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Introduction

Transition metal catalyzed cross-coupling reactions, especially
the Heck, Suzuki, Hiyama, Stille and Ullmann processes have
been the most commonly used methods for generation of new
C-C bonds."™ These transformations predominantly use aryl
or alkenyl halides as reagents and therefore the development
of new synthetic protocols for their stereoselective synthesis is
still of significant importance. p-Arylvinyl halides are vastly
useful intermediates (coupling components) in organic chem-
istry, in the synthesis of unsaturated, conjugated products as
well as natural compound analogues and are applied as pre-
cursors of vinyl anions or reagents in the Buchwald-Hartwig
reaction."”’

Over the past few decades, several routes to alkenyl halides
with a specific stereoselectivity have been developed.
B-Arylvinyl halides are classically prepared by the halode-
carboxylation of cinnamic acid derivatives (Hunsdiecker
reaction),® ** reduction of 1,1-dihalogenoalkenes'"'* or olefi-
nation of aromatic aldehydes (Takai olefination)."> Other
effective methods leading to (E)-alkenyl halides are based on
the catalytic anti-Markovnikov hydrobromination of alkynes,
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A new stereoselective method for the synthesis of (E)-p-arylvinyl iodides and (E)- or (2)-B-arylvinyl
bromides from styrenes and vinyl boronates on the basis of a one-pot procedure via borylative coupling/
halodeborylation is reported. Depending on the halogenating agent as well as the mode of the
halodeborylation reaction, (E) or (Z) isomers are selectively formed.

which occurs via the hydrocupration of alkynes, followed by
bromination of the alkenyl copper intermediate,"* homologa-
tion and further stereoselective elimination of benzyl bromides
with dihalomethanes in the presence of a base'® or intra-
molecular dehydration of bromohydrins using H-f zeolite as a
catalyst."®

(2)-p-Arylvinyl bromides can be synthesized by the Wittig
olefination of an aldehyde with bromomethylene triphenyl-
phosphorane,’”'® by the reaction of aromatic aldehydes
with oa-bromomethyl sulfones (Julia olefination),"® Pd-
catalyzed debromination of 1,1-dibromo-1-alkenes by tributyl-
tin hydride*>*" or debrominative decarboxylation of anti-
2,3-dibromo-3-arylpropanoic acids using e.g. NaN;.>>?*

Hydrometallation of alkynes followed by halogenation is
another effective protocol used for the synthesis of (E)- or
(2)-alkenyl halides. Addition of the H-E bond (where E = Si,
B, Sn, Zr) to alkynes leads to vinyl derivatives of these
elements, which in the next step are stereospecifically substi-
tuted by a halogen atom wusing different halogenating
agents.>*°

The most common methods used for the synthesis of
alkenyl halides with different stereoselectivities are presented
in Scheme 1.

The range of commercially available substituted styrenes
is much wider than that of phenylacetylene analogues and
therefore the methods for their application in the synthesis
of metalloid-substituted compounds and further halode-
metallation to the corresponding f-arylvinyl halides are
important from the synthetic point of view (see Scheme 2).
Terminal phenylacetylenes are often more expensive
than their vinyl analogues, their preparation needs several
steps and due to their tendency for dimerization and
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! Typical process conditions: |
(A) - Halogenation - different halogenating agents: X, QN-X, ICI, ICl3, IBr etc.

! o
1 (B) - Hunsdiecker reaction - RCOOH or RCOOAg and X or different halogenating agent
' (C)- ion of 1,1-di tes - base, H-P—(OR),

o
- Homologation of beznyl bromide - CH,XY = CHal,, CH,Bry, ICH,CI, base
- Catalytic hydrobromination - Cu(l) catalyst, R3SiH, BrCR3

é(D
e

e

- Takai olefination - CHX3, CrCly, THF
L@
E (H) - Debrominative decarboxylatlon - NaN3, DMF

- Dehydration reaction - H-B-zeolite

(1) - Julia olefination - || \ , base
L

=N X
\

H Ph
E (J) - Wittig olefination - (PhsP*CH,X)X", base
E (K) - Hydrogenolysis of 1,1-dibromo-1-alkenes - Pd(PPh3), catalyst, BuzSnH

Scheme 1 Methods used for the synthesis of p-arylvinyl halides with
different stereoselectivities.

polymerization, they are less attractive in the synthesis.
The formation of (E)-arylvinyl iodides and (Z)-arylvinyl
bromides from styrenes in cross-metathesis with vinyl or
1-propenyl boronates, followed by the halogenation of
alkenyl boronate intermediates was reported by Grubbs
and co-workers.>! B-Arylvinyl bromides were synthesized in
a one-pot two-step procedure, while p-arylvinyl iodides
were obtained only from isolated boronate intermediates.
The cross-metathesis of 4-methoxystyrene with (E)-1,2-di-
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chloroethene led to (Z)-4-methoxystyryl chloride as a main
product.*?

(E)-vinyl iodides can be also prepared by a two-step pro-
cedure: oxidative cleavage of terminal olefins with ozone or
0s0,/NalO, and Takai iodoolefination.**"**

In 2009, our group reported an efficient method for
the preparation of (E)-f-arylvinyl halides (bromides and
iodides) in a one-pot procedure on the basis of a
sequential silylative coupling reaction of vinylsilanes with
styrenes and N-halosuccinimide-mediated halodesilylation
(see Scheme 2).** Developed in our group, the silylative coup-
ling reaction of olefins with vinylsilanes catalyzed by com-
plexes with the Ru-H or Ru-Si bonds yields silyl-substituted
alkenes with the simultaneous evolution of ethylene. The
reaction occurs via activation of the C-Si bond in vinylsilane
and C-H in olefin. Depending on the activation of different
carbon-hydrogen bonds in olefin, (E), (Z) or gem isomers can
be obtained. This mode of reactivity has also been extended
to other vinyl metalloids: vinyl boronates and vinyl ger-
manes.>® Vinyl boronates give exclusively (E)-boryl-substituted
ethenes in the reaction with styrenes and other olefins (see
Scheme 3).%”

The presented coupling reactions lead, in an easy
and simple way, to metalloid-functionalized olefins, which
can be used in many organic transformations. Our group
has made a significant contribution to the develop-
ment of one-pot procedures based on vinylsilanes in the
preparation of organic compounds with various functional
groups.’®*?

