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/Abstract: The term “N-Heterocyclic carbene organocatalysis”
is often invoked in organic synthesis for reactions that are
catalyzed by different azolium salts in the presence of bases.
Although the mechanism of these reactions is considered
today evident, a closer look into the details that have been
collected throughout the last century reveals that there are
many open questions and even contradictions in the field.

N

Emerging new theoretical and experimental results offer sol-
utions to these problems, because they show that through
considering alternative reaction mechanisms a more consis-
tent picture on the catalytic process can be obtained. These
novel perspectives will be able to extend the scope of the
reactions that we call today N-heterocyclic carbene organo-

catalysis.
/

Introduction

N-Heterocyclic carbenes (NHCs) define a highly versatile field
of chemistry. Significant portion of this knowledge and the cor-
responding applications grew out of a series of experiments at
the end of the 19™ century, in which Eijkman observed that
rice husk prevents beriberi-like symptoms of malnutritioned
hens."” In the following decades the compound responsible for
this effect, thiamine (vitamin B1, Figure 1), was isolated® and
its structure was determined, which led to an extensive re-
search on the role of this compound in the human body, and
on the mechanism, in which this role is fulfilled. The underly-
ing questions could be answered only through the intensive
and interdisciplinary collaboration of biologists and biochem-
ists with organic chemists, who characterized the related en-
zymes and their function that gave ideas for synthetic applica-
tions, and designed model reactions that allowed explaining
and even predicting reactions in living organisms.

The first biochemical reaction associated with thiamine was
the decarboxylation of pyruvate,” yielding acetaldehyde. How-
ever, Green etal. found that carboxylase enzymes from pig
hearts did not only decarboxylate pyruvate, but also coupled
the product acetaldehyde in vitro to acetoin, which was the
first reported benzoin condensation reaction without cya-
nides.” Independently, Ukai dissolved thiazolium salts in etha-
nol, and reacted them with benzaldehyde, and he found
that—in agreement with Green—benzoin was formed.”’ A
decade later, Horecker®®® and Racker” simultaneously discov-
ered a biochemical reaction of the thiamine-dependent
enzyme transketolase, in which thiamine catalyzes the transfer
of a two-carbon-atom carbohydrate unit between sugars in a
reaction that is chemically analogous to the reactions of Green
et al.”’ and Ukai.”’ Due to the mutual biochemical and synthet-
ic importance of these C—C coupling reactions, benzoin con-
densation catalyzed by thiamine and its analogues became the
workhorse for later mechanistic investigations.
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Stetter recognized the synthetic value of the reactions. By
extending the scope of these syntheses, he and then others
laid down the fundaments of the field called today “NHC orga-
nocatalysis”,”” which offers a remarkable portfolio of highly effi-
cient synthetic methods. As a result of these studies, through-
out the last century, NHCs and their reactions played a part in
the development of biochemistry and medicine, synthetic
chemistry, general chemistry and electronic-structure theory.
Although these fields were from the beginning highly inter-
twined, and built on each other in a synergistic manner, it is
important to remember that the initial motivation to go down
on this path in science was to understand the biochemical re-
actions of thiamine and the analogous organocatalytic reac-
tions of NHCs.

In a century of research, the mechanistic picture on these re-
actions has been continuously refined and extended, and
many details of these processes have been revealed. Nonethe-
less, there has been a multitude of data in literature that does
not fit into the general wisdom regarding these reactions,
which suggests that our knowledge on these processes is far
from complete. Collecting these contradictions is necessary, if
a more complete view on these reactions is to be built. To this
end, in this critical review the findings that prove or challenge
the widely accepted mechanism of NHC-related organocatalyt-
ic reactions are collected, aiming not at giving a full account
on these many times reviewed reactions and their applica-
tions,l'®" but rather at focusing on the still open conceptual
mechanistic questions.

Initial Mechanistic Investigations

Given the multiple functionalities in the thiamine molecule,
over the decades several proposals had been published for the
mechanism of the benzoin condensation (Figure 1). It was sug-
gested"®'” that the amino group of thiamine is responsible for
the decarboxylation of pyruvate through a Schiff base (imine)
formation and a subsequent decarboxylation and hydrolysis.
Although multiple model reactions of amines were presented
as proof, it was shown that the amino group of thiamine itself
was ineffective as a catalyst under the same conditions.'® The
reaction was also surmised to involve the open-chain isomer
of the thiazolium ring,"” but no direct evidence has been pre-
sented for the open form being active. In the light of the simi-
larities between alkylpyridinium® 2" and alkylthiazolium cat-
ions, the methylene bridge of thiamine was also surmised to
react with carbonyl compounds.”

