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ABSTRACT

R2
A ¥ RSH + RIOH ——2L 5 R\~
+ iH +
R1/ ° 25-45°C H

1= -R2= H
R' = alkyl, Ar, H; R*= alkyl, Ar

no over-reduction or isomerization (30 examples)

A highly efficient semireduction of alkynes has been developed. Using 0.5—2 mol % of a copper catalyst, semireduction can be accomplished with
a wide range of substrates, including both internal and terminal alkynes without over-reduction. The new method has excellent chemoselectivity,
and the semireduction can be accomplished even in the presence of nitro and aryl iodo groups. Finally, commercial availability of a catalyst

precursor adds to the appeal of the new catalytic system.

One of the most important transformations of alkynes is
their semireduction to alkenes, a transformation usually
accomplished using Lindlar' or P2 nickel® catalysts. How-
ever, both catalysts have significant limitations. P2 nickel is
not selective in reductions of terminal alkynes and has to be
prepared fresh before each reaction.”® Lindlar catalyst
induces E—Z isomerization and further reduction of the
alkene products, thus, strict monitoring of the reaction
progress is necessary.> Over-reduction is even more pro-
nounced with terminal alkynes and alkynes that adsorb
well to the catalyst surface, such as arylacetylenes, and
alkynes containing polar functional groups.*®* Finally, the
notorious batch variability further complicates the use of
the Lindlar catalyst.*®

To address these problems, numerous attempts have
been made to control the reactivity of solid-state catalysts
by modifications of the catalyst surface.” Although sig-
nificant progress has been made in the reduction of
arylacetylenes with this approach,” " few reports also
describe selective reduction of terminal alkynes,’®* which
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is still a major challenge.”™° Similarly, few catalysts have
been used for the reduction of alkynes in the presence of
nitro or aryl iodo groups.’®

Considerable effort has also been devoted to the devel-
opment of molecular catalysts of rhodium.® chromium,’
palladium,‘””8 vanadium,” and other metals.'° Although
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most homogeneous catalysts developed so far are inferior
to Lindlar, some show remarkable selectivity such as those
developed by Trost®® and Shibaskaki.” Unfortunately, low
yields of the alkene®® or high temperature and hydrogen
pressure’ make these catalysts impractical. The most sig-
nificant progress has been achieved using palladium®®**
and copper'® complexes in the semireduction of aryl- and
diarylacetylenes.

Overall, while significant progress has been made in
developing both homogeneous and heterogeneous cata-
lysts for the semireduction of alkynes, none offer a prac-
tical alternative to Lindlar catalyst in terms of substrate
scope, selectivity, and the ease of use. As a result, and
despite the associated problems, Lindlar catalyst remains
the reagent of choice for the semireduction of most alkynes.

Our approach to the development of a selective catalyst
for semireduction of alkynes was inspired Sadighi’s report
describing transmetalation of copper alkoxide with silane,
followed by hydrocupration of an alkyne.'" Prompted
by these stoichiometric reactions, we decided to explore
an alkyne semireduction strategy using hydrometalation
followed by protonation of the resulting alkenyl copper.

The most appealing aspect of this approach is that it is
fundamentally different from the standard delivery of
hydrogen through alkyne insertion then reductive elimina-
tion. Furthermore, hydrocupration has barely been ex-
plored in the context of the semireduction of alkynes.
Stryker has reported a stoichiometric reduction of alkynes
using 0.5 equiv of ((PPh;)CuH)s and water.'> However,
over-reduction was a significant problem, while derivatives
of propargylic alcohols primarily gave allene products.
Recently, the first report of a catalytic semireduction of
alkynes involving copper hydride was reported."® Tsuji
showed that a bisphosphine copper complex can be used as
a catalyst in a selective semireduction of activated aryl and
diaryl acetylenes. Unfortunately, this catalyst was ineffec-
tive in reductions of less reactive simple alkynes. For the six
simple substrates examined, three catalysts and four sets of
conditions were used, reflecting the difficulties associated
with the development of a general catalytic system.

In this paper, we present the development of a copper
catalyst that can serve as a practical alternative to Lindlar
and P2 nickel catalysts in semireduction of both terminal
and internal alkynes.

