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/Abstract: In this work the mechanism of the aldehyde um-
polung reactions, catalyzed by azolium cations in the pres-
ence of bases, was studied through computational methods.
Next to the mechanism established by Breslow in the 1950s
that takes effect through the formation of a free carbene,
we have suggested that these processes can follow a con-
certed asynchronous path, in which the azolium cation di-
rectly reacts with the substrate, avoiding the formation of
the carbene intermediate. We hereby show that substituting
the azolium cation, and varying the base or the substrate do
not affect the preference for the concerted reaction mecha-
nism. The concerted path was found to exhibit low barriers
also for the reactions of thiamine with model substrates,

-

showing that this path might have biological relevance. The
dominance of the concerted mechanism can be explained
through the specific structure of the key transition state,
avoiding the liberation of the highly reactive, and thus un-
stable carbene lone pair, whereas activating the substrate
through hydrogen-bonding interactions. Polar and hydro-
gen-bonding solvents, as well as the presence of the coun-
terions of the azolium salts facilitate the reaction through
carbenes, bringing the barriers of the two reaction mecha-
nisms closer, in many cases making the concerted path less
favorable. Thus, our data show that by choosing the exact
components in a reaction, the mechanism can be switched

to occur with or without carbenes. )

Introduction

Since the discovery of thiamine (vitamin B1),"? the mechanism
of the biological processes it catalyzes have been in the focus
of research. Next to the direct biochemical studies that re-
vealed the role of this substance in life, numerous organic
chemical model reactions have been designed to understand
these reactions in further depth. The synthetic value of the
knowledge that was gathered through these organic chemical
studies was recognized by Stetter etal.,”’ defining the field
that we call today N-heterocyclic carbene (NHC) organocataly-
sis."¥ Since then, these transformations offer an ever growing
portfolio of reactions, including important C—C coupling reac-
tions, which can be often performed in a selective and asym-
metric manner.

One of the most prominent examples for NHC organocataly-
sis is benzoin condensation, catalyzed by azolium salts in basic
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media. This reaction was discovered independently as an unex-
pected side reaction of decarboxylases in in vitro experi-
ments” and in organic chemical research of thiazolium
salts."” Subsequently, the biological relevance of this process
in the carbohydrate metabolism was discovered. In the under-
lying biochemical reactions an H,C,O, unit is transferred be-
tween sugar molecules, enabling the transformation of various
carbohydrates into each other.""'? Due to the importance and
simplicity of this reaction, it became a workhorse for later stud-
ies, through which the mechanism of NHC organocatalysis was
investigated. Breslow observed that in deuterated solvents the
position 2 proton of thiazolium salts is spontaneously ex-
changed to a deuteron, inferring the mobility of this proton."”
Assuming that this mobility meant that the deprotonated spe-
cies, an NHC, was actually present in the solution in a small
quantity as an intermediate, he adjusted the mechanism of cy-
anide-catalyzed benzoin condensation™ to interpret the cata-
lytic effect of thiazolium salts.™ Through suggesting the for-
mation of another key intermediate (called later Breslow inter-
mediate), he defined a mechanistic picture that is today still
the main school of thought in NHC organocatalysis (Figure 1).

The use of this mechanism as a template has allowed ex-
plaining and predicting selectivity in many related processes
and understanding the role of structural features in the cata-
lysts,"®'” which strongly supports the aforementioned reaction
path. Computational studies predict low barriers for the reac-
tion of free carbenes with various substrates."” Furthermore,
Breslow intermediates™®2” and related compounds"®?"?? have
been synthesized and structurally characterized. Similarly, sev-
eral free NHCs have been shown to be stable,”**?” and extraor-
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Figure 1. Catalytic cycle of the benzoin condensation, as suggested by Bre-
slow in 1958."

dinary persistence has been evidenced for several of their de-
rivatives.”>?” In some specific cases, the formation of NHCs
has also been observed by mass spectrometry in vaporized re-
action mixtures,”® vaporized catalytically active® solutions,”
or confined within the active site of a thiamine-dependent
enzyme.B"

However, it is important to stress that the direct evidence
that free carbenes can catalyze these reactions does not mean
they play an actual role in catalysis, and similarly, the stability
of NHCs prepared in an isolated environment does not prove
their formation in the reaction mixture. Throughout the de-
cades doubt has been raised regarding the first part of the cat-
alytic cycle,*>* in which the bond between the azolium ring
of the catalyst and the substrate is formed. In fact, already in
this early step selectivity can become an issue, if multiple sub-
strates are available in the reaction mixture, such as in cross-
benzoin condensations, in Stetter reactions, and in the bio-
chemical transketolase reaction. Thus, understanding
this initial reaction between substrate and catalyst is
of high practical relevance.*™

Washabaugh and Jencks measured the acidity of
thiamine at its active site in aqueous solution to be
pK,=18.0."" They argued that the catalytic activity of
this compound could be explained only with a pK, <
1459 To resolve this contradiction, they tentatively
suggested that an alternative, concerted pathway
might bypass the formation of the energetically quite unstable
free NHC, in which the deprotonation occurs simultaneously
with the catalyst—substrate bond formation.®® However, spec-
ulating that the substrate would need to approach the ring in
the very direction, in which the proton should leave,*® they
dismissed this idea. Finally, they suggested that the reason for
the activity of this compound within the enzyme must be due
to the stabilizing effect of the protein on the carbene, which
shifts the local acid-base equilibrium within the binding site.®™

There are indeed indications that the NHC might be more
stable within the active site of the enzyme,”" including the en-
hanced activity of thiamine in the presence of these pro-
teins.”"™ However, the effect of the enzyme cannot explain
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how NHC organocatalytic reactions can be possible in organic
syntheses in the absence of any biomolecule. Imidazolium (in
water: pK,=19-24,""* in DMSO: pK,=19-24,"*" in MeCN:
pK,=33.6"), triazolium (in water: pK,=14.9-17.4"" and thia-
zolium (in water: pK,=17-19,%%*% in DMSO: pK,=14.5,"® in
MeCN: pK,=25.6") salts have all been applied as cata-
lysts,“®*" and despite their high pK, values, triethylamine (in
water: pK,=10.65%" in DMSO: pKa=9.0,"" in THF: pK,=
12.5,°% in MeCN: pK,=12.5"%) has been observed to be basic
enough to deprotonate them in a quantity, which is sufficient
to exhibit reasonable to excellent catalytic activity.”"