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Thiamine, and the key intermediates or transition states of the hypothesized reaction mechanisms of its reaction with various substrates (marked

red).

In his early report, Ukai showed that the benzoin condensa-
tion can be catalyzed by thiazolium compounds with a variety
of substituents on the nitrogen atom, indicating that the activi-
ty of thiazolium salts—and thereby thiamine as well—should
be related to the thiazolium ring.”! Through using isotopically
labeled substrates, further evidence was presented that the
thiazolium ring is responsible for the catalytic activity of thia-
mine.”” Breslow recognized that the proton at 2-position of
the thiazolium ring can be exchanged to a deuteron in deuter-
ated methanol.”® Thus, he argued that the active species that
in fact catalyzes the reactions of thiamine is an NHC, formed
by the deprotonation of the thiazolium ring.”* Considering
that the benzoin condensation is catalyzed by thiazolium salts,
he hypothesized that the process responsible for the reaction
should be similar to the one cyanide-catalyzed reaction that
had been discovered more than a hundred years earlier by
Liebig and Wéhler™ Thus, he adjusted the mechanism estab-
lished by Lapworth®® for the cyanide catalyst, and created the
mechanistic picture that is 60 years later still the dominant
school of thought for azolium catalyzed benzoin condensa-
tions, and was used as a template for designing an array of
analogous reactions that comprise the majority of the so-
called NHC organocatalysis, and to explain their
aCtiOn.[10_15'27_3”

In this mechanism,? the initial step is the deprotonation of
azolium salt | into an NHC Il (Figure 2). This nucleophilic NHC
reacts with the electrophilic substrate (e.g. an aldehyde), and
forms an initial (or primary) adduct Ill. Adduct Il can isomerize
into V through a protonation/deprotonation mechanism. This
structure—nowadays called Breslow intermediate—is another
key intermediate of the mechanism, because the fulvenic struc-
ture makes its exocyclic double bond polarized in a manner
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that the electron density shifted away from the ring. This
excess of electrons at the exocyclic carbon atom turns this
originally electrophilic carbonyl carbon atom of the substrate
into a nucleophilic site. Similarly to the “umpolung” in case of
the cyanide-catalyzed benzoin condensation, this polarity
change allows an electrophile (e.g. another substrate) to bind
to this carbon atom, which makes this reaction valuable for
synthesis. Even more importantly, although the benzoin con-
densation with cyanide only aromatic substrates can be ap-
plied, azolium cations can catalyze analogous reactions with
aliphatic substrates as well, increasing the scope of the corre-
sponding applications. After the formation of this new bond
and a proton transfer, the NHC Il and the product VIII can dis-
sociate, closing the catalytic cycle.

By extending the mechanistic picture above, other NHC-cat-
alyzed reactions can be explained. With Michael acceptors, Bre-
slow intermediates can yield to give 1,4-diketones in the Stet-
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Figure 2. Catalytic cycle of the thiazolium-catalyzed benzoin condensation as defined by Breslow

ter reaction.”’*? q,B-Unsaturated aldehydes form Breslow in-
termediates with conjugated m-systems, which—through ho-
moenolate formation—can yield y-butyrolactones®®® and -
lactones® with other aldehydes. Elimination of a benzoate
from Breslow intermediates, and a subsequent deprotonation
was shown to give azolium enolates,* which are strong nucle-
ophiles®® that can be utilized in asymmetric [243] cycloaddi-
tion reactions.

In support of this mechanism, stable Breslow intermedi-
ates®’ =% and analogous structures®®***" have been detected
or synthesized. Recently, a thiazolium salt was tailored for a
tandem MS study, which enabled the observation of the actual
free NHC intermediate from the evaporated solution, interpret-
ed as a proof for the occurrence of this species in the solu-
tion."” Many intermediates of the biochemical processes have
been observed as well, being consistent with the model reac-
tions of Breslow.”” In the last decades also several theoretical
studies have been published, which showed that through this
mechanism numerous experimentally observed features of
these reactions can be reproduced and explained.”*

This mechanism assumes the in situ formation of NHCs in
the reaction mixture. During the 1990s, when the “renaissance
of carbenes”™® was at its high point, Teles et al. showed that
not only thiazolium, but also imidazolium and triazolium com-
pounds catalyze these reactions,”” presumably with the same
reaction mechanism. Accordingly, the community started to ex-
change the term “thiazolium catalysis” (used by Breslow**?)
to “N-heterocyclic carbene organocatalysis”, which seemed to
be a more general term. However, in most of the studies that
followed Breslow in further exploring or exploiting the mecha-
nism—including theoretical calculations—the formation of the
NHC was considered granted, but it was barely investigated
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[ )—100

4888

[/>— OH

VI

124 used frequently as a paragon for NHC organocatalysis.

explicitly. In fact, as will be shown below, several studies have
been reported that contradict this hypothesis, particularly re-
garding the involvement of NHCs therein.

