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ABSTRACT: DFT calculations have been carried out to study the
detailed mechanisms for the carboxylative cyclization of propargylamine
using CO, catalyzed by NHC-gold(I) complexes. The calculation results
indicate that the reaction starts with an N-coordinated species, [(NHC)-
Au(propargylamine)]Cl, which undergoes isomerization to an alkyne-
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coordinated species. An amine—carbon dioxide interaction gives a

carbamate ion species, from which a nucleophilic attack of the in-plane lone pair of electrons in the carbamate anion moiety on
one of two coordinated alkyne carbons leads to formation of a five-membered-ring intermediate. The final product is generated
through deprotonation and protonation processes. Through a detailed mechanistic study, we found that the substrate
propargylamine assists (catalyzes) the deprotonation and protonation processes. Careful study of the solvent effect indicates that
solvents, which are polar and capable of hydrogen bonding, promote the catalytic reactions through stabilizing the carbamate ion

intermediate species.
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Bl INTRODUCTION

Carbon dioxide is an abundant, inexpensive and nontoxic
renewable C1 building block.' ™ The development of efficient
catalytic processes for the transformation of carbon dioxide (CO,)
into desirable, economically competitive products is of great
interest and has been a longstanding goal for chemists.** Recently,
much effort has been made to develop chemical fixation of CO,
into propargylamines to provide oxazolidinone derivatives.*” The
synthesis of oxazolidinone derivatives from the fixation of CO, has
been considered as an attractive synthetic method.”®

Recently, it has been found that NHC-gold(I) complexes are
able to catalyze carboxylative cyclization of propargylamines to
afford oxazolidinone products in methanol in the absence of base
additives under an atmospheric pressure of CO, at 40 °C with
yields up to 91% (eq 1).” Experimental studies show that, when
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the catalytic reactions were carried out in weak polar solvents,
such as THF, CH,Cl,, and toluene, no expected oxazolidinone
products were produced. Furthermore, when the reactions were
carried out in acetonitrile (CH;CN), which is also a polar solvent
and has a dielectric constant similar to that of methanol, the
yields were unexpectedly as low as 15%. In eq 1, we can see that
five-membered-ring, instead of six-membered-ring, products
were experimentally observed.
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In this work, we computationally study the detailed mecha-
nism of the Au(I)-catalyzed carboxylative cyclization reactions
shown in eq 1. Through detailed mechanistic studies, we hope to
provide important insights into the reactions and to understand/
explain the intriguing and interesting experimental observations
regarding the choice of solvents and the regioselectivity men-
tioned above.

B COMPUTATIONAL DETAILS

All quantum chemical calculations were performed using
the hybrid density functional theory B3LYP.'® In the B3LYP
calculations, the gold atom is treated with the SDD relativistic
effective core potential and the associated 6s5p3d valence
basis set."! For O, N, and Cl, the 6-311+G(d) basis set was used,
while the other atoms (C, H) were described by the standard
6-31G(d,p) basis set.'>"* In addition, the polarizable continuum
model (PCM) was chosen to account for the solvent effect and
all the structures were fully optimized with PCM turned on."*
Different solvents, such as CH;0H, CH;CN, CH,Cl,, THF, and
toluene, were chosen in the PCM geometry optimizations.
Important structures were visualized using the XYZviewer
software developed by de Marothy.'> Vibrational frequency
calculations at the same level of theory were performed to verify
that a local minimum has no imaginary frequency and each
transition state has only one single imaginary frequency. Intrinsic
reaction coordinate (IRC) calculations were also performed to
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make sure each transition state calculated indeed connects
two relevant minima.'® In addition, natural bond orbital (NBO)
analyses were also performed using the NBO program as
implemented in the Gaussian software packages.'

To obtain dispersion-corrected relative free energies, we
performed single-point energy calculations for all of the species
studied using B3LYP+D3/6-311++G(d,p)/PCM wnh the gold
atom being still treated with the SDD basis set."® To reduce
overestimation of the entropy contribution, we employed a cor-
rection of —2.6 (or 2.6) kcal/mol for 2:1 (or 1:2) transformations
as many earlier theoretical studies did.'” Unless specifically
mentioned, dispersion- and entropy-corrected free energies in
298 K were used in all of our discussion in this article. All of the
DFT calculations were carried out with the Gaussian 09 program.”

B RESULTS AND DISCUSSION

According to the experimental results, a brief mechanism shown
in Scheme 1 was proposed to account for the Au(I)-catalyzed

Scheme 1. Brief Mechanism for the Gold-Catalyzed
Carboxylative Cyclization Reactions of Propargylamines
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carboxylative cyclization reactions shown in eq 1.” In the brief
mechanism, it was considered that in a polar solvent such as
methanol the chlorogold(I) precursor [AuCl] can ionize to form
the active cationic species [Au]*. The active cationic species
[Au]* can then coordinate with a propargylic carbamate anion
(A), which is formed from carboxylation of the propargylamine
substrate followed by deprotonation, to give intermediate B
through coordination of the alkyne moiety. From B, nucleophilic
attack of the carbamate anion on the activated triple bond can
generate an alkenyl-gold intermediate (C). Finally, from C,
protonation takes place to give the expected oxazolidinone product.

