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Kurzzusammenfassung

Eine essentielle Komponente fiir die Synthese von 1,2-Azaborinen ist sekundares Allylamin.
Um dieses herzustellen, ist die Reduktion von Allylamiden mit Hilfe von Lithiumaluminium-
hydrid eine gangige Methode. Die Anwendung von literaturbekannten Vorschriften fihrte al-
lerdings zu einem Angriff auf die nicht aktivierte, unpolare Doppelbindung. Daraus resultierte
ein Problem in der Separation von Produkt und Nebenprodukt. In Folge dessen wurden eine
detaillierte Untersuchung des Mechanismus und eine Optimierung der Reaktionsbedingungen

fir die Synthese von Allylaminen durchgefiihrt.

Optimierung der Reduktion
zu sekundéren N-Allylaminen
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Optimierung der Aromatisierungs- Synthese neuartiger

reaktion zu 1,2-Azaborinen 1,2-Azaborin-
fiir konjugierte Polymere Vinylpolymere

Bei der Synthese der Monomere fiir konjugierte 1,2-Azaborin-Polymere stellte sich die Aro-
matisierung (oxidative Dehydrogenierung) zu 1,2-Azaborinen als Nadelohr-Reaktion mit ma-
Riger Umsetzung heraus. Eine Optimierung der Reaktionsbedingungen fiihrte zwar zur Ver-
besserung der Umsetzung, aber durch die schnelle Desaktivierung durch den Arylbromid-Sub-

stitutent auch zur Limitierung von Palladium als Katalysator dieser Reaktion.

Da allerdings die Aromatisierung zum N-methylierten Azaborin zu einer nahezu vollstandigen
Umsetzung fliihrte und eine erfolgreiche Isolierung erméglichte, konnte das N-Methyl-B-vi-
nylazaborin synthetisiert werden. Eine anschlieRende freie radikalische Polymerisation ergab
ein neuartiges Poly(vinylazaborin) — ein neues B-N-Analogon von Polystyrol. Dartiber hinaus
wurde das erste Copolymer seiner Art durch die Copolymerisation mit dem C-C-Analogon (2-
Methylstyrol) erfolgreich hergestellt. Ein sorgfaltiger Vergleich der Polymere mit Hilfe von
NMR-Spektroskopie, Thermogravimetrie, dynamischer Differenzkalorimetrie, Gel-Permea-
tions-Chromatographie, UV/Vis-Spektroskopie und IR-Spektroskopie zeigte signifikante Un-

terschiede der Eigenschaften.






Abstract

On the route to 1,2-azaborines, secondary allylamines were needed as starting materials. For
the syntheses of these allylamines, the reduction of allylamides by lithium aluminium hydride
is a common method. However, the application of reported procedures led to an unexpected
attack of the unactivated nonpolar double bond and, consequently, to a separation problem
of product and by-product. Therefore, an in-depth investigation of the mechanism and an op-

timisation of the reaction conditions were performed.
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Optimisation of the Aromatisation Synthesis of
Towards 1,2-Azaborines Novel 1,2-Azaborine
for Conjugated Polymers Vinylpolymers

Towards the synthesis of monomers for conjugated 1,2-azaborine polymers, the aromatisa-
tion (oxidative dehydrogenation) to 1,2-azaborines emerged to be the bottleneck reaction
with only moderate conversion. Consequently, an optimisation of the reaction conditions was
performed which led to an improvement, but also revealed inherent limitations due to a fast

catalyst deactivation by the aryl bromide substituent.

Since the aromatisation to the N-methylated azaborine led to nearly full conversion and a
feasible isolation, N-methyl-B-vinylazaborine was successfully synthesised. A following free
radical polymerisation resulted in a novel poly(vinylazaborine) — a new B-N analogue of poly-
styrene. Furthermore, a copolymerisation with the C-C analogue (2-methylstyrene) led to the
first copolymer of its type. A thorough comparison of the polymers by NMR spectroscopy,
thermogravimetry, differential scanning calorimetry, gel permeations chromatography, UV-
Vis spectroscopy and infrared spectroscopy showed significant differences of their physical

and chemical properties.
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1 A Guide Through This Thesis

One goal of this work was to prepare poly(B-vinylazaborine)s as the first azaborine analogues
of polystyrene. The development of a general synthetic route towards 1,2-azaborines? by Ashe
et al. in the year 2000 paved the way to a wide range of azaborines. Key starting materials in
this route are allylamines. Therefore, the obvious and easiest way for varying 1,2-azaborines
was the use of different substituted secondary allylamines. For these compounds, several syn-
thetic methods exist in principle. The reduction of allylamides by using LiAlHs as reducing
agent is the most versatile route to secondary allylamines. Theoretically, it should result in the
corresponding amines, potentially with amides as side products in the worst case. Separation
of amine and the corresponding amide is generally feasible. Thus, this synthetic route was
applied to obtain secondary allylamines for the synthesis of 1,2-azaborines which were to be
used in further projects (see Chapter 3.3 and 3.2). However, reduction by LiAlH4 led to an
unexpected attack of the double bond and as a consequence to a separation problem of prod-
uct and by-product (Figure 1). For this reason, a mechanistic and optimisation study of this

reaction was performed (see Chapter 3.1.1).

.@ H
. H‘\ "H 4,' o,’ H
H H
Allylamide Allylamine By-product

Figure 1. The objective for the first project was a mechanistic study on the over-reduction of secondary allyla-

mines and an optimisation of the reaction conditions.

A second goal of this work was to optimise the oxidative dehydrogenation step which was
pointed out as the bottle-neck reaction towards a monomer for conjugated azaborine poly-

mers.

1 In literature as well as in this thesis, the name “1,2-azaborine” or “azaborine” is often used as an abbreviation
for the correct name “1,2-dihydro-1,2-azaborine”.




1 A Guide Through This Thesis

The following chapter is then concerned with the synthesis of vinylazaborines and their
polymerisations (Figure 2). In addition, the feasibility of a copolymerisation with the corre-
sponding C-C containing monomer was to be tested. A full comparison of the B-N polymer,
the copolymer and the C-C polymer revealed novel insights into B-N/C-C isosterism and also

into this new B-N material (Chapter 3.3.1).

- O

B Me C
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B N Me B h B
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Figure 2. Is it possible to polymerise and copolymerise a B-N bond containing vinylazaborine? Which differences

are between the B-N and the corresponding C-C type?

Besides these core projects dealing with azaborines, | collaborated with Dr. Lu-Ying He on a
project in her PhD thesis on “Nucleophile-Selective Cross-Coupling Reactions with Vinyl and
Alkynyl Bromides on a Dinucleophilic Aromatic Substrate” which resulted in a further publica-

tion (Chapter 3.4).
Numbering of compounds in this work

The compounds which are not published so far are numbered starting from number 1. How-
ever, every publication has its own numbering of compounds. This will be integrated into this
work, if needed, by adding a prefix: For example “P1-” which stands for “Publication 1”. Con-

sequently, the compound 1 of the publication 1 will be numbered as “P1-1”.




2 Introduction

2.1 Vinyl Polymers

In the European plastics industry, the demand for vinyl polymers constitutes more than one
third of all plastics. Including polyethylene (PE), polyolefines comprise more than two-thirds
of the market with a turnover of over 350 billion € in 2014.* These enormous numbers demon-

strate the high importance of this class of polymers (Scheme 1).

PS PVC PP PE

n c " Me n
>1/3 ED

> 2/3 ED

Scheme 1. Representatives of vinyl polymers with highest demand in European industry; PS = polystyrene,

PVC = poly(vinylchloride), PP = polypropylene, PE = polyethylene, ED = european demand.?

Not only for industry, but also for research groups these polymers are of high interest. A par-
ticular research field is the synthesis of functional polyolefines, especially those with polar
functional groups, which can improve the properties in terms of adhesion, toughness, printa-
bility, miscibility and rheology.? For their preparation, different strategies are imaginable: for
example postfunctionalisation of polymers or the copolymerisation of polar and nonpolar
monomers (random, controlled alternating or blockcopolymerisation). The latter approach
was chosen in this topic, where a novel olefinic monomer was developed and polymerised.

This olefinic monomer, N-methyl-B-vinylazaborine, contains a polar boron-nitrogen bond.

Vinyl polymers, shown in Scheme 1, differ in their side chains. In this respect, polystyrene (PS)
offers many variation possibilities due to the potential to substitute ortho-, meta- and para-
positions on the benzene ring.3?® This fact makes it easy to tune the properties of PS to the
desired applications. Pure PS is remarkable for its high stiffness, medium hardness and
strength but low impact resistance.'? Beyond the substitution pattern of PS, processing also

influences the resulting material. Thus, polystyrene is used for example in different forms in

3



2 Introduction

(food) packaging,''''® as expanded version (PS-E) in (thermal) insulations**-'> (Figure 3; b and
d), as tough plastic for casing'%*31® (Figure 3; a) and household objects'?*3'7 (Figure 3; c) or

as ingredient synthetic rubber for tires.'8

__ iy

Figure 3. Collection of photographic images which show applications of polystyrene; a)'¢, b)4, ¢)*7, d)**.

2.1.1 Ring Modified Polystyrene

Modifications at the benzene unit have a significant effect on the molecular packing behav-
iour, on the space between each side arm and consequently on the rotation ability of the
backbone.'¥?0 In early 1963, Dunham et al. investigated a range of differently substituted PS
and found correlations between the substitution position, the substituent bulkiness and the
glass transition temperature (Tg), in which the latter is a first indication for free rotation of the
backbone. Mono methyl substitution on ortho-position increased the Tg compared to PS
whereas a methyl group on meta- and para-position decreased the Tg. For mono chloro sub-
stitutions on ortho- and meta-position similar behaviours were observable, although para-
chlorinated PS showed an increase of the Tg. Beside the steric effect, which is underlined by
anincrease in Tg with increasing size of the halogen atom, other influences are obviously more

dominant in the para-position (Scheme 2).°

For the substitution of hydrogen of the benzene ring almost infinite possibilities are imagina-
ble. Additionally, it is also considerable to exchange one or more carbon atoms for heteroa-
toms, which still further extends the variety. In the case of nitrogen as heteroatom, the result-
ing polymers are poly(vinylpyridine)s (PVP)s, which are both more polarized compared to PS
and capable to bind metals and metal complexes with the free electron pair of the nitro-

gen 21,22
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n n n n
Me
Me
Me
T4 (°C)= 136 101 97 93
n n n n
Cl
Cl
Cl
Tq (°C)= 119 101 90 116

Scheme 2. Comparison of the glass transition temperatures (T,) of differently substituted polystyrenes.®

2.1.2 Structural Characteristics of Vinylpolymers

Except for polymers made of symmetric vinyl monomers (e.g. polyethylene [PE] or poly[tetra-
fluoroethylene] [PTFE]), every second carbon atom in the backbone of vinyl polymers is a ste-
reogenic center. Consequently, two vinyl polymers with identical monomer units can be fun-
damentally different. Thus, it is important to further distinguish the description of the polymer
by the sequence of the absolute configuration along the backbone. For this, two repeat units
with the same absolute configuration (e.g. R-R or S-S) are defined as meso diad (m); with a
different configuration (e.g. R-S or S-R) they are defined as racemic diad (r). In polymers, R-R
and S-S diads as well as R-S and S-R are almost not distinguishable after rotation by 180 de-
grees, which results in defined categories: isotactic, syndiotactic, atactic and heterotactic

polymers (Figure 4).23

In the case of PS, the isotactic and syndiotactic polymers are highly crystalline. Both polysty-
renes form helical structures, in which even four different modifications (9, a, 3, €) are known
for s-PS.20242> |n comparison, atactic PS (a-PS) is amorphous but has a much higher solubility
for example in ketones and is the most important form in industry.® The effect of tacticity on
thermal properties as Tg or melting point (Tm) is negligible for PS. However, the comparison of
PS with the related poly(ortho-methylstyrene) shows an important difference: the T; of iso-
tactic (96 °C)?” and atactic (136 °C)° poly(ortho-methylsytrene) indicates a significant effect of

tacticity — at least for the glass transition. Melting temperatures of poly(ortho-methylsytrene)s
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with different tacticity are not available in literature. Furthermore, the chain length or molec-
ular weight of the polymer can be a crucial factor for thermal properties. In case of PS, the T,
clearly decreases below 20.000 g/mol.?82° Polymer length and tacticity can be influenced or

even controlled depending on the polymerisation method.

Hy Ho

Isotactic

m m m m m m m

Syndiotactic

Atactic

Heterotactic

;U,,'
X

HRH RRHR HH RH RR H
m r m r m r m

Figure 4. lllustration of the four possible tacticities for vinyl polymerisation.

213 Polymerisation Methods for Vinylpolymers

Polymerisation of vinylpolymers is possible by three main types: radical, ionic and metal com-
plex polymerisation. In this work, only the first type was applied. Thus, only this polymerisation

method will be explained in more detail.

2.1.3.1 Radical Polymerisation

Free Radical Polymerisation

Free radical polymerisation (FRP) is applicable to a wide range of monomer types and is of
high interest for commercial polymer production. To start the polymerisation, a radical initia-
tor is necessary (thermal or photo-sensitive). Common representatives are peroxides, hydrop-

eroxides, azo compounds, photoinitiators and redox initiators. In addition, initialisations by
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thermal (usually above 50 °C) or electrochemical methods are also possible. Furthermore, vi-
nyl polymers can be obtained by techniques in bulk, suspension, solution or emulsion. Except

for bulk reactions, all other techniques offer a fast heat transfer.3°

In FRP of vinyl monomers, the radicals (initiator and growing chain) can attack the vinyl double
bond from two sides — either the CH; group or the higher substituted carbon. This results in
theoretically three connections: head-to-head (HH); head-to-tail (HT) or tail-to-tail (TT). How-
ever, experiments revealed that in general no more than 1-2% of HH occurs in various vinyl
polymerisations. Only if the substituent is very small as in the case of fluoride, the HH propor-
tion may increase to 12%. These low HH amounts are explained by both steric reasons and the
strong difference between the radical stabilisation energies of the radical types 1 and 2

(Scheme 3).31

X X X Ho X
R- + (IZZCHQ — > R-C-CHy- or R- + H2C=9 —> R-C -9'
Y Y Y Y

Type 1 Type 2

Hy X Hy X Ha X H X H X Hy
Only one radical type: C C *‘*C *FC *FC *‘*C

Y Y Y Y Y y?@
Ho X Hy X Hpo X X HyHp X H, X
Both radical types: <~C %C %C *‘—FC -C *‘*C *H‘
Y Y YY Yy v7”
— —_—
HT HH TT

Scheme 3. Two different modes of chain propagation in a radical polymerisation of vinyl monomers due to two

possibly attackable carbon atoms of the vinyl substituent; illustration slightly modified from literature.3!

The propagation rate constant of most vinyl monomers is very large and leads to a rapid chain
growth to high polymer weights. The chain growth can be stopped by different termination
processes: by combination of two radicals and by disproportionation (Scheme 4). The latter is

less probable in the beginning of the process due to radical concentration.3!
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H K WK HOEE A H
Combination/Coupling: WCIJ—(IZ + 'CIJ—CIJM —_— WCI:—CI:—CIJ—CIJM

H X X H H X X H

WA WA H o WA
Disproportionation: WC|:—9° + 'CID—CIDM —_— W(IJ—(IJ—H + CIFCM

H X X H H X X

Scheme 4. Termination processes by combination of propagating radicals (or one propagating radical and one
initiator) and by disproportionation of two propagating radicals to one saturated and one unsaturated polymer

chain.

Living radical polymerisation as special case of radical polymerisation

Beyond the FRP, there are “living” adaptions of this polymerisation type: For example atom
transfer radical polymerisation (ATRP), stable free radical polymerisation (SFRP) and radical
addition fragmentation transfer (RAFT). All three living radical polymerisations are related to
each other by a reversible termination step and an equilibrium between the propagating rad-
ical and a dormant species. Hence, the reactive centre will theoretically “live” during the whole
polymerisation process. For achieving this, special initiators were developed which decom-
pose into one reactive and one stable radical, where the second is not initiating polymerisa-
tion. However, the stable radical is able to react in a reversible matter with the propagating
radical to form the dormant species (Scheme 5). This living characteristic is interesting for the
control of block copolymerisations and, consequently, for well-directed adaption of copoly-
mer properties.3! The RAFT method was applied on a vinylazaborine, which was published
nearly simultaneously to this thesis by Wan et al.3?, and will be discussed in later chapters

(2.4.2 and 3.3).
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a) "
R'-z Z o+ R'- R'M;; Propagating radical
Stable Reactiv
radical radical / \
(SR) Bimolecular _
termination RM,—Z Dormant species

Atom Transfer Radical Polymerisation (ATRP): Z = Br; SR’ reacts reversibly with CuBr to CuBr,
Stable Free-Radical Polymerisation (SFRP):  Z = ONR?R3

b) Radical Addition-Fragmentation Transfer (RAFT):
R4 R4 R4

M. =+ = " R5.
’ S)\SR5 M,,S)'\SRs M,,s/gs
R4 R4 R4 M
M + _— _— +
"’ S)\SM,, MmS)'\SM,, Mmsks ’

Scheme 5. a) General mechanism of the living radical polymerisations (ATRP and SFRP); b) Slightly different mech-
anism of RAFT compared to ATRP and SFRP.

2.2 Boron-Nitrogen Bonds

Nowadays, organic chemistry without the element boron is nearly inconceivable. Due to its
great importance, Lipscomb (1976),3 Brown (1979)3** and Suzuki (2010)3> were honoured with
the Nobel prize. In the last years, special attention was drawn to compounds containing bo-
ron-nitrogen (B-N) bonds caused by research in the fields of hydrogen storage,3%-*° biomedical
research®® and optoelectronic materials.***> Here, the focus is mainly on the incorporation of
the carbon-carbon (C-C) isosteric B-N bond. Although the B-N unit has the same amount of
valence electrons compared to C-C, it brings a dipole moment into the organic compound
(ammonia-borane = 5.2 Debye; aminoborane = 1.8 Debye).*®*’ In addition, the bond dissocia-
tion energy is lower than for the respective C-C counterpart: ammonia-borane (27.2 kcal/mol)
vs. ethane (90.1 kcal/mol) (Figure 5, left) or aminoborane (139.7 kcal/mol) vs. ethene (174.1
kcal/mol) (Figure 5, middle).*®
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Figure 5. Comparison of the C-C bonds and their isoelectronic B-N analogues.

One approach for incorporating B-N units is to use well established C-C structures and substi-
tute one or more C-C units by B-N. Especially in aromatic scaffolds, a B-N unit can result in a
significant change in electronic properties.*® A substitution of a C-C unit by B-N in the simplest

carbon aromatic compound, benzene, leads to 1,2-dihydro-1,2-azaborine.

2.3 Azaborines

Azaborines are cyclic hybrid molecules that are located in the range between organic benzene
on the one hand and inorganic borazine on the other hand. These show more or less aroma-
ticity and stability depending on both the arrangement and the number of nitrogen and boron
atoms.*>% Based on calculations, the stability decreases in the order 1,2-dihydro-1,2-
azaborine > 1,4-dihydro-1,4-azaborine > 1,3-dihydro-1,3-azaborine. However, the order of ar-
omaticity differs from the stability (1,3-dihydro-1,3-azaborine > 1,2-dihydro-1,2-azaborine
> 1,4-dihydro-1,4-azaborine) but all azaborines are more aromatic than the pure inorganic bo-
razine (Figure 6) — even diazadiborines (containing 2 boron and 2 nitrogen atoms),>* which will

not be further analysed due to the scope of this thesis.

10
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< Stability

Figure 6. Aromaticity and stability order of azaborines compared to benzene as pure C-C analogue and borazine

as pure B-N analogue based on calculation by Baranac-Stojanovic.>!

In addition to the stability, the azaborine is highly sensitive towards water if the boron site is
halogenated, but it is hydrolytically stable, if it is alkylated, alkoxylated, protonated or is bear-
ing a phenyl group. However, the stability towards oxygen is a different matter. Various
azaborines are slightly sensitive to oxygen, but only for azaborines carrying alkyl groups on the

boron strong decomposition is discernible.>?

Azaborine, benzene and borazine are not only different in terms of stability but also with re-
gard to their optical properties. The strongest absorption band in the UV/Vis spectrum of ben-
zeneis at 208 nm (&= 12380 m*cm™) accompanied by a low o band at 255 nm (¢=977 mtcm"
1). In contrast, the absorption spectrum of 1,2-dihydro-1,2-azaborine reveals a much stronger
absorbance in this range at 269 nm (&= 15632 micm™). Furthermore, the azaborine has two
further strong absorption bands at 205 nm (&= 7459 m'cm™) and 219 nm (&= 8495 mlcm™).
Compared to benzene and azaborine, the absorption spectrum of borazine shows only a weak
band at 203 nm (&= 1299 mlcm™?) and further very weak absorption in the range around
250 nm. Generally, the azaborine has a broader absorption spectrum than benzene and bora-
zine (Figure 7).>3 Correspondingly, 1,2-azaborine has a HOMO-LUMO band gap (Eg) lowered
by 1.3 eV comparted to benzene, which makes this molecule pattern particularly interesting

as electron acceptor with regard to optical applications.>3>*

11
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Figure 7. UV/Vis absorption spectra of 1,2-dihydro-1,2-azaborine, benzene, and borazine. All substrates were
diluted to 10 M in pentane; reprinted with permission from Marwitz, A. J. V.; Matus, M. H.; Zakharov, L. N.;

Dixon, D. A.; Liu, S. Y. Angew. Chem. Int. Ed. 2009, 48, 973. © 2009 John Wiley & Sons.

2.4 Azaborine Polymers

Available polymers containing 1,2-azaborine units, are rather rare. They can be classified into

conjugated polymers and non-conjugated polymers with the azaborine unit in the side chain.

24.1 Conjugated 1,2-Azaborine Containing Polymers

To this day, there has only one conjugated 1,2-azaborine-containing polymer been reported
in literature by Bagglett et al.>> (Figure 8). The investigation of this polymer and the compari-
son to monomer and oligomer units (n = 2, 3) showed a dramatic bathochromic shift of the
lowest-energy absorption band as the backbone is enlarged — from 277 nm (n = 1) to 334 nm
(n=2)to 383 nm (n =3) to 462 nm (polymer with n = ~16). The E; of the polymer could not
be determined but the oligomer with three repeat units already possessed a low Eg of 2.91 eV.
Additional calculations revealed a better conjugation with increasing number of repeat units
compared to the C-C analogue (poly[p-phenylene]). These results were rationalised by a co-
planar arrangement which was favoured due to the N-H---w interactions. In addition, the small
contributions of N and B to the frontier orbitals rather lead to a similarity to poly(cyclohexa-

diene) and trans-cisoid poly(acetylene).>®

12
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Figure 8. The only 1,2-azaborine unit containing conjugated polymer so far published by Baggett et al.>®

2.4.2 Non-Conjugated 1,2-Azaborine Containing Polymers

Non-conjugated 1,2-azaborine containing polymers are also rare. The first two examples were
published in 2016 just before the results in this thesis (see Chapter 3.3) and the thesis itself
were submitted. Wan et al. synthesised a poly(1,2-azaborine) in which the nitrogen atom has
only a hydrogen substituent.32 The molecular weights they obtained by free radical polymeri-
sation were My, = 6.7 kDa (for RAFT: My, = 1.1 kDa). The polymer was markedly more difficult
to polymerise than PS. The second azaborine polymer, which was reported, was a PS with an
1,2-azaborine moiety in para position and, not surprisingly, the polymerisation led to a high
molecular weight polymer (FRP: Mw = 88.2 kDa; RAFT: Mw = 3.2 kDa) (Figure 9). Both poly-
mers showed neither an evidence for branching nor crosslinking, which was a phenomenon

reported for the completely inorganic analogue, poly(vinylborazine).>’

n

i/\(%

B. .H

|
R/ | BoH
=

Figure 9. First published non-conjugated olefinic 1,2-azaborine containing polymers by Wan et al.3%; left: a poly(N-

Z S

hydro-B-vinylazaborine), right: a poly(styrene) with p-azaborinyl moiety.

Beside the polymerisation behaviour of poly(2-vinylazaborine), which is significantly different
from PS, this novel polymer showed further different properties. In the UV/Vis spectra, the
absorption maximum of poly(N-hydro-B-vinylazaborine) was bathochromically shifted to
277 nm compared to PS (261 nm) and had a much higher extinction coefficient (6720 Mlcm™;

PS =311 cm*M?). Furthermore, the polymers showed a clear trend for the T,: Poly(N-hydro-

13
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B-vinylazaborine) (Tg=93°C; M,=1.1kDa) had a much higher Tz than poly(styrene)
(Tg =55-60 °C; M, = 2 kDa) for the reported molecular weight, which is dramatically influenc-
ing the Tg under 20 kDa.?829°8 The poly(p-azaborinylstyrene) reached a 42 K higher T; (180 °C)
than the corresponding C-C analogue, poly(4-vinylbiphenyl). Wan et al. suggested that the
presence of N-H groups might result in hydrogen bonding interactions, which also make these

polymers soluble in water or alcohols.

Whether the trend in thermal behaviour and the difficulty in polymerisation of poly(vinyl-
azaborines) are universally true, will be discussed on the basis of a new poly(vinylazaborine)

within the results of this thesis (Chapter 3.3).

These few numbers of this polymer type which were just recently published on the one hand
show the high novelty, on the other hand they demonstrates the lack of knowledge in this

research field.

To extend the amount of poly(vinylazaborine)s and therefore the portfolio of potentially ap-
plicable plastics, a much higher variety by the synthesis of additional monomers has to be

developed.

2.5 Common Synthetic Routes to 1,2-Dihydro-1,2-Azaborines

The 1,2-azaborine is the only one of all three azaborines which contains a B-N bond. Although
Dewar and Marr in 1962,>° White®® in 1963 and Wille and Goubeau®! in 1972 could synthesise
1,2-azaborines, they did not find a general method with easy access to these molecules. It was
to be about 28 years and the discovery of the ring-closing metathesis until Ashe et al. pub-
lished a synthetic route to 1,2-azaborines under very mild conditions.®? Since this break-
through, research on this molecule dramatically increased and it is therefore the most inves-
tigated azaborine.*® For this revolutionary synthetic route, Ashe used allyltributyltin and boron
trichloride to form allylboron dichloride which further reacted with the allylamine species to
yield a diallylicaminoborane. The reactive boron chloride bond was used to introduce a phenyl
group on the boron site. The last but crucial steps included a ring closing metathesis with sub-
sequent aromatisation with the oxidation reagent 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ) (Scheme 6).

14
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\/\ /Et
\/\SnBu;; N \/\N,Et
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Scheme 6. Revolutionary synthetic route to 1,2-azaborine via ring closing metathesis by Ashe and Fang in 2000.%2

Beside the first published route by Ashe, he and his coworkers also presented an alternative
route by ring-expansion, where allylamines are also necessary. However, this route is not ap-
plicable to species bearing a proton neither on the boron nor on the nitrogen (Scheme 7).%3
Both synthetic routes by Ashe are highly sensitive to oxygen or moisture depending on the
stage of the reaction sequence and substituents on the boron. Therefore, suitable equipment
for working under inert conditions is essential. Even the aromatic azaborine is not absolutely

stable under normal atmospheric conditions as described in Chapter 2.3.

The reactive boron chloride bond (see Scheme 6) offers a possibility for a broad range of dif-
ferently substituted azaborines. Here, the chloride substitution is also feasible after aromati-
sation and consequently reduces time and costs for the synthesis of different systems.®* To
adjust the azaborine on the nitrogen site after aromatisation, protecting group chemistry has
to be applied.>® A synthetically simpler strategy is to consider the nitrogen substituent in the

beginning of the synthetic route.

1 1 1
\/\N/R Grubbs catalyst 15t <:N’R LDA J N
| | — |

N B B, “owe
a:R'=Me, R?=Ph L
b: R' = Et, R2 = Ph R LDA,

) ’ = N CH20|2
c:R" = Bu, R = Me B
R2

Scheme 7. Alternative route to 1,2-azaborines by Ashe and coworkers.3
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For a protecting-group-free access to an N-H-functionalised 1,2-azaborine, Abbey et al. pub-
lished a synthetic route which started from potassium trifluoroborate, which served as rea-
gent for an in situ generation of allylboron dichloride.®> Addition of allylamine led to a twice
allylamine-substituted allyborane. A ring-closing metathesis followed by a reaction with
n-BuOH and a subsequent oxidation with palladium/cyclohexene resulted in a N-H-function-
alised 1,2-azaborine. From this compound, different N-substitutions or B-substitutions are

feasible according to Abbey et al. (Scheme 8).%°

A
\/+\BF3K \/\NH2 \/\NH

\/\ /CI
ITD’ /\/B\N/\/

TMSCI Cl N
Grubbs
catalyst 1t
1. n-BuOH
CNH 2. Pd/cyclohexene CNH
B< B«
N OBU N/\/

H

Scheme 8. Protecting group free synthesis to a N-H-functionalised 1,2-azaborine by Abbey et al. &

25.1 Synthesis of Secondary Allylamines

As the nitrogen component within the azaborine synthesis plays a decisive part in the final
substitution pattern, its making is of certain significance. There are different methods to ob-
tain the necessary secondary allylamines. The synthetically easiest route is the allylation of
primary amines or the substitution of allylamines. Here, the prevention of over-alkylation to
tertiary allylamines is the main challenge.®® A very recent and noteworthy method is the in-
troduction of allylamines by a zirconium mediated coupling reaction between amines and enol
ethers. This route is very efficient, but the zirconium reagent is not commercially available.®’
In contrast, a quite established route to secondary amines is the reduction of imines or imin-
ium salts.®®7! However, the poor stability of many imines or imine salts towards hydrolysis
and its consequently difficult isolation makes it complicated to handle with. The reduction of
much more hydrolytically stable amides by lithium aluminium hydride (LiAlH.) is therefore the
most versatile route to secondary amines and allylamines (Scheme 9). However, for absolute

purity of secondary allylamines, a carefully adaption of the reaction conditions is needed.
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Otherwise, over-reduction can easily take place and will lead to an inseparable by-product

(see Chapter 3.1).72

Nucleophilic Substitution

X
R/_ + HZN/\/ —_— | +
H R
P _— N N
R/—NH2 Ly NF —= R 'T'/\/+R )N
H R
Zirconium Mediated Allylation
i) n-BulLi
R2 ii) [CpyZr(Me)CI] R2
RIN) iii) Z“>onBu - RlN)\/
| |
H H
Reduction of Imines or Amides
NN
AN/\/ R '}1
H
0 >~
R N H

Scheme 9. Overview of synthetic routes to secondary allylamines (X = halides);’? reprinted with permission from

Thiedemann, B.; Schmitz, C. M. L.; Staubitz, A. J. Org. Chem. 2014, 79, 10284. © 2014 American Chemical Society.
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3 Results and Discussion

3.1 Accessing Allylamines

Due to the need for allylamines as starting materials for the synthesis of 1,2-azaborines, the
reduction of allylamides by LiAlH4 was applied to open access to different allylamines. Alt-
hough this method is common for preparing amines from various amides, the use of allyla-
mides led to an unexpected problem: In addition to the amide function, the double bond was
reduced, which is entirely unusual for an unactivated nonpolar double bond. As consequence,
an in-depth investigation of the cause and mechanism of this issue was performed and pub-

lished in the Journal of Organic Chemistry.
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3.1.1 Reduction of N-Allylamides

“Reduction of N-Allylamides by LiAlHs: Unexpected Attack of the Double Bond with Mecha-

nistic Studies of Product and By-product Formation”

Thiedemann, B.; Schmitz, C. M. L.; Staubitz, A. J. Org. Chem. 2014, 79, 10284.
Reprinted with permission from ACS Publications. © 2014 American Chemical Society.
DOI: 10.1021/jo501907v

Abstract: The reduction of secondary allyl amides with LiAlH4 can lead to a concomitant re-
duction of the double bond. Previously, an excess of LiAlH4 in hazardous solvents was used for
the reduction. This work discusses optimized reaction conditions in tBuOMe as a safe solvent,
with only a 1.5 fold excess of LiAlH4, without reduction of the double bond in most cases. *H
and %D NMR spectroscopic studies give evidence for the mechanism of the reduction of the
amide as well as the double bond: Amide reduction generally precedes double bond reduc-
tion. Sterically hindered allylamides are an exception. They are reduced considerably more
slowly at higher temperatures and double bond reduction is observed before amide reduction

has gone to completion.

L@ ',*e
o) H Al H H
R N/\%\H —_— R N/\%\H * RN H
H H H &
H 2. H,0 H Y

TOC Graphic 1. A mechanistic study and reaction optimisation of the allylamide reduction by LiAlH,; were per-

formed.

Scientific contribution to this paper

In this project, | carried out all syntheses and experimental work except for the following sup-
port by the coauthors: C. M. L. Schmitz worked under my supervision on the synthesis of al-
lylamides P1-9, P1-10, P1-17, P1-19 and P1-30 during a lab internship preparatory to her B.Sc.
thesis. A. Staubitz synthesised the amides P1-6, P1-11, P1-13 and P1-32 and wrote this article

in cooperation with me.
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ABSTRACT: The reduction of secondary allyl amides with
LiAlH, can lead to a concomitant reduction of the double
bond. Previously, an excess of LiAlH, in hazardous solvents
was used for the reduction. This work discusses optimized
reaction conditions in tBuOMe as a safe solvent, with only a
1.5-fold excess of LiAlH,, without reduction of the double
bond in most cases. 'H and D NMR spectroscopic studies
give evidence for the mechanism of the reduction of the amide

JL ol "H
/\)\H —> R

as well as the double bond: Amide reduction generally precedes double bond reduction. Sterically hindered allylamides are an
exception. They are reduced considerably more slowly at higher temperatures, and double bond reduction is observed before

amide reduction has gone to completion.

H INTRODUCTION

In organic chemistry, the allylamine motif constitutes a highly
interesting unit, especially in the pharmaceutical industry.
Allylamines are often present in pharmaceuticals including the
potent antlfun§al drugs naftxﬁne, terbinaﬁne,I cytosinine,2
oryzoxymicine,” ~ and gabacuhne ° In combination with a
phosphate unit, as a phosphoramidate, allylamine moieties were
investigated as flame retardants in polyurethane foams due to
their low volatility, easy synthesis, and low evolution of toxic
gases and smoke.'® Furthermore, allylamines are used in
synthesis of indoles'" and various heterocycles'> ' or as
precursor to important compounds as a- and f-amino
acids,"*™** alkaloids,'>*° carbohydrate derivatives,”! and for
the synthesis of poly(allylamines) as weak polyelectrolytes.*>~>*

There are several methods to synthesize allylamines (Scheme
1). For symmetrical tertiary allylamines, AllyINR, easy synthetic
routes are avaﬂable for example by allylation of pmmary2 26 or
secondary amines.”” In contrast, secondary allylamines represent
a major difficulty because of overalkylation to tertiary allyl-
amines.”® Very recent developments are the introduction of
allylamine by the Petasis raction”® or by a zirconium mediated
coupling reaction between amines and enol ethers. This method
is very efficient, but it relies on bis(cyclopentadienyl)zirconium
methyl chloride, which is not commercially available.”® A more
commonly used route to secondary allylamines is therefore the
reduction of imines or iminium salts.>*~

However, many imines and iminium salts are unstable toward
hydrolysis, and therefore, these precursors may be difficult to
isolate. The reduction of the much more hydrolytically stable
amides, which are easily accessible from acyl halides and
allylamine, using LiAIH, as the reductant is therefore the most
versatile route to secondary allylamines (Scheme 1).3*7%
However, as we demonstrate in this report, the double bond of
© 2014 American Chemical Society

<7 ACS Publications

10284

Scheme 1. Overview of Synthetic Routes to Secondary
Allylamines (X = Halides)
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the allylamine can be reduced under some conditions, leading to
a n-propylamine byproduct which cannot be removed from the
product mixture.

That issue prompted this investigation into the factors
contributing to this problem. This study leads to general
recommendations for performing that important reaction.
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B RESULTS

For our current research program, we required the secondary N-
allyl-N-n-hexylamine 1, which we wished to prepare by simply
reducing the easily synthesized amide 2 with LiAIH,. The amide
2 was readily accessible from allylamine 3 and n-hexanoyl
chloride 4 in an excellent yield of 95% (Scheme 2).%

Scheme 2. Syntheses of Allylamine 1 and the Unexpected
Byproduct S

0 CH,Cly, o
»Z
+ HN 01020°C, 24 h —
nPent)]\CI 2 4’95 % nPent)J\H/\/
4 3 2

+H LiAlH4 (6 H™ equiv.)
Et,0,72h,22°C

For the subsequent reduction of the amide functional group,
half an equivalent of LiAlH, (two hydride equivalents with
respect to the functional group) should be sufficient. A literature
procedure for the reduction of the very similar N-n-
heptylacetamide, a compound which does not have the
additional complication of a double bond present, described
the use of 12 hydride equivalents.”” This seemed not only
excessive, but also the quenching of the reaction was a major
safety concern due to its exothermic nature and release of
hydrogen. We therefore opted for using a smaller excess of
LiAlH, (6 H™ equiv) in Et,O. After 72 h at 22 °C, we did indeed
obtain the secondary allylamine product 1, but an NMR analysis
revealed that it was contaminated with byproduct § where the
double bond had also been reduced in a ratio of 1:5 = 1:2 (Figure

1.

Et,0, 6 H equiv,,
I 22°C,72h

isolated

5

isolated
1 Me/\/\/QN/\/
H

1

2 265 2 255 2%

%
Gy

Figure 1. Section of stacked "H NMR spectra of crude reaction mixture
(1), isolated byproduct 5 (II), and isolated product 1 (III).

Due to these results, the procedure of Wu et al.®® was used,
which employed 16 H™ equivalents on the related N-allyl-S-
phenylpent-4-ynamide, but did not report an attack of the double
bond. This large excess of LiAIH, in combination with Et,O as
solvent led to a very violent and potentially dangerous quenching
procedure even though it was performed by the slow addition of
ice cold water with ice cooling the reaction vessel. However,
surprisingly, GC analysis showed a better yield of 96% amine 1
accompanied by 1% of hydrogenated byproduct § compared to
the previously described procedure with six hydride equivalents.
This result was unexpected because, intuitively, with more

equivalents of hydride, the potential for reducing the double
bond should be increased. These strikingly different results
prompted us to investigate the reduction reaction systematically
(Table 1).

Our aims were, first, to find reaction conditions that give the
product 1 in high yields without over-reduction to product 5.
Second, the amount of LiAlH, should be minimized, both for
atom and financial economy, as well as for safety reasons. Third,
the solvent used should in the ideal case be safe, with a high
boiling point and no danger of peroxide formation, because the
production of secondary allylamines is of high importance in
industry. Lastly, we decided to investigate the mechanism of the
reaction and the behavior of other allylamides to be able to draw
general conclusions for conducting allylamide reductions. For
this, all reductions were carried out on a 20 mmol scale and a
concentration of 0.33 mol/L in tBuOMe. As over-reduction
could potentially happen during the exothermic first reduction
step, we investigated cooling during addition of amide 2 to 0 °C
(Table 1, entries 1, 2, 3). However, this led to similar results
compared to the reaction carried out without cooling; the yield of
1 and § was 96% and 1%, respectively. To achieve the first aim of
the optimization, to reduce the amount of LiAlH,, reactions with
the theoretical minimum amount of LiAlH, (2 H™ equiv), at 22
°C, were performed in the solvents (fBuOMe, THF, and Me-
THF).* All of these solvents have a higher boiling point than
diethyl ether, although THF and Me-THF both can form
peroxides and are not ideal from a safety perspective. In all of
these cases, GC analysis showed that the conversion stopped at
approximately 40% (Table 1, entries 6, 7, 8) with no formation of
the byproduct 5. Even reactions at higher temperatures of 35 and
S§ °C in tBuOMe showed no significant difference (Table 1,
entries 9, 10) with a product yield of ca. 40%, but no over-
reduced byproduct. Because of this surprising result, the amount
of LiAIH,, was raised to three H™ equivalents. For both tBuOMe
and Me-THF as solvents after 24 h at 22 °C, good yields of
product 1 of 89% and 76%, respectively, were found, without
significant amount of hydrogenated byproduct 5 (1% and no
detectable amounts, respectively). However, the same reaction in
THF showed almost no conversion, giving only 8% of the
product (Table 1, entry 14). Because the type of solvent was
clearly important, we reintroduced Et,O to our comparative
studies. In comparison to tBuOMe as solvent, Et,O showed a
similar yield (Table 1, entries 11, 12) of 91%, with ca. 1% of over-
reduced product 5. The increase in temperature (35 °C) reduced
the reaction time to 4 h with similar yields as those obtained at 22
°C of 82%, 87% ,and 83%, respectively, except for THF (8%). In
none of these was byproduct 5 detected (Table 1, entries 15—
18).

Longer reaction times, however, led to a marked increase of
the amount of S up to 15% (Table 1 in the Supporting
Information; entries 4—6, 12—15, 21, 24). The tendency to faster
reaction times at higher temperatures was confirmed by
obtaining similar yields (82% to 87%) at S5 °C with half the
reaction times compared to reactions at 35 °C, because the
higher thermal energy allowed a faster hydride transfer. Even in
THE, the reduction at 55 °C reached a similar yield of 78%. That
THF is only a good solvent at higher temperatures can be
explained by the lower solubility of LiAlH, in this solvent
(compared to Et,0)*' and the type of solvation (contact ion
pairs or separated ion pairs).42

In order to understand the formation of the hydrogenated
byproducts, there were several questions to address: First, does
the attack of the double bond by hydride happen before or during
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Table 1. Optimization of the Reaction Conditions for Reduction of n-Hexylallylamide (2) by Adapting Solvent, Temperature, and

LiAlH, (H™ equiv), and Monitoring the Reaction Time*

LiAlH,4 (X H™ equiv.)

0 solvent, X h, T nHex< ~ . nHex< Me
nPent)J\ H/\/ ”/\/ B ”/\/
2 1 5
entry solvent LiAIH, (H™ equiv) T (°C) time (h) 2% (%) 17 (%) 5% (%)

1 Et,0 16 0°C —22°Ct 12 22 77 0

2 Et,0 16 0°C —22°C° 12 3 96 1

3 Et,0 16 22°C 12 3 96 1

4 Et,0 6 22°C 4(24) 9(3) 90 (80) 1(15)
s Et,0 6 35°C 1(2) 15 (6) 82 (86) 0(3)
6 tBuOMe 2 22 24 S0 40 0

7 THF 2 22 24 S8 37 0

8 Me-THF 2 22 24 52 26 0

9 tBuOMe 2 3S 24 49 44 0

10 tBuOMe 2 SS 24 49 39 0

11 Et,0 3 22 24 7 91 1

12 tBuOMe 3 22 24 9 89 1

13 THF 3 22 24 92 8 0

14 Me-THF 3 22 24 14 76 0

15 Et,0 3 3S 4 16 82 0

16 tBuOMe 3 3S 4 12 87 0

17 THE 3 3S 4 92 8 0

18 Me-THF 3 3S 4 13 83 0

19 tBuOMe 3 SS 2 9 84 0

20 THEF 3 SS 2 11 78 0

21 Me-THE 3 SS 2 3 87 1

“Yields measured by GC using 1,3,5-triisopropylbenzene as an internal standard. YIce bath slowly warmed up. “Ice bath removed after amide

addition.

quenching reaction? Second, does the hydride attack the double
bond selectively on one carbon or does it attack randomly both
double bond positions? Third, if the hydride attacks selectively,
which position of the double bond is attacked and does this allow
drawing conclusions as to the geometry of the substrate—lithium
aluminum hydride complex or the partially oxidized aluminum
hydride species respectively?

To investigate the reaction mechanism the reduction process
was monitored by No-D "H NMR spectroscopy. For this
purpose, we used N-allylbenzamide 6 as starting material because
this compound has fewer alkyl proton signals than 2 and its
products, which was expected to simplify the analysis. For the
reduction of the amide 6, we had detected 14% of over-reduced
byproduct 7 after 2 days. As reducing agents, LiAIH, (Figure 2a)
as well as LiAID, (Figure 2b) were used, and for quenching both
H,O and D,O were employed.

Immediately after the addition of LiAIH, to 6, which proceeds
with a marked exotherm, a substantial shift of the protons of the
allyl group was observed: Both doublets of doublet of triplets for
the protons Hla and H2a were shifted upfield from 5.69 to 5.59
ppm and S5.57 to 5.53 ppm, respectively, whereas the apparent
triplet for the allylic methylene group at 4.53 ppm shifted to 4.29
ppm. All peaks became broader and less well-defined. After about
47 min, the signal intensity for the starting material started to
decrease, and gradually a new set of signals at 5.46, 5.44, and 4.46
ppm appeared. This was fully developed after 19 h 21 min and
corresponds most likely to metal complex of amine 8, which
releases the amine 8 after quenching with water (Figure 2).

These signal assignments were further supported by
conducting the experiment with LiAlD, as the reducing agent
(Figure 2b). The methylene proton signals H4 of the product 8

did not appear at all (4.55 and 4.46 ppm), indicating deuteration
at this position (Figure 2b). In the reduction with LiAIH,, aside
from the signals for the product 8, after 1 d 21 h a further signal at
4.62 ppm appeared. Although this singlet signal can be ascribed
to benzylic protons of Ph—CH,—N (Figure 2, red circle), its shift
reveals that it belongs to the prequenching species (i.e., the metal
complex) of byproduct 7. This assignment was further supported
by newly emerged alkyl signals at 3.07, 2.30, and 0.54 ppm which
are indicative of the propyl chain of 7 (Figures 59 and 60,
Supporting Information).

To gain further insight in the position of the aluminum hydride
complex during attack on the double bond, we quenched the
reaction once with H,O and once with D,0. "H NMR analysis
showed different byproducts for each approach. First, reducing
the amide 6 by LiAlH, and quenching with H,O led to product 8
(with the significant signals at 5.93, 5.20, 5.11, and 3.28 ppm, for
the allyl moiety) accompanied by a triplet at 2.54 ppm, a triplet of
quartet at 1.50 ppm, and a triplet at 0.85 ppm for the byproduct 7
(Figure 3a). By choosing LiAID, as reductant and quenching by
H,O, we obtained a doublet at 2.54 ppm for the a proton, a signal
for the f proton with reduced intensity, and also a doublet signal
for the y proton. This result supports the selective hydride attack
in the f§ position (Figure 3b). For the identification of the origin
of the proton of the reduced double bond in the n-propylamide
byproduct, we chose LiAlH, as reductant in a further experiment
and quenched it with D,0. In the corresponding '"H NMR
spectrum, the triplet signal at 2.54 ppm, the quartet of doublet
signal at 1.48 ppm, and the intensity reduced triplet signal at 0.85
ppm indicated the presence of a deuterium atom at y position
(Figure 3c). This assignment was further supported by the 'H
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! H1bY/
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1 h 15 min.
H3*
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in diethyl Hia/ H3
ether H2a
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2d22h 30 min.
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22 h 30 min. H2b*
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H3*
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;nﬂ:i;thy[ h hHZa h H3
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Figure 2. Section of No-D "H NMR spectra for the sequence of the
reduction of N-allylbenzamide (6) by LiAlH, (a) and by LiAID, (b) in
Et,0. Only a selection of spectra is displayed. For the fully recorded
sequence see Supporting Information.

NMR of the approach with LiAID, as reductant and D,O as
quenching reagent (Figure 3d).

It was then important to elucidate if other secondary amides
would behave similarly under the same conditions. For this
purpose, a range of amides were prepared from the
corresponding acid chlorides and allylamine in excellent yields
or in one case from ethyl formiate and allylamine. All amides
were subjected to the optimized reaction conditions for the
reduction of N-allyl-N-n-hexylamide 2, using three hydride
equivalents in tBuOMe as a solvent at 35 °C, while the reaction
was monitored by GC analysis (Table 2).

First, as a comparison to the amide 2 (Table 2, entry 1), where
the corresponding amine 1 was isolated in a yield of 69%, we
tested the reaction conditions with a longer (Table 2, entry 2)
and shorter (Table 2, entry 3) alkyl chain moiety. Both starting
materials 9 and 10 were reduced in similar yields (65—68%) in a
reaction time of 4 h, without any observation of the over-reduced
byproduct. For volatile amines, high yields could only be

18 16
f1 (ppm)

Figure 3. Stacked section of 'H NMR spectra of the deuteration
experiments zoomed in for clearly visible byproduct signals. The spectra
were obtained from mixtures and contained residual solvent (Et,0): (a)
1. LiAIH,, 2. H,0; (b) 1. LIAID,, 2. H,0; (c) 1. LIAIH,, 2. D,0; (d)
LiAID,, 2. D,0.

obtained by transforming them to the hydrochloride before
removing the solvent. The formyl allylamide 11 reacted much
faster with full conversion after 1 h. Although no reduction of the
double bond was observed, an entirely unexpected new
byproduct emerged: 22% of allylamine hydrochloride 12 was
unequivocally identified (Table 2, entry 4). To the best of our
knowledge, this is the first carbon—nitrogen cleavage reaction as
side reaction in a reduction of an amide by LiAIH, ***

To investigate more sterically hindered amides, isobutyramide
13 was reduced, which gave a slightly lower yield of 58% of amine
14 than the linear alkylated amines (Table 2, entry ). However,
when the steric hindrance was only slightly increased further to
butyl-2-ethyl, 'H NMR and GC analysis showed no allylamine 15
after 6 h at 35 °C. If the reduction was heated to 55 °C, we
obtained 25% of amine 15 after 2 h (Table 2, entry 6). The
mesitylallylamide 16 with a similar bulky residue compared to
butyl-2-ethylamide 17 revealed the same behavior with no
conversion after 4 h at 35 °C. But even additional heating of 2 h at
S5 °C failed to yield any of the amine 18.

