lim e d  to y ie ld  a w hite powder: m p 12 9 .0 -13 0 .6 °; ir  
(N u jo l) 1548 c m ' 1  (tria z in e ).

A n a l. C a lc d  for C u H 4 N 3 C 1 6F :  C , 32.24; H ,  0.98; N , 10 .25; C l,  
51.90. Fo u n d : C ,  32.46; H ,  1 . 1 1 ;  N , 10 .2 2 ; C l,  52.34.

4 .6 - Dimethyl-2-(p-fluorophenyl)-s-triazine (3d). C om pound 
3d was prepared from  2d by the sam e m ethod described above for 
the preparation of 3b. T h e  yellow -brow n product was th rice  s u b 
lim e d  to give 12 3  m g (4 .7 % )  of a w hite powder: m p 9 8 .4 -10 0 .2 °; ir  
( C H 2 C I 2 ) 1530 c m “ 1  (tria z in e ); n m r ( C C 1 4) r  1.40 (m , 2 H , aro 
m atic  H  ortho to tr ia z in e ), 2.83 (m , 2 H , a ro m a tic  H  m eta to t r ia 
zine) , and 7.39 (s, 6  H , - C H 3 on tr ia z in e ).

A nal. C a lc d  for C 1 1 H 1 0 N 3 F :  C , 6 5 .0 1; H , 4.97; N , 20.67. Fo un d : 
C , 65.57; H , 5 .14 ; N , 20.60.

4.6- Bis(trichloromethyl)-2-(m-fluorophenyl)-s-triazine (2c). 
m -Flu o ro b en zo n itrile  (10 .0  g, 0.083 m ol) a n d  trich lo ro aceto n itrile  
(23.9 g, 0 .17  m ol) were com bined in  a c y lin d r ic a l reaction flask 
a n d  d ry  hydrogen ch lo rid e  was added via  a s intered glass bubbler

for 10  h r (25°) per d a y  for 5 consecutive days w ith  no v is ib le  re 
su lts. A  portion (1 .7  g) of the reaction m ix tu re  was then chro m a
tographed on s ilic a  gel to y ie ld  430 m g of product w hich  was re 
crysta llize d  from absolute ethanol a n d  su blim ed  to y ie ld  a w hite 
powder: m p 7 5 .1 -7 6 .2 ° ;  ir  ( C H 2 C I 2 ) 1550 c m ' 1  (triaz in e).

A n a l. C a lc d  for C u H ^ C l e F :  C ,  32.24; H , 0.98; N , 10 .25; C l,  
51.9 0. Fo u n d : C , 32.30; H , 1.05; N , 10 .53; C l,  5 1.6 2.

4,6-Dimethyl-2-(m-fluorophenyl)-s-triazine (3c). Com pound 
3c was prepared from  crude 2c b y  the sam e method described 
above for the preparation of 3b. T h e  off-w hite so lid  was re c ry s ta l
lize d  from absolute ethanol and su b lim ed  to y ie ld  250 m g of a 
w hite powder: m p 1 2 0 .5 -1 2 1 .3 ° ;  ir  (CH2CI2) 1538 c m - 1  (triaz in e); 
n m r (CDCI3) r  1 .7 5  (m , 2 H , aro m a tic  H  ortho to tr ia z in e ), 2.65 
(m , 2 H , a ro m atic H  m eta to tr ia z in e ), and 7.35 (s, 6  H , -CH 3 on 
tr ia z in e ).

A n a l. C a lc d  for C 1 1 H 1 0 N 3F :  C ,  6 5 .0 1; H , 4.97; N , 20.67. Fo un d : 
C ,  65.57; H , 5.04; N , 20 .71.
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A reexamination of several reports on the apparently anomalous behavior of indene oxide in ring opening reac
tions has revealed some experimental deficiencies and dubious interpretations and shown that this epoxide be
haves in the normal way expected for an aryloxirane, giving both cis and trans adduct in ratios which are depen
dent on the reagent and the solvent.

Back in 1928 Boeseken1 reported on a rather awkward 
dependence of the steric course of the hydrolysis of indene 
oxide ( 1 ) on such factors as reaction time and temperature, 
type and concentration of the acid catalyst, etc. Some 
much more recent reports2’3 confirmed several anomalies 
and implied that ring opening reactions of 1 may deviate 
considerably from the normal and by now thoroughly in
vestigated behavior of aryl-substituted epoxides. A recent 
paper by Gagis, Fusco, and Benedict,3 stating that 1 reacts 
with benzoic acid in chloroform to give exclusively anti 
opening products, induced us to reexamine this reaction, 
because of our long-standing interest in the reactions of ar- 
yloxiranes and because the authors took issue with some of 
the conclusions reached by our group in one of our early 
papers on this topic ,4 which were repeatedly confirmed by 
several later papers5’6 that apparently escaped their atten
tion; they conclude their paper by stating that on the basis 
o f the exclusive formation of trans adducts in the ring 
opening o f indene oxide in aprotic nonacidic solvents “ the 
reaction mechanism is of an Sn 2 order, which is considered 
the normal course for ring openings of epoxides,” a state
ment that may be true for purely aliphatic epoxides, but 
certainly not for aryloxiranes.6

The reaction o f 1 with benzoic acid in chloroform was 
carried out as much as possible according to the described 
method (the amount of benzoic acid was not indicated in 
the experimental part of the paper). The crude reaction 
product was reduced with LiAlH4, basic hydrolysis being 
avoided in order to prevent any change in configuration 
through displacement of the benzoyloxy group, or hydroly
sis o f any epoxide which could still be present. Glpc analy
sis showed that both the trans and cis diols 2 and 3 were 
present, in a ratio of 64:36. We think that in the previous 
work3 the formation of 3 was overlooked because glpc was 
apparently not used, and the absence of 3 was deduced 
from the exclusive isolation of 2 , but in an overall yield of 
only about 66%.

9 «  OHOO (Ql9 >-0H 0 Cy-OH
1 2 3

We also investigated the reaction o f 1 with trichloroace
tic acid in several different solvents, since this acid usually 
gives higher amounts of cis adducts with aryloxiranes than 
weaker acids. 53’7 The data in Table I show that the trans/ 
cis ratio is really lower, ranging from 56:44 in carbon tetra
chloride to 38.5:61.5 in methylene chloride. Such a solvent 
dependence has been observed before by us in other epox
ide ring opening reactions, and was interpreted in terms of 
different solvation of the cationic intermediate.5d’f’£

It can therefore be concluded that the statement quoted

Table I
Ratios of Trans to Cis Adducts in the Ring 

Openings of Indene Oxide
Trans/cis

Acid Solvent ratio

C6H5COOH CHCI3 64:36
CChCOOH Cyclohexane 55:45

CCh 56:44
C6H 6 48 .5 :51 .5
CHCI3 47:53
CH 2C12 38.5 :61 .5

0.1 N  H„S04 h 2o 31:69
1  N  H 2S 0 4 h 2o 31:69
HCOOH HCOOH 25:75

above is not correct, and that indene oxide behaves in its 
ring opening reactions with carboxylic acids in aprotic sol
vents quite normally as an aryloxirane. These results can 
be compared, at least qualitatively, if not quantitatively, 
because of the different geometries and rigidities, to those 
obtained with styrene oxide. 53 These reactions cannot be 
considered “ of an Sn 2  order,”  but rather as ones that pro
ceed, at least in part, through ion pairs (4) collapsing to cis 
adducts, with the amount o f benzylic bond breaking in the 
transition state depending on the strength of the acid and 
on the type of solvent. It may also be mentioned that 1 has 
been found to give with hydrogen chloride in dioxane a 75: 
25 ratio o f trans- to ci's-l-chloro-2-indanol.8

We also decided to check the literature reports on the 
very irregular behavior of indene oxide in its hydrolysis 
reactions. According to Boeseken1 the diols 2 and 3 are ob 
tained in amounts ranging all the way from the exclusive 
formation o f the trans diol 2  ( 1 1  months in neutral water) 
to that of the cis diol 3 (45 min in N /60  acetic acid), inter
mediate ratios being obtained at different reaction times, 
temperatures, and acid concentrations. Partial support to 
these results was recently given through glc analysis,2 when 
it was shown, for instance, that the ratio of 2 to 3 formed in 
the sulfuric acid catalyzed hydrolysis o f 1 changed from 
61.5:38.5 to 45:55 simply on passing from 1 to 0.1 IV acid. 
Since such a relevant effect of the acid concentration had 
never been observed by us in other epoxide ring opening 
reactions, we repeated the hydrolysis o f 1 in 0.1 and 1 N  
sulfuric acid at room temperature, and not at reflux as re
ported .2 Under these conditions we found no dependence 
on acid normality, 2 and 3 being observed in a 31:69 ratio in 
both cases. The previously reported differences are there
fore clearly not due to an influence o f the pH o f the m edi
um on the primary hydrolysis reaction, but rather to secon
dary transformations o f the glycols at the higher tempera
tures and reaction times. It has been known for a long 
time9 that 2 and 3 equilibrate under acidic catalysis, and 
that the cis diol 3 is slowly converted into 2-indanone. We 
actually found that a 1-hr reflux o f 2 and 3 in 1  N  sulfuric 
acid in dioxane-water gave mixtures o f 2 and 3 in ratios of
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about 7:3 together with 2-indanone, the amount of which 
was higher when starting from 3 than from 2, in accordance 
with the fact that only the cis diol is directly converted into 
the ketone, as would be expected for a concerted trans 
elimination, or, more likely, for a concerted 1,2 hydride 
shift. The latter results are also in contrast with the state
ment by Rosen, Dorfman, and Linfield10 that 2-indanone is 
formed at the same rate from 2, 3, and from the corre
sponding 2-formyl esters. This was apparently deduced on 
the basis of very rough data that showed similar yields of 
ketone from all four substrates after 30-min reflux in 25% 
or more concentrated sulfuric acid, and taken as a proof 
that in all four cases the reaction proceeds through open 
carbonium ions. Beside the fact that under these condi
tions the formate esters were certainly hydrolyzed to the 
glycols much faster than they were rearranged, so that the 
substrates were actually two, and not four, the reaction 
conditions were so drastic that equilibration of 2 and 3 cer
tainly took place before rearrangement. The more accurate 
older kinetic measurements,911 as well as our observations, 
clearly demonstrate that the rearrangement of 2 requires 
prior conversion into 3, and that a free carbonium ion, 
which would be common to 2 and 3, is not involved.

The same paper10 also reported that the reaction of in
dene with peroxyformic acid gave almost exclusively cis ad
ducts (3 and the corresponding 2-formyl ester 6) with less 
than 5% trans adducts. On the basis of this result it was 
proposed that the reaction takes place through a concerted 
attack by the peroxy acid, such as that shown in 7, with for
mation of the 2-formate as a primary product, rather than 
by the primary formation of the epoxide 1, followed by ring 
opening through attack by formate at the benzylic carbon 
to give 5 and by a 1,2-acyl shift, which should be very rapid 
in the acidic medium.5’7b'u  The former hypothesis was pre
ferred on the basis of the fact that the product composition 
of the indene-peroxyformic reaction was reported to be 
very different from that of the indene oxide-formic acid 
reaction. Since the latter composition was not specified, we 
also checked this point and found that the reaction of in
dene with peroxyformic acid, under the reported condi
tions,10 gave after hydrolysis of the crude reaction mixture 
the diols 2 and 3 in a ratio of 15:85 (that is, much more of 
the trans isomer than reported), whereas the reaction of in
dene oxide with formic acid under conditions reproducing 
as much as possible those of the peroxyformic acid oxida
tion yielded the same two diols in a ratio of 25:75. Exami
nation of the crude reaction mixtures from the two reac
tions by glc before hydrolysis revealed in both of them the 
presence of seven peaks, three of which were identified as 
due to the cis diol 3, its 2-formate ester 6 (main product) 
and the trans diol 2; the other four peaks were probably 
due to the other three possible monoformates and to the di
formate, since only the two diols, traces of 2-indanone, and 
no other products were obtained after hydrolysis. The rela
tive intensities of some of the peaks were a little different 
in the crudes from the two types of reactions, but the ratios 
of the cis 2-formate (6, the main product) to the cis diol 
were the same. Since a primary attack of formic acid at the 
nonbenzylic 2 position of the epoxide is extremely unlikely, 
the latter results indicate that the large amount of 6 in the 
reaction product from indene and peroxyformic acid can in 
no way be taken as a proof of the concerted mechanism 7. 
The distribution of the diols and mono- and diformates 
rather appears to be due to a secondary equilibration in the 
formic acid-water medium, involving esterifications, hy
drolyses, and acyl shifts, but not changes in relative config
urations. The difference in the ratios of trans to cis adducts 
we have observed in the two types of reaction could imply

for the peroxyformic acid oxidation a mechanism not in
volving the free epoxide as an intermediate, but we are 
rather inclined to assume, in view of the small size of this 
difference, that it stems from the difficulty in reproducing 
the exact experimental conditions in the two different 
types of reactions.

4

Experimental Section
M e ltin g  po ints were taken on a K o fle r block. G a s - l iq u id  ch ro 

m atographic analyses were carried  out on a C a rlo  E rb a  Fra cto vap  
M o del G . V . equipped w ith a flam e io n izatio n  detector and w ith 
2 -m  glass colum ns. T h e  m ixtures of the d io ls  2 and 3, 2 -in d a n o l, 
and 2 -in d a n o n e  were analyzed on a colum n of 5 %  D C -5 5 0  s ilico n e 
o il on 8 0 -10 0  m esh s ila n ize d  Chro m osorb  W : in je cto r b lock tem 
perature 16 0 °, co lum n tem perature 10 0 °, n itrogen flow 35 m l/m in ; 
re lative  retention tim es of 2-in d a n o n e , 2 -in d a n o l, 3, and 2, 1 :1 .1 :
3.4-.4.1. P etro leu m  ether refers to the fra ctio n  of bp 3 0 -5 0 °. M g S 0 4 

was alw ays used as the d ry in g  agent in  w o rk-u p  procedures. S o l
vents used in  the rin g  opening reactions were d ist ille d  from  P 2O 5 .

Starting and Reference Compounds. 1 ,2 -E p o x y in d a n  (1), m p
2 9 -3 0 °  (from  petroleum  ether) ( l it .3  m p 3 0 °) , was obtained b y cy - 
c lizatio n  of ira ra s -2 -b ro m o -l-in d a n o l w ith  base . 3 T h e  latter com 
pound was prepared b y the fo llow ing m o d ificatio n  of the m ethod 
of S u te r and M iln e .9b A  solution  of indene (20 g, 0 .18  m ol in  8 : 2  d i-  
o xane-w ater, v /v , 480 m l) was treated w ith  IV-brom oacetam ide 
(26.2 g, 0 .19  m ol) in  1 :1  d io xa n e -w a te r (300 m l), heated for 10  m in  
on a steam  bath, and then poured onto ice to give the so lid  crude 
b ro m o h yd rin  (32 g), after crysta lliza tio n  from  ethanol, m p 1 2 7 -  
128degr ( lit .9b m p 1 2 6 -1 2 7 °) .

ir a ra s -l,2 -In d a n d io l (2) was prepared b y  5 -h r  reflux  of the epox
ide 1 (2.0 g) in  2 N  aqueous K O H  (200 m l), follow ed b y saturatio n  
w ith  N a C l,  extraction w ith  ether, and crysta lliza tio n  from  toluene, 
m p 1 5 8 -1 6 0 ° ( lit . 3 '10  m p 1 5 7 -1 5 9 °) .

C i's -2 -F o rm y lo x y -l-in d a n o l (6), m p 1 2 5 - 1 2 7 °  ( lit .10 m p 1 3 2 -  
1 3 4 °) ,  was prepared accord ing to R osen, D o rfm a n , and L in f ie ld 10 
and converted into c is - l,2 - in d a n d io l (3), m p 9 8 -1 0 0 ° ( lit .10 m p
9 9 -1 0 1 °) .

2 -In d a n o n e , m p 5 0 -5 2 °  ( lit . 1 2  m p 5 7 -5 8 °) ,  was obtained from  1 
(0.50 g) in  d ry  benzene (25 m l) through treatm ent w ith boron t r i 
f lu o rid e -e th y l ether com plex (0.58 m l) for 5 m in , w ashing w ith 
aqueous N a H C O a , evaporation, and c rysta lliza tio n  from  petroleum  
ether.

2 -In d a n o l, m p 6 7 -6 8 ° ( l it . 1 3  m p 6 9 °) , was obtained b y lith iu m  
a lu m in u m  h yd rid e  reductio n of a so lution  of 2 -in d an o n e in  ether, 
follow ed b y decom position of the excess of h yd rid e  w ith the m in i
m um  am o unt of w ater and 2 N  N a O H .

Reaction of 1 with Benzoic Acid. A  so lu tio n  of 1 (0.250 g, 1.9 
m m ol) and benzoic a c id  (0.250 g, 2.0 m m ol) in  ne u tra l, d ry  C H C 1 3 

(3 m l) was allow ed to stand for 3 days at room  tem perature and 
then d ilu te d  w ith  m ore C H C I 3  (10  m l) and washed w ith  saturated 
aqueous N a H C O j (3 m l). T h e  w ashing was extracted w ith  three
10 -m l portio ns of C H C I 3  and the com bined organic layers were 
d ried  and evaporated to give a residue of benzoic esters (0.41 g). 
L iA l H 4 (0.4 g) was added in  sm a ll portions to a so lution  of th is  res
id ue  in  d ry  te trahyd ro fu ran  (15  m l). A fte r a  3 0 -m in  reflux  the ex
cess o f h y d rid e  was decom posed w ith  the m in im u m  am o unt of 
w ater and 2 N  N a O H , the s lu rry  was filtered , and the so lid  residue
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was washed four times with portions of 25 ml of warm tetrahydro- 
furan. The combined organic solutions were dried and evaporated 
under reduced pressure. The residue was analyzed by glc and 
shown to contain the glycols 2 and 3 in a ratio of 64:36. This ratio 
did not change when a similar reaction mixture was left at room 
temperature for 80 days and then worked up as above. When the 
reaction was conducted in a more dilute solution (1.13 mmol of 1 
and 1.24 mmol of benzoic acid in 15 ml of CHCI3 for 20 days at 
room temperature) the ratio of 2 to 3 was 71:29. In all cases glc re
vealed the presence of some 2-indanol (5-10%), which could derive 
either from some unreacted epoxide or from some 2 -indanone in 
the primary reaction products.

Reactions of 1 with Trichloroacetic Acid. These reactions 
were carried out in carefully dried vessels and solvents in the fol
lowing way. A solution of 1 (0.53 mmol) in the appropriate solvent 
(7 ml) was treated with trichloroacetic acid (0.58 mmol) as a ca. 1 
M  solution in the same solvent, left at room temperature for 24 hr, 
and then evaporated in  uacuo.14 The residue was taken up in dry 
tetrahydrofuran (15 ml), treated with lithium aluminum hydride 
(0.300 g), and refluxed for 30 min. Work-up was carried out as in 
the case of the benzoic acid reaction. The ratios of 2 to 3 obtained 
by glc are shown in Table I. Amounts of 2-indanone (revealed as 
2-indanol), ranging from 13 to 20%, were also found.

Hydrolysis of 1. A suspension of 1 (0.100 g) in 0.1 or 1 N  aque
ous H2SO4 (10 ml) was stirred for 24 hr at room temperature and 
then made alkaline with NaHCCL, saturated with NaCl, and ex
tracted with five 25-ml portions of ether. The residue obtained 
after evaporation of the dried extract was analyzed by glc; see 
Table I. The diols 2 and 3 were found to be stable under the reac
tion conditions. Small amounts of 2-indanone (1 and 4% in the 
reactions carried out in 0.1 and 1 N  H2SO4, respectively) were 
found.

Equilibration and Rearrangement of 2 and 3. Solutions of 
each of the diols (50 mg) in 1 N  H2SO4 in 75:25 dioxane-water (v/ 
v, 5 ml) were refluxed for 1 hr and then worked up as above. Glc 
analysis gave the following results: from the trans diol 2, 7% 2- 
indanone, 93% 2 + 3 (ratio 67:33); from the cis diol 3, 18% 2-indan
one, 82% 2 + 3 (ratio 69:31).

Comparison between the Reactions of Indene with Peroxy- 
formic Acid and of 1 with Formic Acid. A. A mixture of 90% 
formic acid (7 ml), water (0.36 ml), and 35% hydrogen peroxide 
(1.2 ml) was heated at 35° for 15 min. Indene (1.16 g, 10 mmol) was 
then slowly added under stirring, while the temperature was kept 
at 35-40°. Stirring was continued for 1 hr at 35°, then at room 
temperature for 1 night. NaOH (6 N, 25 ml) was added; the mix
ture was heated at 90° for 3 hr, cooled, saturated with NaCl, and 
extracted with six 30-ml portions of ether. The dried extract was 
evaporated; glc analysis of the residue revealed the presence of 2 
and 3 in a ratio of 15:85.

In a second run, with the same amounts of reagents and reaction

conditions, the reaction product was not treated with base, but in
stead diluted with water (10 ml), saturated with NaCl, and extract
ed with five 30-ml portions of ether. The ether extracts were 
washed with water (2  X  25 ml), saturated NaHCOs (6 X  10 ml), 
and water (5  ml). The combined washings were extracted again 
with three 20-ml portions of ether, all the ether solutions were 
combined and evaporated, and the residue was examined by glc. 
The results are discussed in the introductory part.

B. The reactions were repeated under exactly the same condi
tions as in A, except for the reagents, that were 90% formic acid (7 
ml), water (1.33 ml), 35% hydrogen peroxide (0.22 ml), and 1,2- 
epoxyindane (1.32 g, 10 mmol). In the hydrolyzed crude product 2 
and 3 were present in a ratio of 25:75.
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A synthesis of cyclic ethers of ring size n = 8, 9, and 10 as an.alternative, convenient route to Ziegler’s high- 
dilution technique is described. It is based on the highly favorable cyclization of o-(w-bromoalkyl)phenate ions
(2) in DMSO solution to yield 3,4,5,6-tetrahydro-2f/-l-benzoxocin (4, n = 8), 2,3,4,5,6,7-hexahydro-2H-l-ben- 
zoxonin (4, n = 9), and 3,4,5,6,7,8-hexahydro-2/7-l -benzoxecin (4, n — 10). The formation of varying amounts of 
isomeric alkenylphenols as by-products is recorded and discussed. Two alternative routes to the open-chain pre
cursors from w-X-alkyl o-anisyl ketones (6 and 12) are compared. In one of them the interesting competitive cy
clization of 5-bromopentyl o-hydroxyphenyl ketone to cyclopentyl o-hydroxyphenyl ketone (9) is observed.

In the course of our investigation on the kinetics of ring monoethers,2 3 and 4, respectively, cyclization on a pre
closure of the anions derived from co-bromoalkoxy- and w- parative scale of compounds 2 , n =  8 , 9 , and 1 0 , to the
bromoalkylphenols, 1 and 2 , to the cyclic diethers1 and corresponding new macrocyclic monoethers3 4 was re-
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quired. This could be accomplished by the high-dilution 
method given by Ziegler, Liittringhaus, and Wohlgemuth4 
for the cyclization of 1, n = 7-14, in boiling amyl alcohol 
in the presence of an excess solid K 2 C O 3 . However, the 
high-dilution technique suffers from long reaction times, 
large volumes of solvent, and an awkward set-up for the 
slow addition of the reagent to the reaction medium,5 so 
that a more expeditious, less cumbersome procedure was 
highly desirable. Preliminary kinetic data showed that in
tramolecular alkylation of phenoxides occurred in DMSO 
some 104 times as fast as in aqueous ethanol, the t1/2 for 
the cyclization of compounds 2, n = 8, 9, and 10, being 
about 0.3, 3, and 2 min at 30°, respectively. This finding 
led us to an alternative method for the preparation of the 
three cyclic ethers 4, n = 8, 9, and 10, involving the cycli
zation of the corresponding w-bromoalkylphenols in 
DMSO by conventional procedures and apparatus and 
under mild conditions. Thus, since the reactants could be 
mixed in a relatively concentrated state and the addition 
times were as short as 1 hr, the high-dilution technique 
was avoided.

The results are reported in Table I. The yields are satis
factory in two out of the three reactions. With n = 8 and 9 
the cyclic ether is accompanied by an open-chain isomer, 
the alkenylphenol 14, to a different extent. Since the 
eight-membered ring is formed significantly faster than 
the nine- and ten-membered homologs and identical ex
perimental conditions were adopted in all cases, a second- 
order (¡-elimination reaction of the E2 type with OH- as a 
base may be ruled out, because it should compete the 
more favorably the slower the cyclization reaction, yield
ing the greatest amount of 14 for n = 9. The fact that just 
the opposite is observed indicates that an intramolecular 
(¡-elimination reaction is likely to be responsible for olefin 
formation, the phenoxide oxygen acting as a base. It 
should be noted that olefins were also found to accompany 
eight- and nine-membered ring formation in the closely 
related reaction l .1 The high intramolecular elimination/ 
intramolecular substitution ratio observed is probably due 
to a steric congestion in the transition states leading to 
the eight- and nine-membered rings of both series, as 
strongly supported by our kinetic data.1 ’2

For the syntheses of the bifunctional precursors the al
ternative routes reported in Scheme I were first attempted 
in the case of n = 9. Compound 6 was readily prepared by 
standard methods. However, Clemmensen reduction of 7

Table I
Products Obtained from Reaction of

o-(w-Bromoalkyl)phenols 2 with Sodium Hydroxide 
in DMSO at 55°

Scheme I
-OCH3 1. BBr3

2 .  H. 0
.OH

'C(CH2)5Br y C H 2)5Br

OO
6 7

I  reduction

„  base
2, n = 9 ----- ► 4, n = 9

to 2, n = 9, was unsuccessful, as the reduced phenolic 
material did not contain any bromine. Moreover, treat
ment of 7 with base under varying experimental condi
tions gave only low yields of the expected macrocyclic 
keto ether, 3,4,5,6-tetrahydro-2H-l-benzoxonin-7-one (8), 
the major product being cyclopentyl o-hydroxyphenyl ke
tone (9), presumably formed via a carbanion intermedi
ate. Thus, it appears that the lower acidity of the «-meth
ylene group as compared to that of the phenolic hydroxyl 
is more than offset by the extremely greater ease of cycli
zation to a five-membered ring rather than to a nine- 
membered one. An analogous phenomenon was recently 
reported by Greco and Warchol,8 in connection with the 
unexpected formation of a five-membered ring instead of 
a larger one.

Protection of the -CH2Br function by phenoxylation to
gether with the proper modifications of Scheme I resulted 
in a substantial improvement, the above complications 
being thus avoided (Scheme II, n = 8, 9, and 10). Huang- 
Minlon reduction of ketones 12 gave the diethers 13 in 
fairly good yields. A simultaneous cleavage of both ether
eal functions of the latter compounds was achieved by 
treatment with 2 equiv of BBr3 and afforded the desired
0- (oi-bromoalkyl) phenols.

Scheme II

1. BBr3
2- HjO Na OH, aq DMSO

13  * 2 -----— -------» 4 +

13
OH

(CH2)„.5CH=CH,
14

-Products, %°----------

0- (w-Bromoalkyl) phenol nb
Cyclic 
ether 4

Alkenylphenol
14

0- (5-Bromopentyl) phenol 8 30 56.5
o-(6-Bromohexyl)phenol 9 62 11.5
0- (7-Bromohepty 1) phenol 1 0 82 None

0 Per cent of actually isolated products as based on the 
starting phenol. b Size of ring formed.

Experimental Section
Infrared spectra were obtained on a Perkin-Elmer 257 spectro

photometer, from 2% solutions in CCI4. Proton magnetic reso
nance spectra were obtained in CCI4 solutions either on a Varian 
A-60 or Jeol JNM-C60HL spectrometer, using TMS as the inter
nal standard. Mass spectra were performed on a AEI MS 12 spec
trometer. The preliminary rate experiments for the cyclization of 
compounds 2 were performed by monitoring the disappearance of
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the phenoxide ions absorption at either 263 or 312 nm on a Beck
man DB GT spectrophotometer.

1,4-Dibromobutane (Fluka), 1,5-dibromopentane (Fluka), 1,6- 
dibromohexane (Merck), o-bromoanisole (Fluka), boron tribro
mide (Merck), and phenol (Erba RP) were all commercial samples 
and used as such.

The purity of synthesized compounds was thoroughly checked 
by tic using several eluents.

o-Hydroxyphenyl 5-Bromopentyl Ketone (7). Treatment of
1,5-dibromopentane with KCN in water-ethanol7 gave 6-bromo- 
hexanenitrile (5) in 31% yield, bp 80° (2 mm), n19d 1.4777. Inter
action of 5 with the Grignard reagent derived from o-bromoani- 
sole, followed by acid hydrolysis,8 afforded 5-bromopentyl o-ani- 
syl ketone (6) in 52% yield, ir 1675 cm" 1 (C—O). Demethylation 
of 6 to 7 was effected in 73% yield by treatment with slightly 
more than the equimolecular amount of BBr3 in dry CH2CI2 at 
-20 ° . 9 Compound 7 was crystallized from methanol: mp 44.5-45°; 
ir 1640 (C =0), 3000-3500 cm" 1 (OH, very broad); pmr 5 12.2 (s, 
1 H, OH), 6 .6-7.8 (m, 4 H, nuclear protons), 3.35 (t, 2 H, COCH2 
protons), 2.95 (t, 2 H, CH2Br protons), 1.4-2.1 (m, 6 H, “ central” 
methylene protons).

Cyclization Experiments with 7. These were effected by treat
ment with base under various experimental conditions, i.e., (i) 
anhydrous K2CO3 in boiling dry amyl alcohol under high-dilution 
conditions;4 (ii) NaOH in refluxing 1-butanol, 20 hr; (iii) NaOH 
in boiling 75% ethanol, 7 hr; (iv) NaOH in 95% aqueous DMSO 
at 70°, 5 hr. The crude reaction products showed in all cases in 
the ir spectra a very broad hydroxyl absorption at 3000-3500 
cm" 1 together with two carbonyl absorptions at 1640 and 1675 
cm "1. The lower frequency band was the more intense one. Chro
matography on silica gel (eluent CHCI3) of the crude product 
coming from the reaction carried out in 75% ethanol allowed the 
elution of the following components as separate, pure (tic) frac
tions in the given order. Cyclopentyl o-hydroxyphenyl ketone (9), 
47.5% yield, and 3,4,5,6-tetrahydro-2H-l-benzoxonin-7-one (8), 
23% yield. Structure assignments were effected on the basis of 
spectral data. Compound 9: ir 3000-3500 (OH), 1640 cm" 1 
(C = 0); pmr b 12.4 (s, 1 H, OH), 6 .6-7.8 (m, 4 H, nuclear pro
tons), 3.2-4.0 (m, 1 H, a carbonyl proton), 1.3-2.3 (m, 8 H, cyclo
pentyl methylene protons). Compound 8 : ir 1675 cm 1 (C =0); 
pmr b 6 .7-7.7 (m, 4 H, nuclear protons), 4.1 (m, 2 H, CH2O pro
tons), 3.0 (m, 2 H, COCH2 protons), 1.7 (m, 6 H, “ central” meth
ylene protons). In the mass spectrum both isomers showed a mo
lecular peak at m/e 190 (calcd, 190), together with a base peak at 
m/e 1 2 1 , probably due to the fragment 0-HOC6H4CO +.

o-(a)-Bromoalkyl)phenols (2, n = 8 , 9, and 10). u-Phenoxy 
bromides 10 were obtained by the reaction of sodium phenoxide 
with the appropriate a,w-dibromoalkane with a procedure derived 
from that of Marvel and Tanenbaum,10 the major difference 
being that longer reaction times were used, namely 5, 7.5, and 20 
hr for n = 8, 9, and 10, respectively. The compounds were puri
fied by fractional distillation: compound 10, n = 8 , 65% yield, bp 
110-123° (2.5 mm), mp 37.5-39.5°; compound 10, n = 9, 52% 
yield, bp 126-130° (2 mm), n27n 1.5446; compound 10, n = 10, 
73% yield, bp 107-112° (0.2 mm), n 2 7  D 1.5291. Treatment of such 
compounds with KCN gave nearly quantitative yields of the phe- 
noxy nitriles 11, ir 2250 cm" 1 (C=N). The crude nitriles 11 were 
converted as above (see formation of 6 from 5) to the correspond
ing ketones 12  in 90% yield, ir 1680 cm" 1 (C = 0). The crude ke
tones were reduced to the diethers 13 in about 55% yield by the 
Huang-Minlon modification of the Wolff-Kischner reduction. The 
diethers were purified by chromatography on silica gel using 
CHCH-light petroleum (2 :1 ) as eluent: n = 8, u28d 1.5497; n = 9, 
n28D 1.5470; n = 10, ra28D 1.5384. Treatment with 2 equiv of BBr39 
gave 2, n = 8, 9, and 10, in 53, 60, and 75% yield (16, 16, and 28% 
overall yield), respectively. After work-up of the reaction 
mixtures the crude reaction products were dissolved in light pe
troleum and repeatedly washed with water in order to remove 
phenol, until a negative test with FeCl3 was obtained in the 
aqueous washings. After drying over anhydrous sodium sulfate 
and removal of the solvent, the product was purified by fractional 
distillation: compound 2, n = 8, bp 127-133° (1 mm), n 24-5D 
1.5549; compound 2, n = 9, bp 153-157° (1 mm), rt24-5D 1.5471; 
compound 2, n = 10, bp 137-140° (0.2 mm), n24-5D 1.5420. All 
three compounds showed the expected ir and pmr spectra: ir 3605 
cm" 1 (OH); pmr b 6 .5-7.2 (m, 4 H, nuclear protons), 4.9 (s, 1 H,

OH), 3.35 (t, 2 H, -CH2Br), 2.4-2.8 (distorted t, 2 H, benzylic 
CH2), 1 .2- 2 .1  (m, “ central” methylene protons).

Anal Calcd for CnHisBrO, n = 8: C, 54.34; H, 6.22; Br, 32.86. 
Found: C, 54.49; H, 6.41; Br, 32.72. Calcd for Ci2Hi7BrO, n = 9; 
C, 56.04; H, 6.63; Br, 31.07. Found: C, 56.00; H, 6.60; Br, 31.11. 
Calcd for C13Hi9BrO, n = 10: C, 57.58; H, 7.06; Br, 29.46. Found: 
C, 57.55; H, 7.16; Br, 29.41.

Cyclization of Compounds 2, n = 8, 9, and 10. To 100 ml of
DMSO 2.5 ml of 40% (w/w sodium hydroxide was added with stir
ring. To the vigorously stirred suspension heated to 55° about 8 
mmol of 2 in DMSO (50 ml) was added dropwise over 1 hr. Heating 
and stirring was continued for additional 30 min. When cold, the 
yellow-brown mixture was diluted with water, made strongly al
kaline with sodium hydroxide, then repeatedly extracted with 
hexane; the combined extracts were washed with water and dried 
over anhydrous sodium sulfate and the solvent was removed by 
distillation. Chromatography of the residue on silica gel, eluent 
CHCH-light petroleum (1:1), afforded the cyclic ethers 4, n = 8 , 9, 
and 10. The yields are reported in Table I. Analytical samples were 
obtained after one distillation: 3,4,5,6-tetrahydro-2if-l-benzoxocin 
(4, n = 8), bp 82° (1.8 mm), r 19d  1.5353; 2,3,4,5,6,7-hexahydro-l- 
benzoxonin (4, n =  9), bp 101° (1.8 mm), mp 29-31°, ra19D 1.5394 
(supercooled liquid); 3,4,5,6,7,8-hexahydro-2H-l-benzoxecin (4, 
n = 10), bp 111° (1.6 mm), «19d  1.5410.

Any phenolic material present in the above alkaline solution 
was recovered by acidification with concentrated hydrochloric 
acid, followed by ether extraction. After the usual work-up, elu
tion with chloroform on silica gel yielded the pure alkenylphenols 
14, n = 8 and 9. No definite product was isolated for n = 10. 
Yields are reported in Table I. For analytical purposes, the com
pounds were further purified by distillation: o-(4-pentenyl)phenol 
(14, n = 8), bp 104° (1.8 mm); o-(5-hexenyl)phenol (14, n = 9), 
bp 115° (1.5 mm).
. Structure assignments for both the cyclic ethers and alkenyl

phenols were made on the basis of spectral data and elemental 
analyses: cyclic ethers 4, n = 8, 9, and 10, pmr b 6.6-7.2 (m, 4 H, 
nuclear protons), 4.15 for n = 9 and 10, 3.95 for n = 8 (m, 2 H, 
-CH20), 2.7 (m, 2 H, benzylic protons), 1.2-2.0 for n = 8 and 9 
and 0.8-2.0 for n = 10 (m, “ central” protons); alkenylphenols 14, 
n = 8 and 9, ir 3605 (OH), 1640, 990, 915 cm" 1 (-CH=CH2); pmr 
b 6.4-7.1 (m, 4 H, nuclear protons), 5.2-6.1 (m, 1 H, vinylic pro
ton), 4.6-5.1 (m, 2 H, terminal vinylic protons), 5.0 for n = 8 and
4.7 for n = 9 (1  H, OH, superimposed to terminal olefinic pro
tons), 2.25 (distorted t, 2 H, benzylic protons), 1.2-2.3 (m, allylic 
and “ central” protons).

Anal. Calcd for C1 1H14O: C, 81.44; H, 8.70. Found for 4, n = 8 : 
C, 81.31; H, 8.63. Found for 14, n = 8 : C, 81.28; H, 8.71. Calcd for 
Ci2H160: C, 81.77; H, 9.15. Found for 4, n = 9: C, 81.71; H, 9.14. 
Calcd for C13H18O: C, 82.06; H, 9.53. Found for 4, n = 10: C, 
81.87; H, 9.67.

Registry No.—2 (n = 8), 51795-89-2; 2 (n = 9), 51795-90-5; 2 (n 
= 10), 51795-91-6; 4 (n = 8), 51060-43-6; 4 (n = 9), 51795-92-7; 4 (n 
= 10), 51795-93-8; 5, 6621-59-6; 6, 51795-94-9; 7, 51821-14-8; 8, 
51795-95-0; 9, 51795-96-1; 10 (n = 8), 22921-72-8; 10 (n = 9), 
51795-97-2; 10 (n = 10), 51795-98-3; 13 (n = 8), 51795-99-4; 13 (n =
9), 51796-00-0; 13 (n = 10), 51796-01-1; 14 (n = 8), 51796-02-2; 14 (n 
= 9), 51796-03-3.
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The reaction of 2-halo-2-methylpropanal (1) with acylacetate (2) in basic media has been investigated. In 
nonaqueous media, tautomeric mixtures of 4-substituted 2,2-dimethyl-3-ethoxycarbonyl-4-oxobutanal (3) and
5-substituted ethyl 2-hydroxy-3,3-dimethyl-2,3-dihydrofuran-4-carboxylate (4) were obtained. When kept for 2 
weeks at room temperature, this mixture equilibrated to give mainly 4. The cyclic hemiacetal 4 can be recon
verted partly to 3 by heating. The chromic acid oxidation of 4 gave y-substituted a,«-dimethyl-/3-ethoxycar- 
bonyl-A^r-butenolide (5). In aqueous media, the enolate anion of 2 attacked the carbonyl carbon of 1 to give 
a-acyl-/3-acylethoxycarbonylmethyl-7 ,y-dimethyl-7 -butyrolactone (9). Compound 9 was decomposed to 2 and 
a-acyl-7 ,7 -dimethyl-A“ 's-butenolide (8) when heated at 160-170° under reduced pressure. The butenolide 8 
readily reacted with 1 mol of acylacetate in aqueous K2CO3 to regenerate the saturated butyrolactone 9. While 
the alkaline hydrolysis of « -acetyl-(f-acetylethoxycarbonylmethyl-7 ,7 -dimethyl-7 -butyrolactone (9a) underwent 
both deacylation in the side chain and deacylation at the a position of the lactone ring to give terpenylic acid (II), 
that of a-benzoyl-|8-benzoylethoxycarbonylmethyl-7 ,7 -dimethyl-7 -butyrolactone (9b) afforded d-phenacyl-7 ,7 - 
dimethyl-7 -butyrolactone (10 ) as a result of decaylation only at the a position of the lactone ring.

We have been studying the reactions of «-halo aldehyde 
with active hydrogen compounds.2-4 In the previous 
paper,4 we reported the reaction of 2-halo-2-methylpropa- 
nal (1) with malonic ester, which gave 7-butyrolactones of 
versatile utility such as terpenylic acid. Franke, et al.,5 in 
1922 reported that the base-catalyzed condensation of 2- 
bromo-2-methylpropanal (la) with ethyl acetoacetate (2a) 
afforded a product with the formula of C10H16O4 and un
determined structure. It was anticipated that 3-hydroxy- 
dihydrofuran (7) might be produced which would b e , 
promising as the precursor to make 3-furanones such as 
bullatenone;6 hence we became interested in investigating 
the reaction of 1 with benzoylacetoacetate (2b) as well as 
with 2a. Because of the bifunctionality of the substrate 1, 
two pathways can be postulated for the reaction as is 
shown in Scheme I. One involves Sn2 substitution leading 
to 1,4-dioxo compound 3, which may be cyclized to 2-hy- 
droxydihydrofuran 4 (route 1). Another possibility is nu
cleophilic attack of the enolate anion of 2 on the carbonyl 
carbon of the substrate 1 (route 2). As the nature of the 
solvent appreciably influences the pathway,4 we conduct
ed the reaction under various conditions in order to study 
the solvent effect: (a) using sodium ethoxide as base and 
absolute ethanol as solvent (same condition as Franke’s);5
(b) using sodium ethoxide in dry ether; (c) using potassi

um carbonate in tetrahydrofuran (THF); (d) using potas
sium carbonate in water. The present paper describes and 
discusses the results of these reactions.

Results and Discussion
In all cases except d, tautomeric mixtures of 3 and 4 

were obtained. Structural assignments of the products 
were made principally on the basis of ir and nmr spectra. 
Compound 3 seems to predominate in the mixture during 
the distillation; however, these compounds gradually 
equilibrate via an intramolecular conversion. For instance, 
from the reaction of 2-bromo-2-methylpropanal (la) with 
2a under the condition b, a tautomeric mixture7 of 2,2- 
dimethyl-3-ethoxycarbonyl-4-oxopentanal (3a) and ethyl
2-hydroxy-3,3,5-trimethyl-2,3-dihydrofuran-4-carboxylate 
(4a) was obtained as an oily product in a 67% yield.8 The 
elemental analysis and mass spectrum of this oil were 
compatible with the formula C10H16O4 reported by 
Franke, et al.5 The nmr spectrum of freshly distilled 
product exhibited proton signals of 3a at 5 2.24 (s, 
C O C H 3 ) ,  3.83 (s, C H C O 2 C 2 H 5 ) ,  and 9.62 ppm (s, C H O ) ,  
while 4a showed three singlets at 2.19 ( = C C H s ) ,  2.98 
( O H ) ,  and 5.29 ppm (methine proton), respectively. When 
kept for 2 weeks at room temperature, this mixture equili-
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brated to give a ratio of 4a to 3a of ca. 40:1. The ir bands 
at 1670 and 1635 cm“ 1 appear in the spectrum as the ab
sorption at 1720 cm“ 1 disappears, indicating that trans
formation of the system to an a,d-unsaturated ester has 
occurred. The cyclic hemiacetal 4a can be reconverted 
partly to 3a by heating. Ethyl benzoylacetate (2b) reacted 
with lb similarly, affording ethyl 2,2-dimethyl-3-ethoxy- 
carbonyl-4-phenyl-4-oxobutanal (3b) which, when kept at 
room temperature for several days, tautomerized to ethyl
2-hydroxy-3,3-dimethyl-5-phenyl-2,3-dihydrofuran-4-car- 
boxylate (4b).

The oxidation of 4a with CrC>3 gave a,a,7 -trimethyl-/3- 
ethoxycarbonyl-A0’7-butenolide (5a) in a 64% yield. The ir 
spectrum of 5a showed a strong band at 1800 cm” 1 due to 
A'3-1'-butenolide carbonyl.9 Chromic acid oxidation of 4b 
also gave A0-7-butenolide (5b) in a 40% yield.

In contrast with reactions under nonaqueous conditions, 
the enolate anion of acylacetate (2) attacked the carbonyl 
group of 1 in aqueous media to give a-acyl-fl-aeylethoxy- 
carbonylmethyl-Y-butyrolactone (9). The reaction of lb 
with acetoacetate in aqueous K2CO3 afforded w-acetyl-d- 
acetylethoxycarbonylmethyl-7,7-dimethyl-7-butyrolactone 
(9a) in a 91% yield. From the reaction of lb with 2b in 
aqueous K2CO3, cr-benzoyl-/3-benzoylethoxycarbonyl-
methyl-7,7-dimethyl-Y-butyrolactone (9b) was obtained 
as a crystalline product in a 94% yield. The butyrolactone 
9 eliminated 1 mol of ethyl acylacetate to give a-acyl-
7.7- dimethyl-A“ ’/3-butenolide (8) when heated at 160-170° 
under reduced pressure. Mass spectra of both 8b and 9b 
showed a clean molecular ion peak of 8b at m/e 216.10 Fur
thermore, the butenolide 8 readily reacted with 1 mol of 
acylacetate in aqueous K2CO3 solution to regenerate the 
saturated butyrolactone 9 in good yields. Based on this 
fact, it is reasonable to consider that the butenolide 8 is 
produced first in the reaction of 1 and 2, and then under
goes Michael addition of 2 as is shown in Scheme II. In 
aqueous alkaline solution, 2-halo-2-methylpropanal 
promptly undergoes displacement of halogen to give 2- 
hydroxy-2-methylpropanal (lc ).11 Therefore, it is possible 
that the hydroxy aldehyde lc  produced in the reaction 
medium is the real substrate in this reaction.12 Com
pound 9b can be prepared also by the condensation of lc 
with enolate anion of 2b even in nonaqueous media. The 
alkaline hydrolysis of the lactonic ester 9b is complicated 
by the deacylation at the a position affording /3-phenacyl-
7.7- dimethyl-7-butyrolactone (10). The lactonic ester 9a 
underwent both deacylation in the side chain and deac

ylation at the a position of the lactone ring under the same 
condition as above, giving dl-terpenylic acid (11) in a 52

11

% yield. The reaction described in the present article will 
be helpful for synthesizing ketone carrying 7 -butyrolac
tone or A“ -0-butenolide rings.

Experimental Section
Melting points and boiling points are uncorrected. Elemental 

analyses were carried out by Mr. Eiichiro Amano. We are indebt
ed to Mr. Heizan Kawamoto and Miss Hiromi Ootani for nmr 
measurements. Analytical determinations by glpc were performed 
on a Hitachi Model K-53 gas chromatograph filled with the fol
lowing materials (3 mm o.d. X 1 m): A, 10% Apiezone Grease L 
on Chromosorb W; B, 10% polyneopentyl glycol succinate on 
Chromosorb W. The preparative isolations by glpc were per
formed on a Yanagimoto Model GCG-550T gas chromatograph (3 
mm o.d. X 2.25 m, 10% Apiezone Grease L on Chromosorb W). 
The nuclear magnetic resonance spectra (60 MHz) were recorded 
with Hitachi Model R-24 and R-20 spectrometers. Mass spectra 
were obtained with a Hitachi Model RMS-4 mass spectrometer. 
Thin layer chromatography (tic) was done on silica gel GF254 (E. 
Merck AG, Darmstadt) with layers of 0.25-mm thickness. Prepara
tive tic was performed on silica gel PF254 (E. Merck AG, Darm
stadt) with 1 .0-mm layers.

Starting materials such as 2-bromo-2-methylpropanal (la ) ,13 
2 -chloro-2 -methylpropanal (lb) , 1 4  2 -hydroxy-2 -methylpropanal
(lc) , 1 5  and ethyl benzoylacetate (2 b) 1 6  were prepared by proce
dures described in the literature.

Tautomeric Mixture of 2,2-Dimethyl-3-ethoxycarbonyl-4- 
oxopentanal (3a) and Ethyl 2-Hydroxy-3,3,5-trimethyl-2,3- 
dihydrofuran-4-carboxylate (4a). Procedure A (Condition a).
An ethanolic solution of ethyl sodioacetoacetate was prepared by 
dissolving 1.9 g (0.082 mol) of sodium in the mixture of 10.7 g 
(0.082 mol) of ethyl acetoacetate (2a) and 50 ml of ethanol. To 
the stirred solution, 12.3 g (0.082 mol) of la was added dropwise 
at 0°. The mixture was stirred for 30 min at 0° and then for 1 hr 
at room temperature. After being refluxed for an additional 1 hr,
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the mixture was poured into a large excess of water. The organic 
layer was extracted with ether and dried over MgS0 4 . After re
moval of the solvent, the residual oil was distilled to give 4.3 g 
(26%) of a tautomeric mixture17 of 3a and 4a (1:4) :7 bp 102-103° 
(3 mm); ir (neat)18 3400 (OH), 1720 (C =0), 1690 (C =0), 1635 
cm- 1 (C =0); nmr (CDC13) 8 1.24 (s, 7.5, CH3), 1.28 (t, 3.75, J  = 
7 Hz, C02CH2CH3), 2.19 (s, 3, =CCH3), 2.24 (s, 0.75, COCH3),
2.98 (broad s, 1, OH), 3.83 (s, 0.25, CHC02Et), 4.19 (q, 2, J  = 7 
Hz, ester -CH2-  of 4a), 4.24 (q, 0.55, J  = 7 Hz, ester -CH2-  of 
3a), 5.29 [s, 1, -OCH(OH)-], 9.62 (s, 0.25, CHO); mass spectrum 
(70 eV) m /e  (rel intensity) 200 (37, M+), 185 (25, M+ -  CH3), 
171 (49, M+ -  C2H5), 157 (30, M+ -  COCH3), 155 (38), 139 (49, 
M+ -  COCH3 -  H20), 129 (96, CH3C0CHC02Et+), 125 (100), 
113 (75), 111 (63).

Anal. Calcd for C10H16O4: C, 59.98; H, 8.05. Found: C, 60.21; 
H, 7.78.

The ir and nmr spectra of this product changed slowly until the 
spectral shift data ceased to be observable 2 weeks after distilla
tion: ir19 (neat) 3400 (OH), 1690, 1670 (C =0), 1635 cm“ 1 
(C=C); nmr (CDC13) 8 1.24 (s, 6, 2 CH3), 2.16 (s, 3, =CCH3),
4.10 (broad s, 1 , OH), 4.18 (q, 2, J  = 7 Hz, ester -C H ^ of 4a),
5.29 [s, 1, -OCH(OH)], and 9.62 (s, trace, CHO).

Procedure B (Condition b). Sodium (2.3 g, 0.1 mol) was dis
solved in 15 ml of absolute ethanol with cooling. After complete 
evaporation of excess ethanol, 13.0 g (0.1 mol) of 2a dissolved in 
30 ml of dry ether was added. To the resulting mixture, 15.1 g 
(0 .1 mol) of la was added dropwise at 0° in the course of 1  hr. 
The stirring was continued for 2 hr at 0°, and then for an addi
tional 2-hr period at room temperature. After being allowed to 
stand overnight, the mixture was worked up in the same way as 
in procedure A to give 13.3 g (67%) of the tautomeric mixture of 
3a and 4a (7:13),7 bp 116-119° (6 mm). Glpc analysis20 showed 
one peak with a retention time of 13 min. Both ir and nmr spec
tra showed patterns similar to those of the product described in 
the preceding section. In 2 weeks after distillation, the ratio of 4a 
to 3a in the mixture changed to 40:1.7

Procedure C (Condition c). To a dry THF solution (50 ml) of 
potassium carbonate (16.8 g, 0.12 mol) and 2a (15.6 g, 0.12 mol),
12 .8  g (0 .12  mol) of lb was added dropwise at 0° with stirring. 
The mixture was stirred for 40 hr at room temperature and for an 
additional 10-hr period at 50°. It was worked up as described 
above to give 10.5 g (44%) of a mixture of 3a and 4a, bp 130-134° 
(15 mm). Its ir and nmr spectra were almost identical with those 
of the product in procedure B, finally exhibiting only the charac
teristic pattern of 4a. 1 9

Ethyl 2,2-Dimethyl-3-ethoxycarbonyl-4-phenyl-4-oxobutanal 
(3b) and Ethyl 2-Hydroxy-3,3-dimethyl-5-phenyl-2,3-dihydro- 
furan-4-carboxylate (4b). Procedure A. To a suspension of 17.4 
g (0.125 mol) of potassium carbonate in 50 ml of dry THF was 
added 24 g (0.125 mol) of 2b at room temperature. After the mix
ture was stirred for 20 min, 13.3 g (0.125 mol) of lb was added 
dropwise at 0°. The stirring was continued for 4 hr at room tem
perature, and then for an additional 11 hr at 65°. The reaction 
mixture was filtered to remove solid material, which, after being 
dissolved in water, was extracted with ether. The filtrate com
bined with the ethereal extract was washed with water and then 
dried over MgS(>4. It was subjected to vacuum distillation to give
20.8 g of 3b, clean oil, yield 63%: bp 156-157° (0.06 mm); ir 
(neat)18 2720 (CHO), 1725 (C =0), 1683 (C = 0 ), 1595 and 1577 
cm ' 1 (benzene C=C); nmr (CDC13) 8 1.13 (t, 3, J  = 7 Hz, 
C02CH2CH3), 1.22 (s, 3, CH3), 1.24 (s, 3, CH3), 4.11 (q, 2, J  = 7 
Hz, C02CH2CH3), 4.65 (s, 1 , -CHC02Et), 7.22-8.1 (m, 5, C6H5), 
9.79 (s, 1 , -CHO); mass spectrum (70 eV) m/e (rel intensity) 262 
(3, M+), 234 (31, M+ -  CH2=C H 2), 192 (19, PhC0CH2C02Et), 
187 (30, M+ -  C02Et), 173 (22), 161 (79), 129 (93), 105 (100, 
PhCO), 101 (74).'