Basicity of N-Heterocyclic Carbenes

The key to the mechanism above is the acidity of the azolium
ring, which allows the formation of the actual NHC catalyst.
The earliest estimates for the acid strength of thiamine at this
site gave pK,=12.7,"¥ and pK,=17-21,"**"" until Washabaugh
and Jencks gave exact measurements of pK,=18.0 for free thi-
amine in water.*® They argued that thiamine must have a pK,
< 14, for the formation of the carbene intermediate that would
render the carbene formation feasible in the reactions. For the
puzzling lower acidity of the compound they gave two alterna-
tive explanations. Firstly, it is possible that the enzyme some-
how stabilizes the NHC, shifting the acidity of thiamine below
the given threshold. This is supported indirectly by earlier data,
which showed an acceleration of the catalytic activity of this
vitamin by a factor of 10%5**"*¥ The NHC intermediate was re-
cently also observed within the enzyme,®” also in line with
this hypothesis. Secondly, they tentatively suggested that this
stepwise mechanism that involves the NHC intermediate could
be bypassed by an alternative, concerted mechanism, in which
the proton transfer and the thiamine-substrate bond forma-
tion occurs simultaneously.”® However, they rendered this ex-
planation unlikely due to surmised steric considerations.”®
Although the hypothesis that enzymes change the acid-
base equilibrium of thiamine might indeed explain how the re-
action can occur through the NHC isomer even with the pK,
values above, it does not explain the observed high catalytic
activity of azolium salts in enzyme-free organic synthesis. So

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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far three groups of azolium derivatives have been found to be
active in organocatalysis: thiazolium, triazolium, and imidazoli-
um salts.”" Various derivatives of these catalysts have been
found active in the condensation of formaldehyde into differ-
ent carbohydrates in DMF, with triethylamine as deprotonating
agent."" The basicity of these NHC derivatives (i.e., the acidity
of their conjugate acids) was in the focus of research in the
last decades.”®*¢'%® The strong basicity of imidazol-2-yli-
denes—pK, =19-24, depending on the substituent and slightly
on the solvent—earned them the title “superbase”. Although
thiazol-2-ylidenes  (pK,=17-19)**¢" and triazol-5-ylidenes
(pK,=14.9-17.4)®" are somewhat less basic, they are still over-
whelmingly more basic than the amine bases that they are de-
protonated with (e.g. pK,=10.65 for trimethylamine®®”). Re-
cently, benzoate derivatives have been also found sufficiently
basic to allow NHC organocatalysis.”>’" In fact, the presence
of the benzoic acid derivative was evidenced in the later steps
of these reactions, allowing a dual NHC-Brgnsted acid cataly-
sis.’”" Given that the proton transfer from the azolium cation
to the benzoate should occur only in a small proportion, it
seems likely that the benzoic acid stays associated with the
catalyst throughout the following reaction steps. Thus, in other
words, NHC catalysis can be performed in a locally acidic envi-
ronment.”®”" Although acid-base theory is one of the most
fundamental principles of chemistry, these contradictions have
never been thoroughly discussed after the aforementioned
considerations of Washabaugh and Jencks.*®

The high basicity of NHCs makes them also strong hydrogen
bond acceptors, a feature that has been suggested first by
Wanzlick,”? and evidenced later by theoretical calculations”>~
and experiments.”*%%3 Thjs is also in accordance with the ob-
servations that solvent rearrangement—that is, the exchange
of a hydrogen bond donor at the basic site of the NHC
(Figure 3)—is the rate limiting step of H/D exchange reactions
of azolium cations. Depending on the NHC and the hydrogen
bond donor, the dissociation energy of the hydrogen bonds
can be up to even 20 kcalmol™',”*® which is by far stronger
than the approximately 5 kcalmol™' value for a water-water

hydrogen bond.®” This prominent strength should be an ob-
stacle for NHC organocatalysis, because the availability of the
lone pair acceptor site of the hydrogen bond is also the cor-
nerstone of the catalyst-substrate bond formation. Thus, if the
lone pair is occupied by a hydrogen bond, it should be stabi-
lized against and therefore blocked from undergoing reactions.
Considering that the proton transfer from the azolium cation
to the base should lead to the formation of a very strong hy-
drogen bond between the NHC and the protonated base, it is
puzzling how carbenes, which are presumably generated in
such a small quantity due to their basicity, and then inactivat-
ed by the remarkably strong hydrogen bonding, can exhibit
any kind of measurable catalytic activity.

