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ABSTRACT: Mechanistic studies on the rhodium-catalyzed
silylation of arene C−H bonds are reported. The resting state
of the catalyst was fully characterized by NMR spectroscopy
and X-ray diffraction and was determined to be a phosphine-
ligated Rh(III) silyl dihydride complex (I). Results from
kinetic analysis, stoichiometric reactions of isolated complexes,
deuterium labeling, and kinetic isotope effects are consistent
with a catalytic cycle comprising hydrogenation of the
hydrogen acceptor (cyclohexene) to generate a Rh(I)−silyl
species, followed by C−H activation of the arene by this
Rh(I)−silyl species. After oxidative addition of the C−H bond
in this mechanism, reductive elimination of the C−Si bond occurs to generate the silylarene product. The rate-limiting step
(RLS) in the catalytic cycle is not the oxidative addition of an arene C−H bond; rather, it appears to be the reductive elimination
of cyclohexane during the hydrogenation process. The influence of the electronic properties of the arene substituents on the
reversibility and relative rates for individual steps of the mechanism, and on the regioselectivity of the C−H bond cleavage and
functionalization, is reported.

■ INTRODUCTION

The catalytic functionalization of C−H bonds with main-group
reagents has become a widely used synthetic methodology.1

Our group has published extensively on the borylation of C−H
bonds, including the mechanism of the borylation of alkyl and
aryl C−H bonds with rhodium and iridium catalysts,
respectively.2 We recently reported the rhodium-catalyzed
silylation of arenes with HSiMe(OSiMe3)2 (−SiMe(OSiMe3)2
= [Si]) that occurs under mild conditions (45 °C) with high
regioselectivity derived from the steric properties of sub-
stituents on the substrates and on the ligands. This reaction
forms synthetically versatile silylarene products in good yields
with near-equal stoichiometry of the reaction components.3

Methods for the silylation of arenes and alkanes have been
reported, but most reactions that have been studied are
intramolecular or are facilitated by a directing group. For
example, our group and the Takai group reported the iridium-
and rhodium-catalyzed intramolecular silylation of the C−H
bonds in arenes and alkanes.4 In addition, various research
groups have reported the silylation of arenes directed by a
coordinating group on the arene. The latter reactions result in
functionalization of the C−H bonds ortho to the directing
group.5

Prior to our recent report, undirected, intermolecular C−H
silylation of arenes had only been achieved with a large excess
of arene and at high temperatures (>110 °C).6 The excess
arene limited the synthetic utility of intermolecular silylation. In
addition, few detailed mechanistic investigations had been
conducted on dehydrogenative silylations;5e no silyl complex
has been isolated that reacts with arenes alone to form
arylsilanes. Tilley and co-workers reported a bipyridine-ligated

silyliridium(III) phenyl complex that undergoes C−Si reductive
elimination to generate silylbenzene, but this complex does not
catalyze the silylation of arene C−H bonds.7

Herein, we report results of a mechanistic investigation of
our rhodium-catalyzed silylation of arene C−H bonds. These
results provide concrete information on the individual steps of
the catalytic cycle and reveal differences between this silylation
reaction and the seemingly related borylation of aryl C−H
bonds. Our studies indicate that the rate-limiting step (RLS) of
the catalytic cycle is not the cleavage of an arene C−H bond, as
it is during the borylation of C−H bonds.8 Instead, hydro-
genation of the hydrogen acceptor is rate limiting. We also
show that C−H bond cleavage of electron-poor arenes is
reversible and that the regioselectivity-determining step of the
reactions of these arenes is the C−Si bond-forming reductive
elimination, not arene C−H bond cleavage.

