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ABSTRACT: The mechanisms of reductive functionalization
of CO2 to formamide catalyzed by N-heterocyclic carbene
(NHC) were comprehensively studied with DFT calculations.
New activation mode with much lower energy barrier than
those proposed before was discovered. In this reaction, NHC
acts as neither a CO2 nor a silane activator, but as a precursor
of the real catalyst, i.e., the in situ formed ionic liquid
[NHCH]+[Carbamate]−. In this loose contact ion pair, the
negatively charged O atom of the carbamate anion becomes
the new active site and is free to do nucleophilic attack. When
amine is absent, CO2 will be converted into methanol. In this case, the NHC-CO2 adduct is the real catalytic species, the active
site shifted from the carbene C atom to the negatively charged O atom. These new activation modes follow a pattern of “SN2@Si-
Acceptor”, in which the Si−H bond is activated via concerted backside SN2 nucleophilic attack by the negatively charged O atom,
and the leaving hydride is directly accepted by a free CO2 molecule. The advantages of these new activation modes originate from
the following points: (1) The ionic liquid [NHCH]+[Carbamate]− and NHC-CO2 adduct are thermodynamically more stable
than NHC. (2) The active site of the NHC catalyst is extended outside a lot. Consequently, the large steric effect between the
NHC arms and the substrates in transition state can be avoided to some extent. (3) The O atom has good silicon affinity. In
addition, a free CO2 molecule, whose carbon atom is more electrophilic than those of the CO2 moieties in NHC-CO2 adduct and
carbamate, acts as an efficient hydride acceptor.

1. INTRODUCTION
Nowadays, CO2 is a hot research focus both as a greenhouse
gas causing global warming problems and an attractive,
nontoxic, abundant C1 building block.1 In the development
of CO2 transformation and utilization reactions, N-heterocyclic
carbenes (NHCs)2−5 and guanidines6 are promising metal-free
organocatalysts.
In 2012, Cantat et al. reported the NHC-catalyzed reductive

functionalization of CO2 into formamides with silanes as
reductant and amines as functionalizing reagents.3a The
reaction proceeds well at room temperature and 1.0 bar CO2
(Scheme 1, reaction 1). A little earlier, this reaction was
achieved with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) cata-
lyst under harsher conditions (100 °C and 2 bar).6g And as
early as 2009, Ying et al. reported the conversion of CO2 into
methanol with silanes and NHC catalyst under room
temperature and ambient pressure (Scheme 1, reaction 2).3b

Very recently, methylamines and methane have been achieved
from reductive functionalization of CO2.

4 These reductive
approaches are of great importance for enlarging the spectrum
of compounds directly from CO2. Therefore, a deep under-
standing of the mechanism is very important both for
improving CO2 transformation reactions and for NHC catalyst
design.

As shown in Scheme 2, several mechanisms for the CO2
reduction process have been already proposed and studied
since 2009.3,5 Two types of activation modes, i.e., silane-
activation (mode A3b,5a,b) and CO2-activation modes (modes
B,3b,5a,b C,5c and D5b,6g) with NHC as the catalyst species have
been reported. However, based on comprehensive DFT studies,
we found new activation modes E and F that are much more
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Scheme 1. Reaction 1: Reductive Functionalization of CO2
into Formamide Catalyzed by IPr and Reaction 2: Reduction
of CO2 into Methanol Catalyzed by IMes-CO2
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favorable than modes A−D. In activation modes E and F, the
thermodynamically more stable NHC-CO2 adduct and the
ionic liquid [NHCH]+[Carbamate]−, rather than NHC, are the
real catalytic species, respectively. In this new mechanism, two
instead of one CO2 react. The first becomes a NHC-CO2
adduct or carbamate, while the second binds as the CO2 to be
reduced.
In terms of reaction mechanisms, reaction 2 is a simplified

case of reaction 1 because no amine is involved. Therefore, in
the main text, first we concentrate on reaction 1, and then
reaction 2 is discussed concisely. Our results present new
insights into the catalytic mechanisms and will challenge the
generally accepted understandings.

