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Abstract Quantum chemical calculations at B3LYP/aug-cc-
pVTZ level about singlet N-heterocyclic carbene (NHC)
ligands, imidazol-2-ylidene, imidazol-4-ylidene, pyrazol-3-
ylidene and pyrazol-4-ylidene, and their protonated analogues
show that they are considerably aromatic except for pyrazol-3-
ylidene. This result is experimentally verified by
approximately five thousand NHC transition metal complexes
retrieved from the Cambridge Structural Database (CSD).
CSD search discloses that NHCs can participate in 7t-
stacking interactions, albeit scarce. Geometry-based HOMA
and electronic aromaticity index FLU rather than NICS
provide a satisfactory description of the bonding situations
in NHC ligands. Singlet state of the normal NHC has electron-
deficient aromaticity as compared to those of the abnormal
and remote NHCs. Depending on the transition from the
singlet to triplet state, NHCs become electron-deficient
ligands except for remote NHC. Computational studies
regarding electronic nature of free NHC ligands show that
the 7t-electronic population of the formally vacant p,, orbital
on the carbene atoms in abnormal and remote NHC is
occurred as a result of the aromaticity of NHCs, not as a result
of the direct electron donation from LP-orbitals of N atoms to
carbene atom according to putative push-pull effect used in
understanding the electronic stabilization of normal NHC.
Increase in the aromaticity raises o-donating ability of both
imidazol- and pyrazol-based NHC ligands. Free abnormal and
remote NHC ligands have higher o-donation ability than
normal NHC ligands. The lack of o-donating ability of normal
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NHC is compensated by its relatively high 7t-accepting ability,
whereas 7-back donation abilities of abnormal and remote
NHCs are prohibited by their almost fully occupied 7t-
orbitals. Aromaticities of the triplet NHC ligands are higher
than that of the lowest-lying triplet state of benzene. Increase
in the aromaticity of NHC ligands decreases van der Waals
shortening in TM-NHC bonds mainly due to diminishing
dative character of these bonds.

Keywords Abnormal NHC - Aromaticity - CSD search -
FLU - HOMA - N-Heterocyclic carbene (NHC) - Remote
NHC - Triplet state

Introduction

N-heterocyclic carbenes (NHCs) are defined as cyclic
chemical species containing a neutral divalent C atom that
bears two nonbonding electrons. These nonbonding electrons
are spin-paired locating at the o-lone pair (LP) of carbene C
atom (C,) in the singlet state, ' A;(0?), whereas they are spin-
unpaired locating at different orbitals of C, in the triplet state,
*B,(0'p' ), obtained by excitation from the doubly occupied
0-LP into the formally vacant p, orbital of C. orthogonal to
the ring plane. The first solid-state isolation of metal-free
singlet NHC in 1991, imidazol-2-ylidene (normal NHC-
nNHC) in Scheme 1, by Arduengo and co-workers [1-3]
has initiated a vast series of both experimental and theoretical
investigations, since NHCs include divalent C atom which
was regarded as elusive until those days. The foremost factor
which makes NHCs an intriguing research topic is their
unusual stabilities. On the other hand, singlet NHCs have
become widely used chemical species in organometallic [2,
4, 5] and heteroatom chemistry [6—11] as well as in transition-
metal-mediated catalysis [12—15] and organocatalysis [16—18]
due to their versatile applications. The ground state electronic
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configuration of imidazol-2-ylidene (C;N,H,) is singlet, with
a singlet-triplet energy gap in the range of 65-85 kcal mol™
[19]. Since triplet carbenes are much more difficult to stabilize
relative to their singlet analogues, the crystallographic
characterization of a triplet carbene has not been achieved
yet. Therefore, synthesis of the triplet carbenes, in particular
their cyclic analogues such as triplet NHC, is still a
worthwhile challenge [20, 21].

According to a generally accepted view, unusual stability of
the singlet nNHC is explained by the electron donation from
the nitrogen LPs into the formally empty p, orbital of the C,
[19, 22]. Theoretical and experimental studies have also
suggested that there is a cyclic electron stabilization overall
ring, emphasizing partial aromatic character of the imidazol-2-
ylidenes [23]. After the first isolation of the imidazolin-2-
ylidene in 1995 including CH,—CH, group instead of CH=
CH as shown in Scheme 1, which is the saturated analogue of
imidazol-2-ylidene (im2y), it was proposed that electron
donation from two neighboring N atoms to divalent C, atom
would be necessary and sufficient for stabilizing the free
carbene and also, cyclic 67-electron delocalization overall the
im2y ring provides additional stability of 26 kcal mol™ relative
to imidazolin-2-ylidene [19, 24], of which 6 kcal mol™ is
provided by 47-electron delocalization in N—C.—N subunit.
Coexistence of local electronic delocalization in N—C.—N unit
involving 47-electrons through three centers and unsaturated
C=C bond results in a cyclic delocalization overall im2y ring
[19, 22, 25]. According to IUPAC, cyclically delocalized
molecular entity with stability significantly greater than that of
its hypothetical localized structure (e.g., Kekulé structure) is
said to possess aromatic character [26]. Aromaticity of im2y
was experimentally evidenced by Raman spectroscopy [27]. By
definition, even though aromaticity can be partially ascribed to
im2y ring, quantitative results reported about its aromaticity
were based on substantially magnetic aromaticity quantifiers
such as nucleus independent chemical shift (NICS) [19, 22].
These avant-garde studies in 1996 indicated that aromaticity of
im2y is appreciably smaller than that of reference systems such
as benzene or imidazolium salts and a crucial factor in the
unusual stabilization of im2y [19, 25]. However, the extent of
aromaticity of im2y remains somewhat controversial [2, 19].

Recent progress in NHC chemistry introduce us to
abnormal and remote NHCs (or mesoionic carbenes-MICs)
[28]. Abnormal NHCs (¢ NHCs) contain only one N atom in
«-positions relative to the carbene carbon atom, while remote