■ RESULTS AND DISCUSSION
The silylation of arenes under investigation occurs with a
hydrosilane as the silicon source and cyclohexene as the
hydrogen acceptor (Scheme 1). No arylsilane product was
observed in the absence of the hydrogen acceptor. Thus, the
hydrogen acceptor is intimately associated with the catalytic
cycle, and the mechanism of the reaction seems likely to
comprise two connected stages: dehydrogenative coupling to
form the C−Si bond and hydrogenation of cyclohexene. To
elucidate the individual steps of the catalytic process, we sought
to identify the catalyst resting state, the kinetic behavior of the
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reactions, and the relative rates for reactions of different arenes.
We used deuterium labeling and kinetic isotope effects to reveal
the reversibility of C−H bond cleavage steps. These experi-
ments and the implication of the results of these experiments
are described in the following sections.
Identification of the Catalyst Resting State. Monitoring

of a silylation reaction between HSiMe(OTMS)2 and 1,3-
bis(trifluoromethyl)benzene (1) with cyclohexene as the
hydrogen acceptor in THF at 45 °C revealed a discrete
phosphine-ligated rhodium species. A doublet at 43.0 ppm with
a JRh−P value of 131 Hz was observed in the 31P NMR
spectrum. A hydride signal at −8.0 ppm that possessed a triplet
of doublets splitting pattern (JRh−H = 23.6 Hz, JP−H = 44.0 Hz)
was observed in the 1H NMR spectrum.
A rhodium complex for which the spectral data were identical

to those of the complex observed during catalytic reactions was
prepared independently. The complex was prepared by adding
H[Si] to [(L1)RhCl]2 formed by the combination of
[Rh(C2H4)Cl]2 and L1 at 25 °C (Scheme 2).9 After heating
at 45 °C for 3 h, the product was isolated as a light orange solid
in 82% yield.

On the basis of the 1H NMR spectrum, we proposed that
this complex is the Rh(III) silyl dihydride I. The hydride signal
was observed with an intensity corresponding to two
hydrogens, and three peaks corresponding to the SiCH3 and
the two diastereotopic OSi(CH3)3 groups of the silyl group
were observed with proportional intensities of 3:9:9. A spin
correlation between these three 1H NMR signals and three
peaks in the 29Si NMR spectrum was established by a
{29Si−1H}-HMBC experiment (Figure S1, Supporting In-
formation). Further evidence supporting this structural assign-
ment in solution was obtained from ESI-HRMS analysis
(Figure 1).

Complex I was also characterized in the solid state by single-
crystal X-ray diffraction (Figure 2). Complex I contains a

distorted square-based-pyramidal geometry in which two
phosphorus atoms and two hydrides form the square base
and the silyl group occupies the axial position. The distortion
from a square-based pyramid is revealed by the hydride−
rhodium−silicon angles, which are much smaller than the
idealized 90°. The two angles are 69 and 58°, and the distances
between the silicon and two hydrides differ significantly (2.24
and 1.95 Å). We ascribe this unsymmetrical ligand arrangement
to the different steric environment in four quadrants created by
the C2-symmetrical ligand and a bonding interaction between
the silicon and one of the two hydrides.10

The short distance between the silicon and one of the
hydrides (1.95 Å) suggests that Si−H reductive elimination
should be facile. In agreement with this assertion, subjection of
I to excess D[Si] at room temperature led to rapid and
quantitative incorporation of deuterium into the hydride
positions.
Because of the unequal silicon−hydride distances, the two

hydrides and two phosphorus atoms are inequivalent in the
solid state.11 However, the two phosphorus atoms and the two
rhodium−hydride protons in I are equivalent in solution on the
NMR time scale. One hydride and one phosphorus signal were
observed in the NMR spectra at room temperature. Complex I
likely undergoes pseudorotation of the ligands in solution, and
this pseudorotation allows the two metal−hydride protons and
the two phosphorus atoms to undergo site exchange.

