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ABSTRACT: Ochrocephalamines B−D (1−3), composed of fused
quinolizidine and octahydroquinoline rings, were isolated from Oxytropis
ochrocephala Bunge. Ochrocephalamine B (1) has a unique bridged
tetracyclic ring skeleton fused with a lactam ring. The structures of 1−3
were elucidated using spectroscopic and computational approaches.
Ochrocephalamine C (2) and D (3) demonstrated potent anti-HBV
activities and are more potent against the secretion of HBeAg than that of
HBsAg.

The plant Oxytropis ochrocephala Bunge, widely distributed
in the western grasslands of China, is poisonous to

livestock such as goats, horses, cattle, etc.1,2 Its striking
common name, “locoweed”, reflects the wobbling gait and
muscular incoordination characteristic of the chronic neuro-
logical disease developed by an animal after eating this
poisonous plant.2,3 In recent years, overgrazing, salinization,
and damage from drought and rodents have allowed O.
ochrocephala to spread across Ningxia, Qinghai, Gansu, and
Tibet in China and even become the dominant species in some
places.3 Prior phytochemical investigations of this plant yielded
flavonoids and saponins along with indolizidine and
quinolizidine alkaloids.4−9 We recently synthesized sophori-
dine derivatives showing potential antitumor activities and
three new quinolizidine alkaloids from O. ochrocephala
Bunge.10−13 If a therapeutic use could be found for these or
other constituents in this plant, harm to the grassland could be
mitigated. We have continued our research program to
investigate bioactive constituents and obtained three new
quinolizidine alkaloids, ochrocephalamines B−D (1−3), and
the known compound aloperine (4)14 from O. ochrocephala.
Here we describe the isolation, structural elucidation, and
bioactivity of these compounds.

As previously reported,12 the whole plant (20.0 kg) of O.
ochrocephala was percolated three times with 95% EtOH. The
resulting crude extract (3.0 kg) was then partitioned between
CH2Cl2 and an acidic liquor (pH 2). After the aqueous phase
was adjusted to pH 11 with 3% NaOH, it was extracted with
CH2Cl2 to give crude alkaloids (100 g). Silica gel column
chromatography, eluting with CH2Cl2/MeOH (1:0 to 0:1),
provided fractions A, B, and C. In the current study, fraction A
was chromatographed on silica gel (petroleum ether/acetone,
10:1), Sephadex LH-20 (MeOH), and then RP-18 (80%
MeOH) columns to yield ochrocephalamine B (1) (7.0 mg)
and a mixture that was then purified by semipreparative HPLC
[XBridge C-18, Waters Corp., 5 μm, 10 mm × 250 mm
column, MeOH/H2O (containing 0.05% TFA), 10/90, 1 mL/
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Ochrocephalamines B (C16H22N2O):

• Comes from plant Oxytropis ochrocephala Bunge 
• Find in china
• White solid
• Seven degree of unsaturation
• 5 chiral centers
• Supper toxic
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If aluminum chloride was not added to the reaction mix-
ture, the acetylene pressure remained constant during eight
days and I was recovered in high yield.

3-Chloro-2-( 2' ,4 '-dinitrophenylthio )-2-butene.—To a
solution of 1.60 g. (0.007 mole) of I in 15 ml. of ethylene
chloride at 0°, was added 3 ml. of ice-cold 2-butyne. The
mixture was kept at 0° for two hours, the solvent removed
by aspiration and the clear yellow oil refrigerated for two
days. The crude crystals were dissolved in 25 ml. of ab-
solute ethanol, and the solution was decolorized by charcoal
and filtered. The filtrate yielded plate-like crystals (1.35
g., 69%), m.p. 68-70°; and, from the mother liquor, 0.33 g.
more of product, m.p. 67-70°, was obtained; total yield
85%. Three recrystallizations raised the melting point to
75-76°.

Anal. Caled, for CioHANüSCI: C, 41.60;  , 3.14;
N, 9.71. Found: C,41.89: H, 3.36; N, 9.49.