The similarly bulky but less flexible cyclohexyl moiety on the
other hand led to a much higher isolated yield of 79% in respect
to the linear alkylated amides (Table 2, entry 8). This high yield
decreased to 65%, if the cyclohexyl ring was replaced by a flat
aromatic ring as amide substituent (Table 2, entry 9). A CH,
group as spacer between phenyl and amide functional group

dx.doi.org/10.1021/j0501907v | J. Org. Chem. 2014, 79, 10284—10295

24



3 Results and Discussion

The Journal of Organic Chemistry

Table 2. Overview of Several Synthesized Amides and Their Corresponding Amines by Optimized Reduction Conditions

j\ LiAlH, (3 H™ equiv. / C=0)
R fBUOMe, Xh, 35°C RN
H H
Entry Amide Amine Entry Amide Amine
o nPent/\H/\/ Iy /
1 nPent)kN/\/ ! Me O /@\/\”/\/
"2 4h 69 % 7 NN e Me 18
H
Me Me 16 6h 0%
NN
X S P +2hat55°C 0%
2 nHept” NN P>
H g 4h 65 % o Oﬂu/\/
8 O)J\N/\/ 31
H 30
)o]\ nPr/\H/\za/ 4 h 79 %
3 ANF *HCI
nPr ” 10 (0] N/\/
4 h 68 % 9 @NM H 8
H
Me. ~” 6 4h 65 %
H 29
pZ ANF
| HoNT N
4 kN/\/ ¥ o 12 " 20
H 19
1 h: 100 % conversion Q\i N
10 ¥ H
29/12=78/22 N 21
19 H
4 h 0%
o Me N/\/ o
" P N 26 % (20)
5 NNF *HCI +2hat55°C
H 8 % (21)
Me 13 4h 58 %
Me” NN
H 22
Me/j/\N/\/ o
(o] H AN NS
1 M N
-Hel 18 11 Meﬂ\)l\”/\/ e N o

Me’
6  Me NN
oo 6h 0%

+2hatb55°C 25%

32
After 2 h: Both DB attacked;

Several not assignable signals.

which allows more torsional flexibility for this substituent led to a
poorer reduction. However, in this case, the limited solubility of
the amide 19 forced us to add the amide as suspension, which
could have artificially reduced the yield. After 6 h, '"H NMR
spectroscopy of the crude mixture showed only 26% allylamine
20, which was already accompanied by 8% of the n-propylamine
byproduct 21 (Table 2, entry 10).

To expand the range of allylamides, we also investigated a a,f3-
unsaturated compound (Table 2, entry 11). After 2 b, all starting
material was converted, but a large amount of the a,f-double
bond had also been attacked.** '"H NMR indicated the presence
of product 22 and about 50% of butylallylamine 23 as byproduct.

B DISCUSSION

Although the reduction of amides by LiAlH, in general is a
relatively common reaction, very little research effort has been
dedicated to elucidating its mechanism.***’

Reduction of the Amide. For reductions of carbonyl
functional groups by LiAlH,, a reasonable assumption is the

coordination of the Lewis acidic Li" ion to the oxygen atom of the
carbonyl functional group (Scheme 3, A).

This assumption is supported by the immediately observed
exotherm of the reaction straight after the addition of LiAlH, to
the solution of the amide. This exotherm cannot be the result of
the reduction reaction itself: This happens on a much slower time
scale as was clearly proved by the NMR experiments. The
addition of LiAIH, only shifted the signals of the allyl protons and
only after ca. 40—50 min new sets of signals started to appear. By
the help of the deuteration studies, the hydrides or deuterides
which were transferred to the carbonyl group were clearly
identified. Further support of the hypothesis that coordination by
Li" is a vital step in the reaction includes the observations of the
reactions with sterically hindered carbonyl compounds. In
extreme cases, we obtained only starting material after quenching
under the same reaction conditions as for unhindered allylamides
(Table 2, entries 6, 7). For the 2-ethyl-butyl moiety, heating up to
55 °C for 2 h led to a reduction reaction of 37% (Table 2, entry
6). We purport that the flexible steric residues only allow the
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Scheme 3. Proposed Mechanism Based on the Results of the
Mechanistic Study
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Figure 4. Prevention of the reduction by steric repulsion between bulky
moieties and aluminum hydride anions.

coordination of the Li* on the less hindered side of the allylamide
residue. It thereby prevents the approach of the AIH,™ ion to the
carbonyl center (Figure 4).

Once the lithium cation has coordinated to the oxygen and
leads to an even more polarized carbonyl group, the aluminum
hydride ion could transfer a hydride to the carbonyl carbon atom
via a four membered ring intermediate (B). Originating from the
hemiaminal species formed (C), where the lithium aluminum
hydride ion pair is coordinated or bonded to the oxygen, we can
consider two possible routes.

Route A presupposes that the hemiaminal compound (C) is
unstable and decomposes to the corresponding iminium ion by
elimination (D). Then, a second aluminum hydride species
transfers the hydride to the iminium double bond via a four
membered ring intermediate (hydroalumination) (E). The
aminoaluminate (F) which is then formed can be quenched by
water to give the secondary allylamine as product (G).

Route B assumes that the hemiaminal compound (C) is stable
and a second lithium aluminum compound can coordinate to the
nitrogen and then transfer a hydride to the double bond via a five
membered ring intermediate (H). The lithiated aluminum oxide

compound serves as leaving group. For the coordination of the
second reducing reagent to the nitrogen, it is likely that the
lithium cation plays a crucial role in coordinating directly to the
nitrogen and bringing the aluminum hydride into close
proximity. By quenching the complexed amine species (I) with
water, the secondary allylamine (G) will then also be obtained
(Scheme 3). Route A appears less likely, because no signal could
be identified that would correspond to a proton of a N=C—H
group whlch would have a chemical shift similar to aldehyde
protons.*® Moreover, such a species would also be comparatively
unhindered and should be easily reduced, even in sterically
crowded cases. However, such amides were very resistant to
reduction, and double bond reduction was an earlier side reaction
(for a discussion see below).

The first reduction step of the polarized carbonyl group is no
doubt faster than the second one as was shown by the No-D 'H
NMR spectroscopic measurements of the reduction of 6 (Figure
2). It can clearly be seen that this step has gone to completion
before 3 h 19 min. It is then the second reduction step that is rate
limiting. This is also a possible explanation for why the reaction
comes to a halt if only two equivalents of hydride are used: The
LiAIH,OR, species which are formed in the reaction should have
a decreasing reducing power with decreased hydride content, due
to the electron withdrawing effects of the oxygen substituents.
Therefore, not only is the amide more susceptible to reduction,
but also it is more likely to be reduced by a more powerful
reductant than are species C or D.

Reduction of the Allylic Double Bond. 'H NMR spectra
(Figure 1) and GC analysis (Figures 49—S3 Supporting
Information) show clearly that the allylic double bond in the
allylamide 2 was attacked by LiAlH, (or a related species,
AIHR,” with x +y = 4) during the reduction to give amine 1.
However, this problem could not be overcome by reducing the
amount of LiAIH, to the formally required two hydrogen
equivalents, because the reduction of the amide comes to a halt
(see above).

The hydride attack on the allylic double bond by the aluminum
species was investigated with No-D NMR sequences of the
reduction of allylbenzamide 6 (Figure 2) and several deuteration
experiments (Scheme 4).

Scheme 4. Overview of Deuteration Results with Reactions
Carried out in Et,0 at 22 °C

1.LiAIH, 1. LIAID,
/\/ 2. HZO 2.H,0

- B oy

/\/

2.D,0  2.D,0

After a reaction time of about 3 h, when the first reduction step
is complete, a downfield shift of the terminal allylic proton signal
and the presence of a second similarly shifted signal (Figure 2a,
H4*) appeared. This could indicate the coordination of the
lithium aluminum hydride species to the double bond (24,
Scheme $S). At this stage, no double bond reduction takes place,
presumably because the reduction of the hemiaminal species is
faster. However, this shift indicates already that the double bond
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Scheme S. Possible Mechanism of the Allylic Double Bond
Attack
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is capable of an interaction with the reductant. Such a
coordination may lead to a polarization of the double bond
and enable a second lithium aluminum species to transfer a
hydride to the allylic S-position (25, Scheme S). This double
bond coordination was confirmed by deuteration experiments,
which clearly demonstrated the selective hydride transfer to the
allylic # carbon as well as continuance of the lithium aluminum
species on y position (26, Scheme S). The high regioselectivity
suggests that the reaction proceeds via a five membered ring as an
intermediate. That this hydride transfer happened in situ before
quenching the reaction was confirmed by proton signals at 4.62
ppm accompanied by the signals at 3.07, 2.30, and 0.54 ppm
belonging to the propyl chain (Figures 59 and 60 Supporting
Information).

In the case of sterically hindered amides, however, species H
(Scheme 3) may be formed only with difficulty if the substituent
R on the hemiaminal species is large. In this case, it is conceivable
that hydrogen transfer to the double bond, which is
comparatively unhindered, could proceed with a higher rate
constant than the second reduction.

B CONCLUSION

In the reduction of allylamides, LiAlH, can also reduce the
double bond of the allyl group. Consequently, a mixture of
inseparable products (allylamines and n-propylamines) may be
obtained. An analysis of the reaction parameters solvent,
temperature, and added hydride™ equivalents was performed
with a view of finding safe and generally applicable reaction
conditions. From these investigations, tBuOMe emerged as the
best solvent, at a slightly elevated reaction temperature of 35 °C.
Contrary to previous reports, only three hydride equivalents are
required. Under those conditions, byproduct formation can be
entirely suppressed. Mechanistic NMR studies and deuteration
experiments revealed that, in the unhindered case, the allylic
double bond attack occurred as a sequential reaction after
product formation and at a much slower reaction rate compared
to the amide reduction

However, if the amide is sterically hindered in the a-position,
the temperature will have to be increased to reflux, and longer
reaction times will be required. In such cases, concomitant
reduction of the allylic double bond may be observed.

In summary, the reduction of allylamides with LiAlH, is a very
useful method, but great care has to be taken to analyze the
reaction carefully for the occurrence of over-reduced byproducts,
which may be very easy to overlook.

B EXPERIMENTAL SECTION

All reagents used were commercially available and used without further
purification. For their purities see the Supporting Information. All
solvents that were used in reactions were dried prior to use. For exact
drying procedures see Supporting Information.

All syntheses were carried out using standard Schlenk techniques or
in a glovebox under a dry and inert nitrogen atmosphere. Glassware and
NMR tubes were dried in an oven at 200 °C for at least 2 h before use.
Reaction vessels were heated under vacuum and purged with nitrogen

three times before adding reagents. The container with LiAlH, was
opened in the glovebox. For all reductions with LiAlH, or LiAID,, the
entire reaction apparatus was assembled in the glovebox. The reaction
vessels were charged with LiAlH, or LiAID, in the glovebox and were
then brought out of the glovebox and attached to the Schlenk line under
vigorous exclusion of air and moisture.

All NMR spectra were recorded on a 500 or 600 MHz spectrometer
(with respect to the proton resonance). '"H NMR and *C NMR spectra
were referenced against the solvent residual proton signals (‘H) or the
solvent itself (1*C).

The exact assignment of the peaks was proved by 'H, *C DEPT and
two-dimensional NMR spectroscopy such as 'H COSY, *C HSQC, or
'H/"3C HMBC when possible.

N-Allylhexanamine (1).%°

410 8 6 4 1
Me” S SN 2
9 7 ? 3

This compound has also been synthesized by Yadav et al. using a
different method.* To a suspension of LiAlH, (656 mg, 15.1 mmol) in
dry +-BuOMe (60 mL) in a Schlenk flask under a nitrogen atmosphere
was added N-allylhexanamide (3.129 g, 20.20 mmol) via a syringe. The
addition was continued while the reaction mixture started to reflux. The
overall addition time was 3 min. The suspension was heated and stirred
at 35 °C oil bath temperature for 4 h and quenched by adding H,O (S
mL) while cooling the mixture (ice bath). The resulting suspension was
dried over MgSO, and filtered. The filter cake was washed with Et,O
(120 mL). Evaporation of solvent on a rotary evaporator and subsequent
Kugelrohr distillation (70 °C; 10 mbar) yielded in 1.960 g (13.9 mmol;
69%) isolated product as colorless oil. "H NMR (500 MHz, CDCl,) § =
591 (1H,ddt, J=17.1,102, 6.0 Hz, 3-H), 5.16 (1 H, ddt, ] = 17.1, 1.7,
1.6 Hz, 1-H), 5.08 (1 H, ddt, ] = 10.2, 1.7, 1.3 Hz, 2-H), 3.25 (2 H, ddd, ]
=60, 1.6,13 Hz, 4-H), 2.60 (2 H, t, ] = 7.3, 7.3 Hz, 6-H), 1.48 (2 H, m,
7-H), 1.30 (6 H, m, 8-H, 9-H, 10-H), 1.10 (1 H, 5, 5-H), 0.88 (3 H, t, ] =
7.0 Hz, 11-H) ppm. *C NMR (126 MHz, CDCl) § = 137.2 (C-1),
115.8 (C-2), 52.7 (C-4), 49.7 (C-6), 32.0 (C-8/9/10), 30.3 (C-7), 27.2
(C-8/9/10), 22.8 (C-8/9/10), 14.2 (C-11) ppm. IR (ATR): 2957 (m),
2925 (s), 2872 (m), 2857 (m), 2810 (m), 1456 (m), 1124 (m), 993 (m),
915 (s), 724 (m) cm ™. HRMS (EI-TOF) m/z: [M]* calcd for CoH N,
141.1518; found 141.1512.
N-Allylhexanamide (2).>°
10 8 Q@ 4 1
hj,;/\/\)é\N/\/ 2
9 7 °H 3
5

This compound has also been synthesized by Cadierno et al. using a
different method.*® In a dried flask, a solution of allylamine (3) (20.0
mL, 267 mmol) and triethylamine (50.0 mL, 270 mmol) in CH,CI,
(250 mL) was cooled in an ice bath (<0 °C). Hexanoyl chloride (4)
(37.0 mL, 265 mmol) was gradually added over the course of 10 min.
The ice bath was removed, and the solution was allowed to warm to 20
°C. After 24 h, water (150 mL) was added, and the organic layer was
separated. The aqueous layer was extracted with CH,Cl, (3 X 180 mL).
The combined organic extracts were washed with a 10% aqueous HCI
solution (70 mL), a saturated NaHCOj solution (70 mL), and brine (70
mL). The organic phase was dried over MgSO,. After removal of solvent
in vacuo, the crude mixture was distilled by using a distillation bridge (oil
bath: 155 °C; 7 mbar). The first fraction gave 39.016 g (95%) of the pure
product. "H NMR (500 MHz, CDCL;) § = 5.83 (1 H, ddt, ] = 17.1, 10.2,
5.7 Hz, 3-H), 5.58 (1 H, s, 5-H), 5.17 (1 H, ddt, J = 17.1, 1.5, 1.5 Hz, 1-
H), 5.12 (1 H, ddt, ] = 102, 1.5, 1.5 Hz, 2-H), 3.88 (1 H, dddd, ] = 5.7,
5.7,1.5,1.5 Hz, 4-H), 2.18 (2 H, t, J = 7.7 Hz, 7-H), 1.64 (2 H, m, 8-H),
1.31 (4H, m, 9-H, 10-H), 0.89 (3H, t, ] = 7.0 Hz, 11-H) ppm. *C NMR
(126 MHz, CDCL,) 5 = 173.1 (C=0), 134.6 (C-1), 116.4 (C-3), 42.0
(C-4), 369 (C-7), 31.6 (C-9/10), 25.6 (C-8), 22.5 (C-9/10), 14.1 (C-
11) ppm. IR (ATR): 3282 (br), 3084 (w), 2958 (), 929 (), 2873 (m),
2860 (m), 1641 (vs), 1544 (vs), 1256 (s), 988 (s), 916 (s) cm™'. HRMS
(EI-TOF) m/z: [M + HJ" caled for CoH N0, 156.1383; found
156.1390.
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N-Propylhexanamine (5).>
w09 7 5 3 1
Me™ S S Me
8 6 H 2
4
This compound has also been synthesized by Stein and Breit using a
different method.>* A solution of N-propylhexanamide (1.30 g, 827
mmol) in THF (2 mL) was added dropwise over a course of 2 min to a
suspension of LiAlH, (940 mg, 24.8 mmol) in dry THF (10 mL). The
suspension was heated to reflux temperature for 16 h, cooled in an ice
bath, and quenched with H,0O (1 mL), 15% aqueous NaOH solution
(1.5 mL), and additional H,O (1 mL). The resulting suspension was
filtered and flushed with Et,O (10 mL), and the filtrate was dried over
MgSO,,. After removal of the solvent on a rotary evaporator (40 °C, 10
mbar), 0.634 g (54%) of the product was obtained as colorless oil. "H
NMR (600 MHz, CDCL,) 6 = 2.58 (4 H, m, 3-H, 5-H), 1.68 (1 H, s, 4-
H), 1.51 (4H,m, 2-H, 6-H), 1.28 (6 H, m, 7-H, 8-H,9-H), 091 (3H,t, ]
=74 Hz, 1-H), 0.88 (3 H, t, ] = 6.9 Hz, 10-H) ppm. *C NMR (151
MHz, CDCl;) 6 = 52.1 (C-3), 50.2 (C-5), 31.9 (C-7/8/9),30.2 (C —6),
27.2 (C-7/8/9), 23.3 (C-2), 22.8 (C-7/8/9), 14.2 (C-10), 11.9 (C-1)
ppm. IR (ATR): 2957 (m), 2927 (s), 2874 (m), 2856 (m), 2809 (m),
1458 (m), 1131 (m), 723 (m) cm™'. HRMS (EI-TOF) m/z: [M]* calcd
for CoH,, N, 143.1674; found 143.1668.
N-Allylbenzamide (6).>

8,0 4 1
9 N/\/Z
6 H 3
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This compound has also been synthesized by Prediger et al.>* In a dried
flask under an atmosphere of nitrogen, a solution of allylamine (3) (9.00
mL, 120 mmol) and triethylamine (16.5 mL, 120 mmol) in CH,Cl,
(120 mL) was cooled in an ice bath to 0 °C. Then benzoyl chloride (17.5
mL, 150 mmol) was added over the course of 1 h. After this time, the ice
bath was removed, and the solution was allowed to warm to 22 °C. After
1 h at 22 °C, water (150 mL) was added, and the organic layer was
separated. The aqueous layer was extracted with CH,Cl, (3 X 150 mL).
The combined organic extracts were washed with brine (100 mL) and
dried over Na,SO, and the solvent removed. The crude product was
purified by column chromatography [silica; eluent, gradient n-hexane/
Et,O from 90% n-hexane to 100% Et,O; R of product = 0.25; Ry of acid
chloride = 0.53 (in Et,0/n-hexane = 1:1)]. After removal of the solvent
in vacuo, 19.223 g (99%) of the product was obtained as colorless oil. 'H
NMR (600 MHz, CDCI,) 5 = 7.78 (2 H, m, 8-H), 7.47 (1 H, m, 10-H),
740 (2H, m, 9-H), 6.55 (1 H,abrs, 5-H), 5.91 (1 H, ddt, ] = 17.2, 103,
$.7Hz, 3-H), 5.23 (1 H, ddt, ] = 17.2, 1.7, 1.7 Hz, 1-H), 5.15 (1 H, ddt,
=103, 1.6, 1.6 Hz, 2-H), 4.06 (1 H, dddd, ] = 5.7, 5.7, 1.7, 1.6 Hz, 4-H)
ppm. 3C NMR (151 MHz, CDCl,) & = 167.5 (C-6), 134.5 (C-7), 134.3
(C-3), 131.6 (C-10), 128.6 (C-9), 127.1 (C-8), 116.6 (C-1), 42.5 (C-4)
ppm. IR (ATR): 3073 (w), 3068 (w), 2913 (w), 1636 (vs), 1603 (m),
1578 (m), 1531 (vs), 1489 (s), 1294 (s), 917 (), 691 (m) cm™". HRMS
(EL-TOF) m/z: [M]* caled for C,gH;;NO 161.0841; found 161.0836.
N-Allylbenzenemethanamine (8).>3

876 4 1
N/\/2

SR

5

This compound has also been synthesized by Petersen et al. using a
different method.*® To a suspension of LiAIH, (657 mg, 15.1 mmol) in
dry +-BuOMe (60 mL) in a Schlenk flask under nitrogen atmosphere was
added N-allylbenzamide (3.241 g, 20.10 mmol) via syringe. Addition
was continued while the reaction mixture started to reflux. The overall
addition time was 3 min. The suspension was heated and stirred at 35 °C
oil bath temperature for 4 h and quenched by adding H,O (S mL) while
cooling the mixture (ice bath). The resulting suspension was dried over
MgSO, and filtered. The filter cake was washed with Et,O (120 mL).
Evaporation of the solvent with a rotary evaporator and subsequent
Kugelrohr distillation (50 °C; 2 X 107" mbar) yielded 1.910 g (13.0
mmol; 65%) of the product as colorless oil. "H NMR (500 MHz,
CDCL) 6 = 7.32 (4 H, m, 8-H, 9-H), 725 (1 H, m, 10-H), 5.93 (1 H,
ddt, J = 17.3,10.3, 6.0 Hz, 3-H), 5.20 (1 H, ddt, J = 17.3, 1.7, 1.4 Hz, 1-
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H),s.11 (1 H,ddt, J=10.3, 1.7, 1.4 Hz, 2-H), 3.79 (2 H, 5, 6-H), 3.28 (2
H, ddd, ] = 6.0, 1.4, 1.4 Hz, 4-H), 1.40 (1 H, s, 5-H)** ppm. *C NMR
(126 MHz, CDCl,) 6 = 1404 (C-7), 136.9 (C-3), 128.5 (C-9), 1283
(C-8), 127.1 (C-10), 116.1 (C-1), 53.4 (C-6), S1.9 (C-4) ppm. IR
(ATR): 3064 (w), 3028 (w), 2914 (w), 2812 (w), 1454 (m), 993 (m),
915 (s), 733 (s), 697 (vs) cm™". HRMS (EI-TOF) m/z: [M]" calcd for
C1oH 3N 147.1048; found 147.1043.
N-Allyloctanamide (9).>

1312 10 8 §
Me

11 9 7 6 H

5

This compound has also been synthesized by Allen et al. using a different
method.*® In a dried flask under an atmosphere of nitrogen, a solution of
allylamine (3) (9.00 mL, 120 mmol) in CH,Cl, (120 mL) and
triethylamine (16.6 mL, 120 mmol) was cooled in an ice bath. Octanoyl
chloride (20.5 mL, 120 mmol) was added over the course of 1 h. The
cooling bath was removed, and the reaction mixture stirred for a further
1 h. Then, water (150 mL) was added, and the organic layer was
separated. The aqueous layer was extracted with CH,Cl, (2 X 150 mL).
The combined organic extracts were washed with brine (1 X 100 mL)
and dried over Na,SO,. The solvent and the remaining triethylamine
were removed on a rotary evaporator. The product was obtained
without further purification as colorless oil that solidifies slightly below
22 °C (ambient temperature) in a yield of 19.595 g, 89%. Mp: 25 °C.'H
NMR (500 MHz, CDCL,) § = 5.84 (1 H, ddt, = 17.1,10.2, 5.7 Hz, 3-H),
5.52 (1H,s,5-H),5.18 (1H,ddt, J=17.1, 1.6, 1.4 Hz, 1-H), S.12 (1 H,
ddt, J =10.2, 1.4, 1.4 Hz, 2-H), 3.88 (2 H, dddd, ] = 5.7, 5.7, 1.6, 1.4 Hz,
4-H),2.19 (2H, t, J=7.5 Hz, 7-H), 1.63 (2 H, tt, ] = 7.5, 7.5 Hz, 8-H),
1.29 (8 H, m, 12-H, 11-H, 10-H, 9-H), 0.87 (3 H, t, J = 7.0 Hz, 13-H)
ppm. *C NMR (126 MHz, CDCl;) § = 173.1 (C-6), 134.6 (C-3), 116.4
(C-1),42.0(C-4),37.0(C-7),31.8 (C-9/10/11/12),29.4 (C-9/10/11/
12),29.1 (C9/10/11/12), 25.9 (C-8), 22.7 (C-9/10/11/12), 14.2 (C-
13) ppm. IR (ATR): 3297 (br), 3083 (w), 2956 (s), 2923 (m), 2856
(m), 1638 (vs), 1544 (vs), 1247 (m), 988 (m), 918 (s) cm™'. HRMS
(EI-TOF) m/z: [M]* caled for C,;H,,N, O, 183.1623; found 183.1616.

N-Allylbutanamide (10).>¢

4 1
/\/2
3

o 8 0 4 1
Me/\)kN/\/z
76H 3

This compound has also been synthesized by Forjan et al.*® In a dried
flask under an atmosphere of nitrogen, a solution of allylamine (3) (9.00
mL, 6.85 g, 120 mmol) in CH,Cl, (120 mL) was prepared. This solution
was cooled in an ice bath, and triethylamine (16.6 mL, 120 mmol) was
added. Butanoyl chloride (12.5 mL, 120 mmol) was added over the
course of 1 h. After this time, the ice bath was removed, and the solution
was allowed to warm to 22 °C. A colorless salt was formed. After 1 h, de-
ionized water (150 mL) was added, and the organic layer was separated.
The aqueous layer was extracted with CH,Cl, (3 X 150 mL). The
combined organic extracts were washed with brine (100 mL) and dried
over Na,SO,. The solvent and the remaining triethylamine were
removed on a rotary evaporator. A yellowish liquid was obtained. The
liquid was again dissolved in CHCl; (250 mL) and was washed with half
saturated Na,COj; and dried over Na,SO,. The solvent was removed on
a rotary evaporator to give the pure product (14.40 g; 94%) as colorless
liquid. "H NMR (500 MHz, CDCl,) & = 5.84 (1 H, ddt, ] = 17.2, 10.2,
5.7 Hz, 3-H),5.55 (1 H, s, 5-H), 5.17 (1 H, ddt, ] = 17.2, 1.6, 1.4 Hz, 1-
H), 5.12 (1 H, ddt, ] = 102, 1.4, 1.4 Hz, 2-H), 3.88 (2 H, dddd, ] = 5.7,
57,16, 14 Hz, 4-H),2.17 2 H, t, ] = 7.4 Hz, 7-H), 167 (2 H, tq, ] = 7.4,
7.4 Hz, 8-H), 0.95 (3 H, t, ] = 7.4 Hz, 9-H) ppm. *C NMR (126 MHz,
CDCLy) §=172.9 (C-6), 134.6 (C-3), 116.4 (C-1), 42.0 (C-4), 38.8 (C-
7), 193 (C-8), 13.9 (C-9) ppm. IR (ATR): 3289 (br), 3078 (w), 2964
(m), 2932 (w), 2874 (w), 1640 (vs), 1545 (vs), 989 (m), 917 (m) cm™".
HRMS (EI-TOF) m/z: [M]* caled for C,H ;N,0, 127.0997; found
127.0994.
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N-Allylformamide (11).>2
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cisoid transoid

This compound has also been synthesized by Prediger et al.*>* A solution
of allylamine (11.2 mL, 8.56 g, 150 mmol) in CH,Cl, (S0 mL) was
cooled in an ice bath. To this solution, ethyl formate (10.1 mL, 18.5 g,
250 mmol) was added over the course of 10 min. After 30 min, the ice
bath was removed, the solution was allowed to warm to 22 °C, and the
reaction mixture was allowed to stir for 16 h. Then the solvent and
residual starting materials were removed under reduced pressure (30 °C,
6 mbar). The crude product was purified by Kugelrohr distillation (70
°C, 0.5 mbar) to give a clear colorless liquid (4.74S g, 37%) in a mixture
of cisoid/transoid of ca. 17/83. As the compound is relatively volatile, it
is likely that prolonged application of vacuum reduces the yield
substantially. "H NMR (500 MHz, CDCL,), cisoid, § = 8.09 (1H, s, 6-H),
6.80 (1H, s, 5-H) 5.82—5.68 (1H, m, 3-H), 5.15-5.08 (1H, m, 1-H),
5.05 (1H, ddd, J = 10.3, 2.9, 1.5 Hz, 2-H), 3.83—-3.77 (2H, m, 4-H);
transoid, 6 = 7.93 (1H, d, Jiuys = 12.0 Hz, 6-H; for CH-NH coupling
constants of similar amides, see LaPlanche, L. A.; Rogers, M. T. J. Am.
Chem. Soc. 1964, 86, 337), 6.44 (1H, as, 5-H), 5.82—5.68 (1H, m, 3-H),
5.18—5.11 (2H, m, 1-H, 2-H), 3.77—3.72 (2H, m, 4-H). 3C NMR (126
MHz, CDCL), cisoid, 8 = 161.5 (C-6), 133.5 (C-3), 116.3 (C-2), 40.4
(C-4); transoid, § = 165.1 (C-6), 134.4 (C-3), 116.7 (C-2), 44.0 (C-4).
IR (of cisoid/transoid mixture) (ATR): 3280 (br), 3048 (br), 2865 (br),
1655 (vs), 1643 (vs), 1528 (m), 1382 (s), 917 (m) cm™". HRMS (EI-
TOF) m/z: [M]* caled for C,;H,N,0, 85.0528; found 85.0525.
N-Allylisobutyramide (13).>”
8 9 4 1
Me%N/\/ 2
Me g 8
This compound has also been synthesized by Buswell et al.*’ In a dried
flask under an atmosphere of nitrogen, a solution of allylamine (3) (9.00
mL, 120 mmol) and triethylamine (16.6 mL, 120 mmol) in CH,Cl,
(120 mL) was cooled in an ice bath to 0 °C. Then, isobutyryl chloride
(15.7 mL, 150 mmol) was added over the course of 1 h. After this time,
the ice bath was removed, and the solution was allowed to warm to 22
°C. After 1 h at 22 °C, water (150 mL) was added, and the organic layer
was separated. The aqueous layer was extracted with CH,Cl, (3 X 150
mL). The combined organic extracts were washed with brine (100 mL)
and dried over Na,SO, and the solvent removed. The crude product was
purified by column chromatography (silica; eluent, gradient n-hexane/
chloroform from 100% n-hexane to 100% chloroform; R¢in chloroform
= 0.13). As the product contained ca. 10% of isobutyric acid, it was
dissolved in chloroform (200 mL) and extracted with a solution of half-
saturated Na,COj; (2 X 100 mL). The organic phase was dried over
Na,SO, and the solvent removed to obtain the product as a colorless
solid (11.565 g, 76%). Mp: 36 °C. "H NMR (500 MHz, CDCl;) 6 = 5.83
(1H,ddt,J=17.1,10.3,5.7 Hz, 3-H), 5.61 (1 H, 5, 5-H), 5.16 (1 ddt, =
17.1,1.7,1.5 Hz, 1-H), 5.12 (1 H, ddt, ] = 10.3, 1.7, 1.5 Hz, 2-H), 3.87 (2
H,ddd, J = 5.7, 1.5, 1.5 Hz, 4-H), 2.38 (1 H, sept, ] = 6.9 Hz, 7-H), 1.16
(6H, d, ] = 6.9 Hz, 8-H) ppm. *C NMR (126 MHz, CDCl,) § = 177.0
(C-6), 134.5 (C-3), 1163 (C-1), 41.9 (C-4), 35.8 (C-7), 19.8 (C-8)
ppm. IR (ATR): 3289 (br), 3083 (w), 2968 (m), 2935 (w), 2877 (w),
1642 (vs), 1539 (vs), 1240 (s), 988 (m), 917 (s) cm™'. HRMS (EI-
TOF) m/z: [M]" caled for C;H,3N,0, 127.0997; found 127.0995.
N-Allylisobutanamine Hydrochloride (14).
S}
Cl
Me 7 8 ®/4\/1
8 jﬁﬁz 3 2
Me g

To a suspension of LiAlH, (658 mg, 15.2 mmol) in dry +-BuOMe (55
mL) in a Schlenk flask under a nitrogen atmosphere was added N-
allylisobutyramide (2.554 g, 20.1 mmol) in dry t-BuOMe (S mL) via
syringe. Addition was continued while the reaction mixture started to

reflux. The overall addition time was 3 min.. The suspension was heated
and stirred at 35 °C oil bath temperature for 4 h and quenched by adding
H,0 (S mL) while cooling the mixture (ice bath). The resulting
suspension was filtered, and the filter cake was washed with Et,O (120
mL). To the filtrate was added hydrochloric acid (37%; 4 mL), and the
mixture was stirred for 5 min. By evaporation of solvent on a rotary
evaporator, a colorless salt was obtained which contained residual amide
(~24%). A subsequent Kugelrohr distillation (60 °C; 5 X 10> mbar)
yielded 1.743 g (11.6 mmol; $8%) of isolated product as colorless
hygroscopic solid. '"H NMR (500 MHz, CDCly) 5 =9.56 (2 H, as, 5-H),
6.12 (1H,ddt, J=17.2,10.3,7.0 Hz, 3-H), 5.46 (2 H, m, 1-H, 2-H), 3.62
(2H,m, 4-H),2.71 (2 H, m, 6-H), 2.23 (1 H, tsept, ] = 6.7, 6.7 Hz, 7-H),
1.09 (6 H, d, ] = 6.7 Hz, 8-H) ppm. *C NMR (126 MHz, CDCL;) § =
1282 (C-3), 124.2 (C-1/2), 53.6 (C-6), 50.2 (C-4), 26.0 (C-7). 20.7
(C-8) ppm. IR (ATR): 2962 (br's), 2755 (br s), 2425 (br), 446 (s), 993
(s),928 (s) cm™". HRMS (EI-TOF) m/z: [M — HCI]* calcd for C,H,N
113.1205; found 113.1208.
N-Allyl-2-ethylbutanamine Hydrochloride (15).

6 C]4 1
8
o Y (;3/\/ 2
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Hy 3
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To a suspension of LiAlH, (656 mg, 15.1 mmol) in dry +-BuOMe (55
mL) in a Schlenk flask under nitrogen atmosphere was added N-allyl-2-
ethylbutanamide (3.112 g, 20.04 mmol) in dry +BuOMe (S mL) via
syringe. Addition was continued while the reaction mixture started to
reflux. The overall addition time was 3 min. The suspension was heated
and stirred at 35 °C oil bath temperature for 4 h and an additional 2 h at
SS °C. Then the reaction mixture was quenched by adding H,0 (S mL)
while cooling the mixture (ice bath). The resulting suspension was
filtered, and the filter cake was washed with Et,0 (120 mL). To the
filtrate was added hydrochloric acid (37%; 4 mL), and the mixture was
stirred for 5 min. By evaporation of solvent on a rotary evaporator, a
colorless salt was obtained which contained residual amide (~63%). A
subsequent Kugelrohr distillation (80 °C; 2 X 107" mbar) yielded 874
mg (4.92 mmol; 25%) of the isolated product as colorless hygroscopic
solid. "TH NMR (500 MHz, CDCL,) 6 = 9.50 (2 H, as, -H), 6.13 (1 H,
ddt, J = 17.2, 10.3, 7.0 Hz, 3-H), 5.46 (2 H, m, 1-H, 2-H), 3.61 (2 H, m,
4-H),2.78 (2 H, m, 6-H), 1.83 (1 H, m, 7-H), 1.51 (4 H, m, 8-H), 0.89
(6 H,t,] =74 Hz, 9-H) ppm. *C NMR (126 MHz, CDCl;) 6 = 128.3
(C-3), 124.1 (C-1/2), 502 (C-4), 49.0 (C-6), 37.7 (C-7), 23.3 (C-8),
10.4 (C-9) ppm. IR (ATR): 2963 (s), 2932 (m), 2877 (m), 2798 (w),
2737 (m), 1462 (m), 1449 (m), 993 (m), 925 (s) cm™'. HRMS (EI-
TOF) m/z: [M]" caled for CoH N, 141.1518; found 141.1521.
N-Allyl-(2,4,6-trimethyl)benzamide (16).

1Me O 1
8| 7 4
9 NN 2
12 Hg 3
Me™4q Me

In a dried flask under an atmosphere of nitrogen, a solution of allylamine
(4.30 mL, 328 g, 57.5 mmol) in CH,Cl, (50 mL) and triethylamine
(797 mL, 5.82 g, 57.5 mmol) was cooled in an ice bath. 2,4,6-
Trimethylbenzoyl chloride (9.55 mL, 10.5 g, 57.5 mmol) was added
over the course of 60 min. The cooling bath was removed and the
reaction mixture stirred for a further 1 h. Then, water (150 mL) was
added, and the organic layer was separated. The aqueous layer was
extracted with CH,Cl, (2 X 150 mL). The combined organic extracts
were washed with brine (1 X 100 mL) and dried over Na,SO,. The
solvent and the remaining triethylamine were removed on a rotary
evaporator. The product was obtained without further purification as a
colorless solid in a yield of 10.4538 g, 99%. Mp: 112 °C. "H NMR (600
MHz, CDCL,) 6 = 6.84 (as, 1H, 9-H), 5.93 (1 H, ddt, ] = 16.2, 10.4, 5.8
Hz, 3-H), 5.66 (1 H, 5, 5-H), 527 (1 H, m, 1-H), 5.18 (1 H, m, 2-H),
4.09 (1H, dd, ] = 5.8, 5.8 Hz, 4-H), 229 (6 H, s, 11-H), 2.27 (3H, 5, 12-
H). *C NMR (151 MHz, CDCl,) § = 170.5 (C-6), 138.6 (C-11), 135.0
(C-12), 1343 (C-7/9), 1342 (C-7/9), 128.4 (C-8), 117.0 (C-1), 42.1
(C-4),21.2 (C-12), 19.3 (C-11). IR (ATR): 3255 (br), 3083 (w), 2977
(w), 2916 (w), 2855 (w), 1635 (s), 1613 (m), 1545 (m), 1294 (m), 917
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(m), 858 (m) cm™. HRMS (EI-TOF) m/z: [M]"* caled for C;3H;,N, O,
203.1310; found 203.1312.
N-Allyl-2-ethylbutanamide (17).

In a dried flask under an atmosphere of nitrogen was prepared a solution
of allylamine (3) (8.98 mL, 6.85 g, 120 mmol) in CH,ClL, (120 mL).
This solution was cooled in an ice bath, and triethylamine (16.63 mL,
120 mmol) was added. 2-Ethylbutanoyl chloride (20.60 mL, 150 mmol)
was added over the course of 1 h. After this time, the ice bath was
removed, and the solution was allowed to warm to 22 °C. A colorless
precipitate was formed. After 1 h, water (150 mL) was added, and the
organic layer was separated. The aqueous layer was extracted with
CH,Cl, (3 X 150 mL). The combined organic extracts were washed
with brine (100 mL) and dried over Na,SO, and the solvent removed.
The crude product was purified by column chromatography (silica;
eluent, gradient cyclohexane/chloroform from 100% cyclohexane to
100% chloroform; Ryin chloroform = 0.25). After removing solvent, we
obtained the pure product as colorless solid (18.316 g, 98%). Mp: 62 °C.
'H NMR (600 MHz, CDCL,) § = 5.84 (1 H, ddt, = 17.1,10.2, 5.7 Hz, 3-
H),5.53 (1H,s, 5-H),5.19 (1 H,ddt, J = 17.1, 1.6, 1.4 Hz, 1-H), 5.12 (1
H,ddt, ] =10.2, 1.4, 1.3 Hz, 2-H), 3.91 (2 H, dddd, ] = 5.7, 1.6, 1.3, 1.3, 4-
H), 1.86 (1 H, m, 7-H), 1.62 (2 H, m, 8-H), 1.43 (2 H, m, 8-H), 0.87 (6
H, t,] = 7.5 Hz, 9-H) ppm. 3C NMR (151 MHz, CDCLy) & = 175.7 (C-
6), 134.8 (C-3), 116.4 (C-1), 51.8 (C-7), 41.9 (C-4), 25.9 (C-8), 12.3
(C-9) ppm. IR (ATR): 3287 (br s), 3077 (w), 2963 (s), 2928 (s), 2876
(m), 2862 (m), 1637 (s), 1538 (s), 1238 (m), 925 (s), 709 (s) cm™".
HRMS (EI-TOF) m/z: [M]" caled for CoH;;N,0, 155.1310; found
155.1306.
N-Allyl-2-phenylacetamide (19).>®

1 o
8 4 ]
10 GN/\/Z

9 7 H 3
5

This compound has also been synthesized by Mahé et al. using a
different method.*® In a dried flask under an atmosphere of nitrogen was
prepared a solution of allylamine (3) (8.98 mL, 120 mmol) in CH,Cl,
(120 mL). This solution was cooled in an ice bath, and triethylamine
(16.6 mL, 120 mmol) was added. Phenylacetyl chloride (19.84 mL, 150
mmol) was added over the course of 1 h. Then the solution was allowed
to warm to 22 °C. A colorless solid was formed. After 1 h, water (150
mL) was added, and the organic layer was separated. The aqueous layer
was extracted with CH,Cl, (3 X 150 mL). The combined organic
extracts were washed with brine (100 mL) and dried over Na,SO, and
the solvent removed. A colorless solid was obtained. Recrystallization
from Et,O yielded in 10.38 g (49%) of product. Mp: 63 °C. '"H NMR
(500 MHz, CDCL,) 6 = 7.32 (3 H, m, 11/10/9-H), 5.76 (1 H, ddt, ] =
17.0,10.4, 5.5 Hz, 3-H), 5.47 (1 H, 5, -H), 5.06 (1 H, ddt, ] = 10.4, 1.4,
1.4 Hz, 1-H), 5.05 (1 H, ddt, J = 17.0, 1.6, 1.4 Hz, 2-H), 3.84 (2 H, dddd,
5.6,1.6,1.4, 1.4 Hz, 4-H), 3.60 (2 H, s, 7-H) ppm. *C NMR (126 MHz,
CDCl,;) 6 = 170.9 (C-6), 135.0 (C-8), 134.2 (C-3), 129.6 (C-10/9),
1292 (C-10/9), 127.5 (C-11), 1162 (C-1), 44.0 (C-7), 42.0 (C-4)
ppm. IR (ATR): 3236 (m), 3073 (w), 3066 (w), 3008 (w), 1625 (s),
1556 (br s), 1493 (m) cm'. HRMS (EL-TOF) m/z: [M]* caled for
CLHN,0, 175.0997; found 175.0991.
N-Allyloctanamine (27).>°
1312 10 8 6 4 1
Me/\/\/\/\N/\/ 2
1 9 7 ? 3

This compound has also been synthesized by Carrera et al. using a
different method.*® To a suspension of LiAIH, (657 mg, 15.1 mmol) in
dry t-BuOMe (60 mL) in a Schlenk flask under nitrogen atmosphere was
added N-allyloctanamide (3.678 g, 20.1 mmol) via syringe. Addition was
continued while the reaction mixture started to reflux. The overall
addition time was 3 min. The suspension was heated and stirred at 35 °C
oil bath temperature for 4 h and quenched by adding H,O (S mL) while

cooling the mixture (ice bath). The resulting suspension was dried over
MgSO, and filtered. The filter cake was washed with Et,O (120 mL).
Evaporation of solvent and subsequent Kugelrohr distillation (40 °C; 2
% 10~" mbar) yielded 2.192 g (16 mmol; 65%) of isolated product. 'H
NMR (500 MHz, CDCl,) 5 =591 (1 H, ddt, J=17.1,10.2, 6.0 Hz, 3-H),
5.17 (1 H,ddt, J=17.1,1.6, 1.4 Hz, 1-H), 5.08 (1 H, ddt, = 10.2,1.7, 1.3
Hz, 2-H), 325 (2 H, ddd, ] = 6.0, 1., 1.4 Hz, 4-H), 2.60 (2 H, t, [ =7.3
Hz, 6-H), 1.48 (2 H, m, 7-H), 1.30 (10 H, m, 12-H, 11-H, 10-H, 9-H, 8-
H), 1.16 (1 H, s, 5-H), 0.87 (3 H, t, ] = 7.0 Hz, 13-H) ppm. *C NMR
(126 MHz, CDCly) 6 = 137.3 (C-3), 115.7 (C-1), 52.7 (C-4), 49.7 (C-
6),32.0(C-7),30.3 (C-12/11/10/9/8),29.7 (C-7),29.4 (C-12/11/10/
9/8), 27.5 (C-12/11/10/9/8), 22.8 (C-12/11/10/9/8), 142 (C-13)
ppm. IR (ATR): 2957 (m), 2924 (vs), 2855 (s), 2811 (m), 1458 (m),
1123 (m), 993 (m), 916 (s), 723 (m) cm™'. HRMS (ELTOF): [M]*
caled for C;Hy3N 169.1831; found 169.1829.
N-Allylbutanamine Hydrochloride (28).
S
9 8 6 gl 4 1
Me™ SO 2
7 H, 3
5
To a suspension of LiAlH, (655 mg, 15.1 mmol) in dry +BuOMe (60
mL) in a Schlenk flask under nitrogen atmosphere was added N-
allylbutanamide (2.578 g, 20.3 mmol) via syringe. Addition was
continued while the reaction mixture started to reflux. The overall
addition time was 3 min. The suspension was heated and stirred at 35 °C
oil bath temperature for 4 h and quenched by adding H,O (S mL) while
cooling the mixture (ice bath). The resulting suspension was filtered,
and the filter cake was washed with Et,O (120 mL). To the filtrate,
hydrochloric acid (37%, 4 mL) was added, and the mixture was stirred
for S min. By evaporation of solvent on a rotary evaporator, a colorless
salt was obtained which contained residual amide (~18%). A
subsequent Kugelrohr distillation (60 °C; 5 X 107> mbar) yielded
2.036 g (13.6 mmol; 68%) of the isolated product as colorless
hygroscopic solid. 'H NMR (500 MHz, CDCL;) 5 = 9.64 (2 H, s, S-H),
6.09 (1 H,ddt, J=17.2,102, 6.9 Hz, 3-H), 5.47 (1 H, ddt, ] = 172, 1.3,
1.0 Hz, 1-H), 5.44 (1 H, dd, ] = 10.2, 1.0 Hz, 2-H), 3.57 (2 H, m, 4-H),
2.87 (2 H, m, 6-H), 1.84 (2 H, m, 7-H), 095 (3 H, t, ] = 7.4 Hz, 9-H)
ppm. *C NMR (126 MHz, CDCl,) § = 128.0 (C-3), 124.0 (C-1), 49.6
(C-4), 463 (C-6),27.9 (C-7), 203 (C-8), 13.6 (C-9) ppm. IR (ATR):
2962 (brs), 2935 (brs), 2877 (m), 2735 (brs), 2439 (m), 1453 (s), 992
(m), 930 (m) cm™". HRMS (EI-TOF): [M — HCI]" calcd for C,H;N
113.1205; found 113.1204.
N-Allylmethylamine Hydrochloride (29).

c® c®
Me @4 2 4 ]
e\N/\/Z By-product: N/\/2
H, 3 35 3
29 12

5
To a suspension of LiAlH, (653 mg, 15.1 mmol) in dry +-BuOMe (60
mL) in a Schlenk flask under a nitrogen atmosphere was added N-
allylformamide (1.718 g, 20.2 mmol) via syringe. Addition was
continued while the reaction mixture started to reflux. The overall
addition time was 3 min. The suspension was heated and stirred at 35 °C
oil bath temperature for 1 h and quenched by adding H,O (S mL) while
cooling the mixture (ice bath). The resulting suspension was filtered,
and the filter cake was washed with Et,O (120 mL). To the filtrate was
added hydrochloric acid (37%, 4 mL), and the mixture was stirred for S
min. By evaporation of solvent on a rotary evaporator, a colorless high
hygroscopic salt (1.826 g: 85%) was obtained which contained
allylamine hydrochloride 12 (~22%). 'H NMR (29, 500 MHz,
CDCL) 6 = 9.51 (2 H, s, 5-H), 6.04 (1 H, m, 3-H), 5.51 (1 H, m, 1-
H),5.49 (1 H,m,2-H),3.61 (2 H, m, 4-H),2.65 (3 H,t, ] = 7.4 Hz, 6-H)
ppm. 'H NMR (12, 500 MHz, CDCl,): 6 = 8.46 (3 H, 5, 5-H), 6.04 (1
H, m, 3-H), 5.50 (1 H, m, 1-H), 5.38 (1 H, m, 2-H), 3.63 (2 H, m, 4-H)
ppm. C NMR (29, 126 MHz, CDCl,) § = 127.6 (C-3), 124.5 (C-1),
51.1(C-4),31.8 (C-6) ppm. 3C NMR (12, 126 MHz, CDCL,) 5 = 129.5
(C-3), 121.8 (C-1), 42.1 (C-4) ppm. IR (mixture of 29 and 12; ATR):
2951 (brs), 2711 (br s), 2425 (m), 1465 (m), 1427 (m), 995 (m), 940
(s) ecm™. HRMS (29; EI-TOE) m/z: [M — HCI]* caled for C,;H,N
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71.0735; found 71.0733. HRMS (12; EI-TOF) m/z: the mass of 12 was
too low for detecting high resolution mass on our systems.
N-Allylcyclohexanamide (30).
o}

