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ABSTRACT: Ruthenium (II) complexes with N-heterocyclic
carbenes (NHC) are commonly used as efficient catalysts in
hydrogenation of olefins with simultaneous intramolecular C−H
activation. Using the DFT approach, we have investigated the
entire hydrogenation reaction pathway for four new potential
catalysts and ethylene, a model substrate. Our calculations imply
that the dissociation of phosphine is the rate-limiting step of
hydrogenation, contrary to recent computational results. We also
found that catalysts bearing NHCs with aliphatic and aromatic side
groups are energetically favorable over other aliphatic cyclohexyl-
substituted NHC. To examine how electronic properties of various catalysts influence the energetic barrier in the crucial steps of the
reaction, we applied the Noncovalent Interaction analysis, which allowed us to reveal crucial interactions which stabilize/destabilize
important intermediates and transition states in the hydrogenation reaction.

■ INTRODUCTION
Even though less than 30 years has passed since the synthesis of
the first stable carbene by Arduengo, it is difficult to imagine
today’s catalysis without these versatile ligands.1 Used
extensively both in organocatalysis and transition-metal
catalysis, they have become one of the most commonly used
ligands for many catalytic processes.2−6 Historically, the first
group of carbenes were N-heterocyclic carbenes (NHCs) and
they found numerous uses in a large number of catalytic
processes, with the most successful story being the olefin
metathesis catalyzed by NHC-ruthenium complexes.7,8 During
this catalytic reaction, the olefin is associated to the ruthenium
core of the catalyst and then undergoes a series of trans-
formations leading to the interchange of its substituents. This
process can also occur through the association mechanism,
where the activation of the catalyst is preceded by association of
the substrate.9,10 The relatively strong interaction between the
ruthenium and the olefin may, however, be also used in other
chemical transformations, such as, for example, hydrogena-
tion.11 Unlike transfer hydrogenation of ketones, for which there
are many known and efficient ruthenium catalysts,12,13 the
number of Ru catalyst containing a Ru−H bond for direct
hydrogenation of alkenes is relatively low. The first example of
such system, synthesized in 2001 by theNolan group, is an active
catalyst in hydrogenation of alkenes with TONs up to 24,000
h−1.14 Since then, other but structurally similar complexes
bearing either one or twoNHCs have been synthesized and used
in hydrogenation (see Figure 1).15−19

One of the most interesting features of this type of complexes
is the fact that upon hydrogenation, a reactive Ru center may
also force C−H bond activation. Catalytic functionalization of

the unreactive C−H bond is one of the most important recent
developments in synthetic methodologies allowing for faster and
more efficient production of various groups of chemical
compounds.20,21 Today, there is a large number of transition-
metal complexes, including Pd, Pt, Fe, Rh, Ir and others that
facilitate C−H bond activation.22−26 Ruthenium has been also
commonly used in C−H bond activation, although as relatively
simple complexes of either Ru(0) or Ru(II), such as
[RuCl2(C6H6)]2 or [RuCl2(p-cymene)]2.

27 The phenomenon
of C−H activation is primarily characteristic for NHC ligands,
during which the electronic properties and catalytic activity of
the NHCs are altered.28,29 The advantage of a catalyst
performing subsequent hydrogenation and C−H activation is
the possibility to use it in more complex tandem reactions. In the
case of ruthenium complexes, the best known example of such
activity is the tandem alcohol dehydrogenation/Wittig reaction/
alkene hydrogenation reaction performed by the Williams
catalyst.30

These catalysts have been also subject to a number of
computational mechanistic studies. Whittlesey studied the C−H
activation process of Williams catalyst using density functional
theory (DFT) methods and base-induced mechanism.31 The
same group studied also H2 loss and C−H activation in Edney
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complexes32 as well as performed comparative analysis of the
influence of substituents in the aryl group on the activation of
C(aryl)−X bond activation.33 Finally, a very thorough
mechanistic study of the entire catalytic cycle of the Williams
catalyst and its hydride chloride derivative has been performed
recently byHouk and co-workers.34 In this work, he explored the
mechanism of a tandem alkene hydrogenation/intramolecular
C−H activation and showed that the Williams catalyst reacts via
a dissociative process with stepwise hydride migration, reductive
elimination, and oxidative addition via a Ru(0) intermediate, as
originally suggested by Whittlesey. On the other hand, the
hydride chloride complex is activated through a reactive Ru(IV)
intermediate (Figure 2).