On the basis of the brief mechanism discussed above, we here
provide a detailed mechanism to account for the carboxylative
cyclization reactions, shown in Scheme 2, with 1-methylamino-2-
butyne used as the representative propargylamine. The detailed
mechanism shown in Scheme 2 takes into consideration of our
calculation results, which will be discussed below.

Active Species for the Catalytic Reactions. Before we
discuss the detailed reaction mechanism, it is necessary to discuss
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the active species involved on the basis of calculation results. In
our DFT calculations, we used the experimentally employed
1-methylamino-2-butyne (R' = R* = CH,) and IPr, respectively,
as the representative propargylamine substrate molecule and
the ligand. We first examined how easily the catalyst precursor
(IPr)AuCl can be ionized in methanol to form [(IPr)Au]*
and CI". The ionization free energy calculated for (IPr)AuCl —
[(IPr)Au]* + CI™ is 33.9 kcal/mol, which is too high for the
ionization to occur.

Through our calculations, we found that a propargylamine
substrate molecule easily interacts with the Au(I) metal center in
(IPr)AuCl to form the N-coordinated species 1 (Scheme 2).
With 1-methylamino-2-butyne as the propargylamine substrate
molecule, the reaction free energy for (IPr)AuCl + propargyl-
amine — 1 was calculated to be —3.3 kcal/mol. A linkage isomer
of 1, in which the Au(I) metal center coordinates with the alkyne
moiety of 1-methylamino-2-butyne, was calculated to be less
stable than 1 by 13.3 kcal/mol. These calculation results support
that 1 is the likely active species to initiate the catalytic reactions
(Scheme 2).

Energetics Associated with the Mechanism Shown in
Scheme 2. After establishing the active species, we now examine
the energetics associated with the mechanism starting from the
active species 1 shown in Scheme 2. Figure 1 shows the free
energy profiles calculated. Figure 2 gives the structures calculated
for the relevant transition states related to the energy profiles
shown in Figure 1.

From Figure 1, the first step is related to the isomerization
from the N-coordinated species 1 to the alkyne-coordinated
species 2 (a linkage isomer of 1). The free energy barrier for this
isomerization was calculated to be 19.7 kcal/mol, and as
mentioned above, the alkyne-coordinated species 2 is less stable
by 13.3 kcal/mol than the N-coordinated species 1

From the reactions shown in eq 1, the amine proton of a given
propargylamine substrate migrates to one of the two alkyne car-
bons after the reaction. Therefore, deprotonation and proto-
nation are expected to occur at a certain point. Our calculation
results show that a propargylamine molecule assists/catalyzes the
deprotonation process. From the alkyne-coordinated species 2, a
propargylamine molecule easily inserts via TS, ; between the
chloride anion and the alkyne-coordinated metal complex cation
to form 3. Then the amine N in 3 nucleophilically attacks the
carbon center of an incoming CO, molecule to give 4. The CI~
ion associated with the species 3 makes the amine N more
nucleophilic and promotes the transformation 3 + CO, — 4.
Finally, deprotonation occurs in 4, giving the carbamate ion species
S together with the ammonium salt [(propargylamine)H]*Cl".
Along the path for the transformation 2 + propargylamine + CO, —
5 + the ammonium salt, the highest energy transition state TS5,
corresponds to the nucleophilic attack step and lies 20.5 kcal/mol
above the reference energy point (Figure 1). For the transformation
2 + propargylamine + CO, = § + the ammonium salt, we also con-
sidered an alternative scenario in which the nucleophilic attack
occurs prior to insertion of a propargylamine molecule. Our
calculations show that this alternative scenario requires a higher
overall barrier (by 4.6 kcal/mol) (see Figure S1 in the Supporting
Information). Here, one may argue it is possible that the solvent
methanol, instead of the substrate propargylamine, can also
assist/catalyze the deprotonation process discussed above. We
believe that this is less likely because methanol is a much weaker
base than propargylamine. Additional calculations show that struc-
tures using methanol/methanol clusters to replace propargylamine
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Scheme 2. Detailed Mechanism for the Gold-Catalyzed Carboxylative Cyclization Reactions of Propargylamines®
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“Here, 1-methylamino-2-butyne is used as the representative propargylamine.

in 3 (Figure 1) are much less stable than 3 (see Figure S2 in the
Supporting Information).