4-Chloro-3-(2' ,4 '-dinitrophenylthio )-3-hexene.—3-Hexyne
(2.0 g., 0.025 mole) was added to 4.7 g. (0.02 mole) of I in a
mixture of 40 ml. ethylene chloride and 10 ml. of glacial
acetic acid, and the mixture let stand two hours at room

temperature. The solvents were removed by aspiration and
the residual oil crystallized from absolute alcohol, giving
5.12 g. of product, m.p. 65-66°, and a second crop, 0.77 g.,
m.p. 62-65°; total yield 93%. The analytical sample,
m.p. 65-66°, was prepared by three recrystallizations from
absolute alcohol.

Anal. Caled, for C12H13O4N2SCI: C, 45.50;  , 4.14;
8,10.12. Found: C, 45.73;  , 4.30; 8,10.38.

2-Chloro-l-( 2' ,4 '-dinitrophenylthio)-1,2-diphenylethene.
—Diphenylacetylene (2.13 g., 0.12 mole) was refluxed with
2.35 g. (0.01 mole) of I, in 25 ml. of glacial acetic acid for
8 hours. On cooling to room temperature, 3.82 g. (92.5%) of
yellow prisms, m.p. 196-201°, was obtained. Three re-

crystallizations from glacial acetic acid gave cubic crystals,

m.p. 205.5-207°, raised to 206-207° by recrystallizing
from nitromethane.

Anal. Caled, for CüoHuOíNaSCl: C, 58.18;  , 3.17.
Found: C, 58.29;  , 3.14.

When the reaction of I and diphenylacetylene was con-
ducted as above, but at room temperature, reaction was in-
complete even after several weeks—as indicated by a posi-
tive starch-iodide test for unreacted I. The major product
which first precipitated from the reaction mixture was iden-
tical with the one recorded above; but from the remaining
reaction mixture (after two weeks) there was isolated a
lesser quantity of perfectly-formed, clear orange, diamond
crystals, m.p. 167-192°. Recrystallization of the dia-
monds from hot glacial acetic acid, however, partially con-
verted them to' the yellow cubes melting at 206-207°. The
diamond shaped crystals were not encountered at all when
the reaction was carried out at reflux, as above. This al-
ternate material was not further investigated.

Attempted Additions of I to Butynedioic Acid and to Di-
ethyl Butynedioate.—Attempts to add I to this acid or the
diethyl ester included variations, such as: refluxing equi-
molar quantities of the reactants in ethylene chloride solu-
tions for periods up to 95 hours; attempted reactions in
concentrated acetic acid solutions at room temperature for
4 months; attempted additions at room temperature, with
aluminum chloride, in catalytic quantities (up to 0.1 mole
AlCls/mole I) for extended periods; and refluxing in ethyl-
ene chloride, with 0.1 mole AlCls/mole I for 22 hours. In
all of the non-catalyzed reactions with the ester, I was re-
covered in good yields; while with the acid some I could be
recovered, but other complex products were indicated.
With the catalyst present, dark colored, possibly polymeric
products resulted. In no cases were any products en-
countered which could be identified as the desired adducts.
Los Angeles, California

[Contribution from the Chemistry Department of DePauw University]

1,1, l-Trichloro-2-arylamino-3-nitropropanes
By Frank Brower and Howard Burkett

Received September 29, 1952

Evidence is presented which indicates that the previously reported l,l,l,2-tetrachloro-3-nitropropane was probably 1,1,1-
trichloro-3-nitropropene. Thirteen l,l,l-trichloro-2-arylamino-3-nitropropanes have been prepared. Reduction of the
nitro group of the l,l,l-trichloro-2-arylamino-3-nitropropane

The preparation of l,l,l,2-tetrachloro-3-nitro-
propane (I) by the reaction of phosphorus penta-
chloride with 1,1,1 -trichloro-3-nitropropanol-21 was

reported in 1897 by Henry2 and in 1936 by Irving.3
Upon repeating this preparation the authors ob-
tained a product (II) which had physical properties
nearly identical with those reported previously but
which did not react as had been anticipated. An-
alyses and molecular refractivity of II correspond
more nearly to l,l,l-trichloro-3-nitropropene (III)
than to I. Moreover, the physical and chemical
properties of II are the same as for III prepared by
the treatment of l,l,l-trichloro-2-acetoxy-3-nitro-
propane4 (IV) with sodium carbonate

OOCCH3
OH |

Cl3CCHCH2NOi —> C1SCCHCH2N02 —>

C1SCCH=CHN02

The use of this procedure for the preparation of ni-
(1) M. Compton, H. Higgins, L. MacBeth, J. Osborn and H.

