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Liquid Dynamics Determine Transition Metal-N-Heterocyclic

Carbene Complex Formation

Paul Zaby,” Jan Blasius,”” Anna K. Miiller,”’ Steven P. Nolan,” and Oldamur Holl6czki*"

Abstract: The mechanism of metal-N-heterocyclic carbene
(NHC) complex formation from imidazolium salts in the
presence of weak bases was investigated through theoretical
methods. Quantum chemical calculations revealed that the
two bases considered here, sodium acetate and trimeth-
ylamine, both facilitate complex formation. In contrast to
previous experiments, these calculations indicated a slightly
lower barrier with the amine. Molecular dynamics simulations

~

showed that the ionic nature of the [AuCl,]~ and imidazolium
ions, as well as the sodium acetate base keep these species
associated in the reaction mixture through ion pairing. This
pre-association of the components produces those clusters
that are essential for the metal complex formation reaction.
The neutral amine, however, remains mostly separated from
the other reaction partners, making it a significantly less
effective base.
/

Introduction

N-Heterocyclic carbenes (NHCs) are widely used as ligands in
transition metal catalysis, enabling efficient routes for organic
synthesis."™ The preparation of these complexes from the
metal compound and the azolium cation has been based on
four main methods. In the “free carbene route” (Figure 1A), the
azolium cation is first deprotonated by a strong base to form a
free NHC, followed by the reaction of this species with the
metal to form the desired complex.”® While this reaction has a
general applicability, it suffers from the inefficient and costly
handling of aggressive bases and the reactive free carbene
under inert atmosphere. Another route is transmetalation
(Figure 1B), which relies on the direct reaction of a metal oxide
with the azolium cation, forming a carbene complex in a single
step, and subsequently the exchange of the metal to
another.®*'? This approach avoids some drawbacks of the free
carbene route, but its scope is limited to copper and silver
derivatives, while it usually requires harsh conditions. In some
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cases, a third strategy, the “built-in base route” was found
successful (Figure 1C), in which the metal complex bears a basic
ligand (e.g. acetylacetonate), facilitating the deprotonation of
the imidazolium ring, and the formation of the complex.*" An
interesting version of this method is using imidazolium
acetate,”"” chloride,"” or hydrogen carbonate™ ionic liquids
as carbene precursors, with the counterion of the imidazolium
cation acting as base. In these cases, however, the introduction
of the base into the starting materials must be possible,
whereas the resulting compound must have a low melting
point, which significantly limit the applicability of this approach.

In the 2010s, the “weak base route” emerged (Fig-
ure 1D),1"?" offering an alternative to the either somewhat
limited or inefficient synthetic methods. In these procedures,
azolium salts are brought into reaction with metal sources in
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Figure 1. Synthetic methods leading to transition metal-NHC complexes (A:
free carbene route; B: transmetalation route; C: built-in base route; D: weak
base route)."
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the presence of weak bases (e.g. K,CO;) under aerobic, and
environmentally benign conditions. The metals, for which the
applicability of this route has been demonstrated, cover all
coinage and platinum metals, and therefore this pathway
provides a sustainable synthetic access to the catalysts enabling
a remarkable portion of modern synthetic methods.

Beyond the development in the synthetic procedures,
efforts were also devoted to understanding the underlying
mechanism that allows for the formation of NHC complexes
from the imidazolium salts in the presence of the weak
bases."**>? |t is reasonable to assume that the deprotonation
of the imidazolium cation to produce the superbase
carbene®?* would not be feasible by a weak base to an extent
that would result in any reasonable reaction rate for the
complex formation. In this regard, the “weak base route” shows
a striking resemblance to the organocatalytic activity of azolium
salts,”’*? in which carbene-like reactions can be observed with
various substrates, with weak bases being present in the
reaction mixture. The multiple contradictions and discrepancies
in the mechanistic picture on these reactions® were resolved
through suggesting a direct, concerted mechanism, in which
the deprotonation of the azolium salt and the formation of the
substrate-catalyst bond occur simultaneously, avoiding the
formation of a free carbene in solution (Figure 2).°*3% Analo-
gous reaction mechanisms have been considered also for the
biochemical reactions of thiamine,®® the proton-deuteron
exchange of azolium salts,”’?® and the formation of azolium-2-
dithiocarboxylate zwitterions.®

