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Oxazol-2-ylidenes. A new class of stable carbenes?t
Zsolt Kelemen,* Oldamur Holléczki,2® Julianna Olah® and Laszlé Nyulaszi*®

The investigation of the stability of several imidazol-2-ylidene analogue cyclic carbenes by an isodesmic
reaction has revealed that the hitherto unknown oxazol-2-ylidene exhibits only slightly smaller stability
than imidazol-2-ylidene, outperforming some of the already synthesized carbenes. Selenazol-2-ylidene
also shows significant stability. The contribution of aromaticity to the stabilization has been analysed for
the different five-membered ring carbenes, and was found to be relatively small for the oxygen containing
systems. Investigation of possible reactivity/decomposition pathways reveals that properly substituted
oxazol-2-ylidene is stable against dimerization. The thermodynamically feasible cycloreversion reaction
yielding isocyanate and acetylene is prevented by a significant barrier, and furthermore with proper
substitution (ring annellation) the ring can be stabilized thermodynamically as well. While in the presence
of water a hydrolytic ring opening occurs; this reaction can be hindered if the water content of the
reaction mixture is reduced to a few equivalents. This hydrolytic behaviour as well as the electrophilicity
and nucleophilicity indices of several known nucleophilic carbenes were compared, revealing that oxazol-
2-ylidene exhibits a reduced nucleophilicity with respect to imidazol-2-ylidene, while its electrophilicity is
only slightly increased. This unique combination might result in unexpected (organo)catalytic activities,

www.rsc.org/advances

Introduction

The chemistry of stable carbenes® has been flourishing in the
past decades. Apart from their unusual structure, the interest
is generated by their catalytic applicability in various organic
and organometallic reactions. As ligands they can fine-tune
the activity of transition metal catalysts,” furthermore, they
can mimic?® transition metals and can be powerful organoca-
talysts. !>

Perhaps the most widely investigated carbenes are imida-
zol-2-ylidenes (1) - see Scheme 1, which exhibit remarkable
stability: these compounds can be kept for years under inert
atmosphere, and the first synthesized example could even be
molten at ca. 240 °C without any decomposition.”

This stability can be attributed to the effective m-electron
donating character of the nitrogen atoms, and also to the
6m-aromaticity, which brings an additional stabilization of
about 10 kecal mol™,° contributing to their reduced reactivity,”
and affecting their catalytic activity.® The significant stabiliz-
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further expanding the colourful applications of NHCs.

ing effect of amino groups at the hypovalent center prompted
the synthesis of further diaminocarbenes, such as imidazoli-
dine-2-ylidene’ (2), triazol-2-ylidene'® (3) and also a stable non-
cyclic bisdiisopropylaminocarbene (4).'" Despite the apparent
dominance of nitrogen substitution in stabilizing the car-
benes, some derivatives could also be synthesized with two
significantly flattened'* phosphorus™® (5) which also benefit
from aromaticity,"* or most remarkably, derivatives could be
synthesized with a nitrogen and a chalcogen atom, like thiazol-
2-ylidene® (6) and non-cyclic aminothio-'® and aminooxycar-
benes'® (7 and 8). Even cyclic (alkyl)(amino) carbenes (CAAC)
are known."”
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Scheme 1 n-electron donor stabilized carbenes.
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Scheme 2 Isodesmic reaction to estimate the stability AE(carvene) Of a carbene.

To estimate the (thermodynamic) stabilization of carbenes,
an isodesmic reaction I (Scheme 2) has been applied,'®
exhibiting more than AEarpene) = 90 keal mol ™~ stabilization
for each of the known synthesized carbenes. Furthermore
AE (carbene) has been shown to exhibit excellent correlation with
the dimerization energy of carbenes.'® Very recently, we have
shown'® that N-methyloxazol-2-ylidene exhibits 96.1 keal
mol™" (B3LYP/6-311+G**) AE(carbene) Stabilization, exceeding
the 92.4 kcal mol™" value for the analogous thiazol-2-ylidene
(6) derivative. Similar conclusions were obtained in a different
study, in which a singlet-triplet gap of 75.8 kcal mol " (B3LYP/
6-311+G**) was reported®® for oxazol-2-ylidene (9) that is only
slightly lower than the corresponding value for imidazol-2-
ylidene (83.0 kcal mol™* at the B3LYP/6-311+G**//B3LYP/6-
31G* level).*" It was also surmised that oxazol-2-ylidene (9)
benefits from 6mn-aromatic stabilization, although this effect
has not been quantified comprehensively.”® Considering these
indications of stability, and particularly in the light of the
stability of 8, it is surprising that known chalcogen-substituted
N-heterocyclic carbenes (NHCs) are limited to thiazol-2-ylidene
(6),">** and no free derivatives of oxazol-2-ylidene (9) have
been prepared yet, although its complexes with transition
metals®® and BPh,;** are known. To assess the overall stability
of a carbene, however, not only thermodynamical aspects,>
but possible chemical decomposition reactions should also be
considered. The computational investigation of the cyclorever-
sion of cyclic dioxocarbenes®® to ethyne and carbon dioxide
(Scheme 3) revealed an exothermic reaction, with a low (8.8
kcal mol ™" MP2/6-31G**) barrier. This finding might indicate
the tendency of cyclic chalcogen-substituted carbenes to
decompose as a possible reason for the lack of success in
synthesis of the derivatives.