Evaluation of the Kinetic Competency of I. The kinetic
relevance of complex I was investigated by both stoichiometric
and catalytic reactions. Heating I with 20 equiv of 1,3-
bis(trifluoromethyl)benzene (1) and 20 equiv of cyclohexene at
45 °C in THF afforded the silylarene product in 83 ± 2% yield
in 40 min with a half-life of ∼6 min (Scheme 3). This reaction
is the first of an isolated silyl complex with an arene to form an
arylsilane product without added silane.
The profiles of the reactions of silane with the same arene

(1) catalyzed by isolated I and by the catalyst generated in situ

Scheme 1. Rhodium-Catalyzed Silylation of Arenes

Scheme 2. Generation of the Catalyst Resting State

Figure 1. ESI-HRMS analysis of the resting state complex.

Figure 2. ORTEP diagram of I (thermal ellipsoids at the 50%
probability level). Hydrogen atoms, except for the rhodium hydrides,
are omitted. Selected bond lengths (Å): Rh1−P1 = 2.3119, Rh1−P2 =
2.3391, Rh1−H1 = 1.5269, Rh1−H2 = 1.5138, Rh1−Si1 = 2.2625,
Si1−H2 = 1.9523, Si1−H1 = 2.2375. Selected bond angles (deg): P1−
Rh1−Si1 = 123.4, P2−Rh1−Si1 = 109.1, H1−Rh1−Si1 = 69.3, H2−
Rh1−Si1 = 58.3.
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from [Rh(coe)2OH]2 and L1 are shown in Figure 3. The
similarity of these two curves suggests that I is likely an

intermediate in the catalytic cycle or can enter the catalytic
cycle through a low-barrier process. The downward curvature
of the reaction profiles suggests a dependence of the reaction
rate on the concentration of at least one of the reagents.
Determination of the Experimental Rate Law. The rate

law of the catalytic silylation of 1 was determined by the
method of initial rates (up to 10% conversion). The mass
balance was good (Figure S3, Supporting Information); the rate
of formation of the product equaled the rate of consumption of
the arene. The concentration of each reagent was varied over 1
order of magnitude. Our results indicate that the reaction is first
order in the concentrations of the catalyst and cyclohexene and
zero order in the concentrations of the silane and the arene
(Figure S4, Supporting Information).12 Because the resting
state does not contain an arene or an aryl group, the zero-order
dependence of the reaction rate on the concentration of arene
implies that reaction of the arene, presumably by C−H bond
cleavage, occurs after the overall RLS.
On the other hand, the first-order dependence of the rate on

the concentration of alkene implies that the reaction of the
alkene occurs before or during the RLS. To further assess this
conclusion, the initial rates of reactions run with different
alkene-based hydrogen acceptors were measured (Scheme 4).
The results showed that the identity of the alkene significantly
influences the reaction rates. This result is consistent with a
RLS involving the alkenes.
Eyring analysis of the reaction rate (Figure S5, Supporting

Information) in the temperature range 308−333 K revealed
overall activation parameters of ΔH⧧ = 22.4 ± 0.5 kcal mol−1

and ΔS⧧ = 1.5 ± 1.6 cal mol−1 K−1. The small ΔS⧧ value
suggests that there is no significant change in the molecularity
from the ground state to the highest-energy transition state.

Measurement of Kinetic Isotope Effects. To assess
when the C−H activation of arenes occurs in the catalytic cycle,
the rates of the reactions of toluene and toluene-d8 were
measured with the two arenes in separate vessels and in the
same vessel. A KIE close to unity (1.3) was observed for
reactions with the two arenes in separate vessels, but a primary
KIE (5.1) was observed when the two arenes were contained in
the same vessel. These results suggest that cleavage of the C−H
bond in toluene during the catalytic silylation process is
irreversible but is not the rate-limiting step. In addition, a small
KIE of 1.0 was observed for the reactions of 1,3-bis-
(trifluoromethyl)benzene (1) and 5-D-1,3-bis(trifluoromethyl)-
benzene (1-d) in separate vessels, but the KIE from reaction of
these labeled and unlabeled arenes in the same vessel was 2.9
(see the Supporting Information). Because the KIE from the
competition experiment with the electron-poor arene 1 is
smaller than that from the competition reaction of toluene and
toluene-d8, C−H bond cleavage of the electron-poor arene 1
could be partially reversible.13