Although the aforementioned contradictions regarding the
most fundamental acid-base theory should already be enough
to raise questions, the general wisdom regarding the stability
of NHCs points to further interesting issues. The hitherto syn-
thesized stable free NHCs generally possess bulky substituents
on the ring to prevent decomposition reactions, for example,
dimerization, with the exception of some imidazol-2-ylidene
derivatives.®¥ Carbene catalysts, on the other hand, showed re-
markable activity with the smallest substituents without any
significant decomposition, and larger functional groups are in-
troduced merely to increase the stereoselectivity of the reac-
tion."® This is especially surprising regarding thiazolium salts.
Thiazol-2-ylidenes showed a high propensity to dimerize in the
presence of acid traces,”® even with the sizable 1,3-diisopro-
pylphenyl substituent on the nitrogen atoms. Strikingly, in the
absence of acids, the same compounds did not dimerize. Ardu-
engo and co-workers argued that the dimerization takes place
through the reaction of an NHC with a thiazolium cation
(Figure 2). These findings can be rationalized as the protona-
tion increases the electrophilicity of the C2-carbon atom of the
ring, facilitating thereby the nucleophilic attack of the NHC at
the ring, which—after deprotonation—forms the NHC dimer.
Should NHCs be present in the solution in the catalytic
environment, the excess of the azolium cations should result

R R
e D
e o H Yoo

R

Figure 2. Dimerization reaction of thiazol-2-ylidenes in the presence of acid, reported by
Arduengo and co-workers.?®!
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in the dimers of the catalyst in an analogous process. Such de-
composition reactions of thiazolium catalysts have not been
reported. In fact, the role of these dimers in the catalytic mech-
anism has been discussed,® " and it was subsequently dis-
missed.>>>¢

For the carbene-like reactions of ionic liquids with carbon di-
oxide, we discovered by static quantum chemical calculations
a novel reaction mechanism, which avoids NHC formation,®”
and the imidazolium cation reacts directly with the substrate.
This mechanism was later observed also through ab initio mo-
lecular dynamics simulations.”® Similarly, we found an alterna-
tive pathway for NHC organocatalytic reactions,” in which
first a pre-aggregation of the components occurs. The proton
transfer from the azolium cation to the base and the C—C
bond formation between the catalyst and the substrate take
place in a single elementary step within that aggregate, avoid-
ing thereby the formation of free NHC intermediates, analo-
gously to the suggestion of Washabaugh and Jencks.*®¥ We
found that the barrier of the classical (dissociative) pathway
that assumes the formation of the free NHC is by 20-30 kcal
mol~" higher than that of the concerted (associative) path.“”
This mechanism can satisfyingly explain the contradictions
above regarding NHC catalyst stability and acid-base equili-
bria, whereas suggesting that the base—being present at the
catalyst—substrate bond formation step—might also be a site,
through which selectivity can be enhanced.

Rico del Cerro et al. showed in a joint experimental-compu-
tational study that the H/D exchange of azolium salts follows a
very similar associative mechanism, in which the formation of
free carbenes is avoided."™™ Nolan and co-workers reported
that the NHC-metal complexes from imidazolium salts and
metal ions can form through an analogous path,®” in which
the preparation or even the in situ generation of an NHC is un-
necessary, allowing very simple synthetic routes to these prac-
tically highly important compounds.®®" Regarding the car-
bene-like reactions of imidazolium acetate ionic liquids with
glucose,™ we found indications that the concerted mecha-
nism should be prevalent, as the aggregates that are required
for the associative mechanism spontaneously occurred in ab
initio molecular dynamics simulations,® whereas the barriers
of this mechanism were somewhat lower than that of the reac-
tion through carbene intermediates.® However, we found
that in such an ionic liquid environment, and with the acetate
anion as base the difference between these two mechanisms
in barriers is lower,®™ which implies that there might be experi-
mental setups, in which the dissociative mechanism is more
facile. Thus, to fully uncover the mechanistic details of NHC or-
ganocatalysis, further research is necessary.

Although considering this novel reaction mechanism has al-
ready given a deeper insight into the chemistry of azolium
salts,P7596"6364 and resulted in actual applications,®®" exploit-
ing this process in its full potential—by for example, introduc-
ing unprecedented ways to control selectivities—has not yet
been achieved. To this end, hereby we aim to understand in
detail the influential factors that facilitate or suppress this
direct reaction mechanism, while assessing its relevance in cat-
alytic systems. In this comprehensive work we discuss in detail
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the effect of possible azolium rings, substituents, solvents,
bases, substrates, and counterions on this reaction.

Computational Methods

Static quantum chemical calculations: All quantum chemical cal-
culations were performed by the ORCA 4.0 program.”®>*? Geometry
optimizations of the minima and transition states were undertaken
by using the TPSSh functional®” with the D3-BJ dispersion correc-
tion,*®%? and the def2-TZVPP basis set.”>’" For the SCF cycle and
the geometry optimization the tight convergence criteria were ap-
plied. The nature of the obtained stationary points was verified by
making sure that the Hessian had no negative eigenvalues for
minima, and a single one for transition states. Steepest descent op-
timizations were performed in both directions defined by the
imaginary normal mode for each transition state to identify the
minima the given transition state connects.

On the structures obtained by the DFT calculations, DLPNO-
CCSD(T) single-point energies”>” were calculated with the def2-
TZVPP and def2-QZVPP basis sets”®”" with tight settings for the lo-
calization. The obtained single point energies were extrapolated to
the complete basis set limit.”* These electronic energies were then
corrected to enthalpies and Gibbs free energies by using the ther-
mochemical data obtained from the corresponding DFT frequency
calculations. Gibbs free energies of solvation were calculated
through the COSMO-RS approach,”®’” by using the BP-TZVPD-FINE
method of the COSMOthrmX14 software”®’® based on BP86/def2-
TZVPD calculations”®”"® by the Turbomole program.®” Non-cova-
lent interaction analysis®*®” was performed by the Multiwfn 3.6
program package.®!