Interestingly, there are virtually no studies on the structure−
activity relationships for this class of complexes. This is even
more surprising given the fact that there are hundreds of known
NHCs and a large number of studies on how the structural
changes in carbenes affect the catalytic activities of ruthenium
olefin metathesis catalysts.3,7,8,35−38 In this work, we show how
small changes in NHC side groups affect the Gibbs free energy
barriers for tandem hydrogenation/C−H activation of deriva-
tives of 1 (Figure 3) as well as take a closer look at the rate-
limiting steps for this type of reaction. To perform this task, we

performed computational studies on the catalytic pathway for
five different catalysts including 1 and four similar systems with
structural changes in the carbene part, based on crystal
structures of known NHCs, commonly used in various Ru
catalysts (3−5, Figure 3).16,30,39−42

■ THEORETICAL METHODS

In our work, we have used the DFT approach similar to our
previous studies35,37,38,43 to investigate the ethylene hydro-
genation and ruthenacyclization pathways for four catalysts: 3, 4,
5, and 6 (Figure 3). All stationary points were fully optimized at
the B3LYP/LACVP** level of theory in vacuum. For more
accurate values of electronic energies, we performed single-point
energy calculations using the M06-D3/LACVP++** method.
For all stationary points, we performed solvation calculations
using the Poisson−Boltzmann self-consistent polarizable
continuum method as implemented in the Jaguar 9.5 software
(Schrodinger 2017) to represent the toluene (dielectric constant
equals 2.379 and the effective radius of 2.762 Å). All energies
discussed in this work are Gibbs free energies defined as the sum
of electronic energy, solvation energy, thermal correction to
enthalpy, zero-point energy correction, and the negative product
of temperature and entropy at 298 K.
In the noncovalent interaction (NCI) analysis, we used the

B3LYP-optimized structures. The wavefuctions needed for the
analysis were obtained from Gaussian 09,44 single-point
calculations using M06-D3/6−311++G(d,p) for C, H, N, P,
O and M06-D3/LANL2DZ for Ru for all stationary points. The
final analysis was carried out with Multiwfn ver 3.6.45 The
analysis of results included generation of isosurface plots (see
Supporting Information) and visualization of weak interactions.
Calculations using the DLPNO-CCSD approach were

performed using Orca 4.0.46 The results are presented in
Supporting Information (Scheme S1). We performed single-
point calculations using def2-svp and def2/J basis sets.47

Calculation associated with intramolecular interactions based
on symmetry-adapted perturbation theory (SAPT) was
performed using the Psi4 software.48 We used the F-SAPT/
jun-cc-pVDZ level of theory and SAPT2+3/jun-cc-pVDZ level
of theory. The results of these calculations are presented in detail
in the Supporting Information (Table S5).

Figure 1. Ruthenium complexes bearing NHCs used in hydrogenation.

Figure 2. Alkene hydrogenation and coupled intramolecular C−H
activation of complex (1) and alkene hydrogenation and coupled
intramolecular C−H activation of complex (2).

Figure 3. New ruthenium-based catalysts studied in this work as potential catalysts for the hydrogenation of ethylene and ruthenacyclization.
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Considering the accuracy of obtained Gibbs free energy value,
we decided to reevaluate the thermochemical contributions.
The Gibbs free energies reported in the manuscript used the
quasi-rigid-rotor harmonic oscillator (quasi-RRHO) approx-
imation. We additionally reevaluated the entropic and enthalpic
contributions of low frequency modes below 100 cm−1 using the
previously reported Grimme49 and Cramer/Truhlar50 models in
the GoodVibes51 software. The results using these different
approaches were, however, similar and did not alter the
conclusions. Therefore, we decided to base our discussion on
the results with quasi-RRHO approximation, while the detailed
results from these calculations are presented in Table S3
(Supporting Information).