Deuterium-Labeling Experiments. To further assess the
potential reversibility of the C−H bond cleavage step, the
electron-poor arene 1 was allowed to react with D[Si] under
the standard conditions for the catalytic silylation process.
Analysis of the reaction mixture after 13% conversion revealed
the incorporation of deuterium into cyclohexene, cyclohexane,
and the starting arene (Scheme 5). These results suggest that

insertion of cyclohexene into a rhodium hydride is reversible
and that cleavage of the C−H bond in 1 is partially reversible.
These results are consistent with a KIE of ∼2.9 from the
competition experiment.14

In contrast to these reactions of the electron-poor arene 1,
reaction of toluene or m-xylene (2) with D[Si] did not lead to
incorporation of deuterium into the starting arene, even at full
conversion. This result is consistent with irreversible C−H
bond cleavage and a large primary competition KIE (5.1) for
the reactions of toluene and toluene-d8 in the same vessel. The
effect of the electronic properties of the arene on the
reversibility of the C−H activation step will be discussed in
more detail later in this paper.

Proposed Mechanism. On the basis of the results above,
we propose that the Rh-catalyzed silylation of arenes occurs by
the pathway shown in Scheme 6. Hydrogen transfer from
rhodium silyl dihydride I to cyclohexene generates the rhodium

Scheme 3. Stoichiometric Silylation of 1 with Complex I

Figure 3. Reaction profiles for the silylation of 1,3-bis-
(trifluoromethyl)benzene (1) catalyzed by I and the catalyst generated
in situ.

Scheme 4. Relative Initial Rates of Reactions Run with
Different Hydrogen Acceptors

Scheme 5. Reaction of 1 with D[Si]

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja505844k | J. Am. Chem. Soc. XXXX, XXX, XXX−XXXC



silyl intermediate VI, and this intermediate reacts with the
arene to generate the rhodium(III) silyl aryl hydride complex
VII. Complex VII undergoes reductive elimination to form the
C−Si bond in the silylarene product and the rhodium(I)
hydride II. Oxidative addition of H[Si] to II regenerates the
catalyst resting state I.
Mechanism of the Cyclohexene Hydrogenation. Two

major pathways are plausible for the hydrogenation of
cyclohexene. Cyclohexene could bind directly to the resting
state I and undergo insertion into the Rh−H bond to generate
rhodium cyclohexyl silyl hydride V (Scheme 6, pathway A).
Alternatively, I could undergo reversible reductive elimination
of the silane to form the rhodium(I) hydride II. The release of
H[Si] from I is supported by the rapid H−D exchange between
free silane and I at room temperature. The rhodium(I) hydride
II then binds cyclohexene and undergoes reversible insertion of
the alkene into the Rh−H bond (pathway B). Readdition of
H[Si], followed by C−H bond-forming reductive elimination,
gives cyclohexane and rhodium silyl VI. Finally, an associative
displacement of the silane by cyclohexene could take place that
generates III directly from I. We were not able to
experimentally distinguish among these pathways, because all
are consistent with the KIE’s and the experimental rate law, but
we disfavor pathway A on the basis of DFT calculations we
conducted on the binding of cyclohexene to I′ (PAr2 = PPh2;
[Si] = SiMe3), a model of complex I. We were unable to locate
a stable structure with cyclohexene bound to the model
complex I′ (pathway A). Any alkene complex structure used to
initiate the calculations spontaneously dissociated the free
alkene to generate I′. For details of these calculations, see the
Supporting Information.
Mechanism of C−H Bond Cleavage and Arylsilane

Formation. We propose that the silylarene product is
generated by oxidative addition of the arene C−H bond to
intermediate VI to form silyl aryl hydride complex VII,
followed by reductive elimination to form the C−Si bond. No
formation of product was observed in the absence of
cyclohexene, a result that suggests that the rhodium silyl
dihydride I does not cleave the arene C−H bonds. Instead,
removal of both hydrides by the hydrogen acceptor occurs prior
to C−H bond cleavage.

