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ABSTRACT: The reaction energy profiles of the benzoin condensation from three
aldehydes catalyzed by imidazol-2-ylidene, triazol-3-ylidene, and thiazol-2-ylidene have
been investigated computationally. The barriers for all steps of all investigated reactions
have been found to be low enough to indicate the viability of the mechanism proposed by
Breslow in the 1950s. The most remarkable difference in the catalytic cycles has been the
increased stability of the Breslow intermediate in case of thiazol-2-ylidene (by ca. 10 kcal/
mol) compared to the other two carbenes, which results in lower energy for the coupling
of the second aldehyde molecule, thus, increasing the reversibility of the reaction. Since the
analogous transketolase reaction, being involved in the carbohydrate metabolism of many
organisms, requires an initial decouplinga reverse benzoin condensationthis
difference provides a reasonable explanation for the presence of a thiazolium ring in
thiamine instead of the otherwise generally more available imidazole derivatives. The
“resting intermediate” found by Berkessel and co-workers for a triazole-based catalyst was
found more stable than the Breslow intermediate for all of the systems investigated. The
(gas phase) proton affinities of several carbenes were compared, the relative trends being in agreement with the available (in
aqueous solution) data. The hydrolytic ring-opening reaction of the thiazole-based carbene was shown to be different from that
of imidazole-2-ylidenes.

■ INTRODUCTION
The organocatalytic activity of N-heterocyclic carbenes
(NHCs)1 is of great current interest in synthetic chemistry,
providing efficient routes among others for highly important C−
C coupling reactions, such as benzoin condensation (Figure 1).1

This reaction can be considered “biomimetic”,1a imitating a
biochemical reaction catalyzed by vitamin B1 (thiamine, Figure
2) within the transketolase enzyme.2 The corresponding
enzymatic reaction, the transketolase reaction (TK, Figure 3)
is involved in the carbohydrate metabolism of many organisms,
catalyzing the transfer of a two-carbon unit from one
carbohydrate to another one.2

By analogy with the cyanide-catalyzed process,3 and
considering the observed H/D exchange at position 2 of the
thiazolium cation, Breslow introduced a mechanism for the
NHC-catalyzed benzoin condensation in the 1950s (this can be
seen with some modifications in Figure 1),4 and given that
thiamine itself also catalyzes this reaction,5 he assumed that an
analogous mechanism also holds for the TK reaction, possessing
structurally similar products (Figure 3).4 The first step of both
reactions is the formation of the NHC (called “carbanion” by
Breslow) from its salt precatalyst via deprotonation. This might
be performed by an appropriate external base (amine or
carbonate)1 or by the counteranion of the azolium cation,6

while in the biochemical reaction the deprotonating agent is the

pyrimidine moiety of thiamine itself.7 The reaction of the NHC
with the substrate aldehyde yields pentafulvene II, which is often
called the Breslow intermediate (Figure 1). The formation of this
structure allows the polarity inversion of the carbonyl carbon
atom (“umpolung”), making the coupling with another substrate
(aldehyde) feasible, yielding eventually product V. However,
interestingly, the substrate of the TK reaction does not possess
any formyl groups, but an α-hydroxy ketone unit, thus, can also
be rationalized as a product of a benzoin condensation.2 Hence,
the overall reaction necessitates an initial reverse benzoin
condensation (highlighted by a frame in Figure 3), yielding an
aldose and the Breslow intermediate, which then can be coupled
with another aldose. It is worthy to note in this respect that we
have used benzoin as synthetic equivalent of benzaldehyde using
an imidazolium-based catalyst,6c and Bode has reported an
elegant synthesis utilizing an α-hydroxy ketone as a synthetic
equivalent of α,β-unsaturated aldehydes using a triazolium based
catalyst,8 showing the feasibility of the reverse reactions under
different conditions and with different NHC catalysts.
Although the above-described mechanistic scheme is well-

accepted, it is interesting to note that the Breslow intermediate
itself could not yet be isolated nor detected by any spectroscopic
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methods, only the protonated VII (Figure 1).6b,9,10 Moreover,
very recently VIII, an isomer of II, has been detected in the case

of triazol-3-ylidene catalysis by Berkessel and co-workers.10a This
structure has been shown to be more stable than the
corresponding II and has been indicated together with VI to
be a “resting state” of the reaction (Figure 1).10a