Stable Carbenes

The involvement of NHCs in the organocatalytic reactions of
azolium salts was supported by the synthesis of free NHCs. Al-
ready in the early 1960s, Wanzlick reported that bis(1,3-diphe-
nylimidazolidin-2-ylidene) dissociates into monomers in an
(NHC),«»2NHC equilibrium,®5® and exhibits the chemistry of
free NHCs (Figure 4). He also proved that diaminocarbenes and
thiazol-2-ylidenes are nucleophiles and hence they can react
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Figure 4. The Wanzlick equilibrium (above),® and an alternative mechanism
established by Lemal (below).®”
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with carbonyl compounds,”? seemingly confirming the mecha-
nism established®” by Breslow. These findings were strongly
corroborated by the synthesis of the first stable NHC 1,3-diada-
mantyl-imidazol-2-ylidene 1,%® and later the others 1,3,4-tri-
phenyl-1,2,4-triazol-5-ylidene®™ 7 and 3-(2,6-diisopropylphen-
yl)-4,5-dimethylthiazol-2-ylidene® 6 (Figure 5). NHC 1 exhibit-
ed extraordinary stability under inert atmosphere even at its
melting point 240-241°C,®® whereas the 4,5-dichloro deriva-
tive 5 was even identified as “air stable”.®"

Figure 5. Examples of stable (persistent) N-heterocyclic carbenes.

However, under closer scrutiny these arguments are some-
what less convincing. The successful synthesis of free N-hetero-
cyclic carbenes in an isolated environment, which is very differ-
ent from the catalytic mixture, is in fact no direct proof that
during the synthesis these species are actually generated. To
avoid undesired reactions even under inert atmosphere, stable
free NHCs are, except for some imidazol-2-ylidene derivatives
(e.g., 3), decorated with bulky substituents. It was shown that
the dimerization of thiazol-ylidenes occurs through the reac-
tion of a thiazolium cation and the corresponding NHC,*® and
even the bulky 2,6-diisopropylphenyl substituents of 6 are not
enough to fully prevent these side reactions® in the presence
of acid traces. These findings raise the question how the in
situ generated thiazol-2-ylidenes can avoid reacting with the
thiazolium catalyst in the reaction mixture of an organocatalyt-
ic setup. Furthermore, in the presence of air, almost all hitherto
synthesized NHCs react with moisture or oxygen to give vari-
ous decomposition products,”*°¥ even if the hydrolysis of imi-
dazol-2-ylidenes with traces of water appears is sluggish
(Figure 6).7%°4 Despite all this data, most reactions that are
called NHC organocatalysis are performed under air,"” and
often with azolium cations possessing significantly smaller sub-
stituents than those mentioned above,"” and the introduction
of larger substituents into NHCs is merely a way to introduce
stereoselectivity (Figure 7)."%'?
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It is, of course, a possible explanation that the concentration
or the lifetime of the free NHC is just low enough to avoid
these reactions, but high enough to exhibit the desired reac-
tions with reasonable rates. However, to fulfill these two crite-
ria at the same time would mean a lack of robustness for the
reactions, and there should be only a narrow basicity range for
the reaction media that enables catalytic activity without the
decomposition of the catalyst. Given that many different kinds
of NHCs are employed in catalysis, each of them with a wide
spectrum of bases and solvents, this argument seems unlikely.
Following the principle of Occam'’s razor, a simpler explanation
may exist for these contradictions, namely the existence of an
alternative mechanism that does not necessitate the presence
of free NHCs in the solution.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Shortly after Wanzlick presented”*%*#” the dissociation equilib-
rium of (NHC)2+2NHC, Lemal suggested that the NHC-like re-
actions occur directly from the dimer, without the involvement
of free NHCs (Figure 4).°? Based on these findings, Lépez-Cala-
horra hypothesized that in the thiazolium catalyzed benzoin
condensation this NHC dimer plays the central role as the
actual active species. This is supported by the aforementioned
propensity of thiazol-2-ylidenes to form dimers in the presence
acid traces.”®¥ They established two possible reaction mecha-
nisms, one with the dimer dissociating after reacting with the
substrate, resulting in the Breslow intermediate and a free thia-
zol-2-ylidene, from which point the reaction could follow the
mechanism of Breslow.” In the other mechanism, the connec-
tion between the two thiazolium rings is retained throughout
the whole reaction.”*® Lépez-Calahorra reported that the
yields obtained in benzoin condensations by catalysts, in
which two thiazolium rings were linked by —(CH,),— (n=2-8)
groups through their nitrogen atoms, is highly dependent on
the length of the link. They interpreted this dependency as a
direct proof for the mechanism involving the NHC dimer.””
However, isotope-labeling experiments corroborated the origi-
nal mechanism by Breslow, and thereby the involvement of
the dimer in the reaction was questioned,” and the related
enzyme structures also showed no possibility for the formation
of thiamine dimers in biochemical reactions.”**® Breslow
showed that the reaction kinetics was first-order in thiazolium
salts, and the transition state of the rate-limiting step contains
two benzaldehyde molecules and a single thiazolium.*® Lépez-
Calahorra presented kinetic data that he rationalized as second
order in thiazolium salts,"®” contradicting the earlier measure-
ments. Bofill presented a computational study,®"'*? finding
that the reaction occurs through a biradical mechanism with
the NHC dimer. In turn Breslow re-analyzed the data of Lopez-
Calahorra, showing that it is in fact first order in the thiazolium
catalyst, and that their interpretation was erroneous.®® There-
after, this mechanism was not discussed any further. Moreover,
later theoretical calculations show that many NHCs do not
form dimers,"® which renders organocatalytic reactions
through these structures as a general mechanism somewhat
dubious.