The effect of the electronic properties of the arenes on the
rate of C−H bond cleavage was investigated. The reaction of 6
equiv of 1,3-bis(trifluoromethyl)benzene (1) and m-xylene (2)
in the same vessel formed the two silylarene products in a ratio
of 4.7:1, respectively (Scheme 7). The faster cleavage of the C−

H bonds of more electron-deficient arenes by rhodium silyl VI
is inconsistent with an electrophilic metalation pathway and
suggests that a transfer of electron density from the metal to the
arene occurs during C−H bond cleavage. Similar relative rates
for catalytic C−H functionalization of electronically distinct
arenes have been documented.1b,2a We stress, however, that the
initial rates of the catalytic silylation of 1 and 2 in separate
vessels are similar (1 vs 2 = 1.2:1). These similar rates are
consistent with the assertion that arene C−H bond cleavage
occurs after the overall RLS.
We propose that reductive elimination to form the arylsilane

and rhodium hydride II occurs after C−H bond cleavage.
Hydride II can bind cyclohexene to initiate the next catalytic
cycle (pathway B) or react with H[Si] to afford the resting state
I.

Reversibility of Arene C−H Oxidative Addition. The results
from deuterium-labeling experiments showed that cleavage of
the aryl C−H bonds is irreversible for reactions of electron-rich
arenes and reversible for reaction of electron-deficient arenes.
This difference in the reversibility of C−H bond cleavage for
arenes possessing different electronic properties indicates that,
for the reactions of electron-rich arenes, the transition state for
C−H bond-forming reductive elimination from VII to form VI
(reverse of the C−H oxidative addition step) lies at higher
energy than the transition state for reductive elimination to
form the C−Si bond in the arylsilane product (Figure 4, solid

Scheme 6. Proposed Mechanism for the Silylation of Arenes

Scheme 7. Competition Experiment between 1 and 2
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line). In contrast, for the reactions of electron-poor arenes, the
transition state for C−H bond-forming reductive elimination
from VII to form VI lies at an energy similar to that of the
transition state for reductive elimination to form the C−Si
bond in the arylsilane product (Figure 4, dashed line).15,16

Mechanism for the Incorporation of Deuterium into the
Arene. We deduced the reversibility of arene C−H oxidative
addition from the exchange of deuterium between the silane
and arenes. To account for this exchange, we invoke a

mechanism in which rhodium aryl silyl hydride complex VII
undergoes reversible exchange with free silane (Scheme 6,
pathway C). This exchange allows deuterium to be
incorporated into VII from the free deuterated silane. We
propose that the reductive elimination of silane (H[Si]) occurs
by a pathway similar to the exchange of silane with silyl
dihydrido I. However, the exchange of deuterated silane into I
cannot lead to deuterium incorporation into the arene, because
this complex does not cleave arene C−H bonds in the absence
of the cyclohexene hydrogen acceptor, which removes both
hydrides to form VI.17

Consistent with the assertion that silane rapidly dissociates
from VII, DFT calculations suggest that the ground-state
structure of VII′ (PAr2 = PPh2; [Si] = SiMe3; arene = benzene),
a model of complex VII, is similar to that of I′. In this structure,
the silyl and the hydride groups occupy the same quadrant and
the aryl group occupies the opposite quadrant of the structure
of VII′ (Figure 5). The proximity of the silyl and hydride
ligands in the model complex VII′ (Si−H = 1.74 Å, bond order
0.4467) suggests that H−Si elimination from VII and exchange
with free silane is likely to occur faster than C−Si reductive
elimination from VII.

Identification of the Rate-Limiting Step (RLS). Our data
imply that the RLS involves a reaction between the rhodium
and the alkene. The small difference in the initial rates of
reactions of protio- and deuterioarenes and the zero-order
dependence of the reaction rate on the concentration of arene

Figure 4. Qualitative free energy diagram for steps involving arenes.
The solid line represents reaction with electron-rich arenes; the dashed
line represents reaction with electron-deficient arenes.