Herein, we would like to report our investigation on the
application of vinyl boronates as reagents for the synthesis of
B-arylvinyl halides with (E) or (Z) geometry and propose new
one-pot procedures for the preparation of such compounds via
sequential borylative coupling and electrophilic halodeboryl-
ation reactions. This method constitutes an alternative for the
synthesis of alkenyl halides according to the metathesis/halo-
genation or hydroboration/halogenation protocols, from easily
accessible styrenes.

x|
 1.032.MeS _ CHiz,CrCl, /@/\,ﬂ
R
excess of (E) isomer
2> Bpin, CH,Cly, reflux 0/& X
R=H, NO, S é Xz base @/\r
CHQC]Z or THF
- Tcys /@/\ﬁ o
$ Mixture of E/Z isomers and :ig:z: g; gg ffg: )><<; :3[
| cl Ph olefin homocoupling occurs
PCy; (68-99 %)
100 eqv. Cls o~ m MesN_NMes
R =0OMe Rl 5, R
5% [Ru] (15.54.%) ! ¢b
reflux, 20 h excess of (Z) isomer Pro NOz
o
A SiMes 1.2 equ. QN X
[Ru(CO)CI(H)(PPhg)s] SiMes X=Br1

toluene, 100 °C, 6 h

BN

X
o Y
1h, rt, MeCN R

(80-95 %)

Scheme 2 The application of styrenes as reagents in the synthesis of $-arylvinyl halides.
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[Ru-Hjor [Ru-E] g
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H ER,

ER, = SiR3, GeRg, BR,

Scheme 3 Trans-metallation of olefins with vinyl metalloids.

Results and discussion

We have previously found that a borylative coupling of a series
of substituted styrenes with vinyl boronates occurs with high
regio- and stereoselectivity with the use of [Ru(CO)CI(H)
(PCys),] or [Ru(CO)CI(H)(PPh;);].*” The first catalyst shows a
much higher activity. (E)-2-Aryl-1-borylethenes were exclusively
formed with quantitative yields, while no by-product of vinyl
boronate homocoupling under the applied reaction conditions
was observed.’” This is an advantage when compared to the
metathesis of analogous reagents carried out in the presence
of a Grubbs catalyst (1°* and 2" generation), in which the
homocoupling products of olefin and vinyl boronate were also
detected.> The selectivity of metathesis was slightly lower
compared to borylative coupling reaction and some amount of
the (Z) isomer was formed. It means that the mixture of pro-
ducts obtained in the metathesis process after halodeboryla-
tion includes both isomers at different molar ratios.

For this reason, in our studies we decided to use borylative
coupling - for the synthesis of (E)-2-aryl-1-borylethenes - as
the first step of a sequential method for the preparation of
B-arylvinyl halides (Scheme 4).

Commercially available, 4,4,5,5-tetramethyl-2-vinyl-1,3-
dioxaborolane was used as a reagent for the borylative coupling
of a group of styrenes, which had not been previously tested in
this process. We found that only 1.1 molar excess of styrenes
or even their equimolar amounts are enough to prevent vinyl
boronate homocoupling, when 1 mol% of [Ru(CO)CI(H)
(PCys),] catalyst was used. Applying these conditions, the com-
plete conversion of the reagents was observed after 5 h. The
process was carried out in toluene at 80 °C, under an inert
atmosphere. The formation of desired products, as well as the
consumption of substrates, was monitored using GC and
GC-MS analyses. '"H NMR analysis showed that only the (E)
isomer was formed in this catalytic transformation.

. _Br
MeoNa”m
Dl
(see table 2)

o]
[Ru-H] 1) NaOH 2) I, Sl
@~-opy @ ga BT

B
\
o] 7 (see table 2)

5
’e?)MeON
N N

Br
(see table 3)

E isomer is exclusively
formed

Scheme 4 A new synthetic protocol to (E)- or (Z)-p-arylvinyl halides via
trans-metallation/halodemetallation reactions.
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Three representatives of the obtained boryl-substituted
ethenes were isolated to confirm the exact geometry of their
structures and purity (see the ESIt). The rest of them were pre-
pared in situ and were directly used in the halodeborylation
process.

The excellent regio- and stereoselectivity of (E)-2-aryl-1-
borylethene synthesis via borylative coupling is essential for
the following halogenation process and for obtaining targeted
pB-arylvinyl halides with strictly defined configuration.

In the next step of the studies, the halodeborylation
reaction (iododeborylation and bromodeborylation) was opti-
mized using (E)-1-(4',4,5',5"-tetramethyl)—1’,3',2"-dioxaborolanyl-
2-phenylethene and different halogenating agents: molecular
I, Br, as well as NIS and NBS, applying the appropriate
reaction conditions for both types of reagents (Table 1).
Halodeborylations with molecular iodine or bromine were
carried out in diethyl ether at 0 °C or —20 °C respectively,
according to the procedure described by Brown’s and co-
workers (Table 1, entries 1, 2 and 4, 5).*> We observed
that depending on the order of addition of the base and
halogen for the bromination process, the (E) or (Z) isomer
was preferentially formed. When a base was added before Br, -
the product was (E)-p-bromostyrene (Table 1, entry 4), while
the opposite order of reagents led to (Z)-p-bromostyrene
(Table 1, entry 5).