Anal. Calcd for C15H18O4: C, 68.69; H, 6.92. Found: C, 68.66; 
H, 7.12.

The patterns of ir and nmr spectra of 3b shifted completely to 
those of 4b in 2 weeks after distillation. 3b was quantitatively 
transformed to white crystals of 4b: mp 78-79° after recrystalliza
tion from benzene-petroleum ether; ir (KBr) 3430 (OH), 1678 
(conjugated C = 0), 1620 (C=C), 1600 and 1573 cm - 1  (benzene 
C=C); nmr (CDC13) 5 1.13 (t, 3, J  = 7 Hz, C02CH2CH3), 1.32 (s, 
6, 2 CH3), 4.0 (broad s, 1, OH), 4.08 (q, 2, J  = 7 Hz, 
C02CH2CH3), 5.36 (d,21 1 , J = 6 Hz, -OCHOH-), 1.2-1.1 (m, 5, 
CeHs); mass spectrum (70 eV) m/e (rel intensity) 262 (9, M+), 
247 (2, M+ -  CH3), 234 (28, M+ -  CH2=C H 2), 192 (21, PhCO- 
CH2C02Et), 187 (49, M+ -  C02Et), 173 (25), 161 (88), 129 (99), 
105(100, PhCO), 101 (75).

Distillation of 4b under diminished pressure regenerated 3b 
quantitatively, bp 130° (0.1 mm).

Procedure B. To the mixed solution of ethyl sodiobenzoylace- 
tate (0.05 mol) in 140 ml of ether was added dropwise 5.4 g (0.05 
mol) of lb at 5-10° with stirring. The mixture was stirred for 5 hr 
at 30°, and then was made acidic with dilute HC1. From the eth
ereal extract, which was worked up in the usual way, 3.5 g of 3b 
was collected by distillation, yield 27%, bp 140-143° (0.06 mm). 
This product also tautomerized quantitatively to the crystalline 
product of 4b.

Procedure C. To a solution of 2b (1.92 g, 0.01 mol) and lb (1.07 
g, 0.01 mol) in 10  ml of dry hexamethylphosphoramide was added
1.38 g (0.01 mol) of potassium carbonate with moderate coolling. 
The mixture, stirred for 23 hr at room temperature, was poured 
into a large excess of water and then acidified with 10% HC1. The 
ethereal extract of the organic layer was washed with water and 
dried over MgSOi. After removal of the solvent, the residual oil 
was distilled to give 1.15 g (44%) of 3b, bp 141-143° (0.05 mm) .22

tt,a,y-Trimethyl-d-ethoxycarbonyl-hfl ''-butenolide (5a). To a 
mixed solution of 8 g (0.08 mol) of chromium trioxide in 20 ml of 
70% acetic acid was added 8.0 g (0.04 mol) of the tautomeric mix
ture of 3a and 4a (7:13)7 in several portions with cooling. The 
mixture was stirred for 2 hr at room temperature and then for 2 
hr at 60°. After 80 ml of water was added to the mixture, it was 
extracted with ether. The extract was washed with water and 
dried over Na2S04. Removal of the solvent left 6.8 g of a clean 
oil23 which showed two peaks on glpc analysis.24 The compo
nents, retention times (minutes), and integrated percentages are 
as follows: 1, 0.8, 15%; 2, 5.2, 74%. The retention time of compo
nent 1 was identical with that of acetic acid. Component 2 was 
collected by preparative glpc and identified as 5a: yield 64%; nmr 
(CDC13) 8 1.30 (t, 3, J  = 1 Hz, C02CH2CH3), 1.41 (s, 6, 2 CH3), 
2.40 (s, 3, =CCH3), 4.22 (q, 2, J  = 1 Hz, C 02CH2CH3); mass 
spectrum (70 eV) m/e (rel intensity) 198 (38, M+), 183 (20, M+ -  
CH3), 170 (7, M+ -  CH2=C H 2), 159 (14), 155 (28, M+ -  
CH3CO), 153 (18), 125 (69, M+ -  C02Et), 124 (39), 109 (38), 96 
(100).

Anal. Calcd for CioHi40 4: C, 60.39; H, 7.12. Found: C, 60.68;
H, 7.00.

-Dime thy 1-/1-ethoxy carbonyl-7 -phenyl-A,5-7-butenolide 
(5b). Compound 4b (1.7 gj 0.0065 mol) was oxidized with chromi
um trioxide (5 g, 0.05 mol) in 77% acetic acid (13 ml) in the same 
way as 4a. From the reaction mixture, 0.8 g of a clean oil was ob
tained. Glpc analysis25 of this oil showed two peaks. The compo
nents, retention times, and integrated percentages are as follows:
I, 24.8, 85%; 2, 40, 15%. The retention time of component 2 was 
identical with that of 4b. Component 1 was collected by prepara
tive glpc and identified as 5b: yield 40%; ir (neat) 1806 (lactone 
C = 0), 1723 and 1700 (ester C = 0), 1632 (C=C), 1596 and 1578 
cm“ 1 (benzene C=C); nmr (CDC13) 8 1.22 (t, 3, J  = 1 Hz, 
C02CH2CH3), 1.56 (s, 6, 2 CH3), 4.20 (q, 2, J  = 1 Hz, 
C02CH2CH3), 7.3-8.1 (m, 5, CeHs); mass spectrum (70 eV) m/e 
(rel intensity) 260 (29, M+), 245 (44, M+ -  CH3), 231 (3), 199
(25), 187 (18, M+ -  C02Et), 171 (6), 158 (45), 105 (100, PhCO), 
77 (75, C6Hs).

Anal. Calcd for C15H16O4: C, 69.22; H, 6.20. Found: C, 69.25; 
H, 6.15.

a-Acetyl-d-acetylethoxycarbonylmethyl-y.y-dimethyl-y-bu- 
tyrolactone (9a). To a solution of lb (6.4 g, 0.06 mol) in 50 ml of 
water was added 8.4 g (0.06 mol) of potassium carbonate in sever
al portions. After the mixture was stirred for 2 hr at room tem
perature, 7.8 g (0.06 mol) of 2a was added. After being stirred for 
14 hr at room temperature, it was neutralized with dilute HC1. 
The organic layer was extracted with ether and the extract was 
dried over MgS0 4 . After removal of the solvent, 7.7 g of crude 9a 
was obtained: yield 91%;26 mp 168-169° dec after one recrystalli
zation from the mixed solvent of acetone-n-hexane (1 :1 , v/v); ir 
(Nujol) 3400 (enolic OH), 1740 and 1710 cm ’ 1 (C = 0); nmr27 
(CD3SOCD3) 8 1.20 (t, 3, J  = 7.5 Hz, C02CH2CH3), 1.30 (s, 6 , 2 
CH3), 1.49 (s, 2.9), 2.13 (s, 0.2), 2.48 (d, J  = 12 Hz), 2.90 (d, 0.8, 
J  = 9 Hz), 3.18 (s, 1.4), 3.31 (s, 1.6), 3.62 (d, 0.6, J  = 2 Hz), 3.80 
(d, 0.4, J  = 2 Hz), 4.15 (q, 2, J  = 7.5 Hz, C 02CH2CH3), 5.29 (s, 
0.8); mass spectrum (70 eV) m/e (rel intensity) 284 (0.5, M+), 266 
(9 , M+ -  H20), 194 (27), 180 (44), 136 (94), 134 (100), 108 (91), 
107 (95), 80 (72), 79 (75).

Anal. Calcd for Ci4H20O6: C, 59.14; H, 7.09. Found: C, 59.63; 
H, 6.70.

«-Acetyl-7 ,7 -dimethyl-A" i3-butenolide (8a). Procedure A. To
a solution of 2a (6.5 g, 0.05 mol) and potassium carbonate (3.5 g, 
0.025 mol) in water (50 ml) was added 7.6 g (0.05 mol) of la at
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room temperature with stirring. The mixture was stirred at room 
temperature for 24 hr, and finally at 50° for 20 hr. After being 
neutralized with dilute HC1, it was extracted with ether. The ex
tract was washed with water and dried over Na2S04. Removal of 
the solvent left 7.1 g of yellow oil which, on distillation, gave 4.8 g 
(62%) of 8 a: bp 93-102° (5 mm); mp 64-65° (benzene); ir (Nujol) 
1750 (conjugated lactone C = 0), 1670 (acetyl C = 0), 1620 cm - 1  
(conjugated C=C); nmr (CDC13) 5 1.58 (s, 6, 2 CH3), 2.55 (s, 3, 
COCH3), 8.10 (s, 1 , =CH ); mass spectrum (70 eV) m/e (rel in
tensity) 154 (48, M+), 139 (100 , M+ -  CH3), 136 (85), 111 (88, 
M+ -  COCH3), 97 (91), 69 (71), 67 (65).

Anal. Calcd for CgHio03: C, 62.33; H, 6.54. Found: C, 62.04; H,
6.25.

Procedure B. Distillation of 9a (7.2 g, 0.025 mol) under re
duced pressure afforded 3.3 g of 8a, yield 86%, bp 99-121° (5 
mm).

Addition of 2a to 8 a in the Presence of K2 C03. The mixed so
lution of 2a (0.37 g, 0.0029 mol), 8 a (0.44 g, 0.0029 mol), and po
tassium carbonate (0.40 g, 0.0029 mol) in 5 ml of water was 
stirred for 2 hr at 30°. White crystals (0.085 g) precipitated; they 
were collected, washed with dilute HC1 and then with water, and 
identified as 9a by comparison of ir spectrum with that of an au
thentic sample, yield 10 %. From the filtrate, 0.59 g of oil was re
covered. Alkaline hydrolysis of this oil with 10% NaOH gave 0.14 
g of crude terpenylic acid (11), yield 27%.

«-Benzoyl-/?-benzoylethoxycarbonylmethyl-7 ,7 -dimethyl-7 - 
butyrolactone (9b). To the mixed solution of 2b (11.5 g, 0.06 mol) 
and potassium carbonate (8.4 g, 0.06 mol) in 30 ml of water was 
added 5.3 g (0.05 mol) of lb with moderate cooling. After the mix
ture was stirred for 40 hr at room temperature, for a further 6 hr 
at 50°, and finally for 1 hr at 60-70°, it was poured into a large 
amount of water. The product separated as a white solid. It was 
collected and washed with ether to remove excess of 2b. One re
crystallization of crude product from benzene yielded 11.5 g 
(94% ) 28 of 9b: mp 133-134°; ir (Nujol) 1754 (lactone C = 0), 1727 
(ester C = 0), 1663 (benzoyl C = 0), 1588 and 1572 cm - 1  (benzene 
C=C); nmr (CDC13) fi 0.92 (t, 3, J  = 8 Hz, C02CH2CH3), 1.33 (s, 
3, CH3), 1.65 (s, 3, CH3), 3.83 (q, 2 , J = 8 Hz, C02CH2CH3), 4.17 
(t, 1 , J  = 9 Hz, Cfl H), 4.65 (d, 1 , >CHC02C2H5), 5.23 (d, 1 , J = 
9 Hz, C„ H), 7.3-8.2 (m, 10, 2 CfiHs); mass spectrum (70 eV) m/e 
(rel intensity) 216 (17, M+ -  PhCOCH2C02Et), 201 (33), 192 (30, 
PhCOCH2C02Et), 173 (38), 170 (28), 158 (85), 146 (35), 106 (60).

Anal. Calcd for C24H2406: C, 70.58; H, 5.92. Found: C, 70.50;
H, 5.96.

Reaction of 2-Hydroxy-2-methylpropanal (lc) with 2b in 
THF. A solution of 2b (19.8 g, 0.1 mol), lc (8.8 g, 0.1 mol), and 
potassium carbonate (15.2 g, 0.11 mol) in 30 ml of THF was 
stirred for 38 hr at room temperature. After work-up of the result
ing mixture in the usual manner, 9.8 g of crude 9b was obtained, 
yield 48%.

a-Benzoyl-y,7 -dimethyl-A“'s-butenolide (8 b). Lactone 9b was 
distilled at oil-bath temperature (160-170°) under reduced pres
sure. As the first fraction [bp 101-120° (1.0 mm)], 3.0 g (88%) of 
2b was recovered. As the second fraction [bp 145-150° (1.0 mm)),
2.7 g (71%) of 8 b was obtained. The analytical sample was col
lected by preparative tic:29 mp 65-66°; ir (Nujol) 1750-1780 (lac
tone C =0), 1650 (benzoyl C = 0), 1630 (C=C), 1598 and 1580 
cm - 1  (benzene C=C); nmr (CDC13) fi 1.58 (s, 6 , 2 CH3), 7.70 (s,
I, =CH), 7.4-7.9 (m, 5, CgHs); mass spectrum (70 eV) m/e (rel 
intensity) 216 (2, M+), 201 (3, M+ -  CH3), 188 (1), 173 (5), 170
(4), 158 (29), 105 (100, PhCO), 77 (57, CaH5).

Anal. Calcd for Ci3H120 3: C, 72.21; H, 5.59. Found: C, 72.04; 
H, 5.79.

Addition of 2b to 8 b in the Presence of K2 C03. A mixture 
consisting of water (5 ml), potassium carbonate (0.32 g, 0.0023 
mol), 2b (1.0 g, 0.0052 mol), and 8 b (0.4 g, 0.0019 mol) was stirred 
at room temperature for 20 min and then at 50° for 2 hr. Work-up 
of the reaction mixture in the usual manner afforded 0.5 g (67%) 
of white crystals, which were proved to be 9b by comparison of its 
infrared spectrum with that of an authentic sample.

7 ,7 -Dimethyl-/?-phenacyl-7 -butyrolactone (1 0 ). The lactone 
9b (1 g, 0.0024 mol) was suspended in aqueous sodium hydroxide 
which was prepared by dissolving NaOH (2 g, 0.05 mol) in 5 ml of 
water. After the mixture was stirred for 15 hr at 60°, it was acidi
fied with dilute HC1. The ethereal extract of the organic layer was 
washed with water and dried over Na2S04. Removal of the sol
vent left 0.7 g of yellow solid. Tic analysis30 of this solid showed

two spots at R( values of 0.25 (component 1) and 0.38 (component 
2). Each component was collected by preparative tic30 and ana
lyzed. The weight ratio (component 1 to component 2) was 2:3. 
Component 1 was identified as the lactone 9b by comparison of 
its ir spectrum with that of an authentic sample. Component 2 
was identified as 10: yield 73%; mp 97-98°; ir (Nujol) 1750 (ISc- 
tone 0 = 0 ) , 1683 (benzoyl C = 0), 1603 and 1584 cm 1 (benzene- 
C=C); nmr (CDC13) fi 1.34 (s, 3, CH3), 1.47 (s, 3, CH3), 1.9-3.3 
(m, 5, lactone ring proton and CH2COPh), 7.3-8.05 (m, 5, 
¿ 6H5); mass spectrum (70 eV) m /e  (rel intensity) 232 (8 , M+), 217 
(19, M+ -  CH3), 214 (12, M+ -  H20), 203 (1 ), 174 (12), 146 (49), 
105 (100 , PhCO), 86 (59), 84 (70), 77 (72, C6H5).

Anal. Calcd for Ci4Hi60 3: C, 72.39; H, 6.94. Found: C, 72.37; 
H, 7.16.

dZ-Terpenylic Acid (d-Carboxymethyl-y.y-dimethyl-y-butyr- 
olactone, 11). Compound 9a (0.14 g, 0.0005 mol) was hydrolyzed 
in the same manner as 9b, using 2 ml of 20% sodium hydroxide. 
From the ethereal extract, 0.05 g of semisolid material was ob
tained. Tic analysis31 of this material showed that it had 90% pu
rity. The analytical sample collected by preparative tic was iden
tified as di-terpenylic acid by comparison of its ir and nmr spec
tra with those of an authentic sample,4 yield 52%, mp 87° (lit.4 
mp 88-89°).

Registry No.—la, 13206-46-7; lb, 917-93-1; lc, 20818-81-9; 2a, 
141-97-9; 2b, 94-02-0; 3a, 51716-51-9; 3b, 51716-52-0; 4a, 51716- 
53-1; 4b, 51716-54-2; 5a, 51716-55-3; 5b, 51716-56-4; 8 a, 51716-57- 
5; 8 b, 51716-58-6; 9a, 51716-59-7; 9b, 51716-60-0; 10, 51716-61-1; 
11,632-04-2.
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Palladium-catalyzed low-pressure hydrogenation of cross-conjugated and linearly conjugated cyclohexadi
enones bearing allyl or benzyl groups at the quaternary carbons results in significant hydrogenolysis of the bonds 
linking the allyl or benzyl groups to the cyclohexadienone rings, as well as reduction of the double bond in the 
allyl group. The percentage of hydrogenolysis increases with increasing solvent polarity and with increasing hy
drogen bonding power of the solvent. No hydrogenolysis occurs with a 2,6-di-terf-butylcyclohexadienone. These 
results are consistent with a hydrogenolysis mechanism involving attack by a hydride ion-like species at the car
bon linking the allyl or benzyl group to the ring.

While hydrogenolysis of bonds between carbon and het
eroatoms is common, the corresponding cleavage of un
strained carbon-carbon single bonds under mild conditions 
is quite rare. However, carbon-carbon bond cleavage has 
been reported to occur during the hydrogenation of cyclic 
/3-diketones bearing highly substituted allyl groups be
tween the two carbonyls.2-5 For instance, hydrogenation of 
lupulone6 and its analogs (la) at room temperature gives 
appreciable yields of phenol 2,3-5 as well as the expected re-

/C H :l
la,A=-CH 2C H =cC

x ch3
b, A = —CH2CH=CH2

drogenation was observed in the hydrogenation of 8 or of 
the linearly conjugated cyclohexadienones 4 and 5. The 
structures of products 10 and 11 were clearly established by 
their nmr spectra (see Experimental Section). Of interest is 
the fact that the nmr spectrum of dienone 10 shows two 
doublets for the methyl groups on the isobutyl side chain at 
5 0.76 and 0.88 ppm. This chemical shift difference (0.12 
ppm) appears to be the largest such shift recorded for 
methyl groups in an isopropyl group which is not directly 
bonded to an asymmetric center.7 Inspection of molecular 
models indicates that 11 has a single preferred conforma
tion (11a) in which one methyl group (presumably the one

duction product 3.5a When A is a simple allyl group (lb), 
only reduction to 3 occurs.4

We have now observed that attempted low-pressure re
duction of double bonds in allyl groups, even unsubstituted 
allyl groups, at the quaternary carbons of cyclohexadi
enones results in appreciable hydrogenolysis of carbon-car
bon bonds. The relative rate of hydrogenolysis compared to 
that of double bond hydrogenation is greatly increased by 
an increase in the polarity of the solvent employed or by an 
increase in its hydrogen bonding ability. Our results are 
summarized in Tables I and II. One run in which the reac
tion was carried out in the presence of the catalyst (which 
had previously been hydrogenated) and in polar solvent, 
but in the absence of hydrogen, gave no reaction. Thus 
cleavage does not result from a palladium-catalyzed car- 
benium ion cleavage of the cyclohexadienone, but occurs 
during the hydrogenation process.

Hydrogenation of the cross-conjugated cyclohexadienone 
7 gives, in addition to the hydrogenolysis product 2,4,6-tri- 
methylphenol, a mixture of reduction products which could 
not be separated. In each solvent, the nmr spectrum of the 
reduction products suggest that they consist of a mixture of 
the 4-propylcyclohexadienone and of the corresponding cy- 
clohexenone. Rather surprisingly, no evidence for ring hy

resonating at 8 0.76) is significantly affected by the 
shielding cone of the C-4-C-5 double bond, while the other 
methyl group is much less affected by the ring system.

We believe that the results shown in Tables I and II are 
consistent with a hydrogenolysis mechanism in which a hy
dride ion-like species displaces a phenoxide ion from an 
allyl or benzyl group. This mechanism resembles that 
which Reidl and Nickl have proposed for hydrogenolysis of 
lupulone.4 Their mechanism has been supported by Anteu- 
nis and Verzele, on the basis of the observation that the 
ratio of hydrogenolysis to hydrogenation of lupulone in
creases with increasing hydrogen ion concentration.5 Reidl 
and Nickl have proposed, however, that hydride ion attack 
occurs only following an initial protonation of a carbonyl 
group of lupulone.4 The leaving group, according to this 
mechanism, would be a phenol rather than a phenoxide 
ion. A similar mechanism seems unlikely for the hydroge
nolysis of dienone 5, at least, since protonation of the car
bonyl group would result in a very rapid [3,3] sigmatropic 
shift of the allyl group to yield 7.8 Although protonation 
therefore does not precede hydrogenolysis, the ability of 
the solvent to hydrogen bond the developing phenoxide ion 
is clearly of great importance, as indicated by the sharp in
crease in the percentage of hydrogenolysis, despite the de
crease in dielectric constant, when the solvent is changed 
from methanol to acetic acid-methanol.

Of particular interest is the absence of any hydrogenol
ysis in 2,6-di-fert-butylcyclohexadienones. In these cases 
the proposed hydride attack would displace a 2,6-di-ierf- 
butylphenoxjde anion. These anions are exceptionally 
strong bases9 owing to hindrance of solvation at oxygen, 
and therefore should be very poor leaving groups.
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Table I
Hydrogenation o f  Cyclohexa-2,4-dien-l-ones

4-6 10,11
Dienone R A Solvent Yield of phenol, % Other products

c h 3

4
1

-C H ,C = C H 2 f-Bu Hexane 20 10, R  = i-Bu
5 - c h 2c h = c h 2 c h 3 Hexane 1 3 11, R  =  rc-Pr; A = Me
5 - c h ,c h = c h 2 c h 3 Methanol 4 9 1 1
5 - c h 2c h = c h 2 c h 3 DM F 3 4 1 1
5 - c h 2c h = c h 2 CH, Methanol No reaction

(catalyst only,
no hydrogen)

5 - c h ,c h = c h . c h 3 Acetic acid-
methanol (1:3) 8 5 1 1

6 ~CH2Ph c h 3 Hexane 10 0

Table IIHydrogenation of CycIohexa-2,5-dien-l-ones

7-9 12
Yield of

Dienone R A B Solvent phenol, % Other products

7 -C H ,C H = C H 2 c h 3 H Hexane 0 a
7 - c h 2c h = c h 2 c h 3 h Methanol 5 a
7 - c h ,c h = c h 2 c h 3 H Acetic acid-

methanol (1:3) 6 3 a
8 -C H 2Ph c h 3 c h 3 Hexane 10 0
9 C H .C H - :C h  > f-Bu H Acetic acid-

methanol (1 :3) 0 12, R  = n-Pr
9 - c h 2c h = c h 2 i-Bu H Acetic acid 0 12, R  = n-Pr

° Apparently a mixture of ketones with zero, one, or two double bonds in the ring (nmr analysis).

Displacement of a phenoxide ion by a hydride-like re
agent could conceivably occur at either C -l or C-3 o f the 
allyl group. A study o f the competitive hydrogenations of 
dienones 4 and 6 in methanol showed that hydrogenolysis 
o f 5 occurred approximately 1.5 times as fast as that o f 6 . 
This rate difference seems too small to require that a 
mechanism be postulated for the reduction o f 4 which is 
not available to 6 . Thus, a direct SN2-like attack o f a hy
dride ion at the carbon attached to the cyclohexadienone 
ring seems the best representation o f the transition state 
for hydrogenolysis.

Experimental Section
Preparation of Cyclohexadienones. Cyclohexadienones 5 ,10

7, 10 8,11 and 912 were prepared as described in the literature.
6-(2-MethylallyI)-4 -ieri-butyl-2,6-dimethylcyclohexa-2,4-di- 
en-l-one (4) was prepared by Claisen alkylation of sodium 4-tert- 
butyl-2 ,6-dimethylphenoxide with methallyl bromide in the usual 
manner. 10 It was obtained in 49% yield as a pale yellow oil after 
chromatography on Fiorisi! Its nmr spectrum in CC14 showed a 
multiplet (1 H) at <> 6.99 ppm (hydrogen at C-3), a doublet (1 H, J  
= 3 Hz) at 6 5.94 (hydrogen at C-5), a broad doublet (2 H) around 6 
4.54 (terminal vinyl protons), a doublet (3 H, J  = 1.5 Hz) at S 1.84 
(methyl at C-2), a singlet (9 H) at & 1.13 (teri-butyl at C-4), a sin
glet (3 H) at ò 1.08 (methyl at C-6), a pair of doublets (2 H, J  = 14

Hz) at S 2.11 and 2.76 (methylene at C-6), and a doublet (3 H, J  =
1.5 Hz) at b 1.85.

6-Benzyl-2,4-6-trimethylcyclohexa-2,4-dien-l-one (6) was
similarly prepared by Claisen alkylation of sodium 2,4-6-trimeth- 
ylphenoxide with benzyl bromide, and isolated as a pale yellow oil 
in 22% yield by chromatography on Florisi! Its nmr spectrum in 
CCI4 showed a multiplet (5 H) around <5 6.93 (phenyl group), a 
quartet (1 H, J  = 1.5 Hz) at <5 6.35 (hydrogen at C-3), a singlet (1 
H) at 5 5.83 (hydrogen at C-5), a pair of doublets (1 H each, J  =
12.5 Hz) at 6 2.60 and 3.04 (methylene at C-6), a doublet (3 H, J  =
1.5 Hz) at 6 1.79 (methyl at C-2), a singlet (3 H) at 5 1.71 (methyl 
at C-4), and a singlet (3 H) at & 1.16 (methyl at C-6).

Hydrogenation Procedures. All hydrogenations were carried 
out in a conventional small-scale hydrogenation apparatus, at es
sentially atmospheric pressure. The cyclohexadienones (10- 3  mol) 
were dissolved in 5-10 ml of solvent and ca. 5 mg of 5% Pd on char
coal catalyst (obtained from Matheson Coleman and Bell) was 
added. The mixture was stirred by a magnetic stirrer until uptake 
of hydrogen essentially ceased and was then filtered to remove the 
catalyst. Hexane and methanol solutions were evaporated on a 
steam bath. Acetic acid and acetic acid-methanol solutions were 
neutralized with sodium bicarbonate solution, and the mixtures 
were extracted with methylene chloride. The organic layers were 
washed with water, dried over magnesium sulfate, filtered, and 
evaporated. Dimethylformamide solutions were diluted with 25 ml 
of distilled water and extracted with two 10 -ml portions of pen
tane, which were combined and washed with five 20-ml portions of
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water. The organic layers were dried over magnesium sulfate, fil
tered, and evaporated.

Nmr analysis showed the absence of peaks attributable to allyl 
groups at C-6 of the cyclohexadienones, indicating complete reac
tion of the starting dienones 4 and 5. The relative yields of phenols 
and reduction products from the hydrogenation of compounds 4 
and 5 were determined by the relative areas of the aromatic methyl 
absorptions due to the phenols and the allylic methyl absorptions 
due to the hydrogenated dienones 10 and 11. The yield of phenol 
from hydrogenation of dienone 7 was determined by vpc analysis 
on a 6 ft X 0.25 in., 3% SE-30 on Chromosorb W column.

Isolation of Products of Hydrogenation. With the exception 
of the product from reduction of cyclohexadienone 9, the reaction 
products from each hydrogenation, after work-up as described 
above, were dissolved in 10  ml of pentane and extracted with three
10-ml portions of Claisen alkali. The organic fractions were washed 
with water, dried, and evaporated to give the reduced cyclohexadi
enones. Pure samples of the previously unreported 10 and 11 were 
obtained by vpc on a 1 ft X 0.375 in., 30% SE-30 on Chromosorb W 
column.

The nmr spectrum of 6-isobutyl-4-ferf-butyl-2,6-dimethylcy- 
clohexa-2,4-dien-l-one (10) in CDCI3 showed a multiplet (1 H) 
at b 7.0 (hydrogen at C-3), a doublet (1 H, J  = 2.5 Hz) at & 5.93 (hy
drogen at C-5), a broad singlet (3 H) at 5 1.90 (methyl at C-2), sin
glets at b 1.15 (9 H) and 1.08 (3 H) for the tert-butyl at C-4 and the 
methyl at C-6, and doublets (3 H, J  = 6 Hz) at b 0.76 and 0.88 
(methyl groups on isobutyl side chain), as well as a multiplet (ca. 3 
H) at i5 2.30-1.15 (methylene and methine of isobutyl group).

The nmr spectrum of 2,4,6-trimethyl-6-propylcyclohexa-
2,4-dien-l-one (11) in CCI4 showed a multiplet (1 H) at 5 6.90 (hy
drogen at C-3), a broad singlet (1  H) at b 6.10 (hydrogen at C-5), a 
doublet (3 H, J  = 1.5 Hz) at b 1.99 (methyl at C-2), singlets (3 H 
each) at b 1,93 and 1.11 (methyls at C-4 and C-6), and a multiplet 
(ca. 7 H) at b 0.73-1.46 (propyl at C-6).

The neutral fraction from hydrogenation of dienone 7 showed a 
complex spectrum indicating that appreciable hydrogenation of 
double bonds in the ring had occurred. No pure product could be 
obtained from this mixture.

The aqueous layers from extraction with Claisen alkalie were 
acidified with 6 N  hydrochloric acid and extracted with methylene 
chloride. The organic layers were washed with water, dried, and 
evaporated to give essentially pure phenols, which were identified 
by comparison with samples of known structure.

The hydrogenation product of dienone 9 was shown by vpc to 
contain a single product, which was identified by its nmr and ir

spectrum as the known 2,6-di-tert-butyl-4-methyl-4-propylcy- 
c!ohexa-2,5-dien-l-one. 13

Competitive Hydrogenolysis of Benzyl and 2-MethyIallyl 
Groups. A solution of dienones 4 and 6  (3.0 X 10~ 4 mol of each) in 
5 ml of methanol was hydrogenated as usual until ca. 20% of the 
starting materials had reacted. The mixture was filtered free of 
catalyst, the solvent was evaporated on a steam bath, and the resi
due was dissolved in 15 ml of pentane and extracted with Claisen 
alkali. The nmr spectrum of the neutral fraction showed it to con
sist largely of unreacted starting dienones. The alkaline fraction 
was acidified and extracted with methylene chloride. The methy
lene chloride layer was washed with water, dried over magnesium 
sulfate, and evaporated. The phenols obtained in this manner were 
analyzed by vpc on a 6 ft X 0.25 in., 5% SE-30 on Chromosorb W 
column at 170°. Comparison with synthetic mixtures showed the 
product to be 4-iert-butyl-2,6-dimethylphenol and 2,4,6-trimeth- 
ylphenol in the molar ratio 1.5:1.
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A series of cis and trans allylic halides has been reduced with triphenyltin hydride in a chain reaction which in
volves allylic radicals. Varying degrees of cis-trans isomerization of the intermediate allylic radicals have been ob
served and it has been shown that the variation is concentration dependent and also dependent on structure. At
tempts to study allylic radicals where there is delocalization of the free electron onto CN, CO2CH3, and 
CON(CH3)2 by the same technique led to isomerization of starting material or product and thus no conclusion 
concerning the interconvertibility of the isomeric radicals could be reached. Chlorination of crotonitrile, isocroto- 
nitrile, methyl crotonate, and methyl isocrotonate with fert-butyl hypochlorite led to varying amounts of cis- 
trans isomerization in the intermediate radicals as reflected by the composition of the chloro-substituted prod
ucts. The factors which control these isomerizations are discussed.

In 1961 Walling and Thaler studied the chlorination of a 
variety o f olefins by fert-butyl hypochlorite. 1 They found 
that in general cis and trans olefins gave cis and trans allyl
ic chlorides, respectively. A notable exception was cis-4,4- 
dimethyl-2-pentene, which at 40° gave trans-l-chloro-4,4- 
dimethyl-2-pentene. It was suggested that the fert-butyl 
group destabilized the intermediate cis allylic radical by in

troducing steric effects which were not present in the other 
allylic radicals, and that the rate of conversion o f the cis to 
trans allylic radical was thus enhanced.

Subsequently other workers have investigated the cis- 
trans isomerization o f allylic radicals,2 and isomerization 
has been observed under a variety of conditions.2®'11 In the 
work being reported here cis and trans allylic radicals have
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Table IComposition of Products From Free-Radical Reduction of Allylic Chlorides by Triphenyltin Hydride at 80° in Cyclohexane
-Products, %-

RCH=CHCH2C1 Conen,“ M Trans Cis 1-Olefin

Trans (R = CH3) Neat 65 10 25
Trans (R = CH3) 0.27 49 23 28
Trans (R = CH 3) 0.027 43 2 2 35
Trans (R =  CH3) 
8 8 % cis, 1 2 % trans

0.0135 41 23 36

(R =  CH,)
8 8 % cis, 1 2 % trans

0.27 35 34 31

(R = CH 3)
8 8 % cis, 1 2 % trans

0.027 41 25 34

(R =  CH3) 0.0135 41 24 35
Trans (R =  C2H 5) 0.027 55 17 28
Trans (R - C2H 5) 0.0135 53 17 30
Cis ( R =  C2H 5) 0.027 50 17 33
Cis (R =  C2H5) 0.0135 53 18 29
Trans (R =  i-C4H 9) 6 0.27 —90 0 — 1 0
Cis (R =  f - C ^ T 0.27 —90 0 — 1 0

a Concentrations o f allylic chlorides and triphenyltin 
hydride were equivalent. b Purified n-octane was used as sol
vent for R = i-C4H 9.

been generated by reduction of the isomeric chlorides with 
triphenyltin hydride under a variety of conditions3 and by 
hydrogen abstraction with tert-butoxy radicals generated 
by decomposition of ferf-butyl hypochlorite.

Under these conditions allylic radicals are generated and 
then consumed by attack on either triphenyltin hydride or 
ieri-butyl hypochlorite. If the rate of interconversion of the

product - — R _ .__ /C H 2 ^
XCHCHy

R —►- product
XCHCH

-' x c h 2

isomeric radicals can compete with product formation, 
then isomerization will be found.

Results and Discussion
Reactions of Allylic Chlorides with Triphenyltin 

Hydride. Several allylic chlorides were allowed to react in 
a 1:1 mole ratio with triphenyltin hydride. The reactions 
were carried out in purified cyclohexane at 80° using azo- 
bisisobutyronitrile (AIBN) as initiator. For chlorides of the 
general structure RCH=CHCH2C1, the product composi
tions shown in Table I were obtained. In all experiments 
the purity of the allylic chloride was checked immediately 
before use by glpc. In the cases of the butenyl and pentenyl 
chlorides, experiments were performed using an excess of 
allylic chloride. The purity of the remaining starting mate
rial was checked after the reaction was complete. This was 
done to determine whether isomerization of the starting 
material occurred under the reaction conditions. In no case 
where an excess of pure cis or trans allylic chloride was 
used did isomerized chloride appear in the excess after the 
reaction was complete. In the case of the 88% cis, 12% trans 
mixture of butenyl chlorides the composition was observed 
to change to 76% cis, 24% trans. This change in composition 
can, on the basis of competition experiments, be attributed 
to the faster reaction of the cis butenyl chloride. The faster 
reaction of the cis isomer is probably due to a combination 
of steric and concentration effects.

For the results to be meaningful in terms of allylic radi
cal isomerization, it is necessary to show that the products 
as well as the starting materials do not isomerize under the

conditions of the reaction. Kuivila and Sommer4 have 
shown that triphenyltin hydride will bring about isomeriza
tion of cis-2-butene on irradiation of neat samples with a 
250-W lamp for 24 hr. They suggested that triphenyltin 
radical adds to the double bond to give a secondary radical. 
Loss of triphenyltin radical can give either cis- or trans-2- 
butene. In principle the secondary radical should be able to 
react with more triphenyltin hydride to give the addition 
product. In fact no evidence for addition of triphenyltin 
hydride to a nonterminal nonactivated double bond has 
been found. Kuivila and Sommer did find such an addition 
product from trimethyltin hydride.

The results of Kuivila and Sommer show that isomeriza
tion of 2-butenes, etc., by triphenyltin hydride can occur 
under extreme conditions. The conditions used in this work 
were much milder than theirs; however, a control experi
ment was deemed necessary and prudent. Such an experi
ment was performed by MacGregor at the inception of this 
work.28,5 MacGregor allowed an excess of a mixture of 87% 
neryl chloride (cis-l-chloro-2,7-dimethvl-2,6-octadiene) 
and 13% geranyl chloride (frans-l-chloro-3,7-dimethyl-
2,6-octadiene) to react with triphenyltin hydride. After 
completion of the reaction, the mixture was analyzed for 
starting material and products. There was no change in the 
ratio of starting materials and the product ratio showed 
87% cis and 13% trans olefin. It was thus concluded that 
isomerization by addition of triphenyltin radical and sub
sequent loss of triphenyltin radical does not occur under 
the conditions of these reactions. Isomerization in solution 
reactions was found in the neryl and geranyl systems and 
this was attributed to isomerization of intermediate allylic 
radicals.2® The results of these experiments and those of 
Kuivila and Sommers have led to the following conclusions:
(1) product isomerization is not caused by reaction of prod
uct with radicals present in the reaction mixture, and (2) 
product is not consumed by addition of triphenyltin hy
dride. In this regard yields of products were not deter
mined in this work; however, indications in the literature 
indicate that they are extremely high.6

The results in Table I show that interconversion and 
equilibration of allylic radicals is competitive with hydro
gen transfer when triphenyltin hydride is the chain trans
fer agent. By varying the concentration of reactants the 
rate of the product-forming step, i.e., attack on hydride, 
and hence the lifetime of the radical is varied. At suffi
ciently low concentrations the product-forming step slowed 
to a point where equilibrium between cis and trans radicals 
was established. As expected, the size of the group R had a 
profound effect on the position of equilibrium. Thus the 
amount of cis olefin at equilibrium decreases from R = CH3 
to R = ¿-C4H9.

The results of this study are in agreement with those of 
others 1’2a~d and they serve to amplify the observation that 
cis-trans isomerization can compete with product-forming 
chain transfer reactions.

The observation of interconverting allylic radicals de
pends on the successful competition of rotation about a 
partial double bond with any process that quenches the 
radical. Providing that the barrier to rotation is not over
whelming, factors which prolong the lifetime of the radical 
can be manipulated to maximize the observed rotation. 
Since allylic radicals participating in a radical chain pro
cess are destroyed in a bimolecular chain transfer step, it is 
expected that the amount of unimolecular rotation would 
increase with dilution. Expressions for the rate constants 
involved in these processes have been derived by Golden.2e 
These lead to values of ~103-2 sec-1 for the rate constant 
for rotation, kr, and 103-4 M_1 sec-1 for the rate constant 
for hydrogen abstraction, ka, at 80°, when the chain trans-
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fer agent is triphenyltin hydride. The ratio o f the rate of 
rotation to abstraction (A) is therefore

A =  h i * - }  h
^ jR -J [P h 3SnHj IcJ  Ph3SnH]

10 3.2

“  1 0 3 -4 [p h 3SnH [

Golden’s data indicate that rotation should compete with 
chain transfer at about 1 M  triphenyltin hydride. Further
more, each order o f magnitude decrease in triphenyltin hy
dride concentration should lead to a corresponding order of 
magnitude increase in the amount o f rotation over abstrac
tion.

The results o f this study qualitatively demonstrate this 
dilution effect. The amount of isomerization clearly is a 
function o f concentration. Other workers20 have shown that 
butenyl radicals equilibrate readily in the gas phase where 
optimum conditions prevail.

Reaction of Triphenyltin Hydride with Allylic Chlorides of the Form C1CH2CH=CHZ where Z = CO2CH3, 
CON(CH3)2, and CN. The reactions of triphenyltin hy
dride with allylic chlorides in which the carbon-carbon 
double bond is conjugated with an electron-withdrawing 
group (Z) were studied in order to investigate the effect 
that such conjugation would have on the rate of isomeriza
tion of the allylic radicals. For each compound studied [Z = 
CO2CH3, CON(CH3)2, and CN] the same mixture of prod
ucts was obtained regardless of concentration or geometry 
o f the starting material. Isomerization o f products and/or 
starting material would be expected to yield such results. 
Further investigation confirmed that isomerization of 
products occurs for Z = CO2CH3 and isomerization of 
starting material occurs for Z = CN. This was shown by 
performing the reactions in the presence of excess starting 
materials and in the presence of isomerically pure product 
followed by analysis o f the reaction mixtures by glpc. Isom
erization o f starting material or products was not definitely 
shown for Z = CON(CH3)2; however, the absence o f a con
centration effect on product composition and the results 
from the other compounds strongly suggest that at least 
one o f these isomerization processes is occurring.

The isomerization o f starting materials and/or products 
probably occurs by reversible addition o f triphenyltin radi
cal to the carbon-carbon double bond. Such additions have 
been shown to ocur for conjugated alkenes,lf and are ex
pected to be enhanced if the conjugating group is also elec
tron withdrawing.7

feri-Butyl Hypochlorite Chlorination of Crotononi- 
trile and Isocrotononitrile. Allylic chlorination of croto- 
nonitrile (trans-2 -butenonitrile) and isocrotonoitrile (cis-
2 -butenonitrile) by ferf-butyl hypochlorite was performed 
at 25° employing irradiated AIBN as an initiator. Reac
tions were performed at varying concentrations in carbon 
tetrachloride. The data collected in Table II show a defi
nite concentration dependence of the amounts o f cis and 
trans monochlorination products. All reactions were per
formed in the presence o f excess nitrile to prevent poly
chlorination. The excess nitrile was then analyzed after the 
reaction to determine whether isomerization had taken 
place during the reaction. In no case was isomerization ob
served. The stability o f the products was investigated by ir
radiation of pure samples o f the cis and trans chloronitriles 
in the presence of ieri-butyl hypochlorite. Again, no isom
erization was observed. The absence o f the unconjugated 
isomeric 2-chloro-3-butenonitrile as a product in these 
reactions was noted and is consistent with the absence of 
the analogous bromo derivative in the radical bromination

Table II
Allylic Chlorination of CH3CH=CHZ with ieri-Butyl 

Hypochlorite at 25° in Carbon Tetrachloride
Concn of ,■-----Products, %----- .

CHaCIfeCHZ t-BuOCl, M Trans Cis

Trans (Z =  CN ) Neat 80 20
Trans (Z =  CN) 0 .3 48 52
Trans (Z =  CN ) 0 .0 3 46 54
Cis (Z =  CN) Neat 24 76
Cis (Z =  CN ) 0 .3 35 65
Cis (Z =  CN) 0.03 42 58
Trans (Z =  C 0 2C H 3) Neat 95 5
Trans (Z =  C 0 2C H 3) 0 .0 3 85 15
Cis (Z =  CG 2C H 3) Neat 37 63
Cis (Z =  CO0C H 3) 0.03 77 23

of crotononitrile and isocrotononitrile with A-bromosucci- 
nimide.8

Miahle and Vessieri9 have equilibrated the various iso
meric chloronitriles under basic conditions in acetonitrile. 
They find at equilibrium that there are present 26% cis-4- 
chloro-2-butenonitrile, 55% trans-4-chloro-2-butenonitrile, 
13% cis-4-chloro-3-butenonitrile, and 6% trans-4-chloro-
3-butenonitrile. It is clear that the results obtained in this 
work are not due to formation o f equilibrium mixtures of 
products by some isomerizing side reaction. It is not clear 
that the two 4-chloro-3-butenonitriles could be formed by 
free-radical isomerization of either cis- or frans-4-chloro-
2 -butenonitrile; however, free-radical isomerization o f ei
ther o f these would be expected to yield a mixture rich in 
ir<ms-4-chloro-2-butenonitrile (ca. 2:1). The results o f this 
work indicate a slight preference for the cis isomer under 
the most dilute conditions and thus it is safe to conclude 
that nonequilibrium mixtures of cis- and trans-4-chloro-2- 
butenonitrile were obtained.

Walling and Thaler1 in their pioneering study found that 
most simple olefinic geometric isomers were chlorinated by 
/erf-butyl hypochlorite with preservation o f stereochemis
try, the notable exception being cis-4,4-dimethyl-2-pentene 
. The conditions used in this work were very nearly the 
same as employed by Walling and Thaler. They employed 
neat reaction mixtures and 40° while the results for com 
parative purposes from this work are neat and 25°. The dif
ference in their results and those obtained here can be at
tributed to at least two factors.

(1) The ability o f the cyano group to accept the unpaired 
electron, contributor C, leads to less C-2-C-3 double-bond 
character in the hybrid relative to a nonsubstituted allylic

•c h 2c h = c h c = n  - c h 2= c h c h c n  ——
A B

c h 2= c h c h = c = n -
c

radical. Lowering of the double-bond character lowers the 
activation energy for rotation and thus increases its rate.

(2) Delocalization o f the unpaired electron onto the ni
trogen of the cyano group stabilizes the allylic radical rela
tive to a nonsubstituted allylic radical. Such stabilization 
makes it less reactive toward the chain transfer reaction 
with te r t-butyl hypochlorite, and therefore it has a longer 
lifetime than the unsubstituted allylic radicals. Such an ex
tension o f the lifetime allows rotation to compete more ef
fectively with chain transfer.

teri-Butyl Hypochlorite Chlorination of Methyl 
Crotonate and Methyl Isocrotonate. Allylic chlorination 
o f methyl crotonate (methyl trans-2 -butenoate) and meth
yl isocrotonate (methyl cis-2 -butenoate) gave results 
(Table II) similar to those obtained in the previous case of
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the nitriles. The stabilities of the starting material and 
products were demonstrated as described for the nitriles.

Miahle and Vessiere9 have equilibrated the various ethyl
4 -chlorobutenoates with the following results: ethyl cis-4- 
chloro-2-butenoate, 4%; ethyl frans-4-chloro-2-butenoate, 
71%; ethyl ci's-4-chloro-3-butenoate, 16%; and ethyl trans-
4 -chloro-3 -butenoate, 9%. The results obtained in this 
study indicate a preference for ethyl irarcs-4-chloro-2-bute- 
noate when the reactions were conducted in solution. 
Whether a near-equilibrium mixture between the two iso
mers has been achieved cannot be stated definitely. It is 
quite obvious that such is not the case in the neat reactions. 
It seems safe to conclude that isomerization occurs in the 
allylic radicals. The alternative, some kind of adventitious 
catalysis of isomerization, would have to be more effective 
in dilute solution than it is in the neat solutions. It should 
be pointed out that the results with the nitriles and esters 
do not exclude addition o f terf-butoxy radicals to the un
saturated system. If the intermediate radicals are captured 
faster than a ieri-butoxy radical can be lost, then isomer
ization would not be observed. Alternatively, although un
likely, addition and loss of the te r t-butoxy radical before 
rotation could occur in the intermediate radical would not 
lead to isomerization. Whether addition occurs in these 
systems is an interesting question; however, it has not been 
investigated in this study.

It should be noted that isomerization in the allylic radi
cals derived from crotononitrile, methyl crotonate, and 
their geometric isomers has been suggested previously from 
work on the bromination of the isomeric nitriles with N - 
bromosuccinimide (NBS ) . 10 In that study it was noted that 
the same mixture of cis and trans bromonitriles resulted 
from either cis or trans reactant. An alternate explanation 
for this observation, however, is that bromine caused isom
erization of reactants and/or products by reversible addi
tion of bromine atoms. The geometric integrity o f the reac
tants and products was not reported.

Experimental Section
General. All boiling points and melting points are uncorrected. 

Unless otherwise indicated all infrared spectra were recorded using 
a Perkin-Elmer 137 spectrophotometer. Pmr spectra were record
ed with a Varian A-60 with tetramethylsilane as internal standard. 
Unless otherwise indicated all glpc was performed with a Perkin- 
Elmer 801 instrument equipped with glass injection parts and a 
flame ionization detector.

Preparation of Allylic Chlorides. All of the allylic chlorides 
listed in Table I were prepared from their corresponding allylic al
cohols by the procedure of Young, Sharman, and Winstein.11

A 24.9-g (0.210 mol) quantity of thionyl chloride was added over 
2 hr to a stirred, ice-salt water cooled solution of 0.210 mol of the 
allylic alcohol and 38.5 g (0.210 mol) of tri-n-butylamine in 300 ml 
of absolute anhydrous ether. After the addition was complete, the 
reaction mixture was stirred at room temperature for 45 min. A 
low-pressure flash distillation was subsequently performed, and 
that material which distilled at 0.5 mm without heating above 
room temperature was collected in a Dry Ice-acetone cooled re
ceiver. After the bulk of the solvent had been removed from the 
distillate by fractionation through a 25-cm glass helices packed 
column, a few drops of water and 2 g of anhydrous potassium car
bonate were added to the residue. The mixture was then stirred 
overnight with a magnetic stirring apparatus. After a low-pressure 
flash distillation from the solid, the product was fractionated. For 
each chloride the following data were collected: trans-l-chloro-2- 
butene, yield 32%, bp 84-86° (lit.11 bp 84°), significant ir (neat) 
bands at 1670 and 975 cm-1, pmr b 5.3-6.1 (m, 2) 3.94 (d, 2, J = 6.0 
Hz), 1.65 (d, 3, J  = 4.5 Hz); cfs-l-chloro-2-butene,12 yield 53%, bp
84-85° (lit.11 bp 84°), significant ir bands at 1660 and 750 cm-1, 
pmr 5 5.2-5.9 (m, 2), 3.98 (d, 2, J = 6.3 Hz), 1.65 (d, 2 ,J  = 5.0 Hz); 
trans-l-chloro-2-pentene, yield 68%, bp 108-110° (lit.13 bp 103- 
110°), significant ir bands at 1663 and 969 cm "1, pmr b 5.3-6.1 (m, 
2), 3.97 (d, 2, J = 6.0 Hz), 1.8-2.3 (m, 2), 0.98 (t, 3, J = 7.3 Hz); cis-
l-chloro-2-pentene, yield 56%, bp 51-51.5° (110 mm), significant ir

bands at 1650 and 760 cm "1, pmr b 5.3-5.9 (m, 2), 4.05 (d, 2, J =
6.5 Hz), 1.8-2.4 (m, 2), 0.98 (t, 3, J  = 7.5 Hz); irans-l-chloro-4,4- 
dimethyl-2-pentene, yield 63%, bp 60.0-60.5° (50 mm) [lit.14 bp 
59.0-59.5° (50 mm)], significant ir bands at 1664 and 975 cm "1, 
pmr b 5.2-6.0 (m, 2), 3.98 (d, 2, J = 5.0 Hz), 1.02 (s, 9); cis-l-chloro-
4.4- dimethyl-2-pentene (87% cis), yield 48%, bp 60-61° (52 mm) 
[lit.14 bp 58-59° (50 mm)], significant ir bands at 1650 and 775 
cm "1, pmr <5 5.1-5.7 (m, 2), 4.18 (d, 2, J = 6.4 Hz), 1.13 (s, 9). The 
isomeric purity of the allylic chlorides was checked by glpc under 
the following conditions: cis- and irans-l-chloro-2-butene, 10 ft X 
0.125 in. o.d. 10% /3,d'-thiodipropionitrile on 80-100 mesh Chromo- 
sorb G at 25°; cis- and irarcs-l-chloro-2-pentene, 6 ft X 0.125 in. 
o.d. Carbowax K20M on 80-100 mesh Chromosorb W at 25°; cis- 
and frans-l-chloro-4,4-dimethyl-2-pentene, 10 ft X 0.125 in. o.d. 
10% d^-thiodipropionitrile on 80-100 mesh Chromosorb G at 50°.

