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The reaction is substantially exothermic—the calculated total reaction enthalpy AH5os between 1 +
6C,H, and 26 + 3C,Hg is about —90 kcal - mol ', The reaction occurs through a number of stages, each
including ethylene coordination, at least two hydride migrations, and ethane elimination. The rate-
determining step of the mechanism is the initial coordination of the first ethylene molecule to the reactant
1 to give the ethylene 7 complex (H),CpRu(u-H),RuCp(17>-C,Hy) (2). The free energy barrier is about
27 kcal »mol " according to the static DFT calculations. Metadynamic simulations of the coordination
process yield a AGagg barrier of about 20 kcal - mol~'. Another high-barrier step is the ethylene coordination
to CpRu(7%:7'-CH=CH,),RuCp (25) to give the final product 26. In total, the title reaction is a sophisticated
multistep reaction with a large number of possible pathways. The mechanism of the reaction is largely
determined by the flexibility of hydride ligands and by cooperation between both Ru centers.

Introduction

Polynuclear transition-metal complexes often exhibit unusual
reactivity due to the cooperativity of multiple metal centers.'
An important example is the diverse chemical activity of
ruthenium polyhydride complexes with pentamethylcyclopen-
tadienyl (Cp*) as auxiliary ligand toward a variety of substrates.
Substantial experimental work in this area has been performed
by Suzuki and co-workers.> A very versatile chemistry of such
processes includes C—H bond activation,” C—C coupling, olefin
insertion into a C—C bond,* Si—H bond activation,” and a
number of other insertion reactions of the binuclear complex
Cp*Ru(,u—H)A,RuCp”‘.6’7 On the other hand, the trinuclear
complex (Cp*Ru)s(u-H)s(us-H), effects, for instance, alkane
activation,® C=C bond cleavage in olefins,’ N—N bond cleavage
in hydrazine,'® and N—H bond cleavage in ammonia."’

Characteristic of these complexes is a very high mobility of
the hydride ligands. It influences their ability to coordinate an
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incoming ligand. A good example is the intermolecular hydrogen
exchange reaction (Cp*Ru) (u-D)s + 2Hy — (Cp*Ru)a(u-H)4
+ 2D,.? In our previous computational work on the (CpRu),(u-
H), system (Cp = cyclopentadienyl)'* we have shown that this
reaction proceeds through various intermediate hexahydride
complexes of the general formula CpRu(H)»(¢-H)>Ru(H).Cp.
It was also found that the hexahydride intermediates can easily
transform into each other by means of the interconversion of
the bridging and terminal hydrides, thus giving rise to additional
exchange pathways.

Another process governing the chemistry of such complexes
is the bridging ligand coordination to more than one metal
center, with the manner of coordination changing during the
course of the reaction. An example is the vinyl complex
Cp*Ru(CH,=CH,)(CH=CH,),RuCp* containing Ru—C o bonds
to one ruthenium atom while coordinating in the #?-r manner
to the other.*

An interesting aspect of the reactivity of hydride ligands is
demonstrated by the recent computational study of ethylene
insertion into the Y—H bonds of the polyhydride complex (1°-
CsMe4SiH3)4Y4Hs with one us-H, one u3-H, and six up-H
atoms.'? It was found that the enthalpy barrier of the ethylene
insertion into the Y—H bond of the triply bridged hydride is
higher than that of the doubly bridged one. Both pathways lead
to the same insertion product, where the resulting ethyl ligand
adopts a up-bridging structure.

The chemistry of the triruthenium complex (Cp*Ru)s(u-
H);(u3-H), was studied experimentally in depth by Suzuki.®™'!
This complex exhibits reactivity toward a plethora of organic
and inorganic substrates. Among others is the reaction of
(Cp*Ru)3(u-H)s(us-H), with cyclopentadiene that leads to a
C—C bond cleavage in the cyclopentadiene molecule. Originally,
a dissociative mechanism via a (Cp*Ru);(u-H); intermediate
was postulated. However, a thorough computational study by
Khoroshun et al. revealed that the reaction proceeds through
an associative mechanism with a large number of intermedi-
ates.'* In this very sophisticated mechanism, many processes
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Scheme 1. Mechanism of the C—H Bond Activation in Ethylene Proposed by Suzuki et al.*
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known in organometallic chemistry, such as oxidative addition,
hydride—dihydrogen ligand isomerism, and agostic interactions
interact to facilitate the reaction. Other computational studies
regarding the reactivity of triruthenium complexes were pub-
lished by Riehl et al.'> and by Inagaki et al.'®

Our current interest in binuclear complexes is aimed at
determining how cooperating metals can influence the
reactivity of catalytically relevant molecules, with a view
toward modeling substrate activation by polynuclear clusters.
The reactivity of the binuclear complex Cp*Ru(u-H)sRuCp*
(A; eq 1) with respect to the intermolecular activation of the
vinylic C—H bond of ethylene was studied experimentally
by Takao et al.® The reaction of A with ethylene under
atmospheric pressure at room temperature in toluene affords
the bis(vinyl) complex Cp*Ru(CyHy)(u-n':n*-CHCH,),-
RuCp* (K). Complex K was shown to be formed through
the intermediate mono(vinyl) complex Cp*Ru(CoH4)(u-
CH=CH,)(u-H)RuCp* (H). The latter was identified by the
NMR technique but not isolated. It was suggested that it is
highly reactive due to coordinative unsaturation at the metal
centers and readily converts into K in the presence of excess
ethylene.

H
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The C—H bond activation reaction can occur via either an
associative or dissociative pathway: i.e., the first step of the

reaction can be either the coordination of the first ethylene
molecule or dihydrogen elimination. Koga and Morokuma’s
MP2//HF calculations'” indicate that the dihydrogen dissociation
from the model complex CpRu(u-H)sRuCp (1) to give coordi-
natively unsaturated CpRu(u-H);RuCp is quite endothermic
(AE, = 457 kcal-mol™"). In our recent study'> of the
intermolecular hydrogen exchange on 1, we have shown at the
DFT/BP86 level that this process is substantially less endother-
mic (AE. = +37 kcal-mol™"). However, the associative
mechanism was still found to be much more favorable.