Through molecular dynamics simulations we have observed
that the exchange of a solvent molecule, which is in hydrogen
bond with the NHC, does not necessitate the formation of the
free NHC in the solution.””’? Instead, the single lone pair can
accommodate a second hydrogen bond donor, allowing for an
associative exchange,””’? which can facilitate the hydrogen
bond dynamics—thus the solvent exchange—of NHCs
(Figure 3). We assumed that if the capacity of NHC lone pairs
to serve as multiple interaction sites is a general feature, it
may also allow a concerted reaction mechanism for the related
organocatalytic reactions, as was suggested (and immediately
rejected) earlier.”®

We could identify two mechanisms for the reaction between
azolium cations and aldehydes in the presence of trimethyla-
mine base."™ The first, dissociative or stepwise reaction mech-
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(Figure 2), including the explicit formation of a free NHC in so-
lution. In the second, associative or concerted mechanism
(Figure 8), the association of all components occurs first, form-

B
+
(0]
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S N | J,

Con = O] 2= [
N® N® R4
R RH R1
| IX IV

Figure 8. Alternative reaction mechanism for the initial step of the reaction

between azolium cations and aldehydes, through a single elementary step,

without the formation of free carbenes (see Figure 2).'%¥

ing an initial cluster. Within this cluster, the catalyst-substrate
bond can form within a single elementary step through a
proton transfer from the cation to the amine base and a simul-
taneous C—C bond formation between the ring carbon atom
at the active site of the catalyst, and the substrate, yielding di-
rectly the protonated adduct of the dissociative mechanism."®
Through this path, the reaction can occur despite the large ba-
sicity difference between the NHCs and the bases without the
formation of the free carbene, which is therefore not present
in the solution, and cannot show any decomposition reactions
depicted in Figure 6. The activation energies, enthalpies and
Gibbs free energies indicate an overwhelming dominance of
approximately 20-30 kcal mol™" for the associative mechanisms
for all nine combinations of the three azolium cations and
three aldehydes that were investigated. Using continuum sol-
vent models did not change this general conclusion, although
polar media decreased the differences in barriers."* Interest-
ingly, changing the base from amines to an acetate anion de-
creases the advantage of the associative mechanism,"® which
has implications for the chemistry of ionic liquids (for an excel-
lent review see Ref. [106]).

