]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Ligand-Controlled Reactivity, Selectivity, and Mechanism of Cationic
Ruthenium-Catalyzed Hydrosilylations of Alkynes, Ketones, and

Nitriles: A Theoretical Study

Yun-Fang Yang,d(’§ Lung Wa Chung,*’;t Xinhao Zhang,T K. N. Houk,*® and Yun-Dong Wl

Lab of Computational Chemistry and Drug Design, Laboratory of Chemical Genomics, Peking University Shenzhen Graduate

School, Shenzhen 518055, China

*Department of Chemistry, South University of Science and Technology of China, Shenzhen 518055, China
SDepartment of Chemistry and Biochemistry, University of California, Los Angeles, California 90095, United States
”College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

© Supporting Information

Alkyne substrate fNitriIe or ketone substrates
inner-sphere mechanism ' outer-sphere mechanism
¥ + i + *
aelll agelll] @
! ~ .NCCH3;
RU{-& Vs ﬁuif_’_& : i 'RL(I\ _~-CHj
/N TTH AT L|'PrsP o NZC
HCCN -\ H PraP” ! Si
R3Si—~ H-SiRg ; Rs
Markovnikov anti-Markovnikov SN2-Si TS

ABSTRACT: Density functional theory calculations with the M06 functional have been performed on the reactivity, selectivity,
and mechanism of hydrosilylations of alkynes, ketones, and nitriles catalyzed by cationic ruthenium complexes
[CpRu(L)(MeCN),]*, with L = PPry or MeCN. The hydrosilylation of alkynes with L = P'Pry involves an initial silyl
migration mechanism to generate the anti-Markovnikov product, in contrast to the Markovnikov product obtained with L =
MeCN. The bulky phosphine ligand directs the silyl group to migrate to Cy of the alkyne. This explains the anti-Markovnikov
selectivity of the catalyst with L = P'Pr;. By contrast, the silane additions to either ketone or nitrile proceed through an ionic Sy2-
Si outer-sphere mechanism, in which the substrate attacks the Si center. The P'Pr, ligand facilitates the activation of the Si—H
bond to furnish a 7*-silane complex, whereas a 7'-silane complex is formed for the MeCN ligand. This property of the phosphine
ligand enables the catalytic hydrosilylation of ketones and nitriles in addition to that of alkynes.

B INTRODUCTION

Transition metal-catalyzed hydrosilylations have emerged as a
powerful methodology for the production of various organo-
silicon products such as silicon-containing polymers and
ceramic materials." Metal-catalyzed alkyne hydrosilylation is
the most straightforward and atom-economical method to
afford vinylsilanes, which are very useful building blocks in
synthetic transformations." Catalytic hydrosilylations of other
unsaturated compounds such as carbonyls and nitriles are also
of great value in organic synthesis, since these reactions provide
protected alcohols and imines.” Catalytic hydrosilylation of
nitriles to produce the silylaldimines is a great synthetic
challenge, as the silylaldimine product is usually more reactive
than that of nitriles and leads to further transformations.” Most
of the nitrile hydrosilylation reactions are also stoichiometric,
and only a few catalytic cases have been reported.*

Ligands (L) with different steric and electronic properties are
known to play an important role in metal-ligand (M—L)
bonding as well as structures of transition metal complexes.’
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Different ligands can control reactivity and selectivity in
hydrosilylation reactions shown in Scheme 1. For instance,
the different regio- and stereoselectivities of hydrosilylation of
silyl-substituted alkynes can be changed by using Cp* or Cp
ligand.6 The rhodium-catalyzed intramolecular alkene hydro-
silylation of homoallyl silyl ethers gives different regioselectiv-
ities with 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP) or 1,6-bis(diphenylphosphino)hexane (dpph) li-
gand.”

Trost and Ball reported that a cationic ruthenium complex 1-
N produces branched Markovnikov products from terminal
alkynes, as shown in Scheme 2.* The classical and modified
Chalk—Harrod mechanisms” start with an oxidative addition of
silane to the metal. In the Chalk—Harrod mechanism, hydride
migration occurs first, whereas in the modified Chalk—Harrod
mechanism, silyl migration occurs first. A theoretical study by
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Scheme 1. Ligand-Controlled Regioselective Hydrosilylation Reactions
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Scheme 2. Hydrosilylation with Cationic Ruthenium Complexes [CpRu(‘Pr;P)(MeCN),]* (1-P) and [CpRu(MeCN),]* (1-N)
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Scheme 3. Inner- and Outer-Sphere Mechanisms of Catalytic Hydrosilylation with Cationic Ruthenium Complexes
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Wu and Trost predicted a new mechanism (the Wu—Trost
mechanism) involving an unusual metallocyclopropene inter-
mediate that undergoes reductive silyl migration to the carbene;

this rationalizes the unexpected regio- and stereoselectivity of
this reaction.'® In addition, a few recent exlperiments supported
or implicated the Wu—Trost mechanism."" In 2010, Nikonov
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Figure 1. Comparison of ruthenium complexes 1, 1’, and 2. The relative free energies are given in kilocalories per mole.