@ Springer

NHC (»NHC) does not contain any N atom in x-positions [12,
29] as shown in Scheme 2. The first isolation of one of free
singlet « NHCs, imidazol-5-ylidene or equivalently imidazol-
4-ylidene, was successfully carried out in 2009 by Bertrand
and coworkers [30]. In the literature, the studies regarding
cyclic delocalization or aromaticities of NHCs are not
interested in aNHCs, »NHC and their triplet analogues.
They consider only singlet im2y and its germylenes, silylenes
analogues [19, 22, 24]. In addition, aromaticities of NHCs and
its analogues in these studies were evaluated by NICS,
whereas the use of NICS for quantifying local aromaticity is
very problematic as discussed elaborately in ref. [31] and its
magnitude does not directly reflect the aromaticity [32]. One
of the reasons for the use of NICS values in describing
aromaticities of Arduengo-type NHCs may be regarded as
an inadequate development of aromaticity indices used in
the 1990s. Up to now, different criteria based on electron
delocalization measures have been defined for the purpose
of quantitative evaluation of aromaticity [33, 34]. In principle,
the use of delocalization indices for investigating aromaticity
is an efficient way, since they refer directly to the idea of
electron delocalization underlying the concept of aromaticity
[34]. Recent developments regarding aromaticity indices, in
particular electronic ones, have continued and many different
indices from distinct origins have been defined. Electronic
aromaticity indices such as para delocalization index (PDI)
[35], average two-center index (ATI) [36] and aromatic
fluctuation index (FLU) [37], have become widespread.
Abnormal and remote NHCs are characterized by
significantly lower heteroatom stabilization as compared to
the normal NHC, which causes intriguing changes in the
ligand donor properties and hence the reactivity of carbene
atom. In this study, our primary interest will be addressed to
examine aromaticities of both singlet and triplet states of
normal, abnormal, and remote NHCs (1, 2, 3 and 4 in
Scheme 2) besides their singlet protonated analogues in order
to gain some insights into their ligating abilities and electronic
properties. Another purpose is also to provide reference values
for their aromaticities, bond orders and natural atomic p,
populations, which will be likely to be used in analysis of
the bonding situations of NHC transition metal (TM)
complexes. Keeping in mind that the stabilization of triplet
carbenes has been a current research topic, such information
may guide studies to be designed by the related scientific
community. Examination of the electronic properties of
NHCs using reliable contemporary tools developed to
describe aromaticity with the aid of electronic and geometry-
based indices is of importance and provides useful reference
values. In addition, we quest an answer to the question
whether NHCs can participate in 7t-stacking interactions.
Since 1996, there have been several articles notifying that
im2y may be regarded as aromatic at least in part [19, 22,
24]. One of the reasons why aromaticity of the nNHC,
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Scheme 2 Possible resonance structures of normal (Arduengo-type 1),
abnormal (2 and 3) and remote (4) NHC showing their localized
zwitterionic and doubly-zwitterionic forms: 1, imidazol-2-ylidene

aNHCs and »NHC in Scheme 2 is regarded as a suspicious
phenomenon is the lack of any articles about 7t-stacking
interactions involving NHCs. Most authors have incorrectly
supposed that aromaticity and 7t-stacking interactions are
directly interconnected with each other, whereas this is not
true as much as thought. In this study, we have firstly reported
the presence of such interactions, thus structural objection to
aromaticity of NHCs will be gotten rid of. On the other hand,
our ultimate purpose is to examine variations in aromaticities
depending on endocyclic positioning of C. atom in NHCs
with regard to their singlet and triplet electronic states.

Computational procedures

Geometry optimizations of the singlet and triplet electronic
states of all NHCs in Scheme 2 were performed without
constraints at the B3LYP [38, 39] level with the Gaussian09
program [40]. All atoms were described with the correlation
consistent aug-cc-pVTZ basis set [41, 42]. Vibrational
analyses on the optimized geometries of all structures and
their protonated counterparts confirm that these structures
represent minima on the associated PESs. To be able to
examine bonding situations and electronic populations in
certain atomic orbitals, natural bond orbital (NBO) analyses

(im2y); 2, imidazol-4-ylidene (imdy); 3, pyrazol-3-ylidene (pyr3y), and
4, pyrazol-4-ylidene (pyr4y). Atomic centers were numbered in
accordance with chemical name of the associated NHC

[43] were carried out at the same level of theory give the
natural population analysis (NPA). The 7t-electron population
of closed shell systems is obtained from the occupancy of the
P~ natural atomic orbitals (NAO). For open-shell triplet states,
the 7-populations are obtained from the difference between «-
spin and {3-spin NPA atomic charges or p,, NAO occupancies,
respectively. In order to quantitatively describe aromaticities
of NHCs in Scheme 2, topological parameters were computed
in the framework of the quantum theory of atoms in molecules
(QTAIM) [44]. Wavefunction sets for all structures and triplet
NHCs are obtained by Kohn-Sham molecular orbitals. Then,
they are used as input data in AIMAIl Pro software [45] to
perform topological analyses on the electron density
distribution p(r) and critical point searches. Bond order
calculations were performed by Mayer's scheme [46] via
AOMix software [47].

Assessment of aromaticities of NHCs and CSD survey

Due to the lack of a proper definition of aromaticity [31],
many different aromaticity indices, i.e., numerical descriptors
for aromaticity, have been introduced up to now [33, 34].
These indices put emphasis on one of the characters of
aromaticity such as geometry-based structural [48], magnetic
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[49], energetic [50], electronic [33, 34], and chemical
reactivity property [51]. Among these indices from different
aspects of aromaticity, the geometry-based ones are easily
accessible and reliable. Therefore, in this study, we have used
a geometry-based structural aromaticity index called
harmonic oscillator model for aromaticity (HOMA) [52] to
describe aromaticities of NHC rings retrieved from
Cambridge Structural Database (CSD). HOMA index
describes the average squared deviation of bond lengths from
their optimal value in fully aromatic ring systems as follows:

1
HOMA = 1- <H Z lr-’:]ai (Ri_Ropt)2> ) (1)

where n is the number of bonds taken into the summation
(here equal to 5), R, stands for a running individual bond
length, o, regarded as a normalization constant is equal to
257.7 for C-C and 93.52 for C-N bonds, fixed to give
HOMA=0 for non-aromatic Kekulé systems and HOMA=1
for purely aromatic systems with all bonds equal to the
optimal value R,,=1.388 A for C-C, R,,,=1.334 A for C-
N [52]. Molecular fragments whose HOMA is greater than 0.5
can be regarded as conventionally aromatic [53]. In addition,
since parameterization used in the definition of HOMA index
was obtained by quantum-chemical calculations, it can be
applied to both the calculated and crystallographically
observed molecular geometries [53].

Electronic aromaticity indices such as FLU [37], were used
to describe quantitatively aromaticity of im2y, im4y, pyr3y
and pyrdy in Scheme 2. FLU index express quantitatively the
fluctuation of the amount of sharing electronic charge between
adjacent atoms in a given ring. If a molecular fragment is
aromatic, the electron transfer from one atom to another one
which is covalently bonded to the first atom and the reverse
electron flow between these atoms must be equal or strictly
speaking, fluctuation of electronic delocalization indices are
close to zero in an ideally aromatic system [37]. It is obvious
that the values of the FLU index deviated from zero indicate a
decrease in aromaticity of the relevant molecular fragment. An
increase in FLU means an increase in the order of electronic
charge distribution or in other words, a decrease of aromaticity
due to prominence of a particular resonance structure. The
higher values of FLU index of a ring system, the lower the
aromaticity of the ring. The aromaticity indices including
reference parameters such as HOMA and FLU should not be
used for the analysis of aromaticity changes in chemical
reactions, since those parameters are determined by
considering stable aromatic species [34, 54]. However, all
NHCs examined in this study are stable chemical species.
Therefore, FLU and HOMA indices having different origins,
i.e., geometric and electronic, can be reliably used to observe
aromaticity changes in NHCs under discussion.

