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Zwitterionic carbene adducts and their carbene
isomersTi

Z. Kelemen,® R. Streubel® and L. Nyulaszi*?

N-heterocyclic carbenes (NHC) and abnormal NHCs (aNHC) form the stable adducts, 1 and 2, with X (CH,,
SiH,, NH, PH, O, S). This series of compounds has been investigated computationally, together with their H-
shifted isomers, 3 and 4, which are substituted aNHC and NHC, respectively. The relative stability of the
(substituted) abnormal carbenes (3) with respect to 4 does not depend on the type of substituent. The
stability of the betaine forms, 1 and 2 (with respect to 4), is related to the electronegativity of the
heteroatom in X, however the second and third row heteroatoms exert different effects on stabilization.
NRT analysis revealed that for 1 and 2, the double bonded contributions are higher for the second than
for the third row elements, which, however, have larger ionic contributions, in agreement with their large
p, orbital contribution in the m-type HOMO. The Si compounds exhibit trans-bent structures in their
formal double bond with large s-orbital contribution, and are consequently highly ylidic. In the case of
nitrogen and phosphorus compounds, the energies of the two H-shifted forms (2 and 4) are close to
each other, giving rise to a possible tautomeric equilibrium, which can be fine-tuned by proper
substituents. While for the NHCs (3) and aNHCs (4), significant NICS aromaticity was obtained, the
zwitterionic compounds (1 and 2), in particular those with second row substituents having a high double
bond character, exhibit a reduced aromaticity.

Introduction

Recently, several N-heterocyclic carbene (NHC)' based ylidic,
and abnormal NHC (aNHC)* based mesoionic compounds®
(dipolar compounds, which cannot be represented by a single
Lewis-structure) were synthesized.*** All of them can be
considered as adducts between an NHC (or aNHC) and a sub-
valent compound (carbene, silylene, nitrene and phosphini-
dene) (Fig. 1). Among the carbene adducts, the named Breslow-
intermediate™ (Fig. 1: 1 X: CROH), an Umpolung catalyst,*
which can be considered as an NHC-hydroxycarbene adduct, is
of specific importance.'® Despite the necessity to involve 1 X:
CPhOH in the benzoin condensation, a synthetically valuable
C-C bond formation reaction'” was suggested more than 50
years ago, only the saturated analogue, but not the parent
compound itself was reported.* The lack of synthetic success
can be explained by the relatively high stability of the hydroxy-
carbenes (Ph-C(:)-OH), destabilizing the double bond"® of 1,
which is linking the two carbene units of the adduct. In
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accordance, compounds that can be considered as NHC
adducts of the unstable (alkyl or aryl) carbene, are known as
deoxy-Breslow intermediates (1 X: CRy).
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Fig.1 1land 2 as possible NHC and aNHC adducts and their resonance
structures.
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This type of compound has indeed higher stability, and was
detectable by ESI-MS;" furthermore, compounds with these
structural motifs are synthesizable.® Interestingly, the deoxy-
Breslow intermediate (1 X: CR,) plays an important role in the
Umpolung of the B-position of Michael acceptors.*

Apparently, the substitution of the negatively polarized
carbon by heteroelements also allows for Umpolung; however,
these compounds are termed as inversely polarized,** and the
series 1 (X: CH,, SiH,, NH, PH, O, S) was investigated compu-
tationally.>” Among the electropositive heteroatoms, the silicon
compound 1 X: SiR, has been described as a silylene adduct
(Fig. 1 1b and 1¢ X: SiR,) and not as a polarized double bond (1a
X: SiR,);* for the phosphorus compound 1 (X: PR),” the term
inverse polarization was used.** Most notably, as a chemical
consequence of the polarity inversion, complexation by two (!)
borane units at phosphorus has been reported.”” Among the
electronegative heteroatoms, 1 (X: NR),® in accordance with the
electron excess at the exocyclic nitrogen, was described as a
superbase,®* and oxygen® and sulfur'® compounds are also
known.