Figure 5. Comparison of the DFT-optimized ground-state structures of model complexes I′ (rhodium silyl dihydride, PAr2 = PPh2, [Si] = SiMe3)
and VII′ (rhodium silyl phenyl hydride). The silicon and hydrogen atoms with bonding interactions are highlighted in cyan. Nonessential hydrogen
atoms are omitted for clarity. Color code: P, orange; O, red; Rh, dark teal.
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indicate that the arene C−H bond cleavage occurs after the
RLS. The first-order dependence of the reaction rate on the
concentration of cyclohexene implies that the hydrogen
acceptor reacts prior to or during the RLS. Furthermore, the
H−D exchange between cyclohexene and D[Si] suggests that
reaction of the cyclohexene with the rhodium, presumably by
insertion of the alkene into a Rh−H bond, occurs reversibly.
Because two major pathways (A and B, Scheme 6) were

proposed for cyclohexene hydrogenation, the RLS for each
pathway was analyzed. For pathway A in which cyclohexene
inserts directly into the Rh−H bond of I, reductive elimination
of cyclohexane, which occurs between cyclohexene insertion
and arene C−H bond cleavage, is the RLS.
For pathway B, either oxidative addition of H[Si] to rhodium

cyclohexyl IV or reductive elimination of cyclohexane from V
could be rate limiting. To probe whether oxidative addition of
H[Si] is the RLS, the initial rates of reactions of 3 with H[Si]
and D[Si] were measured. A KIE of unity was obtained,18

which, combined with a small overall ΔS⧧, suggests that
addition of H−Si to IV is unlikely to be the RLS. Thus, for both
pathways A and B, the C−H bond-forming reductive
elimination from V to release cyclohexane is the RLS.
Mechanism for the Formation of Silylcyclohexane and

Effect of Ligand Electronic Properties on Arene vs Alkene
Silylation. During arene silylation, silylcyclohexane
(C6H11SiMe(OSiMe3)2 (3) from hydrosilylation of cyclo-
hexene formed as a minor product (Scheme 1). Hydrosilylation
of alkenes is known to be catalyzed by many rhodium
complexes.19 Several pathways could account for the formation
of the hydrosilylation side product 3. The silylcyclohexane
could form (1) by C−Si reductive elimination from V (Scheme
8, pathway 1) instead of C−H reductive elimination from V in
the productive catalytic cycle (Scheme 6) , (2) by insertion of
cyclohexene into the Rh−Si bond of I (instead of the Rh−H
bond of I as occurs during the productive pathway),20 followed
by C−H bond-forming reductive elimination (Scheme 8,
pathway 2), or (3) by insertion of cyclohexene into the Rh−

Si bond of VI, followed by oxidative addition of a second silane
and C−H reductive elimination to regenerate VI (Scheme 6,
pathway D, shown in Scheme 8 as pathway 3).
Pathway 3 differs from pathways 1 and 2 in that

silylcyclohexane 3 cannot be generated by pathway 3 without
free silane in solution; one hydrogen of 3 originates from a
second molecule of silane. When rhodium silyl dihydride I was
allowed to react with 30 equiv of cyclohexene in the absence of
free silane, only cyclohexane was generated; no silylcyclohexane
(3) was observed. This result is consistent with pathway 3 and
is inconsistent with pathways 1 and 2.
In addition, pathway 1 is unlikely because intermediate V

would more likely undergo reductive elimination to form a C−
H bond (i.e., as in the normal catalytic cycle) rather than
reductive elimination to form a C−Si bond. This is because
rhodium-catalyzed hydrosilylation usually proceeds through
insertion of the alkene into the rhodium−silicon bond, followed
by reductive elimination to form the C−H bond (modified
Chalk−Harrod mechanism).21 DFT calculations have shown
that the C−Si bond-forming reductive elimination from Rh(III)
has a very high barrier.21b

