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The direct access to (Z)-(1-bromo-2-chloro-2-arylvinyl)triiso-
propylsilane through formal addition of BrCl to triisoprop-
ylsilyl ethynylarene was explored. BrCl was generated in situ
from commercially available TMSCl and N-bromo-
succinimide. This simple protocol enabled highly efficient re-

gio- and stereoselective bromochlorination, bis-bromination,
and bis-chlorination of the triple bond on a gram scale in the
syn mode. It thus provided a potentially diverse scaffold for
adaptable preparation of differently all-carbon tetrasubsti-
tuted olefins.

Introduction

Vinyl substructures are one of the most fundamental
moieties in organic synthesis. Specifically, vinyl halides and
vinylsilanes are important building blocks, because of their
ability to serve as building blocks in a wide variety of func-
tional-group transformations.!->! Halogens and silanes can
be converted into functional groups by halogen-metal ex-
change and are significant for carbon—carbon bond-form-
ing reactions by way of transition-metal-catalyzed cross-
coupling reactions.’3] From a synthetic point of view,
multisubstituted vinyls with halogens and silanes are versa-
tile variants of vinyl components.[>1 Despite the potential
utility of such multitunable vinyls, their synthetic availabil-
ity remains a challenge owing to the inherent difficulty in
regio- and stereoselective bis-halogenation (Scheme 1).15-]
For example, the stoichiometric addition of Brl to alk-
ynylsilane 1'% is one way to prepare a multitunable vinyl;
however, desired iodobromination does not occur and bis-
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brominated adduct 2 is given in 68% yield along with 26%
of unreacted 1.''! Employment of bromine or iodine was
ineffective; 31% yield was obtained or the reaction did not
proceed. These halogens are commercially available; how-
ever, they are occasionally unpleasant to work with. In par-
ticular, bromine monochloride (BrCl) 1is typically
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Scheme 1. Reaction of 1 with Brl, Br,, and I.

Br SiMey Br |

3,26 %

55 % (recovered alkyne 18 %)

Scheme 2. Desilylation along with iodobromination of the alkynylsilane.
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gaseous (b.p. 5 °C) and hygroscopic, which is apt to cause
trouble to synthetic chemists in the handling of the reac-
tions,['? purification of products,!'?! and safety.l'¥l In ad-
dition, the most conventional trialkylsilyl moiety, that is,
the trimethylsilyl (TMS) group, is delicate under halogena-
tion conditions; for example, desilylation accompanies the
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addition reaction of Brl (both in situ and neat) to the triple
bond of trimethylsilylalkynes and provides 3 in 26% yield
(Scheme 2).[13-1€]

Herein, we report regio- and stereoselective bis-halogen-
ations of triisopropylsilyl (TIPS) ethynylarenes (Scheme 3)
by employing TMSX (X = Cl, Br) and N-bromosuccinimide
(NBS); the paring TMSX (X = CI, Br) and NBS induced
X and Br to add to the triple bond in a syn mode. The high-
yielding transformations formed olefins 4 and S as single
isomers. In addition, the reaction system has significance to
generate in situ BrCl formally, because toxic BrCl is difficult
to handle in bench-scale experiments owing to its low boil-
ing point of 5 °C. Thus, the methods achieved the selective
bis-halogenation of silyl ethynylarenes and provide simple
entry to vicinal (Z)-dihaloalkenylsilanes.
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toluene rt,1h Si—iPr
Y 0°C, 5min
4,82% Cl Br
Qr
N
0]
J\ Br- S|(CH3)3 V Br. Br
Si 05Mm
\r E-equw 6 equiv. iPr— S|
= P’ iPr iPr. iPr
toluene rt.,1h Si-iPr
0°C, 5min

581% Br Br

Scheme 3. syn-Selective bis-halogenation to give 4 and 5.

