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ABSTRACT: The study of new C−H silylation reagents and
reactions remains an important topic. We reported that under Rh
catalysis, silacyclobutanes (SCBs) for the first time were able to
react with C(sp2)−H and C(sp3)−H bonds, however the
underlying reasons for such a new reactivity were not understood.
Through this combined computational and experimental study on
C−H silylation with SCBs, we not only depict a reaction pathway
that fully accounts for the reactivity and all the experimental
findings but also streamline a more efficient catalyst that
significantly improves the reaction rates and yields. Our key
findings include: (1) the active catalytic species is a [Rh]−H as
opposed to the previously proposed [Rh]−Cl; (2) the [Rh]−H is
generated via a reductive elimination/β-hydride (β-H) elimination
sequence, as opposed to previously proposed endocyclic β-H elimination; (3) the regio- and enantio-determining steps are
identified; (4) and of the same importance, the discretely synthesized [Rh]−H is shown to be a more efficient catalyst. This work
suggests that the [Rh]−H/diphosphine system should find further applications in C−H silylations involving SCBs.

■ INTRODUCTION

Silicon-containing compounds are of paramount importance in
organic synthesis, polymer science, and biological research.1−8

Historically, silicon atoms were incorporated mainly via
nucleophilic substitution of halosilanes9,10 or hydrosilylation
with hydrosilanes.11−17 Over the past decades, catalytic direct
silylation of C−H bonds has emerged as an attractive strategy
that met with numerous progresses.18−68 This new strategy not
only embraces the widely conceived advantages of C−H
functionalization69−76 (C moiety) but also provides many
more choices on silylation reagents (Si moiety). Such
combinations of versatile C and Si moieties have greatly
enhanced the complexity and diversity of silicon-containing
compounds. To date, various silicon functionalities including
hydrosilanes,18−52 disilanes,53−58 Si−B compounds,59,60 and
Si−C bonds61−68 have been ingeniously devised as silylation
reagents. However, the search and study of new C−H
silylation reagents are still warranted as the available choices
are far less than desired.
Silacyclobutanes (SCBs)77 have been studied for a long time

for their reactivity derived from their unique ring strain
(Scheme 1). They were shown to suffer retro-[2 + 2] thermo-
decompositions that led to polymerization.78 Due to their
strain-release Lewis acidity, SCBs have also been employed in
Mukaiyama aldol reactions79,80 and Hiyama−Denmark cross-
couplings.81 The most interesting class of transformations of

SCBs is perhaps transition-metal-catalyzed reactions with
unsaturated carbon−carbon bonds or small-ring compounds,
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Scheme 1. Transformations of SCBs
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as manifested in either a ring-opening manner82 or a formal
cycloaddition manner.83−92 These reactions are proposed to
involve five-membered metallocycle intermediates via oxidative
insertion into the SCBs, followed by the migratory insertion of
the unsaturated carbon−carbon bonds to form ring-expansion
intermediates. From there, the fates of the ring-expansion
intermediates could diverge from β-hydride (β-H) elimination
(ring-opening manner; giving acyclic products) to reductive
elimination (cycloaddition manner; giving cyclic products). If
chiral ligands were used, the cycloadditions could be rendered
enantioselective to afford cyclic products chiral on the
silicons.83−86 Despite these interesting transformations, SCBs
were not known to react with C−H bonds.
Recently, we reported for the first time that SCBs are

efficient C−H silylation reagents under Rh catalysis (Scheme
2a).93 We further employed a new chiral diphosphine ligand,

(R)-TMS-segophos that has a narrow dihedral angle and steric
bulkiness, in the tandem SCB opening/C−H silylation
reaction.94 We successfully delivered a wide array of
dibenzosiloles containing silicon-stereogenic centers with
excellent enantioselectivities (up to 93% ee) (Scheme 2b).
While our progresses opened up many possibilities to engage
SCBs with different C−H reacting partners, conceivably in an
intermolecular and enantioselective version, they also raised
many fascinating questions. For example, why does C−H
silylation become possible under our reaction conditions?
What is the active catalytic species? What is the enantio-
determining step? Why do aryl C−H bonds react faster than
benzylic C−H bonds? To the best of our knowledge,
mechanistic studies on C−H silylations mainly focused on
hydrosilanes95−102 and theoretical studies on SCBs focused on
cycloadditions.103−105 While the collective body of knowledge
about C−H silylations is undoubtedly inspirational, the
answers to the above questions are not readily clear. We
thus strived to decode the puzzle to further capitalize the
potential of SCBs and the Rh/diphosphine catalyst system in
C−H silylations.
Herein, we report our combined computational and