Burkett, Trae Journal, 71, 3229 (1949).
(2) L. Henry, Bull. acad. roy. med. Belg., 34, 568 (1897).
(3) H. Irving, J. Chem. Soc., 188, 797 (1936).
(4) F. D, Chattaway and P. Wirtherington, ibid., 187, 1178 (1935).

to the corresponding amine was successful in only one case.

troolefins has been reported6·6 but has not been used
for this compound. From the above data it is
doubtful that earlier workers actually prepared
1,1,1,2-tetrachloro-3-nitropropane.

The authors had planned to synthesize 1,1,1-tri-
chloro-2-arylamino-3-nitropropanes by the reaction
of I with various amines. Since the latter could
not be prepared, it became necessary to seek other
methods. Chattaway and co-workers7·8 reported
the replacement of the acetoxyl group of IV with
certain basic groups and Irving9 described the
addition of amines to III. We have prepared
twelve 1,1,1 -trichloro-2-arylamino-3-nitropropanes
by the reaction of IV with two equivalents of amine
in alcoholic solution. Three of the above nitroam-
ines and an additional one were prepared by the
addition of amines to III. The ease of this latter
reaction

(5)  . B, Hass, A. G. Susie and R. L. Heider, J. Org. Chem., 15, 8
(1950).

(6) E. Schmidt and G. Rutz, Ber., 61, 2142 (1928).
(7) F. D. Chattaway, J. Chem. Soc., 138, 355 (1936).
(8) F. D. Chattaway, J. G. N. Drewitt and G. D. Parke, ibid., 188,

1530 (1936).
(9) H. Irving, ibid., 160, 1989 (1948).
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Burkett et al. J. Am. Chem. Soc. 1953, 75, 5, 1082-1084
Britton et al. Organic Letters, 2010, 12, 8, 1716 - 1719

clizations highlighted in Table 2. Further investigations that
address the scope and utility of this microwave-assisted
5-endo-epoxide opening reaction are currently ongoing in
our laboratory.

Finally, the efficiency of this chloropolyol cyclization
strategy was demonstrated in a short synthesis of goniotha-
lesdiol (1)17 that initiated with the asymmetric R-chlorination
of commercially available methyl 5-oxopentanoate (41)
(Scheme 4). Unfortunately, the prolinamide-catalyzed orga-

nocatalytic R-chlorination method developed by Jørgensen9b

and effectively employed by us in previous natural product
syntheses7,8,18 proved sluggish on the oxoester 41 and
provided the desired R-chloro aldehyde 42 in modest yield
and enantioselectivity (40% ee). Presumably, epimerization
of the R-chloro product 42 occurs during the extended
(20 h) reaction times required for full conversion of 41. We
were delighted to find, however, that MacMillan’s SOMO-
actiVated aldehyde R-chlorination reaction,9c that employs

the imidazolidinone catalyst 46, chosen in part for its lack
of reactivity with the R-chloro products,9c provided the
desired R-chloro aldehyde 42 in good yield and enantiomeric
excess (91% ee). Treatment of the resultant chloroaldehyde
42 with the lithium anion derived from (Z)-2-phenyl-1-
iodoethene (43) and subsequent dihydroxylation (dr ) 8:1)
afforded the chlorotriol 45 as the major diastereomer in 74%
isolated yield. Microwave heating of this material in metha-
nol gave (+)-goniothalesdiol (1) as a single configurational
isomer. The spectral data (1H NMR, 13C NMR, HRMS, [R]D,
IR)19 derived from (+)-1 were in complete agreement with
those reported for the natural product.4,17 It is noteworthy
that this four-step synthesis of (+)-1 compares well with
those reported in the literature that range in length from 10
to 16 linear steps.4

In summary, we have developed a concise and stere-
ochemically flexible approach to functionalized tetrahydro-
furanols that involves simply heating readily available
chloropolyols in water. Notably, this operationally straight-
forward reaction is both high yielding and regioselective for
the formation of tetrahydrofurans. Thus, complicated protect-
ing group strategies can be avoided, as displacement of the
chloride by ancillary alcohol functions does not occur at any
appreciable rate under these reaction conditions. The ef-
ficiency of this approach to functionalized tetrahydrofuranols
was also demonstrated in a short (four-step) synthesis of the
natural product goniothalesdiol (1). The application of this
methodology to the synthesis of more structurally complex
tetrahydrofuran-containing natural products is currently
underway in our laboratory, and the results of these efforts
will be reported in due course.

