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Manipulation of N-heterocyclic carbene reactivity
with practical oriented electric fieldst

Mitchell T. Blyth @2 and Michelle L. Coote (2 *°

Using density functional theory (DFT) calculations, we demonstrate that the organocatalytic properties of
NHCs, such as their nucleophilicity, electrophilicity and singlet triplet gaps, are predictably influenced by
electric fields. These electric fields can be delivered in practical systems using charged functional groups
to provide designed local electric fields, and their effects are strong enough to be synthetically relevant
even in relatively polar solvents. We also show that these electrostatically enhanced NHCs elicit dramatic
changes in the energetics of key transition states of a model benzoin condensation in various solvents,
which can be tuned by the sign of the applied charge and the solvent polarity. Based on these findings,
we suggest that NHCs are plausible candidates for electrostatic catalysts, and that electric field effects
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Introduction

In the past decade, research into the use of electric fields to
catalyse and control chemical reactions, has exploded.’” This
interest has been motivated by an increasing awareness of the
ubiquity of electric field-mediated transformations in enzymes™®
and organic chemistry,®"> as well as their unique advantages,
namely that electric fields are orthogonal to other modes of
activation and can exhibit highly directional effects. Designed
local electrostatic fields (D-LEFs) might take the form of
embedded charges or dipoles, such as those delivered by metal
ions or charged functional groups,®'®° while oriented external
electric fields (OEEFs, or EEF) might be realised by the use of
scanning tunnelling microscopy,”* by orientation of bulk solvent
in an electric field,?**® or at interfaces.”* These studies have
demonstrated that appropriately oriented electrostatic fields can
operate as an experimentally relevant mechanism of control over
a myriad of chemical processes, even in polar solvents where
such effects might be expected to be attenuated.>>

In the present work, we examine the effect of electric fields
on the chemistry of N-heterocyclic carbenes (NHCs). NHCs,
once considered laboratory curiosities, are today compounds of
huge practical importance, with significant applications in
organocatalysis,”® materials chemistry,”” and as transition
metal ligands.*® Given the ubiquity of NHCs, the ability to
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should be considered when designing NHC frameworks.

manipulate their chemistry with (switchable) electric fields
represents a significant opportunity to affect the outcomes of
many existing transformations. A growing number of studies
have shown that the electrostatic environment can significantly
affect reactions involving carbenes or closely related com-
pounds. For instance, Kanan and co-workers have elegantly
demonstrated that interfacial electric fields could modify the
selectivity of an intramolecular reaction involving a putative
carbene intermediate and catalysed by Rh porphyrins.>* We have
shown that electrostatic field effects dominate the outcomes of a
decarboxylation reaction catalysed by the protonated analogue of
a NHC.* Additionally, Maji and Wheeler have demonstrated the
key importance of electrostatic interactions in determining the
stereoselectivity of several NHC-catalysed kinetic resolutions,*
and Wang and co-workers have very recently shown the impor-
tance of subtle electrostatic effects when designing optimal NHC
ligands for palladium-catalysed aryl-nitro bond activations.*

Inspired by these studies, in the present work we aim to
systematically investigate the scope and utility of using electric
fields to control carbene properties. We also examine whether
electric fields differentially affect the singlet and triplet states of
NHCs in a directional manner (Fig. 1). To this end, we use
computational chemistry to investigate the electrophilicity,
nucleophilicity, and relative spin-state stability of representative
NHCs in the presence of both external and local electric fields,
before demonstrating the utility of the observed, electrostatically
induced, changes to a model NHC-catalysed organic transfor-
mation, the benzoin condensation of benzaldehyde. In this way,
we aim to expand upon the existing synthetic scope and utility
of NHCs as organocatalysts by harnessing electrostatic fields as
a complementary and orthogonal tool to fine-tune the proper-
ties of carbenes in chemical reactions.
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Fig. 1 Generalised plane-aligned singlet & triplet carbenes.