Preparation of cis- and trans-Crotyl Alcohol. frans-Crotyl 
alcohol was prepared by lithium aluminum hydride reduction of 
crotonaldehyde using standard techniques. cis-Crotyl alcohol was 
prepared by the semihydrogenation of 2-butyn-l-ol in methanol 
using Lindlar’s catalyst.15

Preparation of fraras-2-Penten-l-ol. irans-2-Penten-l-ol was 
prepared by reduction of 2-pentyn-l-ol with sodium in liquid am
monia using standard techniques, yield 58%, bp 68° (38 mm) [lit.16 
bp 42.2° (7 mm)].

Preparation of cis-2-Penten-l-ol. cis-2-Penten-l-ol was pre
pared by semihydrogenation of 2-pentyn-l-ol using Lindlar’s cata
lyst, yield 62%, bp 60-62° (30 mm) [lit.16 bp 41.2° (7 mm)].

Preparation of irans-4,4-Dimethyl-2-penten-l-ol. trans-
4.4- Dimethyl-2-penten-l-ol was prepared by reduction of 4,4-di- 
methyl-2-pentyn-l-ol with sodium in liquid ammonia according to 
the procedure used in preparing trans-2-penten-l-ol, yield 53%, bp
66.5-67.0° (16 mm) [lit.14 bp 71.2-72.7° (20 mm)].

Preparation of cis-4,4-Dimethyl-2-penten-l-ol. cis-4,4-Di- 
methyl-2-penten-l-ol was prepared by the semihydrogenation of
4.4- dimethyl-2-pentyn-l-ol using 5% palladium on barium sulfate 
as catalyst, yield 57%, bp 73-74° (20 mm) [lit.14 bp 73.5-74.0° (20 
mm)].

Preparation of Triphenyltin Hydride. Lithium aluminum hy
dride (1.56 g, 0.041 mol) was placed in a 500-ml flask filled with ni
trogen. Dry absolute ether (150 ml) was added slowly, with stir
ring, and the flask was cooled to 0°. Triphenyltin chloride (38.5 g, 
0.1 mol) was added to the slurry all at once, and the mixture was 
stirred at 0° for 15 min. The mixture was then allowed to warm to 
room temperature and stirring was continued for 4 hr. The mix
ture was cooled to 0° and 100 ml of water was added slowly with 
vigorous stirring. The resulting layers were separated. The upper 
layer was washed twice with water and dried over anhydrous mag
nesium sulfate. The ether was removed using a rotary evaporator, 
and the liquid residue was dissolved in 250 ml of methanol at 0°. 
Some material which did not dissolve was separated in a separato
ry funnel. The methanol solution was cooled to —78°, and the re
sulting precipitate of triphenyltin hydride was collected in a Buch
ner funnel. The recrystallization was repeated and the solid was 
dried in an evacuated disiccator. This gave approximately 30 g 
(85%) of triphenyltin hydride, mp 26-27°.

Reaction of cis- and t rans-1 -Chloro-2-butene and cis- and 
trans-l-Chloro-2-pentene with Triphenyltin Hydride (0.0135 
M). A 1-1., three-necked flask was fitted with a thermometer that 
was long enough to reach into the solution, a gas inlet adapter, and 
a reflux condenser with a narrow spiral path for the vapor. The top 
of the condenser was fitted with a gas inlet adapter which was con
nected to two small Dry Ice-acetone cooled traps in series. Ap
proximately 1 ml of ether was placed in the first small trap. (This 
was omitted in the case of cis- and irans-l-chloro-2-pentene.)The 
entire apparatus was then purged with dry, oxygen-free nitrogen 
for 30 min. Cyclohexane (500 ml), which had been purified by stir
ring overnight with sulfuric acid and then for several hours with a 
mixture of sulfuric and nitric acids, washed, dried, and distilled, 
was then added to the flask. The cyclohexane was deoxygenated by 
refluxing it in a stream of nitrogen for 30 min and then cooling 
under a positive pressure of nitrogen. To the solvent was then 
added, in order, and into an emerging stream of nitrogen, 2.37 g 
(0.0675 mol) of triphenyltin hydride, 0.0675 mol of the appropriate 
allylic chloride, and 0.1025 g of azobisisobutyronitrile (AIBN). The 
flask was quickly closed and heated to a very gentle reflux. The 
mixture was stirred magnetically for 4 hr with no nitrogen flowing 
through the apparatus except for short periods of time at irregular 
intervals. At the end of the 4-hr period the water in the condenser 
was turned off and drained out. The vapors of cyclohexane were al
lowed to climb up the condenser until a few drops spilled over into
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the trap. At this point heating was stopped and the water in the 
condenser was turned on to force the vapors to recede. The com
bined material in the traps was analyzed by glpc as follows: bu
tenes, 15 ft X 0.25 in. o.d. 20% 2,5-hexanedione on 35/80 Chromo- 
sorb P at 25°, He flow rate 30 ml/min, analysis was performed 
using an F and M 500 instrument; pentenes, 12 ft X 0.25 in. o.d. 
silver nitrate-ethylene glycol on 35/80 Chromosorb P at 25°, He 
flow rate 30 ml/min, analysis was performed using an F and M 500 
instrument.

For experiments at other concentrations the same procedure was 
followed using an appropriate amount of solvent.

Reaction of irons-l-Chloro-2-butene with Triphenyltin Hy
dride (Neat). Triphenyltin hydride (2.37 g, 0.0067 mol) was 
placed in a 10-ml flask fitted with a reflux condenser and equipped 
with a 10/30 gas inlet joint which was connected via a stopcock to a 
nitrogen line. The top of the condenser was connected via a stop
cock to a Dry Ice-acetone trap containing 1 ml of ether, trans- 
Crotyl chloride (0.608 g, 0.0067 mol) and AIBN (0.05 g) were added 
under nitrogen and the flask was placed in an oil bath held at 80°. 
Initiation was evidenced by a moderate evolution of nitrogen after 
a few minutes. The flask was allowed to remain in the bath for 4 
hr, during which nitrogen was allowed to sweep through the appa
ratus at irregular intervals. After this the contents of the trap were 
analyzed by glpc as described above.

Reaction of cis- and irons-l-Chloro-4,4-dime thy 1-2-pentene 
with Triphenyltin Hydride (0.27 M). Since the boiling points of 
the expected products are close to that of cyclohexane (bp 80°), it 
was found that isolation of the products was very difficult. A high
er boiling solvent, n-octane (bp 125°), was therefore chosen as the 
reaction medium. The solvent was purified in a manner similar to 
that used for cyclohexane.

To a 100-ml, three-necked flask equipped as described above 
and purged with nitrogen was added 50 ml of purified n-octane. 
The n-octane was then deoxygenated by refluxing in a stream of 
nitrogen for 30 min and then cooling under a positive pressure of 
nitrogen. To the solvent was added in order, and into an emerging 
stream of nitrogen, 4.74 g (0.0135 mol) of triphenyltin hydride, 
1.782 g of the appropriate chloride, and 0.164 g of AIBN. The mix
ture was stirred magnetically and heated by means of an oil bath 
so that the temperature of the contents was 80 ±  3° for 4 hr. At the 
end of this period the flask was cooled to room temperature, and 
any material in the condenser was rinsed into the flask with 5-10 
ml of n-octane. The condenser was replaced by a narrow 30-cm Vi- 
greux column fitted at the top with a short-path condenser leading 
to two Dry Ice-acetone cooled receivers in series. The flask was 
heated by means of a mantle to distil out the olefins. Distillation 
was continued until the temperature of the distillate rose above 
120°. Examination of the second trap revealed no condensate and 
the distillate in the first trap was analyzed by glpc on a 50 ft X 
0.125 in. o.d. column of SE-30 on Chromosorb at 25°. Analysis was 
performed using an F and M 700 instrument.

Preparation of Methyl y-Chlorocrotonate. In a 250-ml, 
three-necked flask equipped with thermometer, gas inlet, condens
er, and magnetic stirrer were placed 60 g (0.6 mol) of methyl croto- 
nate and 21.6 g (0.2 mol) of ferf-butyl hypochlorite. Dry oxygen- 
free nitrogen was bubbled through the methyl crotonate for 20 min 
before the hypochlorite was added. The flask was then irradiated 
for approximately 5.5 hr with a G.E. sun lamp. After this time the 
color of the tert-butyl hypochlorite was no longer evident. Frac
tionation of the mixture at reduced pressure on a spinning band 
column equipped with a Teflon band yielded the product: bp 65.5° 
(9 mm) [lit.18 bp 80-81° (19 mm)]; significant ir bands at 980 and 
1660 c m '1; pmr & 6.7-7.3 (m, 1), 6.15 (d, 1 ,J  = 15.5 Hz), 4.25 (d, 2, 
J  = 6.0 Hz), 3.75 (s, 3).

Preparation of Methyl 7 -Chloroisocrotonate. 1,3-Dibromo-
2-butanone was prepared according to a previously described 
method19 and converted via Favorskii rearrangement to isocroton- 
ic acid.20 The crude isocrotonic acid was then esterified with di
methyl sulfate in the presence of base according to an established 
procedure.21

The methyl isocrotonate was then chlorinated with ferf-butyl 
hypochlorite according to the procedure above for methyl croto
nate. The product, methyl 7 -chloroisocrotonate, was obtained in 
addition to significant amounts of other products. Fractional dis
tillation on a spinning band column equipped with a Teflon band 
yielded the pure product: bp 59° (15 mm); significant ir bands at 
825 and 1650 cm-1; pmr 5 6.1-6.6 (m, 1), 5.9 (d, 1 , J =  11.5 Hz), 4.7 
(d, 2, «7 = 6.6 Hz), 3.7 (s, 3).

Preparation of y-Chlorocrotononitrile and 7 -Chloroisocro- 
tononitrile. A commercial sample of crotononitrile which con

tained both the cis and trans isomers was fractionated on a spin
ning band column to give the pure cis isomer (bp 107°) and the 
pure trans isomer (bp 119°). Each isomer was then chlorinated in 
the same manner as methyl crotonate.

The resulting product, which contained both the cis and trans 
chloronitriles,22 was fractionated to give the pure isomers: 7-chlo- 
rocrotononitrile, bp 71-72° (11 mm) [lit.23 bp 71.0-71.2° (10 mm)], 
significant ir bands at 968, 1655, and 2250 cm-1, pmr 5 6.6-7.1 (m, 
1), 5.8 (d, 1, J = 16.0 Hz), 4.2 (d, 2, J = 5.7 Hz); 7 -chloroisocroto- 
nonitrile, bp 54-56° (11 mm) [lit.23 bp 55.1-55.3° (10 mm)], signifi
cant ir bands at 782, 1640, and 2250 cm-1, pmr 5 6.4-6.9 (m. 1), 5.6 
(d, 1, «7 = 11.0 Hz), 4.3 (d, 2, «7 = 7.8 Hz).

Preparation of 7 -Chloro-fV,/V-dimethylcrotonamide. Meth
yl 7-bromocrotonate was prepared by allylic bromination of meth
yl crotonate using /V-bromosuccinimide and hydrolyzed with aque
ous sodium carbonate to give 7 -hydroxycrotonic acid. Treatment 
of this with ethereal thionyl chloride afforded 7-chlorocrotonyI 
chloride, which was converted t07-chloro-7V,A1-dimethyicroton 
amide by treatment with ethereal dimethvlamine. The product 
showed the following properties: bp 84° (0.12 mm); significant ir 
bands at 975, 1610, and 1660 cm-1; pmr 5 6.7 (m, 2), 4.3 (d, 2, J  =
4.5 Hz), 3.0 (s, 6).

Reaction of Methyl 7 -Chlorocrotonate and Methyl 7 -Chlo- 
roisocrotonate with Triphenyltin Hydride at 80°. A. 0.027 M
Solution. Cyclohexane (250 ml) was deoxygenated by refluxing in 
a stream of nitrogen for 30 min. The appropriate chloroester (0.905 
g) was then added followed by 2.37 g of triphenyltin hydride and 
0.1025 g of AIBN. The mixture was gently heated under reflux 
under nitrogen for 4 hr and then cooled to room temperature. 
Samples were taken from this solution and submitted directly to 
analysis by glpc on a 10 ft X 0.125 in. o.d. column of 10% d.S'-thio- 
dipropionitrile on 80-100 mesh Chromosorb G at 60°.

B. Neat. Triphenyltin hydride (1.185 g), the appropriate chloro 
ester (0.453 g), and AIBN were mixed in a 10-ml flask fitted with a 
reflux condenser. The flask was flushed with nitrogen and then 
placed in a constant-temperature bath held at 80° for 4 hr. The 
top of the condenser was open to a nitrogen-filled balloon. After 
the 4-hr reaction time the flask was allowed to cool to room tem
perature, whereupon a solid mass formed. Cyclohexane (6-7 ml) 
was then added and the mixture was stirred magnetically until fine 
particles of solid were obtained. The supernatant liquid was then 
analyzed for products by glpc as described above.

Reaction of Methyl 7 -Chlorocrotonate with Triphenyltin 
Hydride at 0°. A. 0.27 M Solution. Cyclohexane (12.5 ml), 1.185 g 
of triphenyltin hydride, 0.905 g of methyl 7-chlorocrotonate, and 
0.082 g of AIBN were mixed in a nitrogen atmosphere in a 25-ml 
flask. A calcium chloride drying tube was attached and the flask 
was placed in a clear unsilvered Dewar flask which contained ice 
and water at 0°. The solution was irradiated with a G.E. sun lamp 
for 3 hr and then analyzed directly by glpc as described above.

B. Neat. Triphenyltin hydride (1.185 g), methyl 7 -chlorocroto- 
nate (0.500 g), and 0.042 g of AIBN were mixed under a nitrogen 
atmosphere in a pressure tube. The tube was closed and placed in 
a clear unsilvered Dewar flask which contained ice and water at 0°. 
The mixture was irradiated with a G.E. sun lamp for 3 hr. After 
this period the tube was opened and 6 ml of cyclohexane was 
added. A small magnetic stirring bar was added and the mixture 
was stirred until fine particles of solid were obtained. The superna
tant liquid was then analyzed for products by glpc as described 
above.

Reaction of 7 -Chlorocrotononitrile and 7 -Chloroisocroto- 
nonitrile with Triphenyltin Hydride at 80°. 7-Chlorocrotononi- 
trile and 7-chloroisocrotononitrile were allowed to react with tri
phenyltin hydride both neat and in solution in a manner analogous 
to that, for methyl 7 -chlorocrotonate. Glpc analysis of the products 
was performed on a 6 ft X 0.125 in. o.d. column of Carbowax K20M 
on 80-100 mesh Chromosorb W at 40°.

Reaction of y-Chloro-A/N-dimethylcrotonamide with Tri
phenyltin Hydride at 80°. y-Chloro-IV,N-dimethylcrotonamide 
was allowed to react with triphenyltin hydride both neat and in so
lution in a manner analogous to that for methyl 7 -chlorocrotonate. 
Glpc analysis of the products was performed on a 6 ft X 0.125 in. 
o.d. column of Carbowax K20M on 80-100 mesh Chromosorb W at 
120°.

Reaction of teri-Butyl Hypochlorite with Crotononitrile 
and Isocrotononitrile at 25°. A. Solution (0.03 M in terf-Butyl 
Hypochlorite). A 250-ml Pyrex photolysis apparatus which was 
equipped with a water-cooled cold finger was filled with 250 ml of 
dry carbon tetrachloride. teri-Butyl hypochlorite (0.81 g, 0.0075 
mol), crotononitrile or isocrotononitrile (1.68 g, 0.025 mol), and a
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small amount of AIBN were dissolved in the solvent under a nitro
gen atmosphere. The apparatus was closed and irradiated with a
G.E. sun lamp for up to 22.5 hr. Samples of the solution were then 
analyzed by glpc on a 6 X 0.125 in. o.d. column of Carbowax K20M 
on 80-100 mesh Chromosorb W at 95°.

For experiments at 0.3 M  the same amounts of reactants were 
dissolved in 25 ml of solvent in a smaller apparatus.

B. Neat. Crotononitrile or isocrotononitrile (3.35 g, 0.05 mol) 
was placed in a Pyrex photolysis apparatus of appropriate size so 
that the cold finger reached into the liquid. To this was added 1.84 
g (0.017 mol) of terf-butyl hypochlorite and a small amount of 
AIBN. The mixture was irradiated for up to 21 hr while being 
stirred magnetically and cooled by the cold finger. Samples of the 
mixture were then analyzed by glpc as described above.

Reaction of ieri-Butyl Hypochlorite with Methyl Crotonate 
and Methyl Isocrotonate at 25°. Methyl crotonate and methyl 
isocrotonate were allowed to react with ieri-butyl hypochlorite 
both neat and in solution in a manner analogous to that used for 
crotononitrile and isocrotononitrile. Glpc analysis of the products 
was performed on a 6 ft X 0.125 in. o.d. column of Carbowax K20M 
on 80-100 mesh Chromosorb W at 110°.
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The study of the initial rates of formation of chromium(III) in the chromic acid oxidation of oxalic acid shows 
the absence of an induction period; this result is incompatible with any mechanism following the general scheme 
Cr(VI) -*  Cr(V) —► Cr(III), according to which all chromium would pass through the chromium(V) state. In agree
ment with the previously proposed three-electron oxidation mechanism, the initial rate of formation of chromi- 
um(III) is never lower than one-half of the rate of reduction of chromium(VI). The initial rates of formation of 
chromium(III) as well as the maximum concentration of chromium(V) formed depend on both total chromic acid 
concentration and on the acidity. The results show that the -C ^ H  radicals react predominantly with chromium- 
(VI) to yield CO2 and chromium(V) at high chromic acid concentrations and acidities, but undergo extensive bi- 
molecular dimerization at low chromic acid concentrations and acidities.

In a recent paper from this laboratory3 it was shown that 
during the chromic acid oxidation o f oxalic acid, a long- 
lived chromium(V) intermediate is formed in rather large 
concentrations. The reaction can be described as having 
two distinct phases. The initial phase is characterized by a 
decrease in the concentration of chromium(VI) and a rapid 
buildup o f the chromium(V) intermediate. During the sec
ond phase of the reaction, after the concentration o f 
chromium(V) has reached its maximum, the concentrations 
o f both chromium(V) and chromium(VI) decrease approxi
mately in parallel, and a quasi-steady-state concentration

of chromium (V) with respect to the concentration of 
chromium (VI) is established and maintained.

The purpose of this study was to obtain answers to two 
basic questions concerning the mechanism o f reaction: ( 1 ) 
does all, or only a fraction, o f the total chromium pass 
through the chromium(V) stage; (2) do all, or only a frac
tion o f the free radicals undergo further oxidation?

The oxidation o f oxalic acid takes place by two routes, 
namely, through a 1 : 1  and a 2 : 1  oxalic acid-chrom ic acid 
complex . 4 The mechanism for the second route, which (ex
cept for very low oxalic acid concentrations) is by far the
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Scheme I
2(C02H), + Cr(VI) 3C02 + -C 02H + Cr(III) (1)

*C02H + Cr(VI) C02 + Cr(V) (2)

(C02H)2 + Cr(V) - V  2COa + Cr(III) (3)

2-COzH —■> (C02H)2 (4)

more important one, is given in Scheme I.4a This mecha
nism requires that at least one-half or a greater fraction 
(depending on the importance of reaction 4 relative to reac
tion 2) of chromium(VI) is reduced directly to chromi- 
um(III) without passing through a chromium(V) stage.5

Mechanisms in which chromium(VI) is either reduced 
stepwise in a series o f one-electron reductions or in which 
chromium(IV) formed in a two-electron reduction is reoxi
dized to chromium(V) lead to the same general scheme 
(Scheme II) according to which all chromium passes 
through the chromium(V) stage. If a reaction during which 
chromium(V) accumulates in appreciable amounts follows 
Scheme II, the initial rate of chromium(III) formation 
should be zero at time t = 0 ; i.e., an induction period for 
the formation o f chromium(III) should be observed.

Scheme II
Cr(VI) —*■ Cr(V) -*■ Cr(III)

The determination of the initial rate o f formation o f 
chromium(III) should thus permit us to distinguish be
tween the mechanisms of Schemes I and II and to assess 
the importance o f the bimolecular free radical process 
(reaction 4) in the mechanism of Scheme I.

Results and Discussion
The rate o f formation o f chromium(III) can be followed 

spectrophotometrically at about 600 nm, where the absorp
tions o f both chromium(VI) and chromium(V) are negligi
ble. 3 On the other hand, there is no region of the spectrum 
in which the concentration o f either ehromium(VI) or of 
chromium(V) could be determined without interference 
from the other species. The concentration o f chromium(VI) 
and its rate o f change therefore cannot be determined di
rectly from spectrophotometric measurements.

During the pre-steady-state phase of the reaction the 
concentration o f chromium(V) increases rapidly; conse
quently, the rates o f formation o f chromium(III) and of re
duction of chromium(VI) may differ considerably. On the 
other hand, the concentration o f chromium(V) changes 
only slowly during the second phase and the rates of forma
tion of chromium (III) and of the reduction of chromium- 
(VI) are therefore very approximately equal. Thus, if  the 
reaction is carried out under pseudo-first-order conditions, 
the rate constant of chromium(III) formation in the second 
phase o f the reaction thus provides a satisfactory measure 
o f the rate o f reduction o f chromium(VI) throughout the 
reaction. Hence, the ratio o f the first-order rate constants 
for the chromium(III) formation in the initial and in the 
second phase of the reaction (k i/ks) can be used as an ade
quate measure of the rate o f chromium(III) formation rela
tive to chromium(VI) reduction at the beginning of the 
reaction.

Figure 1 shows typical examples o f plots of the absorp
tion at 600 nm vs. time used in this study. The results 
clearly show that the rate o f chromium (III) formation in
deed changes during the course of the reaction, with the 
initial rate being considerably slower than the rate in the 
second phase. In both regions reasonably good straight

Figure 1. Pseudo-first-order rate plots for the formation of 
chromium(III) at 25°: oxalic acid 0.115 M; perchloric acid 0.388 M. 
Initial concentrations of Cr(VI): O, 8.12 X 10" 4 M; □, 2.03 X 10-3 
M; A, 4.06 X 10“ 3 M.

lines for log (absorbance) vs. time plots are obtained, indi
cating that the rate o f chromium(III) formation is first 
order in the overall concentration o f chromium(VI). Table 
I summarizes the values for k\ (pseudo-first-order rate con
stants for the initial part o f the reaction), ks (rate constants 
for the pseudo-steady-state phase), and the ratio k-Jks.

The results show that the value of k jk , depends both on 
the concentration of chromic acid and on acidity and varies 
between 0.50 and 0.85. Under no conditions has a genuine 
induction period for. the formation o f chromium(III) been 
observed. The results thus are incompatible with any 
mechanism which would require that all chromium passes 
through a chromium{V) stage (Scheme II).

Table IRates of Formation of Chromium (III) at 25 °
A. Oxalic Acid® 0.115 M ; Perchloric A cid  0.388 M

Cr(VI), 10» M 103 ki, sec-1 103 ks, sec-1 ki/k,

0.812 0.995 1.24 0 .8 0
2 .0 3 0.845 1.24 0 .68
4 .0 6 0.782 1.24 0 .63
8 .12 0.746 1.22 0.61

22 .7 0.625 1.22 0 .51
40 .6 0.621 1.24 0 .52

B. Chromium (VI) 4.06 X  10 " 3 M ; Oxalic Acid® 0.115 M

HClOi, io« M 104 ki, sec - 1 104 ks, sec -1 *i/*.

0.97 0.302 0.354 0.85
2 .4 1.23 1.48 0 .83
4 .8 2.72 3 .62 0 .75
9 .7 4 .98 7 .02 0 .71

24 .2 7.27 11.2 0 .6 8
38 .8 7 .87 12.4 0 .63
48 .4 7 .76 13.0 0.60
96 .9 6.56 11.7 0.56

“ Total (not corrected for dissociation).
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TIME (SECONDS)
Figure 2 .  Formation of chromium(V). Initial concentration of 
Cr(VI): O, 8.12 X KT4 M ;  • ,  4.06 X 10' 3 M ;  m. 8.12 X 10~3 M .  
HC104: a, 0.388 M ;  h , 0.242 M .

The observation th a t the values o f k [/k s approach the 
value o f 0.50 and depend on reaction conditions is in  fu l l  
agreement w ith  the proposed three-electron mechanism  
(Scheme I) . The results fu r th e r show th a t b im olecular6 
free-rad ica l d im eriza tion  does become im po rtan t at low 
chromic acid concentrations and low acidities.

The dependence on acidity is easily understood in terms 
o f the mechanism given in Scheme I, if one assumes that 
the oxidation of free radicals (reaction 3) is acid catalyzed, 
as are almost all known chromium(VI) oxidations, and that 
the dimerization reaction (reaction 4) is not.

The dependence on the concentration of chromic acid is 
less obvious, but it can be shown at least semiquantitative- 
ly that the observed trend is in agreement with the mecha
nism of Scheme I.

The two competing reactions which will determine the 
ratio o f the initial rate o f chromium (III) formation relative 
to chromium(VI) reduction are the free-radical dimeriza-

Table IIEffect of Reaction Conditions on Maximum Amount of Chromium (V) Formed in the Chromic AcidOxidation of Oxalic Acid at 25 °. Oxalic Acid 0.115 M a

Cr(VI), [Cr(V) ]max>
103 M b h cio4, m 10® M [Cr(V)]max, %

0.812 0.242 0.132 16.30.388 0.162 19.9
4.06 0.242 0.879 21.70.388 1.00 24.6
8.12 0.242 2.10 25.90.388 2.44 30.0

Total. b Initial concentration of chromium(VI).

tion (reaction 4) and free-radical oxidation (reaction 2). 
The relative rates o f the two reactions are given in eq 5.

v 4_ _  fe4[-C Q 2H] 

fe2[C r (V I ) ]

Using a steady-state approximation, it can be shown that 
the concentration of the free-radical intermediate is as 
shown in eq 6 . Dimerization of free radicals (reaction 4)

[•c o 2h ] fc2[C r (V I ) ]  (  I M !

2fe4 Vy fe22[C r (V I ) ] 0
C o n se q u e n tly , Vi ( C M --------

Vy fe22[C r  (V I)]

(7)
should become less important relative to their oxidation 
(reaction 2 ) as the concentration of chromic acid increases. 
As more dimerization results in higher values o f k [/k s, these 
values should decrease with increasing concentration of 
chromic acid; this is indeed observed.

According to the mechanism o f Scheme I chromium(V) 
is formed from chromium(VI) and -CC^H. As an increasing 
fraction o f these radicals react by dimerization (reaction 4), 
the amount o f chromium(V) should be reduced. Thus the 
same factors which increase the values of k [/k s should also 
reduce the amount o f chromium(V) formed. The determi
nation o f the effect o f the concentration of chromic acid 
and o f acidity on the relative amount of chromium (V), 
formed during the reaction, thus provides an independent 
check o f the above conclusions based on rate studies.

Figure 2 and Table II show that the yield o f chrom- 
ium(V) does indeed depend both on the initial concentra
tion of chromic acid and on the acidity of the solution. The 
highest concentration of chromium(V) if formed at the 
highest chromic acid and perchloric acid concentrations, 
i.e., under conditions which minimize the importance of 
free-radical dimerization. The lowest concentration of 
chromium(V) was observed at low chromic acid concentra
tion and low acidity. These results are in full agreement 
with those o f the kinetic study.

Experimental Section
Materials. Oxalic acid (Mallinckrodt AR) and sodium dichro

mate (J. T. Baker, Reagent) were used without further purifica
tion. Perchloric acid solutions were prepared from 60% perchloric 
acid (B & A Reagent).Kinetic Measurements. The reactions were followed spectro- 
photometrically using Cary 14 and Cary 15 spectrophotometers 
equipped with thermostated cell holders. The rates were deter
mined by following the increase in the absorbance of chromi- 
um(III) at 600 nm.Chromium(V). The oxidation of oxalic acid by chromic acid 
was followed spectrophotometrically at 25° by scanning between 
410 and 600 nm at time intervals. For each measurement the con
centration of chromium(V) was determined from eq 8, following

[C r (V ) ]  =  ~ i A m  -  e 3[C r (H I)]  -  e 6[C r (V I ) ] )  (8 )
e 5

essentially Srinivasan’s3 procedure. The concentration of Cr(III) 
was determined from measurements at 600 nm where Cr(III) is the 
only absorbing species. The concentration of Cr(VI) was calculated 
from the expression (Cr(VI)] = [Cr(VI)]oe~V where k is the 
pseudo-first-order rate constant for the reduction of Cr(VI) and 
was determined separately from measurements at 350 nm. Pre
viously reported values3 for the extinction coefficients of the chro
mium species at these wavelengths were used.
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The cis and trans isomers of diethyl 5,5-dimethyl-l,3-cyclohexanedicarboxylate were prepared and equilibrat
ed in alcohol in the presence of ethoxide ion at temperatures ranging from 23 to 102°. For the reaction trans pet 
cis, the following thermodynamic parameters were determined: AG° = -2.44 keal/mol, AH° = -2.98 ±  0.30 
keal/mol, and AS° = —1.84 ±  0.60 eu. These numbers permit us to assign the syn-diaxial CHs/COOEt interac
tion energy as 3.2 keal/mol.

Because of their simplicity, cyclohexane rings have been 
an important foundation in conformational studies.3 The 
conformational energies of all of the common substituents, 
and many less common ones, on a cycohexane ring are 
now pretty well known.4 Surprisingly, data on systems 
which contain two syn-axial groups are very sparse. The 
systems for which data are available seem to be limited to 
O H /O H  (AG° = 1.9 keal/mol5), O A c/O A c (A G° = 2.0 
keal/mol6), CH3 /O H  (AG° = 1.9-2.4 keal/mol7), CH3/  
CH3 (AG° = 3.7 keal/mol8), C l/C l (AG° = 5.5 keal/mol9), 
CH3/B r (AG° = 2.2 keal/m ol10), CH3/F  (AG° = 0.37 
keal/mol11), and CH3/X  (A G° >  1.0 keal/mol for X  = Cl, 
Br, and I11). The present paper is concerned with a deter
mination of the value for the syn-diaxial CHs/COOEt in
teraction.

To measure the interaction in question, the equilibrium 
between the cis and trans isomers of diethyl 5,5-dimethyl-
1,3-cyclohexanedicarboxylate (1) was studied in alcoholic 
solution in the presence of base at temperatures ranging 
from 23 to 102°.

One might question whether or not this equilibrium 
would measure simply a steric effect. After all, the car- 
boethoxyl groups are polar groups, and they change their 
relative distance and orientation in the epimerization. 
The question is not easy to answer theoretically, because 
the charge distribution in a carboethoxyl group is compli
cated, and various conformational isomers are possible, 
which differ by rotations about the ester groups. However, 
it is known experimentally that the enthalpy of isomeriza
tion of diethyl 1 ,3 -cyclohexanedicarboxylate12 does not 
differ significantly from that of ethyl carboxylate or from 
those of the ethyl 4-alkylcarboxylates.13

Results and Discussion
Synthesis. Compound 1 presented some unusual syn

thetic problems, since the axial methyl group obviated

many of the usual condensation routes to this type of 
compound. The synthetic sequence used is shown. The 
synthesis of 6 by this method has been previously re
ported14 and will not be discussed here. Treatment of 6 
with base, followed by acidification, rapidly effects a de- 
carboxylative elimination to yield the unsaturated tricar
boxylic acid 7. An examination of Dreiding models points 
out the great steric crowding which exists in 6 , and the 
rapid decarboxylative elimination of the tetraacid of 6 
probably reflects the large decrease in steric repulsion in 
the product. An interesting aspect of the unsaturated tri
acid 7 is its inability to undergo facile hydrogenation at

c2h5o c h = o :co2c2h5)2

2 AC2H5OCH2CH(CO,Et)2 -=— CH2= C (C 0 2Et)2 

3 4



2616 J. Org. Chem., Vol. 39, No. 17, 1974 Allinger, Graham, and Dewhurst

Table I
E quilibration  Data for trans- y* cis-D iethyl

5,5 -d im ethyl-1 ,3-cyclohexanedicarboxylate
- A  G°,

Temp, °C % cis“ kcal/molc

23 ±  2 9 8 .5 9  (7) 0 .2 6 2 .5 0
52 9 7 .6 4  (3) 0 .27 2 .4 0
56 9 7 .1 5  (7) 0.21 2 .31
70 9 6 .4 9  (3) 0 .3 5 2 .2 7
76 9 6 .5 7  (4) 0 .3 2 2 .3 2
102 9 5 .2 9  (4) 0 .3 2 2 .2 4
23 .2 9 8 .5 7  (3) 0 .3 2 2 .4 9
5 6 .5 9 7 .5 5  (8) 0 .2 9 2 .4 1
7 8 .5 9 6 .6 8  (7) 0 .0 8 2 .3 6
100 9 5 .7 4  (7) 0 .3 7 2 .3 1

“ Num ber o f independent runs in parentheses. b Standard
deviation o f  %  cis data. 0 Equilibrium approached from  the 
trans side for the first six entries in Table I, and from the cis 
side for the remaining four.

room temperature (as the triester) despite the fact that 
the corresponding unsaturated diester 9 was readily re
duced to 1 under these conditions. Apparently in the case 
of the unsaturated triester there is considerable steric in
hibition of hydrogenation.

Separation of the isomers (la  and le) was accomplished 
by gas chromatography. Each isomer so isolated was at 
least 99.4% pure. Assignment of the structures of the iso
mers was based on nmr analysis of the pure sample col
lected from gc, or by fractional distillation through a spin
ning band column.Conformational Study. The equilibration of cis pA 
trans-diethyl 5,5-dimethyl-l,3-cyclohexanedicarboxylate
( 1 ) was carried out from both sides of the equilibrium 
point under basic conditions at various temperatures. The 
results are summarized in Table I. Utilizing the usual lin
ear relationship between In K, A H 0, and AS°, the thermo
dynamic parameters reproduced in Table II were generat
ed.1® The calculated entropy of -2 .78  eu for the trans ;=; 
cis equilibration which was obtained including the data at 
23° suggests that in the trans conformation, the molecule 
exists to some extent in the flexible or boat form. It seems 
unreasonable, however, that the syn-diaxial CHs/CC^Et 
interaction is large enough to force the molecule to exist 
in the boat form, especially since neither the experimental 
nor the theoretical evidence suggests that any appreciable 
amount of boat is present in frans-l,l,3,fi-tetramethylcy- 
clohexane, in which there is an even larger syn-diaxial in
teraction .8 Consequently, the values calculated for AH° 
and AS° using all the data seem too large. If one considers 
that the room temperature data represent an amount of 
trans isomer of only 1.4%, an amount not easily measur
able by our method, then more accurate thermodynamic 
parameters can probably be obtained by neglecting the 
room temperature data as inaccurate. Ignoring this point, 
a least-squares fitting of the remaining data gives 2.98 
kcal/mol and 1.84 eu, respectively, for the enthalpy and 
entropy of the cis ^  trans reaction.

The value of 1.84 eu calculated for the entropy of the cis 
trans equilibrium is slightly higher than (but within 

the experimental error of) the value of 1.38 eu predicted 
on the basis of a dl pair in the trans isomer. This may be 
attributable to experimental error or may be characteris
tic of the equilibrium. A possible explanation for the high
er entropy in the trans isomer would be if the number of 
rotational conformers of the ester group is restricted in the 
cis isomer with respect to the trans. Normally, the entro
py of an equatorial group might be expected to be higher 
than the entropy of an axial group, since the rotation of 
the axial group is hindered by the syn-diaxial interaction.

Table II
Calculated Thermodynamic Parameters for the Trans Cis Equilibration

A G°, AH0, AS0,
kcal/mol kcal/mol cal/deg mol

- 2 . 5 0 “ - 3 . 3 1  (± 0 .3 )» .°  - 2 .7 8  ( ± 0 .8 ) “’°
— 2 .4 4 6 - 2 . 9 8  ( ± 0 .3 ) 6>* - 1 .84 ( ± 0 ,6 )b'c

“ Including room  temperature data. b Excluding room 
temperature data. c Standard statistical m ethods were 
used. 16

However, in the case of the cis diester, the ester groups 
will attempt to align themselves so as to minimize dipole- 
dipole interactions and consequently the rotation of the 
ester groups in the cis isomer will be to some extent inter
dependent. If this argument is correct, then the entropy of 
the cis trans equilibrium will be larger than 1.38 eu, 
the value expected on the basis of a dl pair in the trans 
isomer. To the best of our knowledge, only one other 
equilibration has been attempted using 1,3-diesters, i.e., 
the basic equilibration of diethyl 1,3-cyclohexanedicarbox
ylate.12  In that case the entropy change was assumed to 
be just the entropy of mixing of the d l pair in the trans 
isomer.

Using the enthalpy calculated for the basic equilibra
tion of l,3-dicarboethoxy-5,5-dimethylcyclohexane (1), the 
conformational enthalpy of the syn-diaxial methyl/carbo- 
ethoxy interaction can be readily calculated. The enthalpy 
calculated for the trans — cis equilibrium is in reality the 
sum of the syn-diaxial interactions in the trans isomer less 
those in the cis isomer. Assuming additivity of interac
tions, this relationship can be expressed as follows.

& H °eQuii =  -  H °trans +  H ° cis

A ff°e[lull =  - ( C H 3/ C 0 2E t  +

C H 3/ H  +  C 0 2E t / H )  +  ( 2 C H 3/ H )

Using experimentally known values of 0.8 and 0.6 kcal/ 
mol for the syn-diaxial CH3 /H  and CC>2E t/H  interactions, 
respectively,4® and omitting the room temperature data 
point, the syn-diaxial CHs/CCUEt interaction is calculat
ed to be 3.12 kcal/mol.

Experimental Section
1,1-Dicarboethoxyethylene (4). Ninety-five grams of 3 (pre

pared by catalytic reduction of 2) was slowly heated above 150°, 
until 4 began to distil. The yield was 85% of pure 4, bp 210-226° 
[lit. bp 210-216° (730 mm)].17 This compound will dimerize (or 
polymerize) very rapidly, but can be stored for extended periods 
in the refrigerator. The monomer can be regenerated from the 
dimer (or polymer) by heating with a fused salt bath at 250°. The 
monomer exhibits olefinic stretching vibrations in the infrared re
gion at ca. 1630 cm-1 .

2-Methyl(iV,iV-dimethylamino)propene (5).18 Fifty-six grams 
of isobutyraldehyde was dissolved in 100 ml of xylene and 
charged into a high-pressure bomb. To this solution was added 30 
g of anhydrous potassium carbonate (granular) and the bomb was 
stoppered and cooled to Dry Ice-acetone temperature. To the 
cooled bomb was added 37 g of previously cooled dimethylamine 
(anhydrous). Caution: Cooling ampoules of dimethylamine at low 
temperatures can be hazardous, and it is recommended that the 
ampoules be cooled in an ice-water mixture (not Dry Ice!) before 
opening. The bomb was sealed, shaken, and heated to 150° for 20 
hr. It was then cooled as before and opened. The mixture was fil
tered to remove the salts, and the filtrate was distilled to yield 5 
(67%), bp 88-90° (lit. bp 88-89°). The infrared spectrum was 
consistent with the required enamine.

l,l,3,3-Tetracarboethoxy-4-(JV, iV-dimethylamino)-5,5-di- 
methylcyclohexane (6).10 To 58.03 g of 4 (distilled immediately 
before using and stabilized with a pinch of hydroquinone) under 
nitrogen was added 17.86 g of enamine 5. On stirring, the temper
ature of the mixture rose to ca. 100° and then began to fall. The
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solution was then heated at 180° for 12 hr. Distillation afforded a 
high-boiling fraction, bp 185-188° (1-2 mm), which proved to be 
the desired tetraester 6 [lit.14 bp 165-175° (1 mm)], yield 41.3%. 
The molecular weight as determined by mass spectral analysis 
was 443 (calcd 443.5). Additional purification can be accom
plished by column chromatography on silica (J. T. Baker 3405) 
using benzene and ethyl acetate-benzene mixtures as the eluting 
solvents.

l,5-Dicarboethoxy-3,3-dimethylcyclohexene (9) Five grams of 
6 in 10 ml of metanol was added to a previously prepared solution 
of 10 g of sodium hydroxide in 100 ml of methanol. The mixture 
was refluxed for 4 hr, with the gradual precipitation of a white 
solid. The solution was cooled in an ice bath and acidified to pH 
1 with dilute sulfuric acid. The methanol was evaporated slowly 
and the residual salts were dissolved in 20 ml of water. The or
ganic acid was recovered from the aqueous solution by continuous 
extraction with ether. The ethereal solution was dried over mag
nesium sulfate and filtered, and the ether was evaporated to yield
2.4 g of 7. Although 7 could be readily isolated and identified as 
its triethyl ester if the acidification was carried out at low tem
peratures, it was more convenient to heat 7 in situ to 180-200° at 
1 mm for 6 hr with evolution of CO2 to obtain 8 directly. After 
heating, the residue was cooled to room temperature, and 20 ml of 
thionyl chloride was added. The thionyl chloride solution was re
fluxed gently for 1 hr, or until the residue had dissolved, and any 
excess thionyl chloride was removed by distillation. The residue 
was allowed to cool and an excess of ethanol was added. The ex
cess ethanol was evaporated and the diester olefin was distilled, 
bp 120-125° (5 mm), to yield 47% of the unsaturated diester 9. 
The nmr spectrum did not lend itself well to integration, but is 
consistent with the desired compound. The infrared spectrum ex
hibited characteristic olefinic vibrations at ca. 1670 cm/ 1

Anal. Calcd for C14H22O4: C, 66.11; H, 8.72. Found: C, 66.22; 
H, 8.68.

Diethyl 5,5-Dimethylcyclohexane-l,3-dicarboxylate (1). Four 
grams of 9 was dissolved in 20 ml of absolute ethanol and 1 g of 
84% platinum oxide was added. The mixture was hydrogenated 
on a Parr hydrogenator until an equivalent amount of hydrogen 
had been absorbed. The catalyst was removed by filtration 
through Celite, and the solvent was evaporated to yield quantita
tive amounts of crude 1.

The crude mixture was separated on a Nester-Faust spinning- 
band column into two major components. The higher boiling 
component, bp 130-132° (5 mm), representing 93% of the product, 
was collected in three fractions. The first fraction was shown by 
nmr analysis to contain ca. 70% trans and 30% cis diester. The 
third fraction contained ca. 77% cis and the remainder trans 
diester and the second fraction about 50% of each isomeric diest
er. Fraction 2 was analyzed.

Anal. Calcd for C14H24O4: C, 65.60; H, 9.44. Found: C, 65.70; 
H, 9.38.

Mass Spectral Analysis. The mass spectrum gave the molecu
lar weight as 256g/mol (calcd 256.3 g/mol).

Nmr Analysis. The first and third fractions from the spinning 
band separation exhibited the following patterns (Table III).

Separation of Cis and Trans Diesters. Using gas chromatog
raphy (12 ft, 10% Carbowax 20M/Chromosorb W at 170“ and 150 
ml/min helium) it was possible to separate the isomers and ob
tain each in at least 99.38% purity, as measured using a flame 
ionizing detector.

Equilibration Conditions. The esters were equilibrated from 
both sides of the equilibrium point at temperatures ranging from 
233 to 102° using a constant-temperature bath. A standard solu
tion of sodium ethoxide was prepared by dissolving 1 g of clean 
sodium in 50 ml of dry ethanol. Two milliliters of this solution 
was transferred to a small combustion tube (16 x 1 cm) and 10 ±  
1 mg of diester mixture was added. The combustion tube was fit
ted with a drying tube, cooled, and sealed. The tube was then 
heated at the desired temperature for a period of time, which was 
not less than 3 days. At the end of the equilibration period, the 
tubes were rapidly quenched in an ice-water bath, opened, and 
poured into 10 ml of a 6 N  HC1 solution. The pH was checked to 
ensure that the solution was acid and the aqueous solution was 
extracted with three 10-ml portions of diethyl ether. The ethereal 
extracts were washed with a saturated solution of sodium carbon
ate and dried over magnesium sulfate. Filtration of the solution

Table III
-----------Integration

Ppm M oiety Theor Actual

1st Fraction (M ostly Trans)

4 .1  (q) O CH 2CH 3 1.0 1 .0
2 .7 (m) C H C 0 2C2H 5 0 .5 0.47
1.85 (t) CH , 0 .5 0.47
1.58 (d) CH , 1 .0 0 .9
1 .2  (t)
1 .0  (s)a T

OCHoCHa 1.5 1 .6

0.95 ( s )4  
0 .89  (a) b)

CHj (gem) 1.5 1 .4

3rd Fraction (M ostly Cis)

4 .1  (q) O CH 2C H 3 1.0 1 .0
2 .8- 1 .4 CH, C H 2 3 .5 3 .6
1 .2  (t) o c h 2c h 3 jI
1 .0  (s)“ 1 
0 .95 (s )A  
0 .89  (s)V

C H 3 (gem) j
[ 1 5

1 .6

e Represents nonequivalent geminal methyls in cis isomer 
with a separation of 2-3 Hz. b Represents the trans isomer.

and evaporation of the solvent gave the equilibrated diester mix
ture, which was analyzed as below.

Analysis of Equilibrated Mixtures. The mixture of diesters 
obtained above was dissolved in 1-3 drops of diethyl ether or hex
ane and chromatographed on a Perkin-Elmer F-11 flame ionizing 
gas chromatograph using a 50-ft capillary column (Carbowax 
20M, S.C.O.T.C.) or on a Perkin-Elmer Model 881 Gas Chroma
tograph using a 12 x 0.125 in. column (3.6% FFAP and 2.4% 
EGSP-2 on Chromosorb P19) at 210°. The relative amount present 
was determined by the triangulation method.

Registry No.—cis-1, 51593-44-3; trans-1, 51592-65-5; 6, 51592- 
66-6; 7, 51592-67-7; 8, 51592-68-8; 9, 51592-69-9.
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A seven-step synthesis of ( + )-himachalene dihydrochloride and ( + )-or-himachalene from the tricyclic sesqui
terpene longifolene is described. The successful route involved the preparation of a key bifunctional longibor- 
nane derivative (12) as the initial target. This was obtained from ai-bromolongifolene (9) via an acid-catalyzed 
rearrangement involving an intramolecular 1,5-hydride shift. The bicyclic homodecalinenones 22, 23, and 24 
were obtained from 12 in a novel base-catalyzed fragmentation reaction that removes the carbon-to-carbon span 
which gives longibornane its tricyclic bridged structure. Elaboration of /1,7 -unsaturated ketone 22 to the title 
compounds 30 and 31 was achieved through Wolff-Kishner reduction followed by either hydrochlorination or 
aromatization. Attempts to convert enones 22 and 24 to a-longipinene (3) are also included.

The diversity of carbocyclic structures replete with a 
wide variety of functionalities makes sesquiterpenes at
tractive and formidable targets of chemical synthesis. It is 
not surprising, therefore, that intense activity3 has been 
witnessed in this area during the past few years. In a ma
jority of the reported syntheses, the C 15 network of sesqui
terpenes has been created by a combination or elaboration 
of small synthons (fragments) employing routine or novel 
reactions and reagents. An alternate approach utilizing 
naturally occurring sesquiterpenes as synthons for com
plex synthesis, on the other hand, has only received limit
ed attention .4 Such an approach, besides furnishing opti
cally active compounds, is likely to be economical and 
would essentially require the reorganization of a carbocy
clic network through suitable bond-breaking and -making 
processes. The efficacy of such a synthetic approach is ex
emplified here by considering the possibility of employing 
the readily available tricyclic hydrocarbon longifolene ( 1 ) 
for the synthesis of a- and fl-himachalenes (2 ) , 5 chief con
stituents of the essential oil of Cedrus deodar Loud., and 
a-longipinene (3) ,6 a  component of the essential oils of

a = exocyclic olefin 
P = endocyclic olefin

Pinus longifolia  Roxb. and Pinus silvestris L. The choice 
o f longifolene ( 1 ) for the contemplated synthesis is dictat
ed by its close biogenetic relationship7 with 2 and 3. The 
synthetic route adopted and executed here constitutes a 
reversal of the biogenetic pathway in terms of the gross 
carbocyclic skeletons, i.e., longifolene — longibornane 
type -*• himachalene type. The pathways by which l can 
eventuate in 2 and 3 by logical and conceptually plausible 
steps are shown in Scheme I. The synthetic strategy de
picted in Scheme I consists of the preparation of suitably 
functionalized longibornane precursors 4 and 8 followed 
by key transformations involving a base-catalyzed frag
mentation 4 -*  5 ,8 ’9 an intramolecular Michael addition 6 
-*■ 7,10 and solvolytic ring contraction 8 -*  3 .1 1  The other 
subordinate steps in the scheme are easy to comprehend 
and can be carried out through well-established reactions. 
A particularly hopeful feature of the fragmentation of the 
tricyclic longibornane derivative 4 was the expectation 
that removal of the carbon bridge would lead to a cis- 
fused homodecalin corresponding to the stereochemistry of

Scheme I

8, R =  COCH,,, -C — N, etc.; 
X =  OMs, N2+, etc.

naturally occurring himachalenes. In this paper is de
scribed the synthesis of (+)-himachalene dihydrochloride 
(30)12 and (+)-ar-himachalene (31)13 and preparation of 
synthons related to the synthesis of a-longipinene (3) from 
longifolene through the reaction sequence 1 —* 4 ->► 5 30.

(jB)-co-Bromolongifolene (9), readily available16 from 1 , 
appeared to be ideally suited as a starting material which 
has sufficient functionality, properly disposed, for elabo
ration into bifunctional longibornane derivative 12. Reac-

9 10, X =  Br; R =  OCCF3 14
11, X =  Br; R =  OH
12, X =  Br; R =  = 0
13, X = H; R = OH
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Scheme II

tion of 9 with trifluoroacetic acid (TFA) furnished a com
plex mixture of hydrocarbons and a trifluoroacetate ( 1 0 ). 
Hydrolysis with alcoholic potassium hydroxide and purifi
cation on a silica gel column gave a hydrocarbon fraction 
followed by the secondary alcohol 11, mp 65-66°. The hy
drocarbon fraction consisted of at least six components 
and only the major component (~50% ) was obtained pure 
and characterized on the basis of spectral evidence (see 
Experimental Section) as longicyclenyl bromide (14).15 
Oxidation of alcohol 1 1  with Jones reagent resulted in the 
isolation of two crystalline ketones, mp 72 and 103°, which 
could be readily separated by column chromatography. 
That the low-melting ketone possessed the requisite struc
ture 1 2  was indicated by its carbonyl absorption in the ir 
spectrum at 1700 cm ' 1 and signals in the pmr spectrum 
for three quaternary methyls (8 0.91, 0.97, and 1.07), a 
bromomethyl group (5 3.5, AB quartet, J  =  12 Hz), and 
two deshielded methylene groups flanking the carbonyl (8 
2.4, AB quartet, J  = 11 Hz). The structure of this key ke
tone ( 1 2 ) required for the fragmentation reaction was fur
ther verified by an unambiguous conversion to the 
known16 hydrocarbon longibornane (15) through steps 
outlined in Scheme II. This correlation of 12 with 15 rules 
out of contention alternate structures 16 and 17 for the

low-melting ketone.17  The high-melting ketone analyzed 
for C i5H 2i 0 2 Br and showed ir absorption due to carbonyl 
group at 1720 cm - 1  (broad). Its pmr spectrum exhibited 
quaternary methyl singlets at 8 1.01, 1.1, and 1.14, a bro
momethyl as a doublet of doublets at 8 3.60 (J  = 10 Hz), 
and another doublet of doublets due to methylene flank
ing the carbonyl at 8 2.51 (J = 12 Hz). This spectral data 
clearly indicated a diketone structure (18) for the high-

dent X-ray crystal structure determination.
The formation of trifluoroacetate 10 from the rearrange

ment of aj-bromolongifolene (9) in TFA can be rational
ized in terms of the protonation of 9 to equilibrating ions 
2 0  and 2 1  followed by a precedented lb ’19 transannular
1,5-hydride migration and capture by the nucleophile 
(Scheme HI). This intramolecular hydride shift is facili
tated by the favorable conformation (19) of the eight-

membered ring resulting in the proximity of the hydrogen 
at Cg with the sp2 center at C2. Proton loss from ions 20  
and 2 1  accounts for the formation of the tetracyclic bro
mide 14.

