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Abstract

N-heterocyclic carbene (NHC) ligands are a versatile and useful class of ligands that have enjoyed much success over the past few
decades in organometallic chemistry. This fact is exemplified most convincingly in Grubbs 2nd generation olefin metathesis catalysts.
We explore the electronic impact of the NHC-ligand by decoupling electronic and steric effects through simplified model N-heterocyclic
carbenes. Saturated and unsaturated N-heterocyclic carbene ligands give rise to fundamentally different frontier orbitals in these cata-
lysts, suggesting a need to classify them as two electronically distinct ligand classes.
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Keywords: N-heterocyclic carbene ligand; Ruthenium; Grubbs catalyst; Olefin metathesis

1. Introduction

The remarkable olefin metathesis catalysts developed by
Grubbs [1] are an inspiration for many in the field of cata-
lyst design. Whereas understanding the catalytic mecha-
nism with the goal of further optimizing the catalyst and
expanding the scope of its activity is a formidable goal,
the underlying electronic structure of the catalyst is also
broadly interesting from more fundamental perspectives.
For example, in the widely accepted Chauvin mechanism
[2] (Eq. (1)) the olefin-adduct, formally a 16-electron
species,

L ¢ ¢ R
> Ru— >
Ll — L2l — L h
R ¢ R ¢ R ¢
1 1-TS 2

(1)
undergoes a [2+2] cycloaddition to yield a metallacyclobu-

tane intermediate, formally a 14-electron species. Classical
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organometallic logic predicts the 14-electron intermediate
to be higher in energy than the 16-electron analogue. Com-
putational [3-6] and experimental [7] studies suggest, how-
ever, that the 14-electron intermediate is lower in energy
than the 16-clectron reactant complex. We proposed re-
cently that one of the factors contributing to the thermody-
namic stability of the metallacyclobutane is a thus far not
recognized agostic interaction that we termed o,B-(C-C—
C)-agostic to denote the fact that the two C-C o-bonds
are donating electron density to the metal center [8].

The remarkable increase of both activity and versatility
of the catalyst [9-11] when one of the phosphine ligands
[12] is replaced with an N-heterocyclic carbene (NHC)
ligand illustrates the importance of ligand variation in cat-
alyst tuning. NHC-ligands [13-15] are interesting for many
reasons, one of the most important being that they provide
substantially more opportunities for ligand functionaliza-
tion than the phosphine ligands with distinctively different
functionalization sites on the five-membered ring, which in
turn enables more flexible rational design, in principle. The
reason that the Grubbs second generation catalysts outper-
form their predecessors is generally believed to be due to a
lower [2+ 2] cyclization barrier compared to the first
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generation catalysts leading to more rapid and cleaner
completion of the metathesis reaction [16,17]. Many
aspects of the olefin metathesis reaction have been exam-
ined utilizing computational methods in the past and a
number of electronic structure studies appeared in the liter-
ature discussing the nature of the NHC-ligand [18-25]. In
this work, we make use of high-level density functional the-
ory to examine the molecular orbital diagram of the 2nd
generation Grubbs catalyst and highlight the structure—
reactivity relationship by using simplified models of the
NHC-ligands, where both the saturated and unsaturated
NHC-ligands are taken into account [26]. We examine
how functionalizing the NHC-ligand at the N-positions
with electron-donating and electron-withdrawing groups,
represented by CH; and F ligands, respectively, influences
the [2 + 2] cyclization reaction.

