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ABSTRACT: The dimerization reactions of a series of heterocyclic carbenes based on the 1,3-dimethylimidazol-2-
ylidene template were studied extensively using molecular orbital calculations. The carbenes studied were the 1,3-XY
five-membered ring heterocyclic carbenes with all 10 possible combinations of X,Y¼NCH3, PCH3, O and S. Two
different mechanisms for dimerization were studied: a direct carbene plus carbene dimerization reaction and a proton-
catalysed dimerization. The parent carbene with XY¼NN is found to be kinetically and thermodynamically stable
under both mechanisms, whereas XY¼NS is predicted to be kinetically stable under aprotic conditions. All
remaining carbenes were predicted to be not particularly stable towards dimerization. Indirect schemes for calculating
the stability of carbenes towards dimerization were found to give good estimates of the enthalpy of dimerization, but
do not take into account the activation barriers. Copyright # 2004 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

The problems associated with the isolation of free N-
heterocyclic carbenes were evident as early as the 1960s
when attempts were made by Wanzlick and Schikora to
isolate 1,3-diphenylimidazolin-2-ylidene. Although the
existence of the carbene was proposed via trapping
experiments, repeated attempts to isolate the stable free
carbene afforded the corresponding dimer as a result of
the carbene’s intrinsic high reactivity (Scheme 1).1

Resurgence in the heterocyclic carbene field sparked by
Arduengo et al.’s successful isolation of 1,3-diadamantyli-
midazol-2-ylidene2 led to the synthesis of a number of
carbenes stabilized by adjacent heteroatoms other than
nitrogen (Fig. 1).3–5 These ‘second-generation’ carbenes
appear less thermodynamically stable when compared with
the imidazol-2-ylidenes and therefore seem more prone to
dimerization. This problem has been overcome by seques-
tering the carbenic centre with steric bulk in order to
provide sufficient kinetic stability for isolation, a method
which has allowed the successful isolation of acyclic
diamino-, aminoxy- and oxythiocarbenes and also imida-
zolin-2-ylidenes and thiazol-2-ylidenes.3,4,6 Only through
appropriate protection, it seems, can carbene systems other
than diamino be isolated as ‘bottle-able’ species.

The thermodynamic susceptibility of N-heterocyclic
carbenes with regard to a number of simple intra- and
intermolecular substitution reactions has been compre-

hensively studied using theoretical methods and dimer-
ization found to be the most common factor preventing
the isolation of free carbenes.6–8 The alternative 1,2-
methyl shifts,8 1,2-hydrogen-shifts8,9 and alkyl CH in-
sertion10 have been found to be less thermodynamically
or kinetically favourable compared with dimerization.

Investigations attempting to establish the active catalytic
species in the benzoin condensation led to three proposed
pathways for carbene dimerization.11–17 The direct dimer-
ization and indirect proton-catalysed dimerization (via
addition or insertion) are illustrated in Scheme 2.

Direct carbene dimerization [Scheme 2 (i)] is regarded
as the most common mechanism for formation of the
dimer (see below). Chen and Jordan16 demonstrated via
NMR crossover experiments with thiazolium salts the
existence of an unsymmetric protonated dimer (5,
X¼NMe, Y¼ S) that supported the addition mechanism
of the proton-catalysed dimerization pathway [Scheme 2
(iib)]. Reinforcing the likelihood of an alternative to
direct carbene dimerization, Arduengo et al.3 noted that
dimerization of their bottle-able 3-diisopropylphenyl-
4,5-dimethylthiazol-2-ylidene proceeded smoothly in
the presence of trace amounts of protic acids, whereas
under aprotic conditions dimeric products could not be
detected on a time-scale of weeks. Further evidence for
rate changes of dimerization reactions in the presence of
protons is also available for diaminocarbenes.18

This is not to say that N-heterocyclic carbenes will not
dimerize in the absence of protons; in fact, equilibria
between benzoimidazol-2-ylidene and its corresponding
dimer (6) (Fig. 2) have been observed experimentally
under conditions that meticulously exclude proton
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impurities.19 No evidence for dimerization has been
observed for imidazol-2-ylidenes with the strength of
the internal C——C bond shown to be extremely weak,
even when the carbene units are constrained together via
a tether (7).20

Despite evidence that thiazol-2-ylidenes decompose
via a proton-catalysed mechanism and subsequent infor-
mation implying acid catalysis of some diaminocarbene
dimerizations, recent theoretical studies7,8,21,22 have ig-
nored this alternative pathway, opting only to study the
direct carbene dimerization route. Theoretical work on

direct carbene dimerization has attempted to correlate
various factors with the enthalpy of reaction. Singlet–
triplet splittings,7 isodesmic reaction schemes23,24 and
aromaticity7,8 have all shown a degree of correlation to
both the �H and Eact of dimerization. The absence of
a significant kinetic barrier to dimerization or a barrier
in accordance with Hammond’s postulate25 is usually
assumed.

