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The reaction mechanisms of copper(I)-NHC-catalyzed C-H carboxylation of terminal alkynes with CO,
had been investigated by DFT calculations (NHC=N-heterocyclic carbene). Three types of reaction
mechanisms were designed, explored and compared. The optimal reaction channels of corresponding

10 pathways were selected out. It was investigated that the formation of new C-C bond in the insertion
process of activated CO, by NHC was induced by the formation of Cu-O bond. Also, the functions of
NHC were figured out. Our calculations investigated that (1) the special difunctional roles of NHC can
indeed facilitate the reaction process after the formation of CO,-NHC-Cu cocatalyst, while the
unexpected low energy of this cocatalyst results in its ultrastability, and then hinders the dropping of

o

energy barrier in the whole reaction. (2) The additional interaction of NHC to the same metal atom will

promote the insertion process of CO, through increasing the electrophilic of the metal center.

1. INTRODUCTION

The chemical capture, conversion and fixation of carbon dioxide

have attracted much attention due to global warming.'” As an
20 environmentally friendly feedstock, utilizing CO, for organic
synthesis is a highly attractive approach to making commodity
chemicals to address the energy penalty problem.'** However,
developing more efficient catalyst to incorporate CO, into
organic molecules under mild conditions remains a great
challenge in real world applications.’

Carboxylic acids, as one of the most important types of
compounds in medicinal chemistry, numerous protocols had been
well-established.*” One of the most attractive and straightforward
reactions is the direct catalytic carboxylation of organic
30 compounds with CO,.%1¢ The essence of this method is the direct

carboxylation of carbon nucleophiles using CO, as the

:

2

S

electrophile.® Typically, organometallic reagents are taken as
precursors universally, such as organlithium. But this method is
always limited by the low catalytic performances, harsh reaction

35 conditions, and restricted substrate scope. (Scheme 1) Although
some transition-mental-catalyzed carboxylations of less reactive
carbon have an improving performance in functional group
tolerance, such as organotin'®, organoboron'®, organozinc'®, the
stoichiometric consumption is still a disadvantage.

R-M + CO, catalyst R-COOM
(M = Li, Mg, Cu, Mn, Sn, Zn, Al, B)

Scheme 1. The reaction equation of organometallic reagents and CO, for
carboxylation.
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Scheme 2. The equation of the generations of R1 and III1.

45 Recently, other economical methods have been reported by
direct C-H bond activation and carboxylation with CO,.*'"*' For

instance, Nolan’s group reported the carboxylation of C-H bonds
of highly activated arenes and heterocycles using NHC-gold(I)
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and NHC-copper(I) complexes to catalyze CO,."™'® Gooflen’s
group reported the C-H carboxylation of terminal alkynes
catalyzed by low loadings of silver(I)/DMSO at ambient CO,
pressure.'® Iwasawa’s group reported the direct carboxylation of
sarenes with CO, using rhodium(I)-catalyzed via chelation-
assisted C-H bond activation® Zhang Yugen et al. have
disclosed a copper-NHC-catalyzed transformation of CO, to
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Scheme 3. The perspective of the three reaction pathways calculated.

With regards to the reaction mechanisms of the carboxylation
of terminal alkynes catalyzed by the copper-NHC complexes with
CO,, it is still unclear. Besides, the roles NHC plays in these

20 reactions are also an interesting and key issue.” In order to solve
the two issues above, the mechanisms of title reaction have been
studied by DFT calculations in this study. We designed, explored
and compared three types of reaction mechanisms (Scheme 3)
and investigated how the additional NHC affects the reaction

carboxylic acid through C-H bond activation of terminal alkynes,
which was carried out under ambient conditions and tolerant to
10 wide range of functional groups.”' (Scheme 2) In theoretical
aspects, some relevant researches have been carried out, such as
the carboxylation of arene C-H bond?, arylboronate esters™, C-H
bond of heteroarenes™ with CO, catalyzed by metal complexes

respectively.

