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A Theoretical Investigation of Substituent Effects on the Stability
and Reactivity of N-Heterocyclic Olefin Carboxylates

Liang Dong,” Jun Wen® and Weiyi Li°

A theoretical study of substituent effects on the stability and reactivity of novel synthesized N-heterocyclic olefin (NHO)
carboxylates has been performed using a combination of density functional theory (DFT) calculations, molecular
electrostatic potential (MESP) minimum and nucleophilicity indices analyses. These calculations demonstrate that the
nucleophilicity of free NHO is stronger than that of the NHO-CO, adduct and, hence, the thermally unstable NHO-CO,
adduct should be a more efficient organocatalyst for nucleophile-mediated reactions. The stability of the NHO-CO,
adduct, as well as the reactivity of free NHO, is strongly dependent on the electronic and steric effects of the C- and N-
substituents on the imidazole ring. This dependency is reflected by the measured MESP minimum for the carboxylate
moiety, NHO-CO, adduct (Vin1), and the terminal carbon atom of free NHO (Vinin2). C-substituents exert only electronic
effects while N-substituents exert both electronic and steric effects. In general, the electron-withdrawing groups on the C-
and N-positions favor decarboxylation while weakening the reactivity of NHO. These positions favor decarboxylation due
to the simultaneous decrease of the electronic density on the carboxyl moiety of the NHO-CO, and the terminal carbon
atom of olefins. Additionally, the balance between the stability of the NHO-CO, and the reactivity of free NHO can be
tuned by the combined effects of the C- and N-substituents. The introduction of weak electron-withdrawing groups at the
C-position and aromatic substituents or similar ring-strained entities at the N-position favors decarboxylation of the

NHO-CO, adduct and ensures the free NHO as a strong nucleophile.

Introduction

In recent decades, the sequestration, activation, and catalytic
transformation of carbon dioxide (CO,) have attracted much
attention because of the steadily increasing concentration of
CO, in the atmosphere and the advantages of being a non-
toxic, renewable, abundant, and economical C1 source.”
However, relative to other common C1 sources (e.g. carbon
monoxide and phosgene), CO, is thermodynamically stable
and kinetically inert since it exists in the highest possible
oxidation state. Highly active reagents (e.g. Grignard reagents
and small-membered ring compounds), powerful catalysts,
high reaction temperatures, and high pressure are usually
required for the successful incorporation of CO, into value-
added chemicals.? Consequently, much effort has been
devoted to the development of more effective catalytic
systems for CO, activation.

Based on the difference in electronegativity between carbon
and oxygen atoms, CO, acts as an electrophile. Thus, low-
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valence metal reagents and strong nucleophiles are often
chosen to activate CO,. Nucleophilic nickel(0),>*" cobalt(l),
and Rh(l)3d have been successfully used to bond CO, as a r;l or
r;2 ligand (Scheme 1). In these CO,-based complexes, the
activation of CO, is indicated by the bent geometry of the
binding CO, moiety. This moiety has an O-C-0O angle in the
range of 126°-133°, which is different from the nonpolar linear
structure of free CO,. On the other hand, metal-free
nucleophiles for CO, activation based on carbon, nitrogen, and
oxygen have been demonstrated as well. In particular, N-
heterocyclic carbenes (NHCs)Za'4, with a lone pair of electrons
on the carbene atom, have received considerable attention as
nucleophiles because they show good affinity for CO,. This
reaction generates imidazolium carboxylates, which are the
adducts of NHCs and CO,. Lu®® and Louie®™ synthesized and
characterized a series of N,N’-di-substituted NHC-CO, adducts.
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Scheme 1 Typical CO,-based complexes.
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The bent geometry of the CO, moiety with an O-C-0 angle of
126°-133° was reported for these NHC-CO, adducts. This
geometry was confirmed using single-crystal X-ray analysis,
providing evidence for the activation of CO, by the lone pair of
carbene electrons. Investigations of the thermal stability of
these adducts using in situ FTIR and thermogravimetric
analysis (TGA) indicated that, as steric bulk on the N-
substituent increased, the decarboxylation of NHC-CO,
adducts became easier.”® Subsequently, Suresh and co-
workers carried out a DFT study on the assessment of
electronic and steric properties of N- and C-substituents. This
work demonstrated the impact of N- and C-substituents on the
CO, fixation ability of NHCs in terms of molecular electrostatic
potential (MESP) analysis.SC Their theoretical results revealed
that the N-substituents predominantly contributed steric
effects on the carbene center while the C-substituents exerted
electronic effects. Placement of electron-donating groups at
the C-position and less sterically hindered groups at the N-
position favors an increase of the electronic-rich character of
the carbene center and the fixation ability for CO,. In addition,
NHC-CO, adducts also have been used as organocatalysts to
promote the chemical transformation of CO, into a number of
useful organic compounds such as methane, methanol,
carboxylic acid, cyclic carbonates, oxazolidones, and their
derivatives.® However, in most catalytic systems, the catalytic
role of the NHC-CO, adduct is unclear. It is hard to determine
whether the catalytically active species is free NHC or the
NHC-CO, adduct because the NHC-CO, adduct and free NHC
exist in equilibrium. Various theoretical studies on the
mechanisms of these reactions indicate that free NHCs serve
as catalyst precursors or actual catalytic species due to their
high nucleophilicity.7