In the light of this close relationship between the benzoin
condensation and the TK reaction, it is interesting that while in
the benzoin condensation thiazol-2-ylidenes, triazol-5-ylidenes,
and imidazol-2-ylidenes can all be applied as catalyst1 although
with a different activity,11 the TK reaction only utilizes the
thiazolium-containing thiamine as catalyst.2 This is strange, since
thiazole-based derivatives are otherwise relatively rare in
biological systems, while many structures, such as histidine and
histamine, contain an imidazole ring. Hence, an apparent
question is raised: what is the unique and desirable feature of
thiazol-2-ylidene that makes biological systems use exclusively
thiamine for such biocatalysis? Clearly, the higher acidity of
thiazolium salts (pKa = 19.5 for methylthiazol-2-ylidene vs pKa =
21.6 for 1,3-dimethylimidazol-2-ylidene)12a is of importance,
resulting in easier access to the catalytically active carbene,
precipitating in enhanced rates for the overall reaction.12b

Furthermore, unlike the imidazolium derivatives,13 thiazolium
salts have been shown by an early NMR study to undergo a facile
and reversible ring-opening (Figure 4.) in aqueous solutions even
at physiological pH,13c which has been tentatively suggested to

Figure 1.Mechanistic scheme on the benzoin condensation catalyzed by N-heterocyclic carbenes (X = C-H, Y = S; X = N, Y =N-R; X = C-H, Y =N-R).

Figure 2. Structure of vitamin B1 (thiamine) and its isomerization to its
active carbene isomer.

Figure 3.Mechanism of the transketolase (TK) reaction, including the
initial formation of the Breslow intermediate by a reverse benzoin
condensation (highlighted by a frame).

Figure 4. Ring opening of thiamine.
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allow easier transport through the lipophilic lipid double layer of
cell membranes due to the loss of charge.13c

Although these arguments indeed provide some explanation
for the preference of thiazoles in biocatalysis over NHCs of other
kinds, the view on the role of the structure of thiamine cannot be
complete without considering the effect of the heteroatoms on
the reaction itself. The importance of this issue is indicated by the
fact that the transketolase reaction is built upon the delicate
equilibrium between several possible benzoin condensations and
the corresponding reverse reactions;2 therefore the slightest
change in catalytic properties may alter the carbohydrate
metabolism. Moreover, considering that the suppression or
facilitation of the transketolase reaction have been shown to have
desirable effects on tumor cells14 and on diabetic complica-
tions,15 respectively, having a more detailed insight into the
parameters influencing the reaction may eventually lead to
pharmaceutical applications.
Since it has been shown that even the substituents at the

nitrogens of the NHC have significant effect on the catalytic
properties16 and considering that selective catalysis could be
achieved even in the case of several competing reactions11 it is
important to study comparatively the effect of the different
NHCs on the benzoin condensation. It is interesting in this
respect that while there are some limited comparative studies on
the benzoin condensation about the different catalytic activities
of some NHCs considering yields, rates, and (stereo)-
selectivities,1,17 to our knowledge no comprehensive mechanistic
study considering the energetic viewpoint has been performed
yet. The results of these investigations should be useful to predict
the catalytic activity of the NHC in these reactions and design the
catalyst for the desired synthetic approach.
In this computational study, an in depth comparison of the

catalytic activities of different carbenes (including several NHCs)
in the benzoin condensation is addressed, aiming toward the
better understanding of this process and, accordingly, to account
for the reasons of the closely related structural conservation of
thiamine in living organisms. For the sake of completeness,
proton affinities of carbenes and the hydrolytic ring-opening
process for thiazol-2-ylidenes will also be discussed.