In general, studies on heterocylic carbenes where
proton-catalysed dimerization is explored as an alterna-
tive to direct carbene dimerization have been lacking.8

Theoretical work based on simple acyclic diaminocar-
benes has referred to the possible involvement of protons
in dimerization,21 but there is no theoretical work at
present detailing proton-catalysed dimerization of cyclic
heterocyclic carbenes. Cheng and Hu7 performed the
only complete theoretical investigation of the direct
dimerization of imidazol-2-ylidene, reporting a barrier
of 19.4 kcal mol�1 (1 kcal¼ 4.184 kJ) and a reaction en-
thalpy of þ1.1 kcal mol�1. Nyulászi’s group23 have in-
vestigated the dimerization of thiazol-2-ylidene and
dithiol-2-ylidene using theoretical methods, although no
activation barriers were calculated.

Here the susceptibility of a series of five-membered
unsaturated heterocyclic carbenes to direct dimerization
was investigated [Fig. 3 (CB)]. The neighbouring atoms
were chosen as they are akin to those that have recently
been identified as stable species (Fig. 1). Additionally, the
reactivity of a subset of these carbenes (X,Y¼N, S and
O) was analysed with respect to proton-catalysed dimer-
ization and the results are compared with the direct route.

An assessment of the barriers and enthalpies of dimer-
ization via the two mechanisms was carried out using
density functional theory (DFT). Furthermore, the applic-
ability of indirect methods utilized in the recent literature
to estimate the susceptibility to dimerization was as-
sessed, with mixed results.

Scheme 1. Wanzlick’s and Schikora attempted carbene
isolation

Figure 1. Isolated carbenes showing diversity from diamino
substitution

Scheme 2. Dimerization pathways for free carbenes: (i)
direct carbeneþ carbene dimerization; (ii) proton-catalysed
dimerization [(iia) insertion mechanism and (iib) addition
mechanism]

Figure 2. Experimentally observed carbene dimers

Figure 3. The set of heterocyclic carbenes studied
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COMPUTATIONAL METHODS

All geometry optimizations were carried out at the
B3LYP26–28 density functional level of theory employing
a 6–31G(d)29 basis set. High-level energy calculations on
these optimized geometries were carried out at the
B3LYP level using a 6–311þG(2d,p)30–32 basis set and
include unscaled zero point vibrational energy (ZPVE)
corrections from frequency calculations at the lower level
of theory (giving �H0). Energies are discussed at the
B3LYP/6–311þG(2d,p)//B3LYP/6–31G(d)þZPVE le-
vel unless noted otherwise. Activation barriers (Eact) are
given as the difference between the energies of the
transition structure and precursor complex (Ets�Epc).
Singlet–triplet splittings were calculated using coupled
cluster methods33,34 at the CCSD(T)/6–311G(d,p)//
B3LYP/6–31G(d)þZPVE level using optimized geome-
tries for both the singlet and triplet species. <S2> values

for all the triplet species were acceptable, with the highest
value being 2.13 for the carbene containing P and S.

The nature of the stationary points was determined by
evaluating the Hessian matrix. All calculations were
carried out with the Gaussian 98 suite of programs.35

RESULTS AND DISCUSSION

Direct carbene dimerization

Geometries. The calculated geometries of the 10 sing-
let carbenes (CB, X,Y¼NCH3, PCH3, O and S) are
shown in Fig. 4. A subset of the molecules has been
published previously at both the MNDO36 and MP237

levels, and the results shown here are in satisfactory
agreement with the previously calculated geometries.
Experimental structures are available for NN and NS

Figure 4. Optimized singlet geometries of the XY heterocyclic carbenes (CB). Each molecule is shown from two perspectives
(top and end-on). Numbers shown in parentheses correspond to experimental structures: 1,3,4,5-tetramethylimidazol-2-
ylidene38 and 3-diisopropylphenyl-4,5-dimethylthiazol-2-ylidene3. (This figure is available in colour online)
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carbenes3,38 and the geometric parameters for the central
cores of the heterocycles calculated in the current
work are similar to the experimental values (shown in
parentheses).