Classical molecular dynamics simulations: For performing classi-
cal molecular dynamics simulations, the LAMMPS program was
used.®™ For modeling the 1,3-dimethylimidazolium cation, the
chloride and triflate anions the force field parameters by Canongia
Lopes et al. were applied.®”® The organic solvents were described
by the OPLS-AA model,®” whereas for water the SPC/E parameters
were chosen.®™ In the simulations, periodic boundary conditions
were applied. The starting geometry of the cubic simulation box
was created by the Packmol program.”™ The initial cell vector of
the simulation box was chosen according to the density of the
pure solvent in question. After a geometry optimization, 1 ns simu-
lations in the NpT ensemble have been performed, by using Nosé-
Hoover chain thermostats and barostats at a temperature of 293 K
and under 1 bar pressure. The timestep was chosen to be 1 fs. The
volume of the periodic simulation box was averaged over the last
0.5 ns, and this value was used for the later steps of the simula-
tions. An external harmonic potential was added to the system
that kept the distance between centers of mass of the anion and
the cation at a value of 3 A. After 100 ps of equilibration, the force
that was required to maintain the cation-anion distance was mea-
sured, and averaged over a production run of 250 ps. The anion-
cation distance was then increased by an increment of 0.5 A until
20 A, repeating the equilibration and production runs at each dis-
tance. Integrating the forces versus the distance gave the free
energy profile of ion pair separation.

Results and Discussion

In this paper, we compare the two reaction mechanisms for
the initial steps of NHC-catalyzed benzoin condensation, in
which the catalyst—substrate bond is formed. The classical, dis-
sociative reaction mechanism (Figure 3, red curve) follows the
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Figure 3. The general Gibbs free energy profile of the dissociative (red) and associative (green) reaction mechanisms of the catalyst—substrate bond formation
in the benzoin condensation, and the labeling of the different species as used throughout the article.

original proposal by Breslow.' First a free NHC intermediate Il

is formed in the reaction mixture from the azolium cation by a
proton transfer to a base (e.g., an amine), which reacts with
the substrate, giving primary complex lll. Concluding the for-
mation of the catalyst—substrate bond, lll is protonated again
by the ammonium cation, yielding IV. This mechanism will be
referred to as dissociative mechanism. The key to this path is
the availability of the free NHC intermediate, which is present
in the solution in a low concentration, dissociated from the
rest of the components.

In contrast, in the associative path[ Figure 3, green curve)
the free NHC is not an intermediate of the reaction. Instead,
the aggregation of the azolium catalyst, substrate, and base
occurs, producing complex 2. The bond formation between
the catalyst and the substrate is undertaken through transition
state TS,_,, by a rearrangement within aggregate 2 in a single
elementary step. This step comprises the C-to-N proton trans-
fer from the azolium cation to the base, the C—C bond forma-
tion between the catalyst and the substrate, and the N-to-O
proton transfer from the conjugate acid of the base (e.g., am-
monium ion) to the oxygen atom of the substrate to give IV in
a concerted asynchronous manner. An animation for the reac-
tion mechanism is available in the Supporting Information. In
this mechanism, the role of the base is to shuttle the proton
from the carbon atom of the catalyst to the oxygen atom of
the substrate, instead of releasing a free NHC intermediate.
Formed by either of the two mechanisms, IV will transform to
yield the Breslow intermediate, which can thereafter react with
another substrate molecule in the subsequent reaction steps.

The reaction mechanisms were calculated first for the three
azolium catalysts that have been applied in NHC organocataly-
sis (imidazolium (A), triazolium (B), and thiazolium (C), see
Figure 4) substituted with methyl groups on the relevant nitro-
gen atoms. The substrates were chosen to be four different al-
dehydes that represent a wide range of electronic effects on
their reacting carbonyl group (formaldehyde, acetaldehyde,

40] (
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Figure 4. Lewis structures of the catalysts 1,3-dimethylimidazolium (A) 1,4-
dimethyltriazolium (B), and 3-methyltriazolium cation (C). The active tauto-
mer of thiamine (T) is also shown, having a basic imino group in the vicinity
of the mobile proton of the thiazolium ring.

acrolein, benzaldehyde). The base was chosen to be trimethyl-
amine.

A key question regarding the reaction is the aggregation of
the reactants. The formation of a hydrogen bond between the
base and the cation to give | was found to be thermodynami-
cally favorable in all cases, as shown by the AH and AG values
in Table 1. The association of a substrate molecule to | to give
2 has an enthalpy benefit of 8-11 kcalmol™', which can be ex-
plained by the polarity of complexl and the aldehyde
(Table 1). This substantial AH value is comparable in magnitude
to the TAS entropic contribution, and therefore the relative
Gibbs free energies of | and 2 compared to the three dissociat-
ed components are very similar. Consequently, aggregation at
least to | should occur in all investigated cases. The low rela-
tive Gibbs free energy of 2 suggest that this aggregate is
easily accessible in the solution, and in some cases, it should
be even the (slightly) dominant structure in the reaction mix-
ture.

The enthalpy and Gibbs free energy barriers (AH" joou
AG™ o) for the dissociative mechanism were measured in all
cases as the enthalpy and Gibbs free energy difference be-
tween | and TS,,_,. For the associative mechanism, the enthal-
py barriers (AH*,..) were defined to be the enthalpy differ-
ence between TS,y and 2. The reference point for calculating
the Gibbs free energy barrier of the associated path (AG™,,.)
was defined separately for each cases, taking the more stable
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Table 1. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP Gibbs free relative
energies and relative enthalpies for I and 2 with respect to the separated
azolium cation, trimethylamine, and substrate in the gas phase.

Catalyst Aldehyde AG(l) AG(2) AH(I) AH(2)
R—CHO [kcalmol™"] [kcalmol™"] [kcalmol™"] [kcalmol™"]
A H —-1.3 -1.0 —-11.7 —19.3
A CH; —-1.3 —-1.4 —-11.7 —21.3
A vinyl —-1.3 —-1.2 —-11.7 —21.3
A Ph —-1.3 —-0.9 —-11.7 —24.3
B H —2.2 —3.1 —13.2 —22.6
B CH; —2.2 —3.6 —13.2 —229
B vinyl —2.2 —4.5 —13.2 —244
B Ph —2.2 —2.1 —13.2 —25.6
C H —2.9 —-1.7 —13.1 —204
C CH; —2.9 —0.2 —13.1 —204
C vinyl —-29 -39 —13.1 —235
C Ph —2.9 -1.0 —13.1 —23.0

of 2 or, I. The relative Gibbs free energy of TS,_,, compared to
this reference point gave AG™ ...

