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Sequential covalent bonding activation and general
base catalysis: insight into N-heterocyclic carbene
catalyzed formylation of N-H bonds using carbon
dioxide and silanet

Binju Wang and Zexing Cao*

The detailed catalytic mechanisms of N-heterocyclic carbenes (NHCs) in the formylation of N-H bonds
using carbon dioxide and silane were investigated using density functional theory (DFT) calculations.
Among all the examined reaction pathways, we found that the most favorable pathway involves
collaboration between the covalent bonding activation and general base catalysis. The overall reaction can
be divided into four stages, including silane activation through a covalent bonding mechanism, CO,
insertion into the Si-H bond of silane to yield a key intermediate formoxysilane (FOS), the NHC-catalyzed
coupling of amine and FOS through a general base mechanism, and C-O bond breaking through general
base catalysis to obtain the final amide product. The carbamic acid anion (Me;NCOO™) is an inevitable
intermediate from the side reactions, and its formation is almost barrier free. NHC can act as a base to
abstract a proton from the nucleophiles (such as amines or alcohol), and facilitate C-N bond or C-O bond
formation or cleavage, and such a general base mechanism is remarkably favorable over the covalent
binding mechanism for C-N bond (or C-0) bond formation (or cleavage). The calculated thermodynamic
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1. Introduction

Carbon dioxide (CO,) has attracted unprecedented attention in
the past several decades due to its significant effects on
climate change, and extensive efforts have been devoted to the
exploration of CO, fixation and its catalytic transformations."™
CO,, being nontoxic, abundant, and an economical C,-carbon
source, can be converted into a series of industrial products and
fine chemicals.” Due to the thermodynamic and kinetic stability
of CO,, the utilization of CO, as a chemical feedstock is limited
to a few industrial processes, including the synthesis of urea
and its derivatives."

Recently, Cantat and co-workers® developed a novel metal-
free organocatalytic scheme for the synthesis of formamide
based on CO,/amine/silane three-component systems. Using
N-heterocyclic carbenes (NHCs) as catalysts and silanes as
reductants, they synthesized a variety of formamides with high
yields from amines and CO, at room temperature (eqn (1)).
This strategy allows efficient recycling of CO, and polymethyl-
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properties are in good agreement with the available experimental findings.

hydrosiloxane (PMHS), two abundant and nontoxic chemical
waste compounds, and it should be especially attractive for
CO, transformation and amide synthesis.

Rl R! O
NI CO, ¢ PhSi, —>TE;I(;T \N_(/< (1)
R 1 bar ’ RY H

N-Heterocyclic carbenes (NHCs), known as versatile nucleo-
philic organocatalysts, can catalyze a large number of organic
reactions.’”® It is commonly accepted that the catalytic role of
NHCs is based on the covalent binding activation of the
substrates. In fact, NHC-substrate adducts are formed in the
vast majority of NHC-catalyzed transformations."® Due to their
strong c-donating ability, NHCs can activate a substrate by a
covalent binding interaction, and this mode of action in
catalysis is prevalent in previous studies. Alternatively, NHC
may act as a base to abstract a proton from amines of the
nucleophiles, and facilitate C-N bond formation with the
carbonyl compounds. However, this catalytic activation mode
has rarely been studied theoretically. Based on the H-bonding
interaction analysis, Grimme et al. proposed that NHCs may
act as cooperative catalysts in acylations of alcohols in the
presence of amines.” On the one hand NHCs catalyze the
oxidation reaction by covalent binding interaction. On the
other hand NHCs activate the nucleophile of the alcohol
through a general base mechanism. However, the mechanistic
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details of this transformation have not been available up to
now.

Here, extensive density functional calculations have been
performed to explore the catalytic role of N-heterocyclic
carbenes in the formylations of N-H bonds using carbon
dioxide and silane. Mechanistic details of different reaction
pathways, structures and relative energies of species involved
in the reactions have been reported. Our calculations show
that both the covalent binding mode and general base
catalysis play an important role in the NHC-catalyzed
formylation of N-H bonds, which opens an alternative avenue
toward understanding the catalytic role of N-heterocyclic
carbenes in various organic reactions and the design of novel
organocatalytic systems for organic synthesis.