Computational methods

Density Functional Theory (DFT) and Time-Dependent DFT
(TD-DFT) calculations were performed using the Gaussian 16
electronic structure package.*> Geometries were optimized with
the M06-2X exchange correlation functional®® with the aug-cc-
PVTZ basis set, except geometries in the benzoin condensation
model reactions, for which the cc-pVDZ basis set was used.**”*
MO06-2X has previously been used successfully to study electro-
static field effects,’®'®"*?° demonstrated many times to provide
accurate structural and thermochemical data on carbenes.”*?®
Solvent corrections were obtained with the SMD continuum
solvent model,>” and the so-called direct method, in which ideal
gas partition functions are applied to solution-phase geometries
and frequencies, was employed with a phase correction term, to
determine Gibbs free energies in solution.*® All energies given are
from the conformationally searched, global minimum energy
structures in both gas and solvent phases, unless otherwise
indicated. Intrinsic reaction coordinate (IRC) calculations were
used to verify the nature and connectivity of key transition
states. Selected single-point energy calculations were performed
for benchmarking purposes at the CCSD(T)/Def2TZVP//M06-2X/
Def2TZVP level of theory.

Nucleophilicity was estimated via the relationship N =
Enomomu) — Eromo(rcr), where tetracyanoethylene (TCE) was
chosen as a reference (corrected for solvent where appropriate).®
Global electrophilicity (w) was estimated via the Global Electro-
philicity Index,***' w = y*/2, where y = —0.5(Exomo + Erumo) is the
Mulliken electronegativity (the negative of which is the chemical
potential used in the original derivation by Parr*®) and # = (ELumo
— Enowmo) is the chemical hardness.* N, w, 7, and 1 are reported in
eV by convention. NBO7 was used to perform Natural Resonance
Theory (NRT) calculations.** In our NRT calculations, a delocalisa-
tion list threshold (NRTE2) of 10 kcal was found to yield both a
reasonable number of resonance structures while retaining the
correct molecular symmetry.

Results and discussion
Test set definition and benchmarking

In order to demonstrate the generality of electrostatic field
effects upon carbenes and discover those frameworks that are
most susceptible to manipulation with electrostatic fields, we
investigated the properties of a series of diverse NHCs in the
presence of both EEFs and D-LEFs. The test set (Fig. 2) contains
NHCs that are broadly representative of several common NHC
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Fig. 2 Test set. The test set of 9 NHCs which were investigated in this
work. The naming scheme works as follows: for some molecule, the ith
(i =a, b, c, d, ore) substitution at position R, (n =1, 2, 3, or 4) is either a
methyl group (green highlights; if adjacent to the carbenic atom or directly
bonded to a heteroatom) or a hydrogen atom (orange highlight; when
neither adjacent to the carbenic atom nor bonded directly to a hetero-
atom) when i = a, and otherwise is substituted with one member of each
D-LEF pair (CH,BF, when i = b, CH,BF3~ when i = ¢, CH,NMe, when i = d,
and CHoNMez* when i = e).

families,>®"* and were selected for their ability to accommodate

D-LEFs in multiple positions and because they exhibited a
range of responses to EEFs applied along the Cartesian axes
over physically accessible®" field strengths of 0.003 a.u. in a
variety of solvents (see Fig. S3 and S7, ESIt).

The test set contains the imidazolinylidene I,,* the “remote”
mesoionic carbene II,, (NHC), the mesoionic carbene HI,, (also
known as an “abnormal” carbene, aNHC), the chalcogen-
substituted oxazolylidene IV;, and thiazolylidene V,,, the un-
saturated imidazolylidene VI,,"® and tetrahydropyrimidinylidene
VIL,, the cyclic (amino)(alkyl) carbene (CAAC) VIIL;,, and the
1,2,4-triazolylidene IX;,. Of these, II;, and III;, were specifically
selected for their different mesoionic characters (one being
remote-mesoionic), which we believed would be strongly affected
and potentially differentiated by an electric field. Likewise, IVy,
and V;, were selected to investigate the role of molecular
asymmetry and heteroatom identity, if any, in the electric field
response along different axes. VI, and VII;, were selected to
permit D-LEFs (vide supra) to adopt out-of-plane conformations
(and in the case of VII3p., to do so along the central ¢ mirror
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plane). Finally, complex derivatives of VII,, and IV,, are fre-
quently used as asymmetric catalysts, so these models were
chosen to investigate whether the addition of D-LEFs to these
frameworks might feasibly provide some unique synthetic advan-
tage. Throughout the remainder of this work, we consider the
singlet form of the tested carbenes, which we show is always
substantially more stable than the corresponding triplet, unless
the triplet state is explicitly specified.