Acknowledgment. Research supported by NSERC-
Canada and Merck Frosst Canada Ltd., Michael Smith
Foundation for Health Research (B.K.), and NSERC CGS
(B.K.). We thank Prof. Glenn Sammis (UBC) for generously
allowing us use of his microwave reactor.
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(15) The formation of oxepane was also inefficient following this
protocol. For example, microwave heating of 6-chloro-1-hexanol in H2O
provided oxepane (10%), 1,6-hexanediol (20%), and 7-oxa-1,13-tride-
canediol (30%).

(16) See, for example: (a) Simpson, G. L.; Heffron, T. P.; Merino, E.;
Jamison, T. F. J. Am. Chem. Soc. 2006, 128, 1056. (b) Heffron, T. P.;
Jamison, T. F. Synlett 2006, 14, 2329. (c) Morten, C. J.; Jamison, T. F.
J. Am. Chem. Soc. 2009, 131, 6678. (d) Morten, C. J.; Byers, J. A.; Van
Dyke, A. R.; Vilotijevic, I.; Jamison, T. F. Chem. Soc. ReV. 2009, 3175.

(17) Isolation of goniothalesdiol: Cao, S.-G.; Wu, X.-H.; Sim, K.-Y.;
Tan, B. K. H.; Pereira, J. T.; Goh, S.-H. Tetrahedron 1998, 10, 2143.

(18) Mowat, J.; Gries, R.; Gries, G.; Khaskin, G.; Britton, R. J. Nat.
Prod. 2009, 72, 772.

(19) Certain resonances in the 13C NMR spectrum of (+)-1 recorded in
CDCl3 were found to shift slightly depending on concentration. The 13C NMR
spectrum of a 0.04 M solution of (+)-1 was identical to that reported for both
natural17 and synthetic4 goniothalesdiol. The specific rotation for synthetic (+)-1
([R]25

D +7.2 (c 0.2, EtOH)) was consistent with the value reported in ref 17
for natural goniothalesdiol ([R]25

D +7.5 (c 0.23, EtOH)).

Scheme 4. Total Synthesis of (+)-Goniothalesdiol (1)

Org. Lett., Vol. 12, No. 8, 2010 1719

HO OH

Br

MeO O

O N
H

NO
tBu

Cu(CO2CF3)2
LiBr

O O

BrOMe
DIBAL

NN

H O

H
H



Step 1:

NH2

CO2H

COCl2

O

H
N

O
O

NN

H O

H
H



Step 2:

O

H
N

O
O

Glycine methyl ester
NEt3

THF/CHCl3,-78 oC, 13h

H2N
N
H

O
OMe

O

NN

H O

H
H



Step 3:

H2N
N
H

O
OMe

O

Heat

toluene, 24 h N
H

H
N

O

O

NN

H O

H
H



Step 4:

N

N

MeO

OMe

N
H

H
N

O

O
Me3O.BF4

CH2CL2

322 S. D. Bull et al. / Tetrahedron: Asymmetry 9 (1998) 321–327

Scheme 1. (i) COCl2; (ii) glycine methyl ester·HCl, 2.1 eq. triethylamine, THF/CHCl3,−78°C; (iii) toluene, ∆; (iv) Me3O·BF4,
CH2Cl2

2. Results and discussion

A suspension of homochiral L-valine was stirred with a 1.97 M solution of phosgene in toluene and
THF at 50°C to give the desired N-carboxy-Leuch’s anhydride 2, as a white crystalline solid in 90–95%
yield. Careful control of dilution, reaction temperature and time were necessary for good yields of 2 to
be obtained otherwise significant quantities of polymeric material began to accumulate.

