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ABSTRACT: Density functional theory computations have
been applied to gain insight into the CO2 reduction to CH4
with Et3SiH, catalyzed by ammonium hydridoborate 1
([TMPH]+[HB(C6F5)3]

−, where TMP = 2,2,6,6-tetramethyl-
piperidine) and B(C6F5)3. The study shows that CO2 is
activated through the concerted transfer of Hδ+ and Hδ− of 1
to CO2, giving a complex (IM2) with a well-formed HCOOH
entity, followed by breaking of the O−H bond of the HCOOH
entity to return Hδ+ to TMP, resulting in an intermediate 2
([TMPH]+[HC(O)OB(C6F5)3)]

−), with CO2 being in-
serted into the B−H bond of 1. However, unlike CO2 insertion into transition-metal hydrides, the direct insertion of CO2 into
the B−H bond of 1 is inoperative. The computed CO2 activation mechanism agrees with the experimental synthesis of 2 via
reacting HCOOH with TMP/B(C6F5)3. Subsequent to the CO2 activation and B(C6F5)3-mediated hydrosilylation of 2 to
regenerate the catalyst (1), giving HC(O)OSiEt3 (5), three hydride-transfer steps take place, sequentially transferring H

δ− of
Et3SiH to 5 to (Et3SiO)2CH2 (6, the product of the first hydride-transfer step) to Et3SiOCH3 (7, the product of the second
hydride-transfer step) and finally resulting in CH4. These hydride transfers are mediated by B(C6F5)3 via two SN2 processes
without involving 1. B(C6F5)3 acts as a hydride carrier that, with the assistance of a nucleophilic attack of 5−7, first grabs Hδ−

from Et3SiH (the first SN2 process), giving HB(C6F5)3
−, and then leave Hδ− of HB(C6F5)3

− to the electrophilic C center of 5−7
(the second SN2 process). The SN2 processes utilize the electrophilic and nucleophilic characteristics possessed by the hydride
acceptors (5−7). The hydride-transfer mechanism is different from that in the CO2 reduction to methanol catalyzed by N-
heterocyclic carbene (NHC) and PCP-pincer nickel hydride ([Ni]H), where the characteristic of possessing a CO double
bond of the hydride acceptors is utilized for hydride transfer. The mechanistic differences elucidate why the present system can
completely reduce CO2 to CH4, whereas NHC and [Ni]H catalysts can only mediate the reduction of CO2 to [Si]OCH3 and
catBOCH3, respectively. Understanding this could help in the development of catalysts for selective CO2 reduction to CH4 or
methanol.

1. INTRODUCTION
The rising concentration of atmospheric carbon dioxide (CO2)
is one of the major factors responsible for global climate
change. Yet, CO2 can serve as an abundant, inexpensive, and
renewable C1 source to synthesize useful chemicals, attracting
considerable effort to develop catalytic routes for CO2
conversion.1−3 These studies, on the one hand, may help in
finding solutions to large-scale CO2 applications. On the other
hand, because CO2 conversion is challenging as a result of its
great stability, the knowledge learned from how to tame so
stable a molecule could spark ideas to discover novel catalytic
approaches for other molecular transformations. Among many
possible CO2 transformations, the reduction to fuel molecules
such as methanol4−10 and methane (CH4)

11−15 has been
proposed to be a promising way to utilize the refractory
molecule. Interestingly, both homogeneous transition-metal
(TM)-based and metal-free catalytic systems have been found
to be capable for such transformations. Regarding conversion to
CH4, five catalytic systems have been developed. In 2006,

Matsuo and Kawaguchi used the zirconium(IV) dibenzyl
complex and B(C6F5)3 to reduce CO2 to CH4 with various
silanes as the reductant.11 Brookhart et al. developed an
efficient PCP pincer iridium-complex catalyst to reduce CO2 to
CH4 with trialkysilanes as the reductant.12 Mitton and Turculet
reported that the palladium or platinum silyl pincer complexes
in combination with B(C6F5)3 can efficiently catalyze the CO2

conversion to CH4 with a tertiary silane as the reducing agent.
13

Piers et al. demonstrated the metal-free ammonium hydrido-
borate ion pair 1 {[TMPH]+[HB(C6F5)3]