The aromatization of the N-heterocyclic ring in N,N’-
disubstituted-2-methylene imidazolines makes the terminal
carbon atom electronegative. These N-heterocyclic olefins
(NHO), similar to NHCs, are also potential nucleophiles for the
capture, activation, and transformation of COZ.8 More recently,
Lu and co-workers’ reported the first example of the synthesis
of a series of N,N’-disubstituted NHO-CO, adducts using 2-
methyl imidazolium iodide as a starting material (Scheme 2).
Meanwhile, the geometries, thermal stabilities, and catalytic
activities of these NHO-CO, adducts were investigated and
compared with the corresponding NHC-CO, adducts. The
experimental results suggested that, in an organic solvent, a
dynamic equilibrium exists between the NHO-CO, adduct, free
CO, and the corresponding NHO. Both the NHO-CO, adduct
and the NHO produced might serve as a nucleophilic catalyst
to promote the carboxylative cyclization of CO, and
propargylic alcohols into a-alkylidene cyclic carbonates. It was
also observed that the alkyl substituents on the N-position of
the imidazolium compound influenced the decarboxylation
rate of NHO-CO, adducts and their catalytic activities. These
results are compatible with previous experimental and
theoretical results that showed the CO, fixation ability of NHCs
was closely related to the stereoelectronic effect of N- and C-
substituents, and ring fusion on the imidazolium ring.5 Inspired
by these findings, we hypothesized that the electronic and

2 | Org. Biomol. Chem., 2015, 00, 1-3

steric effects of N- and C-substituents might also affect the
stability and catalytic activity of NHO-CO,
organocatalysts. In the present work, we carry out a
systematic theoretical investigation to assess the factors that
influence the electronic and steric effects on NHO-CO,
organocatalysts. We aim to provide useful information for
designing more efficient NHO catalysts with the desired
electronic and steric demands by modeling the
decarboxylation of NHO-CO, adducts in a solvent.
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Scheme 2 The synthesis of NHO and NHO-CO, adducts.

Computational Details

All calculations were performed using DFT within the Gaussian
09 software package.10 The MO06-2X functional,*! plus the
continuum solvation model (SMDu) with the standard 6-
31++G(d,p) basis set,13 were used to optimize the structures of
the reactants, products, intermediates, and transition states in
CH,CI, solvent (experimentally used) at 298.15 K. The solute
cavity was redefined with radii=UAHF, because this atomic
cavity was found to be more suitable than the default atom
cavity (radii=SMD-Coulomb) defined in the SMD model (Table
1 and S1-S4 in ESI). The vibrational frequencies were calculated
using the same level to characterize each optimized-structure
as an intermediate (no imaginary frequency) or a transition
state (unique imaginary frequency), and then obtain the
thermal corrections at 298.15 K. The energies were then
improved by single-point energies in CH,Cl, solvent at the
MO06-2X/6-311++(2d,2p) level, and correction of the basis set
superposition errors (BSSE™). Since the present calculations
were performed in liquid phase, a concentration correction of
1.89 kcal mol™ was applied for the free energy (G,,) to
account for the change from a standard state of 1 atm to a
standard state of 1 mol L'2.** The final free energies for all the
species were summarized in Table S5-S8 in ESI.

Furthermore, the wave function generated at the [SMD, M06-
2X/6-31++G(d,p)] level was used for MESP analysis,16 which
has been widely and successfully used as an efficient electronic
descriptor to quantify the substituent effect in NHC* analogs
and other organic systems.17 The MESP at the carboxylate
groups in NHO-CO, adducts (Vin1) and terminal carbon atoms
on free NHOs (V...) were measured by the Multiwfn
program.18 The global nucleophilicity indices™ of the NHO-CO,
adducts (N,) and free NHOs (N,), defined as N = Eyomon —
EHOMO(TCE),ZO were calculated based on the HOMO energies of
the ground states of the molecules obtained at the M06-2X/6-
311++G(2d,2p) level. The graphics of three-dimensional
molecular structures and the visualization of the MESP for
molecular structures were drawn using CYLVIEW*' and the
VMD program,22 respectively.

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussion
Commentary on the computational protocol

First, geometric optimization and frequency calculations for a
series of NHO-CO, adducts (2a-2g) reported by Lu and co-
workers® were carried out in the gas phase using B3LYP and
MO06-2X with the 6-31++G(d,p) basis set. Calculations in CH,Cl,
were then performed using SMD model. This model and
calculation were done to determine the appropriate
computational method for our system. Figure 1 displays the
optimized structures of the NHO-CO, adducts (2a-2g).
Geometrical parameters and the IR frequency of the
carboxylate C=0 stretching in the NHO-CO, adduct 2g
obtained from the above computational methods and the
corresponding experimental data are summarized in Table 1.
The computed results for the other NHO-CO, adducts are
available in the ESI.

Figure 1 Optimized structures of NHO-CO, adducts.

Table 1 Comparison of experimental data with the computed
results for the NHO-CO, adduct 2g.

B3LYP B3LYP MO06-2X MO06-2X MO06-2X EXP
Parameters Gas Gas . A data®
phase  CHaCl2 Phase CH,Cl, CH,Cl,

c3-c4 (A) 1.465 1.483 1.468 1.480 1.479 1.476
c4-Cs (A) 1.643 1.565 1.621 1.557 1.584 1.568
N1-C3-N2(°) 106.9 107.2 107.1 107.2 107.2 106.7
01-C5-02(°) 1335 127.3 133.1 1295 127.2 129.1
N1-C3-C4-C5(°) 743 74.5 72.6 69.7 70.2 749
N2-C3-C4-C5(°) 98.4 105.8 99.3 105.6 108.1 106.5
C3-C4-C5-01(°) 27.9 5.3 19.5 6.0 10.7 7.9
C3-C4-C5-02(°) 153.0 175.5 160.9 174.9 170.4 172.7

C=0 stretching
frequency (cm™)
a: The atom cavity defined with radii=UAHF; b: The atom cavity defined with radii= SMD-

1778 1620 1826 1674 1732 1645

Coulomb.

