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Cite This: J. Phys. Chem. A 2020, 124, 6158−6167 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hoveyda−Grubbs metathesis catalysts undergo a relatively fast decomposition in
the presence of olefins. Using a computational density functional theory approach, we show that
positively charged derivatives of N-heterocyclic carbenes have little impact on the degradation/
deactivation rates of such catalysts with respect to neutral carbenes. On the other hand, the
hypothetical anionic Hoveyda−Grubbs-like catalysts are predicted to less likely undergo
degradation in the presence of the olefin, while being as active as standard, neutral Hoveyda−
Grubbs catalysts.

1. INTRODUCTION

The phenomenon of N-heterocyclic carbenes (NHCs) started
in 1991, when they were first synthesized by Arduengo.1 Since
then, these ligands have been widely used in various aspects of
chemical synthesis, mostly in organometallic chemistry.2

NHCs have the ability to coordinate a large number of
elements, including transition metals, which makes them useful
both in homogenous and heterogenous catalysis.3 One of the
most popular applications of NHCs is as ruthenium olefin
metathesis catalysts and, in particular, the Hoveyda−Grubbs
complex.4 Since the discovery of these ruthenium complexes in
1999, a lot of research has been devoted to better
understanding of chemical and electronic properties of
NHCs and their effect on ruthenium metathesis complexes.5,6

One of the recently suggested and introduced modifications
of carbenes is the addition of a positive or negative charge to
NHCs. Anionic NHCs (Figure 1a) were obtained both in the
isolated form and in metal complexes,7−16 and in the latter
systems, they were shown to possess, in general, good stability
because of their high affinity for transition metals bearing a
formal positive charge.17 Surprisingly, however, there is not a
single example of any of the anionic NHC derivatives
complexing Ru to form a potential metathesis catalyst,
although such systems have been proposed in computational
studies and predicted to be stable and good candidates for
efficient metathesis catalysts.18,19 The cationic NHCs (Figure
1b) were also reported,20−26 and it was shown that the positive
charge on the NHC affects the electron properties by reducing
the σ-donation properties and slightly increasing the π-acidity.
Despite their weak electron-donor properties, multiple
complexes with transition metals for cationic carbenes were
also obtained.27 In the context of olefin metathesis, cationic
carbenes are commonly used for more than 10 years to obtain

water-soluble catalysts by introducing various ammonium-
tagged moieties.26,28−30 Interestingly, it has been shown both
experimentally and theoretically that the impact of the
additional positive charge on the reactivity of such systems is
very low.31,32

Modification of NHCs’ structure and charge may affect the
electronic properties of complexes with transition metals,
which results in changes in their organometallic applica-
tions,33,34 but also, it is likely to affect the decomposition rates
and pathways of such systems. Decomposition studies of
ruthenium complexes were first reported by Grubbs et al.
where he investigated Grubbs-type catalysts (both first and
second generation) and observed a significant effect of the
used solvent on the formation of intermediates.15 They also
confirmed the presence of a dinuclear ruthenium compound
and its influence on reaction side effects such as olefin
isomerization.35 Further research led to the conclusion that the
phosphine fragment is also involved in the decomposition
process.36 Two years later, van Rensburg suggested a substrate-
induced decomposition mechanism for both Grubbs and
Hoveyda−Grubbs catalysts involving a beta-hydride transfer
from the ruthenacyclobutane intermediate.37 This mechanism
is believed to be the major olefin-dependent decomposition
path.38,39 The proposed mechanism of decomposition (Figure
2) consists of several stages: dissociation of the phosphine or
carbene (steps 1 and 2), coordination of the ethylene to the
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unsaturated 14 electron complex (step 3), beta-hydride
transfer in the ruthenacyclobutane precursor (step 4),
formation of a Ru(IV) allyl-hydride species (step 5), and
reductive transfer of the hydride to the terminal position of the
allylic fragment (step 6). These steps result in the formation of
an unsaturated Ru(II) complex, which is inactive in metathesis
reaction.37 Two other olefin-driven decomposition mecha-
nisms have been proposed recently by Jensen and Fogg. Jensen
showed that olefins bearing at least three carbon atoms may
decompose ruthenium catalysts using a mechanism different
from the van Rensburg one with a computationally estimated
barrier of 29.5 kcal/mol.40 Later, Fogg showed that
bimolecular methylidene coupling is also a viable decom-
position pathway for metathesis catalysts.38,39 Other known
decomposition routes which may involve Buchner-type ring
expansion reaction or alcohol/amine-driven degradation may
occur only in the presence of external agents and are outside
the scope of this investigation.41−50