experimental mechanistic study on the Rh-catalyzed intra-
molecular C−H silylation with SCBs. We discovered that (1)
[Rh]−H is probably the active catalytic species, as opposed to
the previously proposed [Rh]−Cl; (2) [Rh]−H is generated
via a reductive elimination/β-H elimination sequence, as
opposed to the previously proposed endocyclic β-H elimi-
nation; and (3) the discretely synthesized and characterized
[Rh]−H is a more efficient catalyst than the [Rh]−Cl. In
addition, our results account well for the observed regio- and
enantioselectivities. This work reconciles the difference
between SCBs and hydrosilanes, echoing the pioneering
studies from Hartwig95,96 and Takai99 groups. It also provides

valuable insights and a useful catalyst system for future C−H
silylation reactions.

■ RESULTS AND DISCUSSION
Previously Proposed Mechanism with [Rh]−Cl Cata-

lyst. We proposed a possible reaction mechanism in ref 93
(Figure 1). The reaction initiates with the oxidative addition of

SCB substrate 1a to RhI, generating five-membered rhodacycle
A. An endocyclic β-H elimination106,107 on A furnishes
rhodium(III) hydride species B, which undergoes a subsequent
reductive elimination to give intermediate C and HCl.
Oxidative insertion of RhI into one aryl C−H bond of the
biphenyl group in C generates rhodium(III) hydride
intermediate D, followed by reductive elimination to form
the Si−C bond. The resulting rhodium(I) hydride inter-
mediate E undergoes an alkene insertion to form alkylrhodium
species F. Finally, protodemetalation of F by HCl provides
dibenzosilole product 2a and completes the catalytic cycle. In
such a catalytic cycle, the endocyclic β-H elimination was
proposed since we observed deuterium scrambling on the C1
and C2 positions (see structure F).
To investigate the [Rh]−Cl mechanism, we selected the

intramolecular C−H silylation of SCB 1a in toluene as the
model reaction for density functional theory (DFT) calcu-
lations (Figure 2; see Supporting Information for the complete
free energy profile). The model catalyst [Rh(L1)Cl]2 (CAT1)
was used to simplify the computations. The [Rh]−Cl
mechanism is initiated by the insertion of [Rh]−Cl into SCB
1a via TS1. The resulting RhIII intermediate INT1 then
proceeds through an endocyclic β-H elimination (via TS2)
with an activation free energy of 14.8 kcal/mol. Such a Rh-
involved endocyclic β-H elimination was not widely
documented. We hypothesize that the big diphosphine ligand
may render it possible. Then, reductive elimination (via TS3)
takes place to give RhI intermediate INT3, which is the key

Scheme 2. Rh-Catalyzed C−H Silylation with SCBs

Figure 1. Proposed mechanism in ref 93. Diphosphine ligand = TMS-
segphos. Ar = 2-biphenyl.
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intermediate for the subsequent rate-limiting C−H bond
activation (via TS4). The overall activation free energy of the
[Rh]−Cl mechanism is 49.0 kcal/mol (from CAT1 to TS4),
which is too high for a reaction that proceeds at 80 °C.
Besides, the rate-limiting step, that is, the C−H bond
activation step, is inconsistent with the kinetic isotope effect
(KIE) observed in our previous study (1.0 for parallel

reactions).93 These results indicate that the [Rh]−Cl
mechanism is not feasible and [Rh]−Cl may not be the real
catalytic species.

Revised Mechanism with [Rh]−H as the Active
Catalyst. Previously, the Hartwig group showed that the
catalyst resting state in the Rh-catalyzed silylation of aryl C−H
bonds was a five-coordinate silyl RhIII complex.95 Such a
resting state could be reversibly converted to an active
rhodium(I) hydride catalyst. [Rh]−H has also been proposed
as the active species in Rh-catalyzed C−H silylation developed
by Takai.99 In addition, in our previously proposed
mechanism, a tentative rhodium(I) hydride intermediate,
that is, structure E in Figure 1, was also proposed. These
threads led us to consider a scenario where a [Rh]−H species
is the active catalyst. Thus, a revised mechanism involving the
generation of the active [Rh]−H catalyst and the catalytic
cycle of C−H silylation has been proposed.

