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Stereoselective Hydrosilylation of Terminal Alkynes Catalyzed by
[Cp*IrCl 2]2: A Computational and Experimental Study
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The hydrosilylation of terminal alkynes is catalyzed by [Cp*ligio afford selectively thes-(2)-
vinylsilanes in high yields. A catalytic cycle based on an Ir(HI)(V) redox process is proposed.
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Introduction

RSH + R

Transition metal-catalyzed hydrosilylation of alkynes remains
an area of intense research interest, as it provides a simple and
direct means of producing vinylsilanes, which are widely used RS . H>=<H . N SR
intermediates in organic synthesi#ith terminal alkynes, there R R SiR R>_<H
are three possible products (Schemé 1). 5 : £

The thermodynamically more stabje-(E) vinylsilane is ) ¢ ) - o .
usually formed as the major product in most of the transition discovered that [Cp*IrGly, 1, is a very efficient catalyst for
metal-catalyzed reactions. The most active and widely usedthe hydrosilylation of terminal alkynes. We thought that

catalysts for the selective formation 8f(E) vinylsilanes are
platinum-based The selective formation of the-(2) vinylsilane

investigations into the catalytic efficiency of the iridium
analogue may be useful for mechanistic studies. Furthermore,

is regarded as much more challenging, and it has considerabidhere is also the possibility of different or improved efficiency

utility to synthetic organic chemist/Rhodium catalysts have
been reported for the selective formation of bdih and
Z-vinylsilanes>® High selectivity for3-(2)-vinylsilanes has also
been reported with ruthenidm and iridium catalysts.

One of the most interesting catalysts is [Cp*R}j&l 1a,
which was reported to afford very high stereoselectivity for the
B-(2) vinylsilanes in the hydrosilylation of phenyl acetylehe,
as it is fairly easily obtainable. In the course of our investigations
into the chemistry of organoiridium complexes, we have
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on replacement of Rh with Ir, as exemplified by the Cativa
versus the Monsanto proces8éale report our findings here,
together with the mechanistic studies that we have carried out.

Results and Discussion

The catalytic efficiency ol for the hydrosilylation of terminal
alkynes is shown in Table 1. Catalystexhibits remarkably
high 5-(2)-selectivity under mild reaction conditions; neitter
nor 3-(E) isomers were observed. This result was quite similar
to that reported fola, although we did not observe any activity
for the reaction of ESiH with Me;SiCCH or that between the
silane (EtO)SiH and the alkynes PhCCH eBuCCH. Although
a trace of the other isomers was also reported in the hydrosi-
lylation of phenyl acetylene witlia, we have found that this
was due to subsequent isomerization of the initial product. Thus
we have found that for short reaction times((5 h) the initial
product of the reaction between PhCCH angbiH is theS-(2)
vinylsilane, but over 2 h a mixture of thes-(2) and -(E)
isomers (12% and 71%, respectively) together withoth&omer
(<1%) was obtained. If the reaction was carried out af@0
the main product was the-(E) isomer (99%), with a trace of
the other two isomers. This isomerization was not observed in
all cases however; for instance, even at °@€D the reaction
between CyCCH and E3iH afforded only the corresponding
B-(2) vinylsilane after 2.5 h.
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Table 1. Hydrosilylation of Terminal Alkynes
Catalyzed by 1

SiR;
1 (1 mol%)
- H+ . —
R — R;SiH —>D CE.RT. .
0.5h 2
S/no. alkyne silane yield & (%)  isomerizatiof
1 Ph-C=C—H HSIE 96 (92) y
2 Cy-C=C-H  HSiEt 93 (91) n
3 "Bu—C=C—-H HSiEt 92 (89) y
4 ‘Bu—C=C—H HSIE 13 (11) y
5¢ Ph—C=C-H HSIiPh 97 (94) n
66 Cy-C=C-H HSiPh 97 (93) n
7 "Bu—C=C-H HSiPh 91 (89) n

aDetermined by NMR; isolated yields in parenthesea. mixture of
isomers was formed on prolonged standih§omparable yields were
obtained with 1:2 alkyne:silane ratio.
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We have also sought to investigate the mechanism for the
reaction. Direct monitoring of the reaction biH NMR

R/

Sridevi et al.

Scheme 3
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The equilibrium between and its solvent-stabilized mono-
meric species has been suggested by earlier wotkéitthough
not shown in Scheme 3, the dimer to monomer reaction from
[CpIrCl,]; to CplIrCh has a largeAG® (118 kJ mot?), consistent
with an equilibrium that normally lies toward the dimeric
species.