@ Springer

Geometric details of NHC rings which variously
substituted were retrieved from CSD [55, 56] with the
following restrictions: (i) the searches were performed for
arbitrarily substituted normal, abnormal and remote NHC-
TM complexes in which carbene atom is directly bonded to
metal center; (ii) the searches were restricted to structure
determinations with an R factor<7.5%; (iii) error-free
coordinates according to the criteria used in the CSD system;
(iv) no polymeric structures. Although decision of a unique
(or predominant) resonance form of normal, abnormal and
remote NHCs (Scheme 2) is difficult, natural resonance theory
(NRT) provides valuable information about description of the
chemical bonding in NHCs when canonical Lewis structure
cannot be drawn precisely [57]. Nonetheless, their localized
resonance structures of NHCs are generally favored by the
chemical community in spite of their ability to accommodate
nonzwitterionic resonance structures [29]. For instance, it is
not preferred that im2y is presented so as to possess
completely electronic delocalization due to the fact that its
aromaticity is somewhat controversial, whereas partial
delocalization over N-C.-N subunit in im2y is frequently
pointed out by chemists without any hesitation. Therefore,
all possible resonance structures and different partial
resonance structures in Scheme 2 were considered in CSD
searches. CSD hits were filtered by geometry-based
aromaticity index, HOMA. Ones of which HOMA values
are negative or almost zero were excluded in the examination
due to better zwitterionic charge separation abilities indicating
their reduced aromaticity. On the other hand, participation in
mt-stacking interactions of NHCs can be regarded as evidence
for their aromatic character. In CSD searches, it has also been
investigated in CSD whether NHCs are involved in 7t-staking
interactions. It was considered that a 7t-stacking interaction
existed if the dihedral angle between the mean planes of two
NHC rings is less than 10°, the distance between the centroids
of the involving NHC rings is less than 3.8 A, and the angle
between the normal to the NHC ring and the line that connects
the centers of two NHC rings, f3, is less than 30°.

Results and discussion
Electronic nature and ligating abilities of NHCs

The calculations at B3LYP/aug-cc-pVTZ level reveal that
aNHCs and *NHC have higher energy values than nNHC.
Normal NHC (im2y) is about 19 kcal mol™ more stable than
its abnormal analogue (im4y) [58] and our calculations also
support this result. Pyrazol-based NHCs have a more
pronounced energetic destabilization as compared to that of
im4y as shown in the second row of Table 1. Heretofore, it has
been generally accepted that the singlet-triplet splittings of the
saturated and unsaturated normal NHCs are in the range of
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65-85 kcal mol™! [19], whereas the overall singlet-triplet gap
in different NHCs vary from ~52 kcal mol” (for pyrdy)
to ~85 kcal mol” (for im2y). In addition, the first proton
affinities of NHCs are in good-agreement with their
previously reported values [29]. The singlet-triplet energy
gap of nNHC is significantly larger than those of aNHCs
and ¥NHC as shown in the first row of Table 1. More
importantly, the singlet-triplet gap in imidazolylidene ligands
(1 and 2) is more sensitive to endocyclic positioning of the
carbene atom than that in pyrazolylidene ligands (3 and 4).
Saying that the larger singlet-triplet gap indicates higher
stability of NHC is somewhat disputable, because the
stabilities of NHCs arise from different origins such as
thermodynamic, kinetic, electronic, or energetic.
Nonetheless, some aspects draw attention. For example,
according to the above idea, imidazol-based NHCs are, in
general, more stable than pyrazol-based ones probably due
to their enhanced aromaticity as mentioned below. The
absence of heteroatoms adjacent to the carbene center reduces
the energetic stability of the free singlet NHC ligands.

According to the results in Table 1, aromaticity levels of
imidazolylidene ligands (1 and 2) are higher than those of
pyrazolylidene (3 and 4). Aromaticities of imidazol-based
NHCs are obviously more pronounced than that of pyrazol-
based ones. In all cases, aromaticity level of the singlet states
is higher than that of the triplet states and furthermore
protonation of the carbene atom makes the aromaticity of the
associated ring greater. Geometry-based HOMA and
electronic FLU indices verify this inference. This point
deserves further investigation. Aromaticity level calculated
by HOMA and FLU indices increases in the order 3 <4 <<
1 <2.In addition, variation in the position of carbene atom in
pyrazolylidene ligands (3 and 4) leads to a more dramatic
change in aromaticity level than that of imidazolylidene
ligands (1 and 2). These results can be understood with the
aid of the results from natural resonance theory (NRT). Holtzl
and co-workers demonstrated that probabilities of the
principal resonance structures of im4y (2) are more evenly
distributed than those of the other NHCs [57]. This explains
the reason why the most aromatic NHC is im4y. As already
mentioned, prominence of a resonance structure reduces the
relevant ring aromaticity. In addition, there is no relation
between the identities of the atoms neighboring C. atom and
the aromaticity of the ring.

The calculated HOMA values regarding different kinds of
free singlet NHC ligands except for pyr3y (3) are at
comparable level with those of polycyclic aromatic
hydrocarbons. A common belief in pursuit of the avant-
garde studies [19, 22] has stated that aromaticity level of
im2y (1) is approximately 60% level of reference species such
as benzene [19, 22, 24], whereas HOMA values of singlet
im2y (1) and im4y (2) in Table | suggest that 1 and 2 are
considerably aromatic as compared to that of benzene
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(HOMA=0.999) and their aromaticities are not low as much
as supposed. It can be better understood when one keeps in
mind that aromaticity of linear and angular poliacenes varies
from 0.624 to 0.999 [48]. FLU index values of chemical
moieties accepted as remarkably aromatic are lower than
0.02 [37]. Consequently, both structural and electronic
aromaticity indices indicate that NHCs are considerably
aromatic except for pyr3y. FLU index also produces the same
aromaticity hierarchy among NHCs. In addition, aromaticity
levels of the optimized geometries of NHCs are increased
depending on the protonation of carbene atom. This
observation is, at least in part, verified by taking account of
the firstly isolated experimental geometries of 1,2 and 2(H ")
in Table 1. As mentioned before, the use of NICS to describe
aromaticity of NHCs and their metal complexes is a common
scientific habit. Indeed, NICS does not reflect properly
aromaticity levels of NHCs and produces unacceptable
results. Aromaticity levels of neutral NHCs in Scheme 2
having regard to the calculated NICS values reported in ref.
[57]increase in the order 3 <1 <2 <4. This sequencing is not
even close to that of structural and electronic aromaticity
indices. As shown in the later, the aromaticity order prescribed
by HOMA and FLU indices can be rationalized by further
analysis, whereas the order by NICS could not.

The amount of the population of formally vacant p,. orbitals
on carbene centers seems to be increased by transition from
singlet to triplet states. However, this is illusive due to the fact
the triplet states of NHCs have seven 7-electrons, while the
singlet states have six 7-electrons. In an ideally aromatic
electronic configuration, carbene atoms in the singlet and
triplet states would have 1.20 (6/5) and 1.40 (7/5) m-
electrons, respectively. Considering hybridization of carbene
centers in Table 1, im4y and pyrdy are more aromatic than
im2y and pyr3y due to the relatively enhanced p-electron
character in hybridization of the carben atom, respectively.
This is consistent with the above order of aromaticity.
However, some authors have drawn a conclusion about
aromaticity or 7t-delocalization strength within NHC ligands
by examining only the p,, population of carbene atoms or N
atoms. As known, aromaticity is a global (nonlocal) property
of a molecular moiety and it is problematic to trying to
understand variations in aromaticity with the aid of the
changes in a local property of a molecule such as LP-
population on N centers. Increase in the p, population of
carbene atoms is due to 7t-donation from LP orbital of
nitrogen atoms [19, 22]. At first glance, while such an
electronic charge donation to carbene atom is reasonable in
im2y, im4y and pyr3y, it is complicated in pyrdy due to the
fact that N atoms in pyrdy are not directly bonded to the
carbene atom, suggesting remote 7-donation. While the N
atom at position 2 in pyr3y can directly donate 7t-electrons
from its LP orbital to carbene atom, nitrogen atoms in pyrdy
cannot. Since such a donation in pyrdy can be carried out
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through 7t-delocalized path, it is facilitated by the aromaticity.
This consideration explains that pyr4y is more aromatic than
pyr3y. It can be stated that donation from the nitrogen atom of
the neighboring carbene center is more pronounced than that
of the other nitrogen atom in pyr3y. Nonetheless, it is
generally observed that an increase in 7t-electron donation
from LP-orbitals of N atoms to cyclic delocalization increases
the aromaticities of NHCs as shown in Fig. 1a.