In initial experiments, we focused on the reduction of
terminal alkynes and decided to explore the reduction of 1
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using conditions similar to the stoichiometric reactions
by Sadighi.!' Unfortunately, we observed only 12% of
the desired alkene product 3. Through a combination of
stoichiometric and competition experiments, we identified
three side reactions responsible for the low yield of the
catalytic reaction (Scheme 1). The major problem was the
formation of catalytically inactive copper acetylide 4 by
deprotonation of the alkyne, by the copper alkoxide 2, or
by the alkenyl copper complex 5. Another obstacle was the
protonation of the copper hydride by i-PrOH. Although
the copper isopropoxide 7 formed in this reaction is cataly-
tically active, this side reaction consumes both the silane and
the alcohol.

Scheme 1. Catalytic Reduction of Alkynes and Side Reactions

(EtO)sSiH, i-PrOH
2a ICyCuOt-Bu (10 mol %) Z o
Bno/\/\\ —_—————— g0 N (
1 N toluene, 25 °C, 24 h 3 12% yield
CeDe
IPrCuOt-Bu + R ————» IPCu R + tBuOH (2)
2b 25°C,1h 4, >95% yield
AN = —2 ey R+ A g O
IPrCu R=%<1n f Z R
5 ' 4,27% yield
CeDe
ICyCuH + i-PrOH - ICyCuOi-Pr  + Hy %)
6 25°C,1h 7, >95% yield
ICy R = cyclohexyl -
R = BNOCH,CH,CH _N_ _N<
itk IPrR" = 2,6-(-Pr)Ph RTINS TR

Through optimization of several components of the
catalytic system we were able to suppress all three side
reactions. The formation of hydrogen could be suppressed
by the use of sterically demanding NHC ligands. For example,
in stoichiometric reactions with silane, alcohol, and alkyne,
the use an ICyCuO-#-Bu complex resulted in silane con-
sumption by the formation of hydrogen gas (Scheme 2, eq 5),
while a complex supported by a sterically demanding IPr
ligand suppressed hydrogen formation, and produced
alkene as the major product (Scheme 2, eq 6). As shown
in eqs 7 and 8 (Scheme 2), the choice of silane had a
significant effect on the formation of the copper acetylide.
With highly reactive PMHS (polymethylhydrosiloxane)
the copper alkoxide is engaged in a fast transmetalation,
and deprotonation of the alkyne is completely suppressed.

The results of the experiments shown in Scheme 2 guided
our optimization of the catalyst and the silane and allowed
us to achieve the complete conversion in the catalytic
semireduction of alkyne 8 (Table 1, entries 1—6). Increas-
ing the amount of +-BuOH to 10 equivalents resulted in an
increase in the rate of the reduction (entry 7), but for the
complete conversion, 2 mol % of the catalyst was still
necessary. We suspected that the side reaction shown in
eq 3, although slow, was responsible for removing the
active catalyst from the reaction mixture. Indeed, we found
that in the presence of a stronger acid (i-BuOH) that
increases the rate of protonation of alkenyl copper intermedi-
ate, 0.5 mol % of the catalyst was sufficient for the complete
reduction of the alkyne in less than 1 h (Table 1, entry 8).
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Scheme 2. Optimization of the Catalytic System

ICyCuOt-Bu (100 mol %)

R t-BuOH (2 equiv)

+ (EtO)sSiH A\ + (Et0);SiOt-Bu + Hy (5)
\ CeDs, 25°C, 2 h RN ¢ 2

1 equiv 4% yield >95% yield
IPrCuOt-Bu (100 mol %)
t-BuOH (2 equiv)

A + (EtO);Siot-Bu (6)
CeDs, 25 °C, 2 h RTON °

R\% + (EtO)sSiH

1 equiv >95% yield >95% yield
EtsSiH
IPICUOtBY + =—R' ———> IPiCu R'+ tBUOH (7)
1 equiv tequv  CePe25°C 4, 94% yield
PMHS
IPICUOtBY + =—R ——— o0 AR + tBUOSR, (8)