2. MODELS AND METHODS
To disclose the reaction mechanisms, DFT7 studies using the M068

method with Gaussian099 program have been performed. The M06
method was proved to be efficient and reliable in mechanistic studies

of organic system with nonbonding interactions. In the calculation
models, the 6-31G* basis set was used for the 2,6-diisopropylphenyl
and 2,4,6-trimethylphenyl substituent groups of IPr and IMes,
respectively; and the large 6-311++G** basis set was used for the
rest part (the core part). Ultrafine integral grid was used to get more
accurate results. Me2NH was used as the calculation model for the
amine substrates. All geometries were fully optimized in solvent with
SMD10 method (THF for reaction 1, ε = 7.4257; DMF for reaction 2,
ε = 37.219). Harmonic vibrational frequency calculations show that
the stationary points located were either minima (with zero imaginary
frequencies) or transition states (with one imaginary frequency).
Important transition states have been checked by intrinsic reaction
coordinate (IRC) calculations.11 The 3D molecular figures were
prepared using CYLView.12

For a reaction where the number of molecules of the reactant and
the product are not equal, the translational and rotational entropy loss
in the transition state will be overestimated significantly if the
separated reactants were used as the energy reference, and the
calculated barrier will be too high. However, if the reactant complex is
used as the energy reference, the entropy loss caused by the binding
will be underestimated, and the calculated barrier will be too low. In
this study, the separated reactants were used as the zero reference.
Meanwhile, corrections were made to the calculated free energies
based on “the theory of free volume”,13 i.e., for 2-to-1 (or 1-to-2)
reactions, a correction of −2.6 (or 2.6) kcal/mol was made.

3. RESULTS AND DISCUSSION
3.1. The Mechanism of Reaction 1. 3.1.1. The Pre-

Equilibrium of CO2-Amine System. In neat liquid or dry
solvents, amine can react easily with CO2 leading to carbamic
acids or ammonium carbamate salts.14 For example, in an ice-
cooled bath, dimethylamine reacts with dry CO2 in anhydrous
dichloromethane yielding the product dimethylammonium
dimethylcarbamate,14a which has been isolated and charac-
terized by X-ray diffraction.15a For the reaction of Me2NH and
CO2 in a 2:1 ratio, a barrier of 9.5 kcal/mol has been
reported,16a which is also qualitatively consistent with our
results (12.8 kcal/mol).17 These results indicate that there is a
fast pre-equilibrium of CO2 and Me2NH in advance of the CO2
reduction. Therefore, the pre-equilibrium under the presence of
IPr was first explored and is shown in Scheme 3.
IPr-R is the zero energy reference containing separated IPr,

Me2NH, and CO2 molecules. Along Path-a, under the
activation of IPr, the nucleophilic attack of Me2NH to CO2

Scheme 2. (a) Previously Proposed Activation Modes for
NHC Catalyzed Reduction of CO2 by Silane and (b) New
Activation Modes Proposed in This Work

Scheme 3. Calculated Reaction Pathways of the Pre-Equilibrium of CO2-Amine-IPr Systema

aThe relative free energies (ΔGsol, 298 K, 1.0 atm) in THF are in kcal/mol. The selected bond lengths are in Å, the selected NPA atomic charges are
given in red (positive) and blue (negative) numbers. Calculated at the M06/(6-311++G** and 6-31G*) level.
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(IPr-TS1-a, 6.8 kcal/mol) leads to the zwitterionic carbamate
species IPr-INT1-a (5.9 kcal/mol), in which the Me2NH

+-
CO2

− adduct forms hydrogen bond with IPr. The subsequent
proton transfer (IPr-TS2-a, 7.0 kcal/mol) generates the stable
IPr-carbamate salt complex (IPr-Carbamate, −6.0 kcal/mol), a
contact ion pair ([IPrH]+[Carbamate]−), which is more stable
than the neutral IPr-carbamic acid complex (IPr-Carbamic-
acid, 1.6 kcal/mol) due to the large proton affinity of IPr. The
adduct of carbamic acid to IPr (IPr-CA-Adduct, 6.5 kcal/mol)
is much less favorable. IPr-Carbamate and alkylammonium
alkylcarbamates are actually ionic liquids (ILs).18 In IPr-
Carbamate the imidazolium and the carbamate anion are
combined via hydrogen bond. Along with Path-b, CO2 is
captured by IPr over transition state IPr-TS1-b (7.1 kcal/mol),
forming IPr-CO2-Adduct (−5.5 kcal/mol). The overall barrier
of Path-a is much lower than that of the uncatalyzed reaction
(12.8 kcal/mol),17 indicating that IPr accelerates the carbamate
formation. In experiments, IMes-CO2 and IPr-CO2 adducts
can be synthesized under room temperature and ambient
pressure and have been characterized by X-ray diffraction.2k,19c