Formation of dipeptide H2N-L-Val-Gly-OMe 3 was best carried out at relatively high concentration
and at low temperature in order to minimise competing polymerisation. Two equivalents of triethylamine
were added to a solution of glycine methyl ester hydrochloride in chloroform at −78°C followed by the
addition of a solution of 2 in THF. It was essential that the reaction was stirred efficiently during this
addition since triethylamine hydrochloride forms a gelatinous precipitate which can result in inefficient
mixing of reagents and decreased yields of 3. After stirring for 4 hours at−78°C the reaction mixture was
stored overnight at−20°C before removal of the triethylamine hydrochloride by filtration and evaporation
of the solvent to afford the thermally unstable dipeptide 3 as a crude oil. Subsequent cyclisation to DKP
4 was achieved by heating crude 3 in toluene at reflux for 24 hours. DKP 4 was purified by refluxing with
charcoal in boiling water and after evaporation of solvent the resulting powder was dried for 24 hours at
90°C under vacuum to give an overall yield of 70–80% from L-valine.

Our initial attempts to methylate DKP 4 with Me3O·BF4 were unsuccessful affording 1 in poor, non-
reproducible yields (<20%). A detailed investigation into this reaction revealed a number of experimental
conditions which must be followed if good yields of 1 are to be obtained:

(1) DKP 4 must be totally free of solvent. Any adventitious water results in the premature cleavage
of the bis-lactim ether bonds of 1 to afford the methyl esters of valine and glycine. Severe conditions
are required to obtain solvent-free DKP 4 as a result of both its hygroscopic nature and its remarkable
solvent gelling properties. Our preliminary studies show that as little as 1 mg of DKP 4 can completely
gel 1 ml of a wide range of commonly available solvents (acetone, acetonitrile, benzene, chloroform,
dichloromethane, dioxane, ethanol, ethyl acetate, nitromethane, tetrahydrofuran and toluene). Many of
these gels are stable up to the boiling points of the pure solvents and simple calculations reveal that
this gelation process requires a single molecule of DKP 4 to be associated with at least 3000 molecules
of solvent.6 Solvents in which DKP 4 does not gel include butan-2-one, chlorobenzene, cyclohexane,
dimethoxyethane, dimethylformamide, di-n-butyl ether, diethyl ether, pentane and water.

(2) Good yields of 1 were only obtained when freshly prepared Me3O·BF4 was used. Commercial
samples were of inferior quality and gave poor yields.7 Fresh Me3O·BF4 was prepared by modification
of the Organic Synthesis procedure which involved the dropwise addition of epichlorohydrin to a solution
of Me2O and BF3·Et2O in dichloromethane at low temperature.8 This original procedure was highly
wasteful of the gaseous component Me2O and a protocol was therefore developed where sequential,
portionwise additions of epichlorohydrin and BF3·Et2O ensure that all of the costly Me2O is consumed.
This modification enables kilogrammes of this valuable oxophilic alkylating agent to be prepared
economically in excellent yield.9

(3) The sampling of aliquots from the reaction mixture revealed that initial methylation of DKP 4

S. D. Bull et al. Tetrahedron: Asymmetry 1998, 9, 321–327 
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Step 6:

5608 K. fiXXiCH etal. 

II. Results and Discussion 

The lithiated bislactim ether of cyclo(-L-Val-Gly-) 2 was obtained as usual from the bislactim ether 1 and n-butyl- 

lithium.12 Upon addition of 2 to the nitro olefines 4 the nitro adducts 5 were obtained. Yields and diastereomeric 

ratios are listed in Table 1. Diastereomeric ratios were determined by capillary GC MS and ‘H NMR spectros- 

copy. The (2R,SS)-configuration of the major diastereomer was established through the 5J5~,2~ coupling constant 

According to our previous experience, 5J 5~2~ in the bislactim ether moiety is approximately 3.5 Hz for tram- and 

approximately 5 Hz for cis-disubstituted bislactim ethers. The results show clearly that the lithium reagent 2 is not 

suitable for diastereoselective Michael additions. 

i i 
1. RCH=CH2N02 (4) 

n-BuLi 2. H20 
- 

OMe OMe 

1 2 R 5 

1. n-BuLi 1. RCH=CH2N02 (4) 
, 2. CITi(NEt2)3 2. H20 

* 5 

3 

Table 1. Michael addition of the lithiated and the titanated bislactim ether 2 and 3 to nitro olefines 