+ NO,PhCCH
= R1

/0 )Ph
u
=) j

N
g

P2 NO,PhCCCOOH

+ NO,PhCCH

= llI-M1

25 process. The optimal reaction channels for title reaction were
selected out. The transformations of NHC types, which is still a
hotspot recently,”® were discussed to help to interpret the
differences of the reaction mechanisms. Understanding the
reaction mechanisms and the functions of NHC are expected to

30 help to devise more efficient synthetic strategies and more
efficient catalysts for carboxylation reactions utilizing CO,.
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2. COMPUTATIONAL DETAILS

Molecular geometries of the model complexes were optimized
without constraints via DFT calculations using the B3LYP?
functional within the Gaussian 09 programs.”® Frequency
s calculations at the same level of theory have also been performed
to identify all of the stationary points as minima or transition
states. For the Cu atom, the all-electron split valence basis set 6-
311G* Wachters-Hay*® was used. The 6-311G(d,p) basis set
was used for all other atoms. Intrinsic reaction coordinates
10 (IRC)* were calculated for the transition states to confirm that
such structures indeed connect two relevant minima. To include

the effect of the solvent on the optimal reaction channels, the
conductor-like polarizable continuum model (CPCM)*'*? using
UAHF radii on it was employed with dimethylformamide (DMF)
15 (¢ = 37.219) in consideration of the solvent used in experiment.
Partial atomic charges were calculated on the basis of natural
bond orbital (NBO) analyses™ and Mulliken charges were used in
this study. A large quantity of papers® had also demonstrated the
suitability and the correctness of this DFT method. The charge
20 decomposition analysis is obtained by Aomix** and Multiwfn™.
We calculated the energies of initial reactant with different
conformations and picked out the lowest one, the two branches of
whose structure is trans- site, was used in our study.
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25 Figure 1. The potential energy profiles of PW-I. All the energies listed are the Gibbs free energies. (kcal mol™).

3. RESULTS AND DISCUSSION

Pyridine-1-(ethylbenzene-NHC)-5-(ethylbenzene-NHC-p-
nitrobenzene copper acetylide) R1 and its isomeride III-M1 are
generated as the equation shown in Scheme 2. Substituent NO, is
30 also a strong electron-withdrawing group, but not a general H
substituent, which is helpful for the reaction to continue. Scheme
3 gives out the possible reaction mechanism between them and
CO,, respectively. Both pathway I (PW-I) and pathway II (PW-II)
are catalyzed by Rl initially. Pathway I is the direct insertion
35 process of CO, with two channels, including the concerted and
the stepwise channels. Pathway II is the insertion process of
activated CO, by NHC, with four channels. After the formation
of II-M3, channels A and B are distinguished from the
conformations between copper atom and the two oxygen atoms,
40 (B-M1 and A-M2), while channels C and D can proceed through
two-steps and one-step reactions respectively. Pathway III is the
insertion process of CO, catalyzed by III-M1 initially,

proceeding through one transition states III-TS. In these
pathways, R1 and ITI-M1 are all recyclable.

45
3.1 Pathway I (PW-I): The direct insertion of process of CO,
The calculated potential energy profiles for the reaction process
of the direct carboxylation of 4-nitro-1-ethynylbenzene with CO,
catalyzed by the copper-NHC complex are shown in Figure 1. As

so shown in Figure 1, the formation of R2 lets the sum of Gibbs
energy of R1 and CO, drop to -4.5 kcal mol™ after the common
optimization. The electronic interaction energy between fragment
R1 and fragment CO, in their adduct R2 is -7.17 kcal mol™.
(Table 1) This is in line with the lowest one during the process,

ss which reveals that the interaction between these two fragments is
strengthening gradually. From complex R2 (Figure S1) to P1
(Figure S1), two different possible reaction mechanisms for CO,
insertion into Cu-C bond are considered when CO, is catalyzed
directly, including the concerted and stepwise channels.

s In the concerted channel, CO, interacts with both Cu metal

This journal is © The Royal Society of Chemistry [year]
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center and the associated C atom synchronously, generating
complex P1 via the transition state I-TS3 (Figure 2). The energy
barrier is 30.5 kcal mol ™.