Tzouras et al. investigated the mechanism of the reaction
between 1,3-bis(diisopro-pylphenyl)imidazolium chloride
([IPrH][CI]) with [Au(SMe,)Cl] in the presence of NEt; through
computational chemical methods (Figure 3).%? They found that
the formation of an aurate intermediate [IPrH][AuCl,] is
exergonic. Although one can argue that the formation of the
ion pair containing this complex anion may facilitate the
deprotonation of the azolium cation, pK, measurements
indicated no anion effects on its acidity.”” The aurate
intermediate can, however, undergo a transformation in the

presence of the weak amine base, which involves the cleavage
of the C—H bond, and the simultaneous formation of the C—Au
bond,”? in a very similar mechanism to that of the organo-
catalytic reactions mentioned above (cf. Figure 2 and Figure 3).
In the course of this rearrangement, a chloride anion dissociates
from the metal, resulting in the desired complex and the
[HNEt;][CI] salt. The barrier of this step was found to be affected
by the deprotonation energy of the imidazolium precursor, as
well as steric effects arising from the imidazolium cation and
from the carbene. The stepwise mechanism - that involves the
generation of the free carbene in the reaction mixture, and the
subsequent association and reaction with the gold species -
showed higher barriers, suggesting the dominance of the
concerted, associative path.

Considering such an associative mechanism for the “weak
base route” in general may eventually lead to an explanation of
how the reaction can occur at all. However, there are curious
experimental findings, which imply that the reaction is far from
being understood. With the increasing basicity of the deproto-
nating agent, the theoretically calculated reaction barrier
becomes lower in the associative mechanism of the organo-
catalytic reactions.®® Although a similar effect could be
expected for the complex formation as well, in case of these
processes the experiments show, remarkably, somewhat contra-
dictive trends. It has been observed that while K,CO; can be
applied as a base successfully for most of these reactions, using
NEt; allows the formation of the targeted complexes only in a
few cases."™*? However, using NaOAc as base in the reaction
leads to lower energy barriers than NEt;, despite its significantly
lower pK, in water.” Whereas this finding could be explained
by the varying basicity of these compounds in different media,
effects other than mere basicity may also be at play in these
reactions, making the inorganic bases more competent.

The synthesis of metal-NHC complexes would benefit from
understanding the fundamental principles that govern the
underlying reactions, since it would enable identifying those
factors in the processes, which can be further improved. Thus,
in this contribution we aim at shedding light on hitherto
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Figure 2. Alternative, concerted (associative) reaction mechanism discovered for NHC organocatalysis, avoiding the formation of a free carbene.l
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Figure 3. Reaction mechanism proposed for the weak base route by Tzouras et al., circumventing the formation of a free carbene.
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unknown aspects of the “weak base route”, to reveal the effects
that make one base more effective than the other in the
corresponding synthetic approaches. To this end, we present
here a detailed quantum chemical and molecular dynamics
study on the reaction mechanism, and the solvent behavior
within the reaction mixtures.

Results and Discussion

To investigate the effects of the reactants on the reaction
mechanism, we chose 1,3-dimethylimidazolium chloride as a
precursor, [M(DMS)CI] (M=Au, Cu; DMS =dimethyl sulfide) as
metal sources, and trimethylamine and sodium acetate as base.
The overall four possible reactions were compared through
high level DLPNO-CCSD(T)/CBS quantum chemical calculations,
in terms of their reaction mechanism and energetics that may
have an impact on the process. Based on earlier computational
data,”>**** we assumed that the reaction follows a concerted,
associative pathway, in which the deprotonation of the
imidazolium cation and the metal-carbon bond formation occur
simultaneously.

The obtained reaction Gibbs free energy profiles are shown
in Figures 4 and 5. The process is roughly similar in all four
metal-base combinations. The first step is the association of the
metal precursor and the 1,3-dimethylimidazolium chloride ion
pair I, which forms the anionic dichloro complex of the metal I,
releasing the dimethyl sulfide. Interestingly, this step - despite
the high stability of the dichloro complexes - was found
endergonic for gold in the solvent phase calculations. However,
the subsequent evaporation of the sulfide would increase
entropy, stabilizing Il significantly. In II, the complex anion

Figure 4. DLPNO-CCSD(T)/CBS Gibbs free energy profile (in kcalmol ™) for
the reaction of 1,3-dimethylimidazolium chloride with [M(DMS)CI] (M = Au,
above; M=Cu, below, italics) and trimethylamine, in acetone. Relative
energies were calculated considering the presence of a fully dissociated
[M(DMS)CI] in the case of structure I, DMS in the case of structures II-V, and
an [HN(CH,);][Cl] ion pair in the case of structure V.
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Figure 5. DLPNO-CCSD(T)/CBS Gibbs free energy profile (in kcalmol™) for
the reaction of 1,3-dimethylimidazolium chloride with [M(DMS)CI] (M =Au,
above; M =Cu, below, italics) and sodium acetate, in acetone. Relative
energies were calculated considering the presence of a fully dissociated
[M(DMS)CI] in the case of structure I, DMS in the case of structures II-V, and
NaCl--HOAc in the case of structure V.

interacts with the imidazolium cation through its m-system.
However, we localized another - albeit somewhat less stable -
isomer of this structure (lla, Figure 6), in which the gold and
chlorine atoms form hydrogen bonds with the position 2
hydrogen atom of the ring (H2) and methyl hydrogen atoms.
The small energy difference between these two structures
suggests that they may be both present in the solution.