Compound 2, the isomer of 1, can be described as an aNHC"
adduct of the subvalent species, and compounds of this type are
also known. For example, the NHC-silylene adduct 1 X: SiR, was
easily converted to the aNHC-silylene adduct (2 X: SiR,) in a
ligand-substitution reaction,* and the oxygen analogue 2 X: O,
when treated with a strong base gives the corresponding
anionic carbene.'™ The formation of the anionic carbene
indicates that for a proper understanding of the two isomeric
systems (1 and 2), their possible tautomeric forms (3 and 4 -
Fig. 2) should also be considered. Indeed, for the nitrogen
analogue, the interesting zwitterion-carbene tautomeric equi-
librium (system B in Fig. 2) was studied.’> DFT calculations
showed that the energy difference between the two tautomeric
forms is small (AG = 5.7 kcal mol™" at the BP86/def2-SVP level
of theory)'® and the carbene form could be trapped as a
transition-metal complex.'*”* Moreover, in the case of X: N-‘Bu,
the carbene form was detected by NMR spectroscopy (Fig. 2
system B, X: NR), showing that by variation of the substituents,
the relative stability of the structures can be tuned."* Recently,
we reported the phosphorus analogue 2a (X: P-Ph) and showed
that the B3LYP/6-311+G** energy difference between the zwit-
terionic form (2a, X: P-Ph) and the corresponding H-shift
tautomer carbene is only 0.9 kecal mol™", indicating again the
possibility of tautomerization."”® Furthermore, zwitterion (also
called mesomeric betaine), carbene interconversions were
reported recently.”

X XH H
R'\NJ\N—R' R-\(ﬁékN,R- R{ S NR R~N"“N-R
H °" x° XH
(1a) (3a) (2a) (4a)
System A System B
X: NR,PR, SiR;, CRy, O, S
R'": H, Me

Fig. 2 The investigated tautomeric systems.
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The aim of the present study is a comprehensive computa-
tional investigation of the electronic structure of the hetero
analogues of the deoxi Breslow-intermediate 1 with their
“abnormal” isomers 2, including stability, electronic structure,
aromaticity, and reactivity indices. For a more complete
understanding, carbenes 3 and 4, which are involved in the
tautomeric equilibria with the zwitterionic forms 1 and 2
(systems A and B in Fig. 2), will also be considered.

Methods

All calculations have been carried out with the Gaussian 09
program package.* Full geometry optimization was performed
for all the molecules at the B3LYP/6-311+G**, B3LYP/cc-pvTZ,
w-B97XD/6-311+G**, and MO06-2X/6-311+G** levels, and for
the optimized structures, the Hessian was calculated to check
that a real minimum was obtained. For smaller systems, MP2/6-
311+G** calculations were also carried out. For a better
understanding of the electronic structure, we calculated NICS as
an aromaticity measure® and carried out NRT studies.”® In
order to gain a deeper insight into the factors determining the
reactivity of the investigated compounds, conceptual DFT
indices,* originating from the ground state electron density of
the molecules were also calculated, to estimate their electro-
philic and nucleophilic characters.

Results and discussion

Firstly, the thermodynamic stability has been evaluated for
species 1-4 with a R’: Me and R’: H substituent at the B3LYP/6-
311+G** level (and R': H substituent at the B3LYP/cc-pvIZ,
wB97XD/6-311+G** and M06-2X/6-311+G** data are compiled
in Tables S1-S4 in the ESIi—all giving similar results). The
energy difference between the normal (4) and the abnormal
carbenes (3) is between 16.0 and 19.8 kcal mol ' (Fig. 3) at the
B3LYP/6-311+G** level of theory throughout the investigated
series. These values are close to the 16.3 kcal mol™ "' energy
difference between the parent NHC and the aNHC,"?® indi-
cating that the substituent effect on the five-membered ring is
not position-sensitive. It can be noted that this behavior
depends on the substituent; moreover, the energy difference