87 4 1
Creye
H 3
10 5

In a dried flask under an atmosphere of nitrogen was cooled a solution of
allylamine (3) (9.0 mL, 120 mmol) in CH,Cl, (120 mL) and
triethylamine (16.6 mL, 120 mmol) in an ice bath. Cyclohexanoyl
chloride (20.2 mL, 150 mmol) was added over the course of 1 h. The
cooling bath was removed and the reaction mixture stirred for a further 1
h. Then, water (150 mL) was added, and the organic layer was separated.
The aqueous layer was extracted with CH,Cl, (3 X 150 mL). The
combined organic extracts were washed with brine (1 X 100 mL) and
dried over Na,SO,. The solvent and the remaining triethylamine were
removed on a rotary evaporator. The crude product was purified by
column chromatography (silica; eluent, gradient n-hexane/diethyl ether
from 90% to 50% n-hexane; Ry in n-hexane/diethyl ether 1:1 = 0.15).
After removal of the solvent on the rotary evaporator, the product was
obtained as colorless solid (17.210 g, 82%). Mp: 74 °C. '"H NMR (600
MHz, CDCl,) § = 5.83 (1 H, ddt, ] = 17.1,10.3, 5.7, 3-H), 5.56 (1 H, 5, 5-
H), 5.16 (1 H,ddt, ] = 17.1, 1.6, 1.5, 1-H), 5.11 (1 H, ddt, ] = 10.2, 1.5,
1.3,2-H), 3.87 (2 H, dddd, ] = 5.7, 5.7, 1.5, 1.3, 4-H), 2.09 (1 H, tt, ] =
11.9,3.4,7-H), 1.86 (2 H, m, 10/9/8-H), 1.79 (2 H, m, 10/9/8-H), 1.66
(1H,m, 10/9/8-H), 1.44 (1 H, m, 10/9/8-H), 1.23 (3 H, m, 10/9/8-H)
ppm. *C NMR (151 MHz, CDCl;) § = 176.0 (C-6), 134.6 (C-3), 116.3
(C-1), 45.7 (C-7), 41.8 (C-4), 29.9 (C-8), 25.9 (C-10, C-9) ppm. IR
(ATR): 3291 (s), 3082 (w), 2928 (vs), 2853 (s), 1638 (vs), 1547 (vs),
1255 (m), 997 (s), 919 (vs), 702 (s) cm™". HRMS (EI-TOF) m/z: [M]*
caled for C,(H,N,0, 167.1310; found 167.1307.
N-Allyl-(cyclohexylmethan)amine (31).%°
8 _ 6 4 1
9 OD\N/\/ 2
H 3
10 5
This compound has also been synthesized by Denes et al. using a
different method.® To a suspension of LiAIH, (659 mg, 17.143 mmol)
in dry t-BuOMe (45 mL) in a Schlenk flask under nitrogen atmosphere
was added N-allylcyclohexanamide (3.349 g, 20 mmol) in dry t-BuOMe
(15 mL) via syringe. Addition was continued while the reaction mixture
started to reflux. The overall addition time was 3 min. The suspension
was heated and stirred at 35 °C oil bath temperature for 4 h and
quenched by adding H,O (S mL) while cooling the mixture (ice bath).
The resulting suspension was dried over MgSO, and filtered. The filter
cake was washed with Et,0 (120 mL). Evaporation of solvent and
subsequent Kugelrohr distillation (30 °C; 2 X 107" mbar) yielded 2.413
g (15.7 mmol; 79%) of colorless oil as isolated product. '"H NMR (500
MHz, CDCl;) §=15.90 (1 H, ddt, = 17.1,10.3, 6.0 Hz, 3-H), 5.16 (1 H,
ddt, J=17.1,1.7, 1.6 Hz, 1-H), 5.07 (1 H, ddt, ] = 10.3, 1.7, 1.4 Hz, 2-H),
322 (2H,ddd, J=6.0,1.6,1.4 Hz, 4-H),2.43 (2H, d,] = 6.7 Hz, 6-H),
1.68 (5 H, m, 10/9/8-H, 5-H), 1.45 (1 H, m, 7-H), 1.19 (4 H, m, 10/9/
8-H), 0.90 (2 H, m, 10/9/8-H). *C NMR (151 MHz, CDCl;) § = 137.4
(C-3),115.7 (C-1), 56.4 (C-6), 52.9 (C-4), 38.2 (C-7), 31.6 (C-8), 26.8
(C-10/9) 262 (C-10/9) ppm. IR (ATR): 2920 (vs), 2852 (m), 2810
(w), 1449 (s), 1123 (w), 993 (m), 915 (s) cm™'. HRMS (EI-TOF) m/z:
[M]* caled for C,H; N, 153.1518; found 153.1518.
N-Allylbut-2-enamide (32).
o

8 4 1
Me,ﬁ'\/g\N/\/z
9 7 'g 3

To a solution of allylamine (3) (8.98 mL, 6.85 g, 120 mmol) and
triethylamine (16.63 mL, 120 mmol) in CH,Cl, (120 mL) at 0 °C was
added crotonyl chloride (14.37 mL, 150 mmol, trans/cis = 90/10) over
the course of 1 h. The ice bath was removed, and the solution was
allowed to stir at 22 °C for a further 1 h. Then, water (150 mL) was
added, and the organic layer was separated. The aqueous layer was
extracted with CH,Cl, (3 X 150 mL). The combined organic extracts
were washed with brine (100 mL) and dried over Na,SO,. The solvent

and the remaining triethylamine were removed on a rotary evaporator,
and the remaining material was distilled with a 10 cm Vigreux column.
The product could be isolated as a colorless liquid (10.946 g, 84%, trans/
cis = 98/2) that easily solidified at a steam temperature of T = 104 °C,
pressure = 1 mbar. Because the product was obtained as a cis/trans
mixture, no mp was determined. '"H NMR (600 MHz, CDCl,, trans
product) § = 6.84 (1 H, dq, J = 15.2, 6.9 Hz, 8-H), 5.85 (1 H, ddt, ] =
17.1,10.3, 5.7 Hz, 3-H), 5.81 (1 H, dq, ] = 15.2, 1.7 Hz, 7-H), 5.63 (1 H,
s, 5-H), 5.19 (1 H, ddt, J = 17.1, 1.6, 1.2 Hz, 1-H), 5.13 (1 H, ddt, J =
103, 1.4, 1.2 Hz, 2-H), 3.94 (2 H, dddd, ] = 5.7, 5.7, 1.6, 1.2 Hz, 4-H),
1.85 (3 H, dd, ] = 6.9, 1.7 Hz, 9-H) ppm. "H NMR (600 MHz, CDCL,
cis product)61 §=6.12(dq,J=11.5,7.2 Hz, 8-H), 5.73 (dq, J = 11.5, 1.8
Hz, 7-H), 2.13 (dd, ] = 7.2, 1.8 Hz, 9-H) ppm. *C NMR (151 MHz,
CDCl,, trans product)® & = 165.9 (C-6), 140.2 (C-8), 134.4 (C-3),
125.0 (C-7), 116.5 (C-1), 42.0 (C-4), 17.8 (C-9) ppm. IR (ATR):
3281brm, 3076 (br w), 2916 (w), 1675 (s), 1632 (s), 1545 (m) cm™".
HRMS (EI-TOF) m/z: [M]* caled for C,H;;N,0, 125.0841; found
125.0841.
N-Allylisobutanamine (33).%3
M8 ,6 4 /1
e AN
€ 5

This compound has also been synthesized by D’hooghe et al. using a
different method.*® To a suspension of LiAlH, (654 mg, 15.1 mmol) in
dry t-BuOMe (5SS mL) in a Schlenk flask under nitrogen atmosphere was
added N-allylisobutyramide (2.584 g, 20.3 mmol) in dry +-BuOMe (S
mL) via syringe. Addition was continued while the reaction mixture
started to reflux. The overall addition time was 3 min. The suspension
was heated and stirred at 35 °C oil bath temperature for 4 h and
quenched by adding H,O ($ mL) while cooling the mixture (ice bath).
The resulting suspension was dried over MgSO, and filtered. The filter
cake was washed with Et,0O (120 mL). Evaporation of solvent on a
rotary evaporator and subsequent Kugelrohr distillation (60 °C; 60
mbar) yielded 0.648 g (5.7 mmol; 29%) of isolated product as a colorless
oil. '"H NMR (500 MHz, CDCL;) 6 = 5.91 (1 H, ddt, ] = 17.1, 10.3, 6.0
Hz,3-H),5.17 (1ddt, J=17.1,1.7, 1.5 Hz, 1-H), 5.08 (1 H, ddt, J = 10.3,
1.7,1.4 Hz, 2-H), 324 (2 H, ddd, = 6.0, 1.5, 1.4 Hz, 4-H), 2.42 (2 H, d, ]
=6.7Hz, 6-H), 1.75 (1 H, tsept, ] = 6.7, 6.7 Hz, 7-H), 1.09 (1 H, s, S-H),
091 (6 H, d, ] = 6.7 Hz, 8-H) ppm. *C NMR (126 MHz, CDCl;) § =
137.4(C-3),115.7 (C-1),57.7 (C-6), 52.8 (C-4),28.5 (C-7),20.3 (C-8)
ppm. IR (ATR): 2955 (s), 2837 (m), 2810 (m), 1470 (m), 1449 (m),
993 (m), 917 (vs) cm™'. HRMS (EI-TOF) m/z: [M]" calcd for C,HsN
113.1205; found 113.1207.
N-Propylhexanamide (34).5*

(e}
109 7 3 1
Me/\/\)skN/\/Me
8 6 " H 2
4

This compound has also been synthesized by Zyryanov and Rudkevich
using a different method.** In a dried flask, a solution of allylamine (3)
(4.1 mL, S0 mmol) and triethylamine (7.3 mL, 54 mmol) in toluene
(100 mL) was cooled in an ice bath (<0 °C). Hexanoyl chloride (8.0 mL,
58 mmol) was gradually added over the course of S min. The ice bath
was removed, and the solution was allowed to warm to 18 °C. After 12 h,
water (50 mL) was added, and the organic layer was separated. The
aqueous layer was extracted CH,Cl, (3 X 200 mL). The combined
organic extracts were washed with a 10% aqueous HCI solution (30
mL), a saturated NaHCOj solution (50 mL), and brine (50 mL). The
organic phase was dried over MgSO,. After removal of solvent in vacuo,
8.720 g (91%) of the product was obtained as a colorless oil. 'H NMR
(600 MHz, CDCL,) 5 = 5.46 (1 H, s, 4-H), 321 (2 H, td, = 7.3, 6.7 Hz,
3-H),2.15 (2 H, t, ] = 7.6 Hz, 6-H), 1.63 (2 H, tt, ] = 7.6, 7.6 Hz, 7-H),
1.51 (2H, tq,J=7.3,7.3 Hz, 2-H), 131 (4 H, m, 8-H,9-H),0.92 (3 H, t,
J=7.3Hz, 1-H), 0.89 (3 H, t, ] = 7.0 Hz, 10-H) ppm. *C NMR (126
MHz, CDCl;) §=173.3 (C-5),41.3 (C-3),37.0 (C-z6), 31.6 (C-8),25.7
(C-7),23.1 (C-2),22.6 (C-9), 14.1 (C-10), 11.5 (C-1) ppm. IR (ATR):
3292 (br), 3084 (w), 2960 (s), 2931 (s), 2874 (m), 863 (m), 1642 (vs),
1549 (vs), 1254 (m) cm™'. HRMS (EI-TOF): [M]* caled for
CyH,oN,0, 157.1467; found 157.1468.
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Corrigendum

In Figure 4 of the publication “Reduction of N-Allylamides by LiAlHs: Unexpected Attack of
the Double Bond with Mechanistic Studies of Product and By-product Formation”, there is a

typographical mistake. This has been corrected in the Figure below.
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Corrigendum 1. Negative charge of the nitrogen in the transition stage of “Route B” is a mistake and was cor-

rected.
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3.2 Towards Conjugated 1,2-Azaborine Polymers

For developing conjugated polymers, we decided to synthesise 1,3-bridged 1,2-azaborine sys-
tems. The monomers needed to contain a substituent that would facilitate the solubilisation
of the polymer. For synthetic reasons, this substituent was chosen to be attached to the boron

atom (R?) (Figure 10).

Ar = thiophenes,
pyridines,
benzenes etc.
W U*Ar%— R' = solubility-supporting substituent

Figure 10. Pattern of partly conjugated 1,2-azaborine polymers.

The syntheses towards the 1,2-azaborine monomer were conducted by the bachelor student
L. Délger during her bachelor’s thesis under my supervision.”® She started with the N-Boc-
protection of 4-bromoaniline 1 to amide 2, which was necessary to avoid the introduction of
two allyl groups in the following step to compound 3. By deprotection, she obtained the amine

species 4 (Scheme 10; for procedures: see Chapter 5.2.5).

Boc,0, THF, H o
/@/ 19°C,67h _ \(
99% Br O\’<
1 2
1) NaH, THF, 0°C, 30 min
quant. | 2) Allylboromide, THF,
0°C to reflux, 18 h
AcCl, MeOH, J
H 0to 19 °C,

N 2h N__O
7" OT
Br 85% Br OT<

4 3

Scheme 10. Synthesis of a secondary amine component 4 by L. Délger.”3
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The boron component 5 was obtained via a Grignard reaction with allyloromide 6 and a sub-
sequent transmetallation with BF; etherate. In a next step, borane 5 and boron trichloride
formed an allylboron dichloride species which could react further with amine 4 to diallylami-
noborane 7. The final ring formation towards the azaborine precursor 8 was carried out by a

ring-closing metathesis (Scheme 11).

Mg, BF3-Et20,
Et,0,
19°C,12h
Br/\/ = BN)
n
66%
6 5

2 eq. BCl3 n-hexane,

2.5h,-78°C
10 min, 19 °C
NEt; n-hexane, /©/Br
Br 25h,-78°C
/©/ * [\/\Bm 18h 19°C \/\'?‘
A AN 2
N 91% B
4 7

78%

Br Grubbs cat. 1%,
\ CH,Cl,, 3 h, 19 °C

Scheme 11. Synthetic route to the azaborine precursor 8 by L. Délger.”®

As one result of this work, the oxidative dehydrogenation was proven to be the main difficulty
within the synthetic route. Oxidation of the alkylated azaborine precursor 9 by using common
and usually effective systems (Pd black/cyclohexene) led to an unsatisfactory conversion that
implicate an impossible separation of product 10 and starting material 9 by any practical meth-

ods (Scheme 12).
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Br n-HexLi, MeTHF, Br Br
-94 °C, 20 min Pd black,
CN 19°C, 18 h E:N cyclohexene N
| | 7
B\Cl 87% B

“n-Hex

Scheme 12. This approach failed to aromatise a precursor for a monomer towards a conjugated polymer by L.

Délger.”®

3.2.1 Optimisation of the Oxidative Dehydrogenation towards 1,2-Azaborines

The oxidation step is the bottleneck reaction for reaching the aim of obtaining the 1,3-substi-
tuted azaborine and consequently the corresponding polymers. That is why it was necessary
to investigate and optimise the oxidative 1,2-dehydrogenation. Compared to the methyl-sub-
stituted 1,2-azaborine precursor 11 (see Table 1 and Chapter 3.3) which is convertible into
the aromatic compound P2-1 by using Pd black in cyclohexene, obvious differences are: firstly
the electronic properties of the substituents, secondly the increased steric hindrance and

thirdly the bromide functional group.

To investigate the electronic influences of the N-substituent on the oxidative step, the steri-
cally similar but CH;-bridged 4-bromobenzyl substituted azaborine precursor 12 was synthe-

sised as well as the B-Me analogue 13 (Scheme 13).

The synthesis of the amine species 14 was performed via a substitution reaction of allylamine
(15) and the benzoyl chloride 16 to compound 17 followed by a reduction in excellent yields
of 99% and 94%, respectively (see Chapter 3.1 for the optimisation of the process). For the
additional step to aminoborane 18, a reported procedure by Ashe and Fang was adapted to
our system.®? Allyltributylstannane as reagent led to by-products which could not be sepa-
rated from the product 18 by distillation or crystallisation. Because of this, an alternative route
similar to Lamm’s general procedure was applied.”® Here, triallylborane (synthesis: see Chap-
ter 5.3.1) was used as a reagent with a lower molecular weight generating thus less heavy by-
products. This synthesis yielded in 93% of a crude mixture with the desired aminoborane 18
and 12% by-product. The isolation by distillation of 18 was not feasible because of the vacuum

limitation.? Using the crude mixture, a following ring-closing metathesis to the final 1,2-

3 Our Kugelrohr apparatus with connected equipment is limited to a vacuum of approx. 8 x 1072
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3 Results and Discussion

azaborine precursor 12 resulted in a yield of 69% after sublimation. A further methylation with
methyl lithium in THF opened access to the precursor 13 which is an electronically similar and
easier accessible prototype of the n-hexyl substituted azaborine precursor 9 of the bachelor’s
thesis of L. Dolger. Furthermore, the oxidation test reaction of 13 revealed deeper insight into

influences on the dehydrogenation reaction of 1,2-azaborines (Scheme 13).

O EtsN, CH,Cly. 0
24 h,0to20°C
99% H
Br 17 Br
15 16
LiAlH4, tBuOMe,
0,
94% 4h,0to22°C
18
\/\N/\©\ \/\N/\©\
' H
b) 1. All3B, BCl; n-pentane
/\/B\ 3 3,
= Cl Br 2h,-78 OC, Br
3} 2.14, Et;N, 14
69% Grubbs cat. 1%, 16 h, -78 to 22 °C
CH,Cl,, 16 h, 24 °C 93%
12 MeLi, 13
C’?‘/\@ THF. -78 °C, 2.5 h C’}‘/\@
B. B-
Cl Br 84% Me Br

Scheme 13. Synthetic route to the 4-bromobenzyl substituted azaborine precursors 12 and 13 for investigating

different influences on the dehydrogenation process; synthesis of triallyloorane: see Chapter 5.3.

Starting from compounds 12 and 11, reaction conditions for the oxidative dehydrogenation

were screened based on the common oxidising agent DDQ (Table 1).5%7>

Owing to promising results for DDQ as oxidant applied to similar compounds in the litera-
ture,527>7 these successful reaction conditions were transferred to the 4-bromobenzyl-sub-
stituted aminoborane 12. A first attempt in n-hexane at 25 °C showed low solubility of DDQ
and consequently a low conversion of 7% after 48 h (Table 1, Entry 1). However, only one
decomposition product was obtained by changing the solvent to CH,Cl; to increase the solu-
bility of DDQ (Table 1, Entry 2). A similar result was obtained by trying to oxidise the methyl-
ated aminoborane 11 by DDQ in toluene at 21 °C for 1 h (Table 1, Entry 3). The increase in
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temperature under microwave conditions again led to a full degradation of the starting mate-
rial to undefined products (Table 1, Entry 4). In comparison to Entry 1 of Table 1, twice the
amount of the oxidant in n-hexane and an increase in temperature to 120 °C under microwave

conditions even decreased the detectable amount of the product (19: 7%, P2-1: 0%).

Table 1. Oxidative dehydrogenation approaches with DDQ as oxidising agent.

_R’ _R!
11 Cl}l Conditions Cl}l P2-1
12 B g2 B2 19
12, 19: R' = 4-BrBn, R2 = ClI
11, P2-1;: R' = Me, R? = Cl

Entry | Starting material Conditions Conversion?
1 12 1 eg. DDQ, n-hexane, 25 °C, 48 h 7%

2 12 1 eq. DDQ, CH2Cly, 25 °C, 48 h -b

3 11 1 eq. DDQ, toluene, 21 °C, 1 h -b

4 11 1 eq. DDQ, toluene, 80 °C, 4 h, MW -

5 11 2 eq. DDQ, n-hexane, 120 °C, 2.5 h, MW 0%

6 11 2 eq. DDQ, CH2Cl3, 60 °C, 1 h, MW -be

@ conversion measured by *H NMR of the crude mixture based on remained starting material (not isolated); ® no

starting material left, possibly due to degradation; ¢ no signals in *H and !B NMR in crude mixture anymore.

Improved solubility of DDQ by changing the solvent to dichloromethane led to the immediate
degradation of aminoborane 12 as well 11 (Table 1, Entry 2 and 6), which probably occurred
by reaction with the already reduced DDQ 20 (Scheme 14).? In conclusion, it turned out that
DDQ is no practical reagent for oxidative 1,2-dehydrogenation to azaborines containing both
a sterically demanding N-substituent and a highly reactive boron chloride bond. Both substit-
uents are crucial differences to the reported starting materials bearing a phenyl group or dou-

ble bond.6%7>76

2 Reactions of boron chlorides with phenolic hydroxyl groups: Seven, O.; Bolte, M.; Lerner, H.-W.; Wagner, M.
Organometallics 2014, 33, 1291.

38



3 Results and Discussion

Scheme 14. Possible attack of the reduced DDQ as by-product with aminoborane; partial reduced DDQ is also

considerable.

In view of the sensitive chloride function, palladium in combination with cyclohexene as a
hydride acceptor appeared to be a more compatible system.>2-54647477.78 |n case of the 4-bro-
mophenyl-substituted aminoborane 8, which was synthesised during L. Délger’s bachelor’s
thesis,”® these reaction conditions resulted in an conversion of 21% after 20 h under reflux at
ambient pressure (Table 2, Entry 1). In my work, applying microwave conditions allowed
higher temperatures and pressures, which accelerated the conversion towards 21 and in-
creased the amount of azaborine up to 26% after 1 h, but additional 3 h reaction time raised
the yield only up to 29%. Visual inspection of the reaction mixture showed agglomerated Pd
black (Table 2, Entry 2). Similar reaction conditions for dehydrogenation towards the 4-bro-
mobenzyl-substituted azaborine 19 led to both a conversion of 13% and agglomeration of Pd

black after 4 h. (Table 2, Entry 3).

Comparison of benzyl- and phenyl-substituted aminoboranes (12 and 8) revealed a significant
difference in conversion, although the molecules differ only by a CH; spacer. The substitution
of chloride by a methyl group on the boron site further inhibited the dehydrogenation reac-
tion. Only 9% of aminoborane 13 was converted to the corresponding azaborine 22 (Table 2,
Entry 4). Comparison of oxidation towards azaborines 19 and 21 (Table 2, Entry 3 and 2) to
the easy accessible methyl-substituted azaborine P2-1 (88% conversion, Table 2, Entry 5) un-
der same conditions suggests a hindered oxidation by bulky substituents on the nitrogen site
(c.f. Chapter 3.3). Furthermore, a *H NMR spectrum of the crude reaction mixture revealed a
high amount of formation of benzene during this reaction, possibly by simultaneous oxidative

dehydrogenation of cyclohexene (Table 2, Entry 5).

Beside electronic and steric differences between the well convertible N-methyl-substituted
azaborine precursor 11 and the 4-bromobenzyl- or 4-bromophenyl-subsituted aminoborane

(12 and 8 respectively), the bromide functional group on the N-substituent could play a crucial
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role for the oxidative dehydrogenation by Pd black in cyclohexene. Influences by halogen-hal-
ogen bridges,”®8° halogen-hydrogen bridges,®! halogen-nitrogen bridges®? or catalyst poison-
ing®8* are conceivable. The halogen-halogen bridges are already excluded by the oxidation
approach of the methylated bromobenzyl-aminoborane 22 (Table 2, Entry 4), because the
missing chloride on the boron atom is preventing effects on the aminoborane ring by inter-
molecular halogen-halogen bonds. Consequently, the conversion should be increased and not
decreased to 9%. A final test, by adding one equivalent bromobenzene to the active reaction
mixture of the N-methylated aminoborane and Pd black in cyclohexene, a strong inhibition or
even complete poisoning of the palladium catalyst by the arylbromide was observed: without
bromobenzene, the mixture showed 88% conversion of starting material (Table 2, Entry 5).
However, in the presence of bromobenzene, there was no conversion and the palladium cat-
alyst was visibly agglomerated after a short time after adding the arylbromide (Table 2, Entry
6). In addition, the *H NMR spectrum of the crude mixture (Figure SI- 29) showed only approx-
imately 60% remaining bromobenzene, which gave rise to the suspicion that 40% bromoben-
zene was now adsorbed on or reacted with 20% Pd black (bromobenzene : Pd =2 : 1) — possi-
bly by insertion of Pd into the aryl-Br bond.?> Additionally, this finding could explain the fast
agglomeration of Pd black with arylbromide functionalised azaborine precursors at least in

cyclohexene as solvent. For a final answer, further investigations need to be done.
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Table 2. Oxidative dehydrogenation approaches with palladium as hydride transfer reagent in cyclohexene.

8 _R! R" 2
1 Cl}l Conditions CI}J P21
12 Bpa By, 19
13 R R® 22

8,21: R'=4-BrPh,R?>=ClI
11, P2-1: R' = Me, R?=ClI
12,19: R'=4-BrBn, R?=CI
13,22: R'=4-BrBn, R>=Me

Entry | Starting Conditions Conversion?
material
1 8 50 mol% Pd black, cyclohexene, 83 °C, 20 h 21%b¢
2 8 20 mol% Pd black, cyclohexene, 4 h, 180 °C, MW 29%°¢
(1 h:26%)
3 12 20 mol% Pd black, cyclohexene, 1 h, 200 °C, MW 13%¢
4 13 20 mol% Pd black, cyclohexene, 4 h, 180 °C, MW 9% ¢
5 11 20 mol% Pd black, cyclohexene, 4 h, 120 °C, MW 88% ¢
(71% yield)?
6 11 20 mol% Pd black, 1 eq. bromobenzene cyclohexene, | 0% ¢
4 h, 120 °C, MW

“ conversion measured by *H NMR of the crude mixture based on remained starting material (not isolated); ®
carried out by Délger”® ¢ Pd was agglomerated; ¢ isolated yield after purification by Kugelrohr distillation; ¢ Pd is

not agglomerated, cyclohexene is also nearly fully converted.

Since losub and Stahl described a significant difference between the nonpolar mesitylene and
the polarised chlorobenzene as solvent for their aerobic oxidative dehydrogenation reactions
based on palladium catalysts,® the solvent was changed to chlorobenzene for further tests.
This solvent cannot serve as a hydrogen acceptor like cyclohexene, but it allows much higher
reaction temperatures. Thus, this treatment could improve the disproportionation reaction in
which the aminoborane is both oxidant and reductant. Due to that, aminoborane 12 was tried
to dehydrogenate by palladium black in chlorobenzene. These conditions led to a conversion
of 27% after 4 h at 220 °C under microwave conditions, which was measured by taking a sam-

ple from the crude mixture (Table 3, Entry 1). This *H NMR spectrum showed no significant
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signal for the CH, protons of a reduced species 23 which should exist in same amounts in the

mixture due to disproportionation (Figure 11).

Table 3. Oxidative dehydrogenation approaches with palladium as hydride transfer reagent in chlorobenzene.

_R' _R’
N Conditions ~ "N
12 || E— . 19

R'=4-BrBn, R = CI

Entry Conditions Conversion?
1 20 mol% Pd black, chlorobenzene, 4 h, 220 °C, MW 27%°
2 20 mol% Pd black, chlorobenzene, 4 h, 220 °C, additional 6 h, 250 °C, | 58%?%
MW
3 20 mol% Pd black, chlorobenzene, 24 h, 250 °C, MW 66%°

@ Conversion measured by *H NMR of the crude mixture based on remained starting material (not isolated); * Pd

is not agglomerated as for cyclohexene as solvent.

On account of no obvious agglomeration of Pd black, the mixture was heated under micro-
wave conditions for additional 6 h at an even higher temperature of 250 °C. The increased
conversion (58%) proved that the surface of palladium was still intact (Table 3, Entry 2). Be-
yond this, the conversion passed 50%, which should be the maximum for a disproportionation
reaction. One reason could be that the commercially available extra dry chlorobenzene, which
was packed under inert gas, was not absolutely oxygen-free. The oxygen can possibly serve as
co-oxidant as described by losub and Stahl and therefore the conversion could pass the 50%
mark.2® The suspicion is intensified by a further approach, in which the reaction was carried
out for 24 h without interruption and resulted in 66% of conversion (Table 3, Entry 3). This
result is only explicable by side-reactions of 12 which would lower the remaining amount in
the crude mixture and consequently give a wrong ratio of starting material and product. On a
closer examination of the 'H NMR spectrum of the approach that yielded 66% (Figure SI- 33),
it was clearly visible that the signals of chlorobenzene (solvent) changed. This observation
points to reactions of this aryl chloride, for example palladium-catalysed coupling reactions

with elemental palladium.®”8 Assuming that the oxidation state of palladium could have
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changed during the reaction, homocoupling of the aryl bromide moieties (N-substituent)
could have taken place.?? These different side reactions and consequently a range of side
products could explain the two further proton signals of the benzylic N-CH, group in the
'H NMR spectrum of the crude mixture (Figure SI- 33). If these signals corresponded to a non-
oxidised azaborine species, then it would also support the apparently decreased starting ma-

terial amount in the crude mixture (see above).

\ Br Br Br
|
10 h
JJ | CN | N N
| B B
| | | Xl é\CI ~Cl
ﬁ}ﬂ ( I Wf
b 19 |
MY A “ |
) JU e W w "uwj [T N
4h
7.‘5 710 615 610 5!5 5:0 4.‘5 410 3!5 3:0 215 210 1:5 1:0 015 010

f1 (ppm)

Figure 11. *H NMR spectra comparison of the crude mixtures of the dehydrogenation reactions after 4 hand 10 h

(additional 6 h) shows only main signals for the aromatised product 19 and the starting material 12.

Surprisingly, the mass of the product 19 and its expected hydrolysed derivative 24 were found
in the GC-MS spectrum of the crude mixture (palladium was separated by filtration), although
the azaborine 19 was expected to be highly sensitive to hydrolysis. Azaborine P2-1 (Table 2,
Entry 5) was not observable in GC-MS. This result supported the existence of 19 after dehy-

drogenation process (Figure 12).

However, the isolation of azaborine 19 by sublimation at 120 °C and 8 x 10 mbar did not lead
to success. This isolation procedure was accompanied by decomposition reactions. Evidence

for this was that a broad proton signal at approx. 9.7 ppm appeared in the first (Figure SI- 35)
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and second (Figure SI- 36) fraction of the Kugelrohr sublimation. Beyond that, the benzylic CH;
proton signal of the starting material 12 was missing in both sublimation fractions and the CH,
proton signal adjacent to the boron atom remained. Thus, these results give rise to the suspi-
cion that the N-C bond between the 4-bromobenzyl-subsitutent and the N-B cycle is unstable

under these conditions.

A separation of the species in the crude mixture is discernible between both fractions. How-
ever, another isolation method or procedure has to be developed for this case. The GC-MS
trace gave clear evidence for a possible separation of this azaborine by chromatography with
specifically treated columns (Figure 12). This measurement resulted in three main signals in
the GC trace, which were identified as the desired product 19, the starting material 12 and a
methoxy-substituted azaborine 24. Here, it seems reasonable to assume that a partial meth-
oxy-substitution of 19 took place by remaining traces of methanol in the injection needle,
which served as standard washing solvent. The resulting hydrolysed species could then have
reacted with CH,Cl, to 24 before or after injection into the GC-MS apparatus. Consequently
and with the assumption that the detectability of all three compounds is nearly equal, the
peak areas reveal a clear surplus of product 19 in the crude mixture. This result would be in

agreement with the detected integrals of the crude *H NMR spectrum (Figure SI- 33).
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Figure 12. Section of the GC-MS trace of the crude mixture (measured in CH,Cl,) after 24 h dehydrogenation

reaction of 12 with Pd black in chlorobenzene (Table 3, Entry 3) shows clear evidence of the desired product 19;

for a full GC trace see Figure SI- 43.
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3.3 1,2-Azaborine Vinylpolymers

3.3.1 First N-Methyl-2-vinylazaborine Polymer and Copolymer

“High molecular weight poly(N-methyl-B-vinylazaborine) — a semi-inorganic B-N polystyrene

analogue”

Thiedemann, B.; Gliese, P. J.; Hoffmann, J.; Lawrence, P. G.; Sonnichsen, F. D.; Staubitz, A.

Chem. Commun. 2017.

Reprinted with permission from The Royal Society of Chemistry. © 2017 The Royal Society of

Chemistry.
DOI: 10.1039/C6CC08599G

Abstract: We present the synthesis of a B-N analogue of polystyrene, poly(N-methyl-B-vinyl-
azaborine) in high molecular weight (Mw = 24.9 kDa). Furthermore, it was possible to prepare
a copolymer with the C—C analogue. A thorough comparison between the polymers by NMR

spectroscopy, TGA, DSC and GPC showed significant differences between these polymers.

Free Radical
Polymerisation

TOC Graphic 2. The published poly(vinylazaborine) was synthesised by free radical polymerisation.

Scientific contribution to this paper

In this project, | carried out all syntheses and experimental work with the support of following
coauthors: P. J. Gliese reproduced the polymer syntheses, J. Hoffmann performed additional
calculations for interpretation purpose within the revision process, P. G. Lawrence contributed
the 1B NMR studies of the polymers, F. D. Sénnichsen recorded all other NMR spectra. A.

Staubitz and | wrote the communication together.
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We present the synthesis of a B—N analogue of polystyrene,
poly(N-methyl-B-vinylazaborine) in high molecular weight (M\y =
24.9 kDa). Furthermore, it was possible to prepare a copolymer with
the C-C analogue. A thorough comparison between the polymers
by NMR spectroscopy, TGA, DSC and GPC showed significant
differences between these polymers.

Polyolefins, among them polystyrene (PS) and polystyrene analogues,
are the most important industrial polymers. Due to the unparalleled
number of available polymerisation techniques, there is an ongoing
quest for the development of analogues of styrene that can be
polymerised under well-established conditions, yet leading to
entirely new polymers with new functions.® There are still
relatively few semi-inorganic monomers, mainly due to their
synthetic accessibility. The range of inorganic motifs in the ring
of PS analogs reaches from phosphorus,”™ silicon>® to sulfur.””*
Despite a long standing interest in the isoelectronic relationship
between group 13-group 15 bonds (i.e. boron-nitrogen (B-N) or
boron-phosphorus (B-P)) and carbon-carbon (C-C) bonds, and
increasing research efforts to create analogues,'®™ non-olefinic
polymers based on B-N compounds are still rarely reported:
azaborines have been successfully introduced into the main chain
of short semiconducting polymers,'* polyaromatic B-N containing
monomers have been polymerised"® and aromatic rings have been
interspersed with B-N"®*” or N-B-N motifs.'® Polyolefin analogues
are equally scarce: well-defined polyaminoboranes'®>" or poly-
phosphinoboranes®*™° have been developed. A further exciting
development was the synthesis of poly(B-vinylborazine) by
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Sneddon, using a radical polymerisation.® This polymerisation
was remarkable in that borazine itself is not a thermally very
stable heterocycle, but it can dehydrocouple under loss of
hydrogen. The paper by Sneddon shows very convincingly
how this may lead to light cross-linking of the material. However,
polymers with an all carbon-polyolefin backbone, but a B-N
containing aromatic heterocycle (as opposed to borazinyl) in the
side chain, as analogues of PS, are not available so far.

Herein we report a novel azaborine analogue of polystyrene - a
poly(vinylazaborine).””

The synthesis of a suitable monomer was possible by
modifying routes to azaborines that have been developed by
Liu and co-workers.*® An azaborine 1 that is chlorinated at the
boron atom easily undergoes nucleophilic substitution with
vinyl lithium in a good yield of 71% (Scheme 1, for experimental
details see ESIT).

We specifically decided to use an N-methylated monomer,
because we suspected that a hydrogen atom in this position
might lead to future chemical complications as it could be
easily abstracted as a proton (with a view for developing anionic
polymerisations in the future).>* More importantly for this
work, the methyl group would provide an NMR spectroscopic
probe to analyse the polymer product in terms of tacticity of the
backbone.

The vinylazaborine polymer 3 was prepared by a free radical
bulk polymerisation with 2,2’-azobis(2-methylpropio-nitrile)
(AIBN) as a radical starter at 85 °C (Scheme 2).

During the reaction, the mixture turned increasingly viscous,
which was a good indication that a high molecular weight polymer

T
CN/MG s CN/Me
| |
B B
N ~ci 71%) NS \%
1 2

Scheme 1 Synthesis of the monomer 2 by nucleophilic substitution of
the B-chlorinated azaborine 1 in a yield of 71%.

Chem. Commun

47



3 Results and Discussion

Communication

( M
1 mol% AIBN n
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2 3

Scheme 2 Synthesis of the new B—N polystyrene analogue 3 by free
radical polymerisation of 2 in a yield of 51%.
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Fig. 1 (a) Photographic image of PNMe2VAB 3 on a glass slide on a black
background; (b) GPC mass distribution curve (universal calibration;
polystyrene standards, eluent THF with 1 mL min~?).

had been formed. After 72 h reaction time, the crude product was
dissolved in toluene (it was also well soluble in CH,Cl,, CHCl; and
benzene) and subsequently precipitated into methanol to give a
colourless solid (Fig. 1a) which was investigated by NMR spectro-
scopy, IR spectroscopy, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and gel permeation chromato-
graphy (GPC) (Fig. 1b).

In the "B NMR spectrum, the polymer showed a single
broad peak at ca. d = 44 ppm (Fig. S20, ESIT). This is very similar
to the observation by Jikle and Liu and co-workers.** "H NMR
spectroscopy revealed more structural features. Despite prolonged
exposure to a vacuum (ca. 10> mbar, 40 °C, 24 h), residual solvent
(toluene) from the precipitation procedure was still detectable,
which suggested that it is confined by the 3D arrangement of the
polymer chains. The "H NMR spectrum of 3 showed very broad
signals in the aromatic range as well in the aliphatic region, which
is a typical feature of polymers. A small high-field shift of the
proton signals in the aromatic ring compared to monomer 2 was
observed (Fig. 2a and b).

Three clearly separated proton signals of the methyl group
(2.5-3.4 ppm) revealed at least three evidently different magnetic
environments. However, these three peaks display a finer sub-
structure, indicating that in addition to tacticity, more structurally
different environments might be present (Fig. 2b). The *C{'H}
NMR spectrum (Fig. S17 and S19, ESIt) showed also a threefold
separation for the CHj; signal; this feature could also be identified
for the CH,, signal, which was less well separated in the case of the
"H NMR spectrum. The aromatic carbon signals also show several
peaks (Fig. S18, ESIT).

For this polymer, a number of different configurations are
conceivable: first, different sequences of meso (m) and racemo (r)
(mm, rm/mr, rr) diads (Fig. 3a), which is typical for all polyolefins
with atactic chains. Secondly, however, two different orientations
of the methyl group with respect to consecutive monomer
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Fig. 2 H NMR spectra to compare the homopolymers 3 and 4 with the
monomers 2 and 5. All spectra were recorded at 300 K, 500 MHz in
CD,Cl.
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Fig. 3 (a) Possible triads in PNMe2VAB (3); (b) conceivable methyl group
orientations (simplified backbone).

units may lead to three further local environments (Fig. 3b).
Furthermore, the dipole character of the B-N bond should
affect the intra- as well as the intermolecular distance between
the aromatic rings, in which intramolecular interaction could
cause a significant shift of the methyl proton signal.

The molecular weight of the polymer 3 was analysed by
(GPC) using universal calibration and THF as an eluent. Assuming
a random coil under these conditions, the polymer was deter-
mined to have a weight average molecular weight of My =
25 kDa and a polydispersity index (PDI) of 1.5 (Table 1).
Dynamic scanning calorimetry of PNMe2VAB (3) with a heating
rate of 8 K min~" (Fig. S26, ESIT) showed a glass transition
temperature (T,) of 85 °C; thermogravimetric analysis (TGA)
under nitrogen revealed a decomposition temperature of 380 °C

This journal is © The Royal Society of Chemistry 2017
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Table 1 Overview of the polymerisation results
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Entry Polymer Conversion [%)] Yield [%] My (kDa) PDI” T, [°C] Tq [°C] A(max) [nm]
1 PNMe2VAB 3 89 51 24.9 1.51 85 380 279
2 PNMe2VAB/P2MeS 6 72/99° 86 36.9 1.69 114 378 279
3 P2MesS 4 92 87 86.0 1.84 132 365 265

“ Values are presented as universal/standard calibration against polystyrene. © Conversion of each co-monomer (2/5) due to different reaction

rates.

(Table 1; entry 1). However, in air, the polymer gradually
decomposed to give an insoluble brown solid (Fig. 4).

In order to assess the influence of the B-N substitution
compared to the C-C analogue, we also synthesised the carbon
equivalent of PNMe2VAB 3-poly(2-methylstyrene) (P2MeS, 4)
under the same conditions and characterised it. A higher
weight average molecular weight of My, = 86 kDa (PDI = 1.84)
was found (Table 1; entry 3). Compared to the proton signals of
monomer 5 (Fig. 2d), all of the P2MeS 4 signals were up-field
shifted (Fig. 2¢). In contrast to PNMe2VAB 3 no clear separation
of the CHj signals in different tactic environments was observable.
The alkyl signals of the CH proton at 2.1-2.8 ppm were broad and
those of the CH; at 0.9-2.1 ppm were equally wide with little fine
structure (Fig. 2b and d). Unsurprisingly, this polymer was stable
in air and showed no discolouration (Fig. 4c). The glass transition
temperature of 132 °C and the decomposition temperature of
365 °C was consistent with other reports.”** We hypothesise that
the significantly lower glass transition temperature of PNMe2VAB
is due to a decreased order of the system in the solid state. Because
the polymer backbone is always attached to the boron atom, the
dipoles of the azaborines are likely to push these side chains away
from one another, decreasing stacking interactions.

An interesting comparison can be made with the T, of
poly(2-vinylpyridine) (P2VP), which is perhaps the electronically
most similar organic polymer to PNMe2VAB 3.>*® A polymer
of similar length (30 kDa) was reported to have a T}, of ca. 94 °C*’
compared to a T, of PS with 35 kDa at ca. 103 °C.%® This means
that the substitution of one CH by an N has just little effect on the
chain mobility in the solid state; however if an additional boron
atom replaces a carbon atom as in our material, the effect is
substantial (for BN vs. CC AT, = 47 K in our case).

This also suggested that copolymerisation - if possible — might
be used to tune the materials properties. To explore the copoly-
merisation ability of NMe2VAB, we polymerised it with 2MeS in a
ratio of 1: 1 under same conditions as for the homopolymerisations.
We received a polymer with a weight average molecular weight of
My = 36.9 kDa (PDI = 1.69) and a T of 114 °C (Table 1; entry 2)
which was between both homopolymers 3 and 4.

Fig. 4 Photographic images of PNMe2VAB (3;

left;
PNMe2VAB/P2MeS copolymer (6; center; orange) and P2MeS (4; right;
colourless) after 72 h under air conditions.

brownish red),

This journal is © The Royal Society of Chemistry 2017

According to the calculation based on the aromatic range
integrals of the '"H NMR spectrum, 6 had a composition of
approx. 3:2 (monomer 5 : monomer 2). Surprisingly, the splitting
pattern of the CHj signal of 3 (2.5-3.4 ppm) was not present in the
copolymer, which is indicative of very few adjacent azaborine
units; the monomer distribution in the polymer must therefore
be relatively random with only some gradient character. This
assumption was supported by comparison of the **C{"H} NMR
spectra. The threefold splitting pattern of the CHj; signal
(41.5-40 ppm) and the CH, signal (28.5-27.0 ppm) in 3 (Fig. S48,
blue, ESIt) was not present in the copolymer 6 (Fig. S48, red, ESI).
This may be explicable by the missing NMe2VAB-NMe2VAB
sequence. However, four new signals for the new 2MeS-NMe2-
VAB-2MeS sequence appeared (41.0, 37.5, 26.0 and 24.0 ppm)
beside the still present 2MeS-2MeS sequence signals (Fig. 548, red
and green, ESIT). For such a random polymer to form, the rates of
polymerisation of the two monomers amongst themselves and
with one another must be in the same order of magnitude. This
was confirmed by monitoring the progress of the separate reactions
and mixture of the monomers by *"H NMR spectroscopy (see ESIY).

Decomposition under a nitrogen atmosphere was very similar
to PNMe2VAB at 378 °C. Under an air atmosphere however, the
copolymer changed much more slowly to a brown insoluble solid
than PNMe2VAB (Fig. 4). This confirmed a lower percentage of
azaborine in the polymer compared to the homopolymer would
increase air stability.

In conclusion, the first high molecular weight B-N polystyrene
analogue with one C-C replacement in the ring by B-N has been
prepared. This was possible by radical polymerisation. The polymer
is a white powder and readily forms films. A detailed NMR study
revealed that besides different magnetic environments due to
tacticity, the arrangement of the heterocycle with respect to the
chain also plays an important role. Compared to the C-C analogue,
there are fundamental differences in the material’s behaviour: while
its glass transition is substantially lower, its thermal decomposition
temperature under inert conditions is higher. Conversely, however,
the C-C analogue is entirely air stable whereas the B-N analogue
decomposes gradually. Copolymerisation of the two monomers is
facile, leading to a nearly random atactic polymer. This allows the
tuning of the materials’ properties in copolymers; decomposition in
air can be slowed down and the T increased. In addition, this study
adds to the mounting evidence that the relationship between
the heterocycles borazine and azaborine, and benzene, is merely
formal; the chemistry and by extension materials science of such
compounds is very different.

While this study is of a fundamental character, potential
applications for PNMe2VAB may be envisioned. Such types of
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polymer could be used for the tuning the properties of vinyl-
polymers in copolymers or blends. It is also conceivable to use
these polymers as precursors for the incorporation of the B-N
motif into carbonised materials.**™**> The complexation of

anions and incorporation into block copolymers will be analysed

in future work.**™¢
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3.3.2 Comparison of Poly(N-methyl-B-vinylazaborine) and Poly(N-hydro-B-vinyl-

azaborine)

After the submission of our publication to Chem. Commun., Wan et al. published the synthesis
of a B-N polystyrene, poly(N-hydro-B-vinylazaborine) (BN-PS).3% 2 Owing to the similarity of
both vinylazaborines, BN-PS and P2-3, a comparison of both could lead to a deeper insight of

these types of polymer.

- SIS ¢

Me. _.B Me. .B H. _B Ho .
] — L o
NS NN NN NN

P2-2 P2-3 BN-PS BN-St
This work Wan et al.

Figure 13. First published vinylazaborines: P2-3 (this work), BN-PS (Wan et al.32).

Apart from the different synthetic routes to the monomers (P2-2 and BN-St), they differ only
in the N-substituents, which are a methyl group and a proton respectively. The monomer BN-
St was hard to polymerise by free radical polymerisation (FRP) and led only to a molecular
weight of 6.7 kDa, whereas P2-2 could be polymerised up to a molecular weight of
My = 16.5 kDa (My = 24.9 kDa).” Apparently, the N-H-functionality of BN-St makes a FRP more
difficult than for an N-methylated vinylazaborine P2-2. Wan et al. detected no conversion of
BN-St while a FRP attempt in THF and only 48% conversion (low yield of 36%) after 48 h with
changing to ACHN as initiator in DMF. In another approach, BN-St was polymerised via RAFT
polymerisation® but with even lower conversion (27%), yield (18%) and molecular weight
(Mn =1.1 kDa). Here, the acidity of the N-H proton and conceivable intermolecular hydrogen

bonding interactions could play a crucial role in the polymerisability. For a deeper insight,

@ Abbreviations are from the publication for better comparability: Wan, W.-M.; Baggett, A. W.; Cheng, F.; Lin,
H.; Liu, S.-Y.; Jakle, F. Chem. Commun. 2016.

b Wan et al. did not explain which calibration method they used and, consequently, molecular weights should be
compared with care.

¢ For explanation of RAFT polymerisation see Chapter 2.1.3.1.
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more studies with monomer BN-St and other N-H-vinylazaborines have to be carried out. Fur-
thermore, for better comparability, the polymerisations should be performed without solvent

to minimise influences.

Despite the hardly comparable results of the polymerisations, the dynamic scanning calorim-
etry measurements of the polymers P2-3 and BN-PS revealed interesting insights. The glass
transition temperature for P2-3 (T = 85 °C) is lower than for BN-PS (Tg = 93 °C), despite P2-3
bearing a bulkier N-substituent next to the polymer backbone. Actually, a hindrance in back-
bone rotation by bulky substituents should increase the T;.29°° Possibly, the hydrogen bonding

interactions limit this backbone rotation, which was already suspected by Wan et al.??

Table 4. Overview of the analytic data corresponding to the first poly(vinylazaborines) P2-3 and BN-PS.

Polymer Conversion | Yield M, PDI? T Aabs
P2-3 89% 51% 16.5 kDa 1.51 85°C 279 nm
BN-PS 48% 36% 6.7 kDa 2.49 93°C 277 nm

9 PDI = polydispersity index (My/M,); PDI is hardly comparable because of different work-up procedures.
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3.4 Cooperation project

34.1 Nucleophile-Selective Cross-Coupling Reactions

“Nucleophile-Selective Cross-Coupling Reactions with Vinyl and Alkynyl Bromides on a Di-

nucleophilic Aromatic Substrate”

He, L. Y.; Schulz-Senft, M.; Thiedemann, B.; Linshoeft, J.; Gates, P. J.; Staubitz, A. Eur. J. Org.
Chem. 2015, 2498.

Reprinted with permission from WILEY-VCH. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
DOI: 10.1002/ejoc.201500138

Abstract: A nucleophile-selective cross-coupling reaction on an aromatic compound bearing
two metal groups, Bpin and SnMes, has been developed. Previously, only aryl bromides and
iodides could be used as electrophilic components, but in this work, the scope could be ex-
tended to vinyl and alkynyl bromides as electrophiles. This means that the roles typical in So-
nogashira couplings or Heck reactions of the aromatic ring as the dielectrophile coupling to
vinyl and alkynyl metal species are reversed, which presents a new tool for organic synthesis.
The first nucleophilic site to react is the stannyl group, and subsequently, a Suzuki—Miyaura

cross-coupling reaction can take place on the same molecule.