On the other hand, carbon disulfide can react with
strained®”“ or electron-deficient®’? acetylenes at high tempera-
ture or under high pressure yielding 1,3-dithiolium carbenes,
which can be trapped by the substrate, or dimerize to
tetrathiafulvenes (Scheme 4).”” The reaction of carbon
disulfide with #BuCP was also shown to proceed via the
cycloaddition intermediate.*® While for some 1,3-heterocumu-
lenes the cycloreversion was investigated and the stability of
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Scheme 3 Decomposition reactions of dioxol-2-ylidene and dioxolidin-2-yli-
dene.
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Scheme 4 Reaction between acetylene and carbon disulfide (R: electron
withdrawing group e.g. CFs).

nitrogen-containing rings was established, in that study®’
neither oxazol-2-ylidene (9) nor selenazol-2-ylidene (10) was
considered. Changes in the carbenes’ stability might trigger
changes also in their catalytic activity. We have recently
demonstrated'® that the Breslow-intermediate - which is a key
intermediate in many organocatalytic reactions (e.g. in the
benzoin condensation) - possesses superior stabilization with
thiazol-2-ylidene catalysts compared to other NHCs, affecting
the catalytic activity. Also N,N’-diamidocarbenes (DAC) are
engaged in reactions associated with electrophilic carbenes.*”
Furthermore, even the substituents on the nitrogen of the
NHC were shown to affect the catalytic effect significantly.*' In
light of these results the design of new stable carbenes is of
great importance in order to broaden the number of available
catalysts, which might aid in choosing the most proper (and
selective) one for a given reaction. As shown above, little is
known about the stability of chalcogen-substituted
N-heterocyclic carbenes, despite the apparent stability of the
open-chain analogues. Thus, the aim of the present computa-
tional study is to explore the stability and reactivity of these
species in detail, with a special emphasis on oxazol-2-ylidene.

Computational methods

Unless otherwise stated, all calculations were carried out with
the Gaussian 03 program package,** using the B3LYP hybrid
functional in conjunction with the 6-311+G** basis. Full
geometry optimizations were performed for all molecules,
and harmonic vibrational frequencies were calculated at the
same level of theory to establish the nature of the stationary
points obtained, as characterized by none or a single negative
eigenvalue of the Hessian for minima and transition struc-
tures, respectively. Intrinsic reaction coordinate (IRC) calcula-
tions were started to locate the corresponding minima.
Nucleus-independent chemical shift (NICS) values®® were
calculated as the negative of the magnetic shielding at the
geometric centre of the ring (NICS(0)) and also by 1 A above the
plane of the ring atoms (NICS(1)). Bird indices®* (BI) were
determined from the Gordy bond orders*” of the ring using the
bond distances of the simplest single- and double-bonded
compounds (CH3;-CHj;, CH,=CH,, CH3;-NH,, CH,=NH, CH;-
OH, CH,=0, CH;-SH, CH,=S, CH;-SeH, and CH,=Se) calcu-
lated at the same level of theory as the references.
Isomerisation stabilization energies (ISE, Scheme 5)*° were
calculated as an energetic measure of aromaticity.
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Scheme 5 Isomerisation stabilization energy reaction.