On the other hand, the iododeborylation of (E)-1-(4',4',5',5'-
tetramethyl)—1',3',2"-dioxaborolanyl-2-phenylethene irrespec-
tive of the order of addition of reagents, leads to
(E)-p-iodostyrene. A slightly better yield of the reaction was
obtained when the base was added before iodine (Table 1,
entries 1 and 2).

We also observed that the rate of addition of halogen into
the reaction mixture was essential for the process selectivity.
When the reagent was added rapidly, the dihalogenated
product was formed as well. A slight excess of halogen relative

Table 1 Influence of reaction parameters and the type of halogenating
agents on the selectivity and productivity of halodeborylation reaction

0 .

e é;i\ X1 ©A\/Xor /and @

o :

(E) isomer (Z) isomer

Entry [X'] Yield® [%] Selectivity E/Z"
1¢ I, 100 1/0
2? I, 97 1/0
3¢ NIS 94 1/0
4? Br, 100 1/0
5¢ Br, 99 1/20
6/ NBS 92 9/1

“1. Et,0, 3 M aq. NaOH, 0 °C. 2; I, in Et,0, 30 min, 0 °C. 1. I, in
Et,0, 30 min, 0 °C; 2. Et,0, 3 M aq. NaOH, 0 °C. “ 1.5 eq. of NIS, aceto-
nitrile (0.1 M), rt. 41. Et,0, 3 M MeONa in MeOH, 40 min, —20 °C;
2. Br, in CH,Cl,, 2 h, —20 °C. 1. Et,0, Br, in CH,Cl,, —20 °C;
2. 3 M MeONa in MeOH, 2 h, —20 °C. /1.5 eq. of NBS, acetonitrile
(0.1 M), rt. ¥ Reaction yields were calculated on the basis of GC ana-
lysis.  GC-MS and 'H NMR were used for selectivity determination.
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to the boronate reagent should be used during the entire
process to prevent this side reaction. The temperature control
is also important to obtain the desired monohalogenated
product exclusively, and should be strictly maintained during
the halogenation process.

Applying NIS or NBS as halogenating agents, B-arylvinyl
halides were synthesized with the retention of configuration

View Article Online
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and with slightly lower yield compared to Brown’s method
(Table 1, entries 3 and 6).

The positive results on borylative coupling reaction as well
as halodeborylation (bromodeborylation and iododeboryla-
tion), especially regarding the high efficiency and selectivity of
both processes, encouraged us to check whether B-arylvinyl
halides can be synthesized in one-pot protocol, without

Table 2 Formation of (E)-p-arylvinyl halides via a one-pot procedure based on borylative coupling/halodeborylation reaction

[RU(CO)CI(H)(PCys3)2l

o}

_~p-0. - A
+ Z %\é’ toluene, 5 h, 80 °C

1) MeONa in MeOH, Et,0

-20 °C, 40 min N UBr
.A
o 2) Bry in CH,Cly n/\/
7 -20°C,2h
B‘O

1) NaOH aq., Et,0, 0 °C

D meuo s somn B

2) I in Et,0, 0 °C, 30 min

N Selectivity Isolated
Entry X, Yield [%] Product EB)(2) [%] yield [%]
1 ©/\ Br, 100 ©/\/B' (1a) 1:0 87
2 I 100 ©/\/' (1b) 1:0 82
3 /©/\ Br, 98 /@NB' (2a) 15:1 83
4 I, 100 @/\/' (2b) 1:0 84
5 J@/\ Br, 100 @/\VB' (3a) 20:1 76
MeO MeO
6 I 100 /@/\v' (3b) 1:0 77
MeO
9 O/\ Br, 100 /@N\Bf (4a) 9:1 89
Br Br
10 I, 100 J@/\v' (4b) 1:0 79
Br
11 QA\ Br, 92 ©/wa (5a) 1:0 86
Br Br
12 I, 98 @/\V' (5b) 1:0 81
Br
13 /@A\ Br, 99 me (6a) 1:0 71
Cl cl
14 I 100 @/\v' (6b) 1:0 63
Cl
15 EI\ Br, 94 B (7a) 20:1 67
Cl cl
16 I 100 ©\N' (7b) 1:0 63
Cl
17 I 90 (8b) 1:0 58

4

{

Borylative coupling procedure: [Ru-H]: [ViB] : [olefin] = 107>: 1 : 1.1, toluene (0.5 M), 80 °C, 5 h. Bromodeborylation procedure: 1. MeONa (3 M in
MeOH), Et,0, 40 min, —20 °C; 2. [Borylated styrene]: [Br,] = 1:1.6, Br, (1 M in CH,Cl,), —20 °C, 2 h. Iododeborylation procedure: 1. NaOH
(3 M aq. solution), Et,0, 0 °C; 2. [Borylated styrene]:[I,] = 1:1.7, I, (1 M in Et,0), 30 min, 0 °C. Reaction yields were calculated on the basis of

GC analysis. GC-MS and "H NMR were used for selectivity determination.
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Table 3 Synthesis of (2)-p-arylvinyl bromides via a one-pot procedure from styrenes and vinyl boronate coupling and bromodeborylation
RUCOICIHPCya 9/§% 1) Bry in CH,Cly, Et,O
o -20 °C, 40 min
* /\%fé “oven 5h,50°C | (450 2) MeONa in MeOH \B,
-= 20°C, 2h
Selectivity Isolated
X . .
Entry Yield [%] Product (B)(2) [%] yield [%]
1 ~ 98 A 9 0/1 84
Br
2 Q/\ 93 /©/\ (10) 0/1 61
Br

3 /©/\ 100 /©/\ (11) 1/8 89

MeO MeO Br
4 O/\ 96 /©/\ (12) 1/8 82

cl Br Br
5 /@A\ 98 /@& (13) 1/8 84

Br Br

Br

Borylative coupling procedure: [Ru-H]: [ViB] : [olefin] = 1072:1: 1.1, toluene (0.5 M), 80 °C, 5 h. Bromodeborylation: 1. [Borylated styrene]: [Br,] =
1:1.6, Br, (1 M in CH,Cl,), 0 °C, 40 min; 2. MeONa (3 M in MeOH), Et,0, —20 °C, 2 h. Reaction yields were calculated on the basis of GC analysis.