2. Computational details

All calculations were carried out using Density Func-
tional Theory as implemented in the Jaguar 6.0 suite of
ab initio quantum chemistry programs [27]. Geometry opti-
mizations were performed at the B3LYP/6-31G™ level of
theory [28-31], with transition metals represented using
the Los Alamos LACVP basis that includes relativistic
effective core potentials [32-34]. Whereas this level of the-
ory has been shown to generate reasonable structures, we
found in previous studies that the energies cannot be
trusted [8,35,36]. Thus, the energies were reevaluated using
Dunning’s correlation-consistent triple-{ basis set cc-
pVTZ(-f) [37] at the previous geometry. For all transition
metals, we use a modified version of LACVP, designated
as LACV3P, where the exponents were decontracted to
match the effective core potential with a triple-{ quality
basis. This protocol represents a reasonable compromise
between numerical accuracy and computational cost. Sol-
vation energies for molecules were computed using a con-
tinuum solvation model [38,39], with a dielectric constant
of 9.08 simulating dichloromethane. Solvation energies
and vibrational calculations were computed at the
B3LYP/LACVP™" level of theory. All stationary points
were confirmed to be minima by checking the harmonic
frequencies. Thermodynamic properties were calculated
as summarized below, where we assume standard approxi-
mations for deriving the entropy corrections in gas phase.
Note that the solution phase free energy is obtained by sim-
ply adding the free energy of solvation obtained by the con-
tinuum model to the gas phase free energy.

AH (gas) = AE(SCF) + AZPE (2)
AG(gas) = AH (gas) — (298.15K)AS(gas) (3)
AG(sol) = AG(gas) + AGyy, (4)

AH(gas) = gas phase enthalpy; AE(SCF) = electronic en-
ergy computed in the self-consistent-field calculation;
AZPE = Zero-Point-Energy correction; AG(gas) = gas

phase free energy; AS(gas)=gas phase entropy;
AG(sol) = solution phase free energy; AGs,, = free energy
of solvation.

Transition states were located on the potential energy
surface by first obtaining an approximate structure using
the linear synchronous transit method (LST) [40], followed
by a quadratic synchronous transit (QST) [41] search using
the LST transition state as an initial guess structure. In
QST, the initial part of the transition state search is
restricted to a circular curve connecting the reactant, initial
transition state guess and the product, followed by a search
along the Hessian eigenvector that is most similar to the
tangent of this curve. Vibrational calculations on the
resulting transition state structures, utilizing analytical sec-
ond derivatives at the B3LYP/LACVP™™ level, confirmed
each transition state to be a first-order saddle point with
one imaginary frequency. Zero-point-energy (ZPE) and
entropy corrections were derived using the unscaled fre-
quencies from these calculations.

3. Results and discussion
3.1. Structure and bonding of NHC-Ru complexes

One of the notable structural characteristics of the
Grubbs catalyst is the sterically demanding 1,3,5-trimethyl-
phenyl group at the N-positions of the NHC-ligand.
Whereas sterically shielding the reactive metal site is plau-
sible for enhancing the reactivity, it is not clear whether or
not there is also an electronic component in how these
functional groups influence the reactivity. Secondly, a com-
mon structural variation of the NHC-ring is to introduce
one additional C-C double bond to afford the unsaturated
analogue. Previous work [26] established that the saturated
NHC-ligands are better donor ligands than their unsatu-
rated analogues, but it is thus far not clear how the m-res-
onance impacts the metal-ligand interaction pattern and
how that difference changes the [2+ 2] cycloaddition
profile.

Fig. 1 illustrates the optimized structures of the six mod-
els and the key structural parameters are given in Table 1.
The Ru-carbene bond lengths indicate that the saturated
heterocycle with an electron withdrawing group, 2a, is
the most tightly binding ligand, which may be attributed
to a stronger m-interaction (vide infra). Interestingly, the
simplest NHC-ligands 2b’ and 4b’ prefer to adopt fairly
coplanar geometries relative to the Cl-Ru-Cl axis with
dihedral angles of 26.6° and 0.9°, respectively. To generate
a consistent set of models that will allow for a direct and
fair comparison, we generated hypothetical structures
where we rotated the NHC-ligand by 90°. These pseudo-
catalysts are labeled as 2b and 4b, respectively, throughout
the study (Scheme 1).

The fluorinated NHC-systems 2a and 4a show an
orthogonal arrangement with dihedral angles of 95.3° and
88.4°, respectively. The methyl-substituted models 2¢ and
4c display intermediate dihedral angles of 80.9° and 64.1°,
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Fig. 1. Optimized structures of the metallacyclobutane models.