The associative mechanism has significantly lower activation
enthalpies in all cases than those of the dissociative path. As
discussed before, the two sets of barriers exhibit a common
trend, hence a higher activation enthalpy in the dissociative
mechanism usually means a higher barrier for the associative
path as well.*” The difference between the enthalpy barriers is
substantial, ranging between 19 and 29 kcalmol™' (Table 2).%
In fact, the activation enthalpies for the dissociative mecha-
nism are so high, that these processes seem rather unlikely to
occur at all at reasonable temperatures (37-49 kcalmol™),
whereas the associative mechanism exhibits mild 11-25 kcal
mol~" barriers. In the associative mechanism, the imidazolium
catalyst showed generally higher barriers (20-25 kcalmol™)
than those of the triazolium and thiazolium derivatives (11—
17 kcalmol™), which is in qualitative agreement with the lower
mobility of the active proton for the imidazolium deriva-
tives.***®>% Catalyzed by certain imidazolium derivatives, the

Table 2. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP activation enthal-

pies and activation Gibbs free energies for the reaction of 1,3-dimethyli-

midazolium (A), 1,4-dimethyltriazolium (B), 3-methylthiazolium (C) cat-

ions, and trimethylamine with different aldehydes in the gas phase

through the associative (AH" ..., AG . and dissociative (AH* o

AG* 4i.i) reaction mechanisms.

Catalyst Aldehyde AG™,. AG gigsoc AHT oo AH gisso
R—CHO [kcalmol™"] [kcalmol™'] [kcalmol™'] [kcalmol™"]

A H 26.1 46.6 221 46.0

A CH; 23.2 50.2 215 48.5

A vinyl 235 48.6 204 45.8

A Ph 26.6 52.6 24.9 47.4

B H 18.3 37.2 15.2 373

B CH; 19.2 40.5 16.2 39.8

B vinyl 16.8 38.7 14.7 37.1

B Ph 20.5 41.8 16.3 394

C H 17.3 39.4 1.8 38.3

C CH; 19.2 42.6 mn3 40.6

C vinyl 14.1 40.8 1.5 38.1

C Ph 19.3 42.7 13.0 39.2

Chem. Eur. J. 2020, 26, 10140- 10151 www.chemeurj.org

condensation of formaldehyde in the presence of triethylamine
was too slow to observe at room temperature in earlier experi-
ments,®" which is in good accordance with our data. The acti-
vation enthalpies were found to be only slightly different for
the four substrates, but in most cases the highest values were
found for benzaldehyde, whereas the lowest were found for
acrolein. Including entropy effects by calculating Gibbs free en-
ergies increases all barriers. The increase is generally higher for
the associative mechanism (2-10 kcalmol™") than for the disso-
ciative path (0-5 kcalmol™', Table 2), in agreement with the
higher order in TS,_,. Nonetheless, the entropic penalty for
reaching TS,_y is relatively low, since the association occurred
at the earlier steps of the reaction, namely at the formation of
2 (see discussion above).

Changing trimethylamine to other deprotonating agents,
such as 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) and 1,4-diaza-
bicyclo[2.2.2]octane (DABCO) changes both reaction barriers,
but the dominance of the associative mechanism is retained
(see the Supporting Information). Substituting the ring with
larger groups to arrive at frequently applied catalysts does not
affect the conclusions (Figure 5). Some of the compounds con-
sidered here possess bulky functional groups that control
enantioselectivity in the later stages of the reaction.”” Nonethe-
less, the barriers of the reactions with formaldehyde and acet-
aldehyde indicate for all catalysts a distinct preference for the
associative mechanism.

The most important catalyst is, of course, the biologically
active thiamine (Figure 4). The calculations discussed above re-
garding the synthetically relevant azolium rings, bases, and al-
dehydes, can be and have been considered as model reac-
tions for the biochemical reactions of thiamine. To test the fea-
sibility of the associative mechanism on this biomolecule, we
calculated the reactions of thiamine with pyruvic acid, and
with glyceraldehyde, in which the bond between the catalyst
and a substrate is formed. For these reactions it is not possible
to define a dissociative mechanism, because the base and the
azolium ring are covalently attached to each other within thia-
mine. We have, however, successfully located the transition

/ /
% >
N
\ S
R=H 268 464 R=H 182 425
R= CH3 234 50.2 R= CHa 19.3 46.0

N®
R
S K
Q \
H K
R=H 21.1 45.4\[\>
R=CH; 17.8 48.6 s

R=H 245 470 R=H 237 385
R=CH;24.8 50.6 R=CHy24.3 51.7

Figure 5. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP Gibbs free energy
barriers of the reaction between often applied catalysts, triethylamine and
formaldehyde (above) or acetaldehyde (below) through the dissociative
(red) and associative (green) reaction mechanisms.
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Figure 6. Lewis structure of the associative transition state of thiamine with pyruvic acid as a substrate (left). Ball-and-stick representation of the same transi-

tion state with pyruvic acid (middle) and glyceraldehyde (right) as substrate.

state of the associative mechanism, bringing a novel insight
into the corresponding biologically relevant reactions
(Figure 6). The activation enthalpies were found to be reasona-
bly low (24.4 and 15.1 kcalmol™" for pyruvic acid and glyceral-
dehyde, respectively), which—in the presence of the
enzyme—could be most likely decreased even further through
stabilizing interactions within the transition state. Considering
that the deprotonating agent and the catalyst are within the
same molecule, entropy has a milder effect on this reaction, as
shown by the activation Gibbs free energies (25.4 and 17.7 kcal
mol~', respectively).

Having seen the clear preference of the reaction to follow
the associative path in the cases detailed above, the question
is apparent: what effects make this mechanism so much faster
than the dissociative path defined by NHC intermediate forma-
tion? One of the effects that make the associative mechanism
favorable is the aforementioned high association enthalpy of
the components to form | and 2, which compensates for the
entropy loss in the association of three molecules into a single
cluster. Another reason must be that the associative path
avoids the complete liberation of a highly reactive carbene
lone pair, and instead this nucleophilic and basic center is
simply flipped from the proton to the electrophilic carbonyl
carbon atom of the aldehyde. Non-covalent interaction analy-
sis®% (see the Supporting Information) reveals that the inter-
action between the carbonyl carbon atom and the carbene
carbon atom is in general considerable, strongly supporting
this hypothesis.

Next to these clear advantages, there is another interaction
in TS, v Which deserves special attention. It has been shown
that the C-to-N and N-to-O proton transfers and the C—C bond
formation occur asynchronously within the single elementary
step of the reaction.*%? The transition state is situated late
along the reaction coordinate,® where the C-to-N proton
transfer has already been completed. The mobilized proton,
while it is departing the azolium ring and approaching the ni-
trogen atom of the amine base shuttle, will form a transient,
but strong hydrogen bond donor species within this assembly,
an ammonium cation. While the catalyst—substrate bond is
being formed, the transient ammonium cation interacts
strongly with the aldehyde oxygen atom through a hydrogen
bond, which is observable in all transition states TS,
through various hydrogen bonding criteria (Table 3, and the
Supporting Information).