− (the hydrogen
activation product by a TMP/B(C6F5)3 frustrated Lewis pair
(FLP), where TMP = 2,2,6,6-tetramethylpiperidine16)} in
combination with B(C6F5)3 could catalytically transform CO2

to CH4 with silane as the hydrogen source.14 Khandelwal and
Wehmschulte reported that strong Lewis acids such as [Et2Al]

+
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and [R3Si]
+ can catalyze the reduction of CO2 to CH4 with

silanes (e.g., Et3SiH).
15

Previously, we have studied the mechanisms of CO2
conversion into CH3OH mediated by N-heterocyclic carbene
(NHC)9 and PCP-pincer nickel hydride ([Ni]H)10 catalysts,
respectively. In connection with our interest in FLP17 and CO2
conversion chemistry,9,10 we herein present an in-depth
mechanistic study on the 1-catalyzed CO2 reduction to CH4
by trialkysilane, developed by Piers et al.14 Specifically, we are
interested in the CO2 activation mode and why the current
system completely reduces CO2 to CH4, whereas the [Ni]H6

and NHC7 catalysts can only partially reduce CO2 to give
catBOCH3 and [Si]OCH3, respectively.

2. COMPUTATIONAL DETAILS
Using experimental compounds rather than simplified models, all
structures were optimized in the gas phase at the M05-2X18/6-31G*
level. The choice of the M05-2X functional is based on its successful
application in describing the mechanism of CO2 reduction to
methanol with silane, catalyzed by NHC.9 Harmonic-frequency-
analysis calculations were then performed to verify the optimized
structures as minima (no imaginary frequency) or transition states
(TSs, having one unique imaginary frequency). The energies were
then improved by M05-2X/6-311++G**//M05-2X/6-31G* single-
point calculations with solvent effects accounted for by the SMD19

solvent model, using the experimental solvent (bromobenzene). The
refined energies were then corrected to obtain enthalpies and free
energies at 298.15 K and 1 atm, using the gas-phase M05-2X/6-31G*
harmonic frequencies. It should be emphasized that such thermal
corrections based on the ideal gas-phase model inevitably overestimate
entropy contributions to free energies for reactions in solvent, in
particular for reactions involving component changes, because the
suppressing effect of the solvent on the rotational and transitional
freedoms of the substrates is ignored. Because no standard quantum-
mechanics-based approach is available for accurate prediction of the
entropy in solution, we adopted the approximate approach proposed
by Martin et al.20 According to their approach, a correction of 4.3 kcal/
mol applies per component change for a reaction at 298.15 K and 1
atm [i.e., a reaction from m to n components has an additional
correction of (n − m) × 4.3 kcal/mol]. In agreement with this
approach, Rybak-Akimova et al.21 found a 4−5 kcal/mol over-
estimation of the entropic contribution by comparing the experimental
and computed values for the CO2 fixation by nickel(II) hydroxide
complexes. In the following discussion, we use the free energies
corrected by Martin et al.’s approach and give the enthalpies for
references in the brackets in the relevant figures. Because the system is
large (up to 125 atoms), and it is time-consuming and difficult to
optimize TSs in the flat region of the potential energy surface, we
omitted some trivial TSs and indicate the probably missed TSs with
dashed lines in the free-energy profiles. Natural bond orbital (NBO)22

analyses were performed at the M05-2X/6-31G* level to assign atomic
charges (Q). All calculations were performed using the Gaussian 09
program.23 All optimized structures, as well as their Cartesian
coordinates, are given in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Reduction Mechanism of CO2 to CH4. On the basis
of the observed intermediates, Piers et al. have postulated a
mechanism for their CO2 reduction to CH4 (Scheme 1).