Relative stability of 1-4 (R'=Me)
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Fig. 3 Relative stability of 1-4 (R’: Me) at B3LYP/6-311+G** level. The
substituted NHC 4 was set as reference energy.
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between the NHC and the aNHC adducts of CO, amounts to
only 10 keal mol™".2® The relative stability of the zwitterionic
forms 1 and 2 (with respect to 4), however, depends strongly on
the type of the heteroatom (Fig. 3). Clearly, the zwitterions are
stabilized by the electronegative heteroatoms, apparently
preferring the occupation of the negatively charged position (for
the calculated atomic charges see Tables S5-S7 of the ESIf) of
the zwitterionic structure. Compound 2 (the aNHC adduct—
Fig. 1) is less stable than 1 (the NHC adduct—Fig. 1) by about 20
kcal mol~": moreover, this value is close to the energy difference
between the parent aNHC and NHC. Considering the zwitter-
ionic structures as carbene (NHC or aNHC) adducts with the
hetero-carbene analogue X (Fig. 1), this behavior shows that the
stability of the carbene unit is linearly related to the stability of
the “double” bond formed. Likewise, we have previously shown
an excellent linear correlation between the stabilization of car-
benes and the stability of their (double bonded) dimers.*® It can
be noted that the energy difference between the two zwitterionic
isomers (1 and 2) is slightly higher (19-22 kcal mol™") in the
case of the second row elements (C, N, O) than for the third row
elements (14-18 kcal mol ). Altogether, the most stable of the
four isomers is the 1 zwitterionic form, although its energetic
preference decreases from the most electronegative oxygen in
the order O > S > N > P > C > Si (Fig. 3), and for the most elec-
tropositive Si compound, 4 is slightly more stable than 1 (4 R: H
is also more stable than 1 for X: CH, at w-B97XD/6-311+G** and
MO06-2X/6-311+G**-see Tables S3 and S4}). In order to see
whether or how the relative stabilities of the four isomeric
structures depend on the choice of the NHC, the relative
stabilities of the analogous thiazol-adducts were also calcu-
lated, exhibiting a similar relative stability pattern (Table S8 in
the ESI}) to 1-4.

From Fig. 3, it can be clearly seen that the energy difference
between zwitterion (1) and its H-shifted possible tautomer
aNHC (3) is quite large for all the heteroatoms (19.2-63.2 kcal
mol ' at B3LYP/6-311+G**). Thus, in the tautomeric system A
(Fig. 2), only 1 can be observed even if we consider that
substituents might exert some energetic effect. For the tauto-
meric system B (Fig. 2), the situation is more complex. While the
NHC form (4) is more stable than the zwitterionic 2 in the case
of Si and C, for heteroatoms O and S, the stability ordering is
reversed, in accordance with the generally known lower stability
of the enol form. For the N and P analogues, the energies of the
two H-shifted forms are close to each other (in agreement with
the earlier reports'?), giving rise to a possible tautomeric
equilibrium.

For a better understanding of the energy difference between
1 and 4, we decided to investigate the electronic structure of
these compounds in more detail. Firstly, natural resonance
theory analysis (NRT) was applied for 1-4 (R’: H) to estimate the
weight* of the possible resonance structures, including the
ylidic contributions (using R’: H, the number of low weight
resonance structures is reduced, while the main conclusions
remain unaltered). While for 4, the two leading resonance
structures® have a large weight (32.5-37.0%, Table S9 in the
ESI}), for the abnormal carbenes 3, more resonance structures
contribute (Table S10 in the ESI}) due to the lower local
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Table 1 The sum of the weight of the single and the double bond
containing B3LYP/6-311+G** resonance structures of 1 and 2. For the
summation, the most important leading resonance structures®® were
used, see in ESI

Sum of the weight of the leading
resonance structures as %

Bond between the imidazolium

ring and the heteroatom (@) S N P C Si
1 Double bonded 62.8 37.7 67.6 39.9 72.4 15.1
Single bonded ylidic 22.8 41.4 204 36.7 16.8 54.8
2 Double bonded 43.7 28.2 41.3 24.7 349 12.0
Single bonded ylidic 28.3 30.0 17.5 20.4 11.7 62.2

symmetry of the m-system. The similar contribution of the
resonance indicates a rather even electron
distribution.

In the case of 1, the weight of the double-bond-containing
structures is large for the second row elements, i.e. C, N, O:
62.8-72.4% (Table 1), and is reduced for S and P (37.7 and
39.9%); moreover, the silicon compound exhibits a much lower
(15.1%) value (the leading structures with their weight are given
in Tables S11 and S12 in the ESI}). The investigation of the
different covalent bond orders (Mayer,*® Wiberg,** Gordy** and
natural bond order**—Table S13 in the ESI}) allows for a similar
conclusion. Although the numerical values differ, the prefer-
ence for double bond formation by the lighter elements can
clearly be seen. Moreover, these data are in accordance with the
results of Frison and Sevin,” who analysed the back-bonding
from X towards the NHC unit using Charge-Decomposition
Analysis (CDA), obtaining by far the smallest value for the
back bonding in the case of the Si compound.