After forming the complex anion, the base and Il associate
into cluster Ill, which is - partly due to entropic effects — again
endergonic. In lll, the base forms a hydrogen bond with the
imidazolium cation through the H2, while the anion is situated
in a fashion that it can interact with the cationic m-system via
van der Waals and Coulombic interactions. This cluster can be
rearranged into structure llla (Figure 6), in which the complex
anion occupies the site with a hydrogen bond to H2, whereas
the base interacts with the m-system. However, according to the
relative Gibbs free energies, llla is in all cases less stable than lIl.

After the formation of Ill, in which the base, the imidazolium
cation, and the anionic metal source are associated, the
complex formation can occur in a single elementary step,
through TS,,_y. This step involves the proton transfer from the

F1LaN

Figure 6. Ball-and-stick images of the isomers of Il and Ill, structures lla (left)
and llla (with trimethylamine: center; with NaOAc: right).
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imidazolium cation to the base, the formation of the M-C bond,
and the cleavage of a M-Cl bond. This complicated rearrange-
ment decreases the Gibbs free energy of the system and
produces the desired metal-NHC complex. The dissociation of
the protonated base in hydrogen bond with the chloride anion
from the metal complex is also exergonic, resulting in an overall
negative reaction Gibbs free energy, and thereby a driving force
for the reaction. The transition states of all four reactions are
collected in Figure 7. It is interesting to point out that in the
TS,_wv structures found for the sodium acetate base, the strong
and directional interaction between the sodium ion and the
acetate anion hinders the arrival of the proton to the oxygen
atom in a fashion that yields the usually most stable, trans
conformation for the H-O—C—C dihedral angle, resulting in
somewhat unexpected geometries.

The Gibbs free energy profiles exhibit remarkable differ-
ences between the four reactions. It is striking at first glance
that the relative Gibbs free energies of the intermediates and
the transition state of the reactions that involve copper are
generally lower than those for the corresponding gold deriva-
tives, indicating that the process can occur under milder
conditions for the lighter transition metal. However, interest-
ingly, the reaction is less exergonic for the copper derivatives.
Exchanging the base has a milder, but still observable effect on
the reaction. Generally, sodium acetate forms more stable
complexes with Il, showing that the ionic nature of the ion pair,
that is, the corresponding high dipole moment makes it easier
for the starting materials to associate. In contrast, the barriers of
the reactions with the amine base are generally lower,
suggesting that the amine produces the metal complex faster.
As described above, this is in clear contradiction with the
experimental findings, in which ionic bases show significantly
higher reaction rates.”

To find where this conspicuous discrepancy between the
quantum chemical results and the experimental findings from
literature originates, it is worth looking at the factors these
calculations fail to take into consideration. Since in the quantum
chemical results the advantage of the ionic base is not
apparent, it is also likely that finding the relevant shortcomings
of this method will also reveal the source of the excellent
performance for these bases.

First, the solubility of the two bases in solution is different.
In the model taken above, a single amine molecule, or a sodium
acetate ion pair reacts with the other reaction partners.
Comparing these two reactions directly may not fully represent
reality, since whereas the amine forms a homogeneous mixture

X' A A

with acetone, sodium acetate is a salt, and its saturated
concentration in the organic solvent is significantly lower. This
inherent difference between the two bases would, however,
further decrease the potency of the acetate base, and the
reaction rate. Second, the substituents on the imidazolium
cation may influence the barriers through steric hindrance,
changing the trends in the synthetically applied, realistic
reaction mixtures. However, we found that the relative Gibbs
free energy of TS,y with respect to | is barely altered when
introducing the sizable 2,6-diisopropylphenyl (DIPP) substitu-
ents at the ring nitrogen atoms. At the B3LYP-D3BJ/def2-TZVPP
level, this was found to be AG=30.1 kcalmol™' (M=Au, R=
DIPP), AG=303kcalmol” (M=Au, R=Me), AG=
20.1 kcalmol™" (M=Cu, R=DIPP), and AG=17.0 kcalmol™" (M=
Cu, R=Me) with the trimethylamine base. Third, solution phase
entropy calculations bear an error, which may affect the results
even in a qualitative fashion and alter trends of reaction rates.
This question has been under scrutiny from computational
chemists for decades*'™' This error becomes significant,
whenever there is a phase transfer in the reaction, if it involves
a dissociation or association of particles. In this case, when
comparing the Gibbs free energies for the two bases here, the
association/dissociation processes are similar, therefore the
error stemming from the faulty entropy estimation should also
be similar, hence it should not break the trends. The fourth
possibility is that there are complex liquid dynamics at play in
these reactions, which have a severe influence on the rate of
these reactions. Thus, among all conceivable reasons men-
tioned above, only the latter seems likely, hence we decided to
investigate this issue in more detail.

