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The hydrocarboxylation and hydrosilylation processes proposed in the copper-catalyzed reaction among
carbon dioxide, diphenylacetylene and HSi(OEt); were comparatively studied with the aid of density func-
tional theory calculations. Our study is to explore why the reaction preferred a hydrocarboxylation rather than
a hydrosilylation process. It was found that the ¢ bond metathesis between Cu—C and H—Si involved in the
hydrosilylation process had a significantly high reaction barrier in the presence of CO; (47.4 kcal/mol). Instead,
CO; insertion and the subsequent ¢ bond metathesis between Cu—O and H—Si involved in the hydro-
carboxylation process were confirmed kinetically feasible, consistent with the experimental facts.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

CO; is inexpensive, easy-to-handle, and nontoxic, so it can be
considered as an ideal, renewable carbon unit in organic synthesis
[1—4]. However, thermodynamic considerations limit the wide-
spread application of CO, in chemical reactions owing to its
chemical inertness. Recently, researchers found that CO; could be
activated by many transition metal complexes [5—10]. For example,
transition metal-catalyzed carboxylation of organozinc and orga-
noboron compounds can transform CO, into useful organic com-
pounds [11—14]. In addition, hydrocarboxylation [15—17] of C—C
multiple bonds with CO,, such as the nickel-bipyridine-catalyzed
electroreductive coupling of 1,3-diynes and 1,3-enynes with CO5,
is also very promising. However, the indispensable reducing agents,
such as ZnEt; and AlEts, are extremely air sensitive. To solve this
question, Tsuji and his coworkers reported the copper-catalyzed
hydrocarboxylation of alkynes with CO, (balloon) and hydrosilane
as reducing agents, leading to the products of o,B-unsaturated
carboxylic acids [18]. In this experiment, the [IMesCuF] was proved
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to be the effective catalyst compared with [IPrCuCl] + tBuONa,
[[MesCuCl] + tBuONa, and [IPrCuF]. With [IMesCuF] as the catalyst,
HSi(OEt)s was found to be the best reducing agent compared with
PMHS, HSi(O'Pr)s, and H,SiPh,. As shown in Scheme 1, the hydro-
carboxylation reaction was experimentally confirmed feasible,
giving the carboxyl silane product P with high regioselectivity. But
the direct hydrosilylation reaction between R1 and R2, leading to
the formation of alkenyl silane product P’, was found not available.

Possible catalytic cycle has been proposed for the stoichiometric
reaction (Scheme 2). IMesCuH, generated from IMesCuF, was pro-
posed to be the real catalyst. For the hydrocarboxylation process,
three steps are involved: step I is an insertion of C—C triple bond into
Cu—H, generating an alkenyl copper complex (4); step II involves
CO, insertion into Cu—C, leading to the formation of a carboxyl
compound (6); step III is related to a g-bond metathesis between
Cu—0 and H-Si, giving product P. The unavailable hydrosilylation
process is proposed to undergo a direct c-bond metathesis between
Cu—C and H-Si, giving product P’. Recently, Wu and co-workers
reported a similar theoretical study on the hydrocarboxylation
process [19]. They studied the mechanism for the Cu(I)-mediated
domino reaction of asymmetrical alkynes with CO, by the
reducing reagent of hydrosilane, giving a product in good yield with
high regioselectivity. They give the factors, steric and electronic
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Scheme 1. Hydrocarboxylation of diphenylacetylene (R1) using a hydrosilane (R2) and CO,.

effects, which determine the regioselectivity. In this work, we aim to
make clear why the copper-catalyzed reaction prefers a hydro-
carboxylation process rather than a hydrosilylation one.