Aromaticities of the considered NHCs are decreased by
transition from singlet to triplet state due to dramatic structural
changes such as pyramidalization of the endocyclic nitrogen
centers and weakening of N—C. and N—N bonds. The extent
of pyramidalization of endocyclic nitrogen atoms which is
directly bonded to the carbene atom can be evaluated with
the improper torsion angle C(N for 3)-N—C.—H, describing
angular deviation of N—H bond from C(N for 3 )—N—C plane.
It is worth noting that pyramidalization is not observed in
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Fig. 1 (a) Linear correlation between the amount of 7--donation from N
atoms and aromaticity of the singlet, triplet free NHC ligands and their
protonated variants. (b) Linear correlation between the calculated
chemical hardness and aromaticity of free singlet and triplet NHC ligands

pyrdy, 4. Pyramid-like geometry around N atoms is flattened
as pyramidalization angle increase. Pyramidalization angle is
139.45° for im4y (2), 132.75° for im2y (1), and 118.52° for
pyr3y (3). This result is in agreement with the order of
aromaticities of the relevant rings. This geometric analysis
emphasizes that nitrogen atoms favor a flattening of the
pyramid-like geometry depending on increase in aromaticities
of NHCs. The loss of aromaticity causes pyramidalization on
N centers adjacent to carbene atom, since one of the well-
known manifestations of aromatic fragments is their planarity.
Another reason for reducing aromaticity of the triplet states of
NHCs is weakening of N—C, and N—N bonds, which are
explicitly observed in Mayer's bond order values in Table 1.
In addition, bond angles X,—C.—Y, in the triplet NHC
ligands are wider than those in the singlet analogues. This
widening arises from the weakening of the bond between the
atoms in (3 positions relative to carbene atom as shown in
Table 1. Depending on the transition from the singlet to triplet
state, the openings of X,—C.~Y, angle in pyrazol-based
NHCs are more pronounced than those in imidazolylidene
ligands. Further geometric details (bond lengths and angles)
in NHCs are found in Supporting information document. The
widening on electronic transition from the singlet to triplet
state is 4.91° for im2y, 5.73° for im4y, 11.16° for pyr3y, and
12.28° for pyrdy. On the other hand, even though transition
from the singlet to triplet state of NHCs occurs at the expense
of aromaticity of the singlet states, aromaticity levels of the
triplet NHCs are remarkably higher than that of the lowest-
lying triplet state of benzene (FLU=0.033) [61]. Relatively
high aromaticity of the triplet states of NHCs as compared to
the lowest-lying triplet state of benzene plays an important
role in their electronic stabilizations.

Chemical potential (p), i.e., negative of the
electronegativity (x) [59, 60], increases depending on
excitation from singlet to triplet state. An increase in chemical
potential makes NHC ligand binding to metal center difficult
due to reduction in their basicity. This can be easily shown by
electron affinity (EA) values in Table 1. EA values of the
triplet states are lower than those of the singlet states, therefore
addition of an electron is facilitated by transition from singlet
to triplet states. As a result of this electronic transition, acidity
of NHC ligands is enhanced. The enhanced acidity of NHC
ligands corresponds to a decrease in their basicity, i.e.,
electron donating ability. This inference is supported by total
valence electron population at C. atom. While total valence
electron populations of carbene atoms in the singlet NHCs are
calculated as 3.874 for im2y, 4.133 for im4y, 4.022 for pyr3y
and 4.350 for pyrdy, their respective values in triplet states are
obtained as 3.716 for im2y, 3.774 for im4y, 3.698 for pyr3y
and 3.852 for pyrdy. Since total valence electron population of
carbene carbon is formally equal to 4, it is inferred from these
results that the triplet states of NHCs are remarkably electron
deficient chemical species. Furthermore, abnormal and remote
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singlet NHC ligands (2, 3, and 4) have higher o-donating
ability due to excess valence electrons on their carbene atoms.
According to total valence population of the carbene carbons,
o-donating strengths of NHCs increase in the order 1 <3 <2 <
4. In addition, transition from the singlet to triplet states of free
NHC ligands reduces the amount of the total valence electrons
or equivalently the capability of o-donation. The order of o-
donating ability of the triplet states, 3 <1<2<4, is quite
similar to that of the singlet states. The most efficient o-
donating NHC ligand is pyrdy when both the singlet and
triplet ligands are under discussion. This order is very
interesting to propose a guiding rule about o-donating
strength of NHC ligands and can be explained by
electronegativity of the atoms in o-position relative to carbene
atom. Two electronegative nitrogen atoms in im2y (1) pull
electrons away from the carbene center much more than that
of pyr3y (3) and im4y (2), which include one nitrogen in -
position, and pyrdy (4) not including nitrogen atom in «-
position. The absence of any electronegative atom in o-
position of pyrdy (4) facilitates to preserve electronic
population at carbene center or at least, hinder to move
electrons away from carbene center. Thus, one can say that
o-donating ability of NHC ligands decreases as the number of
nitrogen atoms directly attached to carbene center increases.
Transition from the singlet to triplet state makes chemical
hardness (1) of the free NHC ligands smaller. The hardness
corresponds to the gap between the HOMO and LUMO
orbital energies and has been qualitatively associated with
the stability of a chemical system [59, 60]. As known,
hardness is correlated with heteroaromaticity [62]. The
calculated hardness value of benzene at B3LYP/aug-cc-
pVTZ level is 6.612 eV [63]. Hardness values of the singlet
NHCs in Table 1 is at a comparable level than that of benzene.
The values of hardness for the considered NHCs vary from
58% (for pyrdy) to 85% (for im2y) of that of benzene.
Hardness values in Table 1 also suggest that the triplet states
of NHCs are less stable than their singlet counterparts.
Generally, the values of chemical hardness of free NHCs
ligands exhibit the same trend with their aromaticity as shown
in Fig. 1b. This result is convenient with the fact that
aromaticity of a chemical moiety is related to its stability.
The absence of heteroatoms adjacent to the carbene carbon
generally reduces the stabilities of the free singlet NHC
ligands. Even though chemical hardness values of free NHC
ligands are generally increased with increasing aromaticities
as shown in Fig. 1b, there is no one-to-one correspondence
between the order of their aromaticities and hardness values.
This case deserves an explanation. The sequencing of the
hardness values for the singlet (1 >3>2>4) and triplet (3>
2>1>4) NHC ligands are opposite to the above orders about
o-donating strengths of the singlet and triplet NHC ligands.
Although hardness seems to be an energetic concept, it is
essentially related to chemical reactivity of a ligand [64].

@ Springer

Thus, reverse orders between the hardness values and o-
donating strengths of both singlet and triplet NHCs can be
understood, because the ligands having lower hardness are
more reactive in the sense of o-donation than ligands having
higher hardness.

