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Summary: The iridium complex generated in situ from
[Ir(cod)Cl], and a phosphine ligand catalyzed the dimer-
ization of terminal alkynes to give (E)-enyne, (Z2)-enyne,
or 1,2,3-butatriene derivatives in the presence of triethy-
lamine. The triarylphosphine complex selectively yielded
linear (E)-enynes for silylethynes, while the tripropy-
Iphosphine complex provided linear (Z)-enynes for sily-
lalkynes or 1,2,3-butatrienes for tert-alkylethynes.

A great deal of attention has been focused on the
transition-metal-catalyzed dimerization of terminal
alkynes as an efficient method for the synthesis of
unsaturated four-carbon compounds, which are versatile
intermediates for further organic transformation.! The
palladium complexes dimerize terminal alkynes to
branched enynes,? while rhodium,? iridium,* and ru-
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thenium® catalysts provide linear (E)- or (Z)-enynes or
a mixture of the two in most cases. On the other hand,
the formation of 1,2,3-butatrienes has been reported in
the ruthenium-catalyzed reaction of terminal alkynes.59:6
Although the regio- and stereoselectivities, including
their mechanistic aspects, have been extensively studied
for individual transition metals and alkynes, the factors
influencing different dimeric product formations have
not been clearly understood. We wish to report herein
the regio- and stereoselectivity and the scope and
limitations in the iridium-catalyzed dimerization of
terminal alkynes (Scheme 1). The reaction was greatly
accelerated in the presence of a base such as triethyl-
amine, and the products and their stereoselectivity were
highly dependent on the alkynes and the phosphine
ligand on the iridium catalyst. One of the three possible
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Scheme 1. Dimerization of Terminal Alkynes
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Table 1. Effect of Ligand and Base on
Dimerization of 2 (R = Me,PhSi)2

isomeric ratio®

base

entry ligand (amt, equiv) time/h yield/%° (E)-3 (Z)-3 5
1 PPh3 none 36 26 75 25 0
2 PPh3 Et;N (0.03) 4 92 96 4 0
3 PPh3 Et;N (1.0) 4 93 96 4 0
4 PPh3 EtsN (5.0) 4 93 96 4 0
5 PPh3 pyridine (5.0) 4 23 96 4 0
6 PMePh, EtsN (5.0) 4 71 95 5 0
7 PMezPh  EtsN (5.0) 4 23 87 12 1
8 PMes EtsN (5.0) 26 18 51 49 0
9 PEt; Et;N (5.0) 26 45 20 78 2
10 PPr3 EtsN (5.0) 26 75 2 9% 2
11  PBus EtsN (5.0) 26 51 16 84 0
12 P(i-Pr); EtsN (5.0) 26 trace
13  PCys Et;N (5.0) 26 trace

a A mixture of [Ir(cod)Cl]. (1; 0.015 mmol), a phosphine ligand
(0.06 mmol), and (dimethylphenylsilyl)ethyne (1 mmol) in cyclo-
hexane (5 mL) was stirred at 50 °C in the presence or absence of
a base. P Isolated yields by chromatography over silica gel. ¢ De-
termined by 'H NMR.

isomers ((E)-3, (2)-3, or 5) was selectively synthesized
by choosing an appropriate phosphine ligand and an
alkyne, though formation of 4 was not observed under
any reaction conditions.

The effects of a phosphine ligand and a base on the
dimerization of Me,PhSiC=CH are summarized in
Table 1. The reaction suffered from low yields and low
stereoselectivity (entry 1), but the presence of a catalytic
amount or large excess of EtsN greatly improved the
yields and the E selectivity (E:Z = 96:4); the reaction
was complete within 4 h at 50 °C (entries 2—4). Diiso-
propylethylamine and diethylamine gave similarlygood
results, but less basic pyridine and cyclohexyl-
amine were not effective (entry 5). The reaction was fast
in cyclohexane and toluene but very slow in THF and
acetonitrile.

The catalyst exhibited a pronounced effect of the
ligand, preferring a less basic triarylphosphine for
yielding (E)-3 (entries 4, 6, and 7). Although the reaction
significantly slowed with donating trialkylphosphines,
these ligands predominantly produced (Z)-3, in im-
proved yields and Z selectivity with an increase in the
carbon numbers of the phosphine ligand (entries 8—10).
Finally, the best Z selectivity exceeding 96% was
achieved by the tripropylphosphine complex (entry 10),
whereas bulky trialkylphosphines such as triisopropyl-
phosphine, which have been recommended for the
ruthenium-catalyzed dimerization,%¢6 resulted in low
yields or low selectivity (entries 11—13).