The geometric parameters for the NHO-CO, adducts
optimized by both B3LYP and MO06-2X methods in the gas
phase deviated somewhat from the data of the single-crystal
structure of the corresponding NHO-CO, adducts. For example,
the C4-C5 bond lengths, the C1-0O5-C2 bond angles, and the
C3-C4-C5-01 dihedral angles in the gas-phase for sample 2g
are significantly greater than determined from the single

This journal is © The Royal Society of Chemistry 20xx

crystal structure (Table 1). The computed IR frequency for C=0
stretching of the carboxylate group in a vacuum (1778 and
1826 cmfl) is at a much higher than observed in the
experiment (1645 cmfl).9 In contrast, both geometries of the
NHO-CO, adducts in CH,Cl, correspond well to the single-
crystal structure. Differences between bond lengths were less
than 0.01 A, between bond angles and dihedral angles were
less than 5.0° from both the B3LYP and the M06-2X method.
The calculated frequencies of the C=0 stretching of the
carboxylate moiety (1620 and 1674 cmfl) were also close to
the corresponding experimental data.’ These results indicate
that the solvent may have a greater impact on the molecular
geometries of the NHO-CO, adducts than we anticipated. In
addition, the atomic cavity defined with radii=UAHF was
found to be more suitable than the default atomic cavity in
SMD model. With respect to Becke’s three-parameter
exchange functional (B3LYP), the hybrid meta exchange-
correlation functional (M06-2X) has been proved to perform
well in thermochemistry, kinetics, and non-covalent
For our work, we believe that the MO06-2X
functional will give more accurate energetic calculations than
the B3LYP functional. Thus, the geometric optimization and
energetic calculations for all the species involved in the
present system were carried out at the MO06-2X(SMD,
CH,Cl,)/6-311++G(d,p) level, together with radii=UAHF.

. . 11
interactions.

Substituent effects on the stability and reactivity of NHO-CO,
adducts

To investigate the substituent effects on the stability and
reactivity of the NHO-CO, adducts and free NHOs, four sets of
NHO-CO, adducts and the corresponding NHOs, bearing
different kinds of substituents on the carbon or nitrogen atom
of the imidazolium ring, were studied in the present work. As
shown in Scheme 3, set A includes NHO-CO, adducts with the
same substituents (R3) on the carbon atoms, and set B includes
NHO-CO, adducts with symmetrical or dis-symmetrical
substituents (R1 and Rz) on the nitrogen atoms. Set C includes
substituents on both carbon and nitrogen atoms of the
imidazolium ring and set D consisted of some miscellaneous
NHO-CO, adducts with ring fusions on the carbon and
nitrogen atoms simultaneously. Decarboxylation of NHO-CO,
was simulated in CH,Cl, for each of the four sets so that an
assessment of the stability of the NHO-CO, adduct could be
made. The calculations indicate that the decomposition of
NHO-CO, proceeds through a transition state with the
cleavage of the C4-C5 bond (Figure2), leading to the
generation of free NHOs and CO,. The activation free energy
barrier (AG”) can be used to assess the kinetic stability of the
NHO-CO, adducts. The thermal stability of the NHO-CO,
adducts can be evaluated by the reaction free energy (AG.,),
which is defined as the difference between the free energy of
the NHO-CO, adduct and the sum of the free energies of its
subsystems (NHO and CO,).

Org. Biomol. Chem., 2015, 00, 1-3 | 3
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Scheme 3 Simulation of decarboxylation of selected NHO-CO, adducts with different substituents on the carbon and nitrogen

atoms of the imidazolium ring.
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ImBicar

Figure 2 Optimized-structures for some representative decarboxylation transition states at the M06-2X/6-31++G(d,p) level (bond

lengths are labeled in A).

Effect of the C-substituents

Various substituents introduced at the C-position (R3) of the
imidazolium ring while the N-positions (R1 and RZ) are
saturated by hydrogen atoms (set A) were studied to explore
the effects of the C-substituents on the stability and reactivity
of NHO-CO, adducts. The unsubstituted NHO-CO, adduct (all
N- and C-substituents are hydrogen atoms) was chosen as the
reference system. For the NHO-CO, adducts in set A, an
intramolecular hydrogen bond is formed between the H atom
on the N-position and one O atom of the carboxylate moiety in

4 | Org. Biomol. Chem., 2015, 00, 1-3

each NHO-CO, adduct (Figure 3). This hydrogen-bonding
interaction leads to a twisted conformation in the structure of
NHO-CO,. The degree of distortion was assessed by estimating
the values of the two dihedral angles ¥, and &, defined in
Figure 2 and summarized in Table 2. The MESP analysis on the
NHO-CO, adducts shows that the charge is strongly separated
in these moieties while the positive charge is delocalized on
the imidazolium ring. A negative MESP minimum (V,i,1) in the
NHO-CO, adducts always appears at the carboxyl oxygen lone
pair region. The charge distribution is similar to that observed