Scheme III

O

With the structure of longibornane precursor 1 2  firmly 
established and its adequate supply assured, we turned 
our attention toward the key fragmentation step (Scheme
I), which to our expectation proved extremely facile and 
easy to execute. Indeed, exposure of 1 2  to methylsulfinyl 
carbanion20 at room temperature and quenching with 
water resulted in the formation of three ketones A, B, and 
C in a ratio of 15:4:1 in 96% yield. The major ketone A 
could be conveniently isolated by column chromatography 
and is formulated as the unconjugated homodecalin ke
tone (22) .21 The structure of this product is indicated by

22 23 24

the lack of uv absorption, the presence of unconjugated 
carbonyl (1705 cm -1 ) and terminal methylene (3100, 1600, 
890 cm -1 ) in the ir spectrum, and the pmr absorption 
(Figure 1, two quaternary methyls, a vinylic methyl, and 
two olefinic protons). The ketone B was clearly an a,fi~ 
unsaturated ketone, as revealed by its uv spectrum [Xmax 
(MeOH) 244 nm] and exhibited complimentary carbonyl 
absorption (1640 cm -1 ) in the ir spectrum. The pmr spec
trum (Figure 2, two quaternary methyls, a vinylic methyl, 
two terminal methylene protons, and a vinylic proton) 
was fully consistent with the gross structure 23. The trans 
stereochemistry at the ring junction in 23 was established 
through equilibration studies (vide in fra). The minor ke
tone C which had earlierld eluded isolation but whose 
presence was vital to our contemplated internal Michael 
addition (Scheme I) in fact turned out to be the cis-fused 
«,/3-unsaturated ketone 24. Its structure follows from its 
uv spectrum [Xmax (MeOH) 244 nm], carbonyl (1650 
c m '1) and terminal methylene absorption in the ir spec
trum, and pmr data (Figure 3, two quaternary methyls, a 
vinylic methyl, two terminal methylene protons, and a 
vinylic proton). The gross carbocyclic structure of the ke
tones 22, 23, and 24 was ascertained by the transforma
tion of the major ketone 2 2  into the saturated hydrocar
bon 25 via Wolff-Kishner reduction and catalytic hydro
genation. The compound 25 was found to be similar to the 
parent hydrocarbon himachalane5 obtained from the re
duction of natural /3 -himachalene.
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Figure 1. Pmr spectrum (60 MHz) of /3,7 -unsaturated ketone 22.

Figure 2. Pmr spectrum (60 MHz) of trans a,0 -unsaturated ketone 23.

Figure 3. Pmr spectrum (60 MHz) of cis a,/3-unsaturated ketone 24.
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The formation of structurally related ketones 22, 23, 
and 24 in the fragmentation reaction suggests that they 
are derived from 26 through the base-catalyzed equilibra

tion under experimental conditions. This contention is 
substantiated by the fact that when pure ketones 2 2 , 23, 
or 24 or their mixtures were equilibrated with methylsul- 
finyl carbanion in DMSO, the product consisted of the 
three ketones in the same ratio in which they were origi
nally isolated from the fragmentation reaction. In the 
light of these equilibration studies, the «,/3-unsaturated 
ketone 23 predominating under equilibrium conditions is 
assigned the more stable trans stereochemistry at the ring 
junction. The greater stability of frarcs-perhydrobenzosub- 
erone over the corresponding cis isomer has been experi
mentally established.22 In the himachalene series itself 
the trans isomers 27 and 28 have been shown12b-23-24 to

predominate over their cis isomers under equilibrium. The 
conjugated ketone 24 present in trace amounts only is, 
therefore, recognized as the less stable cis isomer.

The 13,•> -unsaturated ketone 22 was now converted to 
the target compounds 30 and 31 through the reaction se
quence summarized in Scheme IV. Thus, Wolff-Kishner 
reduction of 22 and purification (AgNO;j-silica gel) gave 
himachalene isomer 29. A passage of a stream of dry HC1 
gas through an acetic acid solution of 29 led to the isola
tion of (—)-himachalene dihydrochloride (30), mp 118- 
119°, indistinguishable (mixture melting point, ir, [o ]d) 
from the material prepared from natural a- and /3-hima- 
chalene. Since himachalene dihydrochloride (30) has al
ready been converted123 into /3-himachalene, this also 
constitutes a formal synthesis of the latter. Dehydrogena
tion of 29 with chloranil followed by aromatization over 
Pd/C  gave (+)-ar-himachalene (31) found identical (ir, 
nmr) with the naturally occurring material. The S config
uration (31) o f (+)-ar-himachalene at the asymmetric 
center is based on its [a]D of +7.7°, which is comparable 
to the [alD of +5.90° of (-t-)-ar-himachalene prepared14 
from (-t-)-ar-turmerone, a compound of well-established 
absolute stereochemistry.

Scheme IV

Finally, it was of obvious interest to attempt the trans
formation of ketones 22-24 to «-longipinene (3). Several 
attempts to selectively ozonize the ketone 2 2  to the ene- 
dione 32 required for the internal Michael addition met 
with failure and resulted in the formation of highly polar, 
intractable material. Efforts to ketalize the carbonyl func
tion in 2 2  prior to ozonolysis led to the isomerization of 
the exocyclic double bond and formation of undesired 
ketal mixture 33. Similarly, attempted preparation of 
enone 34 for a Lewis acid catalyzed Stork-Grieco type25 
cyclization to a bridged cyclobutane derivative also 
proved futile.

32 33 34

Experimental Section26
(I?)-a)-Bromolongifolene (9). This was prepared according to 

the previously reported10 procedure. The material used for the 
present investigation had bp 120-125° (6 mm); mp 40-41°; n35D 
1.5315; and [«]d  +52.06° (c 1.96).

Rearrangement of (E)-oj-Bromolongifolene (9) in Trifluo- 
roacetic Acid. A solution of (E)-u)-bromolongifolene (12 g) in 25 
ml of methylene chloride was slowly added to a cooled (5-10°) so
lution of trifluoroacetic acid (50 ml) over a period of 15 min with 
vigorous stirring. The stirring was continued for 4 hr at room 
temperature (35°) after which the reddish-brown reaction mixture 
was quenched by pouring into iced sodium bicarbonate solution. 
The product was extracted with ether (two 150-ml portions), 
washed with brine, and dried. Removal of solvent gave 14.8 g of 
an oily mixture of hydrocarbons and trifluoroacetate 10, ir 1775 
(ester carbonyl) and 1230 cm - 1.

Base Hydrolysis of (F)-w-Bromolongifolene Rearrangement 
Product. The above mixture (14.8 g) was taken up in 40 ml of 
ethanol and potassium hydroxide (3 g) in 30 ml of water was 
added. After stirring for 8 hr at ambient temperature the reaction 
mixture was diluted with water, extracted with ether (three 100- 
ml portions), washed with brine, and dried and solvent was evap
orated to furnish a viscous residue (12 g). This material was ad
sorbed on a silica gel (200 g) column and readily separated into a 
hydrocarbon fraction by successive elution with petroleum ether 
and benzene. Fraction 1 (4 g, 27%), bp 110-115° (2 mm), was re
vealed to be a mixture of seven components by vpc analysis. The 
major component (~50%) was isolated by preparative layer chro
matography (20 x 20 cm plates, solvent system petroleum ether) 
and found to be the tetracyclic bromide 14:27 ra30D 1.5584; ir 
(neat) (cyclopropane CH) 845 cm-1 (tricyclene type nucleus); 
pmr (CCU) 6 0.83 (CCH3, 3 H, s), 0.88 (CCHS, 6 H, s), 3.41 
(CCH2Br, 2 H, q, J = 9 Hz), 0.72 (cyclopropane, 1 H, s), 0.95 (cy
clopropane, 1 H, s). Anal. Calcd for CisH23Br; C, 63.60; H, 8.12. 
Found: C, 63.82; H, 8.54.

Fraction 2 (6 g, 53%) solidified on standing and was twice sub
limed at 90° (2 mm) to furnish white, waxy crystals of bromo al
cohol 11: mp 65-66°; [o]d +23.5° (c 1.47); ir (KBr) 3300 (hydrox
yl), 1250, 1060, 1040 cm^1; pmr (CCU) 5 0.95 (CCH3, 6 H, s), 1.03 
(CCH3, 3 H, s), 3.45 (CCH2Br, 2 H, q, J = 12 Hz), 4.05 (HCOH, 1
H, m), Anal. Calcd for C ]:,1 )Hr: C, 59.80; H, 8.36. Found: C, 
59.53; H, 8.05.

Jones Oxidation29 of Bromo Alcohol 11. A stirred solution of
5.4 g of 11 in 60 ml of acetone was treated dropwise at room tem
perature with Jones reagent (50 ml) until the brown color per
sisted. The mixture was stirred for 5 hr, diluted with water, and 
extracted with ether (two 100-ml portions). The organic layer was 
successively washed with aqueous sodium carbonate and brine 
and dried. Removal of solvent gave a semisolid residue (4.7 g) 
which was adsorbed on a silica gel (200 g) column. Elution with 
petroleum ether-benzene (60:40) afforded 1.5 g (27%) of the crys
talline diketone 18. Recrystallization from petroleum ether gave 
pale-colored, stout crystals: mp 103°; [a]D -47.6° (c 2.99); uv 
Xmax (MeOH) 310 nm (e 52); ir (KBr) 1710 (carbonyl), 995, 800 
cm -1; pmr (CCU) 5 1.01 (CCH3, 3 H, s), 1.11 (CCH3, 3 H, s),
I . 14 (CCH3, 3 H, s), 3.60 (CCH2Br, 2 H, q, J = 10 Hz), 2.51 
[_C (=0)C H 2-, 2 H, q, J = 12 Hz]. Anal. Calcd for C i5H2i0 2Br: 
C, 57.52; H, 6.76. Found: C, 57.38; H, 6.5.
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The semicarbazone of ketone 18 was prepared by the pyridine 
method and crystallized from ethanol as colorless needles, mp 
218-219°. Anal. Calcd for Ci6H2402N3Br: C, 51.89; H, 6.48; N,
11.35. Found: C, 51.75; H, 6.70; N, 11.77. Further elution of the 
column with petroleum ether-benzene (40:60) afforded 3 g (55%) 
of crystalline ketone 12. Recrystallization from petroleum ether 
gave an analytical sample of bromo ketone 12: mp 72°; [o ]d 
+47.7° (c 5.33); uv Amax (MeOH) 290 nm (e 46); ir (KBr) 1700 
(carbonyl), 1300, 920 c m '1; pmr (CCU) 8 0.91 (CCH3, 3 H, s), 
0.97 (CCH3, 3 H, s), 1.07 (CCH3, 3 H, s), 3.5 (CH2Br, 2 H, q, J  
= 12 Hz). Anal. Calcd for C i5H23OBr: C, 60.21; H, 7.75. Found: 
C, 60.60; H, 7.31.

A portion of the ketone 12 was converted to the semicarbazone 
derivative by the pyridine method and recrystallized from etha
nol to give colorless, needle-shaped crystals, mp 222-223°. Anal. 
Calcd for C i6H260N3Br: C, 53.93; H, 7.30; N, 11.79. Found: C, 
54.36; H, 6.9; N, 11.94.

Lithium Aluminum Hydride Reduction of Bromo Ketone 12.
The bromo ketone (500 mg) in tetrahydrofuran (5 ml) was slowly 
added to a stirred slurry of lithium aluminum hydride (200 mg) 
in dry tetrahydrofuran (20 ml). The stirring under reflux was con
tinued for 7 days and the complex was decomposed by careful ad
dition of ice-cold water. The organic product was isolated by ex
traction with ether (two 50-ml portions), washed with brine, and 
dried. Removal of solvent gave 350 mg of a viscous oil consisting 
of an epimeric mixture of longibornan-9-ols.

Longibornane (1,4,4,8-Tetramethyltricyclo[6.3.0.03'9]undec- 
ane 15. To a stirred solution of the above alcohols in 5 ml of ace
tone was added Jones reagent dropwise till the yellow color per
sisted. The reaction mixture was further stirred for 0.5 hr and 
worked up as described above to give a pale yellow oil (350 mg). 
This material was adsorbed on a silica gel (10 g) column and 
eluted with petroleum ether-benzene (80:20) to give longiboman-
9-one (270 mg, 74%): ir (neat) 1698 cm-1 (carbonyl); pmr 
(CDCI3) 8 0.86 (CCH3, 3 H, s), 0.88 (CCH3, 6 H, s), 1.05 (CCH3, 3 
H, s). To a solution of the above ketone (80 mg) in 2 ml of ethanol 
was added a solution of semicarbazide hydrochloride (50 mg) in 1 
ml of water containing a few drops of pyridine. The mixture was 
left overnight and the solid was filtered. Recrystallization from eth
anol gave 60 mg of white needles, mp 213-214°.

The semicarbazone of kmgibornan-9-one (200 mg) and potassi
um tert-butoxide30 (250 mg) in dry toluene (10 ml) were refluxed 
for 24 hr. The reaction mixture was poured into water and the or
ganic layer was separated. Removal of solvent and filteration of a 
petroleum ether solution through silica gel furnished 70 mg of hy
drocarbon longibornane (15). The ir spectrum of this material was 
found indistinguishable from that of an authentic sample31 of longi- 
bomane.

Fragmentation of Ketone 12 with Methylsulfinyl Carbanion.
A solution of methylsulfinyl carbanion in 20 ml of DMSO was 
prepared under nitrogen atmosphere according to Corey’s proce
dure from 2 g of sodium hydride (50% dispersion in mineral oil). 
To this reagent was added a solution of 5 g of bromo ketone 12 in 
20 ml of DMSO with the aid of a hypodermic syringe and the 
reaction mixture was stirred at room temperature for 0.5 hr. The 
reaction mixture was diluted with water and extracted with petrole
um ether (two 100-ml portions). The organic phase was washed 
with brine, dried, and freed of solvent to give 3.6 g (96%) of an 
oily mixture of ketones. This material was adsorbed on a silica 
gel (100 g) column and chromatographed. Elution with petroleum 
ether-benzene (60:40) afforded 2.7 g (75%) of the major ketone 22: 
bp 110-120° (0.6 mm); n3°D 1.5215; [a]D +12.32° (c 2.75); uv Ama* 
(MeOH) 296 nm (f 160); ir (neat) 1705 (unconjugated carbonyl), 
3100, 1600, 890 cm ' 1 (terminal methylene); pmr (CCI4) 8 0.93 
(CCH3, 3 H, s), 1.05 (CCH3, 3 H, s), 1.84 (H3C C =C -, 3 H, s),
4.81 (H2C = C < , 2 H, d), 2.0-3.3 (allylic and a to carbonyl, 11 H, 
m). Anal. Calcd for Ci5H220 : C, 82.52; H, 10.16. Found: C, 82.85; 
H, 10.15. A portion of the ketone 22 was converted to the semicar
bazone derivative by the pyridine method and recrystallized from 
ethanol to give colorless crystals, mp 115° dec. Anal. Calcd for 
Ci6H250N3: C, 69.78; H, 9.15; N, 15.26. Found: C, 69.59; H, 8.8; 
N, 14.98.

Elution of the column with petroleum ether-benzene (40:60) 
gave 0.6 g (20% yield) of the a,/3-unsaturated ketone 23: bp 110- 
120° (0.6 mm); u30d 1.5305; [o ]d -45.8° (c 2.10); uv Amax (MeOH) 
244 nm (e 10,700); ir 1640 (conjugated carbonyl), 3090, 1630, and 
890 cm ' 1 (terminal methylene); pmr (CCI4) 8 1.06 (CCH3, 3 H, 
s), 1.14 (CCH3, 3 H, s), 2.01 (CH3C = C < , 3 H, broad s), 4.76 
(H2C = C < , 2 H, s), 6.2 (H C =C <, 1 H, broad s). Anal. Calcd for 
Ci5H220 : C, 82.52; H, 10.16. Found: C, 82.74; H, 10.25.

A small quantity of the ketone 23 was transformed (pyridine

method) into its semicarbazone derivative and crystallized from 
ethanol to give colorless microcrystals, mp 197-198° dec. Anal. 
Calcd for Ci6H25N30: C, 69.78; H, 9.15; N, 15.26. Found: C, 
69.90; H, 9.25; N, 15.56. Further elution of the column with ben
zene gave a fraction containing 105 mg of ketone 24: bp 110-115° 
(2 mm); [« ]d -48.3° (c 1.61); uv Amax (MeOH) 244 nm (t 9400); ir 
1650 (conjugated carbonyl), 3090, 1630, and 895 cm ' 1 (terminal 
methylene); pmr (CCI4) 8 0.99 (CCH3, 6 H, s), 2.01 (H3C C =C <, 
3 H, s), 4.78 (H2C = C < , 2 H, s), 5.96 (H C =C <, 1 H, broad s). 
Anal. Calcd for Ci5H220 : C, 82.52; H, 10.16. Found: C, 82.27; H, 
10.2.

Equilibration of Ketone 22 with Methylsulfinyl Carbanion.
A solution of methylsulfinyl carbanion in 5 ml of DMSO was pre
pared from 0.5 g of sodium hydride (50% dispersion in mineral
oil) as described in the above experiment. To this reagent was 
added a solution of 0.1 g of /3,-y-unsaturated ketone 22 in 5 ml of 
DMSO with the aid of a hypodermic syringe and the reaction 
mixture was stirred at room temperature for 0.5 hr. The reaction 
mixture was worked up as in the above experiment and gave 0.1 g 
of product, which consisted of the three ketones in the same ratio 
as in the above reaction.

Similarly experiments were carried out for ketones 23 and 24 
and the same mixtures were obtained in the same ratio.

Wolff-Kishner Reduction of /3,7-Unsaturated Ketone 22. To
a solution of enone 22 in 15 ml of ethanediol was added 10 ml of 
hydrazine (80%) under nitrogen atmosphere and the mixture was 
stirred for 1 hr at 100°. Potassium hydroxide pellets (2.5 g) were 
then added and stirring was continued for. a further period of 2 hr 
at 200°. The reaction mixture was poured into an ice-cold solution 
of dilute HC1. Extraction with ether (two 50-ml portions), wash
ing with saturated sodium bicarbonate and brine, and removal of 
solvent gave 0.26 g of a mixture of hydrocarbons. This material 
was adsorbed over 15 g of 20% AgN03-impregnated silica gel. 
Elution with petroleum ether-benzene (90:10) gave 0.15 g of pure 
hydrocarbon 29: bp 110-115° (4 mm); [a]D +40.76° (c 0.85); ir 
(neat) 3090, 1650, 890 cm -1 (terminal methylene); pmr (CC14) 8
0.83 (CCH3, 3 H, s), 0.91 (CCH3, 3 H, s), 1.76 (H3C C = C -, 3 H, 
s), 4.76 (H2C = C <, 2 H, d). Anal. Calcd for Ci5H24: C, 88.16; H,
11.84. Found: C, 88.06; H, 11.7.

Catalytic Hydrogenation of 29 to Tetrahydrohimachalene 
(Himachalane 25). A solution of 0.1 g of hydrocarbon 29 in gla- 
cial acetic acid (5 ml) was hydrogenated over Adams catalyst (20 
mg) at room temperature and 1 atm pressure of hydrogen. The 
catalyst was removed by filtration and the filtrate was poured 
into 25 ml of water. Extraction with petroleum ether (two 20-ml 
portions), washing with sodium bicarbonate and brine, and re
moval of solvent gave 0.1 g of oily material. This was filtered 
through a 20% AgN03-impregnated silica gel column with petro
leum ether to give 25 as a colorless oil: bp 110-115° (4 mm); ir 
1450, 1390, 1380, 870, 860 cm-1 . The ir spectrum was found to be 
similar to that of the material obtained by the catalytic hydroge
nation of naturally occurring a- and /3-himachalene mixture ob
tained as described in the literature.14

( + )-Himachalene Dihydrochloride (30). An ice-cooled solu
tion of 80 mg of hydrocarbon 29 in glacial acetic acid (1 ml) was 
saturated with a slow stream of dry hydrogen chloride gas until 
the solution turned deep brown. This solution was left overnight 
at -5 °  and the colorless crystals were collected by filtration. Re
crystallization from petroleum ether-benzene gave long, white 
needles: mp 118-119°; [a]D +3.4° (c  1.62); ir 1440, 1450, 1360, 
1100, 840 c m '1. The melting point was undepressed on admixture 
with an authentic specimen prepared from a- and /3-himachalene. 
The ir spectra of the two were also completely superimposable.

(+)-ar-Himachalene (31). A mixture of 0.23 g of hydrocarbon 29 
and 0.5 g of chloranil in dry benzene was refluxed for 4 hr under a 
nitrogen blanket. The reaction mixture was filtered and the pre
cipitate was washed with 10 ml of benzene. The organic phase 
was concentrated, diluted with petroleum ether, and passed 
through a silica gel (10 g) column. The petroleum ether eluate on 
concentration gave 0.23 g of a hydrocarbon mixture.

The above mixture (0.23 g) was refluxed with 200 mg of 10% 
Pd/C in dry benzene for 12 hr. The reaction mixture was filtered 
and the precipitate was washed with 10 ml of benzene. Removal 
of solvent furnished 0.2 g of a pale yellow liquid. This was dis
solved in 10 ml of acetone-water (9:1) and stirred with an excess 
of powdered potassium permanganate to destroy olefinic impuri
ties. The reaction mixture was again filtered and diluted with 
water. Extraction with petroleum ether (two 25-ml portions), 
washing with brine, drying, and removal of solvent furnished 120 
mg of pure ( + )-ar-himachalene (31): bp 110-115° (2 mm); u35d 
1.5249; [« ]d +7.7° (c 1.02); ir (neat) 3010, 1620, 1580, 1450, 810
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cm -1; pmr (CCl4) <5 1.26 (CCHa, 3 H, s), 1.30 (CCH3) 3 H, s),
1.S6 iCCH3> 3 H, si, 2 .2,6 IAtCHs, 3 H, s'), 6.91 (At, 1 H, s), 7.03 
(ArH, 1 H. s). The literature records14 [a]D +2.92° (c 1.7) for the 
naturally occurring material and [a]D +5.9° (c 1.04) for the ( + )- 
ar-himachalene obtained from ( + )-ar-turmerone. Anal. Calcd for 
Ci5H22: C, 89.04; H, 10.96. Found: C, 89.12; H, 10.4.

Ozonolysis of /3.7-Unsaturated Ketone 22. A 440-mg solution 
of ketone 22 in ethyl acetate (15 ml) was treated with 0.097 g of 
ozone generated in a Welsbach ozonizer at -80°. The solvent was 
then removed under reduced pressure and the residue was treated 
with aquecus sodium carbonate and a few drops of hydrogen per
oxide (30%). Dilution with water, extraction with benzene, and 
removal of solvent gave 400 mg of glassy residue. Tic behavior in
dicated it to be a complex mixture of highly polar material and 
the ir spectrum displayed multiple carbonyl and hydroxyl ab
sorptions.

Ketalizalion of Ketones 22, 23, and 24. To a stirred solution of 
800 mg of ketones 22, 23, and 24 in dry benzene (50 ml) was 
added ethylene glycol (7 ml) and p-toluenesulfonic acid in cata
lytic amounts. The reaction mixture was refluxed for 2 hr and 
poured into water. Extraction with ether (two 30-ml portions), 
washing with aqueous sodium bicarbonate and brine, and remov
al of solvent afforded 1.07 g of 33: bp 150° (1 mm); n30o 1.5172; uv 
3max (MeC'H) 208 nm (e 4900); ir no absorption at 890 cm- 1 due 
to terminal methylene. Anal. Calcd for C17H26O2: C, 77.86; H,
9.92. Found: C, 78.00; H, 10.00.
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Syntheses of l,2,3,5,6-pentamethyl-4-methylenebicyclo[3.1.0]hex-2-ene (5), l,2,4,5,6-pentamethyl-3-methylene- 
tricyclo[2.2.0.02’6]hexane (8), l,2,5,6-tetramethyl-3,4-dimethylenetricyclo[3.1.0.02'6]hexane (9)', and 5-a-chlo- 
roethyl-l,2,4,5-tetramethyl-3-methylenecyclopentene (16) are reported. These involve proton abstraction by tri- 
ethylamine from the corresponding carbonium ions. The proton abstraction is proposed to be a kinetically con
trolled process occurring at the methyl group adjacent to the carbon atom bearing the highest positive charge.

Reactions of hexamethyl(Dewar benzene) (1) with acids 
have been the subject of many investigations in recent 
years.2-3 Protonation of 1 followed by rearrangement will 
give isomers of 1 after subsequent proton abstraction. Tri
ethylamine appeared to be particularly useful for perform
ing these proton abstractions. Some other carbonium ions 
originating from 1 have been treated in the same way and 
the low-temperature abstraction of a proton from a 
methyl-substituted carbonium ion with triethylamine 
seems to be generally applicable as a good synthetic 
method for preparing strained compounds with exocyclic 
methylene groups. The results of this reaction are present
ed below.

Results and Discussion
It has been shown that the reaction path of 1 with HC1 

followed by subsequent isomerization is as follows.2d The

3

F 7^ ]
homofulvene 5, which is an isomer of 1, was prepared via 
reaction of 1 with HC1 at —40° to give 6. Compound 6 will 
dissociate to give cation 3, which then reacts with trieth
ylamine with loss of a proton. The homofulvene 5 was pre-

-  3 5

pared previously by a photochemical isomerization of l ,4 
and also by quenching of a strongly acidic solution of 3 
with sodium bicarbonate in methanol.5 The stereochemis
try of 5, once supposed to be exo-H,6 is accepted now to

be endo-H. The assignment is based on comparison5-7 of 
the pmr chemical shifts of 5 and the related ion 3 with 
those of the homofulvene and the cation with the inverted 
H and CH3 configuration.8

For the preparation of a tricyclic isomer of 1, compound 
8, the following procedure was developed. The cation mix
ture 2a,b (3:1 in equilibrium33), obtained from reaction of 
1 with HC1 in methylene chloride at -80°,2d was poured 
into triethylamine at -80°. The pmr spectrum of this 
mixture indicates that 72d is formed first; subsequently 7 
will dissociate to give ion 2a and triethylamine will then 
abstract a proton from the methyl group adjacent to the 
carbon atom bearing the highest positive charge9 in ion 
2a.

7 2a 8

Another application of the reaction of methyl-substitut
ed carbonium ions with triethylamine is found in the syn
thesis of 9. The cations 2c and 2d, formed from the reac
tion of 1 with chlorine and bromine, respectively,9 give 9 
upon proton abstraction with triethylamine. This product 
can be accounted for by assuming that the proton abstrac
tion to give 10 occurs in the same way as with 2a. The in
termediate 10 will presumably dissociate to give cation 11, 
which then undergoes another proton abstraction to give
9. Compound 9 was obtained also by pouring a solution of

2d IXsBr)

dication (CCH3)62+ in a triethylamine solution at low 
temperature.10 Structure 9 was assigned on the basis of
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the spectra and the Diels-Alder reaction of 9 with tetracy- 
anoethylene to give 12, which in turn isomerized to 13 on 
heating.

The role of the positive charge in determining the site of 
the proton abstraction is shown by the reactivity of ions 
2a, 2c, and 2d. It is suggested by the products that the 
reactions are kinetically controlled; otherwise thermody
namically favored9 bicyclic products would have formed. 
The kinetic control of proton abstraction from methyl- 
substituted carbonium ions is illustrated by the reactivity 
of cation 14. Cation 14 is obtained on protonation o f 15, 
which is itself formed by reaction of 1 with HC1 at room 
temperature. Triethylamine did not give the reverse reac
tion with 14, i.e., proton abstraction yielding 15; instead 
the amine abstracted a methyl proton to give 16. Com-

H H
15 K 16

pound 16 was observed previously1 1  as a product of the 
reaction of compound 8 with HC1 at low temperature. The 
isomerization of 16 to 15 occurs almost instantaneously at 
room temperature on addition of a trace of acid. This be
havior of 16 shows 15 to be the thermodynamically more 
stable isomer. Thus, proton abstraction from 14 has to be 
a kinetically controlled process. Presumably this is gener
al for low-temperature proton abstraction from methyl- 
substituted carbonium ions with triethylamine.

Experimental Section
Proton magnetic resonance spectra weTe recorded at 60 MHz 

using a Varian A-60D spectrometer. Chemical shifts are calculat
ed relative to internal TMS at b 0. Natural abundance carbon-13 
nuclear magnetic resonance spectra were obtained with a Varian 
XL-100 spectrometer operating at 25.2 MHz. Spectra were re
corded using Fourier transform and were proton-noise decoupled. 
Chemical shifts were calculated relative to external (capillary) 
TMS. Mass spectra were determined with an AEI MS 902 mass 
spectrometer and ir spectra were obtained with use of a Perkin- 
Elmer 257 spectrometer. Only representative peaks are given. Uv 
spectra were measured with a Beckman DB-G spectrophotometer.

1.2.3.5.6- Pentamethyl-4-methylenebicyclo[3.1.0]hex-2-ene
(5). In a 250-ml three-necked bottle equipped with a mechanical 
stirrer, 3.20 g (0.02 mol) of hexamethyl(Dewar benzene) was dis
solved in 60 ml of methylene chloride. The solution was cooled to 
-40“ and 1.80 g (0.05 mol) of dry hydrogen chloride gas was intro
duced. A solution of 10.0 g (0.1 mol) of triethylamine in 30 ml of 
methylene chloride was added rapidly with stirring. The temper
ature of the reaction mixture was allowed to rise to 20° while stir
ring was continued for 2 hr, after which the solvent was evapo
rated and pentane (50 ml) and water (500 ml) were added. The 
organic layer was separated, washed with water until the smell of 
triethylamine had disappeared, and dried over sodium sulfate. 
The pentane was evaporated and the crude product was distilled 
to give a 2.45-g (0.015 mol, 75%) yield of 5, bp 74-76° (5 mm); it 
was characterized by its nmr and ir spectra.1

1.2.4.5.6- Pentamethyl-3-methylenetricyclo[2.2.0.02-6]hexane
(8). In a 250-ml three-necked bottle equipped with a mechanical 
stirrer, 3.20 g (0.02 mol) of hexamethyl(Dewar benzene) was dis
solved in 60 ml of methylene chloride. The solution was cooled to 
-80“ and 1.80 g (0.05 mol) of dry hydrogen chloride gas was intro
duced. A solution of 10.0 g (0.1 mol) of triethylamine in methy
lene chloride at -80° was added rapidly and with stirring from a 
cooled dropping funnel. The reaction mixture was stirred at -70° 
for 3 hr and warmed to room temperature over another 3 hr. The 
solvent was evaporated and pentane (50 ml) and water (500 ml) 
were added. The organic layer was separated, washed with water 
until the smell of triethylamine had disappeared, and dried over 
sodium sulfate. The pentane was evaporated and the crude prod
uct was distilled, bp 47.5-48.5° (3.7 mm), to give a 2.55-g (0.016 
mol, 80%) yield of 8 as a colorless liquid. An analytically pure 
sample was obtained by preparative glc (SE-30 column, all tem

peratures below 200°). Compound 8 is rapidly oxidized upon ex
posure to the air at room temperature: mass spectrum parent 
peak at m/e 162; ir spectrum inter alia 3070 (= C H 2 stretching), 
1655 (C = C  stretching), and 860 cm-1 (= C H 2 out-of-plane defor
mation); pmr spectrum (CCI4) b 4.57 (d, J = 0.8 Hz, 1 H), 4.54 
(d, J  = 0.8 Hz, 1 H), 2.01 (q, J = 1 Hz, 1 H), 1.33, 1.28, 1.03, 1.00 
(s, each 3 H), and 0.86 (d, J = 7 Hz, 3 H); cmr spectrum9 
(CH2CI2) peaks at 166.2, 97.4, 47.7, 45.0, 45.0, 27.2, 24.2, 18.5, 9.5,
8.7,4.7 and 4.3 ppm downfield from external (capillary) TMS.

Anal Calcd for Ci2H18: C, 88.82; H, 11.18. Found: C, 88.5; H,
11.3.

l,2,5,6-Tetramethyl-3,4-dimethylenetricyclo[3.1.0.02-6]hexane
(9). In a 250-ml three-necked bottle equipped with a mechanical 
stirrer, 3.20 g (0.02 mol) of hexamethyl(Dewar benzene) was dis
solved in 60 ml of methylene chloride. The solution was cooled to 
-80° and about 1 equiv of dry chlorine gas was introduced to give 
a solution of ion 2c. Alternatively a solution of 4.0 g (0.025 mol) of 
bromine in 10 ml of methylene chloride was introduced slowly at 
-80° to give a solution of ion 2d. The solutions of ions 2c or 2d 
were treated with 4.0 g (0.04 mol) of triethylamine in 10 ml of 
methylene chloride, which was introduced from a dropping funnel 
in 15 min with stirring. The temperature of the reaction mixture 
was not allowed to exceed -70° during the addition and 2 hr 
thereafter, during which time triethylammonium salt precipitat
ed. After warming to room temperature (over 2 hr), the solvent 
was evaporated and 50 ml of pentane and 500 ml of water were 
added. The organic layer was separated, washed with water until 
the smell of triethylamine had disappeared, and dried over sodi
um sulfate. The pentane was evaporated, leaving 3.0 g of a crude 
product, which consisted according to the nmr spectrum of 85% of
9. Vacuum distillation provided 1.9 g (0.012 mol, 60% yield) of 9, 
bp 69-70° (12 mm). The residue contained hexamethylbenzene 
(0.3 g, 0.002 mol, 10%). An analytically pure sample was obtained 
by preparative glc (SE-30 column, all temperatures below 150°). 
Compound 9 is oxidized rapidly upon exposure to the air at room 
temperature: mass spectrum parent peak at m /e 160; ir spectrum 
inter alia 3080 (= C H 2 stretching), 1640 (C =C  stretchig), and 865 
cm“ 1 (= C H 2 out-of-plane deformation); uv spectrum Amax (etha
nol) 204 nm (log e 3.95) and 250 (3.78); pmr spectrum (CCI4) 6
5.00 (s, 2 H), 4.53 (s, 2 H), 1.42 (s, 6 H), 1.14 (s, 6 H); cmr spec
trum (CH2CI2) peaks at 157.5, 98.7, 47.1, 31.4, 10.0, and 6.0 ppm 
downfield from external (capillary) TMS.

Anal. Calcd for C12H16: C, 89.94; H, 10.06. Found: C, 89.2; H,
10.1.

Reaction of 9 with Tetraeyanoethylene. Tetracyanoethylene 
(128 mg, 1.0 mmol) was added as a solid to a stirred solution of 
160 mg (1.0 mmol) of 9 in 3 ml of chloroform at room tempera
ture. After 10 min the solvent was evaporated to leave 285 mg 
(1.0 mmol, 100%) of the adduct 12. It was purified by crystalliza
tion from CCI4-CHCI3: mass spectrum parent peak at m/e 288; 
inter alia 2260 (weak, C =N ) and 1665 cm -1 (weak, C = C ): pmr 
(CDCI3) 6 3.12 (s, 4 H), 1.47 (s, 6 H), 1.16 (s, 6 H ).

Anal. Calcd for C18H16N4: C, 74.98; H, 5.59; N, 19.43. Found: 
C, 74.5; H, 5.6; N, 19.2.

Pyrolysis of 12. On warming a neat sample of 12 at 125° a 
reaction took place without melting. The product obtained,12 13, 
showed a melting point of 230-232°: mass spectrum parent peak 
at m/e 288, base peak at m/e 160; ir inter alia 2260 (weak, C =N ) 
and 740 cm” 1 (ortho-disubstituted benzene); pmr (CDCI3) 6 3.72 
(broad s, 4 H), 2.30 (s, 6 H), 2.20 (s, 6 H); uv Xmax (CHC1S) 274 
nm (log e 2.60).

Anal. Calcd for Ci8Hi6N4: C, 74.98; H, 5.59; N, 19.43. Found: 
C, 74.7; H, 5.7; N, 19.3.

5-a-Chloroethyl-l,2,4,5-tetramethyl-3-methylenecyclopen- 
tene (16). In a nmr tube, 100 mg (0.5 mmol) of l-a-chloroethyl-
l,2,3,4,5-pentamethylcyclopenta-l,3-diene2b (15) was dissolved in 
0.5 ml of methylene chloride. This solution was cooled to -80° 
and 180 mg (5 mmol) of dry hydrogen chloride gas was introduced 
at this temperature to give a solution of cation 14, which was de
tected by its pmr spectrum at -80°.11 The solution of cation 14 
was poured with stirring into a mixture of 1.00 g (10 mmol) of tri
ethylamine and 20 ml of methylene chloride at —80°, after which 
triethylammonium salt precipitated. The reaction mixture was 
kept at —70° for 1 hr and then warmed up to room temperature. 
After the solvent was evaporated, 20 ml of pentane and 200 ml of 
water were added and the organic layer was separated, washed 
with water until the smell of triethylamine had disappeared, and 
dried over sodium sulfate. The solvent was evaporated, leaving 95 
mg of a yellow liquid, which consisted of 90% 16 (determined by 
pmr). Upon standing at room temperature 16 rapidly isomerized
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to 15: mass spectrum parent peak at m/e 198, 200 (3:1); ir inter 
alia 3100 (= C H 2 stretching), 1625 (C =C  stretching), and 880 
cm^1 (= C H 2 out-of plane deformation); pmr (CCI4) 5 4.75 (m, 1 
H), 4.60 (m, 1 H), 4.10 (q, J  = 7 Hz, 1 H), 2.85 (m, 1 H), 1.72 
(broad s, 6 H), 1.50 (d, J  = 7 Hz, 3 H), 1.09 (s, 3 H), 0.98 (d, J  = 
7 Hz, 3 H).

Registry No.— 1, 7641-77-2; 5, 20379-83-3; 8, 40265-14-3; 9, 
50590-86-8; 12, 50590-87-9; 13, 51751-70-3; 15, 19835-61-1; 16, 
41694-21-7; triethylamine, 121-44-8; tetracyanoethylene, 670-54-2.
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The reactions of compounds 2, 3, and 4 with the strong acid FHSO3 and with HCI-CH2CI2 have been studied 
and mechanisms for these reactions are discussed. It is concluded that the reaction with FHSO3 takes place at 
the methylene groups of the compounds investigated. The reaction with HC1, however, takes place at the cyclo
propane rings of compounds 2 and 3 and possibly also of compound 4. Tentative explanations are given, based 
on the different nature of the acids and different structural properties of the substrate compounds.

Some aspects of the mechanism of the protonation of 
cyclopropane, e.g., the relative stability of the face-pro- 
tonated, edge-protonated, and corner-protonated cyclopro
pane and the question whether the protonation occurs via 
an inversion or a retention mechanism, have been amply 
discussed.2 ’3 Another aspect of the protonation of cyclo
propane, namely the relative reactivity of cyclopropanes 
and double bonds, has gained less attention. From the few 
examples known2d the general trend seems to be that cy
clopropane rings are more reactive toward acids than are 
carbon-carbon double bonds. We wish to add a new ele
ment to this discussion; it appears that in compounds 
containing a cyclopropane ring as well as a double bond 
the nature of the acid plays an important role in deter
mining whether the cyclopropane ring or the double bond 
reacts first. Previously33 it was found that compound 1,

containing a double bond and a cyclopropane ring, reacted 
at the cyclopropane ring with hydrogen chloride in methy
lene chloride. Superacids such as FH S03-S 0 2C1F, FH S03-  
SbFs, FHS0 3 -SbF 5-S 0 2 F2 , and H F-BF3, however, did 
not give the product expected upon protonation o f the cy
clopropane ring. Perhaps reaction at the double bond oc
curred as the first step under the latter conditions.

Results and Discussion
The different behavior of the superacids and HC1- 

CH2CI2 toward compounds containing cyclopropane rings 
and double bonds was investigated with use of the model 
compounds 2, 3, and 4, containing different numbers of 
the reactive structural components mentioned. These 
model compounds are readily accessible in two-step reac

tions starting from hexamethyl(Dewar benzene) . 1 -4 In the 
first step the carbonium ions 5a, 6, 7, and 8, respectively, 
are generated and in the second step triethylamine ab
stracts a proton from these carbonium ions at the methyl 
group adjacent to the carbon atom bearing the highest 
positive charge.4c

Reactions with F H S 0 3. The reactions of 2, 3, and 4 
with FHSO3 show the exact reverse of the triethylamine- 
induced deprotonation step in the syntheses of 2, 3, and 4. 
When 2  was dissolved in F H S03 at -80 °, the pmr spec
trum of the solution showed the presence of a 3:1 equilib
rium mixture5 o f 5a and its endo-H isomer 5b. Extraction

1 St

of a solution of 3 in methylene chloride with FHSO3 at 
-9 0 ° afforded the dication 7, which presumably was ob-

X
£ a ix=cn 2b <X =Br>

tained by successive protonation of the two methylene 
groups of 3.4b From the literature6 ’7 it is known that 4



Double Bond vs. Cyclopropane Ring Activity J. Org. C hem ., Voi. 39, N o. 17. 1974 2627

Table I
P m r Spectral D ata“ o f  C om poun ds 9,6 c 

10/  11,« 1 2 /  and 18«1

a, 4.05 (1 H, q , J  =  6.5 Hz); b, 1.02 (3
H, d, J  = 6.5 Hz); c, 1.08 (3 H, s); 
d, e, f, and g, 1.68 (3 H, broad s),
I . 75 (6 H, broad s), and 1.87 (3 H, 
broad s)

a, 4.52 ( 1  H, q, J  = 7 Hz); b, 1.77 (3 H, 
d, J  = 7 Hz) ; c, 1.38 (3 H, s); d and f,
3.00 (6 H, m); e, 2.27 (3 H, m); g,«
1.53 (3 H ,d ,J  = 7 Hz); h, 3.52 (1 H, 
m)

d a /  4.05 (1 H, q, J  =  7 Hz); b /  1.44 
(3 H, d, J  = 7 Hz); c, 1.01 (3 H, s); 
d and e, 1.59 (6 H, d); f, 1.21 (3 H, s); 
g /  0.96 (3 H, d, J  =  7 Hz); h /  2.12 
(1 H, q, J  = 7 Hz); i, 3.01 (3 H, s)

a /  4.29 (1 H, q, J  = 7 Hz); b /  1.54 
(3 H, d, I  = 7  Hz); c, 1.06 (3 H, s); 
d and e, 1.72 (6 H, broad s); g /  1.02 
(3 H, d, J  = 7 Jz); h /  2.77 (1 H, m); • 
j  and k, 4.77 (1 H, m) and 4.67 (1 H, 
m)

a, 4.15 (1 H, q, J  = 7 Hz); b, 1.10 (3
H, d, J  = 7 Hz); c, 1.13 (3 H, s); 
d, e, and f, 1.88 (6 H, broad s) and
I. 80 (3 H, m) ; 1, 4.27 (2 H, s)

* S in parts per million relative to internal TMS. 6 Refer
ence 8b. “ Solvent CC14. d Solvent CH2C12. '  The peaks of this 
doublet show additional structure owing to coupling with 
methyl groups o f the ring when the spectrum is recorded at 
100 MHz (XL-100). 1 These assignments were confirmed by 
double-resonance experiments.

gives 8 on reaction with FHSO3 at -70°. The three model 
compounds 2, 3, and 4 apparently prefer low-temperature 
reaction with FHSO3 at the methylene groups, rather 
than reaction at the cyclopropane ring.

Reactions with H C l-C H 2Cl2 - The reaction of these 
compounds with HC1 followed in part another pathway. 
When compound 2 was dissolved in HCI-CH2CI2 (1:1 
molar ratio) at -80°, the yellow solution showed a pmr 
spectrum which was identical with that of a solution of 98 
under the same conditions. This spectrum was assigned to 
the cyclopentenyl cation 10, the structure of which is as
signed on the basis of the pmr spectrum (see Table I) and 
product analysis after quenching of a solution of 10 with 
excess sodium methoxide in methanol at —80°. After 
work-up of the reaction mixture, pmr indicated compound 
11 to have been formed. Assignment of structure 11 is 
based on the spectral data (see Table I and Experimental 
Section) and the observation that the product decom
posed into 9 and methanol upon standing at 40° for sever
al hours. Mechanistically two possibilities for the reaction 
of 2 with HC1 have to be envisaged. The first possibility is 
double bond attack, just as in the case of FHSO3. In this 
way cation 5a should be formed, which exists in equilibri
um with 5b.5’9 It is known that a solution of these ions

with Cl-  as counterion, as is the case, can give 99 and it is 
shown above that 9 is protonated under the reaction con
ditions. However, the reaction of 5a,b in HC1-CH2C12 (1:1 
molar ratio) was never observed to occur at —80°.9 The 
second, more likely, possibility is attack at the cyclopro
pane ring. Experimental support for this idea was ob
tained in a reaction of a solution of 2 in methylene chlo
ride with ca. 0.7 equiv of dry HC1 gas at -80°. In this case 
the pmr spectrum of the solution indicated the presence 
of 12 together with starting material 2. The assignment of 
structure 12 depends on the pmr spectrum (see Table I), 
the room-temperature isomerization of 12 to 9 which is 
enhanced enormously upon addition of a trace of acid, the 
protonation of 12 in HC1-CH2C12 at -80° to give cation 
10, and the independent synthesis of 12 from 10 by depro
tonation with triethylamine.4c

From these experiments the conclusion can be drawn 
that HC1 in CH2C12 at -80° attacks 2 at the cyclopropane 
ring. The reaction scheme of 2 with HCI-CH2CI2 at -80° 
is almost complete now; only the steps from 2 to 12 are 
missing. Therefore we look at the six different ways in 
which proton addition and subsequent opening of the cy
clopropane ring can occur. A reaction path via 13 and 14 
involves only two steps and the intermediates are not ex
tremely unstable. The five other ways either lead to dif
ferent products or involve more steps, so that we propose 
the intermediates 13 and 14 to complete the reaction 
scheme.

When the reaction of 2 with excess HC1 (2- to 100-fold) 
was carried out at temperatures above —60° followed by 
quenching with sodium methoxide and methanol at the 
same temperature, the products were found to be not only 
9, 11, and hexamethylbenzene, but also 15 (maximum 
amount found, 5%) and 16 (maximum 25%). The latter

15 11

compounds have been obtained before from 5a,b,9 so that 
it is possible that at temperatures above -60° the reaction 
is less selective and HC1 attacks the double bond as well 
as the cyclopropane ring.

Compound 3 also shows a different behavior in reactions 
with FHSO3 and HC1. Addition of successive portions of 
dry HC1 to a methylene chloride solution of 3 at -90° did 
not give rise to observable amounts of 7 or the presumed 
monoprotonation product 17.4b The pmr spectrum of the 
reaction mixture at —90° showed compound 18 to be
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formed even when an excess of 3 was still present. The 
pmr spectrum of the reaction mixture remained un
changed upon warming to room temperature and 18 was 
isolated by evaporating the solvent. The assignment of 
structure 18 depends on the spectral data (see Table I and 
Experimental Section) and independent synthesis from 6a 
by intramolecular rearrangement.lb’10 It is difficult to ra
tionalize the formation of compound 18 in the reaction of 
3 with HC1 by assuming protonation of a methylene group 
of 3 to be the first step. However, assuming initial attack 
on a cyclopropane ring, a reasonable mechanism can be 
drawn. According to Wiberg and Szeimies11 the protona
tion of the bicyclobutane system is proposed to occur with 
retention of configuration. Owing to symmetry, only three 
intermediates are conceivable: 19, 20, and 21. Intermedi
ate 19 is considered to be unlikely because it is energeti
cally unfavorable and would open to a cyclohexyl ion.12 
Both intermediates 20 and 21 are possible, although 21 is 
expected to be the most stable one. Moreover, owing to 
symmetry, the formation of 21 is statistically favored by a 
factor of 2. Intermediates 20 and 21 are supposed to give 
the five-membered ring compounds 22, 23, and 24 in sub
sequent steps. Finally intermediate 24, proposed to be an 
intermediate also in the thermal reaction of 6a, reacts 
with chloride anion to give product 18.lb’10

CH2Cl

The mechanism of the reaction of 4 with HC1 in methy
lene chloride could not be established unambiguously. 
Addition of an excess of dry HC1 gas to a methylene chlo
ride solution of 4 at —80° resulted in the formation of ion
10. This can be explained either by a reaction at the cy
clopropane ring or by reaction at the double bond. In the 
former case six intermediates are conceivable, but only 
the five-membered ring compounds 12 and 25 with an ex- 
ocyclic methylene group can explain the product 10. 
When the reaction was carried out, however, with 0.6 
equiv of HC1, so that 4 was still present, the methylene 
signals present in the pmr spectrum of the reaction mix
ture at -80° were due solely to 4. The only other com
pound present in this solution was 9. In a similar experi-

ment with 2, the intermediate 12 appeared to be observ
able under these conditions (see above). Only 25 remains 
therefore as a possible intermediate in the case of reaction 
at the cyclopropane ring and one has to assume that 25 is 
rapidly isomerized under the reaction conditions. The 
other possibility is attack at the exocyclic double bond, 
followed by /3-fission of the resulting ion 8 and reaction 
with Cl~ to give 9.9 However, the isomerization of ion 8,10

which escapes detection in these experiments, has to be 
assumed to occur in this medium much faster than in 
strongly acidic solutions,6 ’7 where ion 8 has been observed 
at even higher temperatures. This possibility cannot be 
excluded, so that an unambiguous decision on the direc
tion of the initial attack by HC1 cannot be made.

Conclusions
The experiments show a striking difference between the 

two acids FHSO3 and HC1-CH2CI2 in their reactivity 
toward double bonds and cyclopropane rings in the com
pounds 2, 3, and, perhaps, 4. Literature data on FHSO3,13 
HCI-CH2CI2,14 and liquid HC115 indicate that, whereas in 
the strong acid solvated protons are available for the reac
tion, this is not the case with low-temperature HC1- 
CH2CI2 mixtures or liquid HC1, in which the reacting par
ticles are polar HC1 molecules. This difference obviously 
can change the reaction pattern dramatically.16

Experimental Section
Spectroscopic Measurements. Proton magnetic resonance 

spectra were recorded at 60 MHz using a Varian A-60D or a Jeol 
C60HL spectrometer equipped with a variable-temperature 
probe, unless otherwise stated. Chemical shifts are calculated rel
ative to internal TMS at d 0. Mass spectra were determined with 
an AEI MS9 mass spectrometer and ir spectra were obtained with 
use of a Perkin-Elmer 257 spectrometer; only representative peaks 
are given. Uv spectra were measured with a Beckman DB-G spec
trophotometer.

Reaction of 2 with FHSO3. Reaction of 2 with FHSO3 was 
performed by cooling an nmr tube containing 50 mg of 2 in liquid 
nitrogen and subsequent introduction of 0.4 ml of FHSO3. The 
nmr tube was warmed in a bath at -80° and stirring was applied 
as soon as possible.

Preparation of Solutions in HC1-CH2C12. The substrate (50 
mg) was dissolved in methylene chloride (0.2-0.4 ml). This solu
tion was cooled to -80° and dry HC1 gas was introduced until the 
indicated ratio was reached as concluded from the pmr spectrum 
of the products.

Preparation of 11. A solution of 50 mg of 2 in 0.4 ml of HC1- 
CH2CI2 (1:1 molar ratio) at —80° was poured in 800 mg of sodium
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methoxide in 10 ml of methanol at -80°. The reaction mixture 
was warmed to room temperature, water was added, and the 
mixture was extracted with pentane. Washing with water, drying 
over anhydrous sodium sulfate, and evaporating the solvent gave 
69 mg of a crude product which consisted of 95% of 11. Standing 
at 40° for 1 day caused quantitative decomposition of 11 into 9 
and methanol. The mass spectrum of 11 showed a parent peak at 
m/e 230 corresponding with C13H230C1; for the pmr spectrum, 
see Table I.

Preparation o f 18. A solution of 48 mg (0.3 mmol) of 3 in 0.4 
ml of methylene chloride was cooled to -80° and dry HC1 gas (0.5 
mmol) was introduced. The solution was warmed to room tem
perature and the solvent was evaporated. The pmr spectrum of 
the remaining 63 mg of product indicated 80% of 18 and 15% of 
starting material to be present. The mass spectrum of 18 showed 
parent peaks at m/e 232, 234, and 236 (intensity ratio 9:6:1), cor
responding with C12H18CI2; pmr spectrum, see Table I; ir inter 
alia absorption at 1620 cm“ 1; uv Xmax (pentane) 275 nm.

Registry No.—2, 40265-14-3; 3, 50590-86-8; 4, 20379-83-3; 9, 
19835-61-1; 10, 51751-32-7; 11, 41694-19-3; 12, 41694-21-7; 18, 
50590-88-0; HC1, 7647-01-0; FHSO3, 7789-21-1.

References and Notes
(1) For preliminary communications see (a) H. Hogeveen and P. W. 

Kwant, Tetrahedron Lett., 5361 (1972); (b) ibid., 3747 (1973).
(2) (a) C. J. Collins, Chem. Rev., 69, 543 (1969); (b) C. C. Lee, Progr. 

