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Summary: The past decade has seen N-heterocyclic carbenes
(NHC) emerging as a credible alternative to ubiquitous tertiary
phosphines as ligands in organic and organometallic chemistry.
In many cases NHC ligands have proven more effective than
phosphines as ancillary ligands in catalysis, while in some cases
they also enable unexpected and welcomed chemical routes to
new products.” These initial discoveries have paved the way to
a continued search for new NHCs able to promote more effective
and/or unprecedented catalysis. Nevertheless, the search for new
and useful NHCs remains an arduous task, because, to date,
useful NHCs have to be synthesized as monomeric species, while
some monomeric NHCs have the disappointing tendency to
easily dimerize as shown in eq 1.

2 NHC: = NHC=CHN + —E,, )

Several studies have offered insights into the mechanism of
NHCs dimerization® and clearly evidenced that the thermody-
namic tendency of a given NHC to dimerize can be linked to
its steric and electronic properties. For example, the stronger
tendency to dimerize of saturated NHCs (1 in Chart 1) with
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respect to their unsaturated analogues (3 in Chart 1) was
correlated to an electronic effect.® This electronic effect can be
specifically associated with the singlet—triplet splitting, Es—r,
which is the energy required to promote one of the electrons of
the 0-HOMO carbenic lone pair to the 7*-LUMO centered on
the carbenic C atom.?®™¢ Similarly, it was shown that an
appropriate increase of the steric bulk of the R substituent on
the N atoms is key in achieving stable saturated or aromatic (2
in Chart 1) monomeric NHCs. Nevertheless, the exact balance
between these two effects is not clearly understood. In this
contribution, we propose a model addressing factors determining
the stability of NHCs, aiming, in the end, to provide a model
to quantify these effects for different NHC families.
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To this end, we argue that the dimerization enthalpy of a
given NHC, Egim, can be decomposed as shown in eq 2,
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where NHCgeric and NHCEjectronic are molecular descriptors able
to capture the steric and electronic properties of a given NHC,
respectively, while A, B, and C are empirical parameters fitted
to reproduce a set of Egy, values. Within this approach it is
natural to set NHCgjectronic = Es-1. Sterically we assume
NHCsteric = %Vpur, Where %Vgy: is the buried volume, a
molecular descriptor that can be considered an analogue of
Tolman’s cone angle for tertiary phosphines. We have already
shown that %V, can be successfully used to classify the steric
properties of NHC ligands.* Finally, due to the paucity of
experimental data,’ the Eg, we fitted are DFT dimerization
energies, Eqn.c The Es_t values and the geometries used for
the calculation of the %Vpg, were also obtained from DFT
calculations.®® The set of NHC ligands we considered is
reported in Chart 1 and were selected to cover a large portion
of the steric and electronic space.

Minimization of %* of eq 3 with respect to the A, B, and C
parameters of eq 2 resulted in the following parameters: A =
3.28 (3.22) kcal/mol, B = 2.08 (1.99), and C = —233.25
(—220.34) kcal/mol. Values in parentheses refer to calculations
that include solvent effects, THF in this case.
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A plot of the fitted versus the DFT dimerization energies
calculated in the gas phase is presented in Figure 1. Together
with a correlation parameter R> = 0.93, the plot indicates that
using Es—t and %Vg,, as molecular descriptors for electronic
and steric effects and appropriately fitting the A, B, and C
parameters of eq 2 allow to reproduce the DFT dimerization
energies of all NHCs in Chart 1 with remarkable accuracy. Very
similar results are obtained if the parameters of eq 2 are
optimized to reproduce the DFT dimerization energies in THF
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(7) The DFT calculations were performed with the Gaussian03 package,
using the GGA BPS86 functional, with the TZVP basis set of Ahlrichs on
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(8) The Es—t has been calculated as the energy difference between the
DFT-optimized geometries of the monomer NHC in the triplet and singlet
electronic states, respectively. See ref 7 and the Supporting Information.

(9) The %Vg,: has been calculated using the geometry of the NHC ligand
from the DFT-optimized geometry of the (NHC)Ir(CO),Cl complex. See
ref 7 and the Supporting Information for details.
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Figure 1. Plot of Ejit, versus Eqn' for the NHCs of Chart 1. The
diagonal line is plotted to guide the eye. The color scheme indicates
the experimental behavior. More details can be found in the
Supporting Information.