Table 1
Key bond lengths listed in A for the fully relaxed metallacyclobutane
models

Bond/A 2a 2b’ 2c 4a 4p’ 4c

Ru-Cl 1.991 2061  2.025 2.038 2.048  2.047
C1-N1 1350 1333 1341 1344 1350  1.355
C1-N2 1351 1333 1340 1344 1350  1.355
Ru-C2 1974 1974 1977 1969 1972 1975
Ru-C3 2268 2270 2283 2254 2262 2272
Ru-C4 1973 1974 1977 1969 1972 1972
C2-C3 1.586  1.587  1.584  1.587 1.590  1.584
C4-C3 1.588  1.587 1.584  1.587 1.588  1.586

NHC-dih. angle® 95.3 26.6 80.9 88.4 0.9 64.1

% The NHC-angle denotes the dihedral angle defined by the atoms
Cl1-Ru-CI1-NI1.

g i 7 g g7
(8o Lo [ D)nd Lo
N ¢ H ¢ N o H ¢
2b' 2b 4b' 4b

Scheme 1.

respectively. The markedly different dihedral angles of the
sterically comparable demanding fluorine and methyl
groups, particularly when the NHC-ligand is unsaturated
(4a and 4c), suggest that significant electronic effects that
are dependent on the N-functionalization are present.
Clearly the much greater steric demands of the 1,3,5-
trimethylphenyl group in the Grubbs catalyst will enforce
the orthogonal NHC-arrangement and overwrite any
electronic effects that may exist. Examining the hypothetical
small model complexes that we discuss herein more
clearly distinguishes the electronic effects that govern the
reactivity.

Fig. 2 shows a simplified MO-diagram of the four
models shown in Scheme 1 (2b’, 2b, 4b’, 4b). Isosurface
plots of the key MOs are given in Fig. 3. Whereas the

overall electronic structure is of course similar in all four
systems, significant differences exist both for the satu-
rated versus unsaturated and the parallel versus orthogo-
nal arrangement of the NHC-ligands. As expected for a
Ru(IV)-d* system, two metal-dominated frontier orbitals
in the metal-ligand non/anti-bonding manifold are
occupied, with the HOMO being mostly metal-d,.. The
second highest occupied MO is the complementary m-
orbital, dominated by d,.. In the case of the saturated
NHC-ligands, the most pronounced dependence on the
rotational angle of the carbene ligand is observed for
the M—L bonding and antibonding MOs with d,, charac-
ter. MO-42 of 2b’ shows strong coupling to the NHC n-
system, with the metal-d,, orbital forming an in-phase
combination with the m-orbital of the NHC-fragment.
The isosurface plot in Fig. 3 illustrates that this MO is
what was previously recognized as the key MO promot-
ing the o,B-(C-C-C) agostic bond [8]. Note that this is
not a classical m-backdonation type of interaction, as it
is not the m*-orbital of the NHC-ligand that is involved,
but rather the m-orbital with one node. Thus, MO-42
contributes to delocalizing the o,B-(C-C-C) agostic bond,
which weakens the agostic interaction within the metalla-
cyclobutane fragment as electron density is removed
from the metallacycle. This electronic feature may be
one of the reasons why steric bulk at the NHC-ligand
and the coplanar arrangement of the NHC-ring with
the metallacycle is advantageous electronically. Upon
rotating the NHC-ligand by 90° to afford 2b, in which
the NHC-ligand is approximately orthogonal to the Cl-
Ru-Cl axis, the coupling of Ru-d,, orbital to the
NHC-ligand disappears due to symmetry mismatch, as
shown in MO-43 of 2b (bottom right hand entry in
Fig. 3). Similar dependence is seen in the antibonding
MOs, MO-57 for 2b’ and its corresponding MO-58 for
2b. It is plausible to expect that the d..-dominated
MOs would interact with the NHC-nt orbitals, since their
symmetries would allow such interaction. To our sur-
prise, we found that there is practically no communica-
tion between the d.. frontier orbitals and the NHC-n
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Fig. 2. MO-diagram comparing the most important MOs of 2b’, 2b, 4b’ and 4b.

