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ituted carbenes: a density
functional study of structure, stability, and donor
ability†
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Chalcogen-substituted carbenes are examined computationally using density functional theory. Several

approaches are used to assess the stability and reactivity of chalcogenazol-2-ylidene carbenes (NEHCs;

E = O, S, Se, Te). The known unsaturated species 1,3-dimethylimidazol-2-ylidene is studied at the same

level of theory as the NEHC molecules, as a reference. Electronic structures, stability towards

dimerization, and ligand properties are discussed. The results highlight the NEHCs as potentially valuable

ancillary ligands for stabilizing low-valent metals or paramagnetic main group molecules. A simple,

effective computational method for evaluating s donor ability and p acidity of carbenes is presented.
Introduction

N-heterocyclic carbenes (NHCs) are popular spectator ligands
due to their modularity, strong s-donor strength, and in some
cases p-acidity.1 Carbenes featuring heteroatoms other than
nitrogen have been of interest since the early days of stable
carbene research, including the report of a persistent (phos-
phino)(silyl)carbene in 1989.2 In 1997, a benzoxazolyl metal
complex was reported,3 and a thiazol-2-ylidene and its dimer
was disclosed.4 More recently, mesoionic carbenes (MICs,
2001)5–7 and cyclic (alkyl)(amino) carbenes (CAACs, 2005)8–10

have yielded examples with unsaturated and saturated carbon
centres replacing a nitrogen atom, respectively. These variations
on the NHC framework provide ligands with differing substi-
tution patterns and electronic properties (Scheme 1).

For chalcogen-substituted carbenes in particular, thioazol-2-
ylidenes (NSHCs) can be prepared using numerous routes,11–13

and have seen signicant use as organocatalysts for trans-
formations such as 1,2 and 1,4 conjugate addition reactions,14,15

though their coordination chemistry is underexplored.16 By
contrast, NOHCs have only been made using post-coordination
ligandmodications of isocyanides,3 while NSeHC and NTeHCs
remain unreported. Given the drastically different electronic
properties of the heavier group 16 elements selenium and
tellurium compared to lighter congeners, these are potentially
valuable synthetic targets with unique chemical properties.
Furthermore, NEHC dimerization to give electron-rich alkenes
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is of interest, as dimer molecules of this type are possible
electron donors in conductive organic materials or precursors
to stable radical cations. A previous computational study eval-
uated NEHCs (E = O, S, Se) and proposed NOHC and NSeHC
derivatives may show reasonable thermodynamic stability,17

though there has been no comprehensive evaluation of NEHC
(E=O, S, Se, Te) stability, both kinetic and thermodynamic, and
their properties for thus far.

There have been many experimental and theoretical studies
aimed at quantifying salient properties and nding useful
descriptors of NHCs, including donor ability by Tolman elec-
tronic parameters (TEPs)18,19 and 77Se NMR of selenourea
derivatives,20,21 steric encumbrance via percent buried volume,22

and stability and reactivity by calculation of singlet-triplet
gaps23,24 and dimerization energy.25 The carbene dimerization
mechanism has also been modeled computationally,26–28 and
energies of isodesmic reactions between carbenes and methane
have been correlated to the carbene dimerization energies.29

In this contribution the properties of N-methylchalcogenazol-
2-ylidene (NEHC; E = O, S, Se, Te) ligands are examined
computationally, highlighting their expected properties and
possible applications. The electronic structures, stability towards
dimerization, and ligand properties of the NEHCs are probed
using density functional theory. This is done in comparison to
the experimentally known and structurally similar NHC analogue
N,N′-dimethylimidazol-2-ylidene (Me2im).Me2im is stable in THF
Scheme 1 Structures of common carbenes.
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View Article Online
solution for several days and thus provides a suitable reference
for molecules which may be experimentally accessible.
Fig. 2 Resonance contributors of Me2im (E = NMe) and NEHC (E =O,
S, Se, Te).

