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Quantum chemistry is used to investigate the nature of protonated N-heterocyclic carbene (NHC-H")
catalysed decarboxylation recently reported by Zhang et al. (ACS Catal,, 2021, 11, 3443-3454). Our

Received 28th September 2021, results show that there are strong electrostatic effects within the NHC-H* catalysed decarboxylation,

Accepted 26th October 2021 and these dominate hydrogen bonding. At the same time, energy decomposition analyses and compari-
son between the original NHC-H™ catalyst and a truncated form reveal that stabilizing dispersion interac-

tions are also critical, as is induction. We also show that the electrostatic effects and their associated
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Introduction

N-Heterocyclic carbenes (NHCs) are among the most widely
used organocatalysts and ligands for organometallic catalysts
in organic synthesis due to their ability to alter both chemo-
and stereo-selectivities." The lone pairs from adjacent nitrogen
atoms can strongly donate their n-electrons toward the 2p-n
orbital of the carbene, which greatly stabilises the closed-shell
singlet state of NHCs. Therefore, NHCs usually behave as
nucleophiles using their fully occupied sp>-c orbital to mediate
C-C or C-N bond formation. For instance, they can readily
attack carbonyl moieties to produce Breslow intermediates,
which renders the previously electrophilic carbonyl centre
nucleophilic (i.e., umpolung).” Imines can also be activated in
a similar manner through aza-Breslow intermediates.> More-
over, it has been recently reported that NHCs can also engage in
radical reactions through single-electron transfer (SET), the
opposite of the traditional two-electron mechanism.*
Although NHC catalysis has been extensively studied from
both an experimental and theoretical perspective,™® the role of
electrostatic effects is often overlooked. Recent theoretical and
experimental work has shown that such electrostatic effects,
whether these are designed local electric fields (D-LEFs) from
charged functional groups (CFGs)’ or coordinated metal ions,®
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catalytic effects can be further enhanced using charged functional groups.

interfacial electric fields (IEFs)’ or external electric fields
(EEFs)'® can have significant impacts on the rates, regio- and
stereoselectivity of a range of chemical and photochemical
processes.”’ ™ The NHC-catalysed cycle generally involves
(de)protonation steps that create charged intermediates, poten-
tially introducing additional charge-dipole interactions to the
reaction axis that might contribute to catalysis. Understanding
their role, if any, has important implications for optimizing this
important reaction.

Recently, Zhang et al. proposed a new theoretical model to
demonstrate that NHC-H" (i.e., the protonated form of NHC)
can catalyse decarboxylation, and used hydrogen bonding (HB)
to rationalise such a phenomenon (Fig. 1)."* In the preferred
transition state (shown in Fig. 1), the NHC-H" binds preferen-
tially to the more electronegative carbonyl oxygen. Base-H' (e.g.,
DABCO-H") does not exhibit a similar catalytic effect but
instead shows a minor deactivation. In both cases, the pre-
reaction complexes via HB are not favoured by free energies.
These results inspire us to explore further the nature of NHC-H"
catalysed decarboxylation so as to answer the following ques-
tions. (1) If HB is the key for catalysis, why does DABCO-H',
which has a stronger HB than NHC-H", not show any catalytic
effect? (2) What are major resonance structures in the reactant
and the transition state? (3) Is there an electrostatic component
to the catalysis, and how do we take advantage of it?

In the present work, we use computational chemistry to
study the NHC-H" catalysed decarboxylation so as to address
these questions, and provide a better understanding of the role
of electrostatics in NHC-catalysed decarboxylation. As a case
study, we have selected the model reaction shown in Scheme 1,
chosen because steric effects and other dispersion interactions
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Fig. 1 lllustration of the NHC-H* catalysed decarboxylation of 1 proposed
by Zhang et al.** The Gibbs free energy barriers and reaction free energies
were calculated at B3LYP-D3/6-311++G(2df,2pd)/SMD(NMP/tBUOH)//
B3LYP-D3/6-31G(d,p)/SMD(NMP/tBUOH).
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Scheme 1 Decarboxylation reaction and catalysts studied in the present
work. Unless noted otherwise all calculations are performed in dichlor-
omethane at 298 K.