It is clear from the literature that ionic bases exhibit the
higher potency in aiding the reaction at hand, and thus this
feature deserves a special focus when discussing the structure
and dynamics of the reaction mixture. lonic compounds have a
particular behavior in solution, which can be characterized by
the association or dissociation of the counterions. In weak
electrolytes, the anions and cations are dissociated only to a
small extent, forming ion pairs or larger aggregates in solution,
whilst in strong electrolytes the counterions fully separate, and
move independently. This feature is of key importance in
electrochemical applications, but it can have severe consequen-
ces on reactivity as well (e.g. in controlling the mechanism of Sy
reactions)."**"

lon pairing has been investigated extensively for ionic
liquids.*®*” These compounds®>* are generally composed of
organic cations (often 1,3-dialkylimidazolium derivatives), and

Figure 7. Ball-and-stick images of the transition states TSy,_,, of the metal-NHC complex formation reactions of the 1,3-dimethylimidazolium cation found by

quantum chemical calculations.
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inorganic anions (e.g. halides, main group halide complexes,
carboxylates),* which make them very similar to the precursors
that are involved in the “weak base route”. Remarkably, ionic
liquids in molecular solvents form ion pairs or aggregates in
many cases.”>" In relation to the organocatalytic activity of
azolium cations, the dissociation free energy of ion pairs of
various 1,3-dimethylimidazolium salts have been investigated in
a range of organic solvents and water through classical
molecular dynamics simulations.®® The formation of ion pairs
was favorable in most cases, only the 1,3-dimethylimidazolium
chloride showed some tendency to dissociate in water,
probably due to the high solvation energy of the anion in this
highly polar solvent.

Based on these data it is reasonable to assume that the
reactivity of the imidazolium salt, and the association of the
base with the acidic hydrogen atom of the imidazolium cation
are strongly influenced by these strong, long-range ion-ion
interactions. Since the reaction requires the simultaneous
aggregation of the imidazolium cation, the metal complex
anion, and the base in a manner where the base can also access
the acidic hydrogen of the cation, the effects that influence
association processes in solution may be decisive for the
reaction. To test these hypotheses, classical molecular dynamics
simulations were performed. For the high-end quantum chem-
ical calculations described above, the small methyl groups were
chosen to rationalize computational demand, and since steric
effects seem to have a very low impact on the reaction
mechanism and energetics in similar reactions.®® This was also
corroborated by DFT calculations comparing the 2,6-diisopro-
pylphenyl and methyl substituted imidazolium derivatives (see
data and discussion above). For the classical molecular dynam-
ics simulations, however, computational time is not an issue,
and the solvent dynamics at the imidazolium ring should be
highly affected by the size of the substituents on the nitrogen
atoms.B8% Thus, for these models we took the structure that
was most often investigated in experimental mechanistic
studies, 1,3-bis(2,6-diisopropylphenyl)imidazolium (IPr)." Aim-
ing at revealing the structural and dynamic details of ion
pairing, and its effects on the reaction, we created two sets of
models. In the first set, a single ion pair of [IPrH]* with a variety
of anions [X]™ (chloride [CI]~, tetraphenyloborate [BPh,]~, bis(tri-
fluoromethanesulfonyl)imide [NTf,]-, acetate [OAc]~, [AuCl,]")
was modeled in a series of solvents with different polarity and
hydrogen bonding ability (acetone, methanol, glycol, 1,1,1,3,3,3-
hexafluoropropan-2-ol HFIP, 1-butylpyridinium tetrafluorobo-
rate [BuPy][BF,]). For these systems the dissociation free energy
was calculated through umbrella integration. In the second set
of simulations, ten ion pairs [IPrH][X] and ten base molecules
(of either triethylamine, or sodium acetate) were dissolved in
various solvents and with various kinds of [X]”, to observe
association processes in a realistic reaction mixture, and the
preference for the base to interact with the acidic proton. The
composition of the systems is shown in the Supporting
Information.