Pinaf@\ i“‘ PinB/@\W ﬂ“‘ RZ’@‘w

s |Pd] s + Base )

R? = alkenyl, alkynyl, Ar

R' = alkenyl, alkynyl
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TOC Graphic 3. Cross-coupling reactions with vinyl and alkynyl bromides on an aromatic dinucleophile.

Scientific contribution to this paper

In this project, | contributed four syntheses of which only three led to success and were pub-
lished (syntheses to compounds P3-7c, P3-7d and P3-7e). Furthermore, | designed the TOC

graphic. All other experiments and work were done by the other authors.
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A nucleophile-selective cross-coupling reaction on an aro-
matic compound bearing two metal groups, Bpin and SnMeg,
has been developed. Previously, only aryl bromides and iod-
ides could be used as electrophilic components, but in this
work, the scope could be extended to vinyl and alkynyl
bromides as electrophiles. This means that the roles typical

in Sonogashira couplings or Heck reactions of the aromatic
ring as the dielectrophile coupling to vinyl and alkynyl metal
species are reversed, which presents a new tool for organic
synthesis. The first nucleophilic site to react is the stannyl
group, and subsequently, a Suzuki-Miyaura cross-coupling
reaction can take place on the same molecule.

Introduction

Cross-coupling reactions (CCRs) of organometallic com-
pounds R-M with organic compounds R—X have evolved
into powerful and general methodologies for carbon—
carbon bond formation.['! CCRs pervade all areas of or-
ganic synthesis®?! from the construction of polymers,?
pharmaceuticals*! to natural products. In many cases, func-
tional group tolerance is high, but to build up complex or-
ganic scaffolds, highly selective CCRs are essential. Re-
search on electrophile-selective CCRs [differentiating be-
tween R—X! and R-X? (X =1, Br, Cl, OTT, etc.)] has been
intensively pursued.l®! For Stille reactions, the order of reac-
tivity of halides is I > Br > CLI°1 However, nucleophile-
selective CCRs with dimetallic (hetero)-aromatic substrates
have been very rarely examined.[”)

In our group, a nucleophile-selective one pot reaction
was developed recently on a new thiophene building block
that contains both a stannyl group and a boronic ester func-
tional group.’ Furthermore, this reaction was extended to
both nucleophile- and electrophile-selective CCRs with aro-
matic rings based on a thiophene building block.[’¥l For
both reactions, excellent chemoselectivity was observed in
Stille CCRs with mono-halogenated or di-halogenated elec-
trophiles in high yields.

However, the two reactions could be carried out only
with aromatic electrophiles. As double and triple bonds are
also very important functional groups that can be intro-

[a] Otto Diels-Institute for Organic Chemistry, University of Kiel,
Otto-Hahn-Platz 4, 24098 Kiel, Germany
E-mail: astaubitz@oc.uni-kiel.de
http://www.otto-diels-institut.de/staubitz/

[b] School of Chemistry, University of Bristol,
Cantock’s Close, Bristol BS8 1TS, UK

|2 Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201500138.

2498 Wiley Online Library

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

duced by cross-coupling methods, we now focussed on es-
tablishing nucleophile-selective CCRs with halogenated
vinyl or alkynyl compounds.

Results and Discussion

As a test reaction, dinucleophilic thiophene 1 was cross-
coupled with the commercially available B-bromostyrene
(2a/2a’ = 8:1) in toluene at 80 °C under microwave condi-
tions with [Pd(PPh;),] as the catalyst. After 1 h, the starting
material was completely consumed, and the products 3a
and 3a’ were isolated in a combined yield of 36%. Although
the reaction was highly selective for the nucleophile and no
Suzuki-Miyaura cross-coupling occurred, two major
homocoupling byproducts, the biaryl 4 in a yield of 17%,
and 1,4-diphenylbutadiene 5 in yield of 10% were isolated.
Oxidative homocoupling reactions leading to byproducts
such as 4 may occur when oxygen is not rigorously ex-
cluded,!® but the reactions were performed under nitrogen
with rigorous exclusion of air and a repeat experiment
yielded similar results. Ozawa and co-workers have recently
performed a thorough investigation into a similar reac-
tion:) When (E)-B-bromostyrene reacted with phenylbor-
onic acid under Suzuki cross-coupling conditions, they also
found substantial amounts of byproduct 5 as an E/Z mix-
ture and biphenyl. Their detailed mechanistic studies sug-
gested that oxidative addition of the (E)-B-bromostyrene to
the Pd-centre was followed by a metathesis reaction with
(E)-B-bromostyrene leading to the homocoupled styryl-
styryl species 5 and [Pd(L),Br,]. The latter may be reduced
by the aryl-metal species present, giving rise to biaryl com-
pounds such as 4. This reactivity was not observed for (£)-
B-bromostyrene, because of the higher stability of its oxi-
dative insertion product, (Z)-styryl-Pd(L),Br, towards reac-
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tion with another equivalent of (Z)-B-bromostyrene. As the
relative kinetic stabilities of the intermediates in a catalytic
cycle are highly dependent on the reaction conditions, it
seemed plausible that this reaction could be optimized to
improve the yield of the product and minimize the amount
of byproducts. Over 40 different reaction conditions were
screened (solvents, catalysts, temperature, catalyst loading,
reaction time, concentration; for details see the Supporting
Information Table S1), all reactions were monitored and
quantified by gas chromatography (GC).

Conversion and yield were highly dependent on the
catalysts, solvents and temperature. It emerged that for bi-
dentate and/or very bulky ligands, in the catalysts
[Pd(dppe)Cl,], [Pd(OAc),/SPhos], [Pd(dppf)Cl,] and
[Pd(P?Bus),], the yields were low (25, 30, 46 and 39%
respectively, Table S1, entries 13-16) because considerable
amounts of homocoupled byproducts 4 and 5 formed
alongside other non-identified byproducts. Presumably, the
intermediate styryl-Pd(L),Br species, which forms by oxi-
dative addition, is very reactive towards vinyl bromides in
the case of catalysts with bulky ligands. This might be be-
cause in the products of the homocoupling reaction, i.e.,
the complex [PdL,Br,] and the byproducts 4 and 5, steric
strain can be released. Therefore, [Pd(PPhs),] as the least
hindered catalyst (up to three ligands dissociate)!'” proved
the most suitable catalyst for this reaction (Table 1). Solvent
screening of dioxane, toluene, THF, pyridine, acetonitrile
and DMF (Table 1, entries 1-6) showed that DMF was the
most suitable solvent, giving a combined yield of 3a + 3a’
of 95% at 60 °C (Table 1, entry 6). However, polarity of the
solvent cannot be the only parameter influencing the reac-
tion, because the much less polar toluene, for example, also

Table 1. Optimization of reaction conditions.®!

1\ X Br
PinBQ\SnMe3+

/ O~fM
[Pd(PPhs)4] , - I\ s ' BPin= 45, i e
o

European Journal
of Organic Chemistry

gave a good combined yield of 3a and 3a’ of 66% (Table 1,
entry 2). The catalyst loading could be lowered to 1 mol-%,
and the product was obtained in 97% yield (3a + 3a’,
Table 1, entry 7). The reaction was also efficient at a lower
temperature of 40 °C (Table 1, entry 8); whereas 20 °C led
to very long reaction times (Table 1, entries 9 and 10).
Moreover, at 40 °C, fewer homocoupled byproducts were
observed than at 60 °C.

Based on these results, the best reaction conditions for
the nucleophile-selective CCR were a catalyst loading of
[Pd(PPhs)4] as low as 1 mol-% in DMF as the solvent,
either at 40 °C or 60 °C. The next aim was to establish
whether these conditions would be suitable for a variety of
vinyl (Table 2) and alkynyl bromides (Table 3) as electro-
philes.

Vinyl bromides were synthesized from corresponding a,
B-unsaturated carboxylic acids!!' or carboxaldehyde!'? in
good yields (see Supporting Information for details). The
alkynyl bromides were also easily available in high yields
from the corresponding terminal alkynes.''! For both types
of electrophiles, all reactions were entirely nucleophile-selec-
tive (as detectable by GC-MS and NMR spectroscopy) and
generally very tolerant towards the electrophiles used. In
the case of vinyl bromides, especially for electron-rich com-
pounds, good to excellent yields of the corresponding prod-
ucts were obtained at 40 °C (74-77%; Table 2, 3b, 3¢ and
3e). However, the amine 3d could be isolated in only 43 %
yield because despite the higher temperature of 60 °C and
a significantly longer reaction time of 168 h, the conversion
to the product was low. Even longer reaction times did not
improve the result, which may be caused by the binding of
the amine to the Pd centre.['3] With electron-neutral electro-

Me

toluene, 80 °C PinB™ g \ / BPin Me
4 Me
1 2a:2a' = 8:1
2a: E A O
2a" 7z O Xy
5
Entry Solvent Concentration Cat. loading T t Conv.l°! Yield [%]¢!
[mmol/mL] [mol-%] [°C] [h] [%0] 3a  3a’ 4 5

1 Dioxane 0.25 5 60 17 83 51 5 3 0
2 Toluene 0.25 5 60 17 91 59 7 9 6
3 THF 0.25 5 60 17 94 73 8 6 3
4 Pyridine 0.25 5 60 17 93 37 3 16 14
5 MeCN 0.25 5 60 17 100 43 10 22 14
6 DMF 0.25 5 60 17 100 83 12 2 0
7 DMF 0.25 1 60 17 100 86 11 2 0
8 DMF 0.5 1 40 17 96 86 4 1 0
9 DMF 0.5 5 20 17 40 12 0 1 0
10 DMF 0.5 5 20 65 93 70 1 4 0

[a] 1 (1.1 equiv.), 2 (1.0 equiv.). [b] Conversion is based on 2. [c] Determined by GC with triisopropylbenzene as the internal calibration

standard.
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philes, B-bromostyrene 3a and 2-(2-bromovinyl)-thiophene
3f also gave good yields of 90%, albeit at 60 °C, i.e., 20 °C
higher than for electron-rich vinyl bromides. However, the
reaction to form 3g required about seven times as long as
3e, which can be attributed to the much greater steric hin-
drance due to the additional phenyl group geminal to the
reacting centre. If the steric hindrance was instead provided
by a methyl group (product 3h), a longer reaction time of
144 h was required. Electron-deficient vinyl bromides gave
excellent yields of the products 3i, 3j and 3k in relatively
short reaction times of about 30 h (88, 83 and 82 %, respec-
tively).

Table 2. Nucleophile-selective CCRs with various vinyl bromides.[®!

R! [Pd(PPh3)4]
2
1 . =\ , (mol%) _ (1 mol-%) P|nBD\/\R
Br 5 R DMF,60°C
1.0 equiv. 1.0 equiv.

PinBW Ph

3a/3a', 17 h,90%, E:Z = 20:3
electrophile 2a/ 2a', E:Z = 8:1

7\
PinB/Q\/\Q\OMe

3c,25h, 76%

3e, 26 h, 74%

Pinaw Ph

3g/39g',120 h, 86%, E:Z or E:Z = 2:1
electrophile 2g / 2¢', E:Z = 3:2

\
PinB/Q\/\Q\CN

3i,29 h, 88%

/\
F’i"'3/<:>\/\©\No
2

3k, 27 h, 82%

o)
PinB/Q\/\@g

3b, 25h, 77%

ANy
PlnB/Q\/\Q\NM92

3d, 168 h, 43%

S
PinB /S\ 7 \ /

3f/3f', 17 h, 90%, E:Z = 25:2
electrophile 2f / 2f', E:Z = 5:1

/- \
PinB/Q\(/\Ph
Me

3h, 144 h, 62%
electrophile 2h / 2h', E:Z = 2:1

I\ =
PinBM
N
33}, 27 h, 83%, Z:E = 20:1

electrophile 2i / 2i", Z:E =100:7
[a] The reactions to obtain 3a, 3b, and 3d were performed at 40 °C.

The reaction was further analysed with respect to alkynyl
bromides as electrophilic coupling partners (Table 3). For
alkynyl bromides with a simple n-hexyl (6a) or phenyl sub-
stituent (6b), the reaction gave good yields of 64 and 84 %,
respectively at 40 °C. However, the reaction with 6¢ (R =
TMS), only afforded 7c¢ in a yield of 44% (and could only
be isolated as a 1:1 mixture with starting material 1, even
at a temperature of 60 °C and a significantly longer reaction
time of 168 h). Although no byproduct formation was ob-
served, the reactivity of the electrophilic component was
exceedingly low. For 6d and 6e, both reactions were com-
plete in 29 h at 60 °C, but the isolated yield was relatively
low. In these cases, the issue was not conversion, but purifi-
cation. Both products decomposed on a silica column, and
it was also not possible to purify them by Kugelrohr distil-
lation. This was a general observation for all products of
2500
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type 7 (see Supporting Information for details): If Kugel-
rohr distillation was not possible, then no pure products
could be obtained due to over-absorption onto silica gel,
possibly due to interactions of the vacant orbital on boron
with nucleophilic moieties in silica gel.['¥]

Table 3. Stille CCRs of alkynyl bromides.[®]

[Pd(PPh3),]
(1 mol-%)
1 + Br——R » PinB Q
6 DMF, 40/60 °C
1.0 equiv. 1.0 equiv.

in =
S “Sp-Hex

7a, 25 h, 64%

N ==
ST S—qms

7c, 44%

7b, 27 h, 84%

PinBD\/

7d, 29 h, 29% [

)\
PinB s = O\/Ph

7e, 29 h, 21% [

[a] The reactions to obtain 7a and 7b were performed at 40 °C, and
those for 7¢—7e were performed at 60 °C. [b] As a 1:1 mixture with
the starting material 1. [c] Contains impurities, for details see the
Supporting Information.

After the chemoselective Stille CCR, the products still
contain a boronic ester functional group, which can be fur-
ther coupled with a second electrophile by a Suzuki-
Miyaura CCR. By merely adding K,COj; as a base, water
and a second electrophile to the reaction mixture after com-
pletion of the Stille CCR, this could be accomplished. All
of these subsequent reactions were stirred at 100 °C for 6 h
(Table 4). This allowed the synthesis of 8a and 8b in yields
of 86 and 85%, respectively. The synthesis of 8b demon-

Table 4. Chemoselective one-pot CCRs of thiophene 1.1
i) I\
1 2:' s Ph/\"WA_)\BPm Lo Ph/\/Q\R
8

Yield ™ [%]

Entry  Electrophile Product

2 Wa@/\ﬂ\/\g
QTE”\ >

[a]i) 1 (1.0 equiv.), 2a + 2a’ (1.0 equiv.) [Pd(PPhs),] (1 mol-%),
DMEF, 60 °C, 17 h. ii) Electrophiles (1.0 equiv.), K,CO; (2.0 equiv.),
H,0, 100 °C, 6 h. [b] Yields of isolated products.
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strates that the strategy of using a nucleophile-selective
cross-coupling reaction allows very easy access to non-sym-
metric di-stilbene-like materials. Aryl iodides can also be
used as the second electrophile and in the case of 2, the
reaction is also highly electrophile selective as shown by the
high yield of 75%. In addition, no unselectively cross-cou-
pled byproduct could be detected by GC-MS or NMR
spectroscopy. The second Suzuki-Miyaura coupling was
also performed with an alkynyl bromide, 6b, but the yield
was lower in this case, reflecting the lower efficiency of such
substrates in cross-coupling reactions, as described above
(Table 4).

Conclusions

In conclusion, reaction conditions for a nucleophile-
selective CCR between vinyl and alkynyl bromides with a
dinucleophilic thiophene substrate were established. Al-
though homocoupling of the nucleophile and electrophile,
respectively, are potential competing reactions, careful op-
timisation of the reaction conditions led to a process in
which these side reactions could be largely suppressed in all
cases. These reactions are general with respect to a wide
variety of electrophiles. For vinyl bromides, all products
were obtained in good to excellent yields, although time
and temperature needed to be adjusted from case to case.
Alkynyl bromides proved more difficult electrophilic com-
ponents, mainly due to purification issues, which are appar-
ently intrinsic for these types of boronic ester containing
thiophene alkynyl groups. In both cases, the resulting prod-
ucts are extremely versatile building blocks: they still con-
tain a boronic ester that can be further coupled with a sec-
ond electrophile by a Suzuki-Miyuara cross-coupling in
one-pot reactions. Furthermore, the reactions with the alk-
ynyl bromides provide access to aromatic alkynyl com-
pounds, with a reversal of the roles of nucleophile and elec-
trophile compared with Sonogashira CCRs. This makes this
reaction a valuable alternative for volatile aromatic alkynyl
compounds, in cases where Sonogashira couplings fail or
are unselective. The main advantage of a nucleophile-selec-
tive cross-coupling reaction is that a further organometallic
site remains for subsequent functionalisation reactions. This
was also demonstrated: by merely adding water and a base,
a Suzuki-Miyaura reaction could be added to the reaction
sequence. Aryl bromides and iodides as well as vinyl brom-
ides and alkynyl bromides react under these conditions.

Experimental Section

General Procedure for Nucleophile-selective CCRs with Various
Vinyl Bromides: A solution of 1 (373 mg, 1.00 mmol), the vinyl
bromide (1.00 mmol), and [Pd(PPhs),] (11.6 mg, 10.0 pmol, 1 mol-
%) in DMF (4 mL) was heated to 40 or 60 °C for a specific time
(for details with respect to specific electrophiles see the Supporting
Information). The mixture was filtered through a short plug of ce-
lite with n-hexane (500 mL) as the solvent. The solvent was re-
moved in vacuo and the crude product was purified by Kugelrohr
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distillation or column chromatography (for details with respect to
specific electrophiles see the Supporting Information).

General Procedure for Nucleophile-selective CCRs with Various Alk-
ynyl Bromides: A solution of 1 (373 mg, 1.00 mmol), the alkynyl
bromide (1.00 mmol), and [Pd(PPh3)4] (11.6 mg, 10.0 pmol, 1 mol-
%) in DMF (4 mL) was heated to 40 or 60 °C for a specific time
(for details with respect to specific electrophiles see the Supporting
Information). The mixture was filtered through a short plug of ce-
lite with n-hexane (500 mL) or diethyl ether (50 mL) as the solvent.
The solvent was removed in vacuo and the crude product was puri-
fied by Kugelrohr distillation or column chromatography (for de-
tails with respect to specific electrophiles see the Supporting Infor-
mation).

General Procedure for Chemo-selective One-pot CCR of Thiophene
1: A solution of 1 (186 mg, 500 umol), B-bromostyrene (E/Z = 8:1;
91.0 mg, 500 umol), and [Pd(PPhs),] (5.78 mg, 5.00 pmol, 1 mol-%)
in DMF (4 mL) was heated to 60 °C for 17 h. Then the second
electrophile (500 pmol) in DMF (4 mL) was added to the solution
in one portion in addition to K,CO; (138 mg, 1.00 mmol) in de-
gassed water (1 mL). The solution was heated to 100 °C for 6 h.
After the solution cooled down to 20 °C, the solution was diluted
with CH,Cl, (8 mL) and filtered through a short plug of silica with
CH,Cl, (250 mL). After removing the volatile components in
vacuo, the crude product was purified by column chromatography
(for details with respect to specific electrophiles see the Supporting
Information).
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4 Summary and Outlook

This work aimed at the synthesis and characterisation of the first 1,2-azaborine containing
polymers. On the route towards the target polymers, different challenges appeared: First, for
the synthesis of 1,2-azaborines it was necessary to obtain absolutely pure allylamines. An un-
expected by-product that occurred by over-reduction and was not separable from the product
led to the first sub-project (“Accessing Allylamines”; Chapter 3.1). For the second project
(“Towards Conjugated 1,2-Azaborine Polymers”; Chapter 3.2), a particular 1,2-azaborine unit
for the synthesis of conjugated polymers was targeted. On the synthetic route towards this
molecule, one key step turned out to be synthetically very challenging and was therefore fur-
ther investigated. In a third project, my goals were both to synthesise an 1,2-azaborine ana-
logue of styrene and then to polymerise this monomer (“1,2-Azaborine Vinylpolymers”;
Chapter 3.3). A collaborative contribution to a synthetic project outside the scope of the cen-
tral theme of azaborines of this thesis was also added (“Nucleophile-Selective Cross-Coupling

Reactions”; Chapter 3.4).

4.1 Accessing Allylamines

On the synthetic route to n-hexylallylamine, an inseparable by-product was identified as
n-hexylpropylamine via an extensive GC and NMR analysis. The by-product was verified by an
additional synthesis and overlay of the spectra. In the literature, it had never been reported
that allylamines can be reduced by LiAlH4. Based on this finding, an optimisation of the reac-
tion conditions was carried out with respect to aspects of greener chemistry, cost effective-
ness and safety. An additional in situ reaction monitoring by NMR analysis (with LiAlHa4, LiAID4
as reducing agents and H,O and D0 as quenching agents) led to first mechanistic insights.
Only the double bond of the allylamine is attacked while the double bond of the allylamide
remains intact. This attack must be induced by an aluminium hydride species, which coordi-
nates on the nitrogen and the terminal carbon of the double bond to form a five-membered
ring. By this increased polarisation of the olefinic bond, a second aluminium hydride species
can easily transfer a hydride to the f-position of the allylamine and remains attached to the

terminal carbon.
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Furthermore, the reduction behaviour of additional 11 allylamides was screened to analyse
the influences of different N-substituents: A significant inhibition effect of steric demanding
functional groups was detected as well as the reduction of the double bond of &,f-unsatu-
rated allylamides. Finally, a new mechanism for the reduction of allylamides by LiAlHs was
proposed. All these results were published in the Journal of Organic Chemistry of the American
Chemical Society in 2014 (Thiedemann, B.; Schmitz, C. M. L.; Staubitz, A. J. Org. Chem. 2014,
79,10284).

Doub_le bo_n_d attack Mechanistic studies
identified
(0]
Reduction conditions : Postulated mechanism
- LIAH, ——— >
optimised R)J\H/\/ * 4 for allylamide reduction
Screening of Postulated mechanism
11 allylamides for double bond attack

Figure 14. Summarising illustration of the publication “Thiedemann, B.; Schmitz, C. M. L.; Staubitz, A. J. Org.

Chem. 2014, 79, 10284".

In this publication, we pointed out that the optimised synthetic conditions are applicable for
a broad range of allylamides. However, for a few substitution patterns, these conditions led
to no conversion (for carbonyl substituents = mesityl, 2-ethylbutyl and benzyl). Thus, it would
be a great advantage to find conditions, which would be applicable for every substitution pat-
tern and, furthermore, to absolutely exclude the over-reduction of allylamines by LiAlH4. One
conceivable approach could be the use of a suitable double bond complexing reagent, which
serves as a kind of protection group for the allylic double bond.* Another possibility could be
the use of a reducing agent with less hydrides and bulkier ligands. A sterically demanding lith-
ium aluminium hydride complex could maintain a distance from the double bond. For a further
study, commercially available aluminium hydrides could be sodium bis(2-methoxyethoxy)alu-

minium hydride, diisobutylaluminium hydride or lithium tri-tert-butoxyaluminium hydride.

4.2 Towards Conjugated 1,2-Azaborine Polymers

For accessing conjugated 1,2-azaborine polymers, a N-(4-bromophenyl) substituted azaborine
precursor 8 was successfully synthesised by a bachelor student under my supervision,

L. Dolger. However, oxidative dehydrogenation approaches resulted in only low conversions

o))
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4 Summary and Outlook

of 8. A failed isolation of the product 21 forced an optimisation of the reaction conditions. For
this purpose, a more easily accessible but similar azaborine precursor 12 was synthesised.
With this compound, several conditions were screened based on DDQ or Pd black in
cyclohexene as oxidising agents. Here, DDQ led to a very low conversion (up to 7%) or even
decomposition of the starting material. Pd black in cyclohexene revealed a lower conversion
(13% after 1 h) of 12 compared to the approach with 8 (26% after 1 h). The reaction of a methyl
substituted precursor 13 resulted in an even lower conversion of 9% and indicated an
electronical influence on the dehydrogenation process. A final test with the Pd/cyclohexene
system included an addition of bromobenzene to a well reacting azaborine precursor, which
resulted in both 0% conversion and the understanding that bromobenzene as well as

bromobenzene functionalities inhibit the dehydrogenation reaction with Pd black.

A solvent change to chlorobenzene, which allows higher reaction temperatures, has the dis-
advantage that it is usually no hydrogen acceptor. Consequently, only a disproportion reaction
of 12 with a conversion maximum of 50% should be achievable. Though, this procedure
showed the highest conversion (66%). This unexpected high conversion could be explained by
side-reactions of 12 which were indicated by 'H NMR. These side-reactions would lead to an
error in the calculation of the conversion to the desired product 19, because the integral of
the remaining starting material 12 is the reference. Finally, the isolation by sublimation of the

66%-approach failed due to decomposition.

Cr L
SR Br 8 21:

12,19 :
8,12, 13 13,22 :

B.
X" R Br

19, 21, 22

333
[ |
O -
A 00
1 n
=00
[0}

Figure 15. The oxidative dehydrogenation of the arylbromide-functionalised azaborine precursor was proven to

be the bottleneck step towards the wanted monomers for conjugated polymers.

To improve the oxidative dehydrogenation step, a further screening of oxidation catalysts or
C-H activation reagents can be performed. A first selection (IBX, DMP, SeO,-PPSE and
[Ir(COD)(OMe)l]2) were screened by P. Gliese in his master’s thesis but without any break-

through.®? For next studies, other iridium®32° or nickel®® catalysts are conceivable.

A further approach towards the conjugated polymers (see Chapter 3.2) could be an incorpo-

ration of the 4-bromophenyl substituent after the oxidative dehydrogenation. For this plan,
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the Liu group paved the way by reporting a protecting group-free synthesis of a N-H-function-
alised 1,2-azaborine 25.78 Starting from 25, a lithiation of the nitrogen and a subsequent cop-
per(l)-supported reaction®” with p-halogenated iodobenzene could preferably result in
azaborine 26. Then, route A could be a direct bromination to a monomer 27. An alternative
route B would be the reaction of 26 with BCls which should lead to the desired azaborine 21
or the iodinated derivative 28. Afterwards, a bromination would result in an azaborine species
29 which is bearing three different halogens. On this stage, a broad range of possible boron
substituents can be introduced to monomer species 27 for adjusting the solubility of the later

polymer (Scheme 15).5%6474,78,98

I/Br X
> T g

CNH 1. RLi =
I I —_— I
\ B\ I/Br \ B\ \ B\ 21: X = Br
OB OB Route B cl
U 2.cul+ /©/ u 27:X =1
25
| Br, J Route A Bry
I < I
N B\OR N B\CI
Br 29 Br 28

Scheme 15. Alternative route to the desired monomer species 27 for conjugated polymers.

A final project will be the copolymerisation of 27 via cross-coupling reaction with a dinucleo-
philic aromatic compound.®® For a homopolymerisation, a common metal group has to be in-
corporated into 27, for example tin or boron by cross-coupling reactions with their dimetallic

species,100-102

Beside the substitution pattern shown in Scheme 15, other linking positions are accessible
according to reported literature, in which the 3,6-linkage was already used for the first conju-
gated azaborine polymer by the Liu group (see Chapter 2.4.1).°® However, the 1,5-, 2,5-, 2,6-
and 3,5-linkages are interesting for studying the conjugation through the azaborine ring and

the effects of the B-N bond position (Figure 16).
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Figure 16. Further possible linkages for conjugated azaborine polymers based on publications.

4.3 1,2-Azaborine Vinylpolymers

1,2-Azaborine is isoelectronic to its carbon analogue, benzene and related aromatic rings, and
it is currently of high interest to many research groups. However, it is becoming increasingly
clear that the analogy is merely a formal one and that the differences between carbon cycles
and hetero cycles are substantial. Since poly(vinylbenzene), better known as poly(styrene)
(PS), is nowadays one of the most demanded plastics in the world, it was the aim of this work
to expand the portfolio of polyolefines by synthesising and characterising a poly(vinyl-

azaborine) (PVAB), a B-N analogue of PS.

Therefore, the monomer of choice, N-methyl-2-vinyl-1,2-azaborine (NMe2VAB), was synthe-
sised in a 5-step synthesis. Each of these syntheses had to be performed under inert conditions
due to the high sensitivity towards oxygen or/and moisture of all intermediates and the final
product. The development of handling procedures and special glassware enabled the isolation

of a suitable azaborine monomer.

NMe2VAB was polymerised by free radical polymerisation with AIBN as radical starter in a
yield of 51% and in a high average molecular weight (24.9 kDa). Furthermore, a copolymeri-
sation with the C-C analogue, 2-methylstyrene, was performed. A thorough comparison of all
polymers (PNMe2VAB, PNMe2VAB/P2MeS copolymer and P2MeS) by NMR spectroscopy,
thermal analysis (thermogravimetry [TGA] and dynamic scanning calorimetry [DSC]) and gel
permeation chromatography (GPC) revealed significant differences in chemical and physical

properties.
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Figure 17. Overview of the synthesised monomer NMe2VAB, the corresponding polymer PNMe2VAB, the copol-
ymer PNMe2VAB/P2MeS and the C-C analogue P2MeS.

Owing to the sensitivity of the PNMe2VAB and its copolymer towards oxygen, it is conceivable
to apply these polymers as material in oxygen sensors. Furthermore, it can be incorporated

into other (vinyl-)polymers by copolymerisation or in a blend to tune the polymer properties.

Due to the limited availability of other PVABs, there is enormous potential in this research
field. The obvious next step is to vary the substitution pattern of the vinylazaborine to both
improve the stability under air conditions and receive more insight in correlations between

structure and properties of the corresponding vinylazaborine polymers.

Based on the already synthesised NMe2VAB, the substituents of the azaborine ring could be
changed to investigate their influences on both the stability and the physical properties. One
idea is to shield the sensitive B-backbone bond by adjacent bulky substituents. Several substi-
tution reactions are reported.>>%474789 probably, the main risk of this approach will be the
blocking of further approaching vinyilmonomers during the polymerisation and consequently
a slowing down of the polymerisation rate or even an inhibition of polymerisation (Figure 18,
A). As the Liu group reported, stability of a B-alkyl bond in azaborines against oxygen can be
increased by chlorination or bromination in 3-position. Based on this results, a Cl- or Br-sub-
stituent adjacent to the boron-vinyl bond could improve the storage under ambient condi-
tions. At the same time, these halides are more sterically demanding than hydrogen and, con-

sequently, this change in substitution could inhibit the polymerisation (Figure 18, B).
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Figure 18. Bulky substituents next to the oxygen sensitive boron-vinyl bond (A) or halogenation on the carbon
atom adjacent to boron (B) could make the corresponding vinylazaborine polymers more resistant against oxy-

gen.

A next approach to improve and extend the portfolio of vinylazaborines, would be the move
of the vinyl group to a more stable C-C bond in the corresponding vinylpolymer. Since Baggett
et al. showed that a C-H activation in the 6-position is feasible and Otley and Ellman reported
a direct vinylation method towards styrene derivatives, a vinylation next to the nitrogen atom
is conceivable (Scheme 16, A).100103.104 A probably less problematic vinylation could be per-
formed on the 3-position. After the already reported bromination on this position,®® the reac-
tion with vinyllithium or with a vinyl Grignard reagent should result in a 3-vinylazaborine. Here,
it is important to substitute the boron-chloride bond by a more stable B-alkyl, -alkoxy or -aryl
bond beforehand (Scheme 16, B). For both, A and B, it should be payed attention to the ste-

rically hindrance towards the polymer backbone.

Bpin B(OH), =
_ N,H HO - N,H Vinylation _— N,H
A I I I
S B\R X B~ via S B\R
Suzuki-Miyaura
Baggett 2015 Coupling

AR A mger o

N
| |
B< B.
B N R /OL N R
Br Z L X

Scheme 16. Two possible approaches to move the vinyl group to vary the range of available vinylazaborines.

By assembling the previous ideas of vinylmonomers, a divinylazaborine as linker would open

access to a three-dimensional polymer network. Here, one approach would be the double
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vinylation on one azaborine ring (Scheme 17, A), in which the bromide of the azaborine could
compete with the vinyl coupling reagent and therefore this would be one challenge. Another
problem could appear at the second vinylation step: the metal-vinyl reagent could react with
the already incorporated vinyl group. A second approach for double vinylation could be a first

homocoupling of two azaborine rings and a subsequent double vinylation. (Scheme 17,

B) . 56,105-107

A
Bpin B(OH), = =
+ . . /\
A~ Hs0 A~ Vinylation ~yH Z "MgBr _~ N/H
| | |
NA=N NPA=N via X B~ or X B~
R
R R Suzuki-Miyaura R AL
Br Br Coupling Br AN
Baggett 2015
Br =
7 B/R = B/R
i i
Homocoupling X Ny 2 MgBr N N\H
_— N,H or pZ N,H
I /\ I
o B- L IB-
R R
B Br X

Scheme 17. Ideas for synthetic access to divinylazaborines starting from the Bpin- and bromide-functionalised

azaborine published by Baggett et al.>®

For further projects, the attention should be turned to applications. Here, the investigation of
the hydrogen storage capability of PVABs, which bearing a boron-hydride functionality, could
be interesting. A water resistant PVABs could find its way into biomedicine applications. Be-
yond that, some azaborines are able to form a complex with heavy metals®*108-110 gnd one

thought further could lead to a novel filtration material made of PVAB.
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5.1 Supporting Information on Chapter 3.1

5.1.1 Supporting Information for J. Org. Chem. 2014, 79, 10284.
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Chemicals

All reagents were used without further purification unless noted otherwise.

Compound
1-Propylamine
2-Ethylbutyryl chloride

Allylamine

Benzyl chloride
Butyryl chloride
Calcium hydride

Crotonyl chloride

Cyclohexanecarbonyl chloride

Ethyl formate
Hexanoylchloride

Isobutyl chloride

Lithium aluminium deuteride
Lithium aluminium hydride
Magnesium sulphate
Octanoyl chloride

Oxalyl chloride
p-Anisaldehyde
Phenylacetyl chloride
Silica gel

Sodium

Sodium carbonate

Sodium chloride

Purity Comment

98 %

97 %

98 % Dried and distilled from CaH;, stored over

molecular sieve (3 A)
>99 %
98 %
90-95 %
90 %
98 %
98 %
98 %
98 %
98 atom%
95 %
99 %
99 %
98 %
>99 %
98 %
0.040-0.063 mm
Rods in paraffin oil
99 %

99.5 %

SI2
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Sodium sulphate >99 %
Triethyl amine 99 %
molecular sieve (3 A)
Solvents

All solvents were used freshly distilled after refluxing for several hours over the specified drying agent under

nitrogen and were stored in a J. Young’s-tube. Dried solvents were regularly tested for water content by Karl

Fischer titration. If no drying agent is noted, the solvents were only distilled for purification purposes.

Dried and distilled from CaH,, stored over

Solvent Drying procedure Water content
CH,Cl, Distilled and stored at least for 1 d over molecular sieve (3 A) <15 ppm
CH,Cl, For column chromatography and work-up: only distilled for purification

CHCl3 For column chromatography and work-up: only distilled for purification

Et,O Predried over KOH; dried over sodium and stored over molecular sieve (3 A) <10 ppm
Et,O For column chromatography and work-up: only distilled for purification

Me-THF  Predried over KOH; dried over sodium and stored over molecular sieve (3 A) <10 ppm
n-Hexane  For column chromatography and work-up: only distilled for purification

+-BuOMe  Predried over CaCly, dried over sodium and stored over molecular sieve (3 A) <15 ppm
THF Predried over KOH; dried over sodium and stored over molecular sieve (3 A) <10 ppm

SI3
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'"H NMR and C NMR Spectra
N-Allylhexanamine (1)
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Figure SI-1 "H NMR spectrum of N-allylhexanamine 1.
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Figure SI-2 13C NMR spectrum of N-allylhexanamine 1.
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N-Allylhexanamide (2)
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Figure SI-3 "H NMR spectrum of N-allylhexanamide 2.
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Figure SI-4 13C NMR spectrum of N-allylhexanamide 2.
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N-Propylhexanamine (5)
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Figure SI-5 "H NMR spectrum of N propylhexanamine 5.
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Figure SI-6 13C NMR spectrum of N-propylhexanamine 5.
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N-Allylbenzamide (6)
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Figure SI-7 "H NMR spectrum of N-allylbenzamide 6.
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Figure SI-8 13C NMR spectrum of N-allylbenzamide 6.

SI 8

74



5 Experimental Section

N-Allyl-N-benzylamine (8)
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Figure SI-9 "H NMR spectrum of N-allyl-N-benzylamine 8.
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Figure SI-10  3C NMR spectrum of N-allyl-N-benzylamine 8.
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N-Allyloctanamide (9)
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Figure SI-11 "H NMR spectrum of N-allyloctanamide 9.
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Figure SI-12  3C NMR spectrum of N-allyloctanamide 9.
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N-Allylbutanamide (10)
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Figure SI-13 "H NMR spectrum of N-allylbutanamide 10.
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N-Allylformamide (11)
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N-Allylisobutyramide (13)
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N-Allylisobutanamine hydrochloride (14)
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Figure SI-19 '"H NMR spectrum of N-allylisobutanamine hydrochloride 14.
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N-Allyl-2-ethylbutanamine (15)
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Figure SI-21  'H NMR spectrum of N-allyl-2-ethylbutanamine 15.
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Figure SI-22  '3C NMR spectrum of N-allyl-2-ethylbutanamine 15.
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N-Allyl-(2,4,6-trimethyl)benzamide (16)
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Figure SI-23 "H NMR spectrum of N-allyl-2,4,6-trimethylbenzamide 16.
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Figure SI-24  3C NMR spectrum of N-allyl-2,4,6-trimethylbenzamide 16.
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N-Allyl-2-ethylbutanamide (17)
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Figure SI-25  'H NMR spectrum of N-allyl-2-ethylbutanamide 17.
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13C NMR spectrum of N-allyl-2-ethylbutanamide 17.
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N-Allyl-2-phenylacetamide (19)
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Figure SI-27  'H NMR spectrum of N-allyl-2-phenylacetamide 19.
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Figure SI-28

13C NMR spectrum of N-allyl-2-phenylacetamide 19.
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N-Allyloctanamine (27)
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Figure SI-29

"H NMR spectrum of N-allyloctanamine 27.
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13C NMR spectrum of N-allyloctanamine 27.
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N-Allylbutanamine hydrochloride (28)
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Figure SI-31 "H NMR spectrum of N-allylbutanamine 28.
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Figure SI-32  '3C NMR spectrum of N-allylbutanamine 28.
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N-Allylmethylamine hydrochloride (29)
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Figure SI-33  a) '"H NMR spectrum of N-allylmethylamine hydrochloride 29 contaminated with allylamine
hydrochloride 12; b) '"H NMR spectrum of N-allylmethylamine hydrochloride 29 contaminated with allylamine
hydrochloride 12; To prove allylamine hydrochloride 12 as by-product, low amount of 12 was added to the crude

mixture; No new signals appeared, only the signal integrals changed (marked with arrows).
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Figure SI-34  '3C NMR spectrum of N-allylmethylamine hydrochloride 29 contaminated with allylamine

hydrochloride 12.
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N-Allylcyclohexanamide (30)
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"H NMR spectrum of N-allylcyclohexanamide 30.
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N-Allyl-(cyclohexylmethan)amine (31)
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Figure SI-37 "H NMR spectrum of N-allyl-(cyclohexylmethan)amine 31.
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Figure SI-38  '3C NMR spectrum of N-allyl-(cyclohexylmethan)amine 31.
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N-Allylbut-2-enamide (32)
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Figure SI-39  'H NMR spectrum of N-allylbut-2-enamide 32.
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Figure SI-40

13C NMR spectrum of N-allylbut-2-enamide 32.
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"H NMR spectrum of N-allylbut-2-enamide 32 — peak labeling for the cis product.
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N-Allylisobutanamine (33)
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Figure SI-42  'H NMR spectrum of N-allylisobutanamine 33.
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Figure SI-43  3C NMR spectrum of N-allylisobutanamine 33.
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N-Propylhexanamide (34)
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Figure SI-44 '"H NMR spectrum of N-Propylhexanamide 34.
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LiAlH4 Titration!
H. _0O I.gtoz((:),THF, L H o
IIl. AcOH, 0 °C
. LiAH, —— 0
OMe OMe

Under a nitrogen atmosphere, an accurately weighed sample of p-anisaldehyde (ca. 1050 mg, ca. 7.7 mmol) in
THF (10 mL) was cooled to 0 °C. A precisely measured volume of LiAlH4 solution (ca. 1.30 mmol, ca. 50 mg in
2 mL Et;0) was added dropwise over ca. 60 s. The mixture was stirred for 5 min, and glacial acetic acid (2 mL)
was added rapidly (ca. 5-10 s) with vigorous stirring. An aliquot of the resulting homogeneous solution (ca. 0.6

mL) was transferred to a 5 mm NMR tube. The tube was capped and the spectrum was recorded.

Calculation:

] [st.material (mmol)] X [conversion]
[LlAlH4] == T
[volume of LiAlH, (mL)]

integral of product

[conversion] = (integral st.material) + (integral product)

For calculation, integrals for the two aromatic proton signals were averaged.

I'T.R. Hoye, A. W. Aspaas, B. M. Eklov and T. D. Ryba, Org. Lett., 2005, 7, 2205.
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Results:
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Figure SI-46  No-D 'H NMR spectrum of the first p-anisaldehyde reduction which shows signals for starting
material and product for determination of the LiAlH4 purity.
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Titration 2
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Figure SI-47  No-D '"H NMR spectrum of the second p-anisaldehyde reduction which shows signals for starting
material and product for determination of the LiAlH4 purity.
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Titration 3
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Figure SI-48  No-D 'H NMR spectrum of the third p-anisaldehyde reduction which shows signals for starting

material and product for determination of the LiAlH4 purity.
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Complete Optimisation Data
Signal Separation

The signals of product 1 and by-product 5 could be separated by testing several GC columns. The best separation
could be achieved with the “Optima-5 amine” column (30 m length; 0.25 mm ID; 0.5 pum film thickness) from
Macherey & Nagel.

Illustrative examples:

LiAIH, (6 H™ equiv.)

)k _ Et,0, X h, 22 °C nHeX\N/\% . nHeX\N/\/
N/\/ H H
H

2 1 5

Et,0, 6 H equiv., 22 °C, 2h
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7,5 8 8,5 9 9,5 10

Time (min)

Figure SI-49  Reaction monitoring and detection of product 1 and by-product 5 by GC analysis; spectrum
section of the amine species 1 and 5; reaction conditions: Et;O, LiAlIH4 (6 H™ equiv.), 22 °C, 2 h. At this stage, no
5 was observed.
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Et,0, 6 H™equiv., 22 °C, 4h
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Figure SI-50  Reaction monitoring and detection of product 1 and by-product 5 by GC analysis; spectrum
section of the amine species 1 and 5; reaction conditions: Et,O, LiAlH4 (6 H™ equiv.), 22 °C, 4 h. At this stage, 1 %
of 5 was observed.
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Figure SI-51  Reaction monitoring and detection of product 1 and by-product 5 by GC analysis; spectrum
section of the amine species 1 and 5; reaction conditions: Et2O, LiAlH4 (6 H™ equiv.), 22 °C, 6 h. At this stage, 2 %
of 5 was observed.
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Et,0, 6 H equiv., 22 °C, 24h
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Figure SI-52  Reaction monitoring and detection of product 1 and by-product 5 by GC analysis; spectrum
section of the amine species 1 and 5; reaction conditions: Et,O, LiAlH4 (6 H™ equiv.), 22 °C, 24 h. At this stage,
15 % of 5 was observed.
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Figure SI-53  GC spectrum section of by-product 5 as comparison and confirmation to the double bond attack.
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GC Calibration

Figure SI-54
standard.

Figure SI-55
standard.
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Calibration curve for N-allyl-N-n-hexylamine 1, using 1,3,5-triisopropylbenzene as an internal
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Figure SI-56
standard.
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Calibration curve for N-n-hexyl-N-propylamine 5, using 1,3,5-triisopropylbenzene as an internal
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Table SI-1 Overview of GC results from reaction optimisation.
o LiAIH4 (X H- equiv.)
)J\ o solvent, X h, T . Hexs o~ nHex o~
Solvent Temperature
1 Et,O 16 0°C>22°C* 12 22 77 0
2 Et,O 16 0°C>22°C* 12 3 96 1
3 Et,O 6 35 1 15 82 0
4 Et,O 6 35 2 6 86 3
5 Et,O 6 22 4 9 90 1
6 Et,O 6 22 6 6 92 2
7 Et,O 6 22 24 3 80 15
8 Et,O 3 35 4 16 82 0
9 Et,O 3 22 4 15 84 0
10 Et,O 3 22 24 7 91 1
11 THF 3 35 4 88 12 0
12 THF 3 22 24 94 6 0
13 tBuOMe 6 35 2 8 89 3
14 tBuOMe 6 35 4 5 82 12
15 tBuOMe 6 22 4 7 92 1
16 tBuOMe 6 22 24 3 84 12
17 BuOMe 3 35 2 15 84 0
18 BuOMe 3 35 4 12 87 0
19 tBuOMe 3 22 6 14 85 0
20 tBuOMe 3 22 24 9 89 1
21 Me-THF 6 35 4 61 38 0
22 Me-THF 6 35 24 1 95 2
23 Me-THF 6 22 24 78 22 0
24 Me-THF 3 35 4 78 21 0
25 Me-THF 3 35 24 0 93 3
26 Me-THF 3 22 24 14 76 0
27 THF 3 55 2 12 84 0
28 BuOMe 3 55 2 10 86 0
29 Me-THF 3 55 1 5 90 0
30 Me-THF 3 55 2 3 87 1
31 BuOMe 2 35 24 43 42 0
32 tBuOMe 2 55 24 36 44 0
% ice bath slowly warmed up; ® ice bath removed after amide addition.
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Mechanistic Study

GC
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Figure SI-57  GC spectrum section of the reaction mixture after the corresponding No-D '"H NMR sequence
showing N-allyl-N-benzylamine 8 and by-product 7; reaction conditions: 1. Et,O, LiAlH4, 1 d 25 h., 2. H>O.
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Figure SI-58  GC spectrum section of the reaction mixture after the corresponding No-D 'H NMR sequence
showing N-allyl-N-benzylamine 8 and by-product; reaction conditions: 1. Et;O, LiAlDy, 2 d 23 h., 2. H>O.
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Figure SI-60  No-D NMR sequence of the N-allylbenzamide 6 reduction using LiAlD4in Et;O.
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Figure SI-61 Comparison of the N-allylbenzamide reductions using LiAlH4 (top) and LiAID4 (bottom) after
quenching with HO; No-D 'H NMR in Et,0.
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5.2 Supporting Information on Chapter 3.2

5.2.1 General Methods

All syntheses were carried out using standard Schlenk techniques or in a glovebox (INERT®
PURE LAB) under a dry and inert nitrogen atmosphere. Glassware and NMR-tubes were dried
in an oven at 200 °C for at least 2 h prior to use. Reaction vessels were heated under vacuum

und purged with nitrogen three times before adding reagents.

5.2.2 Analyses

'H NMR, 3C{*H} NMR and !B{*H} NMR spectra were recorded at 300 K.

'H NMR spectra were recorded on a Bruker® DRX 500 (500 MHz) spectrometer or a Bruker®
AV 600 (600 MHz) spectrometer. Reaction monitoring was carried out on a Bruker DPX200
(200 MHz). 3C{*H} NMR spectra were recorded on a Bruker® DRX 500 (126 MHz) spectrome-
ter. 1'B{*H} NMR spectra were recorded on a Bruker® DRX 500 (161 MHz) spectrometer or for
compound 13 on a Bruker Avance AC 360 (116 MHz). The signals were referenced externally

to BF3-OEt,.

The exact assignment of the peaks was proved by *H, 13C{*H} DEPT and two-dimensional NMR

spectroscopy such as *H COSY, 13C HSQC(-DEPT) or *H/*3C HMBC when possible.

GC-MS analyses were performed using an Agilent Technologies® 7890B with Agilent Technol-
ogies® 5977A mass selective detector and an Agilent Technologies® dimethylpolysiloxane col-

umn (19091S-931E, length = 30 m, diameter = 0.25 mm, grain size = 0.25 um).

High resolution mass spectrometry experiments were carried out on a JEOL® AccuTOF JMS-

T100GCV mass spectrometer with electron ionisation (El, 70 eV).
All microwave irradiation reactions were carried out on a Biotage® Initiator 60EXP.

Kugelrohr distillations were performed with a BUCHI Kugelrohr apparatus equipped with dis-
tillation balls and stopcock adapter. The Kugelrohr was connected via cooling trap to a N; line

and either a rotation controlled vacuum pump or the vacuum line of the Schlenkline.
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5.2.3 Chemicals

All reagents were degassed via the freeze-pump-thaw technique (>3 cycles), dried and stored

under a N2 atmosphere, if not mentioned otherwise.

Compound

2,3-Dichloro-5,6-dicyano-1,4-benzo-

quinone, DDQ
4-bromobenzoyl chloride
Allylamine

Boron trichloride, BCls
Cyclohexene

Grubbs Catalyst 1st Generation
Lithium aluminium hydride, LiAlH4
Magnesium sulphate, MgSOa4
Methyl lithium, MeLi
Palladium black, Pd black
Sodium hydroxide, NaOH
Triethylamine, EtsN

Purity
98%*

98+%

98%"

1.0 M in hexanes
>99%; inhibitor-free;?
97%?

95%?