■ MODELS AND METHODS
To provide comprehensive data regarding the effects of the ring
heteroatoms on the catalytic properties of NHCs, carbenes 1−24
have been investigated (Figure 5), including the generally used
carbene catalysts (7, 9, 13) as well as some more exotic species,
which, however, contribute to obtain a complete picture on the
matter. Since the effect of the substituents attached to the
nitrogen atoms of the NHC has recently been reported,16 this
issue has not been addressed here; thus, at those positions methyl
groups have been introduced in all cases. All the intermediates
and transition states of the condensation of formaldehyde,
acetaldehyde and benzaldehyde have been optimized with the
synthetically most important NHCs 7, 9, and 13 according to the
mechanism proposed by Breslow.1,4 The energetically most
determining intermediates have been calculated for the rest of
the carbenes as well with acetaldehyde. It should be noted that
although in the TK reaction sugars are involved, the electronic
effects of the carbohydrate chain on the moieties being directly
involved in the reaction can be considered similar to those in case
of acetaldehyde, which, therefore, is a reasonable model system
for the reaction of carbohydrates.
All structures involved in the catalytic cycle have been fully

optimized at the B3LYP/6-311+G** level using the Gaussian

0318 program package (unless otherwise noted), followed by the
subsequent calculation of the eigenvalues of the Hessian at the
same level, to characterize the nature of the stationary point
obtained. For transition states IRC calculations have been
performed to locate the corresponding minima. To check the
reliability of the B3LYP functional, ωB97X-D, PBEh, TPSSh,
M05-2X, M06-2X, BMK, and MP2 calculations have been
performed on the energy profile of the reaction of formaldehyde
and NHCs 7 and 9 with the 6-311+G** basis set by using the
Gaussian 0919 program package.
Since the reaction involves the association of three molecules,

entropy surely has significant effect on the reaction. However,
considering that quantifying the entropy of solutes accurately is
of great challenge,20 and that our goal has been the comparison of
the catalytic properties of different carbene catalysts in basically
the same process, we believe that the information being
necessary to draw the consequences of this study can be
extracted from the energy values as well. Nonetheless, to avoid
the mismatch of entropy contribution in the most interesting
II→III coupling step, we introduced structure II′ into the
catalytic cycle, which consists of II bound to the reacting
aldehyde with a H-bond.
In the investigation of the hydrolytic ring opening, we followed

the same strategy that has been found applicable for 7 in our
previous study.13a Thus, first the reaction with one to three water
molecules has been calculated to gain information regarding the
behavior of 9 against traces of water in a predominantly nonpolar
solution. Studying the aqueous solution has been performed by
applying a microsolvation approach, thus, by building up the first
solvate shell (consisting of 30 water molecules in this case)
around the carbene and the reacting water molecule, and a similar
water cage around the intermediates and products of the
reaction. Optimizing such “solvated” structures to model
aqueous reactions has previously been found to provide
significantly better results than implicit models21 and has
shown good accordance with experimental findings for the
hydrolytic reaction of 7.13a It should be noted here that for the

Figure 5. Carbenes investigated in the present study.
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reaction of 7 with 1−3 and 31 water molecules the calculation of
the reaction has been performed by a series of different DFT
functionals (B3PW91, PW91PW91, B97-1,MPW1K,MPWB1K,
BMK, M05-2X, TPSSh, RI-B97-D, ωB97X-D) and other
methods (MP2, CCSD(T), RI-MP2, MOS(ω600)-RI-MP2),
which, together with the experiments, fully confirmed the
reasonable quality of the B3LYP/6-311+G** and B3LYP/6-
311+G**//B3LYP/6-31+G* level calculations.13a Thus, in this
study B3LYP/6-311+G** level calculations have been per-
formed for the reaction of 9 with one to three water molecules,
while B3LYP/6-311+G**//B3LYP/6-31+G* level calculations
for the solvated system, providing reasonably good results being
directly comparable with those obtained previously.

■ RESULTS AND DISCUSSION
Proton Affinities. The reaction necessitates the formation of

the NHC catalyst from its salt by deprotonation, therefore, the
basicity of the carbene (the acidity of its salt) has significant effect
on the catalytic activity in terms of rates. Although there are many
experimental12a,22a−g and calculated6a,22g−k data in literature
regarding the proton affinity and basicity of carbenes, the effect of
the NHCs’ structure on their basicity has not yet been
investigated systematically for as wide spectrum of different
compounds as 1−24; thus, first the protonation energies of these
structures have been calculated. The data obtained are compiled
together in Table 1.