The [IPrH][CI] ion pair exhibited a wide range of behavior
in different solvents (Figure 8), and the calculations also
indicated very different dissociation energies as well (Table 1).

Chem. Eur. J. 2023, 29, e202203636 (5 of 9)

Figure 8. Representative snapshots of the molecular dynamics simulations
with 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride in acetone (left),
1,1,1,3,3,3-hexafluoropropan-2-ol (middle), and methanol (right).

Table 1. Dissociation free energies (in kcal mol™) for the [IPrH][X] ion pair in
various solvents ([BuPyl[BF,l: 1-butylpyridinium tetrafluoroborate; [BPh,]:
tetraphenyloborate anion; [NTf,]: bis(trifluoromethanesulfonyl)imide anion;
HFIP: 1,1,1,3,3,3-hexafluoropropan-2-ol).

X [OAc]™ [cn- [NTf,]~ [BPh,]~ [AuCl,]~
acetone 1.8 39 0.1 —-23 —-0.1
methanol —25 —3.1 0.0 0.1 —-0.2
glycol -3.0 —8.0 1.2 -1.1 3.8
HFIP 9.8 10.9 104 -3.0 7.1
[BuPyl[BF,] 0.8 —-3.8 39 127 -3.0

In acetone - the solvent of choice in most of the correspond-
ing applications - the ion pair stayed intact, requiring
3.9 kcalmol™" free energy for the dissociation, indicating
strong ion pairing. Introducing hydrogen bond donor sites
into the solvent improves the solvation of the anion, which
facilitates dissociation. Thus, in methanol and glycol the
[IPrH][CI] ion pair dissociates into free ions due to the —3.1
and —8.0 kcalmol™' dissociation free energies, respectively.
Interestingly, the strong hydrogen bond donor 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP) does not aid dissociation, and
produces a 10.9 kcalmol™ dissociation free energy for the
[IPrH][CI] ion pair. This finding can be rationalized by the large
fluorous groups of the solvent, which form a microheteroge-
neous structure®®® with large non-polar domains that are
dominated by the negatively polarized fluorous groups.
Instead, in the simulations HFIP exhibited an interesting
behavior, inserting one or two -OH groups between the H2 of
the [IPrH]* cation and the chloride anion, inducing the
formation of a solvent separated ion pair (Figure 8 middle). In
the dissociation free energy calculations, for the structures
with the H2-Cl distances that correspond to the solvent
separated ion pair, a relative energy of —1.5 kcalmol™' was
found. In the ionic liquid 1-butylpyridinium tetrafluoroborate
([BuPyl[BF,]), full dissociation of [IPrH][CI], and a dissociation
energy of —3.8 kcalmol™" was observed. This is reasonable as
ionic liquids have been known to be “superdissociative”
solvents, inducing the formation of free ions from ionic
solutes.*®*”!

lon pairing depends on the strength of the cation-anion
interaction, and its relation to the cation-solvent and anion-
solvent interplay,**** as well as the size disparity of the ions
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and the solvent.” If the charge of the ions is more delocalized,
the directionality of the cation-anion interaction is decreased,
and it becomes weaker. Exchanging the chloride anion to an
[NTf,]- decreases the dissociation energy of the ion pair in
acetone to 0.1 kcalmol™'. Since the [NTf,]” anion is a weaker
hydrogen bond acceptor than chloride, hydrogen bond donor
solvents are expected to stabilize the free anion less than in
case of the halide. In agreement, the dissociation free energies
did not decrease in HFIP upon introducing this anion, while in
methanol, glycol and [BuPy][BF,] a notable decrease can be
observed. Interestingly, for HFIP again the formation of a
solvent separated ion pair was observed, which was found
—1.0 kcalmol™" lower in free energy than the ion pair. In case of
the even larger [BPh,]” anion, dissociation free energy
decreases further in acetone, and dissociation becomes sponta-
neous. Due to the lack of hydrogen bonding sites, [IPrH][BPh,]
ion pairs exhibit higher dissociation free energies in methanol
and glycol than the corresponding chlorides. However, interest-
ingly, dissociation becomes thermodynamically favorable in
HFIP, whilst increasing in the ionic liquid. Thus, it is apparent
that while in acetone and HFIP the increasing size and charge
delocalization on the anion is advantageous for separating the
cation and the anion, in the ionic liquid it is disadvantageous,
as it results in a decrease in solute-solvent ion-ion interactions,
and thereby the driving force for dissociation is diminished.