While the majority of the 10 carbenes exhibit a planar
five-membered core, those heterocyclic carbenes that
contain phosphorus are buckled. Phosphorus prefers a
pyramidal conformation in each of the carbenes largely
as a result of its high inversion barrier in comparison with
nitrogen (PH3 35 vs NH3 6 kcal mol�1).39

The optimized geometries for the transition structure
(TS-DD) on the direct carbene dimerization pathway
[Scheme 2 (i)] for each of the 10 carbenes is shown in
Fig. 5.

The transition structure geometries all support the non-
least motion pathway approach of the two carbenes,
where the repulsion of lone pairs implicit in the least
motion (direct) approach is avoided and replaced by a
bonding electrophilic–nucleophilic interaction (Fig. 6).40

The non-least motion pathway also eliminates steric
interaction that would occur between exocyclic ring

substituents (i.e. methyl groups) inherent in the least
motion approach. Arduengo et al. have modeled the
dimerization of unsaturated N-heterocyclic carbenes via
the reaction of 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene with GeI2 and x-ray structural analysis of the
resulting adduct lends support to the non-least motion
pathway for singlet carbene dimerization.41

Approach of the two carbenes is not strictly perpendi-
cular to the plane of the carbenes. Whereas OO, SS and
SO do exhibit this high degree of symmetry (C2h, C2h and
Ci, respectively), the other transition structures show one
carbene attacking the other with a more side-on approach

Figure 5. Optimized transition structure geometries and point groups [B3LYP/6–31G(d)] on the direct dimerization pathway
(TS-DD). (This figure is available in colour online)

Figure 6. Carbene approach methods: (i) least motion; (ii)
non-least motion
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in order to minimize steric repulsion between the exo-
cyclic ring substituents.

The C(2)—C0(2) bond lengths in the transition struc-
tures vary in the range 1.79–3.52 Å. The cause of this is
likely to be predominantly electronic in nature, as those
heterocycles with minimal steric bulk (i.e. OO, SO and
SS) exhibit considerably longer bond lengths than the
sterically crowded NN transition structure. Alternate
transition structures for the PO, PS and NP carbenes
were located in which the methyl groups occupy different
positions (see Supplementary Material). The PO- and
NP-based structures contained two imaginary frequen-
cies unrelated to the dimerization reaction vector. One of
the additional PS transition structures located, while
lower in energy than that shown in Fig. 5, led to a less
stable dimer conformer on following the reaction vector
toward the product (see below).

The geometries of the dimer products are shown in
Fig. 7. In the cases where similar experimental structures
are available, the comparative geometric data are given in
parentheses. Calculated geometries are in good agree-
ment with the experimental data, but it should be noted
that the conformation of the experimental structure for

the NS dimer differs significantly from the calculated
conformer (Fig. 8, I). This thiazole-based dimer, obtained
by Arduengo et al.3 on dimerization of two carbene units,
is unsymmetrical in comparison with the NS dimer
shown in Fig. 7, with only one of the two nitrogen atoms
exhibiting sp3 hybridization. Strangely, this experimental
structure was easily located at B3LYP/6–31G(d) after
substitution of the backbone hydrogens (in NS-PRD) for
methyl groups (II). Hence it appears that there is a strong
structural dependence of the conformation of the NS
dimer on even the simplest backbone substitution. An
additional C2 symmetric NS dimer with methyl groups on

Figure 7. Optimized dimer geometries and point groups [B3LYP/6–31G(d)] (PRD). Numbers shown in parentheses correspond
to the average measurements in the experimental structures: bis(3,4,5-trimethylthiazol-2-ylidene)3 and tetrathiafulvalene42.
(This figure is available in colour online)

Figure 8. Experimental crystal structure for the NS dimer
[bis(3,4,5-trimethylthiazol-2-ylidene)] (I)3 and the corre-
sponding C1 minima located on the B3LYP/6–31G(d) PES
(II). (This figure is available in colour online)
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the backbone similar to that shown in Fig. 7 was also
found lying 0.46 kcal mol�1 below structure II, hence
crystal packing effects may also play a small role in
stabilizing the experimental structure I.