The associative mechanism shown in Scheme 1 was proposed
on the basis of temperature-dependent 'H NMR studies. In this
mechanism, the initial coordination and insertion of ethylene
into a Ru—H bond yields the ethyl ruthenium species C. The
latter reacts with a second ethylene molecule and undergoes
reductive elimination of ethane to generate D. From here on,
two pathways are possible, both leading to the intermediate H
observed experimentally. The first route starts from the C—H
bond activation to give the vinyl hydride complex F. It is
followed by two ethylene coordination steps and the reductive
elimination of ethane. In the alternative pathway, ethylene
coordination precedes the cleavage of the vinylic C—H bond
and occurs through intermediate E. Further coordination and
insertion of ethylene into the Ru—H bond yield the ethyl vinyl
complex I. The activation of the vinylic C—H bond in the latter
leads to the ethylene bis(vinyl) complex J. Reductive elimination
of ethane from J and the subsequent addition of ethylene finally
afford the product complex K.
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Small amounts of I-butene were found, presumably as a result
of a reductive coupling of the ethyl and vinyl ligands in I and/
or J. We do not consider this process in the present paper.

In this work, we present a computational study of the
mechanism of the C—H bond activation in ethylene on the
complex CpRu(u-H)sRuCp to give the bis(vinyl) complex
CpRu(CoHy)(u-n":p*-CHCH,),RuCp. It is obvious that, for
reactions of such complexity, computational studies are an
important complement to the experiment. Our main goal is to
establish a detailed mechanism of the reaction, taking into
account Suzuki’s suggestion® (Scheme 1), by locating possible
intermediates and the transition states. In order to get a deeper
insight into the mechanism, we additionally performed meta-
dynamics simulations of the rate-determining step of the
reaction.

Computational Details

Static DFT Calculations. The computational study was per-
formed with the complex CpRu(u-H)sRuCp (1). The replacement
of Cp* by the cyclopentadienyl ligand (Cp) should not critically
affect the chemistry but allows for large savings of the computer
time.

The quantum-chemical calculations were carried out using
density functional theory (DFT)'® with the Gaussian 03 program
package.'® The gradient-corrected BP86 functional was employed,
which combines Becke’s nonlocal exchange?® and Perdew correla-
tion?! functionals. We used the quasi-relativistic effective core
potential of LaJohn et al. with the associate triple-{ valence basis
set>? for ruthenium, 6-311G(d,p)** for the hydride hydrogens, and
6-31G(d,p)** for the spectator Cp ligands. For transition-metal
compounds, the chosen DFT approach (BP86 functional with
moderately large basis sets) normally provides realistic geometries,
relative energies, and vibrational frequencies.'®?> Metal hydride
complexes are no exception.”> A recent comparative study has
shown that BP86 adequately describes agostic interactions in
niobium complexes, while the popular B3LYP functional does not.?®
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A number of test calculations for the reactant CpRu(u-H)sRuCp
show that the chosen level of theory is well suited to describe the
system under study.'? The reactant, transition state, and product
geometries were fully optimized without constraints. The nature
of located stationary points was confirmed by computation of
harmonic force constants. The transition states were connected to
the related minima by means of an energy minimization following
a small geometry displacement along the reaction coordinate
obtained from the vibrational frequency calculation.

Metadynamics Calculations. The metadynamics method allows
for an efficient sampling of the potential energy surface along one
or several chosen internal coordinates (referred to as collective
variables, CV). The characteristic feature of metadynamics is the
gradual buildup of a biasing potential constructed by a superposition
of small Gaussian hills depending on the values of the CVs. The
biasing potential effectively pushes the system away from the
reactant and product wells, allowing for sampling important
transition states. The free energy profile is obtained from the
accumulated biasing potential to arbitrary accuracy using sufficiently
small Gaussian hills.

It is important that the CVs clearly distinguish reactants and
products, as they determine the area of potential energy surface to
be sampled. In the present study we used the coordination number
(CN) between Ru and two C atoms of the ethylene ligand defined
as

1f 1= (rRu—c1/70)® 1= (rpy—c2/10)®

CN==
2\ = (rru—ct/19)"0 1 = (rpy—ca/70)"°

where rru—ci and rry—c» are the distances between one of the
ruthenium atoms and two carbon atoms of the ethylene ligand,
correspondingly. The cutoff distance ry was taken as 2.2 A.

The DFT metadynamics simulations were performed using the
Born—Oppenheimer scheme as implemented in the CP2K-
Quickstep code.*”** Quickstep is an implementation of the Gaussian
plane wave (GPW) method.?® The electronic structure calculations
were done at the DFT level using the Perdew—Burke—Ernzerhof
exchange and correlation functionals (PBE-PBE).*° In this hybrid
method the Kohn—Sham molecular orbitals are described by a linear
combination of Gaussian-type orbitals, whereas an auxiliary plane-
wave basis set is employed in order to expand the electron density.
The triple- basis set?”*! on Ru, C, and H and the double-{ basis
set on the spectator Cp ligand in conjunction with the Goedecker—
Teter—Hutter pseudopotentials®> was used. The polarization func-
tions were added for all atoms except Ru. The auxiliary plane-
wave basis set was defined by a cubic box of 17 x 17 x 17 A®
and by an energy cutoff of 300 Ry. The interaction between periodic
images was canceled using an isolation technique.*?

After a series of test calculations, a Gaussian hill height was set
to 0.5 kcal *mol ! and the Gaussian width to 0.04 in CV units.
The metadynamics step, i.e. the time interval between hills, was
chosen to be 20 fs. The equations of motion were integrated using
a time step of 1 fs, with a total simulation time of 23 600 fs,
resulting to 1183 hills. The temperature was held within 300 K £+
50 K by rescaling atomic velocities.
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Figure 1. Optimized structures of the reactant 1, its isomers 1a,b, and transition states TS(l-ga), TS(1-2b), and TS(1-2¢) corresponding
to the first ethylene coordination process to give 2a—c. The selected bond lengths are given in A. The relative Gibbs free energies are given

in kcal *mol ™
Results and Discussion

We divided the whole mechanism depicted in Scheme 1 into
four parts. Part 1 connects the reactant A and the intermediate
D, parts 2 and 3 describe two alternative pathways of the
consequent conversion of D into the experimentally observed
intermediate H, and in part 4 the conversion of H into the final
product K is considered.