Table 1 Natural charges on N–C–E atoms of carbenes

Carbene C N E

Me2im +0.07 −0.38 −0.38
NOHC +0.22 −0.41 −0.42
NSHC −0.22 −0.38 +0.41
NSeHC −0.21 −0.40 +0.46
NTeHC −0.26 −0.42 +0.60
Results and discussion
Ligand geometry and electronic properties

Optimized gas-phase geometries of the ve carbenes (uB97X-D/
def2-TZVP) are depicted in Fig. 1. As the MeN group is replaced
with increasingly larger chalcogen atoms the obvious effect is
distortion of the ring as the carbon–chalcogen bond distances
elongate and the C–E–C bond angle contracts. The MeN]C
distance also shortens from 1.357 Å in the chalcogenated
structures, consistent with increased p donation from the
nitrogen lone pair to the divalent carbon atom outcompeting p

donation from the chalcogen atom.
The contribution of resonance structures A and B was

estimated by Natural Bond Order (NBO) analysis and used to
assess the p donor capability of the various groups adjacent to
the divalent carbon atom in these structures (Fig. 2), according
to the amount of contribution from structure B. This yielded
the trend N > S > O > Se > Te. That is, the larger chalcogen
atoms are generally poorer at p donation, as would be
Fig. 1 Calculated bond lengths (Å) and angles (°) for the heterocyclic
ligands Me2im and NEHC (E = O, S, Se, Te).

© 2023 The Author(s). Published by the Royal Society of Chemistry
expected. The greater p donor ability of sulfur versus oxygen
reects the very high electronegativity of oxygen. The qualita-
tive trend in p donation was veried by examining the intra-
molecular donor–acceptor interaction strengths for n(E)/
p*(C]N) (kJ mol−1): 376 (N); 278 (S); 260 (O); 217 (Se); 167 (Te).
The differing electron distribution of the NEHCs is also re-
ected in the natural atomic charges of the N–C–E fragment
(Table 1). The carbene C atom in Me2im is roughly neutral in
charge, with anking negatively charged N atoms. For the
NEHCs, the single nitrogen atom retains about the same
negative charge as in Me2im, while the chalcogen atom and
carbon atom change signicantly. In the NOHC the carbon
becomes positively charged with a negative O atom, while for S,
Se, and Te the charges are reversed with a negative C atom and
positively charged chalcogen centres.

The frontier orbitals of the optimized ligands are depicted in
Fig. 3. As the NMe group is replaced with progressively less
electronegative chalcogen atoms, the LUMO energy drops
steadily. The LUMOs of the chalcogenated rings also have
signicant contributions from the divalent carbon p-symmetric
p orbital, which is absent in Me2im. The HOMOs of the chal-
cogenated rings still have the s-symmetric p orbital on the
divalent carbon atom as the main contributor, but increased
contributions from the chalcogen centre are seen moving from
E = O to E = Te, raising the HOMO energies.

Energies of excitation are listed in Table 2. HOMO–LUMO
gaps and vertical singlet–triplet gaps were determined from the
transition energy to the rst singlet and triplet excited states,
respectively, using time-dependent DFT (gap energies calcu-
lated using LUMO eigenvalues, i.e. values shown in Fig. 3, are
normally prone to large errors for hybrid meta GGA func-
tionals).30 Both vertical (EST(v)) and adiabatic (EST(a)) singlet–
RSC Adv., 2023, 13, 16828–16836 | 16829
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Table 2 Carbene excitation energies (eV) and atomic spin densities (%
of total) for triplet states

Compound
HOMO–LUMO
gap EST(v) EST(a) SD(C) SD(N) SD(E)

Me2im 5.86 4.30 3.75 82.8 5.5 5.5
NOHC 5.61 3.84 3.47 83.9 5.8 5.3
NSHC 4.62 3.34 2.92 79.4 5.5 9.0
NSeHC 4.28 3.07 2.66 78.4 5.4 10.1
NTeHC 3.73 2.67 2.27 75.4 4.7 13.0