Because rhodium silyl VI is the common intermediate for
arene C−H activation and alkene hydrosilylation, and because
insertion of alkenes into metal−silyl or metal−hydride bonds is
usually favored by electron-deficient metal centers, while C−H
oxidative addition is usually favored by electron-rich metal
centers, perturbation of the electronic properties of the ligands
should alter the ratio of hydrosilylation to arene-silylation
products. Consistent with this hypothesis, the reaction of o-
xylene with H[Si] and cyclohexene catalyzed by [Rh-
(coe)2(OH)]2 and L3 as ligand led to a 4.6:1 ratio of products
from arene-silylation and hydrosilylation (Scheme 9), whereas

the reaction in the presence of the catalyst generated from the
more electron deficient ligand L4 produced much more
product from hydrosilylation (0.4:1 arene silylation to hydro-
silylation).

Origin of the Electronic Effect on Regioselectivity. In our
initial report of arene silylation, we reported that the silylation
of arenes occurs with regioselectivity derived from the steric
effect of substituents meta to reactive C−H bonds. The
silylation reactions of ortho-disubstituted arenes containing two
electronically similar substituents occurred selectively at the C−

Scheme 8. Possible Pathways for the Formation of 3

Scheme 9. Effect of Ligand on the Product Distribution
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H bond located further from the larger of the two groups.3

However, the silylation of 2-(trifluoromethyl)anisole (4a)
occurred at the position meta to the CF3 group (4-position),22

which is the C−H bond closer to the larger of the two
substituents.23,24 In this case, the silylation results from
functionalization at the C−H bond that is typically less reactive
toward C−H bond cleavage.25,26

To assess whether the electronic effect on site selectivity
results from an irreversible, kinetic selectivity from C−H bond
cleavage or reversible C−H bond cleavage and irreversible C−
Si bond formation, we conducted a deuterium-labeling
experiment with D[Si]. The reaction of D[Si] with 10 equiv
of 2-trifluoromethylanisole (4a) and 1 equiv of cyclohexene-d10
formed product 4b with a selectivity of 98:2, favoring the
product in which the silyl group was installed at the 4-position.
Most important for understanding the origin of regioselectivity,
7% deuterium incorporation was found at the 5-position of the
arylsilane product, and the ratio of deuterium incorporation
into the 5-position vs the 4-position in the remaining arene was
16:1 favoring deuteration para to the CF3 group (Scheme 10).

These results imply that C−H activation is reversible at both
the 4- and 5-positions. C−H bond cleavage is faster at the more
electron deficient 5-position (rate ∼16:1), but reductive
elimination is faster (and occurs almost exclusively) from the
complex in which Rh is bound to the more electron rich 4-
position on the arene.27,28 Thus, the regioselectivity of the
silylation of 4a is determined by a combination of reversible
oxidative addition of the C−H bond and irreversible reductive
elimination to form the C−Si bond.29

■ CONCLUSIONS
The synthesis of Rh−silyl complexes and kinetic measurements
have allowed us to propose a catalytic cycle for the silylation of
arenes that is grounded in detailed experimental observations.
The identification of the silylrhodium dihydride resting state,
the rate law, and the influence of the electronic properties of
substituents on the reaction rate and site selectivity have
allowed us to pinpoint the identity and order of bond cleavages
and bond formations that occur during the catalytic cycle and
to identify the rate-limiting and selectivity-determining steps.
With the resting state as the starting point, hydrogenation of
cyclohexene is the RLS. This step precedes cleavage of the

arene C−H bond by a bisphosphine-ligated Rh(I) silyl
intermediate.
(1) The catalyst resting state is the unusual five-coordinate

silyl rhodium complex I. Complex I contains four sterically
differentiated quadrants as a result of the C2-symmetric ligand
and the pseudoaxial silyl group. The silyl group is located in
one of the two less sterically hindered quadrants and is close in
distance (1.95 Å) to one of the hydride ligands. The short Si−
H distance leads to facile and reversible elimination of the
silane.
(2) Complex I is the first isolated silyl complex that reacts