The fundamental electronic and steric properties of many of
I, to IX;, in Fig. 2 have been the subject of previous theoretical
and experimental work (see for example?’~*°). Table 1 presents
the nucleophilicity parameter (N), global electrophilicity index
(GEI), and singlet-triplet gap (AGsy) of the unsubstituted sing-
let carbenes I,,-IX;, in Fig. 2, along with corresponding litera-
ture results where available. Our computed values of N, GEI,
and AGgsr compare favourably with examples from the litera-
ture. This is not particularly surprising given each comparison
also uses DFT with moderate-to-large basis sets. However, it
does provide confidence in our results by virtue of their
similarity. We demonstrate later (vide supra) that our results
under external electric fields also compare favourably with
CCSD(T) benchmarks.

According to Pérez and co-workers,’® an electrophilic car-
bene is one with 1.21 < w < 2.40 eV, an ambiphilic carbene
has w around 1 eV and a nucleophilic carbene has w < 1.00 eV.
Under these considerations, each of the tested carbenes is
considered ambiphilic. The most electrophilic carbene is IVy,,
followed by Vy,. The least electrophilic carbene is VII;,, though
the value of GEI = 0.94 is likely within error of each of I, IIl,,,
and VIII,, (GEI = 0.97).

The initial step in most organocatalytic reactions involving
NHCs is the addition of the NHC to an electrophile; therefore,
the nucleophilicity of the carbene carbon is directly related to
its utility as an organocatalyst. The measured nucleophilicity of
the tested carbenes I,,-IX;, ranges from 2.85 eV to 5.05 €V,
indicating that all except arguably the oxazolylidene are strong
nucleophiles. An organic molecule is considered a strong

Table 1 The nucleophilicity parameter (N), global electrophilicity index
(GEI), and singlet—triplet gap (AGst) of the unsubstituted singlet carbenes
l3.—1X14 in Fig. 2, and a comparison with literature results (bracketed)
where available. Corresponding data for the triplet carbenes 3lla-3IX13 and
orbital energies for all species are provided in the ESI (S3)?

Structure N (eV) GEI (eV) AGgr (k] mol ™)

Lia 3.48 (3.56°)  0.99 (0.83%)  349.56 (346.90°)

I, 5.05 (5.009  0.97 171.87 (164.00)

I, 4.47 0.97 257.83 (252.007)

Vi, 2.85 1.12 322.24

Via 3.15 (3.15°)  1.08 (1.079)  273.23

VI, 3.70 1.00 292.22 (307.52% 279.07%)
VI, 4.20 0.94 250.83

VI, 3.81(3.83%)  0.97 188.04 (187.03%)

Xia 3.05 1.06 355.13

“ Calculations performed at the MO06-2X/aug-cc-pVIZ level of
theory in the gas phase. ” B3LYP/aug-cc-pVTZ//B3LYP/6-31+G*.*
° PBE0/6-31+G*.*® ¥ B3LYP/6-311++G**.*° ¢ B3LYP/6-311G**//B3LYP/6-31G*.””
J B3LYP/aug-cc-pVTZ.*® ¢ PBE/TZVP[SBK]C].*
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nucleophile if N > 3.00 eV, moderate if 2.00 eV < N < 3.00 €V,
and marginal if N < 2.00 eV.** The most nucleophilic are the
mesoionic species II;, and I, respectively, whereas the least
nucleophilic are IV;, and Vjy,.

The singlet-triplet gap of carbenes is frequently used to
approximate their stability towards dimerization, and is a
useful, if not independent, measure used to assess the relative
stability of spin-states in experiment.”® We find that each NHC
has AGsr >» 0 and hence is a stable singlet, which is consistent
with the literature. This arises from a combination of conjuga-
tive and inductive bonding interactions wherein the n-system of
the neighbouring (or remote) nitrogen atom saturates the
unoccupied p-orbital on the carbene carbon (n-conjugation),
while withdrawing o electrons from the carbene carbon
(c-induction), thus stabilising the carbene lone pair (which
possesses o-symmetry). The mesoionic carbene II;, has the
smallest AGgr, which is still a relatively large 172 kJ mol ™",
followed closely by the CAAC VIII,, with a gap of 188 k] mol .
The largest AGgr values were found for the 1,2,4-triazolylidene
X1, (355 k] mol 1), followed closely by I, (350 kJ mol "), which
is to be expected given their saturated backbones and heteroa-
tom substitution.