Electrophilicity index (w) describes the electrophilic power
of a ligand, namely its propensity to accept electrons [59].
Electrophilicity index is also decreased by transition from the
singlet to triplet states of NHC ligands. All these results
suggest that transition from the singlet to triplet states of free
NHC ligands decreases both of their electron donating and
accepting ability. These features are of importance in order to
understand ligating abilities of nNHC, aNHCs, and »rNHC.
NHCs in organometallic chemistry act as L—M (metal) o-
and 7t-donors besides M — L 7t-acceptors via 7t*-backdonation
mechanism [65]. A decrease both in their electrophilicity index
and in their capability of electron donation depending on
transition from singlet to triplet state reduces 7t*-backdonation
from TM to NHC and o- and 7t-donating abilities of NHCs,
respectively. These results explain that up to now no triplet
NHC transition metal complexes have been observed. More
importantly, ligating abilities of free NHCs, in particular their
electron donating and accepting properties, are finely tunable
by aromaticity of the free ligands.

The highest occupied molecular orbital (HOMO) describes
the carbene carbon o-lone pair (0-LP) and the energy levels of
the carbene o lone-pair orbitals are associated with the o-
donating abilities of the free singlet ligands [29, 58]. This fact
is explicitly shown in MOs in the higher band of Table 2.
HOMOs which are energetically low-lying make o-donating
ability of the relevant NHC difficult. Therefore, the o-
donating strength of NHCs ligands or o-basicity of carbene
atom is in agreement with the order 1<3 <2 <4. This order
based on energetic sequencing of HOMOs is the same as one
inferred from total valence population on the carben atoms in
NHCs. As seen from this result in Table 2, a NHCs and »NHC
have higher o-donating ability than that of Arduengo-type
normal NHC, im2y. Experimental studies [66, 67] have also
suggested that o-donating strengths of abnormal NHC ligands
are superior to that of normal NHCs. Based on >'P NMR shifts
[68], it was shown that donor power of NHCs is increased in
the order 1 <2 <4. This sequencing is fully in agreement with
our calculations. It is obviously seen that the higher the
aromaticity of an imidazol- or pyrazol-based NHC ligand,
the higher the o-donating strength of the ligand.

In addition, the absence of heteroatoms adjacent to the
carbene carbon enhances significantly o-donating ability of
free singlet NHC ligands due to the reduced inductive effects
of the heteroatoms [69]. This is reminiscent of push-pull
mechanism proposed to explain distinctive stability of free
im2y ligand by Arduengo and coworkers [70]. According to
push-pull effect, nitrogen LPs in #nNHC would push electron
density into formally empty p, orbital on carbene atom,
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Table 2 HOMOs representing o-LP on carbene atoms in free singlet NHC ligands

8§

(£HOMO— -6.059 eV)
im2y (1)

(EHOMO—'S 262 eV
imdy (2)

(SHOMO—'S 550 EV)
pyr3y (3)

(SHOMO:'4-890 eV)
pyrdy (4)

leading to 7t-stabilization, while electronegative nitrogens pull
electron density away from the carbene center, giving rise to
o-stabilization. The natural atomic p,, populations of carbene
atoms in Table | indicate that this idea cannot produce a
consistent estimation about p, population on the carbene
atoms in aNHCs and »NHC. If it had been true, the highest
and lowest p, population on carbene would have been
observed for im2y and pyrdy, respectively. This guess cannot
be verified by p,.(C.) populations in Table 1. Populations of
p(Ce) for imdy (including one nitrogen in « position) and
pyrdy (not including nitrogen in « position) are more
pronounced than those of im2y (including two nitrogen atoms
in o position) and pyr3y (including one nitrogen in o
position). Hence, the kind of atom neighboring C, is of no
significance in order to understand the population of p,(C,).
In fact, the aromaticity of free NHC ligands is more decisive
on the spatial confinement of 7t-electronic population into
formally vacant p, orbital of carbene atom rather than the
kind of atoms neighboring C.. This case is explicitly shown in
pyrdy, which has the highest p,(C.) population in spite of the
fact that there is no N atom neighboring carbene atom. Since
both C atoms adjacent to the carbene atom in pyrdy do not
have any 7t-donating LP orbitals, 7t-stabilization of carbene in
pyrdy can be essentially achieved by its aromaticity. Similar
thoughts are valid for a NHCs.

Singlet and triplet carbenes are formally sp- and sp-
hybridized respectively. The results in Table 1 show that both
s- and p-character in hybridization of carbene are increased in
singlet NHCs relative to canonical sp> hybridization. These
indicate that o-donating strength of carbene centers in singlet
NHCs increases as s-character in hybridizations of carbene
atoms decreases, giving rise to the same order formerly
obtained from total valence electrons of carbene atom and
energy values of the HOMOs. However, there is a distinctive
behavior in hybridization scheme of carbene atom in
imidazolylidenes and pyrazolylidenes upon transition to
triplet state as compared to canonical sp hybridization.
While both s- and p-character in hybridization of carbene

decrease in triplet imidazolylidene ligands, s-character
decreases as p-character increases in triplet pyrazolylidenes.

The p, populations of carbenes in Table 1 are enhanced by
protonation just as aromaticity. Additional p, electronic
population in the protonated NHCs is not due to 7*-
backdonation, since proton does not have any 7-electron on
itself. Then, increase in p,; population of carbene depending
on the protonation is related to stronger 7t-donation from LP
orbitals on nitrogen atoms and slightly enhanced aromaticity
of NHCs as shown in Table 1 and Fig. 1a. Slight increase in
aromaticity of NHCs after the protonation of the carbene
center is not only due to the extra 7t-donation from LP-
orbitals on nitrogens to cyclically conjugated electrons in
NHC rings, but also due to rearrangement in bonding
situations of NHCs as shown by bond order values in
Table 1. The orders of bonds involving carbene atom are
increased by the protonation in free imidazolylidene ligands
and pyr3y, while they are slightly decreased in pyrdy, »NHC.

The bond orders of free NHC ligands produce some
surprising results. For instance, N—N bond orders in both
pyrazol-based NHCs are remarkably reduced relative to
formal single bond, implying considerable electronic charge
depletion between the associated atomic centers at first glance.
However, examination having regard to only bond orders may
be illusive, because there is another possibility to explain this
case. At this point, topological ion/cov parameters reveal the
formation character of a bond. It is less than 1 for closed shell
(ionic or dative covalent) interactions and greater than 1 for
shared (covalent) interactions [71]. To better understand
bonding situations, one should take into account both the
order and ion/cov parameter of a bond. It is inferred from
ion/cov parameters of N—N bonds in pyrazol-based NHCs
that they possess substantial dative character depending on
zwitterionic or doubly-zwitterionic resonance structures
shown in Scheme 2.