Although the catalytic cycle for the reaction studied here has been
proposed, the reason for the reaction undergoing hydrocarboxylation
rather than hydrosilylation is still remained unclear. This question is
also raised by Zhang et al. in a highlight article [20] and Lin et al. in a
feature article [21]. As is known, the mechanistic details of a reaction
are not easily accessible by experiments. Theoretical and computa-
tional study has remarkable advantages in this regard. The geometric
structures of reactants, intermediates, transition states and products
can be located, and related thermodynamic and kinetic data can be
obtained with the help of quantum chemistry calculations. Thus,
theoretical and computational study could offer the access to mech-
anistic details of a reaction, and provide further understanding for
experimental observations and would possibly provide helpful in-
formation for designing new related reactions. In this paper, we pre-
sent a density functional theory (DFT) study on the copper-catalyzed
hydrocarboxylation of alkynes with CO; reported by Tsuji et al., with
the aim to make clear why the reaction undergoes a hydro-
carboxylation process instead of a hydrosilylation process.

2. Computational details

In our calculations, all molecular geometries were optimized at
the B3LYP level of DFT [22—25]. To identify all stationary points as
minima (zero imaginary frequencies) or transition states (one
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Scheme 2. Plausible catalytic cycle.

imaginary frequency), we calculated frequencies at the same level
of theory. All the transition states were checked by intrinsic reac-
tion coordinate (IRC) [26,27] analysis. To describe C, O, N, F, Si and H
atoms, we used standard 6—31G(d,p) basis sets. To describe Cu
atom, we used the 6—311G(d) Wachters—Hay basis set [28—30].
The solvent effect was examined by performing single-point self-
consistent reaction field (SCRF) calculations based on the polariz-
able continuum model (PCM) [31—33] for all the gas-phase opti-
mized species. The atomic radii used for the PCM calculations were
specified using the UAKS keyword. In Gaussian 03, the PCM pa-
rameters are not available for 1,4-dioxane. We instead used the
parameters of benzene for PCM calculations because the dielectric
constant of 1,4-dioxane (¢ = 2.2099) is very close to that of benzene
(e = 2.2706). All calculations were performed with the Gaussian 03
software package [34]. To probe the detailed reaction mechanisms
and present further understanding of such kind of reactions, we use
IMesCuF and HSi(OEt)s as the reagents, which can generate the
active catalyst IMesCuH. In all of the figures of potential energy
profiles, the calculated solvation-corrected relative free energies
(kcal/mol) and relative enthalpic energies (kcal/mol, in parenthe-
ses) were presented. Because of the entropic contribution, the
relative free energies and relative enthalpic energies are signifi-
cantly different in cases where the numbers of reactant and product
molecules are not equal. In this paper, relative free energies are
used to analyze the reaction mechanisms.

3. Results and discussion
3.1. Generation of the active catalyst IMesCuH

The calculated potential free energy profile for generation of the
active catalyst IMesCuH is shown in Fig. 1, where relative energy of
the resulting IMesCuH is set to be zero reference point. As illus-
trated in Fig. 1, generation of the active catalyst IMesCuH is a direct
silicon-to-copper transmetalation between IMesCuF and HSi(OEt)s
(R2). Key geometric structures together with selected bond dis-
tances are shown in Fig. 2.

IMesCuF and R2 firstly form a four-membered intermediate (1). It
is found that even from intermediate 1 Cu—F and Si—H bonds can be
effectively activated by Si and Cu centers, respectively. The Cu—F bond
length increases from 1.754 At01.894 A and the Si—H elongates from
1.463 A to 1.539 A. Step 1 to 2 via TS;_3 is actually a 6 bond metathesis
leading to the formation of Cu—H and Si—F ¢ bonds. As shown in the
geometry of intermediate 2, Cu—H and Si—F are calculated to be
1.621 A and 1.725 A, respectively. The activation barrier for the step
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Fig. 1. Potential free energy profile for generation of the active catalyst LCuH
(L = IMes). The relative free energies and relative enthalpic energies (in parentheses)
are given in kcal/mol.

(1 — 2)is calculated to be only 0.2 kcal/mol, indicating that o bond
metathesis can occur very readily. Subsequently, removal of (EtO)sSiF
from 2 generates the catalyst IMesCuH with a big energy decrease
(—29.5 kcal/mol). The small overall barrier (2.1 kcal/mol, LCuF + R2 to
TS1-2) and large free energy decrease (—27.4 kcal/mol) indicate the

active catalyst IMesCuH can be obtained very easily, which is in
accordance with the experimental observations that the active cata-
lyst could be obtained quickly at room temperature [35].