We also investigated whether EEFs could be used to switch
between the singlet- and triplet-states of carbenes at-will. How-
ever, as the singlet-triplet gaps of the tested NHCs are of the
order of hundreds of k] mol ", this was largely unfruitful. The
largest change in singlet-triplet gap of 56.9 k] mol " was found
for an X-EEF applied to II,, in water, which still yielded a final
gap of over 100 k] mol~". The relative ordering of the changes
in singlet-triplet gap mimics the results presented in Table 1
(Fig. S3, ESIT). We found that the ground states of several other
carbenes with known small singlet-triplet gaps®* could be
switched between their singlet and triplet states (see Fig. S7,
ESIT); however, these switches were generally too small at the
CCSD(T)/Def2TZVP//M06-2X/Def2TZVP level to warrant further
study with multireference calculations, and their structures
offered no realistic opportunity to incorporate DLEFs in the
form of e.g., charged functional groups, which would make
controlling their orientation with respect to the applied electric
field difficult. We note that this issue of alignment could itself
be addressed through orientation of the bulk solvent environ-
ment itself,”>** or possibly via orientation within charged
metal-organic frameworks,> but this is beyond the scope of
the present work.

Carbenes with designed local electric fields

To investigate the effect of practical electric fields, as delivered
by D-LEFs, we have substituted the carbenes in our test set with
non-conjugated charged functional groups at all symmetry-
unique positions on the carbene backbone and named the
resulting molecules according to the rules laid out in Fig. 2. The
effects of cationic charges were modelled with the NH,/NH;"
pair, while the effects of anionic charges were modelled with
the BF,/BF;~ pair. We note that these pairs are intended as
model systems only: for example, actual implementations of D-
LEFs on NHCs will need to consider the possibility for
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unfavourable intermolecular carbene-D-LEF interactions, and
issues pertaining to solubility. However, given the substantial
structural diversity of and existing precedent surrounding the
development of novel NHC families, we expect these issues
could be rapidly addressed. We restrict ourselves to analysing
the effects of D-LEFs upon the singlet carbenes only, as these
are the only species likely to be synthetically relevant.

Fig. 3 presents the change in nucleophilicity and electro-
philicity of I, (relative to the uncharged D-LEF) upon formation
of a positive or negative charge as a function of the sign of the D-
LEF charge and the solvent environment. A positive “switch”
indicates that the nucleophilicity or electrophilicity increases
upon formation of a charge (i.e. by protonation of the amine or
addition of fluoride to the BF, group). Corresponding figures for
all nine compounds can be found in the ESL, Fig. S1 (for GEI)
and Fig. S2 (for N), while the raw data can be found in S11. Fig. 4
summarises the average effects of positive and negative D-LEFs
on the nucleophilicity and electrophilicity of each compound
studied, as averaged over all substitution positions for the D-LEF.

From Fig. 3 and 4, it is seen that D-LEFs affect the nucleo-
philicity and electrophilicity in a predictable and approximately
equal and opposite manner according to the charge of the
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N Switches Across Solvents; |

61 75

. ) 7::1

2 Ri— N\~
% i i il )
; 0 mm | Tl DDI\: HD.‘U‘ In(a_e)
< H

-2

4 =

'6 1 1 1 1

R1, Neg. R2,Neg. R1,Pos. R2, Pos.
B .
GEI Switches Across Solvents; |
3 —
[0 Gas

2 [ Toluene
S 4 B DCM
1 H U B MeCN
O 0o o= o = B Wat
] M LI ater

" it

2

1 1 1 1
R1, Neg. R2,Neg. R1,Pos. R2, Pos.