Carbonyl compounds are known to be activated in their
electrophilicity by hydrogen-bond donor molecules, which po-

Chem. Eur. J. 2020, 26, 10140- 10151 www.chemeurj.org

larize the C=0 bond, and thereby decrease its strength.®*’

Enzymatic reactions often take effect through such hydrogen
bonding, which activate molecules in a manner to enhance
their desired reactivity,®°® whereas the active site also offers a
well-defined spatial arrangement of hydrogen-bonding sites,
inducing thereby selectivity through template effects. Mimick-
ing these biochemical reactions, hydrogen-bond-supported
catalysis has been subject to intensive scientific attention
through the last few decades, using for instance urea, thiourea,
and guanidinium derivatives as catalysts.*>** Accordingly, it is
reasonable to assume that the presence of the aforementioned
ammonium-substrate interplay in TS, ,, reaches beyond a
simple hydrogen bond, and it affects the reactivity of the alde-
hyde directly. Considering that the transition state is situated
late within the concerted asynchronous elementary step that
comprises the proton transfers and the C—C bond formation,¥
where the proton is already transferred to the amine, it can be
expected that the barrier itself is largely determined by the
C—C bond formation.®™ Therefore, the activation effect of the
amine on the aldehyde may have a tremendous effect on the
barrier of the reaction.

Table 3. Hydrogen bonding between the ammonium and aldehyde moi-
eties in the key transition state of the associative reaction mechanism
TS, v (R: O-H distance, a: O--H—N angle, Bl: Mayer bond index, SEN:
shared electron number, BCP p(r) and Vp(r): electron density and Lapla-
cian, at the bond critical point of the O--H hydrogen bond respectively,
AAE™: DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP activation energy
change in the carbene + substrate reaction if the protonated base is pres-

ent).

Catalyst Aldehyde R« BI SEN BCP AAE*
R-CHO [Al [] pn V() [kcalmol ™

A H 1.87 140.0 0.056 0.078 0.030 0.110 —15.9
A CH, 1.67 170.1 0.171 0.127 0.050 0.131 —-17.8
A Ph 1.47 1743 0.292 0.217 0.088 0.121 —14.3
A vinyl 1.72 1548 0.095 0.108 0.042 0.130 —-16.4
B H 1.72 1714 0.156 0.107 0.046 0.120 —15.5
B CH, 1.56 173.8 0.233 0.172 0.069 0.127 —15.5
B Ph 1.47 1743 0.289 0.214 0.088 0.122 —12.0
B vinyl 1.70 165.1 0.141 0.104 0.045 0.128 —15.2
C H 1.71 167.8 0.154 0.105 0.046 0.120 —-17.8
C CH, 1.55 173.5 0.244 0.136 0.072 0.126 —16.5
C Ph 146 1755 0296 0.216 0.090 0.118 —13.1
C vinyl 1.69 169.5 0.161 0.110 0.050 0.122 —18.6
T glyc® 203 1405 0058 0021 0021 0083 -

T pyrd® 198 1507 0.093 0037 0.023 0086 -

[a] Glyc: glyceraldehyde; pyru: pyruvic acid.
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To highlight the effect of this hydrogen bond on the reac-
tion, the changes in the structure of the four selected alde-
hydes induced by presence of ammonium cations are shown
in Table 4. The activation should manifest in weaker C=0
double bonds, which is a clear sign of the polarization by
moving the electron density of the t bond toward the oxygen
atom, rendering the molecule more electrophilic. All data indi-
cates that the C=0 bond of the substrate becomes weaker
upon interacting with an ammonium cation, implying—in
agreement with literature®**—that this interaction has an
effect on the electrophilicity of the substrate, and thus the re-
action as well.

Table 4. The activation of aldehydes in electrophilicity upon hydrogen
bonding to ammonium salts (Ro.,4: O-+H distance, R._o: C=0O distance in
the aldehyde, Bl: Mayer bond index, SEN: shared electron number, ob-
tained at the TPSSh-D3BJ/def2-TZVPP level).
Aldehyde Donor Ro.n Rco BI SEN
R—CHO - (A1 [A] (C=0) (C=0)
H - - 1.20 2.12 2.02
CH,4 - - 1.21 213 1.97
Ph - - 1.21 2.08 1.92
vinyl - - 1.21 2.06 1.92
H Me;NH™ 1.76 1.21 1.96 1.98
CH, Me,NH* 1.69 1.22 1.90 1.89
Ph Me;NH™ 1.63 1.23 1.78 1.80
vinyl Me;NH™ 1.66 1.23 1.79 1.83
H DBUH* 1.87 1.21 2.00 1.98
CH,4 DBUH* 1.81 1.22 1.94 1.91
Ph DBUH* 1.75 1.23 1.82 1.85
vinyl DBUH* 1.78 1.23 1.83 1.83

To assess how much this interaction facilitates the reaction,
we compared the barriers for the reaction between a free car-
bene and a free aldehyde in the absence and presence of a tri-
methylammonium cation in hydrogen bonding with the sub-
strate (AAE™ in Table 3). The obtained data shows an approxi-
mately 12-19 kcalmol™ decrease in the activation energies by
the presence of the ammonium ion. This significant decrease
in the barriers suggests that “umpolung” catalysis by NHCs, for
instance benzoin condensation, also works partly as an inher-
ent hydrogen bond-supported catalysis.

The nature of the interplay within the transition state can be
perhaps best represented in the electrostatic potential maps of
the carbene and the ammonium cation within the transition
state TS,_,y (Figure 7). The positively charged proton on the
ammonium cation units and the negatively polarized carbene
lone pair are situated in such a manner that they can together
encompass the substrate in the possible most favorable ar-
rangement, through creating a sort of template. Whereas the
lone pair of the carbene interacts with the LUMO of the alde-
hyde at the partially positive carbonyl carbon atom, the am-
monium cation can aid the nucleophilic attack through form-
ing a hydrogen bond with the negatively polarized oxygen
atom of the substrate. This cooperative effect clearly shows
that through modifying the template formed by the azolium-
base assembly, the feasibility of the reaction may be influ-
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Figure 7. Ball-and-stick representation of the transition state for the associa-
tive reaction mechanism for the reaction between 1,3-dimethylimidazolium
cation, trimethylamine, and formaldehyde (left, C: orange; O: red; N: blue;
H: white). Electrostatic potential map of the same structure, after the formal-
dehyde was removed (right). The negatively polarized (red) lone pair, and
the positively polarized (blue) ammonium cation together define a binding
site for the aldehyde, which can react with the catalyst, and can be activated
by the protonated base to lower the barrier.

enced, creating further ways to improve the selectivity of
these reactions.