It can be noted that the “double bond energy” estimations
for the C=X bonds gave similar tendencies. For the second row
elements C, N and O, 70 to 93 kcal mol ™" values were reported,®
while the third row P and S-containing compounds exhibit
somewhat reduced values (49 and 55 kcal mol ", respectively),
and the C=Si double bond has by far the lowest (36 kcal mol ")
double bond energy.** To describe the bonding situation in 1,
the zwitterionic structures, with the negative charge at the
heteroatom X, have a significant weight, which increases
together with the electronegativity within the series containing
second row elements. For the sulfur-phosphorus-silicon series,
the contribution of these resonance structures is significantly
larger, in accordance with their lower double bond character.

The case of the silicon compound is specific within this
series. Due to the reduced isovalent hybridization of the third
row elements,* the formation of the classical double-bonded
structure (but not the ylide formation with an s-type lone pair)
is hindered, as can also be seen from the trans-bent geometry of
1 X: SiH, (for a discussion of the trans-bent structures in the
case of Si==Si and related bonds, see the works of Trinquier).*®
In this respect, 2 X: Si is also non-planar, while all other mole-
cules among the series of the zwitterionic series (1 and 2) have
Cg symmetry.

The shape of the HOMO in the case of 1 (Fig. 4) and 2 (Fig. S1
in the ESIf) sheds further light on the different behaviors of the

structures
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D E F

Fig. 4 HOMO of 1 (R": H) with different X heteroatoms.

second and third row elements. The contribution of the
heteroatom to the HOMO is significantly smaller for the second
row elements (A-C) than for their third row counterparts (D-F).
Furthermore, as discussed above in the case of Si (D), the
interaction with the ring m-orbital is nearly negligible, in
accordance with the significant “s” character of the Si orbital. A
further noteworthy feature is that in the case of the carbon and
the phosphorus compounds, the orbital at the heteroatom is
significantly polarized toward the m-system of the ring, while for
the other compounds, this effect is much smaller. In this
respect, it can also be noted that the conjugative ability of the
P=C double bonds was shown to be similar to that of the C=C
bonds®*® as an apparent consequence of the nearly matching
ionization energies of the corresponding p orbitals of CH; (ref.
37) and PH,,*® as is discussed subsequently.** The HOMOs in
the series of 2 (Fig. S1 in the ESI}) show similar behavior to the
HOMOs in 1.

Altogether, for the second row heteroatoms, the leading
resonance structures® contribute by more than 80% to the total;
for the third row heteroatoms, their contribution is between
70% and 80%. In the case of the mesoionic 2, the trends are
similar, although the contribution from the double bonded
structures and also the sum of the weight for the leading reso-
nance structures® is 10-20% less than in the case of 1 (Table 1).
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Clearly, to describe the “non-conventional” bonding by
“conventional” resonance structures, more structures should be
considered.

The structures with dominant exocyclic double bond contri-
butions should exhibit a small cyclic delocalization. Thus, we
decided to investigate the aromaticity in the imidazole rings,
considering the NICS(0)*** and NICS(1)** aromaticity measures
for 1, 2, 3, and 4 (Table 2). The NICS values of the carbene forms
(3 and 4) indicate significant aromatic character,* in accordance
with the balanced weight of the different resonance structures, as
was noted above. It can also be concluded that the effect of the
substituents on the 7-system is minor. It can especially be noted
that the aromaticity of aNHCs is similar to that of NHCs,*
showing that despite the “strange mesoionic” bonding, the
delocalization in the v-system itself is only slightly affected by the
position of the dicoordinated carbon.