Results and Discussion

We started the investigation with the reactions of 1,4-
bis[(triisopropylsilyl)ethynyl]benzene, as  shown in
Scheme 3: two combinations, that is, TMSCI/NBS and
TMSB1r/NBS, were used.'” In each, a mixture of the start-
ing alkyne and TMSX (1 M) in dichloromethane was stirred
at 0°C, then NBS (0.5 M) in acetonitrile was added, and
the reaction was conducted at room temperature.l>>!8! For
completion of the reactions, 6 equiv. of each TMSX and
NBS was needed. Fortunately, analysis of the crude mixture
by both 'H NMR and '3C NMR spectroscopy revealed just
a single isomer of 4 and 5. The molecular structures of 4
and 5 were determined by crystallographic analyses (Fig-
ure 1), which disclosed their (Z) stereochemistry.['*-20]

As summarized in Table 1, screening of different patterns
of TMSX/NX'S (X, X’ =1, Br, Cl) were tested. For entry 1,
nothing happened upon adding TMSI and NIS; on the
other hand, for entry 2, employment of TMSI and NBS did
not afford the desired Brl adduct but strangely gave bis-
brominated compound 2 in 78 % yield. For entry 3, our de-
sired Cl-I adduct was observed, as judged by NMR spec-
troscopy; however, unfortunately, the product was too labile
to isolate in pure form. For entries 4-6, TMSBr was paired
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Figure 1. ORTEP drawings of 4 and 5, with thermal ellipsoids at
the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths [A] for 4 (a): C1-C2 1.341, CI1-Sil 1.914,
C1-Brl 1.924, C2-CI1 1.766, C2-C3 1.488; for 5 (b): C7-C8 1.349,
C8-Sil 1.921, C8-Br2= 1.933, C7-Br2 1.907, C7-C1 1.497.

with NIS, NBS, and NCS; mysteriously, each entry yielded
bis-brominated 2 in up to 97% yield. For entry 7, the de-
sired CI-1 adduct was be formed, as in entry 3, but it readily
decomposed. For entry 8, finally, the combination of
TMSCI/NBS resulted in high-yielding transformation to the
desired vicinal hetero-dihalogenated vinyl compound,
namely, Br—Cl adduct 6. For entry 9, TMSCI/NCS also pro-
duced reasonable bis-chlorinated 7 in 75% yield along with
small amounts of starting 1. Then, as shown in Scheme 4,
the importance of the reagent pairing was also investigated:
no reaction was observed with only TMSBr, TMSCI, NIS,
NBS, or NCS, whereas the crude product obtained with the
use of TMSI decayed after workup.l?!l Thus, these results
imply that good pairing of the reagents is indispensable for
the formation of 2, 6, and 7. Noteworthy is that resultant
vinyls 2, 6, and 7 were assembled as single isomers, and
even in their crude states, isomeric mixtures were not ob-
served by NMR spectroscopy.

As illustrated in part a of Scheme 5, the combination of
TMSCI and NBS was readily amenable to gram-scale prep-
aration of 6, without giving any isomeric byproduct. This
successful scheme implies that this pairing results in effec-
tive and formal in situ formation of BrCl, which precludes
the need to handle neat BrCl. In situ produced BrCl also
smoothly and selectively added to trimethylsilylalkynes to
give 8 as a single spot on the TLC plate; however, the prod-
uct was not tolerant to purification, and the yield decreased
to 53%.022231 So, the TIPS group of 6 firmly served as a
protecting group against decomposition, although the TMS
group of 8 did not.

With a viable protocol in hand, the substrate scope for
the bromochlorination was surveyed (Table 2). The scalable
synthesis of 9 was achieved on a 10 g scale in 92% yield,
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Table 1. Evaluation of the reactivity of 1 under the pairing of
TMSX/NX'S.

X
N
0] 0]
xSiCHgs  _J QO
™

0.5M
3 equiv. 3 equiv.
. :t():l.uene‘ rt,1h 2 X=X =Br
» S min 6,X=Cl, X' =Br
7,X=Cl, X' =Cl

Entry X/X' Product Yield [%o]® Recovered 1 [%]
1 /1 - - =100
2 I/Br 2 78 15
3 I/Cl S 26 73
4 Br/l 2 97 0
5 Br/Br 2 85 0
6 Br/Cl 2 71 0
7 Cl/1 b 63 26
8 Cl/Br 6 95 0
9 Cl/Cl1 7 75 2

[a] Yield of isolated product. [b] Analysis by NMR spectroscopy
suggested that the iodochlorinated adduct was formed; however,
unfortunately, the product was too labile to keep in pure form.
[c] Yield was calculated by 'H NMR spectroscopy on the basis of
its crude state, and no internal standard was used.
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Scheme 4. Evaluation of the reactivity of 1 on TMSX or NXS.