The dimer geometries all exhibit comparable C(2)—
C0(2) bond lengths of 1.35� 0.02 Å. Any deviation that
does exist in the bond lengths appears to be attributed to
steric strain, with those carbene units bearing two exo-
cyclic ring substituents (NN, NP and PP) having elon-
gated C—C bonds in comparison with those bearing one
or no exocyclic substituents. Nitrogen and phosphorus
both prefer to adopt non-planar (sp3) orientations, as has
been shown both experimentally3 and theoretically9 for
similar systems. Presumably this effect occurs in an
attempt to reduce steric repulsion between the nitrogen
and phosphorus exocyclic ring substituents.

In the cases where more than one geometric isomer of
the dimer could exist, calculations were performed on all
isomers to ascertain the lowest energy conformer. The
lowest energy isomers that were found all adopt similar
geometries, with the heteroatoms in opposing carbene
units trans to one another, R groups trans in the same
carbene unit and R groups cis on the same heteroatom
across carbene units (Fig. 9). Experimentally isolable
saturated analogues for both NN and PP dimers also
exhibit this exact conformation.43–45

All additional modelled conformations exhibited zero
imaginary frequencies implying true minima, whereas
dimers of other conformations exhibited one or more
imaginary frequencies, were higher in energy, or both.
The geometric data for the higher energy conformations
can be found in the Supplementary Material.

Direct dimerization potential energy surface. The
energies for the structures on the direct carbene dimer-
ization pathway [Scheme 2 (i)] are given in Table 1 and
expressed graphically in Fig. 10. The initial contact
between the two free carbene units results in a precursor
complex that is more stable than the separated reactants
at the optimization level of theory; however, single point
calculations at the higher level raise the energy of the
precursor complexes slightly above that of the reactants
when XY¼OO, SO and SS.

The dimerization of nine of the 10 XY carbenes is
exothermic although, based on previous �H and �G
calculations, entropy considerations are expected to dis-
favour dimerization by an additional 10 kcal mol�1.8,23

The dimerization enthalpy of the NN carbene is approxi-
mately thermoneutral at �0.7 kcal mol�1, a result which

Figure 9. Conformation of the lowest energy dimer
(X,Y¼NMe, O, S and PMe)

Table 1. Relative energies on pathway (i)a (direct
dimerization)

Precursor Transition Dimer
Reactants complex structure product

Carbene (RCT-DD) (PC-DD) (TS-DD) (PRD)

NN 0.0 �0.8 22.6 �0.7
NO 0.0 �3.1 9.1 �19.8
NP 0.0 �0.4 3.8 �67.0
NS 0.0 �1.3 13.7 �25.7
OO 0.0 0.3 3.2 �32.5
PO 0.0 �2.7 �1.1 �105.8
PP 0.0 �2.1 8.3 �97.0
PS 0.0 �2.7 5.0 �82.4
SO 0.0 1.0 2.4 �55.4
SS 0.0 0.4 9.4 �48.3

a All values are in kcal mol�1 and are relative to reactants.

Figure 10. Graphical representation of the direct carbene
dimerization potential energy surface (i)
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parallels findings using estimates obtained from both
direct7,8 and indirect9,23 computational methods. The
NN, NO, NS and OO carbenes are thermodynamically
more stable to dimerization than the remainder of the
carbene set, with reaction enthalpies more positive than
�32.5 kcal mol�1. The phosphorus-containing carbenes
exhibit the greatest thermodynamic driving force to
dimerization via the direct route, with their instability
likely to be associated with their expected lack of aro-
matic character as a result of sp3 hybridization of phos-
phorus in the free carbene. The large enthalpies of
dimerization exhibited by these less aromatic carbenes
agree with a number of reports that correlate
�H(dimerization) with aromaticity.7–9,23,46,47

The activation energies for dimerization (Eact) range
from almost non-existent (for SO and PO) to an appreci-
able 23.4 kcal mol�1 for NN (Table 2).

Recent studies comparing imidazol-2-ylidenes with the
less aromatic imidazolin-2-ylidenes have supported the
argument that, in addition to thermodynamic stability of
the product, high barriers to dimerization are also asso-
ciated with the aromatic character of the carbene.7,8

Increased aromaticity is associated with the increased
donation from adjacent groups into the formally empty p�
orbital, which reduces the electrophilic nature of the
carbene, a critical component in the dimerization path-
way.46,48 While in general this same trend is evident here
with the NP, PO and PS carbenes exhibiting low barriers
to dimerization, it fails to hold for the PP pathway, which
is non-aromatic but has an appreciable Eact of
10.2 kcal mol�1. This discrepancy may be attributed to
the increased steric bulk in the transition structure asso-
ciated with the four exocyclic methyl groups.