orbitals. As shown in Fig. 3, NHC-based orbitals do not
contribute to MO-48 and MO-55 in 2b’. Similarly, we
found negligible mixing of NHC-based orbitals with the
corresponding MOs, MO-49 and MO-55, in 2b. Overall,
the unsaturated NHC-ligand interacts in a similar fash-
ion with the Ru-center, as shown in Fig. 2. However, a
markedly different electronic feature arises from the -
resonance, which enhances the ability of the NHC-ligand
to interact with the metal-center. Upon rotation of the
NHC-ligand, MO-47 of 4b’, the metal-ligand n-bonding
with the Cl™ ligands forms the in-phase and out-of-phase
combinations with the m-orbitals of the NHC-ligand to
afford MO-47 and MO-51 (Fig. 4). As seen for the satu-
rated NHC-ligand, the ligand m-orbitals involved in this
interaction are the filled m-orbitals. The complete lack
of rotational dependence of the o,B-(C-C-C) agostic
bonding orbital, MO-41 (Fig. 2) in 4b’/4b, is surprising.
This naturally led to the question: Why is the o,B-(C—
C-C) agostic bond only affected by the rotation of the
NHC when the heterocycle is saturated?

The additional double bond in the NHC-ring gives rise
to a resonance stabilized ligand, in which there are three
occupied and two unoccupied w-orbitals. In the saturated
NHC-ligand, however, there are only two filled and one
empty m-orbital. The MO-diagram in Fig. 5 illustrates
quantitatively this difference. The HOMO of the unsatu-
rated NHC-ligand at an orbital energy of —6.014 eV has
the correct symmetry to interact with the metal center
affording MOs 47 and 51 (Fig. 2, right hand side), whereas
the HOMO of the saturated NHC-ligand at —6.012 eV has
the appropriate energy, but the wrong symmetry to inter-
act. The only other m-orbital at —8.902 eV, which has the
correct symmetry, cannot participate in bonding because
it is too low in energy. Thus, MO-49 of 2b (Fig. 2) has
no contribution from the NHC-ligand. It is the out-
of-phase combination with the additional double-bond
that enables this m-interaction by raising the ligand m-orbi-
tal energy, as illustrated in Fig. 5. Thus, our calculations
indicate that the electronic features in the m-orbital space
are substantially different between the saturated and unsat-
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Fig. 3. Isosurface plots of the most important MOs in 2b’ and 2b
(isodensity = 0.05 a.u.).

urated NHC-ligands, suggesting that the unsaturated
NHC-ligands should be considered a different class of
ligands. The degree of delocalization of the m-orbital space
also suggests that the unsaturated NHC-ligand should
allow for greater electronic control by functionalization,
in general.

3.2. Reaction profiles for different NHC backbones

To quantify the effect of the different functional groups
and the presence of the additional double bond in the
NHC-ring on the reactivity of the catalyst, we have com-
puted the key steps of the reaction starting from the olefin
adduct. Figs. 6 and 7 show the reaction free energy profiles
for the saturated and unsaturated NHC-ligands, respec-
tively. The reaction profiles of 1b and 1c are practically
identical with an activation free energy of ~3 kcal/mol,
which is in good agreement with the previously reported
value of ~4.5 kcal/mol for a large model of the 2nd gener-
ation Grubbs catalyst [22]. The metallacyclobutane inter-

y ¢
LR
H ¢ 4b

N o
)%
N ¢ 4b'

MO-47

MO-47

Fig. 4. Isosurface plots of the occupied m-orbitals with significant metal—
ligand interaction in 4b’ and 4b (isodensity = 0.05 a.u.).