1-N

Figure 2. Structures of ruthenium complexes 1, 1’, and 2.

1'-N

reported that the catalyst 1-P, an acetonitrile ligand of the
Trost’s catalyst 1-N replaced by a phosphine ligand, also
catalyzes the hydrosilylation of alkynes, giving the anti-
Markovnikov product rather than the Markovnikov product
(Scheme 2)."?

Interestingly, catalyst 1-P can also catalyze the hydro-
silylations of acetone and acetonitrile,''* but the hydro-
silylations of acetone and nitriles catalyzed by 1-N have not
been reported (Scheme 2). The definitive mechanistic
determinations of the process are relatively rare."*"> The
alkyne hydrosilylation usually proceeds through the inner-
sphere mechanism, in which the substrate coordinates to the
metal center and is then attacked by the silyl group or hydride
group on the metal center. An outer-sphere mechanism, Sy2-Si
mechanism (substrate attacks the Si center), also occurs in
some catalytic hydrosilylations. Whether the inner- or outer-
sphere mechanism is plausible for hydrosilylation of other
unsaturated compounds such as carbonyls and nitriles is still
unclear (Scheme 3).

In view of extensive experimental developments and
relatively rare theoretical studies, we undertook a systematic
computational study to address the puzzling ligand effects on
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mechanisms of these hydrosilylation reactions.'® We addressed
the following four questions: (1) what are the operating
mechanisms for alkyne substrates? (2) What is the origin of
different selectivities observed for alkyne hydrosilylation by
catalysts 1-P and 1-N? (3) What are the mechanisms of
hydrosilylations of ketone and nitrile substrates? (4) Why is
catalyst 1-P active toward hydrosilylation of ketones and
nitriles, while catalyst 1-N is not?

B COMPUTATIONAL METHODS

All the calculations were carried out with the Gaussian 09 package."”
Geometry optimizations were performed with M06.'*'® The Def2-
TZVP basis set with the corresponding effective core potential®® was
used for Ru, and the 6-311G** basis set*! was used for all other atoms.
Frequency analysis was conducted at the same level of theory to verify
the stationary points to be minima (zero imaginary frequency) or
transition states (only one imaginary frequency) and to obtain zero-
point energy (ZPE) and free energy corrections at 298.15 K. Single-
point energies were calculated with the SMD?* solvation model
(solvent = chloroform or acetone). For the outer-sphere mechanism,
due to the charge separation, the exact TS cannot be located in the gas
phase, so full optimizations in acetone solvent at the same
computational level were carried out to locate the TS. Intrinsic
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catalyst 1-P. The relative free energies are given in kilocalories per mole.

The black arrows in 5-P represent the clockwise rotation of the C,—Cj bond, whereas the red arrows represent the counterclockwise rotation of the

C,—Cjy bond.

reaction coordinates (IRC) calculations™® were performed to confirm
that TS structures indeed connect two relevant minima. Computed
structures are illustrated using CYLView.**

B RESULTS AND DISCUSSION
Comparison of PPr; and MeCN Ligands. The

comparison of catalysts 1, 1’, and complex 2 provides deeper
understanding of the effects of the phosphine and acetonitrile
ligands. Dissociation of one acetonitrile ligand requires about
15.0 kcal/mol in the gas phase (7.0 kcal/mol in CHCL;) for
either catalyst 1-P or 1-N. This shows that the solvent can
facilitate the dissociation of the acetonitrile ligand, as
demonstrated by Houk and co-workers in a previous study.”®