99%

1.6 Mmin diethyl ether
>97%°

99.9%

99%®

@ Degassed under vacuum for 16 h, stored under N,.

b5 x FPT, dried over molecular sieve (3 A), stored under Na.

Supplier
Sigma Aldrich

Alfa Aesar
Acros Organics
Acros Organics
Sigma Aldrich
Sigma Aldrich
Acros Organics
Gruessing
Acros Organics
ABCR
Gruessing

Acros Organics
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5.2.4 Solvents

Solvent

Benzene-ds, CsDe
Chlorobenzene
Chloroform-di, CDCls
Dichloromethane, CH,Cl,

Dichloromethane-d,,

CD,Cl,

n-Hexane

n-Pentane
tert-Butylmethylether
Tetrahydrofuran, THF

Toluene

Supplier
Deutero

Acros Organics
Deutero

VWR

Deutero

VWR
VWR
Sigma Aldrich
VWR

BCD

Note

AcroSeal®, 99.8%; stored under N;

99.8%

b

>99.6%

2 Dried and distilled over sodium, >3 x FPT, stored over molecular sieve (3 A) and N..

b purified by solvent purification system, 3 x FPT, stored over molecular sieve (3 A) and N.
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5.25 Syntheses of the Bachelor’s Thesis by L. Dolger
In this section, original parts of the bachelor’s thesis of L. Dolger are presented, due to repro-
duction reasons. For that, the permission of L. Délger was given.”3

The numbering of compounds within this dissertation are different to the bachelor’s thesis of

L. Dolger. The relevant assignments are listed in Table SI- 1.

Table SI- 1. Compound assignment of the bachelor’s thesis of L. Délger within this thesis.

Compound Number (this thesis) Compound Number (B.Sc. thesis L. Délger’3)
2 13

3 14

4 8

5 9

7 10

8 11

9 22

21 21
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4.2 Syntheses

4.2.1 tert-Butyl (4-bromophenyl)carbamate (13)

In a glovebox at 19 °C, a solution of di-tert-butyl dicarbonate (24.4 g, 112 mmol) in dry THF (40 mL)
was added to a solution of 4-bromoaniline (8) (17.3 g, 100 mmol) in dry THF (200 mL). The reaction
mixture was stirred at 19 °C for 67 h under nitrogen. The solvent and volatiles were removed under
reduced pressure. The excess di-tert-butyl dicarbonate was removed in vacuo by placing the round
bottom flask in a water bath at 60 °C at a Schlenk line for 27 h. The product 8 was afforded in 99% vyield
(27.2 g, 97% purity) as a colourless solid with the main by-product being the double protected species
15.°

'H NMR (500 MHz, CDCls): 6 =7.39 (d, 3/ = 8.9 Hz, 2 H, H-3,5), 7.26 (H-2,6)%, 6.43 (wide s, 1 H, NH), 1.51
(s, 9H, CHs) ppm.

13C NMR (126 MHz, CDCls): 6 = 152.6 (C=0), 137.6 (C-1), 132.0 (C-3,5), 120.2 (C-2,6), 115.6 (C-4), 81.1
(C-(CHs)s3), 28.5 (CHs) ppm.

IR (ATR): V = 3368 (m), 2983 (m), 1694 (s), 1590 (m), 1514 (s), 1490 (m), 1395 (m), 1152 (s), 1070 (s),
814 (s) cm™.

MS (El, 70 eV): m/z (%) = 271/273 (22) [M]*, 215/217 (98) [M-CsHs] ¥, 197/199 (10) [M-CsHsOH] ¥,
171/173 (100) [M-CsHs0,] *.

HRMS (El): m/z found 271.0210; calcd. for C11H14BriN;0, 271.0208.

By-product: di-tert-Butyl (4-bromophenyl)-N, N-dicarbamate (15)

0.0

%]/

NYO
Br/©/ O\K

1H NMR (500 MHz, CDCls): § = 7.38 (m, 2 H, H-3,5), 7.25 (m, 2 H, H-2,6), 1.53 (s, 9H, CH3) ppm.

® The procedure was adapted from Brucelle and Renaud, yet they only characterised the end product 8.
¢ The coupling constant and integral could not be assigned due to solvent signal overlap.
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4.2.2 tert-Butyl allyl(4-bromophenyl)carbamate (14)*’

Under nitrogen, 13 (26.8 g, 97% purity, 95.5 mmol) was dissolved in dry THF (500 mL) at 0 °C and NaH
(60% dispersion in oil, 6.00 g, 150 mmol) was added portionwise. The reaction mixture was allowed to
warm up to 19 °C for 30 min, then allyl bromide (13.0 mL, 150 mmol) was added dropwise within
10 min at O °C. The reaction mixture was stirred at 0 °C for 5 min and heated to reflux for 18 h. The
reaction was cooled to 19 °C and slowly poured onto ice (600 mL) and brine (150 mL). The two layers
were separated. The aqueous layer was extracted with Et,0 (3 x 750 mL). The combined organic layers
were washed with brine (1 x 1500 mL), dried over MgSQ,, filtered and concentrated under reduced
pressure. The crude product (32.7 g, 91% purity) was a yellow liquid afforded in an apparent 105%

yield, including a higher molecular alkyl compound as by-product.®

'H NMR (500 MHz, CDCl3): § = 7.42 (d, 3/ = 8.8 Hz, 2 H, H-3,5), 7.11 (d, 3/ = 8.8 Hz, 2H, H-2,6), 5.88 (m,,
1 H, CH=CH,), 5.15 (mc, 1 H, CH=CHtrans), 5.12 (m¢, 1 H, CH=CH.), 4.19 (dt, >/ = 5.6 Hz, *J = 1.5 Hz, 2 H,
CH»-N), 1.44 (s, 9 H, CHs) ppm.

13C NMR (126 MHz, CDCl3): & = 154.1 (C=0), 141.0 (C-1), 131.6 (CH=CH,), 128.0 (C-3,5), 127.9 (C-2,6),
119.0 (CH,=CH), 116.7 (C-4), 80.8 (C-CHs), 52.8 (CH>-N), 28.3 (CHs) ppm.

IR (ATR): ¥ = 2977 (m), 1698 (s), 1646 (w), 1589 (w), 1590 (s), 1366 (s), 1147 (s), 991 (m), 827 (s) cm™.

MS (EI, 70 eV): m/z (%) = 311/312 (10) [M]*, 255/257 [M-CsHs]*, 211/213 (54) [CsHsBrNOJ*, 130 (48)
[CsH12NO,]*.

HRMS (El): m/z found 311.0517; calcd. for C1aH1sBrNO, 311.0521.

4.2.3 N-Allyl-4-bromoaniline (8)*’

/@/N\/\
Br

Acetyl chloride (70.0 mL, 981 mmol) was carefully added dropwise within 8 min to dry MeOH (250 mL)
at 0 °C under nitrogen, then 14 (32.7 g, 91% purity, 95.5 mmol) in a solution of dry MeOH (90 mL) was

4 The procedure was adapted from Brucelle and Renaud, yet they only characterised the end product 8.%’
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added dropwise at this temperature within 10 min. The reaction mixture was allowed to warm up to
19 °C and stirred for 3 h. The mixture was concentrated under reduced pressure. The residue was
treated with a NaOH (1 M) solution (500 mL) at 0 °C until alkaline and extracted with Et,O (3 x 40 mL).
The combined organic layers were dried over MgS0,, filtered and concentrated under reduced
pressure. Purification by flash column chromatography (cyclohexane/AcOEt 95:5, Rs = 0.30) and
distillation (3.4 mbar, 140 °C) gave 8 (17.3 g, 81.4 mmol, 85%) as a pale yellow liquid.

1H NMR (500 MHz, CDCl): & = 7.25 (d, 3/ = 8.9 Hz, 2 H, H-3,6), 6.50 (d, %/ = 8.9 Hz, 2 H, H-2,5), 5.92 (ddt,
3)=17.2,10.4, 5.3 Hz, CH=CH,), 5.26 (dd, 3/= 17.2 Hz, 2 = 1.5 Hz, 1 H, CHuans=CH), 5.18 (dd, 3/= 10.4 Hz,
2J=1.5Hz, 1 H, CHas=CH), 3.82 (wide s, 1 H, NH), 3.75 (dt, > = 5.3 Hz, “/ = 1.6 Hz, 2 H, CH2-N) ppm.

13C NMR (126 MHz, CDCls): & = 147.2 (C-1), 135.0 (CH=CHa), 132.04 (C-3,5), 116.6 (CH,=CH), 114.7
(C-2,6), 109.2 (C-4), 46.6 (CH>-N) ppm.

IR (ATR): ¥ = 3216 (m), 3082 (w), 1645 (w), 1594 (s), 1495 (s), 1314 (m), 997 (m), 918 (s), 810 (s) cm™.

MS (EI, 70 eV): m/z (%) = 211/213 (100) [M]*, 184/186 (92) [M-CzHs]*, 130/132 (76) [C4H3Br]*, 105 (20)
[M-CzHgBI’]+, 91 (30) [C6H5N1+.

HRMS (El): m/z found 210.9994; calcd. for CoH10BriN; 210.9997.

4.2.4 Triallylborane (9)*®

\/\B/\/

o

Allyl bromide (16) (26 mL, 300 mmol) was added dropwise to dry magnesium turnings (9.73 g.
400 mmol), anhydrous diethyl ether (100 mL) and BFsOEt; (12.5 mL, 100 mmol) in a round bottom,
two-neck Schlenk flask with a frit and stopcock at one neck over a period of 3 h under nitrogen. Diethyl
ether (20 mL) was added to facilitate stirring. After the addition, the reaction mixture was stirred for
15 h at 19 °C. The clear ether layer was transferred over the frit into a two-neck round bottom flask.
The Mg salts were washed with anhydrous diethyl ether (80 mL) and this ether layer was also
transferred into the distillation flask. Diethyl ether was distilled (50 °C, 900 mbar) followed by the
boron trifluoride etherate residue (60 °C, 200 mbar). Finally the product was distilled under vacuum in
a short-path distillation (70-95 °C, 10-15 mbar) to afford 9 (8.80 g, 65.7 mmol, 66%) as a clear colourless

liquid.

'H NMR (500 MHz, CsDs): & = 5.81 (m¢, 3 H, CH=CH,), 5.07-4.81 (m, 6 H, CH=CH,), 2.24-1.81 (m, 6 H,
CH»-B) ppm.
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3C NMR (125 MHz, C6D6): & = 135.2 (CH=CH,), 114.9 (CH=CH,), 34.8 (CH,-B) ppm.

118 NMR (161 MHz, C¢Ds): 6 = 81.0 ppm.©

4.2.5 3-n-Hexyl-2-iodothiophene (17)*

ENG
W

n-Hex

This reaction was not performed under Schlenk conditions. NIS (7.06 g, 31.4 mmol) was added in
portions to a solution of 3-n-hexylthiophene (18) (4.98 g, 29.6 mmol) in CHCI; (50 mL) and acetic acid
(50 mL), shielded from light, within 3 min at 0 °C and the mixture was stirred for 11 h at 19 °C. The red
solution was quenched with a saturated solution of sodium hydroxide (40 mL) and water (300 mL) was
added to dissolve the precipitation. The solution was extracted with CHCl; (3 x 80 mL). The remaining
iodine was removed by washing the combined organic layers with sodium thiosulphate (140 mL). The
organic layers were dried with magnesium sulfate and the volatiles were removed in vacuo. The crude
product was distilled by Kugelrohr distillation (9.98*1072 mbar; 70 °C) to afford 17 (5.54 g, 18.8 mmol,
64%) as a yellow liquid.

H NMR (500 MHz, CDCls): § = 7.38 (d, 3/ = 5.5 Hz, 1 H, H-5), 6.75 (d, 3/ = 5.5 Hz, 1 H, H-4), 2.54 (m., 2 H,
CH:-C), 2.29-1.61 (m, 8 H, (CH2)a-CHs), 0.89 (M., 3 H, CH3) ppm.

13CNMR (126 MHz, CDCl3): 6 = 147.3 (C-3), 130.4 (C-5), 128.1 (C-4), 74.1 (C-2), 32.2 (CH,-CH,-CH3), 31.8
(Ar-CH»-CH3), 30.2 (Ar-CH,), 29.1 (Ar-CH,-CH,-CH>), 22.8 (CH»-CHs), 14.3 (CHs) ppm.

IR (ATR): ¥ = 2954 (m), 2925 (s), 1678 (s), 1455 (m) 1397 (w), 1087 (m), 828 (s), 713 (s) cm™.

MS (EI, 70 eV): m/z (%) = 294.02 (25) [M]*, 222.93 (58) [M-CsHu]*, 167.10 (7) [M-I]*, 97.02 (100)
[CsHaS]".

HRMS (El): m/z found 293.9944; calcd. for CioH1s11S1 293.9939.

4.2.6 N-1-Diallyl-N-(4-bromophenyl)-1-chloroboranamine (10)

Br Br
\/\N/©/ \/\NJ@/

|
C|/B\/\ /\/B\Q

¢ Mass and IR spectra were not measured due to significant oxygen and moisture sensitivity.
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A solution of BCl; (1.0 M in heptanes; 16.7 mL; 16.7 mmol) in n-hexane (120 mL) was cooled to -78 °C
under nitrogen. 9 (1.12 g; 8.30 mmol) was added dropwise within 5 min. The reaction mixture was
stirred at -78 °C for 2 hours and then the cooling bath was removed for 10 min to allow the reaction
mixture to warm up. At -78 °C, a solution of 8 (5.66 g, 25.0 mmol) and NEt3 (2.53 g, 25.0 mmol) in
n-hexane (10 mL) was added using a syringe pump (0.12 mL/min). After addition, the mixture was
allowed to warm up to 19 °C without removing the cooling bath. After 65 h of stirring, the mixture was
transferred into the glovebox where it was filtrated through a frit and washed with n-hexane (40 mL).
The filtrate was connected to a Schlenk line for solvent evaporation under reduced pressure ( 50 °C,
3.5 mbar) to afford a 91% yield of 10 (6.82 g, 94% purity) as a pale orange liquid in a rotamer ratio
1.0:0.2. The by-product was the dichloride species 20.

1H NMR (500 MHz, CeDe): 6 = 7.15 (H”-3,5)', 7.08 (d, 3/ = 8.7 Hz, 2 H, H-3,5), 6.52 (d, *J = 8.7 Hz, 0.4 H,
H’-2,6), 6.38 (d, %) = 8.7 Hz, 2 H, H-2,6), 6.05 (ddt, 3/ = 17.4, 10.0, 7.4 Hz, 0.2 H, CH’-CH,B), 5.91 (ddt,
3)=17.4,10.0, 7.4 Hz, 1 H, CH-CH,B), 5.55 (ddt, >/ = 17.1, 10.2, 6.1 Hz, 1 H, CH-CH,N), 5.4-5.35 (m, 0.2 H,
CH’-CH,N), 5.11-5.05 (m, 0.4 H, CH’,=CH-CH,B), 4.96 — 4.77 (m, 4.4 H, CH’,=CH-CH,B, CH’>-CH-CHN,
CH>-CH-CH,N), 3.91 (dt, ¥/ = 6.1 Hz, *J = 1.3 Hz, 2 H, CH>-N), 3.58 (dt, 3/ = 6.0 Hz, ¥/ = 1.3 Hz, 0.4 H,
CH’>N), 2.03 (m, 0.4 H, CH’>-B), 1.72 (m., 2 H, CH’>-B) ppm.

3C NMR (126 MHz, C¢D): & = 145.9 (C-1), 145.3 (C-1), 134.8 (CH-CH,N), 134.7 (C’H-CH.N), 134.6
(C’H-CH,B), 134.5 (CH-CH,B), 132.4 (C-3,5), 132.3 (C-3,5), 130.0 (C’-2,6), 129.6 (C-2,6), 120.4 (C-4),
120.1 (C-4), 117.5 (CHa-CH-CH,N), 117.1 (C’Ho-CH-CH;N), 115.5 (C’H,-CH-CH,B), 115.3 (CH,-CH-CH,B),
56.5 (CH,-N), 56.0 (C’Ha-N), 27.8 (CH,-B), 27.4 (C’H2-B) ppm.

"B NMR (161 MHz, CDg): 6 = 39.3 ppm.¢

By-product: N-Allyl-N-(4-bromophenyl)-1,1-dichloroaminoborane (20)

" e

B
Cl” ~cl

1H NMR (500 MHz, CDCl3): & = 6.95 (d, 3/ = 8.8 Hz, 2 H, H-3,5), 6.34 (d, 3/ = 8.8 Hz, 2 H, H-2,6), 5.67-5.60
(m, 1 H, CH-CH,N), 4.91-4.88 (m, CH2-CH-CH,N)", 3.83 (dt, 3/ = 5.7 Hz, *J = 1.4 Hz, 2 H, CH>-N), ppm.

118 NMR (161 MHz, CeDs): 6 = 31.9 ppm.

fThe coupling constant and integral could not be assigned due to solvent signal overlap.

& Mass spectrometry could not be performed as the compound was too sensitive towards moisture and oxygen.
IR spectrum could not be measured with the available equipment.

h Due to product signal overlap, integrals could not be assigned.
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4.2.7 1-(4-Bromophenyl)-2-chloro-3,6-dihydro-1,2-azaborine (11)

o8
@
B\

Cl

In a glovebox, 10 (6.82 g, 94% purity) was dissolved in CH,Cl, (20 mL). Grubbs catalyst 1%t gen (172 mg,
209 umol, 1 mol%) was dissolved in CH,Cl> (20 mL) and added to the aminoborane solution. The
mixture was stirred for 19 h before the solvent was removed under reduced pressure. To remove the
Grubbs catalyst, the product was sublimed (heating bath 70 °C, 8*10 mbar) to give 11 and the isomer

11’ (10:1 ratio) as colourless crystals (4.81 g, 17.8 mmol) with a yield of 78%.

1H NMR (500 MHz, C¢D¢): 6 = 7.16 (H-3,5)), 6.49 (d, 3/ = 8.4 Hz, 2 H, H-2,6), 5.58 (M., 1 H, CH-CH,B), 5.24
(dt, 3/ = 10.1, 3.0 Hz, %/ = 2.0 Hz, 1 H, CH-CH,N), 3.42 (m, 2 H, CH2-N), 1.77 (m¢, 2 H, CH2-B) ppm.

3¢ NMR (126 MHz, CéDg): 6 = 146.0 (C-1), 132.5 (C-3,5), 129.0 (C-2,6), 124.9 (CH-CH.N), 123.8
(CH-CH.B), 120.1 (C-4), 53.9 (CH2-N), 11.6 (CH.-B) ppm.

1B NMR (161 MHz, CsD¢): & = 38.7 ppm.

The mass spectrum showed no product signal for 11. We presumed that 11 had hydrolysed when it
came into contact with air moisture during injection. Therefore we prepared the hydrolysed product

27 from 11 to verify this assumption.

Isomer: 1-(4-Bromophenyl)-2-chloro-5,6-dihydro-1,2-azaborine (11’)

: Br
CN

B\
XSl

'H NMR (500 MHz, C¢De): 6 = 7.17 (H-3,5), 6.73 (d, *J = 8.8 Hz, 0.2 Hz, H-2,6), 6.38-6.31 (m, 0.1 H,
CH=CH-B), 6.00 (dt, 3/ = 11.8, 1.7 Hz, 0.1 H, CH-B), 2.90 (t, *J = 7.2 Hz, 0.2 H, CH-N), 1.83-1.78 (m, 0.2 H,
CH-CH-N) ppm.

118 NMR (161 MHz, CDs): 6 = 34.1 ppm.

The coupling constant and integral could not be assigned due to solvent signal overlap.
I The coupling constant and integral could not be assigned due to solvent signal overlap.
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4.2.8 1-(4-Bromophenyl)-3,6-dihydro-1,2-azaborinin-2-ol (27)

o
N
()
B.
OH

In a sealable NMR tube, the azaborine 11 (13 mg, 48.0 umol) was dissolved in benzene-ds (7 mL) and
the 'H and 'B NMR were measured. Then the NMR tube was opened for 5 minutes, sealed and shaken.

This was repeated five times. Then a full NMR spectrum set was measured.

1H NMR (500 MHz, CeDe): & = 7.00 (d, 3/ = 8.9 Hz, 2 H , H-3,5), 6.67 (d, 3/ = 8.9 Hz, 2 H , H-2,6), 5.80 (m.,
1 H, CH-CH,-B), 5.00 (m, 1 H, CH-CH2-N), 3.07 (m,, 2 H, CH-N), 1.96-1.90 (m, 2 H, CH>-B) ppm.

3C NMR (126 MHz, CsDe): & = 146.8 (C-1), 131.8 (C-3,5), 125.2 (C-2,6), 132.0 (CH,-CH-B), 119.5
(CH-CH»-N), 118.9 (C-4), 53.5 (CH-N), 28.4 (CH-B) ppm.

118 NMR (161 MHz, C¢D¢): 6 = 28.3 ppm.
MS (EI, 70 eV): m/z (%) = 251/253 (100) [M]*, 235/237 (30) [M-O]*, 197/199 (40) [M-C;H4BO]*.

HRMS (El): m/z found 251.0124; calcd. for C1oH1:BBrNO 251.0117 .

4.2.9 1-(4-Bromophenyl)-2-chloro-1,2-dihydro-1,2-azaborine (21)

jog
@

|
X-Bg

At 19 °C, 11 (812 mg, 3.00 mmol) was given into a sublimation flask and dissolved in cyclohexene
(20 mL). Palladium black (162 mg, 1.52 mmol) was added and the flask was sealed. The reaction
mixture was heated to 95 °C and stirred at reflux for 20 h. After cooling to 19 °C, the solvent was
removed under reduced pressure. The crude product (573 mg) was separated from the catalyst via
sublimation (heating bath 65 °C, cooling liquid -25 °C, 1.1*10! mbar) and formed colourless crystals.
The yield of 21% had to be calculated from the product/starting material H-2,6 integral ratio

(1.0:3.7), as both sublimed together and could not be separated.

14 NMR (500 MHz, C¢Ds): 6 = 7.37-7.30 (m, 1 H, CH-CH-B), 7.07 (d, 3/ = 8.7 Hz, 2 H, H-3,5), 6.91 (m., 1 H,
CH-B), 6.55 (m, 1 H, CH-N), 6.45 (d, 3/ = 8.7 Hz, 2 H, H-2,6), 5.95 (M., 2 H, CH-CH-N) ppm.!

kIR spectrum could not be measured with the available equipment.
''See Appendix (Figure 13, 14).
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13C NMR (126 MHz, C¢De): & = 145.9 (C-1), 145.3 (CH-CH-B), 132.2 (C-3,5), 128.9 (CH-B), 138.4 (CH-N),
128.5(C-2,6), 120.1 (C-4), 110.7 (CH-CH-N) ppm.

11B NMR (161 MHz, C¢D¢): 6 = 33.2 ppm. ™

4.2.10 1-(4-Bromophenyl)-2-hexyl-3,6-tetrahydro-1,2-azaborine (22)

o

N

C}

B~

A solution of 11 (811 mg, 3.00 mmol) in 2-MeTHF (10 mL) was given to a Schlenk flask at -94 °C.,
followed by the dropwise addition of n-hexyllithium (1.30 mL, 3.00 mmol, 2.3 M in hexane) via syringe
pump (0.1 mL/min). The reaction mixture was stirred for 20 min at -94 °C and then stirred for 18 h at
19 °C. The reaction mixture was transferred into a glovebox. The precipitation was filtered off and

washed with n-hexane (20 mL). The remaining solvent was removed under reduced pressure (50 °C,

3.2 mbar). 22 (838 mg, 2.62 mmol) was afford as a pale brown liquid in 87% yield.

H NMR (500 MHz, CeDg): & = 7.18 (d, 3/ = 8.6 Hz, 2 H, H-3,5), 6.52 (d, 3/ = 8.6 Hz, 2 H, H-2,6), 5.91 (m.,
1 H, CH-CH,-B), 5.49 (m, 1 H, CH-CH2-N), 3.60 (m¢, 2 H, CH2-N), 1.69 (m., 2 H, CH-CH>-B), 1.32-1.20 (m,
8 H, (CH2)4-CH3), 0.67 (mc, 2 H, CHz-CHz-B) ppm.

13C NMR (126 MHz, CeDe): & = 148.6 (C-1), 142.6 (CH,-CH-B), 132.4 (C-3,5), 129.0 (C-2,6), 125.7
(CH-CH,-B), 124.2 (CH-CH,-N), 119.2 (C-4), 53.1 (CH,-N), 32.2 (CH3-CH,-CHa), 25.7 (CH3-CH,-CH,-CH>),
23.0 (CH,-CHs, CH,-CH,-B), 17.0 (CH-CH,-B), 14.4 (CH3) ppm.

118 NMR (161 MHz, CeDs): 6 = 45.0 ppm.

MS (El, 70 eV): m/z (%) = 319/321 (28) [M]*, 265/267 (33) [M-CsHe]*, 235/237 (100) [M-CsH12]*, 183
(70) [M-C3H7Br]+.

HRMS (El): m/z found 319.1110; calcd. for C16H»3BBrN 319.1109."

™ IR spectrum could not be measured with the available equipment. The mass spectrum could not analysed sue
to the overriding starting material signals.
" IR spectrum could not be measured with the available equipment.
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5.2.6 Syntheses and Characterisation of Isolated Compounds

5.2.6.1 N-Allyl-4-bromobenzamide (17)1?

8 6 02 3
7 H 5
10 Br

In a dried Schlenk flask under nitrogen atmosphere, a solution of allylamine (8.70 mL,
116 mmol) in CHxCl; (100 mL) was cooled to 2 °C. Triethylamine (16.6 mL, 120 mmol) was
added before 4-bromobenzoyl chloride (25.2 g, 115 mmol) in CH,Cl> (20 mL) was dropped into
the solution via syringe pump (1 mL/min). After 26 h, water (60 mL) was added and the organic
layer was separated. The aqueous layer was extracted with CH,Cl; (3 x 100 mL). The combined
organic extracts were washed with 10% aqueous HCl solution (30 mL), saturated NaHCO3 so-
lution (30 mL) and saturated NaCl solution (30 mL) before drying over MgSO4 and solvent
evaporation under reduced pressure yielded in 99% (26.6 g) of the product 17 as a colourless

solid.

1H NMR (500 MHz, CDCls): & = 7.61 (m, 4H, H-3, H-4), 6.16 (s, 1H, H-10), 5.94 (ddt, J = 17.1,
10.3, 5.7 Hz, 1H, H-7), 5.23 (m, 2H, H-8cis/trans), 4.08 (tm, J = 5.7 Hz, 2H, H-6) ppm.

13C NMR (126 MHz, CDCl3): 6 = 166.5 (C1), 134.0 (C7), 133.4 (C2), 132.0, 128.7 (C3, C4), 126.3
(C5), 117.1 (C8), 42.7 (C6) ppm.
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Figure SI- 2. 13C{*H} NMR spectrum of amide 17.
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5.2.6.2 N-Allyl-N-(4’-bromobenzyl)amine (14)'12

8 6 1,3
7 H 5
10 Br

In a Schlenk flask, N-allyl-4-bromobenzamide 17 (3.66 g, 15.0 mmol) in dry tBuOMe (60 mL)
was added dropwise (course of 30 min) to a suspension of LiAlH4 (1.30 g, 30.0 mmol) in dry
tBuOMe (60 mL) at -10 °C. The suspension was stirred for 4 h at 22 °C (intensive green colour),
cooled to 0 °C and carefully quenched with H,0 (5 mL), NaOH solution (15%, 3 mL) and further
H,0 (3 mL). The suspension was filtered and the filtrate was dried over MgSQ,. Solvent evap-

oration resulted in 96% (3.26 g) of product 14 as colourless oil.

IH NMR (500 MHz, CDCl3): & = 7.44 (m, 2H, H-3), 7.21 (m, 2H, H-4), 5.91 (ddt, J = 17.1, 10.3,
6.0 Hz, 1H, H-7), 5.26 (dm, J = 17.1 Hz, 1H, H-8trans), 5.19 (dm, J = 10.3 Hz, 1H, H-8s), 3.74 (s,
2H, H-1), 3.26 (dm, J = 6.0 Hz, 2H, H-6), 1.37 (s, 1H, H-10) ppm.

13C NMR (126 MHz, CDCl3): 6 = 139.5 (C2), 136.8 (C7), 131.6 (C4), 130.0 (C3), 120.8 (C5), 116.3
(C8), 52.7 (C1), 51.8 (C6) ppm.

IR (ATR) Vmax = 3077, 2978, 2816, 1643, 1591, 1486, 1450, 1403, 1102, 1069, 1011, 993, 917,
793 cm™?

GC-MS m/z: [M+H]* 225.96/223.96 (15%/16%), [C;HeBr]* 170.98/168.97 (95%/100%).

HRMS (EI*) (m/z): [M - H]* Calcd for C10H1:N7°Br, 224.0075; found, 224.0076.
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Figure SI- 3. *H NMR spectrum of amine 14.
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Figure SI- 4. 13C{*H} NMR spectrum of amine 14.
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5.2.6.3 1,2-Diallyl-1-(4’-bromobenzyl)-2-chloroboranamine (18)

321 7 9 321 3o 1* 4% _, 6

\2/\'\'/\@10 \2/\N789 10 \2/1\N456 7*
. U APk 1k
B. B B.

/5\/ cl Br c- B4 Br clI” >l Br

6 ° 4 5l g

a b byproduct

In a Schlenk flask, a solution of BCl3 (40.0 mL, 40.0 mmol, 1.00 M in hexanes) in n-pentane
(180 mL) was cooled to -92 °C under an atmosphere of nitrogen. Triallylborane® (1.34 g.
10.0 mmol) was added dropwise over a course of 1 min. The reaction mixture was stirred
at -92 °C for 2 h before 14 (4.27 g, 60.0 mmol) and Et3N (6.07 g, 60.0 mmol) in n-pentane
(5 mL) were added dropwise using a syringe pump (0.12 mL/min). After addition, the mixture
was allowed to warm to 22 °C. After 20 h of stirring, solvent was evaporated under inert con-
ditions until approx. half volume and the mixture was filtrated through a syringe filter (pore
size = 0.45 um). Solvent evaporation (until 40 °C, 5 mbar) resulted in a yield of 93% (8.45 g,

27.1 mmol; 2:1.5 mixture of a and b) containing 12% of by-product.
Kugelrohr distillation was not possible due to vacuum limits of the apparatus.

1H NMR (500 MHz, CsDs): & = 7.21 (m, 3.5H, H-104b), 5.74 (m, 2H, 9-Hap), 6.59 (m, 1.5H, 9-
Ha/b), 6.00 (m, 1.75H, 5-Ha/b)°, 5.41 (m, 1.75H, 2-Hab), 4.94 (m, 7H, 3-Ha, 6-Hap), 4.14 (s, 2H,
7-Hasp), 3.82 (s, 1.5H, 7-Hasb), 3.56 (m, 1.5H, 1-Ha), 3.21 (m, 2H, 1-Has), 1.96 (s, 3.5H, 4-Hab)
ppm.

By-product: 6 =7.26 (m, H-7*), 6.80 (m, H-6*), 5.56 (m, H-2*), 4.06 (s, H-4*), 3.42 (s, H-1%)
ppm.°

13C NMR (91 MHz, CeDe): 6 = 137.5, 137.2 (C8ap), 134.9, 134.9 (C5a.p), 134.6, 134.5 (C2ap),
132.0, 131.9 (C9ap), 129.7, 129.1 (C104p), 121.4 (C1l1,p), 116.8, 116.6 (C34p), 115.4 (C6ayp),
51.4, 51.2 (C74p), 50.9, 50.3 (Clap), 26.9 (C4) ppm.

11B NMR (161 MHz, CsD¢): 6 = 39.1 ppm.

IR:¢,

2 The reaction procedure is published in Chapter 5.3.
b The integral of this proton is usually lower than expected for all similar species.
¢ Proton H-3* is covered by the product proton signals between 5.08 and 4.78 ppm.

4 With our available equipment, IR measurements cannot be performed for air sensitive compounds.
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HRMS (EI*) (m/z): [M — C3HsBCI]* Calcd for C10H11N”°Br, 224.0075; found, 224.0069.
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Figure SI- 5. *H NMR spectrum of aminborane 18.
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Figure SI- 6. 13C{*H} NMR spectrum of aminborane 18.
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Figure SI- 7. 1B{*H} NMR spectrum of aminborane 18.
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5.2.6.4 1-(4’-bromobenzyl)-2-chloro-3,6-dihydro-1,2-azaborine (12)

1 5 .7 3 ox1* 4% ., 6*
6 5 *
9 8*
B\ /B\
3 o Br cI” el Br
4 byproduct

In a glovebox, a 150 mL Schlenk flask was charged with 18 (8.04 g; 25.7 mmol) and CH,Cl,
(200 mL). Grubbs catalyst 1%t generation (212 mg; 257 umol) in CH,Cl; (20 mL) was added
dropwise over the course of 1 min. to the aminoborane solution. The mixture was stirred for
20 h at 20 °C before the solvent was removed under reduced pressure (40 °C, until 10 mbar).
Purification by sublimation under inert conditions (65 °C, 3x10"2 mbar) led to a yield of 62%

(4.53 g, 15.9 mmol) of 12.

1H NMR (500 MHz, C¢De): & = 7.20 (m, 2H, H-8), 6.72 (m, 2H, H-7), 5.52 (m, 1H, H-3), 5.16 (m,
1H, H-2), 3.99 (s, 2H, H-5), 3.01 (m, 2H, H-1), 1.73 (m, 2H, H-4) ppm.

By-product: 6 =7.29 (m, H-7%*), 6.88 (m, H-6%), 5.62 (m, H-2%*), 4.94 (m, H-3*), 3.99 (s, H-4*),
3.11 (s, H-1*) ppm.

13C NMR (126 MHz, CsDe): 6 = 137.1 (C6), 131.9 (C8), 129.7 (C7), 124.8 (C3), 123.9 (C2), 121.5
(C9), 53.4 (C5), 49.0 (C1) ppm.?

1B NMR (161 MHz, C¢Ds): 6 = 38.5 ppm.
IR:b.

HRMS:“.

2 The signal for the carbon (C-4) adjacent to boron was not visible in the 3C NMR spectrum.
b With our available equipment, IR measurements cannot be performed for air sensitive compounds.

¢ With our available equipment, high resolution mass spectrometry cannot be performed for this air sensitive
compound.
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Figure SI- 9. 3C{*H} NMR spectrum of aminborane 12.
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Figure SI- 10. ™B{*H} NMR spectrum of aminborane 12.

5.2.6.5 1-(4’-bromobenzyl)-2-methyl-3,6-dihydro-1,2-azaborine (13)

1 5 7
9
B-
3 Me Br
4 10

In a Schlenk flask, aminoborane 12 (569 mg; 2.00 mmol) was dissolved in THF (20 mL) and
cooled to -78 °C. Over a course of 5 min. methyl lithium (1.6 m in THF; 1.25 mL; 2.00 mmol)
was added via syringe to the stirring solution. After stirring for 30 min. at -78 °C and additional
2 h at 21 °C, the solution was concentrated to approx. % volume under vacuum (40 °C, until
5 mbar). The precipitate was filtered via a PTFE syringe filter (pore size = 0.45 um) under inert
conditions. A further solvent evaporation (40 °C, until 5 mbar) and a subsequent Kugelrohr
distillation (120 °C; 5x10°! mbar) led to 84% of product 13 with a purity of approx. 92% (calcu-
lated by 'H NMR).

'IH NMR (500 MHz, CD,Cl): & = 7.45 (m, 2H, H-8), 7.14 (m, 2H, H-7), 5.75 (m, 1H, H-3), 5.51
(m, 1H, H-2), 4.24 (s, 2H, H-5), 3.42 (m, 2H, H-1), 1.54 (m, 2H, H-4), 0.37 (m, 2H, H-10) ppm.
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13C NMR (126 MHz, CD,Cl,): & = 139.3 (C6), 132.0 (C8), 129.6 (C7), 126.0 (C3), 124.9 (C2), 121.0
(C9), 49.0 (C5), 18.5 (C4), 2.6 (C10) ppm.?

118 NMR (116 MHz, CD,Cly): 6 = 44.9 ppm.
IR:b.

HRMS (EI*) (m/z): [M]** Calcd for C12H1sBNBr, 263.0481; found, 263.0479.

5.3 Methylene Chloride-d2
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Figure SI- 11. *H NMR spectrum of aminoborane 13.

@ The carbon signals C4 and C10 are only visible in the HSQC spectrum.

b With our available equipment, IR measurements cannot be performed for air sensitive compounds.
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Figure SI- 12. 3C{*H} NMR spectrum of aminoborane 13.
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HB{*H} NMR spectrum of aminoborane 13 in CD,Cl,.
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5.2.7 Oxidative Dehydrogenation Reaction Screening

5.2.7.1 Reaction procedures

With a microwave apparatus:

In a glovebox, the reducing agent (DDQ or Pd black) was filled into a microwave vial equipped

with a microwave stirring bar. Afterwards, the vial was filled with the solvent, before the start-

ing material was added. The reaction vial was sealed with a microwave cap (with a PTFE sep-

tum). Outside the glovebox, the reaction vial was directly put into the microwave irradiated

to the target reaction temperature. After the irradiation time, the vial was transferred into

the glovebox for work-up. The mixture was filtered via syringe filter and subsequently a

'H NMR spectrum of the crude mixture was measured to determine the conversion.

Table SI- 2. Dehydrogenation approaches with azaborine precursor 11 and DDQ as reducing agent under micro-

wave conditions; for synthesis of 11: see Chapter 5.3.1.

DDQ,
solvent,
N Ve temperature, ime N Me
L (R - B P2-1
~cl MW ~cl
En- Starting DDQ Solvent Temperature | Time | Conversion?
try material
1 11 (65 mg; | 113 mg; toluene 80 °C 4 h -b
500 pmol) 500 pmol
2 11 (65 mg; | 227 mg; n-hexane 120 °C 25h | 0%
500 pumol) 1.00 mmol
3 11 (65mg; | 231 mg; CH,Cl, 60 °C 1h -be
500 pumol) 1.02 mmol

“ conversion measured by *H NMR of the crude mixture based on remained starting material (not isolated); ® no

starting material left, possibly due to degradation; ¢ no signals in H and !B NMR in crude mixture anymore.
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Table SI- 3. Dehydrogenation approaches with Pd black as reducing agent under microwave conditions.

Pd black,
i solvent, ; 8,21 R'=4-BrPh, R?=Cl
| N’ temperature, time &~ N’R 11, P2-1: R' = Me, R = Cl
|'3\R2 MW ~_B., 12,190 R'=4-BBn, R2=Cl
R® 43,221 R'=4-BBn, R?=Me
Entry | Starting Pd black Solvent Temperature | Time Conversion?
material
1 8 (135mg; | 11 mg; cyclohexene 180 °C 4 h 29% b
500 umol) 100 pmol (26% after 1 h)
2 12 (142 mg; | 11 mg; cyclohexene 200 °C 1h 13%"°
499 umol) 100 pmol
3 13 (138 mg; | 10 mg; cyclohexene 180 °C 4 h 9%°
523 umol) | 94 umol
4 11 (65 mg; | 11 mg; cyclohexene 120 °C 4 h 100% < ¢
500 pumol) 100 pmol (71% yield)
5 11 (129 mg; | 22 mg; cyclohexene 120 °C 4 h 0% %€
1.00 mmol), | 200 pmol
e
6 12 (142 mg; | 11 mg; chlor-benzene | 220°C 4 h 27%% 9
499 umol) 100 pmol (250 °C) (+6 h) | (58%)
7 12 (142 mg; | 11 mg; chlor-benzene | 250 °C 24h | 66%f
499 umol) 100 pmol

9 conversion measured by *H NMR spectrum of the crude mixture based on remained starting material (not iso-

lated); ® Pd was agglomerated; ° in brackets: Isolated yield of a 11.5 mmol approach after purification by Ku-

gelrohr distillation; ¢ Pd was not agglomerated, cyclohexene was also nearly full converted; ¢ bromobenzene (157

mg; 1.00 mmol) was added to test the inhibitor effect of aromatic bromides; f Pd was not agglomerated as for

cyclohexene as solvent; 9 in brackets: Irradiation of the mixture was continued.
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With conventional heating:

The reactions without irradiation in the microwave were prepared in the same way as for mi-
crowave reactions — with the exception of heating in a microwave apparatus. Instead, the
mixture was stirred at the target reaction temperature in a microwave vial inside the glove-

box.

Table SI- 4. Dehydrogenation approaches with DDQ as reducing agent under inert conditions in the glovebox.

DDQ,
solvent, 1

R ture, ti -R
1 CN emperature, time CN P2-1
12 B\R2 MW X B\R2 19

11, P2-1: R'=Me, RZ2=Cl
12,19: R'=4-BrBn, RZ=CI

Entry Starting DDQ Solvent | Temperature Time Conversion?
material
1 12 (500 mg; | 439 ug; n-hexane |[25°C 48 h 7%
1.76 mmol) 1.93 mmol
2 12 (500 mg; | 432 pug; CHCl, 25°C 48 h -b

1.76 mmol) | 1.90 mmol

3 11 (65 mg; | 113 mg; toluene 21°C 1h -b
500 umol) 500 pumol

@ conversion measured by *H NMR spectroscopy of the crude mixture based on remaining starting material (not

isolated); ? no starting material left, possibly due to degradation.
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5.2.7.2 IH and MB{'H} NMR spectra for conversion control
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Figure SI- 14. Crude 'H NMR spectrum of Entry 1, Table SI- 2.
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Figure SI- 15. Crude 'B{*H} NMR spectrum of Entry 1, Table SI- 2.
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Figure SI- 16. Crude *H NMR spectrum of Entry 2, Table SI- 2.
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Figure SI- 17. Crude ''B{*H} NMR spectrum of Entry 2, Table SI- 2.
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Figure SI- 18. Crude *H NMR spectrum of Entry 3, Table SI- 2.
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Figure SI- 19. Crude 'B{*H} NMR spectrum of Entry 3, Table SI- 2.
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Figure SI- 20. Crude *H NMR spectrum of Entry 1, Table SI- 3 after 1 h reaction time.
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Figure SI- 21. Crude 'B{*H} NMR spectrum of Entry 1, Table SI- 3 after 1 h reaction time.
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Figure SI- 22. Crude *H NMR spectrum of Entry 1, Table SI- 3 after 4 h reaction time.

—39.04
—33.22
6.52

-40 -50 -60 70 -80 -90 -100 -110 -120

-20
f1 (ppm)

Figure SI- 23. Crude 'B{*H} NMR spectrum of Entry 1, Table SI- 3 after 4 h reaction time.
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Figure SI- 24. Crude *H NMR spectrum of Entry 2, Table SI- 3.
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Figure SI- 25. Crude 'B{*H} NMR spectrum of Entry 2, Table SI- 3.

141



5 Experimental Section

260

240

[ [ F220
f/ | | 200
f
/ o
J

r180

— 5.32 Methylene Chloride-d2

r 160

r140

r120

r 100

r80

r60

r40

143{
0113,
0.04],
o | 0051
0,041
0.7
2,00
= 196{
0.5t
0.211
2

T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0

Figure SI- 26. Crude *H NMR spectrum of Entry 3, Table SI- 3.
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Figure SI- 27. Crude *H NMR spectrum of Entry 4, Table SI- 3.
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Figure SI- 28. Crude 'B{*H} NMR spectrum of Entry 4, Table SI- 3.
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Figure SI- 29. Crude *H NMR spectrum of Entry 5, Table SI- 3; only 60% bromobenzene remained in solution.
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Figure SI- 30. 'H NMR spectrum of chlorobenzene (solvent) for Entry 6 and 7, Table SI- 3; zoomed in for better

comparison to following crude *H NMR spectra.
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Figure SI- 31. Crude 'H NMR spectrum of Entry 6, Table SI- 3 after 4 h reaction time
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Figure SI- 32. Crude *H NMR spectrum of Entry 6, Table SI- 3 after 10 h reaction time; additional zoom (x 0.1) of

the chlorobenzene signals.
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Figure SI- 33. Crude *H NMR spectrum of Entry 7, Table SI- 3; additional zoom (x 0.1) of the chlorobenzene signals.
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— 5.3 Methylene Chloride-d2
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Figure SI- 34. Crude *H NMR spectrum of Entry 7, Table SI- 3 after nearly complete solvent evaporation.
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Figure SI- 35. Crude *H NMR spectrum of Entry 7, Table SI- 3; first fraction of the sublimation.
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5.3 Methylene Chloride-d2
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Figure SI- 36. Crude *H NMR of Entry 7, Table SI- 3; second fraction of the sublimation.
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Figure SI- 37. Crude *H NMR spectrum of Entry 1, Table SI- 4 after solvent evaporation; additional zoom (x 5) of

the aromatic range.
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Figure SI- 38. Crude 'B{*H} NMR spectrum of Entry1, Table SI- 4 after solvent evaporation.
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Figure SI- 39. Crude *H NMR spectrum of Entry 2, Table SI- 4 after solvent evaporation.
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Figure SI- 40. Crude 'B{*H} NMR spectrum of Entry 2, Table SI- 4 after solvent evaporation.
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Figure SI- 41. Crude *H NMR spectrum of Entry 3, Table SI- 4.
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Figure SI- 42. Crude 'B{*H} NMR spectrum of Entry 3, Table SI- 4.

5.2.7.3 GC/MS spectra
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Figure SlI- 43. GC trace of the crude mixture of the dehydrogenation approach towards 19 by chlorobenzene as

solvent (Entry 7, Table SI- 3).
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Figure SI- 44. MS spectra values to the corresponding GC trace (Figure SI- 43) with proposed compounds and

their calculated m/z values.
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5.3 Supporting Information on Chapter 3.3
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General Methods and Materials

All syntheses were carried out using standard Schlenk techniques or in a glovebox (INERT PURE LAB) under a
dry and inert nitrogen atmosphere. Glassware and NMR-tubes were dried in an oven at 200 °C for at least 2 h
prior to use. Reaction vessels were heated under vacuum und purged with nitrogen three times before adding

reagents.

Analyses

'H NMR, "*C{'H} NMR and "B NMR spectra were recorded at 300 K.

'H NMR spectra were recorded on a Bruker DRX 500 (500 MHz) spectrometer or a Bruker AV 600 (600 MHz)
spectrometer. Reaction monitoring was carried out on a Bruker DPX200 (200 MHz). 13C{ lH} NMR spectra were
recorded on a Bruker DRX 500 (500 MHz) spectrometer or a Bruker AV 600 (126 MHz) spectrometer. ''B
NMR spectra were recorded on a Bruker DRX 500 (160.46 MHz) spectrometer with 2048 scans, and a spectral
width of 40000 Hz (250 ppm), a relaxation delay of 0.15 s, and an acquisitions delay of 0.1 s. The signals were

referenced externally to BF;-OEt,.

The exact assignment of the peaks was proved by 'H, *C{'H} DEPT and two-dimensional NMR spectroscopy
such as "H COSY, "*C HSQC(-DEPT) or 'H/"*C HMBC when possible.

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectrometer with an A531-G Golden-Gate-
ATR-unit.

The high resolution EI mass spectra were measured on a VG Analytical Autospec apparatus.
Thermogravimetric analyses (TGA) were conducted on a Mettler Toledo TGA/DSC 3+ Star® System.

Differential scanning calorimetry (DSC) measurements were conducted on a Mettler Toledo DSC 3+ Star®

System.

For Gel permeation chromatography (GPC) measurements, a PSS GPC/SEC System equipped with three
separation columns (1.000 A, 100.000 A and 1.000.000 A), a RI detector, viscometer (DVD1260) and diode
array detector (DAD1260).

All microwave irradiation reactions were carried out on a Biotage Initiator 60EXP.
Chemicals

All reagents were degassed via the freeze-pump-thaw technique (>3 cycles), dried and stored under a N,

atmosphere, if not mentioned otherwise.
Compound Purity Comment

2,2'-Azobis(2-methylpropionitrile) 98% Sigma Aldrich; dried under vacuum and

flushed with N, (3 times before transferring

SI3
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2-Vinyltoluene (or 2-Methylstyrene)
BCl;, Boron trichloride

Cyclohexene

Grubbs Catalyst 1* Generation

Magnesium turnings

n-BuLi, n-buthyllithium

N-Methylallylamine

Pd black, Palladium black

Tetravinylstannane

Triethyl amine, Et;N

Solvents

>95%

1.0 M in hexanes

99%

97%

Technical, special
for Grignard

reactions

2.5 M in hexanes

96%

99.9%

95%

99%

into the glovebox)
Sigma Aldrich; 3x FPT
Acros Organics; not degassed

inhibitor-free; dried over molecular sieves

(34

Sigma Aldrich; degassed under vacuum for

16 h

Fisher Scientific/Acros

Acros Organics, not degassed

Alfa Aesar; dried over molecular sieves

G A)
ABCR; degassed under vacuum for 16 h

Acros Organics; dried over molecular sieve

(34

Griissing; dried over molecular sieve (3 A)

All solvents were used after purification as described below (Table SI- 1). Dried solvents were regularly tested

for water content by Karl Fischer titration. In all syntheses and work-up procedures exclusively dried and

degassed solvents were used. SPS = Solvent purification system (PureSolv from INERT TECHNOLOGY).

Table SI- 1. Purification of solvents.