The low transformation barriers (<13.0 kcal/mol) indicate that
it is a fast equilibrium, and the IPr catalyst will be trapped in
advance of the CO2 reduction. Therefore, the IPr-Carbamate
complex or IMes-CO2-Adduct should be considered as the
zero energy reference for the following reduction processes of
reactions 1 and 2, respectively.
3.1.2. The Activation Modes in Reaction 1. In the previous

DFT calculations, some studies5a,b show that A is the most
favorable activation mode. In another study,5c however, mode
C was proposed to be the best. Furthermore, these calculations
have been performed using different methods and basis sets.
Therefore, to do a reliable comparison, it is necessary to
recalculate all these activation modes at the same level of
theory.

In the reaction, small molecules may be generated during the
regeneration of the IPr catalyst, such as carbamate acid or CO2.
However, they may not participate in the following reaction
step and hence do not need to be bound. Transition states
without such small molecules (the “partial model”) are given in
Scheme 4, and their relative energies were calculated by model
reactions of releasing the small molecules. Transition states
with these small molecules, i.e., the “whole model”, for which all
the transition states have the same composition, are given in
Scheme S2.17

As shown in Scheme 4, the stable [IPrH]+[Carbamate]− salt
complex IPr-Carbamate, the free PhSiH3, and CO2 molecules
were used as the zero energy reference (IPr-Re-R). In
activation mode A (IPr-TS-Re-A, 32.8 kcal/mol), NHC
activates the Si−H bond by forming C−Si bond, pushing
more electron density to the H atom and thus promoting the
hydride transfer to the electrophilic carbon center of CO2.

5a,b

This mechanism can be considered as the classical SN2@Si
pathway, for which a deep understanding has been presented by
Bickelhaupt et al.20,21 The NHC and the silane first form a
penta-coordinated Si intermediate, then the Si−H bond breaks
and the hydride attacks the CO2. In mode B (IPr-TS-Re-B,
41.9 kcal/mol), the CO2 moiety of the IPr-CO2 adduct is
directly reduced. In the IPr-CO2 adduct, the O atom of the
CO2 moiety has increased negative NPA22 atomic charges
(−0.728 vs −0.518 in free CO2, Scheme 3) and becomes more
ready to attack the positive Si center. However, the carbon
atom of the CO2 moiety has decreased positive charges (+0.750
vs +1.035 in free CO2, Scheme 3) and becomes reluctant to
accept a hydride. In activation mode C (IPr-TS-Re-C, 35.5
kcal/mol), the hydride transfers to the NHC carbene carbon
atom via a five-membered ring transition state under the attack
of the CO2 moiety, and the subsequent 1,2-H shift yields the
formoxysilane.5c,17 In activation mode D (IPr-TS-Re-D, 33.8

Scheme 4. Calculated Reduction Transition States of Different Activation Modes for Reaction 1 (Catalyzed by IPr, Ar = 2,6-
diisopropylphenyl)a

aThe relative free energies (ΔGsol, 298 K, 1.0 atm) in THF are in kcal/mol. The selected bond lengths are in Å, the selected NPA charges are given
in red (positive) and blue (negative) numbers. Calculated at the M06/(6-311++G** and 6-31G*) level.
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kcal/mol), the CO2 moiety in carbamate salt intermediate is
directly reduced by silane.5b,6g