An increase in the order of N—C, bond of pyr3y (1.345)
indicates an electronic charge concentration relative to formal
single bond between the associated atomic centers. However,
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the formation of this bond is also dative according to its ion/
cov value (0.766). Different from the other NHC ligands, the
orders of the bonds involving carbene atom in pyrdy decrease
by the protonation of carbene atom. This does not stem from
electronic charge depletion in the region C—C.—C. On the
contrary, electronic charge concentration comes about in the
relevant region. What the orders of bonds in C—C.—C subunit
of pyrdy reduce comes into prominence of its zwitterionic
resonance forms in Scheme 2. Another distinctive behavior is
observed for C—C. bond in pyr3y. The order and ion/cov ratio
of this bond are 0.539 and 2.028, respectively. Although this
bond has significantly dative character due to doubly-
zwitterionic resonance structure with regard to only its bond
order, there is an electronic charge concentration at a
remarkable extent along its bond path according to its ion/
cov value. Considering only the orders of the bonds involving
carbene atom in the most aromatic singlet NHC ligand (im4y),
one may conclude that these bonds are dative, whereas their
ion/cov ratios indicate the electronic charge concentration
along these bonds. Although possible variations in resonance
structures of im4y are much more notable than those of the
other NHCs as shown in Scheme 2, charge separation
property of these resonance structures is obscured by the effect
from 7t-electronic delocalization within the ring due to its
enhanced aromaticity. As a result of this, ion/cov parameter
of the bonds N—C, and C—C, in im4y become greater than 1.
Depending on transition from singlet to triplet states,
essentially dative bond formations of which both its order
and ion/cov ratio are less than 1 are under discussion only
for pyrazol-based NHCs. If a dative bond with the order less
than 1 allows electronic charge concentration, this charge
condensation is only explained by electron flow through the
remaining part of the ring, qualitatively suggesting electronic
delocalization within the ring system.

The bonding situations NHCs indicate that imidazolylidene
ligands are more aromatic than pyrazolylidene ligands due to
the fact that dative bond formations in the latter are more
evident than those of the former. This explains aromaticity
hierarchy between imidazolylidene and pyrazolylidene
ligands and indicates that dative bond formations perturb
aromatic character of NHCs. In addition, ionic character of
the dative bonds in pyr3y, N-C. and N-N, is more pronounced
than those of pyrdy. Since the prominence of a charge-
separated resonance structure of a ring decreases its
aromaticity, it is understandable that pyrdy is more aromatic
than pyr3y. These inferences about the bonding situations
support the aromaticity order of NHCs obtained by FLU and
HOMA indices. NICS index suggests that the most aromatic
NHC ligand is pyrdy [57], whereas the above discussion
reveals that this is not reasonable. Therefore, relevant
scientific community should avoid the use of magnetic
aromaticity indices and bond orders to describe electronic
delocalization level of NHCs.
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The m-accepting (acidity) and 7-donating (basicity)
properties of NHC ligands are determined by their total p,
population. Considering total p, populations of the five
atomic centers given in Table 1, it can be stated that 7t-
deficiency of normal (im2y) free NHC ligand is more
pronounced than those of abnormal and remote NHCs, since
m-orbitals in the singlet abnormal and remote NHCs are
almost fully occupied. As a result of this, 7t-accepting abilities
of aNHCs and »NHC, i.e., the capability of 7t*-backdonation,
are even less than that of nNHC. It is worth noting that
remarkable 7-deficiency of im2y (1) remains after the
protonation of its carbene atom. This result obviously
indicates that 71*-backdonation mechanism in #NHC is more
probable than those in aNHCs and »NHC, suggesting that
nNHC ligands may act as 7-acceptors [65]. The abnormal and
remote NHCs hardly ever behave as 7-acceptors [12]. In
addition, o-donating ability of # NHC is much less than those
of aNHCs and »NHC as mentioned before. Thus, it can be
stated that the lack of o-donating ability of nNHC is
compensated by its relatively high m-accepting ability.
Normal (1) and abnormal NHCs (2 and 3) in the triplet state
behave as less mt-accepting ligands, whereas triplet state of the
rNHC (4) is still very weak m-accepting ligand.
Consequently, the capability of 7t*-backdonation in the triplet
NHCs, in particular nNHC, will provide an additional
stabilization factor in formation of its TM complexes as a
future prospect. Total p,. populations in Table 1 also show
that stabilization of the triplet »NHC ligand by accepting 7t-
electrons from TM center is too hard to occur.

Addition of the proton to the anionic carbene atom in free
ligands 1 and 2 results in the formation of identical
imidazolium cations, just as protonation to carbene atom in
3 and 4 leads to the formation of identical pyrazolium cations.
The protonated NHCs can be regarded as model compounds
to understand NHC-TM complexes, since 7-backbonding
mechanism (NHC«—TM) occurs generally at a small extent
in nNHC-TM complexes [25, 72, 73] and almost never in
aNHC-TM and »NHC-TM complexes. Protonation of
carbene carbon atom cannot lead to NHC+—H -
backbonding due to the absence of any 7-electron on the
proton. The protonated NHCs show different behavior from
their free singlet analogues with regard to their aromaticities.
While the aromaticities of singlet im4y (2) and pyrdy (4) are
higher than that of im2y (1) and pyr3y (3) respectively, the
aromaticity order related to imidazol- and pyrazol-based
NHCs becomes reversed separately after the protonation,
ie, 2>1 >>4>3 >1(H)>2H") >>3(H") = 4(H"). In
spite of this, aromatic hierarchy between imidazolylidenes
and pyrazolylidenes remains unchanged on the protonation,
namely the protonated imidazolylidenes are still more
aromatic than the protonated pyrazolylidenes. Protonation of
carbene atom increases the hardness of free singlet ligands in
any case, just as aromaticities of NHCs are increased by the
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protonation of carbenic center. This finding can be understood
with the aid of the maximum hardness principle [74], which
states that molecules will arrange themselves to be as hard as
possible. Even though imidazol- and pyrazol-based NHC
ligands become identical after protonation of carbene atom,
iie, 1(H)=2(H") and 3(H")=4(H"), the protonated
imidazolylidenes, 1(H") and 2(H "), are quite different from
each other (particularly their hardness), whereas identicalness
between the protonated pyrazolylidenes, 3(H ") and 4(H ), is
more than that of the formers. Since the amounts of changing
in hardness depending on the protonation of the « NHCs are
more pronounced than that of #NHC ligand, it can be stated
that a NHCs and »NHC complexes are hard to generate.

C.—H activation (or C.—H bond cleavage) leads to
oxidative addition of the carbene ligand to the metal center.
C—H activation levels of the different sites in NHC rings are
different, i.e., C, and C, activation in imidazolylidene or C;
and C, activation in pyrazolylidene. C—H bond orders and
their ion/cov parameters were calculated to gain some insight
into C—H bond activation in the protonated NHCs, since the
strength of a bond and the amount of electron in a bond can be
described by its order and ion/cov parameter, respectively.
The bond orders (and ion/cov parameters) of C,—H and C,—H
in the protonated imidazolylidenes, 1(H") and 2(H"), are
0.611 (1.725) and 0.720 (1.740), while the bond orders (and
ion/cov parameters) of C3—H and C,—H are 0.566 (1.719) and
0.884 (1.737), in the protonated pyrazolylidenes, 3(H™") and
4(H"), respectively. These results clearly indicate that C,—H
is stronger than C,—H in the protonated imidazolylidenes and,
C4—H is stronger than C3—H in the protonated
pyrazolylidenes. An increment in the order (or electronic
density) of a bond makes its cleavage difficult. Thus, the
synthetic routes using direct metallation at carbene atom via
C—H bond activation (or cleavage) can be achieved by
protection of C, (in imidazolylidenes) [69] and C; (in
pyrazolylidenes). In other words, C,-bound imidazolylidenes
are more favorable than their C4-bound analogues, just as Cs-
bound pyrazolylidenes are more favorable than their Cy-
bound pyrazolylidenes. The difference between C—H
activation levels in the protonated pyrazolylidenes is more
pronounced than that of the protonated imidazolylidenes due
to better zwitterionic charge separation abilities arising from
their reduced aromaticity as mentioned before. This implies
the presence of zwitterionic resonance forms as a ground
state in different pyrazolylidene complexes [75].