Fig. 3 HOMO and LUMO orbitals for Me2im and the NEHCs (orbital isosurfaces at 0.05 contour level).
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View Article Online
triplet gaps are presented. Values for the referencemolecule 1,3-
dimethylimidazol-2-ylidene (Me2im)31 corresponds closely to
previously-reported values using B3LYP/aug-cc-PVTZ (the
HOMO–LUMO gap, EST(v) and EST(a) values differ by <5% from
Fig. 4 (a) Experimental 77Se chemical shifts versus computed isotropic
coupling constants.

16830 | RSC Adv., 2023, 13, 16828–16836
the values in this study),32 though quite different from results
using PBE/TZ2P.33 The trend in excitation energies predicts the
NEHCs should become progressively less thermodynamically
stable towards dimerization (vide infra), as the singlet-triplet
gap of carbenes has shown to be inversely correlated with the
dimer C]C bond strength.23

Spin density (SD) analysis for the optimized triplet states of
the compounds revealed >93% of the spin resides on three
atoms: the carbene carbon, and its two neighbours N and E. The
spin density on the chalcogen atom is inversely proportional to
the electronegativity for the atoms, peaking at 13% of the total
for E = Te. These results raise the possibility that heavy chal-
cogen containing NEHC ligands are more able to bear unpaired
electron density when attached to a paramagnetic Lewis acid,
compared to the nitrogen atoms of NHCs (vide infra).
shielding, and (b) experimental versus computed 77Se–13C spin–spin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated NMR properties for NEHCs

Carbene

77Se (ppm) 1JSe,C (Hz)

Me tBu Me tBu

Me2im 68.39 — 233.83 —
NOHC 141.85 191.67 253.15 253.17
NSHC 408.06 445.10 234.94 235.95
NSeHC 506.83 543.62 238.46 240.69
NTeHC 715.76 752.00 234.62 236.64
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Donor/acceptor properties of NEHCs

Various descriptors of the electronic properties of NHCs have
been proposed. Their s donor ability has been correlated with
computed HOMO eigenvalues and N–C–N bond angles.32

Spectroscopic measures of NHC derivatives including the
nCO(A1) mode of [Ni(CO)3L] (Tolman Electronic Parameter,
TEP),34 thought to reect both s-donor and p-acceptor proper-
ties, and the d(13Ccarbene) of 1,3-diisopropylbenzimidazolin-2-
ylidene (iPr2-bimy) in trans-[PdBr2L(

iPr2bimy)] (Huynh Elec-
tronic Parameter, HEP) which measures primarily s-donor
behaviour.35 The 1J(13C–1H) value of protonated carbene
precursors has been correlated to s donor ability of the car-
bene.20,36 Bertrand et al. have disclosed the use of d(31P) of NHC-
phosphinidene adducts as a gauge of p-acidity, while Ganter
et al. reported using the d(77Se) of easily-prepared NHC = Se
derivatives to ascertain p-acidity of the parent carbene,21 and
the 1J(77Se–13C) to measure s-donor ability. Computational
work later showed that isotropic shielding of the Se atoms
calculated at the BP86/TZ2P level correlated well with the
experimental dSe values.37

In the present study, a series of calculations was performed
to determine if both the 77Se chemical shi values and
1J(77Se–13C) coupling constants of selenoureas could be repli-
cated using rapid and readily-available electronic structure
methods. In this way a predictive model could be developed and
applied to the NEHCs under study, and provided for use by
other researchers. A set of nine reported selenoureas were
modeled, as the experimental 77Se chemical shis (in acetone-
d6) and coupling constants (in CDCl3) for each were determined
under the same experimental conditions.20