GC-MS and "H NMR were used for selectivity determination.

isolation and purification of intermediates - boryl-substituted
ethenes.

In a typical procedure, the olefin, 4,4,5,5-tetramethyl-2-
vinyl-1,3,2-dioxaborolane, and 1 mol% of [Ru(CO)CI(H)(PCys),]
were dissolved in toluene (0.5 M), placed in a Schlenk’s vessel
fitted with a plug valve and heated up to 80 °C, under an inert
atmosphere. After the total conversion of reagents, which was
monitored by GC and GC-MS analyses, the reaction mixture
was cooled down to —20 °C or 0 °C, diethyl ether was added
and then depending on the protocol, bromine/iodine or the
base was added firstly. (E)-B-Arylvinyl bromides and iodides
were synthesized by the addition of a base — 3 M solution of
sodium methoxide in methanol or sodium hydroxide in water,
respectively - to the reaction mixture, followed by the dropwise
injection of halogen dissolved in dichloromethane. The iodi-
nation was quenched with aqueous saturated solution of
Na,S,0; and the products were separated using flash chrom-
atography. A mixture of hexane with ethyl acetate at the ratio
of 9/1 was used as an eluent. Pure (E)-B-arylvinyl bromides and
(E)-p-arylvinyl iodides (Table 2, compounds 1-8(a and b)) were
obtained with high isolated yields (58-90%).

In the case of formation of (Z)-B-arylvinyl bromides, the pro-
cedure differs from that described above. Bromine was added
to the reactor before the base (Table 3). The time of reaction
and the whole isolation procedure were the same as that for
the synthesis of (E) isomers. The isolated yields of the (Z)-
B-bromostyrenes were similar to those of (E) isomers and
varied between 61 and 89%.

It is worth emphasizing that all presented products can be
prepared from commercially available reagents, without their
preliminary purification. Due to the sensitivity of [Ru(CO)CI(H)
(PCys),] to air, it is recommended to carry out the borylative
coupling reaction under an argon atmosphere in order to

This journal is © The Royal Society of Chemistry 2017

obtain total conversion of the reagents before deactivation of
the catalyst. However, the halogenation processes were carried
out in an air atmosphere. The most important factors affecting
the effectiveness of the halodeborylation processes were
temperature and the rate of halogen added to the reaction
mixture.

Under optimal conditions, applying one-pot reaction
sequences, a broad range of (E)-B-arylvinyl iodides and
bromides as well (Z)-p-arylvinyl bromides, with miscellaneous
substituents attached to the phenyl ring (such as -Me, —Ph,
-OMe, -Br, -Cl) in different positions to the vinyl group, were
successfully synthesized.

It should be noted that all presented compounds are inter-
esting building blocks for organic synthesis, and can be modi-
fied by a wide spectrum of coupling reactions (Suzuki,
Sonogashira, Hiyama etc.).

Conclusions

We have devised a one-pot protocol for the stereoselective syn-
thesis of (E)-p-arylvinyl iodides, (E)-p-arylvinyl bromides and
(2)-p-arylvinyl bromides on the basis of highly selective
catalytic  borylative coupling/halodeborylation reactions.
Commercially available substituted styrenes, much cheaper
than the analogous terminal alkynes, were used as reagents in
the protocols proposed. Not only the accessibility of substrates
but also the higher selectivity of borylative coupling reaction
vs. metathesis reaction is the reason why this method in an
attractive alternative route for the synthesis of desired com-
pounds from styrenes. Moreover, this methodology, compared
to the protocol based on silylative coupling/halodesilylation
reactions, offers a possibility for the synthesis of (Z)-p-arylvinyl

Org. Biomol Chem., 2017, 15, 3207-3215 | 3211
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bromides, which cannot be obtained by the previously
described Si-mediated reactions.

Experimental
Synthetic protocols

Borylative coupling. To a solution of [Ru(CO)CI(H)(PCys3),]
catalyst (0.01 mmol) in toluene in a Schlenk’s vessel,
both reagents: 4,4,5,5-tetramethyl-2-vinyl-1,3,2-dioxaborolane
(1 mmol) and styrene (1.1 mmol) were added. The concen-
tration of reagents in toluene was approximately 0.5 M. The
reaction was carried out for 5 h at 80 °C under an argon
atmosphere. The progress of the reaction was monitored
by GC and GC-MS analyses. The solvent was evaporated and
the crude product was isolated from the residue of the cata-
lyst on silica gel using column chromatography and hexane/
ethyl acetate (4/1) as the eluent. The product was analyzed on
the basis of GC-MS and "H NMR. Only the (E) isomer was
formed during the process. The spectral characterization
of the boryl-substituted ethenes was in agreement with the

literature.****

Synthesis of (E)-B-arylvinyl bromides

Procedure with Br,. A solution of boryl-substituted styrene
(1.0 mmol) in 2.5 ml Et,O in a 50 mL round bottom flask was
cooled down to —20 °C and 0.3 mL of sodium methoxide in
methanol (3 M) was added dropwise. After 40 min, a 1 M solu-
tion of molecular bromine (266 mg, 1.6 mmol) in CH,Cl, was
added dropwise to have only a slight excess of a brominating
agent to prevent the possibility of by-product (dibrominated
compounds) formation. The reaction mixture was stirred at
—20 °C for an additional 2 h and then the solvent was evapo-
rated under reduced pressure. The crude product was isolated
on silica gel using flash chromatography and hexane/ethyl
acetate (9:1) as the eluent. The purity of the product was
confirmed by GC-MS and 'H NMR.