Estimating the tendency to dimerize via indirect
methods. The enthalpy of dimerization for heterocyc-
lic carbenes is available through a number of indirect
methods that avoid the overhead of large calculations on

the entire system. The isodesmic reaction scheme used by
Nyulászi et al.23 (Scheme 3, R1) and the bond dissocia-
tion energy24 (BDE) (Scheme 3, R2), which is based on
the carbene singlet–triplet splitting, both show excellent
correlation with the enthalpy of dimerization with R2

values of 0.99 and 0.93 respectively (Table 2 and Fig. 11).
This relationship demonstrates that these indirect meth-
ods are useful in estimating the enthalpy of dimerization
for the series of heterocyclic carbenes studied in this
work.

Despite this pleasing result, the likelihood of free
carbene dimerization cannot be assessed based on the
enthalpy of the reaction alone. The barrier to dimeriza-
tion (Eact) must also be taken into account when deter-
mining the likelihood of carbene dimerization, but the
indirect methods surveyed here fail to do this, instead
relying on Hammond’s postulate to estimate the barrier,
assumed to be inversely proportional to the reaction
enthalpy. Lack of correlation between �H and Eact for
the dimerization reactions (Fig. 12) shows that the
assumption of kinetic stability of carbenes based purely
on their thermodynamic stability to dimerization is not
always appropriate.

Table 2. Various properties of heterocyclic carbenes
(kcal mol�1)

Eact �H �H BDE
Carbene (dimerization) (dimerization) (R1)a (R2)b �Es–t

c

NN 23.4 �0.7 106.0 4.6 83.7
NO 12.2 �19.8 96.5 12.5 79.8
NP 4.2 �67.0 72.5 99.3 36.3
NS 15.0 �25.7 94.1 36.4 67.8
OO 2.8 �32.5 86.1 18.5 76.7
PO 1.6 �105.8 53.0 119.4 26.3
PP 10.4 �97.0 53.5 134.3 18.8
PS 7.7 �82.4 63.0 111.2 30.4
SO 1.4 �55.4 78.8 57.7 57.1
SS 9.0 �48.3 82.6 66.9 52.6

a Nyulászi et al.’s isodesmic reaction enthalpy (R1).23

b Bond dissociation energy (R2).24

c Singlet–triplet splitting (�Es–t¼Etriplet–Esinglet).

Scheme 3. Reaction schemes for indirect determination of
dimerization susceptibility

Figure 11. Correlation of BDE, �H(R1) and �Es–t with
enthalpy of dimerization
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In accordance with Hammond’s postulate,25 NN, NO
and NS carbenes exhibit late transition states, small
enthalpies of reaction and high barriers to dimerization
(23.4, 12.2 and 15.0 kcal mol�1, respectively). Despite
this, the relation between Eact and �H is not strictly
adhered to across the entire series of carbenes investi-
gated. This is not unexpected given that the steric bulk
across the series of carbenes varies markedly as we move
from the unsubstituted (OO, SO and SS) to monosub-
stituted (NS, NO, PS and PO) and disubstituted (PP, NP
and NN) carbenes. A case in point is dioxol-2-ylidene
(OO), which shows excellent thermodynamic stability
but only a small barrier to dimerization (2.8 kcal mol�1),
presumably owing in part to the lack of steric protection
of the carbene carbon. Large changes in the sterics of the
carbene7 along with significantly dissimilar transition
states49 have previously resulted in a non-conformity of
Hammond’s postulate for carbene dimerization reactions.
Prior studies where �H and Eact have shown good
correlation typically have very little variation of the
structures considered.7,8 In fact, Cheng and Hu7 only
achieved good correlation between �H and Eact after
outliers that contained considerable bulk were excluded
from the sample set.

In summary, although �H(dimerization) can be esti-
mated reasonably well based on the properties of the
carbene itself (i.e. �Es–t) and isodesmic reaction
schemes, Eact(dimerization) appears to be a function of
not only the electronic nature of the free carbene but also
the steric protection provided by the exocyclic groups,
making estimation of this quantity via indirect methods
more difficult.