While the range-separated hybrid functional uB97X-D is
used in this study for reaction energetics, the computationally
less expensive pure GGA functional PBE was investigated for
NMR property calculations. The nine gas-phase reference
structures were optimized at the PBE/def2-TZVP level and the
isotropic shielding at Se as well as the (C,Se) spin–spin coupling
constants were calculated for these structures. The zeroth-order
relativistic approximation (ZORA) was used along with the
appropriate relativistically-contracted basis set for the property
calculations. Plotting the shielding values (siso) versus the
measured chemical shis (dSe) and performing linear regres-
sion yielded excellent agreement (R2 = 0.997) with the equation
dSe = −0.744siso + 1220.6 (Fig. 4a). The values predicted from
this equation give a mean absolute error (MAE) of 15.6 ppm,
and yielded the correct ordering of compounds from low to high
predicted chemical shi. This method thus is recommended for
77Se shi calculations of selenoureas as it has a low computa-
tional cost and high accuracy. It is also convenient to evaluate
both s donor ability and p acidity of a carbene from NMR
calculations of a single optimized structure. Given the large
structural variety of the nine reference carbenes the model is
very promising, though additional carbene experimental data
would further verify its utility.

The same level of theory, when used to calculate the
1J(77Se–13C) spin–spin coupling constants, gave very good linear
tting (R2 = 0.943, MAE = 1.7 Hz) to experimental values with
© 2023 The Author(s). Published by the Royal Society of Chemistry
the equation JSe,C = −0.6127Jcalc + 7.8241 (Fig. 4b). The overall
trend in values is reproduced, though due to the relatively small
spread between the nine experimental J values the predicted
ordering was not always correct for values within a few Hz of
each other.

Applying these newmodels to the NEHCs andMe2im yielded
predicted 77Se parameters as shown in Table 3. The predicted
ordering of s donor ability is thus: Me2im > NTeHC > NSHC >
NSeHC [ NOHC; the p-acidity trend is NTeHC > NSeHC >
NSHC > NOHC > Me2im. Fig. 5 and 6 display the nine experi-
mental dSe and JSeC values along with the predicted values. The
NEHCs under study are thus predicted to be similar to IMes in
terms of s donor ability, though slightly weaker (except for the
NOHC which is signicantly weaker), while being stronger p-
acceptors. Such carbenes are valued for stabilizing low-valent
metal complexes and open-shell species.38 The reported 77Se
resonance for a CAAC selone derivative with aromatic N-
substitution (+492 ppm)39 indicates a similar p acidity to the
NSHC and NSeHC ligands. Since CAACs have found use in
preparing low valent d-block complexes40 and main group
radicals,41 this bodes well for the future use of NEHCs in this
manner.

To probe steric effects, the NMR properties of tert-butyl
substituted NEHC selenoureas have been determined using the
new model (Table 3). The predicted 77Se chemical shi values
are higher by 50 ppm for the oxygen derivative and ca. 37 ppm
for the heavier derivatives. The 1JSe–C values are nearly identical
for oxygen but higher by 1–2 Hz for the heavier derivatives.
Interestingly, this indicates the tert-butyl substituted carbenes
are, compared to R=Me, slightly morep-acidic and slightly less
s-donating. The seemingly unintuitive result of a less donating
when a more electron-releasing alkyl group is present has
precedent – Ganter and coworkers20 revealed that the intro-
duction of one or two carbonyl groups in the backbone of N-
mesityl-substituted carbenes increased their s donor ability
relative to IMes.
Dimerization

Bulky N-substituents generally disfavour the dimerization of
NHCs to give electron-rich olens. In the case of imidazole-2-
ylidenes, aromaticity of the ve-membered ring also dis-
favours this process. For instance, the relatively unhindered
carbeneMe2im is not known to dimerize but rather decomposes
slowly via other pathways upon storage at −30 °C.31 However,
some imidazoline-2-ylidenes and benzimidazole-2-ylidenes
RSC Adv., 2023, 13, 16828–16836 | 16831
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Fig. 5 Experimental (top) and predicted (bottom) 77Se chemical shifts of the selone derivatives of carbenes – p acidity increases to the right.