4,5 R 

via the lithiated hislactim ether 2 via the titanated bislactim ether 3 
yield (%) of 5 diastereomeric ratio of 5 yield (o/c) of 5 diastereomeric ratio of 5 

(2R,l’R):(2R,l’S):(2S,l’R):(2S,l’S) (2R,l’R) : (2R,l’S) 

a H 50 65 : 35 a) 74 a) 

b CH3 81 50142: 5:3 51 99 

c C,H, 78 45:38:11 :6 57 97 
d p-CH&H, 44 46:34: 13:7 63 >99 
e p-Br-C&H4 54 94 
f p-N02-C6H4 81 94 

g 3,4-(CH30)2-CgH3 67 95 
h 2-CtuH, 73 93 
i C02C2% 83 64 

: 1 

: 3 

: <l 

: 6 

: 6 

: 5 

: 6 

: 36 

a) No chiral center at C- 1’. 

Schöllkopf et al. Tetrahedron 1992, 48, 27, 5607-5618. 
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Step 7:

Asymmetric synthesis of a-amino-y-nitro carboxylic esters 5611 

In order to avoid the formation of 10 and to obtain the desired cq-diamino acids, the bislactim ether needed to be 

cleaved prior to reduction. The hydrolysis of the bislactim ethers 5 proceeded smoothly without any racemization 

to yield the a-amino acid methyl esters 12 virtually enantiomerically and diastereomerically pure (see Table 3). 

Under these reaction conditions a Nef-reaction t* of the nitro group was not observed. Methyl L-valinate - the 
chiral auxiliary in this synthesis - could be removed easily by bulb-to-bulb distillation or by column chromato- 

graphy. 

0.25 N HCI 

- L-Val-OMe 

5 12 

Table 3. u-amino-y-nitro acid esters 12 

5 12 R yield (%) of 12 

b a CH3 78 
d b p-CH3CeH, 64 

e c p-Br-CeH4 53 

h d *-CmH, 51 

In an exemplary experiment 12a was hydrogenated (Hz/Pd) yielding the lactam I4 via methyl 2,4-diamino-3- 

methyl butanoate (13). 

OMe 
H,/Pd ) 

12a 

NH2 
OMe 

CH, 0 

0 

f-W 
NH 

- c 
H3C 

14 

N

N

MeO

OMe

NO2

L-val-OMe
HCl

Cl

Cl

Cl

O2N
OMe

O

NH2

Cl
Cl

Cl

Schöllkopf et al. Tetrahedron 1992, 48, 27, 5607-5618. 

NN

H O

H
H



Step 8:

O2N
OMe

O

NH2

H2,Pd H2N
OMe

O

NH2

Cl
Cl

Cl
Cl

Cl Cl

NN

H O

H
H



Step 9:

Asymmetric synthesis of a-amino-y-nitro carboxylic esters 5611 

In order to avoid the formation of 10 and to obtain the desired cq-diamino acids, the bislactim ether needed to be 

cleaved prior to reduction. The hydrolysis of the bislactim ethers 5 proceeded smoothly without any racemization 

to yield the a-amino acid methyl esters 12 virtually enantiomerically and diastereomerically pure (see Table 3). 

Under these reaction conditions a Nef-reaction t* of the nitro group was not observed. Methyl L-valinate - the 
chiral auxiliary in this synthesis - could be removed easily by bulb-to-bulb distillation or by column chromato- 

graphy. 

0.25 N HCI 

- L-Val-OMe 

5 12 

Table 3. u-amino-y-nitro acid esters 12 

5 12 R yield (%) of 12 

b a CH3 78 
d b p-CH3CeH, 64 

e c p-Br-CeH4 53 

h d *-CmH, 51 

In an exemplary experiment 12a was hydrogenated (Hz/Pd) yielding the lactam I4 via methyl 2,4-diamino-3- 

methyl butanoate (13). 

