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Abstract Copper-catalyzed semihydrogenation of internal alkynes has
been developed. The reaction proceeds under an atmosphere of hydro-
gen (5 atm) at 100 °C in the presence of a readily available [(PPh;)CuCl],
catalyst to give various Z-alkenes stereoselectively.
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Much attention has been paid to develop copper-cata-
lyzed reduction of unsaturated compounds such as carbon-
yls, imines, Michael acceptors, and alkynes due to low cost
and abundance of copper as well as high chemo-, regio-,
and stereoselectivities associated with copper catalysis.!?
Usually, hydrosilanes are employed as a stoichiometric re-
ducing reagent. In contrast, copper-catalyzed reduction us-
ing H, (hydrogenation) is rare, although it is more atom-
efficient than the use of hydrosilanes. Hydrogenation of po-
lar multiple bonds such as aldehydes, ketones, and Michael
acceptors has been relatively well-studied with copper ca-
talysis,> whereas that of nonpolar multiple bonds such as
alkynes is limited. To the best of our knowledge, Cu,0-cata-
lyzed semihydrogenation of terminal alkynes under an at-
mosphere of H, (20 atm) has been the only precedent.*

Table 1 Semihydrogenation of 1a with Various Copper Catalysts

R2
R? cat. [(PPhs)CuClls, LiOt-Bu
/ [(PPhg) la R%H
R H, (5 atm), i-PrOH A
R! = aryl, alkyl 76-99% vield
R2 = aryl, alkyl 797 YIe

>20:1 selectivity

Semihydrogenation of internal alkynes is an efficient
method to prepare Z-alkenes, which are versatile building
blocks in organic synthesis and often found in biologically
active compounds. A variety of heterogeneous catalysts
have been developed for this transformation.’ Especially,
the Lindlar catalyst is a well-established and effective cata-
lyst for semihydrogenation of alkynes.® Nevertheless, it of-
ten suffers from Z/E isomerization, shift of double bonds,
and overhydrogenation to give alkanes. Thus, uptake of H,
must be accurately monitored to control the hydrogenation.
To overcome such difficulties, homogeneous catalysts such
as rhodium, chromium, palladium, ruthenium, vanadium,
and niobium have been developed.” Here, we report that
[(PPh;)CuCl],2 a readily available copper complex, efficient-
ly catalyzes semihydrogenation of internal alkynes to give
Z-alkenes in a highly stereoselective manner under an at-
mosphere of H, (5 atm).

First, we optimized the reaction conditions employing
1-phenyl-1-hexyne (1a) as a model substrate (Table 1). Af-
ter screening a variety of reaction parameters, semihydro-
genation of 1a gave (Z)-1-phenyl-1-hexene [(Z)-2a] selec-
tively in high yield without formation of (E)-1-phenyl-1-
hexene [(E)-2a] and hexylbenzene (3a) under the standard
conditions: [(PPh;)CuCl], (2.0 mol%/Cu), LiOt-Bu (50 mol%),
and i-PrOH (1.0 mmol) in toluene at 100 °C for 3 hours un-
der an atmosphere of H, (5 atm) (Table 1, entry 1).

Bu
/ [(PPha)CuCll, (2.0 mol%/Cu) Bu
Ph™ 42 LiOt-Bu (50 mol%) Ph.__=
(1.0mmol) ; proH (1.0 mmol) (2-2a or (B)-2a
+ toluene, 100 °C, 3 h +
He Ph
o \/\Bu
(5 atm) standard conditions 3a
Entry Variation from the standard conditions Conv. of 1a (%)®  VYield of (2)-2a + (F)-2a + 3a (%)*  Ratio of (2)-2a/(E)-2a/3a (%)°
1 none >99 99 (80)¢ 99:<1:<1
2 runfor12h >99 95 94:2:4
3 CuCl/Ph;P instead of [(PPhs)CuCl], >99 95 99:<1:<1
4 CuCl/P(o-tol); instead of [(PPh;)CuCl], <5 - -
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Table 1 (continued)
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Entry Variation from the standard conditions Conv. of 1a (%)®  VYield of (2)-2a + (F)-2a + 3a (%)*  Ratio of (2)-2a/(E)-2a/3a (%)°
5 CuCl/PCyj; instead of [(PPh;)CuCl], >99 90 54:4:42
6 CuCl instead of [(PPh3)CuCl], <5 - -
7 without [(PPh;)CuCl], <5 - -
8 without LiOt-Bu <5 - -
9 without i-PrOH <5 - -
10 under N, instead of H, <5 - -
1 under H, (1.0 atm) <5 - -
12 Cu,0 instead of [(PPh);CuCl],, LiOt-Bu, and i-PrOH <5 - -