Fig. 6 Experimental (top) and predicted (bottom) 77Se–13C spin–spin coupling constants of the selone derivatives of carbenes – s donor
strength increases to the left.
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with smaller substituents and/or less aromatic stabilization, are
known to dimerize. The interconversion of NHCs and other
cyclic carbenes and their dimer tetraaminoethylene derivatives
has been studied experimentally and theoretically. It is gener-
ally accepted that a proton-catalyzed pathway operates in most
instances as opposed to a direct one-step dimerization, however
the latter is possible in some instances.27,42

The smaller the singlet-triplet gap, the stronger the C]C
bond in the resulting carbene dimer, and hence the more
thermodynamically favoured dimerization will be.23,24 In the
context of the chalcogen-substituted NEHC carbenes, given
their small singlet–triplet gaps, the direct uncatalyzed dimer-
ization process is possible. Arduengo and coworkers reported
a stable thiazolylidene (featuring methylation on the backbone
and a Dipp substituent on nitrogen) which formed an anti-
conguration dimer when catalyzed by the protonated thiazo-
lium salt.4 In a previous report,17 dimerization energies for
NEHCs (E = O, S, Se) were estimated using a correlation
between D(E) of an isodesmic reaction of the carbene with
methane and the dimerization energy, predicting the dimers
are thermodynamically favoured.29 This approach accounts for
16832 | RSC Adv., 2023, 13, 16828–16836
only electronic factors, and estimates thermodynamic stability.
There have been no previous computational dimerization
studies on the entire series of group 16 NEHCs, nor any
including both kinetic and thermodynamic aspects of
dimerization.

Direct dimerization of NEHCs and Me2im was examined
using DFT, and a set of t-butyl-substituted NEHC ligands was
also examined to probe the effect of sterics at the nitrogen
centres. These tert-butyl analogues had computed HOMO–
LUMO gaps and vertical triplet excitation energies only slightly
lower (by ca. 0.5–1.5%) compared to the methyl-substituted
carbenes. Thus, their electronic structures are very similar,
and signicant differences in reaction energetics will be
reective of the effect of increased steric bulk at nitrogen. Both
E/Z stereochemical outcomes were studied for each carbene
(Scheme 2). One transition state was located for each reaction,
and their structures indicated a non-least-motion pathway for
each process. Using the intrinsic reaction coordinate method,
dimer structures were located from the transition states and
optimized, revealing that all (Z)-dimers had anti-orientations of
the ve-membered rings (oriented towards different faces of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The E/Z dimerization of NEHCs.

Fig. 7 Reaction Gibbs energy diagram for dimerization (kJ mol−1) of
Me2im and the NEHCs (centre) to give methyl- (left) or tert-butyl-
substituted dimers (right).

Table 4 Geometric data for dimerization transition states and dimers

NEHC

qTS qdimer

Me tBu Me tBu

MeN 49.2 17.4
(E)-O 2.8 0 0.2 0
(Z)-O 30 50.7 7.9 13.1
(E)-S 30.2 49.1 8.7 10.9
(Z)-S 63.5 54.4 8.7 9.1
(E)-Se 38.1 51.7 9.3 11.3
(Z)-Se 69.9 58.1 9.6 8.8
(E)-Te 89.3 53.7 10.1 11.9
(Z)-Te 74.3 82.9 10.4 9.2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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alkene), while the (E)-dimers were syn (oriented towards the
same face of the alkene). One of the studied NEHC dimers has
been previously experimentally observed: the sulfur (E)-dimer
with R=Me was crystallographically characterized by Arduengo
and coworkers.4 Compared to the experimental atomic coordi-
nates, the computed structure was very similar (RMSD of 0.126
Å for atomic coordinates of non-H atoms) indicating the suit-
ability of the computational methodology for structures of this
type.