Phys. Org. Chem., 7, 129 (1970); (c) D. M. Brouwer and H. Hoge
veen, ibid., 9, 229 (1972); (d) C. H. de Puy, Top. Curr. Chem., 40, 
73 (1973).

(3) (a) H. Hogeveen, C. F. Roobeek, and H. C. Volger, Tetrahedron 
Lett., 221 (1972); (b) K. B. Wiberg, K. C. Bishop, and R. B. David
son, ibid., 3169 (1973); (c) A. H. Andrist, J. Amer. Chem. Soc., 
95, 5731 (1973); (d) J. M. Lehn and G. Wiptf, J. Chem. Soc., 
Chem. Commun., 747 (1973).

(4) (a) H. Hogeveen and P. W. Kwant, J. Amer. Chem. Soc., 95, 7315
(1973) ; (b) ibid., 96, 2208 (1974); (c) J. Org. Chem., 39, 2624
(1974) .

(5) H. Hogeveen and H. C. Volger, Reel. Trav. Chim. Pays-Bas, 87, 
385, 1042 (1968); 88, 353 (1969).

(6) V. A. Koptyug, L. I. Kuzubova, I. S. Isaev, and V. I. Mamatyug, J. 
Org. Chem. USSR, 6, 1854 (1970).

(7) V. A. Koptyug, L. I. Kuzubova, I. S. Isaev, and V. I. Mamatyug, 
Chem. Commun., 389 (1969).

(8) (a) L. A. Paquette and G. R. Krow, Tetrahedron Lett., 2139 (1968); 
(b) M. Kunz and W. Luttke, Chem. Ber., 103, 315 (1970).

(9) H. Hogeveen and P. W. Kwant, Tetrahedron Lett., 3197 (1972).
(10) H. Hogeveen, P. W. Kwant, E. P. Schudde, and P. A. Wade, sub

mitted for publication.
(11) K. B. Wiberg and G. Szeimles, J. Amer. Chem. Soc., 92, 571 

(1970).
(12) P. v. R. Schleyer, T. M. Su, M. Saunders, and J. C. Rosenfeld, J. 

Amer. Chem. Soc., 91, 5174 (1969); L. Radom, J. A. Pople, and P. 
v. R. Schleyer, ibid., 95, 8194 (1973).

(13) R. J. Gillespie and T. E. Peel, J. Amer. Chem. Soc., 95, 5173 
(1973).

(14) N. G. Dorofeeva and O. K. Kudra, Ukr. Khim. Zh., 27, 306 (1961); 
Chem. Abstr., 56, 5455 (1962).

(15) M. E. Peach and T. C. Waddlngton, J. Chem. Soc. 600 (1962).
(16) Perturbation theory might help to explain the different behavior. The 

equation for the perturbation energy contains a Coulombic term and 
an orbital term. In the case of reactions with cations, in particular 
protons, the Coulombic term is the most important one and the 
reaction is called charge controlled. When the charge decreases, 
as Is the case in going from a proton to a polar HCI molecule, the 
Importance of the Coulombic term decreases and the reaction be
comes orbital controlled, which means -that the direction of the 
reaction depends on the magnitude of the frontier orbital coeffi
cients.17 It is obvious that charge control and orbital control will not 
a priori give rise to different reactions, but In these cases where 
more nucleophilic centers are available, the different reactivity 
toward protons and HCI might be explained by a charge-controlled 
reaction in the former case and an orbital-controlled reaction in the 
latter case. Calculations are planned to test the validity of this hy
pothesis.

(17) R. F. Hudson, Angew. Chem., Int. Ed. Engl., 12, 36 (1973).

Bufadienolides. 26. Synthesis of Scillarenin1 2

Yoshiaki Kamano and George R. Pettit*

Cancer Research Laboratory and Department of Chemistry, Arizona State University, Tempe, Arizona 85281

Received December 3, 1973

Bufalin (1), previously synthesized from digitoxigenin, was utilized as relay in a new synthetic route to scillar
enin (4). Important steps in the synthesis of scillarenin included bromination and dehydrohalogenation of bufalone 
(2a) to yield scillarenone (3). The overall transformation from digitoxigenin also comprised the first conversion 
of a plant cardenolide to a plant bufadienolide (4).

Careful hydrolysis of, e.g., proscillaridin A from the an
cient Egyptian medicinal plant S cilla  m aritim a  yields the 
aglycone scillarenin (4) .3 The parent glycoside, proscillari
din A, is a useful clinical agent for certain cardiac prob
lems. This 3/J-rhamnose derivative of scillarenin (4) has 
also been found to be an outstandingly effective cell- 
growth inhibitor of the National Cancer Institute’s human 
epidermoid carcinoma of the nasopharynx cell culture 
(9KB ) .4

Recently we completed partial syntheses of marinobufa- 
gin and marinobufotoxin starting with telocinobufagin (5) 
isolated from Ch’an Su .5 The objective of the present 
study6 was to extend our earlier total synthesis of bufal
in1 ’6’7 (1) to the plant bufadienolide, scillarenin8 (4). The 
latter substance could then serve as relay in a formally 
continuous route5 to telocinobufagin (5).

Selective chromic acid oxidation (Sarett) of bufalin (1) 
to the previously known 3-oxo derivative, bufalone (2a), 
provided a useful precursor of scillarenin (4). Controlled 
bromination of ketone 2 a with /V-bromosuccinimide gave 
an epimeric mixture of the C-4 bromo derivatives (2b), 
which were dehydrobrominated in low yield using hot a-

collidine or pyridine. An improved procedure involved 
treatment of ketone 2 a with bromine in dimethylform- 
amide or acetic acid to give the corresponding 4-bromo de
rivative, which was subjected directly to dehydrobromina- 
tion with lithium bromide in dimethylformamide or lithi
um chloride in dimethylacetamide. After preparative thin 
layer chromatography, scillarenone (3) was isolated in 
30-40% yields.

A partial synthesis of scillarenone (3) from telocinobuf
agin (5) was also evaluated. As part of the original struc
tural study9 of telocinobufagin (5) the 3/3-hydroxyl was se
lectively oxidized to provide ketone 2 c, which upon treat
ment with hot acetic acid gave scillarenone (3). The 
Meyer9 route was conveniently modified as follows. Oxi
dation of telocinobufagin to ketone 2 c was accomplished 
in good yield with /V-bromoacetamide and selective elimi
nation of the tertiary 5-hydroxyl group was readily 
achieved using an acidic ion-exchange resin. The samples 
of ketone 3 prepared from bufalin and telocinobufagin 
were shown to be identical.

Reduction of ketone 3 to scillarenin (4) and thereby 
completion of a new formal total synthesis of this plant
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O

bufadienolide was readily achieved as previously de
scribed .8 We readily confirmed that application of lithium 
tri-fert-butoxyaluminum hydride in tetrahydrofuran at 
ice-bath temperature for 5 hr affords scillarenin in ap
proximately 75% yields. A further examination of the scil- 
larenone (3) —*■ scillarenin (4) reduction reaction included 
the original Meerwein-Ponndorf approach as well as a 
comparison of lithium aluminum hydride, lithium borohy- 
dride, sodium borohydride, and potassium borohydride 
methods. From this comparison study it was ascertained 
that the lithium tri-tert-butoxyaluminum hydride and 
lithium borohydride techniques gave highest yields of the 
3d epimer. In each instance the specimen of scillarenin (4) 
isolated was identical with an authentic sample kindly 
provided by Dr. W. Haede .8

As digitoxigenin was used as relay for our bufalin syn
thesis, 1 ’6 extension of the route' to scillarenin also repre
sents the first chemical synthesis of a plant bufadienolide 
from a plant cardenolide.

Experimental Section
The bufalin used in this investigation was isolated from the 

Chinese toad venom extract Ch’an Su.10 All solvent extracts of 
aqueous solutions were dried over anhydrous sodium sulfate and 
concentrated to dryness under reduced pressure using a rotary 
evaporator. Commercial (E. Merck, Darmstadt) silica gel HF254 
preparative layer (1  mm) plates were employed and eluted with 
3:3:4 acetone-chloroform-ra-hexane. Analogous thin layer plates 
were developed with concentrated sulfuric acid. Each analytical 
sample was colorless and exhibited one spot on a thin layer chro
matogram. The identical composition of specimens was estab
lished by mixture melting point determination and by comparing 
infrared spectra and thin layer chromatograms.

Spectral data was provided by Miss K. Reimer and Messrs. R. 
Scott and E. Kelley. Melting points were determined using a 
micro hot stage apparatus (Reichert, Austria) and are uncorrect

ed. Ultraviolet spectra were determined using methanol as sol
vent. Infrared spectra were recorded using potassium bromide 
pellets and pmr data were observed using deuteriochloroform so
lution with tetramethylsilane as standard. A description of the 
instruments used in this study has been summarized in a preced
ing part..10 The elemental microanalyses were determined in the 
laboratory of Dr. A. Bernhardt, 5251 Elbach uber Engelskirchen, 
West Germany.

3-Oxo-14d-hydroxy-5/?-bufa-20,22-dienolide (Bufalone, 2a).
The following experiment corresponds to modification of a previ
ous chromic acid oxidation of bufalin to bufalone.6 A solution of 
bufalin (1, 0.24 g) in pyridine (3.8 ml) was added to the freshly 
prepared complex from chromium trioxide (0.22 g) and pyridine 
(2.2 ml). After a 22-hr period at room temperature the mixture 
was poured into ice-water and extracted with chloroform. The 
combined extract was washed with water, dilute hydrochloric 
acid, and water. Removal of solvent and recrystallization of the 
product from acetone-methanol gave 0.21 g (89% yield) of ketone 
2a as needles melting at 242-245° (lit.6 mp 241-243°); uv Xmax 301 
nm (log e 3.74); ir rmax 3510 (OH), 1720 (CO), 1700 (conjugated 
CO), 1634, 1540 (conjugated CO), 947 and 751 cm- 1  (C--C); pmr 
ô 0.72 (18-methyl), 1.00 (19-methyl), 6.24 (1 H, d, J  = 2.5 Hz, 21- 
proton), and 7.73 (1 H, q, J  = 10.5 and 2.5 Hz, 22-proton); mass 
spectrum M+ 384, 366 (M+ -H 20), 348, 333, 323, 296, 248, 231, 
and 230.

Anal, Calcd for C24H32O4: C, 74.97; H, 8.39. Found: C, 74.99; 
H, 8.38.

3-Oxo-14,8-hydroxy-5/3-bufa-4,20,22-trienolide (Scillarenone,
3). Method A. A solution prepared from glacial acetic acid (4 
ml), bromine (0.035 g), and anhydrous sodium acetate (0.018 g) 
was added (30 min) dropwise to a solution of ketone 2a (0.07 g) in 
6% hydrogen bromide-acetic acid (0.1 ml). The mixture was 
stirred and maintained at 10-15°. When the reaction with bro
mine was complete the mixture was diluted with a solution of so
dium acetate (0.18 g) in water (6 ml) and poured into ice-water. 
The crude bromo derivative (0.08 g, Rr 0.42 and yellowish brown 
color with sulfuric acid on a thin layer chromatogram) was col
lected and heated at reflux (7 hr) in dimethylacetamide (2 ml) 
containing anhydrous lithium chloride (0.08 g). The mixture was 
poured into ice-water and extracted with chloroform. Before re
moving solvent from the combined extract it was washed with 
water, dilute hydrochloric acid, and water. The residue (0.07 g) 
was subjected to preparative thin layer chromatography and the 
zone corresponding to Rf 0.35 was eluted with 4:1 chloroform- 
methanol. Recrystallization of this fraction from acetone gave 
0.027 g of scillarenone (3) as needles, mp 246-249°, identical with 
an authentic specimen.6

Method B. Bromine (0.04 g) in dimethylformamide (1 ml) was 
added during 30 min with stirring to a mixture prepared from ke
tone 2a (0.08 g), p-toluenesulfonic acid monohydrate (0.002 g), 
and dimethylformamide (2 ml). Two hours later the reaction 
mixture was diluted with chloroform and poured into water. The 
chloroform extract was washed successively with water, dilute so
dium bicarbonate solution, dilute hydrochloric acid, and water. 
The crude bromo derivative (0.08 g) and anhydrous lithium bro
mide (0.08 g) were heated (at reflux under nitrogen) in dimethyl
formamide (3.5 ml) for 8 hr. The product (3, 0.022 g, mp 246- 
248°) was isolated and identified as summarized above in method 
A.

Method C. From Bufalin (1). A mixture prepared from bufalin 
(1, 0.155 g), iV-bromosuccinimide (75 mg), and carbon tetrachlo
ride (15 ml) was heated at reflux for 45 min. The solution was fil
tered, diluted with chloroform, and poured into water. The sol
vent layer was washed with water, dilute sodium bicarbonate so
lution, and water. Removal of solvent gave 0.13 g of bromo ketone 
2b. A solution of the crude bromo derivative (2b, 84 mg) in «-col
lidine (10  ml) was heated at reflux in a nitrogen atmosphere for 6 
hr. The brownish residue (77 mg) obtained byif removing solvent 
was separated by preparative thin layer chromatography. The 
zone corresponding to Rr 0.36 was eluted with 4:1 chloroform- 
methanol. Recrystallization of this fraction from acetone afforded
8.5 mg of scillarenone (3) as needles melting at 247-249°.

In another experiment11 bromo ketone 2b (48 mg) in pyridine 
(4 ml) was heated in a sealed ampoule at 140° for 90 min. Upon 
cooling and removal of solvent 50 mg of brown residue was ob
tained. After purification by preparative thin layer chromatogra
phy and recrystallization from acetone (as described above) 4.3 
mg of scillarenone (3) melting at 244-248° was isolated.

Method D. From Telocinobufagin (5). A solution of IV-bro- 
moacetamide (0.11 g) in methanol (2 ml)-water (0.4 ml) was 
added to a solution of telocinobufagin (6, 0 .10  g) in methanol (8
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ml)-acetone (5 ml). Before pouring the mixture into ice-water 
and extracting with chloroform, it was allowed to remain at 14- 
17° for 2 days. The combined chloroform extract was washed with 
water, dilute sodium sulfite solution, and water. After the solvent 
was removed the cystalline residue was recrystallized from meth
anol-acetone to afford 87 mg of 3-oxo-5/3,14/j-dihydroxy-5/3-bufa- 
20,22-dienolide (2c) as needles melting at 251-253°: uv Amax 298 
nm (log e 3.73); ir i/max 3400-3280 (OH), 1720 (CO), 1710 (conju
gated CO), 1630, 1530 (conjugated C =C ), 945 and 760 cm -1 
(C =C ); pmr (in pentadeuteriopyridine) 5 0.95 (18-methyl), 1.13 
(19-methyl), 6.27 (d, J -  10 Hz, 23-proton), ca. 7.48 (21-proton, 
indistinct peak overlapped with pyridine peak), and 8.14 (q, J = 
10 and 3 Hz, 22-proton); mass spectrum M + 400, 382 (M+ -  
HaO), and 364 (M+ -  2H20).

Anal. Calcd for C24H32O5: C, 71.97; H, 8.05. Found: C, 71.94; 
H, 8.06.

A mixture prepared from ketone 2c (62 mg), 0.60 g of Amberlite 
CG-120 (H+ form), and methanol (3 ml) was stirred at room tem
perature for 6 hr. The solution was filtered and the filtrate was 
concentrated to dryness. The crude product thereby obtained was 
purified by preparative thin layer chromatography and ketone 3 
was recrystallized as summarized in method A to yield 53 mg of 
ketone 3 melting at 246-248°.

Each specimen of scillarenone (3) was found identical with an 
authentic sample prepared12 by chromic acid oxidation of scil
larenin (4). The authentic specimen recrystallized from acetone 
as needles melting at 247-249° and exhibited uv Amax 239 nm (log 
e 4.20) and 300 (3.75); ir i w  3470 (OH), 1740-1710, 1700 (conju
gated CO), 1657, 1635, 1613, 1533 (conjugated C =C  and normal 
C=C ), 957 and 748 cm-1 (C =C ); pmr 5 0.78 (18-methyl), 1.19 
(19-methyl), 5.7 (s, 4-proton), 6.21 (d, J  = 10.5 Hz, 23-proton),
7.23 (d, J = 2.5 Hz, 21-proton), 7.81 (q, J = 10.5 and 2.5 Hz, 22- 
proton); mass spectrum M+ 382, 364 (M + -  H20), 349, 339, 322, 
242, 228.

Anal. Calcd for C24H30O4: C, 75.36; H, 7.91. Found: C, 75.22; 
H, 7.90.

Scillarenin (4). Method A. Lithium Tri-terf-Butoxyalum- 
inum Hydride. Reduction of scillarenone (3, 20 mg) was conduct
ed employing the lithium tri-ferf-butoxyaluminum hydride (0.13 
g in 3 ml of tetrahydrofuran) method of Stache and colleagues.8 
The crude product was separated by preparative thin layer chro
matography and the zone corresponding to Rt 0.27 was eluted 
with chloroform-methanol (2:1). Recrystallization of the scillare
nin from methanol afforded 16 mg of prisms melting at 230-232° 
(lit.8’12 mp 234 and 232-235°).

Method B. Lithium Aluminum Hydride. Scillarenone (3, 20 
mg) in dry tetrahydrofuran (3 ml) was slowly (a drop at a time) 
added to a mixture of lithium aluminum hydride (80 mg) and dry 
tetrahydrofuran (2 ml) maintained at ice-bath temperature. Stir
ring was continued for 5 hr. Excess hydride was carefully removed 
with dilute acetic acid and the product was extracted with chlo
roform and separated by preparative thin layer chromatography. 
Recrystallization of the scillarenin (4) from methanol yielded 12 
mg melting at 227-230°.

Method C. Lithium Borohydride. The reduction reaction de

scribed in method B was modified by substituting lithium bor
ohydride (11 mg) for the lithium aluminum hydride. In this case 
20 mg of scillarenone (3) led to 15.5 mg of 4 melting at 228-231°.

Method D. Sodium Borohydride. To a solution of scillarenone 
(3, 20 mg) in methanol (1.5 ml)-tetrahydrofuran (1.5 ml) was 
added sodium borohydride (9 mg) and the mixture was allowed to 
remain at ice-bath temperature for 6 hr. The product was isolated 
and recrystallized as summarized in method A to yield 12.2 mg, 
mp 229-231°, of scillarenin (4). A repeat of this reduction reaction 
with substitution of potassium borohydride for the sodium bor
ohydride gave 13 mg of scillarenin (4) melting at 228-230°.

Essentially the same yield (14 mg, mp 229-233°) of scillarenin 
was attained by modification (preparative layer chromatography 
as noted in method A) of the earlier12 Meerwein-Ponndorf reduc
tion of scillarenone (3, 20 mg).

The specimens of scillarenin prepared by methods A-D were 
mutually identical and indistinguishable from an authentic speci
men of the natural products.

Registry No.— 1, 465-21-4; 2a, 4029-65-6; 2c, 51567-97-6; 3, 
545-28-8; 4, 465-22-5; 5, 472-26-4; lithium tri-tert-butoxyalumi- 
num hydride, 17476-04-9; lithium aluminum hydride, 16853-85-3; 
lithium borohydride, 16949-15-8; sodium borohydride, 16940-66-2.
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The South American toad, Bufo marinus, was originally 
released in the Caribbean and southeastern United States 
to assist in controlling the sugar cane beetle and now en
joys a wide range.3 A constituent common to the venom of 
this large (up to 12 cm in length) amphibian, the Chinese 
medicinal preparation, Ch’an Su,4a and venom of the Eu
ropean toad, Bufo vulgaris,5 is the cytotoxic (9KB cell line) 
bufadienolide telocinobufagin (5a) ,6

For the several purposes of providing unequivocal sup
port for the structure of telocinobufagin, making this sub
stance more readily available for biological studies, and to 
allow its use as a relay in the formal total syntheses of 
marinobufagin and marinobufotoxin (summarized in the 
following paper), we undertook the problem of synthesis. 
The most direct solution seemed to be by extending our 
earlier completed transformation of digitoxigenin ( 1 ) to 
bufalin8 (2) and scillarenin2 (3a) onward to telocinobufagin 
(5a). This approach proved eminently feasible and has 
been outlined in the sequel.

With the synthesis of scillarenin (3a) in hand,2 -9'10 at
tention was directed at completing the synthetic link to 
telocinobufagin (5a). Oxidation of olefin 3a with m-chlo- 
roperbenzoic acid yielded (60%) /3-epoxide 4a. The (3 ori
entation of the 4,5-epoxy group was firmly supported by 
proton magnetic resonance data. Selective acetylation of 
epoxy alcohol 4a easily gave acetate 4b, which was also 
obtained by direct peracid oxidation of acetate 3c. Nu
merous attempts to selectively reduce epoxy alcohol 4a or 
acetate 4b directly to telocinobufagin (5a) proved unpro
ductive. While lithium aluminum hydride in tetrahydro- 
furan (at low temperatures) did on several occasions lead 
to detectible amounts of telocinobufagin, attempts to in
crease the yie ld and reproducibility were unsuccessful. 
Similar observations were noted employing lithium tri- 
terf-butyoxyaluminum hydride in tetrahydrofuran. How
ever, a less direct procedure was eventually found far su
perior.

Oxidation of alcohol 4a by either chromium trioxide- 
pyridine or IV-bromoacetamide procedures provided ke
tone 4c in good conversions. The same ketone was ob
tained more efficiently by peracid epoxidation of scillare- 
none (3b). Reaction of epoxy ketone 4c with chromium(II) 
acetate1 1  in alcohol afforded telocinobufagone (5b, 55-63% 
yields) and a lesser amount (20%) of scillarenone (3b). 
The synthetic telocinobufagone (5b) was identical with an 
authentic sample prepared from  telocinobufagin (5a).

While sodium borohydride would be an obvious reagent 
for reduction of ketone 5b, the necessary stereoselectivity 
would be lacking and this was indeed found to be the 
case. As expected, formation of the equitorial 3a epimer 
was favored1 1  and only 2 0 % conversion to telocinobufagin (5a) was realized. However, treating 3-ketone 5b with ei
ther Urushibara nickel A 12 or W-2 Raney nickel1 1  in alco
hol provided 80-90% yields of telocinobufagin (5a). The 
synthetic and natural specimens of telocinobufagin were 
identical.

3a, R =  HO— 1
I

H
b, R =  0
c, R =  CH3C02— :

I
H

O

b, R = CH3C02—;
IH

c ,  R = 0

5a, R = HO— ;
I

H
b, R =  0

As scillarenin (3a) is potentially available in quantity 
from the naturally occurring glycoside proscillaridine A, 
the synthesis of telocinobufagin just described now allows 
more readily access to this interesting bufadienolide and 
related substances.

Experimental Section
Telocinobufagin was isolated from Ch’an Su.4a Careful hydrol

ysis of proscillaridine A was employed to obtain scillarenin.10 We 
are grateful to Dr. W. Haede for providing an authentic specimen 
of scillarenin.

All solvents were redistilled and ligroin refers to the fraction 
boiling at 60-80°. Solvent extracts of aqueous solutions were dried 
over magnesium sulfate. Concentration or evaporation of solvent 
was conducted under reduced pressure using a rotatory evapora
tor. Silica gel HF254 (E. Merck, Darmstadt) on microscope slides 
was employed for analytical thin layer chromatography and a
1-mm layer was utilized for preparative layer chromatography. 
Unless otherwise noted the solvent system for thin layer chroma
tography consisted of hexane-chloroform-acetone (4:3:3). The 
plate was developed with sulfuric acid or iodine spray. All analyt
ical samples exhibited a single spot on a thin layer chromatogram 
and were colorless. By means of comparison, infrared spectra,

2632
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thin layer chromatography, and mixture melting point determi
nation, the mutual identity of authentic and synthetic samples 
was established.

The equipment employed for ultraviolet (methanol solution), 
infrared (potassium bromide pellets), pmr (deuteriochloroform 
solution unless otherwise noted), and mass spectral measure
ments has been noted in the introduction to the Experimental 
Section of Bufadienolides. 21.4a Each of the spectral measure
ments was recorded by Mr. E. Kelly, Miss K. Reimer, or Mr. R. 
Scott. Melting points are uncorrected and were determined using 
a hot-stage apparatus (Reichert, Austria).

3d, 14/t-Dihydroxy-4d,5/j-epoxybufa-20,22-dienolide (4a). A 
mixture prepared by adding m-chloroperbenzoic acid (0.2 g) to 
scillarenin (3a, 0.4 g) in chloroform (20 ml) was allowed to remain 
at room temperature for 2 hr. The mixture was poured into ice- 
water and extracted with chloroform and the combined extract 
was washed with water, dilute sodium thiosulfate solution, and 
water. Removal of solvent gave a residue (0.41 g) which was chro
matographed on a column of silica gel (E. Merck, Darmstadt). 
The fraction eluted with 49:1 chloroform-methanol led to 0.25 g of 
0-epoxide 4a as plates decomposing at 243-250.5°. A pure sample 
of epoxide 4a displayed tic Rt 0.32 using hexane-ethyl acetate 
(1:9); blue color with sulfuric acid; Xmax 299 mfi (log r 2.38); i/max 
3480 (OH), 1720 (conjugated CO), 1632, 1537 (conjugated C =C ), 
1249 (epoxy CO), 958, 950 (C = C ), 828 (epoxy CO), 752 cm- 1 
(C =C ); pmr (in pentadeuteropyridine) & 0.93 (18-methyl), 1.06 
(19-methyl), 3.37 (d, J  = 3.5 Hz, 4a-proton), 4.33 (broad d, J =
3.5 Hz, 3a-proton), 6.30 (d, J  = 10 Hz, 23-proton), 7.42 (d, J  = 3 
Hz, 21-proton), 8.16 (q, J = 10 and 3 Hz, 22-proton); mass spec
trum M+ 400, 382 (M+ -  H20), 367, 364 (M+ -  2H20), 339, 331, 
278.

Anal. Calcd for C24H32O5: C, 71.97; H, 8.05. Found: C, 72.05, 
H, 8.01.

30-Aeetoxy-140-hydroxy-40,50-epoxybufa-2O,22-dienolide 
(4b). Method A. From Alcohol 4a. Alcohol 4a (0.051 g) was ac-
etylated employing acetic anhydride (0.8 ml)-pyridine (1.2 ml) at 
room temperature. Recrystallization of the product from acetone- 
hexane afforded acetate 4b (0.048 g) as needles melting at 207- 
210°: Xmax 300 m/j (in methanol); rmax 3490 (OH), 1740, 1720- 
1710 (conjugated CO and ester CO), 1635, 1540 (conjugated 
C =C ), 1250~ 1235 (ester CO and epoxy CO), 948, 910 (C=C), 840 
(epoxy CO), 752 cm - 1 (C =C ); pmr b 0.74 (18-methyl), 1.04 (19- 
methyl), 2.10 (3-acetyl), 3.17 (d, J  = 3.5 Hz, 4«-proton), 5.11 
(broad d, J = 3.5 Hz, 3a-proton), 6.22 (d, J  = 10 Hz, 23-proton),
7.21 (d, J  = 2.5 Hz, 21-proton), 7.80 (q, J = 10 and 2.5 Hz, 22- 
proton); mass spectrum M+ 442, 424 (M + -  H20), 382 (M + -  
AcOH), 357, 339, 330.

Anal Calcd for C26H3406: C, 70.56; H, 7.74. Found: C, 70.73; 
H, 7.68.

Method B. From Scillarenin Acetate (3c). A solution of scil
larenin acetate (3b, 0.02 g) in chloroform (10 ml) was oxidized 
with m-chloroperbenzoic acid (0.01 g) as described above for the 
preparation of epoxide 4a. Recrystallization of the product from 
acetone-hexane yielded 0.014 g of epoxide 4b, mp 206.5-210°, 
which was identical with the specimen obtained by method A.

3-Oxo-40,50-epoxy-140-hydroxybufa-2O-22-dienolide (4c). 
Method A. Oxidation of alcohol 4a (0.06 g in 2 ml of pyridine) 
with chromium trioxide (0.4 g)-pyridine (3.5 ml) complex was 
conducted (22 hr, room temperature) as summarized for the prep
aration of bufalone.2 The crude product (0.056 g) was purified by 
preparative thin layer chromatography and the zone correspond
ing to R{ 0.32 was eluted with chloroform-methanol (5:1). Recrys
tallization of this fraction from methanol yielded 0.038 g of ketone 
4c as needles: mp 230.5-239°; «max 3490 (OH), 1720 and 1700-1695 
(conjugated CO and ketone), 1630 and 1535 (conjugated C =C ), 
1240, 1125 (epoxy CO), 950, 910 (C =C ), 832 (epoxy CO), 750 
cm- 1 (C =C ); pmr b 0.75 (18-methyl), 1.16 (19-methyl), 3.02 (s, 
4«-proton), 6.27 (d, J = 10 Hz, 23-proton), 7.31 (d, J = 3 Hz, 21- 
proton), 7.86 (q ,J  = 10 and 3 Hz, 22-proton).

Anal. Calcd for C24H30O5: C, 72.33; H, 7.59. Found: C, 72.27; 
H, 7.56.

Method B. A solution of N-bromoacetamide (0.03 g) in metha
nol (0.5 ml)-water (0.1 ml) was added to alcohol 4a (0.025 g) in 
methanol (2 ml)-acetone (2 ml). The mixture was allowed to re
main at 15-20° for 40 hr, poured into ice-water, and extracted 
with chloroform. The combined chloroform extract was washed 
with water, dilute sodium sulfite solution, and water. The residue 
(0.03 g) obtained by removal of solvent was purified by prepara
tive thin layer chromatography as described above in method A. 
Recrystallization from methanol led to 0.014 g of ketone 4b melt
ing at 230-239°.

Method C. A 0.02-g specimen of scillarenone (3b) was oxidized 
with m-chloroperbenzoic acid (0.012 g) in chloroform (1 ml) as 
described above for preparation of epoxide 4a. The product was 
isolated by preparative thin layer chromatography and recrystal
lized from methanol to yield 4 mg of ketone 4c melting at 229- 
238°.

The specimens of ketone 4c prepared by methods A-C were 
found mutually identical.

3-Oxo-50,140-dihydroxybufa-2O,22-dienolide (Telocinobufa- 
gone. 5b). Method A. Freshly prepared chromium(II) acetate11 
(0.14 g) was added to epoxide 4c (0.035 g) in ethanol (3.5 ml). 
After 30 min at room temperature the mixture was diluted with 
chloroform and poured into ice-water. The chloroform layer was 
washed with water and the solvent was removed to provide a 
0.04-g residue. The product was separated by preparative thin 
layer chromatography and the zone with Rt 0.15 was eluted with 
chloroform-methanol (4:1). Recrystallization of this fraction from 
methanol-ethyl acetate yielded telocinobufagone (0.022 g, mp 
250-253°) as needles. The synthetic specimen was identical with 
an authentic sample (mp 251-253°) prepared by oxidation of telo- 
cinobufagin.

The preparative thin layer zone with Rt 0.35 was eluted with 
chloroform-methanol. Recrystallization of the product from ace
tone afforded 0.011 g of scillarenone (3b, mp 245-248°) as needles. 
The sample of scillarenone was identical with an authentic speci
men prepared from scillarenin2 (3a).

When methanol was substituted for the ethanol used as solvent 
in the preceding reaction the yields of telocinobufagone and scil
larenone remained unchanged. However, the product ratio 
changed when 0.015 g of epoxy ketone 4c was treated with chrom- 
ium(II) acetate (0.06 g) in acetone (3.5 ml)-acetic acid (0.1 ml)- 
water (0.4 ml) containing sodium acetate trihydrate (0.14 g). 
Here, 0.013 g of telocinobufagone (5b, mp 248-251°) and 0.009 g 
of scillarenone (3b, mp 243-248°) were obtained.

Telocinobufagin (5a, 30,5/3,140-trihydroxybufa-2O,22-dienol- 
ide). Method A. A refluxing (1 hr) solution of ketone 5b (0.01 g) 
in ethanol (1 ml) was treated with a large excess of freshly pre
pared Urushibara nickel A.12 The solution was filtered and the 
product was isolated by preparative thin layer chromatography 
using hexane-ethyl acetate (1:9) as solvent. The zone of Rr 0.33 
was eluted by chloroform-methanol (4:1) and this fraction was re
crystallized from acetone to afford telocinobufagin (5a, 0.009 g) 
with the characteristic double melting point (163-177 and 210- 
211°). The synthetic telocinobufagin (as prisms) was identical with 
the natural product isolated from Ch’an Su.

When the reaction was repeated using freshly prepared Raney 
nickel (W-2) the yield of telocinobufagin (mp 160-170 and 207- 
210°) from 0.01 g of ketone 5b was 0.008 g.

Method B. Sodium borohydride (0.01 g) was added to a solu
tion of ketone 5b (0.015 g) in dioxane (2.5 ml)-water (0.5 ml) and 
the mixture was allowed to remain at room temperature for 3 hr. 
Excess sodium borohydride was removed by adding dilute sulfuric 
acid at 5-10° and the resulting mixture was poured into water 
and extracted with chloroform. After washing with water, solvent 
was removed from the combined extract and the residue (0.017 g) 
was purified by preparative thin layer chromatography as de
scribed in method A. By this means only 3 mg of telocinobufagin 
(mp 158-170 and 205-209°) was isolated. A second zone corre
sponding to Rr 0.12 on the preparative thin layer chromatogram 
was assumed to be the 3a epimer, but was not further identified.

The specimen of telocinobufagin prepared by method B was 
also found identical with the natural product.

Registry No.—3a, 465-22-5; 4a, 29599-08-4; 4b, 51567-95-4; 4c, 
51567-96-5; 5a, 472-26-4; 5b, 51567-97-6.
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In the course o f a study on organic compounds in pollut
ed water, 1 a particularly facile pyrolytic reaction was ob
served when extracts containing pheophytin a were inject
ed into a gas chromatograph which was operated with an 
injection port temperature of 250°. Since most thermal de
compositions take place at much higher temperatures, a 
brief study of the pyrolytic behavior o f this compound was 
undertaken.

Pheophytin a was pyrolyzed at 250, 350, and 400° direct
ly onto a high-resolution gas chromatographic (gc) column 
the effluent of which was monitored with a fast-scanning 
computerized mass spectrometer. Four major fractions 
were observed and they were identified as various phyta- 
diene isomers (1-4) from their mass spectra and gc reten
tion indexes (see below for details). These data and the rel
ative abundances of the various isomers are given in Table 
I. It can be seen that the relative yield of the pyrolysis 
products observed at the three temperatures is not signifi
cantly different and that at least 94% of these products are 
phytadienes. The remaining 5-6% were at least 15 different 
compounds and, judging from their gc retention times, all 
contained less than ten carbon atoms; they were not inves
tigated further. In addition, any nonvolatile pyrolytic prod-

Table ICompounds Identified in the Pyrolysate of Pheophytin a
Retention

Relative yield,“ % index Mass spectrum,
Compd 250° 350° 400° ( ± d m / e  (rei intensity) b

V 61 63 64 1841 68 (100), 57 (86) 
43 (80), 82 (73)

2d 2 2 1 1848 43 (TOO), 68 (90) 
57 (84), 41 (79)

3 12 10 11 1863 43 (100), 82 (96) 
68 (90), 57 (89)

4 20 19 18 1882 82 (100), 43 (78) 
57 (77), 81 (71)

Others 5 6 6

® Absolute total molar yield, relative to pheophytin a, 
is 40-60 % . b See paragraph at end o f paper regarding supple- 
mentary’m aterial.c Com m on name: neophytadiene. d Tenta
tive structure.

ucts which were not transmitted by the gas chromatograph 
were not studied.

The information which lead to these identifications is as 
follows. The mass spectra of the four major components 
were quite similar to each other. They all exhibited abun
dant ions at m/e 43, 57, 6 8 , 82, 95, and 123 and a molecular 
ion at m/e 278. These ions are consistent with phytadienes 
and must originate by cleavage of the indicated bonds 
(using neophytadiene as an example). Ions at m/e 68  and

82 require the rearrangement of one hydrogen atom. The 
ions at m/e 95 and 123 indicate that the diene system is lo
cated at the formerly esterified terminus of the molecule. 
In addition, the mass spectrum of the most intense gc peak 
was identical with that o f synthetic neophytadiene (1). In 
this way all four peaks were identified as phytadienes.

The exact positions of the double bonds could not, of 
course, be completely established by mass spectrometry. 
Fortunately, however, the gc retention indexes of several 
phytadienes isolated from zooplankton and identified by 
ozonolysis and infrared spectrometry have been reported .2 
The retention indexes of compounds 1, 3 and 4 (see Table
I) are identical with this reference data. The tentative 
structure 2  was assigned on the basis o f gc retention char
acteristics (indicating a terminal methylene group) and a 
less abundant m/e 82 ion relative to the other isomers.

Although the above information is not sufficient to prove 
a reaction mechanism, the following suggestion (see 
Scheme I) nicely accounts for the identity and abundance 
of the products. This suggested mechanism involves two 
steps, the first step being a Cope-type rearrangement of the 
phytyl group and the second being the elimination of pheo- 
phorbide (5) by way of a six-membered cyclic transition 
state in which the carbonyl oxygen interacts with the vari
ous a-hydrogen atoms. The observed product distribution 
is close to that which would be expected based on the num
ber o f protons available. Since there are three primary pro
tons and two secondary protons, the statistical product dis
tribution should be 60% 1, 20% 3, and 20% 4, and in fact 
these values are very close to those observed (see Table I).

A similar mechanism has been suggested for the pyroly
sis o f certain allylic acetates.3 For example, 2-acetoxy- 
frans-3-heptene pyrolyzes at 350° to give a mixture o f 1,3- 
and 2,4-heptadiene. Isomerization of the ester was demon-
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Scheme I

1 + 1 — CH2CH2COOH 3 or 4 +  5
5

R =  (CH3)2CHCH2CH2CH2CH(CH3̂ H 2CH2CH2CH(CH3)CH —

strated by isolation of 4-acetoxy-irans-2-heptene in the py- 
rolysate.3

It should be noted that tobacco smoke contains several 
phytadiene isomers, the most abundant of which is neo- 
phytadiene.4 Since all of the phytadienes reported in Table 
I (except 2) have been found in tobacco smoke, it seems 
likely that pyrolysis of the residual phytol esters originally 
present in tobacco as chlorophyll produces some of the 
phytadienes observed in smoke.

Besides tobacco, the only other reported occurrence of 
phytadienes is in zooplankton.2 Since an injector port tem
perature of 250° is sufficient to produce phytadienes from 
pheophytin a, before reporting the presence of phytadienes 
in an extract it is important to demonstrate the absence of 
chlorophyll or its degradation products in that extract. In 
this respect it is possible that the phytadienes reported to 
be present in zooplankton2 may have been an artifact.

Experimental Section
The samples were pyrolyzed directly into the gas chromato

graphic column using a CDS Pyroprobe 190 system. The sample 
(ca. 300 Mg) was coated from solution (CH2CI2) on a platinum rib
bon (35 X 1.5 X 0.0127 mm); after solvent evaporation, the ribbon 
assembly was inserted into the injection port of the chromatograph, 
(held at 240 ±  10°). After restabilization of the helium carrier gas 
flow (1-2 min), the ribbon was heated at 10°/msec to 250, 350, or 
400° and held there for 2 sec. Pyrolysis products were immediately 
vaporized and swept onto the gc column. The estimated maximum 
residence time of the products at temperature was less than 100 
msec; thus isomerization was avoided.

Samples were also pyrolyzed by injecting the solution (CH2CI2) 
directly into the heated injection port. Injector temperatures of 
250-320° were sufficient to pyrolyze the pheophytin a to give a low 
yield (5-10%) of phytadienes. Although the results of injector port 
pyrolyses were not as reproducible as those of the platinum ribbon 
system, the identities and distribution of products were approxi
mately the same as shown in Table I.

Two gc columns were used: (a) 300 ft X 0.01 in. i.d. stainless 
steel, wall coated with SF-96 containing 5% Igepal 880 operated 
isothermally at 180° (110,000 theoretical plates), and (b) 150 ft X 
0.02 in i.d. stainless steel, wall coated with OV-101; temperature 
programmed from 130 to 200° at 3°/min. Both columns gave iden
tical retention indexes and the resolution was such as to verify that 
there were no more than four phytadienes present. The computer
ized combined gas chromatograph-mass spectrometer system has 
been described previously;5 however, since capillary columns with 
carrier gas flow rates of 0.5-1.5 ml/min were used for this study 
and since the restrictors in the fritted glass interface between the 
gas chromatograph and mass spectrometer were adjusted for flow

rates of 15-40 ml/min, it was necessary to add carrier gas after the 
column to bring the total gas flow into the interface up to these 
higher values. A flame ionization detector chromatogram was re
corded in parallel to the gas chromatograph-mass spectrometer 
and was used for the quantitative values shown in Table I.

Pheophytin a was prepared by acid hydrolysis6 of chlorophyll a 
which was, in turn, isolated from a mixed culture of green al
gae and blue-green algae (cultured in a modified Allen’s medium7 
for 3 weeks). The cells were collected by centrifugation, and the 
chlorophyll a was isolated by chromatographic procedures.6 The 
visible spectrum of the isolated pheophytin a (in ether) exhibited 
peaks at 410, 474, 506, 535, 562, 612, and 671 nm and was in agree
ment with published spectra.8 Methyl pheophorbide a was pre
pared by Fisher’s method,6 and the mass spectrum was obtained 
by inserting the sample directly into the ion source at 380°; it 
showed characteristic ions at m/e 606, 576, 548, and 461 and 
agreed with the published mass spectrum of methyl pheophorbide 
a.9

Acknowledgments, Iwan Hirsan provided valuable as
sistance; the instrumentation was supported (in part) by 
National Institutes of Health Research Grant RR00317 
from the Division of Research Facilities and Resources (K. 
Biemann, principal investigator).

Registry No.— 1, 504-96-1; 2, 51806-25-8; 3, 21980-71-2; pheo
phytin a, 603-17-8.

Supplementary Material Available. Complete mass spectra of 
compounds 1-4 will appear following these pages in the microfilm 
edition of this volume of the journal. Photocopies of the supple
mentary material from this paper only or microfiche (105 X 148 
mm, 24X reduction, negatives) containing all of the supplementary 
material for the papers in this issue may be obtained from the 
Journals Department, American Chemical Society, 1155 16th St.,
N.W., Washington, D. C. 20036. Remit check or money order for 
$3.00 for photocopy or $2.00 for microfiche, referring to code num
ber JOC-74-2634.

References and Notes
(1) R. A. Hites, J. Chromatogr. Sci., 11, 570 (1973); R. A. Hites, Envrion. 

Health Perspec., 3, 17 (1973); R. A. Hites and K. Biemann, Science, 178, 
158 (197.2).

(2) M. Blumer and D. W. Thomas, Science, 147, 1148 (1965).
(3) F. L. Greenwood, J. Org. Chem., 24, 1735 (1959).
(4) R. L. Stedman, Chem. Rev., 68, 153 (1968).
(5) R. A. Hites and K. Biemann, Anal. Chem., 42, 855 (1970): 40, 1217 

(1968); 39, 965 (1967).
(6) F. C. Pennington, H. H. Strain, W. A. Svec, and J. J. Katz, J. Amer. 

Chem. Soc., 86, 1418 (1964).
(7) M. B. Allen, Arch. Mikrobiol., 17, 34 (1952).
(8) A. S. Holt in "Chemistry, and Biochemistry of Plant Pigments,” T. W. 

Goodwin, Ed., Academic Press, New York, N. Y., 1965, p 14.
(9) D. R. Hoffman, J. Org. Chem., 30, 3512 (1965).

A New, Practical Synthesis of L-2-Hydroxytryptophan 
and Its Derivatives

M. Ohno,1 T. F. Spande, and B. Witkop*

National Institute of Arthritis, Metabolic and Digestive Diseases, 
National Institutes of Health, Bethesda, Maryland 20014

Received December 4, 1973

DL-2-H ydroxytryptophan2 (3) has been prepared by 
three- or four-step syntheses originating with the reaction 
products from ethyl 2-(o-nitrophenyl)acetate and diethyl 
methylenem alonate,3 isatin and ethyl pyruvate,4 or 3-chlo- 
rom ethyleneoxindole and diethyl form am idom alonate.5 
Yields, however, are modest (15-24%  overall) and resolu
tion, when the biologically im portant3“6-8.9 l  isomer is de
sired, poses difficulties.4

A  one-step oxidation o f  L-tryptophan with peracetic acid 
in acetic anhydride6-7 or aqueous hydrolysis (130°) o f  its 
symm etrical 2,2'-d isu lfide,8 obtained by reaction with di-
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sulfur dichloride, affords the L isomer directly, although 
yields are still low.

A recent modification of the latter reaction, whereby 2- 
thio(4-nitrophenyl)-L-tryptophan is hydrolyzed with 20% 
aqueous acetic acid at 110°, is reported to give 3 in 70% 
yield . 10 The starting material is easily prepared by reaction 
of L-tryptophan with 4-nitrophenylsulfenyl chloride in ace
tic acid. This procedure and most likely the disulfide hy
drolysis above suffer a limitation in being applicable only 
to tryptophan or tryptamine derivatives having a free 
amino group which apparently participates in the hydroly
sis. 10

We wish to report a convenient, high-yield procedure for 
the synthesis o f L-2-hydroxytryptophan, which is also suit
able for the preparation of IV-acyl, ester derivatives.

The method consists in the acidic hydrolysis of 2,3-dihy- 
dropyrrolo[2,3-b]indoles (e.g., 1 and 2) which are synthe
sized easily in a one-step oxidation of iV-acetyl-L-trypto- 
phan methyl or ethyl ester with iV-bromosuccinimide at pH
8.5-9.0 or preferably with ferf-butyl hypochlorite in trieth- 
ylamine-buffered methylene chloride. 11 Sealed-tube hydro
lyses (110°) o f either 1 or 2 with constant-boiling HC1 af
forded 3 in 75% yield after conversion to the free amino 
acid by a Dowex-1 (acetate form) column in order to re
move HC1 (3 is unstable toward alkali5), while hydrolysis 
with 20% acetic acid at room temperature provided the N - 
acetyl methyl (4) and ethyl (5) esters of 3 in 63 and 74% 
yields, respectively. When the room-temperature hydroly
sis was performed with 0.1 N  HC1, side reactions inter
vened and the yields of 4 or 5 decreased (Scheme I).

Scheme I

61VHC1 110°

20% HOAc 

room temp

H
,CH2CHCO,R

N A > 0  N H A c 

H
4, R =  CH3
5, R = C2Hs

A low-resolution mass spectrum of 4 is consistent with 
the fragmentation pathways as indicated in Scheme II. The

Scheme II

157

base peak at m/e 146 probably corresponds to the 3-methy- 
leneindolin-2-one ion. This ion apparently loses methylene, 
H 2O, or CO to give ions at m/e 132, 128, and 104, respec
tively. A mass spectrum of 5 indicated fragmentations 
analogous to those of 4 and exhibited metastable peaks at 
m/e ~255 and —'112 (among others) corresponding to the 
loss of H20  from the parent ion (m/e 290) and base peak 
(m/e 146), respectively.

A 100-MHz pmr spectrum of 3 in D20  containing suffi
cient DC1 for dissolution reveals an unexpectedly complex 
pattern which is interpreted as originating from a 1 : 1  mix
ture o f 3S,aS and 3R,aS  diastereoisomers. In addition to a 
common aromatic multiplet at 5 7.10-7.60 (relative to the 
internal HOD reference at 8 5.00), the following signals are 
observed. One isomer gives rise to a one-proton triplet (J  =
6.5 Hz) at 8 4.60 coupled to a two-proton AB-type quartet 
( 8 a  2 .6 6 , ¿b 2.53; J a b  = 15 Hz; eight lines) with signals as
signed to the a proton and /I-methylene protons, respec
tively. The cv-proton triplet of the other isomer (no attempt 
is made to assign stereochemistry) is centered at 8 4.48 (J  =
7.0 Hz) and likewise splits the /5-methylene AB quartet (5a
2.81, 5b 2.45; J ab = 15 Hz) into eight lines. The two NH 
protons and the 3-H proton are exchanged under these 
conditions. The pmr spectrum of 4 (see Experimental Sec
tion) reveals a much simpler spectrum in which diast
ereoisomers cannot be distinguished.

Experim ental Section
Melting points are uncorrected. Thin layer chromatography was 

performed in ethyl acetate-methanol (9:1 v/v) (solvent 1) or 1-bu- 
tanol-acetic acid-water (4:1:5 v/v, upper layer) (solvent 2). Spots 
were detected by ninhydrin or 47% HBr followed by heating. Ul
traviolet spectra were measured on a Shimazu UV-200 spectropho
tometer equipped with a U-125 MU recorder. Infrared spectra 
were obtained with a Hitachi Perkin-Elmer Model 225. Optical 
rotations were measured with a Perkin-Elmer Model 141 polari- 
meter. Pmr spectra were obtained on a Varian Associates HA-100 
spectrometer. Chemical shifts are reported as 5 values (parts per 
million) with tetramethylsilane or HOD as an internal reference. 
Low-resolution mass spectra were measured with a double-focus
ing Hitachi RMU-6E spectrometer.

L-2-Hydroxytryptophan [L-3-(2-Amino-2-carboxyethyl)in- 
dolinone, 3]. The pyrroloindole 211 (1.25 g, 4.5 mmol) was dis
solved in constant-boiling hydrochloric acid (40 ml) and heated at 
110° for 20 hr in a sealed tube. The dark yellow solution was evap
orated nearly to dryness. The residue was dissolved in water, deco
lorized with charcoal, and dried by evaporation. It exhibited a sin
gle band on high-voltage paper electrophoresis (pH 2.08). The hy
groscopic syrup was dissolved in water (25 ml) and passed through 
a 1.8 X 10 cm column of Dowex-1 (acetate form, 100-200 mesh) 
and the column was washed with water. The eluate was filtered 
through Toyo filter paper No. 5c and lyophilized to give 0.75 g 
(75%) of material, mp 233-235°, which proved to be 98.5-99% pure 
by amino acid analysis in pH 5.82 buffer on a short column where 
its peak just preceded that of tryptophan. This product (200 mg) 
was dissolved in oxygen-free water (0.6 ml) and the solution was 
stirred gently with a spatula. Crystals appeared spontaneously. 
Crystallization was complete after several hours in the refrigerator. 
The crystals were separated by centrifugation and dried in vacuo 
over P20 5: 130 mg; mp 248-250°; [«]20D +39.8° (c 2.13, 1 NNaOH) 
[lit. mp 244-245° dec,4 246-247° dec,8 248-249° dec,3 249-253° 
dec,9 250-252°,10 254-256°,6 256° dec;5 +21°,6 +20.6°,8 +30.1°,10 
+31.8°,8 +39.2° 9 (c 0.81-2.75, 1 ANaOH)]; Rr 0.60(2); Amax (H20) 
250 nm (e 6900), shoulder 280 (1400) [lit. Amax (H20) 250 nm1012 (e 
7200),10 7250) 12j; Amax (KBr) 3300-2600 (broad), 1625, 1565, 1470, 
1390, 1325 cm-1; pmr, see text.

Attempted crystallization from aqueous ethanol produced siz
able amounts of ninhydrin-positive impurities and led to a poor re
covery.

Anal. Calcd for C „H 120 3N2: C, 59.99; H, 5.49; N, 12.72. Found: 
C, 59.78; H, 5.54; N, 12.85.

L-3-(2-Acetamido-2-methoxycarbonylethyl)indolinone (4).
The pyrroloindole l 11 (490 mg, 1.90 mmol) was dissolved in 20% 
acetic acid (45 ml) with stirring. The reddish solution which re
sulted within 10 min was stirred for 50 min and lyophilized. The 
pale yellow residue was chromatographed over silica gel (contain-
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ing 12% alumina, 325 mesh and finer, product from Nakarai Chem
icals Inc., Kyoto) and eluted with ethyl acetate-methanol (9:1 v/v). 
Homogeneous fractions (checked by tic) were combined and evap
orated below 35° nearly to dryness. Crystallization resulted on 
standing under petroleum ether in a refrigerator. The crystals were 
crushed and filtered to give 330 mg (63%) of an almost colorless 
product: mp 148-150°; [a ]20D -16.5° (c 2.38, CHC13); R f 0.83 (1); 
Amax (EtOH) 250 nm (< 7000), shoulder 280 (1470); rmax (CHCI3) 
3435, 3300-3200 (broad), 3000, 1730, 1720, 1670, 1620, 1470, 1440, 
1370, 1330 cm-1; pmr (100 MHz, CDCI3) 5 9.18 (broad, one proton, 
NH of oxindole, exchanges rapidly with D20), 6.86-7.52 (five pro
tons, aromatic multiplet + NHAc, exchanges slowly over several 
hours with D20), 4.98 [one-proton quartet, J ce 7 Hz, a proton, 
changes slowly to two overlapping doublets, 4.95 (J = 6 Hz) and
4.87 (J = 7 Hz), on D20  exchange], 3.70 (three-proton singlet, 
OCH3), 3.50 (one-proton triplet, J = 6 Hz, 3-H), 2.38 (two-proton 
skewed triplet, J ~  7 Hz, collapses to doublet, J  = 7 Hz, on irra
diation at center of 4.96 triplet, 0-CH2 groups), 2.02 ppm (three- 
proton singlet, NAc) The fragmentation on low-resolution mass 
spectrometry is shown in Scheme II.