14 The
whole reduction can be characterized by three stages, including
(stage I) CO2 activation by 1 to give the ammonium
formatoborate ([TMPH]+[HC(O)OB(C6F5)3]

−, 2), (stage
II) hydrosilyation of 2 mediated by B(C6F5)3, regenerating the
catalyst 1 and giving the formatosilane (HC(O)OSiEt3, 5),
and (stage III) three sequential B(C6F5)-mediated hydro-
silyations, leading 5 to (Et3SiO)2CH2 (6), then to Et3SiOCH3

(7), and finally to CH4. We describe our computational results
in terms of the three stages. In a single catalytic cycle, the
reduction of CO2 to CH4 involves one 1 and one B(C6F5)3 as
the catalysts, respectively, and four Et3SiH molecules. The free
energies discussed below are all relative to the total free energy
of 1 + B(C6F5)3 + CO2 + 4Et3SiH, unless otherwise specified.

Stage I: CO2 Activation by the Ion Pair 1. CO2 is an
exceptionally stable molecule; thus, its activation is often the
critical step for its conversion. Experimentally, it has been
demonstrated that introducing CO2 to the solution of 1 gives 2,
with CO2 being inserted into the B−H bond of the
[HB(C6F6)3]

− component of 1.8,14 Figure 1 illustrates our
computed mechanism of how the CO2 activation/insertion
takes place, together with the energetic and geometric results.
The CO2 activation proceeds by its initial binding to 1 to form
a complex IM1 in which the Cδ+ and Oδ− of CO2 respectively
interact with Hδ− and Hδ+ of 1 via electrostatic interaction. The
binding is favorable by 2.7 kcal/mol in enthalpy but unfavorable
by 2.5 kcal/mol in free energy because of the entropy penalty.
Subsequently, the N−Hδ+ and B−Hδ− bonds of 1 break via TS1
with a relative energy of 26.8 kcal/mol, and concomitantly Hδ+

and Hδ− of 1 transfer to CO2 to give IM2 with a well-formed
HCOOH entity. Previously, Musgrave et al. proposed
HCOOH to be an intermediate for the CO2 reduction with
ammonia−borane as reducing agent.3k However, the HCOOH
entity cannot be liberated because the products (free HCOOH
+ TMP/B(C6F5)3) are 21.8 kcal/mol less stable than 1 + CO2.
Instead, IM2 crosses a very low barrier (TS2) of 1.1 kcal/mol
to transform to the much more stable ammonium formatobo-
rate 2′, which is 15.9 kcal/mol more stable than 1 + CO2. The
driving force for the transformation from IM2 to 2′ is the
donor−acceptor interaction between the B and O atoms of
B(C6F5)3 of the HCOOH moiety. Interestingly, as the B−O
dative bond forms, the newly formed O−H bond of the

Scheme 1. Schematic Mechanism of CO2 Reduction to CH4
Postulated by Piers et al.14
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HCOOH moiety in IM2 breaks and Hδ+ returns to TMP; the
O−H and N−H bond lengths (1.029 and 1.641 Å, respectively)
in IM2 are now changed to 1.821 and 1.041 Å in 2′,
respectively. The CO2 activation product 2′ was optimized in
the gas phase, with a starting structure generated by the slight
displacement of TS2 along the harmonic vibrational motion in
the forward reaction direction. 2′ is related to the
experimentally observed 2 but geometrically different from
the X-ray structure of 2.8 We also optimized a structure using
the X-ray structure of 2 as an initial geometry. In the gas phase,
2′ is 2.1 kcal/mol more stable than 2 but 3.2 kcal/mol less
stable in solvent. Therefore, 2 is preferred in the solvent. We
did not attempt to locate the TS between 2 and 2′ and assume
that 2′ can easily transform of 2 by the swing of [TMPH]+

because the transformation only needs to slightly alter the weak
nonbonding interactions. Relative to 1 + CO2, the CO2