3.2. Insertion of the alkyne (R1) into Cu—H bond of IMesCuH

The potential energy profile for insertion of R1 into Cu—H bond
of IMesCuH to afford intermediate 4 is shown in Fig. 3. Key geo-
metric structures together with the selected bond distances are
illustrated in Fig. 4.

Firstly, R1 coordinates to the Cu center to form adduct 3. The
C—C triple bond increases from 1.208 A in R1 to 1277 A in 3,
indicating this bond has been efficiently activated. Then, an
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Fig. 3. Potential energy profile for insertion of the alkyne (R1) into Cu—H bond of LCuH
(L = IMes). The relative free energies and relative enthalpic energies (in parentheses)
are given in kcal/mol.

alkyne insertion into Cu—H bond occurs, leading to the insertion
product 4. The insertion barrier from 3 to TS3_4 is calculated to be
12.4 kcal/mol and the reaction free energy change (R1 + LCuH to
4) is calculated to be —24.6 kcal/mol, suggesting that the inser-
tion product can be easily available under the reaction conditions.

3.3. Comparison between the hydrocarboxylation and the
hydrosilation processes

Experiments have confirmed that the hydrocarboxylation
occurred while the hydrosilylation could not under the reaction

conditions (Scheme 1). For probing the reason, we explored the

@

TSq2

Fig. 2. Calculated geometric structures together with key structural parameters (A) for the species shown in Fig. 1. For clarity, the hydrogen atoms attached to carbon atoms are
omitted.
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3 TS34

Fig. 4. Calculated geometric structures together with key structural parameters (A) for selected species shown in Fig. 3. For clarity, some hydrogen atoms attached to carbon atoms

or groups attached to the N atoms are omitted.

possible reaction mechanisms for both the hydrocarboxylation and
the hydrosilylation processes (Scheme 2). The potential energy
profile involving the hydrocarboxylation process (path a) and the
one involving the hydrosilylation process (path b) were shown in
Fig. 5. Geometric structures together with selected structural pa-
rameters for key species were illustrated in Fig. 6.

3.3.1. Path a: hydrocarboxylation process

Path a presents the detailed reaction mechanism of hydro-
carboxylation process. Intermediate 4 firstly forms a complex
adduct 5 with CO, through van der Vaals interactions because CO;
is relatively far away from the alkenyl copper complex in 5. As
shown in Fig. 6, Cu—C3 and Cu—O02 in 5 were calculated to be
3.238 A and 3.713 A, respectively. Step 5 — 6 is the insertion of CO,
into the Cu—C bond with the oxygen toward the Cu center,
affording a carboxyl copper complex (6). In TS5_g, CO; is found to be
non-coplanar with the Cu—C moiety, similar to the transition state
of CO; insertion into Cu—Ph calculated by Lin’s group [36]. The
interaction between CO; and the LCu—alkenyl complex is believed
to be a nucleophilic attack of the Cu—C ¢ bond on the CO; carbon
[36]. Intermediate 6 isomerizes into the more stable intermediate 7

through the 01—C3 o bond rotation. The instability of 6 compared
to 7 can be attributed to non-planarity of the 0O=C—C=C moiety
that is caused by the steric hindrance between the terminal phenyl
group and the group attached to the N atom. Dihedral angles of the
0=C—C=C moiety in 6 and 7 were calculated to be 139.0° and
168.3°, respectively. Clearly, more effective conjugation of the O=
C—C=C moiety is present in 7, leading to the intermediate being
more stable. In summary, the overall free energy barrier for the CO,
insertion process is computed to be 14.2 kcal/mol (4 to TS5_g), and
the free energy change for the process is —14.6 kcal/mol (4—7).
Therefore, the CO, insertion process could occur easily under the
reaction conditions. By the way, the insertion of CO; with the car-
bon atom toward the Cu center has been found not available [36].
Our calculations show that the free energy barrier for such an
insertion process is as high as 61.1 kcal/mol.