Anal. Calcd for C14H16O4N2: C, 60.86; H, 5.84; N, 10.14. Found: 
C, 61.12; H, 5.86; N, 10.05.

L-3-(2-Acetamido-2-ethoxycarbonylethyl)indoIinone (5). 
The pyrroloindole 211 (400 mg, 1.47 mmol) was dissolved in 20% 
acetic acid (40 ml) with stirring. The solution was treated in the 
same manner as the methyl ester analog above. The crude product 
(150 mg) was chromatographed on silica gel and eluted with ethyl 
acetate-methanol (9:1 v/v). Homogeneous fractions were pooled 
and evaporated. The syrupy residue failed to crystallize and was 
stored under vacuum, then pulverized. The resulting amorphous 
powder was collected with petroleum ether to afford 112 mg: mp
113-117°; Rf  0.85 (1); Amax (EtOH) 250 nm (e 6800), shoulder 280 
(1420); cmax (CHCI3) 3420, 3300-3200, 2950,1720,1670,1620,1470, 
1440, 1370 cm-1; M + m/e 290. The fragmentation pathways were 
similar to those of 4.

Anal. Calcd for CuHisOiN^ C, 62.05; H, 6.25; N, 9.65. Found: C, 
62.27; H, 6.51; N, 9.54.

Registry N o .~ l, 25690-48-6; 2, 21018-88-2; 3, 32999-55-6; 4, 
51806-22-5; 5,40846-93-3.
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ds-Jasmone and methyl jasmonate are primary odorous 
principles of the flower oils of several varieties of Jasm i-

H H H H

CH2C==CCH2CH:1

ch2c o o c h ,
methyl jasmonate

num. Several syntheses of jasmone1 -5  and methyl jasmo- 
nates6-8 have been published. Dihydrojasmone (6 ) is closely 
related to jasmone both in structure and in odor, is useful 
in perfumery, and has been synthesized by several pro
cedures.6’9 -12

We wish now to describe an efficient five-step synthesis 
o f dihydrojasmone (6 ) and tetrahydrojasmone (7), and a 
seven-step synthesis o f methyl dihydrojasmonate (12). The 
starting point in the present synthetic scheme was the al
kylation of 2-carbethoxycyclopentanone(l). This was ac
complished by using NaH in DMF with RBr. 13 The key in
termediate 3 was prepared by acid hydrolysis o f 2. 14 2- 
Pentylcyclopentan-l-one (3) was then treated with isopro- 
penyl acetate, yielding 4, which was converted into 5 by the 
bromination-dehydrobromination method . 15 Methylation 
o f 5 with methyllithium and oxidation of the resulting car- 
binol with chromium trioxide8'16 led to the expected dihy
drojasmone (6 ). The cuprous chloride catalyzed addition of 
a Grignard reagent, CH:iMgI, to 5 formed tetrahydrojas
mone (7). Michael addition of dimethyl malonate to 5 
yielded 8 , which upon hydrolysis and decarboxylation8’17 
was transformed to dihydrojasmonic acid (9), which was 
methylated to yield methyl dihydrojasmonate (12). We also 
explored a different route for synthesis o f 1 2 , via interme
diates 10 and 1 1 . Methyl-2-pentylcyclopent-2-en-l-ol ace
tate (10) was prepared either by treating 5 with lithium 
methyl acetate or with Reformatzky reagent. 18

The lithium method seemed more elegant and attractive; 
it yielded 82% of 10, as compared to 60% by Reformatzky’s 
method. Oxidation of 10 with chromium trioxide afforded 
11, which was reduced catalytically to 12. 17 Methyl dihy
drojasmonate ( 1 2 ) prepared by both methods had identical 
spectroscopic (ir, nmr), and chromatographic properties.

It is noteworthy that compounds 6 , 11, and 12 possess 
the characteristic long-lasting jasmone-like odors. The ad
vantages of the present synthesis is that the starting mate
rials are relatively inexpensive and easily accessible and the 
overall yields of the products are satisfactory.

Experimental Section
Microanalyses were performed at the Microanalytical Laborato

ry of the Hebrew University. Melting points were determined on a 
Thomas-Hoover apparatus. The following spectrometers were 
used: nuclear magnetic resonance (nmr), Varian T-60; infrared (ir), 
Perkin-Elmer Model 137; mass spectrometer (mass spectrum), 
Varian MAT-311; ultraviolet (uv), Unicam SP-800; vapor phase 
chromatography (vpc) analyses were performed on a Varian Aero
graph 90-P instrument using a 3% SE-30 column. Infrared spectra 
were measured in sandwich cells (sc), uv spectra in ethanol, and 
nmr spectra in deuteriochloroform, unless otherwise stated.

2-Pentyl-2-carbethoxycyclopentan-l-one (2). 2-Carbethoxy- 
cyclopentanone(308 g, 1.97 mol) was added dropwise under a ni
trogen atmosphere over a 3-hr period to a suspension of sodium 
hydride (100 g, 2.5 mol) in dry dimethylformamide (DMF) (1.2 1.) 
at 20°. After the addition was completed, the reaction mixture was 
stirred for 15 min at room temperature and then for 15 min at 50°. 
rr-Pentyl bromide (300 g, 1.98 mol) was then added during 30 min. 
The reaction mixture was stirred overnight at room temperature, 
poured into water, and extracted thrice with ether. The organic 
layer was washed with a saturated solution of sodium chloride and 
dried over magnesium sulfate, and the solvents were removed in 
vacuo. Distillation through a small column afforded 2-pentyl-2- 
carbethoxycyclopentan-l-one: 284 g (64%); bp 100° (0.1 mm); ir
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11
R =  CH2(CH,)3CH:î

(liquid) 1755, 1730, 1630, 1468, 1230, 1150, 1030, cm "1; nmr 
(CDC13) 6 0.85 (3 H, t), 1.10-2.66 (17 H, in), 4.04 (2 H, 9).

Anal. Calcd for C13H22O: C, 68.99; H, 9.80. Found: C, 68.90; H, 
9.65.

2-Pen tylcyclopentan-1 -one (3). 2-Pentyl-2-carbethoxycyclo
pentan-l-one (2, 280 g, 1.24 mol) in the presence of glacial acetic 
acid (350 ml) and hydrochloric acid (20%, 600 ml) was refluxed for 
24 hr. The reaction mixture was cooled and water was added. It 
was then extracted with ether and the organic layer was washed 
with sodium bicarbonate and sodium chloride solutions and dried 
over magnesium sulfate. The solvents were removed in vacuo and 
the residue was distilled through a small column, affording 152 g 
(79.5%) of 2-pentylcyclopentan-l-one: bp 60-62° (0.5 mm); ir (liq
uid) 1738, 1470, 1455, 1410, 1155, 929 cm“ 1; nmr (CDC13) a 0.82 (3 
H, t), 1.03-1.50 (8 H, m), 1.66-2.41 (7 H, m).

Anal. Calcd for CioH180: C, 77.92; H, 11.69. Found: C, 78.08; H, 
11.77.

1- Acetoxy-2-pentylcyclopent-l-ene (4). 2-Pentylcyclopen- 
tan-l-one (3, 145 g, 0.94 mol) and isopropenyl acetate (200 g, 2 
mol) in the presence of p-toluenesulfonic acid (1 g) was refluxed 
overnight. The red-colored reaction mixture was poured into a cold 
solution of potassium bicarbonate (10%), extracted with ether, and 
dried over magnesium sulfate. The solvents were removed in vacuo 
and the residue was distilled through a small column, affording 155 
g (84%) of l-acetoxy-2-pentylcyclopent-l-ene: bp 65° (0.2 mm); ir 
(liquid) 1755, 1700, 1470, 1370, 1305, 1210 c m '1; nmr (CDCI3) 5
0.85 (3 H, t), 1.04-1.49 (4 H, m), 1.72-2.55 (10 H, m), 2.01 (3 H, s).

Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.50; H,
9.86.

2- Pentycyelopent-2-en-l-one (5). Bromine (120 g, 0.75 mol) 
in carbon tetrachloride (150 ml) was added dropwise during 1 hr to 
a mixture of l-acetoxy-2-pentylcyclopent-l-ene (149 g, 0.76 mol), 
chloroform (450 ml), water (600 ml), and calcium carbonate (55 g). 
After stirring for 1 hr the organic layer was separated and washed 
with solutions of sodium thiosulfate and sodium chloride. The or
ganic layer was dried over magnesium sulfate and the solvents 
were removed in vacuo: The residue was dissolved in dry DMF 
(750 ml) and in the presence of dry lithium bromide (130 g) and 
dry lithium carbonate (130 g) was refluxed for 45 min. Cold water 
(1 1.) was added and the red-colored solution was neutralized with 
hydrochloric acid (20%) and extracted with ether. The organic 
layer was washed with sodium chloride solution and dried over 
magnesium sulfate. Distillation afforded 90 g (78%) of 2-pentyIcy- 
clopent-2-en-l-one: bp 60° (0.2 mm); ir (liquid) 1700, 1633, 1445, 
1253,1198, 1050, 1000 cm“ 1; nmr (CDC13) 3 0.85 (3 H, t), 1.08-1.63 
(6 H, m), 1.88-2.72 (6 H, m), 7.05 (1 H, m); uv (EtOH) 230 nm (t 
9900).

Anal. Calcd for C10Hi6O: C, 78.90; H, 10.59. Found: C, 78.76; H,
10.60.

2-Pentyl-2-methylcyclopent-2-en-l-one (6, Dihydrojas- 
mone). Methyllithium (14 ml, 20 mmol, of 1.9 M  ethereal solution) 
was added dropwise with stirring at 0° and under a nitrogen atmo-

6, dihydrojasmone
7, tetrahydrojasmone

12, methyl dihydrojasmonate

sphere to 2-pentylcyclopent-2-en-l-one (5, 1.41 g, 9.28 mmol) in 
dry ether (30 ml). After the addition was completed, the reaction 
mixture was stirred for 15 min at room temperature, poured into 
cold water, and extracted with petroleum ether. The organic layer 
was washed with water and dried over magnesium sulfate, and the 
solvents were removed in vacuo. The residue of crude carbinol was 
dissolved in ether (30 ml), cooled to 0°, and treated with chromium 
trioxide (1 g) in sulfuric acid (10 ml, 5%). After a period of 15 min, 
water was added and the product was extracted with petroleum 
ether. The organic layer was washed with a solution of sodium bi
carbonate (10%) and dried over magnesium sulfate, and the sol
vents were distilled off. The oily residue was distilled through a 
small column, yielding 0.6 g (39%) of 2-pentyl-2-methylcyclopent- 
2-en-l-one: bp 79-81° (0.2 mm); ir (liquid) 1700, 1645, 1445, 1388, 
1180, 1070, 810 cm -1; nmr (CDC13) <5 0.84 (3 H, t), 1.05-1.69 (6 H, 
m), 1.98 (3 H, s), 1.90-2.63 (6 H, m); uv (EtOH) 236 nm (r 12,700).

Anal. Calcd for CiiHisO: C, 79.46; H, 10.91. Found: C, 79.44; H,
10.64.

2-Pentyl-3-methylcyclopentan-l-one (7, Tetrahydrojas
mone). Cuprous chloride (0.1 g) was added in one portion under a 
nitrogen atmosphere to methylmagnesium iodide, prepared from 
magnesium turnings (0.5 g, 0.021 g-atom) and methyl iodide (2.8 g, 
0.02 mol) in dry ether. 2-Pentylcyclopent-2-en-l-one (5, 2 g, 0.013 
mol) was then added dropwise over a period of 20 min. After addi
tion was completed, stirring proceeded for 45 min and the reaction 
mixture was poured into ice-cold dilute hydrochloric acid. It was 
then extracted with ether. The organic layer was washed with solu
tion of sodium bicarbonate and water, and dried over magnesium 
sulfate. Purification by preparative gas-liquid chromatography af
forded 1.5 g (68%) of 2-pentyl-3-methylcyclopentan-l-one: ir (liq
uid) 1735, 1460, 1380, 1155, 790 cm "1; nmr (CDC!3) 6 0.63-0.98 (6
H, m), 1.00-1.70 (8 H, m), 1.82-2.63 (6 H, m).

Anal. Calcd for C11H20O: C, 78.51; H, 11.98. Found: C, 78.55; H,
11.60.

2-Pentyl-3-dimethylmalonylcyelopentan-l-one (8). 2-
Pentylcyclopent-2-en-l-one (5, 15.2 g, 0.1 mol) in dry methanol 
(50 ml) was added dropwise (while stirring) during 30 min and 
under a nitrogen atmosphere to a cold (—5°) solution of sodiodi- 
methyl malonate prepared from dimethyl malonate (16.5 g, 0.12 
mol), sodium metal (0.3 g, 0.077 g-atom), and dry methanol (20 
ml). After the addition was completed, the stirring was continued 
for 1 hr. Acetic acid (1.5 g, 0.025 mol) was added and the solvents 
were distilled off in vacuo. The residue was extracted with ether 
and the organic layer was washed with a solution of sodium chlo
ride and dried over magnesium sulfate. Ether was distilled off and 
the residue was distilled, affording 13.4 g (63%) of 2-pentyl-3-di- 
methylmalonylcyclopentan-l-one: bp 126-127° (0.3 mm); ir (liq
uid) 1755, 1740, 1440, 1220, 1160 cm“ 1; nmr (CC14) 5 0.85 (3 H, t),
I. 04-1.55 (8 H, m), 1.78-2.29 (6 H, m), 3.39 (1 H, d), 3.61 (6 H, s).

Anal. Calcd for C15H2405: C, 63.36; H, 8.51. Found: C, 63.75; H,
8.47.

2-Pentyl-3-oxocyclopentylacetic Acid (9, Dihydrojasmonic
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Acid). Sodium hydroxide (5.2 g) in water (50 ml) was added with 
vigorous agitation over a period of 1 hr and under a nitrogen atmo
sphere to 2-pentyl-3-dimethylmalonylcyclopentan-l-one (8,17.5 g, 
0.062 mol). The reaction mixture was stirred overnight at room 
temperature and extracted with ether, and the aqueous layer was 
acidified with sulfuric acid (7 g in 15 ml of water). The aqueous 
layer was refluxed until gas evolution ceased. The cold solution 
was extracted with ether, washed with water, and dried over mag
nesium sulfate. The solvents were removed in vacuo and the resi
due was distilled, affording 13.3 g (95%) of 2-pentyl-3-oxocyclo- 
pentylacetic acid: bp 168-170° (0.3 mm); ir (liquid) 3070-3020, 
1740, 1712, 1465, 1410, 1165 cm "1; nmr (CC14) 5 0.85 (3 H, t),
1.05-1.65 (8 H, m), 1.84-2.74 (8 H, m), 11.2 (1 H, s).

Anal. Calcd for C12H2o03: C, 67.89; H, 9.50. Found: C, 68.08; H, 
9.31.

Methyl-2-pentyl-3-oxocyclopentyl Acetate (12, Methyl 
Dihydrojasmonate). 2-Pentyl-3-oxocyclopentylacetic acid (9, 2 g, 
0.094 mol), dry methanol (20 ml), and p-toluenesulfonic acid 
(10.05 g) were refluxed overnight. Methanol was distilled and the 
residue was extracted with ether. The ether solution was washed 
successively with a solution of sodium chloride, sodium bicarbon
ate, and again with sodium chloride and dried over magnesium sul
fate. Distillation yielded 1.7 g (80%) of methyl-2-pentyl-3-oxocy- 
clopenty] acetate: bp 105-107° (0.2 mm); ir (liquid) 1740, 1440, 
1269, 1170 c m '1; nmr (CC14) 5 0.85 (3 H, t), 1.01-1.58 (8 H, m), 
1.82-2.51 (8 H, m), 3.55 (3 H, s).

Anal. Calcd for C13H220 3: C, 68.99; H, 9.80. Found: C, 68.72; H,
9.60.

Methyl-2-pentylcyclopent-2-en-l-ol Acetate (10). Method
A. Methyl acetate (1.71 ml, 25 mmol) was added dropwise over a 
period of 2 min (under a nitrogen atmosphere) into a THF solution 
of lithium bis(trimethylsilyl)amide (25 ml, 1.0 M) at —78°. After 
the addition was completed, the stirring proceeded for 15 min. 2- 
Pentylcyclopent-2-en-l-one (5, 3.8 g, 25 mmol) was injected 
through a septum inlet. After a period of 15 min, hydrochloric acid 
(5 ml, 20%) was injected. After the reaction was completed, the 
mixture was extracted with hexane. The organic layer was sepa
rated, washed with a saturated solution of sodium bicarbonate and 
water, and dried over sodium sulfate. Hexane was distilled off and 
the residue was distilled under reduced pressure, yielding 4.63 g 
(82%) of methyl-2-pentylcyclopent-2-en-l-ol-acetate: bp 97° (0.4 
mm); ir (liquid) 3500, 1740, 1440, 1203 cm-1; nmr (CC14) b 0.93 (3 
H, t), 1.13-1.50 (8 H, m), 1.71-2.24 (4 H, m), 2.42 (2 H, s), 2.52 (2 
H, s), 3.31 (1 H, s), 3.69 (3 H, s), 5.42 (1 H, m).

Anal. Calcd for Ci3H2203: C, 69.03; H, 9.74. Found: C, 69.10; H, 
9.47.

Method B. 2-Pentylcyclopent-2-en-l-one (5, 1.52 g, 10 mmol) 
and methyl bromoacetate (1.1 ml, 10 mmol) in dry benzene (8 ml) 
were added slowly to activated zinc (0.65 g, 0.02 g-atom) in boiling 
benzene (2 ml). After the exothermic reaction had subsided, the 
mixture was refluxed for 30 min and cooled and acetic acid (5 ml, 
10%) was added. The benzene layer was separated, washed with a 
solution of sodium bicarbonate and water, and dried over sodium 
sulfate. The solvent was removed in vacuo and the residue was dis
tilled under reduced pressure affording 1.36 g (60%) of the prod
uct, bp 97° (0.4 mm), ir and nmr identical with those obtained by 
method A.

Methyl-2-pentyl-3-oxo-l-cyclopentenyl Acetate (11). Chro
mium trioxide (1 g) in sulfuric acid (10 ml, 5%) was added drop- 
wise at 0° to methyl-2-pentylcyclopent-2-en-l-ol acetate (10, 2.03 
g, 9 mmol) in ether (30 ml). After the addition was completed, the 
stirring proceeded for 45 min at 5°. Water was added and the 
product was extracted with hexane. The organic layer was sepa
rated, washed with a solution of sodium bicarbonate (10%) and 
water, and dried over sodium sulfate. The solvent was evaporated 
and the oil was distilled, affording 1.75 g (87%) of methyl-2-pentyl-
3-oxo-l-cyclopentenyl acetate: bp 118-119° (0.4 mm); ir (liquid) 
1740, 1705, 1645, 1435, 1175 c m '1; uv (EtOH) 237 nm (e 9200); nmr 
(CCU) S 0.88 (3 H, t), 1.15-1.41 (8 H, m), 2.01-2.80 (4 H, m), 3.35 (2 
H, s), 3.68 (3 H, s).

Anal. Calcd for C13H2o03: C, 69.64; H, 8.93. Found: C, 69.73; H, 
9.20.

Methyl-2-pentyl-3-oxocyclopentyl Acetate (12, Methyl 
Dihydrojasmonate). Methyl-2-pentyl-3-oxo-l-cyclopentenyl ace
tate (11, 115 mg, 0.51 mmol), with sodium hydroxide (0.05 g) and 
methanol (15 ml) in the presence of Pd/C (0.21 g, 5%), was hydro
genated at room temperature. After the hydrogenation was com
pleted, the catalyst was removed by filtration and the methanol 
was evaporated in vacuo. Methyl dihydrojasmonate (50 mg, 43%) 
was obtained by preparative glc. Its spectroscopic (ir, nmr) and

chromatographic (glc) data were identical with those of methyl 
dihydrojasmonate prepared from compound 9.

Registry No.— 1, 611-10-9; 2, 24852-03-7; 3, 4819-67-4; 4, 
24851-93-2; 5, 25564-22-1; 6, 1128-08-1; 7, 13074-63-0; 8, 51806-23- 
6; 9, 3572-64-3; 10, 51806-24-7; 11, 24863-70-5; 12, 24851-98-7.
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Several 13/3,28-epoxyoleananes with additional oxygen 
functions in the molecule have recently been isolated from 
plants.2' 10 An unambiguous synthesis o f the simplest of 
these, protoprimulagenin A (21), was desired to confirm 
this structural feature.

Although protoprimulagenin A was isolated from P rim u
la sieboldi roots as recently as 1968,10 Tschesche and co
workers had prepared such a compound from echinocystic 
acid (3) in 1964.3'5 By heating in acetic and concentrated 
hydrochloric acids for several hours, 3 was converted to a 
13/3,28-lactone which was then reduced to a 13/3,28-epoxide 
with boron trifluoride etherate and lithium aluminum hy
dride. 3

1, R = R; =  H j R ^ O y H
2, R = Rj =  H; R, =  C02(ch3
3, R = H; Rj == OH; Rz = co2h
4, R = H; R; == OH; R, = co ,c h 3
5, R = Ac;R, =  OAc; R2 =  co2h
6, R =  R, =  H; R> =  CI1,OH
7, R — Ac; Rj = H ;R2 = CHOH
8, R = R, =  H; R, =  CH;¡OAc
9, R — Ac; Rj =  H; R2 = CH,OAc

10, R = H; Rj ■= OH; R, == CHOH
11, R «  H; R, ;= OH; R2 =■ CH2OH

with Br at 12 or OH at 13
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However, it is reported that heating an olean-12-en-28- 
oic acid with acetic and concentrated hydrochloric acids is 
liable to produce 13 rather than 1 2 . 11 There is no apprecia
ble difference between the specific rotations of the two and 
unless both are known and have different melting points it 
is not easy to distinguish between them. We therefore pre
pared the epoxide through a route which is certain to retain 
the 18/3-H stereochemistry o f 3.

12, R =  R1,= R, =  H
13, R =  R, =  R, = H(Ci8a-H)
14, R =  Ac; R! = OAc; R2,= Br
15, R =  R, =  H; R, = OH
16, R = Ht Ri =  OH; R̂  =  Br
17, R = Ac; R, = OAc; R;, = H

18, R =  Rj =  R, = H
19, R =  Ac; R, = R2 = H
20, R = R, =  H; R, = Br
21, R =  Rj =  H; R, = OH

01ean-12-en-28-oic acids are known to give oleanane- 
12«-bromo-13/3,28-lactones on treatment with bromine in 
acetic acid . 12 As these bromolactones are readily converted 
to the parent acid on treatment with zinc and acetic acid, 12 
this mode of preparation of an oleanane bromolactone en
sures the retention of stereochemistry at position 18. Be
fore starting the synthesis we made sure that no isomeriza
tion would take place in any of the subsequent steps as well 
by effecting the following transformations.

Oleanolic acid 1 was first converted to the known lactone 
12 by passing dry HC1 gas through a chloroform solution. 
This procedure has been shown to retain the 18/3-H stereo
chemistry of l . u  Reduction of 12 with lithium aluminum 
hydride and boron trifluoride etherate13 gave the epoxy 
compound 18 as characterized by its spectral properties 
and elemental analysis. Acetylation of 18 gave the 3-mo
noacetate 19. Treatment of 19 with boron trifluoride ether
ate in benzene gave a quantitative yield o f a monoacetate 
monoalcohol, which from its mode of formation and spec
tral properties was assigned the structure 7 o f erythrodiol-
3-monoacetate. 14 This was confirmed by acetylating 7 to 
the diacetate 9 identical with that obtained by acetylating 
erythrodiol 6 .13 As 6 is obtained by reducing 2 with LiAlH4, 
6 has its 18-H /3 oriented. Thus these reaction sequences 
prove that in the reaction with HC1 gas in chloroform at 
room temperature, or with boron trifluoride etherate and 
lithium aluminum hydride, or with boron trifluoride ether
ate in benzene, no epimerization at position 18 takes place.

The conversion of 19 to 7 as indicated above is an unam
biguous method o f preparing the pure 3-monoacetate 7.

In an attempt to prepare 18 directly from 6 , the latter 
was treated with dry HC1 gas in acetic acid at room temper

ature for 15 min. The product isolated, however, was a m o
noacetate o f 6 different from 7, which therefore must be 
the 28-acetate 8 . This was confirmed by further acetylating 
8 to give 9 identical in all respects with the authentic sam
ple. This procedure could be useful in selectively acetylat
ing a primary alcohol in the presence of secondary alcohols.

Treatment o f 6 with bromine in acetic acid gave a prod
uct in about 50% yield which was characterized as 20 by its 
spectral and other properties. Reduction o f 20 with lithium 
aluminum hydride gave 18 identical with that obtained be
fore. As 18 has already been shown to retain the stereo
chemistry of the 18-H, that is, fl, this sequence of reactions 
gives independent proof that the cyclization from C28 to 
C 13 by bromination does not isomerize the 18/j-H.

Reduction of 4 with lithium aluminum hydride gave 
1 0 . 16’17 An attempt to convert 10 directly to 21 by passing 
dry HC1 gas through a chloroform solution was not success
ful.

Similarly attempted bromination of 10 with bromine in 
acetic acid yielded only the starting material. Although the 
bromolactone 16 was prepared from 3 with bromine in ace
tic acid, it was barely soluble in the solvents used for the 
LiAlH4 reduction, and consequently its reduction did not 
yield the desired product 2 1 .

Hence 5 was converted to 1418 and reduced with boron 
trifluoride etherate and lithium aluminum hydride to give 
2 1 , which, as discussed previously, should definitely have 
its 18-H /3 oriented. This compound was found to be identi
cal with protoprimulagenin A (21) by its spectral proper
ties, R f  value in tic, and melting point and mixture melting 
point with an authentic sample. 10

Experimental Section19
3j8-Hydroxy-13;3,28-epoxyoleanane (18). The lactone 12 was 

prepared by passing HC1 gas for 15 min through a CHCI3 solution 
of l .11 To a stirred suspension of LiAlH4 (150 mg) in dry ether (20 
ml) kept at 0° was added during the course of 15 min a solution of 
12 (300 mg) in dry ether (30 ml) containing boron trifluoride ether
ate (3 ml). Stirring was continued for 2 hr at 0-5° and for 8 hr at 
room temperature. The reaction was then quenched at 0° with a 
saturated NaHCC>3 solution and the excess LiAlH4 was destroyed 
with ethyl acetate, ice, and sodium potassium tartrate. Extraction 
with ether (295 mg) and chromatography over basic alumina (20 g) 
gave in ethyl acetate-benzene (8:92) 18 (98 mg): mp 229°; [or]D 
+2°; M+ m/e 442; ir, transparent in the carbonyl region; nmr 6
3.15, 3.45 (AB q, J = 8 Hz, 2 H) and absence of vinyl proton. Anal. 
Calcd for C30H50O2: C, 81.39; H, 11.38. Found: C, 81.27; H, 11.48. 
Further elution with ethyl acetate-benzene (15:85) gave erythro
diol 6 (60 mg), mp 234°, [cv]d +76°, and oleanolic acid 1 (20 mg), 
mp 310°, [a]D + 77°. Compounds 6 and 1 were identified by direct 
comparison (tic, ir, nmr, mixture melting point) with authentic 
samples.

The acetate 19 prepared from 18 showed mp 222°; [a]D +0.3°, 
M + m/e 484; rmax 1725 and 1250 cm-1; nmr 5 2.2 (s, 3 H), 3.18 and
3.48 (AB q, J = 8 Hz, 2 H), 4.5 (m, 1 H), and absence of vinyl pro
ton. Anal. Calcd for C32H52O3: C, 79.28; H, 10.81. Found: C, 79.21; 
H, 10.83.

28-Hydroxyolean-12-en-3/3-yl Acetate (7). To a solution of 19 
(50 mg) in dry benzene (2 ml), boron trifluoride etherate (0.01 ml) 
was added. After 10 min the reaction was quenched with NaHCOa 
solution. Extraction with ether and crystallization from ether- 
methanol furnished 7 (45 mg):14 mp 238°; [«]d +73° (lit.14 mp
238.5-239°; [«]d +71°); M+ m/e 484; rmax 1725, 1240, and 3505 
cm-1; nmr 5 5.1 (s, br, 1 H), 4.5 (m, 1 H), and 3.35 (q, 2 H). Acety
lation in the usual way gave the diacetate: mp 186°; [a]D +64° 
(lit.14 mp 186°; [a]D +66.7°); M+ m/e 526; rmax 1720 and 1240 
cm-1; nmr & 5.1 (s, br, 1 H), 2.1 (s, 6 H). It was identical with an au
thentic sample of 9 prepared by reducing 2 with LiAlH4 and subse
quent acetylation.

3/l-HydroxyoIean-12-en-28-yl Acetate (8). HC1 gas was bub
bled through a solution of 6 (1 g) in acetic acid (25 ml) for 15 min 
at room temperature and the solution was poured into water. Ex
traction with ether and chromatography over basic alumina (40 g) 
gave 8 (104 mg): mp 196°; [<y]d +36.8°; M+ m/e 484; rmax 1748,
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1230, and 3500 cm nmr 5 2.1 (s, 3 H) and 5.1 (s, br, 1 H). A n a l. 
Calcd for C3 2H5 2O3: C, 79.28; H, 10.81. Found: C, 79.45; H, 10.75. 
This was converted to the diacetate 9 (pyridine, acetic anhydride), 
mp 186°, [a]D +64°, M+ m /e 526, identified by direct comparison 
(tic, ir, nmr, mixture melting point) with an authentic sample.

3/3-Hydroxy-13/J,28-epoxy-12a-bromooleanane (20). A solu
tion of bromine in acetic acid (3%, 4.5 ml) was added dropwise to a 
stirred solution of 6  (500 mg) and NaOAc (2.0 g) in 90% aqueous 
acetic acid (50 ml). After 3 hr the solution was poured into water 
containing Na2 S2 0 3 . Usual work-up furnished 20 (250 mg): mp 
180°; [a]D +3.6°; M+ m /e 520; umax 3400 cm-1; nmr ô 4.3 (m, 1 H),
3.5 (q, 2 H), and no vinyl proton signal. A n a l. Calcd for 
C3oH4 9Br0 2: C, 69.1; H, 9.5. Found: C, 68.9; H, 9.6.

3/J-Hydroxy-13/3,28-epoxyoleanane (18) from 20. A solution 
of 20 (50 mg) in THF (5 ml) was added to a refluxing slurry of 
LiA)H4 (50 mg) in THF (25 ml). Refluxing and stirring were con
tinued for 8  hr. Usual work-up and crystallization from ether- 
methanol yielded 18 (15 mg), mp 229°, [«]d +1.9°, M+ m/e 442, 
identified by tic, nmr, melting point, and mixture melting point 
with an authentic sample.

Echinocystic Acid20 Bromolactone (16). A solution of bro
mine in acetic acid (3%, 2-3 ml) was added dropwise during the 
course of 3 hr to a stirred solution of 3 (100 mg) and NaOAc (400 
mg) in 90% aqueous acetic acid (10 ml). The reaction mixture was 
then poured into water containing Na2S2Û3 . The crystalline mate
rial was filtered (45 mg) and recrystallized from CHCl3-MeOH to 
yield 16 (30 mg): mp 246°; [«]d  +61°; M+ m/e 550; rmax 1750 cm-1; 
nmr 5 4.3 (m, 1 H) and absence of vinyl proton signal. A n a l. Calcd 
for C3oH47Br0 4: C, 65.31; H, 8.59. Found: C, 65.62; H, 8.81.

Reduction of 16 (200 mg) with boron trifluoride etherate (2 ml) 
and LiAlH4 (200 mg) in THF (25 ml) for 8  hr yielded a mixture 
(185 mg) whose ir spectrum was transparent in the carbonyl re
gion. Its nmr spectrum showed signals at 6 4.3 (m, 1 H) and 3.3 (2 
H) and no vinyl proton signal. This was again reduced with LiAlH4 

(150 mg) in refluxing THF (30 ml) for 7 hr to yield a mixture (170 
mg) which on chromatography on alumina ( 1 0  g) did not yield 2 1  

but furnished 10 (38 mg), mp 242°, [«Jd +41°, identified by direct 
comparison (tic, ir, mixture melting point) with an authentic sam
ple prepared by reducing 4 with LiAlH4. It also gave a compound 
(34 mg), mp 168-170°, which was not 11 and was not further char
acterized.

A solution of 10 (200 mg) in CHCI3 (15 ml) was treated with gas
eous HC1 for 1 hr at room temperature. Usual work-up gave a solid 
(185 mg) which on chromatography on alumina (10 g) furnished 
the starting material (98 mg) and another product (48 mg), mp 
246°, M+ m /e 486, which was not further characterized.

Echinocystic Acid Lactone (15). A stream of gaseous HC1 was 
passed through a solution of 3 (100 mg) in CHCI3 (50 ml) for 15 
min at room temperature. Removal of the unreacted acid with 15% 
aqueous KOH yielded the neutral 15 (23 mg): mp 280°: [«]d  +14°; 
«max 1153 cm-1; nmr spectrum showed the absence of vinyl pro
tons. A n a l. Calcd for C3oH4g04: C, 76.22; H, 10.24. Found: C, 76.31; 
H, 10.41. Reduction of 15 with boron trifluoride etherate and 
LiAlH4 did not give 21.

Protoprimulagenin A (21). A solution of 1418 (300 mg) in THF
(20 ml) containing boron trifluoride etherate (3 ml) was added to a 
stirred suspension of LiAIH4 (250 mg) in THF (250 ml) at 0°. Stir
ring was continued for 2  hr at ice-bath temperature. Usual work
up and chromatography on basic alumina gave in benzene-ethyl 
acetate (1:1) 21 (48 mg): mp 262°; [«]d  +22°; rmax 3600-3500 cm-1; 
nmr <5 3.1-3.5 (m, 3 H) and 3.91 (1 H). This was identified by direct 
comparison (tic, ir, nmr, mixture melting point, etc.) with an au
thentic sample. 10
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Acetylenes activated by sulfonyl substitution at the tri
ple bond usually undergo facile nucleophilic addition . 1-4  
Particularly the addition reactions o f primary and secon
dary amines have been subjected to detailed investigation. 
However, there seems to be no literature precedent for the 
reaction of hydroxylamines with acetylenic sulfones. We re
port here a few examples of such reactions.

When p-tolylsulfonylacetylene (la) was allowed to react 
with N-feri-butylhydroxylamine (2a) or N-cyclohexylhy- 
droxylamine (2b) in ethanol at room temperature, a 
smooth reaction occurred. The analytical and spectral 
properties of the crystalline products obtained were entire
ly consistent with the nitrone structures5 4a,b. The pres-

p  -CH3C 6H4S0 2C = C R 1 + R 2NHOH
la, R 1 =  H 2 a - r2  =  (CH3)3Cb, R 2 =  c-CjjHj!

R1 OH

p - C H 3C 6H 4S 0 2C H = C -3
- N R 2

R 1 O '
I 1 2P  -c h 3 c bh 4s o 2c h 2c ==n r 2

4a, R1 =  H; R2 =  (CH3)3C (63%) 
b, R1 =  H; R2 =  c-CeHj, (51%)

ence of a nitrone functionality in 4a,b is further supported 
by the successful utilization of these compounds as spin
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traps.6 Thus, benzoyloxy radicals rapidly add to 4a,b to 
give paramagnetic species that exhibit esr spectra in accor
dance with the nitroxide radical structures 5a,b (e% Experi
mental Section).

O O
I! II

CrHcCOOCCcH6n 5

o
II

2C6H5CO

o
p  -ch3c 6h4so2c h 2ch n r2 

o c c 6h5 

o
5a, R2 = (CH,)3C 
b, R2 = c-CgHjj

Presumably, the formation of 4a,b from la proceeds via 
preferential attack of nitrogen7 on the triple bond, to give 
initially N-hydroxyenamines of type 3, followed by isomer
ization through proton shift from oxygen to a-sulfonyl car
bon . 8

Interestingly, the addition o f 2a to the nonterminal sul- 
fonylacetylene lb took a completely different course. The 
1 : 1  adduct, isolated in a yield of 86%, possessed spectral 
properties which were inconsistent with a nitrone product 
like 4 (R 1 = CH3). We assign the O-sulfonylpropenylhy- 
droxylamine structure 6a to this adduct on the basis o f the 
following observations. First of all, the ir spectrum, taken 
in carbon tetrachloride, showed a rather sharp absorption 
at 3248 ±  2 cm - 1  and no (broad) OH stretch around 3500 
cm - 1  as would be expected for an iV-hydroxyenamine 3 [R 1 
= CH3; R 2 = (CHglsC].9’10 The isolation of p-tolylsulfon- 
ylacetone (91%) upon mild hydrogenation11 o f 6a and the 
failure of 6a to react with Fehling’s reagent12 lend further 
support to the proposed structure. 13

p  -CHjCelhjSOsC^CR1 + 2 a — * 
lb, R1 = CH3

p  -ch3c 6h4so2 o n h c (ch3)3
> = c x

R 1
6a, R1 = CH3

6a p  -CH3C6H4S02CH2C0CH3 + (CH3)3CNH2
P d  /  C

Intramolecular nuclear Overhauser effects (NOE ) 14 indi
cate that 6a is the Z  isomer, since saturation o f the methyl 
absorption at 5 2.18 ppm resulted in a 1 2  ±  2 % enhance
ment of the signal due to the vinyl hydrogen. This provides 
evidence for trans addition of 2a,15 but by analogy with the 
addition of amines,2 postisomerization processes may 
occur. In addition, saturation of the ferf-butyl signal re
sulted in a 13 ±  1% increase in the intensity of the vinyl 
proton absorption. Inspection of molecular models reveals 
that this result can be reconciled with structure 6a rather 
than with 3 [R 1 = CH3; R 2 = (CHs^C] since only in 6a con
formations with short vinyl hydrogen-ierf-butyl hydrogen 
distances can be attained. There is ample literature prece
dent for long-range NOE 16 and these effects can also occur 
if only part of the populated conformations allow for suffi
ciently short internuclear distances. 14

The isolation of 6a indicates that 2a utilizes oxygen as 
the nucleophilic site17 in the addition reaction to lb. It is 
tempting to rationalize this result in terms of the more se
vere steric demands for addition to lb, causing the reaction 
to occur at the least hindered nucleophilic site in 2a. The 
competitive nitrogen vs. oxygen attack for addition of 2a to 
la,b would then be reminiscent o f the behavior o f N-mono- 
substituted hydroxylamines upon acylation. Usually nitro

O
II

4a, b + CsH5CO-

gen is the preferred nucleophilic site but acylation may 
occur on oxygen when steric hindrance deactivates the ni
trogen atom . 18 However, the actual situation is more com 
plicated as demonstrated by the addition o f 2a to the even 
more hindered lc . This reaction afforded in 94% yield a 
mixture of the nitrone 4c and the O-substituted hydroxyl- 
amine 6b (structure based on spectral analogy with 6a) in 
relative amounts of 3:2. Therefore we assume that both ste-

p -CHgCglRSC^C^CR1 + 2a — » 
lc , R1 =  CeHs

4c, R1 =  C6H5; R2 =  (CH3)3C 
+
6b, R1 = C6H5

ric and electronic effects are important in determining the 
preferred nucleophilic site in 2a and clearly further studies 
are required in order to obtain further insight into this 
problem.

Experim ental Section
Elemental analyses were carried out in the Analytical Depart

ment of this laboratory under the supervision of Mr. W. M. Hazen- 
berg. Melting points were determined using a Mettler FP1 melting 
point apparatus with a Mettler FP52 microscope attachment. Nmr 
spectra were recorded on a Varian A-60 spectrometer, using TMS 
(b 0) as an internal standard. NOE experiments were performed on 
a Varian XL-100-15 instrument. Esr spectra were taken on a Var
ian E-4 apparatus. Ir spectra were measured with a Perkin-Elmer 
instrument, Model 125 or 257.

The sulfonylacetylenes la, lb, and lc and the hydroxylamines 
2a and 2b were prepared according to literature procedures. 2~4 '7

Addition of Hydroxylamines to Sulfonylacetylenes. General 
Procedure. To a solution of the hydroxylamine 2a,b (1.1 mmol) in 
5 ml of ethanol was added dropwise an ethanolic solution of the 
sulfonylacetylene la-c (1 mmol in 5 ml). After stirring for 2 hr at 
room temperature the solvent was removed in  va cu o . Solvents 
used for crystallization of the obtained solids and yields of analyti
cally pure compounds are given below.

The crude reaction product from the reaction of lc  with 2a was 
dissolved in 1 0 0  ml of dichloromethane and washed twice with 1 0 0  

ml of water. After drying with sodium sulfate and removal of the 
solvent in  v a cu o , the nmr spectrum of the mixture indicated the 
presence of 60% of 4c and 40% of 6b (total yield 94%). The product 
composition remained unchanged when the reaction time was dou
bled. Two crystallizations of the material from petroleum ether 
(bp 40-60°)-et,her (1:1) afforded pure 6b. Evaporation of the 
mother liquor gave solid material that was crystallized five times 
from n-pentane-ether (19:1) to give a low yield of 4c.

C -p  -Tolylsulfonylmethyl-N-tert-butylnitrone (4a): yield
63%; mp 125-126.5° (from CCI4 ); nmr (CDCI3 ) 5 1.35 (s, 9 H, tert- 
butyl), 2.42 (s, 3 H, aryl CH3), 4.40 (d, J  =  6  Hz, 2 H, CH2), 7.02 (t, 
J  =  6  Hz, 1 H, methine proton), ~7.30-7.91 ppm (AA'BB', 4 H, 
aryl); ir (KBr) 1582, 1568, 1354, 1310, 1300, 1285, 1148, 1120 cm -1.

A n a l. Calcd for C13Hi9N03S: C, 57.97; H, 7.11; N, 5.20; S, 11.91. 
Found: C, 57.78; H, 7.02; N, 5.06; S, 12.03.

C -p  -Toly 1,sul fony I methyl-A -cyclohexy Ini t rone (4b): yield 
51%; mp 114.5-115.3° (from benzene-n-hexane); nmr (CDC13) b 
~1.0-1.9 (unresolved m, 11 H, cyclohexyl), 2.43 (s, 3 H, aryl CH3),
4.37 (d, J  = 6  Hz, 2 H, CH2CH=), 6.90 (t, J  =  6  Hz, 1 H, methine 
proton), 7.22-7.88 ppm (AA'BB', 4 H, aryl); ir (Nujol) 1580, 1385, 
1310,1290,1130 cm -1.

A n a l. Calcd for CiSH21N03S: C, 60.99; H, 7.17; N. 4.74; S, 10.86. 
Found: C, 61.21; H, 7.43; N, 4.56; S, 10.71.

C-Phenyl- C-p -iolvlsulforty 1 methyl- V t e r t -butylnitrone
(4c): mp 110-112° (from n-pentane-ether); nmr (CDCI3) <5 1.29 (s, 
9 H, tert-butyl), 2.45 (s, 3 H, aryl CH3), 4.73 (s, 2 H, CH2), ~7.20- 
8.00 ppm (m, 9 H, aryl protons).

A n a l. Calcd for C19H23NO3S: C, 66.06; H, 6.71; N, 4.06; S, 9.28. 
Found: C, 65.86; H, 6.79; N, 4.00; S, 9.23.

.Yierf-Butyl-O-2-p-tolylsulfonylpropenylhydroxylamine 
(6a): yield 8 6 %; mp 122-124° [from petroleum ether (bp 
40-60°)-ether (1:1)]; nmr (CDC13) b 1 . 0 2  (s, 9 H, ierf-butyl), 2.18 
[s, 3 H, C=C(CH3)], 2.40 (s, 3 H, aryl CHs), ~5.1 (br s, 1 H, NH), 
6.42 (s, 1 H, vinyl H), 7.25-7.85 ppm (AA'BB', 4 H, aryl); mass 
spectrum m/e 283 (M+); ir (KBr) 3245, 3085, 1640, 1380, 1360, 
1275, 1127 cm“ 1; ir (0.01-0.04 M  solution in CC14) 3248 ±  2  cm-1.



Notes J. Org. Chem., Vol. 39, No. 17, 1974 2643

Anal. Calcd for C14H21NO3S: C, 59.36; H, 7.47; N, 4.94; S, 11.31. 
Pound: C, 59.33; H, 7.41; N, 4.84; S, 11.17.

Acylation of 6a with acetyl chloride was attempted under a vari
ety of standard conditions but all experiments led to recovery of 6a 
in high yield. Under more drastic conditions extensive decomposi
tion of 6a was observed. Steric approach to nitrogen is apparently 
strongly hindered because of the neopentyl-like position. NOE: on 
a degassed 0.2 M  solution of 6a in CDCI3.

jV-iert-Butyl-O-2-p-tolylsulfonyl-l-phenylethenylhydrox- 
ylamine (6b): yield 32%, mp 152-154°, nmr (CDCI3) <5 1.17 (s, 9 H, 
ieri-butyl), 2.38 (s, 3 H, aryl CH3), 5.63 (s, 1 H, NH), 6.83 (s, 1 H, 
vinyl H), ~7.20-8.00 ppm (m, 9 H, aryl protons); ir (KBr) 3255, 
3085,1620,1590,1365, 1295, 1285, 1127 cm -1.

Anal. Calcd for Ci9H23N03S: C, 66.06; H, 6.71; N, 4.06; S, 9.28. 
Found: C, 65.98; H, 6.62; N, 3.79; S, 9.20.

Reduction of 6a. Using a procedure similar to that described by 
Nicolaus, et al.,u a 91% yield of pure p-tolylsulfonylacetone, mp
50.5-51.5° (lit.19 mp 52°), was obtained. The spectral data were in 
accordance with the structure. iert-Butylamine was detected in 
the reaction mixture by glc comparison with an authentic sample.

Esr Experiments. A 0.05 M  solution of dibenzoyl peroxide in 
benzene was mixed with an equimolar solution of 4a or 4b in ben
zene, and the mixture was degassed. After 5 min, the esr spectrum 
of the spin adduct was recorded: 5a, on = 14.7 G, Oh = 2.8 G (1 H); 
5b, aN = 14.5 G, aH = 4.0 (1 H), 6.0 G (1 H).
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We have been investigating the mass spectral behavior of 
deltacyclene (tetracyclo[4.3.0.02 4 .03 -7]non-8-ene, l ) 1 and a 
series of related compounds and have observed very strong 
peaks at m/e 1 18  and 1 1 7  in the mass spectra of many of 
these molecules, especially deltacyclene itself and its ther
mal precursor, the head-to-side norbornadiene dimer
(2 ) lb,c T h is  mass spectral pattern is suggestive of the aro
matic C 9H 10  isomer indan (3) under similar conditions2 and 
indicates that deltacyclene rearranges upon electron im 
pact to indan, which then loses hydrogen in apparent anal
ogy with the mass spectral rearrangement of toluene to the 
tropylium ion . 3 Since deltacyclene is formed from dimer 2

1 2

via  pyrolysis at ~ 4 8 0 °,1 the mass spectrum of 2 first of all 
indicates that the analogous fragmentation (a retro D ie ls -  
Alder reaction) apparently occurs in the mass spectrometer 
and, secondly, raises the possibility that deltacyclene might 
undergo pyrolysis to indan.

Accordingly, deltacyclene was pyrolyzed at temperatures 
between 480 and 5 10 °. T h is resulted in a strikingly clean 
aromatization to indan (eq 1 ).

A number of side products, most with molecular weights 
of 118 , were also formed, but their total concentration was 
low. In  a typical experiment, deltacyclene vapor, mixed 
with dry nitrogen, was pyrolyzed in a flow system by pass
ing a stream of nitrogen over a reservoir of starting materi
al, passing the mixture through a heated Pyrex tube, and 
then trapping the products at D ry Ice or liquid nitrogen 
temperatures. Product mixtures were initially analyzed on 
a gas chromatograph-mass spectrometer combination, and 
indan was confirmed as the major product by comparing 
the mass spectrum, gas chromatographic retention times, 
and nmr spectrum of the product with the corresponding 
data for commercial indan. All were indistinguishable. 
When the mixture was analyzed on S E -3 0  or F F A P  col
umns at least eight products could be detected, but un
reacted deltacyclene (16 %) and indan (70%) were by far the 
major components, with the next most plentiful product 
(also m/e 118 ) having a concentration of 8 %  (percentages 
are based on total volatile product; see Experim ental Sec
tion). When the dimer 2 was pyrolyzed at temperatures 
higher than 480° and, especially, with larger contact times, 
the product mixture contained increasing amounts of indan  
presumably formed via  secondary pyrolysis of deltacyclene; 
this system (2 —►  3) actually constitutes a fairly good syn
thesis of indan.

The deltacyclene -*• indan transformation is reminiscent 
of the thermal conversion of norbornadiene to toluene, 
which has been postulated to occur via  initial formation of 
cycloheptatriene. 4 The analogous pathway in this system,
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however, appears to require intolerable strain, and the 
m ost straightforward rationalization appears to  involve a 
sequence such as that shown in eq 2.

This process requires the breaking o f two carbon-carbon 
single bonds in addition to two hydrogen migrations, and 
the high conversions and low production o f side products 
are somewhat surprising in this context. An interesting a 
p r io r i  alternative pathway, the thermally allowed5 retro 
hom o-D iels-A lder reaction to yield acetylene and bicyclo-
[2.2.1]heptadiene, is at best a minor process in this pyroly
sis, even though it is apparently im portant in the electron 
im pact reactions o f  some closely related m olecules.2

T he mechanism o f  the rearrangement o f  deltacyclene to 
indan is under investigation in conjunction with our study 
o f  mass spectral behavior o f  this series o f  com pounds; de 
tails will be furnished in a later report.

Experimental Section
Materials. The norbornadiene dimer . (hexacyclo[9.2.1.O210.-

03-8.04-6.05-9)tetradec-1 2 -ene, 2 ) and deltacyclene were prepared ac
cording to published procedures.1 Indan was purchased from Al
drich Chemical Co.

Pyrolyses. The pyrolysis of dimer 2 was carried out in an appa
ratus essentially the same as that described by KatzIb’c and by 
Cannell,1“ consisting of a vertical Pyrex tube, 2.5 cm X 1 m, packed 
with sections of Pyrex tubing and wrapped with heating tape. The 
reactant was dropped into this tube from a pressure-compensated 
addition funnel, and the product mixture was collected in a cold 
trap at the bottom of the tube. A steady flow of nitrogen was main
tained during the reaction. Temperatures were measured inside 
the apparatus with calibrated thermocouples.

Gas-phase pyrolyses were conducted in a generally similar appa
ratus but with a small pyrolysis tube (10 mm X 25 cm) held in a 
horizontal position. An inlet reservoir was arranged to allow dry 
nitrogen to pass directly over a small amount of liquid reactant. 
The concentration of reactant in the vapor mixture was controlled 
by cooling or warming the reservoir. The outlet was connected di
rectly to a cold trap which was protected by a Nujol bubbler and a 
drying tube. After reaction, the product mixtures were warmed to 
room temperature and samples were injected directly into a flame- 
ionization gas chromatograph. For experiments with very dilute 
vapor, the small amount of product was generally dissolved in 
ether prior to gc analysis.

Preparative pyrolyses of deltacyclene were performed in the 
large-scale vertical apparatus and the major product was isolated 
by preparative gas chromatography; the product from the high- 
temperature, longer contact time pyrolysis of dimer 2 was isolated 
by fractional distillation. In both cases, the product was identical 
in all respects with commercial indan.

In the preparative pyrolyses, the product mixture was typically 
a dark brown liquid which was separable into about 80% indan and 
20% viscous, high-boiling polymer. Material balances were general
ly in the range of 80-90%, which corresponded to yields of indan of 
65-75%. In the vapor-phase pyrolyses, the total amounts of materi
al involved were very small (of the order of a few milligrams); so 
material balances were difficult to determine. The product 
mixtures, however, appeared to contain much less polymeric mate
rial than those in the preparative liquid pyrolyses; so material bal
ances in these systems were probably at least as high as in the pre
parative reactions.