The above calculation results show that the barriers of these
previously proposed activation modes A to D are much higher
than the expected value of around 20 kcal/mol considering the
mild experimental conditions. Therefore, more reasonable
activation modes need to be found out.
Activation modes A to D indicate that a nucleophilic attack at

the Si center will promote the Si−H bond cleavage,20 increasing
the reactivity of the hydride. It is well-known that oxygen has
good silicon affinity. Therefore, the species with negatively
charged O atom, such as the IPr-CO2 adduct and the
[IPrH]+[Carbamate]− intermediate, are expected to be able
to activate the Si−H bond effectively. The O−Si bond (122.6
kcal/mol) is much stronger than N−Si and C−Si bond (97.5
and 94.4 kcal/mol, respectively).23 The favorable formation of
O−Si bond drives many organic reactions, such as the Brook
rearrangement and Peterson olefination.24 It is also well-known
that fluoride is a powerful reagent to remove silicon groups
with the driving force to form the strong F−Si bond (159.9
kcal/mol).21,23

We found that the high barriers of activation modes B, C,
and D come from the following aspects: (1) The most
favorable nucleophilic attack is a backside SN2 attack, rather
than a side attack; and the strain in the four-/five-membered
ring transition states may also increase the barrier. This point of
view is supported by IPr-TS-Re-A′ (28.3 kcal/mol), a linear
SN2 attack version of IPr-TS-Re-A, which has a barrier decrease
by 4.5 kcal/mol. (2) The carbon atoms of CO2 moieties in IPr-
CO2 adduct and carbamate intermediate are actually
deactivated to some extent, as indicated by the atomic charges
(+0.750, + 0.930, vs +1.035 in free CO2, Scheme 3). The
carbon atom in a free CO2 is more electrophilic and more ready
to accept a hydride. In addition, the N atom of the amine
substrate can also do nucleophilic attack at the Si center, thus
more activation modes need to be checked.
These notions inspired us to design a new activation mode

and find out the true function of the NHC catalyst in this
reaction. If the amine substrate is not involved, an optimal
activation mode E (IPr-TS-Re-E, 26.1 kcal/mol) was proposed,
in which the negatively charged O atom of the IPr-CO2 adduct
activates the Si−H bond via backside SN2 attack, and the
leaving hydride directly attacks a free CO2 molecule. As far as
we know, this model has never been proposed and tested. The
calculated barrier drops by 6.7 kcal/mol relative to activation
mode A (IPr-TS-Re-A). Subsequently, following the same rule,
activation mode F (IPr-TS-Re-F, 19.3 kcal/mol) was proposed,
in which the negatively charged O atom of the carbamate anion
in [IPrH]+[Carbamate]− ion pair activates the Si−H bond via a
concerted linear backside SN2 attack, and the free CO2 acts as a
hydride acceptor. The barrier drops as much as 13.5 kcal/mol
compared with IPr-TS-Re-A. This concerted “SN2@Si-Accept-
or” Si−H bond activation mode is also supported by other
experiments, such as the B(C6F5)3-catalyzed hydrosilylation of
carbonyl compounds20b and the silylation of the carbamate with
trimethylchlorosilane.14a And this type of transition state also
has been reported by Wang et al. in a recent theoretical
study.20d

Scheme 5 shows a comparison of the classical and the “SN2@
Si-Acceptor” activation modes of hydrosilanes. As shown in
Scheme 5a, the classical activation mechanism of hydrosilanes is
stepwised, with the penta-coordinated Si intermediate for-
mation: the Nu-Si bond forms first, leading to the penta-

coordinated Si intermediate (INT), then the Si−H bond
breaks, and the hydride attacks the CO2. However, the “SN2@
Si-Acceptor” mechanism is a concerted, one-step process,
without intermediate formation. The Nu−Si bond formation,
the Si−H bond break, and the H−C bond formation take place
at the same time. When the nucleophilic attack occurs, it is the
existence of the hydride acceptor that changes the PES from
(a) to (b). In addition, the “SN2@Si-Acceptor” mechanism in
our study is more favorable than the classical activation
mechanism. For example, IPr-TS-Re-A′ is 4.5 kcal/mol lower
than IPr-TS-Re-A. And the IRC calculations of IPr-TS-Re-A′
and IPr-TS-Re-A show the difference between these two
mechanisms clearly.17