are expected to be relatively minor, thus allowing us to focus
better on the interplay between electrostatics and hydrogen
bonding. We chose dichloromethane as the solvent because,
due to its moderately low polarity, it has been shown in our
previous experimental studies of electrostatic catalysis'® to
offer a good compromise between maintaining the solubility
of charged species while still minimizing solvent screening of
electrostatic effects. It has also been used experimentally in
NHC catalysed reactions.'® In addition to the NHC-H" catalyst 3
and DABCO-H" base 4 studied previously by Zhang et al.,'* we
also considered a truncated NHC-H', 1,3,4-trimethyl-4H-1,2,4-
triazol-1-ium (7), to minimise the possible steric interactions
between substrate and non-truncated counterparts, NMe;-H"
(8) was considered as a slightly stronger albeit less nucleophilic
base than DABCO-H', and MeOH (9) was included as a neutral
HB donor. Finally, we explore whether the inclusion of addi-
tional charged functional groups can further improve the
catalysis observed.

Computational details

All geometries and thermal corrections at 298 K were obtained in
dichloromethane at M06-2X""/6-31G(d,p)/IEFPCM using the G09'®
package, and additional single-point energies in dichloromethane
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were calculated at M06-2X/6-31+G(d,p)/SMD, " as this level of theory
has previously been shown to accurately predict the electrostatic
effects on reaction barriers and enthalpies.”**** Moreover, our
recent benchmark study confirms that M06-2X is one of the most
accurate functionals for calculating barrier heights and reaction
energies in organic systems.”' Transition states were confirmed by
IRC calculations, and frequency calculations confirmed that all
stationary points had the correct number of imaginary frequencies.
The resonance analysis was performed with EzReson,>** and
energy decomposition was performed at sSAPTO/jun-cc-pVDZ level
of theory using PSI4 software.>** Figures of molecular structures
were generated by Chemcraft.>® The interaction region indicator
(IR) analysis,”” which describes strong and weak interactions
simultaneously, were rendered by Multiwfn®® and VMD.*

Results and discussion
Polarity of the transition state

To understand the role of electrostatics in the NHC-H' cata-
lysed decarboxylation, it is helpful to begin by examining the
charge distribution in the reactants and transition state of the
uncatalyzed reaction. Fig. 2 compares the contribution of key
resonance structures in the reactants and transition state,
as calculated using a simplified 5c-4e model based on the
O—C-0: moiety. The 5c is the three C and one O on the four-
membered ring along with the carbonyl O, while the 4e include
one © bond of the carbonyl and one lone pair from cyclic O. It is
clear that the ionic contributor, in which there is a formal
negative charge on the carbonyl oxygen and a formal positive
charge on the cyclic oxygen, is significant in the reactant, and
becomes substantially more important as the reaction progress.
This is why the positively charged NHC-H' or Base-H' prefer-
entially binds to the carbonyl, and why this binding preferen-
tially stabilizes the transition state compared with the reactant
as reported by Zhang et al.™*

Electrostatics

Based on the resonance analysis above, stabilization by a
positively charged catalyst bound to the carbonyl oxygen would
be expected to have an electrostatic component. One of the
simplest methods to assess the contribution of electrostatic
effects is to replace the catalyst altogether with a point charge,
in this case located at the nominal charge centre (i.e., H') of the
NHC-H' catalyst (Fig. 3). We compared the solution phase
single point energies obtained for the transition state when
the NHC-H' is deleted altogether versus its replacement with a
positive or negative point charge of one atomic unit

5 ° % | 1} other
o o—
Pra—— Reactants 62% 19% 19%
Transitionstate | 43% | 39% 18%
I n
Fig. 2 Resonance analysis based on O—C-O: for the reactant and

transition state in the uncatalysed reaction showing the contributions of
the reactant (1), ionic (Il), and remaining configurations.
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Fig. 3 The reaction studied in the present work and the model system
used to assess electrostatic effects. The H* position (highlighted in the
blue cycle) of the NHC-H™ is replaced by either a positive or negative point
charge (i.e., electric field) or an H* ion in the same position without further
optimization. The point charges (and proton) have a magnitude of one
atomic unit to mimic the same charge as NHC-H™ and are located exactly
where the proton is located in the original NHC-H* catalyst. The relative
energies of the transition states are compared to that obtained without
charges or protons.