Preparative gas chromatography was done on a Varian Aero
graph 90-P thermal conductivity instrument using a 5 ft X 0.25 in. 
stainless steel column packed with 15% SE-30 on 60/80 Chromo- 
sorb W. Analytical gas chromatography was done on a Perkin- 
Elmer 990 flame-ionization instrument using 10 ft X 0.125 in. alu
minum columns packed with 3-5% SE-30 or FFAP on 80/100 
Chromosorb W.
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Tetraalkylam monium fluorides have been used more and 
more for different purposes in preparative organic chem is
try in the last couple o f  years, for example, for the cleavage 
o f  ferf-butyldim ethylsilyl ether1 or for the fluorination o f  
fluoroolefins.2 Furthermore, it proved to be a useful re
agent in a number o f elimination reactions.3-5

Results
W e have now found that tetrabutylam monium fluoride 

(BuF) has a remarkable capacity to enable intramolecular 
cyclizations o f  the following type to proceed.

R,CH— NH 
I I

° = % ^ c = °

1
Ri
2

R1 = H,CH3,C(iH5CH,
R, = CH:1, C6H-,CH,

Thus in boiling tetrahydrofuran carbobenzoxyphenylala- 
ninamide gives the corresponding hydantoin in over 90% 
yield.

3

The same reaction could be perform ed with a series o f  
carbam ates to produce substituted hydantoins in excellent 
yields. Extending this reaction to peptides we found that,
e.g., carbobenzoxydipeptides like Z-Leu-G ly-O E t, if  ex 
posed to BuF in TH F, undergo cyclization with similar 
ease.

RjCH— NH 
„  I I
0—C \ c— 0

HN-^ (\
I ^OR, 
R,

1

BuF
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CHCH,CH— NH 
'I I

0 = C \  c = o
ch3 Y  \ ch2- ^ >

CH, N—
i

o = c

OC.Hr,
5

BuF

CH,

CHCH2CH— NH

ch3 0 A n A , 0

ch2

o = c
I

oc,h5

It is both remarkable and advantageous that BuF allows 
these cyclizations to take place under essentially neutral 
conditions. Previous methods invariably relied on strongly 
alkaline media; side reactions could not be avoided and the 
yield of the cyclized product was often very low (20-40%).

There are many— at first sight— unique features o f this 
ring closure, in particular with regard to the polarity o f the 
solvent and the nature o f the quaternary ammonium salt.

(1) In protic solvents like alcohols or solvent mixtures 
containing water, cyclization does not take place.

(2) Solvents of very low polarity diminish the yield con
siderably.

(3) Tetrahydrofuran seems to be the solvent of choice.
(4) Cyclization is limited to the fluoride salt; salts of 

other anions such as tetrabutylammonium chloride or bro
mide do not yield any noticeable amount o f hydantoin.

(5) We have found that the use of 2-3 molar equiv of 
BuF and refluxing for 12-14 hr represent the optimal reac
tion conditions.

Discussion
The strong proton acceptor capacity of quaternary am

monium halides is well known,6 but this alone cannot be a 
sufficient explanation for this ring formation, since the 
bromide and chloride salts do not give hydantoins.

Thus the existence o f “ naked” F_ seems to be essential 
for cyclization and BuF is an ideal source of it. BuF is com 
pletely dissociated7 unlike the corresponding bromide or 
chloride salts, even in solvents of medium polarity like tet
rahydrofuran. F~ is not solvated in this solvent and repre
sents a weak nucleophile and a strong base at the same 
time, facilitating certain types o f base-catalyzed cyclization 
reactions. The role o f quaternary ammonium salt would be 
then simply to produce the necessary amount of F~ in or
ganic solvents. Several reactions have been reported as 
being catalyzed by potassium fluoride, such as the Knoe- 
venagel reaction8 or the cyclization o f adipic acid deriva
tives9 to the corresponding cyclopentanones. All of these 
reactions are typically base catalyzed, similarly to the hy
dantoin formation described in this paper.

Indirect evidence of another type o f cyclization with the 
participation of neighboring groups has. also been observed 
with BuF. When carbobenzoxy-L-phenylalanine methyl 
ester was treated with BuF under the conditions already 
mentioned, the only product isolated in nearly quantitative 
yield was carbobenzoxy-DL-phenylalanine. A possible ex
planation of this saponification coupled with racemization 
would be the formation of the corresponding azlactone in
termediate, which is known to be involved in several race
mization phenomena. 10

Azlactone, which is relatively unstable, could not be iso
lated, since it is immediately hydrolyzed by the small 
amount of water always present in BuF.

For this racemization reaction the same observations 
which regard to solvent and type of quaternary salt were 
valid as for the hydantoin formation.

Z-L-Phe-OCH,

CH,d

H
N------C
Il I

10

H .^azlactone"

nhchch2- { Q )

o = c  c = o

The use of BuF for other base-catalyzed reactions is cer
tainly not limited to the two SNi reaction types described 
here. Other applications of this reagent extending its use to 
those reactions which are known to be catalyzed by potassi
um fluoride are under study.

Experimental Section
Synthesis of BuF. Two methods are described in the literature 

for the synthesis of BuF, 11 but both of them are relatively compli
cated and time consuming. In our experience the simplest way to 
produce BuF is the following. A 100-ml ion exchanger Amberlite 
IRA 410 is transformed into the OH form on a column with dilute 
NaOH and washed with water until neutral. Aqueous HF is then 
passed through the column and finally 10  g of tetrabutylammon
ium bromide dissolved in 100 ml of water. After the resin is washed 
with water the combined water fractions are repeatedly evaporated 
in vacuo until no water is present. The resulting BuF, isolated in 
quantitative yield, is a colorless oil which becomes crystalline in 
the presence of humidity. 11

Typical Procedure for Hydantoin Formation. A'-Carhoben- 
zoxyphenylalanylhomoveratrylamide (6.4 g, 13.5 mmol) and 10.6 g 
(40 mmol) of BuF are dissolved in 200 ml of tetrahydrofuran and 
refluxed for 14 hr. After partial evaporation of the solvent the 
product is precipitated by adding water. It is filtered and washed 
with water and ether. Without recrystallization 4.6 g (97%) of hy
dantoin is isolated, mp 157-158°, in analytically pure form.

Anal. Calcd for CjtfeNjO,,: C, 67.7; H, 6.3; N, 7.9; O. 18.1. 
Found: C, 67.3; H, 6.2; N, 7.7; 0 , 18.6.
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Electrophilic addition of halogens to olefinic systems has 
been the subject of considerable study. 1 The analogous ad
ditions1,2 to acetylenic systems have received much less at
tention. In particular, the addition of molecular fluorine,3 
chlorine monofluoride,4 bromine monofluoride,4,5 and io
dine monofluoride4 to acetylenes has been studied. Our re
cent observations that xenon difluoride adds fluorine to 1 - 
aryl-substituted olefins6,7 and the phenanthrene system8 to 
form vicinal difluorides led us to investigate the fluorine 
addition to carbon-carbon triple bond with this reagent.

Although there is a structural relationship between car
bon-carbon double bonds and triple bonds, the reactivities 
o f the two systems toward electrophilic reagents are quite 
different. In a very recent work,9 the rate ratio feoiefin/ 
âcetylene of the order of 1 0 5 in bromination and chlorina

tion of styrene-phenylacetylene and other olefin-acetylene 
pairs was observed. This difference was explained in terms 
of different ease of formation of carbonium ions and vinyl 
cations in electrophilic additions. In view of this consider
ation it was not certain that X eF 2 would add fluorine to 1 - 
phenylacetylenes at all. Recently, propyne10 was found to 
be resistant to fluorine addition with X eF 2 in a gas-phase 
reaction. After 100 days at room temperature it gave 2,2- 
difluoropropane in a 33% yield and at least nine other trace 
products. On the other hand, the addition across the triple 
bond might undergo accompanying substitution o f the phe
nyl ring if one takes into account the ease of fluorination of 
benzene derivatives11 with XeF2. Therefore a study was 
undertaken to establish these points.

The fluorine additions to acetylenes (1) with xenon di
fluoride were conducted at 25° in methylene chloride with 
anhydrous hydrogen fluoride as catalyst. Less than stoi
chiometric amounts of xenon difluoride did not favor di- 
fluoro olefin formation and only tetrafluoride (2 ) and un
reacted acetylene were found in the reaction mixture. How
ever, the use of 2.5 equiv of XeF 2 led to the formation o f 2  
in over 50% yield.

HF
PhO^CR +  2XeF2 — —*■ PhCF2CF2R +  2Xe

CHiClv
1 2

a, R = Ph
b, R = CH:t
c,  R  =  /i -C :!H ;

Th e structures of previously known 2a3 and 2b3 were 
identified and that of unknown 2c assigned by its ir, 1 H 
and 19F  nmr, and mass spectra.

The acetylenes seem to fluorinate completely to tetraflu
oride, which implies that difluoro olefin is more reactive for 
fluorine addition than is the parent acetylene. The same re
sults were found in molecular fluorine addition3 to acetyl
enes at low temperature. We also observed the facile fluo
rine addition to 9,10-difluorophenanthrene8 with X eF2, 
yielding 9,9,10,10-tetrafluoro-9,10-dihydrophenanthrene as 
the reaction product.

One anomalous reaction was noted in this series o f ex
periments. Phenylacetylene did not give 1,1,2,2-tetraflu- 
oro-l-phenylethane, the expected product. Instead, some 
polymeric material was formed in this reaction.

Th e fluorine addition to acetylenes with X e F 2 appears to 
be strongly catalyzed by H F , as indicated by observation 
that in the absence of this catalyst reactions are very slow. 
We found evidence neither for the formation of fluorine- 
substituted products which might arise via a substitution 
fluorination of the phenyl ring nor for the presence of H F  
addition products, observed in the gas-phase fluorina- 
tions10 with X e F 2. Extensive work is in progress on acid- 
catalyzed liquid—phase fluorination of various acetylenic 
systems with this reagent, which appears to be useful also 
for applications on a large scale.

Experimental Section12
Materials. The acetylenes were obtained from commercial 

sources and purified by vpc to conform with published physical 
and spectral data. Xenon difluoride was prepared by the pho
tosynthetic method13 and its purity was better than 99.5%. Methy
lene chloride was purified by the method14 and stored over molec
ular sieves. Hydrogen fluoride of Fluka purum quality was used.

1.1.2.2- Tetrafluoro-l,2-diphenylethane (2a). To a solution of 
la (0.178 g, 1.0 mmol) in methylene chloride (6 ml), xenon difluo
ride (0.423 g, 2.5 mmol) was added at 25° and under stirring anhy
drous HF (0.100 g, 5.0 mmol) was introduced into the reaction 
mixture. After a few seconds the colorless solution turned dark 
blue and xenon gas was slowly evolved. After 6 hr gas evolution 
had ceased and the reaction appeared to be complete. The reaction 
mixture was diluted with methylene chloride (15 ml), washed (10 
ml of 5% aqueous NaHCOa), and dried (Na2S0 4), and solvent was 
evaporated in vacuo. The crude product was sublimated (50°, 0.1 
mm) to give 2a: mp 121-122° (lit.3 mp 119.3-120.5°); yield 0.163 g 
(64%); mass spectrum m/e 254 (M+).

1.1.2.2- Tetrafluoro-l-phenylpropane (2b). To a solution of 
lb (0.116 g, 1.0 mmol) in methylene chloride (5 ml), xenon difluo
ride (0.338 g, 2 mmol) was added at 25° and under stirring anhy
drous HF (0.02 g, 1  mmol) was introduced into the reaction mix
ture. After a few seconds the colorless solution turned dark blue 
and xenon gas was evolved slowly. After 6 hr, the reaction mixture 
was diluted with methylene chloride (15 ml), washed (10 ml of 5% 
aqueous NaHCOa), and dried (Na2SO,(), and solvent was evapo
rated in vacuo. The crude oily product was purified by vpc (6 X 
0.25 in. SE-30 10% on Chromosorb A, 160°) to give 2b as a color
less, stable liquid, yield 0.102 g (53%); mass spectrum m/e 192 
(M + ); nmr (CC14) 6 1.75 (tt, 3 H, -CH3, J  = 19 Hz, -CF2CH3, J  = 1 
Hz, -CF2CF2CH3), 7.35 (m, 5 H, Ph).

1.1.2.2- Tetrafluoro-l-phenylpentane (2c). The fluorination, 
work-up procedure and vpc purification were essentially the same 
as described for 2b. 2c was a colorless stable liquid: yield 0 .12 2  g 
(55%); high-resolution mass spectrum m/e 144.0931 (M -  4F)+ 
(calcd for CUH12, 144,0934); nmr (CC14) 6 0.93 (t, 3 H, -CH3), 1.8 
(m, 4 H, -CH2CH2-), 7.26 (m, 5 H, Ph), -125.0 (m, PhCF2-), 
-127.8 (m, -CF2C3H7).
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As a result of a continuing study utilizing nitrogenous 
bases,1“4 we now wish to report that 1,4-diazabicy- 
clo[2.2.2]octane (Dabco) is useful for the cleavage of /3-keto 
esters.

/3-Keto ester 1 was treated with 6 equiv of Dabco in 16 
equiv of o-xylene at reflux (16 5 °) for 6 hr to give ketone 10 
as a white, crystalline solid in 84% yield. Ketone 10 was 
identical by ir, nmr, mass spectrum, glc retention time, and 
mixture melting point with an authentic sample prepared 
from 1 by a known procedure.5

The generality of Dabco as a reagent for cleaving /3-keto 
esters is demonstrated by the results illustrated in Scheme 
I. Typically, a mixture of 1 equiv of the appropriate /3-keto 
ester and 10 equiv of Dabco in 15  equiv of o-xylene was 
heated to reflux for 4 hr.11 The resulting ketones (11-14) 
were obtained in greater than 96% yield by glc analyses and 
were identical by mass spectral and glc retention time com
parison with authentic samples.5’8

Th e selectivity of the cleavage reaction is demonstrated 
by the application of Dabco to the cleavage of substrate 9 
to give compound 15. T h is result shows that only the /3- 
keto esters with at least one «  hydrogen were cleaved. The  
report4 that a variety of nonconjugated esters are stable 
under conditions similar to those which cleaved /3-keto es
ters provides further evidence of selectivity.

The facile cleavage of methyl, ethyl, and n-butyl /3-keto 
esters with a reagent (Dabco) that does not cleave saturat
ed esters by either the O -alkyl cleavage or hydrolytic routes 
suggests that a mechanism similar to that reported by 
Krapcho and Lovey5’12 for the cleavage of /3-keto esters 
with sodium chloride and D M SO  is probably operative.

A variety of reagents have been reported for achieving 
the cleavage of /3-keto esters.5-9 However, to our knowledge 
this is the first report involving the utilization of a nonionic 
reagent in a relatively nonpolar solvent system.

Experimental Section
Infrared spectra were obtained using a Perkin-Elmer Model 

137G spectrophotometer. Nuclear magnetic resonance spectra 
were obtained using a Jeolco Minimar spectrometer. Tetramethyl- 
silane was used as an internal standard. Mass spectra were ob-

0

1

0

CH:1(CH,)6CHCCH:1

COoCA
2

0

4,
5,

0

II

10

0
II

CH:,(CHh;CCH,

11

0

0  0

7, R = C,H5 > ref 7
8, R =  n-C4Hs J

tained using a Perkin-Elmer Model 270 mass spectrometer. Gas- 
liquid chromatography (glc) was performed using a Hewlett-Pack
ard Model 402 gas chromatograph with a hydrogen flame detector. 
A glass column (6 ft X 3 mm i.d.) packed with 5% SE-30 on 80/100 
mesh Chromosorb W (programed from 70 or 100° to 200° at 5°/ 
min) with a nitrogen flow rate of 1 1  ml/min was used for the glc 
analyses of most compounds. A metal column (6 ft X 2 mm i.d.) 
packed with 4% SE-30 and 6% QF-1 on 80/100 mesh Chromosorb 
W (programed from 100 to 200° at 5°/min) with a nitrogen flow 
rate of 10 ml/min was used for the glc analyses of compounds 3 and 
12. A glass column (6 ft X 3 mm i.d.) packed with 5% Apiezon L on 
80/100 mesh Chromosorb W (programed from 62 to 200° at 5°/ 
min) with a flow rate of 10  ml/min was used for the glc analyses of 
compounds 4, 5, and 13. Melting points were obtained on a Fisher- 
Johns apparatus and are uncorrected. Elemental analyses were 
performed by Galbraith Laboratories, Inc., Knoxville, Tenn.

Decarbethoxylation of /3-Keto Ester 1. A mixture of /3-keto 
ester 1 (2.239 g, 9.9 mmol) and Dabco (5.926 g, 52.9 mmol) in o-xy- 
lene (14.639 g, 138.1 mmol) was heated to reflux for 6 hr in an oil 
bath with constant stirring. The ether extract of the acidified (0.6 
M  HC1) reaction mixture was washed with water, dried over anhy
drous MgSCL, and evaporated in vacuo. The crude product was 
purified through a column packed with silica gel alumina and re
crystallized from methanol to give 1.289 g (84%) of white, crystalline 
10: mp 55.5-56.5° (lit. 10 mp 53-54°); Xmax (KBr) 2780, 1670, 1430, 
1330, 1240 cm-1; nmr (CDCI3) ô 1.77 (15 H, multiplet), 2.07 (3 H);
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mass spectrum M+ mie 178. Anal. Calcd for C12H18O: C, 80.90; H, 
10.11. Found: C, 80.97; H, 9,95. Compound 10 was identical by ir, 
nmr, mass spectrum, glc retention time, and mixture melting point 
with an authentic sample prepared according to the procedure de
scribed by Krapcho and Lovey.5

General Procedure for the Decarbalkoxylation of jS-Keto 
Esters 2-8. A mixture of 10 equiv of Dabco, 1 equiv of /3-keto es
ters 2-8, and 15 equiv of o-xylene was heated to reflux for 4 hr with 
constant stirring. The cooled prodct mixtures were analyzed by glc 
and mass spectral analysis. The corresponding ketones (11-14) 
were identical by comparison of mass spectra and glc retention 
time with those of authentic samples.8

Décarbométhoxylation of /3-Keto Ester 9. A mixture of 1.158 
g (3.0 mmol) of compound 9 and 3.371 g (30.1 mmol) of Dabco in 
10.434 g (98.4 mmol) of o-xylene was heated at 85-92° for 1 hr with 
constant stirring. The chloroform extract of the acidified (0.6 M  
HC1) reaction mixture was washed with water, dried over anhy
drous MgS04, and evaporated in uacuo to give 0.890 g of crude 
compound 15 in 72% yield by glc analysis. The crude product was 
purified through a column packed with silica gel and eluted with 
hexane-chloroform to give 0.541 g (67%) of crystalline compound 
15: mp 189-191°; Xmax (KBr) 2820, 1690, 1440, 1240, 1020 cm“ 1; 
nmr (CDCI3,) b 3.63 (6  H), 2.43 (10 H, multiplet); mass spectrum 
M+ m/e 268. Anal. Calcd for C13H16O6: C, 58.21; H, 5.97. Found: C, 
58.06; H, 5.95.
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to completion without substantial decomposition. An alter
native approach based upon a retro Diels-Alder reaction to 
introduce the unsaturation proceeds in excellent yields 
(68% overall) but requires the availability of a special high- 
temperature pyrolysis apparatus.5 The facility o f dehydro- 
sulfenylations as a method to introduce unsaturation con
jugated to a carbonyl group suggested this reaction for the 
introduction of the double bond .6 We wish to report utiliza
tion o f this approach as a particularly convenient one for 
the preparatin of I. More generally, this methodology rep
resents a novel approach to the introduction o f a methylene 
group a to a carbonyl group.7

The synthesis o f the requisite phenylthio derivative 2 
initially paralleled a modified route for the formation of 
the ethoxy precursor.8 While three steps are required, 2a +  PhSH » PhSCH„CH2CO,H

SOCI,

PhSCH2CH2COCl 
0  

O

cr'Ll 0

{CH:i):iSiO OCE,

II X
PhSCH2CH2C C ^

COCH,
H.O_

0  o
Il II

PhSCH2CH2CCH,COCH,
COSi(CH3)3

O
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The utility of methyl 3-oxo-4-pentenoate (I) as an anne- 
lating agent in the synthesis of terpenes and alkaloids has 
been previously demonstrated. 1- 4 Nevertheless, this re
agent is not easily synthesized. The original method re
quires an acid-catalyzed elimination as the last step (eq 1 ) 
and proceeded in 7-12% overall yields from readily avail
able starting materials. In our hands, this step never went

TsOH
C41 ,()CH.OH.COCH .C02CR -----*■ H2C =  CHC0CH,C02CH3 (1 )

1

was prepared in 62-76% overall yield. A more convenient 
one-step synthesis of 2  involved the alkylation o f the di
anion o f methyl acetoacetate9 with halomethyl phenyl sul
fide. Alkylation proceeds in about 40% yield with chloro-

0  0XX
OCH,

NaH
C4H9I i

THF

PhSCH.X 
----------*• 2

methyl phenyl sulfide, but in 63-80% yield with iodomethyl 
phenyl sulfide. Equally important to the increased yield 
with the latter reagent was the formation of fewer side 
products.

Oxidation to the sulfoxide proceeds nearly quantitatively 
with sodium metaperiodate at room temperature. Heating 
the sulfoxide in refluxing chloroform for 1 2  hr followed by 
evaporation of the solvent and distillation in  vacuo pro
duced methyl 3-oxo-4-pentenoate in 97% yield. This three- 
step synthesis produces methyl acryloylacetate in an over
all yield o f 60-76% from readily available materials. The al
ternative five-step route proceeded in an overall yield of
60-72%.

2

?  0
î II

PhSCH2CH2CCH¿C02CH3 — ►

O 0

och3

E xperim ental Section
Infrared spectra were determined on a Beckman IR - 8  spectro

photometer. Nmr spectra were determined on a Varían Associates 
Model A-60A spectrometer. Chemical shifts are given in <5 units, 
parts per million relative to TMS as an internal standard. Mass 
spectra were taken on a MS-902 mass spectrometer at an ionizing 
current of 40 mA and ionizing voltage of 70 eV.

All reactions were carried out under nitrogen. Thick layer chro
matography was performed in 1.5-mm layers of silica gel PF-254 
(E. Merck AG, Darmstadt). Removal of solvents from products 
normally involved rotary evaporation at water aspirator pressure 
followed by evacuation of the flask to approximately 1  mm to re
move the last traces of the solvent.

3-Phenylthiopropionic Acid. A neat mexture of 19.41 g (269
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mmol) of /S-propiolactone and 28.5 g (259 mmol) of phenyl mercap
tan was stirred at 80° for 24 hr. The flask was then fitted with a 
distillation column and heated to 60° (4 mm) for 1 hr to remove 
unreacted starting materials. The remaining 41.8 g (89% yield) of 
yellow oil was essentially pure (>95%) 3-phenylpropionic acid: ir 
(CC14) 3125-2940 (acid OH), 1712 (acid C = 0), 687 cm“ 1 (Ph); 
nmr (CC14) 6 11.45 (s, 1 H, -C 0 2H), 7.3 (M, 5 H, (Ph), 3.2 (AA', 2 
H, -SCH2-), 2.6 (BB', 2 H, -CH2CO2-); mass spectrum m/e (rel in
tensity) 182 (59), 123 (47), 111 (10), 110 (100), 109 (50), 77 (16).

Anal. Calcd for C9H10O2S: mol wt, 182.040. Found: mol wt,
182.040.

3-Phenylthiopropionyl Chloride. To 119 g (71.8 ml, 1.0 mol) 
of thionyl chloride was added 122.1 g (0.67 mol) of 3-phenyI- 
thiopropionic acid in 1-2-g portions over a 15-min period. The 
reaction mixture was stirred at 40° for 4 hr. Excess thionyl chlo
ride as removed by vacuum distillation (40-60°, 4 mm). The re
maining brown liquid (121.5 g, 90% yield) was essentially pure 
(>95%) acid chloride which was utilized directly in the next step. 
The material could be further purified by vacuum distillation to 
give a yellow oil: bp 120-127° (0.5 mm); ir (CCI4) 1795 (acid chlo
ride C =0), 690 cm- 1  (Ph); nmr (CCI4) 5 7.25 (m, 5 H, Ph), 3.05 (s, 
4 H, -SCH2CH2COCI coincidental chemical shifts).

Iodomethyl Phenyl Sulfide. A solution of 83.9 g (80.0 ml, 0.675 
mol) of thioanisole in 500 ml of methylene chloride was heated to 
reflux. A solution of 90.0 g (54 ml, 0.667 mol) of sulfuryl chloride 
(technical grade) in 150 ml of methylene chloride was added drop- 
wise over a 1.25-hr period. Reflux was continued for 2 hr, and then 
the reaction was allowed to cool to room temperature. The con
tents of the flask were then transferred to a 2 -1. round-bottomed 
flask and the solvent was removed by rotary evaporation in vacuo 
to give 104 g (98.6% yield) of chloromethyl phenyl sulfide as a yel
low liquid. The product was sufficiently pure to be used in the next 
reaction, but could be further purified by distillation: bp 66° (0.2 
mm) [lit. 10 bp 103-104° (12  mm)]; ir (CC14) 720, 690 (Ph), 653 
cm“ 1 (CC1); nmr (CC14) 5 7.3 (m, 5 H, Ph), 4.82 (s, 2 H, -CH2C1).

A solution of 16.0 g (0.107 mol) of sodium iodide in 85 ml of ace
tone (reagent grade) was added to 15.88 g (0.100 mol) of chloro
methyl phenyl sulfide and the reaction mixture was stirred at 
room temperature for 11 hr. The reaction mixture was then diluted 
with 100 ml of water and extracted with 2 X 100 ml of ether. The 
combined ether layers were washed with 25 ml of 5% aqueous sodi
um thiosulfate solution and 3 X 50 ml of saturated aqueous sodium 
chloride solution and dried over magnesium sulfate. The solvent 
was removed by rotary evaporation in vacuo to give 22.8 g (91% 
yield) of nearly pure (>95%) iodide as a yellow oil which was uti
lized directly in the next step: ir (CC14) 690 cm- 1  (Ph); nmr (CCI4) 
d 7.3 (br s, 5 H, Ph), 4.48 (s, 2 H, -CH2I). (Note: This material 
darkens rapidly on standing and should be used immediately after 
preparation.)

Methyl 3-Oxo-5-phenylthiopentanoate (2). Method A 
(From 3-Phenylthiopropionyl Chloride). A stirred solution of 
19.0 g (100 mmol) of trimethylsilyl 2-methoxycarbonylacetate8 in 
100 ml of anhydrous ether (Mallinckrodt) was cooled to -78° and 
69 ml (100 mmol) of n-butyllithium (1.45 M  in hexane) was injected 
dropwise through a septum. The reaction mixture was stirred at 
-78° for 20 min, and then 10.0 g (50 mmol) of 3-phenylthiopropi- 
onyl chloride in 80 ml of dimethoxyethane (distilled from sodium 
benzophenone ketyl immediately before use) was added dropwise 
over a 1-hr period. A white precipitate formed over the course of 
the addition. Upon completion of the addition the reaction mix
ture was allowed to warm to room temperature over a 2 -hr period 
and then stirred at room temperature for 12 hr. At the end of this 
period the reaction mixture was a clear, colorless solution with a 
thick, white gum on the walls of the flask. The reaction mixture 
was quenched with 50 ml of water and about 100 ml of solvent was 
removed by rotary evaporation in vacuo. The white suspension 
was poured into 200 ml of water and extracted with 300 ml of 
ether. The ether layer was washed with 100 ml of 1 N  hydrochloric 
acid and 3 X 100 ml of saturated aqueous sodium chloride solution. 
The ether layer was dried over magnesium sulfate and solvent was 
removed by rotary evaporation in vacuo to give 11.2 g (93% yield) 
of sufficiently pure (>85%) sulfide 2 to be utilized directly in the 
oxidation step. Preparative tic of a 0.519-g portion of this sample 
with chloroform (R{ 0.28) gave 0.422 g of methyl 3-oxo-5-phenyl- 
thiopentanoate (2) (77%, based on 3-phenylthiopropionyl chlo
ride): ir (CCI4) 1744 (ester C =0), 1724 (ketone C =0), 1235 (CO), 
690 cm - 1 (Ph); nmr (CC14) 6 7.1 (m, 5 H, Ph), 3.55 (s, ,3 H, 
-C 0 2C.H3), 3.32 (s, 2 H, -C0CH2C02-), 2.9 (m, 4 H, -SCH2CH2- 
CO-); mass spectrum m/e (rel intensity) 238 (12), 225 (20), 218
(33), 196 (16), 185 (14), 164 (29), 159 (44), 144 (35), 143 (75), 136

(55), 127 (13), 123 (22), 110 (40), 109 (46), 108 (24), 101 (28), 69 
(85), 65 (20), 58 (32), 57 (30), 55 (100).

Anal. Calcd for C12H14O3S: mol wt, 238.006. Found: mol wt,
238.006.

Method B (From Methyl Acetoacetate). A 57% dispersion of 
sodium hydride in mineral oil (4.64 g of dispersion, 2.64 g of active 
hydride, 0 .1 1  mol) was washed free of the mineral oil with ether. 
Tetrahydrofuran (300 ml) was distilled from sodium benzophe
none ketyl directly into the flask containing the hydride. The mix
ture was cooled to 0° in an ice bath and 11.60 g (0 .10  mol) of meth
yl acetoacetate in 25 ml of dry tetrahydrofuran was added drop- 
wise over a 10-min period. The reaction mixture was stirred 10 min 
at 0°, and then 75 ml (0.11 mol) of 1.5 M  n-butyllithium in hexane 
was injected dropwise over a 5-min period and the red suspension 
was stirred for. 15 min at 0°. Then a solution of 22.8 g (0.09 mol) of 
iodomethyl phenyl sulfide in 50 ml of dry tetrahydrofuran was 
added dropwise over a 20-min period. The reaction mixture was 
stirred for 1 hr at 0° and then poured into a mixture of 100 ml of 3 
N  hydrochloric acid and 200 ml of ice water and extracted with 2 X 
300 ml of ether. (Note: During alkylation, the temperature of the 
reaction mixture should not be allowed to rise above 0°). The com
bined ether layers were washed with 4 X 100 ml of saturated aque
ous sodium chloride solution and dried over magnesium sulfate. 
Solvent was removed by rotary evaporation in vacuo to give 22.5 g 
of brown oil. Preparative tic of a 0.523-g portion of this sample 
with chloroform (iff 0.28) yielded 0.394 g (79%) of sulfide 2.

Column chromatography allowed easy purification. (This simple 
filtration through silica gel is required. When it was omitted, oxi
dation proceeded smoothly, but the thermal elimination of sulfox
ide proceeded in poor yield.) A 17.2-g sample of the crude alkyla
tion product was applied directly to the top of a dry-packed silica 
gel column (29 g in a 2.0 X 34 cm column) and covered with 4 cm of 
sand. Elution with 270 ml of pentane removed the less polar im
purities. Changing to 2% ether in pentane (v/v) eluted the sulfide 
(ca. 2 I.). Chromatography was discontinued when the sulfide 
showed contamination with more polar impurities. In this way,
10.4 g (63%, based on iodomethyl phenyl sulfide) of pure methyl
5-phenylthio-3-oxopentenoate (2) was obtained.

Methyl 3-Oxo-5-phenylsulfinylpentanoate. A solution of 9.80 
g (41.1 mmol) of methyl 3-oxo-phenylthiopentanoate(2) in 220 ml 
of methanol (reagent grade) was immersed in an ice bath and 
stirred with a mechanical stirrer while 100 ml of saturated aqueous 
sodium metaperiodate solution (ca. 15 g, 65.1 mmol) was added in
5-ml portions over a 5-min period. A thick white precipitate 
formed almost immediately upon completion of the addition. The 
ice bath was removed after 10 min and stirring was continued 
at room temperature for 12.5 hr. The reaction mixture was then di
luted with 500 ml of water and extracted with 4 X 200 ml of chloro
form. The combined chloroform layers were washed once with 200 
ml of saturated sodium chloride solution and dried over magne
sium sulfate. Solvent was removed by rotary evaporation in vacuo 
at room temperature to give 10.2 g (98%) of sulfoxide of sufficient 
purity to be used without further purification (Note: Because of 
the facility of elimination which occurs slowly even at room tem
perature, the sulfoxide should not be heated above room tempera
ture): ir (CCI4) 1754 (ester C =0), 1724 (ketone C =0), 1053 
(S=0), 690 cm“ 1 (Ph); nmr (CDCI3) <5 7.6 (m, 5 H, Ph), 3.68 (s, 3 
H, -C 0 2CH3), 3.5 (s, 2 H, -C0CH2C02-), 3.0 (m, 4 H, 
-SCH2CH2CO-).

Methyl 3-Oxo-4-pentenoate (1). A solution of 10.2 g (39.8 
mmol) of methyl 3-oxo-5-phenylsulfinylpentanoate in 100 ml of 
chloroform was refluxed for 12 hr. The solution was concentrated 
to approximately 20 ml by distillation of chloroform at atmospher
ic pressure. This solution was then transferred to a 50-ml round- 
bottom flask equipped with a 6-cm Vigreux distillation head and 
distillation was continued at 50° (80-120 (80-120 mm) until the 
chloroform was totally removed. The receiver flask was then im
mersed in a Dry Ice-isopropyl alcohol bath and the pressure was 
reduced slowly to 2 mm. A colorless liquid distilled at 35-39° (1 - 2  
mm) [lit.5 bp 78-81° (18 mm)] to give 4.92 g (97% yield) of methyl
3-oxo-4-pentenoate (1): ir (CCI4) 1736 (C = 0  ester), 1661 (a,/l-un
saturated ketone C =0), 1642 (C=C), 1582 (enol), 1232 (CO ester), 
976 cm“ 1 (C=CH2); nmr (CC14) <5 6.1 (m, 2 H, -HC=CH-), 5.5 
(dd, 1 H, =CH -), 5.0 (s, 1 H, enol -CHC02-), 3.65 (s, 3 H, -  
C02CH3), 3.55 (s, 1 H, keto -CH2C02-) (cf. ref 8).
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In our study o f phosphorus heterocycles from phos
phines, we have obtained a new five-membered diazaphos- 
pholene by a cycloaddition similar to that reported by 
McCormack with conjugated dienes and phosphonous di
halides.2’3 All the isomers o f phenylazostilbene4’5 (la) and 
of 2-phenylazo-l,5-diphenylpropene6 (lb) easily react with 
phenyldichlorophosphine at room temperature to form cy
cloadducts (2 and 3). These adducts are quenched with 
water and give (75% total yield) a mixture o f cis and trans7 
phospholene oxides 4 (Scheme I). That an isomer mixture

Scheme I

PhCH= CRN=NPh 
la, R = Ph 
b. R = PhCH2

4, trans H/Ph

Ph.

H

D = N .
ÏNPh

o ' S h
4, cis H/Ph

was obtained was readily apparent from the proton nmr 
spectrum, which showed two PCH doublets. The two iso

mers were isolated in pure form by fractional crystalliza
tion or by silica gel column chromatography. They formed 
colorless needles; the infrared spectra showed bands char
acteristic o f P = 0  and PPh groups. The nmr spectrum 
(CDCI3) showed for the crude hydrolyzed product mixture 
4a and 4b an isomer ratio of about 3:2 (cis:trans) and 5:2, 
respectively. The isomer ratio may sometimes vary, and 
probably depends on the mode o f quenching or on the 
amount o f water present in the reagents. Analogous varia
tions have been observed8 in the case of phosphetanium 
salts.Assignment of Configuration. The steric configura
tions o f the diazaphospholenes have been made on the 
basis of nmr spectra. The difference between the chemical 
shifts o f the methine proton in the two isomers o f 4a is 0.45 
ppm, with the upfield signal at 5 4.55 ppm, while in the two 
isomers of 4b it is 0.40 ppm, with the upfield signal at 5 4.29 
ppm. The cis configuration was assigned to the isomer 
showing an upfield methine signal, since only in this isomer 
is the phenyl ring capable of shielding the methine proton.

Compound trans-4a has a significantly higher coupling 
constant (Jpch = 22.5 Hz) than cis-4a (Jpch = 7.5 Hz). 
The same large difference was observed for the two isomers 
4b (22.8 and 6 Hz).

This correlation permits the assignment of the trans con
figuration to the isomers having high t/pcH and cis to those 
having a low value. Examples o f analogous assignments are 
reported in the literature for similar systems.9 The same ef
fects, less marked, are observed in the benzyl methylene 
protons o f the isomers 4b. The benzylic protons appeared 
as the AB portion of an ABX pattern (where X  = 3 1P), with 
J ax = J bx = 1 Hz, ¿a 3.82 ppm, 5B 3.36 ppm, J ab = 15 Hz 
for cis-4b and J  ax = 2  Hz, J bx <  1 Hz, 5a 3.85 ppm, 5b 14 
Hz for trans-4b.

The ABX signal persisted at 150°, indicating that the 
magnetic nonequivalence arises from proximity of the ben
zylic group to an asymmetric center rather than to restrict
ed rotation. Preliminary results showed little tendency for 
cis-trans interconversion in 4a or 4b. This will be subject of 
further study.

The adducts 3 are highly reactive toward water and are 
not readily characterized. We have, however, succeeded in 
obtaining the pmr spectrum in deuteriochloroform when all 
operations were conducted under a dry nitrogen atmo
sphere. Although isomeric diazaphospholene oxides are 
produced on hydrolysis, the nmr spectra of the cycload
ducts did not show the presence of an isomeric mixture. 
The signals of the methine protons were not present but 
signals of the amine protons were. Rearrangement must 
therefore occur during subsequent hydrolysis. The nmr 
spectra are in agreement with the tautomeric structure 3 
and the large downfield shifts of protons (see Experimental 
Section) suggests that in these adducts, at least in solution, 
phosphorus is ionic rather than covalent.

Experimental Section
All operations involving trivalent phosphorus compounds were 

performed under a nitrogen atmosphere. Hexane was dried by dis
tillation over sodium. Phenyldichlorophosphine was obtained from 
Alfa Inorganic Derivatives, la and lb were obtained by published 
procedures.4- 6 The nmr spectra were determined on a Jeol 
J.M.MC 60-HL spectrometer. Proton nmr chemical shifts are ex
pressed in parts per million from internal TMS. Ir spectra were 
run as KBr disks on a Perkin-Elmer 337 with NaCl optics. The mi
croanalyses were performed on mixture of the isomers as well as on 
pure isomers. The results obtained were pratically identical.

Synthesis of 3a and 4a. Phenyldichlorophosphine (3.74 g, 0.02 
mol) was added to la (5.68 g, 0.02 mol) in 400 ml of dry hexane. 
After 1 hr at room temperature the adduct began to separate as a 
crystalline solid. The reaction was completed in a 24-26-hr period 
(until the orange color of the solution disappeared). A small por-
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tion of the mixture was filtered under reduced pressure in a pre
purified nitrogen atmosphere, and the adduct (3a) was washed 
with dry hexane and dried in vacuo; its nmr spectrum (CDC13) 
showed peaks at <5 6.57-8.15 (m, 20 H, aromatic) and 13.55 (broad 
s, 1 H, NH).

The remainder of the mixture was filtered and washed with dry 
hexane and the adduct (3a) was added to 30-40 ml of water, cooled 
with an ice bath, and stirred for 1 hr. While cold, the mixture was 
neutralized with concentrated sodium hydroxide and extracted 
three times with CHCI3. The combined organic layers were dried 
over sodium sulfate and evaporated to give a crude solid which 
after crystallization from CH2Cl2-hexane gave 6.20 g of 4a (75% 
based on phenylazostilbene used in preparing 3a). The nmr spec
trum (CDCI3) of the crude product showed two isomers in a 3:2 
ratio (cis:trans) (estimated by relative integration of methine 
peaks). Separation of small amounts of the pure isomers was ac
complished by chromatography on a silica gel column and elution 
was performed by benzene-ether (8:2 ) mixture. The cis isomer 4a 
had mp 202-204°; its nmr spectrum (CDCI3) showed absorption at 
8 4.55 (d, 1 H, e/pcH = 7.5 Hz) and 6.7-7.8 (m, 20 H, aromatic).

The trans isomer had mp 174-177°; its nmr spectrum (CDCI3) 
showed peaks at <5 5.0 (d, 1 H, Jpch = 22.5) and 6.6-7.8 (m, 20 H, 
aromatic). Ir spectra were consistent with the assigned structures. 
Larger quantities of isomer were obtained by fractional crystalliza
tion. The first fractions were richer in cis, the final fractions in 
trans.

Anal. Calcd for C2sH2,N2OP: C, 76.45; H, 5.10; N, 6.80; P, 7.59. 
Found: C, 76.51; H, 5.20; N, 6.75; P, 7.70.

Synthesis of 3b and 4b. The same procedure as above was fol
lowed, using 5.86 g (0.02 mol) of lb in 400 ml of hexane and 3.74 g 
(0.02 mol) of phenyldichlorophosphine. The reaction was com
pleted in a 27-30-hr period. A small amount of the mixture was fil
tered under reduced pressure under a nitrogen atmosphere; the 
adduct 3b was dissolved in CDCI3 and its nmr spectrum showed 
peaks at 8 6.25-8.1 (m, 21 H, aromatic and -NH) and 4.2 (broad s,
2 H, CH2Ph). The remainder of the mixture was treated as above, 
yielding 6.30 g (74%) of the isomeric oxides 4b. The nmr spectrum 
(CDCI3) of the crude product showed an isomer ratio of about 5:2 
(cis:trans).

The isomer mixture was separated by silica gel column chroma
tography as well as by fractional crystallization.

Nmr spectra revealed the isomer’s purity to be about 98%. The 
cis isomer 4b had mp 171-173°; its nmr spectrum (CDCI3) showed 
absorption at 8 3.20-3.98 (AB multiplet of ABX system, 2 H, 
-CH2Ph), 3.89 (d, 1 H, JpcH = 6 Hz), and 6.7-7.9 (m, 20 H, aro
matic).

The trans isomer 4b had mp 163-165°; its nmr spectrum 
(CDCI3) showed peaks at 8 3.32-4.0 (AB multiplet of ABX system, 
2 H, CH2Ph), 4.29 (d, 1 H, Jpch = 22.8 Hz), and 6.4-7.S (m, 20 H, 
aromatic).

Anal. Calcd for C27H23N2OP: C, 76.74; H, 5.97; N, 6.65; P, 7.34. 
Found: C, 76.92; H, 5.90; N, 6.50; P, 7.28.
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2/f-Azirines represent versatile substrates which can 
serve as useful precursors for the synthesis o f other hetero
cyclic rings. 1-6  An unusual feature o f this three-membered 
heterocyclic ring is that it is susceptible to attack by both 
electrophilic and nucleophilic reagents.7 In addition, the
2 -tr electrons present in the ring can participate in thermal
ly allowed [X4S + T2S] cycloadditions as dienophiles8’9 or as 
dipolarophiles. 10 Azirines are also known to act as 1,3-di- 
poles in photochemical reactions. 1 1 '12 Another intriguing 
aspect o f this ring system is that it can participate as a di- 
polarophile in 1,3-dipolar cycloaddition reactions. 10’13’14 
Reaction with diazoalkanes10’13’14 and nitrile oxides10 
transforms the 2 /f-azirine system into allylic azides and 
carbodiimides, respectively. The photodimerization of 2H- 
azirines has been recently shown to produce 1,3-diazabicy- 
clo[3.1.0]hex-3-enes as primary photoproducts. 15 The for
mation of these dimers was explained in terms o f 1,3-dipo
lar addition o f an initially generated nitrile ylide onto the 
azirine ring. 16 As part of our continued interest in the 1,3- 
dipolar cycloaddition reactions of arylazirines, we have in
vestigated the reaction of the 2 /i-azirine system with sever
al nitrones.

When diphenylazirine (1) was heated with isoquinoline 
iV-oxide (2a) in benzene at reflux temperature for 18 hr, 
two new compounds were formed in high yield and were 
identified as isoquinoline (3a) and bis(benzamino)phenyl- 
methane (4) by comparison with authentic samples. 17 Sim-

0

II
PhCH=NPh +  (PhCNH).CHPh

Registry No.— la, 25769-36-2; lb, 51849-76-4; 3a, 51849-77-5;
3b, 51898-95-4; cts-4a, 51849-78-6; frans-4a, 51849-79-7; «'s-4b,
51849-80-0; trans-4b, 51849-81-1; phenyldichlorophosphine, 644-
97-3.
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ilar results were observed with 1 and 3-methylisoquinoline
IV-oxide (2b). IV-Benzylideneaniline and bis(benzami- 
no)phenylmethane were the major products obtained upon 
treatment of 1 with IV,C-diphenylnitrone. Reaction o f 
phenylazirine (5) with isoquinoline IV-oxide (2a or 2b) gave 
the corresponding isoquinoline and tris(benzaminometh- 
yl)amine (6 ). The structure of 6 was verified by comparison 
with an authentic sample. 18

We suggest that the reaction responsible for the deoxy
genation of the isoquinoline IV-oxide involves initial attack

* Alfred P. Sloan Foundation Fellow, 1968-1972.
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o f the nitrone oxygen on the reactive C = N  double bond of 
the azirine ring. This step bears close resemblance to the 
formation o f alkoxyaziridines from the reaction of 2 /f-azir- 
ines with alkoxide anions.7 The reaction is completed by 
bond reorganization, which gives the deoxygenated nitrone 
and N-benzoylimine (7) as a transient intermediate. Partial 
hydrolysis of 7 will produce benzamide, which reacts fur
ther with the reactive imine to give 4 or 6 .19’20

R, P h ^ = N  X  f i , «

Y  + y  -  X o^ h
O- H R2 Ph

N+
/  \

0

Y  11 /II +  PhCN = x\T \
X

!l xH  CH,,OH

R,

7(R. = Ph)
(PhCONH)2CHPh -----------PhCONH2

PhCONHCHR,

OCH3
8

0
II

PhCNHCH,

7 (R, = H )

H ,0
PhCNHCH—  N— CH,NHCOPh —+  (PhCONHCH2)3N

0 CT xPh
In agreement with this interpretation, we have found 

that when the above reactions involving diphenylazirine 
were carried out in the presence of methanol, a new prod
uct was formed and identified as the methanol adduct of 
Ai-benzoylbenzaldimine (8b, R 2 = Ph), mp 102-104°.21 
Similar results were obtained with the corresponding phen- 
ylazirine system (i.e., 8a, R 2 = H): nmr (CDC13) r 6.63 (3 H, 
s), 5.11 (2 H, d, J  = 7.0 Hz), 2.4-2.8 (5 H, m), and 2.1-2.4 (1 
H, broad s); mass spectrum m/e 150, 133, 121, 105 (base), 
and 77. Careful examination of the residue revealed no de
tectable amounts of 4 or 6 . The isolation of the methoxy- 
amides (8 ) strongly supports the presence o f a transient 
benzoylimine which reacts with the added methanol to give 
a product different from that previously observed (i.e., 4 or 
6 ), but which is totally compatible with the mechanism 
outlined above.

Experimental Section
Reaction of 2,3-Diphenylazirine with 3-Methylisoquino- 

line iV-Oxide. A solution containing 1.26 g (0.065 mol) of diphenyl
azirine and 0.98 g (0.062 mol) of 3-methyisoquinoline IV-oxide in 
100 ml of benzene was heated at reflux for 5 days. Upon cooling, a 
white solid (0.6 g, 0.018 mol, 58%) precipitated from the reaction 
mixture. Recrystallization of this material from ethanol gave white 
needles: mp 229-230°; ir (KBr) 3.08, 6.05, 6.46, 6.65, 6.75, 7.41,
7.86, 8.76, 9.52, 12.40, 13.90, and 14.36 M; nmr (DMSO) r 2.83 (1 H, 
t, J =  9.0 Hz), 1.9-2.6 (15 H, m), 0.91 (2 H, d, J  = 9.0 Hz); mass 
spectrum m/e 209, 180, 121, 105 (base), and 77.

Anal. Calcd for C21H18N2O2: C, 76.34; H, 5.49; N, 8.48. Found: C, 
76.24; H, 5.55; N, 8.42.

This material was identified as bis(benzamino)phenylmethane
(4) by comparison with an authentic sample.17 The only other 
product which could be identified from the filtrate was 3-methyl- 
isoquinoline.

When the above reaction was carried out in the presence of 
methanol (2-mol excess) a reddish-brown residue was obtained. 
This material was chromatographed on a thick layer plate using an 
acetone-cyclohexane (1:4) mixture as the eluent. The major prod
uct obtained was identified as the methanol adduct of N-benzoyl- 
benzaldimine (8b),21 mp 102-104°, ir (KBr) 2.95, 3.42, 5.98, 6.23,

6.32, 6.70, 7.44, 8.00, 8.82, 9.12, 9.28, 9.70, 10.22, and 11.05 y, nmr 
(CDCR) r 6.46 (3 H, s), 3.60 (1 H, d, J = 9.0 Hz), 2.3-2.8 (10 H, m), 
and 2.0-2.2 (1 H, br s), mass spectrum m/e 209, 197, 180, 121, 105 
(base), and 77, by comparison with an authentic sample.

A similar set of results was obtained when diphenylazirine was 
heated in the presence of isoquinoline TV-oxide (2a).

Reaction of 2,3-Diphenylazirine with iV,C-Diphenylnitrone. 
A solution containing 0.96 g (0.048 mol) of lV,C-diphenylnitrone 
and 0.94 g (0.018 mol) of diphenylazirine in benzene was heated at 
reflux for 4 days. Upon cooling, 0.5 g of a white, crystalline solid 
(64%) precipitated from the reaction mixture. Recrystallization of 
this material from ethanol gave a white solid, mp 229-230°, whose 
structure was identified as bis(benzamino)phenylmethane by com
parison with an authentic sample. The residue obtained on remov
al of the solvent was chromatographed on a thick layer plate using 
chloroform as the eluent. The two solids obtained were identified 
as benzanilide (15%) and N-benzylideneaniline (60%) by compari
son with authentic samples.

Reaction of Phenylazirine with 3-Methylisoquinoline N- 
Oxide. A solution containing 1.58 g (0.01 mol) of 3-methylisoqui- 
noline Al-oxide and 1.18 g (0.01 mol) of 2-pheny!azirine in 175 ml 
of benzene was heated at reflux for 24 hr. Removal of the solvent 
left a yellow oil which was recrystallized from methanol to afford 
0.42 g (42%). of a white solid: mp 193-194°; ir (KBr) 3.00, 6.07, 6.50, 
6.70, 7.22, 7.48, 7.64, 7.70, 8.48, 9.27, 9.60, 7.72, 12.32, and 14.35 /¿; 
nmr (CDCI3) r 5.32 (2 H, d, J  = 7.0 Hz), 2.3-2.9 (5 H, m), and 1.8- 
2.0 (1 H, br s); mass spectrum m/e 148, 134, 121, 105 (base) and 77; 
uv (methanol 230 nm (e 21,500).

Anal. Calcd for C24H24N4O3: C, 69.21; H, 5.81; N, 13.45. Found: 
C, 68.86; H, 5.87; N, 13.45.

This material was identified as tris(benzaminomethyl)amine(6) 
by comparison with an authentic sample. 18 The only other product 
which could be identified from the filtrate was 3-methylisoquino- 
line. A similar set of results was obtained when phenylazirine was 
heated in the presence of isoquinoline IV-oxide.

When the above reaction was carried out in the presence of 
methanol (2 M  excess) a reddish brown residue was obtained. This 
residue was chromatographed on a thick layer plate and the major 
product obtained was identified as methoxy amide 8a: ir (CHCI3) 
2.95, 3.42, 5.98, 6.23, 6.42, 6.62, 6.73, 7.20, 7.65, 7.78, 8.92, 9.30, and 
10.96 M; nmr (CDCI3) r 6.63 (3 H, s) 5.11 (2 H, d, J  = 7.0 Hz), 
2.42-2.80 (5 H, m), and 2.1-2.3 (1 H, br s); mass spectrum m/e 150, 
133, 121, 105 (base), and 77.
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A recent report o f the formation o f naphthalene deriva
tives, 2, from reaction of 3,5-dinitroacetophenone and re
lated aromatics with acetone and diethylamine was of con
siderable interest to us.2 The conclusions that only 
naphthalenoid products result from such reactions conflict
ed with expectations based on our earlier work1® and 
prompted us to attempt the reaction on related substrates.

Previous observations of meta-bridged products isolated 
from other 3,5-dinitro-X-substituted aromatics under simi
lar conditions lead us to believe that internal meta bridging 
in ketonic a complexes o f 1 could lead to compounds like 4 
with appropriate ketones and secondary amines (Scheme I, 
path a). Although all our previous work with 3,5-dinitro- 
X-substituted aromatics had been done with substrates in 
which X  = NO2, CN, and CC^CHg,1® we suspected that the 
particular mode o f cyclization would depend on the nature 
of the ketone, not the X  substituent, and that either 3 or 4 
could be obtained from the same aromatic precursor.