■ RESULTS AND DISCUSSION

We investigated the mechanism of the tandem alkene hydro-
genation with intramolecular C−H activation reaction with
catalysts 1 and 3−6. For all complexes, we considered
dissociative reactive pathway proposed by the Whittlesey
group,30 which consists of stepwise olefin association, hydride
migration, reductive elimination, and oxidative addition via the
Ru(0) intermediate. Within this mechanism, Houk et al.
identified two crucial steps which may be rate-limiting for the
entire catalytic cycle irrespective of the olefin or the catalysts
used; these are the hydride migration and reductive elimination.
In his DFT calculations, however, the catalytic cycle initiates
with the dissociation of the PPh3 moiety from 1 with the Gibbs
free energy of dissociation estimated at 7.9 kcal/mol. This value

Scheme 1. Gibbs Free Energy Profile for the Ethylene Hydrogenationa

aGibbs free energy values (M06-D3/LACVP++**) are given in kcal/mol, for four investigated complexes.

Figure 4.Optimized structures of int3with visualized weak interactions regions. Blue color corresponds to strong attraction, green corresponds to van
der Waals interaction, and red corresponds to steric effects in rings.
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may seem rather surprisingly low considering that very well-
known olefin metathesis ruthenium catalysts also activate via
phosphine dissociation, but their experimentally measured
phosphine dissociation free energies are in the 19−23 kcal/
mol range.52,53While onemay argue whether Grubbs complexes
and 1 are genuinely that similar, such a difference is striking and
we decided to make additional calculations to verify this
problem and obtain the best possible estimate of this value. For
complex 1, we obtained the following values: 13.5 kcal/mol
using M06 functional and 21.1 kcal/mol using the DLPNO-
CCSD(T) approach (Scheme S1, Supporting Information). For
the remaining investigated catalysts 3−6, we also obtained
values in the 21−32 kcal/mol range using the M06 method
(Scheme 1). All of these results are much closer to the expected
range of 19−23 kcal/mol and, in our opinion, are much more
accurate estimates of the Gibbs free energies of −PPh3
dissociation. It is also an important result from the catalytic
cycle point of view because the obtained 13.5 kcal/mol value for
1 is close to the suggested barriers of the rate-limiting steps of
this reaction, estimated by Houk and co-workers at 13−20 kcal/
mol. As a result for 1 as well as all complexes studied in this work,
we may need to consider the phosphine dissociation as another
candidate for the rate-limiting step of this reaction, similarly to
the initiation of the Grubbs and Grubbs-like catalysts in olefin
metathesis.52,54,55

Scheme 1 displays the calculated Gibbs free energy profile of
the catalytic cycle with ethylene as a substrate for all investigated
complexes. The catalytic cycle consists of four steps: (1)
exchange of phosphine ligand for ethylene, (2) hydride
migration, (3) reduction and elimination of ethane, and (4)
oxidative addition and creation of the ruthenacycle product
(int10). In the first step of the catalytic cycle, the dissociation of
the PPh3 group forms intermediates int3-3, int3-4, int3-5, and
int3-6, respectively, which are less stable than precatalyst int1
for each investigated carbene by more than 20 kcal/mol.
Because of the highest Gibbs free energy (ΔG) barrier in the
entire catalytic cycle, the loss of phosphine is the rate-limiting
step for all investigated catalysts. Also, for all considered
catalysts, the ΔG with respect to precatalyst int1 is similar and
exceeds the value of 20 kcal/mol, but for int3-5, it is significantly
higher and reaches more than 30 kcal/mol. To explain this
phenomenon, we performed NCI analysis (see Figure 4).56 NCI
is a helpful technique for description of van der Waals
interactions, repulsive steric interactions, and hydrogen bonds,
where the type and strength of these interactions can be
examined through RDG (Reduced Density Gradient) surface
analysis and topological properties of electron density ρ(r) at the
(3,−1) and (3, +1) critical points (CPs), corresponding to bond
and ring CPs, respectively.57−60