In agreement with the known strong basicity of carbenes,12,22

the proton affinities are high values and are in reasonable
agreement with the published data.22 The basicity of the five-
membered carbenes 1+12 is generally decreasing in the N > S >
O order; thus, those possessing two nitrogen atoms are the most
basic, while the exchange of one and two nitrogens to chalcogens
decreases the proton affinity by ca. 10 and 20−30 kcal/mol,
respectively. Replacing one of the electronegative nitrogens of 1
by a saturated carbon, results in 24. This structure has a slightly
increased proton affinity, since the electron donating carbon
substituent stabilizes the cation. Likewise, pyridin-2-ylidene (19)
has a larger proton affinity than the diaminocarbenes (e.g., 7).23

The introduction of a double bond at the backbone of the ring
decreases the proton affinities by a few kcal/mol, and the effect is
more pronounced in case of carbenes containing only chalcogen
atoms. NHCs 13−18 have lower proton affinities compared to
the analogous 7−12 because of the electron-withdrawing effect
of the extra ring nitrogen that destabilizes the corresponding
cation.

Carbene 22, possessing a three-membered ring has a relatively
low proton affinity, which is further decreased by the amino
substituents of 23 at the backbone, similar to NHCs 13−18.
The trends above fit to the reported pKa values of carbenes 7,

8, and 9, measured in aqueous solutions (23.0, 16.9, and 19.5,
respectively).12a The differences in proton affinities between 7
and 13 are also in good qualitative agreement with the kinetic
acidities of the salts of analogous derivatives, measured in terms
of the rate constant of the H/D exchange (2.0 × 102 M−1 s−1 for
1,3-dimethylimidazolium iodide,22e and 8.6 × 107 M−1 s−1 for 1-
ethyl-4-phenyl-1,2,4-triazolium chloride22f).

Hydrolytic Ring Opening of 9. First, the reaction of 9 with
one to three water molecules has been investigated. Interestingly,
the reaction energy profiles (see the Supporting Information) are
similar to those for the previously studied,7,13a despite the
difference in the stability of these two carbenes; most
importantly, both open chain hydrolysis products (Figure 6)

are significantly more stable than the corresponding carbene.
Accordingly, these two compounds should behave similarly
against traces of water in a predominantly nonpolar media; viz.
under such circumstances a slow, irreversible ring-opening
should occur in both reactions.
However, using the microsolvation approach by inserting the

carbene into a water cluster (see Figures 6 and 7), the integrity of
the two five membered rings becomes highly different. While for
7 the two feasible open-chain products in the cage “built” from 31
water molecules are 4.7 and 5.4 kcal/mol higher in energy

Table 1. Proton Affinities (in kcal/mol Units) of Carbenes 1−
18 and the Corresponding II (R = Me) Derivatives

carbene PAcarbene PAII carbene PAcarbene PAII

1 +268.9 +262.2 13 +255.6 +266.5
2 +256.3 +249.3 14 +238.1 +244.4
3 +257.8 +246.5 15 +244.6 +245.1
4 +236.8 +229.7 16 +209.3 +214.3
5 +244.3 +224.9 17 +226.9 +218.8
6 +244.8 +223.2 18 +229.3 +221.2
7 +267.8 +273.9 19 +278.1 +262.4
8 +251.9 +251.8 20 +267.2 +237.3
9 +254.2 +254.2 21 +264.3 +238.8
10 +229.1 +229.2 22 +234.5 +229.7
11 +240.8 +229.4 23 +226.6 +268.8
12 +243.8 +230.4 24 +271.4 +251.1

Figure 6. Structures involved in the hydrolysis of 9.