This journal is © The Royal Society of Chemistry 20xx
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in the NHC-CO2 adduct.® For the NHO-CO, adducts, the
relative value of V., with respect to the reference system
(AVin1) is used to measure the electronic effect of the C-
substituents on the carboxyl group (Table 2). For example,
Vmin1 Values of -99.0, -97.1, and -83.1 kcal mol ™ calculated for
the NHC-CO, adducts with -NMe, -Ph, and -NO, groups,
respectively, mean that the electronic effect of these groups at
the C-position on the carboxyl group are 10.7, 8.8, and -5.2
kcal molfl, respectively. For the free NHOs, the charge
distribution is dependent on the type of substituent that is
located at the C-position. The V., is denoted as a negative-
valued MESP around the terminal carbon (C4) of the olefin,
although the minimum is not located at this position for some
free NHOs containing strong electro-withdrawing groups, such
as -CO,Me, -CN, and -NO, (Figure 3). Similarly, the difference
(AVimin2) between Vi, of the NHO and V.., of the reference
can give the electronic effect of C-substituents on NHO. The
values of Vy,in; and V., follow the same relative order and
show a linear relationship, suggesting that the C-substituents
exhibit the same electronic effect in both NHO-CO, and free
NHO. The values of the reaction free energies (AG,,) for the
decarboxylation process are all positive (Table 2) for the
NHO-CO, adducts in set A, meaning that the NHO-CO,
adducts are thermodynamically stable in CH,Cl, at 298 K.
When the values of V., and V.., are less negative, less
reaction free energy (AG,,) is required during the
decarboxylation process, which means that the NHO-CO,
adducts are more thermodynamically unstable. The order of
the corresponding values for the free energy barrier (AGY)

NHO-CO, adducts:  R®=H

N2, N1
0,=C3-C4-C5-01 >

173t [

«© i
> >
C511.556
o2

04 =N2-C3-C4-C5

ESP (keol/mol)

Viminz=-36.4

R® = NMe,
\

V min2=-37.2

follows the same trend. Less negative values for V.1 and Vyin2
are obtained, indicating that a smaller free energy barrier (AG")
must be overcome for the decomposition of the NHO-CO,
adducts to occur. Hence, the decomposition of NHO-CO,
would be faster. The NHO-CO, adducts with electron-donating
C-substituents always have high values for both AG,,, and AG”.
The highest values for AG,,, (22.7 and 22.4 kcal molfl) and AG”
(28.4 and 28.7 kcal molfl) are obtained for the NHO-CO,
adducts with -Me and -NMe, groups, respectively. In contrast,
CO, is weakly bonded to the NHOs when the C-substituent is
an electron-withdrawing group. These calculations predict that
NHO-CO, in combination with a -NO, group on the C-position
has the lowest AG,, (4.6 kcal molfl), and AG” (8.4 kcal molfl)
for decarboxylation. The relationship between the MESP
minimum (Vpin1 and Vyinz) and the MESP minimum (Va1 and
Vi) and the free energies (AG,, and AG’) for
decarboxylation are plotted in Figure 4. A good
correlation exists between the MESP minimum and AG,,,. The
correlation coefficients are 0.93 and 0.92 for set A,
respectively. However, the linear correlations are poorer
between the MESP minimum and AG” (correlation coefficients
are 0.73 and 0.79). This poorer correlation might be caused by
the intramolecular hydrogen bonding. For NHO-CO, adducts
with electron-donating groups, hydrogen bonding is stronger
when the electron-withdrawing groups are introduced at the
C-position, which is indicated by shorter N-H---H hydrogen-
bond distances (see Figure 3). Stronger intramolecular
hydrogen bonding enhances the stability of the NHO-CO,
adduct and somewhat disfavors decarboxylation.

linear

R®=NO,

Vimin2™ '4-3/

Figure 3 Geometries and the MESP isosurface for some representative NHO-CO, adducts and free NHOs in set A (bond lengths

. o . . -1
are labeled in A, and V,,,;, values are given in kcal mol ™).

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Key bond distance (A), dihedral angle (°), value of the MESP minimum, activation free energy, reaction free energy (all in

kcal mol_l), and nucleophilicity indices (eV) of NHO-CO, adducts and free NHO in set A.

R? deacs ) 9, AG” AGHn Vinint Vimin2 Ny N,
H 1.489 5.9 8.3 249 17.1 -88.3 -36.4 2.0 5.0
Me 1.545 313 27.3 28.4 22.7 -99.3 -38.9 2.4 5.1
Me;N 1.545 34.2 33.6 28.7 224 -99.0 -37.2 3.1 5.1
MeO 1.544 25.9 27.0 26.0 20.9 -97.1 -34.5 2.7 4.7
Ph 1.558 26.3 29.1 26.5 19.5 -97.1 -32.5 2.9 5.0
F 1.546 28.2 23.4 247 15.8 -91.6 -24.2 1.9 4.3
cl 1.546 28.6 229 241 15.3 -92.1 -25.5 2.0 4.4
CO,Me 1.548 35.6 27.7 222 13.2 -92.5 -26.4 1.8 4.5
CF;3 1.548 27.6 24.1 21.1 10.8 -88.1 -18.8 1.6 4.3
CN 1.549 28.4 223 18.8 7.2 -84.0 -11.1 1.6 4.2
NO, 1.550 26.6 23.7 8.4 4.6 -83.1 -4.8 15 3.9
(a) = AGT ® . AG"
* AG,, ® AG,,
%7 Linear Fit of AG* 1, — Linear Fitof AG”
— Linear Fitof AG, —— Linear Fitof AG, |

25 4

20 4

Relative free energy ( kcal mol”)
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Figure 4 The relationship between the negatively valued MESP minimum (Vmini and Vimin2) and reaction energies (AG”™ and AG,,)
for decarboxylation, and nucleophilicity indices (N; and N,) of NHO-CO, adducts and free NHOs in set A.