(R* = 0.88). It is noteworthy that the dimerization energies span
a remarkably large window from —40.3 to +33.5 kcal/mol in
the gas phase and from —28.6 to +36.2 kcal/mol in THF.

The good agreement we obtained quantifies the relative role
of steric and electronic effects on the dimerization of NHCs
and unifies NHCs with different architectural skeletons (satu-
rated, aromatic, or unsaturated) and different R groups (from
alkyls to aromatics) into a single model. Indeed, both Eg and

4 reproduce the well-known fact that unsaturated NHCs show
a much higher tendency to be stable as free monomers (green
diamonds in Figure 1). This also highlights the fact that saturated
NHCs with small R groups normally dimerize (red squares in
Figure 1), although they are not so far from being stable as
monomers, and that there exists a small section of the NHC
space where the monomer—dimer equilibrium is established
(yellow triangles in Figure 1). Considering that NHCs 3b'® and
1c'' are known to be stable as monomers and dimers,
respectively, an energy window separating NHCs that will be
stable as monomers (Eqt, > —2.6 (3.3 in THF) kcal/mol) and
NHCs that will dimerize (Ei, < —18.9 (—9.4 in THF) kcal/
mol) can be tentatively proposed; see Figure 1.'>!3

Nevertheless, some words of cautions are needed. First, this
kind of calculation predicts the thermodynamic stability of a
given NHC and says nothing on its possible kinetic stability.
Second, an extremely bulky NHC might be stable as a monomer,
but sterically too demanding to be accommodated in the
coordination sphere of a given metal complex. Third, if the
dimerization energy of a given NHC is low, a dimer—monomer
equilibrium might be established that enables the formation of
NHC—metal compounds with certain transition metal precursors.
Thus, knowledge of how much the dimer is lower in energy
than the monomer can be very useful.

With respect to the straightforward calculation of the Egim
from optimization of the dimeric and monomeric species, the
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energy decomposition scheme we presented replaces the dimer
calculation by two new monomer calculations for each NHC
to be examined, i.e., optimization of the NHC in the triplet
electronic state to evaluate the Es—t, and optimization of the
(NHO)Ir(CO),ClI complex to evaluate the % Vg, Besides the
advantage of an easy decomposition of Egy, into steric and
electronic contributions, there is the additional advantage that
Egim from eq 2 could be used to check results from the
straightforward Eg;p, calculation, due to the difficulties in locating
the best geometry for the dimer. Indeed, for bulky R, the groups
on both halves of the dimer have a tendency to interlock in
various ways, and finding the most stable conformation of the
dimer can become nontrivial (this is not an issue for the
monomer). Further, saturated NHCs have the additional com-
plication of a very flexible ring. Thus, the added simplicity of
the monomer-only approach could be a distinct advantage.
To quantify the predictive ability of eq 2, we followed a leave-
one-out cross-validation resampling procedure. In turn, sequen-
tially one NHC value was excluded by the training set of 30
NHCs of Chart 1, and the A, B, and C parameters were fitted to
a training set composed by the 29 remaining NHCs. The fitted
parameters were used to predict the dimerization energy of the
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of the ring-closing metathesis of tri- and tetrasubstituted substrates See: (a)
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N.; Linden, A.; Allaert, B.; Mierde, H. V.; Verpoort, F. Adv. Synth. Catal.
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omitted NHC, and the corresponding cross-validation absolute
prediction error e = |[EfhnT — Eiitl. This procedure was repeated
for all the 30 NHCs considered, each time leaving out one NHC.
The corresponding average cross-validation absolute prediction
eITOr, e,y, 1S the average of the single e values and amounts to
only 4.4 and 4.9 kcal/mol in the gas phase and in THF,
respectively. These e,y give an estimate of the error that can be
expected if the dimerization energy of a new NHC is calculated
using eq 2.

In conclusion, we rationalized the dimerization behavior of
a large number of NHCs with different steric and electronic
properties within a single model. Our approach can have a strong
practical impact in the rational design of new NHCs with ad
hoc tuned steric and electronic properties. In fact, the natural
strategy to design a new NHC is to introduce bulky R groups
to avoid dimerization. Unfortunately, sterically too demanding
NHC ligands often have a detrimental effect in catalysis.'* At
the same time, even small electronic differences can result in
rather varied catalytic behavior.'> Thus eq 2 could assist in an
appropriate calibration of these steric and electronic effects.
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