Figure 7. B3LYP/6-311+G**//B3LYP/6-31+G* level optimized
structures and relative energies (in kcal/mol units) of 9, 9-H+, IX, and
X. For the Lewis structures, see Figure 6.
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compared to the microsolvated imidazolium hydroxide,13a in the
case of 9 the relative energy of the corresponding structures
(depicted in Figure 6) are −7.4 (IX) and −5.1 kcal/mol (X),
respectively, compared to the microsolvated thiazolium-hydrox-
ide. In agreement with the slight difference in the stability of IX
andX, a structure analogous to IX has been observed in theNMR
experiments.13c Accordingly, by dissolving either 9 in water (or
its salt in a basic aqueous solution) will result in the opening of
the thiazole ring, similarly to 1,13a and in contrast with 7.13a Thus,
it is reasonable to suggest a more facile ring-opening of the
thiazolium cation in neutral pH conditions as well, in agreement
with the experiments.13c

Beyond the differences in the energetics of the ring opening, it
is interesting to observe that the relative energy of the solvated
carbene compared to the solvated thiazolium hydroxide is much
lower (1.9 kcal/mol) than in case of 7 (6.1 kcal/mol at the same
level),13a in agreement with the lower basicity12a and protonation
energy of thiazolium based carbene, as discussed above.
Benzoin Condensation. As expected, the reaction is

exothermic for all three aldehydes, with decreasing reaction
energy in the order of H > Me > Ph substituents. The small
exothermicity for benzaldehyde (note that the entropy
contribution favoring dissociation is not accounted for here) is
in good agreement with the known reversibility of the reaction
for aromatic aldehydes,6c,25 while for the aliphatic aldehydes the
reverse benzoin reaction is thermodynamically less favored.
The mechanism of the benzoin condensation has been

calculated according to the original suggestion of Breslow,4

considering also the “resting states” suggested by Berkessel et
al.10a (shown in Figure 1). The structures (with energies)
involved in the reaction of acetaldehyde with 13 are depicted in
Figure 8, together with the corresponding energy values of the
reaction of 9 (red) with the same aldehyde. The energies for the
stationary points of the reactions between formaldehyde,
acetaldehyde and benzaldehyde with NHCs 7, 9, and 13 are
presented in Table 2. The reaction energy profiles and the trends
in the stabilities of the intermediates and transition states for the
different reactions has been found qualitatively similar by all DFT
functionals applied and also by the MP2 method (see the
Supporting Information), suggesting the applicability of B3LYP
for the investigation of this reaction.
The first step of the reaction is the attachment of the carbene

to the carbonyl carbon atom, which proceeds via a low barrier.
The conversion of adduct I to the Breslow intermediate II by a
1,2-hydrogen shift is apparently kinetically hindered by a sizable
gap in the gas phase. Nevertheless, in solution this high barrier
can presumably easily be overcome by an alternative
protonation−deprotonation mechanism via VII, similarly to
related isomerization processes.21,26 In this respect, it is worth to
note that the protonation energies of I and II are comparable to
that of carbenes (Table 1), indicating that they exist in the
reaction mixture in protonated form, as VII. Accordingly, as
mentioned above, VII (but not I or II) has been characterized by
NMR spectroscopy,6b,9,10 in the reaction of triazolylidenes with
benzaldehyde and alkyl-aldehydes,9 and also for imidazol-2-
ylidenes6b and thiazol-2-ylidenes10 with benzaldehyde. In the
case of the asymmetrically substituted NHCs (9 and 13), two
rotamers are conceivable for II by the rotation around the
exocyclic CC bond. The energy difference between these
isomers, however, is within 1−2 kcal/mol in all cases (see the
Supporting Information).
The attachment of the second reacting aldehyde molecule

requires the presence of the “umpoled” II. Several possible

transition states are conceivable for this step, differing from one
another by the rotamer of II involved, and by the orientation of
the (second) aldehyde with respect to the Breslow intermediate.
The most stable structure III is shown in Figure 8, stabilized by
the OH---H hydrogen bond (at B3LYP/6-311+G** it is by 7.3
kcal/mol more stable than the most stable alternative not
possessing this H-bond). Accordingly, we assumed for each type
III structure and II′→III transition state the analogous
hydrogen-bonded arrangement.
Compounds 7 and 13 generally exhibit barriers of a few kcal/

mol for the II′→III step, hence indicating a facile coupling, and in
case of the reaction of formaldehyde and 7, the addition of a
formaldehyde to II proceeds even without any barrier resulting in
III (marked by an arrow in Table 2). For 9, however, these
barriers are much higher, but they are still below 25 kcal/mol
with all aldehydes. By the low barrier migration of the proton
within the O---H−O hydrogen bond in III, the adduct of the
carbene with the product (IV) can be formed, which recovers the
carbene catalyst and the product V by dissociation. It is worth to
note, that we were not able to locate type III structures on the
potential energy surface for each investigated case. For the
reaction of 9 with any aldehyde and in case of 13 and
benzaldehyde the addition of the second aldehyde to II is
followed by the subsequent 1,4-proton shift in a single step,
forming directly IV (see arrows in Table 2).