The next step is ring formation from the carbamate ion species
S. Since the coordinated alkyne moiety contains two alkyne
carbons, formation of either a five- or six-membered ring is
possible. As shown in Figure 1b, formation of a five-membered
ring (6) via TS is more favorable than formation of a 6-
membered ring (7) via TS;_,. After carefully examining the two
ring-formation transition state structures, we explain the
regioselectivity of this ring formation step as follows. The five-
membered-ring transition state structure shows good planarity in
the five-membered ring. However, the six-membered ring in the
transition state TS, deviates from planarity significantly. It is
expected that the ring formation process involves nucleophilic
attack of the carbamate anion on an alkyne carbon, and the
transition states TS  and TS, both make use of the lone pair of
electrons, which occupy the in-plane p orbital of the attacking
oxygen in the carbamate anion moiety, for the nucleophilic
attack. The in-plane lone pair should be of higher nucleophilic
reactivity than the s-bonding electron pairs in the carbamate
anion moiety. Because of the good planarity, the five-membered-
ring transition state TS 4 can make good use of the in-plane lone
pair of electrons. In contrast, because of the poor planarity, the
six-membered-ring transition state TS_; cannot effectively make
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use of the in-plane lone pair of electrons for the nucleophilic
attack, giving rise to a higher reaction barrier for the formation of
the six-membered-ring intermediate 7 than the five-membered-
ring intermediate 6, though the two intermediates 7 and 6 show
similar stability (Figure 1b).

The argument above indeed gains support from the second-
order perturbation energy calculations within the NBO analysis.
The second-order perturbation energies involving the afore-
mentioned orbital interactions were estimated to be 14.2 kcal/
mol for TSy 4 and 7.2 kcal/mol for TSy, indicating that the
orbital interaction related to the nucleophilic attack in TSy is
indeed more effective than that in TS, .

After the formation of the favorable ring intermediate 6, the
final step is protonation to give the expected five-membered-ring
oxazolidinone product. Here, the proton for the protonation
comes from the ammonium salt formed from the deprotonation
step. Our calculations show that the protonation step is very easy
to occur (Figure 1b). Clearly, propargylamine acts as a catalyst
for the deprotonation and protonation process.

As shown in Figure 1, the rate-determining transition state for
the whole carboxylative cyclization reaction is TSg4 which
corresponds to the formation of the five-membered-ring
intermediate 6. The overall rate-determining free energy barrier
was calculated to be 24.5 kcal/mol. The overall carboxylative
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Figure 1. Free energy profiles calculated for the favorable pathway of the carboxylative cyclization reaction on the basis of Scheme 2. The free energies
are given in kcal/mol. Methanol was used as the solvent in the PCM geometry and energy calculations.

cyclization reaction is exergonic by 16.1 kcal/mol, which is
thermodynamically favorable.
Alternative Pathway Leading to Formation of 5 from 1.

deprotonation can occur directly with the aid of a propargyl-
As shown in Scheme 3, from the N-coordinated species 1,

amine molecule to first give 8. Then isomerization of the amine

N-coordinated species 8 to give an alkyne-coordinated species

(9) takes place, followed by nucleophilic attack of the incoming
2869
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Figure 2. Calculated structures for relevant transition states along the
energy profiles shown in Figure 1. Bond lengths are given in A.

CO, carbon to give species 5. Our calculation results show that
the transformation of 1 + propargylamine — 8 + the ammonium

salt is endergonic by 24.0 kcal/mol, which is thermodynamically
very unfavorable. The barrier for the formation of 8 is expected to
be higher than 24.0 kcal/mol. All of these results suggest that this
alternative pathway is not responsible for the catalytic reactions
studied.

Effect of Solvent. Through the detailed mechanistic discus-
sion above, we have achieved an understanding of the regio-
selectivity observed experimentally. The other objective of this
work is to understand why the polar solvent methanol (CH;OH),
not acetonitrile (CH;CN), is effective for the catalytic reactions.

Experimentally, reactions carried out in weak polar solvents,
such as THF, CH,Cl,, and toluene, resulted in no expected
oxazolidinone products. It was also found that when the reaction
was carried out in CH;CN, which is a strongly polar solvent and
has a dielectric constant similar to that of methanol, the yield was
unexpectedly as low as 15%. In order to understand the effect of
the solvents on the reaction outcomes, we calculated the ring
formation (rate-determining) transition states TSg4 and the
carbamate ion species $ in the solvents CH;CN, CH,Cl,, THF,
and toluene and compared their relative stabilities.