The reaction energetics for the dimerization processes are
shown in Fig. 7. For Me2im, the dimerization is both kinetically
and thermodynamically disfavoured (DG‡ and DG° of +132 and
+25.7 kJ mol−1, respectively), consistent with the experimental
observation that this carbene does not form a dimer. For
NEHCs, the E dimerizations had, on average, lower activation
barriers by 11 kJ mol−1 and more negative reaction Gibbs
energies by 6 kJ mol−1. The two exceptions to this were for E = S
and R =Me, where the Z dimerization had a roughly equivalent
barrier to the (E) process (1.5 kJ mol−1 lower), and for E = O and
R = tBu, where the (Z)-dimer was ca. 10 kJ mol−1 more stable
(vide infra). Energetic differences between E and Z processes
were more pronounced for tert-butyl-substituted NEHCS and,
for a given NEHC, changing from methyl to tert-butyl substitu-
ents increased the reaction barrier by an average of 30 kJ mol−1

and decreased stability of the dimer relative to themonomers by
6 kJ mol−1.

The reaction barriers can be attributed to the energy
required to cause electronic reorganization of the carbenes, i.e.
disruption of p bonding and loss of aromaticity. This is evi-
denced by pyramidalization of the nitrogen centres and
lengthening of the carbene C–N and C–E bonds in the transition
states (Table 4). The tert-butyl-substituted derivatives require
more energy to pyramidalize the nitrogen centres and feature
more intra- and intermolecular steric repulsions in the transi-
tion state geometries, increasing their activation energies.
Whereas for the NEHC dimer products, the interplanar angles
between the two ve-membered rings are in the narrow range of
ca. 0°–13° (and 17.4° for the Me2im dimer), the transition state
values vary from ca. 0–89°, with the Z geometries generally
featuring higher angles than E.
d(C]C)TS d(C]C)dimer

ConformationMe tBu Me tBu

1.79 1.35 anti
1.94 1.91 1.33 1.34 anti
1.92 1.93 1.33 1.34 anti
2.01 1.94 1.34 1.34 syn
1.96 1.96 1.34 1.35 anti
2.06 2 1.34 1.33 syn
2 1.99 1.34 1.34 anti
2.14 2.08 1.34 1.33 syn
2.08 1.96 1.34 1.34 anti
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Table 5 Gibbs energies of reaction for eqn (1) and (2)

Ligand Me2im NOHC NSHC NSeHC NTeHC

DG
�
rxnð1Þ −104.1 −123.5 −138.2 −145.7 −153.6

DG
�
rxnð2Þa −121.7 −87.7 −61.2 −47.8 −34.2

a Where (E)- and (Z)-dimers are possible, the lowest DG of the two
reactions is reported (values were within 2–6 kJ mol−1 for isomers).

Table 6 Natural spin density (% of total) of NEHC–BH2 radicals

Ligand Me2im NOHC NSHC NSeHC NTeHC

SD(B) 55.9 48.0 38.8 36.3 33.2
SD(C) 10.9 20.7 20.4 21.8 22.8
SD(N) 15.4 17.3 17.8 17.6 17.4
SD(E) 15.4 12.0 20.5 21.6 23.0
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The C]C bond length of all the NEHC dimers were in the
narrow range of 1.33–1.34 Å, whereas the C/C distance in the
transition states varied from 1.91–2.08 Å (and was 1.79 Å for
Me2im dimerization). The methyl-substituted transition states
had longer distances by, on average, 0.04 Å. The bending of the
ve-membered rings out of the plane of the alkene to either syn
or anti congurations was also more pronounced for the bulkier
tert-butyl derivatives. For the E = O, R = Me dimers the devia-
tion from planarity was only slight, making the (E)-dimer higher
in energy than (Z) due to oxygen/tert-butyl group repulsive
interactions between the two rings, which are avoided in the
other NEHCS due to more substantial ring bending.