activation to give 2 overcomes a barrier of 26.8 kcal/mol and
is exergonic by 19.1 kcal/mol. The barrier height for the
forward reaction from 1 + CO2 to 2 is in accordance with the
experimental reaction conditions (2−4 atm and 56.0 °C in
Piers et al.’s experiment14 or 1 atm and 100.0 °C in Ashley et
al.’s experiment8). Experimentally, it has been observed that 2%
of 2 could be dissociated to release CO2 under the conditions
of 80.0 °C and 1 atm.8 The barrier for the reverse reaction, 45.9
kcal/mol (the free-energy difference between TS1 and 2), is in
reasonable agreement with the experimental observation. The
somewhat high reverse barrier could be due to overestimation
of the nonbonding interaction by the M05 functional, as
reflected by the more compact computed structure (2) than the
experimental X-ray structure, as compared in Figure 1.
Nevertheless, the CO2 activation mechanism is supported by
the experimental facts that 2 could be synthesized independ-
ently via the reaction of formic acid with TMP/B(C6F5)3,

8 and
similarly Mayer et al. could synthesize the lutidinium
formatoborate salt [LutH]+[HC(O)OB(C6F5)3]

− from
formic acid and lutidine/B(C6F5)3 FLP.

24

The CO2 insertion into the B−H bond of 1 is realized via
two separate steps, including concerted Hδ+ and Hδ− transfer
via TS1 and B−O dative bond formation via TS2. The B−O
bond in IM2 is far from being formed with a long B−O
distance (3.827 Å), indicating that CO2 does not insert into the
B−H bond of 1 in the process from 1 to IM2. It has been
known that the CO2 activation by TM hydrides such as [Ni]H6

often takes place via the direct insertion of CO2 into the TM−
H bond, resulting in a TM−OC(O)H linkage in which the
TM−O and C−H bonds form simultaneously.2c,5,6,25 We also
explored the direct insertion pathway; however, geometric
optimizations to locate corresponding TSs always converged to
TS1. Nevertheless, TS1′ for CO2 insertion into the B−H bond
of the isolated [HB(C6F5)3]

− could be obtained (see Figure 1);
the barrier for the insertion via TS1′ is 57.4 kcal/mol relative to
CO2 + [HB(C6F5)3]

−, which is 30.6 and 34.5 kcal/mol higher
than TS1 and TS2, respectively. We speculated that CO2

cannot directly insert into the B−H bond of [HB(C6F5)3]
−

of 1. The ammonium [TMPH]+ offers a detour for CO2

insertion into the H−B bond of HB(C6F5)3. The catalytic
effect of [TMPH]+ acts through its Hδ+ interaction with CO2,
which enhances the electrophilicity of CCO2 (we herein and
hereafter use CCO2 and OCO2 to represent the C and O atoms
stemming from CO2) to accept Hδ− from [HB(C6F5)3]

− of 1.
Consistently, the C atom starts to bear more positive charge in
IM1 (1.102e) than in free CO2 (1.067e).

Stage II: Hydrosilyation of 2 To Regenerate the Catalyst 1
and Give Formatosilane 5. The CO2 activation by 1 results in
2. Experimentally, it has been found that the catalytic system
requires additional borane B(C6F5)3 to proceed. Previously,
various B(C6F5)3-catalyzed hydrosilylations have been devel-
oped.26,27 Figure 2 illustrates the pathway for the hydro-
silylation of 2 mediated by B(C6F5)3. B(C6F5)3 activates Et3SiH
by forming a complex 4 [Et3Si···H···B(C6F5)3]

25 in which the
Si···H and H···B distances are 1.567 and 1.445 Å, respectively.
The activation is exergonic by 6.7 kcal/mol relative to
B(C6H5)3 + Et3SiH and makes the Si center of Et3SiH more

Figure 1. Free-energy (in kcal/mol) profile for CO2 activation by 1, along with the optimized structures of stationary points. Key bond lengths are
given in angstroms. The values in parentheses in 2 are from its X-ray structure.
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electrophilic and exposed for nucleophilic attack by 2, as
revealed by the larger positive charge of the Si center in 4
(1.895e) than in Et3SiH (1.527e). For nucleophilic attack of 2
to 4, we first considered two attacking models, including the

following: (a) the exposed O atom of 2 attacks 4 at the Si
center with Si−O bond formation and hydride transfer from 4
to CCO2 taking place concertedly; (b) the exposed O atom of 2
attacks 4 to form the Si−O bond first, and then the resulting
[HB(C6F5)3]