(i.e., electric field). Unsurprisingly, the positive charge signifi-
cantly stabilises the transition state while the negative charge
destabilises it, though to a lesser extent due to polarization
effects. This can be understood in terms of the charge dipole
interaction with the transition state, with the positive charge
aligned so as to stabilize the dipole across the leaving CO, and
the negative charge aligned so as to destabilise it. This is clear
from the dipole moments (Fig. 4), which are enhanced in the
case of the positive charge and diminished with the negative
charge. While the magnitude of electrostatic effects is exagger-
ated for these infinitely localised charges, the trends are clear.

To further decouple electrostatic effects from orbital inter-
actions, we also replaced the point charge with a proton in the
same position. While the proton’s charge is identical, it differs
from the positive charge in that it also has vacant orbitals
capable of interacting with the substrate. Interestingly, the
proton increases the stability of the transition state signifi-
cantly more than the point charge, indicating that favourable
orbital interactions are indeed important. This is also seen with
the dipole moments (Fig. 4), where, unlike the positive point
charge, the proton does not significantly alter the dipole
moment compared with the neutral compound, thus suggest-
ing the electrostatic effects are countered by back bonding.
However, it should be emphasised that the proton model

-

neutral negative (-1) positive (+1) proton (H*)
11.3 Debye 2.8 Debye 22.7 Debye 15.5 Debye

Fig. 4 Illustration of the calculated dipole moments in Debye (D) for
neutral and charged systems. The blue arrows only indicate the direction
of the dipole moments rather than the magnitude.
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represents an extreme case for orbital interaction since all of
the proton’s orbitals are empty and available to accept the
electrons from the oxygen. The orbital interactions are expected
to be much weaker in real models.

Effect of HB donation

Since the point charge analysis shows that both electrostatic
effects and orbital interactions affect the stability of transition
states, we next compared a series of different HB donors to
investigate the dominant factor in catalysed decarboxylation
(Fig. 5). The decarboxylation of 5 is thermodynamically
favoured (AG = —10.5 kecal mol %), and the uncatalysed pathway
has a 29.1 kcal mol™" free energy barrier. In contrast to the
previous results reported by Zhang et al.'* with substrate 1
(Fig. 1) NHC-H" shows a negligible catalytic effect with a
28.7 keal mol " free energy barrier, while DABCO-H" does lower
the barrier by 4.4 kcal mol . The truncated NHC-H" model has
a free energy barrier of 30.6 kecal mol™", suggesting an addi-
tional non-electrostatic contribution from the original NHC-H"
molecule. The truncated model of DABCO-H" (i.e., NMes-H")
has the same free energy barrier as DABCO-H' within
0.3 kcal mol ". Finally, the MeOH affords the highest free
energy barrier of 30.8 kcal mol .

To a first approximation, the HB lengths reflect their
strengths. The shortest distances are about 1.60 A for NMe;-
H' and DABCO-H', followed by 1.84 A for MeOH and about
2.00 A for NHC-H" related donors. Although HBs are present in
all systems, not all HB donors show a catalytic effect, suggest-
ing the HB is not the only catalytic driver of decarboxylation. At
the same time, both NHC-H' and DABCO-H"' (and their trun-
cated forms) have a cationic centre, but only DABCO-H" and its
truncated form act as a catalyst. Clearly, a more quantitative
analysis of the interactions with the substrate is needed to
understand these trends. To this end, an interaction region
indicator (IRI) analysis®” was performed (see Fig. 6).

From Fig. 6, it is clear that all systems possess HBs, and
these increase in line with their HB lengths, from the weakest
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Fig. 5 Gibbs free energy barriers for the decarboxylation of 5 at 298 K in
dichloromethane. The uncatalyzed pathway is compared with that cata-
lysed by the various HB donors shown in Scheme 1. All pre-reaction
complexes are not lower in free energies than separated molecules, so
they are not included (Table S1, ESIt). The units are in kcal mol ™%,
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Fig. 6 The IRl plots of HB donor mediated transition states, where DP
stands dispersion, and colour scale bar [-0.04, +0.02] is provided in Fig. S1
(ESI¥). The HB lengths are 1.60 A (DABCO-H*), 1.59 A (NMez-H*), 2.00 A
(NHC-H*), 2.09 A (truncated NHC-H") and 1.84 A (MeOH).

