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ABSTRACT: A catalytically generated vinylcopper complex,
the reactive intermediate of a copper(I)-catalyzed alkyne
transfer hydrogenation, can be trapped by commercially
available halogen electrophiles. In this manner, internal
alkynes can stereoselectively be hydrohalogenated to the
corresponding vinyl chlorides, bromides, and iodides.

he stereoselective hydrohalogenation of internal alkynes 1
provides direct synthetic access to highly substituted vinyl
halides (2 or 3)," which are important reaction partners for
cross-coupling reactions (Scheme 1, top).” Considering this

Scheme 1. Hydrohalogenations of Internal Alkynes,
Trapping Transfer Hydrogenation Intermediates
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valuable application, it is noteworthy that relatively few catalytic
hydrohalogenations of internal alkynes have been reported:
while some studies on hydrofluorination and hydrochlorination
of internal alkynes with catalysts based on gold,” palladium,* and
ruthenium® have been disclosed, to the best of our knowledge,
no catalytic hydrobrominations or hydroiodinations of internal
alkynes have been reported.°”® This is a crucial limitation, as
generally, vinyl bromides and iodides are more reactive in cross-
coupling reactions than the corresponding chlorides.”

Inspired by a recent report on copper(I)-catalyzed hydro-
brominations of terminal alkynes,” and based on our interest in
reductive transformations with alkynes employing copper(I)
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catalysts,'”"" we turned our attention to a possible hydro-

halogenation of internal alkynes. Such a process should ideally
enable the stereoselective preparation of vinyl chlorides,
bromides, and iodides from internal alkynes via one common
catalytic protocol. We envisaged an approach based on an
“interrupted” copper(I)-catalyzed transfer hydrogenation of
internal alkynes 1 with ammonia borane (H;N-BH; Scheme 1,
bottom).'""'> As the key reactive intermediate of the transfer
hydrogenations, a vinyl copper complex 4'>'* has been put
forward, and sufliciently fast trapping of 4 with suitable halogen
electrophiles should produce the desired vinyl halides 6
preferentially over the alkene S. One advantage of this approach
would be that vinyl halides 6 would be formed with excellent
stereoselectivity, generated in the upstream syn hydrocupration
step (1 — 4).'”"” This reaction control would offer orthogonal
selectivity to the previously reported alkyne hydrohalogena-
tions, which generally take place with an anti addition
mode. >

Emanating from our previous results in transfer hydro-
genation of internal alkynes,' ' we have established a protocol for
the transformation of hitherto untolerated terminal alkynes such
as 7 using catalytic amounts of commercially available
[IPrCuCl]'® and sodium hydroxide as activator.'” Slow addition
of ammonia borane suppressed the rapid release of H,
(dehydrocoupling), giving the terminal alkene 8 as the sole
product (95% conversion, Scheme 2). However, when
dibromotetrachloroethane (9) as electrophilic bromine source'®
was added simultaneously, formation of vinyl bromide 10 as
single stereo- and regioisomer (91% conv, 67% vyield) was
observed, while the transfer hydrogenation was largely sup-
pressed (5% of 8). This result demonstrates that trapping of a
transfer hydrogenation intermediate is a viable alternative to the
use of hydrosilanes as reducing agents for the hydrobromination
of terminal alkynes.”
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Scheme 2. Trapping a Transfer Hydrogenation Intermediate;
Hydrobromination of a Terminal Alkyne
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As the hydrohalogenation of internal alkynes is more
challenging and had not been reported as a generally applicable
method with copper catalysts, we moved on to internal alkynes
as substrates: when phenylpropyne (11) was subjected to similar
conditions, bromomethyl styrene was obtained as a 64:36
mixture of regioisomers (12/13, Scheme 3). This result

Scheme 3. Copper(I)-Catalyzed Hydrobromination of an
Internal Alkyne
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indicates a lack of regiocontrol of the hydrocupration step.
The regioselectivity of hydrocuprations of internal alkynes can
be facilitated by electronic predisposition using polar sub-
situtents."” Therefore, to control the regioselectivity of the
overall hydrohalogenation for nonsymmetric internal alkynes,
we employed propargl silyl ethers such as 14 as a regiodirecting
element (Table 1).'