− gives Hδ− to CCO2 with the least motion.
However, both models were found inoperative because the two
B(C6F5)3 moieties in 4 [Et3Si···H···B(C6F5)3] and 2 are too
crowded. We here mention that a TS for model b could be
located in the scenario of less crowding but is less favorable
than the alternative (see below for more details about the
attacking model). The mechanism displayed in Figure 2 was
found to be feasible. The process starts by forming IM3 in
which B(C6F5)3 of 4 can avoid crashing with B(C6F5)3 of 2.
Subsequently, IM3 walks through TS3 to reach IM4. From
IM3 to TS3 to IM4, among the three bonds in the O···Si···H···
B linkage, the O−Si bond gradually shortens from 2.982 to
2.247 to 1.882 Å, the Si−H bond elongates from 1.620 to 1.779
to 2.422 Å, and the B−H bond shortens from 1.387 to 1.316 to
1.223 Å. These bond-length alternations describe a SN2 process
for formation of the complex IM4.
The system involves Lewis acid B(C6F5)3, and 2 is a

nucleophile with an exposed O atom. We examined the stability
of the dative complex between 2 and B(C6F5)3 because a very
stable complex like this may disable catalysis. Piers et al. were
able to obtain the X-ray structure of such a complex (i.e., 3X-
ray in Figure 2).14 Again, the M05-2X optimized structure of
the complex (3) is more compact than the X-ray structure (see
Figure 2), implying overestimation of the nonbonding
interaction by the functional, as mentioned above. The complex
is 12.6 kcal/mol more stable than 2 + B(C6F5)3; thus, 3 is stable
enough for experimental capture. However, because the process
2 → IM3 → TS3 → IM4 is kinetically very favorable with a

Figure 2. Free-energy (in kcal/mol) profile for the hydrosilylation of 2
to regenerate the catalyst, along with the optimized structures of
stationary points. Key bond lengths are given in angstroms.

Figure 3. Thermodynamics (in kcal/mol) for the rearrangements of IM4 to regenerate the catalyst 1.
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barrier of less than 4.0 kcal/mol, even if including the energy
cost for dissociation of 3 into 2 + B(C6F5)3, the effective barrier
for the process is only 16.5 kcal/mol (the energy difference
between 3 and TS3), which is kinetically accessible. Therefore,
2 is available via microscopic equilibrium. Furthermore, as will
be seen, the whole transformation from CO2 + 4Et3SiH to CH4

+ 2(Et3SiO)2O is highly exergonic by 132.7 kcal/mol, which
provides a great thermodynamic force to drive the equilibrium
toward dissociation of 3 into 2 + B(C6F5)3.
The above SN2 process results in IM4. As shown by its

structure (see Figure 2), IM4 is composed of four components
(i.e., B(C6F5)3, [TMPH]+, 5, and [HB(C6F5)3]

−) binding
together via nonbonding interactions. It is reasonable to assume
that the four components can be rearranged facilely to form
new structures. We did not attempt to locate the possible TSs
for the rearrangements. Figure 3 examines the thermodynamics
of the possible rearrangements via only breaking of the
nonbonding interactions. In the three possible pathways that
only dissociate one nonbonding component, the one resulting
in [TMPH]+ + IM4C is most favorable with the release of 7.4
kcal/mol free energy, while the dissociations of [HB(C6F5)3]

−

and B(C6F5)3 are uphill by 1.0 and 11.1 kcal/mol, respectively.
Along the most favorable pathway, the resulting IM4C further
dissociates into 5C and [HB(C6F5)]

−. The latter can favorably
(by 1.2 kcal/mol) bind to [TMPH]+ to regenerate the catalyst
1. The rearrangement from IM4 to 5C + 1 is overall exergonic
by 8.6 kcal/mol; thus, the catalyst 1 can be recovered from IM4
rearrangement energetically feasibly.