There are many known examples of structural modification
in neutral carbenes, which alter the stabilities of Hoveyda−

Grubbs-like catalysts.25,30 On the other hand, the possible
impact of the introduction of extra charge into carbene on the
decomposition of Hoveyda−Grubbs-like catalysts has not yet
been studied. In this work, we used density functional theory
(DFT) calculations to compare the decomposition of the
Hoveyda−Grubbs catalyst and its derivatives bearing selected,
model anionic and cationic NHC moieties (Figure 3). Because

of different charge distributions in investigated complexes, we
focused on their electronic properties and energetics of the
entire decomposition pathway and show structure−decom-
position rate relationships for this important family of catalysts.
For this task, we selected two important olefins: ethylene and
more bulky allylbenzene, which were previously used in
computational studies of olefin metathesis.40 The model
carbenes we used were built based on known, similar catalysts
(for cationic systems) or known, similar carbenes (for anionic
systems).13,51

2. COMPUTATIONAL METHODS
In this study, we used a computational approach similar to our
previous studies on ruthenium metathesis catalysts and
carbenes, validated against experimental data.18,32,33,49,52−56

In short, all starting models of all stationary points and
transition states for all systems were prepared on the basis of
the crystal structure of precatalyst 1.57 For monomers, Gibbs
free energies used throughout the text are the sum of electronic
energy (M06/LACV3P++**//B3LYP/LACVP**), solvation
energy (single-point Poisson-Boltzmann self-consistent polar-
izable continuum method in toluene), zero-point energy
correction, thermal correction to enthalpy, and the negative

Figure 1. Selected examples of (a) anionic and (b) cationic ligands.

Figure 2. Decomposition mechanism reported by van Rensburg.

Figure 3. Neutral, cationic, and anionic Hoveyda−Grubbs model
carbenes studied in this work.
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product of temperature and entropy, all at 298 K. In the case of
Ru dimers, both the B3LYP and M06 optimizations in the

LACVP** basis set yielded dimers with a very long Ru−Ru
distance (above 3.0 Å); therefore, we optimized them using the

Figure 4. Initiation and first part of the propagation phase in the metathesis catalytic cycle with possible degradation pathways in this part of the
catalytic cycle and the atom numbering scheme used throughout this work.

Figure 5. Second part of the propagation phase of the metathesis catalytic cycle and possible degradation pathways.
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ERMLER2 ECP basis set with the B3LYP-D3 functional.58 All
other calculations of Gibbs free energies for dimers were
performed as mentioned above with single-point M06/
LACV3P++** electronic energies. We used standard con-
vergence criteria and fine grid for DFT calculations, as
implemented in Jaguar ver. 9.5.59 The relative Gibbs free
energy of all systems was calculated with respect to the
complex consisting of the precatalyst of each system interacting
with the ethylene molecule, but with the solvation energy
calculated separately for the precatalyst and ethylene. For each
structure, frequencies were calculated to verify the nature of
each stationary point (zero imaginary frequencies for minima
and one for transition states). For intermediates 1_int7 B and
2_int_dim, we were not able to obtain a converged system
with zero imaginary frequencies and instead used a geometry
with one very small (below i3 cm−1 for 1_int7 B and below i14
cm−1 for 2_int_dim) imaginary frequency. Gibbs free energy
barriers for the bimolecular coupling decomposition pathway
were estimated as the sum of Gibbs free energies of the
corresponding intermediates and energy evaluations based on
the maximum-energy structures of the potential energy surface
scans performed for the C−C methylidene carbon atoms.