Indeed, with S mol % of [IPrCuCl] as catalyst in THF at 0 °C,
alkyne 14 could be hydrobrominated with a high regioselectivity
favoring 15 (15/16 = 91:7, Table 1, entry 1). While a negligible
amount of transfer hydrogenation product 17 (2%) was
detected, excellent E-selectivity for 15 and 16 was observed
(E/Z > 95:5, judged by NMR analysis), indicating an efficient
initial syn hydrocupration step. Raising the temperature to 21 °C
led to increased formation of the transfer hydrogenation product
17, demonstrating that the rate of the protodecupration of the
presumed vinylcopper intermediate becomes competitive
(Table 1, entry 2). On the other hand, lowering the temperature
to —20 °C led to diminished conversion of 14 (67%, Table 1,
entry 3). Importantly, in the absence of the electrophilic
bromine source 9, complete conversion to 17 was observed
(Table 1, entry 4), indicating that, indeed, a trapping of a viable
transfer hydrogenation intermediate takes place in the presence
of 9. Other electrophilic bromine sources such as NBS or CBr,
led to either no formation of 15 or diminished conversion of 14
(Table 1, entries S and 6). The use of sodium tert-butoxide, a
commonly used activator in copper hydride catalysis,”" led to
only 4% conversion of 14 (Table 1, entry 7). Finally, other
copper(I)/NHC complexes such as IMesCuCl and IPr*CuCl**
gave either lower regioselectivity or lower turnover of 14,
respectively (Table 1, entries 8 and 9).”

Table 1. Hydrobromination of Internal Alkynes”

H
Ph S B
5.0 mol % IPrCuCl 15
5.0 equiv NaOH OTBS
2.0 equiv H3N+BH; * Br
2.3 equiv9 H
N /\/OTBS _coveaw? phA/K[
THF,0°C, 3 h 16
14 *H OTBS
Ph/\)\[H
17
OTBS
entry  deviation from standard conditions conv” (%) 15/16/17
1 none 100 (72°) 91:7:2
2 21°C 100 72:9:19
3 —20 °C 67 94:6:<1
4 no9 100 0:0:100
S NBS instead of 9 78 0:0:100
6 CBr, instead of 9 59 88:7:5
7 NaOtBu instead of NaOH 4 100:0:0
8 IMesCuCl instead of IPrCuCl 95 76:7:17
9 IPr*CuCl instead of IPrCuCl 61 85:13:2

“All reactions were carried out on a 0.2 mmol scale. “Determined by
GC and 'H NMR analysis. “Isolated yleld of the corresponding allyl
alcohol after TBS deprotection. “IPr* = 1,3-bis(2,6-bis-
(diphenylmethyl)-4-methylphenyl)imidazo-2-ylidene.