2 Determined by GC analysis with n-tridecane as an internal standard.

b Determined by "H NMR analysis with 1,3,5-trimethoxybenzene as an internal standard.

¢Isolated yield.

Notably, the selectivity is better than that reported us-
ing the Lindlar catalyst {(Z)-2a/[(Z)-2a + (E)-2a + 3a] =
91%}.5¢ Compound (Z)-2a was isolated in 80% yield after
medium-pressure column chromatography on silica gel (Ta-
ble 1, entry 1). Prolonging the reaction time to 12 hours
slightly decreased the selectivity (Table 1, entry 2).
[(PPh;)CuCl], generated in situ from CuCl and Ph;P showed
reactivity comparable to an isolated one (Table 1, entry 3).
CuBr was similarly effective as CuCl. In contrast, other cop-
per(I) salts such as Cul, CuOAc, and CuCN showed activity
far less than CuCl. The effects of phosphine ligands are sum-
marized in entries 4-6 (Table 1). The hydrogenation did not
proceed with tri(o-tolyl)phosphine [P(o-tol);] as a ligand or
without any ligands (Table 1, entries 4 and 6). In the case of
tricyclohexylphosphine (PCys), a considerable amount of 3a
was observed (Table 1, entry 5). When the reactions were
performed in the absence of [(PPh;)CuCl],, LiOt-Bu, or i-PrOH,
no products were obtained (Table 1, entries 7-9). The reac-
tion did not proceed under an N, atmosphere instead of H,
(Table 1, entry 10), indicating that i-PrOH did not act as a
hydride source. Under an atmosphere of H, (1.0 atm), the
products were not formed (Table 1, entry 11). Cu,0, which
was reported to serve as a catalyst for semihydrogenation of
terminal alkynes,* was ineffective under the present reac-
tion conditions (Table 1, entry 12). Even in the presence of
Ph;P, LiOt-Bu, and i-PrOH, Cu,0 was not a good catalyst.

The scope of substrates was investigated under the opti-
mized reaction conditions (Table 2).° In the case of 1-phe-
nyl-1-propyne (1b), (Z)-1-phenyl-1-propene [(Z)-2b] was
obtained in high yield with a small amount of (E)-1-phenyl-
1-propene [(E)-2b] and propylbenzene (3b) (Table 2, entry
1). The reduction of 1-phenyl-2-trimethylsilylacetylene
(1c) did not proceed (Table 2, entry 2). Diphenylacetylene
derivatives 1d-g were efficiently semihydrogenated to give
the corresponding Z-alkenes (Table 2, entries 3-6). Elec-
tron-donating and electron-withdrawing substituents on
the phenyl group did not affect the yields and selectivities

(Table 2, entries 4-6). The catalytic system was also effec-
tive for semihydrogenation of aliphatic alkynes 1h and 1i,
giving the corresponding Z-alkenes (Z)-2h and (Z)-2i selec-
tively (Table 2, entries 7 and 8). On the other hand, ynoate
1j and terminal alkyne 1k were not competent substrates.
The reaction of 1j afforded a complex mixture (Table 2, en-
try 9), whereas 1k was not converted at all under the pres-
ent conditions (Table 2, entry 10). With 5,7-dodecadiyne
(1), (Z)-5-dodecene was obtained selectively (Table 2, entry
11).