I-TS1

I-M1

I-TS3

s Figure 2. The structures of I-TS1, I-M1, I-TS3 in PW-L All the
hydrogen atoms are omitted. The bond distances and bond angles are
measured by A and degree, respectively.

Nevertheless, the stepwise channel has the lower maximum
energy barrier of 26.5 kcal mol”' from complex R2 to I-TS1

10 (Figure 2), providing an intermediate I-M1 (Figure 2). The
forming of C1-C2 bond occurs firstly and then the Cu-O1 bond
forms, accompanied with the breaking of Cu-C2 bond. Since the
coordination ability of carboxylate oxygen vs C2-C3 bond =©
system, with the forming of C1-C2 bond, the bond distance of

15 C2-C3 elongates to 1.25 A in I-TS1 first and then has a slight
shortening in I-M1 (1.24 A). Meanwhile, the Cu-C2 bond
distance elongates from 2.00 A in I-TS1 to 2.01 A in I-M1.This
also results in the Cu-C2-C3 angles in both I-TS1 and I-M1 are
acute angles, which is different from the corresponding obtuse

20 angles in I-TS3 of the concerted channel.

Table 1. The charge decomposition analysis of different fragments in the
relevant complexes and transition states in PW-1.*

Page 4 of 11

E(int)
3 2 (d-b) 2 /

dx10 bx10 X107 =10 keal

mol!

R2 717

LTSI 19.26
HOMO+12 0.044 1.189 -1.182 -1.557
HOMO+22 1.665 2.981 2814 -3.694

M1 69.81
HOMO+28 0.985 1.986 -1.887 -2.797

I-T82 82.26
HOMO+20 9.377 0.388 0.550 0.027

A: d - the number of electrons donated from fragment (CcHsNO,)C=
C(COy) to fragment L-Cu; b - the number of electrons back donated from

25 (C¢HsNO,)C=C(CO,) to fragment L-Cu; r - the number of electrons
involved in repulsive polarization; E(int) - the electronic interaction
energy between fragment R1 and fragment COs.

From stage I-M1 to P1, the energy barrier is small, only 1.6
kcal mol”. The structure of I-TS2 is more profitable for the
30 formation of Cu-O1 bond and the weakening of the interaction
between Cu atom and C = C bond with the strengthen of
coordination ability of carboxylate O vs C2-C3 © system. (Table
1 and Figure S3) Meanwhile, the dihedral angle Cu-C2-C1-O1 in
I-TS3 (-40.7°) is larger than that in I-TS1 (-31.5°), which is also
35 favorable for the concerted interaction between Cu-C2 single
bond and O1-C1 double bond.

To sum up, the asynchronous channel is superior to the
concerted one. P1 and P2 are isomerides. CO, is turned into 4-
nitro-1-ethynylbenzene acid after the addition of 4-nitro-1-

40 ethynylbenzene and the losing of R1 finally.

4 | Journal Name, [year], [vol], 00—00
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Figure 3. The potential energy profiles of PW-IL All the energies listed are the Gibbs free energies. (kcal mol™).

3.2 Pathway II (PW-II): the insertion process of activated
CO, by NHC

s As we all know, NHC is an efficient catalyst to activate CO,,%

so most of the time, the involved CO, is easy to be activated by
the free carbene. Figure 3 presents four potential energy profiles
of the insertion process of activated CO, by NHC, which can be
divided into three stages: CO, activation, CO, insertion and CO,
10 deactivation. The CO, activation energy barrier required to
overcome is only 1.3 kcal mol ™.
After the CO, activation by NHC, II-M1 (Figure 4) is formed.
In II-M1, one NHC is contributed to form copper-NHC-acetylide,
and the other one is contributed to form NHC-activated CO,. Due
15 to the strong eletrophilicity of copper (0.602¢) (Table S2), it is
easy to attract the adjacent electronegative oxygen atom (-0.518e)
to generate the VDW complex II-M2 (Figure S2), heightening
the energy barrier a little, about 5.4 kcal mol™.
Then during the stage of CO, insertion, by reference to the
20 charge decomposition analysis results, the electronic interaction
energy between fragment R1 and fragment CO, becomes larger
and larger, which shows the reaction process between them.
(Table S6) It is the strong donation interaction between fragment
L-Cu and fragment CO, that induces the formation of
»s intermediate II-M3 (Figure 4) via II-TS2 (Figure S2), with an
energy barrier of 23.0 kcal mol™. The Cu-Ol distance goes on
shortening to 2.47 A.
Starting from II-M3, four channels were designed and