with arenes to form arylsilanes in both single-turnover and
catalytic reactions. Complex I does not react directly with
arenes. Instead, complex I reacts with the combination of
cyclohexene and arenes to form cyclohexane and arylsilane. The
requirement of cyclohexene implies that the cyclohexene reacts
with I to form a species that reacts with the arene. This reaction
is likely transfer of the two hydrogens to form cyclohexane and
to form the bis-phosphine-ligated silyl Rh(I) complex VI, which
cleaves the C−H bond of the arene to form a hydrido aryl silyl
intermediate.
(3) DFT calculations of the structure of VII′, a model for the

silyl aryl hydride intermediate VII, suggest that VII adopts a
structure that is similar to that of I in which the silyl and
hydride ligands occupy the same quadrant and the aryl group
occupies the opposite quadrant. This type of ligand arrange-
ment is consistent with the observed relative rate of C−Si and
H−Si reductive elimination from rhodium silyl aryl hydride VII.
Our data imply that complex VII undergoes rapid exchange
with silane to give rise to H−D exchange between the arene
and the silane; reductive elimination from VII to form the C−
Si bond appears to be slower than the exchange of free silane
with VII.
(4) The catalytic cycle features an unusual rate-limiting step.

In contrast to many C−H functionalization reactions in which
the C−H activation is the RLS,1b,8,30 our data strongly imply
that reductive elimination from an alkylrhodium(III) hydride
complex, a facile step in many rhodium-catalyzed alkene
hydrogenation reactions,31 is the RLS of the arene silylation
reaction.
(5) The C−H activation is reversible during reactions of

electron-poor arenes and is not the regioselectivity-determining
step when the regioselectivity is dominated by electronic
effects. We showed that the silylation occurs preferentially at
the site that undergoes C−H bond cleavage more slowly, as
indicated by the relative incorporation of deuterium from
deuterated silane into different sites on 2-(trifluoromethyl)-
anisole (4a). These H−D exchange data and the site selectivity
for arene silylation imply that the regioselectivity-determining
step is the formation of the C−Si bond. Reversible C−H
activation occurs at both positions para to electron-donating
and electron-withdrawing groups, but the product-forming
reductive elimination occurs much faster from the complex
containing the metal bound to the more electron-rich carbon.
(6) Hydrosilylation of the alkene hydrogen acceptor is

catalyzed by the same intermediate (VI) that activates the arene
C−H bonds. Because alkene insertion and C−H oxidative
addition are usually favored by the opposite electronic
properties of the metal center, the competing hydrosilylation
is suppressed by using catalysts containing more electron-
donating biarylphosphine ligands.
Overall, these studies show that the mechanism of the

rhodium-catalyzed silylation is distinct from that of rhodium- or

Scheme 10. Reaction of 2-(Trifluoromethyl)anisole with
D[Si]
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iridium-catalyzed borylation of arenes. C−H bond cleavage in
the borylation processes occur by Rh(III) boryl and Ir(III)
boryl intermediates.8,32 We presume that the change in rate-
limiting step from generation of the reactive intermediate that
cleaves the C−H bond (as in silylation) to cleavage of the C−H
bond (as in borylation) is a function of the different oxidation
states of the boryl and silyl complexes that cleave the C−H
bonds. Cleavage of a C−H bond by a Rh(III) or Ir(III) species
is likely less facile than cleavage of a C−H bond by a Rh(I) silyl
species.
Extensive computational data are needed to gain information

on the C−H bond cleavage step and the relationship between
the main-group-assisted C−H bond cleavage reactions by boryl
complexes33 and the role of silicon in the C−H bond cleavage
step of this Rh-catalyzed reaction. Such computational studies
and an assessment of the effect of ligands on the individual
steps as a means to create more active catalysts will be the
studies of future work in our laboratory.
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