However, the aromaticity of the zwitterionic forms (1 and 2) is
in most cases (except for the NICS(0) value for 1 X: SiH, - see
below) significantly smaller than that of their carbene isomers, as
was noted before in the case of 1 type compounds (although our
ordering within the series differs somewhat from that reported
before).>> The aromaticity is especially low in the case of the
deoxy-Breslow intermediate 1 X: CH,,%%*2 which is in agree-
ment with the significant exocyclic double bond character dis-
cussed above. The reduced aromaticity is also indicated by the
slightly pyramidal nitrogens in the imidazolium ring. As expec-
ted, the silicon analogue, 1 X: SiH,, which exhibits the largest
contributions from the ylidic resonance structures in the NRT
analysis, exhibits the largest aromaticity in agreement with the
earlier results.”® It can be noted that the NICS(1) values are in
each case larger for the third row elements than for their second
row counterparts. This increased aromaticity indicates increased
stabilization, and this is in accordance with the relative energies
shown in Fig. 3, wherein the third row elements always exhibit
larger relative stabilities than their diagonally-related second row
counterparts (N-S and C-P) with similar electronegativity. While
the NICS values do not differ significantly between the 1 and 2
series, it is noteworthy that for 2 (X: O, S and NH), significantly
larger NICS values than ours were reported, although no unit was
given.* Moreover, in the aNHC adduct 2 series, the most
aromatic silyl compound is even more aromatic, while the least

Table 2 NICS(0), NICS(1) in ppm, electrophilicity (w in au) and nucleophilicity (N in au) of the investigated compounds 1-4

X H XH N
H-p~“N-H
H\N/U\N.H HQ A -H o H NN
\f -, (
A . XH
H X s
1 2 3
X NICS(0) NICS(1) o N NICS(0) NICS(1) w N NICS(0) NICS(1) w N NICS(0) NICS(1) w N
(0] —10.1 —4.9 0.0594 0.0546 —11.1 —5.9 0.0713 0.0815 —-11.9 —8.3 0.0862 0.0780 —12.4 —8.6 0.0720 0.0466
S —9.8 —6.0 0.0633 0.0674 —-10.0 —6.2 0.0920 0.0937 -—12.6 —10.4 0.0984 0.0694 —-12.0 —-9.6 0.0776 0.0408
NH —8.8 —3.8 0.0537 0.0806 —9.0 —4.1 0.0591 0.1102 —-11.9 —9.4 0.0723 0.0817 —-12.0 —8.8 0.0653 0.0539
PH —8.6 —4.8 0.0567 0.1027 —-7.4 —-3.9 0.0801 0.1283 —12.7 —10.5 0.0914 0.0716 —11.4 —8.5 0.0738 0.0426
CH, -6.8 —2.5 0.0423 0.1079 —5.4 —1.3 0.0457 0.1408 —-12.4 —-9.9 0.0626 0.0828 —11.8 —9.4 0.0580 0.0509
SiH, —13.5 —-7.3 0.0631 0.0998 -11.3 —8.1 0.1060 0.1184 -10.5 —-11.1 0.0881 0.0724 -—-12.2 —10.1 0.0669 0.0422
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Table 3 The dissociation energy of 1and 2 in kcal mol ™ at the B3LYP/
6-311+G** level of theory. X: SiH, has been considered singlet; for the
other substituents, triplet ground state was considered

AEgis

X 1¢ 2

CH, 103.4 99.1
SiH, 49.8 53.3
NH 102.6 97.0
PH 58.9 59.2
(0] 139.0 135.8
S 87.6 88.5

% The data agree well with those obtained by Frison and Sevin.?

aromatic carbon compound is even less aromatic than their
analogues in the 1 series.

It is worth investigating the dissociation energy (AEg;s) of 1
and 2 compared to NHC + X, and aNHC + X, respectively (Table
3), in order to see whether or not these zwitterionic compounds
might be considered as viable transfer agents for the hypovalent
X unit.

In the dissociation, we considered the X subvalent fragments
in their ground state, which is triplet with the exception of
silylene, thus the present data do not give a full account for the
dissociation process itself, but rather provide an indication of
how feasible the dissociation is. The AEy;s values for the second
row elements are between 97.0 and 139.0 keal mol™* and for 1,
this value is somewhat (by 4-5 kcal mol ') higher than for 2,
indicating the formation of a stable adduct. The stability is also
large in the case of the sulfur compound (87.6 and 88.5 kcal
mol '), while for Si and P, the AEy;s values are between 49.8 and
59.2 kcal mol™'. Considering the entropy contribution, the
dissociation is even more favoured in terms of the Gibbs free
energy. Thus, it might be possible that stabilized silylenes and
phosphinidenes can be transferred, once formed as NHC (or
aNHC) adducts, making these zwitterionic compounds highly
interesting synthetic intermediates.