A number of structures of the general formula Cp,Ru,(H)4
found in our previous work'? are shown in Figure 1. The 4-fold-
bridged structure 1, corresponding to the formula CpRu(u-
H),RuCp, was found to be a global minimum, in agreement
with the experimental X-ray results.® The structure 1a contains
two terminal hydrides placed at each metal center in a cis
orientation with respect to each other. In 1b, both terminal
hydrides are located on the same ruthenium atom, thus leaving
the other ruthenium highly coordinatively unsaturated. 1a,b are
both extremely shallow and narrow minima, substantially less
stable than 1 (AGZ% = +11.7 and +13.8 kcal>mol !, cor-
respondingly).

Part 1 (A—D). According to the associative mechanism
proposed by Suzuki (Scheme 1), the first step is the coordination
of ethylene to complex 1. The starting structures of the ethylene
7 complexes 2a—c were obtained by attaching an ethylene
molecule to 1 and 1b. The most stable intermediates 2a,b are
7 complexes with coordination energies AE, = —4.4 and —4.4
keal*mol™" (Table 1); AGys = 10.2 and 9.4 kcal-mol ",
correspondingly. 2c¢ is less stable (AE. = 0.1 kcal * mol ™' AGaes
= 14.8 kcal - mol"). The complexes 2a—c are formed through
the corresponding transition states TS(1-2a), TS(1-2b), and
TS(1-2¢) with substantial AG:tzgg barriers of +26.6, +29.6, and
+26.9 kcal*mol ™', correspondingly. Nevertheless, they are
lower than the free energy barrier for the H, dissociation from
1 to give CpRu(u-H),RuCp (AG*zgg = +34.2 kcal *mol ™ '; see
Scheme 2).'* The optimized geometries of TS(1-2a), TS(1-2b),
and TS(1-2¢) are shown in Figure 1. The barriers reflect high
structure reorganization costs. The formation of the ethylene 7
complexes requires a rearrangement of the coordination sphere

', Here and elsewhere in the paper the hydrogen atoms of the Cp rings are omitted for clarity.

in 1 to generate a vacant site on one of the ruthenium atoms.
Then, the incoming ethylene molecule is coordinated to the
unsaturated ruthenium atom. The reverse step, i.e. ethylene
elimination, would be accompanied by the simultaneous collapse
of terminal hydrides. The AG¢298 barriers are also significant
(+16.6, +20.2, and +11.7 kcal *mol respectively), indicating
that 2a—c are rather deep minima.

In principle, Scheme 2 suggests that there should be a direct
pathway from the ethylene 7 complexes 2a,b to 7, merely as a
result of reductive coupling of terminal hydrides and the
subsequent dihydrogen elimination. It corresponds to the
conversion of the intermediate B into D in the mechanism
proposed by Suzuki (Scheme 1). The free energy barriers of
dihydrogen elimination are 10.4 and 11.5 kcal *mol™", cor-
respondingly. Thus, the calculations imply that direct Hj
dissociation should be preferred over the hydrogen uptake by
the ethylene by 3—4 kcal -mol~'. However, the experimental
data indicate that direct H, elimination does not occur.’

The ethylene 7 complexes 2a,c are likely to transform into
each other in a way similar to that for the previously studied
hexahydride complexes.'? However, since the energy barriers
of their formation from 1 are very close (AG*zgg = +26.6 and
+26.9 keal -mol ™!, respectively), their interconversion is not
crucial for the mechanism under study.

According to the mechanism suggested by Suzuki et al.,’ the
following step is ethylene insertion into the Ru—H bond in the
ethylene 7 complexes 2a—c. The calculations show that the
formation of ethyl complexes 4a,b occurs through the -agostic
complexes 3a—c (Scheme 2). The ethylene 7 complexes 2a—c¢
convert into the S-agostic complexes 3a—c through the transition
states TS(2a-3a), TS(2b-3b), and TS(2¢-3c), correspondingly.
The free energy barriers of these transformations are +13.8,
+14.4, and +11.8 kcal - mol ', respectively. The significant free
energy barriers can be explained by the rupture of a strong
bridging Ru—H—Ru bond in the four-center transition states
TS(2a-3a) (Figure 2), TS(2b-3b), and TS(2¢-3c). The newly
forming C’—H bond in the transition states is within 1.41—1.47
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Table 1. Calculated Relative Equilibrium Energies (AE.), Gibbs Free Energies (AG39s) of Formation, and Entropy Contributions to Gibbs Free
Energies (—TAS5s) of the Reactant, Intermediates, and Products of Eq 1 in kcal - mol !

molecule AE.  AGyg  —TASys molecule AE, AGrs  —TAShs

1 (A) + 6C,Hy 0 0 0 TS(1-1a) + 6C,Hy 10.9 11.8 —-1.3
la + 6C,Hy 10.7 11.7 —-0.3 1b + 6C,Hy 13.7 13.7 0.4