2. Computational details

All calculations were performed with the Gaussian 09
package.'® Geometries of all transition states, reactants, and
intermediates involved in the reactions were fully optimized at
the B97-D/6-31G(d) level of theory. B97-D was selected for its
excellent performance in the determination of interaction
energies for large vdW systems.'"'* For comparison, other
density functionals, including B3LYP and MO06-2X, are also
considered. Harmonic frequency calculations have been
carried out at the equilibrium geometries to confirm the
first-order saddle points and local minima on the potential
energy surfaces, and to estimate the zero-point energy (ZPE),
the thermal and entropic corrections at 298.15 K and 1 atm.
The correlations between the stable structures and transition
states were verified by analysis of the corresponding imaginary
frequency modes and by intrinsic reaction coordinate (IRC)
calculations. In particular, the B3LYP/6-31G(d) approach was
also considered for unsuccessful IRC calculations by B97-D/6-
31G(d). The relative energies of the B97-D/6-31G(d)-optimized
geometries were further refined by single-point calculations at
the B97-D/6-311+G(d,p) level with inclusion of solvent effects.
The bulk solvation effects of THF were simulated by using the
SMD solvent model.”> We also compared the equilibrium
structures optimized at the 6-31G(d) and 6-311+G(d,p) basis
set levels for selected species involved in the general base
mechanism and the covalent binding mechanism, and both
calculations predict almost the same structural parameters for
transition-state structures (Fig. S22 in ESIf). Natural bond
orbital (NBO) analyses'* at the B97-D/6-311+G(d,p) level were
performed to assign the atomic charges. For bimolecular
association processes, frequency calculations with the ideal
gas model generally overestimate the entropic contribution
significantly. Therefore, a correction of —2.6 kcal mol™" was
made to calibrate the free energy change for bimolecular

association processes based on the ‘theory of free volume’."
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Scheme 1 Proposed mechanism for formylation of N-H bonds using carbon
dioxide and silane.

3. Results and discussion

Here two possible reaction pathways have been envisioned for
the overall transformation as depicted in Scheme 1. One is
through the intermediate of the carbamic acid (CA), which is
produced from the reaction of CO, and amine (stage I). The
other is through the intermediate of formoxysilane (FOS),
which is formed from the reaction of CO, and silane (stage II).
Further reactions with the third substrate will afford the key
intermediate (dimethylamino)(silyloxy)methanol (DSM). The
final C-O bond cleavage, accompanied by deprotonation of the
hydroxyl group, will yield the final amide product (stage V).
Interestingly, both the covalent binding and general base
mechanisms are available in stage I and stage IV (Scheme 2),
as well as stage V. Take stage I as an example; NHCs may
activate the substrate of CO, by a covalent binding interaction.
Alternatively, NHCs may act as a base to abstract a proton from
an amine, and facilitate C-N bond formation with CO,. All
these possible reaction mechanisms are explored and dis-
cussed in the following sections.

Stage I: CA formation

Fig. 1 presents the two possible reaction pathways for the
formation of carbamic acid (CA), and the optimized structures
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/NYN\ /N\/N\
O/(C\O (Iil
O
) N?
H,N\/Cﬂa Me~) %
CH; Me O

Covalent bonding mechanism General base mechanism

Stage IV [\ | A

51_(N\/Me
N0 Me

H H IJ-I

Covalent bonding mechanism

Ph—Si—O
/ N\

~N N~

~7

S

Me;;,: A?O:/S
“SSiH,Ph

General base mechanism

Scheme 2 Dual activation modes by NHCs: covalent binding mechanism and
general base mechanism.
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Fig. 1 Calculated relative energy profiles (in kcal mol™", the Gibbs energies are
in normal font and the enthalpies are in italic font in parentheses) for CA
formation in stage | at the B97-D/6-311+G(d,p)//6-31G(d) level.

of key species involved in the reaction are shown in Fig. 2. One
pathway is through a covalent binding mechanism.