3. RESULTS AND DISCUSSION
The general scheme of the metathesis catalytic cycle combined
with decomposition pathways with olefin is presented in
Figures 4 and 5 together with the atom naming scheme used
throughout this study.
Before exploring the decomposition pathways, we shortly

explored the olefin metathesis using these charged complexes.
Earlier, Ashworth and Plenio have shown that the Hoveyda−
Grubbs catalyst initiates using, preferably, an interchange
mechanism for small olefins and via a dissociative mechanism
for larger ones and the precatalyst activation step is the rate-
limiting step for the entire catalytic cycle.60,61 Olefin studies, in
this work, are also small, but, nevertheless, we decided to
perform calculations for both the interchange and dissociative
mechanisms. As expected, in all cases, the interchange
transition state has a lower barrier than the dissociation one
and rather similar to 1 (see Figure 6). As a result, we can

expect that the initiation phase with all studied complexes
takes place similarly to the Hoveyda−Grubbs catalyst, and
metallacyclobutane intermediates int3/int4, crucial for decom-
position, are produced.
The olefin metathesis/degradation pathways for the

Hoveyda−Grubbs catalysts in the presence of ethylene and
allylbenzene, two model olefins widely used in numerous
experimental and computational studies, are presented in
Figure 7. The results using our computational approach are

very similar to the computational results presented earlier.62

The crucial Gibbs free energy barrier of the transition state
between metallacyclobutane (int3) and ruthenium hydride
(ts6) is estimated as 26.8 kcal/mol for ethylene and catalyst 1,
in agreement with the estimates for the degradation barrier of
the second generation Grubbs complex of van Rensburg (23.4
kcal/mol) and Jensen (24.8 kcal/mol).37,40 In the case of the
allylbenzene-driven degradation, our free energy barrier
estimate is 24.0 kcal/mol. The difference in barriers between
metathesis (ts5) and decomposition (ts6) is estimated as 17.7
kcal/mol for ethylene and 20.7 kcal/mol for allylbenzene
(Figure 6), also in agreement with former computational
data.60 It is worth mentioning that for 1, as well as all other
catalysts, the int4 intermediate always has substantially higher
Gibbs free energy than int3 (in all cases, in the 2−5 kcal/mol
range, see the Supporting Information); therefore, decom-
position via the ts9 transition state is not likely from the
energetic point of view.
The introduction of the additional positive charge to

carbene has a relatively small effect on the entire degradation
pathway, and the critical energy barriers for both 2 and 3
remain similar to the Hoveyda−Grubbs case (Figure 8). The
relative Gibbs free energies of all intermediates of 2/3 with
respect to the precatalyst are somewhat higher than those for
the neutral catalysts, which suggests slightly lower thermody-
namic stability, particularly for the short-lived methylidene
species (int1). The formation of metallacyclobutane, however,
is predicted to proceed as efficiently as in the Hoveyda−
Grubbs case. In the next step, after the metallacyclobutane
species (int3/int4) formation, there are two possible pathways
which the catalyst can follow, the degradation (ts6) or the
propagation of the catalytic cycle (ts5). Gibbs free energy
barriers for 2/3 degradation are equal to 25−29 kcal/mol,
which is slightly higher than those of the Hoveyda−Grubbs
catalyst, suggesting, at the first sight, a somewhat lower
propensity of degradation. The comparison with the Gibbs free
energy barrier for catalytic cycle propagation (ts5) reveals,
however, that the differences between the barriers of ts6 and
ts5 are in the 16−20 kcal/mol range, which is almost identical
to the 18−21 kcal/mol range of the Hoveyda−Grubbs catalyst.
Clearly, the addition of the formal positive charge has little
impact on the energetic features of the catalytic cycle, even for
systems with the −NH3

+ group attached directly to carbene.
These results are consistent with our former calculations and
experimental results, indicating that the introduction of
ammonium tags at different distances from the carbene core
has limited influence on the catalytic properties of ruthenium
metathesis catalysts bearing such carbenes.31,32,51