Part 1
TS(1-2a) + 5C,Hy 14.1 26.9 10.4 TS(3b-4b) + 5C,Hy 14.2 29.0 11.3
TS(1-2b) + 5C,Hy 18.3 29.6 9.2 TS(3c-4a) + 5C,Hy 14.2 29.9 12.5
TS(1-2¢) + 5C,Hy 14.1 26.6 11.0 4a (C) + 5C,H4 —4.6 11.6 11.3
2a (B) + 5C,Hy —4.4 10.2 11.7 4b + 5C,H, 9.0 7.6 11.8
2b + 5C,Hy4 —4.4 94 11.2 TS(4a-5) + 5C,Hy 16.5 314 11.3
2¢ + 5C,Hy 0.1 14.8 11.8 TS(4b-5) + 5C,Hy 2.5 17.1 11.2
2d + 5C,Hy 21.2 35.2 11.7 5 + 5C,Hy —6.4 9.5 9.3
TS(2a-3a) + 5C,Hy 9.9 24.0 12.1 6 + 5CoHs + CoHg 29 2.7 —0.4
TS(2b-3b) + 5C,H4 10.3 23.8 11.7 TS(2a-7) + 5C,Hy 8.5 224 10.9
TS(2¢-3¢) + 5C,Hy 12.7 26.6 12.0 TS(2b-7) + 5C,H4 8.3 20.9 11.0
3a + 5C;Hy 9.2 24.9 11.9 7 (D) + 4C,Hy + CyHg —37.0 —17.0 12.1
3b + 5C,Hs 10.0 25.5 11.9 TS(7-7') + 4C,Hy + C,Hg —336 —13.7 13.0
3¢ + 5C,Hy 11.7 26.1 11.0 7 + 4C,Hy + CoHg —382 —18.2 13.0
TS(3a-4a) + 5C,Hy 11.1 26.2 11.5

Part 2
TS(7'-8) + 4C,H4 + CyHs —25.2 —7.8 13.2 cis-10a + 3C,Hy + CyHg —37.5 -2.9 25.9
8 + 3C,H4 + CyHs —28.7 —109 12.7 trans-10a + 3C,Hs + C,He —36.7 —3.1 25.3
TS(8-cis-9a) + 3C,Hy + C,Hs —24.0 3.9 21.0 TS(cis-10a-cis-11a) + 3C,Hys + C,Hg —354 —1.8 24.8
TS(8-trans-9a) + 3C,Hs + C,He —234 4.0 21.6 cis-11a (G) + 3C,H4 + C,Hs —-37.5 —4.3 24.1
TS(8-cis-9b) + 3C,Hy + C,H, —-21.9 8.1 24.8 TS(cis-11a-cis-11a") + 3C,Hy + C,H,¢ —36.6 2.1 26.0
TS(8-trans-9b) + 3C,H, + CoHg —18.8 11.0 23.8 cis-11a’ + 3C,Hy + C,Hg —39.8 —6.0 24.8
cis-9a + 3C,Hy + C,Hg —49.6 —16.8 25.5 trans-11a + 3C,H, + C,Hg —35.6 -1.5 25.0
trans-9a + 3C,H, + C;Hg —=51.5 —18.5 25.6 TS(cis-11a’-12) + 3C,Hy + C,Hg —24.6 7.6 24.5
cis-9b + 3C,H4 + C,Hg —49.5 —15.7 26.0 12 + 3C,H4 + 2C,Hg —384 —16.8 12.2
trans-9b + 3C,Hs + C,He —499 —18.0 25.0 TS(12-13b) + 2C,H4 + 2C,Hs —36.4 —=5.7 20.8
TS(cis-9a-cis-10a) + 3C,Hs + C,Hg —=36.0 —2.8 26.4 13a (H) + 2C,Hs + 2C,Hs =739 =376 24.7
TS(trans-9a-trans-10a) + 3C,Hs + C;Hs  —35.8 —-29 26.1 13b + 2C,Hs + 2C,Hs —67.3 —30.5 25.4

Part 3
TS(7-cis-14) + 3C,Hy + C,Hg —29.0 1.3 22.1 cis-16 + 3C,Hs + C,He —454  —10.7 24.4
TS(7-trans-14) + 3C,H; + C,Hg —30.4 —-0.6 21.6 trans-16 + 3C,H, + CoHg —40.8 —6.1 23.8
cis-14 + 3C,H,4 + CoHg —=52.1 —-16.9 26.0 TS(cis-16-18) + 3C,H, + CoHg —38.7 —6.6 24.2
trans-14 + 3C,H, + C,H, =533 —19.1 25.3 TS(trans-16-17) + 3C,H4 + C,H, —24.7 7.8 22.4
TS(cis-14-cis-15) + 3C,Hs + C,Hg —35.8 —2.6 —27.7 17 + 3C,Hs + C,Hg —32.1 1.8 21.5
cis-15 + 3C,H4 + CoHg —36.0 —14 24.9 18 + 3C,H4 + C,Hpg —39.1 —6.9 24.2
trans-15 + 3C,H4 + C,Hs —36.2 2.0 24.4 TS(18-19) + 3C,H4 + C,Hs —33.8 —2.3 23.4
TS(cis-15-cis-16) + 3C,Hs + C,Hg —354 —1.8 24.8 19 + 3C,Hs + C,Hpg —41.6 —94 22.0
TS(trans-15-trans-16) + 3C,Hy + C,Hg —38.8 —4.1 24.4

Part 4
TS(13a-20) + C,H4 + 2C,Hg —=70.6 —23.4 35.1 TS(22a-23a) + C,H, + 2C;Hg =754  —23.7 39.0
TS(13b-20) + C,Hs + 2C,Hs —65.1 —18.7 34.4 23a + CoHy + 2C,Hg =755 =235 38.4
20 + C,H4 + 2C,Hg —96.7 —43.8 39.4 TS(23a-24a) + C,H4 + 2C,Hg =728 —22.0 38.3
TS(20-21a) + C,H4 + 2C,Hg —874 =356 39.1 24a + C,Hy + 2C,Hg —842  —33.7 35.9
TS(20-21b) + C,Hs + 2C,Hs =799 —29.1 38.3 24b + C,H4 + 2C,Hg —-819 —39.7 27.6
21a + C,H4 + 2C,He —87.6 —349 38.6 25a + C,Hy + 3C,Hg —89.0 —50.8 25.9
21b + C,H4 + 2C,Hs —82.9 —30.6 38.3 25b + C,H4 + 3C,Hg —81.8 —42.8 25.6
TS(21a-22a) + C,Hy + 2C,Hg —789 —25.1 39.1 TS(25a-26a) + 3C,He =776  —28.6 349
TS(21b-22b) + C,H,; + 2C,Hg —=79.1 —26.7 38.4 TS(25b-26b) + 3C,He =794  —28.9 36.9
22a + C,H,; + 2C,Hg —824  —28.7 38.4 26a (K) + 3CH¢ —109.5 =539 39.7
22b + C,Hs + 2C,H; —80.9 —28.2 38.1 26b + 3C,Hq —102.8 —47.3 39.6
TS(22b-24b) + C,H, + 2C,Hg —67.1 —16.3 38.6