The NHCs used in our study differ in electronic properties,
resulting in significant differences in intramolecular interactions
within each catalyst (Figure 4). To reveal the nature of these
interactions, we performed the topological analysis and NCI
investigation for the rate-limiting step (int3) and all transition
states (ts5, ts7, and ts9). We analyzed the electron density, sign
of the second largest eigenvalue of the Laplacian of electron
density and potential energy density at the CPs corresponding to
these interactions (Tables S7 and S8, Supporting Information).
In addition, for each NHCs, we decided to separate the different
thermodynamic contributions to the Gibbs free energy differ-
ences between individual intermediates (Table 1).
For int3, the highest energetic barrier (32.9 kcal/mol) was

found in int3-5. We noticed that it arises mainly from the rise in

electronic energy (ΔE) and quite low entropy gain (ΔS). On the
other hand, the lowest barrier of ΔG is observed for int3-3 and
int3-6 (21.4 and 21.8 kcal/mol, respectively). Compared to
int3-5, the increase in electronic energy is lower and the entropy
rise is significantly higher for these compounds.
Further, we attempted to seek for correlations between the

electronic energy and intramolecular interactions of considered
complexes. We noticed more than six (3,−1) CPs for
intermediates: int3-3, int3-4, and int3-6 while for int3-5-,
only three CPs localized were noticed between NHCs and
phosphine part (Table S6, Supporting Information), suggesting
that int3-5 is less stabilized. Interestingly, all described CPs
showed similar topology properties, except CPs 67 and 68 for
int3-3 and int3-4, respectively (Tables S6 and S7, Supporting
Information). These CPs correspond to interactions between
Ru and H from the N-substituent (ethyl and isopropyl). For
these CPs, the Laplacian of electron density is considerably
higher and the potential energy density is lower by an order of
magnitude than for the other CPs. It indicates that these
interactions are additional stabilization for considered com-
plexes. Other intramolecular interactions exhibit properties
characteristic for weak van der Waals interactions. Interestingly,
for intermediate int3-6 bearing the mesityl substituents, we have
observed van der Waals interaction (the green sphere in Figure
4) between the mesityl ring and one of the benzene rings of the
phosphine. Furthermore, for int3-5, there is an arene-sp2 CH2
type interaction between the benzene ring of the phosphine and

Table 1. Values of ΔS (Entropy), ΔH (Enthalpy), ΔE
(Electronic Energy), and ΔG (Gibbs Free Energy) for All
Investigated Catalysts 3, 4, 5, and 6 in int3, ts5, ts7, and ts9a

catalyst int3 ts5 ts7 ts9

ΔS 3 56.9 13.4 23.0 55.0
ΔH 0.1 −0.6 0.1 −0.4
ΔE 38.4 12.1 12.2 25.9
ΔG 21.4 7.7 6.5 12.4

int3 ts5 ts7 ts9

ΔS 4 49.0 4.5 10.7 48.2
ΔH −0.3 −1.5 −1.0 −1.0
ΔE 42.0 15.6 15.8 27.7
ΔG 25.6 12.3 12.3 14.8

int3 ts5 ts7 ts9

ΔS 5 49.9 7.5 16.4 47.3
ΔH −0.5 −1.1 −0.5 −0.8
ΔE 49.3 18.7 18.8 32.0
ΔG 32.9 15.4 14.4 19.9

int3 ts5 ts7 ts9

ΔS 6 60.3 15.7 10.3 56.4
ΔH 0.2 −0.9 −1.5 −0.4
ΔE 40.1 16.1 17.3 28.1
ΔG 21.8 9.9 13.6 13.6

aAll values are given in kcal/mol.