As shown in Fig. 1, CO, first approaches IMes and forms a
reactant complex RC1. This process is endothermic by 3.5 keal
mol " in terms of the Gibbs energy. The electrophilic attack of
CO, onto IMes via TS1a forms a Lewis acid-base adduct IN1a,
with a free energy barrier of 5.7 kcal mol ™" relative to its initial
components. IN1a is more stable than the initial complex RC1
by 8.6 kcal mol™'. INla has been isolated and fully
characterized experimentally.'® The following addition of
Me,NH onto the carbonyl group of IN1a via TS1b experiences
a substantially high free energy barrier of 49.5 kcal mol .
Natural population analyses reveal that the negative charges
on the CO, moiety increase to —0.607 e in the NHC-CO,
adduct, and the positive charges on the C atom of the CO,
moiety decrease to 0.693 e (0.948 e for free CO,). This suggests
that nucleophilic attack by amines on the carboxyl C atom will
become more difficult. The final fragmentation of IN1b via
TS1c leads to the formation of NHC and the carbamic acid
(CA) intermediate. Overall, the formation of carbamic acid
(CA) is endergonic by 7.8 kecal mol .

1.02, 1.73

TS2b

Fig. 2 Optimized structures (in A) of key species involved in CA formation in
stage |. For clarity, some unimportant H atoms are omitted.
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The other route is through a general base mechanism. The
reaction starts from a weak van der Waals complex (RC2),
where Me,NH forms a hydrogen bond with the carbene
carbon. The electrophilic attack of the carbonyl carbon of CO,
onto the N atom of Me,NH (TS2a), coupled with the concerted
proton abstraction by NHC, yields an intermediate IN2a. This
step experiences an overall free energy barrier of only 7.2 kcal
mol ! relative to the isolated components. Here, the “overall
free energy barrier” refers to the free energy barrier relative to
the initial separated reactants, which is directly connected
with the overall rate constant. In this process, NHC acts as a
base to abstract the proton of Me,NH nitrogen, and the
deprotonation of the amino group significantly increases the
negative charge of the amino N atom (—0.878 e in free Me,N
vs. —0.666 e in Me,NH), so that the nucleophilicity of the
Me,NH nitrogen is significantly enhanced. The subsequent
hydrogen abstraction from NHC by the newly-generated ~0,C-
N(Me), moiety through TS2b yields the CA intermediate.

The predicted free energy barrier for this step is only 2.7 kcal
mol . Clearly, inspection of the results in Fig. 1 (TS1b vs.
TS2a) reveals that the general base mechanism (7.2 kcal
mol ') is remarkably favorable over the covalent binding
mechanism (49.5 kcal mol™"). Due to their strong c-donating
ability, NHCs can either activate the substrate by a covalent
binding interaction, or act as a base to abstract a proton from
the nucleophile amines. In the covalent binding mechanism,
the strong o-donating ability of NHCs decreases the positive
charge of the C atom in the CO, moiety, so that nucleophilic
attack by amines on the carboxyl C atom becomes more
difficult. This has been verified by the calculated barriers. The
free energy barrier for the uncatalyzed pathway is 36.6 kcal
mol ' (see Fig. S4, ESIt), even lower than that of the covalent
binding mechanism (49.5 kcal mol™"). In the general base
mechanism, the nucleophilicity of Me,NH is substantially
increased by deprotonation of the N-H group, and thus the C-
N bond coupling becomes extremely facile. For comparison,
we also considered the one additional amine catalyzed
reaction of Me,NH with CO, (see Fig. S5 in ESIf). The second
amine catalyzed pathway experiences a free energy barrier of
13.0 kcal mol ™!, much higher than that of the general base
mechanism, indicating that the NHC-catalyzed transformation
is still the dominating pathway.