The reactivity of the NHO-CO, adducts and the free NHOs
were analyzed using the nucleophilicity index. The
nucleophilicity index is used because NHO-CO, and free NHO
usually act as nucleophiles for active CO,. The calculations
show that the nucleophilicity index for the free NHO is always

6 | Org. Biomol. Chem., 2015, 00, 1-3

larger than for the NHO-CO, adduct, indicating that the
nucleophilicity of free NHO is greater than NHO-CO,. Hence,
NHO is classified as strong nucleophiles (N, > 3.9).23 The
unstable NHO-CO, adduct favors decarboxylation with the
generation of highly active catalysts for CO, transformation.

This journal is © The Royal Society of Chemistry 20xx
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Additionally, we found that the nucleophilicity indices of the
NHO-CO, adducts and free NHOs correlate to the negatively
valued MESP minimums (Vpin1 and Viinz) (Figure 4). The more
negative the values of Vi, and Vinp, the larger the values of
N; and N, for NHO-CO, adducts and free NHOs, respectively.
The free NHOs with electron donating -Me and -NMe, groups
on the C-position have the strongest nucleophilicity while the
nucleophilicity of the free NHOs with -NO, group is weakest.
As a result, the electronic effect of C-substituents affects the
stability of the NHO-CO, adducts and the reactivity of free
NHOs.

Effect of N-substituents

Hydrogen atoms at the N-position of the imidazolium ring
were replaced by different substituents (R1 and RZ) while the
C-positions (R3) were saturated by hydrogen atoms (set B) for
investigation of the effect of N-substituents on the stability of
the NHO-CO, adducts and the reactivity of free NHOs. The key
geometric parameters (dcscs, 91, and 3,), free energies (AG”
and AG,,,) for decarboxylation, values of MESP minima, and
nucleophilicity indices (N, and N,) of the NHO-CO, adducts
and free NHOs in set B are listed in Table 3.

From the point-of-view of the structures of the NHO-CO,
adducts in set B, the intramolecular hydrogen bonds are
broken as substituents are introduced at the N-position. The
CO, moiety is nearly perpendicular to the plane of NHO with
the dihedral angles (8;) approximately 90° for NHO-CO,
adducts with symmetrical N-alkyl substituents (R1 =R = Me,
iPr, tBu, Ph, Cy, and 2,6-”"C6H3). Except for adducts with bulky
2,6-iPrC6H3 groups, the two terminal oxygen atoms are nearly
coplanar with the C3, C4, and C5 atoms, as indicated by zero or
near-zero values of the dihedral angle (3,). For the adducts
with dis-symmetrical N-alkyl substituents, the values of the
dihedral angles ¥, are less than 90°, and &, has significantly
deviated from zero, resulting in a twisted conformation for the
CO, moiety. These findings are consistent with the single-
crystal structures obtained.” The larger the sterically
encumbering group and dis-symmetric N-alkyl substituents
introduced at the N-position, the lower the coplanarity of the
CO, moiety, and the easier decarboxylation for NHO-CO,
adduct. Calculations indicate that the decarboxylation of
NHO-CO, containing a symmetrical bulky 2,6-iP'C6H3 group has
the lowest reaction energies (ca. 15.3 kcal mol ™ for AG,,, and
23.6 kcal mol™ for AG”). These calculations agree with
experimental observations.’

Table 3 Key bond distance (A), dihedral angle (°), value of the MESP minimum, activation free energy, reaction free energy (all in
kcal molfl), and nucleophilicity indices (eV) of NHO-CO, adducts and free NHOs in Set B.

R R? deacs O % AG DGhe Ve Vam N1 N,

H H 1489 59 83 249 171 -883 -364 20 50
Me Me 1558 87.0 00 270 205 -99.1 -362 22 5.0
iPr iPr 1553 87.0 67 333 275 -998 -364 22 5.1
tBu tBu 1558 871 67 282 217 -101.2 -354 23 52
cy Cy 1553 888 0.1 289 228 -1004 -37.5 23 5.1
Ph Ph 1556 89.6 0.0 252 167 -97.0 -32.8 21 48
2,6-"CeHs  2,6-"CeH; 1.559 89.0 19.0 23.6 153 -99.5 -32.6 2.2 48
Me iPr 1557 707 17 264 173 -994 -361 22 50
Me tBu 1558 803 9.2 264 207 -99.7 -358 22 5.1
iPr tBu 1.556 803 140 273 213 -999 -358 23 5.1
Me 2,6-"CH; 1558 664 2.6 257 11.8 -985 -342 22 49
iPr 2,6-"CH; 1558 69.7 6.0 267 150 -98.7 -31.7 22 49
NMe, NMe, 1556 84.8 4.0 305 236 -103.5 -433 21 47
OMe OMe 1559 873 1.7 249 138 -91.8 -257 20 3.9
CF5 CF; 1571 873 00 116 -3.0 -93.8 -19.7 18 3.7
CO,Me CcO,Me 1560 425 95 130 -42 914 -165 17 3.7
CN CN 1587 686 195 85 -140 -87.2 -59 16 36

On the other hand, the electronic effect of N-substituents also
influences the stability and reactivity of NHO-CO, and NHO in
set B. Compared with the reference system (R1 =R*= H), the
values of both V,,in; and Vi, for N-alkyl substituted NHO-CO,
adducts and free NHOs are more negative (Table 3). The
stability of NHO-CO, increases when the electron-donating
group is introduced at the N-position. However, the reaction
energies (AG,,, and AG") for decarboxylation do not linearly