Table 2. Value of the Ru−C−N Angle for ts7 and int8 after
Dissociation of Ethane

catalyst angle value for ts7 angle value for int8

1 123.834 119.834

3 122.5 118.9
4 124.7 120.7
5 124.3 123.2
6 124.7 122.4
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cyclohexane substituent. Although this type of interactions is
usually weaker than classical H-bonding,61 here it significantly
affects the geometry of this intermediate.
In the case of int3-5, the phosphine ligand is substantially

rotated along the main axis of symmetry relative to int3-3 and
int3-4. The rotation of the molecule is a result of uneven
distribution of electron density around the ruthenium center.
Similar features in geometry are present in the case of
intermediate int3-6, but they are a result of π−π interactions
between the benzene ring of phosphine and the N-substituted
mesityl ring. Analogous types of interactions can be also
observed between ethyl N-substituent and one of the benzene
rings in intermediate int3-4. Considering the steric interactions
in investigated complexes, we also analyzed (3,+1) CPs.
Similarly to bond CPs, we noticed more than six CPs for int3-
3, int3-4, and int3-6, whereas for less stabilized int3-5, we
observed only four CPs in the same part of compounds.
Interestingly, the (3,+1) and (3,−1) CPs are grouped in pairs.
Most of the steric hindrance is located between ruthenium and
phosphorus atoms. The Laplacian of electron density and
potential energy density for all intermediates show similar values
at these (3,+1) CPs, which suggests that steric interactions in the
complexes are of comparable strength for these step.
Moreover, within the phosphine ligand between the phenyl

rings, we found additional pairs of (3,−1) and (3,+1) CPs, two
for int3-4 and int3-6 and three for int3-3. For int3-5, none of
the CPs was found within this space. This implies that the
phosphine part is worse stabilized in int3-5 compared to the
other complexes, which may propagate into the highest Gibbs
free energy of this compound. Conversely, the phosphine in
int3-3 is probably the most optimally stabilized which may
translate into the lowest Gibbs free energy of this complex.
In the next step of the catalytic cycle, the ethylene (olefin)

association occurs. This process stabilizes the complex, which
results in significantly lower energetic state. The resulting
complex int4 is an octahedral intermediate which shows lower
stability for carbenes with cyclohexyl and ethyl N-substituents.

We observed for int4-5 more noncovalent interactions than in
previous intermediate int3-5 which was a result of association of
ethylene. This step is followed by hydride migration from the
complex to ethylene (olefin) in which 16-electron intermediate
int6 via transition-state ts5 is formed. The energy required for
C−H reductive elimination, being a difference between int4 and
ts5, is about 6−12 kcal/mol, which is consistent with the results
obtained by Houk et al.34 The release of ethylene is preceded by
the migration of the two hydrogen atoms from the ruthenium
complex. One of the hydride ligands is transferred to the
ethylene in the ts5. For complex ts5-6, the energy required for
transfer of the hydrogen is relatively high being more than 12
kcal/mol compared to int4-6 (9.9 kcal/mol with respect to the
precatalyst), while for ts5-3 and ts5-4, the energy barriers are
merely 7 kcal/mol in relation to the int3-3 and int3-4 (7.7 and
12.3 kcal/mol with respect to precatalyst). Despite the minor
differences in the geometry of the associated ethylene molecule,
the Gibbs free energies are significantly different for the ts5
states. For ts5-3 and ts5-6 as in previously analyzed int3, the
lowest electronic energy (ΔE) is related to the lowest Gibbs free
energy (7.7 and 9.9 kcal/mol, respectively) and occurs
simultaneously with the highest entropy gain for these
complexes (13.4 and 15.7 kcal/mol, respectively). It appears,
however, that the differences in ΔG value in ts5 are mainly
dictated by entropy contribution.
The lowest electronic energy observed for ts5-3may relate to

the greater interaction with ethylene which is reflected in the
shorter distance between the migrating hydride and ethylene
(1.49 Å) in comparison with other ts5 geometries, with
distances exceeding 1.6 Å. Also, we noticed that the CP located
between ethylene and the ruthenium center in ts5-3 is
characterized by the most negative value of energy density
(Table S8, Supporting Information) (−0.0139 a.u.). The other
weak intramolecular interactions within the ts5-3 between the
phosphine and NHC ligand also seem to stabilize the molecule
stronger than for the other complexes (Figure 5). All ts5
transition states display significant steric effects around the