calculated. Channel A and B will go through the same transition
30 state A-TS1 (Figure S4) to obtain the intermediate A-M1 (Figure
4), with 20.2 kcal mol™ energy barrier. In this step, Cu-O1 bond
is formed, along with the disassociation of fragment L-Cu and the
acetylide moiety. The bond distance of Cu-O1 shortens to 1.83 A
in A-M1 (1.87 A in A-TS1). The second order perturbation
theory analysis shows that Cu-O bond has been formed in A-TS1,
and the acetylide moiety begins to divorce from copper center.
The charge of C3 atom in A-M1 also decreases largely to -0.047¢.
(Table S2)

From here on out, channel A and B are divided. In channel A,
a half-encircled structure complex A-M2 (Figure S4) is formed
via A-TS2, with the energy barrier of only 9.2 kcal mol™. Table
S6 shows the strong back donation interaction between fragment
L-Cu-(CO,) and fragment (C4HsNO,)C=C in HOMO+2 orbital
of A-TS2, performance on the strong virtual frequency vibration
between C1 and C2 atoms. In A-M2, the bond distances of Cu
and O1 and O2 atoms are 1.88 A and 2.05 A, respectively.

Until now, CO, has been successfully inserted into the metal-
carbon bond. Due to the instability of NHC complex, it is so easy
to break this C-C bond to vacate this NHC to recover its capacity
of activating CO, again via A-TS3 (Figure S4) finally. The
energy barrier of this step is very small, only 0.5 kcal mol™.

For channel B, the similar reaction mechanism is found,
except the intermediate B-M1 (Figure S4) and production P1
replacing their corresponding isomerides A-M2 and P2 in
ss channel A respectively. The Cu-O1-1-O2 dihedral angle is -24.3°

40

45

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 5



RSC Advances Page 6 of 11

while that in B-M1 is 90.3°. That means the acetylide moiety universal speculation is that the transfer of CO, unit from the
attacks the rest moiety from two different orientations. The 20 carbene center to copper center’ is induced by the formation of
energy barrier is also a little higher compared to that of channel A, new C-C bond. However, our calculations show that, actually, the
about 11.8 kcal mol ™. Cu-O bond is formed firstly, and then inducing the formation of
new C-C bond to finish the transfer of CO,.
It is worth noting that the reaction process is indeed promoted
2s after the formation of CO,-NHC-Cu cocatalyst (II-M2),
corresponding to the lower maximum energy barrier needed to
overcome. On the contrary, because the energy of CO,-NHC-Cu
cocatalyst is much smaller, this situation instead makes a
negative effect for the whole reaction process.

30 3.3 Pathway III (PW-III): the insertion process of CO,
catalyzed by III-M1 initially

— In Vacuum

“ — In DMF

/P
_ —Ph / y NTN i A
s S 1-m2 P o
=0, oy \ N
H‘N*"\/Ph ° 1.6 -M3 =
- 7 (0.94) —
oo 0949 78 +NO,PhCCH
o, 00 (63 (- m-m
NO,PhCCCOOH

Figure 5. The potential energy profiles of PW-IIL (kcal mol™) For the
structure of III-TS, all the hydrogen atoms are omitted. The bond

35 distances and bond angles are measured by A and degree, respectively.
All the energies listed are the Gibbs free energies.