This journal is © The Royal Society of Chemistry 20xx

increase with the decrease of Vi1 and Viinz. Vmin: and Viina
for set B significantly deviate from the correlation line
obtained for set A (Figure 5). This deviation might be because
the steric effect of alkyl substituents has an important effect
on the stability of NHO-CO,. For example, the NHO-CO,
adduct with -NMe, groups possesses the most negatively
valued Vin1 (-103.5 kcal molfl), but the AG” (30.5 kcal molfl)
and AG,,, (23.6 kcal molfl) for decarboxylation are not the
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highest. The stability of the NHO-CO, adduct is significantly
lower with electron-withdrawing groups at the N-position (R1 =
R’ -CF3) relative to NHO-CO, with the same substituents at
the C-position. This is the case even though both V.1 and
Vnin2 @are more negative for the N-substituted adduct than for

the C-substituted adduct (Figure 6). Decarboxylation is
@) = AG, inSetB
e AG” inSetB

% [ Linear Fit of AG. _ in SetA

rxn

—— Linear Fit of AG” in SetA

IRelative free energy ( kcal mol'')

20 +— T T T T T T
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|/min

Relative free energy ( kcal mol")
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predicted to be thermodynamically spontaneous at room
temperature, as suggested by the negative value for AG,,
(-3.0 kcal mol_l). The decarboxylation rate is accelerated as
the energy barrier (AG”) is lowered to 11.6 kcal mol™*. This
result is attributed to the increase of the steric effect with -CF;
on the N-positions.

AG,

xn

(b) in SetB

35 ] e AG” inSetB

—— LinearFitof AG_ |

30 4 in SetA

25| —— LinearFitof AG” in SetA

15

-40 -35 -30 -25 -20

Viinz ( keal mol™)

Figure 5 Relationship between the negatively valued MESP minimum (V.1 and Vin2), and reaction energies (AG2 and AG,,,) for

decarboxylation of NHO-CO, adducts and free NHOs in set B.

C-substituents
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Vining=-88.1
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N-substituents

R'=R2=Me R'=R2=-OMe
r i
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R' = R?= CO,Me
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Figure 6 The visualization MESP isosurface of the representative NHO-CO, adducts and NHOs in set A and set B (Vi1 and Viina

. . -1
values are given in kcal mol ™).
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For NHO-CO, adducts with -CN and -CO,Me groups as the N-
substituents, decarboxylation is predicted to be
thermodynamically and kinetically favorable owing to the
dramatic decrease in the electronic-rich character of the
terminal carbon atom of NHOs. From the analysis in this
section, it is clear that the stabilities of NHO-CO, adducts in
set B are dependent on steric as well as electronic effects of N-
substituents. This result is different from the result for the
NHC system in which the steric effects of N-substituents
played the major role in adduct stability.5 In addition, the
nucleophilic reactivity of free NHO is closely related to the
electronic effects of the N-substituents (Table 3). Aliphatic
groups at the N-position slightly increase the MESP around the
terminal carbon atom of NHO, while aromatic groups slightly
decrease the nucleophilicity of the NHOs. The electron-
donating group, -NMe,, is not as effective at increasing the
nucleophilicity of NHO on the N-position relative to the C-
positions. This result is similar to the result for the NHC
system.5c However, when electron-withdrawing groups (R1 =R’
= -CO,Me, -CF3;, and -CN) are placed at the C-position, the
reactivity of free NHOs is significantly decreased, as indicated
by the smaller nucleophilicity indices (Table 3). Interestingly,
the -OMe group at the N-position serves as an electron
withdrawing group and lowers the reactivity of free NHO.

Combined effect of the N- and C-substituents

Since substituent effects are often additive in organic systems,
decarboxylation of NHO-CO, adducts in set C and set D were
simulated in order to evaluate the combined effects of both N-
and C-substituents on the stability of the NHO-CO, adduct and
reactivity of free NHO. Set C includes NHO-CO, adducts and
free NHOs with normal substituents while set D contains
substituents with saturated or unsaturated rings condensed
from the imidazole ring.

R'=R2=R3=Ph R'=R?2=R3=CN

Viminz =-37.9 Viminz =-13.2

ARTICLE

The MESP of representative NHO-CO, adducts and the
corresponding free NHOs in set C and set D are presented in
Figure 7. The geometric parameters (dcs.cs, 91, and ,), free
energies (AG" and AG,,) for decarboxylation, values of
minimum MESPs, and nucleophilicity indices (N, and N,) of the
NHO-CO, adducts and free NHOs for set C and set D are
summarized in Table 4 and 5, respectively.

Compared with the NHO-CO, adducts and free NHOs in set A
and set B, the electronic effect for the corresponding entities
in set C are obviously additive, as shown by the difference of
the negatively valued MESP minimums (Va1 and Viina). When
the electron-donating groups (-Me, -Ph, and -NMe,) are
simultaneously introduced at the N- and C-positions of the
NHO-CO, adduct and free NHO, both V,i,; and Vi, are more
negative than the ones with only one election-donating group.
For the NHO-CO, adducts and free NHOs bearing election-
withdrawing groups (-CO,Me, -CF3, or -CN) at both the N- and
C-positions, the additive electronic effect is stronger. This
trend is especially true when the value of V,,, is positive and
four -CN groups are substituted for the N- and C-positions of
the free NHO.