The first step of the catalytic cycle probably involves metal
insertion into the S+H bond; we have found no apparent
reaction betweed and PhCCH under scrupulously dry condi-
tions, whilel reacted with an equimolar amount of §3fH to
afford the Ir(V) species [Cp*Ir(Cl)(HXSiPh)], 3; this com-
pound and its Siktanalogue have been reported previodiy?
Compound3 is related to the catalytic intermediate [Cp*Ir(&l)
(H)(SiPhy)], B; addition of an alkyne td3 (formed in situ)

spectroscopy was futile; the only observable resonances wWergqqanerated together with the formation . The conversion

those assignable to the reactants and the final vinylsilane
product. We have thus resorted to studying the catalytic cycle

of an analogue oB into an analogue 08 has recently been
reportedt'¢so3 is probably the observable form Bf We have

indirectly and by computational means. The proposed mecha-yjeq out3 being the intermediat, as formation o8 requires

nism is shown in Scheme 2, and our computational results, with
the computed reaction free energies given in kJ Thohre

elimination of one of the chloride ligands, bliis recoverable
after the reaction.

summarized in Scheme 3. The computational study was carried \what is more uncertain is how the alkyne is involved in the

out at the MoellerPlesset MP2 level of theory together with
the LANL2DZ basis set. This level of theory has been shown
to be of utility in studies of catalysis by organometallic
systemsg? To minimize computation time, we have chosen a
model system that comprised Cpls@ls the catalytically active
species, with MgSiH and MeCCH as the reacting silane and
alkyne, respectively. All except one step are associated with
negative free energy changes.

(10) (a) Martin, M.; Sola, E.; Tejero, S.; Andres, J. L.; Oro, LGhem--
Eur. J. 2006 12, 4043. (b) Chung, L. W.; Wu, Y.-DJ. Theor. Comput.
Chem.2005 4, 737. (c) Krompiec, S.; Pigulla, M.; Krompiec, M.; Mar-
ciniec, B.; Chadyniak, DJ. Mol. Catal. A2005 237, 17. (d) Branchadell,
V.; Crevisy, C.; Gree, RChem—Eur. J. 2004 10, 5795. (e) Sakaki,
S.; Takayama, T.; Sumimoto, M.; Sugimoto, M.Am. Chem. So2004
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4111.

subsequent step (froB to D). The possibility that HCI
elimination occurred prior to binding of the alkyne to the metal
center was ruled out since carrying out the reaction in the
presence of BD did not lead to any incorporation of deuterium

in the product; the eliminated HCI would have to be reincor-
porated in subsequent steps of the cycle. That there is no HCI
elimination is further corroborated by the observation that the
reaction was unaffected by the presence of [PPN]CI (5 equiv

with respect tol). It has been suggested that for the rhodium
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analogué the reaction involved the formation of a vinylidene,
i.e., a R=C=C species, in accord with that proposed for a
related iridium specie¥®. However, we deem this unlikely, as
we have found that the reaction of PhCCD withSH afforded
PhCH=CDSIiEg only, indicating that there was reC—H bond
cleavage. The reaction of PhCCH withs&iD afforded only
PhCD=CHSIES, indicating clearly the source of the benzylic
hydrogen as the silane. We would therefore like to propose an
intermediate such as C, involving ring slippage of the Cp*.
Although relatively uncommon, ring slippage of the Cp* has
been proposed previoust§This is also the most endoergic step;
the positive free energy computed for this step is consistent with
ring slippage.

The path fromC to D is critical, as it accounts for the
stereochemistry of the final product. It has been suggested for
a related iridium system that the initial product is the isomer of
D in which the R and SiR groups aretrans which then
isomerized to theis isomeréc However, in our case, we have
found by modeling that it is not possible to form a statoéns
isomer forD. Instead, we believe th& leads directly to the
proposedcis isomer. This proposal is essentially the same as J
that of Trost for the ruthenium system [Cp*Ru(NCgH™ 14 J
and is in better agreement than the alternative involving an Figure 1. Structure of the computed transition state @to D,

isomerization step (see abové)n his computational study/ with selected bond lengths indicated. Part of the reaction coordinate
Trost has found that silyl or hydrogen migration may occur. In s depicted by the arrow.