and para-methoxy 10 smoothly afforded the best yield of
98%. ortho-Substituted materials 11 and 12 were given in
yields of 88 and 95%, respectively; more encumbered meta-
xylyl derivative 13 was surprisingly formed in a high 80%
yield as a single isomer. The yield of thiophene derivative
14 decreased to 38%; the starting alkyne disappeared, and
multiple spots were observed on the TLC plate of the reac-
tion. Although for reasons we are not certain of at this time,
we were unable to prepare olefins 15 and 16. Compounds
15a—c endowed with electron-donating groups were formed
during the course of the reaction; however, these immedi-
ately decomposed after purification by silica gel column
940
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Scheme 5. Bromochlorination reaction of TIPS- and TMS-eth-
ynyls: (a) gram-scale preparation of 6 and (b) production of labile

chromatography and the resulting compounds could not be
identified through their physical data.’¥! On the other
hand, 16a and 16b bearing electron-withdrawing aryl
groups as well as hexyl-substituted 16¢ were not formed,
because the corresponding starting alkynes remained intact.
These results indicate that the product distribution was af-
fected by differences in the electronic character of the triple
bond; in situ BrCl might take appropriate electron density
by adding to the bond, and the resulting olefins would not
be a robust substructure.

What kind of reaction process controls the selective bis-
halogenation? Is this a radical process? The addition of
TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl] and
BHT (butylhydroxytoluene) as scavengers was tested for the
reaction in which the TMSCI/NBS system yielded 13 in
80% yield (Scheme 6). The employment of TEMPO and
BHT afforded 13 in yields of 86 and 80 %, respectively. Both
reactions proceeded cleanly by TLC monitoring without
giving any byproduct. This result suggests that a radical
mechanism is unlikely.

Taking into account that a nonradical process occurs, we
performed the synthesis of 10 in which TIPSCI/NBS was
used instead of TMSCI/NBS (Scheme 7). TIPSCI lowered
the yield to only 10% compared to 98% in the case of
TMSCI. Clearly, the more congested TIPSCI would disrupt
the reaction progress; so, the 'H NMR spectra of both
TMSCIUNBS and TIPSCIUNBS were acquired and moni-
tored over the course of the reaction (Figures 2 and 3).[>’
Figure 2 shows a new signal indicated by a dot at 6=
2.68 ppm, and this signal increased in intensity and ulti-
mately was greater in intensity than the original NBS signal.
The new resonance corresponds to CH, of the resultant N-
TMS-succinimide,?% and the molar ratio of NBS/N-TMS-
succinimide over the 60 min period was calculated from the
integrated values as 18:82. This explains that in situ BrCl
was also produced in about 82% yield.?”! On the other
hand, Figure 3 illustrates a new resonance indicated by a
dot at 0= 2.66 ppm, and this signal remained smaller than
the original NBS signal for 60 min. This new resonance cor-
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Table 2. Substrate scope.[®]
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[a] The stereochemistry of 9-14 was inferred from evidence of the
two ORTEP drawings in Figure 1.
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Si—iPr 0°C, 5 min 13,86 %

o 0.1 equiv.
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(without TEMPO; 80 %)
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Scheme 6. Bromochlorination in the presence of TEMPO and
BHT.

responds to CH, of the resultant N-TIPS-succinimide, and
the molar ratio of NBS/N-TIPS-succinimide in the 60 min
period was calculated to be 60:40. This shows that in situ
BrCl was formed in about 40% yield, that is, TMSCI/NBS
had better generative efficacy of in situ BrCl than TIPSCV/
NBS, because the periphery of the silicon atom in TMSCI
is less crowded than that in TIPSCI for the interaction of
the nitrogen atom in the succinimide.
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Scheme 7. TIPSCl-mediated bromochlorination.

(a) TMSCI |

(b) NBS L )
™

(c) 3 min J . J
°

(d) 30 min LJ
™
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3.5 3 25 2 15 1 0.5

8,/ppm

Figure 2. Reaction of TMSCI (13 mg, 0.12mmol) with NBS
(21 mg, 0.12 mmol). Portions of the '"H NMR spectra between 0.2
and 3.8 ppm (400 MHz, 300 K, 0.3 mL of C;Dg and 0.2 mL of
CD;CN) of (a) TMSCI, (b) NBS, and (c—¢) the reaction process (3,
30, 60 min) obtained upon addition of NBS (0.6 M in CD3;CN) to
a 0.4 M solution of TMSCI in C;Dg. The signals labeled with dots
are new.