From a practical point of view, the acetate and dichloroau-
rate ions are the most relevant in the present selection, as they
represent a possible base and metal source in the metal-NHC
complex formation processes. The acetate anion is the base
that should remove the proton from the ring, as the dichloro-
aurate loses a chloride anion and forms a gold-carbon bond.
The separation of the acetate anion from the imidazolium ring
is endothermic in acetone, but the free energy difference is
lower than what one could expect from a basic, strong
hydrogen bond acceptor anion. In methanol and glycol the
separation becomes exothermic, showing that the hydrogen
bonding from the solvent molecules can split the ion pair.
Interestingly, despite these obvious effects, HFIP hinders the
dissociation, in which probably the fluorous groups play a key
role. Separation of the anion and cation in the ionic liquid
solvent has a low energy demand.

In case of the gold complex, interestingly, the dissociation
from the imidazolium cation is energetically neutral in acetone
and methanol. However, in both solvents, upon increasing the

distance between the acetate and the H2 of [IPrH], lower
energy structures were formed, in which the metal complex
anion was situated at the 4 and 5 position atoms of the ring.
The free energy of this state was found 0.8 and 0.6 kcal mol™
lower than that of the dissociated system for acetone and
methanol, respectively. While in HFIP and glycol the ion pair is
apparently stable, in the ionic liquid it tends to dissociate.

In the second set of simulations, the close approach of the
base to the acidic hydrogen of the imidazolium cation can be
observed directly (Table 2). In the probabilities of the close
[IPrH] *-base contacts (H-O or H—N distance smaller than 3 A),
several trends can be observed. For the [IPrH][CI] salt, the NEt,
shows an observable, but low peak at the hydrogen bonding
distance. Interestingly, in methanol this peak increases, while in
glycol and HFIP it fully disappears. In the ionic liquid [BuPyl[BF,],
however, the amine and the imidazolium cation are again
prone to association, showing a distinct high peak. These results
can be rationalized through the ion pairing that keeps the
chloride anion at the H2 in acetone. In methanol the hydrogen
bonding between the chloride and the solvent dissociates the
[IPrH][CI], and thereby liberates the H2 for interaction with the
amines, but the hydrogen bonding with the cation must
compete with the methanol-amine interplay, hence the peak
becomes only slightly higher. Increasing hydrogen bond donor
character of the solvent shifts this competition, resulting in no
measurable peaks for glycol and HFIP. In case of HFIP, this effect
is emphasized even more due to the importance of the solvent
separated ion pair structure, which blocks the cation-base
interaction. With its sizable diisopropylphenyl groups, [IPrH]* is
larger than [BuPyl™ and has more non-polar groups as well.
Thus, its association with the amine may be facilitated not only
by the strength of the C—H--N hydrogen bond, but also by
hydrophobic interactions. These are also not hindered by the
presence of the chloride, as a full dissociation of this ion pair
occurs in this system (Table 1).

In hydrogen bonding solvents, sodium acetate has contacts
less often with the imidazolium cation, than in acetone, as the
acetate anion forms interactions rather with these solvent
molecules, instead of the reactant. NEt; seems to be less
sensitive to this effect, being a significantly weaker hydrogen
bond acceptor. The ionic liquid [BuPy][BF,] has a generally low
performance as a solvent, as it appears to be hindering the
imidazolium/base contacts effectively, except for [IPrH][CI].

Table 2. Peak heights for the first peaks in the H--O/N radial pair correlation functions, describing the probability of a hydrogen bond formation between
the H2 in [IPrH] ¥, and the oxygen (NaOAc) or nitrogen (NEt;) atom of the base.

X B acetone methanol glycol HFIP [BuPyI[BF,]
[Cl- NEt; 0.20 0.47 0.00 0.00 2.89

[NTF,] NEt, 0.41 0.42 1.68 0.51 0.00
[BPh,]~ NEt; 0.42 0.40 0.08 0.06 0.00
[AuCL,]™ NEt; 0.35 0.28 0.27 1.00 0.00

[cn- NaOAc 7.77 0.26 0.07 0.04 0.00
[NTF,]~ NaOAc 1.98 0.02 0.01 0.13 0.00
[BPh,]™ NaOAc 1.40 0.06 0.09 0.01 0.00
[AuCl,]™ NaOAc 4.83 0.13 0.01 0.00 0.00
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The lower propensity of [IPrH][NTf,] and [IPrH][BPh,] to
form ion pairs in acetone results in two times higher peaks in
the radial pair correlation functions (RDFs) than the chloride salt
in the same solvent in case of the amine base. On the other
hand, since ion pairing in [BuPy][BF,] occurs significantly more
often with these two anions than with the chloride (Table 1), in
this ionic liquid the H2 is blocked from the NEt;. In methanol,
the g(r) values slightly decrease with respect to the chloride
analogue. For the [BPh,]” derivative, the imidazolium-amine
interaction has a low occurrence, again similarly to the chloride.
Interestingly, however, HFIP and especially glycol exhibit
significant RDF peaks for the [IPrH]*-NEt; interaction.