A. Tt is still substantially elongated in the minima 3a—c
(1.23—1.25 A), indicating a very strong S-agostic interaction.
The minima 3a—c are extremely shallow, with AE. between
them and the corresponding transition states TS(2a-3a), TS(2b-
3b), and TS(2¢-3¢) below 1 kcalmol ™ !(Table 1). Moreover,
the AG*g values of the reverse process for complexes 3a,b
are even slightly negative (—0.9 and —1.7 kcal  mol ', respec-
tively). Thus, the potential energy surface in the interval between
the minima 3a—c and the corresponding transition states is very
flat. The distance C°—H can vary relatively freely within
1.2-15 A

The loss of the agostic Ru *++ H—C interaction in 3a—c results
in the collapse of one of the terminal hydrides to form a new
bridging Ru—H—Ru bond (Scheme 2, Figure 2). As a result,
the agostic ethyl complexes 3a,b convert into the corresponding

nonagostic complexes 4a,b, while 3c yields 4b. This rearrange-
ment is quite exothermic (AH;98 = —12.6, —17.8, and —19.3
kecal - mol ', correspondingly), and the energy barriers for this
process are very low (AG*zgg = 1.3, 3.6, and 2.8 kcal *mol ',
correspondingly). 4a,b are particularly stabilized by the forma-
tion of strong bridging Ru—H—Ru bonds.'” This assumption is
corroborated by considerably higher stability of 4b with three
bridging hydrides, compared to 4a with two bridging hydrides
(AHZQg = —4.6 kcal-mol_'). The complexes 4a,b are compa-
rable in stability to the ethylene st complexes 2a—c.

The intramolecular migration of a bridging hydride to ethyl
ligand in 4a,b yields the ethane o complex 5 (Scheme 2).
Optimized geometries of the transition states TS(4a-5) and
TS(4b-5) are shown in Figure 3. An elongated C—H bond (1.13
A) in the ethane ligand indicates a significant d(Ru)—o*(C—H)
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Scheme 2. Calculated Steps of the First Part of the C—H Bond Activation Reaction Mechanism®
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back-donation in 5. The migration of hydride in 4a proceeds
through TS(4a-5) with a substantially higher barrier (AG¢298
= +19.7 kcal -mol ") compared to that for TS(4b-5) (AG*zgg
= +9.6 kcal - mol ™ 1). The reason TS(4b-5) is much more stable
than TS(4a-5) (AE, = —14.0 kcal - mol ") is the higher number
of bridging hydrides in TS(4b-5). A large difference in their
energies confirms the strong stabilizing role of bridging hy-
drides."”

The reductive elimination of ethane from 5 in the gas phase
is an effectively irreversible process, since ethane is free to leave
into the gas phase. The elimination of ethane yields the highly
unsaturated dihydride complex CpRu(u-H),RuCp (6) (Scheme
2). It is a favorable process due to entropy effects (AHos =
+2.9 keal - mol ™!, AGaos = —8.0 kcal - mol ™ 1). An optimization
of the associate with the second ethylene added leads to the
elimination of ethane, which indicates that the association from
an energetic viewpoint facilitates the elimination of ethane.
However, the associative step should be disfavored by entropy
effects.

The coordination of the second ethylene molecule to 6 to
give 7 is a highly exothermic process (AE. = —34.1

kcal-mol™!, AGas = —19.7 kcal-mol™"). To check for a
possible transition state, we performed a series of constrained-
geometry optimizations with a fixed Ru—C distance at progres-
sively longer distances. A monotonically increasing potential
energy profile was obtained, which indicates that the process
occurs without a barrier.

Since in 7 one of the Ru atoms is unsaturated (Figure 3), the
existence of structures with ethylene coordinated to both Ru
atoms was examined. This led to the minimum 7' shown in
Figure 3. Ethylene is asymmetrically bridging in 7', in an #?
mode to one Ru and through an agostic Ru*++ H—C interaction
to the other. The elongated C—H bond in the ethylene ligand
(1.14 Ay in 7' suggests a considerable d(Ru)—o*(C—H) back-
donation. This way of ethylene coordination provides 7' an
additional stabilization (AGZ% = —1.2 kcal-mol™}) compared
to 7. The free energy barrier of the conversion of 7 to 7' is 3.4
kcal*mol™!. The geometry of 7' suggests that this is an
intermediate on the way of the transformation from the ethylene
complex to the vinyl hydride species. Thus, the conversion of
7 to 7' should facilitate the C—H bond activation in ethylene.
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Figure 2. Optimized structures of the agostic ethyl complex 3a
and ethyl complexes 4a,b and the transition states TS(2a-3a),
TS(3a-4a), and TS(3b-4b) with selected bond lengths (in A) and
the relative Gibbs free energies (in kcal - mol ™).

Part 2 (D—H). For the further stages of the reaction
mechanism, two pathways are possible, as shown in Schemes
3 and 4. The first path starts from the intramolecular C—H bond
activation in ethylene in 7' to give the monovinyl complex 8
with a free energy barrier of +10.4 kcal-mol ' (Scheme 3,
Figure 3). The two Ru atoms in the resulting structure 8 are
bridged by a u-o,7-vinyl ligand. The latter is 7 kcal * mol ' less
stable than the ethylene 7 complex 7 on the AGaog scale.

The coordination of the third ethylene molecule to 8 can
proceed in a number of ways. Depending on the metal center
ethylene coordinates to and the orientation of ethylene with
respect to two terminal hydrides (cis or trans), four resulting
structures are possible: cis-9a, trans-9a, cis-9b, and trans-9b
(Scheme 3). The free energy barriers of the formation of cis-9a
and trans-9a are 4—7 kcal-mol ' lower than those of cis-9b
and trans-9b (Scheme 3). Therefore, from here on, only the
more preferable cis-9a and trans-9a will be considered.