Now we rethink the origin of the advantages of the new
activation modes E and F. Except for good silicon affinity of the
O atom, the catalytic species [IPrH]+[Carbamate]− and IPr-
CO2 adduct are 6.0 and 5.5 kcal/mol, respectively, more
thermodynamically stable than IPr (Scheme 3).17 On the other
hand, a structural change in the catalyst is very important for
the high reactivity.17 The structures in Figure 1 show clearly
that the active site of IPr, i.e., the carbene carbon, is hiding
inside and shielded by the large groups on the N atoms.
Whereas for [NHCH]+[Carbamate]− complex, the active site
shifted to the O atom of the carbamate part, which is far away
from the large arms of IPr. That is to say, the shielded active
s i t e o f NHC is ex tended out s ide by forming
[NHCH]+[Carbamate]− complex. The O atom of the
carbamate can do a nucleophilic attack nearly without steric
effect. Test calculation shows that in IPr-TS-Re-F, the O atom
of the carbamate will attack the Si center easily and form a
penta-coordinated Si intermediate if the hydride acceptor CO2
does not exist.17 The N-heterocyclic olefin CO2 adduct (NHO-
CO2), which has an extended active site, has much higher
catalytic activity (10−200 times) than the corresponding NHC-
CO2 adduct does in the carboxylative cyclization of CO2.

2i

The barrier of IPr-TS-Re-F is lower than that of IPr-TS-Re-
E. This may result from the larger negative atomic charges on
the oxygen atom in IPr-Carbamate (−0.818) than that of IPr-
CO2-Adduct (−0.728). In IPr-TS-Re-G (28.2 kcal/mol), the
N atom of Me2NH activates the Si−H bond via SN2 attack

Scheme 5. Classical (a) and the “SN2@Si-Acceptor” (b)
Activation of Hydrosilanes

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03651
J. Am. Chem. Soc. 2015, 137, 10182−10189

10185

http://dx.doi.org/10.1021/jacs.5b03651


under the promotion of IPr. Since the carbamate anion in
[IPrH]+[Carbamate]− is more reactive to activate Si−H bond,
another version of activation mode C, IPr-TS-Re-C′ (26.8
kcal/mol) is proposed. As expected, it is 8.7 kcal/mol lower
than IPr-TS-Re-C. In addition, the barrier of IPr carbene
insertion into the Si−H bond of PhSiH3 is as high as 35.0 kcal/
mol and can be safely excluded.17

Generally, the “partial model” is more favorable than the
“whole model” due to the entropy effect. No matter which kind
of model is used, the new activation mode IPr-TS-Re-F is the
most favorable one.17 In addition, this result is also supported
by the calculations with several different methods.17

3.1.3. The Whole Reaction Pathways. Based on the best
activation mode, the whole reaction pathways of reaction 1
were calculated (Scheme 6). The reduction starts from IPr-Re-
R, which includes the [IPrH]+[Carbamate]− salt complex, the
free PhSiH3, and CO2 molecules. The reduction through IPr-

TS-Re-F (19.3 kcal/mol) generates the intermediate IPr-INT1
(5.0 kcal/mol). Next, the oxygen atom of the formate anion
back bites the Si atom (IPr-TS-O-attack, 6.4 kcal/mol), leading
to the formoxysilane and [IPrH]+[Carbamate]− salt IPr-INT2
(−2.1 kcal/mol), and then, the aminolysis starts. Reversely
along Path-a (Scheme 3), decarbonation of the
[IPrH]+[Carbamate]− salt in IPr-INT2 leads to IPr-INT3
(9.9 kcal/mol). Under the activation of IPr, Me2NH attacks the
carbonyl group of the formoxysilane (IPr-TS-N-attack 18.8
kcal/mol), leading to IPr-INT4 (9.7 kcal/mol). The following
O−C bond breaking via IPr-TS-OC-dis (15.9 kcal/mol)
generates the formamide, and the siloxyl anion forms strong
hydrogen bond with IPrH+ cation (IPr-INT5, −8.4 kcal/mol).
Subsequently, the free CO2 and HNMe2 combine with IPr to
form [IPrH]+[Carbamate]− salt complex and silanol (IPr-P,
−19.8 kcal/mol), entering into the next catalytic cycle. The
overall energy barrier is 20.9 kcal/mol, which is consistent with

Figure 1. Optimized structures of representative activation modes (IPr-TS-Re-A, IPr-TS-Re-E, and IPr-TS-Re-F). The selected bond lengths are in
Å. The relative free energies (ΔGsol, 298 K, 1.0 atm) in THF are in kcal/mol.