Stage III: Three Sequential Hδ− Transfer Steps. The
complex 5C obtained from IM4 rearrangement has no exposed
O atom available. In order to effectively react with 4, we
hypothesized that B(C6F5)3 in 5C can be dissociated, giving 5.
Indeed, the dissociation is feasible, costing only 12.5 kcal/mol,
which is less than 12.6 kcal/mol for the dissociation of
B(C6F5)3 from 3 (see above). Figure 4 shows the pathway for
the hydrosilylation of 5 mediated by B(C6F5)3, which takes
place via two sequential SN2 processes. The first SN2 process (5
→ IM5→ TS4→ IM6) proceeds via 5 attacking 4, transferring
Hδ− of Et3SiH to B(C6F5)3 to give IM6 in which the Si−H and
B−H distances are 1.828 and 1.307 Å, respectively. Note that
TS4 being lower than IM5 and IM6 is due to the solvent effect
and thermal corrections. In terms of the gas-phase electronic
energies, TS4 is 2.4 and 0.1 kcal/mol higher than IM5 and
IM6, respectively. The favorable entropy drives the non-
bonding complex (IM6) to separate, leading to more stable
(11.5 kcal/mol) IM7 and [HB(C6F5)3]

−. The energetic results
shown in the figure indicate that the SN2 process is very
feasible. After the first SN2 process, the resulting [HB(C6F5)3]

−

species roams to attack the electrophilic IM7 at the CCO2

center. By passing through IM8, TS5, and IM9, Hδ− of
[HB(C6F5)3]

− transfers to the CCO2 center, completing Hδ−

transfer from Et3SiH to CO2, giving 6 and recovering the
B(C6F5)3 catalyst. Including the dissociation process of 5C to 5
+ B(C6F5)3, the effective barrier (i.e., relative to 5C) for the
hydrosilylation of 5 is 12.5 kcal/mol and the process is
exergonic by 9.3 kcal/mol. Note that no TS for 5C dissociation
could exist, as indicated by the potential energy surface scanned

Figure 4. Free-energy (in kcal/mol) profile for the hydrosilylation of 5, giving 6, along with the optimized structures of the stationary points. Key
bond lengths are given in angstroms.
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by using the R−O bond distance as the reaction coordinate
(see the Supporting Information).
In the above hydride-transfer mechanism, the first SN2

process completely liberates [HB(C6F5)3]
−, which needs to

move around to find the electrophilic CCO2 center. Alter-
natively, in this step, we were able to locate the TS for the least-
motion pathway (i.e., the attacking model b mentioned above).
In this least-motion pathway, as shown by TS4′, after the Si−O
bond is formed, the leaving [HB(C6F5)3]

− can attack the
electrophilic CCO2 center with the least motion. TS4′ is 19.0
kcal/mol higher than TS4, indicating that the pathway is less
favorable than the one discussed above. Even in this
unfavorable pathway, the catalytic effect of B(C6F5)3 in
facilitating the hydrosilylation is obvious. Without the assistance
of B(C6F5)3, the direct hydrosilylation of 5 via TS4″ is very
unfavorable, with TS4″ being 28.0 kcal/mol higher than TS4′.
Continuing the reduction to the 6 level, two hydride-transfer

steps occur, giving 7 and then CH4. The two steps follow a
mechanism similar to that from 5 to 6 (Figure 4), also involving
two separate SN2 processes. We show the energetic and
geometric results of the two steps in Figures 5 and 6,
respectively. The first hydride transfer has barriers of 3.9 and
12.5 kcal/mol for the two SN2 processes, respectively, and the
second one has barriers of 2.0 and 14.8 kcal/mol, respectively.
The two hydride-transfer steps are exergonic by 40.9 and 50.5
kcal/mol, respectively. In the two steps, the direct hydride
transfers via TS6′ and TS8′ are much less favorable than the
B(C6F5)3-mediated ones. We also examined the stability of the

dative bonding complexes of B(C6F5)3 with 6, 7, and (Et3Si)2O,
respectively. The binding energies for the three complexes are
even positive, being 7.5, 6.5, and 8.7 kcal/mol. Therefore, the
species 6, 7, and (Et3Si)2O can exist freely.
Putting the pathways in Figures 1, 2, and 4−6 together, it is

clear that the rate-determining step for the whole trans-
formation lies in the CO2 activation with a barrier of 26.8 kcal/
mol. The whole transformation is strongly exergonic by 132.7
kcal/mol. Therefore, the conversion can take place energetically
feasibly. The various O−B dative complexes are not stable
enough to prevent the conversion.