Generation of [Rh]−H. The generation of the dimeric
[Rh]−H species [Rh(L1)H]2 (CAT2) was first studied
(Figure 3). The reaction starts with the dissociation and
insertion of the catalyst into substrate 1a to form five-
membered silametallacycle INT1 via TS1 with an activation
free energy of 23.6 kcal/mol. Subsequently, reductive
elimination (via TS5) and β-H elimination (via TS6) occur
to form the active catalyst dimer CAT2 and chlorosilane 6a
(see Supporting Information for experimental attempts to
detect chlorosilane 6a or its derivatives). The overall free
energy barrier is 25.6 kcal/mol (from CAT1 to TS5).
There exists another pathway involving a different reaction

sequence (see the red line in Figure 3). Silametallacycle INT1
may first undergo endocyclic β-H elimination via TS2. The
resulting intermediate INT2 then proceeds through a reductive
elimination process via TS7 to generate INT7, which
dimerizes to furnish the dimeric species CAT2. The overall

Figure 2. (a) Model reaction for DFT calculations. (b) Part of the
free energy profile for the [Rh]−Cl mechanism. Computed at the
SMD(toluene)/B3LYP-D3(BJ)/def2-TZVP-6-311++G(d,p)//
B3LYP/LANL2DZ-6-31G(d) level.

Figure 3. Free energy profile for the generation of [Rh]−H species CAT2. Computed at the SMD(toluene)/B3LYP-D3(BJ)/def2-TZVP-6-311+
+G(d,p)//B3LYP/LANL2DZ-6-31G(d) level.
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activation free energy for this pathway is as high as 33.0 kcal/
mol (from CAT1 to TS7) and thus energetically unfavorable.
Catalytic Cycle of C−H Silylation. After the generation of

the active [Rh]−H catalyst, the catalytic cycle shown in Figure
4 is initiated. The active catalyst [Rh]−H first undergoes
oxidative insertion into SCB 1a via TS8. Then, reductive
elimination of INT9 overcomes a free energy barrier of 11.4
kcal/mol via TS9 to form RhI intermediate INT10. The
subsequent C−H bond activation (via TS10) and reductive
elimination (via TS11) are calculated to be facile, providing
product 2a and regenerating the [Rh]−H species. For INT11,
the reverse C−H bond formation (via TS10) is out-competed
by the forward Si−C bond formation (via TS11). Therefore,
the C−H bond activation step (from INT10 to INT11) is
irreversible. The overall activation free energy for the catalytic
cycle is 25.3 kcal/mol (from CAT2 to TS8), showing that this
reaction is energetically feasible.
Since only RhI can undergo C−H bond activation via

oxidative addition, another possible mechanism for the
conversion of the RhIII intermediate INT9 to RhI intermediate
INT12 is also studied (blue line in Figure 4). Reductive
elimination of INT9 via TS12 experiences a small free energy
barrier of 3.0 kcal/mol to give INT12. However, the free
energy barrier for the subsequent C−H bond activation via
TS13 is much higher than that for TS9 (37.2 kcal/mol versus
12.6 kcal/mol), suggesting that this mechanism is unlikely to
be operative.
DFT Calculations on the Regio- and Enantioselectiv-

ities. Next, we examined whether the revised mechanism
could account for the previously observed regio- and
enantioselectivities (Figure 5a). When substrate 1b with an
ortho-methyl group was used, both C(sp2)−H and C(sp3)−H
silylation products 2b and 7b were observed in a ratio of
1:0.7.93 The competition of C(sp2)−H versus C(sp3)−H
bonds was studied by comparing the relative free energies of

the C−H bond activation transition states (Figure 5b). DFT
calculations indicate that the C(sp2)−H bond activation
transition state TS14-sp2 is favored over the C(sp3)−H
bond activation transition state TS14-sp3 by only 0.4 kcal/mol,
suggesting that products 2b and 7b should be formed with
comparable yields. This is consistent with the experimental
findings.
Our mechanistic study reveals that the oxidative addition of