The subsequent two steps (7 — 8 — P) are related to a ¢ bond
metathesis process between Cu—O and Si—H. Intermediate 7 and
(EtO)sSiH first form an intermediate 8 through van der Waals in-
teractions where the closest distance between the two species is
the Cu---HSi distance (2.690 A). The last step 8 to P is a typical ¢
bond metathesis where both the Cu—O and Si—H bonds are broken
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Fig. 5. Potential energy profiles leading to the hydrocarboxylated product (P) (path a) and the hydrosilated product (P’) (path b). The relative free energies and relative enthalpic

energies (in parentheses) are given in kcal/mol.
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Fig. 6. Calculated geometric structures together with key structural parameters (A) for the species shown in Fig. 5. For clarity, some hydrogen atoms attached on carbon atoms or

the groups attached on the N atoms are omitted.

and correspondingly the Cu—H and Si—O bonds are formed. The
overall free energy barrier for the metathesis process is computed
to be 30.1 kcal/mol (7 to TSg_p). Such a barrier height is reasonable
for the reaction temperature of 100 °C. It can be seen from the
whole reaction mechanism (R1 to P) presented in Figs. 5 and 6 that
the rate-determining process is predicted to be the ¢ bond
metathesis process (7 to P).

3.3.2. Path b: hydrosilylation process

The hydrosilylation process, which is also regarded as a trans-
metalation process, was proposed as shown in Fig. 6 (path b). Inter-
mediate 4 and the hydrosilane first form the intermediate 9 through

van der Waals interaction. Then, 9 via the transition state TSq_p'
undergoes a ¢ bond metathesis process between Cu—C and Si—H,
generating P’ and regenerating the catalyst IMesCuH. Since inter-
mediate 4 first transforms into the more stable 7 in the presence of
CO,, the overall rate-determining process for the hydrosilylation
process is hence considered to be 7 — 4 — P'. Thus, the overall free
activation energy would be 47.4 kcal/mol (7 to TSg_p ), noticeably
higher than that of hydrocarboxylation process (30.1 kcal/mol, 7 to
TSg_p). Therefore, the calculation results confirm that the reaction
studied in this work undergoes a hydrocarboxylation process but not
a hydrosilylation process. We also note that the barrier for the
hydrosilylation process would be 32.8 kcal/mol in the absence of CO,.
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3.3.3. Discussion on the hydrosilylation and hydrosilylation processes

Our calculation results support the experimental observations
that the reaction prefers a hydrocarboxylation process over a hy-
drosilylation process. To gain a better understanding of the chemo-
selectivity, it is necessary and valuable to get insight into the origin
why the hydrocarboxylation process is preferred.

(1) High hydrosilylation barrier leads to the reaction preferring
CO; insertion.