Figure 5. Visualization of weak interaction region of the ts5 transition states. Bond lengths are given in Å. The isosurface value are represented by
colors: blue corresponds to strong attraction, green corresponds to van der Waals interaction, and red corresponds to steric effects in rings.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c01354
J. Phys. Chem. A 2020, 124, 3609−3617

3613

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c01354/suppl_file/jp0c01354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01354?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c01354?ref=pdf


ruthenium center because of the presence of the associated
ethylene molecule. The energy of density associated with these
interactions roughly reflect the electronic energy differences
between the ts5 complexes. Intriguingly, for the transition from
int3-5 to ts5-5, we noticed the largest increase in the number of
CPs, associated with the addition of ethylene (Tables S7 and S8
in Supporting Information). This corresponds to the most
significant decrease in the Gibbs free energy (17.5 kcal/mol
between int3-5 and ts5-5).
Additionally, we also examined the intramolecular interaction

using SAPT. The F-SAPT module allows us to compute the
interaction between two parts of moieties in one molecule62 and
is useful over complicated intramolecular interactions. For ts5
transition states, we have performed additional analysis based on
SAPT2 + 3 and SAPT0 results (Supporting Information, Table
S5). We considered interaction between N-substituents and
associated ethylene, benzenes from the phosphine group and
associated ethylene, and interaction betweenN-substituents and
the phosphine ligand. In most cases, we noticed values of
SAPT2+3 and SAPT0 lower than −0.5 kcal/mol, regardless of
the type of catalysts or interacting part of molecules. As a
consequence, these results are inconclusive because of very small
interaction energies. Only for ts5-6, we observed stronger
interaction between the phosphine ligand and N-substituents
than for other transition states (values higher than 0.5 kcal/
mol).
The transfer of the second hydride ligand is concomitant with

the dissociation of ethane moiety in the ts7 transition state. We
found that the energy barriers in ts7 are between 8.5 kcal/mol
(for ts7-4) and 9.9 kcal/mol (for ts7-3) with respect to the
previous intermediate int6-3 and int6-4 (6.5 kcal for ts7-3 and
12.3 kcal/mol for 7ts-4with respect to the precatalyst int1-3 and
int1-4, respectively). Three of the ts7 are characterized by the
Gibbs free energy value ranging from 12.3 to 14.4 kcal/mol (ts7-
4, ts7-5, and ts7-6), while the highest value ofΔG is featured by
ts7-5. Similarly to the previous transition state, the highest
entropy and the lowest electronic energy occurs for ts7-3 (23.0

and 12.2 kcal/mol, respectively). This translates into the lowest
Gibbs free energy in ts7. On the other hand, the highest Gibbs
free energy of ts7-5 results from the most positive electronic
energy.
For ts7 transition states, we observed many weak van der

Waals interactions between the NHC ligand and phosphine part
as well as between this moieties and ethane (see Figure 6).
Similar to the intermediate int3-5, for ts7-5, we have also
detected the sp2 CH2−arene interactions, which manifest as
weak van der Waals interactions. Compared to ts5, we noticed
smaller steric interactions associated with the release of the
ethane.
Among the CPs (3,−1) and (3,+1) type for ts7 for all

considered catalysts, we did not observe significant changes in
value of topological properties (Laplacian of electron density
and the energy of electron density). Therefore, it is hard to find
the clear correlation between the electronic energy differences
and the stabilizing/destabilizing interactions within this
transition state.
The loss of ethane initiates the next step of the catalytic cycle,

namely, the oxidative addition to the C−H bond of the carbene
N-substituent to form the ruthenacycle product. In the newly
created intermediate int8, one can observe gentle changes in the
Ru−C−N angle value. Compared to the previous transition
state, ts7, these angles’ values differ by at least 2° (see Figure 7,
Table 2) and are accompanied by a slight rotation of one of the
N-substituents.
This rotation becomes significant during C−H activation.