SCBs (e.g., TS8 in Figure 4) is the enantio-determining step.
Here we use the 2-biphenyl substrate 3a, Rh[(R)-TMS-
segphos]H, and toluene as the model system to investigate the
origins of enantioselectivity (Figure 5a). DFT calculations
suggest two geometries TS15-S and TS15-R as the most
favored transition states to generate (S)- and (R)-products,
respectively (Figure 5c; here we suppose A-ring > B-ring > n-
Pr > H to differentiate the absolute configurations).
Generation of (S)-4a via TS15-S is kinetically favored over
the formation of (R)-4a via TS15-R by 2.2 kcal/mol in terms
of free energies, which is in line with the experimental
observations.94 DFT calculations indicate that the steric
interaction plays a crucial role in the geometrical arrangement
of the transition states. The steric map of the catalyst in a
Quadrant projection,108,109 which is viewed along the C2-axis,
shows the asymmetry of the catalytic pocket: The quadrants II
and IV are almost completely blocked by the aryl groups
(Figure 5d). This catalytic pocket explains that TS15-R is
disfavored because the substrate places the SCB part into the
most sterically hindered quadrant IV of the steric map. In
addition, the interaction between the substrate and the
rhodium catalyst may also affect the enatioselectivity. In
TS15-S, the substrate has a stronger interaction with the
catalyst via a Rh···H−Si interaction (the Rh···H distance is
2.29 Å), which makes TS15-S favored over TS15-R. The Liu,
Buchwald, and Hartwig groups have attributed the superior
enantioselectivity imposed by segphos-type ligands to

Figure 4. Free energy profile for the catalytic cycle of the [Rh]−H mechanism. Computed at the SMD(toluene)/B3LYP-D3(BJ)/def2-TZVP-6-
311++G(d,p)//B3LYP/LANL2DZ-6-31G(d) level.
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attractive ligand−substrate dispersion.110,111 However, in our
case, energy decomposition analysis112,113 suggests that the
steric interactions and the resulting distortion of the catalyst
rather than dispersion interactions determine the enantiose-
lectivity (see Supporting Information for details).
Experimental Mechanistic Study with [Rh]−H. Our

computations provide valuable mechanistic information that a
[Rh]−H species generated in situ is likely the active catalytic
species of the reaction. We reinvestigated the kinetic behavior
of C−H silylation under [Rh]−Cl catalysis by 1H NMR
analysis, finding that the silylation reaction involves two stages:
an induction period (∼1 h at 40 °C) and an active period
featuring faster consumption of the substrate (see Supporting
Information for details). The unambiguous observation of the
induction period motivated us to carry out numerous
experiments to confirm the Rh−H catalysis and to explore
the possible advantages of [Rh]−H-catalyzed reactions
considering that using [Rh]−H as the catalyst would avoid
such an induction period and possible side reactions caused by
[Rh]−Cl in the induction period. To this end, we synthesized

and characterized the discrete [Rh]−H catalyst, then used
them toward mechanistic and utility studies.

Synthesis and Characterization of [Rh]−H. The
reaction between [Rh(C2H4)2Cl]2 with 2.0 equiv of TMS-
segphos failed to generate dimeric [Rh(TMS-segphos)Cl]2
(see Supporting Information for details). We observed that
only half of the presumably labile ethylene was displaced by the
diphosphine, which was surprising and rarely documented.114

We speculated that the large steric hindrance of our
diphosphine ligand might be the problem. Instead, the
rhodium hydride complex [(TMS-segphos)Rh(μ2-H)2Rh-
(C2H4)2] (CAT3) was prepared in situ from [Rh-
(C2H4)2Cl]2/TMS-segphos and excess triethylsilane (Scheme
3). The rhodium hydride species was substantiated by 1H and
31P NMR spectroscopy as well as HRMS analysis (see
Supporting Information for details). Of note, a characteristic
hydride signal at −7.36 ppm was observed in the 1H NMR
spectrum.

Measurement of KIEs. To determine whether the C−H
bond activation step in the catalytic cycle is rate-limiting,

Figure 5. (a) Reactions for studing selectivities. (b) Activation of C(sp2)−H and C(sp3)−H bonds of substrate 1b. (c) Geometries and relative free
energies of Si−C bond activation transition states TS15-S and TS15-R. (d) Quadrant projection of Rh[(R)-TMS-segphos]H and the
corresponding steric map in Quadrant projection. Computed at the SMD(toluene)/B3LYP-D3(BJ)/def2-TZVP-6-311++G(d,p)//B3LYP/
LANL2DZ-6-31G(d) level.
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substrates 1a and 1a-d5 were treated with CAT3 in separate
NMR tubes and monitored by 1H NMR spectroscopy
(Scheme 4a). The measured KIE was 1.0, indicating that the

cleavage of aryl C−H bond is not rate-limiting. This
experimental observation is consistent with our computational
results. In addition, the intramolecular competition experiment
was conducted with 1a-d1 as the substrate (Scheme 4b). A
ratio of 3:1 (C−H versus C−D activation) was observed, and
the same ratio was recorded when [Rh]−Cl was utilized.93
Crossover Experiments. SCBs 1a and 1a-d5 (0.1 mmol