OMe 
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Modified ZSM-5 Catalysts for the Synthesis
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Heterocyclic compounds are widely distributed in nature
and are essential to human life; they play a vital role in
metabolism. Because of their extensive practical use, the
literature of the subject is correspondingly vast.* 1 2Among
heterocyclic compounds, alkylpyrrolidine and -piperidine,
dialkylpiperizine, DHP, etc. often attract the most at-
tention. Zeolites, being acidic, have proved to be better
catalysts in the synthesis of fine chemicals, based on their
activity, selectivity, reusability, and nonpolluting nature.2-4
Moreover, there are very few reports of the syntheses of
heterocyclics over zeolites even though it is of topical
interest.5-7 Herewith, we are reporting the vapor-phase
intermolecular cyclization of diol and alkylamine to N-
and O-containing cyclic compounds over modified ZSM-5
catalysts (Scheme 1) for the first time.

The reaction results of 1,4-butanediol and methylamine
over different modified ZSM-5 catalysts are depicted in
Table 1. All the catalysts were activated for 4 h at 420
°C in air before doing the reaction. The yield of N-
methylpyrrolidine (NMP) has been enhanced by using an

excess of methylamine. The optimum temperature to
obtain more NMP is 300 °C. At lower temperatures (<300
°C), >90% tetrahydrofuran (THF) was obtained. On the
other hand, at >300 °C, side products including aromatics
increased.8 In the case of CrZSM-5, the NMP product
selectivities were 64.2,28.5, and < 15 at 300,350, and 400
°C, respectively. However, the VZSM-5, MoZSM-5, and
MnZSM-5 are not showing much difference in the forma-
tion of NMP with temperature, but the side products were

increased to 7%. Interestingly, VZSM-5 was yielding NMP
but the SAPO, VAPO, and VSAPO were not, even though
the main constituent is vanadium. This may be due to
the channel/structure of the ZSM-5, or the impregnated
vanadium residing in the channels/pores may be respon-
sible. Altogether, the promoting effect of cations to form
NMP is in the following order: Cr > V > Mn > Mo > Pb
= Cu > W.

The plausible mechanism for the formation of NMP and
THF is shown in Scheme 2. CrZSM-5 is a bifunctional
catalyst with [Cr(OH)]2+ and H+ as active centers. The

t IICT communication no. 3309. Dedicated to Dr. A. V. Rama Rao
on his 60th birthday.
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HCXChWnOH + RNH2

Scheme 1

MZSM-5

(CH2)„X ,(CH2)„s
+ ( ] + HO(CH2)„NHR

 = 4 or 5, R = CH3 or CH2CH3 M = Cr, V, Mn, Mo, etc.

Scheme 2. Plausible Reaction Mechanism To
Form THF and N-Methylpyrrolidine

h2o

bifunctionality and polarizability of the cation are re-

sponsible for the formation of NMP. Bronsted acidic
centers are formed in the dissociation of water.9 The

Cr3+ + H20 - [Cr(OH)]2+ + H+ (1)

polarizability of Cr3 4567"1" (or cation) is responsible for the
dissociation of water resulting in the bifunctional nature
of the catalyst. Because of the absence of amine in feed,
the product is only THF. The 1,4-butanediol interaction
with Bronsted acidic center H+, followed by dehydration,
results in the primary carbocation as shown in Scheme
2. The primary carbocation is stabilized by [Cr(OH)]2+
species in the ZSM-5 channel, as depicted in Figure 1.
The channel size (5.6 Á) of ZSM-5 may also restrict the
formation of stable secondary cation is due to geometric
constraints. Secondly, the reaction of methylamine with
THF is also taking place. On the basis of the product
distributions in the reactions in Table 2, the reaction route
may be proposed as BD to THF to MAB to NMP (Scheme
2).

The activity of CrZSM-5 (unless stated) was checked in
the experiments with various substrates (Table 2).
CrZSM-5 proved to be active in most of the cases and N-
and O-containing cyclic compounds were obtained in good
yields. The striking feature of this system is the 98.2%
conversion of y-butyrolactone (entry 8) to 1-methyl-2-
pyrrolidone under mild conditions. The reaction of aniline
(entry 4) was found sluggish. This can be easily explained
as due to the difficulty in diffusion of product out of the
channels of zeolite. In regard to molar ratio, in the reaction