In PW-IL, it is obvious that the reaction process is promoted
after the formation of CO,-NHC-Cu cocatalyst. Then, what will
an associative path in which the NHC fragment acts as bidentate

40 ligand happen? Therefore, pathway III is investigated. Herein, the
energy of starting reactant ITI-M1, the structure containing two
NHCs connected by the same Cu metal center, is 11.2 kcal mol™
lower than that of its isomeride R1. Also, an interesting
phenomenon was found during this calculation. It is, the largest

ss energy barrier of this classical associative pathway is much lower
. . than that of PW-I1 and PW-II, only 10.3 kcal mol™. C1 and C2

Figure 4. The structures of II-M2, II-M3, A-M1 in PW-II. All the . . . .

hydrogen atoms are omitted. The bond distances and bond angles are at.oms in INI-TS (Figure 5) have a strong lnteract.lon to form bond,

measured by A and degree, respectively. with the charges of 0.543e and -0.634e, respectively. (Table S4)
From III-M2 (Figure S6) to III-TS, the C1-C2 distance shortens
In channel C, the formations of Cu-O1 and C2-C1 bonds occur 5 Jargely from 3.32 A to 1.93 A. This interaction motivates the

s A-M1

10 synchronously during the process of CO, insertion. A-M2 is reaction to go further and gives a chance for Cu atom to interact
generated after a much higher energy barrier of 34.9 kcal mol’! with O1 atom deserved. In ITI-M3 (Figure S6), the distance of
via C-TS (Figure S5. In channel D, the insertion process of CO, Cu-O1 elongates to 2.14 A. Cu-O1-C1-02 atoms can only form a
moicty into Cu-C bond and the process of CO, deactivation are half-encircled structure due to the steric hindrance of chelation.

realized in one step after D-TS (Figure S5), generating the same 5 The distances of Cu-O1 and Cu-O2 bonds are 2.14 A and 3.14 A,
15 product P2. So channel D has the highest energy barrier of 35.6 respectively.

kcal mol™.
Compared with these four possible reaction channels, it is
obvious that channel A is optimal. For the reaction mechanism, a

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Figure 6. Potential energy profiles of the optimal channels of PW-I and PW-II in DMF. All the energies listed are the Gibbs free energies. (kcal mol™).

3.4 DMF solvent effect

DMF solvent effect are considered and added to the optimal
s channels of these three pathways, (Figure 5 and Figure 6) and
then their maximum energy barriers of each steps are compared.
In Figure 6, it is found that the maximum energy barrier among
each elementary reaction of stepwise channel (optimal channel in
PW-I) (23.2 kcal mol™) is still smaller than that of channel A
10 (optimal channel in PW-II) (23.8 kcal mol™). This result is
consistent with that in gas phase. Similarly, the potential energy
profile of PW-III in DMF is shown in Figure 5. The sum relative
energies of INI-M1 and CO, in DMF (-0.9 kcal mol™) is a little
lower than that in gas phase (1.6 kcal mol™"), maybe because of
15 the steric hindrance of chelate.** Seemingly, this DMF solvent
situation is more helpful for the reaction process actually.

3.5 The roles of NHC

3.5.1 Compared with pathway I and II
In order to explore the role of NHC, the reaction mechanisms of
20 PW-I and PW-II are compared firstly. It is demonstrated that
NHC plays a dual role in PW-II, not only to be used to form
NHC-Cu cocatalyst as both the ligand and catalyst, but also used
as an activating catalyst to activate CO,.
The charge decomposition analysis (CDA) and extended
s CDA (ECDA) were analyzed. (Table 2) The ECDA results show
that the total net electrons always transfer from fragment NHC-
included to fragment copper-included, which is one of the typical
characters of Fischer-type.*' However, the carbon atom of
Fischer-type NHC linked to Cu center always positively charged,
30 which is not consistent with the Mulliken charges analysis. (Table
S5) Analyzing the Mulliken charges changes of the optimal
channel of PW-I and PW-II, it is found that the Mulliken charges
of carbon atom of NHC change from positive to negative three
times totally, which should not be the typical character of

35 Fischer-type.

Table 2. The CDA and ECDA analysis of related complexes and
transition states in PW-I and PW-IL.