E(eV)

8
7.969 eV

1oL -8.902 eV w

21 11.405 eV

Fig. 5. Isosurface plots of the occupied and unoccupied n-orbitals of the
NHC-ligands.

mediate is found roughly at —4.5 kcal/mol relative to the
olefin adduct. Interestingly, the electron-withdrawing flu-
oro-group lowers the activation barrier significantly by
~2 kcal/mol to give an activation free energy of only
1.05 kcal/mol. The relative energy of the metallacyclobu-
tane intermediate is less sensitive towards functionaliza-
tion, however. Solvation, modeled in this work using a
continuum model with the dielectric constant set to 9.08
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Fig. 6. Computed reaction free energy profile in gas phase using the saturated NHC-ligands. Solution phase numbers are given in square brackets.

(dichloromethane), has only a minor impact on the reac-
tion energy profile, except in the case of the fluoro-
analogue, where both the transition and intermediate states
are lowered in energy by 1.35 and 1.58 kcal/mol, respec-
tively. As a consequence, the transition state 1a-TS
becomes lower in energy than the olefin adduct 1a in solu-
tion phase. Although these absolute energies should not be
overinterpreted, these calculations indicate that electron-
withdrawing groups at the N-position of the NHC-ligand
lower the activation energy of the [2 + 2] reaction signifi-
cantly without having the same effect on the stability of
the metallacycle. For optimizing the performance of the
olefin metathesis catalyst it is important to lower the acti-
vation barrier without lowering the intermediate energy
to the same extent, as the next step in the metathesis reac-
tion requires the metallacycle to reform the olefin adduct.

The reaction energy profiles of the unsaturated NHC-
ligands are significantly different from those of the satu-
rated NHC-ligands, as shown in Fig. 7. The reaction
energy profiles are much more dependent on the functional
groups than seen in the saturated NHC-analogues with rel-
ative energies of the metallacycle ranging from 2.6 to
—35.2 kcal/mol. The activation free energies are also spread
over an energy range of 5 kcal/mol from 2.5 to 7.5 kcal/

mol. Unlike in the case of the saturated NHC-ligand, the
fluoro-substituent increases the activation barrier and the
metallacycle intermediate is higher in energy than the olefin
adduct. This dramatic dependence of the reaction energy
profiles is of course a direct consequence of the higher
degree of electronic communication introduced by the
extended m-system. Overall, our calculations suggest that
the saturated NHC-ligand system with electron-withdraw-
ing substituents at the N-positions display the most desir-
able reaction profile pattern, i.e. low lying transition state
and relatively high-lying intermediate. Interestingly, the
fluoro-substituted, unsaturated NHC-ligand affords a reac-
tion energy profile where the metallacycle is energetically
higher than the olefin adduct, giving access to a
qualitatively different reaction energy profile. The highest
barrier of the metathesis step thus becomes the formation
of the metallacycle (3a — 3a-TS), instead of the consump-
tion of the metallacycle (e.g. 4b — 3b-TS), as in all other
cases.

4. Conclusions

Model systems of Grubbs 2nd generation catalysts have
been investigated with high-level density functional theory.
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Rotational preference of the NHC in the experimental sys-

tem, which is forced to be perpendicular due to the bulky
mesityl substituents at the N-positions of the NHC-ring,

is proposed not only to be advantageous due to shielding
of the reactive metal site, but to be of fundamental impor-
tance to the thermodynamic stability of the metallacyclob-
utane intermediate and ultimately the overall shape of the
reaction energy profiles. Additionally, our investigation
of the frontier orbital manifolds of these systems displays
clear differences between the Ist and 2nd generation
catalysts when compared to our previous work. Ruthe-
nium-metallacyclobutane bonding is weaker in the NHC
complexes, displayed by the more positive metal-ligand
bonding orbital energies. This observation reflects on the
well accepted propensity of N-heterocyclic carbenes to
donate more electron density than phosphines, helping to
relieve the strain on the electron—poor ruthenium center.
This translates into more facile bond breaking and bond

catalysts. Both ligand types investigated here display inter-

esting bonding motifs with the metallacyclobutane frag-
ment, particularly with respect to rotation, with metal—

ligand bonding arising from interactions with the m-system
instead of the expected m*-system.
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