Procedure with NBS. N-Bromosuccinimide (0.31 g,
1.77 mmol) was added to the solution of boryl-substituted
styrene (1.18 mmol) in MeCN (18 mL) and the suspension was
stirred at room temperature for 24 h. The solvent was then
evaporated and the mixture was extracted with n-hexane
(30 mL). The organic layer was concentrated and the product
was purified on silica gel using flash chromatography and
hexane as the eluent. The purity of the product was confirmed
by GC-MS and "H NMR.

One-pot procedure for the synthesis of (E)-f-arylvinyl bro-
mides from styrenes. To a solution of 1 mol% [Ru(CO)CI(H)
(PCys),] catalyst in toluene in the Schlenk’s vessel under an
argon atmosphere, both reagents: 4,4,5,5-tetramethyl-2-vinyl-
1,3,2-dioxaborolane (1.0 mmol) and an appropriate styrene
(1.1 mmol) were added. The reaction was carried out for 5 h at
80 °C. The progress of the reaction was monitored by GC and
GC-MS analyses. After the reaction, the solution was cooled
down to —20 °C and diethyl ether (2.0 mL) as well as 0.3 mL of
an aqueous solution of sodium methoxide (3 M) were added
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dropwise. Molecular bromine (266 mg, 1.6 mmol) in CH,Cl,
was added dropwise to the reaction mixture to have only a
slight excess of the brominating agent. The reaction was
stirred for 2 h and then the solvent was evaporated under
reduced pressure. The crude product was isolated on silica gel
using flash chromatography and hexane/ethyl acetate (9:1) as
the eluent. The purity of all obtained products were confirmed
by GC-MS and "H NMR and the results were in agreement with
the literature.'>'®*°

(E)-p-Bromostyrene (1a).*®> Isolated yield: 87%; 'H NMR
(300 MHz, CDCl3) 6 = 6.66 (d, 1H, J;_iy = 14.0 Hz, HC=), 7.01
(d, 1H, Ji-u = 14.0 Hz, HC=), 7.12-7.29 (m, 5H, Ar) ppm;
3C NMR (75 MHz, CDCl;) § = 106.7 (—=CH-Br), 126.2, 128.4,
128.9, 136.0 (Ar), 137.3 (=CH-Ph) ppm; MS m/z (rel. int., %):
184((M + 2)", 47), 182(M", 48), 103(100), 77(60), 51(33).

(E)-p-Bromo(4-methylstyrene) (2a).”®> Tsolated yield: 83%;
'H NMR (300 MHz, CDCl;) § = 2.37 (s, 3H, CH3), 6.74 (d, 1H,
Jun = 14.0 Hz, HC=), 7.11 (d, 1H, Jyy = 14.0 Hz, HC=),
7.16-7.18 (d, 2H, Ar), 7.22-7.24 (d, 2H, Ar) ppm; C NMR
(75 MHz, CDCl,) § = 21.7 (CH3), 105.9 (=CH-Br), 126.5, 129.9,
133.5, 137.4 (Ar), 138.9 (=CH-Ar) ppm; MS m/z (rel. int., %): 198
(M +2)", 57), 196(M", 58), 117(100), 91(37), 63(20), 57(18) 51(12).

(E)-p-Bromo(4-methoxystyrene) (3a).”® Isolated yield: 76%;
'"H NMR (300 MHz, CDCl;) 6§ = 3.72 (s, 3H, OCH3), 6.52 (d, 1H,
Ju-u = 14.0 Hz, HC=), 6.76 (d, 2H, J;;z = 8.7 Hz, Ar), 6.95 (d,
1H, Ji_y = 14.0 Hz, HC=), 7.14 (d, 2H, Ji;_y = 8.7 Hz, Ar) ppm;
3C NMR (75 MHz, CDCl;) § = 55.3 (OCHj3), 104.0 (—=CH-Br),
114.2, 127.4, 128.8 (Ar), 136.6 (=CH-Ar), 159.7 (Ar) ppm; MS
m/z (rel. int., %): 214((M + 2)%, 97), 212(M", 100), 199(38)
197(40), 169(18), 171(17), 133(47), 118(27), 90(67), 77(16), 63(36).

(E)-p-Bromo(4-bromostyrene) (4a).’®> Tsolated yield: 89%;
'"H NMR (300 MHz, CDCl;) 6 = 6.67 (d, 1H, Jiyy = 14.0 Hz,
HC=), 6.93 (d, 1H, Jyy = 14.0 Hz, HC=) 7.04 (d, 2H, Ar),
7.34 (d, 2H, Ar) ppm; "*C NMR (75 MHz, CDCl;) § = 107.4
(=CH-Br), 122.2, 127.6, 132.0, 134.8 (Ar), 136.1 (=CH-Ar)
ppm; MS m/z (rel. int., %): 264((M + 2)%, 31), 262(M", 62),
181(33), 102(100), 75(31), 51(30).