Regarding the experiments, the [AuCl,]” anion is the most
relevant. The [IPrH][AuCl,] ion pair can occasionally interact
with the amine base through the H2 in all solvents, except for
the ionic liquid. Interestingly, HFIP allows for the by far most
frequent [IPrH]*-NEt, interplay, making it a solvent of interest
for the reactions, if for some reason an amine base must be
employed.

In acetone, the acetate base shows already at first glance
much higher g(r) values than NEt; (Table 2), all values being
above 1. This is especially the case for the chloride salt, which
exhibits a prominent g(r) =7.77, followed closely by the [AuCl,]~
with a g(r)=4.83. In the latter case, with the [IPrH][AuCl,] and
the base in the solution, the association represented in Table 2
can directly be rationalized as the formation of cluster IlI
(Figures 4 and 5). These results can be explained through the
strong ion pairing behavior, which aids the association of these
two species (Table 1). It is also remarkable, that the chloride
anion has a very strong interaction with the [IPrH]*, out-
performing all other anions in the non-hydrogen bonding
solvent acetone. In the rest of the solvents the base has
significantly less access to the H2, which is in line with the
lower dissociation energies presented in Table 1. Thus, due to
their hydrogen bond acceptor properties, methanol, glycol,
HFIP and the ionic liquid [BuPy][BF,] form strong interactions
with the acetate anion, efficiently competing for this base with
the [IPrH]*. To observe if steric effects play a role in the
association processes in question, we performed simulations for
1,3-dimethylimidazolium dichloroaurate in acetone with the
two bases, in a setup identical to those presented in Table 2.
The corresponding first peak heights exhibited a very similar
trend compared to the system with the sizable 2,6-diisopropyl-
phenyl substituted compounds, with g(r)=0.48 for NEt;, and
g(r)=17.13 for NaOAc.

As mentioned above, the combination of the solvent
acetone with the base sodium acetate produced the best
results in the experimental setup from all the systems that we
have investigated theoretically here. The acetate base is
outperformed only by carbonates, which are on one hand also
ionic substances, and stronger bases. It is remarkable, that the
classical molecular dynamics simulations reproduced the prom-
inence of the above solvent/base combination, which indicates
that the observed underlying effects are decisive, or at least
play a significant role in determining the rate of metal-NHC
complex formation via the “weak base route”.

Chem. Eur. J. 2023, 29, e202203636 (7 of 9)

The mechanistic picture above has implications also beyond
the “weak base route”. In case of the “built-in base route”, the
base that facilitates the process is inherently associated with
the other components, either as a ligand at the metal source, or
the counterion of the imidazolium precursor. Thus, in these
roles, the base can be more active, and the reaction rate can be
higher.

Conclusion

The “weak base route” has emerged in the literature as the
most efficient way to synthesize metal-N-heterocyclic carbene
complexes. The key to this method is the application of a weak
base that does not promote the formation of a free carbene in
the solution, thus making the reaction mixture easier to handle.
These bases should be, on the other hand, able to abstract a
proton from the precursor imidazolium cation, while it is
reacting with the metal source. Earlier experimental evidence
indicates that the basicity of the base is not the only decisive
factor in the efficiency of the reaction. While in aqueous
solutions acetates have a lower basicity than amines, the latter
compounds fail to promote complex formation, and the former
ones show a high activity.

We show that the reason for this difference does not lie in
the reactivity per se, but in the ability of the base to access the
proton it is to remove. Whereas the amine base is kept away
from this site by the counterion of the imidazolium cation, ionic
bases can efficiently compete for the proton in question. The
tendency of ionic compounds to associate in solution brings all
the components of the reaction, the imidazolium cation, base,
and metal source, into a cluster, in which the reaction can
occur, thereby facilitating complex formation. Thus, it is
apparent that these effects explain why not all weak bases are
amenable in these reactions and that the ability of the
aforementioned driving forces to enhance the association with
the imidazolium precursor should be considered, when select-
ing the appropriate components for the reaction.