Overall, the thermodynamics of dimerization reveal that all
methyl-substituted NEHCs have a DG‡ ranging from ∼75–
100 kJ mol−1 and would consequently dimerize at room
temperature to give an E/Z mixture, favouring the (E)-dimer in
most cases. Dimerization would be rapid, except for the sulfur
derivative which has barriers near 100 kJ mol−1. Substitution
with tert-butyl groups has a stabilizing effect on the NEHCs and
is predicted to yield kinetically stable carbenes in all cases
(barriers > ∼95 kJ mol−1). Lower energy proton-catalyzed path-
ways are likely, and so experimentally prepared NEHCs should
be handled carefully under aprotic conditions. The dimers are
thermodynamically favoured in all cases, and none of the NEHC
dimers studied have thermally accessible monomers at
reasonable temperature via the studied pathway. These NEHC
dimers may in and of themselves be intriguing synthetic targets,
due to their possible use as organic electron donors akin to the
tetrathiafulvalenes.43
Stabilization of main group radicals

Given the predicted high p-accepting properties of NEHCs, they
may have utility to stabilize paramagnetic species via spin
delocalization onto the carbene ligand. To probe this possi-
bility, the ability of NEHCs to stabilize a main-group radical
system was also investigated. The species [NHC–BH2]c are
known to be generated by photolysis in the presence of a radical
initiator and are observable by EPR spectroscopy,44 and nd
utility in promoting radical reactions and polymerization
processes.45 While organosubstituted NHC–BR2 analogues can
be rendered persistent,46 the BH2 analogues rapidly decompose
in the absence of steric protection and/or increased delocal-
ization. While NEHCs have only one nitrogen substituent for
steric protection versus two in NHCs, the chalcogen atom is
expected to have a signicant effect on electronic stabilization
of radicals. To model the inuence of chalcogen substitution on
this class of compound, energetics were computed using Me-
substituted NEHCs and Me2im for boryl radical formation,
and dimerization of the boryl radical to a diborane, which has
been observed experimentally for monosubstituted systems
NHC–B(R)H,44 and during the reduction of NHC–BBr3.47 The
former process was modelled as the hydrogen atom abstraction
from the borane adducts of the ligands by tert-butoxide radical
(eqn (1)), while the latter was modelled as the dimerization of
two NEHC–BH2c radicals (eqn (2)).
16834 | RSC Adv., 2023, 13, 16828–16836
NEHC–BH3 +
tBuOc / [NEHC–BH2]c +

tBuOH (1)

2[NEHC–BH2]c / [(NEHC)BH2–BH2(NEHC)] (2)

The Gibbs energy changes (Table 5) for eqn (1) show that
hydrogen atom abstraction is more favourable for the chalco-
genated NEHC ligands versusMe2im, to an increasing degree as
the chalcogen size increases. Natural population analysis was
performed to analyze the spin density of the radical products
(Table 6). In all cases the spin density on N–C–E atoms and the
boron centre comprised >96% of the total spin. As chalcogen
size increases, spin density on boron decreases with a concom-
itant increase at the chalcogen atom, while the sum of the spin
densities on the carbene C and N atoms remains essentially the
same at ca. 38–40%. In the case of Me2im, over 55% of the spin
density resides on the boron atom, whereas for the NEHCs less
than half of the spin density is found at the B atom. The
tendency of the radicals to dimerize also decreases with
increasing chalcogen size, with DG° values for the NEHCs
ranging from ca. −88 to −34 kJ mol−1, cf. −122 for Me2im. The
NEHCs are thus feasible candidates for the stabilization of
paramagnetic species such as BH2, particularly for the heavier
Se and Te analogues and with a large substituent at nitrogen for
additional steric protection.