In order to verify our results, certain calculations were also
performed at the B3LYP/aug-cc-PVTZ and MP2/6-311+G**
levels of theory. To calculate (gas phase) Gibbs free energies
the computed harmonic frequencies were used at 298 K and 1
atm. In order to get a deeper insight into the factors
determining the reactivity of the investigated carbenes, we
employed conceptual DFT indices,”” originating from the
ground state electron density of the molecules, to estimate
their hardness, electrophilic and nucleophilic characters.
Pérez showed®® that a good qualitative agreement existed
between the theoretical and experimental philicity of carbenes
by comparing the electrophilicity index of singlet carbenes to
the experimental Moss scale,
model of carbene addition to simple alkenes. Similarly, in a
study of the divalent silicon and germanium analogues of
carbenes, the electrophilicity index has been shown to be a
valuable tool in assessing the reactivity of the compounds.*®
The electrophilicity index (w, eqn (1)) is calculated as

which is based on a kinetic

2
o= 5—}7 (1)
where g is the chemical potential*' (eqn (2)) and 5 is the

chemical hardness** (eqn (3)) of the molecule.
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As direct evaluation of these indices is not straightforward
we used two finite differences approaches,> commonly
applied in the literature, based on the ionization energy (IE)
and electron affinity (EA) of the molecules, and on their
approximations based on Koopman’s theorem.*? As the trends
obtained from the two formulas were identical, only results
based on orbital energies are presented here, while the rest of
the data are given in the SI. The nucleophilicity index (N) has
been calculated as the energy difference between the HOMO
energy of the compound and that of tetrachloretylene
(Exomo(rcr), €qn (4)) as was proposed by Domingo et al®?
and was successfully used earlier for carbenes as well:**

N = eéqomo — €HOMO(TCE) (4)
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Fig. 1 Stabilities of heterocyclic carbenes (AE(carbene) [keal mol™ ") for different X
and Y ring heteroatoms.

Results and discussion

First, the thermodynamical stability has been evaluated for
five-membered, chalcogen-substituted using
AE(carbene), to find possible target molecules for synthesis. In
Fig. 1. the B3LYP/aug-cc-PVIZ stability of the investigated
saturated and unsaturated carbenes are presented, while the
MP2/6-311+G** and B3LYP/6-311+G** data are compiled in
Table S1 in the ESLt

These results show the decreasing stabilizing effect of the
heteroatoms in the order of N > O > S ~ Se. Oxazol-2-ylidene
(9) exhibits the second largest stabilization energy (98.5 and
100.7 kcal mol " at the B3LYP/aug-cc-pVIZ and MP2/6-
311+G** levels, respectively), exceeding the stabilization of
some already synthesized carbenes, such as 2 and 6 (96.2 and
95.5 kecal mol ™" at B3LYP/aug-cc-pVTZ, respectively). It should
also be mentioned that the stabilization of selenazol-2-ylidene
10 is similar to that of its sulphur analogue (6). All the
unsaturated compounds exhibit higher AEcarpene) values than
their saturated counterparts, showing the stabilizing contribu-
tion of aromaticity. The difference in AE(arpene) Values of the
saturated/unsaturated pairs varies between 6 and 14 kcal
mol ™" (at B3LYP/aug-cc-pVIZ) and 6 and 18 kcal mol™" (at
MP2/6-311+G**). This indicates that the extent of aromaticity
is influenced by the heteroatom, therefore we decided to
investigate the aromaticity of the unsaturated systems in more
detail. The largest®® aromaticity is exhibited by imidazol-2-
ylidene (1) according to the different measures BI (60), ISE
(—14.4 keal mol™") and NICS(0) (—13.0 ppm) NICS(1) (—10.1
ppm) (Table 1), indicating considerable cyclic delocalisation as
noted before.® Gradual substitution of the nitrogen(s) by other
heteroatoms results in a decrease of the aromaticity in the
order of N > S > Se ~ O. Accordingly, the energetic measure
of aromaticity also shows the rather small (ISE —9.6 kcal
mol !) but still non-negligible**” aromatic stabilization of
oxazol-2-ylidene in line with the rather small (6.8 kcal mol '~
Table S1, ESIt, Fig. 1) difference between the saturated and
unsaturated AE(carbene) Stabilization energies. It is worth
noting that from the investigation of the magnetic suscept-
ibilities of 1, 6 and 9, the smallest aromaticity was also found
for 9.%¢

carbenes

This journal is © The Royal Society of Chemistry 2013
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Table 1 Aromaticity measures: NICS(0) and NICS(1) (in ppm), Bird Index (BI), and
ISE values (in kcal mol™") for the unsaturated carbenes. Electrophilicity (o in au)
and nucleophilicity (N in au) indices for all investigated carbenes