The effects that result in the lower barriers for the associa-
tive mechanism may also reveal the limitation of this path.
Considering that hydrogen bonding with the aldehyde is of
high importance, other species in the solution that can affect
the solvation and hydrogen bonding situation of this moiety—
most importantly the solvent and the counterion of the azoli-
um cation—might flip the balance between the two mecha-
nisms toward the dissociative path. Solvents with hydrogen
bonding ability can take over the role of the ammonium
cation in activating the substrate for the reaction. Furthermore,
because intermediate Ill and transition state TS, are zwitter-
ionic structures, the mere polarity of the solvent may alter
their stabilities, and thereby the corresponding barrier.
Through a proton transfer from the azolium cation to the
amine, solvation energies might change significantly, because
such protic ammonium ions are generally stronger hydrogen
bond donors than their azolium counterparts,®” shifting the
relative free energies. Furthermore, the free NHC can be stabi-
lized by hydrogen bonding, which also facilitates the deproto-
nation of the azolium cation, and hence stabilizes the dissocia-
tive path.

Thus, we investigated solvent effects on the barriers in an
array of organic solvents through the COSMO-RS ap-
proach.”®”77% This solvent model can accurately account for
the effects of the polarity of the solvent, and also hydrogen
bonding interactions, making it ideal for the present purposes.
In agreement with the reasoning above, the polarity of the sol-
vent makes a big difference (Figure 8). Moving from the less
polar solvents (toluene, hexane, THF) toward the highly polar
ones (DMSO), the barrier of the associative path slightly in-
creases, whereas that of the dissociative mechanism remarka-
bly decreases. This effect is even stronger for hydrogen bond
donor solvents (EtOH, MeOH, water). In aqueous solution the
advantage of the associative mechanism is reduced to approxi-
mately 1 kcalmol ™.

Thus, the polar environment and hydrogen bonding appa-
rently decreases the barrier of the dissociative path through
stabilizing TS, However, hydrogen bonding can also have a
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Figure 8. Solvent effects on the Gibbs free energy barriers of the reaction
between 1,3-dimethylimidazolium cation, trimethylamine, and acetaldehyde
by using the COSMO-RS model and the DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/
def2-TZVPP method.®”7#7¢77% For numerical values, see the Supporting In-
formation.

tremendous effect on the availability of the free NHC. NHCs
are highly basic compounds, and hence they can form very
strong hydrogen bonds, which can result in a stabilization up
to even 10-20 kcal mol".B>%-1% Although the stabilization by
hydrogen bonding activates the aldehyde substrate, it may
also occupy the NHC lone pair, which is the very site, to which
the electrophilic substrate should bind in the reaction. Hydro-
gen bonding at this position has been, therefore, repeatedly
invoked as a factor that diminishes the catalytic activity of
NHCs."%2% For this reason, at first glance the hydrogen bond
between the solvent molecule and the NHC may seem rather
counterproductive. Thus, next to the dissociative and associa-
tive mechanisms that were distinguished above, in which the
carbene participates as a free or as a protonated species (i.e.,
azolium cation), hydrogen bonded carbenes should represent
another degree of freedom for the carbene’s lone pair, some-
where in between these two extremes.

Similarly to the associative mechanism detailed above, the
hydrogen bond donor solvent molecule can be replaced by
the substrate without forming an unstable, free NHC in the so-
lution, through the transition state shown in Figure 9. The ob-
tained Gibbs free energies of activation (for the reaction of 1,3-
dimethylimidazol-2-ylidene ~with formaldehyde: AG*,,,=
7.4 kcalmol™"; with benzaldehyde: AG™,,,=15.7 kcalmol™';
both in methanol) are quite low. Comparing this mechanism to
the one that proceeds through the free carbene is not possible
due to technical reasons: The COSMO-RS solvent model in all

+
GH, GH,p CH GH,
N, N \< N® CH,
e ’ N
[ >---HO ——> [ > o — | H
N CH, NN Y 0----H-O
ch, M cH, @ \
CH, A 2 CH,

\
O—GH3

Figure 9. Associative reaction of an NHC directly from its hydrogen-bonded
form without the formation of a free carbene species.
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cases considers the best possible solute-solvent interactions,
thus, it automatically forms a hydrogen bond between the
NHC and the implicit solvent whenever the lone pair is avail-
able, hindering the calculation of a fully free carbene molecule
(i.e. with an available lone pair, not blocked by protonation or
hydrogen bonding). However, the values shown above for the
mechanism in Figure 9 are very similar to the dissociation
Gibbs free energy of a carbene-alcohol bond, thus, that of pro-
ducing a free NHC. A hypothetical free NHC, with no deactivat-
ing hydrogen bonds from the solvent, would need to react
through yet another barrier to form the C—C bond with the
substrate. Accordingly, it is reasonable to assume that the
mechanism in Figure 9 is more feasible. Thus, in protic (hydro-
gen bonding) solvents the dissociative mechanism can be ra-
tionalized as a substitution of the ammonium cation by the
solvent at the hydrogen bond acceptor hypovalent carbon
atom, followed by the reaction depicted in Figure 9. Such ex-
change of hydrogen bond donors at NHCs has been discussed
before, and has been found to depend on steric effects and
the hydrogen bond acceptor strength of the NHC in its rate
and mechanism.”” % The reaction of the solvent-NHC hydro-
gen-bonded complex with the substrate (Figure 9) can be con-
sidered as a special case of the associative mechanism depict-
ed in Figure 3.

The presence of the anion in the solution next to the react-
ing species might also have significant effects on the differen-
ces in the barriers of the associative and dissociative reactions.
The first question in this regard is if the azolium cations and
the anions remain associated in solution in the form of an ion
pair, and can thereby affect the reaction, or if they instead dis-
sociate into individual ions in the solution, and the reaction
mechanism remains mostly unaffected by the anion. lon pair-
ing can be influenced by the solvent, and by the nature of the
ions themselves.