CSD survey about NHCs depending on their aromaticity

Aforementioned quantum chemical considerations between
the electronic effects in NHCs and their aromaticities require
to be verified by experimental results. One of the useful
geometric parameters to describe ligating abilities of NHCs
is the van der Waals (vdW) shortening in TM-C, bond

defined as the difference between the length of TM-C, bond
and the sum of the covalent radii of the associated atoms. Here
we used the covalent van der Waals radii revised in 2008 [76].
For approximately five thousands NHC TM complexes
retrieved from CSD, %vdW shortenings are calculated and
illustrated against the aromaticity of the associated NHC rings
as shown in Fig. 2. It is generally accepted that TM-C bond is
of dative character [77]. There are two reasons for vdW
shortening in TM-C, bonds: (i) electronic charge
concentration along TM-C. bond arising from 7t-donating
strength of carbene atom and 7*-backbonding mechanism
from TM to C,, (ii) prominent dative character of TM-C,
bond. While all of these mechanisms in TM complexes
derived from nNHC ligands have an influence on the
shortening of their TM-C, bonds, only dative character of
TM-C, bonds plays a role in the shortening of TM-C, bonds
of TM complexes derived from a NHCs and »NHC, since o-
donating property of carbene atom is primarily responsible for
the formation of TM-C, bond, not for reinforcement of this
bond. In addition, electronic nature of the coordination
sphere, i.e., electron-rich or electron-poor, may also play an
important role in such a shortening.

HOMA values of imidazol-based NHC rings in their TM-
complexes are accumulated in the range of 0.6-0.9 as shown
in Fig. 2, while maximum HOMA values of pyrazol-based
NHCs in their TM-complexes could hardly have reached the
average HOMA values of the formers. This behavior can be
explained by the fact that aromaticity of imidazolylidenes are
greater than that of pyrazolylidenes, indicated by average
HOMA values retrieved from CSD in Table 1. Variations in
aromaticities of NHCs in their TM complexes are not only due
to endocyclic delocalization effects as comprehensively
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Fig.2 Scattergram for van der Waals shortenings in TM-C. bonds
of NHC-TM complexes retrieved from CSD against their
aromaticities: im2y (1) by gray-filled circles, imdy (2) by red-filled
circles, pyr3y (3) by blue-filled circles and pyrdy (4) by green-filled
circles
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discussed in Electronic nature and ligating abilities of NHCs,
but also exocyclic delocalization effects from electronic nature
of the substituents attached to NHC (7t-electron withdrawing
or donating) [ 78]. Figure 2 shows that complexation with TMs
does not change aromaticity hierarchy among free NHCs:
aromaticities of pyrazol-based NHC ligands are still lower
than those of imidazol-based NHC ligands after
complexation. In addition, %vdW shortening values of the
complexes involving pyrazolylidene ligands are generally
lower than those of the complexes involving imidazolylidene
ligands due to variety in the contributions to the shortening in
TM-C. bond. Furthermore, %vdW shortenings in TM-C,
bond of the complexes derived from pyr3y can be more than
those of pyrdy as shown in Fig. 2. This observation implies
that the enhanced aromaticities of NHC ligands reducing
charge separation property and dative character of the
resulting TM-C, bond lessen vdW shortening in TM-C_ bond.
Thus, it can be stated that vdW shortening in NHC-TM
complexes of pyr3y is essentially due to dative character of
TM-C, bond.

The data in Fig. 2 for NHC-TM complexes including 26
different TM elements are much dispersed due to multifarious
coordination environments and the presence of various
substituents attached to NHC ring, in particular for nNHCs.
Therefore, one needs further analyses about the data in order
to conclude certain guiding rules. Figure 3 shows scatterplots
of'average %vdW shortening in TM-C, bonds against average
HOMA indices of the associated NHC ligands retrieved from
CSD with respect to TM elements. Distribution of the points
suggests that %vdW shortening in TM-C, bonds for all NHC
ligands generally decreases as aromaticity of NHC ligands
increases. Average %vdW shortenings in TM-C. bonds
comply with the order 3 (5.92%)>2 (5.76%)>1 (4.45%)>4
(4.10%). This order is in general agreement with the order of
C-H activation level in NHCs: C5 (3)>C, (1)>C4 (2)>Cy

(4). One may ask why %vdW shortenings in 1 are more than
those of 4, though the aromaticity of 1 is considerably higher
than that of 4. This case is originated from the enhanced 7t-
donating and 7*-accepting abilities through TM-C, bond in
nNHC complexes, whereas such additional mechanisms
resulting in the contraction of TM-C, bond are disabled in
the TM complexes of YNHC. Diminishing tendency in %vdW
shortenings with the aromaticities of the NHC ligands is
evident for the complexes including TMs in period 4 and 5.
It is worth noting that aromaticities of NHC-TM complexes of
period 6 are spread out in a narrower interval than those of
period 4 and 5, which can be ascribed to the presence of very
diffuse d-orbitals in TMs of period 6. Presence of the more
diffused d-orbitals at metal center makes 7-electron flow
through TM-C, bond difficult due to less spatial overlap
between p,, orbital of carbene and d orbitals of TM center.
As a result of this, aromaticity levels of NHCs ligated with
TMs in period 6 remain somewhat higher than those of period
4 and 5, since protection of 7t-electron delocalization levels of
NHC ligands in TM complexes of period 6 is more
pronounced than those of period 4 and 5. Another important
effect is observed in %vdW shortenings depending on the
period of TM. %vdW shortenings gradually decrease on going
from period 4 to period 6, because both NHC—TM mt-
donation and TM—NHC 7t*-backdonation are decreased by
the presence of diffuse d-orbitals.

Due to the lack of any article about 7t-stacking interactions
involving NHC ligands, aromaticity of NHCs seems to be
suspicious in structural sense as well, even though evidence
from vibrational spectroscopy are available [27]. The presence
of bulky substituents of NHC rings leading to a clash makes
the observation of such 7-stacking interactions difficult, even
though it is necessary for kinetic stabilization of NHCs [79].
Therefore, prevalence of such interactions in crystal structures
of NHC-TM complexes is very low (approximately 1%). CSD

Fig. 3 Side-by-side view of the 12 6
variations of average %vdW o e Fe Pd W
shortenings in TM-C,. bonds 8 ° ° ° Ia
against aromaticities of NHC om Co 6
ligands in TM complexes of o’ Au
period 4 (leftmost), period 5 2' 8 A Os N Hf
(middle) and period 6 (rightmost) - 1 | °
showing the associated linear fits. = Pt. o
Data for period 4, 5 and 6 have o0 Ir
been colored by green, red and £ n
blue, respectively g
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search regarding 7t-stacking interactions involving NHCs
results in 48 hits for im2y, one hit for im4y, three hits for
pyr3y and one hit for pyrdy complexes. The centroid-centroid
separation is decreased as slippage angle increases. Diversity
in the total aromaticity of the interacting NHCs can be
explained by various exocyclic substituents of NHCs. It has
been recently reported that aromaticity of a ring system is not a
sine qua non condition for participation to 7-stacking
interactions [80]. As shown in Scheme 2, free NHC ligands
are weakly polarized ligands due to their considerable
aromaticities. At this point, one should keep in mind 7
deficient aromaticities of NHCs in particular im2y
(vide supra) corresponding to 90% of these interactions. For
polarized 7-systems, favorable stacking interaction requires
both a 7t-deficient atom (N and C,) leading to 7t-polarization
and a positively charged atom (N and non-carbene C atoms)
leading to o-polarization [81].