Figure 8. Reaction energy profile of the reaction of 13 and 9 (with red)
with acetaldehyde at the B3LYP/6-311+G** level (relative energies in
kcal/mol units).
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The relative energies of the intermediates are influenced by the
substituents at the aldehyde and by the carbene catalyst as well.
Interestingly, the “resting state” VIII shows significant stabilities
for all carbenes and aldehydes with respect to II. It should be
noted again that in Table 2 the energies and not the Gibbs free
energies are given. Since in II′ and VI an additional aldehyde is
involved, the entropy factor contributes here significantly and
while their energy can directly be compared, for their comparison
to VIII and II further considerations are needed. From this
respect it is worthy to note that in case of benzaldehyde II′ is
more stable thanVI for all carbenes, while for the other aldehydes
the stability of VI is significantly larger.
For a given aldehyde, the relative energies of III and IV are

similar for each investigated carbene, the stability of II (and its
tautomer VIII) depends significantly on the carbene. This is of
crucial importance for the reaction, determining the energy
benefit of the catalytically most important coupling step. Most
notably, while for 7 and 13 type II (and VIII) structures exhibit
similar relative energies with respect to the starting materials (or
product), for the sulfur-containing 9 these intermediates are by
ca. 10 kcal/mol more stable.
This immense stability of II in the catalytic cycles of 9 should

affect the reaction significantly. For a better understanding of the
nature of this effect, it is advantageous to compare the relative
energies of II and V, which are both composed of two molecular
units, therefore, the role of the entropy factor in the II→V
rearrangement is presumably small. Comparing the energy of
these two species for the different carbenes and aldehydes reveals
that while for 7 and 13 the II→V transformation is exothermic in
all cases, for 9 it is about thermoneutral in case of formaldehyde
and acetaldehyde, and even endothermic in case of benzalde-

hyde. This stability of II (II′) in case of 9 results in higher barriers
of the II′→IV steps than for the other carbenes, resulting in a
prolonged lifetime of II′. Accordingly, with 9 those aldehydes can
be selected for II′, which form the most stable V, while for the
other carbenes the fast decomposition to the products allows a
less effective selection; thus, statistics should play a bigger role in
the product distribution. In this respect, it is worth to mention
that in some cases of the so-called cross-benzoin condensation
(Figure 9.) significant selectivities (up to even 100%) could be
achieved,27 preferring mostly one product out of the possible
four. Most notably, all in these selective cases thiazol-2-ylidenes
have been applied, while to our knowledge no such selectivity has
been reported with other NHCs. These experimentally observed
selectivities may be explained by the above-discussed stability of
II in case of thiazole-based 9 type carbenes.
The differences in the stability of II derived from different

NHCs should also affect the catalytic cycle of the transketolase
reaction. Most importantly as has been shown above, the TK
reaction is initiated by a reverse benzoin condensation;2 thus, the
reversibility of the coupling is the essence of this process (step
marked by a frame in Figure 3). Since with acetaldehyde (this
models the transketolase reaction) the benzoin product is rather
stable, it is difficult to start the reverse reaction, unless by the help
of 9 the stable II′ (and then II) can be obtained. The situation is
completely different for benzaldehyde, where in accordance with
previous experimental6c,16 and computational25 data the reaction
is reversible. It should also be noted that the above-mentioned
increased selectivity in the presence of multiple possible (sugar)
substrates (as described above) can also be a valuable property in
a biochemical process, determining the concentration of different

Table 2. B3LYP/6-311+G** Relative Energies of the Intermediates and Transition States of the Benzoin Condensation of
Different Aldehydes with Carbenes 7, 9, and 13 (in kcal/mol Units)