Proton-catalysed dimerization

The alternative dimerization pathway proposed by
Metzger et al.11 [Scheme 2 (ii)] contains an intermediate
that can be formed through CH insertion [Scheme 2 (iia)]

or via nucleophilic attack on the carbene carbon [Scheme
2 (iib)].16 Despite rigorous searching of the potential
energy surfaces, no transition structures for the insertion
mechanism could be located for the carbenes studied
here. Although insertion of heterocyclic carbenes into
acidic CH bonds is commonly observed,50 the strongly
basic nature of the carbene51 means that formation of the
intermediate through CH insertion is unlikely. The con-
clusion that the intermediate is formed via addition rather
than insertion has been reinforced by experimental evi-
dence for thiazol-2-ylidenes and is generally accepted.16

As problems associated with the chirality of phos-
phorus would greatly complicate the potential energy
surfaces for these carbenes, and given the thermodynamic
instability of the phosphorus-containing heterocyclic
carbenes, the alternate dimerization pathway for
phosphorus-based carbenes was omitted.

Geometries. The initial step of the proton-catalysed
dimerization (PCD) pathway [see Scheme 2 (iib)] in-
volves the protonation of one carbene to form an -olium
salt. The initial precursor complexes located on the
potential energy surface are formed by a long-distance
interaction between the free carbene and the correspond-
ing -olium salt (Fig. 13). These C—H—C type com-
plexes have been isolated experimentally for the NN
precursor complex,52 with the experimental x-ray data
found to be in excellent agreement with the calculated
values. With the exception of the NO precursor complex,
all the encounter complexes exhibit the same C—H—C

Figure 12. Non-adherence to Hammond’s postulate

Figure 13. Precursor complexes (PC-PCD) on the proton-
catalysed dimerization pathway. (This figure is available in
colour online)
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hydrogen-bond geometry. On scanning from the transi-
tion structure toward the reactants on the NO potential
energy surface, an encounter complex was found that
closely resembled the transition structure. It is likely that
this low-energy minimum is facilitated by an additional
hydrogen-bonding interaction between a proton on the
methyl group of the oxazolium salt and the electronega-
tive oxygen in the carbene ring. This additional hydro-
gen-bonding interaction was not observed in any of the
other encounter structures.

The geometries of both the transition structures and
intermediates for the proton-catalysed dimerization path-
way are shown collectively in Fig. 14. No transition
structure for OO was found and no barrier between the
reactants and the intermediate was revealed in potential
energy surface scans.

The transition structure geometries are all similar and
are what might be expected from the attack of the carbene
lone pair on the formally vacant p� orbital of the C(2)
carbon of the -olium salt. The HC(2)—C0(2) bond
lengths in the transition structures range from 1.94 to
2.94 Å. As with the transition structures on the direct
dimerization pathway, the difference between these bond
lengths is likely to be predominantly electronic in nature,
with the sterically crowded NN transition structure ex-
hibiting a considerably shorter HC(2)—C0(2) bond length
than the unencumbered SO and SS transition structures.
The intermediate geometries clearly indicate that the
C(2) carbon of the -olium salt is sp3-hybridized as a
result of the attack by the approaching carbene lone pair,
whereas the nitrogen atoms of the salts in the nitrogen-
containing intermediates adopt a non-planar sp3 config-
uration as a result of disrupted electron delocalization.

Proton-catalysed dimerization potential energy
surface. All the carbenes show a thermodynamic ten-
dency to form the protonated dimer intermediate from the
carbene and salt (Table 3, Fig. 15). Given the strongly
basic nature of heterocyclic carbenes, this proceeds with
a large enthalpy of reaction (�H<�220 kcal mol�1)
reinforcing the notion that heterocyclic carbenes are
among some of the most powerful neutral Lewis bases
known.53 Based on the C—C bond lengths in the transi-
tion structures, the NN structure is late in comparison
with the others and shows the greatest barrier to forming
the intermediate (Eact¼þ15.9 kcal mol�1), in addition to
exhibiting a thermodynamic preference for the precursor
over the intermediate (þ4.2 kcal mol�1 when referenced
to ‘carbene plus salt’). Only NN and NS (9.1 kcal mol�1)
show a significant barrier to dimerization via the proton-
catalysed mechanism.