Figures 1 and 2 show the relative energies and the structures
of catalysts, 1-P and 1-N, along with the results of dissociation
of one acetonitrile to give 1’-P and 1’-N and the energies of
these species with phenyldimethylsilane, 2-P and 2-N.
Remarkably, a silane coordinates to 1’-P and 1’-N to form 2-
P and 2-N in a 7* or 7' fashion, respectively. Compared to
complex 2-N, complex 2-P displays a significantly longer H---Si
distance (1.86 vs 1.55 A) and shorter Ru---Si distance (2.55 vs
3.03 A), indicating that the more basic P'Pry ligand facilitates
the back-donation from the Ru center to the antibonding
orbital of the Si—H bond,****™** eventually breaking the Si—H
bond. Acetonitrile is a more labile ligand to dissociate
compared to that of the phosphine ligand. It can also be
demonstrated by the preparation process that 1-P can be easily
obtained from a reaction of catalyst 1-N with 1 equiv of
phosphine ligand.*® Therefore, the P'Pr; ligand can facilitate
formation of a #”-silane complex by the mutual interactions of
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the ligand-to-metal ¢ bonding and back-donation from the
metal, which are very important in activating the Si—H bond.*¢
The bis-acetonitrile complex gives a less stable silane complex
with weak coordination in solution.

Alkyne Hydrosilylation. Our previous theoretical studies
on hydrosilylation of alkyne substrates with catalysts [CpRu-
(MeCN);]* (1-N) and [Cp*Ru(MeCN);]* revealed a new
pathway leading to the anti-addition and Markovnikov
product.'® Encouraged by this previous work, we computed
the mechanism and selectivity of hydrosilylation of a propyne
substrate with catalyst 1-P, which is known to lead to the anti-
Markovnikov product (Scheme 2).

Figure 3 gives the free energy profile for the most favorable
reaction pathway. Catalyst 1-P first undergoes ligand exchanges
to form an intermediate 2-P and then 3-P, involving
coordination of silane and propyne. The four possible transition
states are shown in Figure 4 for silyl or hydride migration to
either terminus of the propyne. TS4-P, in which the silyl group
migrates to the f-carbon, is calculated to be the lowest-energy
TS and also the rate-determining step, which controls the anti-
Markovnikov regioselectivity. Analysis of these four TSs in
Figure 4 reveals the origin of the regioselectivity. The NBO
charge28 (shown in Figure 4) on Cj is more negative than that
on C, due to the electron-donating effect of the methyl group
of propyne. Therefore, the positively charged silyl group
migration to Cg is more electronically favorable than migration
to C,. The two hydrogen migration TSs, TS24-P and TS34-P,
are relatively unstable, also due to the steric clash between the
bulky P'Pr; and PhMe,Si groups. In addition, the Si—H bond in
TS34-P (2.08 A) is shorter than that in TS4-P (2.54 A). So,
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Figure 4. Four transition states of propyne hydrosilylation with catalyst 1-P. The activation free energies are given in kilocalories per mole, and the
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Figure 5. Transition states of propyne hydrosilylation catalyzed by the ruthenium catalysts [Cp(L)Ru(MeCN),]".

TS34-P is a much earlier transition state in which the Si—H
bond is not better activated. Also, TS14-P is very unstable
because of steric congestion between the silyl group and methyl
group of propyne. The anti-Markovnikov and silyl migration
pathway is the most energetically favorable one, since the steric
hindrance among the bulky phosphine, silyl, and alkyl

substituents on the alkyne is least severe.
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We also located an 18-electron #*-metallacyclopropene
intermediate 5-P derived from the silyl migration. The
geometrical features of intermediate 5-P suggest that the
clockwise rotation of the C,—Cj; bond is more energetically
favorable than the counterclockwise rotation; the clockwise
rotation TS TS6-P is 16.7 kcal/mol lower than the counter-
clockwise rotation TS TS16-P. Finally, the a-H migration TS

dx.doi.org/10.1021/j0501730n | J. Org. Chem. 2014, 79, 8856—8864
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TS9-P and a dissociation process lead to the anti-addition and
anti-Markovnikov product.

We also investigated the outer-sphere mechanism for alkyne
hydrosilylation. Calculations ruled out the alkyne attack on the
silylium center, since it has a barrier of about 40 kcal/mol (see
Supporting Information). Very recently, an alternative outer-
sphere mechanism for the f-Z hydrosilylation of terminal
alkynes with catalyst [Ir(I),{x-C,C,0,0-(bis-NHC)}]BF, was
reported.®® The acetone solvent acts as a silane shuttle by
transferring the silyl moiety from the silane to the alkyne.
Migration of the silyl moiety to the acetone solvent is the first
step of the alternative mechanism; this has a barrier of about
28.1 kcal with catalyst [Cp(P'Pr;)Ru(MeCN),]*. (See the
following section for acetone hydrosilylation.) In addition, the
solvent CDCI; was used in Nikonov’s experiment. Therefore,
only the inner-sphere mechanisms (hydrogen or silyl
migration) operate for alkyne hydrosilylation in our case.