The barrier in the dissociative mechanism originates largely
from the difference in basicity between the NHC and the
amine. In the associative mechanism, the transfer of the
proton plays a role, therefore the basicity of the NHC could
have an effect on the barrier. Indeed, the barriers of the two
paths showed a common trend,"® which also explains why
this possibility has been overlooked previously. In other words,
a less acidic azolium cation should have a slower reaction
through both paths, in agreement with the general qualitative
trends in the experiments"” The first qualitative measure-
ments of such processes, which aimed at observing these two
reaction mechanisms, were performed by Rico del Cerro
et al."” They calculated the rate constants for the two paths
of H/D exchange reactions of imidazolium salts through DFT
calculations and found that the experimental values compare
better to the associative mechanism,"®” confirming our com-
putational results. These findings, and the availability of the as-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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sociative reaction mechanism provide a consistent picture on
the reaction mechanism of the organocatalytic reactions cata-
lyzed by azolium derivatives.

The practical importance of this seemingly subtle difference
can be recognized, if one considers the role of dissociative and
associative mechanisms of nucleophilic substitution reactions,
Sy1 and Sg2 processes, in chemistry. It is well known that the
presence of the leaving group in the rate-limiting step of Sy2
reactions has a structure-directing effect, which may be ex-
ploited to improve stereoselectivities. Similarly, the presence of
the (protonated) base in IX (Figure 8) may allow influence in
the formation of the initial substrate-catalyst bond, which
might be important in the presence of multiple substrates.
Recent studies on structure-directing effects by the presence
of the protonated base at the later steps of NHC organocataly-
sis seem to underscore this hypothesis.”*”"

Regarding the later steps of the catalytic cycle also further
details have been revealed. Already in the early work of Bofill it
was recognized™®" that radical and biradical pathways may
play a role in organocatalytic reactions by azolium salts, even if
the actual mechanism he suggested has been disproven.®? It
was also shown that Breslow intermediates can be oxidized, to
generate a radical species,"® a feature that has been shown
to play a role in biochemical reactions,"* and has been ex-
ploited in the last decade to perform redox catalysis with
NHCs.B""%™ Rehbein observed EPR signals in a benzoin con-
densation setup, with the exclusion of oxygen. The radical was
observed at the onset of the reaction, and it was evidenced
that the formation of the species in question requires both the
Breslow intermediate and the aldehyde. Kinetic isotope effects
did not only confirm this finding, but were also found similar
to those observed for the overall reaction earlier,""? which
could be explained through the rate-limiting step of the radical
formation and the overall reaction being identical.”® These
findings were consistent with a single-electron transfer from
the Breslow intermediate to the aldehyde substrate to give Xl
as an intermediate before the C—C bond formation. In a subse-
quent study, it was shown that the quantum chemically calcu-
lated and experimentally measured kinetics compare well,"¥
which provides further proof for this alternative mechanism.
Accordingly, the mechanism established by Breslow can be ex-
tended by a radical pathway (Figure 9). However, in a follow-
up study Regnier et al. showed evidence that the one-electron
oxidation of the Breslow intermediates leads to a subsequent
deprotonation of these species, yielding acylium radicals,
which are therefore more likely to be present in the reaction
than XL The authors also point out that even if the forma-
tion of radicals has been observed in the benzoin reactions, it
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Figure 9. Alternative reaction mechanism for the C—C coupling step of the
benzoin condensation through a single electron transfer (Figure 2).1'"*"
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has not been yet proven that these radicals are actual genuine
intermediates of these reactions."™” These considerations make
it clear that further studies are necessary to assess the impor-
tance of radical formation in these processes.

Summary and Outlook

Since the discovery of thiamine, a lot of hypotheses have been
published regarding the biochemical and organocatalytic activ-
ity of this vitamin and its analogue azolium cations. Many of
these possible ideas have been proven wrong since then, de-
fining an evolution of the mechanistic picture for these pro-
cesses. Although nowadays the overall mechanism of Breslow
with the formation of NHC intermediates in solution is accept-
ed, and on some examples it has been directly proven by a
multitude of studies, there are still results that point to other
possible paths for these processes. The two main current direc-
tions in this regard are a mechanism, which bypasses the for-
mation of free NHCs in the solution, and an electron-transfer
process between the Breslow intermediate and aldehyde sub-
strates, resulting in the formation of radicals. Both of these
mechanisms need more research in terms of NHC rings, sub-
stituents, bases, counterions, and solvents, to evaluate under
which conditions are they dominant over the classical catalytic
cycle as defined by Breslow. The possibility of avoiding car-
benes in the so-called “NHC organocatalysis” raises the ques-
tion, if the community should change the name describing
these reactions to “azolium catalysis”, which fits better to the
term “thiazolium catalysis” used by Breslow even in 1996,
while also describing more accurately the actual catalytic pro-
cesses.
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