To uncover in what cases ion pairing might occur in these
reaction mixtures, we performed umbrella sampling calcula-
tions in a classical molecular dynamics environment on a 1,3-
dimethylimidazolium bromide ion pair, and a 1,3-dimethylimi-
dazolium triflate ion pair in different solvents (see Computa-
tional Methods, and the Supporting Information). Whereas the
chloride anion is considered highly coordinative, the triflate
anion is considered non-coordinative in their imidazolium salts,
for instance in ionic liquids."® In these calculations, the free
energy was obtained as a function of the distance between
the anion and cation, providing an estimate for the propensity
of the given anion-cation pair to stay associated. The separa-
tion of the ions is in almost all cases endothermic, only in the
most dissociating aqueous solution is the energy of dissocia-
tion close to zero. Based on these findings, imidazolium salts
are apparently dissolved in all the investigated solvents as ion
pairs. In the lack of such well-tested force field parameters for
thiazolium and triazolium rings it is not possible to have such
a quantitative insight for the corresponding salts. However,
considering that those two cations are more acidic than imida-
zolium cations, it is reasonable to assume that they are stron-
ger hydrogen bond donors, and therefore they would be even
more strongly coordinated to the anions, and consequently
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the formation of ion pairs can be expected in these solutions
as well.

Thus, the presence of the anions must be considered for the
reactions, if the full picture is to be obtained regarding the
two competing mechanisms. To this end, we chose a series of
anions (halides, tetrafluoroborate, and triflate) that are often
applied in synthesis as counterions for the catalysts, and exam-
ined the Gibbs free energy barriers of the associative and dis-
sociative paths in a series of solvents. Based on the obtained
data, the difference between the barriers became lower,
amounting to less than 11 kcalmol™ in all cases (Tables 5 and
6). In fact, the preference varies between the two mechanisms,
depending on the anion and on the solvent. In general, as ob-

Table 6. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP  difference  be-
tween the Gibbs free energy barriers of the catalyst+ formaldehyde +
triethylamine reaction for the associative and dissociative mechanisms
(AAG* =AG*,i,.— AG™ jiiorr in kcalmol™) in polar solvents, in the pres-

Chem. Eur. J. 2020, 26, 10140- 10151 www.chemeurj.org

served above, the increasing polarity and hydrogen bonding
ability of the solvent facilitates the dissociative mechanism,
and hinders the associative one. The increasing size of the
halide anions shifts the preference toward the dissociative
mechanism, although for the reactions with the thiazolium
cation the trend between bromide and iodide is reverse. The
two other anions, tetrafluoroborate and triflate, apparently
make the associative mechanism more dominant than bromide
or iodide, exhibiting similar differences in the two barriers to
those for chloride. Imidazolium-based salts appear to be the
least favorable for the associative path to occur, whereas the
very often applied triazolium catalyst shows the highest pro-
pensity to support this mechanism.

Under closer scrutiny, the role of the anion in decreasing the
difference between the barriers can be identified. The positive

charge on the azolium cations is delocalized over the whole
Table 5. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP  difference  be- ring. whereas on the ammonium cation it is highly localized on
tween the Gibbs free energy barriers of the catalyst-+formaldehyde + 9 . . 9 .y
triethylamine reaction for the associative and dissociative mechanisms the N—H unit. Therefore, although azolium cations have also
(AAG* =AG™,...,—AG" yeeows in kcalmol™") in non-polar media, in the pres- been shown to be hydrogen-bond donors,®*'%*'%1 ammonium
ence of various anions. Negative values mean that the associative mecha- cations offer an even stronger donor site. These differences are
ism is faster in that particul b . . .

RS ek U el Sl s clearly observable in the electrostatic potential maps of the
Catalyst  Anion Gas phase  Hexane Toluene Et,0 THF azolium and ammonium ions, as well as the charges of the hy-
A - 5o 18 09 07 —03 drogen bond donor sites (Figure 10). Thus, the strong hydro-
A Br- ~12 0.9 20 20 24 gen bond, formed between the ammonium ion and the anion,
A I 0.5 2.0 3.0 2.9 33 can compensate for the energy demand of moving the proton
2 [C[I?Zg . *‘3"; *(1)'2 *g'i ’g': ’g'i from the stronger base carbene to the weaker amine. This

150, —4, —0. . . . . . .
B - 69 _a7 36 34 _32 compensation effecF can be estimated thrOI:Jgh the metathesis
B Br 6.1 7.4 8.5 8.7 8.8 reaction [azolium X ]+HNMe " —azolium " +[HNMe "X,
B I 8.0 8.9 9.7 2.9 100 showing the Gibbs free energy benefit of exchanging the azoli-
g [c[FB?(]) - _‘;’"6‘ _:‘: _;‘; _;‘(7) _i'i um cation to an ammonium in interaction with anion X

150, -5. -3. 2. —27 -2 . . .
c a _31 57 _18 16 —14 (Table 7). All anions interact apparently stronger with the am-
C Br 43 7.0 78 78 8.1 monium cation than with any of the azolium species. General-
c I~ 2.7 53 6.0 59 61 ly, the imidazolium cation A shows the lowest reaction Gibbs
E [c[FBZg . _:'g _i'g _:'g _1'3 _;'g free energies, followed by the thiazolium cation C, whereas the

7 i : : : : least exergonic cation exchange was observed for the triazoli-

um cation B. This trend is in full accordance with the discus-

e O o obh o A
éf\(' g L\«' 4 é;\(“v,:)
, N Wy

P
"

ence of various anions. Negative values mean that the associative mecha- / ﬂ\\/ L&z\&
nism is faster in that particular case. i 4 dd
A B Cc
Catalyst Anion DMSO Ethanol Methanol Water 0.101 0.112 0.107
A - 0.5 1.7 1.8 0.3 ( :
A Br~ 35 4.1 43 4.2 ) "‘
A I~ 4.2 4.6 4.8 4.5 2
A [BF,]~ 09 21 23 19 (- A<
A [CF,S05]" 16 2.7 2.7 16 Ny ™
B cl- —2.2 —-0.8 -0.5 —0.6
B Br~ 9.5 10.0 10.0 9.2 Trimethylamine DABCO DBU
B - 105 108 107 9.7 0.178 0.175 0.156
B [BF,]- ~1.8 —05 —03 —05 . , .
B [CF4SO,]~ 16 02 0.0 03 Figure 10. Electrostatic potential maps of catalysts A, B, and C (top), as well
C cr 06 0.8 10 0.1 as the protonated trimethylamine, DABCO, and DBU (bottom). The more
C Br 88 91 9.1 8.0 positive areas (blue) are less localized for the azolium cations (top) than for
C I- 6.7 7.2 71 58 the protonated amine bases (bottom), which makes the latter group of com-
C [BF,]- 06 0.8 0.9 —01 pounds stronger hydrogen-bond donors. The Hirshfeld charge (TPSSh-D3BJ/
C [CF,SO,]" 0.3 13 13 03 def2TZVPP) at the mobile hydrogen atom is shown for each compound,

supporting this hypothesis.
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Table 7. DLPNO-CCSD(T)/CBS//TPSSh-D3BJ/def2-TZVPP Gibbs free ener-
gies (in kcalmol™") of the metathesis reaction [azolium "X ]4+HNMe ", —
azolium*+[HNMe *;X], showing the energy benefit of exchanging the
azolium cation to an trimethylammonium cation in interaction with anion
X.