each) were treated under [Rh]−H and [Rh]−Cl catalysis,
respectively (Scheme 4c). Both reactions were quenched at
<10% conversion, and the reaction mixtures were analyzed by
GC-MS. An almost even distribution of four possible
molecular weights corresponding to all of the four possible
products in Scheme 4c was observed, which is consistent with
our computational results that [Rh]−H species participates in
the catalytic cycle in an intermolecular manner ([Rh]−H
formed in the final stage of a catalytic cycle will incorporate the
metal-bound hydrogen atom into the n-Pr group of the
product of the next cycle) as opposed to an intramolecular
manner.
Kinetic Measurements. We monitored the reaction of

SCB 1a under [Rh]−H catalysis by 1H NMR analysis (Figure
6a). In contrast to the reaction conducted with [Rh]−Cl, no
induction period was observed in this case. The rate law of the
reaction was then acquired from the reaction profiles, showing

that the reaction was first order in both the substrate (Figure
6b) and [Rh]−H (Figure 6c). An Arrhenius plot in a
temperature range from 30 to 50 °C revealed the activation
energy (Ea) to be 23.4 kcal/mol (see Supporting Information
for details). Fitting the obtained reaction rates to the Eyring
equation determined the activation parameters of ΔH⧧ = 22.8
kcal/mol and ΔS⧧ = 13.5 cal/(mol·K).

[Rh]−H Is a More Efficient Catalyst. Consistent with our
predictions, we were delighted to witness that [Rh]−H was a
better catalyst than [Rh]−Cl. The reaction under [Rh]−H
catalysis takes place at a lower temperature and at a lower
catalyst loading, yet affords a better yield (Table 1). For
example, the intramolecular C−H silylation of SCB 1a
proceeded smoothly at 40 °C with 2 mol % CAT3, generating
product 2a in an excellent 95% yield (Table 1, entry 2). Under
the same set of conditions, the conversion under [Rh]−Cl
catalysis was meager (24%) with most of the substrate
remained (Table 1, entry 1). The reaction even proceeded at

Scheme 3. Synthesis of Rhodium Hydride Complex CAT3

Scheme 4. Deuterium-Labeling Experimentsa

aConditions X: Substrate(s) (0.1 mmol, 1.0 equiv), 2 mol % CAT3,
40 °C. Conditions Y: 1a-d5 (0.1 mmol, 1.0 equiv), 1a (0.1 mmol, 1.0
equiv), 5 mol % [Rh(cod)Cl]2, 10 mol % TMS-segphos, 80 °C.

Figure 6. Kinetic experiments. (a) Kinetic profile of the intra-
molecular C−H silylation of 1a with CAT3 as the catalyst. (b)
Determination of the reaction order in 1a. (c) Determination of the
reaction order in CAT3. See Supporting Information for details.
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0 °C with 10 mol % CAT3, reaching 26% conversion after 24 h
(Table 1, entry 3). No reaction took place in the absence of
the diphosphine ligand (Table 1, entry 4), suggesting that
background reaction without a ligand is not operative. The
finding of no background reaction is especially encouraging in
terms of designing enantioselective silylation using SCBs.
The superiority of the [Rh]−H catalysis is further

demonstrated by the intramolecular C−H silylation of 12
representative SCBs (Table 2). The reaction yields under
[Rh]−H catalysis are compared head to head to those under
[Rh]−Cl catalysis. It is clear that [Rh]−H is more efficient
across the panel, especially on the substrates that are resistant
to [Rh]−Cl conditions (e.g., 2c−e and 2n). In addition, we
were delighted to observe that aryl−halide bonds (e.g., 2i and
2j) remained compatible with [Rh]−H catalysis, which is an
advantage over Pd catalysis.
Summary of the [Rh]−H Mechanism. For clarity and

completeness, we offer a summary of the [Rh]−H mechanism
(Figure 7) based on our computational and experimental
results as well as literature findings.95−105 First, coordination of
substrate 1a to the rhodium catalyst occurs. The resulting
intermediate G undergoes Si−C bond activation via oxidative
addition to generate RhIII intermediate H, which then proceeds
through C−H bond formation via reductive elimination to give
silylrhodium(I) species I. Subsequently, RhI-mediated C−H
bond activation leads to the RhIII intermediate J. Finally,
reductive elimination and catalyst transfer furnish dibenzosilole
product 2a and complete the catalytic cycle. When [Rh]−Cl
was used as the precatalyst, we suggest that [Rh]−Cl might
first react with substrate 1a to generate intermediate G through
the reaction pathway shown in Figure 3.