NHC-H" (in green-blue colour), to MeOH (in blue colour) to
DABCO-H" (in deep blue colour). Although MeOH has a stron-
ger HB than truncated NHC-H', it does not show a lower free
energy barrier, suggesting that charge is more important in this
case. NHC-H" also has additional dispersion interaction due to
the aromatic ring (DP region in Fig. 6), which stabilises the
transition state more than the truncated NHC-H". These dis-
persion or steric interactions may also account for the
enhanced catalytic activity of NHC-H' versus DABCO-H'
observed previously for substrate 1, as the substrate in this
case substituted with additional aromatic groups.

Energy decomposition analysis

The trends in Fig. 6 reflect a complicated interplay between
electrostatics, HB interactions, and dispersion. To further
untangle these contributions, we used SAPT to perform an
energy decomposition analysis (Table 1). Based on perturbation
theory, the electronic interaction energy can be decomposed
into various components: (1) classic electrostatic term; (2)
exchange-repulsion term; (3) inductive term, and (4) dispersion
term.*® Broadly speaking, the barrier height is correlated with
the electrostatic and induction components and inversely
correlated with the exchange. These in turn largely follow
the acidity of the HB hydrogen NMe;-H' > DABCO-H' >

Table1 Decomposition analysis of the interaction energy (gas phase) into
electrostatic (Eqis), exchange (Eexcn), inductive (Eing) and dispersion (Egis)
energies in kcal mol™

HB dOIlOI'S Ee]st Eexch Eind Edis Etotal
NMe;-H* —55.4 34.6 —20.6 —8.1 —49.5
DABCO-H* —52.4 33.4 -19.7 —8.4 —47.0
NHC-H' -36.3 30.3 -12.1 -19.7 —37.8
Truncated NHC-H® —34.5 15.5 -8.3 —6.2 —33.5
MeOH —13.8 13.2 —4.6 -3.8 -9.0
R? 0.902 —0.912 0.981 0.133 0.827

“ Correlation with the Gibbs free energy barrier.
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NHC-H" > truncated NHC-H" > MeOH, and are in line with
the notion that the barrier height is stabilized substituents that
stabilize the & negative charge on the carbonyl oxygen through a
combination of electrostatics, induction, and orbital interac-
tions. In contrast, the dispersion energies are poorly correlated,
and fall into a narrow range, except for NHC-H', which, as seen
in Fig. 6, has an additional stabilizing dispersion interaction
that is absent from the other catalysts.

Combination with D-LEFs

Since electrostatics contribute to the catalysis observed, we
wondered if the catalysis could be further enhanced with an
appropriate electric field. As a case study, we selected -NH,/~-
NH;" and -SO;H/-SO; ™ as charge-neutral pairs to tune electro-
static effects and used —-CH,- as a linker to minimise possible
resonances with NHC-H' (Scheme 2). This choice is for a
general demonstration of D-LEFs, so the other species like a
non-pH sensitive -NMe;" or -BF;~ can also be used when
desired, or indeed an external electric field. Two positions were
considered for installing CFGs either on the aromatic ring
(10-13) or on the ring that contains oxygen (14-17). The
aromatic ring is easier to substitute while the latter is closer
to the reaction centre, and is thus expected to be more
influential.

If CFGs are placed on the aromatic ring, a negligible catalytic
effect is observed as NHC-H' (10-13, Fig. 7), and the minor
differences are actually due to entropic and thermal contribu-
tions. On the other hand, installing a CFG close to the reaction
centre confers stronger interactions. Using a positive charged
-NH;" (15), the free energy barrier is 2.9 kcal mol™* lower than
its neutral counterpart (14), and is 1.8 kcal mol " lower than
the uncatalyzed pathway, inferring an about one-ordered mag-
nitude increase in reaction rates. The result aligns with our
understanding that making NHC-H" more cationic could sta-
bilise the decarboxylation transition state more through elec-
trostatic effects. Interestingly, the neutral -SO;H also gives a
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Scheme 2 Substituted NHC-H* catalyst studied for exploring D-LEF
effects. Unless noted otherwise all calculations are performed at 298 K
in dichloromethane.
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Fig. 7 The Gibbs free energy barriers and reaction free energies at 298 K
for decarboxylation of 5. The uncatalyzed pathway is compared with that
catalysed by the original NHC-H* 3 and its various modified versions
shown in Scheme 2. The units are in kcal mol™.