Although the aromaticity is not an additive quantity, the
summation of the individual aromaticities of the rings
participating in the interactions is used to describe the amount
of 7-electron involving the interaction. The interactions of
which the summation of HOMA indices is more than 1 are
referred to as 7t-rich, ones of which total HOMA values are
less than 1 are qualified as 7-deficient. The interactions
between less aromatic NHC rings are stronger than the
interactions involving more aromatic NHCs, because Cg---

Cg distances of 7t-rich (more aromatic) NHCs are extended in
a broader interval than those of 7t-deficient (less aromatic) as
shown in the relevant histogram of Fig. 4. Although the
centroid-centroid distances of both 7-rich and 7-deficient
interactions involving NHCs are accumulated in the same
region (3.3-3.4 A), Cg---Cg distances of the former can reach
a longer region in order to reduce 7t-7t repulsion between the
rings, perturbing the stability of the interaction. In general,
Cg---Cg distance of the interactions is decreased as its f3
slippage angle increases as shown in the upper band of
Fig. 4, and therefore displacement angles of 7-rich
interactions are accumulated in somewhat smaller region
(15-20°) than those of 7t-deficient interactions (20-25°).

Conclusions

The calculations about the free singlet NHC ligands at B3LYP/
aug-cc-pVTZ level predict that im2y is 18.93 kcal mol™ more
stable than its abnormal isomer im4y, which in turn is 14.82 kcal
mol™ lower in energy than the pyr3y and is 30.93 kcal mol™
lower in energy than the pyrdy. Energetic stabilities of aNHCs
and #NHC are less than that of nNHC. Aromaticity of
imidazol-based NHCs is obviously more pronounced than that
of pyrazol-based ones. Aromaticities of the singlet NHCs are
higher than those of their triplet counterparts due to dramatic

Fig. 4 Scattergram for the 3.7
correlation between the centroid- — | "
centroid separation (Cg---Cg) and °$ 3.6 5 %’3 0.20
[3-slippage (or displacement) angle ) ’ ° o w = I0 40
in the upper band. Filled circles are o 1 o v o )
colored according to the total C 3.54 ° 5 % 0.60
HOMA indices of NHC rings _8 ] ° £ o 0.80
involved in 7-stacking interactions. K% 34 © & ° < € 1.0
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structural changes such as pyramidalization of the endocyclic
nitrogen centers and weakening of N-C, and N-N bonds. Bond
angles X,—C.—Y in the triplet NHC ligands become wider
than those in the singlet analogues due to the weakening of the
bond between the atoms in (3-positions. In addition, the
protonation of the carbene atom makes the aromaticity of the
associated NHC ligand slightly greater. Aromaticities of the
singlet NHC ligands suggested by HOMA and FLU indices
increase in the order pyr3y<pyrdy<< im2y<im4y. Structural
(HOMA) and electronic aromaticity (FLU) indices show that
NHCs except for pyr3y are considerably aromatic. The
aromaticity sequencing of NHCs suggested by HOMA and
FLU indices can be rationalized by quantum chemical
considerations about the electronic nature of NHC ligands,
whereas the aromaticity order determined by NICS could not.
We therefore propose that NICS or other local magnetic
quantifiers for aromaticity should no longer be used to describe
aromaticities of NHCs.

The well-known push-pull mechanism [70] prevalently used
in understanding the electronic stabilization of carbene atom in
nNHC cannot explain 7-electronic population of the formally
vacant p, orbital on C. atoms of aNHCs and »NHC in a
consistent manner. Aromaticity of NHCs rather than the effect
from N atoms neighboring carbene center is more decisive on
t-stabilization of the carbene atoms in aNHCs and »NHC.
Therefore, putative scenario about 7t-electronic stabilization of
carbene atom in NHCs should be revised. Push-pull mechanism
is only valid for stabilization of the saturated n NHC. Instead of
mentioning the direct electron donation from LP orbitals on N
atoms to formally vacant p,. orbital on the carbene atom in
aNHCs and »NHC, it would be more accurate to mention
electron donation to 7t-delocalization within the ring system
of aNHCs and »NHC. Figure 1a showing that an increase in
aromaticity of NHC ligands and their protonated analogues
corresponds to increase in p,, donation from LPs of N atoms
also supports this inference. Arduengo-type NHCs (#NHCs)
can be classified into saturated (nonaromatic) and unsaturated
(aromatic) as shown in Scheme 1, whereas a NHCs and »NHC
cannot. In structural regard, aromaticity of a NHCs and »NHC
is an inseparable part of their functionality. As pointed out in
ref. [28], abnormal binding chemistry of NHCs will soon be
well-understood. Similar foresight is valid for the triplet states
of NHC ligands. Our calculations indicate that their
aromaticities play a key role in understanding the stabilization
of triplet NHCs complexes to be synthesized in the future.
Aromaticities of the triplet NHC ligands are higher than that
of the lowest-lying triplet state of benzene. More importantly, it
is allowed to donate 7t-electron donation from TM to the triplet
NHC ligands due to their considerable 7-electron deficiency
except for the rNHC.

Abnormal and remote singlet NHCs have higher o-donating
ability than that of normal NHC in agreement with the order
m2y<pyr3y<imdy<pyrdy, implying that o-donating ability of
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NHC ligands decreases as the number of N atoms in -
positions increases. Increase in the aromaticity raises o-
donating ability of both imidazol- and pyrazol-based NHC
ligands. The lack of o-donating ability of nNHC as compared
to aNHCs and »NHC is compensated by the relatively high 7t-
accepting ability of nNHC. An increase in 7-electron donation
from LP-orbitals of N atoms to cyclic delocalization raises the
aromaticity of the ring even in »NHC. Although NHC ligands
are overall donor, #NHC can accept 7-electronic charge from
TM, whereas aNHCs and »NHC cannot accept excess 7t-
electronic charge due to their almost fully occupied p,, orbitals.

These quantum chemical considerations were questioned by
means of the CSD searches to gain structural insights.
Bulkiness of the substituents groups of NHC ligands necessary
for kinetic stabilization would sterically hinder their
participation in 7t-stacking interactions. Increase in the
aromaticity of NHC ligands decreases van der Waals shortening
in TM-C, bond mainly due to diminishing dative character of
the bond. This effect is more pronounced for NHC complexes
of TMs in period 4 and 6. The more diffused d-orbitals of TMs
in period 6 make 7t-electron flow through TM-C, bond difficult
due to less spatial overlap between carbene p,; orbital and d,
orbitals of TM center. Inhibition of mutual 7-electron
interchange between NHC ligand and TM center facilitates
protection of the aromaticity level of NHC ligand.
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