Conclusions

The rst computational study of a full series of chalcogenazol-2-
ylidene (NEHC) carbenes indicates they are attractive synthetic
targets with a number of potentially useful ligand properties.
While more likely to undergo dimerization than NHCs, the
species should be useable in situ, and stabilization by additional
steric protection, or the use of a silver complex as a transfer
agent may increase their utility. The simple and rapid compu-
tational model for carbene donor properties presented is
promising, and warrants validation using experimental data
from an expanded library of carbenes. The predicted weaker s
donor and stronger p acceptor properties of NEHCs compared
to commonly-used NHCs make them suitable for coordination
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to electron-rich metals, or for stabilizing paramagnetic main
group species. The NEHC dimers are also valuable targets as
possible sources of organic electron donors, organocatalysts,
and precursors to stable organic radicals. Experimental studies
of possible synthetic routes to NEHCs and their dimers are
currently underway.

Experimental section
Computational details

Geometry optimizations were performed with the GAMESS48

package without symmetry constraints utilizing the uB97X-D49

density functional, from starting coordinates calculated at the
Hartree–Fock level of theory. This hybrid meta-GGA functional
was used as it a generally strong performer for main group
thermochemistry.50 The triple-z basis set def2-TZVP51was used for
all atoms. For tellurium, the core electrons were modelled using
an effective core potential (ECP). Closed shell species were
modeled using the spin-restricted formalism, while open shell
species were modeled with the spin-unrestricted formalism.
Hessian calculations were performed to conrm the nature of all
stationary points as either local minima or maxima on the
potential energy surface, and to obtain thermochemical correc-
tions at standard conditions. Gibbs energies are calculated at 1
atm and 298.15 K. For reaction studies, transition states were
evaluated using the intrinsic reaction coordinate (IRC) method to
ensure they were connected to the proposed reactants and
products. Geometric analyses were performed on transition state
geometries using the Olex2 soware package.52 Interplanar angles
(q) are the minimum angles between the normals of the least-
squares planes for the ve ring atoms on each NEHC fragment,
when viewed down the C]C bond.

Natural bond orbital (NBO) calculations, including natural
atomic charges and natural atomic spin densities by Natural
Population Analysis (NPA), and donor–acceptor interactions
using second-order perturbation theory analysis of the Fock
matrix, were performed using the program NBO7,53 as inter-
faced with Gaussian16,54 at the same level of theory as the
geometry optimizations (uB97X-D/def2-TZVP).

NMR properties were evaluated with the ORCA55 package
(version 5.0.3) by rst optimizing geometries of the selenoureas at
the PBE/def2-TZVP level of theory, and then performing NMR
shielding and spin–spin coupling calculations including the zeroth-
order regular approximation (ZORA)56 using the PBE57 functional
and relativistically-contracted all-electron basis sets (SARC58 for
tellurium, and ZORA-def2-TZVP as implemented in ORCA for all
other elements). The Resolution of Identity approximation for
Coulomb integrals (RI-J) was used for ORCA calculations.
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D. B. Cordes, A. M. Z. Slawin, S. P. Nolan and L. Cavallo,
Chem. Sci., 2015, 6, 1895–1904.

38 D. Munz, Organometallics, 2018, 37, 275–289.
39 M. Tretiakov, Y. G. Shermolovich, A. P. Singh, P. P. Samuel,

H. W. Roesky, B. Niepötter, A. Visscher and D. Stalke, Dalton
Trans., 2013, 42, 12940–12946.

40 S. Roy, K. C. Mondal and H. W. Roesky, Acc. Chem. Res., 2016,
49, 357–369.

41 S. Kundu, S. Sinhababu, V. Chandrasekhar and
H. W. Roesky, Chem. Sci., 2019, 10, 4727–4741.

42 V. P. W. Böhm and W. A. Herrmann, Angew. Chem., Int. Ed.,
2000, 39, 4036–4038.

43 J. A. Murphy, J. Org. Chem., 2014, 79, 3731–3746.
44 J. C. Walton, M. M. Brahmi, J. Monot, L. Fensterbank,

M. Malacria, D. P. Curran and E. Lacôte, J. Am. Chem. Soc.,
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