Figure 8 plots the relationship between negatively valued
MESP minimums (Vmin: and Viminz) and reaction energies (AG”
and AG,,,) for decarboxylation of NHO-CO, adducts in set C.
These results show that set C is consistent with the general
trend that values of AG” and AG,,, decrease as the negative
values for Vi, and V., decrease. Decarboxylation is
thermodynamically spontaneous for NHO-CO, when the
electron-withdrawing groups —CO,Me, -CF3, and -CN are at the
N- and C-positions. The smaller, negative energy barriers for
these adducts mean that decarboxylation is kinetically so
favorable that these adducts could not form under the

ImBicar

Py[c]BImNMe,

Viin1 = -104.1 Vinint = -94.1

B¢
L

Vmin2 =-19.8

Vininz = 42.1

Figure 7 The visualization MESP isosurface of the representative NHO-CO, adducts and NHOs in Set C and Set D (Vinin1 and Viina

. . -1
values are given in kcal mol™).

This journal is © The Royal Society of Chemistry 20xx
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Table 4 Key bond distance (A), dihedral angle (°), value of the MESP minimum, the activation free energy, the reaction free
energy (all in kcal molfl), and nucleophilicity indices (eV) of NHO-CO, adducts and free NHOs in Set C.

R'=R’ R’ =R deacs O % AG DG Vinint Vininz N, N,
Me H 1.558 87.0 0.0 27.0 20.5 -99.1 -36.2 2.2 5.0
Me Me 1.554 95.3 2.7 28.6 21.8 -101.8 -38.3 2.6 5.2
Me Me;N 1.556 100.5 3.6 26.7 21.5 -101.6 -37.4 3.0 5.1
Me Ph 1.557 87.2 0.4 24.2 18.0 -100.3 -33.2 2.6 4.9
Me MeO 1.558 86.4 5.3 27.2 19.7 -99.8 -33.0 2.8 4.8
Me F 1.560 85.6 5.1 23.8 155 -94.3 -23.4 2.2 4.4
Me Cl 1.558 96.4 5.4 21.2 155 -95.3 -24.5 2.2 4.5
Me CO,Me 1.560 92.3 9.6 21.8 12.7 -96.6 -26.9 2.0 4.5
Me CF; 1.560 98.9 4.2 20.7 104 -90.7 -19.6 1.8 4.3
Me CN 1.566 87.0 0.0 17.6 6.7 -85.7 -11.9 1.8 4.2
Me NO, 1.566 85.9 1.5 17.1 4.6 -84.9 -5.9 1.7 3.9

Me;N Me;N 1.554 83.5 0.8 27.8 20.9 -106.3 -45.4 2.6 4.7
Ph Ph 1.561 84.8 0.6 22.5 14.9 -102.9 -37.9 2.5 4.7

MeO MeO 1.559 88.5 1.7 24.1 6.0 -94.6 -24.8 2.5 3.7

CO,Me CO,Me 1.569 59.5 16.7 17.0 -6.8 -86.6 -22.3 1.7 3.2
CF; CF; 1.582 83.3 5.6 9.3 -12.9 -85.0 -7.7 1.5 2.8
CN CN 1.616 85.0 0.0 -1.8 -25.7 -72.7 13.2 1.4 2.6

(@) = AG” inSetC (b) = AG” inSetC
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Figure 8. Relationship between the negatively valued MESP minimum (Vin; and Vinp) and reaction energies (AG™ and AG,,,) for

decarboxylation of NHO-CO, adducts and free NHOs in set C.

the present conditions. The linear correlation between the
negatively valued MESP minimums (Vpyina and Vpyinz) and the
free energy barriers (AG”) in set C is better than seen in set A,
owing to the elimination of hydrogen bonding. However, many
(Vmint, AGixn) and (Vpinz, AG ) points deviated from the fitted
line, which might have been caused by the steric effect of
substituents on the N-positions. For example, decarboxylation
of NHO-CO, adducts containing -NMe,, the most electron-
donating group, at the N- and C-positions s
thermodynamically more favorable than the one containing
the -Me group at the N- and C-positions. Interestingly, both
AG® (22.5 kcal mol™) and AG,, (14.9 kcal mol™) for
decarboxylation of NHO-CO, groups bearing four phenyl
groups are much smaller than the ones with phenyl groups
substituted on either the N- or C-position. These AG values

10 | Org. Biomol. Chem., 2015, 00, 1-3

imply that decarboxylation is and
kinetically more favorable.

Based on the calculated nucleophilicity indices, it is found that
the combined effect of the electron-withdrawing groups at
both N- and C-positions on the reactivity of free NHO is much
greater than that from the electron-donating groups. The
nucleophilicity index of free NHO containing four -Me groups
slightly increases to 5.2 eV, while the nucleophilicity indices of
the free NHOs bearing —CO,Me, -CF3 and -CN at the N- and C-
positions dramatically fall to 3.2, 2.8, and 2.6 eV, respectively.
As a result, these NHO-CO, adducts might not be effective
catalysts for CO, activation, although they are unstable
thermodynamically and kinetically.