Fig. 3 The effect upon the nucleophilicity (A) and electrophilicity (B) of l1,
exerted by anionic (Neg.) and cationic (Pos.) D-LEFs in the two tested
positions (R; and R,). Positive values indicate an increase in the measured
quantity upon formation of charge. Columns marked with an asterisk were
corrected for spurious intramolecular interactions according to the pro-
cedure given in Fig. S10 (ESI{). DCM = dichloromethane; MeCN = aceto-
nitrile. For comparison, the corresponding effect of simple point charges in
gas is presented as black dotted lines, except for cationic GEIl switches. See
Fig. S5 (ESIf) for more details.
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Fig. 4 The DLEF-induced changes in electrophilicity and nucleophilicity
for each of the carbenes in the test set in the gas-phase, averaged by
position. Error bars indicate the standard deviation in values obtained at
different positions.

attached D-LEF, and to an extent that is only subtly affected by
the position of the D-LEF. That is, the anionic D-LEF in either
the 1- or 2-position on the carbene framework (named per
Fig. 2) increases the measured nucleophilicity of the carbene
and lowers its electrophilicity, to an extent modulated by
the solvent polarity. Conversely, the cationic D-LEF in either
position decreases the NHC nucleophilicity and increases its
electrophilicity (Fig. 3). This equal-and-opposite behaviour, and
the attenuation of the effect in increasingly polar solvents lends
credence to the suggestion that these effects are predominately
electrostatic, and not operating via conjugative or inductive
phenomena. Furthermore, we also demonstrate that these
electrostatic switches are induced and approximately reproduced
by simple point charges in the case of I, . (see Fig. 3 and Fig. S5,
ESL ¥ for further discussion).

In general, the application of D-LEFs yields larger changes in
nucleophilicity than electrophilicity (Fig. 4), and this is because
the HOMO energies are near-universally more strongly affected
by the electric field than the corresponding LUMO energies,
which we in turn attribute to the difference in their electronic
population, (as the field interacts strongly with charged particles).
The electrophilicity also shows a greater disparity between the
stabilizing effects of positive D-LEFs and destabilizing effects of
negative D-LEFs because the LUMO is more polarisable than
the HOMO.

Of the carbenes in the test set, IV and IX generally yielded
the greatest changes in nucleophilicity (see Fig. 4 and Fig. S11,
ESIt). For these, the average nucleophilicity changes with an
anionic D-LEF are between 4.06 €V in gas and 0.32 eV in water,
and average electrophilicity changes with an anionic D-LEF are
between —1.12 eV in gas to —0.07 eV in water. Large nucleo-
philicity changes also observed for VIII in dichloromethane,
acetonitrile, and water, although the difference between the
largest and smallest changes are small. Notably, these changes
generally remain significant even in moderately polar solvents.
The magnitude of these changes appears to be correlated with
the HOMO-LUMO gaps of the unsubstituted carbenes, and
uncorrelated with the molecular dipole and with the change in
electronic energy under an EEF (Fig. S2, ESIT). Specifically, we
found that II and III, as the mesoionic species, naturally yielded

This journal is © the Owner Societies 2023
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Fig. 5 NRT calculations (Fig. S8, ESIt) support the notion that the NHCs in
our test set are more accurately represented as quadrupolar carbon ylides
(83.92% described by Z;—-Z4) rather than as true carbenes, which explains
why D-LEF electrostatic switches are not highly position dependent, and
why triplet NHCs are not strongly affected by EEFs (Fig. S2, ESI¥).

the greatest change in electronic energy in our test set under an
X-EEF (which is aligned with the molecular dipole), but the
properties of these species were not particularly strongly
affected by incorporation of a D-LEF.

We were initially surprised to find that the above changes in
nucleophilicity and electrophilicity are not strongly affected by
the position of the incorporated D-LEF. This behaviour con-
trasts with many of the systems studied to date (see for example
ref. 17 and 18). However, unlike many of these previous systems
for which the interaction of the D-LEF can be approximated as a
charge-dipole interaction, NRT calculations reveal that the
distribution of charge in the tested NHCs is better represented
as a quadrupole (Fig. 5), where anionic charge is predominately
centred on the carbene carbon and cationic charge distributed
on and among the heteroatom(s). This in turn means that an
anionic D-LEF in either the 1- or 2-positions will stabilise the
carbene framework, (and vice versa for the cationic D-LEF), which
should yield favourable changes in subsequent organocatalytic
reactivity. We investigate this hypothesis in the following section.
The effect of D-LEFs upon the carbene quadrupoles, and their
subsequent position-invariance, can be further investigated by
comparing the field-independent quadrupoles of each of L.
Upon doing this, we find that the Qxx-components of the quad-
rupoles (and to a lesser extent, the Qyy- and Qzz-components;
where the D-LEFs are aligned along the X-axis) are affected by the
introduction of charges in an approximately equal and opposite
manner (Fig. S16, ESIT), relative to the corresponding uncharged
species, lending credence to the proposed electrostatic origin of
the observed effect upon nucleophilicity and electrophilicity.