The considerable thermodynamic stability possessed
by the protonated dimer intermediates means that the
action of a strong base is required in order to abstract the
final proton to form the dimer. Any carbene present may
act as the base (Scheme 4), making the requirement of an
external base unnecessary in some cases.

The enthalpy of proton abstraction from the protonated
dimer intermediate by the corresponding free carbene is
shown in Table 4 (i.e. �H for the reaction shown in
Scheme 4). In addition to being related to the strength of

Figure 14. Transition structure (left) (TS-PCD) and inter-
mediate geometries (right) (INT-PCD) on pathway (iib)
Scheme 2. (This figure is available in colour online)
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the C—H bond in the intermediate, this energy is also
dependent on the proton affinity of the corresponding
carbene. For completeness, the calculated proton affi-
nities for all 10 carbenes studied in this work are provided
in the Supplementary Material.

The results in Table 4 clearly demonstrate that the SO
and SS intermediates, coupled with their analogous
carbenes, have a thermodynamic driving force that pre-
fers the dimer (�H¼�13.6 and �16.5 kcal mol�1, re-
spectively). Final proton abstraction in the NN carbene
case is unlikely (�H¼þ10.9 kcal mol�1) and the sig-
nificant barrier required initially to attain the dimer
(þ15.9 kcal mol�1) would probably prevent the proto-
nated dimer intermediate from being formed. Both of
these factors reinforce to make formation of the neutral
NN dimer unlikely.

Comparison of pathways

The carbenes that show considerable kinetic stability to
dimerization via the direct pathway (i.e. NN, NS and NO)
all exhibit lower activation energies in the presence of a
proton (Table 5).

In the presence of a proton catalyst, the activation
energy for dimerization of the NN carbene is reduced
from þ23.4 to þ15.9 kcal mol�1. Nonetheless, these
values suggest that NN carbenes are kinetically and
thermodynamically stable to both dimerization mechan-
isms. Experimental observations confirm this postulate,

Table 3. Relative energies for pathway (iib)a (Scheme 2)

Carbene Precursor complex TS (rel.)b Intermediateb Dimer
Carbene Reactants plus salt (PC-PCD) (TS-PCD) (INT-PCD) (PRD)

NN 0 �259.5 �275.4 �259.4 (þ15.9) �271.2 (þ4.2) �0.7
NO 0 �243.7 �260.0 �258.2 (þ1.8) �266.9 (�6.9) �19.8
NS 0 �248.8 �265.1 �256.0 (þ9.1) �272.9 (�7.8) �25.7
OO 0 �220.9 — — (� ) �253.6 (� ) �32.5
SO 0 �233.1 �251.2 �248.8 (þ2.4) �274.9 (�23.7) �55.4
SS 0 �234.9 �250.5 �245.0 (þ5.5) �266.7 (�16.2) �48.3

a Energies are in kcal mol�1 and are referenced to the reactants.
b Values in parentheses denote the energies relative to the precursor complex.

Figure 15. Graphical representation of dimerization ener-
gies on pathway (iib), *No transition structure was found for
the OO pathway (see text)

Scheme 4. Deprotonation of the protonated dimer inter-
mediate by its corresponding carbene

Table 4. Enthalpy of proton abstraction from intermediate
relative to proton affinity of the carbene (Scheme 4)

Carbene �Habstraction (kcal mol�1)

NN 10.9
NO 3.3
NS �1.6
OO 0.1
SO �13.6
SS �16.5
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with no recorded observations of dimer formation from
free imidazol-2-ylidenes. Indeed, in the presence of
hydrogen ions, non-tethered carbenes form a carbene–
H–carbene adduct in preference to the dimer.52

The presence of protons lowers the activation energy of
NS dimerization by 5.9 kcal mol�1 to þ9.1 kcal mol�1. It
is possible, then, that otherwise stable NS carbenes may
form the corresponding dimer in the presence of protons,
a phenomenon that has been demonstrated experimen-
tally by Arduengo et al.3

It is not surprising that heterocyclic NO carbenes are
yet to be observed, given the low barrier to direct
dimerization (12.2 kcal mol�1) and, in particular, to pro-
ton-catalysed dimerization (þ1.8 kcal mol�1), calculated
here. SS, SO and OO carbenes all exhibit a lack of kinetic
stability with respect to both dimerization mechanisms
and have an increased thermodynamic driving force for
dimerization.