(E)-p-Bromo(3-bromostyrene) (5a).”® TIsolated yield: 86%;
'"H NMR (300 MHz, CDCl;) 6 = 6.81 (d, 1H, Ji_yy = 14.0 Hz,
HC=), 7.05 (d, 1H, J;g = 14.0 Hz, HC=) 7.17-7.25 (m, 2H,
Ar), 7.41-7.47 (m, 2H, Ar) ppm; "*C NMR (75 MHz, CDCl;) § =
108.2 (=CH-Br), 122.9, 124.7, 129.0, 130.3, 131.2, 135.8 (Ar),
137.9 (=CH-Ar) ppm; MS m/z (rel. int., %): 264((M + 2)", 28),
262(M", 57), 181(24), 102(100), 75(26), 51(26).

(E)-p-Bromo(4-chlorostyrene) (6a).>> Isolated yield: 71%;
'H NMR (300 MHz, CDCl;) 6 = 6.78 (d, 1H, Ji;_yy = 14.0 Hz,
HC=), 7.08 (d, 1H, J;_y = 14.0 Hz, HC=) 7.23-7.33 (m, 4H, Ar)
ppm; *C NMR (75 MHz, CDCl;) § = 107.0 (—=CH-Br), 126.8,
128.9, 133.8, 134.1 (Ar), 135.6 (=CH-Ar) ppm; MS m/z
(rel. int., %): 220(M + 4)*, 36), 218((M + 2), 72), 216(M", 34),
137(100), 102(68), 75(28).

(E)-p-Bromo(2-chlorostyrene) (7a).’® Isolated yield: 67%;
'"H NMR (300 MHz, CDCl;) 6 = 6.72 (d, 1H, Jiy = 14.0 Hz,
HC=), 7.09-7.33 (m, 4H, Ar), 7.39 (d, 1H, Jyy = 14.0 Hz,
HC=) ppm; "*C NMR (75 MHz, CDCl3) § = 109.2 (=CH-Br),
126.9, 127.0, 129.4, 129.9, 132.5, 133.8 (Ar), 134.1 (=CH-Ar)
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ppm; MS m/z (rel. int. %): 218(M + 2)°, 26), 216(M", 21),
137(100), 101(53), 75(33), 51(19).

Synthesis of (E)-p-arylvinyl iodides

Procedure with I,. To the solution of boryl-substituted
styrene (1.18 mmol) in 1.5 mL Et,0 in a 50 mL round bottom
flask 1.2 mL of aqueous solution of sodium hydroxide (3 M)
was added dropwise at 0 °C. Subsequently, the solution of
molecular iodine (500 mg, 1.97 mmol) in 3.6 mL of Et,O was
added dropwise to have only a slight excess of the iodinating
agent to prevent the possibility of by-product formation (di-
iodized compounds). The reaction mixture was stirred for
30 minutes and then the excess of iodine was quenched with
a saturated solution of sodium thiosulfate. The organic solu-
tion was separated and the aqueous solution was washed
with diethyl ether. The combined organic layers were dried
under magnesium sulfate. The solvent was evaporated and
the crude product was isolated on silica gel using flash
chromatography and hexane/ethyl acetate as the eluent (9:1).
The purity of the product was confirmed by GC-MS and
'H NMR.

Procedure with NIS. N-Iodosuccinimide (0.4 g, 1.77 mmol)
was added to the solution of boryl-substituted styrene
(1.18 mmol) in MeCN (18 mL) and the suspension was stirred
at room temperature for 24 h. The solvent was then evaporated
and the mixture was extracted with n-hexane (30 mL). The
organic layer was concentrated and the product was purified
on silica gel using flash chromatography and hexane/ethyl
acetate as the eluent (9: 1). The purity of the product was con-
firmed by GC-MS and "H NMR.

One-pot procedure for the synthesis of (E)-p-arylvinyl
iodides from styrenes. To the solution of 1 mol% of
[Ru(CO)CI(H)(PCys3),] catalyst in toluene in the Schlenk’s vessel
under an argon atmosphere, both reagents: 4,4,5,5-tetra-
methyl-2-vinyl-1,3,2-dioxaborolane (1.0 mmol) and an appro-
priate styrene (1.1 mmol) were added. The reaction was carried
out for 5 h at 80 °C. The progress of the reaction was moni-
tored by GC and GC-MS analyses. After the reaction the solu-
tion was cooled down to 0 °C and diethyl ether (2.0 mL) as
well as 1.2 mL of aqueous solution of sodium hydroxide (3 M)
were added dropwise. To the reaction mixture, molecular
iodine (431 mg, 1.7 mmol) in 3.1 mL of Et,O was added drop-
wise to have only a small excess of the iodinating agent and to
prevent the possibility of by-product formation. The reaction
was stirred for further 30 minutes and then the excess of
iodine was quenched with a saturated solution of sodium thio-
sulfate. The organic solution was separated and the aqueous
phase was washed with diethyl ether. The combined organic
layers were dried under magnesium sulfate. The solvent was
evaporated and the crude product was isolated on silica gel
using flash chromatography and hexane/ethyl acetate (9:1) as
the eluent. The purity of the product was confirmed by GC-MS
and 'H NMR and the results were in agreement with the
literature.'>3>%°

(E)-p-Iodostyrene (1b).>° 1Isolated yield: 82%; 'H NMR
(300 MHz, CDCl;) 6 = 6.83 (d, 1H, [z = 14.9 Hz, HC=),
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7.28-7.36 (m, 5H, Ar), 7.44 (d, 1H, J;; 5 = 14.9 Hz, HC=) ppm;
3C NMR (75 MHz, CDCl;) 6§ = 66.8 (—=CH-I), 126.0, 128.4,
128.7, 137.7 (Ar), 145.0 (=CH-Ar) ppm; MS m/z (rel. int., %):
230(M", 100), 127(11), 103(83), 77(49).