Manipulating an organocatalytic reaction with D-LEFs

We now extend our analysis of electric field effects towards a
realistic, multi-step model reaction, the NHC-catalysed benzoin
condensation, presented in Fig. 6. In this reaction, the NHC acts as
an ambiphilic umpolung catalyst to couple (traditionally) aromatic
aldehydes A to yield the corresponding o-hydroxyketone E, though
the exact mechanism has been the subject of long-standing
debate.®® Under the mechanism presented herein, the zwitterionic
primary adduct B is formed via the nucleophilic addition of the
NHC catalyst to A, which undergoes a formal 1,2 hydrogen atom
shift to yield the diamino enol C, the so-called Breslow intermedi-
ate. Then, the azolium hydroxyenolate D is formed by addition of a
second equivalent of A, before release of the benzoin product E.
Briefly, we note that the exact process via which C is formed
remains an area of active debate; there is reason to believe that

This journal is © the Owner Societies 2023

View Article Online

Paper
(o)
=\ (0]
Ar N N )j\
Ar Me”™ "~ ~Me A H
OH
E I1&1 A
_HO_ A Me o Me
(e} N ’\1
\J Ar 1
Ar N //
me” * Me/lll
D B
0 OH l'v1e
N
N/H\H N’4§T:J>
A N /
,
Me
C

Fig. 6 Model NHC-catalysed benzoin condensation of benzaldehyde,
Ar = benzyl.

C is unlikely to be formed via water-mediated proton-transfer
relays,®®®' bimolecular hydrogen-atom translocation,*>®® via
direct 1,2 hydride shift,**® or via radical processes.®® More
recently, Gehre and Holloczki have proposed that C is formed
in a single step in the presence of base via the association
of A to the azolium salt,’” and Berkessel and co-workers have
suggested on the basis of kinetic data that C is formed auto-
catalytically in C under some combination of different regimes
each defined by the relative excesses of the NHC and aldehyde
species, and whether the reaction is run under anhydrous
conditions.®® As our present focus is upon electric field effects
upon carbene organocatalytic reactivity more broadly, we here
focus only on electric field effects upon the elementary steps.
Therefore, for simplicity and cost considerations, we model the
formation of C as occurring via a catalytic proton transfer from
B with methanol (rather than autocatalytically with C), which is
feasible under the excess-NHC regime proposed by Berkessel
and co-workers, and has previously been used successfully to
model related benzoin condensations.®® We were unable to
obtain the key transition state in the associative mechanism
proposed by Gehre and Holloczki for comparison within rea-
sonable time, at our level of theory.

We begin by assessing whether our model reaction yields
reasonable agreement with the literature. We find that, consistent
with past research,’*”" the rate-determining step of benzoin
condensation is the assisted intramolecular proton transfer (TS2;
AG* = 88.5 k] mol ™ in toluene, black line in Fig. 7). Consequently,
the initial nucleophilic addition of I, to A to form B is somewhat
kinetically unfavourable (AAG = 14.1 k] mol " in SMD toluene in
the productive direction). However, the subsequent steps exhibit
low barriers, and the overall mechanism is predicted to be slightly
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(orange) at the SMD//M06-2X/cc-pVDZ level of theory in SMD toluene.

exothermic (—6.6 k] mol™" in SMD toluene). These observations
hold across each of tested solvents: toluene, dichloromethane, and
acetonitrile (see Fig. S12, ESIt).