Carbene derivatives bearing a formal −1 charge (4/5) have
a different and quite interesting impact on both the catalytic
cycle and the degradation rates of Hoveyda−Grubbs-like
catalysts. First, their relative Gibbs free energies are relatively
low with respect to the precatalyst, suggesting higher intrinsic
stability (Figure 9). The energy barrier for the decomposition’s
crucial transition state (ts6) is equal to 22−24 kcal/mol,
similar to the Hoveyda−Grubbs catalyst. However, as the
metallacyclobutane intermediates int3/int4 have lower en-
ergies with respect to the precatalyst than 1, the differences
between the degradation (ts6) and propagation (ts5)
transition states are larger than those for 1 with the exception
of 5 and the route with ethylene. These results suggest much
lower propensity of this catalyst to undergo degradation.
Clearly, the addition of the formal −1 charge alters the

Figure 6. Gibbs free energies for the activation of precatalysts 1−5
with ethylene using interchange mechanisms. Numbers in parentheses
correspond to Gibbs free energies for the dissociative mechanism.
The values for 1 are taken from ref 50.
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electronic/geometric properties of negatively charged deriva-
tives in such a manner that the propagation pathway becomes
more likely with respect to the decomposition route. This is
accomplished by lowering Gibbs free energies of both the
degradation and propagation transition states with respect to
the neutral catalyst 1, but to a different extent.
To better understand the differences in energetic features

between the investigated complexes, we decided to perform a
thorough structural analysis of each of the stationary points.

Interestingly, the geometric features of 4/5 in all steps of the
catalytic cycle and degradation pathway are rather similar to
both the Hoveyda−Grubbs catalysts and the cationic
derivatives 2/3, with only small differences in the Ru−C1
and Ru−C3 bond lengths and only in the geometries of the
transition states (see Table 1 and Supporting Information).
More differences can be found in the partial charges of various
intermediates and transition states of the catalytic cycle,
although mostly for the anionic derivative. In all cases, the

Figure 7. Relative Gibbs free energies profile (kcal/mol) of the catalytic initiation cycle/catalyst degradation for Hoveyda−Grubbs catalyst 1.

Figure 8. Relative Gibbs free energies profile (kcal/mol) of the catalytic initiation cycle/catalyst degradation for catalyst 2/3.
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partial charges on the carbon atoms forming the metal-
lacyclobutane core are very consistent and differ to a negligible
extent, apart from C3 partial charge, which for ts5/int5 is 0.1 e
higher for 4/5 than for 1. Larger differences may be observed
for the partial charge of the ruthenium atom and carbene
carbon atom. For the precatalysts of 4/5 and most of its
intermediates and transition states, the partial charges on
Ccarbene are around 0.1 e lower than those for 1, while the
partial charges on Ru are 0.1 e higher than those for 1. This
situation is reversed for the ts5/int5 pair, where the partial
charges on Ccarbene are around 0.1 e higher than those for 1,
while the partial charges on Ru are 0.1 e lower than those for 1.

This result can be explained by noticing that the additional
negative charge introduced to the carbene in 4 and 5 affects its
electronic structure in such a manner that the carbene carbon
atom becomes more negatively charged with respect to 1. Such
a change, in turn, affects the ruthenium core to make it slightly
more positively charged than for 1, but overall, the changes are
relatively small. Even smaller changes can be observed for the
positively charged complexes 2 and 3, where the partial charge
of the carbene carbon atom is virtually identical to the
Hoveyda−Grubbs catalyst, and the small discrepancies
between 2/3 and 1 can be observed only for the Ru atom.
These results reinforce the idea that the influence of the

Figure 9. Relative Gibbs free energy profile (kcal/mol) of the catalytic initiation cycle/catalyst degradation for catalyst 4/5.

Table 1. Selected Geometrical Parameters (in Å) and Mulliken Partial Charges (in e) of Complexes 1, 3, and 5 in Various
Stages of the Catalytic Cycle/Degradation Pathways with Ethylene as Olefin