H2CO Me-CHO Ph-CHO

7 9 13 7 9 13 7 9 13

−4.1 −2.8 −3.5 0.8 −3.4 −3.0 −3.1 −3.7 −2.8
TSI −0.1 4.6 2.5 9.1 6.7 7.0 8.2 8.5 10.8
I −6.0 −1.8 −1.8 5.0 2.6 4.3 4.6 4.7 8.6
TSI−II 33.8 29.7 36.1 47.3 37.4 45.7 44.2 41.6 47.4
II −12.2 −23.5 −12.2 −0.3 −14.5 −0.6 −2.1 −13.5 −1.1
VIII −13.4 −26.0 −13.6 −10.9 −23.1 −11.1 −7.0 −18.7 −7.2
II′ ↓ −28.7 −18.5 −4.7 −20.0 −5.0 −9.8 −18.9 −9.5
TSII−III −18.0 −17.4 −1.8 −3.4 −0.5 4.2 2.5 6.8
III −24.0 ↓ −18.4 −2.9 ↓ −1.7 3.9 ↓ ↓
TSIII−IV −23.4 −17.8 −2.8 −1.2 4.0
IV −29.1 −23.9 −24.4 −9.1 −7.6 −6.7 0.5 0.2 3.0
TSIV−V −21.7 −15.3 −19.3 −5.0 −0.5 −4.0 4.8 5.1 6.6
V −23.3 −23.3 −23.3 −14.2 −14.2 −14.2 −5.8 −5.8 −5.8
VI −29.6 −40.0 −31.0 −18.6 −29.2 −20.3 −6.6 −16.9 −8.6

Figure 9. Selective cross-benzoin condensations, catalyzed by different thiazolium salts.
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sugars, although in this respect the enzymatic environment
should also be of great influence.
As has been shown above, the relative energy of the Breslow

intermediate has significant effects on the reaction energy profile
of the benzoin condensation and of the analogous TK reaction;
thus, it is essential to understand the structural effects stabilizing
II. The structure of II is analogous to that of carbene dimers,
thus, it can also be rationalized as the carbene catalyst coupled to
a hydroxycarbene (Figure 10). According to this description, the

stability of II might be influenced by the same effects as the
dimerization energy of the corresponding carbenes. Due to its
prominent role in the stability of free carbenes, the dimerization
itself has thoroughly been investigated, and its energy (ΔEcarbene)
has been found to be in good correlation with that of the
isodesmic reaction depicted in Figure 11,24 which, hence, can be

defined as a measure of stability of carbenes. To gain a general
picture on the relationship between the relative energy of II (R =
Me) structures and the stability of the carbenes, these two sets of
data have been calculated for compounds 1−24 (Table 3.).

ΔEcarbene, as expected,
24 is the largest for nitrogen-substituted

hypovalent centers. Thus, while for NHC 7 and 13 the stability is
similar (about 110 kcal/mol), for thiazol-2-ylidene 9 it is about
13 kcal/mol lower. Apparently, aromaticity has an impact on the
stability, as revealed by comparing ΔEcarbene for 1−6 and 7−12,
respectively.28 It is worth noting here that this difference in
aromaticity has recently been shown to have an effect also on the
catalytic activity, explaining why 1 is significantly less effective in
umpolung catalysis than 7.29

In agreement with the aforementioned analogy between
carbene dimers and II-type structures, their relative energy in the
benzoin condensation correlates well with ΔEcarbene for carbenes
1−24 (Figure 12.). Thus, the more stable is the carbene, the

smaller is the energy benefit of the formation of the Breslow
intermediate. Accordingly, the balance in the equilibrium
between II and V in the benzoin condensation is predominantly
determined by the stability of the carbene catalyst itself, which, as
discussed above, may determine reversibility and selectivity in
both biochemical processes and synthetic applications. Hence, it
is reasonable to assume that the biochemical preference of the
thiazole ring over imidazoles in thiamine is due to the lower
stability of the corresponding carbene, which stabilizes the
Breslow intermediate, resulting in a more facile decoupling of the
aliphatic aldehydes in the first step of the TK reaction.