CeDe, 25 °C

1 equiv 1equiv 5, >95% yield

R = PhOCH,CH,CHy; R'= BnOCH,CH,CH,; PMHS = polymethylhydrosiloxane

Table 1. Reaction Optimization

catalyst time yield®
entry® L (mol %) silane ROH (h) (%)
1 ICy 2.0 (EtO)sSi  ¢t-BuOH 8 19
2 IMes 2.0 (EtO)sSi  ¢t-BuOH 8 69
3 SiPr 2.0 (EtO)sSi  ¢t-BuOH 8 61
4 i-Pr 2.0 (EtO)sSi  ¢-BuOH 8 90
5 i-Pr 2.0 Et3Si t-BuOH 8 <5
6 i-Pr 2.0 PMHS ¢-BuOH 8 >98
7¢ i-Pr 2.0 PMHS ¢-BuOH 1 >98
8° i-Pr 0.5 PMHS ¢-BuOH 1 65
9? i-Pr 0.5 PMHS {-BuOH 1 >98

“ROH (2.0 equiv), R3SiH (2.0 equiv), 25 °C, toluene. * Determined
by GC. 10 equiv of -BuOH used. “i-BuOH (1.2 equiv), PMHS
(1.2 equiv), 25 °C, toluene.

Optimal results are obtained using just 0.5 mol % of the
catalyst and a slight excess (1.2 equiv)'* of PMHS and
isobutyl alcohol, which facilitates product isolation. It is
worth noting that PMHS is readily available, air stable,
cost-effective, and nontoxic and has a minimal environ-
mental impact."> Under optimized reaction conditions,
selective semireduction of a wide range of terminal alkynes
is accomplished within one hour at room temperature
(Scheme 3). The semireduction can be achieved in the
presence of nitroarenes, aryl halides, esters, sulfonates,
carbamates, imides, alcohols, and ethers.

Although very similar conditions have been used for the
reduction of ketones,'® they are also well tolerated in this
reaction (14). Terminal alkynes are selectively reduced in
the presence of both strained alkenes and internal alkynes
(15 and 17). These two transformations are particularly
difficult to accomplish using the currently available
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Scheme 3. Catalytic Semireduction of Terminal Alkynes®
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“Reactions were performed on 1 mmol scale. Yields of isolated
products are reported, unless otherwise noted. ® Determined by GC
analysis. “ IPrCuO7Bu (2 mol %). ¢ From 5-phenoxy-pent-3-ene-1-yne.

reagents. A propargylic alcohol and a variety of its
derivatives, were reduced to the corresponding allylic
derivatives (18—21) without any overreduction, a common
problem with most catalysts.*>**™% The formation
of the corresponding allene product was not observed
either, although similar conditions have been used in
transformations of propargylic carbonates to allenes.'’
Finally, terminal 1,3-enynes are selectively reduced to
1,3-dienes (22). Overall, the remarkable chemoselectivity
of our catalytic system is complementary to the chemos-
electivity of catalysts currently used for the semireduction
of alkynes. It is important to note that we did not observe
the formation of alkane products in any of the reactions
shown in Scheme 3. Even with prolonged exposure of
I-phenyl-1-butene to the standard reaction conditions no
over-reduction occurred (eq 9).

IPrCuOt-Bu (2 mol %)
Bn PMHS, i-BuOH

Bn ~ X alkane not
9)
toluene, 25 °C, 24 h "X detected by GC

>99%

We also found that by using a closely related set of
reaction conditions we could accomplish a stereoselective
semireduction of internal alkynes. The major difference is
that --BuOH was the preferred proton source and that the
reduction had to be performed at the slightly elevated
temperature (45 °C). Under the optimal conditions inter-
nal alkynes could be reduced in the presence of benzyl
ethers, nitro arenes, nitriles, aryl bromides, alkyl chlorides,
imides, esters, alkenes, and alcohols (Scheme 4). Again, the
derivatives of propargylic alcohols could be reduced to

(17) Deutsch, C.; Lipshutz, B. H.; Krause, N. Org. Lett. 2009, 11,
5010.



allylic alcohol derivatives. With all substrates, we observed
the exclusive formation of the Z alkene, and we did not
observe further reduction of the alkene products. It is
important to note that at elevated temperatures aryl
acetylenes are the only substrates with which we observed
the formation of the alkane product. However, at 25 °C the
Z alkene was the only product observed.