Alternatively, saturated or unsaturated rings fused on the N-

and C-positions also generate a combined effect on the

thermodynamically

This journal is © The Royal Society of Chemistry 20xx
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stability of NHO-CO, and free NHO. In set D, the substituents
in ImBicar and ImCylm adducts are compared with the
NHO-CO, adduct bearing four -Me groups in set C because
both C- and N-positions of these two adducts are connected
with saturated hydrocarbon moieties. Notably, the calculated
Vimin (—104.1 kcal molfl) and Vpin2 (-42.1 kcal molfl) of ImBicar
are, respectively, 2.3 and 3.8 kcal mol™ more negative than
the ones with four -Me groups. These values imply that the
electron density at the oxygen anion of the NHO-CO, adduct
and the terminal carbon atom of free NHO is enhanced by
introducing additional ring fusion and ring strain next to the
imidazolium ring. A similar V., is observed for the ImCylm
adduct, but Vi, is slightly lower than that for NHO with four -
Me groups. Among all the NHO-CO, adducts in set C and set D,
the nucleophilicity of ImBicar- and ImCylm-free NHOs is
comparable with NHOs containing four -Me groups. However,
these two adducts are more stable thermodynamically and
kinetically. The decomposition of these two adducts must
overcome the high free energy barrier of 29.0 kcal mol ™. The
overall process is endothermic by 24.0 and 23.0 kcal molfl,
respectively. The Vui,1 and V., of the ImPhen, BImNMe,,
Py[b]BImMNMe,, and Py[c]BImMNMe, systems in set D, in which
the C- and N-positions are connected with sz_ and sp3-
hybridized carbon atoms, respectively, can be calculated based
on the corresponding set C adduct and NHO with two Me
groups substituted on the N-position and two phenyl groups
on the C-position. This comparison clearly shows that the V.1
and Vi, of the four systems in set D are less negative than
the corresponding ones in set C, meaning that the placement
of unsaturated hydrocarbon moieties on the C-positions will
slightly decrease the electron density on the terminal carbon
atoms of free NHOs and decrease their nucleophilicity.
However, decarboxylation is predicted to be more facile under
these conditions. Furthermore, the ImDpylm system can be
compared with the NHO-CO, adducts and NHOs with four
phenyl groups substituted on the N-and C-positions set C. Vin1
and Viin2 of ImDpylm-free NHO are less negative than those of
the reference system, but AG” and AG,,, for decarboxylation
are calculated to be higher by 3.8 and 3.9 kcal molfl,
respectively. These numbers indicate that the ImDpylm adduct
might be more stable thermodynamically and kinetically.
Meanwhile, the nucleophilicity index of ImDpylm-free NHO is

Organic & Biomolecular Chemistry

5.5 eV, meaning that this reactivity might be the highest
among all the NHO systems investigated herein.

In summary, the combined effect of C- and N-substituents can
more effectively alter the stability of the NHO-CO, adduct and
the reactivity of free NHO. With respect to the NHO-CO,
adduct with 2,6-iP'C5H3 and iPr groups substituted on N-
positions for sample 2g, the NHO-CO, adduct with four phenyl
groups, and the ImPhen and BImNMe, adducts show poorer
stability thermodynamically and kinetically, as indicated by a
smaller AG” (22.5, 22.6 and 21.2 kcal molfl) and AG,, (14.9,
14.7, and 12.6 kcal molfl) for decarboxylation. The
nucleophilicity indices of these free NHOs are slightly lower
(4.6 and 4.7 eV). In terms of the balance between the stability
of NHO-CO, adducts and the nucleophilicity of the
corresponding free NHOs, these three NHO-CO, adducts are
predicted to exhibit higher catalytic activity in the
carboxylative cyclization of propargylic alcohols with C02.9

Conclusions

In the present work, the effect of substituents on the stability
of NHO-CO, adducts and the reactivity of free NHOs was
theoretically investigated by the of DFT
calculations, MESP, and global nucleophilicity indices analysis.
The major conclusions are listed below:

1. The nucleophilicity indices analysis confirms that free
NHOs are stronger nucleophiles than NHO-CO, adducts.
Hence, the thermodynamically and kinetically unstable
NHO-CO, adducts should be more efficient
organocatalysts for nucleophile-promoted reactions.

2. The stability of NHO-CO, adducts as well as the reactivity
of free NHOs are significantly influenced by the C- and N-
substituents. The C-substituent exerts an electronic effect
only. The electron-withdrawing C-substituent decreases
the electron density on the carboxyl moiety of NHO-CO,
and the terminal carbon atom of olefins, which favors
decarboxylation but weakens the nucleophilicity of NHO.
The N-substituent contributes both electronic and steric
effects. As the steric bulk of the N-alkyl group increases,
the stability of the NHO-CO, adducts and reactivity of free
NHO slightly increase.

3. The balance between the stability of NHO-CO, adducts

combination

Table 5 Key bond distance (A), dihedral angle (°), value of the MESP minimum, the activation free energy, the reaction free
energy (all in kcal mol™), and the nucleophilicity indices (eV) of NHO-CO, adducts and free NHOs in Set D.

System deacs % % AG  AGn, Vinint Viminz N, N,
ImBicar 1553 80.1 0.6 290 240 -1041 -42.1 2.6 5.2
ImCylm 1.554 846 2.4 290 23.0 -103.0 -37.7 2.8 5.1
ImDpylm 1.558 762 59 263 189 -102.2 -30.8 3.5 5.5
ImPhen 1.558 878 01 226 147 -99.2  -30.5 2.6 4.7
BlImNMe, 1559 885 0.0 212 126 -981 -26.38 2.3 4.6
Pylb]BImNMe, 1563  89.7 1.4 176 73 -96.1  -22.6 2.1 43
Py[c]BImNMe, 1.562 783 43 178 7.1 -941  -19.8 2.0 4.2

This journal is © The Royal Society of Chemistry 20xx
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and the reactivity of free NHOs can be tuned by the
combined effect of C- and N-substituents. NHO-CO,
adducts weak electron-withdrawing group
(unsaturated hydrocarbon moieties or -Ph) at the C-
position, and a bulk aromatic substituent or ring strain at
the N-position, is predicted to result in a more efficient
catalyst for the carboxylative cyclization of propargylic
alcohols with CO,.

with a

Further studies to understand the reaction mechanism of
carboxylative cyclization catalyzed by NHO-CO, adducts as

well

as the catalytic performance of NHO-CO, adducts

presented in this paper is ongoing in our group.
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