Scheme 6. Calculated Reaction Pathways of IPr-Catalyzed Reductive Functionalization of CO2 (Ar = 2,6-diisopropylphenyl)a

aThe relative free energies (ΔGsol, 298 K, 1.0 atm) in THF are in kcal/mol. The selected bond lengths are in Å. Calculated at the M06/(6-311+
+G** and 6-31G*) level.
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the reaction conditions and the estimated energy barrier of 19.0
kcal/mol according to Eyring equation.5b

3.2. The Mechanism of Reaction 2. In the absence of
amine, CO2 will be reduced into methanol by silane with NHC
catalyst.3b Based on the results shown in Scheme 3, if IMes is
used, it will be trapped by forming IMes-CO2 adduct.
Therefore, the IMes-CO2 adduct, the free Ph2SiH2, and CO2
molecules (IMes-Re-R) were used as the zero energy reference.
Experiments indicate that the first CO2 reduction step is rate-
determining.5c Therefore, the first reduction step was calculated
in DMF, and five possible activation modes are shown in
Scheme 7. Their barrier sequence is the same as that in reaction

1 (Scheme 4). IMes-TS-Re-A (29.7 kcal/mol), IMes-TS-Re-A′
(29.0 kcal/mol), IMes-TS-Re-B (38.0 kcal/mol), and IMes-
TS-Re-C (32.3 kcal/mol) are all disfavored.
In the best activation mode (IMes-TS-Re-E, 23.8 kcal/mol),

the oxygen atom of the IMes-CO2 adduct backside attacks the
Si center and activates the Si−H bond. The more electrophilic
free CO2 molecule accepts the hydride without ring strain. By
forming IMes-CO2 adduct, the active site of IMes is extended
outside. Consequently, the steric repulsions between the large
arms of IMes and the silane in transition state can be avoided in
some degree. The reduction barrier of 23.8 kcal/mol agrees
well with the experimental conditions (RT, 6 h).3b These
results indicate that IMes-CO2 is the real catalytic species. In
fact, the IMes-CO2 adduct was used directly in reaction 2.3b

Other experimental2b−e,k and theoretical studies also show that
NHC-CO2 adducts may act as the real catalytic species in
reactions.25

3.3. More Insights into the Catalytic Mechanisms.
3.3.1. From Uncatalyzed to Catalyzed: What Happened? The
pathway of the uncatalyzed reductive functionalization of CO2
was explored as an ideal benchmark to discuss the NHC-
catalyzed reaction.17 In solvent, the amine-carbamic acid
complex Me2NH-Carbamic-acid is the global minimum
(Scheme 8a), which has an equilibrium with the dimethylam-
monium dimethylcarbamate.17 The best activation mode is
Me2NH-TS-Re-F (Scheme 8b), which is similar to IPr-TS-Re-
F. When IPr is added into the system, more stable IPr-
Carbamate will form. Consequently the global minimum of the
system drops by 5.8 kcal/mol (Scheme 8a). However, the free

energy of the reduction transition state IPr-TS-Re-F drops
more by 12.4 kcal/mol (Scheme 8b). Thus, under the catalysis
of IPr, the overall reaction barrier is decreased by 6.6 kcal/mol.

3.3.2. Is the Carbamate Anion in IPr-Carbamate More
Nucleophilic? As shown in Scheme 8a, the dissociation free
energy of IPr-Carbamate to IPrH+ and the free carbamate
anion is 12.7 kcal/mol, which is much lower than that of the
Me2NH-Carbamic-acid (26.2 kcal/mol). This result indicates
that IPr-Carbamate is a relatively loose contact ion pair, in
which the carbamate anion has higher reactivity to do
nucleophilic attack. IPr has much higher proton affinity than
Me2NH does (Scheme 8c). Thus, in IPr-Carbamate the proton
tightly binds to the carbene carbon atom and only has weaker
interaction with the carbamate anion. Consequently, the
carbamate anion has large negative charges on the O atom
(−0.818 vs −0.733 in MeNH2-Carbamic-acid). Therefore, the
higher the proton affinity, the stronger the nucleophilicity of
the carbamate anion.