View Article Online

Table 2 The energy (AE), Gibbs free energy (AG), activation energy (AF*) and
activation Gibbs free energy (AG") (at the B3LYP/6-311+G** level) of the
cycloreversion reactions in kcal mol™’

x "y x "y x "y Xy

\—/ _/ Carbene \—/
X Y NICS(0) NICS(1) BI ISE o N o N X Y AE AE*  AG AG" AE AE"  AG AG"
NH NH -13.0 —10.1 60 —14.4 0.0558 0.0509 0.0555 0.0561 ~NH NH —1.3 350 -182 30.7 321 70.7 14.0 63.1
NH § -13.0 —10.6 56 —12.6 0.0838 0.0313 0.0703 0.0408 NH S —-12.8 20.7 —287 17.6 162 49.6 —0.3 44.7
NH Se —12.0 —9.6 54 —11.1 0.0926 0.0344 0.0751 0.0441 NH Se —10.6 20.6 —26.5 17.6 167 48.2 0.3 43.4
NH O —122 —9.8 41 —9.6 0.0686 0.0244 0.0637 0.0395 NH O  —27.1 18.0 —42.5 149 —1.3 437 —17.8 38.3
S S -—166 —11.9 53 —13.3 0.1318 0.0158 0.1333 0.0249 S S —271 67 -393 54 —17 303 —14.6 27.5
S Se —13.4 —11.3 51 —11.9 0.1417 0.0168 0.1419 0.0265 S Se —24.2 6.6 —34.0 5.4 0.0 294 -—-10.5 26.7
Se Se —12.7 —10.8 50 —11.3 0.1507 0.0166 0.1524 0.0289 Se Se —21.4 6.6 —32.8 4.7 1.7 287 —104 26.1
O O -—123 -9.6 28 —87 0.0963 0.0039 0.0768 0.0152 O O  —547 7.7 —654 6.0 —352 26.6 —46.6 23.5
S (0] —11.6 —10.3 41 —-11.1 0.1170 0.0175 0.1020 0.0322 S (0] —47.3 5.7 —57.4 41 -—-24.3 26.2 —349 233
Se O —102 —9.5 37 —10.6 0.1270 0.0235 0.1095 0.0375 Se O  —455 53 =552 3.6 —23.8 245 —33.8 217

From the analysis of the effect of the carbene substituents
and the aromatic stabilization it can be concluded that the
exceptional stability of imidazol-2-ylidenes is mainly due to the
favourable stabilizing effect of the nitrogen substituent on the
carbene, supported further by aromaticity.® Interestingly,
although the oxygen substituent brings a significant stabiliza-
tion in the case of oxazol-2-ylidene, this heteroatom con-
tributes to the aromaticity to a smaller extent only. In this
respect it is worth pointing out the analogy with the well-
known trend in the aromaticity of five-membered heterocycles,
namely that the aromaticity of furan is also significantly
reduced with respect to pyrrole and thiophene.”” Clearly, the
stabilization of the m-type lone pair ionization energy with
respect to its saturated counterpart is the smallest for furan in
the series of common five-membered heterocycles.*® A further
important factor from the point of view of the carbene stability
is its propensity for dimerization. While the Gibbs free energy
for the dimerization of 6 is —22.1 kcal mol™?, for 9 it amounts
only —12.2 kcal mol~". The reduced dimerization energy of the
(unsubstituted) 9 with respect to 6 is in accordance with the
increased AE(carbene) Value, and also with our previous results
on the good correlation of these quantities."® The N-methyl-
derivative of oxazol-2-ylidene 9, however, has only —6.8 kcal
mol~ ! dimerization Gibbs free energy, showing that the
N-substitution, even by the small methyl group, significantly
reduces the propensity of dimerisation. Since N-substituted
derivatives of 6 (which are less stabilized than 9) are known to
exist in monomeric form,"”” among N-substituted oxazol-2-
ylidenes several derivatives (see below) should exist in
monomeric form. A further important chemical transforma-
tion, the 1,2-hydrogen shift resulting in oxazol from 9, has
been shown earlier to proceed via a high barrier, which has
further increased for the synthetically most interesting alkyl
substituted systems.?°

The fragmentation of oxazol-2-ylidene to acetylene and an
isocyanate by a cycloreversion, however, may occur and this
reaction is also entropically favoured. Indeed, some of the
studied reactions are exergonic, but not exothermic (Table 2).