Stage II: FOS formation

Fig. 3 presents the two possible reaction pathways for FOS
formation from the reactions of CO, and silane. These
reactions have been systematically investigated at the MO05-
2X level by Wang and co-workers.** As shown in Fig. 3, one
pathway is CO, activation in the initial reaction, and the other
is PhSiH; activation in the initial reaction. Both reactions
proceed through the covalent binding mechanism. It was
found that NHC can significantly activate the Si-H bond of
silane by pushing more electron density to the H atoms, and
thus CO, can easily insert into the Si-H bond of silane and
form a formoxysilane (FOS) intermediate.*® For comparison,
we also examined the possibility of a general base mechanism
for FOS formation, in which attack of the negatively charged
carbonyl O of CO, onto the positively charged Si atom of
PhSiH; is coupled with concerted H abstraction (from the Si-H
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Fig. 3 Calculated relative energy profiles (in kcal mol™", the Gibbs energies are
in normal font and the enthalpies are in italic font in parentheses) for FOS
formation in stage Il at the B97-D/6-311+G(d,p)//6-31G(d) level.

bond of PhSiH;) by NHC. However, our calculations did not
locate this transition state, because the Si-H bond of PhSiHj; is
different from the N-H bond (in amines) or O-H bond (in
alcohols), and the H atom in PhSiH; is negatively charged
(—0.147 e). Accordingly, here NHCs cannot act as a base to
abstract a proton from the Si-H bond. The predicted free
energy barriers at the M05-2X/6-311+G(d,p)//6-31G(d) level are
34.8 keal mol ! for the CO, activation pathway, and 30.6 kcal
mol ™! for the PhSiH; activation pathway, respectively, from
previous calculations.® As Fig. 3 shows, the B97-D calculations
here yield a free energy barrier of 32.8 kcal mol™" for the CO,
activation pathway, and 20.7 kcal mol™' for the PhSiH;
activation pathway relative to the initial reactants. Overall,
the PhSiH; activation pathway is much favorable over the CO,
activation pathway.

As shown in Table 1, the predicted free energy barriers and
free energy changes in bimolecular association processes are
quite sensitive to the choice of methodology. B3LYP predicts a
substantially high free energy barrier of 51.2 kcal mol ™.
Moreover, the binding energies in bimolecular association
processes are notably underestimated by B3LYP. Significantly
improved results are obtained by using M06-2X, in which

Table 1 Calculated thermodynamic values at 298 K (in kcal mol™") for FOS
formation with different methods®

AG,
Method IMes + PhSiH; — RC4a  IN4a + CO, — RC4b  AG™
B3LYP’ 12.8 8.8 51.2
MO06-2X° 7.0 3.6 27.7
B97-D 3.4 2.9 20.7

“ AG, is the free energy change for the bimolecular association
process; AG” is the overall free energy barrier. ” Optimized
geometries by B3LYP/6-31G(d) and the single-point energy
calculations by B3LYP/6-311+G(d,p). © Optimized geometries by M06-
2X/6-31G(d) and the single-point energy calculations by M06-2X/6-
311+G(d,p).
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Fig. 4 Calculated relative energy profiles (in kcal mol ™', the Gibbs energies are
in normal font and the enthalpies are in italic font in parentheses) for DSM
formation in stage Il at the B97-D/6-311+G(d,p)//6-31G(d) level.

dispersion effects are taken into account. It can be expected
that the Grimme’s dispersion-corrected B97-D functional
yields the most reliable structures and relative energies here,
since B97-D can provide accurate binding energies for vdwW
systems.' "' Since the C-N coupling reaction step is also a
significant step, we also tested TS2a by M06-2X and B3LYP.
MO06-2X predicts a free energy barrier of 7.2 kcal mol " (Fig.
S23, ESIf), the same as the B97-D results (Fig. 1), but B3LYP
predicts a free energy barrier of 20.4 kcal mol™" (Fig. S24,
ESIf), much higher than M06-2X and B97-D. Moreover, it
seems difficult to explain these differences based on their
optimized structures, since there are only quite small
differences in geometries for different methods (see Fig. 2,
Fig. $23, and Fig. $24, ESIY).