Solvent Drying procedure Water content

CH,Cl, Directly used from the SPS (columns: 2x aluminium oxide) <5 ppm
Predried over KOH; dried and distilled over sodium and stored over molecular

Et,0 . <5 ppm
sieves (3 A)
Obtained from the SPS (columns: 1x aluminium oxide, 1x copper(I) oxide and

n-Pentane ) . <5 ppm
degassed 3 times by the freeze-pump-thaw technique

Toluene Directly used from the SPS (columns: 1x molecular sieve, 1x aluminium oxide) <5 ppm

SI 4
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Syntheses
Monomer Synthesis and Characterization
Triallylborane’

4321
\/\B/\/

=

According to Brown and Racherla:'

A dried two neck flask equipped with a reflux condenser (connected to Schlenk line) and a septum with
connection to a syringe pump was placed under a nitrogen atmosphere. This apparatus was filled with dry
magnesium turnings (9.73 g, 400 mmol), anhydrous and degassed diethyl ether (300 mL) and BF; etherate
(12.4 mL, 100 mmol). Dried and degassed allyl bromide (26 mL, 300 mmol) was added via a syringe pump over
the course of 3 h. After addition, the mixture was stirred for a further 12 h. Then insoluble magnesium salts were
allowed to settle by switching off the stirrer. The clear ether layer was transferred via a PTFE tube into a dried
two-neck Schlenk flask, which was connected to a distillation apparatus. The magnesium salts were washed with
anhydrous and degassed diethyl ether (2 x 80 mL). The diethyl ether layers were combined. Solvent and
potentially remaining starting material were stepwise removed (50-60 °C; atm pressure N, until 200 mbar).
Finally, a short-path distillation (70 °C; 15 mbar) resulted in triallylborane (8.64 g, 64.5 mmol, 64%).** "H NMR
(500 MHz, C¢Dg) 6 5.81 (3H, dt, J=21.2, 10.5, 10.5 Hz, 3-H), 4.94 (6 H, m, 4-H), 2.03 (6 H, m, 2-H);
BC{'H} NMR (126 MHz, C¢Dg) & 135.2 (C-3)114.9 (C-4), 34.8 (C-2); 'B NMR (161 MHz, C¢Dy) 5 81.1.

* With our available equipment, IR spectroscopy cannot be performed for air sensitive compounds.
® High resolution mass spectrometry showed both no mass signal and no identifiable fragment signal.

SIS
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Figure SI- 1. "H NMR spectrum of triallylborane in C¢Dg.°
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Figure SI- 2. >C{'H} NMR spectrum of triallylborane in C¢Ds.

¢ The signals marked with *1 belong to the remaining solvent (diethyl ether) which could not be completely
removed after three times fractionated distillation; the signal marked with *2 was attributed to cyclohexane
which was an impurity of the NMR solvent batch.
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Figure SI- 3. ''B NMR spectrum of triallylborane in C¢Ds.
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1,2-Diallyl-2-chloro-1-methylaminoborane®

8764 9 8761,9 4% 3.2 1u 5
\/\N, e \/\N, e \/\N,Me
B. B N
Z>7 ., I, N o Bl
5 3 3 5
a b by-product

Similar to the procedure of Lamm et al.:*

In a Schlenk flask a solution of BCl; (25.8 mL, 25.8 mmol, 1.00 M in hexanes) in n-pentane (180 mL) was
cooled to -92 °C under an atmosphere of nitrogen. Triallylborane (1.73 g. 12.9 mmol) was added dropwise over
a course of 1 min. The reaction mixture was stirred at -92 °C for 2 h before N-methylallylamine® (2.75 g,
38.6 mmol) and E;N (3.91 g, 38.6 mmol) in n-pentane (5 mL) were added dropwise using a syringe pump (0.12
mL/min). After addition, the mixture was allowed to warm to 22 °C. After 20 h of stirring, solvent was
evaporated under inert conditions until approx. half volume and the mixture was filtrated through an syringe
filter. Solvent evaporation (until 35 °C, 100 mbar) and subsequent Kugelrohr distillation (60 °C, 8 mbar) under
inert conditions resulted in 1,2-Diallyl-2-chloro-1-methylaminoborane (2.721 g, 17.28 mmol, 45%) (1:1 mixture
of a and b) which contained not separable by-product (7%). Kugelrohr distillation led to a considerable amount
of polymerized residue. Continuing with the crude mixture (~85-95 % calculated by 'H NMR spectroscopy)
resulted in a significantly higher yield after the next step (overall yield of more than 75 % after synthesis of 2-
Chloro—]—methyl-.?,6—dihydr0-],Z-clzaborine).d 'H NMR (500 MHz, C¢Dg) 6 5.99 (2 H, m, 4-H,p), 5.50 (1 H, m,
7-Hup), 5.33 (1 H, m, 7-H,p), 5.02 (4 H, m, 5-H,), 4.89 (4 H, m, 8-H,p), 3.58 (2 H, m, 6-H,), 3.22 (2 H, m, 6-
Hup), 2.58 3 H, s, 9-Hup), 2.29 (3 H, 8, 9-H,p), 1.92 (4 H, m, 3-H,p); By-product: & 3.36 (m, H-2*), 2.38 (s, H-
5*); The other signals are covered by the product signals (confirmed by 2D NMR); BC{'H} NMR (126 MHz,
CeDg) 0 135.3, 135.1 (C-4,p), 134.8, 134.8 (C-7,p), 116.3, 116.1 (C-8,,), 115.0 (C-5,,), 54.5, 53.9 (C-6,,,), 36.9,
36.1 (C-9,4);° By-product: § 133.6 (C-3*), 116.9 (C-4*); The other signals are covered by the product signals
(confirmed by 2D NMR); "B NMR (161 MHz, C¢Dg) 6 38.1; HRMS-EI* (m/z): [M + H - (CIBAI)]*" calcd for
C4HgN, 71.0735; found, 71.0736.

4 With our available equipment IR spectroscopy cannot be performed for this air sensitive compound.
¢ The signal for the carbon (C-3) adjacent to boron was not visible in the 3C NMR spectrum.
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Figure SI- 4. "H NMR spectrum of 1,2-diallyl-2-chloro-1-methylaminoborane in CD.."
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Figure SI- 5. *C{'"H} NMR spectrum of 1,2-diallyl-2-chloro-1-methylaminoborane in C¢Dg.f

" The signals marked with * are attributed to a by-product with two chlorides on boron which could not be
separated.
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Figure SI- 6. ''B NMR spectrum of 1,2-diallyl-2-chloro-1-methylaminoborane in C¢Djg.f
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2-Chloro-1-methyl-3,6-dihydro-1,2-azaborine®

6 7

1
-M
l}l e
B\
4 9 Cl

3

The procedure was adapted similar to Chrostowska et al.:*

In a glovebox, a 150 mL Schlenk flask was charged with Grubbs Cat. 1" Gen. (481 mg; 584 umol; 1 mol%) and
CH,Cl, (110 mL). A solution of 1,2-diallyl-2-chloro-1-methylaminoborane (9.20 g; 58.4 mmol) in CH,Cl,
(24 mL) was added dropwise over the course of 2 min. to the catalyst solution. The mixture was stirred for 16 h
at 21 °C before the solvent was removed under reduced pressure (40 °C, 200 mbar). Purification by Kugelrohr
distillation under inert conditions (50 °C, 20 mbar) led to 2-Chloro-1-methyl-3,6-dihydro-1,2-azaborine (5.44 g,
42.0 mmol, 72%).¢ "H NMR (600 MHz, CD,Cl,) 5 5.72 (1 H, bs, 4-H), 5.58 (1 H, m, 5-H), 3.64 (2 H, m, 6-H),
2.89 (3H, s, 7-H,y), 1.66 (2 H, bs, 3-H); “C{'H} NMR (151 MHz, CD,CL,) § 125.4 (C-4), 124.5 (C-5), 52.6
(C-6), 38.1 (C-3), 18.8 (C-7). "B NMR (161 MHz, CD,Cl,) § 37.5; HRMS-EI* (m/): [M-O-M]*" calcd for
C1oH17B2N,0, 203.1527; found, 203.1524."

B (m)
5.58

A(s) C(m) B(s) D(s)

572 3.64 2.89 1.66

G & G =

I
f
A ) B
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.

50 45
1 (ppm)

Figure SI- 7. 'H NMR spectrum of 2-chloro-1-methyl-3,6-dihydro-1,2-azaborine in CD,Cl,.

¢ With our available equipment, high resolution mass spectrometry and IR spectroscopy cannot be performed for
air sensitive compounds.
h Obviously, the compound formed the corresponding anhydride species due to hydrolysation.
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Figure SI- 8. 13C{ 'H} NMR spectrum of 2-chloro-1-methyl-3,6-dihydro-1,2-azaborine in CD,Cl,..
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Figure SI- 9. "B NMR spectrum of 2-chloro-1-methyl-3,6-dihydro-1,2-azaborine in CD,Cl,..
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2-Chloro-1-methyl-1,2-azaborine (1)4

6 4 7
SCN,MG
|
PR S\m
3

The procedure was adapted similar to Chrostowska et al.:*

In a glovebox, a dry microwave vial was charged with Pd black (164 mg; 1.55 mmol), cyclohexene (20 mL) and
2-chloro-1-methyl-3,6-dihydro-1,2-azaborine (1.50 g; 11.6 mmol) was added. The flask was sealed with a
microwave cap. The mixture was stirred and heated for 6 h at 120 °C in the microwave. Subsequently, the
reaction mixture was filtered through a PTFE syringe filter (pore size = 0.45 um), the solvent was removed
under reduced pressure and Kugelrohr distillation under inert conditions (65 °C, 20 mbar) resulted in azaborine 1
(985 mg, 7.73 mmol, 67%)." "H NMR (500 MHz, CD,Cl,) & 7.56 (1 H, bs, 4-H), 7.22 (1 H, m, 6-H), 6.62 (1 H,
m, 3-H), 6.30 (1 H, m, 5-H), 3.59 (3 H, s, 7-H); C{'H} NMR (126 MHz, CD,Cl,) § 145.2 (C-4), 140.6 (C-6),
127.7 (C-3), 111.0 (C-5), 41.3 (C-7); "B NMR (161 MHz, CD,Cl,) & 32.8; HRMS-EI* (m/z): [M-O-M]*" calcd
for C;oH;3BoN,0, 199.1214; found, 199.1207.F

5.32 Methylene Chloride-d2

8 (m) D (m)

7.2 6.30
A (bs) C(m) g(s)
7.56 6.62 3.59
= R )
*1
‘ *2 2 *2
|
I
[T, Ju_,\.A_J)- o
s T T s
T T T T T T T T T T T T T T T T T T T T T 1
10.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 5. 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0 0.

50 45
f1 (ppm)

Figure SI- 10. 'H NMR spectrum of 2-chloro-1-methyl-1,2-azaborine (1) in CD,Cl,; *1 = traces benzene (by-product);
*2 = not separable traces of undefined by-products.

f With our available equipment, IR spectroscopy cannot be performed for this air sensitive compound.
 The signal intensity for the carbon atom next to the boron atom (C-3) in the 3C NMR spectrum was very low.
k Obviously, the compound formed the corresponding anhydride species due to hydrolysation.
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— 54.0 Methylene Chloride-d2

—145.2

—140.6
127.7
111.0
413

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure SI- 11. Bc{'H} NMR spectrum of 2-chloro-1-methyl-1,2-azaborine (1) in CD,CL,.!
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Figure SI- 12. ''B NMR spectrum of 2-chloro-1-methyl-1,2-azaborine (1) in CD,Cl,.™

"' The signals marked with * were attributed to benzene and cyclohexane (+ undefined) residues from the reaction
which was not absolutely separable after several Kugelrohr distillations.
™ The signals market with *were attributed to the to hydrolyzed by-product, which was not separable,.
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1-Methyl-2-vinyl-1,2-azaborine (2)

6 1 10

SCN,MEB

|

4N 2\/9
3 7

Preparation of vinyl lithium (according to Seyferth et al.)*:

In a Schlenk tube under an N, atmosphere, n-butyllithium (8.0 mL, 20 mmol; 2.5 M in hexanes) was added
dropwise to tetravinyl stannane (2.39 g, 10.00 mmol) over the course of 3 min. A precipitate was formed. After
letting it settle, the solvent was removed via syringe and the solid was washed 4 times with n-pentane (4 mL).
Finally, vinyllithium was dissolved in diethylether (10 mL). Concentration (0.59 M; 59 % yield) was determined

by titration (menthol/2,2-bipyridyl).®

Vinylation procedure adapted according to the procedure of Marwitz et al. for another compound:’

Under a N, atmosphere, a 100 mL Schlenk flask was filled with 1 (1.15 g, 9.00 mmol) and degassed Et,O
(80 mL). The solution was cooled down to -92 °C (N,/acetone bath) before vinyllithium (10.8 mL, 10.8 mmol,
1 M in Et,0) was added dropwise using a syringe pump (0.5 mL/min). After addition, the solution was stirred for
further 2 h at -92 °C before it was allowed to warm up to 22 °C by removing the cooling bath. The mixture was
concentrated to ca. 30 mL before it was filtered through a syringe filter. Removing of solvent (40 °C, 150 mbar)
and Kugelrohr distillation (65 °C, 20 mbar) gave azaborine 2 (765 mg, 6.43 mmol, 71%). 'H NMR (500 MHz,
CD,Cl,) 6 7.53 (1 H, dd, J=11.0, 6.6 Hz, 4-H), 7.15 (1 H, d, / = 6.6 Hz, 6-H), 6.89 (1 H, dd, /= 11.0, 1.5 Hz, 3-
H), 6.63 (1 H, dd, J=19.5, 13.6 Hz, 7-H), 6.25 (1 H, ddd, J = 6.6, 6.6, 1.5 Hz, 5-H), 6.06 (1 H, dd, /=19.5,3.9
Hz, 8-H), 5.92 (1 H, dd, J = 13.6, 3.9 Hz, 9-H), 3.59 (1 H, s, 10-H); *C{'H} NMR (126 MHz, CD,Cl,) 5 143.0
(C-4), 140.3 (C-6), 137.9 (C-7), 130.9 (C-8,9), 128.0 (C-3), 111.1 (C-5), 42.0 (C-10); "'B NMR (161 MHz,
CD,Cl,) 8 33.4; HRMS".

" With our available equipment, high resolution mass spectrometry and IR spectroscopy cannot be performed for
this air sensitive compound.
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Figure SI- 13. "H NMR spectrum of 1-methyl-2-vinyl-1,2-azaborine (2) in CD,Cl,.
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Figure SI- 14. 13C{ 'H} NMR spectrum of 1-methyl-2-vinyl-1,2-azaborine (2) in CD,Cl,.
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Figure SI- 15. "'B NMR spectrum of 1-methyl-2-vinyl-1,2-azaborine (2) in CD,Cl,.
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Polymerizations and Characterizations

Poly(1-methyl-2-vinylazaborine) (3)

.8

9 2,,
Me. .B

N3

6 X 4
5

Under a nitrogen atmosphere, 1-methyl-2-vinylazaborine (303 mg, 2.55 mmol) and AIBN (4 mg, 25 pumol,
1 mol%) were placed into a dried J Young’s tube. The mixture was transferred into a preheated oil bath (85 °C)
and heated for 72 h until the mixture became highly viscous. The polymer was then dissolved in toluene (2 mL)
and precipitated into methanol (6 mL). The polymer was dried under reduced pressure (4x10” mbar, 40 °C oil
bath) to yield in poly(1-methyl-2-vinylazaborine) (3) (153 mg, 51%). [For redissolving and transferring into a
storage bottle dichloromethane was used due to low solubility in toluene]. 'H NMR (600 MHz, C¢Dg) & 7.52
(1 H, bm, 4-H), 6.98 (1 H, bm, 6-H), 6.64 (1 H, bm, 3-H), 6.15 (1 H, bm, 5-H), 2.92 (3 H, bm, 9-H), 1.50 (3 H,
bm, 7-H,8-H); *C{'H} NMR (151 MHz, C¢Dy) 5 141.4 (C-4), 139.2 (C-6), 129.9 (C-3), 109.4 (C-5), 40.8 (C-9),
39.8 (C-7), 28.0 (C-8); "B NMR (161 MHz, C¢Dg) & 44; "H NMR (600 MHz, CD,Cl,) § 7.21 (1 H, bm, 4-H),
6.89 (1 H, bm, 6-H), 6.43 (1 H, bm, 3-H), 6.02 (1 H, bm, 5-H), 3.20 (3 H, bm, 9-H), 1.14 (3 H, bm, 7-H,8-H);
BC{'H} NMR (151 MHz, CD,Cl,) § 141.5 (C-4), 139.6 (C-6), 129.5 (C-3), 109.5 (C-5), 41.1 (C-9), 39.3 (C-7),
27.7 (C-8); IR (ATR) vy/em™ 3067, 3000, 2895, 2836, 1612, 1514, 1463, 1416, 1397, 1311, 1225, 732, 697,
MS°®; My, = 24900 g/mol (eluent: THF, elution at 1 mL/min, 35 °C, universal calibration); PDI = 1.51.

° The polymer could not be analysed by mass spectrometry (MALDI, ESI).
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Figure SI- 16. 'H NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in C¢Dg; *1 = starting material; *2 = toluene; *3 =

undefined signals.
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Figure SI- 17. *C{'H} NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in C¢Ds.
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Figure SI- 18. Section of the *C{'H} NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in C¢Ds.
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Figure SI- 19. Section of the '*C{'H} NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in C¢Ds.
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T
50 [} -50 ppm

Figure SI- 20. Left: ''B NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in C¢Dg; Right top: ''B NMR spectrum of
poly(1-methyl-2-vinylazaborine) (3) in C¢Dg in a quartz NMR tube compared to an ''B NMR spectrum of pure C¢Dj solvent
(bottom) for comparison. The broad signal centred at ca. -8 ppm originates from boron-containing materials in the probe

head, with the broad boron-signal arising from compound 3 at ~44 ppm.
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Figure SI- 21. 'H NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in CD,Cl,; *1 = starting material; *2 = toluene.
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Figure SI- 22. *C{'H} NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in CD,Cl,.
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Figure SI- 23. HSQC-DEPT experiment in CD,Cl, for assigning the 'H and ">C signals of 3. The signal for the N-methyl
groups are clearly visible (blue arrow); In the signal for the olefinic backbone, there is a signal for a methylene group (red

arrow) and a further signal for the CH-group (purple arrow). There is no evidence that the N-methyl group has reacted during
the radical polymerization.
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Figure SI- 24. Section of the HSQC NMR spectrum of poly(1-methyl-2-vinylazaborine) (3) in CD,Cl,.

Table SI- 2. GPC results of poly(1-methyl-2-vinylazaborine) (3) measured in THF; Conventional calibration was performed
with polystyrene standards (narrow distribution) and a refractive index detector; Universal calibration was performed with
additional on-line viscometer detection.

Conventional Calibration Universal Calibration
Mn (g/mol) | 6470 16500
Mw (g/mol) | 10300 24900
PDI | 1.59 1.51
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Figure SI- 25. Mass distribution diagram of poly(1-methyl-2-vinylazaborine) (3) measured in THF.
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Figure SI- 26. Differential scanning calorimetry of poly(N-methyl-2-vinylazaborine) (3) under a nitrogen atmosphere;
sample weight: 4.4292 mg; heating rate: 8.00 K/min; crucible: 40 pL aluminium; Tg: 85 °C (onset); exo up.
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Figure SI- 27. Thermogravimetric analysis curve of poly(N-methyl-2-vinylazaborine) (3) under a nitrogen atmosphere;
sample weight : 7.1430 mg; heating rate: 10.00 K/min; crucible: 40 pL aluminium; T4: 380 °C (onset); exo up.

Photo

Figure SI- 28. Transparent film of poly(N-methyl-2-vinylazaborine) (3) on a glass plate after removing the solvent from the
dichloromethane solution on a heating plate at 40 °C under inert conditions.
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Poly(1-methyl-2-vinylazaborine-2’-methylstyrene) (6)

Under a nitrogen atmosphere, 2 (149 mg. 1.25 mmol), 2-vinyltoluene (148 mg, 1.25 mmol) and AIBN (4 mg,
25 pmol, 1 mol%) were placed into a dried J. Young’s tube. The mixture was transferred into a preheated oil
bath (85 °C) and stirred for 6 h until it solidified. The polymer was dissolved in a mixture of toluene (2 mL) and
diethyl ether (0.5 mL)” and precipitated into methanol (6 mL). The polymer was dried under reduced pressure
(4x10” mbar, 40 °C oil bath) to yield poly(1-methyl-2-vinylazaborine-2’-methylstyrene) (6) (255 mg, 86%).%
'H NMR (600 MHz, C¢Dq) & 7.82-6.28 (bm, 3/4/5/10/11/12/13-H), 6.29-5.77 (bm, 5-H), 3.35-2.32 (bm, 7/17-H),
2.32-0.51 (bm, 14/15/16/18-H); '"H NMR (600 MHz, CD,Cl,) § 7.66-6.23 (bm, 3/4/5/10/11/12/13-H), 6.23-5.83
(bm, 5-H), 3.32-2.12 (bm, 7/17-H), 2.12-0.39 (bm, 14/15/16/18-H); *C{'H} NMR (151 MHz, C¢Dy) & 145.0-
144.3 (C-8), 142.2 (C-4), 139.5 (C-6), 136.4 (C-9), 130.6, 129.3, 128.8, 126.4, 125.7 (C-3/10/11/12/13), 110.1
(C-5), 40.5 (C-7), 37.4 (C-15), 35.4 (C-17), 25.9, 24.0 (C-16/18), 19.1 (C-14); *C{'H} NMR (151 MHz,
CD,Cl,) 6 145.2-144.5 (C-8), 142.3 (C-4), 139.8 (C-6), 136.6 (C-9), 130.5, 129.6, 128.7, 126.4, 125.8 (C-
3/10/11/12/13), 109.9 (C-5), 40.9 (C-7), 36.8 (C-15), 35.0 (C-17), 25.3, 23.9 (C-16/18), 19.0 (C-14); ''B NMR
(96 MHz, C¢Dg) 8 35.6, 31.2, 26.7; IR (ATR) vy/cm’ 3067, 3016, 2946, 2914, 2852, 1612, 1514, 1491, 1459,
1401, 1307, 759, 728, 692, 458; Mw =36900 g/mol (eluent: THF, elution at 1 mL/min, 35 °C, universal
calibration); PDI = 1.68.

P Diethyl ether was necessary because the polymer was hardly soluble in pure toluene.
9 The polymer could not be analysed by mass spectrometry (MALDI, ESI).
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Figure SI- 29. "H NMR spectrum of the copolymer 6 in C¢Dy; traces from precipitation process: *1 = diethyl ether,
*2 = methanol, *3 = toluene.
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Figure SI- 30. *C{'H} NMR spectrum of copolymer 6 in C¢Ds.

S127

179



5 Experimental Section

Chemical Communications COMMUNICATION

356
312
2.7

35
f1 (ppm)

Figure SI- 31. ''B NMR spectrum of copolymer 6 in C¢Ds.
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Figure SI- 32. "H NMR spectrum of copolymer 6 in CD,Cly; traces from precipitation process: *1 = monomer, *2 = diethyl
ether, *3 = monomer/toluene.
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Figure SI- 33. C{'H} NMR spectrum of copolymer 6 in CD,Cl,.

Table SI- 3. GPC results for the copolymer 6 measured in THF; Conventional calibration was performed with polystyrene

standards (narrow distribution) and a refractive index detector; Universal calibration was performed with additional on-line

viscometer detection.

Conventional Calibration

Universal Calibration

Mn (g/mol) | 12100 21900
Mw (g/mol) | 22800 36900
PDI | 1.88 1.68
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Figure SI- 34. Mass distribution curve of copolymer 6 (universal calibration) measured in THF.
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Figure SI- 35. Differential scanning calorimetry curve of copolymer 6 under a nitrogen atmosphere; sample weight:
8.4226 mg; heating rate: 10 K/min; crucible: 40 uL aluminium; T,: 114 °C (onset); exo up.
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Figure SI- 36. Thermogravimetric analysis curve of copolymer 6 under nitrogen atmosphere; sample weight: 11.5770 mg;

heating rate: 10 K/min; crucible: 40 uL aluminium; Ty4: 378 °C (onset).

Photo

Figure SI- 37. Transparent film of copolymer 6 on a glass plate after removing the solvent from the dichloromethane

solution at 40 °C under inert conditions.
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Poly(2-methylstyrene) (4)

Under a nitrogen atmosphere, 2-vinyltoluene (306 mg. 2.5 mmol) and AIBN (4 mg, 25 umol, 1 mol%) were
placed into a dried J. Young’s tube. The mixture was transferred into a preheated oil bath (85 °C). After 4 h of
heating, the mixture solidified. The solid polymer was purified by precipitation: it was dissolved in a mixture of
toluene (2 mL) and ethyl acetate (0.5 mL)" and afterwards precipitated into methanol (6 mL). The polymer was
dried under reduced pressure (4x10” mbar, 40 °C oil bath) to yield poly(2-methylstyrene) (4) (265 mg, 87%)’
'HNMR (600 MHz, C¢Dg) 6 7.5-6.4 (4 H, bm, 3,4,5,6-H), 2.9-2.3 (1 H, bm, 8-H), 2.2-1.1 (5 H, bm, 7,9-H);
'H NMR (500 MHz, CD,Cl,) & 7.4-6.25 (4 H, bm, 3,4,5,6-H), 2.8-2.1 (1 H, bm, 8-H), 2.1-0.9 (5 H, bm, 7,9-H);
BC{'H} NMR (151 MHz, CDe) 6 144.1 (C-1), 136.6 (C-2), 130.8, 126.5, 126.0, 125.7 (C-3/4/5/6), 46.2-40.8
(C-8)', 35.1 (C-9), 19.1 (C-7); “C{'H} NMR (126 MHz, CD,Cl,) § 143.7 (C-1), 136.6 (C-2), 130.6, 126.3,
125.8, 125.6 (C-3/4/5/6), 47.5-41.6 (C-8)", 34.7 (C-9), 28.8 (C-7); IR (ATR) Vpu/cm™ 3067, 3020, 2950, 2910,
2856, 1487, 1455, 755, 728, 452; My = 86000 g/mol (eluent: THF, elution at 1 mL/min, 35 °C, universal
calibration); PDI = 1.84.

y " ,//
- _ ~
*1
% .
| I
| \ /\ 3
|\ \
\ /\
w \ b / "\ *3
oo\ / \
| U

r T T T T T T T T T T T T T T T T T 1
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 05 0.0 -0.f
f1 (ppm)

Figure SI- 38. '"H NMR spectrum of polymer 4 in C¢Dg; trace impurities from the work-up process: *1 = ethyl acetate,
*2 = toluene, *3 = unidentified signal.

" Ethyl acetate was necessary because the polymer was poorly soluble in pure toluene.
* The polymer could not be analysed by mass spectrometry (MALDI, ESI).

‘ The signal is only visible in the HSQC spectrum (possibly too broad).

" The signal is only visible in the HSQC spectrum (possibly too broad).
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Figure SI- 39. ’C{'H} NMR spectrum of polymer 4 in C¢Ds.
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Figure SI- 40. "H NMR spectrum of polymer 4 in CD,Cly; traces from precipitation process: *1 = ethyl acetate,
*2 = methanol, *3 = toluene.
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Figure SI- 41. *C{'"H} NMR spectrum of polymer 4 in CD,Cl,.
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Figure SI- 42. HSQC-DEPT experiment in CD,Cl, for assigning the 'H and *C signals of polymer 4. The signal for the N-
methyl groups are clearly visible (red arrow); In the signal for the olefinic backbone, there is a signal for a methylene group
(purple arrow) and a further signal for the CH-group (blue arrow). There is no evidence that the N-methyl group has reacted

during the radical polymerization.
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Table SI- 4. GPC results of poly(2-methylstyrene) (4) measured in THF; Conventional calibration was performed with
polystyrene standards (narrow distribution) and a refractive index detector; Universal calibration was performed with
additional on-line viscometer detection.

Conventional Calibration Universal Calibration

Mn (g/mol) | 25900 46700

Mw (g/mol) | 59800 86000

PDI | 231 1.84

W (log M)
o
8

0,00
7,00E+03 7,00E+04 7,00E+05

M (Da)

Figure SI- 43. Mass distribution curve of poly(2-methylstyrene) (4) (universal calibration) measured in THF.
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Figure SI- 44. Differential scanning calorimetry curve of poly(2-methylstyrene) (4) under a nitrogen atmosphere; sample
weight: 8.2736 mg; heating rate: 10 K/min; crucible: 40 pL aluminium; T,: 132 °C (onset); exo up.
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Figure SI- 45. Thermogravimetric analysis curve of poly(2-methylstyrene) (4) under a nitrogen atmosphere; sample weight:
7.1067 mg; heating rate: 10 K/min; crucible: 40 pL aluminium; Ty: 365 °C (onset).
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"H NMR comparison
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Figure SI- 46. "H NMR comparison with signal assignment of all polymers.
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13C{1H} NMR comparison
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Figure SI- 47. Stacked BC{'H} NMR spectra of all three synthesized polymers in C¢Ds.
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Figure SI- 48. Section of the aliphatic range of the stacked '*C{'H} NMR of all three synthesized polymers in C¢Ds.
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IR comparison
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Figure SI- 49. Stacked IR spectra of the homopolymers 3, 4 and copolymer 6.
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Figure SI- 50. UV-vis spectrum of all three polymers directly from GPC measurements in THF. Maxima: 279 (6, black);

265, 273 (4, blue); 279 (3, red) nm.
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. . . 1
Kinetic measurements (monomer conversion control by “"H NMR)

COMMUNICATION

Monomer conversions were calculated using proton integrals of both separated monomer and polymer signals.

The reactions were set up as described for the synthesis for isolation with same scale in a glovebox (see above).

Then, at regular intervals, samples were obtained by taking a drop of the mixture with a pipette and diluted it

with CD,Cl, into a J. Young’s NMR tube, before 'H NMR spectra were measured.
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Figure SI- 51. Monomer conversion of polymerizing N-methyl-2-vinylazaborine (2).
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Figure SI- 52. Monomer conversion of polymerizing 2-methylstyrene (5).
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Figure SI- 53. Monomer conversions of N-methyl-2-vinylazaborine (2) and 2-methylstyrene (5) while copolymerization to
polymer 6.
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Discussion of a Possible Involvement of the N-Methyl Group in the Polymerization

Recent work by Gates and co-workers is concerned with a phosphoros analog of alkenes that could be
polymerized under radical conditions.*!" A detailed analysis of the structure of the product revealed an
intriguing structure of the polymer prepared by radical polymerization (Scheme SI-1).'? Rather than observing a
polymer chain obtained by a normal addition polymerisation (8), the authors found that the methyl group in
ortho position of the mesityl group on the phosphorus was not innocent. Instead an isomerization polymerization

was observed, leading to polymer 9.

a)
Ph
Me, F’% PhMeCH*TEMPO (2 mol%)
Ph
150 °C
Me Mes Ph |n
Me
7 )\Ph
n
Me 9
b)
S~ Me
AIBN H
</ N-Me chHz and not: R
— _ \N,Me n ‘ ~N n
| =
2 g 3 10

Scheme SI- 1. a) Isomerization polymerization of the phosphaalkene MesP=CPh,. b) Comparison with the polymerization of
the azaborine 2 to give the polymer 10 was not observed.

Although the N-methyl group for the N-methylazaborine 2 is topologically in the same position, we found no
evidence of the occurrence of 10. Firstly, the methyl group in 10 should be quite distinctive from that in 3 by an
upfield shift as it is no longer under the shielding influence of the nitrogen. This is not the case; the methyl
groups appear between ca. 2.5 to 3.5 ppm (in CD,CL). In this region of the spectrum, we would then expect a
methylene group for 10. The HSQC-DEPT experiment however (Figure SI-23) shows no such signal

whatsoever.

The integrations of the peaks are naturally imprecise due to their broadness and also due to remaining trace
impurities. However, all other NMR experiments that were performed uniformly support the hypothesis that 3

was formed.

Polymer 9 remains a unique phenomenon.
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Abbreviations

Et;:N Triethylamine

CD,(Cl, Deuterated dichloromethane

Et,0 Diethyl ether

NMR Nuclear magnetic resonance spectroscopy

T, Glass transition temperature
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5.4 Supporting Information on Chapter 3.4

5.4.1 Supporting Information for Eur. J. Org. Chem. 2015, 2498.

Eur. J. Org. Chem. 2015 - ISSN 1099-0690

SUPPORTING INFORMATION

DOL: 10.1002/gjoc.201500138
Title! Nucleophile-Selective Cross-Coupling Reactions with Vinyl and Alkynyl Bromides on a Dinucleophilic

Aromatic Substrate
Author(s): Lu-Ying He, Mathias Schulz-Senft, Birk Thiedemann, Julian Linshoeft, Paul J. Gates, Anne Staubitz*
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Abbreviations
A
anhyd.
Ar
ATR
calcd.
Cl
cosy
d
DEPT
DMF
dppe
dppf
El
GC
GC-MS
HSQC
HPLC

NBS
NMR
Pin
RF
R¢

SPhos

THF

TMEDA
T™MS

area
anhydrous

aryl

attenuated total reflectance
calculated

chemical ionization
correlated spectroscopy
doublet (NMR)

distortionless enhancement by polarization transfer

N, N-dimethylformamide
1,2-bis(diphenylphosphino)ethane
1,1'-bis(diphenylphosphino)ferrocene
electron ionization

gas chromatography

gas chromatography-mass spectrometry
heteronuclear single quantum coherence

high-performance liguid chromatography

infrared

medium {concerning the intensity) (IR)
multiplet (NMR})

melting point

mass spectrometry

microwave

amount of substance
N-bromosuccinimide

nuclear magnetic resonance

pinacol

response factor

retardation factor

strong (concerning the intensity) (IR)
singlet (NMR)
2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl
triplet (NMR)

tetrahydrofuran

NN,N N -tetramethylethylenediamine
tetramethylsilane

weak (concerning the intensity) (IR)
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General Methods and Materials

All syntheses were carried out using standard Schlenk techniques or in glovebox under a dry and inert nitrogen
atmosphere unless stated otherwise. Glassware and NMR-tubes were dried in an oven at 200 °C for at least 2 h prior to
use. Reaction vessels were heated under vacuum and purged with nitrogen three times before adding reagents.
Analyses

"H NMR, *C NMR, "B NMR and "'°Sn NMR spectra were recorded at 300 K. "H NMR spectra were recorded on a
Bruker DRX500 (500 MHz) spectrometer or Bruker Avance 800 (800 MHz) spectrometer. C NMR spectra were
recorded on a Bruker DRX 500 (125 MHz) spectrometer or Bruker Avance 600 (150 MHz) spectrometer. "'B NMR and
9Sn NMR spectra were recorded on a Bruker DRX 500 (160 MHz) spectrometer. All "H NMR and "*C NMR spectra
were referenced against the residual solvent peak. "B NMR spectra were referenced against BF3*OEt: in CDCls, the
reference of the ""*Sn NMR spectra was calculated based on the 'H NMR signal of TMS. #35i NMR spectra were
recorded on a Bruker DRX 500 (99 MHz) spectrometer and the reference was calculated based on the 'H NMR signals
of CHCls.

The exact assignment of the peaks was proven by 'H, *C DEPT and two-dimensional NMR spectroscopy such as 'H
COSY, 'H/"™*C HSQC or "H/'*C HMBC when possible.

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectrometer with a A531-G Golden-Gate-ATR-unit.
Ultra High resoclution ESI mass spectra were recorded on a Bruker Daltonics Apex IV Fourier transform lon Cyclotron

resonance mass spectrometer. The high resolution El mass spectra were run on a VG Analytical Autcspec apparatus.

All melting points were recorded on a LG1586 Electrothermal® 1A6304 capillary melting point and are uncorrected.
GC-MS analysis was performed on a Hewlett Packard 5890A gas chromatograph, equipped with a Hewlett Packard
5972A mass selective detector (El at 70 eV) and an Agilent Technologies dimethylpolysiloxane column (190915-931E,
nominal length 15 m, 0.25 mm diameter, 0.25 ym grain size). Helium was used as the carrier gas.

GC analysis was performed on an Agilent Technologies 6890N gas chromatograph, equipped with an Agilent
Technologies 7683 Series Injector, an Agilent Technologies (5 %-phenyl}-methylpolysiloxane column (19091J-413,
nominal length 30 m, 0.32 mm diameter, 0.25 pym grain size) and a flame icnization detector (FID). Nitrogen was used as

the carrier gas.

Reactions under microwave irradiation were carried out using a Biotage® Initiator + SP Wave synthesis system, with
continuous irradiation power from 0 to 400 W (Organic Synthesis Mode). The temperature was measured with an
external IR sensor during microwave heating. All reactions were carried out in 2 mL oven-dried Biotage microwave vials
sealed with an aluminum/Teflon® crimp top, which can be exposed to a maximum of 250 'C and 20 bar internal pressure.
Chemicals

All reagents were used without further purification unless noted otherwise.

Compound Supplier Purity Comment
{Bromomethyltripchenylphosphonium Sigma-Aldrich Inc. 98%

bromide

{E)3-(3-Pyridyl)acrylic acid Alfa Aesar Inc. 98%

{E)-4-Nitrocinnamic acid Alfa Aesar Inc. 98%

[Pd(dppe)Cl:] Strem Chemicals Inc. 98%

[Pd(dppf)CL] Sigma-Aldrich Inc. >98%

[Pd(OAC):] Strem Chemicals Inc. >98%

[Pd(PPh3)4] ABCR Inc. 99%

[Pd(PtBusz)2] Strem Chemicals Inc. >98%

1,3,5-Trifsopropylbenzene Alfa Aesar Inc. 96% distilled
1-Bromo-4-iodobenzene Fluka Inc 297%

2 5-Dibromothiophene Alfa Aesar Inc. 95%

3-(2-Thienyl)acrylic acid Alfa Aesar Inc. 99%

3,4-(Methylenedioxy)cinnamic acid Alfa Aesar Inc. 98%
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3-Pyridinecarboxaldehyde Sigma-Aldrich Inc. 97% (GC)
4-Cyancbhenzaldehyde Alfa Aesar Inc. 97%
4-Dimethylamincbenzaldehyde Alfa Aesar Inc. 98%
4-Methoxycinnamic acid ABCR Inc. 98%
4-Methyl-2-pentenoic acid Alfa Aesar Inc. 98+%
4-Methylcinnamic acid ABCR Inc. 99%
AgNO; Merck Inc. 99.9%
Ammonium chloride Griissing Inc. 99.5%
Benzyl bromide TCl Inc. 98% (GC)
Bromine Acros Inc. 99.99%
B-Bromostyrene Alfa Aesar Inc. 96% distilled

nButyllithium Acros Inc. 2.5 M in nhexane

nButylmagnesium chloride Fischer Scientific Inc. 20 wt% in THF/Toluene

Cyclohexanecarboxaldehyde Alfa Aesar Inc. 99%

Ethynyltrimethylsilane Sigma-Aldrich Inc. 98%

lodosobenzene diacetate Alfa Aesar Inc. 98%

Isopropylmagnesium chloride Sigma-Aldrich Inc. 20Min THF

Magnesium sulfate Grissing Inc. 99%

Malonic acid Alfa Aesar Inc. 98%

a-Methylcinnamic acid Alfa Aesar Inc. 97%

Methyllithium Acros Inc. 1.6 M in diethyl ether

NBS Sigma-Aldrich Inc. 99%

Octyne Fluka Inc. >98%

a-Phenylcinnamic acid Alfa Aesar Inc. 98%

Pinacol ABCR Inc. 99%

Potassium carbonate AppliChem GmbH Pure Ph. Eur., USP

Potassium tbutoxide Acros Inc. 97%

Propargyl alcohol Alfa Aesar Inc. 99%

Propargyl benzoate VWR Inc. 98%

Sodium Merck Inc. 2 99%

Sodium chloride Grissing Inc. 99.5%

Sodium hydrid Merck Inc. 60% in mineral oil

Sodium sulfate Grissing Inc. 99%

SPhos Strem Chemicals Inc. >08%

Tetraethylammonium bromide Alfa Aesar Inc. 99%

Thiophene VWR Inc. 99% distilled

TMEDA Acros Inc. 99.5%

Triethylamine Acros Inc. 99% distilled
from CaHz

Triisopropyl borate Strem Chemicals Inc. >98%

Trimethyltin chloride Acros Inc. 99%

Solvents

All sclvents for reactions were used freshly distilled after refluxing for several hours over the specified drying agent under
nitrogen and were stored in a J. Young's tube. If no drying agent is noted, the solvents were used for chromatography

only and distilled for purification purposes.

Solvent Supplier or grade before distillation, drying procedure if applicable
Acetone BCD, technical grade, not distilled
Acetonitrile Sigma Aldrich, HPLC-grade; Degassed by three freeze-pump-thaw cycles, stored over 3 A
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molecular sieves

Cyclohexane BCD, technical grade

DCM BCD, technical grade, Dried over phosphorus pentoxide, stored over 3 A molecular sieves
Diethyl ether BCD, technical grade

Dioxane Griissing; Dried over sodium with benzophenone as an indicator; Degassed by three freeze-

pump-thaw cycles, stored over 3 A molecular sieves

DMF ABCR, anhydrous, amine free; 99.8%; contained molecular sieves
Ethyl acetate BCD, technical grade
nhexane WALTER CMP, technical grade; Dried over sodium with benzophenone as an indicator; stored

over 3 A molecular sieves

npentane WALTER CMP, technical grade

Pyridine Sigma Aldrich; Dried over calcium hydride; Degassed by three freeze-pump-thaw cycles,
stored over 3 A molecular sieves

THF Sigma Aldrich; Dried over LiAlH4 with benzophenone as an indicator; Degassed by three
freeze-pump-thaw cycles, stored over 3 A molecular sieves

Toluene Sigma Aldrich. anhydrous, 99.9 %

Chromatography

For chromatographic purifications, silica gel (Macherey-Nagel Inc., grain size 0.040 - 0.063 mm) was used. Thin layer
chromatography was performed using pre-coated plates from Macherey-Nagel Inc., ALUGRAM®Xtra SIL G/UV254.
Chromatographic purification for compounds (2a-2d, 2f, 2i-2k, 3a-3c, 3i, 3j, 6e, 6f, 7d, 7e, 8a, 8b, 8c, 8d) were carried
out using an InterchimPuriflash 430 system, in which cartridges by Interchim (silica HC, grain size 50 ym, 40 g, 80 g or

120 g) were used.
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GC Optimization Reactions

The yields for the optimization reactions were determined by GC by a multiple point internal standard method, using
1,3,5-triisopropylbenzene as a standard. The following equation was used for the calculation of the yields for substance
3a, 4 and 5.

A(analyte} n(standard)
A(standard) RF

Where n is the amount of substance, A is the integrated area and RF is a system specific response factor. For the

n(analyte) =

calibration curve, known amounts of the analyte and 1,3,5-triisopropyl-benzene were used. The response factor RF was
obtained from the slope of the resulting calibration curve {Figures SI 1, SI 3 and Sl 4}.

For substance 3a’, the yield for the optimization reactions was determined by GC and NMR because it could not be
isolated. The GC and NMR were measured at the same time. First, the amount of substance 3a was calculated from the
known RF and then the amount of substance 3a’ was calculated based on the ratio of 3a’ and 3a which was obtained
from the NMR measurement. The following equation was used for the calculation of the amount of substance 3a’. The
yields for substance 3a’ were calculated by the last equation like substance 3a, 4 and 5. The response factor RF was
obtained from the slope of the resulting calibration curve (Figure S 2).

A(3a) y n{standard)
A(standard) 1.1291
Where r is the ratio between the amount of substance 3a’ and 3a.

n(3h) = rx

12

y=1.1291x
R?=0.9987

Alanalyte) / A(standard)

0 0.2 0.4 0.6 0.8 1 1.2
n(analyte) / n{standard)

Figure 8l 1. Calibration curve for (E)-4,4,5, 5-tetramethyl-2-(5-styryl)thiophene-2-yl)-1,3,2- dioxaborolane 3a, using 1,3,5-
triisopropylbenzene as an internal standard.
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Figure 8l 2. Calibration curve for Z-4.4,5 5-tetramethyl-2-(5-styryl)thiophene-2-yl}-1,3,2- dioxaborolane 3a’, using 1,3,5-
triisopropylbenzene as an internal standard.
0.8

0.7 1 y=1.4112x

2 _
06 - R? = 0.9966
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0.4 -
0.3 -

0.2 -
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0.1 - PinB—"g \S BPin

0 T T T T T "
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n(analyte) / n(standard)

Figure 8| 3. Calibration curve for 55-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan--2-yl}-2,2'-bithiophene 4 using 1,3,5-
tri'sopropylbenzene as an internal standard.

“The standard line does not go through O: because of the indirect determination of the Z product, the errors for each

individual measurement are higher than for the other compounds (3a, 4 and 5), which were calibrated directly.
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Figure 81 4. Calibration curve for 1,4-diphenylbuta-1,3-diene 5 using 1,3,5-triisopropyl-benzene as an internal standard.

General procedure for the optimization reactions:
A solution of 1 (205 mg, 0.550 mmol), B-bromostyrene (E/Z = 8/ 1)(91 mg, 0.50 mmol}, the catalyst (1-10 mol%) and

the internal standard 1,3,5-triisopropylbenzene (100 pL, 84.5 mg, 414 pmol) was heated to the required temperature for

the specified time, in the specified solvents (1-4 mL) (Table Sl 1). After certain time intervals, a sample (0.2 mL} was

taken from each reaction vessel and diluted with of CHCIs (10 mL). About 2 mL was filtered through a short plug of silica

(5 x 3 mm} using a syringe filter and then used for GC analysis.

For all specific reaction conditions, the parameters are shown in Table Sl 1.

Table Sl 1. Optimization reactions for the synthesis of 3a and 3a’.

PinB%
3al:.E

3a" 2
ﬂ\ Bra, [Pd(PPhs)u] / 7
| _[Pd(PPha)] s ;
PinB~ g~ 8nMe; + % toluene, 80 °C ™, = PmB%Bpm
1 . . Me

2a:2a'=8:1 . O~f{-Me
5
entry solvent / mL catalyst loading T[°C] t[h] conversion yield [%)]
[mol%] [%o] 3a:3a’:4:5
1 Dioxane / 4 [Pd(PPh3)4] 5 80 17 83 51:5:3:0
2 DMF / 4 [Pd(PPhs).] 5 60 17 100 83:12:2:0
3 Toluene / 4 [Pd{PPhs).] 5 60 17 91 59:7:9:6
4 THF / 4 [Pd{PPh3)4] 5 60 17 94 73:8:6:3
5 Pyridine / 4 [Pd(PPhsa)a] 5 60 17 93 37:3:18:14
5 Acetonitrile / 4 [Pd(PPhs).] 5 60 17 100 43:10:22:14
7 Dioxane / 4 [Pd(PPhs3)a] 5 65 17 91 67:1:3:0
8 Dioxane / 4 [Pd(PPhs)4] 5 65 26 95 72:3:3:0
9 Toluene / 4 [Pd(PPhsz)a] 5 65 17 96 54:5:8:5
10 Toluene / 4 [Pd(PPhs).] 5 65 26 100 57:9:8:6
11 THF / 4 [Pd(PPhs),] 5 65 17 100 62:7:5:3
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17
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20
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23
24
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26
27
28
29
30
31
32
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34
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36
37
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39
40
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42

43
44

THF / 4
DMF / 4
DMF / 4

DMF /4
DMF / 4
DMF /4
DMF / 4
DMF / 4
DMF / 4
DMF / 4
DMF /2
DMF /2
DMF /1
DMF /1
DMF / 4
DMF / 4
DMF / 4
DMF /4
DMF /2
DMF /2
DMF / 2
DMF /2
DMF /2
DMF /2
DMF / 2
DMF /2
DMF /2
DMF /2
THF 7 4

THF / 4

Dioxane / 4

Dioxane / 4
Toluene /4

[Pd(PPha}]
[Pd{dppe)Clz]

[Pd{OAc):)/
SPhos
[Pd(dppf)Cl2]

[PA(PfBua)s]
[Pd(PPha)a]
[Pd{PPhsz)a]
[Pd(PPha}s]
[Pd(PPh;)a]
[Pd(PPhs)]
[PA(PPhg)s]
[Pd{PPhz)a]
[Pd(PPhs}]
[Pd(PPhs)]
[Pd(PPhz)a]
[Pd(PPhz)a]
[Pd{PPhz3)a]
[Pd(PPhz)4]
[Pd(PPha)]
[Pd(PPha)]
[Pd{PPhz)a]
[Pd{PPhs}a]
[Pd(PPhs3)4]
[Pd(PPha}]
[Pd(PPha)]
[Pd(PPhs)a]
[Pd(PPhs)]
[Pd(PPhs)]

[PA({OAC):)f
SPhos
[Pd(P{Bus)z]

[PA{OAC):)/
SPhos
[Pd( PfBUs)z]

[Pd(PBus)z]

25

gl =S A NN

[
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65
60
60

60
80
60
80
80
40
40
40
40
40
40
40
40
40
40
40
40
40
40
20
20
20
20
20
20
60

60
60

60
60

26
16
16

16
18
16
17

17
22
17
22
17
22
17
20
26
41
17
20
26
41
17
4
85
17
41
85
16

16
16

16
16

100
100
100

100
100
100
100
100
97
98
97
98
97
g7
95
97
98
>99
96
96
97
>09
40
93
93
38
50
92
100

100
100

100
100

65:10:5:4
23:2:16:8
23:7:26:13

43:3.9:4
35:4:4:1
81:12:2:0
86:11:2:0
78:9:2:0
87:5:1:0
78:6:1:0
80:5:1:0
83:6:1:0
87:6:1:0
78:7:1:0
86:5:1:0
92:5:1:0
87:6:1:0
92:91:0
86:4:1:0
88:5:1:0
90:7:1:0
93:91:0
12:0:1:0
77:1.2:0
70:1:4:0
7:0:0.0
18:0:1:0
64:1:2:0
10:4:37.35

25:1:21:24
10:5:39:35
34:2:15:19
24:1:22:28
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Syntheses
4,4,5,5-Tetramethy|-2+(5-{trimethylstannyl)thiophen-2-y1)-1,3,2-dioxaborolane {1)!"
b a
ol Sa 0 Mo
Me;Sn B I
g

S > e/ "Me
0

Me

e
Methyllithium (625 pL, 1.00 mmol, 1.60 M in diethyl ether) was added within 10 min to a suspension of 2 5-
bis(trimethylstannyljthiophene (410 mg, 1.00 mmol) in THF (6 mL) at -100 °C. The slightly yellow solution was stirred for
2h at -78 °C. 2-isoPropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 8 (186 mg, 1.00 mmol) was slowly added at this
temperature and stirred for 1 h. Then the reaction mixture was warmed to 20 °C within 12 h without removing the cooling
bath and was then gquenched with water (50 mL). The aqueous layer was washed with diethyl ether (3 x 20 mL). The
combined organic layers were washed with brine (1 x 20 mL) and dried over MgSQO.. The solvent was removed in vacuo
and the crude product was purified by sublimation? {30 °C, 2 x 10 mbar) to afford the product (205 mg, 55%; Lit; 55%})
as a colorless solid.
Note: the compound was unstable to silica gel chromatography.
"H NMR (500 MHz, CDCl): 3= 7.79 (d, 1H, *J = 3.2 Hz, H-a/b), 7.33 (d, 1 H, *J = 3.2 Hz, H-a/b), 1.37 (s, 12 H, H-f),
0.40 (s, 9 H, H-g) ppm.
*C NMR (126 MHz, CDCly): 3 = 146.5 (C-c), 137.8 (C-a/b), 136.3 (C-arb), 84.1 (C-¢e), 24.9 (C-f), -8.1 (C-g} ppm.°
1981 NMR (187 MHz, CDCl,): & = -26.8 ppm.
B NMR (160 MHz, CDCly): & = 28.8 ppm.
HRMS (ESI-FTMS) m/z: [M + Na]” Calcd for [Ci3H2:B028Sn+ Na]” 397.0426; Found 397.0432.
IR (ATR): ¥=2978 (m), 2920 (w), 1510 (s), 1418 {s), 1331 (s), 1254 (m), 1138 (s), 1064 (s), 1021 (m), 957 (m), 928 {m),
853 (m), 820 (m), 770 (s}, 665 (s), 533 (s)cm™".
M. p.: 84 °C.