Clearly, the reaction undergoing CO, insertion rather than hydro-
silylation is caused by the high hydrosilylation barrier (4—TSg_p ). By
carefully examining the geometry of TSq_p, we found that the
strongly forced steric hindrance is involved in the transition state. To
understand the steric influence on the relative stability of TSg_p we
carried out a simple energy decomposition analysis (EDA) [37—39]
(Fig. 7). Relative enthalpic energies (kcal/mol) in gas phase are used
to describe the EDA process. The barrier in enthalpic energy for the
hydrosilylation process was calculated to be 26.7 kcal/mol, similar to
that in solution (23.9 kcal/mol). Geometries of fragments F4 and Fgra
were directly derived from TSq_p and their relative enthalpic energies
were obtained by single point energy calculations. AH1 represents
distortion energy of the alkenyl copper complex (4 to F4) and AH2
represents distortion energy of the hydrosilane (R2 to Fgz). AH3 de-
notes the attraction energy between Fs and Fgro. Clearly,
AH = AH1 + AH2 + AH3. AH1 and AH2 are responsible for the energy
rise from 4 + R2 to TSq_p, with the latter distortion energy pre-
dominating (33.5 kcal/mol). In other words, significant geometric
distortion from R2 to Fgrz is an important factor leading to the tran-
sition state high in energy. Strong steric hindrance of the alkenyl
group with the incoming hydrosilane causes significant geometric
distortion of the hydrosilane. As the same geometry distortion could
happen in the hydrocarboxylation (TSs_p), we also carried out a
similar energy decomposition analysis (EDA) (Fig. 8). The barrier in
enthalpic energy for the hydrocarboxylation process calculated in gas
phase is 16.8 kcal/mol, similar to that in solution (17.1 kcal/mol). The
energy increases caused by distortion of the carboxyl cooper complex
(7 to F7) and the hydrosilane (R2 to Fg,) are similar (22.1 vs. 22.4 kcal/
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_)—CuL + (OE)sH ———> ph—2
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Fig. 7. Energy decomposition analysis (EDA) from 4 + R2 to TSy p. The relative
enthalpic energies are given in kcal/mol. Geometries of R2 and Fg, together with key
parameters are also presented. For clarity, the H atoms attached to C atoms are
omitted. The bond distances are given in A and the bond angles are given in degree.
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Fig. 8. Energy decomposition analysis (EDA) from 7 + R2 to TSg_p. The relative
enthalpic energies are given in kcal/mol. Geometries of R2 and Fg, together with key
parameters are also presented. For clarity, the H atoms attached to C atoms are
omitted. The bond distances are given in A and the bond angles are given in degree.

mol). The hydrosilane in TSg_p is found to be less seriously distorted
thaninTSg_p (22.4 vs. 33.5 kcal/mol). This is understandable because
the presence of COO moiety in TSg_p leads to smaller steric hindrance
between the hydrosilane and the alkenyl group compared to the
hindrance in TSy_p . Clearly, the alkenyl copper complex (4) prefers to
undergo CO; insertion (4 — TS5_g, AG™ = 14.2 kcal/mol) over the
hydrosilylation (4—TSg_p, AG™ = 32.8 kcal/mol).

(2) Role of the carboxyl copper complex (7) in supporting the
hydrocarboxylation process.

As can be seen from Fig. 5, the insertion product 7 is a resting
state for both hydrocarboxylation and hydrosilylation. The activa-
tion process for hydrocarboxylation is from 7 to TSg_p with a barrier
of 30.1 kcal/mol, while that for hydrosilylation is from 7 via 4 to
TSy _p with a barrier of 47.4 kcal/mol. Clearly, formation of insertion
product 7 increases the hydrosilylation barrier, making the process
prohibitively accessible. Therefore, both kinetically and thermo-
dynamically favorable CO; insertion leads to the reaction under-
going hydrocarboxylation instead of hydrosilylation.

4. Conclusions

The copper-catalyzed reaction among diphenylacetylene, CO;
and HSi(OEt); has been theoretically investigated by means of
density functional theoretical calculations, with the aim to make
clear why the reaction prefers a hydrocarboxylation process rather
than a hydrosilylation one. Our findings are as follows:

(1) The catalytically active species IMesCuH can be very readily
obtained.

(2) Insertion of diphenylacetylene into Cu—H of IMesCuH can be
easily accessible.

(3) For the hydrocarboxylation process, CO, insertion into Cu—C
bond of the copper alkenyl complex and the subsequent ¢ bond
metathesis between Cu—0O and H—Si were proved kinetically
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feasible under the reaction conditions. The metathesis process
was found to be rate-determining with a barrier of 30.1 kcal/mol.

(4) For the hydrosilylation process, the ¢ bond metathesis between
Cu—C and H—Si was found to be kinetically unavailable with a
barrier of 47.4 kcal/mol in the presence of CO,. Strongly forced
geometric distortion of (EtO)3SiH in the metathesis transition
state was found to be an important factor in raising the
metathesis barrier.

(5) Formation of the more stable CO; insertion product (7) plays an
important role in blocking the reaction to undergo a hydro-
silylation process.

(6) This study would provide helpful information in designing
related hydrocarboxylation or hydrosilylation reactions.
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