Stage III: DSM formation from the CA intermediate

Fig. 4 summarizes the three reaction pathways for DSM
formation from the reactions of CA intermediate and PhSiH;,
and the optimized structures of key species involved in the
reaction are shown in Fig. 5. The hydrosilylation of carbamate
anion by PhSiH; through TS5a yields the intermediate IN5a.
This pathway requires an overall free energy barrier of 33.8
kcal mol~'. We note that here the proton from the NHC
carbon finally migrates to the carbonyl oxygen of DSM in the
reaction process as indicated from the IRC calculations (Fig.
S15t). For the other two reaction pathways, the Si-H bond of
silane is firstly activated by the covalent bonding interaction,
and then the carbonyl group of CA inserted into the Si-H bond
of silane. Two distinct transition-state structures TS5b and
TS5c are identified in the present study. In TS5b, the positively
charged carbonyl carbon (0.872 e) in CA firstly abstracts a
negatively charged H atom (—0.298 e) from the silane, and
then the carbonyl oxygen couples with the Si atom to form a
new bond. In TS5¢, the negatively charged carbonyl oxygen
(—0.636 e) firstly attacks the positively charged Si of silane
(0.854 e), and then the negatively charged H atom (—0.203 e)
transfers to the carbonyl carbon. The calculated free energy

This journal is © The Royal Society of Chemistry 2013
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TS5b TS5¢

Fig. 5 Optimized structures (in A) of key species involved in DSM formation in
stage Ill. For clarity, some unimportant H atoms are omitted.

barriers are 52.6 kcal mol™' in TS5b and 50.8 kcal mol ™" in
TS5¢, respectively. We note here that the barrier for CA
insertion into the Si-H bond of silane (TS5b) is much higher
than that of CO, insertion reaction in TS4b (AG™ = 20.7 kcal
mol ). This may arise from two aspects. On the one hand, the
positive charge of the carbonyl carbon in carbamic acid (0.885
e in RC5b) is lower than that in CO, (0.948 e). On the other
hand, the center carbonyl carbon forms a rigid plane in the
carbamic acid, which makes it relatively hard to twist.

Stage IV: DSM formation from the FOS intermediate

Next, we considered DSM formation from the reactions of the
FOS intermediate and amine. Fig. 6 presents the two possible
reaction pathways, and the optimized structures of key species
involved in the reaction are shown in Fig. 7. One pathway is
through the covalent binding mechanism via TS6a, in which
the Si atom of FOS is covalently bonded to the NHC carbon,
and then the C=0O double bond undergoes a concerted
addition by Me,NH through TS6a. The predicted free energy
barrier is 50.3 kcal mol . Natural population analyses reveal

503 —
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Fig. 6 Calculated relative energy profiles (in kcal mol™", the Gibbs energies are
in normal font and the enthalpies are in italic font in parentheses) for DSM
formation in stage IV at the B97-D/6-311+G(d,p)//6-31G(d) level.
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Fig. 7 Optimized structures (in A) of key species involved in DSM formation in
stage IV. For clarity, some unimportant H atoms are omitted.

that the positive charge of the carbonyl carbon atom in RCé6a is
reduced to 0.643 e, compared to 0.693 e in the NHC-CO,
adduct (IN1a), and such a decrease of positive charge on the
carbonyl carbon makes its electrophilic ability even weaker,
resulting in an even higher barrier than that in TS1b (AG™ =
49.5 kecal mol™'). The other pathway is the general base
mechanism through TS6b. The reaction starts from a weak van
der Waals complex (RC6b), where Me,NH forms a hydrogen
bond with the carbene carbon. The nucleophilic attack of the
N atom of Me,NH onto the carbonyl carbon of FOS via TS6b,
coupled with the concerted proton abstraction by NHC, yields
an intermediate IN6b. This step experiences a free energy
barrier of 15.4 kcal mol ™. Similarly as in TS2a, NHC acts as a
base to abstract the proton of the Me,NH nitrogen, and the
deprotonation of the amino group significantly increases the
negative charge on the amino N atom, so that the nucleophi-
licity of the Me,NH nitrogen is significantly enhanced. Clearly,
the general base mechanism (TS6b) is remarkably favorable
over the covalent binding mechanism (TS6a). The subsequent
proton transfer from the NHCs to the ~O-C moiety yields the
DSM intermediate (IN6¢). Comparison of the results in Fig. 3
and Fig. 5 reveals that DSM formation through the FOS
intermediate is remarkably favorable over the pathway via the
intermediate CA.