■ CONCLUSION
The influence of the structure of carbene catalysts on their
catalytic properties has been examined by DFT calculations,
motivated by the fact that in biological systems the transketolase
reaction is catalyzed exclusively by thiamine (possessing a
thiazole ring), while in synthetic approaches imidazole and
triazole derivatives can also be used.
First, we focused on the proton affinities of the different

carbenes, which is related to the first step of most of the NHC
organocatalytic processes, namely the formation of the catalyst
from its salt. The protonation energies exhibited significant
substituent effects according to the atoms attached to the
hypovalent carbon. In case of the synthetically most important
five-membered rings the obtained high proton affinity decreases
in the order of N > S > O. These high values, however, can be
slightly decreased by the introduction of a double bond at the
backbone, or even more by the replacement of a backbone
carbon to nitrogen.
Interestingly, according to the DFT calculations, with traces of

water in nonpolar media thiazol-2-ylidenes and imidazol-2-
ylidenes react similarly, despite the significant differences in their
stability, and a slow, irreversible ring-opening should occur.
Nonetheless, in accordance with previous experimental findings,
with large excesses of water (modeled by using a microsolvation
approach) the ring opening of thiazole is feasible, unlike in case of
imidazole derivatives.
The structure of both the aldehyde and the carbene affects the

energy of the reaction intermediates and transition states. Most
remarkably, the Breslow intermediate II has been found to be by
10 kcal/mol more stable for thiazol-2-ylidene 9 than for 7 and 13.

Figure 10. Description of the Breslow intermediate’s formation as a
carbene−hydroxycarbene coupling.

Figure 11. Isodesmic reaction, of which energy (ΔEcarbene) can be
defined as a measure of the stability of carbenes.

Table 3. Stabilization Energies of Carbenes 1−24 (ΔEcarbene)
According to the Reaction in Figure 10 (ΔEcarbene) and the
Energy of the “Carbene + MeCHO → II” Reaction (ΔEII, in
kcal/mol Units)

carbene ΔEcarbene ΔEII carbene ΔEcarbene ΔEII

1 98.4 −10.8 13 109.7 −0.6
2 92.0 −19.6 14 98.7 −12.2
3 87.3 −24.8 15 96.7 −12.7
4 84.7 −26.6 16 88.4 −18.3
5 74.0 −38.2 17 78.4 −32.0
6 74.3 −37.4 18 83.4 −26.5
7 110.1 −0.3 19 89.4 −22.4
8 99.8 −12.6 20 69.8 −44.0
9 96.6 −14.5 21 74.0 −40.3
10 88.2 −20.3 22 75.3 −28.2
11 80.4 −32.4 23 98.0 −10.6
12 82.5 −29.0 24 77.5 −28.2

Figure 12. Correlation between the Stabilization energies of carbenes
1−24 according to the reaction in Figure 10, and the energy of the
carbene + MeCHO → II reaction.
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Because of the stabilization of II the formation of IV (by the
addition of the second aldehyde molecule to II) exhibits less
energetic benefit and a somewhat increased barrier; thus,
eventually effects the lifetime of II in the reaction mixture,
increasing the reversibility of the reaction, and also its selectivity,
when different aldehydes are present.
Considering the differences that sulfur makes to the catalytic

process and to the ring-opening with water, a complete
explanation of the exquisite structure of the corresponding
biocatalyst thiamine can be compiled. Together with the
relatively high acidity of thiazolium salts that increase the
carbene concentration, and the facile and reversible ring-opening
with an excess of water that may provide better transport through
cell membranes, the lower stability of thiazol-2-ylidene results in
the increased stability of the Breslow intermediate. This
facilitates the reversible decoupling step within the transketolase
reaction, where the substrates (sugars) are benzoin condensed
products from aliphatic aldehydes being stabilized with respect to
their aromatic counterparts. Thus, with thiamine catalyst the
Breslow intermediate becomes available in the otherwise
irreversible (aliphatic) benzoin condensation, making the
transketolyse reaction possible. These results indicate the
possibility of tuning the rate of the transketolase reaction via
the development of thiamine analogues, being less/more prone
either to isomerize to the active (carbene) isomer within the
enzyme, or to catalyze the initial decoupling step of the reaction
as potential targets of (anticancer or antidiabetic) drug design.
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