■ CONCLUSION
Based on computational results, experimental observations,
and literature findings, we propose that [Rh]−H in situ
generated from [Rh]−Cl during the induction period is the
active catalyst for Rh-catalyzed intramolecular C−H silylation
with SCBs. The catalytic cycle consists of Si−C bond
activation, C−H bond formation, C−H bond activation, and
Si−C bond formation steps. The key C−H bond activation
step is irreversible but not rate limiting. This mechanism
accounts well for the observed regio- and enantioselectivities.
Importantly, our experiments with discretely synthesized
[Rh]−H are fully consistent with the [Rh]−H catalytic cycle
and demonstrate that [Rh]−H is a more efficient catalyst in
terms of reaction rates and yields. This study is a good example
that collaboration between dry and wet laboratories sheds light
on the reaction mechanism and streamlines the catalyst system.
It also showcases the guiding role of computations as
manifested in the course of detecting reaction intermediates

(e.g., 6a) and proposing new catalysts (e.g., [Rh]−H). Taking
advantage of the more reactive [Rh]−H catalyst, we are
actively pursuing the first examples of asymmetric intermo-
lecular C−H silylation reactions on SCBs and shall report the
results soon.

■ COMPUTATIONAL METHODS
Geometry optimizations were performed in the gas phase using
B3LYP functional115,116 with the Gaussian 09 program package.117

Pople’s double-ζ basis set 6-31G(d) was adopted for H, C, O, Si, P,
and Cl atoms.118 For Rh, the LANL2DZ basis set with effective core
potential (ECP) was employed.119 Frequency analyses were
performed at the same level to obtain thermal corrections at 298 K
and to confirm the stationary points with zero imaginary frequency
and transition states with only one imaginary frequency. Solution-
phase single-point refinements in toluene were calculated using the
SMD solvation model,120 B3LYP functional with Grimme’s D3(BJ)
dispersion,121,122 and a mixed basis set, in which the triple-ζ basis set
6-311++G(d,p) was used for H, C, O, Si, P, and Cl atoms118 and the
def2-TZVP basis set123 with ECP124 was used for Rh. All discussed
energy differences were based on free energies at 298 K (standard
states are the hypothetical states at 1 mol/L). For structures with

Table 1. Evaluation of Catalytic Efficiencya

entry reaction conditions
conversion

(%)

1 5 mol % [Rh(C2H4)2Cl]2, 10 mol % TMS-segphos 24
2 2 mol % CAT3 97 (95b)
3c 10 mol % CAT3 26
4 5 mol % [Rh(C2H4)2Cl]2, 1 equiv of Et3SiH ND

aReactions were conducted with 1a (0.1 mmol) in toluene (1.0 mL)
at 40 °C for 24 h. The conversion was determined by 1H NMR
analysis. bIsolated yield. cReaction was conducted at 0 °C. ND = not
detected.

Table 2. Scope of [Rh]−H-Catalyzed C−H Silylationa

aReactions were conducted with 1 (0.1 mmol) in toluene (1.0 mL).
The yields refer to isolated yields. Conditions X: 2 mol % (with
substituent(s) at B-ring) or 5 mol % (with substituent(s) at A-ring)
CAT3, 40 °C, 24 h. Conditions Y: 5 mol % [Rh(cod)Cl]2, 10 mol %
TMS-segphos, 80 °C, 48 or 72 h; yields have been previously reported
in ref 93.
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ligand L1, a conformational search was first performed with segphos.
Then, silyl groups were added to a few low-energy conformers, and
the geometries were reoptimized. For TS15-S and TS15-R, the
conformational search was directly carried out with TMS-segphos.
Generalized Kohn−Sham energy decomposition analysis112,113 was
performed with GAMESS.125 Three-dimensional structures were
prepared with CYLview.126 The steric map for analyzing catalytic
pocket was built with SambVca 2.127−129

B3LYP-D3 functional has been widely applied in the theoretical
studies on Rh-catalyzed reactions.99,130−133 To further examine the
reliability of our computations with B3LYP-D3(BJ), we compared the
computed overall activation free energies and selectivities with three
other popular density functionals, namely, PBE0-D3(BJ),121,122,134

M06,135 and ωB97X-D,136 finding that different functionals exhibited
consistent trends (see Supporting Information for details).
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