The ethylene coordination to 8 to yield cis-9a and trans-9a
is a favorable process (AGrs = —5.9 and —7.6 kcal*mol ™',
respectively). Substantial free energy barriers (AG o5 = +14.8
and +14.9 kcal-mol ™', respectively) are contributed to by
entropy effects (AG¢298 = 46.5 and +6.3 kcal - mol !, respec-
tively). Ethylene attack is accompanied by the rearrangement
of hydrides in cis-9a and trans-9a (Scheme 3). One of the
Ru—H—Ru bonds is broken to form a terminal hydride on one
of the Ru atoms, thus generating a vacant place on the other.

The 7 complexes cis-9a and trans-9a undergo ethylene
insertion into the Ru—H bond to yield the ethyl complexes cis-
11a and trans-11a through the agostic complexes cis-10a and
trans-10a, respectively (Scheme 3). This process is very similar
to the conversion of 2a—c into 4a,b described above.
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Figure 3. Optimized structures of the transition states TS(4a-5)
and TS(4b-5) leading to the ethane ¢ complex 5 and of the n>-
coordinated ethylene 5t complex 7, asymmetrically bridged ethylene
 complex 7', the transition state of the C—H bond cleavage in
ethylene TS(7'-8), and the product vinyl hydride complex 8 with
selected bond lengths (in A) and the relative Gibbs free energies
(in kcal *mol ).

The two terminal hydrides in cis-11a readily collapse to give
the structure cis-11a’ (AG* g = +2.2 kcal *mol ™) (Figure 4).
As a result of hydride rearrangement, one of them becomes
bridging, while the other remains terminal, but in the trans
position with respect to the ethyl ligand. The gain in energy is
insignificant (AGag = —1.7 kcal *mol"). For trans-11a such
a rearrangement of terminal hydrides is complicated sterically
by the adjacent Cp ring.

The bridging hydride in cis-11a’ further migrates to the ethyl
ligand to directly produce the vinyl hydride complex 12 (Scheme
3, Figure 4). The migration proceeds through the transition state
TS(cis-11a’-12) with a free energy barrier of +11.9 kcal *mol .
No minimum has been obtained for an ethane o complex as
the result of optimization, indicating that ethane leaves
immediately.

Our calculations show that the coordination of the fourth
ethylene molecule to 12 to yield 13a (Scheme 3), which
corresponds to the experimentally observed intermediate H,
proceeds without a barrier. This is in line with a high
exothermicity of the coordination process (AHsos = —33.4
kecal-mol ™!, AGrs = —20.8 kcal-mol™'). We have also
examined the possibility of ethylene coordination to the other
ruthenium atom in 12 to yield 13b. This way of coordination is
less exothermic (AH303 = —26.9 keal *mol ™', AGyog = —13.7
keal *mol ') and proceeds with a significant barrier (AG*zgg =
+11.1 keal *mol ™).

Part 3 (D—H). Alternatively to the C—H bond activation in
7, the coordination of the third ethylene molecule can occur.
The incoming ethylene can attack in either the cis or trans
position with respect to the coordinated ethylene ligand in 7 to
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Scheme 3. Calculated Steps of the Second Part of the C—H Bond Activation Reaction Mechanism®
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yield the bis(ethylene) complexes cis-14 and trans-14 (Scheme
4). It is an exothermic process with AHjog values of —13.8 and
—15.3 keal-mol ', respectively. The energy barriers of the
coordination are significant (AHyg = +8.3 and +6.9
kecal -mol ™ ; AG*ggg = +18.3 and +16.4 kcal -mol ™", respec-
tively). These barriers reflect high energy costs associated with
the tilt of a sterically demanding Cp ring.

The insertion of ethylene into the Ru—H bond in bis(ethylene)
complexes cis-14 and trans-14 to yield ethyl complexes cis-16
and trans-16 occurs through the agostic complexes cis-15 and
trans-15 (Scheme 4). The formation of cis-15 and trans-15
proceeds with significant energy barriers (AG*y3 = +15.5 and
+17.1 kcal *mol ") through transition states TS(cis-14-cis-15)
and TS(trans-14-trans-15), correspondingly. Similarly to 3a—c,
cis-15 and trans-15 are very shallow and narrow minima. The
conversion of cis-15 and trans-15 into respective cis-16 and
trans-16 proceeds without a AG*zgg barrier, since the corre-

sponding transition states TS(cis-15-cis-16) and TS(trans-15-
trans-16) are lower than the corresponding minima (Table 1).
cis-16 is 4.6 kcal » mol ! more stable than trans-16 on the AGhrog
scale. This is probably due to an additional stabilization of cis-
16 through asymmetrically coordinated ethylene ligand (Figure
5), as in 7'.

The next step is the cleavage of the C—H bond in ethylene
in cis-16 to give vinyl-hydride complex 18. The activation
proceeds through the transition state TS(cis-16-18) (Figure 5).
The free energy barrier of this process is AG g = +4.1
kcal -mol~'. Further the resulting terminal hydride migrates to
the ethyl ligand in 18 to yield ethane o complex 19 via transition
state TS(cis-18-19) (AG*205 = +4.6 kcal *mol ).

Part 4 (H—K). The final part of the mechanism (Scheme 5)
starts from the coordination of the fifth ethylene molecule to
13a or 13b to produce the bis(ethylene) complex 20. It is a
favorable process (AG;gg = —6.2 and —13.3 kcal-mol ™!,
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Scheme 4. Calculated Steps of the Third Part of the C—H
Bond Activation Reaction Mechanism“
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respectively). The coordination proceeds with a lower barrier
(AG¥5 = 11.8 kcal »mol ') for the less stable 13b compared
to 13a (AG 595 = 14.2 kcal *mol ).