A plausible reaction mechanism is depicted in Scheme
1. Copper hydride 5 is generated from heterolytic cleavage
of H, by copper alkoxide 4 (step a).1° According to the litera-
ture, syn addition of 5 across an alkyne gives alkenyl copper
6 in a stereoselective manner (step b).!' Compound 6 is pro-
tonated by alcohol to afford (Z)-2 and regenerate 4 (step
¢).2 To gain insights into the proposed reaction mechanism,
semihydrogenation of 1a was performed using i-PrOD

LCuCl + LiOR
R2 l
R\~
: LCuOR He
H(D)
22 4
stepc step a HOR
H(D)-OR
R2

R1 LCu-H
\‘)\
LC °
u
6
step b
R2

R1

A\

Scheme 1 A plausible reaction mechanism
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Table 2 Semihydrogenation of Various Alkynes 1

R2

=z,

320

[(PPh3)CuCl]4 (2.0 mol%/Cu)
LiOt-Bu (50 mol%)

RZ

1 1
R Hz Rk) * R R pge
1 (5atm)  i-PrOH (1.0 mmol)
(1.0 mmol) toluene, 100 °C, 3 h (2)-2 (B)-2 3
Entry Alkyne Conv. of 1 (%)? Yield of (2)-2 + (F)-2 + 3 (%)° Ratio of (2)-2/(E)-2/3 (%)¢
Me
1 / >99 (78) 96:2:2
Ph
1b
SiMe3
2 / <5 - _
Ph
1c
o
=
R1 [
3d R'=R2=H(1d) >99 91 96:3:1
4 R'=R?=Me (1e) >99 99 98:<1:2
5 R'=R?=F (1) >99 95 98:1:1
6ol R' = C(0)0i-Pr, R”2 = H (1g) >99 52 (95) >99:<1:<1
CsHy1
7 / 99 76 99:<1:<1
> >99:<1:<
CsHy1
1h
8 /ﬁ\ c >99 (93) >99:<1:<1
Et
Ti
(0]
9 /J\OMe >99 complex mixture -
CeH13
1j
H
=
10 <5 - -
CeH13
1k
ZZ
11f & >99 (78)g -
Bu
1l

2 Determined by GC analysis with n-tridecane as an internal standard.
b Isolated yield. Yields determined by "H NMR analysis with 1,3,5-trimethoxybenzene as an internal standard are given in parentheses.

¢ Determined by "H NMR analysis of a crude product.

9 Run at 60 °C for 3 h.
€ Run at 80 °C for 3 h.
fRunin 0.30 mmol scale.
9 (2)-5-Dodecene was obtained selectively.
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(Scheme 2). Monodeuterated alkene (Z)-2a-d; was obtained
regioselectively albeit with low deuterium incorporation.
This result supports that i-PrOH serves as a source of hydro-
gen and that the addition of copper hydride 5 across 1a
(step b) proceeds regioselectively. Reversibility of step a
should be responsible for contamination of i-PrOH under
the reaction conditions of Scheme 2 and thus the observed
low deuterium content in (Z)-2a-d,.!3

Bu
/ [(PPhg)CuCl, (2.0 mol%/Cu) U
Ph™ La LiOt-Bu (50 mol%) D(H) (<5% D)
(1.0 mmol) i-PrOD (1.0 mmol) D(H) (21% D)
+ toluene, 100 °C, 3 h (2-2a-d;
Ha 96% by NMR
(5 atm)
Scheme 2

In conclusion, we have established the copper-catalyzed
semihydrogenation of internal alkynes. The present trans-
formation is catalyzed by a readily available copper com-
plex under an atmosphere of H, (5 atm), giving Z-alkenes in
high yields and selectivities. This simple catalytic system
employing inexpensive metal catalyst can be an alternative
to known protocols using a noble-metal catalyst such as the
Lindlar catalyst.
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Representative data:
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