The NMR data are in agreement with our previous work.[

(E)-5-(2-Bromovinyl)benzo[d][1,3]dioxole (2b)
g

062 s Br
O
o}

Cde

Tetraethylammonium bromide (2.30 g, 11.0 mmol) was added to a stirred suspension of iodosobenzene diacelate (3.54
g, 11.0 mmol) in anhydrous DCM (35 mL). The reaction mixture was stirred at 25 °C for 5 min and then (E)-3,4-
(methylenedioxy)cinnamic acid (1.92 g, 10.0 mmol) was added in one portion and stirred for 15 h at 25 °C. The reaction
mixture was diluted with DCM (80 mL) and washed successively with agueous NaH3Osz (10%, 3 x 50 mL), aqueous
NaHCO; (10% 3 x 50 mL), H2O (2 x 50 mL) and brine {1 x 50 mL). The organic layer was dried over MgSQ, and
concentrated in vacuo. The residue obtained was purified by column chromatography over silica gel {nhexane, Ry = 0.28}
and recrystallized in nhexane at -30 °C to afford the product (1.97 g, 87%) as a colorless solid.

"H NMR (500 MHz, CDCl3): 5 = 7.00 (d, °J = 13.9 Hz, 1 H, H-g), 6.81 (S, 1 H, H-a}, 8.76 (m, 2 H, H-e,d), .59 (d, °J =
13.9 Hz, 1 H, H-h), 5.96 (S, 1 H, H-i) ppm.

*C NMR ({126 MHz, CDCl;): 5 = 148.3 {C-b/c), 147.9 (C-blc), 136.8 (C-g), 130.4 (C-f), 121.0 (C-e}, 108.6 (C-d), 105.6
(C-a), 104.7 (C-h), 101.4 (C-i) ppm.

*The starting material, as well as the monostannylated and moncborcnated species were sublimed first (25 °C, 2 x 107

mbar).

® The carbon atom bound to boron was not visible due to the high guadrupole moment of the horon nucleus, the same as

other similar compounds.
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HRMS (El-sector) m/z: [M]™ Calcd for [CoH/BrOs]" 225.9629; Found 225.9631.

IR (ATR): ¥ = 3087 {m), 3008 (w), 2910 {m), 2778 (w), 1608 (w), 1500 (m), 1485 (m), 1433 (m), 1349 (m), 1242 (s), 1186
{s), 1103 (m), 1031 (s), 923 (s}, 820 (m), 765 (s), 605 (m), 508 (s), 459 (m) cm "

M.p.: 55 °C.

(E}=1-(2-Bromovinyl)-4-methoxybenzene (2c)

1.® and

{E)-1-(2-Bromovinyl)-4-methoxybenzene was prepared similarly to a method described by Jaya Prakash Das et a
was modified as follows:

Triethylamine (70.0 pL, 0.50 mmol} was added to a stirred solution of {£)-4-methoxycinnamic acid (1.78 g, 10.0 mmol) in
DCM (50 mL). After stirring the reaction mixture for 5 min at 23 °C, N-bromosuccinimide (1.96 g, 11.0 mmol) was added
in one portion. The reaction mixture was stirred for another 2.5 h and quenched with saturated aguecus solution of
NaHCOs; (20 mL). The organic phase was washed with water (2 x 20 mL), brine (1 x 20 mL), and dried over MgSO.. The
solvent was removed in vacuo and the crude product was purified by column chromatography over silica gel { nhexane,
R: = 0.28) to afford the product (1.89 g, 89%, Lit.”": 90%) as a colorless solid.

"H NMR (500 MHz, CDCl): 6 = 7.23 (d, °J = 9.8 Hz, 2 H, H-c, ¢}, 7.04 (d, °J = 14.0 Hz, 1 H, H-e), 6.85 (d, °J= 9.8 Hz, 2
H, H-b, b’), 8.61 (d, °/ = 14.0 Hz, 1 H, H-N, 3.81 (s, 3 H, H-g) ppm.

¢ NMR (126 MHz, CDCly): & = 159.7 (C-a), 136.6 (C-e), 128.8 (C-d), 127.4 (C-c, ¢), 114.2 (C-b, b'), 104.0 (C-f), 55.3
{C-g) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CsHgBrO]* 211.9837; Found 211.9841.

IR (ATR): ¥ = 3067 (m), 3020 (w), 2957 (w), 2932 (w), 2837 (m), 1601 (m), 1507 (m), 1457 (m), 1303 (m), 1253 (m),
1173 (m), 1026 (m), 949 (s), 835 (s), 774 (s), 710 (M), 524 (s), 467 (M) cm "

M.p.: 52 °C.

(E}-4-(2-Bromovinyl)-N,N-dimethylaniline (2d)

b c

%SENE%Br

b c f
{E)-4-(2-Bromovinyl)-N,N-dimethylaniline was prepared similarly to a method described by Fursule et al.”! and was
modified as follows:
lodosobenzene diacetate (3.54 g, 11.0 mmeol) was added to a stirred suspension of tetraethylammonium bromide (2.30 g,
11.0 mmol) in anhydrous DCM (100 mL). The reaction mixture was stirred at 23 °C for 5 min and then (£)-3-(4-
{Dimethylamino)phenyl}acrylic acid (1.91 g, 10.0 mmol} was added in one portion and stirred at 23 °C for 19 h. The
reaction mixture was diluted with DCM (100 mL) and washed successively with agueous NaHSOs (10%, 3 x 80 mL),
aqueous NaHCO; {10%, 3 x 80 mL), H,O (2 x 80 mL) and brine (1x 100 mL). The organic layer was dried over MgSO.
and concentrated in vacuo. The residue obtained was purified by column chromatography over silica gel (nhexane / ethyl
acetate: 9 /1, R:= 0.35) to afford the product (1.16 g, 51%, Lit.®: 91%) as a colorless sclid.
"H NMR (600 MHz, CDCls): 6 =7.18 (d, >4 =8.7 Hz, 2H, H-¢, ¢'), 7.00 (d, *J = 13.9 Hz, 1 H, H-&), 6.66 (s, 2 H, br, H-b,
k"), 8.51 (d, *J=13.9 Hz, 1 H, H-f), 2.97 (s, 6 H, H-g) ppm.
"*C NMR (151 MHz, CDCls): § = 150.4 (C-a), 136.9 (C-e), 127.1 (C-c, ¢'), 124.3 (C-d), 112.3 (C-b, b)), 101.5 (C-f), 40.4
{C-g) ppm.
HRMS (El-sector) m/z: [M]" Calcd for [CioH12NBr]" 225.0153; Found 225.0154.
IR (ATR): ¥ = 3069 (m), 2892 (w), 2805 (w), 1599 (m), 1513 (m}, 1439 (m), 1330 (m), 1276 (m), 1232 (M), 1183 (m),
1064 (m), 947 (s), 926 (my), 817 (s}, 766 9s), 750 (s), 518 (s) cm ™.
M.p.: 105 °C.
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(E)-1-(2-Bromovinyl)-4-methylbenzene {2e}

-1-(2-Bromovinyl)-4-met enzene was prepared similar to a metho escripe ursule et al. and was
(E)-1-(2-B inyl)-4-methylb prepared similarly hod described by Fursul 1.2 and

modified as follows:

Tetraethylammonium bromide {920 mg, 4.40 mmol) was added to a stirred suspension of iodosobenzene diacetate (1.42
g, 4.40 mmol} in anhydrous DCM (50 mL). The reaction mixture was stirred at 25 °C for 5 min and then (E)-4-
methylcinnamic acid (650 mg, 4.00 mmol) was added and stirred at 25 °C for 15 h in one portion. The reaction mixture
was diluted with DCM (100 mL} and washed successively with aqueous NaHSQO3; (10%, 3 x 50 mL), agueous NaHCO;
(10%, 3 x 50 mL}, H.O (2 x 50 mL) and brine (1 x 50 mL). The organic layer was dried over MgSQ. and concentrated in
vacuo. The residue obtained was purified by column chromatography over silica gel (nhexane, Ry = 0.64) and
recrystallized in nhexane at -30 °C to afford the product (315 mg, 40%, Lit. ®\: 92%) as a colorless solid.

"H NMR (500 MHz, CDCh): 6 = 7.19 (d, *4=8.1 Hz, 2 H, H-¢, ¢}, 7.13 (d, °*J=8.1Hz, 2 H, H-b, b"), 7.06 (d, *J = 14.0 Hz,
1H, H-e), .71 (d, °*J=14.0 Hz, 1 H, H-f), 2.33 (5, 3 H, H-g) ppm.

*C NMR (126 MHz, CDCls): 8 = 138.2 (C-a), 137.0 {C-e), 133.2 (C-d}, 129.5 (C-b, b"), 126.0 (C-c, ¢'), 105.4 (C-f), 21.2
(C-g) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CsHgBr]™ 195.9888; Found 195.9884.

IR (ATR): ¥ = 3069 (m), 3025 (w), 2913 (m), 2854 (w), 1601 (m), 1508 (m), 1446 (w}, 1225 (m), 1194 (m), 949 (s), 936
(s), 825 (s), 768 (s), 723 (m), 501 {s) cm".

M.p.: 40 °C.

(E}-2-(2-Bromovinyl)thiophene and {Z)-2-(2-bromovinyljthiophene {2f}

A By
H ®H

2-(2-Bromovinyl)thiophene was prepared similarly to a method described by Jaya Prakash Das et al.”! and was modified
as follows:

Triethylamine (28.0 pL, 200 pmol) was added to a stirred solution of (E)-3-(2-thienyl) acrylic acid (616 mg, 4.00 mmol) in
DCM (20 mL). After being stirred for & min at 23 °C, N-bromosuccinimide (748 mg, 4.20 mmol) was added in one portion.
The reaction mixture was stirred for another 4 h and gquenched with saturated aqueous solution of NaHCO3 (10 mL). The
organic phase was washed with water (2 x 7 mL} and brine (1 x 10 mL), and dried over MgS0,. The solvent was
removed under reduced pressure and the crude product was purified by column chromatography over silica gel
(nhexane, R = 0.51) to afford the product (430 mg, 57%, Lit.*" 80%) as light yellow oil. The product contained the E and
Zisomers in 5/ 1 E/ Zratio.

Note: The product decomposed under air atmaosphere, which may be caused by oxygen or light.

For (E)-2-{2-Bromovinyl)thiophene

"H NMR (500 MHz, CDCl:): 5 = 7.22-7.20 (m, 1 H, H-a), 7.19 (d, °J = 14.0 Hz, 1 H, H-e/f}, 6.99-6.94 (m, 2 H, H-b,c),
6.63 (d, ®/ = 14.0 Hz,1 H, H-e/f) ppm.

>C NMR (126 MHz, CDCls): 8 = 139.9 (C-d), 130.2 (C-eff), 127.4 (C-bic), 126.0 (C-b/c), 125.1 (C-a), 105.2 (C-e/f) ppm.
HRMS (El-sector) m/z: [M]" Calcd for [CsHsBrS]" 187.9295; Found 187.9293.

For (Z)-2-(2-bromovinyl}thiophene:

'H NMR (500 MHz, CDCL): §=7.39 (d, >J=5.1 Hz 1 H, H-a'}, 7.33-7.29 (m, 2 H, H-¢", &/f), 7.07 (dd, °*/=5.1, 3.6 Hz, 1
H, H-b"), 6.32 (d, °*J=7.9 Hz,1 H, H-e'/f) ppm.

"*C NMR (126 MHz, CDCla): & = 138.0 (C-d'), 130.1 (C-e'/f"), 126.9 (C-a’), 126.3 (C-b', ¢}, 104.1 (C-e/f') ppm.

For the mixture:
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IR (ATR): ¥ = 3105 (w), 3080 (m), 1601 (w), 1421(w), 1238 (s), 1211 (m), 1041 (w), 925 (s), 854 (m), 828 (m), 764 (s),
733 (m), 692 (s), 586 (m), 507 (m), 489 (m) cm ™.

1-Bromoethene-1,2-diyldibenzene (2g)

Tetragthylammonium bromide (2.30 g, 11.0 mmol) was added to a stirred suspension of iodoscbenzene diacetate
{3.54 g, 11.0 mmol) in anhydrous DCM (35 mL). The reaction mixture was stirred at 25 °C for 5 min and then a-
phenylcinnamic acid (2.24 g, 10.0 mmol} was added in one portion and stirred for 15 h at 25 °C. The reaction mixture
was diluted with DCM (80 mL) and washed successively with aqueous NaHSO; (10%, 3 x 50 mL), aqueous NaHCO3
{10%, 3 x 50 mL), H-O (2 x 50 mL) and brine (1 x 50 mL). The organic layer was dried over MgS0O, and concentrated in
vacuo. The residue obtained was purified by Kugelrohr distillation {100 °C, 2.6 mbar) to afford the product (1.20 g, 53%)
as yellow oil. The preduct contained the E and Z isomer in a 3/ 2 or 2/ 3 ratio, but it could not be determined which the
major isomer was.

E or Zisomer:

"H NMR (500 MHz, CD;Cl): & = 7.74-7.70 (m, 2 H), 7.68—7.64 (m, 2 H), 7.44-7.31 (m, 6 H), 7.26 {s, 1 H, H-g) ppm.

"H NMR (500 MHz, CD,Cl,): & = 7.44-7.31 (m, 5 H), 7.26 (s, 1 H, H-g), 7.16=7.11 (m, 3 H), 7.00-6.95 (m, 2 H) ppm. *
C NMR (126 MHz, CD.Ch): & = 141.4, 140.0 (C-f/hif), 136.7, 136.4 {C-f/h/f'), 133.5, 130.4 (C-g), 129.6, 129.5, 129.2,
129.1, 128.0, 128.7, 128.6, 128.5, 128.1, 127.9 (C-a-e, C-a-¢’), 124.3, 123.6 (C-f/h/f) ppm.®

HRMS (El-sector) m/z: [M]" Calcd for [C12H41Br]" 258.0044; Found 258.0040.

IR {(ATR): ¥ = 3080 (w), 3055 {m), 3024 (m), 1598 (w), 1484 (m), 1444 (m), 1165 (w), 1074 (m), 1029 (m), 926 (m}, 887
{m), 755 (s), 688 (s), 564 (M), 537(m), 504 (m) cm™".

(2-Bromoprop-1-en-1-yl}jbenzene (2h)

C e

a . Me

b © 9
Tetraesthylammonium bromide (2.30 g, 11.0 mmol) was added to a stirred suspension of iodoscbenzene diacetate
{3.54 g, 11.0 mmol) in anhydrous DCM (35 mL). The reaction mixture was stirred at 25 °C for 5 min and then a-
methylcinnamic acid (1.92 g, 10.0 mmol} was added in one portion and stirred for 15 h at 25 °C. The reaction mixture
was diluted with DCM (80 mL} and washed successively with aqueous NaHSO; (10%, 3 x 50 mL), aqueous NaHCOs
{10%, 3 x 50 mL), H-O (2 x 50 mL) and brine (1 x 50 mL). The organic layer was dried over MgSQ. and concentrated in
vacuo. The residue obtained was purified by Kugelrohr distillation (65 °C, 3 mbar) to afford the product (1.10 g, 56%) as
light yellow oil. The product contained E and Z isomer in 2/ 1 or 1/ 2 ratio, but it could not be determined which the
major isomer was.
"H NMR (500 MHz, CD.Cl): & = 7.57-7.52 (m, 2 H), 7.38-7.33 (m, 6 H), 7.30-7.25 (m, 3 H), 7.25-7.22 (m, 4 H), 6.98 (s,
2H, H-e),6.76 (s, 1 H, H-e), 2.49 (d, °J = 1.4 Hz, 3 H, H-g), 2.46 (d, °J = 1.4 Hz, 6 H, H-g) ppm.®

* The peaks of 7- and £-isomer could not be analyzed hecause of the overlap of signals.

*The peaks belong to hoth £- and Z- isomer; The peaks of Z- and E-isomer could not be analyzed because of the overlap of

signals.
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¥C NMR (126 MHz, CD;ChL): & = 136.9 (C-d), 136.7 (C-d), 132.6, 129.1, 128.8, 128.7, 128.4, 128.3, 127.9, 127.6, 124.1
(C-f), 122.4 (C-f), 30.8 (C-g), 25.2 (C-g) ppm.’

HRMS (El-sector) m/z: [M]" Calcd for [CoHsBr]™ 195.9888; Found 195.9888.

IR (ATR): ¥ = 3081 (w), 3057 (w}, 3024 (m), 2952 (w), 2916 {m), 1632 {w), 1494 (m), 1435 (m), 1276 {m), 1066 (s), 916
(m), 847 (m), 748 (s), 695 (s), 553 (s), 501 (s), 433 (m) cm .

(E)}-4-(2-Bromovinyl)benzonitrile (2i)

lodosobenzene diacetate (5.50 g, 17.0 mmol) was added to a stirred suspension of tetraesthylammonium bromide (3.55 g,
17.0 mmol) in anhydrous DCM (100 mL). The reaction mixture was stirred at 25 °C for 5 min and then (E)-3-(4-
cyanophenyl) acrylic acid (2.60 g, 15.0 mmol) was added in one portion and refluxed for 26 h. The reaction mixture was
diluted with DCM {150 mL) and washed successively with agueous NaHSQO3 (10%, 3 x 100 mL), agueous NaHCO3 (10%,
3 x 100 mL), H20 (2 x 100 mL) and brine (1x 100 mL). The organic layer was dried over MgSQO, and concentrated in
vacuo. The residue obtained was purified by column chromatography over silica gel (nhexane / ethyl acetate: 9/ 1, Rq=
0.25) to afford the product (890 mg, 29%) as a colorless solid.

"H NMR (500 MHz, CDCL). 5 = 7.77 (d, >/ = 8.5 Hz, 2 H, H-c, ¢}, 7.66 (d, *J = 8.5 Hz, 2 H, H-b, b’), 7.10 (d, °J = 8.3 Hz,
1 H, H-e), 6.63 (d, °J = 8.3 Hz, 1 H, H-f) ppm.

3¢ NMR (126 MHz, CDCL): & = 139.4 (C-d), 132.0 (C-b, b"), 130.9 (C-e), 129.5 {C¢, ¢'), 118.7 (C-g), 112.7 (C-a), 110.1
(C-f) ppm.

HRMS (El-sector) m/z; [M]" Calcd for [CsHsNBr]™ 206.9684; Found 206.9682.

IR (ATR): ¥ = 3075 (m), 3011 (m), 2916 (w), 2227 (m), 1604 {m), 1501 (m), 1405 (m), 1325 (s) 1288 (m), 1178 (m), 1113
(m), 1021 {m), 818 (m), 858 (s), 824 (s), 752 (s), 732 (s), 685 (s), 567 (s), 548 (5), 484 (m) cm .

M.p.: 47 °C.

3-(2-Bromovinyl)pyridine (2j)

c f
b‘\ =9
a~p“ e Br

3-(2-Bromovinyl)pyridine was prepared similarly to a method described by Hayford et al.”! and was modified as follows:
A mixture of bromomethyltriphenylphosphonium bromide (2.62 g, 6.00 mmol) and potassium thutoxide {673 mg, 6.00
mmol) in THF (40 mL) was cooled to -78 °C and stirred at the indicated temperature for 1 h. A solution of 3-pyridine
carboxaldehyde (500 pL, 5.30 mmol) in THF (5 mL) was then added via a syringe in 5 minutes. The reaction mixture
was stirred another 5 h at -78 °C. Then the mixture was diluted with 50 mL of petroleum ether, and filtered under
vacuum. The solvent was removed in vacuo and the crud product was purified by column chromatography over silica gel
(nhexane f ethyl acetate: 5:1, Ry = 0.35) to afford the product (455 mg, 49%, Lit.": 91%) as light yellow oil. The product
contained Z and E isomer in 100/ 7 Z/ E ratio.

"H NMR (Z isomer}{500 MHz, CDCl): 5 = 8.77(d, °J = 2.1 Hz, 1 H, H-€), 8.55 (dd, °J = 4.8 Hz, *J = 1.5 Hz, 1 H, H-a),
8.15 (dt, >J=8.0 Hz, *J = 1.8 Hz,1 H, H-c}, 7.32 (d, °4 = 8.0 Hz, *J = 4.8 Hz, 1 H, H-b), 7.07 (d, *J = 8.2 Hz, 1 H, H-),
6.59 (d, 3J = 8.2 Hz, 1 H, H-g) ppm.

®The peaks belong to both E- and Z-isomer; The "M NVIR spectrum of these isomers cannot be analysed because of the

overlap.
’It was not possible to analyse the peaks because of the overlap of the peaks of Z- and E-isomer.
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"*C NMR (Z isomer)(126 MHz, CDCLs): & = 150.4 (C-e), 149.2 (C-a), 135.5 (C-c), 131.0 (C-d), 129.2 (C-f), 123.0 (C-b),
109.2 (C-g) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C7HsBrN]” 182.9684; Found 182.9683.

IR (ATR): % = 3078 (n), 1616 (w), 1567 (m), 1472 (m), 1409 (s), 1324 (s), 1185 (m), 1124 (m), 1024 {s), 954 (m), 954 (s),
835 (m), 807 (s), 897 (vs), 625 (vs), 574 (s), 516 (m) cm .

{E}-1-(2-Bromovinyl)-4-nitrobenzene {2k}

(E)-1-(2-Bromovinyl)-4-nitrobenzene was prepared similarly to a method described by Fursule et al®! and was modified
as follows:

lodosobenzene diacetate (6.44 g, 20.0 mmol) was added to a stirred suspension of tetraethylammonium bromide (4.18 g,
20.0 mmol) in anhydrous DCM (50 mL). The reaction mixture was stirred at 23 °C for 5 min and then {E)-4-nitrocinnamic
acid (2.89 g, 15.0 mmol) was added in one portion and refluxed for 46 h. The reaction mixture was diluted with DCM
{100 mL) and washed successively with aqueous NaHSQO: (10%, 3 x 50 mL), aqueous NaHCQOs (10%, 3 x 50 mL), H:0
{2 x 50 mL) and brine (1 x 100 mL). The organic layer was dried over MgSQ4 and concentrated in vacuo. The residue
obtained was purified by column chromatography over silica gel (nhexane / ethyl acetate: 9 / 1, Rr= 0.35) to afford the
product (1.16 g, 31%, Lit.”: 89%) as a colorless solid.

"H NMR (500 MHz, CDCls): 8 = 8.24 (d, >4 =8.8 Hz, 2H, H-b, b"), 7.83 (d, *J=8.8 Hz, 2 H, H-¢, ¢'), 7.16 (d, °J = 8.3 Hz,
1H, H-e), 6.68 (d, *4=8.3 Hz, 1 H, H-f) ppm.

G NMR {126 MHz, CDCly): & = 147.2 (C-a), 141.3 (C-d), 130.7 (C-e), 129.7 (C-c, ¢'), 123.5 (C-b, b"), 110.7 (C-f) ppm.
HRMS (El-sector) m/z: [M]" Calcd for [CsHsBrNO;]™ 226.9582; Found 226.9581.

IR (ATR): ¥ = 3080 (m), 1607 (m}, 1592 (m), 1508 (m), 1407 (m), 1333 (s), 1315 (M), 1276 (m), 1221 (m), 1106 (m),
1011 (w), 936 (w), 854 (s), 811 (m), 765 (s), 708 (M), 677 (s), 574 {m}), 509 (s) cm .

M.p.: 46 °C.

(E}-3-(4-Cyanophenyl)acrylic acid (2l)
b ¢
Nc{a >L' N\
h b e f gOOH
{E)-3-{(4-Cyanophenyl)acrylic acid was prepared similarly to a method described by Legoabe et al.®! and was modified as
follows:
To a stirred solution of 4-formylbenzonitrile (2.62 g, 20.0 mmol) and malonic acid (2.29 g, 22.0 mmol) in pyridine
{10 mL), piperidine {0.2 mL, 2.0 mmol) was added at 23 °C. The reaction mixture was heated to 80 °C for 18 h. After
cooling down to 23 °C, the reaction mixture was poured into ice-cooled agueous hydrochloric acid (100 mL, 1 N) and a
colorless solid precipitated. This precipitate was filtered and washed with cooled water. Recrystallisation from aqueous
ethanol (1:2) at 30 °C afforded the product (2.84 g, 82%) as a colorless solid.
"H NMR (500 MHz, DMSO-ds): & = 7.90-7.83 (m, 4 H, H-c, b, ¢’, b'), 7.63 (d, °J = 16.1 Hz, 1 H, H-¢), 6.69 (d, *J = 16.1
Hz, 1 H, H-f) ppm.
G NMR (126 MHz, DMSO-ds): & = 167.2 {C-g), 141.9 (C-e), 138.8 (C-d), 132.7 (C-b, b’}, 128.9 (C-¢, ¢'), 122.9 (C-f),
118.6 (C-a/h), 112.1 {C-a/h) ppm.
HRMS (ESI-FTMS) m/z: [M - H]" Calcd for [C1oHeNO2]™ 172.0404; Found 172.0399.
IR (ATR): ¥ = 2824 (w), 2559 {w, br), 2225 (m), 1882 (s), 1623 (s), 1561 (m), 1509 (m), 1422 (m), 1308 (s}, 1285 {m),
1229 (m), 981 (s), 910 (M), 836 (s), 822 (s), 749 (M), 679 (M), 542 (s}, 482 (M), 452 (m) cm™".
M.p.: 253 °C.
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(E)-3-(4-(Dimethylamino)phenyl)acrylic acid (2m)
b ¢

et X 0o

h b o f SOOH
(E)-3-(4-(Dimethylamino)phenyl)acrylic acid was prepared similarly to a method described by Zhang et. al®™ and was
modified as follows:
To a stirred solution of 4-dimethylaminobenzaldehyde (2.98 g, 20.0 mmol} and malonic acid (2.29 g, 22.0 mmol) in
pyridine {10 mL) was added piperidine (200 pL, 2.00 mmol} at 23 °C. The reaction mixture was heated to 80 °C for 25 h.
After cooling down to 23 °C, the reaction mixture was poured into ice-cooled aqueous hydrochloric acid (50 mL, 1 N} and
yellow solid precipitated. The yellow precipitate was filtered and washed with cooled water and acetone to afford the
product (2.81 g, 74%) as a yellow solid.
"H NMR (500 MHz, DMSO-ds): 3= 11.93 (s, 1 H, H-g), 7.45-7.49 (m, 3H, Hc, ¢, €), 6.70 {(d, 2 H, H-b, b"), .20 (d, 1 H,
H-f), 2.96 (s, 6 H, H-h) ppm.
¢ NMR (126 MHz, DMSO-ds): & = 168.6 (C-g), 152.1 (C-a), 145.1 (C-e), 130.2 (C-c, ¢'), 122.0 (C-d), 113.4 (C-f), 112.3
(C-b, b'), 40.3 (C-h)’ppm.
HRMS (ESI-FTMS) m/z: [M - H]" Calcd for [C11H12NO3]" 190.0874; Found 190.0878.
IR (ATR): ¥ = 2805 (w, br), 1667 (m), 1593 (m), 1523 (m), 1434 (m), 1419 {m), 1367 (m), 1308 (m), 1260 (m), 1227 {m),
1186 (m), 987 (m), 941 (m), 813 (s), 748 (m), 675 (m), 530 (s), 480 (m) cm™".
M.p.: 225 °C.

4,4,5,5-Tetramethyl-2-(5-styrylthiophen-2-yl}-1,3,2-dicxaborolane (3a)
Me Me
h € o Me

k
d® éﬂMe
a \fs‘. Q I
b ¢ g\ .J
i

h
A solution of 1 (373 mg, 1.00 mmol), B-bromostyrene (E / Z = 8 /1) (182 mg, 1.00 mmel), [Pd{PPhs)s] (11.6 mg,

10.0 ymol, 1 mol%) in DMF (4 mL) was heated to 60 °C for 17 h. The mixture solution was filtered over a short plug of
celite using nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified by
Kugelrohr distillation (145 °C, 9.2 x 102 mbar) to yield the product (281 mg, 90%) as a yellow solid. The product
contained E and Z isomer in 20/ 3 £/ Z ratio.

"H NMR (500 MHz, CDCl): & = 7.56-7.50 {m, 3 H, H-c, ¢’, hfi), 7.42-7.37 (m, 2 H, H-b, b"), 7.35-7.28 (m, 2 H, H-a, f),
7.20 (d, 4 = 3.6 Hz, 1 H, H-hfi), 7.08 (d, °*J = 16.2 Hz, 1 H, H-e), 1.38 (s, 12 H, H-I) ppm.

%¢ NMR (126 MHz, CDCL): & = 149.7 (C-i), 138.1 (C-hfi), 137.2 {C-d), 130.1 (C-e), 129.1 (C-b, b}, 128.3 (C-a), 127.6
(C-h/i), 126.8 (C-c, ¢), 121.8 (C-f), 84.55 (C-k}, 25.0 (C-I) ppm.

"B NMR (160 MHz, CDCls): 5 = 28 .74 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CisHz4B0S]" 312.1355; Found 312.1359.

IR (ATR): ¥ = 2978 [m), 1522 {m), 1495 (m), 1458 (m), 1370 (m), 1327 (s), 1266 (m), 1239 (m), 1138 (s), 1061 (s), 1011
(m), 950 (s), 852 (s), BO8 (s), 745 {m), 689 (s), 660 (s), 585 (m), 526 (m) cm .

M.p.: 77 °C.

3The peak of the C-H signal overlapped with the residual H signal of the NMR solvent peak.
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(E}-2-(5-(2-(Benzo[d][1,3]dioxol-5-yl)vinyl)thiophen-2-y1})-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b)

Me Me
O'm\_Me

B~ Me
O 5

A solution of 1 (373 mg, 1.00 mmol), (E)-5-(2-bromovinyl)benzo[d][1,3]dioxcle 2b (227 mg, 1.00 mmol), [Pd(PPha)4]
{11.6 mg, 10.0 ymol, 1 mol%) in DMF (4 mL} was heated to 40 °C for 25 h. The mixture solution was filtered over a short
plug of silica gel using diethyl ether (500 mL) as solvent. The solvent was removed in vacuo and the crude product was
purified by column chromatography on silica gel (npentane / diethyl ether: 85 / 15, Ry = 0.47) to afford the product
(274 mg, 77%) as a yellow solid.

"H NMR (500 MHz, CDCl3): & = 7.51 (d, °/ = 3.6 Hz, 1 H, H+/k), 7.11-7.05 (m, 2 H, H-jik, h), 7.01 (s, 1 H, H-c}, 6.93 (d,
%J=16.1 Hz, 1 H, H-g}, 6.90 (d, *J= 8.0 Hz, 1 H, H-e), 6.78 (d, *J= 8.0 Hz, 1 H, H-f), 5.87 (5, 2 H, H-0), 1.35 (5, 12 H, H-
n} ppm.

¢ NMR (126 MHz, CDCly): & = 149.7 (C-i), 148.2 (C-a/h), 147.5 (C-alb), 137.8 (C-j/k), 131.3 (C-d), 129.6 (C-g), 126.7
{C-j/k), 121.6 (C-e), 119.9 (C-h), 108.5 (C-), 105.4 (C-c), 101.2 (C-0), 84.1 (C-m), 24.8 (C-n) ppm.

"B NMR (160 MHz, CDCl:): & = 28.88 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C19H21BQ,S]" 356.1253; Found 356.1250.

IR (ATR}): ¥ = 2976 (m), 1603 {m), 1525 (m), 1503 {m), 1490 (s), 1447 (s), 1372 (m), 1349 (s), 1310 (m), 1254 (s), 1210
{m), 1138 (s), 1062 {m), 1036 (s), 939 (s), 853 (s), 839 (M), 810 (s), 683 (M), 661 (s), 617 (M), 578 (w), 519 (w), 471 (w),
442 (myem™.

M.p.: 91 °C.

(E)-2-(5-(4-Methoxystyryl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3c)

MeMe
b ©C O\ _Me

e |
MeO a ‘ \f S B\o I}.‘Ie
m 1 ) | J
b ¢ g\ ;
h

A solution of 1 (373 mg, 1.00 mmol), (E)-1-(2-bromovinyl)-4-methoxybenzene 2c {213 mg, 1.00 mmol), [Pd(PPhz)4]
{11.6 mg, 10.0 pmol, 1 mol%) in DMF (4 mL) was heated to 40 "C for 25 h. The mixture soluticn was filtered over a short
plug of silica gel using diethyl ether (500 mL) as solvent. The solvent was removed fn vacuo and the crude product was
purified by column chromatography on silica gel (npentane / diethyl ether: 92 / 8, Rr = 0.21) to afford the product (260 mg,
768%) as a yellow solid.

"H NMR (500 MHz, CDCly): § = 7.52 (d, °J= 3.5 Hz, 1 H, H-h/i), 7.41 (d, °*J= 8.9 Hz, 2 H, H-c, ¢'), 7.16-7.09 (m, 2 H, H-
elf h/i), 6.98 (d, °J = 16.1 Hz, 1 H, H-e/f), 6.89 (d, *J =89 Hz, 2 H, H-b, b'), 3.85-3.82 (s, 3 H, H-m), 1.36 (s, 12 H, H-))
ppm.

3¢ NMR (126 MHz, CDCl:): 5 = 159.5 (C-a), 150.0 (C-g), 137.8 (C-h/i), 129.6 (C-d}, 129.5 (C-e/f), 127.8 (C-b, b’), 126.5
{C-h/i), 119.5 (C-eff), 114.2 (C-c, ¢’), 84.1 (C-k}, 55.3 (C-m), 24.8 (C-I) ppm.

"B NMR (160 MHz, CDCly): & = 29.02 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C19H23B05S]" 342.1461; Found 342.1456.

IR (ATR): ¥ = 2979 (m), 1602 (m), 1509 (s), 1457 (s), 1377 (m), 1356 (s), 1333 (s), 1295 (s), 1252 (s}, 1172 {m), 1134
{s), 1065 (s), 1031 (m), 1016 (m), 8952 (s), 850 (s), 815 (s), 745 (M), 683 (m), 660 (s}, 587 (M), 531 (m), 471 (m), 443 (m)
em .
M.p.: 98 °C.
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(E)-N,N-Dimethyl-4-(2-(5-(4,4,5,5-tetramethy|-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)vinyljaniline (3d)

Me Me
Me b ¢ d e (\) k\Me
N \ g B\O Me
; a f |
Me b! CI \ | J
m g o

A solution of 1 (373 mg, 1.00 mmol), (E)-4-(2-bromovinyl)-N,N-dimethylaniline 2d (226 mg, 1.00 mmol), [Pd(PPh3)4]
(11.6 mg, 10.0 pmol, 1 mol%) in DMF (4 mL) was heated to 60 °C for 168 h. The mixture solution was filtered over a
short plug of celite using diethyl ether (500 mL) as solvent. The solvent was removed in vacuo and the crude product
was purified by Kugelrohr distillation (170 °C, 7.9 x 107 mbar} to yield the product (151 mg, 43%) as a yellow solid.

'H NMR (500 MHz, CDCls): 5 = 7.50 (d, °J = 3.5 Hz, 1 H, H-h/i), 7.36 (d, °J = 8.8 Hz, 2 H, H-c, ¢'), 7.08-7.02 (m, 2 H, H-,
h/i}, 6.96 (d, >/ = 16.1 Hz, 1 H, H-¢), 6.70 (d, °J = 8.8 Hz, 2 H, H-b, b'), 2.99 (s, 6 H, H-m), 1.35 (s, 12 H, H-I) ppm.

BC NMR (126 MHz, CDCly): & = 150.8 {C-g), 150.3 (C-a), 137.8 (C-hfi), 130.3 (C-e), 127.6 (C-c, ¢), 125.7 (C-fihfi),
125.1 (C-d), 117.3 (C-f/hfi), 112.4 (C-b, b’), 84.0 (C-k), 40.4 (C-m), 24.8 (C-I) ppm.

"B NMR (160 MHz, CDCls): 5 = 28.59 ppm.

HRMS (ESI-FTMS) m/z: [M + H]" Calcd for [CooH2sBNO2S]" 356.1854; Found 356.1858; [M +Na]" Calcd for [CagH2sBNO;
Na S]* 378.1673; Found 378.1676.

IR (ATR): ¥ = 2977 (m), 2911 (w), 1601 (s), 1518 (s), 1455 (s), 1357 (s), 1335 (s), 1302 (8), 1270 (m), 1232 (m},1183 (m),
1167 (m), 1139 (s), 1065 (s), 1015 (m), 954 (s), 853 (s), 809 (s), 752 (w), 684 (M), 662 (s), 586 {m), 529 (m), 443 (M)
em™.

M.p.: 155 °C.

(E)-4,4,5,5-Tetramethy|-2-(5-(4-methyIstyryl)thiophen-2-yl)-1,3,2-dioxaborolane (3e)

Me Me
b © CI} k\ _Me
d © B-~" Me
A \f S e o
b g\ _J

h |
A solution of 1 (373 mg, 1.00 mmol), (E}-1-(2-bromovinyl}-4-methylbenzene 2a (197 mg, 1.00 mmol), [Pd(PPhs)]
(11.6 mg, 10.0 pmol, 1 mol%) in DMF (4 mL) was heated to 40 °C for 26 h. The mixture solution was filtered over a short
plug of silica gel using diethyl ether (500 mL) as solvent. The solvent was removed in vacuo and the crude product was
purified by column chromatography on silica gel (npentane / ether: 95/ 5, R: = 0.32) to afford the product (241 mg, 74%)
as a yellow solid.
"H NMR (500 MHz, CDChL): 8 = 7.52 {d, °J = 3.6 Hz, 1 H, H-i}, 7.36 (d, /= 8.1 Hz, 2 H, H, ¢"), 7.20 (d, °*J = 16.1 Hz, 1
H, H-f), 7.15 (d, 3/ = 8.1 Hz, 2 H, H-b, b)), 7.11 (d, °*4= 3.6 Hz, 1 H, H-h), 7.00 (d, 4 = 16.1 Hz, 1 H, H-€), 2.35 (s, 3 H, H-
m}, 1.35 (s, 12 H, H-I) ppm.
*C NMR (126 MHz, CDCls): & = 149.8 (C-g), 137.8 {C-a), 137.7 (C-i}, 134.0 (C-d), 129.9 (C-e), 129.4 (C-b, b’), 126.8 (C-
i), 126.4 (C-c, ¢’), 120.6 (C-f), 84.1 (C-k), 24.8 (G-I}, 21.3 {C-m) ppm.
"B NMR (160 MHz, CDCl): & = 28.69 ppm.
HRMS (El-sector) m/z: [M]" Calcd for [C1gH23B02S]" 326.1512; Found 326.1510.
IR (ATR): ¥ = 2976 (m), 1606 {w), 1525 (m), 1511 (s}, 1456 (s), 1355 (s), 1327 (s), 1310 (s), 1270 (m), 1137 (s), 1062 (s),
1011 (m), 952 (s), 851 (s), 814 (s), 685 (m), 663 (s}, 586 (M), 529 (M), 485 (m), 439 (M) cm™".
M.p.. 108 °C.
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4,4,5,5-Tetramethyl-2-(5-(2-(thiophen-2-yl)vinyl}thiophen-2-y1)-1,3,2-dioxaborolane (3f)

MeM
c O ©
m S E’:T(g(Me
e ~ B
ag7d QM o Me
i

A solution of 1 (373 mg, 1.00 mmol), 2-{2-bromovinyl)thiophene 2f (E / Z 5 / 1) (189 mg, 1.00 mmol), [Pd(PPh2).]
{11.6 mg, 10.0 pmol, 1 mol%) in DMF (4 mL) was heated to 60 "C for 17 h. The mixture solution was filtered over a short
plug of celite using nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified
by Kugelrohr distillation {140 °C, 1.2 x 10" mbar) to yield the product (286 mg, 90%) as a yellow solid.® The product
contained £ and Z isomer in about 25/ 2 E / Z ratio.

"H NMR (600 MHz, CDCl3): & = 7.51 (d, *J = 3.6 Hz, 1 H, H-i), 7.20 (d, °*J = 5.0 Hz, 1 H, H-a), 7.13 (d, *J = 15.9 Hz, 1 H,
H-f), 7.10 (d, *J = 3.6 Hz, 1 H, H-h), 7.07—7.04 (m, 2 H, H-¢, ¢), 7.00-6. 98 (dd, >/ = 5.0 Hz, 3/ = 3.5 Hz, 1 H, H-b), 1.35
{s, 12 H, H-1) ppm.

3¢ NMR (150 MHz, CDCl:): & = 149.0 (C-g), 142.2 {C-d), 137.8 (C-i), 127.7 (C-b}, 127.1 (C-h), 126.5 (C- ¢), 124.7 (C-a),
122.9 (C-f), 121.1 (C-e), 84.1 (C-k), 24.8 (C-I) ppm.

"B NMR (160 MHz, CDCl3): & = 28.97 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [Ci5H1sBO2S,]" 318.0919; Found 318.0917.

IR (ATR): ¥ = 3110 {w), 2978 (m), 1530 (m), 1511 {m), 1458 (m), 1422 (m), 1371 (m), 1345 (s), 1295 (s), 1268 (m), 1213
{m), 1187 (m), 1136 (s), 1061 (s), 1011 {m}, 999 (m), 959 (m), 933 (s), 902 (m), 852 (8), 814 (s), 794 (m), 763 (m), 721
{s), 82 (m), 660 (s), 589 (m), 521 (M), 436 (m)cm™".

M.p.: 87 °C.

2-(5-(1,2-Diphenylvinyljthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane {3g)

| ’k%<Me
Me

A solution of 1 (373 mg, 1.00 mmol), 1-bromoethene-1,2-diyl)dibenzene 29 (E/ Z or Z/ E 3/ 2) (259 mg, 1.00 mmal),
[Pd(PPh3)4] (11.6 mg, 10.0 umol, 1 mol%} in DMF (4 mL) was heated to 60 °C for 120 h. The mixture solution was
filtered over a short plug of celite using nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude
product was purified by Kugelrohr distillation {170 °C, 5.2 x 10? mbar) to yield the light yellow solid product (334 mg,
86%). The product contained E and Z isomer in a ratio of about 2 / 1.

"H NMR (500 MHz, DMSO-ds): & = 7.54-6.96 (m, 23 H}, 1.28, 1.27 (S, 21 H, H-I) ppm.

3C NMR (126 MHz, DMSO-ds): & = 154.7, 148.6, 142.6, 139.5, 138.4, 138.3, 136.9, 136.4, 135.7, 134.3, 131. 3, 130.4,
129.8, 129.7, 129.6, 129.5, 128.9, 128.7, 128.6, 128.5, 128.0, 127.8, 127.6, 127.5, 126.9 (C-a-i), 84.6, 84.5 (C-k), 25.1,
25.0{C-ly ppm."®

B NMR (160 MHz, DMSO-dg): & = 28.80 ppm.

HRMS (ESI-FTMS) m/z:[M + H]" Caled for [C24H26B0-S]" 389.1745; Found 389.1743; [M + Nal| Calcd for
[C24H25BO-NaS]" 411.1565; Found 411.1557.

9 ..
The product decomposed on a silica column.

®The peaks belong to both E- and Z -isomer; it was impossible to analyze the peaks of "4 NMR and C NMR spectra

because the overlap of signals.
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IR (ATR): ¥ = 2978 (m), 2930 (w), 1598 (w), 1524 (m), 1491 (m), 1445 (s), 1371 (s), 1348 (s), 1326 (s), 1267 (s), 1212
(w), 1140 (s), 1081 (s), 1013 (m}, 957 (m), 925 (m), 852 (s), 813 (m), 752 (s), 715 (m), 693 (s), 663 (s), 619 (), 577 (m),
556 (m), 515 (m), 436 (m) cm .

M.p.: 42 °C.

(E)-4,4,5,5-Tetramethy|-2-(5-(1-phenylprop-1-en-2-yl}thiophen-2-yl)-1,3,2-dioxaborolane (3h)

Me Me
b ¢ CI) kN Me
d e B-~ Me
b € Mg g\ i
m h

A solution of 1 (373 mg, 1.00 mmol), (2-bromoprop-1-en-1-yl}benzene 3h (E/ Zor Z/ E 2/ 1) (197 mg, 1.00 mmol),
[Pd({PPhs)s] (11.6 mg, 10.0 pmol, 1 mol%} in DMF (4 mL) was heated to 60 °C for 144 h. The mixture solution was
filtered over a short plug of celite using nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude
product was purified by Kugelrohr distillation (130 °C, 7.7 x 102 mbar) and recrystallized in nhexane at -80 °C to yield
the product (202 mg, 62%) as a colorless solid.

"H NMR (500 MHz, CD,Cl): 6 = 7.50 (d, °J = 3.6 Hz, 1 H, H-i), 7.39-7.35 (m, 4 H, H-b, ', ¢, ¢'), 7.20-7.24 (m, 1 H, H-a),
7.23(d, >4 = 3.6 Hz, 1 H, H-h), 7.10 (d, *J = 1.3 Hz, 1 H, H-e), 2.31 (d, >4 = 1.3 Hz, 3 H, H-m), 1.34 (s, 12 H, H-) ppm.
*C NMR (126 MHz, CD5Ch): 6 = 155.1 (C-g), 137.9 (C-i), 137.8 (C-d), 131.4 (C-f), 129.6, 128.6 (C-b, b, ¢, ¢'), 127.6 (C-
8), 127.2 (C-a), 125.0 (C-h), 84.5 (C-k), 25.0 (C-1), 17.7 (C-m) ppm.

"B NMR (160 MHz, CD,CL): & = 28.71 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CisHzsBO2S]" 326.1512; Found 326.1513.

IR (ATR): ¥ = 2879 (m), 1618 (w), 1599 (w), 1525 (s}, 1494 (m), 1456 (s), 1383 (s), 1332 (s}, 1290 (s), 1271 (s), 1213
(w), 1139 {s), 1071 (s), 1047 {m), 1017 (m), 959 (m), 918 (w), 853 (s), 805 (s), 756 (m}, 710 {(m), 694 (s), 664 (s), 619
(W), 595 (w), 578 (w), 497 (m), 462 (w), 441 (m)ecm™",

M.p.: 71 °C.

(E)-4-(2-(5-(4,4,5,5-Tetramethy|-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)viny ) benzonitrile (3i)

Me Me
h © O\ _Me
NC d 2. s B Me
m a \f If o
b ¢ g\ !

A solution of 1 {373 mg, 1.00 mmol), {(E)-4-(2-bromovinyl)benzonitrile 2i (208 mg, 1.00 mmol), Pd(PPhs)4 (11.6 mg, 10.0
pumol, 1 mol%) in DMF (4 mL) was heated to 60 °C for 29 h. The mixture solution was filtered over a short plug of silica
gel using diethyl ether (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified by
column chromatography on silica gel (npentane / diethyl ether: 85 / 15, Ry = 0.30) to afford the product (295 mg, 88%) as
a light yellow solid.