Since either ethylene in 20 can be inserted into the corre-
sponding hydride-bridged Ru—H—Ru bond, two subroutes,
denoted a and b, are possible from here on (Scheme 5). Subroute
a eventually leads to the product 26a, corresponding to K in
Scheme 1, while subroute b yields the alternative complex 26b.
The latter complex was not considered in Suzuki’s original
work.? The insertion of ethylene in both pathways to yield ethyl
complexes 22a,b occurs through agostic complexes 21a.,b,
correspondingly. The insertion is an endothermic step (AHaog
= +16.0 and +16.9 kcal-mol ™!, respectively). Since 21a is
found to be a very shallow minimum, in pathway a the ethylene
insertion should be considered as a one-step process leading
directly from 20 to 22a (Scheme 5). Consequently, the total
energy barrier is considerable (AG*zgg = 18.7 kcal *mol ™). The
minimum 21b is somewhat deeper than 21a, and the formation
of 22b proceeds with lower barriers AG¢298 = 14.7 and 3.9
kcal *mol ™" through transition states TS(20-21b) and TS(21b-
22b), respectively.

Similarly to 7', ethylene ligand is asymmetrically bridged in
22a,b, occupying a vacant space in the coordination sphere
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cis-11a —4.3 cis-11a’ —6.0

trans-11a -1.5 TS(cis-11a'-12)  +7.6
Figure 4. Optimized structures of ethyl complexes cis-11a, cis-11a’,
and trans-11a, as well as of the corresponding transition state TS(cis-
11a’-12), leading to ethane elimination with selected bond lengths (in
A) and the relative Gibbs free energies (in kcal *mol ™ ").

TS(cis-16-18) —6.6 18 -6.9

TS(18-19) -2.3 19 94

Figure 5. Optimized structures of nonagostic ethyl complexes cis-
16 with asymmetrically bridged ethylene and trans-16 with 7>-
coordinated ethylene and transition states TS(cis-16-18) and TS(18-
19), as well as corresponding product vinyl hydride ethyl 18 and
ethane ¢ complex 19. The selected bond lengths are given in A
and the relative Gibbs free energies in kcal *mol .

released after the ethyl ligand loses an agostic interaction (Figure
6). Therefore, the C—H bond cleavage in 22a to give the vinyl
hydride complex 23a proceeds with a low barrier (AG*ggg =
5.0 kcal *mol™"). The minimum of 23a is an extremely shallow
one. It is only 0.1 kcal : mol ™" below the transition state TS(22a-
23a) on the AE, scale (Table 1). At the next stage, the hydride
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Scheme 5. Calculated Steps of the Fifth Part of the C—H
Bond Activation Reaction Mechanism“
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ligand resulting from the cleavage migrates to the ethyl ligand
to produce the ethane o complex 24a through the transition state
TS(23a-24a) (Figure 7) with a AG*g barrier of 6.8 kcal »mol ™.
In 22b both processes occur in a concerted manner through the
transition state TS(22b-24b) (Figure 7). The energy minimiza-
tion along the reaction coordinate for TS(22b-24b) leads to the

Tussupbayev and Vyboishchikov
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TS(22a-23a) -23.7 23a 235

Figure 6. Optimized structures of nonagostic ethyl complexes
22a,b, transition state TS(22a-23a), and bis(vinyl) hydride complex
23a with selected bond lengths (in A) and the relative Gibbs free
energies (in kcal *mol ).
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Figure 7. Optimized structures of transition states TS(23a-24a) and
TS(22b-24b), bis(vinyl) complexes 25a,b, and final products 26a,b
with selected bond lengths (in A) and the relative Gibbs free
energies (in kcal *mol ).

ethane o complex 24b (Scheme 5). The AG*50g barrier is 14.3
kcal -mol ™!, which is somewhat above the sum of the AG*ggg
barriers of 22a — 23a and 23a — 24a (11.8 kcal*mol ™).
The reductive elimination of ethane from 24a,b yields
bis(vinyl) complexes 25a,b, respectively (Figure 7). Unexpect-
edly, the conversion 24a — 25a is an exothermic process (AH>os
= —7.1 kcal*mol'). It can be explained by the additional
stabilization of 25a due to an a-agostic interaction between the



C—H Bond Activation on a Binuclear Ru Complex

ruthenium o-bonded to both bridging vinyls and the C—H bond
of one the vinyl ligands. As can be seen from Figure 7, the
C%—H bond in the corresponding vinyl ligand is strongly
eolongated (1.27 A), while the Ru—C* bond is rather short (1.91
A).

The final step of the mechanism is the coordination of the
sixth ethylene molecule to yield the bis(vinyl) ethylene com-
plexes 26a (K in Scheme 1) and 26b (Scheme 5, Figure 7).
The coordination is exothermic (AHss = —16.9 and —18.5
kcal *mol ™", respectively). The coordination of ethylene to 25a
proceeds with a rather high energy barrier (AH 03 = 13.3
kcal -mol ™!, AG*zgg =222 kcal-mol_'). It can be attributed
to loss of the a-agostic interaction in 25a in the course of the
coordination (Figure 7). The energy barrier of the formation of
26b is much lower (AH 295 = 2.6 kecal *mol ™!, AG*29g = 14.0
kcal +mol ™', respectively). Thus, the pathway leading to the final
product 26a is in general harder to overcome than that leading
to the species suggested by us, 26b. However, the former is
more preferred thermodynamically.

Metadynamics Results. As seen, the step of the mechanism
with the highest barrier is the coordination of the first ethylene
molecule to the reactant 1 to yield ethylene st complexes 2a—c.
The static DFT calculations yield a free energy barrier of about
27—29 kcal - mol ™! for this process. However, it should be borne
in mind that the ethylene coordination is a bimolecular associa-
tion process, in which the entropy has large contributions to
the free energy. Moreover, the potential energy surface of
hydride complexes is generally rather anharmonic.** The use
of static methods can result in a significant error in estimation
of entropy within the harmonic approximation. Molecular
dynamics methods are more suitable to describe this type of
reaction. Due to the height of the barrier, the use of metady-
namics appears to be a natural choice. Therefore, a metadynamic
study of the free energy surface of the process of ethylene
coordination to 1 was performed. In so doing, we obtained a
more pictorial description of the ethylene coordination and
dissociation processes, which is reported in Figure 8 in the form
of trajectory snapshots.