Since the chemical behavior of the H-shifted tautomers
could be changed dramatically after the H-shift, it is worth
investigating their expected reactivity. While in the case of 3 and
4, the divalent carbon centre, which is characterized by an

View Article Online
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empty 2p orbital and an in-plane lone pair-like orbital, deter-
mines the reactivity of the molecule, in the case of 1 and 2, the
partially negative heteroatom should play an important role.
Among the two carbenes, 3 type compounds (aNHCs) exhibit an
even stronger nucleophilic character (N = 0.0694-0.0828 a.u.)
than 4 type compounds (N = 0.0408-0.0539 a.u.), which was in
full agreement with their increased basicity and also with the
stability of their complexes.>?**¥%24 The heteroatom substit-
uent has only little effect on the nucleophilicity of the carbene.*
The nucleophilicity of the zwitterionic 1 and 2 is larger than that
of the carbenes 3 and 4. Comparing 1 and 2, the nucleophilic
character of the 2-type compounds is higher. Nevertheless,
since the HOMO is more localized at the heteroatom in the case
of third row X, it is expected that these compounds will react
with electrophiles with the highest selectivity at the heteroatom.
Since the energy difference between the zwitterionic and the
carbene form is small in the case of P* and N,"” and the
substituents on the phosphorus or on the imidazolium ring
have some apparent effect on the relative stability of these
compounds, we examined the effects of substituents at P and N.
We considered substituents with different electronic and steric
properties (methyl, tert-butyl, trifluoromethyl, fluoro, chloro
and phenyl—Table 4). While the strong electron-withdrawing
CF; group significantly decreases the stability of carbene, the
electron donating methyl and tert-butyl group increases the
stability of carbene, in good agreement with earlier observa-
tions that 4 (X: N-‘Bu) was indeed observed spectroscopically.*?
This substituent is likely to stabilize the carbene form 4 for the
phosphorus derivative, although our calculations predict a
slight preference of the carbene 4 in the case of the phenyl
substituents, wherein experimentally only 2 was observed.*

Conclusions

The computational investigation of the isomeric molecules, 1-
4, with different heteroelements at the exocyclic positions,
reveals systematic changes in their electronic structure and
consequently in their relative stability, finally giving rise to
interesting tautomeric equilibria in the 2a-4a systems with
heteroelements phosphorus and nitrogen, expanding the
possible reactivity of these compounds. The relative stability of
the 1-2 and 3-4 pairs is determined by the stability difference

Table 4 The substituent effect on the relative stability of the carbene form in kcal mol™ in system B. Negative values indicate that the carbene

form 4 is more stable than 2

AE X: N (kcal mol™*)

AE X: P (kcal mol™")

R B3LYP/6-311+G** »-B97XD/6-311+G** B3LYP/6-311+G** »-B97XD/6-311+G**
H 3.0 0.2 -1.0 —34
CF, 16.0 12.7 10.7 5.6
‘Bu 1.9 —1.4 —4.5 -7.7
Ph 6.2 2.0 —0.1 -3.0
cl 8.3 7.5 2.9 0.8
F 6.5 4.4 —2.5 —5.1
CH, 1.9 0.0 -3.1 —5.0
(CH3),Si 4.9 1.2 2.7 —0.1

This journal is © The Royal Society of Chemistry 2015
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between the NHC and the aNHC, and this ca. 20 kcal mol™*
contribution is nearly unchanged throughout the investigated
series. The relative stability of the carbene adduct zwitterions, 1
and 2, is also related to the electronegativity of the heteroele-
ment; however, the second and third period elements behave
differently. Sulfur, phosphorus and especially silicon-
containing systems exhibit significantly lower double bond
character and consequently increased charge separation than
their second period counterparts. It can be noted that the
delocalization within the rings is similar for the NHCs (3) and
aNHCs (4), both exhibiting similar NICS values, which are only
slightly affected by the substituent on the ring.
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