Turning now to the effects of D-LEFs upon the benzoin
condensation, we were pleased to find that the D-LEFs induced
changes that are consistent with a clear electrostatic effect. That
is, anionic D-LEFs generally facilitate productive formation of
the benzoin product by lowering the energy of key transition
states relative to the unsubstituted species (which is to be
expected per valence bond theory given the relatively diffuse
electronic distribution of transition states), while cationic
D-LEFs generally inhibit formation of the product. This outcome
is consistent with the results presented in Section B.2. and arises
because the anionic D-LEF stabilises the formally cationic
carbene framework at many points along the condensation
mechanism. Naturally, large effects are also observed for the
zwitterionic species, and the energetics of the Breslow intermedi-
ate is in turn, relatively unaffected. The magnitude of these
effects is, as expected, diminished in increasingly polar solvents,
though are broadly consistent with the toluene results presented
in Fig. 7 and remain synthetically useful even in acetonitrile. For
example, in toluene, an anionic D-LEF in the 1-position lowers
the energy of TS1 by 6.6 k] mol *, of TS2 by 41.0 k] mol ™, of TS3
by 28.2 k] mol " and of TS4 by 15.1 k] mol . For the anionic
D-LEF in either position, these electrostatically induced
changes lower the energy of TS2 to such an extent that the initial
addition TS1 is predicted to become competitive with the rate-

determining step, even in acetonitrile (AAGJE{l = —1.6 kJ mol™!,
and AAG%2 = —7.8 kJ mol™! in the forward direction).

Critically, this competition between TS1 and TS2 should
have both interesting and experimentally-verifiable kinetic
implications: for example, all else being equal, it could permit
access to a broader substrate scope for which the barrier to the
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formal 1,2 hydrogen atom shift is otherwise limiting. The
relative changes in the energies of TS1 and TS2 can be under-
stood through an analysis of their electronic populations, and
how they change. For example, the charges of the relevant heavy
atoms are largely unchanged from the starting materials to TS1,
which supports the surprising finding that TS1 is only weakly
affected by the D-LEF. That TS2 is strongly affected is actually a
consequence of the effects of the D-LEF upon the changes in
electronic population at the carbene carbon from TS1 to B.
Specifically, the carbene carbon is approximately neutral in TS1
and becomes partially cationic in B, such that an anionic D-LEF
stabilises the forming charge while a cationic D-LEF destabi-
lises it (Table S308, ESIY).

The electrostatic enhancement from the anionic D-LEF comes
with an increased cost for dissociation of the NHC catalyst from
the benzoin product in TS4 (in the most extreme case in toluene,
AAGY =-234kImol™!, and AAGy =—19.7 kI mol™'). This
arises because the D-LEF stabilises the zwitterionic form of D,
before separating to yield an isolated charge upon release of E.
Even this disadvantage, though, yields an overall barrier to
release which is still less than the corresponding barrier to initial
addition, such that after accounting for the increased population
of C, the incorporation of an anionic D-LEF should overall
promote the benzoin condensation in a variety of solvents. These
various enhancements should be broadly applicable to other
NHC-catalysed reactions.

Conclusions

We have demonstrated that the catalytic properties of NHCs
are, in general, predictably influenced by local electric fields, to
an extent that is synthetically relevant even in moderately polar
solvents and have applied this understanding to the model
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benzoin condensation of benzaldehyde under various solvent
conditions. Dramatic electrostatic improvements for key transi-
tion states were observed, overall promoting the benzoin
condensation.

Several extensions to this work are clear, and further study in
this direction is encouraged. Firstly, given that metal-ligand bond-
ing in transition metal NHC catalysis is highly electrostatic,”®">">
can the properties of NHCs as transition-metal ligands be similarly
modulated in synthetically useful ways by electric fields? Also, given
the well-enumerated and 3-dimensional structural diversity of NHC
frameworks, incorporating D-LEFs onto these frameworks is highly
likely to yield favourable diastereomeric outcomes, and/or favour-
able rate outcomes for a very broad range of NHC-catalysed organic
reactions. For example, during this work we found that the wave-
length required for the initial step in the photo-NHC catalysis
recently proposed by Hopskinson and co-workers™ could be dra-
matically influenced by D-LEFs incorporated onto the photoactive
benzoyl azolium salt (Fig. S13, ESIt), suggesting that D-LEFs
incorporated onto NHCs might represent a general and orthogonal
method of modifying the catalytic behaviour of NHCs for both
ground- and excited-state chemistry. It is also possible that these
electrostatic effects could be highly relevant in the catalytic activity
of other high-energy intermediates such as nitrenes and silylenes,
and their metal complexes.
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