This journal is © The Royal Society of Chemistry 2013

The stability against cycloreversion drops significantly for the
saturated compounds. The reaction proceeds via a concerted
pathway (we were not able to locate transition structures for a
stepwise reaction for imidazol-2-ylidene, or for oxazol-2-
ylidene). Nevertheless, the barrier in the case of the cyclic
saturated diaminocarbene 2 is large enough to prevent the
decomposition reaction in agreement with its synthesizability.
Again, the saturated compounds have much lower decomposi-
tion barriers than their unsaturated counterparts (Table 2),
and alkenes and isocyanates have been obtained from
transient oxazolidin-2-ylidenes in agreement with this.*’
Apparently, the effect of the heteroatoms on the cycloreversion
differs from that observed for AE(carbene)-" In the case of the
cycloreversion reaction nitrogen containing compounds still
exhibit the largest stability, however, sulfur (and selenium)
containing systems are less prone to cyclorevert than their
oxygen analogues. For oxazol-2-ylidene 9 the cycloreversion
reaction is exergonic. Nevertheless, the calculated 38.3 kcal
mol ! barrier of the concerted reaction is large, and thus we
can conclude that this compound is synthesizable. It is also
noteworthy that for selenazol-2-ylidene 10 the exothermicity
and the significant barrier of the reaction are comparable to
those of the known sulfur analogue.

Since the substituents on the nitrogen and the carbon
atoms have some apparent effect on the stability®® and
reactivity’" of carbenes, we examined the effects of substitu-
ents on oxazol-2-ylidene 9 and on selenazol-2-ylidene 10. For
the substitution at the nitrogen the bulky adamantyl, mesityl
and supermesityl groups have been chosen, which provide
extra steric shielding for the carbene centre (Table 3). These
nitrogen substituents result in slightly increased stabilization
energies, similar to our previous observations in case of
pyridine-2-ylidene.®® 1t should be emphasized again that the
effect of the steric shielding - which also contributes to the
prevention of dimerization - is not included in the AE(carbene)
energies, thus, the real stabilization should be larger. At the
ring carbon atoms (positions 4 and 5), however, the size of the
substituent is likely to be less important; thus, groups with

RSC Adv., 2013, 3, 7970-7978 | 7973
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Table 3 Effect of substitution on the carbene stabilization (AE(carbene)), reaction energy (AE), reaction Gibbs free energy (AG), activation energy (AE*) and activation
Gibbs free energy (AG") of the cycloreversion reactions of oxazol-2-ylidene and selenazol-2-ylidene in kcal mol™". Me: methyl, Mes: mesityl, Mes* supermesityl (2,4,6-

tritert-butylphenyl), Ad: adamantyl

R (@] Se
R1\N/\X
R, Rg
R, R, R, AE arbene AE AE? AG AG? AE ebene AE AE* AG AG*
H H H 96.1 —1.3 43.7 —17.8 38.3 92.3 16.7 48.2 0.3 43.4
Me H H 99.8 1.5 45.2 —15.5 39.4 93.1 14.1 46.8 -4.1 43.1
Mes H H 100.8 —4.5 41.1 —20.5 36.0 93.1 7.0 42.5 -9.2 38.5
Mes* H H 102.6 -10.3 40.5 —29.0 35.6 93.1 2.6 40.9 -15.2 36.8
Ad H H 101.2 —2.2 44.0 —19.4 39.2 94.8 9.1 44.1 —5.6 39.8
H cl cl 95.0 2.7 47.8 —13.2 42.8 89.9 22.1 54.6 6.1 50.2
H BH, BH, 93.4 —14.1 26.3 —31.5 23.0 87.0 1.6 26.6 —-15.9 23.3
H CH, CH; 98.7 —4.6 44.3 —22.5 39.4 92.1 9.2 47.0 —8.6 43.0
H CF; CF, 92.6 -1.4 39.1 —18.5 34.8 88.9 17.5 42.7 -0.9 37.5
H NH, NH, 95.3 -1.1 46.0 -17.9 41.7 88.9 13.9 52.4 -3.0 47.4
H \ / 91.7 43.6 56.9 25.9 50.7 87.7 61.2 67.3 43.4 60.8
H \__/ 96.1 34.8 55.2 16.6 48.7 91.0 51.6 62.0 33.4 55.9

different electronic nature (boro, methyl, trifluoromethyl,
chloro, amino) have been selected. Similarly to the minor
influence of substitution at the nitrogen, substituents at the
carbon atoms in positions 4 and 5 exerted also a small effect;
only the strong m-electron withdrawing groups (-BH, and
-CF;) resulted in a few kcal mol ™" decrease of the stability of
the carbene (Table 3). Thus, the effect of the substituents on
the AE(arbene) Stabilization of oxazol-2-ylidene 9 (and its
selenium analogue 10) is minor.