Complex Net dinax MO dinar”
/Transition electrons number®
state transfer®
R2 0.1368 HOMO+22 0.0443
PW-I I-TSI 0.1055 HOMO+22 0.0199
I-M1 0.1303 HOMO+1 0.0312
1I-M2 0.0782 HOMO+20 0.0310
PWLIT II-TS2 0.0423 HOMO+2 0.0206
i 1I-M3 0.0306 HOMO+7 0.0277
A-TS1 0.5668 HOMO+15 0.0145

A: For PW-I, the net electrons transfer is between (C¢HsNO,)C=C-
Cu(CO,) to fragment L; For PW-II, the net electrons transfer is between

40 L-CO; and (C¢HsNO,)C=CCu. B: dnax is the max number of electrons
donated from fragment NHC-included to fragment of copper-included
among all MO.

So the orbital diagrams donated maximum electrons number
was compared. (Figure S8 and Figure 7) It is found that all the
45 orbital diagrams of complex and transition states charge changed
into negative (I-M1, II-TS2 and A-TS1) don’t reveal the
corresponding Fischer-type shape. In Figure S7 and Figure 7, the
dpax orbital diagrams of R2, I-TS1, II-M2 and II-M3 illustrate
that their NHCs are all the typical Fischer-type. (Figure 7)
so However, for II-TS2 and A-TS1, they show approximate
temporary Schorck-type*? shape NHCs, while for I-M1, it shows
the approximate ¢ bond shape. (Figure 7)
These abnormal phenomena result in the different reaction
activity of NHC linked to copper center. Meanwhile, we can find
ss the energy barrier from II-M3 to A-TS1 in PW-II (20.2 kcal mol’
") is lower than that from R2 to I-TS1 in PW-I (26.5 kcal mol™)
in gas phase. This shows that CO, activated by NHC can really

This journal is © The Royal Society of Chemistry [year]
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promote the reaction process after the formation of CO,-NHC-Cu
cocatalyst. However, due to the dramatically dropping of the
energy of the cocatalyst II-M1, the maximum energy barrier of
elementary reactions in PW-II becomes to 28.4 kcal mol” (from

s II-M1 to II-TS2), which is larger than that in PW-I. Therefore,
this abnormal overstable activated CO,-NHC-Cu cocatalyst
results in the maximum energy barriers of the total reaction
process increasing but not decreasing in PW-II finally.

HOMO+15 orbital of A-TS1

0 HOMO+2 orbital of II-TS2

Figure 7. The dp.x orbital diagrams of related complexes and transition
states in PW-I and PW-IL. ( the part of C atom of NHC and Cu atom that
it linked)

3.5.2 Compared with pathway I and I1I
s For the direct CO, insertion processes, the reaction energy barrier
of PW-III is much lower than that of PW-I. It is obviously that
PW-III has much higher reaction activity than that of PW-I. So
what role does NHC play here?
The two catalysts of PW-I and PW-III (R1 and III-M1) have
o different structures. R1 is a chelate via one pyridine ring
associated two NHCs, with only half of the carbine species
coordinated with copper, the other half remained free carbenes.
While in III-M1, two NHCs are associated with the same copper
center. This can be great helpful for increasing the
s electropositivity of Cu (from 0.534e in R1 to 0.841e in III-M1)
in PW-IIL.

Based on the NBO calculations, we compared the second-order
stabilization energy ‘E(2)’ of key stationary points (SP) in the
two pathways. For PW-I, C4 atom of NHC always has a strong
interaction to donor its lone pair electrons to the unoccupied
orbital of Cu atom in R2, I-TS1, I-TS3), with the relative big
“E(2)” values (64.3, 59.7, 54.7 kcal mol™). (Table S1) Taking I-
TS1 as an example, the orbital imagery of the favorable NBO
donor-acceptor interactions of LP(C4)— LP*(Cu) in I-TS1 is
shown in Figure 8.*' Similarly, for PW-III, the LP(C4)—LP*(Cu),
LP(C5)—LP*(Cu) interactions are both always responsible for
the high degree of electron delocalization (Table 3) in all
corresponding relevant complexes and transition states.