our case, hydrogen migration to form the corresponding

addition product (in which the migrated hydrogentrians to purified, dried, distilled, and stored under nitrogen prior to use,
the iridium) [Cp*Ir(CI)2(SiR'3)(CH=CHR)], D', gave rise to @  except for catalytic runs, which were used as supphedNMR
steric problem similar to that for thérans isomer of D spectra were recorded on a Bruker ACF300, DPX 300, or AV300
mentioned above. We therefore believe that in our system silyl NMR spectrometer as CDg$olutions unless otherwise statéfl.
migration is favored. chemical shifts reported are referenced against the residual proton
The transition state for this step has been computed and issignals of the solvents. Mass spectra were obtained on a Finnigan
shown in Figure 1. It lies~75 kJ mof! aboveC. The vinyl MAT95XL-T spectrometer in an NBA matrix (FAB) or a Macro-

group is not planar, with the4+rC—C—H dihedral angle at 170 mass VG7035 at 70 eV (El). [Cp*Irgh was prepared by the
Part of the reaction coordinate is also depicted, and it corre- literature method® PhCCD (99 atom % D) and §3iD (97 atom
sponds to the hydrogen atom swaying (vibrating) perpendicularly % D) were purchased from Sigma Aldrich and used as such. All
to the G-H bond. There is therefore the possibility of the othgr reggents are commercially available and used without further
transition state leading to either isomer. As presented above Purification.

thetransproduct is sterically hindered; thus the reaction should ~ Procedure for Catalytic Runs. In a typical reaction, a 10 mL

proceed to form theis isomer. stock solution of the reactants was prepared from phenylacetylene
The final step, a reductive elimination of the vinylsilane to (1.0 mL, 9.1 mmol), triethylsilane (1.5 mL, 9.4 mmol), and nonane
re-form the monomeA, is also energetically favorable. as internal standard (0.41 mL, 2.3 mmol) and made up to the mark

with dichloroethane. A stock solution of the catalys(72.5 mg,

91.2 umol) was also prepared in dichloroethane (10.0 mL). The
appropriate amounts of catalyst and reactant stock solutions (1.0
In this study, we have reported the hydrosilylation of terminal mL each for a 1.0 mol %. reaction) were mixed and stirred at room

alkynes that was efficiently catalyzed by [Cp*Ief3l to afford temperature for 0.5 h. Aliquots-0.5 mL) were drawn, and CDgI
selectively thes-(2) vinylsilanes in high yields. In some cases, (0.1 mL) was added for NMR quantification. The yields were
the E isomers were also Observed, which have been found to calculated on the basis of the ||m|t|ng reagent. For reactions in which
be due to subsequent isomerization. The catalytic cycle was!he products were isolated, the solvent and volgtiles were re-
studied with a combination of experimental and computational Moved under reduced pressure after the catalytic run and the
techniques, and we have proposed a cycle that is based on afiesidues chromatographed on silica gel TLC plates, with hexane
Ik(111) —Ir(V) redox process and a direainti addition of the as eluant. The products were identified by comparison with literature
silane. data. ) ) )
Reaction of [Cp*IrCl ;] with Ph3SiH. CompoundL (36.8 mg,
Experimental Section 46.2umol) was reacted with BBiH (24.1 mg, 92.¢imol) in CD,-
) Cl, (0.5 mL) for 0.5 h.'H NMR analyses of the crude mixture
_General Procedure_sAII reactions were performed under argon  ghowed unreacted starting materials and [Cp*Ir(CI(B)Ph)]
using Schlenk techniques. Solvent such as dichloroethane WaSiogether with some unidentified productsi NMR (8, CD,Cly):
1.65 (s, Cp*, 15H), 7.3%7.48 (m, 15H, aromatic);11.64 (s, 2H,

Conclusion
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24%. A FAB-MS spectrum showed a peakat 775 [M + NBA] .

Deuterium Labeling Studies.Catalystl (0.905xmol), E&SID
(15 uL, 93.1 umol), phenylacetylene (1@L, 91.1 umol), and
deuterated dichloroethane (0.5 mL) were placed in an NMR tube.
The reaction mixture was allowed to stand for 0.5 h. Analysis of
the 'H NMR mixture showed the formation of¢zZ)-Ph—(D)C=
C(SIEg)H]. *H NMR (6, CICD,CD.CI): 7.36-7.24 (m, 5H,
aromatic), 5.77 (s, 1H=CHSIE%), 0.88 (t,3J4y = 8 Hz, 9H, CH),

0.58 (g, 6H, CH).

A similar reaction usindl (0.905umol), E&SiH (15 uL, 93.1
umol), PhG=CD (10uL, 91.1umol), and deuterated dichloroethane
(0.5 mL) afforded [§-Z)-Ph—(H)C=C(SiEg)D]. *H NMR (0,
CICD,CD,CI): 7.45 (s, 1H=CHPh), 7.36-7.25 (m, 5H, aromatic),
0.87 (t,%Jun = 8 Hz, 9H, CHy), 0.58 (q, 6H, CH).

Computational Studies.The reaction pathways for the hydrosi-
lylation catalysis were studied using MoeltdPlesset MP2 theory
together with the LANL2DZ basis set. Spin-restricted calculations
were used for determining the structures of the organic and
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