The starting point of the metadynamics simulation is the
ethylene st complex 2a. In the course of the ethylene dissociation
process, both Ru—C distances increase almost symmetrically
from the equilibrium value of 2.2 A to about 2.6 A (achieved
at about 700 fs of the metadynamics simulation; Figure 8a).
The 7 interactions still persist at such distances. At longer Ru—C
distances, the ethylene elimination proceeds asymmetrically
(Figure 8b). After about 2400 fs simulation time, the minimum
well of 2a is filled and the dissociation proceeds through a
structure with three bridging hydrides (Figure 8c). It strongly
resembles the geometry of the transition state TS(1-2¢). The
dissociation of ethylene occurs simultaneously with the collapse
of the terminal hydrides (Figure 8d). During the following 3000
fs, the minimum well of the dissociated 1 + C,Hy is filled. At
about 5500 fs, the reverse process starts, and ethylene attacks
the tetrahydride complex 1 to form 2a through the transition
state TS(1-2a). After spending about 2000 fs around the
minimum 2a, the system passes to 2¢, which is higher in energy
(Figure 8e). We described a similar transformation previously
for hexahydride complexes with the general formula
szRlle(,.l2 During the following 2000 fs the system visits both
minima 2a,c, and at about 9600 fs of simulation time the
dissociation of ethylene takes place. This time the elimination

(34) (a) Maseras, F.; Lledds, A.; Clot, E.; Eisenstein, O. Chem. Reuv.
2000, 700, 601. (b) McGrady, G. S.; Guilera, G. Chem. Soc. Rev. 2003,
32, 383.
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a (655 fs)

c (2411 fs)

g (10055 fs) h (11891 fs)

Figure 8. Snapshots from the metadynamics simulation of the
ethylene elimination process 2a — 1 + C,Ha.

occurs through the structure depicted in Figure 8f. Then the
system very rapidly returns to the initial 2a and subsequently
escapes to 2c. At about 10 000 fs of simulation time, the system
passes from 2¢ to the more stable 2b through the structure
depicted in Figure 8g. The terminal hydride in 2c¢ substitutes
the bridging one, while the formerly bridging one turns to
terminal. At about 12 000 fs of simulation time, ethylene
dissociates. This proceeds through a structure similar to TS(1-
2b) (Figure 8h). From that point on, the oscillations of the
collective variable become broad and the system freely visits
all minima.

The metadynamics run gives a free energy profile (see Figure
9) as a function of the Ru—C;H, coordination number (CN;
see the exact definition in Computational Details). On this curve,
all the species 2a—c manifest themselves as a single minimum
at a CN of about 1.4, while a deeper minimum at a CN of about
0.3 corresponds to the dissociated reactants. The metadynamics
simulation yields an estimate of the Gibbs free energy difference
AG°300 between 1 + C,Hy and 2a—c of about —8 kcal »mol ™.
This compares reasonably with the static DFT value of —9.4
kcal-mol~'. The activation free energy obtained from the
metadynamics is about 20 kcal - mol .

Conclusions

We have presented a scheme of the entire mechanism of the
conversion of the binuclear ruthenium tetrahydride complex 1
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Figure 9. Free energy surface of the ethylene dissociation/coordination process from/to 2a—c reconstructed by metadynamics at 300 K.

into the ethylene bis(vinyl) complex 26 in conjunction with
ethylene hydrogenation. The reaction is substantially exothermic—
the calculated standard enthalpy AHas between 1 (A) + 6C,H,
and 26a (K) + 3C,Hg is about —90 kcal-mol~!. The rate-
determining step of the mechanism is the initial coordination
of the first ethylene molecule to the reactant 1 to give the
ethylene 7 complexes 2a—c. The free energy barrier is about
27—29 kcal -mol ™! according to the static DFT calculations,
while metadynamic calculations for the coordination process
yield a AG*300 barrier of about 20 kcal *mol™!. Another high-
barrier step is the ethylene coordination to 30a to produce the
final product 31a. The corresponding free energy barrier is 22
kcal *mol ™" according to the static DFT calculations.

The results obtained indicate that the C—H bond activation
of ethylene on dinuclear ruthenium species is a sophisticated
multistep reaction with a large number of possible pathways.
The mechanism of the reaction is largely determined by the
flexibility of hydride ligands. The hydride ligands easily change
from the bridging coordination to the terminal one. For instance,
the initial ethylene coordination to 1 is accompanied by the
conversion of two bridged hydrides into terminal ones. Further,
in the course of the ethylene insertion into Ru—H bond they
collapse, occupying a generated vacant space in 4. This change
between bridging and terminal coordination of hydrides is also
inherent to the ethylene coordination to 8 and the following
insertion step described in part 3 (Scheme 3). Essentially, the
bridging hydrides play a role of an electron-mediating “buffer”
facilitating the coordination of the incoming ethylene on the
metal center and its further transformations.

The presented computational results altogether provide further
support for the concept of cooperation between two Ru centers
in a multistep transformation. The cooperative involvement of
the two Ru centers in the C—H bond activation, as well as in
the agostic interaction with the ethyl ligand at various stages
of our mechanism is evident from Schemes 2-5. For instance,

the C—H bond cleavage in ethylene 5 complex 7 occurs through
the structure 7' (Figure 3) with an asymmetric coordination of
ethylene coordinated in the & manner to one Ru atom and
through an agostic bond to the other.

Another example of the unusual reactivity of the binuclear
complex attributed to the cooperativity of the metal centers is
the C—H bond cleavage in ethylene in the complexes 22a.b.
The cleavage proceeds simultaneously with the migration of
the resulting hydride to the ethyl ligand to form ethane.

The role of the hydride mobility can be best seen in the initial
stages of the reaction (Scheme 2). First, a migration of the
bridging hydride in 1 opens a vacant coordination site suitable
to accept the incoming ethylene. Subsequently, the ethylene
captures one of the remaining bridging hydrides to form an ethyl
ligand. Simultaneously, a terminal hydride from the other
ruthenium center turns to a bridging one, thus optimizing the
coordination environment of the ruthenium. This bridging/
terminal hydride interconversion is a major source of flexibility
of the studied diruthenium hydride complexes, contributing
essentially to the richness of their chemistry.
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