To sum up, the additional interaction of NHC to the same

&

40 metal atom increases the electrophilic of the metal center. This
special design promotes the reaction process greatly. This is the
reason why PW-III is the optimal pathway.

Figure 8. The orbital imagery of the favorable NBO donor-

45 acceptor interactions of LP(C4)—LP*(Cu) in I-TS1. Blue and
red represent the plus and minus isosurfaces of LP(C4),
respectively; Orange and green represent the plus and minus
isosurfaces of LP*(Cu), respectively.

4. Conclusions

so In conclusion, DFT calculations had been carried out to study the
reaction mechanisms of C-H carboxylation of terminal alkynes
with CO, by copper(I)-NHC complexes. Three types of reaction
mechanisms were explored and compared. For the direct insertion
process of CO, starting from R1, the asynchronous channel is

ss superior to the concerted channel. For the insertion process of
activated CO, by NHC, four channels were calculated and
channel A was selected as the optimal one. Also, the functions of
NHC were figured out to help to get insight into how NHC
influences the reaction process. The insertion process of CO,

o0 starting from III-M1 was also designed to auxiliary assist the
research of the role of NHC.

For the reaction mechanisms, an unexpected finding is that an
abnormal ultrastable cocatalyst with quite low energy is
generated in the insertion process of activated CO, by NHC,

s which is one of the main reasons to increase the difficulty of the
energy barriers’ dropping in the whole reaction of PW-II, even
though the special difuntional roles of NHC (not only to be used
to form NHC-Cu cocatalyst as both ligand and catalyst, but also
used as an activating catalyst to activate CO,) can indeed

70 facilitate the reaction process after its generation actually. Also,
the Mulliken charges of carbon atom of NHC change from
positive to negative three times totally, which indicates this NHC
is not a typical Fischer-type carbene in the reaction process
actually. Compared to the experimental proposed mechanism, in

7s PW-II, we also found that the formation of new C-C bond was
induced by the formation of Cu-O bond, but not the formation of
new C-C bond as the universal speculation. Besides, the

8 | Journal Name, [year], [vol], 00—00
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comparison results of PW-II and PW-III point out that the metal
center of copper-NHC-acetylide is much more helpful than only
activating CO, by the other NHC for the reaction proceeding. In
addition, in PW-III, the additional interaction of NHC to the same

s metal atom increases the electrophilic of the copper center, which
thereby promotes the reaction process greatly. These works are
expected to help to devise more efficient synthetic strategies and
more efficient catalysts for carboxylation reactions utilizing CO,.

Table 3. The second order perturbation theory analysis of Fock Matrix in NBO basis of relevant complexes and transition states in PW-IIL*

Donor NBO (i) Acceptor NBO (j) EQ2) E@G)-E(1) F(ij)

/kcal mol”! /a.u. /a.u.

1I-M1 LP (1) C4 LP*(6)Cu 42.7 0.55 0.204
LP (1) C5 LP*(6)Cu 43.8 0.55 0.207

11-M2 LP (1) C4 LP*(6) Cu 41.1 0.54 0.199
LP(1)C5 LP*(6)Cu 44.4 0.54 0.207

LP(1)C2 LP*(6)Cu 48.3 0.54 0.214

1I-TS LP (1) C4 LP*(6)Cu 43.7 0.51 0.198
LP(1)C5 LP*(6) Cu 45.6 0.51 0.201

LP(1)C2 LP*(6)Cu 35.7 0.48 0.165

BD(3)C2-C3 LP*(6) Cu 335 0.25 0.127

11-M3 LP (1) C4 LP*(6)Cu 50.2 0.46 0.202
LP (1) C5 LP*(6) Cu 45.8 0.47 0.194

10 a: LP-valence lone pairs; BD-valence bond; BD*-valence antibond; LP*-low occupancy lone pairs with no exact physical significance as interpreted in ref

15

20

25

30

35

40

45

50

36; E(2), E()-E(i), F(i,j)-reference to the formula in Scheme S1.
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