The position of the substituent has a significant effect on
the cycloreversion reaction. While substitution at the nitrogen
has a small impact (except for the bulky supermesityl group),
having the substituent at positions 4 and 5 significantly effects
both the reaction energy and the barrier (Table 3). For the
boro-substituted derivates of oxazol-2-ylidene 9 and selenazol-
2-ylidene 10 the cycloreversion reaction is more exothermic
than for the parent carbenes, and also the reaction barrier is
reduced. Ring anellation and condensation have an important
effect on the reaction. First, the kinetic hindrance of
cycloreversion increases significantly; furthermore, the reac-
tion becomes endothermic due to the formation of the ring-
strained cyclohexyne or benzyne, while the carbene stabiliza-

R

’

R
Oy Cry
o>' se

11 12

Scheme 6 The most suitable targets for synthesis (R: bulky substituent e.g.:
adamantyl or mesityl.

7974 | RSC Adv., 2013, 3, 7970-7978

tion energy exhibits only a small decrease.”’**>*" Thus the
most stable synthetic targets as free carbenes are 11 and 12
(Scheme 6).

In the assessment of the stability an important aspect is the
reactivity against common reactants such as water, acids and
bases. Oxazol-2-ylidenes were already considered in early
works®® as alternative catalysts in the benzoin condensation
to thiazol-2-ylidenes or imidazol-2-ylidenes, but the oxazolium
salts did not show catalytic activity in the presence of a base.>”
Haake has shown that although oxazolium salts are more
acidic than their thiazolium counterparts,”® (i.e. they should
produce the carbene easily) they exhibit a facile irreversible
ring opening resulting in 13 (X = O, see Scheme 7) at pH values
being sufficiently basic for the deprotonation.>® In contrast,
thiazolium exhibits a reversible ring opening, while to open up
the imidazolium ring extremely basic conditions are needed.>*

To describe the effect of water as solvent, recently we used a
microsolvatation approach by embedding the starting carbene,
intermediates and product in a water cluster.””'® For imidazol-
2-ylidene, product 13 (X = NMe) was less stable than
imidazolium-hydroxide by 4.7 kcal mol™',” while thiazol-2-
ylidene 13 (X = S) was more stable than the hydroxide by 7.4
keal mol™", using a cluster made from 31 water molecules.

) 3
—N X —N XH
\ / N/
13 14

Scheme 7 Ring opened products from the hydrolysis of azolium salts.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 B3LYP/6-311+G**//B3LYP/6-31+G* level optimized structures and rela-
tive energies (in kcal mol~" units) of oxazol-2-ylidene with 31 water, oxazolium-
hydroxide, 13 and 14 with 30-30 water molecules.

Using the same approach for oxazol-2-ylidene the water
microsolvated structures for the oxazol-2-ylidene, oxazolium
hydroxide, 13 (X = O) and its H-shifted isomer 14 were
optimized as shown in Fig. 2. For the oxazol case, 13 (X = O) is
significantly more stable than oxazolium-hydroxide. All these
results are in full agreement with the earlier observations>* of
the irreversible ring opening in the case of the oxygen
compound, and the intact nature of the imidazolium moiety
in the presence of excess water.”

For the sake of completeness we have made similar
calculations for triazol-2-ylidene and selanazole-2-ylidene.
While the results (shown as Fig. S1 and S2 in the ESI{) for
the former one are close to those for imidazol-2-ylidene, the
selenazol-2-ylidene results are similar to those for thiazol-2-
ylidene. It is worth noting that the energy of oxazol-2-ylidene in
the 31 water cluster is nearly the same as for oxazolium-
hydroxide, while imidazolium-hydroxide was more stable than
the corresponding carbene by 6.1 kcal mol™*, in agreement
with the relative basicities of these carbenes."® This shows that
the microsolvation approach applied provides a reasonably
good description for the behaviour in water as solvent.