(9) Kulkami, S. J. Ph.D. Thesis. University of Poona, 1980.
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Step 24:
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and 1d bearing electron-withdrawing chloro- and trifluoromethyl
groups on the benzene ring completed within 12 h to afford 2c
and 2d in 89% and 92% yields, respectively (entries 3 and 4).
Heteroaromatic substituents, such as a benzo[b]thienyl group,
did not affect the migration efficiency (entry 5). Migration of the
double bond of alkenes with alkyl side chains 1f and 1g
proceeded smoothly to afford 2f and 2g in good yields (entries
6 and 7). Formation of a small amount of 2f0 implies that
current migration using TaCl5 proceeded via the generation of
p-allyl palladium species (vide infra). Internal alkene (E)-4a was
also applicable to the reaction, and its stereochemistry did
not affect the efficiency of migration (entry 8). However, the
migration of internal alkene 1h, which has two longer alkyl
chains attached to the double bond, was sluggish, and the
expected 2h was obtained in 68% yield along with a mixture of
other internal olefin isomers (entry 9). A higher catalyst loading
was essential for migration of 1i over a five-carbon chain to
obtain an acceptable yield of b-alkylstyrene 2i (entry 10). Double
migration of the terminal diene 1j proceeded smoothly to
afford 2j in 84% yield (entry 11).11

The reaction progress of 1a was monitored by 1H NMR,
which revealed that release of the isomerized olefins 3a and 4a
from a reactive palladium center was faster than the chain
walking through 1a to 2a without dissociation, and trans-
position of the double bond occurred mainly via a stepwise
migration (Fig. S1, ESI†).12 Conversion of starting olefin 1a was
complete within the first 3 h, and the proportion of inter-
mediate 4a was greater than that of 3a at all reaction times.
These results indicate that the second migration to 3a from 4a
was reversible and relatively slow compared with the first (1a to
4a) and third migrations (3a to 2a), and required a prolonged
heating time. Note that an induction period and a sigmoidal
reaction profile were observed using only PdCl2 without TaCl5

(Fig. S1, ESI†). This is consistent with the in situ formation
of the chloro-bridged Pd/Ta heterodinuclear complexes, which
possessed greater Lewis acidity toward the carbon–carbon
double bonds.13–15

Two commonly accepted mechanisms for the migration of
olefinic double bonds can be found in the literature: (1) insertion
of metal hydride species into double bonds followed by
b-hydrogen elimination (see eqn (S1) in ESI†) and (2) formation
of p-allyl metal species followed by protodemetallation at
the opposite allyl terminus along with the regeneration of
catalytically active species (Fig. 1).2,16 Preliminary insights were
obtained from the migration reaction of deuterated 1k-d
(eqn (1)). Deuterium was incorporated selectively into the C1
and C3 positions, suggesting that the current olefin migration

proceeded through an intramolecular 1,3-hydrogen shift via the
formation of a p-allyl palladium species.16

Most of the previously reported efficient double-bond migration
reactions proceeded via insertion of a hydride metal species into the
double bond followed by b-hydrogen elimination.2d,4b,d–g The
present migration follows a different mechanism as discussed
above, and similar transpositions via the generation of p-allyl
palladium species are rare. This novel transposition enabled
chemoselective migration of the double bond of 1a in the
presence of allylether 1l. Migration of pure unsaturated hydro-
carbon 1a occurred predominantly over that of 1l using PdCl2

and TaCl5 as catalysts (Table 3, entry 1). This unique selective
migration over a heteroatom-containing alkene was not achieved
with the previously reported catalyst systems. For example,

Fig. 1 The proposed reaction mechanism.

Table 3 Chemoselective migration of terminal alkenes

Entry Conditions Resultsa

1 PdCl2 (2 mol%), TaCl5 (4 mol%) 2a 90%, 2l 8%
THF, 60 1C 1a 0%, 1l 81%

2b Pd(dba)2 (2 mol%), tBu3P (2 mol%) 2a 5%, 2l 52%
iPrCOCl, toluene, 80 1C 4a 71%

1a 21%, 1l 48%

a Isolated as a mixture of other regioisomers ( yields of other isomers
were less than 5%). b Ref. 7c.

Scheme 2 PdCl2- and FeCl3-catalyzed site-selective functionalization of
a remote C–H bond through the one-pot sequential migration of a double
bond and hydroarylation.
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