With the optimized conditions in hand, we explored the
substrate scope of the hydrobromination of internal alkynes. A
variety of propargylic silyl ethers 18 could be hydrobrominated
to give vinyl bromides 19 with generally excellent E-stereo-
selectivity (E/Z > 95:5) and good to excellent regioselectivity
throughout (Scheme 4): Unfunctionalized vinyl bromides 19a—
19f including a protected alcohol (no deprotection of TIPS
ether in 19¢ observed) could all be isolated in good to very good
yields. Terpenoid 19e gave similar results in terms of regio- and
stereoselectivity. We employed phenol ethers 19g to 19m as
model compounds to investigate the functional group tolerance
of the present protocol: trifluoromethyl, chloro, and iodo
substituents (in 19i to 19k) as well as functional groups that
might be potentially reduced (ester 191 or nitrile 19m) were
tolerated by the catalytic hydrobromination. The presence of
both an aryl iodide/chloride and a vinyl bromide makes
compounds such as 19j and 19k ideal starting points for
divergent cross-coupling reactions in further elaborations. Also,
the present protocol tolerates leaving groups such as an alkyl
chloride, bromide or a tosylate 19n—p, which are all left
untouched to give the desired vinyl bromides with the usual
good results in terms of yield and regioselectivity.”*
Pregnenolone derivative 19q was obtained with good yield
(78%) and excellent regioselectivity (50:1).”* The formation of
sulfonyl amide 19r displays the possible extension to nitrogen-
based directing groups with equally good results; the
corresponding propargylic thioethers (not shown) did not
undergo hydrobromination. Introduction of additional sub-
stituents in the propargylic position interfered with the catalytic
process: while methyl-substituted 19s was still formed in 58%
yield, lower regioselectivity (19s/20s = 3:1) was observed. The
corresponding sterically more demanding butyl derivative 18t
gave incomplete conversion with loss of regioselectivity (19t/
20t = 1.5:1). These results indicate that through increased steric
demand not only regioselectivity of the hydrocupration step is
compromised, but also the overall reactivity of the propargylic
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Scheme 4. Hydrobromination of Propargylic Ethers: Scope
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substrated is lowered. Both observations underscore that the
electronic predisposition of the alkyne through polarization is
the key for the overall catalytic hydrohalogenation. To display
the applicability of the present hydrobromination protocol, the
synthesis of 19b was carried out on gram scale with similar
results (4 mmol, 76%, 19/20 = 24:1).

It should be noted that while trisubstituted vinyl halides can
be accessed via olefination protocols employing, e.g., phospho-
rus-based compounds, generally, the achievement of high E/Z-
stereoselectivity is challenging.”® The present protocol does not
suffer from this shortcoming, as it hinges on a highly
stereoselective syn hydrocupration step for the construction of
the alkene.

One of the main advantages of the present protocol is that in a
similar way, also hydrochlorinations and hydroiodinations of
internal alkynes 18 (employing NCS or NIS, respectively) can
successfully be effected with similarly good stereoselectivities
(Scheme S). This is in contrast to the hydrobrominations (see
Scheme 4), where NBS was not effective. We speculate that
traces of Br, in NBS suppress successful trapping of the reactive
vinylcopper(I) intermediate. In this manner, vinyl chlorides and
the arguably more synthetically useful vinyl iodides 21 can be
accessed. For these transformations, the transfer hydrogenation
became competitive, leading to somewhat lower yields (32—
52%) (due to tedious separation of the undesired alkene from
the hydrohalogenation products 21). Halogenated allyl silyl
ethers 21a—f could be isolated with excellent stereoselectivity

Scheme 5. Hydrochlorination and -iodination of Propargylic
Ethers
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(E/Z > 95:5) throughout, and with acceptable to good
regioselectivity exceeding 13:1 (21/22). Therefore, the current
approach by trapping the reactive intermediate of alkyne-
transfer hydrogenation offers a convenient hydrohalogenation of
internal alkynes leading to vinyl chlorides, bromides, and iodides
with one common protocol displaying high stereoselectivity.
To demonstrate the applicability of the products of the alkyne
hydrohalogenation protocol, we have further derivatized vinyl
bromide 19b (Scheme 6). Liberating the allyl alcohol 23 with

Scheme 6. Diversification of Brominated Allyl Ether 19b
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TBAF proved feasible. Furthermore, a selective reduction of the
carbon— carbon double bond employing a cobalt-mediated
process”’ to give silyl-protected bromo alcohol 24 could be
carried out. Finally, the use of vinyl bromide 19b in a Kumada
cross-coupling™® successfully delivered styrene derivative 2.

In conclusion, we have developed a catalytic stereoselective
hydrohalogenation of internal alkynes which relies on the
trapping of a transfer hydrogenation intermediate, namely a
vinyl copper complex. As a directing element for regiocontrol,
protected propargylic alcohols and amines are employed. By in
situ addition of halogen electrophiles to the transfer hydro-
genation protocol, the resulting overall hydrohalogenation
process allows for the stereoselective preparation of vinyl
chlorides, bromides, and iodides from internal alkynes. In
particular, the latter two are valuable building blocks for cross-
coupling reactions and can for the first time are made available
from internal alkynes through the copper(I)-catalyzed trans-
formation.
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