Scheme 4. Catalytic Semireduction of Internal Alkynes”

1
/R v b+ Pups  IPrCUOHBu20moI%) R/\

R 2.5 equiv 2.0 equiv toluene, 45 °C, 8 h R

n-Bu Et

o S
oy o

29 90%
X=CN  2691%

NO, 2787% O/\/\
Br  2892%

30 95% n-Bu
OR n-Bu Me
HO
Ph F OH i-Pr  n-Bu
Me
R= Bn 3192% G A NBoc,
TIPS 3292%

MOM 3387% iPr 34 94% 3581%

/\)o]\ Me Ph
Ph o/\/\ Ph \) Ph \)
36 85%" n-Bu 37 98%°%9 38 98%°¢

“Reactions were performed on a 1 mmol scale. Yields of isolated
products are reported, unless otherwise stated. * -BuOH (3.5 equiv),
PMHS (3 eguiv), o, B-unsaturated aster also reduced in the process.
“GC yield. “Reaction performed at 25 °C.

To demonstrate the synthetic utility of the new method,
we have performed gram-scale reactions using commer-
cially available and air stable IPrCuCl as a catalyst pre-
cursor. As shown in eqs 10 and 11, both terminal and
internal alkynes can be reduced to the corresponding
alkenes using this procedure.

IPrCuCl (1 mol %)

NaOt-Bu (1 mol %)

phow (10)

Pho/\/\

PMHS, i-BuOH

toluene, 25 °C, 2 h 1.29, 90% yield

IPrCuCl (4 mol %) n-B

NaOt-Bu (4 mol %) u
n-Bu—=—n-Bu n-Bu an

PMHS, t-BuOH

toluene, 45 °C, 8 h 1.0 g, 87% yield

We propose that the mechanism of the semireduction
involves copper hydride formation, hydrocupration of the
alkyne, then protonation of the alkenyl copper intermedi-
ate by the alcohol to form the copper alkoxide and
the desired product (Scheme 5). Stoichiometric reactions
performed by Sadighi,'! Tsuji,'* and us'® support each of
these elementary steps. We have also shown that any of the
three proposed intermediates can be used as catalysts in the
reaction. Furthermore, a deuterium labeling experiment
resulted in high deuterium incorporation (>97%) and
regioselectivity (Scheme 5, eq 12). This observation
contrasts lower deuterium incorporation observed in

(18) See the Supporting Information for details.
(19) Lipshutz, B. H.; Servesko, J. M.; Taft, B. R. J. Am. Chem. Soc.
2004, 126, 8352.

D

experiments by Tsuji'® and Lipshutz'® and suggests that
there is no exchange between copper hydride and +~-BuOH.

LCu—OR! R3Si—H

Scheme 5. Proposed Mechanism
R3
RZ
\%\H
H
R3Si—OR!
R'OH
LCu—H

R3
CuL

IPrCuOt-Bu (0.5 mol %)
PMHS (1.2 equiv)

Pho/\/\ _—
N % {-BuOD (1.2 equiv)

CeDg, 25 °C, 8 h

pro” NN (12

97% D-incorporation
Single Isomer

We have also explored the difference in the reactivity of
terminal and internal alkynes. In a reduction of terminal
alkyne 8 performed in the presence of 10 mol % of IPrCuO-¢-
Bu and -BuOH monitored by in situ "H NMR, only alkenyl
copper was observed throughout the course of the reaction,'®
indicating an alkenyl copper catalyst resting state. In a similar
experiment performed with 6-dodecyne, we only observed
copper hydride as the catalyst resting state.'®

Overall, the difference in the rate of hydrocupration of
terminal and internal alkynes allows us to understand the
use of two different alcohols. With terminal alkynes, a less
acidic proton source results in rate-limiting protonation of
the alkenyl copper intermediate and can lead to the catalyst
deactivation according to eq 3 (Scheme 1). In reactions
of internal alkynes, hydrocupration is rate-limiting, and
faster protonation of the alkenyl copper intermediate is
unimportant. Instead, protonation of the copper hydride
intermediate is a major concern, and the less acidic --BuOH
is the optimal proton source.

In conclusion, we have developed a highly efficient cata-
lytic method for the selective semireduction of alkynes.
Essential for the reaction development was an understand-
ing of the mechanism and the competing processes. The
new method can be used with a wide range of substrates,
including both internal and terminal alkynes. Further-
more, the new method has exellent chemoselectivity,
complementary to Lindlar and P2 nickel catalysts.
Finally, practical reaction conditions (25 or 45 °C, low catalyst
loading, monophasic mixture), together with the commercial
availability of a catalyst precursor add to the systems appeal.
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