Recently, however, we have shown in a combined computa-
tional-experimental study that the mechanism of imidazol-2-
ylidene hydrolysis depends on the number of participating
water molecules.” While with excess water a fast protonation
takes place - as was shown by the computations using the
microsolvatation approach - with a small amount of water
molecules the ring-opening reaction is a kinetically-hindered
slow reaction. The computational studies indicate that the

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 The relative energies of the products of the hydrolysis of different
carbenes at B3LYP/6-311+G** level (in kcal mol™" units).

open chain products (Scheme 7) are more stable than the
imidazol-2-ylidene-water complex, but a significant reaction
barrier hinders the reaction with one water molecule, which is
only slightly reduced in the presence of two or three reacting
water molecules.”

A similar conclusion was drawn for thiazol-2-ylidene,"
although the relative stability of the open chain 13 (X = S) was
somewhat increased. We have carried out analogous calcula-
tions for the hydrolysis of oxazol-2-ylidene and for the sake of
completeness we considered selenazol-2-ylidene and triazol-2-
ylidene as well. The details of the reaction pathways are given
as Fig. S3-S5 of the ESIf, while the energetically most
important points of the reactions are compiled in Fig. 3
together with the previously published data for imidazol-2-
ylidene’ and thiazol-2-ylidene.'® The comparison of the
energetics for the different hydrolysis reactions reveals that
while the activation energy for the reaction is reduced only
slightly with respect to imidazol-2-ylidene and thiazol-2-
ylidene, the product 13 is significantly stabilized in case of X
= O. For the calculation with two and three water molecules
(the reaction pathways are presented in the ESI as Fig. S4-5,
S7-8, S10-111) again similar transition structures and inter-
mediates were obtained as in case of imidazol-2-ylidene” and
thiazol-2-ylidene."® Since in all these calculations the barriers
are similar to the imidazol-2-ylidene case, it seems reasonable
to assume that the hydrolysis reaction is likewise hindered for
oxazol-2-ylidene, if the water concentration is small (and the
clustering is reduced).>

Having concluded that properly substituted oxazol-2-
ylidenes (11) and selenazol-2-ylidenes (12) (Scheme 6) are
viable synthetic targets, it is worth investigating their expected
reactivity. It is well known that the divalent carbon centre in
singlet carbenes is characterized by an empty 2p orbital and an
in-plane lone pair-like orbital, which may give rise to its
electrophilic and/or nucleophilic character. In general, n-elec-
tron donation from the substituents to the empty p orbital of
the divalent centre is expected to reduce its electrophilic
character. Furthermore, it has been shown that the nucleo-
philicity remains virtually unchanged upon aromatization
(comparing 1 and 2),°° likewise the donating ability as
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measured by the Tolman electronic parameter.®” In the case of
silylenes (the silicon analogues of carbenes) the relationship
between the n-electron donating ability, nucleophilic and
electrophilic character has been studied in detail,">*® and a
clear relationship between the n-electron donating ability of
the substituent, the decrease in the electrophilicity of the
silylene, and the emergence of its nucleophilic character was
demonstrated. Here in this study (see data in Table 1) we did
not find such a straightforward relationship. The most
important aspect from the point of view of our target molecule
oxazol-2-ylidine 9 is, however, that its electrophilicity is only
slightly increased compared to imidazol-2-ylidene 1, while its
nucleophilicity®® (and also its basicity)****” is much smaller,
similar to that of the also widely applied organocatalysts
thiazol-2-ylidene 6 which has significantly higher electrophi-
licity compared to both 1 and 9. Thus one may expect that
oxazol-2-ylidene will show different reactivity, and organoca-
talytic reactivity than imidazol-2-ylidine and thiazol-2-ylidene.
Selenazol-2-ylidenes (10), however, should have similar elec-
tronic properties to their sulfur analogues 6.

Conclusions

Combining the stabilizing effect of the (reasonably large)
substituents (R) on the nitrogen and annellated rings on the
carbon atoms, the most promising synthetic targets 11 and 12
are shown in Scheme 6. These compounds should be stable in
dimerization and in cycloreversion reactions, provided that the
water content of the reaction mixture is significantly reduced.
The electrophilicity index of 9 indicates a comparable
reactivity to the known imidazol-2-ylidene (1), while its lower
nucleophilicity and basicity will result in changes in complex
formation, and organocatalytic activities, opening new per-
spectives in the fine-tuning of catalytic reactions.
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