3.2. Comparisons to NHC- and [Ni]H-Catalyzed CO2
Reductions. We previously investigated the mechanisms of
[Ni]H- and NHC-catalyzed CO2 reductions. Using HBcat and
silanes (e.g., Ph2SiH2, denoted as [Si]H hereafter) as the
reductants, respectively, the two catalytic systems convert CO2

to [Si]OCH3 and catBOCH3, which can afford methanol after
hydrolysis. In comparison, the present system also passes
[Si]OCH3 but completely reduces CO2 into CH4. It is
interesting to compare the mechanistic differences among the
three catalytic systems. For the [Ni]H and NHC systems, the
conversion undergoes three hydride-transfer steps, sequentially
transferring Hδ− from the hydrogen source (HBcat or silane) to
CO2 via the reducing sequence, CO2/CO2 → HC(
O)OBcat/H(CO)O[Si] → CH2O/CH2O → catBOCH3/
[Si]OCH3. The catalysts [Ni]H and NHC participate in each of
the three hydride-transfer steps with the same mechanism.
Note that, for the two systems, the CO2 activation mechanism

Figure 5. Free-energy (in kcal/mol) profile for the hydrosilylation of 6, giving 7, along with the optimized structures of the stationary points. Key
bond lengths are given in angstroms.
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is the same as that for the subsequent two hydride-transfer
steps. Using the first hydride-transfer step (i.e., CO2 activation)
as a representative, parts A and B of Scheme 2 describe the
hydride-transfer mechanisms for the two systems, respectively.
In the [Ni]H system, the hydride-transfer takes place via two
processes, including the CO2 insertion into the [Ni]H Ni−H
bond, giving HCOO[Ni] and metathesis between HCOO[Ni]
and HBcat, regenerating the [Ni]H catalyst and producing
H(CO)OBcat. In the NHC system, the catalyst NHC
promotes the insertion of CO2 into the Si−H bond via mode I
or II. Note that the mode II was computationally shown to be
less favorable than mode I, and we will not consider the mode
II hereafter. Clearly, a requirement for such hydride-transfer
mechanisms via insertion is that the hydride acceptor must
feature a CO double bond. Indeed, the hydride acceptors
involved in the two reductions, including CO2 and the partially
reduced CO2 intermediates (H(CO)OBcat/H(CO)O[Si]
and CH2O), meet the requirement. After the three hydride-
transfer steps, the resultant catBOCH3 and [Si]OCH3 no
longer possess CO double bonds. We do not expect that the
C−O single bonds in catBOCH3 and [Si]OCH3 can undergo
similar insertions. Computationally, we were not able to locate
an insertion TS similar to TS1[Ni]H−TS3[Ni]H (Figure 7) for the
insertion of catBOCH3 into the [Ni]H Ni−H bond. Instead, we
located TS4[Ni]H, which corresponds to a SN2 TS and is 46.5
kcal/mol higher than catBOCH3 + [Ni]H. In comparison, the
corresponding values (corrected by using Martin et al.’s
method20) for the insertions of CO2, HC(O)OBcat, and
CH2O into the [Ni]H Ni−H bond are 14.7, 28.2, and 18.7
kcal/mol, respectively. For the NHC system, we located
TS4NHC (Figure 7). Because TS4NHC is structurally similar to
TS1NHC−TS3NHC for Hδ− transfer to CO2, HC(O)O[Si],