The previously published report2 considers reaction of 
acetone with 3,5-dinitroacetophenone or 3,5-dinitrobenzal- 
dehyde. With these reactants only 3a and 3b are formed by 
a postulated mechanism involving enamine intermediates. 
There was no evidence for products like 4a or 4b, analogous 
to those we have previously isolated with more acidic ke
tones and 3,5-dinitro-X-substituted aromatics.1“

We have found that under conditions reported for the 
formation o f 3a and 3b 3,5-dinitrobenzophenone, 1 (R = 
C6H 5), reacts rapidly with acetone and diethylamine to 
yield black needles of the analogous l-phenyl-3-diethylam- 
ino-5,7-dinitronaphthalene (3c). The pmr and visible spec
tra as well as the elemental analysis are completely in ac
cord with this structure2 (see Experimental Section). There 
was no evidence for the bicyclic structure 4c. Such results 
are in agreement with those reported for the reactions of 1 
(R = CH3 or H) with diethylamine in acetone.2

Most interestingly, substituting 1,3-dicarbomethoxyace- 
tone for acetone in this reaction yields bright yellow crys
tals o f the bicyclic anion 4d as the diethylammonium salt.

Scheme I
1 +  R 'C H X O C R R '

j  d ie th y la m in e

B:

c. R = C6H5; R' = H
4a, R = CH3; R' = H d, R = C6H5; R' = C02CH3
b, R = H; R' = H
c, R = C6H5; R' = H
d, R = C6H5; R' = C02CH3

The pmr and visible spectra as well as the elemental analy
sis strongly support this structure. There was no evidence 
for even trace amounts of the naphthalene 3d. Formation 
of 4d is the first example o f a 3-substituted propene nitro- 
nate in which the stabilizing group is a carbonyl function. 
This product likely forms through c-complex intermedi
ates, analogous to formation of meta-bridged products re
sulting from the reaction of 1 -cyano- and 1 -carbomethoxy-
3,5-dinitrobenzene studied earlier. la-s The double maxima 
in the visible spectrum of the reaction solution is character
istic o f anionic u-complex intermediates. 1*1 As with other 
bicyclic adducts prepared from dicarbomethoxyacetone, 
the anion of 4d exists in one enolic form in solution. A dis
tinction between the two possible isomers cannot be made 
on the basis of the spectral data at hand.

The mechanism for ortho substituent attack and the fac
tors favoring this mode of reaction over meta bridging in 
the case o f acetone but not dicarbomethoxyacetone deserve 
some comment. There has been considerable evidence pre
sented in earlier reports that condensations of ketones with 
electron-deficient aromatics involve enamine or carbanion 
intermediates.lb>B The latter are important for acidic ke
tones in the presence of secondary amines. Assuming that 
initial attack occurs para to NO2 in l lf the possibilities for 
cyclization to 3 and 4 are shown in Scheme I.
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It has been shown earlier that internal cyclizations in
volving dicarbomethoxyacetone, R ' = CO2CH3 in Scheme I, 
do not involve enamine intermediates like 6 .la,£ Complex 5 
(R ' = CO2CH3; R = C6H 5) is thus most likely the precursor 
to 4d. Detailed kinetics o f similar cyclizations have been re
ported earlier.1® It appears that 5 (Rr = CO2CH3; R = 
C6H 5) cyclizes by path a and not b in Scheme I.

It is well known that <r complexes prepared from acetone 
and sy to - 1  r i n itr o b e n z e n e are quite stable in the presence of 
te r tia ry  amines.3,4 Addition of secondary amines causes 
rapid reaction to a variety of products through enamine in
termediates.4,5 In the case o f the a complex of acetone with 
sym-trinitrobenzene a bridged product analogous to 4 is 
rapidly formed with the negative charge delocalized on a 
nitropropene nitronate function . 111,4,5 Since 3,5-dinitroace- 
tophenone does not react with acetone in the presence of 
tertiary amines to give isolable products, it is thus quite 
likely that 6 (R = C6Hs; R ' = H) is the precursor to 3c and 
that attack on the ortho substituent occurs via path a as 
previously proposed2 (Scheme I). An attempt was made to 
directly observe 6 in the pmr spectrum of the reaction solu
tion. In the region without reactant or product absorption 
two overlapping triplets develop at 5 ~ 5  (about 1% o f the 
total absorption) and rapidly disappear as those for 3c in
crease. These could result from protons on the tetrahedral 
ring carbons of 5 and 6 (R ' = H ;R  = C6H 5 ).6

The reactivity differences causing 5 (R' = CO2CH3; R = 
C6H 5) to cyclize via path a and 6 (R ' = H; R = C6H 5) via 
path b could result from increased flexibility in the side 
chain o f the former relative to the latter. Such flexibility 
would allow the nucleophilic site in 5 (R ' = CO2CH3; R = 
C6H 5) to more closely approach the meta ring position. 
Such ideas are supported by Drieding models of 5 and 6 . 
Alternately it may be that the initial product of intramo
lecular ortho substituent attack in 5 does not have a suit
able route for aromatization to 3.

Experimental Section
Melting points are uncorrected. Pmr spectra were obtained on a 

Jeol MH-100 spectrometer in CDCI3 or DMSO-d6 using tetra- 
methylsilane as an internal standard. Uv spectra were obtained on 
a Perkin-Elmer 402 spectrometer in anhydrous methanol. Elemen
tal analyses were performed by George I. Robertson Laboratories, 
Florham Park, N. J.

l-Phenyl-3-diethylamino-5,7-dinitronaphthalene (3c). To a
solution of 0.5 g (0.0018 mol) of 3,5-dinitrobenzophenone7 in the 
minimum of distilled dry acetone to effect dissolution was added 
0.5 ml of diethylamine. The dark greenish-black solution which de
veloped was kept at 25° for 12 hr and then cooled to about 8° for 2 
days. Black needles deposited from the solution. These were fil
tered, washed with a small portion of cold ether, and dried at 0.5 
mm and 50° for 8 hr. The resulting product (~0.25 g) melted at 
167-168° and had uv-visible maxima in MeOH at 245, 320, 355, 
420, and 468 nm. The pmr spectrum in DMSO-d6 (saturated) had 
absorptions at 5 8.95 (d, 1 H, J  ~  2 Hz), 8.75 (d, 1 H, J  at 2  Hz), 
7.75 Ul, 1 11,-1 =* 2 Hz), and 7.2 (d. 1 H ,,/ ~  2 Hz) for the aromatic 
ring protons of 3c. The phenyl group appeared as a complex multi- 
plet centered at <5 7.5 (5 H) and the N(CH2CH3)2 absorptions ap
peared as a coupled triplet (6 H) and doublet (4 H) at 5 1.25 and
3.6, respectively, J  = 7.0 Hz. Anal. Calcd for C20H19N3O4: C, 65.74; 
H, 5.24; N, 11.50.Found: C, 65.71; H, 5.49; N, 11.28.

Preparation of 4d. The procedure for the preparation of 3c was 
followed exactly except that dicarbomethoxyacetone (Aldrich) was 
used instead of acetone. The reaction solution turned brilliant yel
low and did not deposit crystals on cooling, however. It was ex
tracted with five 10 0 -ml portions of anhydrous ether, yielding a 
yellow oil. The oil was covered with 20 ml of ether and enough eth
anol was added to effect dissolution with warming. After standing 
at 8° for 3 days bright yellow crystals were formed. These were fil
tered and dried at 0.5 mm and 50° for 8 hr. The resulting product 
(~0.5 g) melted at 110-113° and had uv-visible maxima in MeOH 
at 245, 252, and 411 nm. The pmr spectrum of a saturated solution 
in acetone-de had absorptions at 5 7.5 (m, 6 H) for the C6H5 and

-CCHC=N02-  protons, d 5.25 (br, 1 H) and 5.15 (br, 1 H) for the 
bridgehead protons, and 6 4.30 (br, 1 H) for the CHN02 bridge in 
4d. The CHCO2CH3 proton appears at 5 3.9 (s, br, 1  H). The two 
C0 2CH3 methyls appear as sharp singlets at 6 3.8 and 3.7 (3 H 
each). The triplet and quartet of the H2N(CH2CH3)2+ cation ap
pear at (5 1.2 and 2.8 (6 H and 4 H, respectively). Although this 
spectrum is not particularly well resolved, comparison with similar 
spectra of other bicyclic adducts of 3,5-dinitro-X-substituted ben
zenes and dicarbomethoxyacetone1“'1 supports the proposed struc
ture. The visible maximum and elemental analysis further sub
stantiate the compound as 4d. Anal. Calcd for C24H29N3O10: C, 
55.49; H, 5.63; N, 8.09. Found: C, 55.47; H, 5.87; N, 7.79.
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The eudesmane derivative (+)-«-cyperone (I ) 2 has been 
rather widely used as a starting material for the synthesis 
of various other fused-ring sesquiterpenes.3 However, con
venient syntheses of 1 itself are rather limited. The original 
Howe and McQuillin synthesis of 1 which involves the R ob
inson annelation of (-F)-dihydrocarvone with the meth- 
iodide of l-diethylaminopentan-3-one allows the isolation 
of 1 in less than 5% yield .2 This is because 1 is formed only 
as a minor product o f the reaction and its separation from 
(—)- 1 0 -epj-a-cyperone (2 ) and the corresponding ketol 
which are the major reaction products is difficult. Piers and 
Cheng have found that (—)-a-santonin can be converted 
into 1 via an eight-step sequence.4 Although lengthy, this 
synthesis represents a significant improvement over the 
method of Howe and McQuillin, since I was obtained in 
about 20% yield overall. Fringuelli, Taticchi, and Traverso 
have recently reported an apparently useful synthesis of 
«-cyperone .5 These workers found that the tricyclic enone 
3, prepared by annelation o f cis-4-caranone with 1-penten-
3-one, undergoes preferential cleavage o f the 8,11 bond o f 
the cyclopropane ring with hydrogen bromide to form the
2-bromopropane derivative 4a which could be converted 
into a mixture of a- and ¡5-cyperone on dehydrohalogena- 
tion. An important feature of this synthesis is that annela
tion o f the bicyclic ketone allows the establishment o f the 
cis relationship of the angular methyl group and the di
methyl-substituted cyclopropane ring which ultimately be
comes the three-carbon side chain in 1. We wish to report a
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convenient stereospecific synthesis of 1 which employs a similar concept and utilizes (—)-2-carone (5), which is readily available from (+)-dihydrocarvone,6 as the starting ma
terial.

Michael reaction of 5 with l-penten-3-one using alcoholic potassium hyroxide as the base gave a single product in 
72% yield based upon recovered starting material. The sub
sequently described transformation demonstrated that this 
material should be assigned the structure 6 and its spectral 
properties were in agreement with this assignment.7 Al
though carone (5) has been shown to be capable of under
going base-catalyzed exchange of both the a  hydrogens,8 Michael reaction at the 3 position is expected, since the 
presence of the cyclopropane ring should cause the 1-eno- late anion to be much less stable than the 2-enolate.9’10 In 
addition, the top side of the 2-enolate is hindered by the endo methyl group on the cyclopropane ring so that nucleo
philic attack on the Michael acceptor should take place ex
clusively from the bottom side of the molecule. No evidence was obtained for the formation of epimaalienone,11 
the possible product of base-catalyzed cyclization of the 
diketone 6. Indeed, efforts to prepare this compound by 
treatment of 6 with a variety of basic catalysts were unsuccessful. This observation is in complete agreement with the 
previous report of Buchi and coworkers.7

By reaction of 6 with an anhydrous saturated ethanolic solution of hydrogen chloride the chloro enone 4b was ob
tained in 78% yield. Opening of the three-membered ring of 
the conjugated cyclopropyl ketone system with acid should 
take place with exclusive cleavage of the 1,7 bond, leading to a tertiary carbonium ion which could be attacked by ha
lide ion to produce a diketone intermediate, i . e . ,  7.12-13 This species can then undergo rapid acid-catalyzed aldol cyclization to produce 4b. Acid-catalyzed cyclizations of 1,5-diketones related to 7 often lead to partial or exclusive forma
tion of bicyclo[3.3.1]nonanone derivatives.14 However, the formation of such products requires the ketonic side chain to adopt a pseudo-axial orientation with respect to the eno- 
lized cyclohexanone ring. In the case of 7 this would require the six-membered ring to adopt a half-boat conformation 
or a half-chair conformation having the bulky 5 substituent 
axial. Both of these conformations would be of relatively high energy with respect to the species having the side- 
chain carbonyl group enolized and the cyclohexanone ring 
in a chair conformation with the 5 substituent equatorial. Cyclization of the latter would lead to 4 v i a  the correspond
ing cis- and/or trans-fused ketols.

The synthesis of 1 was completed by dehydroh&logena- tion of 4b with sodium acetate in acetic acid.10 A crude 
product which was greater than 85% 1 by glc was obtained. The minor product of the reaction mixture showed identical glc behavior with an authentic sample of /3-cyperone. 
Distillation of the oil obtained from dehydrohalogenation of 4b afforded a fraction (82% yield) which was greater 
than 94% I by glc. This material showed identical spectral properties and glc behavior with an authentic sample of 1 
prepared by the method of Howe and McQuillin.2

Experimental Section15
Synthesis of the Diketone 6. To a solution of 28.95 g (0.19 mol) 

of (—)-2-carone (5) in 290 ml of anhydrous ether was added a solu
tion of 2.20 g (0.04 mol) of potassium hydroxide in 22.0 ml of anhy
drous ethyl alcohol under nitrogen. The mixture was cooled to -5 ° 
and a solution of 15.85 g (0.19 mol) of ethyl vinyl ketone in 160 ml 
of anhydrous ether was added dropwise with stirring. After the ad
dition was complete stirring was continued for 75 min while the 
mixture was allowed to warm to room temperature and the mix
ture was poured into 350 ml of an ice-cold solution of 10% hydro
chloric acid. The aqueous layer was saturated with sodium chloride 
and extracted with three 10 0 -ml portions of ether, and the com
bined organic extracts were washed with two 75-ml portions of a 
saturated aqueous solution of sodium bicarbonate followed by two 
75-ml portions of a saturated sodium chloride solution. The organ
ic phase was dried over anhydrous sodium sulfate and the solvent 
was removed in vacuo to give a pale yellow oil. Distillation yielded 
17.0 g of (—)-2-carone, bp 45-55° (0.1 mm), and 14.35 g (72%) of 6: 
bp 109-120° (0.1 mm); uv Amax (95% EtOH) 216 nm (i 2790);16 ir 
(CC14) 1721 and 1692 cm- 1;16 nmr 6Tms (CC14) 0.83 (s, 3 H), 1.02 
(s, 3 H), 1.10 (s, 3 H), 0.98-1.24 (broad absorption, 5 H), 1.33-2.51 
(broad absorption, 10 H): m/e (70 eV) 236.177 (calcd, 236.177); 
[«]25d  —149° (c 0.57, CHCI3).

Anal. Calcd for C15H24O2: C, 76.22; H, 10.24. Found: C, 76.17; H,
10.25.

Reaction of 6 with Ethanolic Hydrogen Chloride. The dike
tone 6 (6.04 g, 0.026 mol) was added dropwise with stirring to 60 ml 
of an anhydrous saturated solution of ethanolic hydrogen chloride 
at 5°. After the addition was complete the reaction mixture was al
lowed to warm to room temperature and stirring was continued for 
30 min. The reaction mixture was then poured into 60 ml of ice 
water and extracted with four 60-ml portions of chloroform. The 
combined chloroform extracts were then washed with a saturated 
solution of sodium chloride until the washings were neutral. The 
organic layer was than dried over anhydrous magnesium sulfate 
and the solvent was removed in vacuo to give a yellow solid (6.0 g). 
Recrystallization of this material from pentane gave 5.09 g (78%) 
of 4b: mp 86-87°; uv Amax (EtOH) 248 nm (i 20,100); ir (CCI4) 1668 
and 1612 cm-1; nmr ¿tms (CCI4) 1.22 (s, 3 H, IO-CH3), 1.62 (s, 6 H, 
13 and 14-CH3), 1.75 (s, 3 H, 4-CH3), 1.80-3.20 ppm (broad ab
sorption, 11 H): [n]2SD +165° (c 0.40, CHC13).

Anal. Calcd for CiftH23C10: C, 70.71; H, 9.10. Found: C, 70.57; H,
9.13.

(+)-«-Cyperone. A solution of 4.0 g (0.016 mol) of 4b and 6.57 g 
(0.08 mol) of sodium acetate in 50 ml of glacial acetic acid was 
stirred rapidly and heated at 90-100° for 1 hr. The reaction mix
ture was then allowed to cool to room temperature and poured into 
50 ml of water. The resulting mixture was extracted with four 50- 
ml portions of carbon tetrachloride and the combined organic ex
tracts were washed with two 50-ml portions of 2% aqueous potassi
um hydroxide, one 50-ml portion of 2 N  hydrochloric acid, one 50- 
ml portion of 5% aqueous sodium bicarbonate, and three 50-ml 
portions of a saturated aqueous solution of sodium chloride. The 
organic layer was then dried over anhydrous magnesium sulfate 
and the solvent was removed to give 3.65 g of a yellow oil. Glc anal
ysis (column A) of the crude mixture revealed that it contained n- 
and d-cyperone in ca. 85:15 ratio. Distillation of the crude material 
gave 2.85 g (82%) of (+)-a-cyperone, bp 109-118° (0.05 mm), 
which was greater than 94% one component by glc (column A). The 
product showed identical optical properties (ir, nmr, optical rota
tion) and glc behavior (columns A and B) with an authentic sam
ple of ( + )-«-cyperone prepared by the method of Howe and Mc
Quillin.2

Registry No.— 1, 473-08-5; 4b, 51911-68-3; 5, 5561-14-8; 6, 
51911-69-4; ethyl vinyl ketone, 1629-58-9.
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Interest in fused oxa steroids and related systems is evi
denced by the variety of synthetic approaches1 described in 
the recent literature. We report here the preparation of 
such compounds through a convenient route based on the 
work of H urd and Webb.2

Com m ercially available 2,3-dichropropene-l was used to 
alkylate an appropriate phenol and the resulting ether was 
rearranged by heating in AyV-dim ethylaniline. Of the two 
compounds formed the major product was a chlorine-con
taining phenol derivative which could be cyclized in good 
yield to the minor product under the influence of a strong 
acid. Th e structure of the various compounds could be easi
ly deduced from their pmr spectra.

Th u s, the a-naphthol ether 1 produced a phenol 2 and a 
furanonaphthalene which could be separated on a neutral- 
alum ina column. Two alternative structures 3 and 5 ap
peared reasonable for the furanonaphthalene, the former

arising from the Claisen rearrangement product 2 and the 
latter via  a possible intermediate such as 4.

4 5

Extensive studies3 on the pmr spectra of furan com
pounds have shown that a  protons resonate at about r  2.5 
and (3 protons at about r 3.5. A  one-proton singlet at r  3.6 
in the pmr spectrum of the minor product from the rear
rangement of 1 clearly indicated 3 to be the correct struc
ture. Th e picrate of this compound had the same melting 
point as that recorded by W ilds and Johnson4 for the pic
rate of 3 prepared by a different method. The intermediacy 
of a propynyl naphthyl ether in this rearrangement is ex
cluded because such an ether cyclizes to a naphthopyran.5

The formation of the minor product 3 in good yield when 
2 was treated with polyphosphoric acid is in accord with 
the assigned structure because the acid hydrolysis of the 
vinyl chloride would generate an acetyl function. It  was ob
served that heating of the phenolic product 2 (or 7) for a 
long period ( 10 -14  hr) at a higher temperature (250°) failed 
to produce any significant amount of 3 (or 8).

Th e allyl ether 6 from (3-naphthol gave the rearrange
ment products 7 and 8. The structure of the furano com
pound was again based on pmr spectra and identity of 
melting point of the picrate with that recorded for the pic
rate of 8 in the literature.6

Th e /3-chloro allyl ether 9 from estrone gave a phenol 10 
on rearrangement. The pmr spectrum of this compound 
showed the presence of two p protons; therefore, the allyl 
group had migrated to C -2  rather than to C-4. Treatm ent 
of the phenol 10 with polyphosphoric acid led to the furano 
steroid 1 1  in poor yield; cold sulfuric acid (90%), which 
proved to be a better cyclizing agent, produced 1 1  in 1 5 %  
yield. Th e single-proton signal at r 3.6 in the pmr of 11 is in
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agreement with the fl-unsubstituted furan structure as
signed.

Experimental Section7
2-Chloro-2-propenyl a-Naphthyl Ether (1). A mixture of a- 

naphthol (5 g), anhydrous potassium carbonate (20 g), potassium 
iodide (2 g), and 2,3-dichIoropropene (15 ml) in dry acetone (250 
ml) was heated under reflux for 24 hr. The reaction mixture was 
filtered and the filtrate was evaporated. The residue was purified 
by column chromatography to give 6.3 g (90%) of 1: ir 3030 
(= C H 2), 660, 650, and 630 cm" 1 (= C C 1); nmr (CDC13) r 1.6-2.9 (7 
H, m, aromatic H), 4.5 (2 H, d, C1C = C H 2), 5.4 (2 H, s, -OCH- 
2= C C 1-).

Anal. Calcd for Ci3HuOC1: C, 71.40; H, 5.07. Pound: C, 71.20; H,
5.00.

Claisen Rearrangement of 1. The allyl ether 1 (2.5 g) was 
heated with TV.iV-dimethylaniiine (4 ml) at 193° under nitrogen for 
2 hr. The resulting solution was shaken with ice and dilute hydro
chloric acid and extracted with chloroform. Upon evaporation the 
organic layer gave a mixture of two components (tic) which were 
separated on an alumina column using petroleum ether (bp 40- 
60°) as the eluent. The first fraction was the neutral compound 3: 
0.16 g (6%); mp 21°; pierete (orange needles) mp 113° (lit.4 mp 
113-115°); ir 1620 (aromatic), 820 (trisubstituted double bond), 740 
and 680 cm" 1 (aromatic); nmr (CDC13) r 1.6-3.0 (6 H, m, aromatic 
H), 3.6 (1 H, s, 0-H of furan), 7.5 (3 H, s, CH3).

Anal. Calcd for Ci3HioO: C, 85.69; H, 5.53. Found: C, 85.42; H, 
5.50.

The second fraction, which was the major component, was the 
phenolic product 2: 2.1 g (84%); mp 53°; ir 3350-3200 (-OH), 3030 
(C=CH2), 885 (C=CH2), 610, 650, 660 cm" 1 (-C1C=C-); nmr 
(CDCls) r 1.5-2.8 (6 H, m, aromatic H), 4.7 (2 H, d, H2C=CH-),
5.5 (1 H, broad, -OH), 5.9 (2 H, s, -CH2-).

Anal. Calcd for C13HnOCl: C, 71.40; H, 5.07. Found: C, 71.52; H,
5.3.

Cyclization of 2 . To polyphosphoric acid (prepared by adding 5 
g of P2Os to 3 ml of orthophosporic acid) was added 2 (0.5 g) with 
continuous stirring and heating on a water bath. After about 30 
min the reaction mixture was decomposed with cold water and ex
tracted with chloroform. The organic layer was stripped of solvent 
and the residue was purified by chromatography over alumina; 
elution with petroleum ether (bp 40-60°) gave a compound (0.3 g, 
70%) identical in all respects with the minor fraction (3) obtained 
in the Claisen rearrangement experiment.

2-Chloro-2-propenyl (J-Naphthyl Ether (6). Using the same 
procedure as for the preparation of 1, there was obtained in 90% 
yield the title compound: mp 38°; ir 3030 (-C—CH2), 885-895 
(C=CH2), 625, 690 cm" 1 (-C=CC1); nmr (CDC13) r 0.0-3.0 (7 H, 
m, aromatic H), 4.5 (2 H, d, -C1C1=CH2), 5.4 (2 H, broad s, 
-CH2O-).

Anal. Calcd for C13HuOCl: C, 71.40; H, 5.07. Found: C, 71.25; H,
5.15.

Claisen Rearrangement of 6. The same procedure as before 
was used. The first compound (minor component) off the neutral 
alumina column was 8 (yield 7%): mp 52° (lit. mp 56-57°); picrate 
(orange red crystals) mp 141° (lit. mp 140°); ir 805 cm- 1  
(>C=CH-); nmr (CDCI3) r 1.5-2.7 (6 H, m, aromatic H), 3.3 (1 H, 
s, d-H of furan), 7.5 (3 H, s, CH3).

Anal. Calcd for Ci3HioO: C, 85.69; H, 5.53. Found: C, 85.45; H, 
5.45.

The second fraction (major component) corresponded to 7 (yield 
87%); ir 3500-3250 (OH), 3030, 1650, and 890 (-CH=CH2), 690, 
660, 610 cm" 1 (-CC1=C<); nmr (CDC13) r 2.0-3.2 (6 H, m, aro
matic H), 5.05 (2 H, d, -CC1=CH2), 5.90 (2 H, s, -CH2CC1=).

Anal. Calcd for C13HnOCl: C, 71.40; H, 5.07. Found: C, 71.15; H,
5.00.

Cyclization of 7. Cyclization with PPA as in the experiment 
with 2 converted 7 (0.35 g) to 8 , mp 51-52°, picrate (orange red 
needles) mp 139-140°; the yield was 75%.

2-Chloro-2-propenyl Ether of3-Hydroxy-l,3,5(10)-estrat 
rien-17-one (9). A mixture of estrone (2 g), anhydrous potassium 
carbonate (20 g), potassium iodide (2 g), 2,3-dichloropropene (4 
ml), and dry acetone (200 ml) was heated under reflux for about 25 
hr. The reaction mixture was filtered and the filtrate was stripped 
of solvent to give a residue which after purification by chromatog
raphy over alumina amounted to 2.1 g (80%) of 9: mp 107-108°; ir 
1740 (CO), 920, 900, 880 (C=CH2), 670, 650 cm" 1 (-CC1=C<); 
nmr (CDC13) r 2.6-3.4 (3 H, m, aromatic H), 4.5 (2 H, d, 
-C1C=CH2), 5.4 (2 H, broad s, -CH2CC1=), 9 .1 (3 H, s,
18-CH3).

Anal. Calcd for C2iH250 2Cl: C, 73.13; H, 7.30. Found: C, 72.95; 
H, 7.13.

Claisen Rearrangement of 9. The allyl ether 9 (1 g) was dis
solved in N.N-dimethylaniline (3 ml) and heated to 193° in an oil 
bath under nitrogen for 4 hr. A single product (0.6 g, 60%) was ob
tained after chromatography which was identified as 10: mp 203°; 
ir 3300-3400 (OH), 1740 (CO), 890 (>C=CH2), 710 cm" 1 
(>C=CC1-); nmr (CDC13) r 2.9 (1 H, broad s, aromatic H), 3.5 (1 
H, broad s, aromatic H), 4.8 (2 H, d, CH2=CC1-), 6.35 (2 H, broad 
s, -CH2CC1=), 9.10 (3 H, s, 18-CH3); mass spectrum m/e (rel in
tensity) 346 (1 , M+), 344 (3, M+).

Anal. Calcd for C21H250 2C1: C, 73.13; H, 7.30. Found: C, 73.05; 
H, 7.45.

17-Keto-5'-methylestra-l(10),4-dieno[3,2-c]furan (11). Cy
clization of 10 (0.5 g) was carried out by stirring with 90% sulfuric 
acid (4 ml) for 30 min at 0°. The reaction mixture was decomposed 
with ice water and extracted with chloroform. After the organic 
layer was stripped of solvent and the residue was purified by pre
parative tic (solvent system chloroform-benzene, 70:30), there was 
obtained 70 mg (15%) of the title compound: mp 155-158°; nmr 
(CDC13) t  2.7 (2 H, 2 broad s, aromatic H), 3.6 (1 H, s, /3-H of 
furan), 7.5 (3 H, s, CH3 on furan ring), 9.0 (3 H, s, 18-CH3); mass 
spectrum m/e 308 (M+).

Anal. Calcd for C2iH240 2: C, 81.78; H, 7.84. Found: C, 81.85; H,
7.53.
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Communications
A Route to Furanoid Systems by Intramolecular 

Homoconjugate Addition
S u m m a r y :  Intramolecular O-alkylation of (3-keto ester eno- 
lates by activated cyclopropanes provides a pathway to dihydrofurans and tetrahydrofurylidene derivatives.
S i r :  Recently we reported a new route to the synthesis of 
carbocyclicla and nitrogen heterocycliclb systems v i a  intramolecular homoconjugate addition to activated cyclopro
panes. In the cases thus far described,1 the site of nucleo
philic activity was predictable. Reliable rules concerning the sense (spiro u s . fused modes13) of opening of the cyclopropanes were developed. It was thus of interest to study the intramolecular opening of such activated systems by 
enolates of /3-keto esters, where ambient nucleophilicity (C- 
u s . O-alkylation) has often been encountered.2 Below we 
describe expeditious entries to furanoid derivatives3 by means of preferential intramolecular O-alkylation of such enolates. We also report an unusually high degree of speci
ficity in the geometry of these enolates as a function of solvent.

Terminal allylation of methyl acetoacetate by the excellent method of Weiler4 afforded 1. Attempted cyclopropa
nation of 1 with dimethyl diazomalonate under the influence of copper bronze gave, as the major product (51%), 
enone triester 2, mp 46-48°.5a’6 While the generality of this 
potentially useful reaction7-8 remains to be explored, for our immediate purposes it posed a problem. Accordingly, 1 
was converted (91%) to its dioxolane derivative, 3, and the latter was subjected to cyclopropanation (a solution of 1 
equiv of olefin and 1 equiv of diazo compound was added to a mixture of 1 equiv of olefin and 400 mg of copper bronze/ 
0.1 mol of diazo ester, heated at 140°). The ketal triester 45a so obtained in 70% yield was transformed (1:1 MeOH- concentrated HC1, room temperature) into the desired 55 in 77% yield.

Similarly, cyclopropanation of unsaturated ketal 65a gave 
7 (38%) which afforded 85a (75%) after deketalization. Fi
nally, cyclopropanation of the dioxolane of allylacetone (9)9 followed by deketalization afforded 105 (49% overall), mp 50-52°.

1, X = 0; R = H 4, X = -0(CH2)20 -
2, X = O; R = CH(C02Me)2 5, X = 0
3, X = -0(CH2),O ; R = H

6, R =  C02Me 7, X =  -0(C H 2)20 -; R =  CO,Me
9, R = H 8, X = 0; R = C02Me

10, X =  0; R =  H

Treatment of 5 with 1.6 equiv of sodium hydride in benzene at room temperature for 21 hr gave the tetrahydrofur
ylidene triester l l 5 in 71% yield, after chromatography.

Starting 5 was recovered (21%). While the possibility of trace amounts of products derived from C-alkylation can
not be excluded, O-alkylation is clearly to dominant path
way.Reaction of 5 with dimsylsodium10 (1.1 equiv of triester and 1 equiv of base, room temperature, 3 hr) in DMSO, 
gave a 49% yield of an isomeric substance, similar to but 
different from the sodium hydride product. On the basis of 
data summarized below, this isomer is formulated as 12.5 
Starting material 5 was recovered to the extent of 5% and there was some indication (tic) of the formation of 11. 
Since the total recovery of neutral fraction was only 78%,
O-alkylation is again the predominant pathway.That the closely related 1111 [XmaxCMC13 1725, 1698, 1650 
cm '1; XmaxMe0H 242 nm (e 10,300)] and 12 [XmaxCHCl3 1745, 1725, 1700, 1640 cm“1; XmaxMe0H 242 nm (c 15,000)] are cis 
and trans isomers was verified chemically. Each compound, 
after ozonolysis [(1) O3-CH2CI2, —78°; (2) Zn-AcOH] gave 
the lactone diester 135a (nmr data appear in Chart I12). The 
assignment of configurations to 11 and 12 follows from their nmr spectra (Chart I12) in conjunction with known 
data in 3-alkoxycrotonate systems.13 Thus, for the trans 
isomer 12 the resonance for the vinylic proton occurs at higher field than the corresponding resonance for the cis 
isomer 11. The reverse order is seen in the allylic reso
nances.

Chart I12

Since the counterion for both reactions of 5 is sodium, and since both solvents (benzene and DMSO) are aprotic, the enormous difference in the two cases is likely to be a consequence of solvation. For the case of benzene, the U conformation2-13 involving chelation of the cation by thei3-dicarbonyl enolate ligand might be expected to predomi
nate. This leads to cis product. For a solvent with high cation solvating capabilities, such as DMSO, the W or S con
formations2,13 of the enolates might predominate on dipole
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repulsion grounds. Either of these would lead to trans product.13’14

Treatment of 8 with sodium hydride-benzene (1 equiv of 
8 and 1.6 equiv of base) at room temperature for 96 hr gave 
a 74% yield of dihydrofuran derivative 14 [AmaxCHCl3 1755, 1730, 1690, 1644 cm'1; \ maxMe0H 255 nm (e 12,200); m/e 
286 (P); nmr (Chart I12). While we do not rule out the pos
sibility of small amounts of products derived from C-alkyl- ation, O-alkylation is again the predominant pathway. It 
should be noted that in the case of closely related com
pound 15, which differs from 8 only by carboalkoxyl us. acetyl deprotonation induces rapid scrambling of the est
ers,lc undoubtedly via homoconjugate attack. Whether 
such an equilibrium is concurrent with the O-alkylation reaction is not known.

In an attempt to study the consequences of generating a monostabilized enolate in an intramolecular relationship to a cyclopropane ring, compound 10 was treated with sodium 
hydride-benzene and a trace of methanol. There was thus 
obtained, in 65% crude yield, the difficultly crystalline 
Dieckmann product 16,5>15 mp 35°. The predominant tautomeric form is tentatively assigned as shown, on the basis 
of the chemical shifts (Chart I12) which seem most compatible with the presence of an allylic type methyl. After 
Dieckmann cyclization had been undergone, possibility of 
ring mutation is blunted since an endocyclic type of Sn2 
displacement would now be required.16
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Selective Metalations of Methylated Heterocycles. III. Thermodynamic vs. Kinetic Control
Sum m ary: Ethereal solutions of 2-lithiomethyl-4-methyl- quinoline (4a) can be isomerized to 4-lithiomethyl-2-meth- 
ylquinoline (4b) and vice versa as a function of solvent and 
time.
Sir: Recently, selective metalations of one or the other of 
two methyl groups substituted 2 or 4 to the ring nitrogen 
atoms of 2,4-Iutidine (1), 2,4,6-collidine (2), and 2,4-di- 
methylquinoline (3) as a function of the metalating agent 
were described.1 In essence, exclusive metalations of the 2- or 4-methyl groups of such compounds were realized with n-butyllithium in ether-hexane and sodium amide in liquid 
ammonia, respectively.

Supplementary Material Available. The experimental proce
dures for the reactions described in this investigation will appear 
following these pages in the microfilm edition of this volume of the 
journal. Photocopies of the supplementary material from this 
paper only or microfiche (105 X 148 mm, 24X reduction, negatives) 
containing all of the supplementary material for the papers in this 
issue may be obtained from the Journals Department, American 
Chemical Society, 1155 16th St., N.W., Washington, D. C. 20036. 
Remit check or money order for $3.00 for photocopy or $2.00 for 
microfiche, referring to code number JOC-74-2658.
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We now wish to report that, though selective metalations of polymethylated pyridines and quinolines continue to be 
realized, different organolithium derivatives can be cleanly 
obtained as a function of the ethereal solvent and the reaction periods employed. Thus, metalation of 3 by n-butyl- 
lithium in THF-hexane gives only 4a after 1 hr, mixtures 
of 4a and 4b after 24 hr, and only 4b after 144 hr. That 4a

ch3 CR,Li

'N̂ T H ,L i
4a 4b

and/or 4b were indeed present was demonstrated by con
densation with benzophenone to afford 5a1 or 5b,1 respec

tively. Interestingly, the rate of isomerization of 4a to 4b is 
dramatically increased in the presence of an extra equiva
lent of 3 since only 4b is present at the end of 1 hr.
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In contrast to the conversion of 4a to 4b in T H F -h e x a n e , 4a, prepared from 3 and rc-butyllithium in ethyl ether-hex
ane, did n ot  isomerize to 4b even after 96 hr. In  fact, the 
opposite could be realized. Thus, 4b was prepared from di- 
methylaminolithium and 3 in T H F -h e x a n e  and the reac
tion mixture was divided into two parts. One part was 
trapped with benzophenone to afford 5b. Th e other part 
was evaporated to dryness and treated with ethyl ether, 3, 
and benzophenone to give only 5a.

It  can be concluded from the above that the formation of 
solvated organometallics 4a and 4b is either kinetically or 
thermodynamically controlled depending on the solvent. 
Thus, 4a solvated by T H F  is the kinetic product while 4a 
solvated by ethyl ether is the thermodynamic product. On 
the other hand, 4b solvated by T H F  is the thermodynamic 
product while 4b solvated by ethyl ether is the kinetic 
product. Th e relative thermodynamic stabilities of solvated 
4a and 4b can be rationalized on the basis that the less 
sterically bulky T H F  interacts less with the peri-hydrogen 
atom of 4b than does ethyl ether.

These isomerizations are similar to those obtained with 
excess alkylbenzenes and alkylsodium and potassium re
agents,2 and to those realized with certain alkali derivatives 
of benzyldimethylamine,3 though no solvent effects were 
reported. The interconversions of 4a and 4b probably occur 
via  a small amount of unionized 3 but may also involve d i
anion 4c; compounds like 4c have recently been prepared 
from polymethylpyridines.4

CH,Li

In conclusion, synthetically useful side-chain metala- 
tions of six-membered polyalkyl nitrogenous aromatic het
erocycles can be realized provided that careful attention is 
directed toward the choice of solvent, metalating agent, 
metallic cation, and time. Studies on systems other than 3 
are currently under investigation in these laboratories.
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A Unique Example of Virtual Proton-Proton Coupling in Purine Nucleosides
S u m m a ry: A  unique long-range virtual coupling between 
C - T  H  and C -3 ' H  of 2'-0 -benzyl derivatives of adenosine 
and inosine is reported.

Sir: Our interest in developing techniques for the chemical 
synthesis of oligoribonucleotides of defined chemical struc
ture has led to the synthesis of a number of ribonucleosides 
having the 2'- or 3'-hydroxy! function selectively protected 
by a benzyl1 or p-methoxybenzyl2 group. It  was of interest 
to study the conformation in solution of certain of these 
benzyl ribonucleosides, since molecular models suggested 
that overlap (stacking) of the benzene and heterocyclic 
moieties could occur in the 2/-0 -b enzyl series but not in the 
3'-0 -b enzyl nucleosides (Figure 1). As has been previously 
shown by a number of groups,3“5 pmr spectroscopy in aque
ous (D 2 O) solution affords an excellent method of evaluat
ing a stacking interaction between two or more “heteroaro
m atic” bases in a molecule.

Figure 1

Exam ination of the pmr spectra of 2'-0-benzyladenosine
(1) and 2'-0-benzylinosine (2) in D 20  solution (~ 0 .10  M) at 
60 M H z revealed a striking anomaly in the signal attribut
able to C - T  H . d-D-Ribofuranosylpurine spectra normally 
exhibit J i' 2f values of around 6 H z and the C - T  H  signal 
appears as a clean doublet. T h is was indeed the case for 1 
and 2 in (C D 3 )2SO solutions. In  D 20 , however, the signal 
due to C - T  H  appeared as a complex multiplet. The spec
trum of 2'-0-benzyluridine, on the other hand, revealed an 
entirely normal doublet J y y  =  6.0 Hz) attributable to the 
C - T  H  signal.

As previously observed,1’2 2/-0 -b en zyl ribonucleosides in 
aqueous solution appear to exist in a “folded” conforma
tion (Figure 1) in which the benzene ring is stacked with 
the heterocyclic moiety. It  was, therefore, of interest to de
termine if an elevated temperature would lead to unstack
ing and whether this would have an effect on the m ultiplic
ity of the C - T  H  signal. Therefore, pmr spectra were re
corded of a 0.046 M  solution of 1 in D 20  at 30° and at 70°. 
Unstacking at the higher temperatures was confirmed by 
the downfield shifts of 0.06, 0.13, 0.10, and 0.10 ppm for C -  
8 H , C -2  H , the phenyl protons, and C - T  H , respectively. 
Th e differential shifts of C -8  H  and C -2  H  support a con
formational model in which the benzene ring is stacked p ri
marily over the pyrimidine ring of the purine. In addition 
to the deshielding experienced by C - T  H  over this temper
ature range, the signal collapsed from the multiplet to a 
clean doublet [ J y y  — 5.5 hz). T h is observation strongly 
suggested that the observed m ultiplicity arose from a con- 
formationally dependent long-range coupling between C - T  
H  and another proton in the molecule resulting from stabi
lization of a specific ribose conformation by an intramolec
ular stacking interaction. Unstacking at higher tempera
ture presumably permits the establishment of a mobile 
equilibrium of conformers. Because of the complexity of 
the spectrum arising from the sugar portion of the molecule
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Figure 2. 220 MHz spectrum of 2'-0-benzyladenosine (1) in D20.

and the benzyl methylene, as well as the presence of a substantial HDO peak in the same region, it initially proved impossible to assign all of the proton signals in spectra ob
tained at 60 and 100 MHz. The spectrum obtained at 220 
MHz (Figure 2) was readily assigned, however, and the pos
sibility of long-range coupling with one of the benzyl meth
ylene protons was eliminated by the identification of the 
four sharp, well-resolved lines of a typical AB quartet cen
tered at b  4.47 (c/ h c h  = 12 Hz) for the methylene protons. The anomeric proton signal still appeared as a multiplet; complete assignment of the 220-MHz spectrum revealed that the signals of C-2' H and C-3' H were superimposed.

The knowledge obtained from the 220-MHz spectrum 
enabled the assignment of the superimposed signals arising from C-2' and C-3' H at 60 and 100 MHz. Decoupling ex
periments confirmed that C-T H was coupled only to C-2' 
H and C-3' H; irradiation of the signal due to the latter protons caused the collapse of the C-l' H multiplet to a sin
glet.These experiments establish that the unexpected split
ting of the anomeric proton signal in 1 and 2 is the result of 
long-range coupling between C-l' H and C-3' H. This could arise either as a result of four-bond coupling or virtual coupling. Four-bond coupling across a  bonds usually requires a planar zigzag conformation of the bonds involved. Examination of molecular models reveal that this criterion is not met in the stacked conformation of 1 and 2. In order for 
virtual coupling to occur, three conditions must be met.6 
First, C-2' H and C-3' H must be strongly coupled. The dihedral angle between these two protons is small, and ac
cording to the Karplus relationship, J 2 - 3 - should be large. 
Only a few such couplings have been determined, but those which have been reported range from 4.5 to 6.5 Hz.7 The 
second criterion is that C-l' H be only weakly coupled to C-3' H; the usual absence of any measurable coupling in purine nucleosides attests that this condition is met. Final
ly, the separation between the C-2' H and C-3' H signals

must be less than J 2 \ 3 '. Careful examination of the 220- MHz spectrum reveals that, even at this high field, only 
~1.5 Hz separates the centers of the C-2' H and C-3' H sig
nals.For final confirmation, a partial computer simulation of 
the 220-MHz spectrum of 1 using the LAOCOON III pro
gram was undertaken. The use of J y i2 ' as 6.5 Hz, J 2 ' ,3 ' = 5.0 Hz and the actual chemical shifts of C-l' H, C-2' H, C-3' H, 
and C-4' H resulted in a simulated spectrum of the C-T H 
coupling pattern that is in excellent agreement with the 
measured 220-MHz spectrum.Based upon these considerations, the unique splitting pattern of the anomeric protons of 1 and 2 have been 
shown to result from virtual long-range coupling between C-1' H and C-3' H. This phenomenon appears from the 
limited data available to be specific for base type (purine 
u s .  pyrimidine) and for aqueous solutions. Solubility limi
tations in aqueous solutions have prevented similar analy
sis of 2'-0-benzylcytidine and 2'-0-benzylguanosine spec
tra. To our knowledge, this represents the first report of 
such a phenomenon in a nucleoside.Studies now in progress are expected to provide more specific information on ribose conformational equilibria in these interesting systems and to reveal the scope of the phenomenon by examination of 2'-0-benzyl nucleotides 
and oligonucleotides.
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Synthesis of the Isomers of3-Butyl-5-methyloctahydroindoiizine, 
a Trail Pheromone of Pharaoh Ant

Scheme I

S u m m a r y :  The four stereoisomers of 3-methyl-5-butyloc- 
tahydroindolizine, a trail pheromone o f the Pharaoh ant, 
have been synthesized by methods that unambiguously de
fined their stereochemistry.

S i r :  Ritter, e t  a / . , 1 recently described the isolation and 
identification of a 3-butyl-5-methyloctahydroindolizine as 
a trail pheromone of the Pharaoh ant, M o n o m o r i u m  p h a r -  
a o n i s  (L.). Which of the four possible geometrical isomers 
(la -d ) of this structure was the active pheromone was not 
determined. Because of our interest in the synthesis of 
pheromones of potential utility for pest control,2 and be
cause the reported1 synthesis of la -d  would not be practi
cal for preparation of the individual isomers, we undertook 
syntheses of each of the isomers by routes that would de
fine their stereochemistry and allow their isolation. We 
here report successful preparations of each of the isomers 
from 2 ,6 -lutidine (2) (Scheme I).

Sequential treatment of 2  with n-butyllithium and hex
ene 1-oxide gave the alcohol 3 [bp 92° (0.06 mm), ri21 D 
1.5022],3 Cyclization of 3 with triphenylphosphine dibro
mide (Ph3P-Br2) provided the dihydroindolizinium bro
mide 6 (characterized as the iodide, mp 126-127°) which 
was hydrogenated over PtC>2 to give the a/bcis4-3,5-dial- 
kyloctahydroindolizine la  [bp 119° (27 mm), n25D 1.4669].

Hydrogenation of 3 gave the cis5-piperidyl alcohols 4 
(mp 55-63°). Cyclization of 4 with Ph^P-Br^ followed by 
triethylamine gave a mixture (separated by spinning-band 
distillation) of la  and lb  [bp 125° (27 mm), n 2 5 D 1.4704].

The final two isomers, l c  and Id, whose substituents on 
the piperidine ring bear a trans relationship, were prepared 
analogously. Reduction of 3 with sodium and ethanol gave 
an 80:20 mixture of 4 and its trans isomer 5, respectively. 
Seeding an acetonitrile solution of the crude mixture with 4 
initiated crystallization of that isomer; the mother liquor 
contained approximately equal parts o f 4 and 5. Spinning 
band distillation achieved final separation of the t r a n s - pi- 
peridyl alcohol 5 [bp 77° (0.005 mm), rc25D 1.4732]. Cycliza
tion of 5 with PhsP-Br2 then gave lc  [bp 121° (27 mm), 
n25D 1.4699] and Id [bp 125° (27 mm), n25D 1.4695]; these 
were also separated by spinning-band distillation. A variety 
of packed glc columns (Carbowax 20M, SE-30, others) 
served to distinguish the indolizidines and to monitor the

4
5
6

1. Ph3P B r2

4 EtjN 
LPhjPBr,

2. Etat»
H,_____
PlO;

6

la + lb 
lc  +  Id 
la

Scheme II

7

distillations. Although lb  and Id could not be separated by 
gas chromotography, the synthetic routes chosen circum
vented the necessity for separation. The production o f c i s -  
dialkylpiperidines by catalytic hydrogenation o f the corre
sponding pyridines provided the basis for assigning the 
stereochemistry at positions 6 and 9 of la -d ;6 the stereo
chemistry at position 3 of 6 (and therefore of 7) was estab
lished by the alternate preparation o f la  from 6 . To assign 
the stereochemistry at position 3 of l c  and Id, we again 
turned to the principle of cis hydrogenation, in this case to 
produce the cis-2,5-disubstituted pyrrolidine 9 (Scheme
II). y-Valerolactone was added to the Grignard reagent 
from 2-butylpyrrole (7) to give 8 (mp 63-64°). Hydrogena
tion (Pt0 2 , 50 psi) of 8 gave the pyrrolidinyl alcohol 9 
which was not purified but instead was cyclized directly 
with Phg-Br2 to a mixture consisting mainly o f la  and Id, 
thereby establishing Id as the isomer with hydrogens at po
sitions 3 and 9 situated cis to each other. Small amounts of
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lb  and lc  (total ~15%) were also detected in the reaction 
mixture, indicating that the hydrogenation of 8 must have 
provided a small amount of the trans isomer o f 9.7 How
ever, the fact that la  (all-cis) was one o f the major products 
from this cyclization requires that the substituents on the 
pyrrolidine ring o f the other major product must also have 
been cis.

Experimental details and additional work on this system 
will be reported at a later date.
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tions appears to have been published, cis hydrogenations have normally 
been assumed, and in some cases demonstrated: C. G. Overberger, L. C. 
Palmer, B. S. Marks, and N. R. Byrd, J. Amer. Chem. Soc., 77, 4100 
(1955).

(7) Attempted analyses of 9 by gas chromatography on a variety of packed 
columns was unsuccessful, primarily because of excessive tailing.
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Molecular Rearrangements of TV-Hydroxypyrazole 
Derivatives1

Summary: The tosylates o f N - hydroxypyrazoles are hydro
lyzed quantitatively to 5-pyrazolones, a reaction involving
1 , 2  migration in which anti-aromatic diazacyclopentadienyl 
cations are possible intermediates.

S ir: In an earlier investigation it was observed that acetyla
tion of 1 -hydroxy-3,5-diphenyl-4-methylpyrazole 2-oxide
(1) yielded a C-acetoxy compound (2) rather than an N -

OH
1

acetoxy compound .2 Recently others have reported analo
gous rearrangements in this heterocyclic series.3 In many 
respects these reactions resemble some of those reported in 
the indole4 and purine5 series. In each instance the driving 
force appears to be the exchange of the weak N -0  bond for 
a stronger C -0  bond.

Some additional rearrangements have now been ob
served. Upon heating in aqueous dioxane, acetate 2 further 
rearranges to acetate 3. The structure of 3 rests upon its el-

2
aqueous dioxane 

100°

CH:l OCOCH:,

3

ementary analysis and the similarity o f its infrared and 
nmr spectra to that o f the corresponding dioxide .2-6 Similar 
sequential 1 , 2  rearrangements of Ai-methoxypyrazole ox
ides3 and /V-nitropyrazoles8 have been observed.

Acetylation of TV-hydroxy-3,5-diphenyl-4-methyipyra- 
zole (4a) produced the TV-acetoxy derivative which did not 
rearrange after prolonged heating in boiling xylene. Hy
drolysis regenerated the iV-hydroxypyrazole. However, the 
corresponding (V-tosyloxy compound (5a) was converted 
quantitatively, upon heating in aqueous dioxane, to 3,4- 
diphenyl-4-methyl-5-pyrazolone (6a). This transformation

4a, R —■ C6H5 
b, R = CH3>

N„

CH:i

'NT

OTs

h2o

5a, R =C 6H, 
b, R=CH3

6a, R = C6H5 
b, R = CH,

resembles the conversion o f indoles into oxindoles by hypo
chlorite, a sequence which may begin by N-chlorination4 
yielding an intermediate analogous to the N-tosylate 5.9

When 3(5)-phenyl-4,5(3)-dimethyl-l-hydroxypyrazole 
was similarly tosylated and heated in water, the product 
was again that of phenyl migration, 3,4-dimethyl-4-phenyl-
5-pyrazolone (6 b).

A possible mechanism analogous to those proposed for 
the indoles4 involves ionization of 5 to ion 7, a heterolog of 
the anti-aromatic cyclopentadiene cation . 10 Isomerization

CH3 c h ,

8

to ion 8 would lead to the product. 1 1 ,1 3  In an effort to deter
mine the chemistry o f possible precursors of ions like 7, the 
electrophilic substitution reactions of the hydroxypyrazoles 
are being investigated as sources of such compounds. 
Treatment of 4a with feri-butyl hypochlorite yields 4- 
chloro-4-methyl-3,5-diphenylpyrazolenine 1-oxide (9). 
While the iV-oxide function may strongly influence the re
activity of 9 so that it is a poor model14 for precursors of ion 
7, it was found that 9 reacts readily with silver acetate to 
yield acetate 3. Thus, in this case at least, a reaction which 
most likely involves a carbonium ion intermediate proceeds
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without rearrangement. Of some interest, however, is the comparative ease with which this antiaromatic heteroion is 
produced. Further studies of such ions are in progress.

4a
r -c ,H »oa C6H, Cl CH3

5 Ag02CCH,

N— N.
9
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