"H NMR (800 MHz, CDCl5): 5=7.61(d, >J=8.3Hz, 2 H, H-b, b"), 7.46 (d, °*J= 8.3 Hz, 2 H, H-a, @), 7.42 (d, °*J = 3.6 Hz,
1 H, H-hfi), 7.00 (d, 4 =3.6 Hz, 1 H, H-h/i), 6.80 (d, °4 = 12.2 Hz, 1 H, H-f), 6.55 (d, °>J = 12.2 Hz, 1 H, H-e), 1.31 (s, 12
H, H-I) ppm.

*¢ NMR (151 MHz, CDCls): & = 145.3 (C-g), 141.9 (C-d), 137.1 (C-hfi}, 132.3 (C-b, b"), 130.0 (C-h/i), 129.5 (C-c, &),
128.1 (C-e), 125.2 (C-f), 119.0 (C-m), 111.1 (C-a), 84.2 (C-k), 24.7 (C-I) ppm.

"B NMR (160 MHz, CDCl;): 5 = 28.77 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C1gH20BNO2S]" 337.1308; Found 337.1310.
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IR (ATR): ¥ =2984 (w), 2969 (s), 2227 (m), 1623 (w), 1603 (m), 1518 (m), 1504 (m), 1395 (m), 1371 (m), 1345 (s}, 1327
(s), 1265 (m), 1211 (w), 1139 (s), 1085 (s), 1018 (m), 957 (m), 875 (s), 849 (s), 826 (m), 809 (s), 753 (m), 733 (m), 682
(m), 860 (s), 592 (m), 557 (s), 468 (w), 432 (m) cm .

M.p.: 117 °C.

3-(2-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl}vinyl)pyridine (3j)
Me Me
(0] Me

AN
i
A solution of 1 (373 mg, 1.00 mmoal), 3-(2-bromovinyl)pyridine 2k (Z / E 100 / 7) {184 mg, 1.00 mmol), [Pd(PPh3).]
{11.6 mg, 10.0 pmol, 1 mol%) in DMF (4 mL) was heated to 60 °C for 27 h. The mixture solution was filtered over a short
plug of celite using nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified
by Kugelrohr distillation (120 °C, 5.3 x 102 mbar) to get the preduct (261 mg, 83%) as white solid. The product contained
Z and E isomer in 20/ 1 Z/ E ratio.

"H NMR (500 MHz, CD,CL,): & = 8.58-8.55 (m, 1 H, H-g), 8.53 (dd, °J = 4.8 Hz, “4 = 1.7 Hz, 1 H, H-a), 7.69—7.63 (m, 1 H,
H-c), 7.38 (d, /= 3.6 Hz, 1 H, H+), 7.31=7.27 (m, 1 H, H-b), 7.03 (d, *J = 3.6 Hz, 1 H, H-i), 6.85 (d, °J = 12.0 Hz, 1 H, H-
g}, .57 (d, °*J = 12.0 Hz, 1 H, H-H), 1.29 (s, 12 H, H-m) ppm.

3¢ NMR {128 MHz, CD,Cl,): & = 150.2 (C-¢), 149.1{C-a), 146.1 {C-h), 137.2 (C-j), 136.3 (C-c), 133.4 (C-d), 130.5 (C-i),
126.8 (C-f), 125.5 (C-g), 123.7 {C-b), 84.5 {C-1}, 24.9 (C-m) ppm.

"B NMR (160 MHz, CD-CL): & = 28 .63 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C+7H20BNO2S]* 313.1308; Found 313.1310.

IR (ATR): ¥ = 2973 (m), 2927 (w), 1522 (m), 1627 (m), 1476 (m), 1423 (m), 1356 (m), 1271 (w), 1206 (m), 1182 (s),
1140 (vs), 1001 (s), 979 (vs), 942 (s}, 863 (m), 812 (m), 770 (s), 691 (vs), 653 (vs), 596 (m), 564 (m), 471 (m) cm™".

M.p.: 59 °C.

(E}-4,4,5,5-Tetramethyl-2-(5-(4-nitrostyryl)thiophen-2-yl)-1,3,2-dioxaborolane (3k)

Me Me
b € O)k§< Me
QLN d ® [ éso Me
2 a \f | . |
b ¢ g\ .J

h |
A solution of 1 (373 mg, 1.00 mmal), (E)-1-(2-bromovinyl)-4-nitrobenzene 2j (228 mg, 1.00 mmol), [Pd(PPhs)4] {11.6 mg,
10.0 pmol, 1 mol%) in DMF {4 mL} was heated to 60 °C for 27 h. The mixture solution was filtered over a short plug of
silica gel using diethyl ether (500 mL} as solvent. The solvent was removed in vacuo and the crude product was purified
by column chromatography (npentane / diethyl ether: 85/ 15, Ry = 0.30) to afford the product (293 mg, 82%) as a red
solid.
"H NMR (500 MHz, CDCls): § = 8.18 (d, °J= 8.5 Hz, 2 H, H-b, b"), 7.52 (d, °J = 8.5 Hz, 2 H, H-a, &), 7.43 (d, °J = 3.6 Hz,
1 H, H-i), 7.02 (d, >/ = 3.6 Hz, 1 H, H-h), 6.84 (d, *J=12.2 Hz, 1 H, H-f), 6.58 (d, °J = 12.2 Hz, 1 H, H-e}, 1.31 (s, 12 H,
H-1) ppm.
3¢ NMR (126 MHz, CDCls): & = 147.0 (C-a), 145.2 (C-g), 144.0 (C-d), 137.1 (C-i), 130.3 (C-h), 129.7 (C-c, ¢}, 127.7(C-
€), 125.7 (C-f), 123.9 (C-b, b), 84.2 (C-k), 24.7 (C-I) ppm.
"B NMR (160 MHz, CDCls): & = 28.83 ppm.
HRMS (ESI-FTMS) m/z: [M + Na]* Calcd for [C1sH20BNO4NaS]” 380.1102; Found 380.1105.
IR (ATR): ¥ = 2982 (m), 2928 (w), 1618 (w), 1592 (m}), 1523 (m), 1508 (s), 1454 (m), 1357 {m), 1338 {s), 1299 (s), 1266
{m), 1208 (w), 1138 (s), 1103 {(m), 1065 (m), 1012 (m), 955 (m), 890 (m), 852 (s), 830 (m), 809 (s), 759 (s), 729 (m), 693
{m), 662 (s), 579 (m), 470 (m), 439 (m) om™".
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M.p.: 112 °C.

5,5'-bis(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2-bithiophene (4)

MeM
0 1=
Me o /Y gS.ag Me
MeidB S
Me ¢~b
Me

1 (373 mg, 1.00 mmol), 9 {336 mg, 1.00 mmol}, and [Pd{PPh3).] (57.8 mg, 50.0 pmol) were dissolved in toluene (2 mL).
The reaction mixture was heated to 100 °C by microwave irradiation for 4 h and colorless crystals precipitated.
Subsequently, the mixture was dissolved in diethyl ether (10 mL) and filtered through a short plug of celite. The solvent
was removed in vacuo and the crude product was purified by column chromatography (nhexane / diethyl ether: 10/ 1, Ry
= 0.21} to afford the product (218 mg, 52%) as a colorless solid.

"H NMR {500 MHz, CDCls): & = 7.49 (d, >/ = 3.6 Hz, 2 H, H-bic), 7.31 (d, °J = 3.6 Hz, 2 H, H-b/c}, 1.34 (s, 24 H, H-f)
ppm.

"*¢ NMR (126 MHz, CDCls): 3 = 144.0 (C-d), 138.3 (C-bic), 126.0 (C-bic), 84.7 (C-g), 25.0 {C-f) ppm.

"B NMR (160 MHz, CDCls): 5 = 28.68 ppm.

HRMS (ESI-FTMS) m/z: [M + H]” Calcd for [CzoH20B2048]" 419.1695; Found 419.1695.

IR (ATR): ¥ = 2981 (m), 2933 (w), 1515 (m}, 1435 (m), 1330 (s), 1251 (m), 1136 (s), 1075 (m), 1020 (m), 958 (m), 850
(s), 807 (s), 750 (s}, 661 (s), 578 (W), 429 (m) cm™.

M.p.: 201 °C.

1-Bromo-1-octyne (6a)

This compound was prepared by a literature method.!"”

To a stirred solution of 1-octyne (1.47 mL, 10.0 mmol) in acetone (263 mL), in a flask which was shielded rigorously from
light, solid AgNQs (510 mg, 3.00 mmol) and N-bromo-succinimide (2.5 g, 14.0 mmol) were added in one portion under
an air atmosphere. After stirring for 3 h at 22 °C, the reaction mixture was diluted with water (200 mL) and extracted with
nhexane (3 x 200 mL). The combined extracts were washed with brine (1 x 300 mL) and dried over MgSQ,. The solvent
was removed in vacuo and the crude product was purified by coclumn chromatography over silica gel (rhexane, Ry = 0.82)
to afford the product (1.40 g, 74%, Lit.["? : 80%) as colorless oil."!

'H NMR (500 MHz, CDCls): & = 2.20 {t, °J = 7.2 Hz, 2 H, H-f}, 1.56=1.44 (m, 2 H, H-e), 1.40-1.23 (m, 6 H, H-b,c,d), 0.89
{t, %= 6.9 Hz, 3 H, H-a) ppm.

"*C NMR (126 MHz, CDCls): & = 80.5 (C-g), 37.4 (C-h), 22.5, 28.3, 28.5, 31.3 (C-b,c,d,8), 19.7(C-), 14.0 (C-a) ppm.
HRMS (El-sector) m/z: No spectrum could be obtained either by El or ESI.

IR (ATR): ¥ = 2958 (m), 2956 (8), 2929 (m), 1430 {m), 1430 (w), 1378 (w), 1327 (w), 750 (W), 725 (m), 409 (w) cm .

The NMR data agree with the literature.”’

" The preduct was volatile.
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{Bromoethynyl)benzene (6b)%

This compound was prepared by a literature method.®

To a stirred solution of ethynylbenzene (1.02 g, 10.0 mmol) in acetone (50 mL), in a flask which was shielded rigorously
from light, solid AgNO3 (84.0 mg, 500 pmol) and N-bromosuccinimide (2.53 g, 14.0 mmal) were added in one portion
under an air atmosphere. After stirring for 6 h at 22 °C, the solvent was removed in vacuo and the crude product was
purified by column chromatography over silica gel {(nhexane, R: = 0.53) to afford the product (1.70 g, 90%; Lit.: [8]) as
yellow oil.

"H NMR (600 MHz, CDCls): 6 =7.47-7.43 {m, 2 H, H-c, ¢'), 7.36—7.29 (m, 2 H, H-a, b, b’} ppm.

BC NMR (151 MHz, CDCls): § = 132.0 (C-¢, ¢’), 128.7 (C-a), 128.3 (C-b, b), 122.7 (C-d), 80.0 (C-¢), 49.7 (C-f) ppm.
HRMS (ESI-FTMS) m/z: [M]" Calcd for [CsHsBr]* 179.9575; Found 179.9574.

IR (ATR): ¥ = 3062 (w), 2818 (w), 2199 (m), 1595 (m), 1485 (s), 1442 (m), 1070 (m), 1026 {m), 915 (m), 751 (vs), 687
{vs), 611 (s), 519 (vs) cm .

(Bromoeethynyl)trimethylsilane (6c)

TMS———Br
a b ¢

This compound was prepared by a literature method. !

n-BuMgCl (9.49 mL, 15.0 mmol) was added dropwise over the period of 10 min to the stirred solution of
ethynyltrimethylsilane (1.47 g, 15.0 mmol) in THF (45 mL) at 20 °C. The solution stirred for 18 h at 20 °C. Then the
solution was cooled to -78 °C and stirred for 1 h before bromine (770 pL, 15.0 mmol) was added dropwise over the
period of 10 min. Then the solution warmed up to 20 °C. The reaction mixture was quenched slowly with 2 M of Na»S,0;
aqueous solution {15 mL). The yellow solution became colorless and was stirred for additional 5 min. The organic layer
was washed with brine (3 x 50 mL} and dried over MgSQ4. The solvent was removed in vacuo and the crude product
was purified Kugelrehr distillation (60-80 °C, 100 mbar) to afford (1.41 g, 69%, Lit.”: 56%) of colorless oil.

"H NMR (500 MHz, CDCl;): & = 0.18 (s, 9 H, H-a) ppm.

C NMR (125 MHz, CDCl): & = 87.1 (C-b), 61.6 (C-¢), 0.1 (C-a} ppm.

295i NMR (99 MHz, CDCls): & = (-15.50 — -15.85) ppm. 2

gj ['H] DEPT NMR (99 MHz, CDCls): & = 15.67 (s, Si-(CHs)s) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CsHgBrSi]" 177.9636; Found 177.9637.

IR (ATR): ¥ = 2962 (m), 2125 (s), 1251 (s) cm™."®

3-Bromoprop-2-yn-1-yl benzoate (6d)
Q
=Ye!
S_{d = pr
b c' f g n

a b’
To the mixture of propargyl benzeate (2.40 g, 15.0 mmel} and N-bromosuccinimide (3.26 g, 12.0 mmol) in 10 mL of
acetone, AgNO3 (127 mg, 750 pmol) was added in one portion and the mixiure was stirred at 20 °C for 3 h. After

2 The expected 2] Si-H coupling constant with 6.6 Hz was observed, but the signal/noise ratio is too low to see the complete

multiplet.
* No peak at about 3300 cm™, corresponding to CC-H valence vibration.
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removing the solvent in vacuo, the residue was dissolved in a mixture of water (30 mL) and npentane (30 mL). The
aqueous phase was extracted with npentane (3 x 30 mL). The organic layers were combined and the solvent was
removed in vacuo. The crude product was purified by column chromatography over silica gel (DCM / npentane: 1/ 1, Ry
= 0.4) to afford the product (2.83 g, 79%) as colorless oil.

'H NMR (500 MHz, CDCLy): 5= 8.09-8.05 (m, 2 H, H-¢,¢’), 7.61—7.56 (m, 1 H, H-a), 7.48-7.43 (m, 2 H, H-b,b’), 4.95 (s,
2 H, H-f) ppm.

¢ NMR (125 MHz, CDCls): & = 165.9 (C-d), 135.5 (C-a), 130.0 (C-c,¢), 129.5 (C-d), 128.6 (C-b,b’), 74.3 (C-g), 53.4 (C-
f), 47.4 (C-h) ppm.™

HRMS (El-sector) miz: [M]" Calcd for [CioH7BrO;]" 239.9609; Found 239.9614.

IR (ATR): ¥ = 3064 (w), 2946 (w), 2226 (m) cm .

Benzylprop-(3-bromo-2-ynyl} ether (6e)

To the mixture of benzylprop-2-ynyl ether (2.19 g, 15.0 mmol}, and N-bromosuccinimide (3.26 g, 18.0 mmol) in acetcne
(15 mL), AgNO3 (127 mg, 750 pmol) was added and the mixture was stirred at 24 °C for 3 h under exclusion of light.
After GC-MS indicated the completion the reaction, the solvent was evaporated. The residue was dissolved in a mixture
of water {100 mL) and npentane (100 mL). After phase separation, the aqueous phase was extracted with pentane (100
mL). The organic layers were combined, dried over Na>S0O4 and the solvent was removed in vacuo. The product was
purified by column chromoatography (silica, eluent: gradient of npentane to ethyl acetate; R; = 0.2) and was obtained as
colorless oil (2.31 g, 68%).

"H NMR (500 MHz, CDCls); & = 7.45-7.27 (m, 5 H, H-f,g,h}, 4.60 (s, 2 H, H-d), 4.20 (s, 2 H, H-c) ppm.

*C NMR (126 MHz, CDCL): & = 137.2 (C-e), 128.5 (C-fig), 128.1 (C-fig), 127.9 (C-h), 76.2 (C-a/b), 71.7 (C-d), 58.0(C-c),
46.1 (C-a/b) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C1oHsBrO]" 224.9738; Found 224.9740.

IR (ATR): ¥ = 3039 (w), 2854 (m), 2213 (m), 1087 (s), 1073 (s), 736 (s), 696 (s) cm ™.

Benzylprop-2-ynyl ether (6f)

This compound was prepared by a literature method.!™

Propargylic alcohol (2.24 g, 40.0 mmol} in DMF (15 mL) was added in portion over 15 min to a suspension of NaH (60%
in mineral oil, 1.62 g, 40.4 mmal) in DMF (35 mL) at O °C. After 30 min, benzyl bromide (6.91 g, 40.4 mmol) was added
in one portion, the cooling bath removed and the resulting mixture was stirred at 22 °C for 22 h. The mixture was then
diluted by ethyl acetate (200 mL) and washed by HCI 1N (200 mL) and dried over Na,SC4. The reaction mixture was
then concentrated and purified by a short filter column chromatography (silica: 0.040-0.063 mm, 230-400 mesh; eluent:
npentane; For TLC: npentane / DCM = 8 / 2, Rt impuity = 0.76; Rf proauet= 0.50). The product (4.93 g, 84%, Lit"'": 100%)
®was received as a colorless oil and stored in the fridge at 4 °C.

"H NMR (600 MHz, CDCl): 5 = 7.42-7.28 (m, 5 H, H-f.g,h), 4.62 (s, 2 H, H-d), 418 (d, *J =24 Hz, 2 H, H-c), 2.47 {t, *J
=2.4Hz, 1 H, H-a) ppm.

*C NMR (151 MHz, CDCl3): 3 = 137.4 (C-e), 128.6 (C-f/g), 128.3 (C-fig), 128.1 (C-h), 79.8 (C-b), 74.7 {(C-a), 71.7 (C-d),
57.2 (C-c) ppm.

A signal with a negative intensity at 70.8 ppm is due to an artifact which occurred during the measurement.

The product is very volatile and should not be placed under a vacuum of below 10 mbar at 45 °C.

524

222



5 Experimental Section

HRMS: No spectrum could be obtained either by El or ESI.
IR (film): ¥ = 3291, 2856, 1073, 696 cm™".

4,4,5,5-Tetramethy|-2-(5-(oct-1-yn-1-yljthiophen-2-yl)-1,3,2-dioxaborclane {7a)

H3C\b/\/\y@ I

A solution of 1 (373 mg, 1.00 mmol), 1-bromo-1-octyne 6a (189 mg, 1.00 mmol), [Pd(PPha)s] (11.6 mg, 10.0 pymol,
1 mol%) in DMF (4 mL) was heated to 40 °C for 25 h. The mixture solution was filtered over a short plug of celite using
nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified by Kugelrohr
distillation (125 °C, 5.0 x 107 mbar) to yield the product (204 mg, 64%) as a colorless oil.

"H NMR (500 MHz, CDCl3): & = 7.45 (d, °J = 3.6 Hz, 1 H, H-j/k), 7.15 (d, °J = 3.6 Hz, 1 H,H-j/k), 2.43 (t, *J=7.1 Hz, 2 H,
H-f), 1.64—1.57 (m, 2 H, H-e), 1.47-1.41 (m, 2 H, H-e), 1.36-1.29 (m, 16 H, H-b, ¢, n), 0.91 (t, °J = 6.9 Hz, 3 H, H-a)
ppm.

*C NMR (126 MHz, CDCls): & = 136.8 (C-j/k), 131.9 (C-jfk), 130.9 (C-i), 96.2 (C-g), 84.1 (C-m}, 73.8 (C-h), 31.3 (C-c),
28.6 {C-d/e), 28.4 (C-d/e), 24.7 (C-n), 22.5 (C-b), 19.8 (C-f), 14.0 (C-a) ppm.

B NMR (160 MHz, CDCly): & = 28.41 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C1gH2/BO,-S]" 318.1825; Found 318.1823.

IR (ATR): ¥ = 7978 (w), 2930 (m), 2858 (w), 2227 {(w), 1523 (m), 1456 (s), 1372 (m), 1352 (s), 1289 (s), 1270 {m), 1213
{m), 1140 (s), 1064 {s), 1016 (m), 998 (w), 957 (m), 852 (s), 810 (s), 749 (w), 724 (w), 686 (m), 664 (s), 579 (M), 444 (m)
em .

4,4,5,5-Tetramethy|-2-(5-(phenylethynyl)thiophen-2-yl)-1,3,2-dioxaborolane (7b)

Me Me
CI) Me
[
b ge i SUB\O I\fe
a —
9\ i
b' ¢ h

A solution of 1 (186 mg, 500 pmol)}, (bromoethynyl)benzene &b (90.5 mg, 500 umol), [Pd{PPh3)4] (5.80 mg, 0.50 pmol, 1
mol%) in DMF (2 mL) was heated to 40 °C for 27 h. The mixture solution was filtered over a short plug of celite using
nhexane (500 mL) as solvent. The solvent was removed in vacuo and the crude product was purified by Kugelrohr
distillation (110 °C, 6.2 x 107 mbar) to afford the product (130 mg, 84%) as a colorless solid.

"H NMR (600 MHz, CDCly): 6 = 7.54-7.50 (m, 3 H, H-¢, ¢, i), 7.37-7.33 (m, 3 H, H-a, b, b}, 7.31 (d, *J = 3.6 Hz, 1 H, H-
h}, 1.35 (s, 12 H, H-I} ppm.

"G NMR (150 MHz, CDCls): & = 137.0 (C-i), 132.9 (C-h), 131.5 (C-c, ¢'), 129.8 (C-g), 128.6 (C-a), 128.4 (C-b, b’), 122.8
{C-d), 94.4 {C-e), 84.3 (C-k), 82.7 (C-f), 24.8 (C-I) ppm.

"B NMR (160 MHz, CDCly): & = 28.70 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C+gH1sBO2S]" 310.1198; Found 310.1192.

IR (ATR): ¥ = 2977 (m), 1527 (m), 1492 (s), 1453 (s), 1355 (vs), 1337 (vs), 1314 (vs}, 124€ (s), 1138 (vs), 1067 (m),
1012 (m), 958 (m), 912 (M), 852 (s), 813 (s), 748 (vs), 684 (s), 660 (s), 580 (M), 517 (M) cm™".

M.p.: 104 °C.
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Trimethyl((5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl}ethynyl)silane {7c)

e f
k w\ o M
Me. P2 e B\EZ‘Me
Me~5 O—~Me
Mé Me

A solution of 1 (746 mg, 2.00 mmol), (bromoethynyl)trimethylsilane 6¢ (340 mg, 2.00 mmol), [Pd(PPhs)] (23.0 mg,
20.0 pmol, 1 mol%}) in DMF (8 mL) was heated to 60 °C for 7 d. The mixture solution was filtered over a short plug of
celite using diethyl ether (50 mL) as eluent. The solvent was removed in vacuo and the crude product (1.03 g) was
purified by Kugelrohr distillation (70 °C, 2 x 107" mbar) to afford a mixture (50 / 50) of 1 (starting material) and product
(533 mg). A subsequent column chromatography (nhexane / ethyl acetate: 97 / 3, Ry = 0.9) led to decomposition.
Calculated yield from "H NMR after first Kugelrohr distillation: 267 mg, 44% (with 44% of remaining starting material 1).
Other purification attempts using silica or alumina as a stationary phase or preconditioning the column with 5 % NEts
failed and it appeared that the product decomposes on the column.

"H NMR (500 MHz, CDCly): & = 7.44 (d, *J= 3.6 Hz, 1 H, H-f), 7.25 (d, %/ = 3.6 Hz, 1 H, H-e), 1.33 (s, 12 H, H-i), 0.25 (s,
9 H, H-a) ppm.

3C NMR (126 MHz, CDCL): & = 136.8 (C-f), 133.7 (C-e), 129.8 (C-d}, 100.4 (C-b) 97.7 (C-c), 84.1 {C-h), 24.9 (C-i), -8.1
(C-a) ppm."®

"B NMR (160 MHz, CDCls); 3 = 28.73 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CzoHz104BS]" 368.1254; Found 368.1256.

IR {ATR): Not measured due to a mixture of product and by-products.

M.p.: Not measured due to a mixture of product and by-products.

Data from the remaining starting material in the spectrum for comparative purposes:

c d

aMe, /@\ /CiZMeQ

Me-3Mb s7e B f[Me

Me Me

Me

"H NMR (500 MHz, CDCls): 8= 7.76 {d, °J = 3.3 Hz, 1 H, H-d), 7.29 (d, °J = 3.3 Hz, 1 H, H-c), 1.34 (s, 12 H, H-g), 0.37
(s, 9 H, H-a) ppm.
3¢ NMR (126 MHz, CDCls): 3 = 146.5 {C-b), 137.8 (C-d), 136.3 (C-c), 84.5 (C-f), 24.9 {C-g), -8.2 (C-a) ppm.

3-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)prop-2-yn-1-yl benzoate (7d)

b
a
c j k
b d g h W _o Me"
& YO =i B\iq\"e
& o]
o f Me

Me

A solution of 1 (372.9 mg, 2.000 mmol), 3-bromoprop-2-yn-1-yl benzoate B6d (239.1 mg, 2.000 mmal), [Pd(PPh3)4]
(11.60 mg, 10 pmol, 1 mol%) in DMF (8 mL) was heated to 60 °C for 29 h. The mixture was filtered over a short plug of
celite using diethyl ether {50 mL) as eluent. The solvent was removed in vacuo and ca. half of the crude product
(328.0 mg of 871.0 mg) was purified by column chromatography (rhexane / ethyl acetate: 4 / 1, Ry = 0.8) to yield the

“Intensity of quarternary thiophene carbon atom (g) were too low for detection.
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product (140.0 mg, 43%) with low amounts of impurities. A subsequent column chromatography (gradient from nhexane
[ ethyl acetate: 98/ 2to 1/ 1; Re = 0.1 [98 / 2]) led to fewer impurities, but the yield deteriorated (81.00 mg, 11%). Other
purification attempts using alumina as a stationary phase or preconditioning the column with 5 % NEt; failed and it

appeared that the product decomposes on the column.
Yield extrapolated from whole sample: 29%.

"H NMR (500 MHz, CDCly): & = 8.11-8.08 (m, 2 H, H-c), 7.60-7.56 (m, 1 H, H-a), 7.47 (d, °J = 3.6 Hz, 1 H, H-k), 7.46—
743(m,2H, H-b), 7.29(d, 1 H, 3.6 Hz, H-j), 5.18 (s, 2 H, H-f), 1.33 (s, 12 H, H-n) ppm.

8C NMR (126 MHz, CDCL): & = 166.0 (C-e), 137.0 (C-k) 134.0 (C-j), 133.4 (C-a), 130.0 (C-¢), 129.7 (C-d), 128.6 (C-b),
128.1 (C-a}, 88.5 (C-g), 84.5 (C-m), 80.1 (C-h), 53.5 (C-f), 24.9 {C-n) ppm.

"B NMR (160 MHz, CDCl): & = 28.41 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CaoHz104BS]" 368.1254; Found 368.1256.

IR (ATR): Not measured due to a mixture of product and by-products.

M.p.: Not measured due to a mixture of product and by-products.

2-(5-(3-(Benzyloxy)prop-1-yn-1-ylithiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (7e)

ab
¢ ik n
¢ T s B\_mr'v'e
f O=t~Me
Me

A solution of 1 (746 mg, 2.00 mmol), (3-bromoprop-2-yn-1-yloxy)methyl)benzene 6e (450 mg, 2.00 mmol), [Pd(PPhs)4]
{23.0 mg, 20.0 umol, 1 mol%) in DMF (8 mL) was heated to 60 °C for 29 h (when the reaction was completed as
indicated by NMR). The mixture was filtered over a short plug of celite using diethyl ether (50 mL}) as eluent. The solvent
was removed /n vacuo and the ca. half of the crude product (386 mg of 734 mg) was purified by column chromatography
{gradient from nhexane / ethyl acetate: 98/ 2to 1/ 1; Ry = 0.1 [98:2]) to vield a mixture of the product (80.0 mg, 11%)
and low amounts of some other impurities as light green oil. Other purification attempts using alumina as a stationary

phase or preconditioning the column with 5% NEt; failed and it appeared that the product decomposes on the column.
Yield extrapolated from whole sample: 21%.

"H NMR (500 MHz, CDCls): & = 7.48 (d, */ = 3.6 Hz, 1 H, H-k), 7.40-7.34 (m, 5 H, H-a,b,c), 7.26 (d, °J = 3.6 Hz, 1 H, H-}),
466 (s, 2 H, H-e), 4.42 (s, 2 H, H-f), 1.34 (s, 12 H, H-n) ppm.

*C NMR (126 MHz, CDChL): & = 137.5 (C-d), 137.0 (C-k) 133.5 (C-j), 132.6 (C-1}, 129.1 (C-i), 128.6 (C-b/c), 128.4 (C-
b/c),128.1 (C-a), 90.6 (C-g), 84.5 (C-m}, 80.0 (C-h), 71.9 (C-e), 58.2 (C-), 24.9 (C-n) ppm.

"B NMR (180 MHz, CDCls): & = 28.29 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CaoH230sBS]* 354.1461; Found 354.1463.

IR (ATR): Not measured due to a mixture of product and by-products.

M.p.: Not measured due to a mixture of product and by-products.

bC e h
d g/ Nz
DNV

A solution of 1 (186 mg, 0.500 mmol), B-bromostyrene (E / Z 8:1) (91.0 mg, 0.500 mmol), and [Pd(PPhs)s] (5.78 mg,
5.00 ymol, 1 mol%) in DMF {4 mL) was heated to 60 °C for 17 h. Then, B-bromostyrene (E / Z =8 / 1} (91.0 mg,
0.50 mmal) in DMF (4 mL) was added to the solution in one portion, followed by a solution of K;CO3 (138 mg, 1.00 mmol)

2,5-Di((E)-styryl)thiophene (8a)

527

225



5 Experimental Section

in degassed water (1 mL) also in one portion. The solution was heated to 100 °C for 6 h. After it cooled down to 20 °C,
the solution was diluted with DCM (8 mL) and filtered through a short plug of silica with DCM (250 mL). After removing
the volatiles in vacuo, the crude product was purified by column chromatography {npentane / DCM: 8 /1, Ry = 0.33) to
afford the product (124 mg, 86%) as yellow solid.

"H NMR (600 MHz, CD;Cls): 6 =7.49 (d, *J =7.6 Hz, 4 H, H-c, ¢’), 7.39-7.34 (m, 4 H, H-b, b"), 7.26 (t, >/ =7.4 Hz, 2 H,
H-a), 7.23 (d, °J = 16.1 Hz, 2 H, H), 7.00 (s, 2 H, H-h), 6.94 (d, °J = 16.1 Hz, 2 H, H-e) ppm.

C NMR (151 MHz, CD,ClL): & = 142.3 (C-g), 137.4 (C-d), 129.2 (C-b, b'), 128.8 (C-e), 128.1 (C-a), 127.7 (C-h), 126.7
(C-c, ¢'), 122.2 (C-f) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CzoHi6S]" 288.0973: Found 288.0980.

IR (ATR): ¥ = 3056 (w), 3018 (w), 1621 (w}, 1595 (m), 1488 (w), 1442 (m), 1236 (m), 1073 (w), 1041 {m), 950 (vs), 886
(w), 842 (w), 793 (vs), 745 (s), 689 (vs), 592 (M), 549 (vs), 524 (m)), 468 (M) cm ™",

M.p.: 187 °C.

2-((E)-Styryl}-5-((E)-2-(thiophen-2-yljvinyl}thiophene (8b)

524 2 (o { ik S
LNy
o n“—ao
b
A solution of 1 (186 mg, 0.500 mmol), B-bromostyrene (E/ Z =8/ 1) (91.0 mg, 0.500 mmol), and [Pd(PPhs)s] (5.78 mg,
5.00 pmol, 1 mol%) in DMF {4 mL) was heated to 60 °C for 17 h. Then, 2-(2-bromovinyl)thiophene 2f (E/ Z =5/ 1}
(94.0 mg, 0.500 mmol), in DMF (4 mL) was added to the solution in one portion, followed by a solution of K:CO3 (138 mg,
1.00 mmol) in degassed water (1 mL), also in one portion. The solution was heated to 100 °C for 6 h. After the solution
cooled down to 20 °C, it was diluted with DCM (8 mL) and filtrated through a short plug of silica with DCM (250 mL).
After removing the volatiles in vacuo, the crude product was purified by column chromatography (npentane / DCM: 95/ 5,
R: = 0.30) to afford the product (125 mg, 85%) as yellow solid.
"H NMR (600 MHz, CD.ClL): & = 7.42 (d, > = 7.3 Hz, 2 H, H-c, ¢'), 7.38-7.34 (m, 2 H, H-b, ), 7.22-7.13 (m, 3 H, H-a,
effikiihfiinfolp), 7.03-7.01 (m, 1 H, H-hiiinfolp), 7.01-6.93 (m, 3 H, H-e/f/k/lihfiinfoip), 6.92 (d, °/ = 3.7 Hz, 1 H, H-
hifnfolp), 6.89 ((d, °J = 3.7 Hz, 1 H, H=h/i/n/o/p), 6.86 (d, °J = 16.1 Hz, 1 H, H—e/fik/l} ppm.""
"*C NMR (151 MHz, CD2Cly): & = 142.8, 142.3, 141.8 (C-gfj/m), 137.3 (C-d), 129.2 (C-b, b"), 128.9, 128.2, 128.1, 127.8,
127.6 (C-aleffikilih/iin/olp), 126.7 (C-c, ¢, hiiinfo/p), 125.0, 122.1, 122.0, 121.8 (C- efflk//h/iinfolp) ppm.
HRMS (El-sector) m/z: [M]" Calcd for [C15H14S2]" 294.0537; Found 294.0534.
IR (ATR): ¥ = 3064 (w}, 3018 (w), 1787 (w), 1594 (m), 1492 (m), 1446 (m), 1420 (m), 1364 (w), 1282 (w), 1226 (m), 1074
(w), 1040 {m}), 941 (vs), 855 (m), 810 {s), 789 (s), 746 (s), 689 (vs), 575 (M), 544 (s), 466 (m) cm .
M.p.: 143 °C

(E)-2-(4-bromophenyl)-5-styrylthiophene (8c)

b Cde h I ]
£ 9/ Wk g~m
a \ S n
b c' Br

A solution of 1 (186 mg, 0.500 mmol), p-bromostyrene (E/ Z =8/ 1) (91.0 mg, 0.500 mmol), and [Pd(PPh3)4] (5.78 mg,
5.00 pmoel, 1 mol%) in DMF (4 mL) was heated to 60 °C for 17 h. Then, 1-bromo-4-iodobenzene (141 mg, 0.50 mmol} in
DMF (4 mL) was added to the solution in one portion, followed by a solution of KoCO3 (138 mg, 1.00 mmol) in degassed
water (1 mL), also in one portion. The solution was heated to 100 °C for 8 h. After it cooled down to 20 °C, the solution

was diluted with DCM (8 mL) and filirated through a short plug of silica with DCM (250 mL}. After removing the volatiles

Y 1t was not possible to distinguish all of the peaks because of peak overlap. The same was the case for the BeNMR

spectrum.
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in vacuo, the crude product was purified by column chromatography {npentane / DCM: 95 / 5, R = 0.41) to afford the
product (128 mg, 75%) as yellow solid.

"H NMR (600 MHz, CD,Cl»): & = 7.54-7.47 (m, 8 H, H-c, ¢’ |, m), 7.39-7.34 (m, 2 H, H-b, b’), 7.29-7.20 (m, 3 H, H-a, f,
h}, 7.07 (d, °J =3.7 Hz, 1 H, H-i), 6.97 (d, °J = 16.1 Hz, 1 H, H-e) ppm.

G NMR (151 MHz, CD,Ch): & = 143.2 (C-g), 141.9 (C-k), 137.3 (C-d), 133.6 (C), 132.4 (C-/m), 129.2 (C-b, b’), 129.0
{C-e), 128.2 (C-a), 128.0 (C-i), 127.5 (C-I/m), 126.7 (C-c, ¢}, 124.6 (C-h), 122.0 (C-), 121.7 (C-n) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CasH13BrS]™ 339.9921; Found 339.9926.

IR (ATR}: v = 3066 (w), 3018 (w), 1593 (w), 1482 (m), 1444 (m), 1399 (m), 1276 (m}, 1235 (w), 1116 (m), 1075 (m),
1006 (m), 948 (s), 820 (s), 795 {vs), 747 (vs), 689 (vs), 568 {m), 552 (m), 503 (s), 469 (m) cm .

M.p.: 170 °C.

(E}-2-(phenylethynyl)-5-styrylthiophene (8d)

A solution of 1 {186 mg, 0.500 mmol), B-bromostyrene (E/ Z =8/ 1) (91.0 mg, 0.500 mmol)}, and [Pd(PPhs)4] (5.78 mg,
5.00 pmol, 1 mol%) in DMF (4 mL) was heated to 60 °C for 17 h. Then, (bromoethynyljbenzene 6b (90.5 mg,
0.50 mmol), in DMF (4 mL) was added to the solution in one portion, followed by a solution of K;COs (138 mg,
1.00 mmol) in degassed water (1 mL), also in one portion. The solution was heated to 100 °C for 6 h. After it cooled
down to 20 °C, the solution was diluted with DCM (8 mL) and filtrated through a short plug of silica with DCM (250 mL).
After removing the volatiles in vacuo, the crude product was purified by column chromatography (npentane, Ry = 0.25) to
afford the product (51 mg, 37%) as yellow solid.

"H NMR (800 MHz, CD,Cl): § = 7.56-7.51 (m, 2 H, H-n), 7.50 (d, >/ = 7.5 Hz, 2 H, H-c, ¢}, 7.31-7.35 (m, 5 H, H-b, b, o,
p), 7.28 (t, *J = 7.4 Hz, 1 H, H-a), 7.24-7.18 (m, 2 H, H-f, i), 7.01 (d, *J = 3.7 Hz, 1 H, H-h), 6.97 {d, °J = 16.1 Hz, H-e)
ppm.

3G NMR (151 MHz, CD4Cl): 8 = 145.0 (C-g), 137.1 (C-d"), 133.2 (C-i), 131.7 (C-n), 129.7 {C-e), 129.2, 129.0, 128.9 (C-
b, b, 0, p), 128.4 (C-a), 126.8 (C-h, ¢), 123.2 (C-m), 122.1 (C-i), 121.6 (C-f), 94.5 {C-I}, 83.3 (C-k) ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C20H14S]" 286.0816; Found 286.0814.

IR (ATR): ¥ = 3053 (w), 3016 (w), 1592 (m), 1520 (m), 1485 (m}, 1442 (m), 1276 {m), 1224 (m), 1189 (m), 1070 (m),
1029 (m), 952 (s), 914 (M), 885 (w), 839 (w), 797 (s), 747 (vs), 688 (vs), 599 (m), 543 (M), 523 (m), 465 (w) cm™".

M.p.: 152 °C.

2-isoPropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (iPrO-BPin) (9)
Me

Me
,OJS< Me

d
Me%Me
a

For the convenience of the reader, the data are reproduced from the supporting information of weork by Linshoeft et all
in our group.

2-isoPropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was prepared similarly to a method described by Andersen et
al" and was modified as follows.

Tri-isopropyl borate (31.8 g, 168 mmol) and pinacol (20.0 g, 169 mmol) in rhexane (50 mL} were heated to 90 °C
{external temperature) and an isopropanol / hexane azeotrope was removed by distillation within 16 h. The residue was
distilled (30 °C oil bath, 16 mbar} to afford the product (26.9 g, 86%, Lit."": 92%) as colorless, air and moisture sensitive
oil.
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"H NMR (500 MHz, CDCh): & = 4.29 (septet, °J = 6.2 Hz, 1 H, H-b), 1.20 (s, 12 H, H-d), 1.15 (d, °J = 6.2 Hz, 6 H, H-a)
ppm.

>C NMR (126 MHz, CDCls): = 82.5 (C-c), 67.4 (C-b), 24.6 (C-d), 24.4 (C-a) ppm.

B NMR (160 MHz, CDCly): 5 = 21.8 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [CaH1sBOs]" 186.1427; Found 186.1420.

IR (ATR): 7= 2879 (w), 1504 (w), 1473 (w), 1444 (m), 1373 (w), 1345 (w), 1318 (m), 1148 (m), 1121 (m), 958 (w), 905
(s), 852 (m), 727 (s), 672 (m), 648 (m) cm™".

2-(5-lodothiophen-2-yl}-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10)

/m\ 0_fMe
I B

d 'Sa | & Me
Q

Me
Me

A solution of dijsopropylamine (7.08 g, 70.0 mmol) in THF (200 mL) was cooled to -78 °C and nButyllithium (20.0 mL,
50.0 mmol) was added dropwise over the course of 1 h. The mixture was warmed to 0 °C with in 30 min by replacing the
dry ice bath with ice bath. Then the reaction mixture was cooled again to -78 °C and stirring was continued for 5 min. 2-
lodothiophene (10.5 g, 50.0 mmol} in THF (20 mL) was added over the course of 25 min and the reaction mixture was
stirred for 1 h at -78°C. 2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-diocxaborolane (10.2 g, 55.0 mmol) was added dropwise
within 30 min to the orange-brown suspension and the reaction mixture was stirred for 19 h while it was allowed to warm
to 20 °C without removal of the cooling bath. The reaction was quenched with a saturated solution of ammonium
chloride {50 mL) and the aqueous layer was extracted with ethyl acetate (3 x 100 mL). The combined organic layers
were dried over MgSOa. The volatiles were removed in vacuo to obtain the preduct (16.7 g, 99%) of oil that crystallized

after 18 h at 5 °C to give a pale yellow solid.

"H NMR (500 MHz, CDCls): 3 = 7.29 (d, °J = 3.6 Hz, 1 H, H-bic), 7.27 (d, °J = 3.6 Hz, 1 H, H-b/c), 1.33 (s, 12 H, H-)
ppm.

3C NMR (126 MHz, CDCl;): 5 = 138.5 (C-b/c), 138.3 (C-bic), 84.3 (C-e), 81.5 (C-d), 24.7 (C-f) ppm.

""B-NMR (160 MHz, CDCl:): 5 = 28.2 ppm.

HRMS (El-sector) m/z: [M]" Calcd for [C1oH140:BIS]" 335.9852; Found 335.9851.

IR (ATR): ¥ = 2978 (m), 2929 (w), 1516 (s), 1414 (s), 1341 (s), 1322 (s), 1266 (m), 1136 (s), 1065 (m), 1019 (m), 849 (s),

815 (m), 798 (m), 661 (s), 430 (s) cm ™.
M.p.: 43 °C.
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NMR Spectra ('H NMR spectra followed by *C {1H} NMR spectra)
4,4,5 5-Tetramethyl-2-(5-(trimethyIstannyl)thiophen-2-yl}-1,3,2-dioxaborolane (1)

'
CHCl3
\j H,0
T - T - T T T T T T T T = T T =
H.a 2.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 30 2.5 2.0 5 Lo 0. 0.0
1 (ppm}
= a5 % b = bk
1 S |
|
]
1
1
| | l " (N it
T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 Bl B0 70 G0 50 40 30 20 10 0 =10
f1 (ppm)
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(E)-5-(2-Bromovinyl)benzo[d][1,3]dioxocle (2b)

f H [
I
H:0
CHCl 4
Iy s
T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 1 5.0 4.5 4.0 5 3.0 2.5 2.0 1.4 1.0 0.5
f1 (ppm)
£ | | |
I
|
! |
I i
N \ . J " .
T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 8O 70 60 50 40 30 20 0
1 (ppm)
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{E}-1-(2-Bromovinyl)-4-methoxybenzene (2c)

weo—{ )\
( I’ Br
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ey
1) I
H,0
CHCl5
i |
TR X
T T T T T T T T T T T T T T T T T T
B85 8.0 7.5 7.0 6.5 6.0 5.5 a.0 4.5 4.0 X5 30 2.5 2.0 1:5 10 0.5 00
f1 (ppa)
| \ |
]
|
1 J J
T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 &0 70 6 50 4ib 30 20 10 0
11 (ppm}
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(E)-4-(2-Bromovinyl)-N,N-dimethylaniline (2d)
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CHCl;
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{E}-1-(2-Bromovinyl)-4-methylbenzene (2e)

CHCl4 H,O
J17% 1 1
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2-(2-Bromovinyl)thiophene, (Z)-2-(2-bromovinyl)thiophene (*) (2f)
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(1-Bromoethene-1,2-diyl)dibenzene (2g)
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(2-Bromoprop-1-en-1-yl)benzene {2h)
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{E}-4-(2-Bromovinyl)benzonitrile (2i)
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3-(2-Bromovinyl)pyridine (2])
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{E}-1-(2-Bromovinyl)-4-nitrobenzene (2k)
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(E}-3-{4-Cyanophenyl)acrylic acid (21}

» e
\ COOH

| s

100
Lo

I67. 16
— e

— 1w

—12.13

T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 a0 20 10
1 (ppm)

542

240



5 Experimental Section

{E}-3-(4-(Dimethylamino)phenyljacrylic acid (2m)
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4,4,5,5-Tetramethy|-2-(5-styrylthiophen-2-yl}-1,3,2-dioxaborolane (3a)
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{E}-2-(5-(2-(Benzo[d][1,3]dioxol-5-yl}vinyl)thiophen-2-y1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b)
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(E)-2-(5-(4-Methoxystyryl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3c)
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5 Experimental Section

{E}-N,N-Dimethyl-4-(2-(5-(4,4,5,5-tetramethyl|-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)vinyl)aniline (3d)
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5 Experimental Section

(E)-4,4,5,5-Tetramethyl-2-(5-(4-methylstyryl)thiophen-2-yl)-1,3,2-dioxaborolane (3e)
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5 Experimental Section

4,4,5,5-Tetramethy|-2-(5-(2-(thiophen-2-yl)vinyl)thiophen-2-yl)-1,3,2-dioxaborolane (3f)
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5 Experimental Section

2-(5-(1,2-Diphenylvinyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3g)
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5 Experimental Section

{E}-4,4,5,5-Tetramethy|-2-(5-(1-phenylprop-1-en-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane (3h)
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5 Experimental Section

(E)-4-(2-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)vinyl)-benzonitrile (3i}
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5 Experimental Section

3-(2-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl}viny)pyridine {3j)
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5 Experimental Section

(E)-4,4,5,5-Tetramethy|-2-(5-(4-nitrostyryl)ithiophen-2-yl)-1,3,2-dioxaborolane (3k)
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5 Experimental Section

5,5'-bis{4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl}-2,2'-bithiophene (4)
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5 Experimental Section

1-Bromo-1-octyne (6a)
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5 Experimental Section

(Bromoethynyl)benzene (6b)
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5 Experimental Section

(Bromoethynyl)trimethylsilane (6c)

TMS——Br
__;
CHCl;
v !
b
=
=
T T T T T T T T T T T T T T T T — T
8.5 8.0 7.5 70 6.5 6.0 5.5 50 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
Chemical Shift (ppm)
v—: o+ N O! ) -
>y ™~ a0 - P>y
@ ~ N~ ©
| ~k I
]
"
| J
T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 75 70 45 40 35 30 25 20 15 10 5 1]

558

256



5 Experimental Section

3-Bromoprop-2-yn-1-yl benzoate (6d)
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5 Experimental Section

Benzylprop-(3-bromo-2-ynyl) ether (6e)
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5 Experimental Section

Benzylprop-2-ynyl ether (6f)
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5 Experimental Section

4,4,5,5-Tetramethy|-2-(5-(oct-1-yn-1-yl)thiophen-2-yl)-1,3,2-dioxaborolane (7a)
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5 Experimental Section

4,4,5,5-Tetramethy|-2-(5-(phenylethynyl)thiophen-2-yl)-1,3,2-dioxaborolane (7b)
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5 Experimental Section

Trimethyl((5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl}ethynyl)silane (7c)
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5 Experimental Section

3-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)prop-2-yn-1-ylbenzoate (7d)
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5 Experimental Section

2-(5-(3-({Benzyloxy)prop-1-yn-1-yljthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (7¢)
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5 Experimental Section

2,5-Di((E)-styryl)thiophene (8a)
| P\
1 D0

DCM

T T T T T T T T T T T T
8.5 8.0 Tb 7.0 6.5 6.0 5.5 5.0 1.5 1.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

AL

9

—14
—137.35

T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

567

265



5 Experimental Section

2-((E)-Styryl}-5-((E)-2-(thiophen-2-yl)vinyl}thiophene (8b)
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5 Experimental Section

(E)-2-(4-Bromophenyl}-5-styrylthiophene (8c)
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5 Experimental Section

(E)-2-(Phenylethynyl)-5-styrylthiophene (8d)
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5 Experimental Section

2-Isopropyloxy-4,4,5,5-tatramethyl-1,3,2-dioxaborolane ({PrO-BPin) (9)
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5 Experimental Section

2-(5-lodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborclane {10)
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5 Experimental Section
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permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whele in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not aller, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hercunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Ine, the Wiley Companies, or
their respective licensors, and your interest therein is only that ol having possession of’
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks"y of WILEY or its licensars is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

» NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRID>? PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY



QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreemenl by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agrcement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY CR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
conslitule a waiver of either partly's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
yvou without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benelit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,



these terms and conditions shall prevail.

« WILEY cxpressly rescrves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (11) these terms and conditions and (it1) CCC's Billing and Payment terms
and conditions.

¢ This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

» This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rulcs. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submils 1o the personal jurisdiction of such courl, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Aceess Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open aceess articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commereial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Crealive Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commereial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library

http://olabout. wiley.com/WileyC DA/Section/id-410895 .html

Other Terms and Conditions:
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Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.