system Ru−Ccarbene Ru−O Ru−C1 Ru−C2 Ru−C3 C1−C2 C2−C3 Ru O Ccarbene C1 C2 C3

1 pre 2.01 2.37 0.05 −0.16 0.31
1 int1 1.94 −0.01 0.32 −0.34
1 int2 2.05 2.36 2.52 1.37 −0.07 0.26 −0.28 −0.16 −0.28
1 int3 2.05 1.98 2.28 1.98 1.59 1.59 0.08 0.22 −0.33 −0.26 −0.33
1 ts5 2.07 2.21 2.41 1.84 1.40 2.27 0.05 0.23 −0.28 −0.20 −0.35
1 ts6 2.16 2.10 2.16 2.21 1.47 1.46 0.01 0.14 −0.21 −0.31 −0.22
3 pre 1.95 2.34 0.04 −0.21 0.28
3 int1 1.93 0.04 0.29 −0.35
3 int2 2.00 2.36 2.53 1.37 −0.05 0.22 −0.29 −0.17 −0.30
3 int3 2.01 1.98 2.28 1.98 1.58 1.59 0.15 0.18 −0.33 −0.30 −0.33
3 ts5 2.02 2.21 2.41 1.40 2.24 0.05 0.19 −0.28 −0.23 −0.36
3 ts6 2.11 2.29 2.18 2.11 1.43 1.47 −0.04 0.16 −0.21 −0.36 −0.24
5 pre 2.04 2.38 0.07 −0.17 0.23
5 int1 2.01 0.02 0.24 −0.32
5 int2 2.07 2.37 2.53 1.37 0.01 0.19 −0.29 −0.16 −0.31
5 int3 2.06 1.98 2.29 1.98 1.58 1.59 0.17 0.14 −0.34 −0.24 −0.33
5 ts5 2.08 2.24 2.42 1.84 1.39 2.35 −0.12 0.37 −0.29 −0.19 −0.23
5 ts6 2.11 2.29 2.18 2.10 1.44 1.48 0.01 0.09 −0.19 −0.35 −0.24
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additional +1 charge on the catalytic properties of Hoveyda−
Grubbs catalysts is negligible, while the impact of the
additional −1 charge is small, but may lead to substantial
differences in catalytic activities.32 In the case of 4/5, the
differences, however, can also be attributed to the lack of the
mesityl moieties, which were shown to incorporate the excess
negative charge.52

There is one more important Gibbs free energy difference
that warrants everyone’s attention, namely, the difference
between the barrier for ethylene-driven decomposition (ts6)
and barrier of the self-metathesis of allylbenzene (ts12). If
these energy barriers are similar or the latter is higher than the
former, ethylene may slow down allylbenzene metathesis and
the formation of the desired product, 1,4-diphenylbut-2-ene,
and make the decomposition of the catalysts as likely as the
propagation of metathesis. In the case of allylbenzene self-
metathesis, the highest free energy barrier is usually attributed
to the transition state of metallacyclobutane disassembly (ts5/
ts12),63,64 while for olefin-driven degradation, the crucial
barrier is for transition states ts6 and ts13, leading to van
Rensburg’s decomposition. Additionally, even though the
formation of int7 leads to unproductive metathesis via ts9, it
can also potentially lead to catalyst decomposition via ts10.
The results presented in Figure 10 show a few interesting

features. First, the differences in Gibbs free energies between
ts12, the metathesis path (to form the final product), and ts13,
the van Rensburg’s decomposition path for allylbenzene, are
quite high (all above 14 kcal/mol apart from 2 with 10 kcal/
mol), suggesting that at this point, decomposition does not
occur at all. This is consistent with previous results presented
here where intermediates with one benzyl moiety were shown

to be more stable than those with just hydrogen atoms (see
Figures 7−9) and with previous decomposition studies.37,40

Second, all the estimates of the Gibbs free energy of ts12,
which leads to the final product, are lower than the estimates
for the ethylene-driven decomposition transition state ts6
(Figure 7). Finally, for some catalysts, there are large
differences in the ts12 energy barriers, leading to the E or Z
isomers of the final product, clearly favoring one isomer over
the other.
The int7 intermediate seems to be slightly more stable than