The creation of the stable product (int10-3, int10-4, int10-5,
and int10-6) is preceded by the transition state ts9 and requires
a relatively high energy of more than 12.0 kcal/mol for all
catalysts (related to the int1). The formation of the Ru−C bond
is accompanied by a steric hindrance between the N-substituent
and the ruthenium core of themolecule. For ts9-5, during the N-
substituent rotation, we have also observed stronger van der
Waals interactions between the cyclohexane group and
phosphine’s benzene rings. Moreover, for this transition state,

Figure 6. Visualization of weak interaction region of the ts7 transition states. Bond lengths are given in Å. The isosurface value are represented by
colors: blue corresponds to strong attraction, green corresponds to van der Waals interaction, and red corresponds to steric effects in rings.
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we noticed that the cyclohexyl group is the most rotated one
relative to the reference position from int1-5, which corresponds
to the highest energetic barrier (19.9 kcal/mol). The highest free
energy barrier can be also related to the result first described by
Bloom and Wheeler. They have shown that the interaction
between benzenes dimer is weaker than interaction between
cyclohexane and benzene.63 For intermediate with the cyclo-
hexane substituent, we observed the free Gibbs energy barrier
higher of more than 6 kcal/mol with respect to the transition
state of complex with the mesityl substituent. We presume that
this situation may be a result of the fact that breaking the
interaction between cyclohexyl and benzene (ts9-5) requires
more energy than breaking the interactions between two
aromatic components (ts9-6). For ts9-5, the highest Gibbs
free energy arises not only from the highest electronic energy but
also from the lowest entropy gain among the considered
complexes. On the other hand, the ts9-3 possess the most
favorable electronic energy and entropy contribution, which
results in the lowest ΔG value.

For ts9 (Figure 8), the complexes with bulky N-substituents
(mesityl and cyclohexyl), we observed more CPs (six) between
the NHC ligand and other part of the compound than for others
catalysts (ts9-3 and ts9-4, four and three, respectively).
However surprisingly, the electronic energy of these complexes
is the least favorable. Furthermore, exploring the (3,−1) CPs for
ts9-4, we observed CP with the negative value of Laplacian of
electron density. It is localized between the newly created Ru−C

bond and the H atom simultaneously migrating from that
carbon to the ruthenium.Moreover, the amount of (3,+1) CPs is
the same for ts9-3, ts9-5, and ts9-6 (six CPs), while only three
CPs were found for ts9-4. For one of the CPs in ts9-3, localized
between the hydrogen atom and newly created Ru−C bond, we
observed a high value of Laplacian of electron density and hence
the negative energy density. This suggests the stabilizing
character of this interaction, which propagates into the lowest
electronic energy in this state.
In the final step of the cycle, the phosphine ligand, which

dissociated in the first step, can associate back to the complex
after the reductive elimination step.34 This leads to the creation
of more stable complex int11 [four-coordinate Ru (0)], which
ends the catalytic cycle.

■ CONCLUSIONS
Inspired by computational results of Houk and co-workers, who
studied the mechanism of olefin hydrogenation with simulta-
neous activation of the C−H bond, we expanded upon their
work to gain more mechanistic insights into this reaction. We
studied the same reaction with four catalysts bearing NHCs with
different electronic and steric properties.
Our calculations indicate that contrary to the previous

computational results, the dissociation of the phosphine from
the precatalyst may be the rate-limiting step of the entire
catalytic cycle for catalysts 3−6. We also show that this reaction
favors catalysts bearing NHCs with aliphatic and aromatic side
groups. Moreover cyclohexyl-substituted NHC is predicted to
have high energy barriers for most reactions in the catalytic
cycle. Our noncovalent interaction analysis reveals crucial
interactions which stabilize/destabilize important intermediates
and transition states in this reaction. We show that during the
design of new, potential catalysts, the specific noncovalent
interactions should also be considered. Even though their
individual input into the interaction energies between various
parts of catalysts is on the level of 0.5−3 kcal/mol,64 collectively,
they are important for catalyst reactivity and stability, giving rise
to relatively large differences in the final energy barriers of
transition states.

Figure 7. Definition of the Ru−C−N angle in ts7 and int8.

Figure 8.Visualization of weak interaction region of the ts9 transition state. The isosurface values are represented by colors: blue corresponds to strong
attraction, green corresponds to van der Waals interaction, and red corresponds to steric effects in rings.
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