Table 1 shows the results of our calculations. In order for
readers to better understand the relative polarity of the solvents,

Table 1. Relative Free Energies of the Carbamate Ion Species
5 + Ammonium Salt and the Ring Formation Transition States
TS; ¢ in Different Solvents

5+ [(propargylamine)H]'Cl~ TS, TS, dielectric

solvent (kcal/mol) (kcal/mol) (kcal/mol) constant
CH;0H 19.9 24.5 27.8 32.6
CH;CN 18.8 23.4 26.7 35.7
CH,Cl, 22 254 286 8.9
THE 239 27.0 29.8 74
toluene 30.7 33.5 34.1 2.4

the dielectric constants of the solvents are also given in Table 1.
In the table, we can clearly see that the more polar the solvent, the
lower the ring formation transition state TSy, consistent with
the experimental observation that weakly polar solvents do not
promote the reactions. A plausible explanation is as follows.
The stabilities of TSy 4 are closely related to the stabilities of
the carbamate ion species 5§ (Table 1). Clearly, the negatively
charged dangling carboxylic group in $ is significantly stabilized
in a polar solvent, in turn lowering the energy of the transition
state TSy 4. Table 1 also gives the results of our calculations for
TS, in different solvents. The stability trend in different solvents
is similar to what we observed for TS, ¢, and the five-membered-
ring transition states TS 4 always lie lower than the corre-
sponding six-membered-ring transition states TS .

While the trend in the overall rate-determining barriers cal-
culated for the nonpolar solvents CH,Cl,, THF, and toluene
versus the polar solvents CH;OH and CH;CN was correctly

Scheme 3. Alternative Pathway Leading to Formation of $
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Figure 3. Free energy profiles calculated for the ring formation assisted by CH;OH through hydrogen bonding. The free energies are given in kcal/mol.
Methanol was used as the solvent in the PCM geometry and energy calculations.

predicted against the experimental observations, the trend cal-
culated for the polar solvent CH;OH versus CH;CN was
apparently not (Table 1). The overall rate-determining free
energy barrier calculated for the CH;0H solvent is higher than
that calculated for the CH3;CN solvent, though the reaction
yields in CH;0H are much better than those in CH;CN. To
resolve this inconsistency between theory and experiment, we
naturally think of the hydrogen-bonding capability of CH;OH
solvent molecules, which was not considered in the calculations
up to this point. With this thinking, we found that CH;OH can
further stabilize the carbamate ion species § as well the transi-
tion state TSy 4 through hydrogen bonding. Our calculations
(Figure 3) show that S and the ammonium salt each can be
stabilized by one molecule of CH;OH. Similarly, TS is also
significantly stabilized by interacting with CH;OH (from 24.5 to
19.9 kcal/mol). In other words, after taking into account the
hydrogen-bonding capability of CH;OH, we are able to explain
the experimental observation that CH;OH is a better solvent
promoting the reactions than CH;CN. Readers may have noticed
that an ammonium salt was generated in the step of 4 to S (Figure 1).
Thus, one may say that the ammonium salt can play the
stabilizing role for the carbamate ion species 5 and the transition
state TS 4. We argue that, once generated, the ammonium salt is
immediately consumed in the very facile protonation step that
follows (Figure 1). The amount of the ammonium salt is very
limited, and the protonation is fast and strongly thermodynami-
cally driven (Figure 1). Therefore, we do not expect that the
ammonium salt is involved in the role discussed above.

B CONCLUSIONS

The detailed mechanisms for the carboxylative cyclization of
propargylamine using CO, catalyzed by NHC-gold(I) com-
plexes have been studied with the aid of DFT calculations.
Scheme 2 summarizes the finding regarding the reaction mechanism.

The calculation results indicate that the reaction starts with an
N-coordinated species, [(NHC)Au(propargylamine)]Cl, which
undergoes isomerization to give an alkyne-coordinated species.
From the alkyne-coordinated species, a propargylamine substrate
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molecule inserts between the chloride anion and the alkyne-
coordinated complex cation, followed by a nucleophilic attack of
the amine N on the carbon center of an incoming CO, molecule.
Then deprotonation occurs aided by the inserted propargyl-
amine molecule to give a carbamate ion species. Then, ring
formation occurs in the carbamate ion species, which is the rate-
determining step of the reaction. In the ring formation, both of
the transition states leading to five- and six-membered rings
involve a nucleophilic attack of the in-plane lone pair of electrons
in the carbamate anion moiety on an alkyne carbon. The five-
membered-ring transition state shows good planarity and makes
good use of the in-plane lone pair of electrons for the nucleo-
philic attack, explaining the experimentally observed regiose-
lectivity favoring the five-membered-ring product. Finally,
protonation, accompanied by release of the inserted propargyl-
amine molecule, occurs to give the expected five-membered-ring
oxazolidinone product. Here, the substrate acts as a catalyst for
the deprotonation and protonation process.

We also found that the negatively charged dangling carboxylic
group in the carbamate ion species is significantly stabilized in a
polar solvent, in turn lowering the energy of the rate-determining
transition state. In addition, the hydrogen-bonding capability of
the CH;OH solvent molecules can further lower the energy of
the rate-determining transition state, promoting the catalytic
reactions.
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