and CH2O, TS4
NHC is 50.5 kcal/mol higher than NHC + [Si]H

+ [Si]OCH3, which is much larger than the corresponding
values (22.0, 29.0, and 17.2 kcal/mol, corrected by using Martin
et al.’s method20) for TS1NHC−TS3NHC, respectively. The
much higher barriers of TS4[Ni]H/TS4NHC than TS1[Ni]H−
TS3[Ni]H/TS1NHC−TS3NHC can be rationalized as follows. For
the [Ni]H and NHC systems, because the hydride acceptors
(CO2, HC(O)OBcat/HC(O)O[Si], and CH2O) possess
CO double bonds, the O atom of the CO bond can easily
bond to the Ni/Si center during insertion. In contrast, hydride
transfer via TS4[Ni]H/TS4NHC requires breaking of the C−O
bonds of catBOCH3 and [Si]OCH3, which costs much more
energy.
For the present system, the CO2 activation and hydride-

transfer steps follow different mechanisms. For the CO2
activation, as sketched in Scheme 2C, Hδ+ and Hδ− of 1
transfer to CO2 to form a complex (i.e., IM2) with a well-
formed HCOOH entity, followed by formation of the O−B
dative bond, which drives HCOOH O−H bond breaks to
return Hδ+ to TMP. Exemplified by Scheme 2D, the subsequent
hydride-transfer steps use B(C6F5)3 as a hydride carrier to
transfer hydride from the hydrogen source (i.e., Et3SiH) to the
CCO2 center. B(C6F5)2 first grabs a hydride from Et3SiH with
the assistance of 4 and then leaves it to the CCO2 center via the
SN2 mechanism. Essentially, the SN2 mechanism utilizes the
nucleophilic O and electrophilic C centers in the hydride
acceptors. It is not necessary for the hydride acceptors to have a
CO double bond. The species 6 and 7 do not have CO
double bonds but still feature electrophilic O and nucleophilic
C to promote the SN2 process, thus being able to complete
hydride transfer until CO2 is fully reduced to CH4.

4. CONCLUSIONS
In summary, we have carried out M05-2X density functional
theory computations to understand the detailed mechanism of
the metal-free CO2 reduction to CH4 with Et3SiH, catalyzed by
an ammonium hydridoborate ion pair (1) in combination with
B(C6F5)3. The study confirms the mechanism proposed by
Piers et al.14 to be energetically feasible. The CO2 reduction to
CH4 proceeds via CO2 insertion into 1, followed by three
sequential hydride transfers from Et3SiH to the CCO2 center. In
addition to rationalizing the experiment, the detailed
mechanistic computations disclose information that cannot be
observed experimentally. For the CO2 activation by 1, the
insertion of CO2 into the H−B bond of 1 takes place stepwise,
with Hδ+ and Hδ− of 1 first transferring to CO2 to form a
complex (IM12) with a HCOOH entity, and then the complex
breaking the O−H bond, driven by formation of the O−B
dative bond to return the cleaved Hδ+ to TMP. The direct
insertion of CO2 into the H−B bond of 1 is highly unfavorable.
The formed HCOOH entity cannot be liberated but offers a
detour for the CO2 insertion to the H−B bond of 1. B(C6F5)3
plays an important role in promoting hydride transfer, serving
as a shuttle to bring Hδ− from Et3SiH to CO2. Each hydride
transfer proceeds via two separate SN2 processes. Aided by the
nucleophilic attack of hydride acceptors, B(C6F5)3 first grabs a
hydride from Et3SiH to form [HB(C6F5)3]

−, which then leaves
Hδ− to the electrophilic CCO2 center. The mechanism is
different from that used by [Ni]H- and NHC-mediated CO2
reduction, which requires the hydride acceptors to have CO
double bonds. The differences explain why the present system
can reduce CO2 to CH4, while the [Ni]H and NHC systems
can only reduce CO2 to catBOCH3 and [Si]OCH3.

Figure 6. Free-energy (in kcal/mol) profile for the hydrosilylation of
7, giving CH4, along with the optimized structures of the stationary
points. Key bond lengths are given in angstroms.
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