comparatively low free energy barrier of 27.9 kcal mol ™', as a
result of inductive effects from this strong electron-
withdrawing group. This not only further underlies the complex
interplay of electrostatic effects with other polar interactions,
but also points to another strategy to enhance catalysis in this
system.

A major shortcoming of the D-LEF approach is the necessary
trade-off between the solubility of charged species (which
diminishes in non-polar solvents) and the rapid attenuation
of electrostatic effects that occurs with increasing polarity of
the solvent. This is seen in Fig. 8, which compares the solution
barriers of Fig. 7 with the corresponding gas-phase barriers. In
the gas phase, the -NH;" (11) shows a 4.4 kcal mol™" lower
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-NH, -NH;* -SO;H -SOj5 -NH, -NH3* -SO;H -SO5

Fig. 8 The Gibbs free energy barriers at 298 K for decarboxylation of 5
using the various modified NHC-H* shown in Scheme 2. The geometries
and thermal corrections were obtained at MO06-2X/6-31G(d,p)/
IEFPCM(dichloromethane) with additional single-point calculations with
or without dichloromethane at M06-2X/6-31+G(d,p). The darker colour
represents the solvation-phase barriers, and the lighter colour represents
the gas-phase barriers (in 1 M for comparison), with the data labels
representing the difference. The units are in kcal mol™™.

This journal is © the Owner Societies 2021

View Article Online

Paper

barrier than the corresponding solvation phase barrier. For
both non-charged species (10, 12), the differences of barriers
between the two phases are the same within 0.5 keal mol~*. The
negatively charged -SO;~ (13) shows a 0.6 kcal mol ' higher
gas-phase barrier. When CFGs are closer to the reaction centre,
the -NH;" (15) has a 16.3 kcal mol™' gas-phase barrier
(Table S2, ESIt), which is 11.0 kcal mol™" lower than its
solvation-phase counterpart. For the neutral -NH, (14) and
-SO;H (16), their gas and solution phase barriers are similar.
However, the gas-phase barrier of -SO;~ (17) is now
6.1 kcal mol™" more than the solvation-phase barrier. There-
fore, the catalytic effects of the second positively charged centre
on NHC-H" are significant in the gas phase but are largely (but
not entirely) screened by dichloromethane. An alternative way
to avoid such attenuation, and the need to synthesise alter-
native catalysts, would be to use external electric fields instead.
While at present these have only been implemented experi-
mentally in model scanning tunnelling microscope
experiments,'®*73* molecular modelling suggests that a pro-
mising experimental platform for scaling electric field effects is
via ordered solvent environments. Specifically, ab initio mole-
cular dynamics®>?® and polarisable molecular dynamics®”>®
modelling has shown that when exposed to external fields,
solvents such as water,*>*® methanol*® and ionic liquids®”**
become ordered. For ionic liquids at least this ordering gen-
erates an experimentally detectable internal electric field that
persists when the external stimuli are removed.’” Multi-scale
modelling has shown that the internal electric fields generated
by this ordering are capable of significant catalysis, even after
the external field is removed.*®

Conclusions

In summary, we investigate the nature of NHC-H' catalysed
decarboxylation proposed by Zhang et al.'* Our study demon-
strates that while catalysis results from a complicated interplay
of interactions, it is electrostatic effects, rather than hydrogen
bonding, that dominate. This implies that in an amine-based
solvent under acidic conditions, the protonated cation may act
as a latent catalyst for decarboxylation. We show that catalysis
can be further enhanced by increasing the electrostatic effects
with charged functional groups, and electron-withdrawing
groups in general, thus providing a design strategy for optimiz-
ing catalysis.
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