int8, but as mentioned before, it cannot produce the final
product and can only lead to either int5 or decompose via
ts10. The decomposition barriers with respect to the
precatalyst are quite high (above 26 kcal/mol) for all studied
catalysts apart from two isomers of int7 bearing the negative
charge with values of 21−24 kcal/mol. It is worth mentioning,
however, that for 4 and 5, the barriers of unproductive
metathesis (ts9) are very low with respect to both the
precatalyst and intermediate int7, resulting in a very high
difference between the Gibbs free energies of ts9 versus ts10.
As a result, it is likely that the catalyst is, here, trapped in the
unproductive metathesis cycle with little or no decomposition
occurring at this stage of the entire catalytic cycle.
As explained above, the second known olefin-driven

decomposition pathway, suggested by Jensen, has relatively
high Gibbs free energy barriers and is unlikely to contribute a
lot to the studied catalysts’ degradation.40 This is, however, not
the case for the third and final known olefin-driven
decomposition pathway, namely, the bimolecular coupling of
methylidene intermediates.38,39 To obtain a complete picture
of the impact of investigated carbenes on the decomposition

Figure 10. Relative Gibbs free energies profile (kcal/mol, all relative to precatalysts pre) for the crucial reactions of the allylbenzene self-metathesis
and decomposition of 1−5.
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rates of charged metathesis catalysts, we also studied this
mechanism. The results (Figure 11) show quite different

propensity of these catalysts to bimolecular decomposition.
The standard Hoveyda−Grubbs catalyst spontaneously forms
the diruthenium dimer from methylidene and has a relatively
low decomposition barrier using this path, in agreement with
former experimental data.39 The results for charged catalysts
show that, in general, charged carbenes tend to destabilize the
diruthenium intermediates, giving higher relative Gibbs free
energies of the dimer with respect to the methylidene
monomers. This effect is particularly pronounced for positively
charged carbenes, resulting in such high energies of the
methylidene dimers, that is, it is unlikely that they are
produced at all. It is also a rather expected result because one
can argue that two positive charges located that close to
ruthenium atoms destabilize dimers because of repulsive
electrostatic interactions. For negatively charged carbenes c4
and c5, we can observe a similar effect, but here, the relative
energies depend also on the distance of the formal charge to
the ruthenium core. Dimer with c5 carbene with the formal
charge next to the imidazole ring has a relatively high Gibbs
free energy with respect to its methylidene monomer and a
high barrier of decomposition. On the other hand, if the
negative formal charge is located further from imidazole,
destabilization is much weaker and the Gibbs free energies of
transition states, leading to decomposition for dimer bearing
the c4 carbene, is similar to the van Rensburg decomposition
pathway.

4. CONCLUSIONS
The stability of ruthenium olefin catalysts is one of their most
important features when designing new catalysts, particularly in
the context of green chemistry. Despite this fact, it has been
reported only for a fraction of ruthenium catalysts and a broad
understanding of the relationship between the structure of
catalysts and their degradation propensities is missing. In this
work, we presented a systematic study of the degradation
pathways for Hoveyda−Grubbs catalysts and their model
derivatives bearing formal +1 or −1 charge in the carbene part
to obtain such structure−activity relationships.

We show that the introduction of the positive charge does
not affect the van Rensburg degradation pathway barriers and
the entire metathesis catalytic cycle. This is in line with our
previous investigation and a number of experimental studies
showing that the additional +1 charge on carbene has also little
impact on the overall reactivity of ruthenium metathesis
catalysts.32,51 Considering the bimolecular coupling decom-
position pathway, however, the formal positive charge close to
the imidazole moiety destabilizes the diruthenium intermedi-
ate, making this pathway highly unlikely for positively charged
carbenes.
Conversely, the excess negative charge on carbene has a

relatively large influence on the entire catalytic system.
Although the decomposition transition state barriers (for
both the van Rensburg mechanism and bimolecular coupling)
for these complexes are very similar to the Hoveyda−Grubbs
catalyst, the differences between the decomposition and
metathesis transition state barriers are higher than those for
cationic and neutral complexes. As a result, anionic Hoveyda−
Grubbs-like complexes are predicted to be slightly more stable
than the Hoveyda−Grubbs complex and as efficient as
standard neutral and cationic catalysts in olefin metathesis.
We hope that this result will boost the efforts in synthesizing
negatively charged ruthenium metathesis complexes as they
may prove a new subfamily of metathesis catalysts with distinct
features, potentially useful in preparation of various chemicals.
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