It is important to note that experimentally these reac-
tions will probably only occur in a solvent, and the
characteristics of this solvent may have a profound effect
not only on the barrier to dimerization, but also on which
pathway is preferred. Reaction mixtures that rigorously
exclude protons will undergo dimerization only via a
direct mechanism, if at all. Experimentally, Hahn et al.
observed this with the dimerization of benzoimidazol-2-
ylidenes under conditions where trace Lewis acid impu-
rities are meticulously excluded.19 In protic solvents or
systems where the protonated form of the carbene is
available, both direct and proton-catalysed dimerization
mechanisms may be possible, with the preferred mechan-
ism likely to be determined by the polarity of the solvent.
A preference for proton-catalysed dimerization may
occur if the ionic transition structure is stabilized with
respect to the reactants—most likely in a highly polar
solvent, although exact susceptibilities can be accurately
estimated only via computational methods where solva-
tion effects are explicitly calculated.

Steric protection of the carbene centre via the intro-
duction of large exocyclic substituents at nitrogen may
increase the kinetic stability of a nitrogen-containing
heterocycle. This approach has allowed the successful
isolation of a number of carbenes that may otherwise
have dimerised.3,4,6 It is unlikely that we will ever
observe SS, SO and OO heterocyclic carbenes owing
to the inherent lack of kinetic and thermodynamic stabi-
lity unless elaborate steric protection for the carbene
carbon is incorporated at the 4- and 5-positions of the
ring.

CONCLUSIONS

The dimerization pathways for X,Y heterocyclic car-
benes have been investigated using density functional
theory. Imidazole-based (NN) carbenes show thermody-
namic stability and a kinetic barrier to dimerization in
both of the pathways investigated. Thiazole-based (NS)
carbenes show stability in aprotic conditions but dimer-
ization becomes more likely in the presence of hydrogen
ions. Phosphorus-containing carbenes are predicted to
have low barriers to dimerization and have an increased
thermodynamic tendency to form the dimer product,
probably owing to the sp3 hybridization of phosphorus
in the free carbene preventing aromatic stabilization.
Carbenes that lack exocyclic ring substituents (SO, OO
and SS) have low barriers to dimerization via both path-
ways, with OO showing no barrier to proton-catalysed
dimerization.

In agreement with previous investigations,16 proton-
catalysed dimerization is found to proceed via an addition
rather than an insertion mechanism. Whether or not the
protonated dimer intermediate is observed experimen-
tally relies on the relative proton affinities of the free
carbene and the protonated dimer. Observation of the SO
and SS protonated dimer intermediates is unlikely, given
the ease of proton abstraction from the respective proto-
nated dimer by the corresponding free carbene.

The proposed methods for indirectly predicting the
dimerization enthalpy extend well across the series of
heterocyclic carbenes studied here. Caution must be
exercised when suggesting that the kinetic stability of
the carbene to dimerization can be assessed using indirect
methods such as isodesmic reaction schemes and aroma-
ticity. Owing to steric differences in the range of carbenes
considered, the Hammond postulate is not strictly ad-
hered to and as a consequence the barrier to dimerization
cannot be adequately estimated.

In polar solvents, both the proton-catalysed and direct
dimerization mechanisms may be responsible for produ-
cing the final dimer with the preference depending on the
nature of the solvent. The ionic nature of the proton-
catalysed transition structure is likely to be stabilized
in highly polar solvent systems and, in the presence
of protons or protonated carbene species (i.e. -olium

Table 5. Comparison of activation energies for both
pathwaysa

Carbene Eact(DD)b Eact(PCD)c �Hdimerization

NN 23.4 15.9 �0.7
NO 12.2 1.8 �19.8
NP 4.2 — �67.0
NS 15.0 9.1 �25.7
OO 2.8 0.0d �32.5
PO 1.6 — �105.8
PP 10.4 — �97.0
PS 7.7 — �82.4
SO 1.4 2.4 �55.4
SS 9.0 5.5 �48.3

a All energy values are in kcal mol�1.
b Free carbene dimerization activation energy [pathway (i)].
c Proton-catalysed carbene dimerization [pathway (iib)].
d No barrier could be found for this dimerization reaction (see text).
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salts), a preference for proton catalysed dimerization is
expected.

Supplementary material

Computational details for all structures (Cartesian coor-
dinates energies, and the number of imaginary frequen-
cies) and calculated proton affinities for the 10 carbenes
studied in this work are available in Wiley Interscience.
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