Effect of the Ligands. To further elucidate the role of the
auxiliary ligand (L) on reactivity and selectivity, we studied the
other two ligands, MeCN and PMe;. The activation free
energies are listed in Figure S.

The less sterically demanding and basic ligand MeCN can
accommodate the bulky adjacent silyl group. Also, a ;'-silane
intermediate is formed, and the hydrogen migration TS TS24-
N leading to the different (Markovnikov) product has the
lowest barrier.'® These calculation results are in agreement with
the observed regioselectivity with this ligand. With the PMe;
ligand, the hydrogen migration process is also favored.
However, PMe; and MeCN prefer different regioselectivities
for the hydrogen migration step: anti-Markovnikov for the
PMe; ligand and Markovnikov for the MeCN ligand,
respectively. The more basic PMe; ligand causes Ru to be
more electron-rich and thus there is more back-donation to the
H-Si bond. Consequently, the migrating hydrogen for the
PMe; ligand should have more hydride character and prefer the
a-position (anti-Markovnikov) than that of the MeCN ligand.
These computational findings demonstrate that the ligand can
play an important role in controlling the mechanism and
regioselectivity through both electronic and steric factors
(Scheme 4).

Acetone Hydrosilylation, Acetonitrile Hydrosilylation,
and Ligand Effect. Both the inner- and outer-sphere
pathways were studied to explore the possible mechanisms of
hydrosilylation of acetonitrile and acetone. For the inner-sphere

Scheme 4. Propyne Hydrosilylation with Cationic
Ruthenium Complexes [CpRu('Pr;P)(MeCN),]* (1-P) and
[CpRu(MeCN),]* (1-N)
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mechanisms, there are two possible pathways: initial hydrogen
migration to the coordinated substrate via TS64-L*' and TS74-
L or initial silyl migration via TS84-L and TS94-L. Both of
these pathways were found to have very high barriers of more
than 30 kcal/mol. The outer-sphere mechanism can be
regarded as a Sy2-Si mechanism, in which the substrate attacks
the Si center followed by hydride migration to the silyl
carbenium ion. This mechanism is similar to the recently
reported ionic hydrosilylation pathway.**** A simple model for
the hydrosilylation of acetone by [CpRu(Me;P)(MeCN),]*
was used and studied by DFT calculations by the Nikonov
group.'® Both studies support this Sy2-Si ionic mechanism as
being the most favorable for hydrosilylation of acetones,
although the computed barrier for our realistic ligand (55-P,
22.6 kcal/mol) is higher than the previously reported barrier
(18.6 kcal/mol) for the simple model. These results are
reasonable since the much more bulky P'Pr; ligand is used in
our computational study.

The free energy profile of acetonitrile hydrosilylation
catalyzed by 1-P in acetone solvent is shown in Figure 6.
The calculated results suggest that the Sy2-Si step is the rate-
determining step and furnishes the neutral Ru-hydride
intermediate and silylium ion (45-P). The second key step is
hydride migration to the carbonium cation of the coordinated
silylium ion through TS47-P, which gives intermediate 48-P.
Finally, the product dissociates from the metal center and
regenerates the active catalyst. With regard to analogous ionic
Sn2 reaction, the solvation effect is as important as steric
effects.®® As in the hydrosilylation of the nitrile, the acetone
solvent was found to accelerate the reaction rate of hydro-
silylation of acetonitrile.”* It is challenging to locate the ionic
Sn2 transition state, and we can locate this transition state only
by geometry optimization in the solvent. On the basis of this
result, we can estimate the free energy barrier of 27.6 kcal/mol
for acetonitrile hydrosilylation in acetone solvent (shown in
Figure 6), which is lower than that in chloroform solvent by 3.8
kcal/mol. Therefore, our studies are consistent with the
experimental observation of an accelerating effect of acetone
solvent.

We located the Sy2-Si transition states for catalyst 1-P in
acetone solvent with full optimization (Figure 7), but we could
not locate transition states for the other catalysts such as 1-N.**
The Sy2-Si transition states, TS44-P for acetonitrile substrate
and TSS54-P for acetone substrate, have barriers of 27.6 and
28.1 keal/mol, respectively. Our calculations underestimate the
energy difference, since the hydrosilylation of nitriles can be
done selectively in acetone as solvent.'