(a) TIPSCI M

(b) NBS

(c) 3 min J J.JL

(d) 30 min
°
(e) 60 min \J\_,
3.5 3 2’5 2 1.5 1 0.5

5/ ppm

Figure 3. Reaction of TIPSCl (23 mg, 0.12 mmol) with NBS
(21 mg, 0.12 mmol). Portions of the '"H NMR spectra between 0.2
and 3.8 ppm (400 MHz, 300 K, 0.3 mL of C;Dg and 0.2 mL of
CD;CN) of (a) TIPSCI, (b) NBS, and (c—e) the reaction process (3,
30, 60 min) obtained upon addition of NBS (0.6 M in CD3;CN) to
a 0.4 m solution of TMSCI in C;Dg. The signals labeled with dots
are new.

The mechanism resulting in high stereochemical control
to produce predominantly (Z) adducts is not yet fully
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known. Preliminary mechanistic investigations were per-
formed through the substrate scope in Table 2. The prepa-
ration of 16a and 16b having electron-deficient groups was
a complete failure, although reactions with aromatic sub-
strates endowed with electron-donating groups as well as
congested substituents succeeded with perfect selectivities.
We envisage that the bromochlorination follows a concerted
pathway, not a stepwise path:*® the nucleophilic triple
bond initially attacks the Br atom, and simultaneously a CI
atom bonds to the benzyl carbon atom in a syn mode.

Conclusions

In summary, highly regio- and stereoselective synthesis
of vicinal (Z)-dihaloalkenylsilanes from silyl ethynylarenes
was achieved by utilizing in situ BrCl, Br,, and Cl,. The
in situ halogens were readily generated by reaction of halo-
trimethylsilane with N-halosuccinimide,* which then per-
fectly added to the triple bond in a syn mode. The resultant
dihaloalkenylsilanes were elegantly formed as single iso-
mers. This simple and reliable protocol is particularly valu-
able to synthesize selective bromochlorinated vinyls, be-
cause neat BrCl is a difficult-to-handle reagent owing to its
low boiling point of 5°C. Development of this meth-
odology to selective halosilylation of internal alkynes is on-
going for the synthesis of differently all-carbon tetrasubsti-
tuted olefins.

Experimental Section

Representative Procedure for Synthesis of (Z)-[1-Bromo-2-chloro-2-
(naphthalen-1-yl)vinyl]triisopropylsilane (6): Under an argon atmo-
sphere, TMSCI (1 M in CH,Cl,, 0.75 mL) was added dropwise over
5min to a solution of 1131 (154 mg, 0.5 mmol) in anhydrous tolu-
ene (2mL) at 0 °C, and the mixture was stirred for 5 min. Then,
NBS (134 mg, 0.75 mmol) in acetonitrile was slowly added over
5 min, and the ice-bath was removed to warm to room temperature.
After additional stirring for 1 h, the reaction was quenched at 0 °C
with saturated aqueous sodium thiosulfate (Na,S,03), and the mix-
ture was stirred for 10 min and then warmed to ambient tempera-
ture. The aqueous phase was extracted with toluene (3 X 10 mL).
The combined organic phase was washed with brine (15 mL), dried
with sodium sulfate, and concentrated to give the crude product
(244 mg). Purification by short-plug column chromatography (hex-
ane) afforded 6 (205 mg, 95%) as a white solid material. '"H NMR
(400 MHz, CDCl3): 6= 8.01 (d, J = 83Hz | H), 7.87 (d, J =
8.8 Hz, 1 H), 7.85 (d, J = 8.8 Hz, 1 H), 7.57-7.26 (m, 4 H), 0.97
(d, J = 6.5Hz, 9 H), 0.90 (sept, J = 6.5Hz, 3 H), 0.76 (d, J =
6.5 Hz, 9 H) ppm. 3C NMR (100 MHz, CDCl5): 6= 141.2, 136.1,
133.5, 131.2, 130.1, 128.6, 128.3, 127.4, 126.8, 126.4, 125.9, 124.7,
18.9, 18.6, 12.5 ppm. IR (neat): v= 2942, 1863, 1556, 1505, 1461,
1389 cm™!. MS (EI): m/z = 422 [M]*. HRMS (DI): caled. for
C,H,sBrCISi 422.0832; found 422.0820.

Supporting Information (see footnote on the first page of this arti-
cle): Characterization data and '"H NMR and '3C NMR spectra of
all new compounds.
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