Computational Methods

Quantum Chemical Calculations

Quantum chemical calculations were performed by the Orca
program version 4.2.1.%” All structures were fully optimized using
the B3LYP functional,®®**® augmented with the D3 dispersion
correction with Becke-Johnson damping,”®’" together with the
def2-TZVPP basis set.”>”¥ For both the geometry optimization and
the SCF cycle tight convergence criteria were set. The nature of the
obtained stationary points was confirmed by having no negative
eigenvalues of the Hessian in case of minima, and exactly one
negative eigenvalue for transition states. For each transition state, a
steepest descent geometry optimization was performed in both
directions defined by the imaginary normal mode to identify the
minima connected by the given transition state. On the optimized
structures, DLPNO-CCSD(T)/CBS calculations were performed in an
extrapolation scheme based on the def2-TZVPP and def2-QZVPP
single point energies, with tight settings on the localization.”*"”
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The total Gibbs free energy of the structures was obtained as the
sum of the DLPNO-CCSD(T)/CBS electronic energies, the B3LYP-
D3BJ/def2-TZVPP thermal corrections, and the solvation Gibbs free
energies from B3LYP-D3BJ/def2-TZVPP single point calculations
using the CPCM implicit solvation model for acetone as solvent.”®

The protocol that was used to calculate the Gibbs free energies for
each structure:

e perform B3LYP-D3BJ/def2-TZVPP optimization and frequency
calculation to obtain structures and (G-E)g; yp

o perform B3LYP-D3BJ/def2-TZVPP/CPCM(acetone) single point
calculations to obtain (Egs yps,) and additionally:

- CPCM electrostatic contribution (Egyp)

- CPCM cavity dispersion correction (Ecps)

e perform DLPNO-CCSD(T)/def2-TZVPP single point calculations

(Ecespmmz)
e perform DLPNO-CCSD(T)/def2-QZVPP single point calculations

(ECCSD(U/QZ)

¢ extrapolate SCF- and correlation energies obtained from CCSD(T)
calculations to the complete basis set (Eccspmycas)

e add Egp and E.ps to CCSD(T) total energies to in order to
include solvation effects and obtain Eccspmrzson Eccsomyazsolv
and Eccspmycas solv

e to obtain Gibbs free energies (G): add the thermodynamic
contribution (G-E)gy,yp to the electronic energies (with solvation
effects)

Molecular Dynamics Simulations

Molecular dynamics simulations were performed with the Lammps
program package.”” For the organic solvents, sodium acetate,
triethylamine and the 1,3-diisopropylphenyl substituents the
standard OPLS-AA parameters were applied,® while for 1,1,1,3,3,3-
hexafluoroisopropan-2-ol (HFIP) the force field reported by Fioroni
et al. was used.® Given the similarity of the hereby investigated
imidazolium salts and ionic liquids, for the imidazolium moiety the
force field parameters of Padua and Canongia Lopes were used,
exploiting their compatibility with the OPLS-AA model.**#>% The 1-
butylpyridinium tetrafluoroborate solvent was modeled by the
same force fields for ionic liquids.®® For the tetraphenyloborate
anion, the standard OPLS Lennard-Jones parameters, and the
charges reported by Schurhammer and Wipff were employed.®

The simulation boxes for producing the data in Table 1 were
composed of a single ion pair of [IPrH][X] each, and 500 acetone,
1000 methanol, 750 glycol, 400 HFIP, or 300 [BuPy][BF,] ion pairs.
The second set of simulations, used for the data in Table 2, were
composed of 10 [IPrH][X] ion pairs, 10 bases (NEt; or NaOAc), and
1000 acetone, 2000 methanol, 1500 glycol, 750 HFIP, or 500
[BuPy][BF,] ion pairs. The simulation boxes were created with the
Packmol program package.’” After an initial energy minimization,
the system was simulated in an NpT ensemble using Nosé-Hoover
thermostats (T =320 K, with a time constant of 100 fs) and barostats
(p=1 bar, with a time constant of 2 ps) for 7 ns. For the last 6 ns
the box volume was averaged and used to calculate the cell vectors
to be used for the subsequent simulations. After 1.5 ns of further
equilibration in the NVT ensemble, an NVT production run was
performed for 20 ns. The analysis of the systems was performed by
using the Travis program.®®”

In case of the umbrella integration calculations, an external
harmonic potential was added to the system produced by the
protocol above, which kept the distance between the H2 atom of
the imidazolium ring and the central atom of the anion short (Cl for
chloride, B for [BPh,]~, N for [NTf,]~; carboxylate C for [OAc]~; Au for
[AuCl,]™, at e.g. 2.25 A for chloride). After 1 ns of equilibration, the
force that acted on the above potential was measured and
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averaged over a production run of 250 ps. The selected interatomic
distance was then increased by increments of 0.25 A until 20 A,
repeating the equilibration and production runs at each distance.
Integrating the forces versus the distance gave the free energy
profile of the ion pair separation.
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