We also studied the ligand effects on the mechanisms of
acetone hydrosilylation and acetonitrile hydrosilylation (Figure
8). The inner-sphere TS TS64-L cannot be located for the
acetonitrile substrate, but TS84-L can be located. The bulky
P'Pr; ligand is much more unfavorable than the PMe; ligand in
the inner-sphere TSs TS84-L and TS94-L, due to the larger
steric repulsion between the ligands and coordinated substrate.
This can be demonstrated by the energy difference of their TSs
TS84-L for acetonitrile substrate, 26.4 vs 30.4 kcal/mol for
PMe, ligand vs P'Pr; ligand. The acetone substrate follows the
same trend, 39.0 vs 46.8 kcal/mol for PMe; ligand vs P'Pr,
ligand in TS94-L. In addition, as discussed in the Introduction,
the P'Pr; ligand can strongly activate the Si—H bond and make
the Si center easily attacked by the substrate in the outer-sphere
mechanism. For the energetically favorable outer-sphere
mechanism, the catalyst with the most bulky PPr; ligand has
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The Journal of Organic Chemistry

A

AG —|+ % @
kcal/mol @ T
~ (27.6)* Ru-'NCHCH;
. Ru "'NCCH3 : 7\
solvent: ' oo PrsP” |
i A}
acetone PrsP H-. SiMe,Ph |
N N PhMe,Si x
C\ N=C-Me

@ —|+ ¥
| /I\?g---'NSiMezPh @ L
'PrsP Y- Me ‘ /Ru--'NSiMezPh
9.8 PrsP Me
7.2
2 MeCN

i 1-P

Ru- - -NSiMe,Ph NSiMe,Ph
. an
+ ’Pr3P -\ M H 49
a.. e e
A .\\N H
Ru”’ CCH,

ipp.p” ¥
PrsP NCCH,
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Figure 7. Transition states of hydrosilylation of acetone and acetonitrile catalyzed by catalyst 1-P obtained by full optimization in acetone solvent.

the lowest barrier compared to those with the MeCN and PMe,
ligands, because it is beneficial from both its steric size and
electronic effect. The inner-sphere mechanism is favorable for
alkyne hydrosilylation, since alkyne is a good #-2 ligand,
whereras acetonitrile and ketone substrates are better
nucleophiles in the ionic mechanism than alkynes, but they
are not a good #-2 ligand.

B CONCLUSIONS

Our computations lead to the following conclusions about the
ligand effects on the reactivity, selectivity, and mechanism of
cationic ruthenium-catalyzed hydrosilylations of alkynes,
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ketones, and nitriles. First, in contrast to the #'-silane
intermediate formed by the silane addition to [CpRu-
(MeCN),]* (1-N), the catalyst [Cp(‘Pr;P)Ru(MeCN),]* (1-
P) with a more basic P'Pry ligand generates the #’-silane
intermediate and thus can facilitate Si—H bond activation to a
greater extent. Second, for 1-P-catalyzed alkyne hydrosilylation,
it proceeds through the silyl migration first. Third, in contrast
to the linear MeCN ligand, the larger P'Pr ligand can push the
large silyl group to migrate to Cg of propyne, resulting in the
formation of anti-Markovnikov products. Fourth, for the case of
hydrosilylation of ketone and nitrile catalyzed by 1-P, the ionic
Sn2-Si outer-sphere mechanism is the most favorable pathway.

dx.doi.org/10.1021/j0501730n | J. Org. Chem. 2014, 79, 8856—8864



The Journal of Organic Chemistry

+% +t +7]%
a Tla 77192, ..
\ X \ : /Rtj-"'NCCH:;
L/Ru."%_R L/R’u“\/x L X
PhMeSi- - -H y--- SiMezPh PhMe,Si---X=_

TS64-L TS74-L TS44-L TS54-L

Substrate H;C-C:=N >:O

L=PPrg —_— 49.5 30.4 46.8 27.6 28.1
L=MeCN — 35.5 35.2 42.2 —_— —
L=PMe; — 37.7 26.4 39.0 — —

Figure 8. Transition states of hydrosilylation of acetone and
acetonitrile catalyzed by ruthenium catalysts [Cp(L)Ru(MeCN),]"
(L= P'Pr;, MeCN, PMe,) in acetone solvent. The inner-sphere TSs,
TS64-L, TS74-L, TS84-L, and TS94-L, were obtained in gas
optimization with single-point calculations in acetone solvent. The
outer-sphere TSs, TS44-L and TSS54-L, were obtained through full
optimization in acetone solvent.

Although no definitive general conclusions apply to all of the
systems and different catalysts/substrates may operate through
different mechanisms, as shown in our studies, we believe that
such a systematic study will provide insight into the
development of catalytic hydrosilylation, an attractive strategy
in organic synthesis.
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