Stage V: amide formation

In this section, we consider amide formation from the DSM
intermediate. Fig. 8 presents the two possible reaction path-
ways for generating the amide, and the optimized structures of
key species involved in the reaction are shown in Fig. 9. These
two reaction pathways correspond to the covalent binding
mechanism and the general base mechanism, respectively.
The covalent binding mechanism involves a cyclic transition
state of TS7a, in which C-O bond cleavage is coupled with the
formation of a H, molecule. This pathway experiences a free
energy barrier of 32.9 kcal mol~'. The other pathway is a
general base mechanism. The reaction starts from the complex
of IN5a (also shown in Fig. 4), where DSM forms a hydrogen

RSC Adv., 2013, 3, 14007-14015 | 14011


http://dx.doi.org/10.1039/c3ra41464g

Published on 20 May 2013. Downloaded by Xiamen University on 12/07/2015 15:31:22.

IMes
+PhSiHO+H,
+Amide

S 119
S (11.0)
IMes
. +tPhSiH,OH

.. tAmide
—

-132
(-18.9)

Fig. 8 Calculated relative energy profiles (in kcal mol™", the Gibbs energies are
in normal font and the enthalpies are in italic font in parentheses) for amide
formation from DSM in stage V at the B97-D/6-311+G(d,p)//6-31G(d) level.

bond with the carbene carbon. IN5a can undergo C-O bond
dissociation through TS7b, leading to formation of the final
product formamide. Interestingly, here NHC also acts as a
base catalyst, and the “concerted” transition state TS7b shows
a highly stepwise character, in which the hydroxyl H atom of
the substrate is first abstracted by the NHC carbon atom, and
then C-O bond cleavage leads to the formation of a PhSiH,O
moiety, and the final proton transfer from the NHC carbon to
the PhSiH,0™ moiety yields the complex IN7b. The predicted
free energy barrier in this pathway is 16.4 kcal mol ™ ". Overall,
the general base mechanism is also remarkably favorable over
the covalent binding mechanism.

Overall reaction mechanisms for amide formation

So far, the overall catalytic mechanisms are quite clear as
displayed in Fig. 10. Two general reaction pathways lead to the
formation of amide. One is through the intermediate of the
carbamate anion (Me,NCOO ), while the other is through the
intermediate of formoxysilane (FOS). The pathway via the

IN7b

Fig. 9 Optimized structures (in A) of key species involved in the amide formation
from DSM in stage V. For clarity, some unimportant H atoms are omitted.
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Fig. 10 Relative energy profiles (in kcal mol™", the Gibbs energies are in normal
font and the enthalpies are in italic font in parentheses) of two general reaction
pathways for amide formation.

intermediate of FOS experiences a free energy barrier of 20.7
kcal mol™", while the pathway via the intermediate of the
carbamate anion (IN2b) requires an overall free energy barrier
of 33.8 kcal mol™". Accordingly, the reaction pathway via the
FOS intermediate is much more favorable than the pathway via
the CA intermediate, so FOS is the real intermediate
responsible for amide formation. FOS formation is the rate-
determining step in the overall transformation. The predicted
overall free energy barrier by B97-D is 20.7 kcal mol ™" in IMes
catalyst. For comparison, we also examined the substrate of
morpholine in IPr catalyst; the calculated free energy barrier is
18.6 kecal mol ™' (Fig. S21, ESIt), in good agreement with the
experimental value of 19.0 kcal mol™".*® Actually, the inter-
mediate FOS was detected in NHC-catalyzed conversion of
carbon dioxide into methanol,¥ which bears quite similar
reaction conditions to Cantat’s experiment. Both the carba-
mate anion and CA are just intermediates from the side
reactions, though their formations are quite facile. Moreover,
both the carbamate anion and CA can also be converted into
the final product amide through a series of reverse transfor-
mations as shown in Fig. 10, and these transformations are
even more favorable thermodynamically than the initial
substrates of amines and CO,. These above results can explain
why carbamic acid [Me,NCO,H] or the carbamate anion
[Me,NCOO ] itself can be used as efficient substrates for
amide formation.