The dimerization of the representative alkynes cata-
lyzed by the [lIr(cod)Cl]2/4PPhs or [lIr(cod)CI]./4PPr3
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Table 2. Dimerization of 22

isomeric ratio®

entry Rin2 ligand time/h yield/%® (E)-3 (2)-3 5

1 Ph,MeSi PPhs 4 95 98 2 0

2 Ph,MeSi PPr3 20 62 11 89 0

3 MesSi PPh3 6 83 94 6 0

4 MesSi PPr3 24 70 8 91 1

5d iPrsSi PPhs 12 50 86 14 0

6d iPrsSi PPr3 60 70 14 86 0

7d 2-MeCsHa PPhs 9 55 81 19 0

8d 2-MeCgHa PPrs 24 78 13 87 0

9d 4-MeCgHa PPhs 6 19 66 34 0

109 4-MeCgH4 PPrs 24 67 24 76 0

119 tCyHy PPhs 18 36 94 4 2

12 C4Hg PPr3 18 74 0 7 93¢
139 MesPhC PPh3 36 53 85 10

14 Me,PhC PPr3 24 83 0 16 84f
159 Mey(TBSO)C PPhs 36 23 81 16 3

16  MeTBSO)C PPr; 36 71 0o 22 78
17d CeHa1s PPhs 36 <10

a A mixture of [Ir(cod)Cl]; (1; 0.015 mmol), a phosphine ligand
(0.06 mmol), 2 (1 mmol), EtsN (5 mmol), and cyclohexane (3 mL)
was stirred at 50 °C, unless otherwise noted. P Isolated yields by
chromatography over silica gel. ¢ Determined by *H NMR. 9 Reac-
tions were conducted at 80 °C in a sealed tube. ¢ Reaction gave
(2)-5. f The stereochemistry was not determined.

Scheme 2. Catalytic Cycle
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complex are summarized in Table 2.7 Silylacetylenes
such as Ph,MeSiCCH and Me3SiCCH selectively yielded
(E)-3 with the PPhz complex and (Z)-3 with the PPr3
complex (entries 1—4). Both ligands revealed similar

(7) Typical procedure: A mixture of [Ir(cod)Cl], (0.015 mmol), a
phosphine ligand (0.06 mmol), an alkyne (1 mmol), and EtzN (5 mmol)
in cyclohexane (3 mL) was stirred at 50 °C under Ar. Evaporation of
volatile materials followed by chromatography over silica gel afforded
the product.
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stereoselectivity for 'Pr3SiCCH, 2-MeC¢H,CCH, and
4-MeCgH4CCH, though these reactions resulted in low
yields and low selectivity due to the slow reaction, even
at 80 °C (entries 5—10).

In contrast to the ligand-controlled reaction shown in
entries 1-10, tert-alkylacetylenes exclusively produced
1,2,3-butatrienes 5 with the PPrz complex,® whereas the
PPhs complex did not change the selectivity, giving
(E)-3. (entries 11—16). The formation of 5 can be exclu-
sive in bulky and presumably electron-rich alkynes,
since they were in negligibly small amounts in sily-
lacetylenes and arylacetylenes. On the other hand, all
attempts at the dimerization of alkylacetylenes having
propargylic hydrogens were unsuccessful (entry 17),
whereas the Z-selective dimerization of 1-hexyne
with a cationic iridium complex has been reported by
Crabtree.*

A plausible mechanism involving two catalytic cycles
(paths a and b) is shown in Scheme 2. Although the
related dimerization reactions have been carried out
under neutral conditions,?~% the phosphine ligand and
the presence of a base were significant for achieving
both product selectivity and fast reaction rate. The
oxidative addition of the alkyne C—H bond to a low-
valent transition metal yields an RCC—M—H (M = Rh,
Ir, Ru, Pd) complex, which leads to vinyl—metal species

(8) tert-Butylacetylene gave (Z)-1,4-di-tert-butylbutatriene (Table 2,
entry 12). 'H NMR (400 MHz, CDClg): 9 5.52 (s, 2H), 1.13 (s, 18H).
13C NMR (100 MHz, CDCl3): 6 159.5, 118.5, 35.1, 29.8. The stereo-
chemistry was assigned by comparison of H NMR spectra of the
corresponding E and Z isomers obtained by the catalytic dimerization
of tert-butylacetylene with RuH,(CO)(PPhj3);.%2 See also: Tigchelaar,
M.; Kleijn, H.; Elsevier, C. J.; Meijer, J.; Vermeer, P. Tetrahedron Lett.
1981, 22, 2237.
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through insertion of a coordinated alkyne into the M—H
bond or the M—C bond, depending on the phosphine
ligand on the metal catalyst. However, the addition of
terminal alkyne 2 to the IrCl complex in the presence
of Ets3N may afford the alkynyl—iridium(l) complex 7,
as an active species for dimerization.® The phosphine
ligand then controls the product selectivity either by
leading to the insertion process (8 — 9, path a) or by
leading to the oxidative addition of a coordinated alkyne
(8 — 10, path b). The “path a” giving (E)-3 is predomi-
nant when using the PPhz complex,® whereas the high
electron-donating property of trialkylphosphines such
as PrzP favors the oxidative addition of the terminal
C—H bond (path b)%1° rather than the insertion process.
The formation of (Z)-3 through the alkynyl vinylidene
complex 11 and the specific formation of (Z2)-5 in tert-
butylacetylene from the same intermediate has been
amply demonstrated by Werner® and Wakatsuki®? in
the rhodium and ruthenium complexes.

Supporting Information Available: Text giving details
of the synthesis of all compounds reported in this paper. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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