(E)-p-Iodo(4-methylstyrene) (2b).>> Isolated yield: 84%;
'"H NMR (300 MHz, CDCl;) & = 2.25 (s, 3H, CH3), 6.65 (d, 1H,
Juu = 14.9 Hz, HC=), 6.97-7.17 (m, 4H, Ar), 7.30 (d, 1H,
Ju-u = 14.9 Hz, HC=) ppm; *C NMR (75 MHz, CDCl;) § = 21.3
(CH3), 75.4 (=CH-Br), 125.9, 129.4, 135.1, 138.4 (Ar), 144.9
(=CH-Ar) ppm; MS m/z (rel. int., %): 244(M*, 100), 127(22),
115(78), 102(24).

(E)-p-Iodo(4-methoxystyrene) (3b).>° Isolated yield: 77%;
'H NMR (300 MHz, CDCl;) & = 3.85 (s, 3H, OCH3), 6.67 (d, 1H,
Juou = 14.9 Hz, HC=), 6.87-6.89 (d, 2H, Ar), 7.26-7.30 (d, 2H,
Ar) 7.40 (d, 1H, J;; i = 14.9 Hz, HC=) ppm; >C NMR (75 MHz,
CDCl;) 6 = 55.5 (OCH3), 73.6 (—=CH-I), 114.1, 127.8, 130.7 (Ar),
144.3 (=CH-Ar), 159.8 (Ar) ppm; MS m/z (rel. int., %): 260(M",
100), 133(47), 127(21), 118(20), 103(13), 89(28), 77(23), 63(25),
51(14).

(E)-p-Iodo(4-bromostyrene) ~ (4b).>> Isolated yield: 79%;
'"H NMR (300 MHz, CDCl3) § = 6.70 (d, 1H, Jyy = 14.9 Hz,
HC=), 6.99 (d, 2H, [y = 8.4 Hz, Ar), 7.20 (d, 1H, Jyu =
14.9 Hz, HC=), 7.29 (d, 2H, Jyy = 8.4 Hz, Ar); ’C NMR
(75 MHz, CDCl3) § = 77.6 (=CH-I), 122.4, 127.5, 131.9, 136.5
(Ar), 143.8 (=CH-Ar) ppm; MS m/z (rel. int., %): 310((M + 2),
19), 308(M", 18), 183(16), 181(17), 127(12), 102(100), 75(40),
51(27).

(E)-p-Iodo(3-bromostyrene) ~ (5b)."> Isolated yield: 81%;
'"H NMR (300 MHz, CDCl;) 6 = 6.75 (d, 1H, Jiy = 14.9 Hz,
HC=), 7.00-7.10 (m, 2H, Ar) 7.20 (d, 1H, J;_ = 14.9 Hz, HC=)
7.26-7.34 (m, 2H, Ar), ppm; *C NMR (75 MHz, CDCl;) § = 79.0
(=CH-I), 123.0, 124.7, 128.9, 130.3, 131.5, 139.5 (Ar), 143.4
(=CH-Ar) ppm; MS m/z (rel. int., %): 310((M + 2)", 40),
308(M", 39), 183(16), 181(17), 127(6), 102(100), 75(21), 51(12).

(E)-p-Iodo(4-chlorostyrene)  (6h).>° Isolated yield: 63%;
'H NMR (300 MHz, CDCl;) 6 = 6.86 (d, 1H, Ji;_y = 14.9 Hz,
HC=), 7.22-7.25 (d, 2H, Ar) 7.30-7.33 (d, 2H, Ar), 7.40 (d, 1H,
Ju-n = 14.9 Hz) ppm; *C NMR (75 MHz, CDCl;) § = 77.6
(=CH-1), 127.2, 128.9, 134.2, 136.1 (Ar), 143.7 (—=CH-Ar) ppm;
MS m/z (rel. int., %): 264(M', 100), 137(83), 127(24), 102(93),
75(23).

(E)-p-Iodo(2-chlorostyrene) ~ (7h).*° Isolated yield: 63%;
'H NMR (300 MHz, CDCl;) 6 = 6.78 (d, 1H, J;_y = 14.9 Hz,
HC=), 7.05-7.35 (m, 4H, Ar) 7.69 (d, 1H, J;_; = 14.9 Hz, HC=)
ppm; *C NMR (75 MHz, CDCl;) § = 79.9 (=CH-I), 126.9,
127.1, 129.4, 129.9, 132.2, 135.8 (Ar), 141.4 (—=CH-Ar) ppm;
MS m/z (rel. int., %): 264(M", 37), 137(100), 127(25), 101(71),
75(50), 51(18).

(E)-1-Iodo-2-naphtylethene ~ (8b).”> 1Isolated yield: 58%;
'"H NMR (300 MHz, CDCl;) 6 = 6.87 (d, 1H, Jiyy = 14.6 Hz,
HC=), 7.40-7.65 (m, 4H, napht.), 7.79-7.94 (m, 2H, napht.),
8.03-8.12 (m, 1H, napht.), 8.18 (d, i = 14.6 Hz, HC=), ppmy;
3C NMR (75 MHz, CDCl;) 6§ = 79.4 (=CH-I), 123.7, 124.2,
125.6, 126.1, 126.5, 128.6, 128.8, 130.2, 133.5, 135.6 (Naph),
142.9 (=CH-Naph) ppm; MS m/z (rel. int., %): 280(M", 29),
153(100), 126(14).
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Synthesis of (Z)-p-arylvinyl bromides

Procedure with Br,. The solution of boryl-substituted
styrene (1.0 mmol) in 2.5 mL Et,0 in a 50 mL round bottom
flask was cooled down to —20 °C and the 1 M solution of
molecular bromine (266 mg, 1.6 mmol) in CH,Cl, was added
dropwise to have only a slight excess of the brominating
agent, to prevent the possibility of by-product (dibrominated
compounds) formation. The reaction mixture was stirred for
40 min and then 0.3 mL of sodium methoxide in methanol
(3 M) was added. The reaction was maintained at —20 °C for
the next 2 h and then the solvent was evaporated under
reduced pressure. The crude product was isolated on silica
gel using flash chromatography and hexane/ethyl acetate as
the eluent (9:1). The purity of the product was confirmed by
GC-MS and 'H NMR.