Scheme 7. Calculated Transition States of Several Activation
Modes for the First Reduction Step of Reaction 2 (Ar =
2,4,6-trimethylphenyl)a

aCalculated at the M06/(6-311++G** and 6-31G*) level. The relative
free energies (ΔGsol, 298 K, 1.0 atm) in DMF are in kcal/mol.

Scheme 8. (a) The Global Minimum Structures of the
Uncatalyzed and Catalyzed Reactions and the Dissociation
Energies of the Carbamate Anion, (b) The Transition States
of the Uncatalyzed/Catalyzed Reactions and the Distortion
Energies (DE), and (c) The Large Proton Affinity of IPr (Ar
= 2,6-diisopropylphenyl)a

aCalculated at the M06/(6-311++G** and 6-31G*) level.
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3.3.3. How Does the Carbamate Anion in IPr-Carbamate
Lead to Higher Reactivity? When the reactant complex is
turning into the transition state, geometry distortions occur to
reach the conformation required in the transition state, and the
energy will rise. This distortion energy (DE)26 is a key
component of the reaction energy barrier. The DEs ofMe2NH-
Carbamic-acid and IPr-Carbamate were estimated like this:
for the two transition states shown in Scheme 8b, the silane and
the CO2 molecules were deleted with the rest part unchanged,
giving Me2NH-Carbamate′ and IPr-Carbamate′. Then the
single-point energies were calculated. Using the undistorted
Me2NH-Carbamic-acid and IPr-Carbamate as the zero-point
references, respectively, the DEs were obtained. As shown in
Scheme 8b, the DE of IPr-Carbamate is 4.7 kcal/mol lower
than that of Me2NH-Carbamic-acid. Thus, the carbamate
anion in IPr-Carbamate is much easier to reach the
conformation demanded in the transition state.

4. CONCLUSION

A comprehensive DFT study has been done on NHC-catalyzed
reductive functionalization of CO2. A new activation mode of
the reduction step with a much lower energy barrier than those
proposed previously was discovered. We found that in this
reaction, NHC acts as neither a CO2 nor a silane activator, but
catalyzes the reaction by forming new species with higher
catalytic activity, i.e., the ionic liquid [NHCH]+[Carbamate]−.
In this loose contact ion pair, the negatively charged O atom of
the carbamate anion becomes the new active site and is free to
do a nucleophilic attack. This new activation mode follows the
pattern of “SN2@Si-Acceptor”, in which the Si−H bond is
activated via concerted backside SN2 nucleophilic attack by the
negatively charged O atom of the carbamate anion, and the
leaving hydride is directly accepted by a free CO2 molecule.
The carbon atom of a free CO2 is more electrophilic than those
of the CO2 moieties in NHC-CO2 adduct and carbamate and
can act as a more efficient hydride acceptor.
[NHCH]+[Carbamate]− is superior to NHC in that (1) the

ionic liquid [NHCH]+[Carbamate]− is thermodynamically
more stable than NHC; (2) the active site shifted from the
deeply buried carbene carbon atom to the extended carbamate
anion. Consequently, the steric effect between the large arms of
NHC and the substrates in the transition state can be avoided
in some degree; (3) the negatively charged O atom of the
carbamate anion has good silicon affinity, which benefits the
SN2 attack to the Si atom. Ultimately, in this reaction, the high
proton affinity of NHC is one of the main origins of the
catalytic reactivity.
When amine is absent in the reaction, the NHC-CO2 adduct

is revealed to be the real catalytic species, in which the
negatively charged O atom becomes the new active site, and the
best activation mode in the reaction also follows the pattern of
“SN2@Si-Acceptor”.
Our results present deeper insights into the real role of the

NHC catalyst in these reactions and will challenge the generally
accepted mechanisms. This new mechanistic understanding is
important both for improvement of CO2 transformation
reactions and for NHC catalyst design in the future and also
provides new clue on the mechanistic study of guanidine-
catalyzed reactions.27
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