Me 0O Me O Ph O
/
\/N—C\/ >N—c\/ \N—C</
Me H Ph H Ph/ H
Me,NH PhMeNH Ph,NH

(yield: 99%) (yield: 99%) (yield: 0%)

Scheme 3 Different amine substrates and their yields in Cantat et al's
experiment.
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\ .
16.0 SiH,Ph
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+PhSiH;
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0.0
(0.0)

Fig. 11 Calculated relative energies of the transition state (in kcal mol™', the
Gibbs energies are in normal font and the enthalpies are in italic font in
parentheses) for C-N coupling reactions for different amines at the B97-D/6-
311+G(d,p)//6-31G(d) level.

Phenyl substitution effects on the reactivity of the amines

Experimental investigations by Cantat and co-workers®
revealed that the aromatic amine PhMeNH is also an active
substrate, with conversion yields of up to 99% as shown in
Scheme 3. However, two phenyl substitutions at the amine
nitrogen completely shut down the reaction. According to the
overall reaction mechanisms in Fig. 10, the substrate amine is
only actively involved in stage IV of the C-N coupling
reactions. Fig. 11 compares the relative energies of the
transition state for C-N coupling reactions for different
amines. Since IPr catalyst was used in the experiments, here
the calculations are based on the IPr catalyst for consistency.
For the unsubstituted amine Me,NH, the predicted Gibbs
energy barrier is 16.0 kcal mol~'. For one phenyl substituted
amine PhMeNH, the Gibbs energy barrier increases to 22.3
kcal mol . When the second phenyl is introduced into amine
(Ph,NH), the Gibbs energy barrier further increases to 27.2
kcal mol~'. These results are in good agreement with
experimental findings that two phenyl substitutions at the
amine nitrogen can completely shut down the reaction due to
high barriers.”

Aromatic substituents on the nitrogen atoms of amines have
remarkable effects on the activities of substrates. On the one
hand, the electron-withdrawing character of the phenyl ring
can reduce the basicity of an amine. In Me,NH, the
deprotonation of the amino group can significantly increase
the negative charge of the amino N atom (—0.878 e in free
Me,N~ vs. —0.666 e in Me,NH), and thus increase the
nucleophilicity of the amine for C-N coupling. In the case of
Ph,NH, however, the negative charge at the N atom of the
Ph,N moiety does not increase significantly compared with
its neutral counterpart (—0.619 e in free Ph,N~ vs. —0.579 e in
Ph,NH), since the negative charges are well delocalized over
the double phenyl rings, quite different from the case of
Me,NH. Therefore, the nucleophilicity of Ph,NH is remarkably
weakened by the double phenyl substitution. Overall, the
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negative charges on the N-atoms of Me,N, PhMeN , and
Ph,N~ anions are —0.878 e, —0.673 e, and —0.619 e,
respectively. The order of negative charges on the N atoms
has excellent correlation with the calculated Gibbs energy
barriers in the C-N coupling, which are 16.0 kcal mol ™" for
Me,NH, 22.3 kcal mol~* for PhMeNH, and 27.2 kcal mol * for
Ph,NH, respectively. These results also show good agreement
with the experiments both qualitatively and quantitatively. The
high barrier of 27.2 kcal mol~" for Ph,NH can shut down this
reaction at room temperature as observed in experiments, and
thus diphenylamine is unreactive in the formylation reaction.

4. Conclusion

In the present work, we reported a comprehensive theoretical
study on the catalytic mechanism of N-heterocyclic carbenes in
the formylation of N-H bonds using carbon dioxide and
silane. Among all the examined reaction pathways, we found
that the most favorable pathway involves collaboration
between covalent bonding activation and general base
catalysis. The overall reaction can be divided into four steps,
including silane activation through a covalent bonding
mechanism, CO, insertion into the Si-H bond of silane to
yield a key intermediate formoxysilane (FOS), NHC-catalyzed
coupling of amine and FOS through a general base mechan-
ism, and C-O bond breaking through a general base
mechanism to obtain the final amide product. NHCs can act
as a base to abstract a proton from the nucleophile (such as
amines or alcohol), and facilitate C-N bond or C-O bond
formation or cleavage. As shown in the present study, the
general base mechanism is remarkably favorable over the
covalent binding mechanism for the C-N bond coupling. The
present mechanistic investigations provide a basis to further
understand the catalytic role of N-heterocyclic carbenes as
metal-free catalysts in various organic reactions, and assist us
to develop new organocatalytic systems.
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