Catalyst ar Br - [BF,]- [CF,S0;]-
A —23.7 217 —18.2 —13.1 -165
B -165 —143 —122 —72 -105
C -19.1 -17.0 —15.2 -11.0 —14.0

sion above, showing that the preference for the dissociative
mechanism decreases in exactly this order. The Gibbs free
energy is most negative in case of the halide anions, and
moving toward the larger species with a delocalized charge
the metathesis becomes less exergonic. Interestingly, the hal-
ides show an opposite trend, as the chloride—despite the sig-
nificantly stronger interactions with the ammonium cation
than with the azolium cation—decreases the least the propen-
sity of the catalysts to undergo the associative mechanism
(Tables 5 and 6). The explanation for this discrepancy might lie
in the small size of the chloride anion, which allows some
inter- action through hydrogen bonding between the anion
and the ammonium moiety also in transition state TS,_,, of
the associative mechanism. Through this interplay, the system
receives some stabilization also in this mechanism, albeit sig-
nificantly less than in TS,_,, of the dissociative path, where
the HNMe"ClI~ ion pair is separated from the reacting catalyst-
substrate pair.

The effects above result in the conclusion that controlling
hydrogen bonding and polarity effects of the solvent and the
anion lead to a control over the reaction mechanism of N-het-
erocyclic carbene organocatalysis. The less polar solvents, and
smaller halides or weakly hydrogen bonding anions lead to a
preference in the associative mechanism, whereas the use of
polar solvents and larger halides facilitates the dissociative
mechanism. The numbers in Tables 5 and 6 show that switch-
ing between the mechanisms is possible. It is, however, very
important to emphasize here the difficulties regarding the esti-
mation of entropies in quantum chemical calculations, and it
has been repeatedly discussed that entropy effects are signifi-
cantly overestimated,'% also for related reactions,® which
results in an overestimation of the barriers for the associative
reaction mechanism. Thus, although the trends for the shift in
preference between the two mechanisms should be valid, it is
possible that the actual numbers in Tables 5 and 6 should be
somewhat more negative, and the associative mechanism
slightly more preferred. The data presented here show that the
associative mechanism, which avoids the formation of actual
carbenes in the solution, has mild barriers, and should be con-
sidered in all cases when investigating the mechanism of NHC
organocatalysis, especially in case of higher concentrations of
the substrate, base and catalyst in the solution.

Chem. Eur. J. 2020, 26, 10140- 10151 www.chemeurj.org

Summary and Conclusion

In the present computational study, two mechanisms were
compared for the formation of the catalyst—substrate bond in
NHC organocatalysis. These two mechanisms fundamentally
differ in terms of the occurrence of free NHCs in the reaction
mixture. In the widely accepted (dissociative) mechanism of
this process, as described by Breslow,"® the formation of free
NHC intermediates via the deprotonation of the azolium salt
catalyst is required, and the resulting low concentration of car-
benes in the solution offers the actual catalytic activity. In an
alternative, associative mechanism,”” the deprotonation of the
very weakly acidic azolium salts is bypassed in a concerted
process, in which the proton transfer and the catalyst—sub-
strate bond formation occurs in a single elementary step. De-
pending on the mechanism, the selectivity of the reaction
might be influenced, especially because in the transition state
of the associative path the base is also present, and therefore
its bulkiness and possible template effects can influence the
outcome of the reaction as well. In a series of model reactions,
imidazolium, triazolium, and thiazolium cations were consid-
ered as catalysts with varying substituents on the relevant ni-
trogen atoms, formaldehyde, acetaldehyde, benzaldehyde, and
acrolein as substrates, and trimethylamine, DBU, and DABCO
as bases.

In the absence of solvents and anions the reaction follows
the associative mechanism, avoiding, thereby, the formation of
free carbenes in the solution. The reasons for this dominance
were identified to be the high enthalpic benefit of the associa-
tion of the components, and the interaction of the mobile
proton on one hand with the azolium ring, avoiding the com-
plete liberation of the reactive carbene lone pair, whereas on
the other hand with the oxygen atom of the substrate, which
activates this molecule for the nucleophilic attack of the cata-
lyst. This complex network of stabilizing hydrogen-bonding in-
teractions can be, however, disrupted and partly substituted in
the presence of polar and protic solvents, which offer alterna-
tive, modes of stabilization in case of the dissociative mecha-
nism.

Imidazolium salts in a variety of organic solvents and water
were found to stay associated within the same solvent shell in
the form of ion pairs. The presence of anions vanishes most of
the dominance of the associative mechanism, and the barriers
become more similar. The underlying reason for this effect was
identified to be the stronger interaction of the anion with the
protonated base than with the azolium cation, which shifts the
acid-base equilibrium toward the free carbene, and partially
breaks up the azolium-base-substrate aggregates. In case of
stronger hydrogen-bond acceptor anions (e.g., halides), the
dissociative process exhibits lower barriers, whereas in case of
weak hydrogen-bond acceptor anions (e.g., tetrafluoroborate
and triflate), the associative path was found to be faster. An ex-
ception here was the chloride anion, which—due to its small
size—can form stabilizing interactions with the hydrogen-bond
donor species also within the transition state of the associative
path, retaining thereby the preference for this mechanism in
many cases. Accordingly, the mechanism can be controlled
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through varying the anion and the solvent, and therefore in-
troducing novel kinds of selectivities into these mechanism
should also focus on carefully choosing these elements of the
catalytic system.

The results above bring also new insight into the related
biochemical reactions of vitamin B1, thiamine. Considering that
in this reaction the thiazolium ring and the base that should
deprotonate it are covalently bound, only the associative reac-
tion mechanism is feasible. In the lack of significant entropic
effects, the barriers of two model reactions of thiamine were
found to be low, suggesting the viability of the associative
mechanism in biological systems.
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