One-pot procedure for the synthesis of (Z)-p-arylvinyl
bromides from styrenes. To a solution of 1 mol% of
[Ru(CO)CI(H)(PCy3),] catalyst in toluene in the Schlenk’s
vessel, both reagents: 4,4,5,5-tetramethyl-2-vinyl-1,3,2-dioxa-
borolane (1.0 mmol) and an appropriate styrene (1.1 mmol)
were added. The reaction was carried out for 5 h at 80 °C
under an argon atmosphere. The progress of the reaction was
monitored by GC and GC-MS analyses. After the reaction the
solution was cooled down to —20 °C and 1 M solution of mole-
cular bromine (266 mg, 1.6 mmol) in CH,Cl, was added drop-
wise to the reaction mixture. The reaction mixture was stirred
for 40 min and then 0.3 mL of sodium methoxide in methanol
(3 M) was added. The reaction mixture was maintained at
—20 °C for the next 2 h and then the solvent was evaporated
under reduced pressure. The crude product was isolated on
silica gel using flash chromatography and hexane/ethyl acetate
(9:1) as the eluent. The purity of the product was confirmed
by GC-MS and '"H NMR and the results were in agreement with
the literature,'®347:48

(2)-p-Bromostyrene (9).”° Isolated yield: 84%; 'H NMR
(300 MHz, CDCl;) 6 = 5.27 (d, 1H, Jy-i = 7.4 Hz, HC=), 5.89
(d, 1H, Jyu = 7.4 Hz, HC=), 7.23-7.37 (m, 5H, Ar) ppm;
C NMR (75 MHz, CDCl;) & = 105.8 (—=CH-Br), 128.0, 128.1,
128.9 131.9 (Ph), 134.9 (=CH-Ph) ppm; MS m/z (rel. int., %):
184((M +2)*, 46), 182(M", 47) 103(100), 77(58), 51(32).

(Z)-p-Bromo(4-methylstyrene) (10).** Isolated yield: 61%;
"H NMR (300 MHz, CDCl;) § = 2.39 (3H, s, CH3), 5.40 (1H, d,
Jesr = 7.4 Hz), 6.01 (1H, d, 1H Jy_; = 7,4 Hz), 7.16-7.31 (d, 2H,
Ar), 7.37-7.40 (2H, d, Ar) ppm; *C NMR (75 MHz, CDCl;) § =
21.6 (CHj3), 105.3 (=CH-Br), 128.5, 128.9, 131.7 (Ar), 137.9
(=CH-Ar) ppm; MS m/z (rel. int., %): 198((M + 2)', 61), 196
(M", 62) 117(100), 91(41), 63(17), 57(13) 51(13).

(Z)-p-Bromo(4-methoxystyrene) (11).">*® Isolated yield: 89%;
"H NMR (300 MHz, CDCl;) 6 = 3.84 (s, 3H), 5.40 (d, 1H, Jy_y; =
7.3 Hz), 6.01 (d, 1H, Jiyu = 7.3 Hz), 6.90-6.95 (m, 2H, Ar),
7.36-7.44 (m, 2H, Ar) ppm; "*C NMR (75 MHz, CDCl;) § = 55.0
(CH3), 104.2 (=CH-Br), 112.9, 127.3, 130.3 (Ar), 132.6
(=CH-Ar), 159.9 (Ar) ppm; MS m/z (rel. int., %): 214((M + 2)",
97), 212(M", 100), 197(42), 169(18), 133(48), 118(28), 90(70),
77(18), 63(41).
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(Z)-p-Bromo(4-chlorostyrene) (12).*° 1Isolated yield: 82%;
'H NMR (300 MHz, CDCly) - isolated yield: 82%; & = 5.42 (d,
1H, Jyy = 7.4 Hz, HC=), 6.02 (d, 1H, Jy_u = 7.4 Hz, HC=),
7.38-7.43 (d, 2H, Ar), 7.47-7.52 (d, 2H, Ar) ppm; *C NMR
(75 MHz, CDCl;) § = 107.4 (=CH-Br), 128.1, 128.9, 131.0,
133.1 (Ar), 133.9 (=CH-Ar) ppm; MS mj/z (rel. int., %):
220((M + 4), 19), 218((M + 2), 78), 216(M", 60), 137(100),
102(74), 75(43).

(2)-p-Bromo(4-bromostyrene) (13).°>*” Isolated yield: 84%;
'"H NMR (300 MHz, CDCl3) § = 6.52 (d, 1H, Jiyy = 7.9 Hz,
HC=), 7.03 (d, 1H, Ji_y = 7.9 Hz, HC=), 7.21-7.41 (d, 2H, Ar),
7.47-7.61 (d, 2H, Ar) ppm; *C NMR (75 MHz, CDCl;) § = 108.1
(=CH-Br), 122.3, 127.5, 131.1, 131.2, 131.7, 136.9 (—CH-Ar)
ppm; MS m/z (rel. int., %): 264((M + 2)%, 29), 262(M", 63),
181(35), 102(100), 75(31), 51(27).
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