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Introduction

The utilization of CO2 as a possible carbon source and as a
medium for reaction and extraction processes has been in-
creasingly investigated.[1,2] This increased attention has been
triggered by ever-growing environmental concerns[3,4] and
the scientific challenge to activate this rather inert mole-
cule.[5–8] In the 1990s, several reactions based on CO2 hydro-
genation were reported in which CO2 was used both as a
solvent and as a reactant under supercritical conditions.[9–14]

Formic acid, alkyl formates, and formamides have been suc-
cessfully synthesized with high turnover frequencies. In par-
ticular, the high activity of the ruthenium catalysts used

offers the possibility of utilizing CO2 as a C1 building block
through its hydrogenation. The formation of formic acid by
CO2 hydrogenation has been identified as the first reaction
step in the three different reaction systems mentioned
above.[12] Hence, elucidation of the pathways for formic acid
formation is necessary to understand several aspects of the
reaction process, such as the detailed reaction mechanisms,
the effects of different ligands,[12, 15] the role of additives
(water, alcohols, and amines),[12,16,17] and the influence of re-
actant pressure.[12,16,18] Detailed reaction mechanisms have
been proposed to date, but discrepancies between the mech-
anisms and experimental observations exist,[19,20] such as the
discrepancy between the theoretical assignment of CO2 in-
sertion into a ruthenium hydride complex as the rate-limit-
ing step and the experimentally observed facile CO2 inser-
tion.[21,22] A confident assignment of the rate-limiting step
and understanding of the nature of the corresponding transi-
tion state is still lacking for rational catalyst design.

The goal of this work was to shed light on the competitive
reaction pathways leading to CO2 hydrogenation by a
single-site homogeneous ruthenium catalyst. This study was
mainly based on ab initio molecular dynamics with the help
of complementary experimental work.[21] To simplify the in-
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terpretation of the experimental spectra, a dihydride catalyst
with a bridged ligand, dmpe (dmpe=Me2PCH2CH2PMe2),
was chosen because of its structural rigidity and its activity
in the reaction.[12,13] The complex is also suitable for compu-
tational modeling, thanks to its relatively small size.

The synthesis and structure of the ruthenium dihydride
catalyst [Ru ACHTUNGTRENNUNG(dmpe)2H2] have been reported in a previous
paper.[21] High-pressure spectroscopy measurements (IR and
NMR) carried out in toluene at 300 K have been used to
study the transformations of the catalyst that were induced
by different concentrations of CO2, H2, and formic acid. In
Scheme 1, two possible sequences of intermediates are pro-

posed on the basis of experimental results. The measure-
ments show that the cis isomer 1 of the dihydride catalyst is
predominant (94.5%) over the trans isomer 4 (5.5%).
Under low CO2 pressure (<5 bar), two formate complexes
appear, cis-[Ru ACHTUNGTRENNUNG(dmpe)2ACHTUNGTRENNUNG(OCHO)2] (3) and trans-[Ru-
ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)] (5). No evidence for the expected cis-
[Ru ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)] complex (2) has been revealed,
even if this structure should be the natural intermediate be-
tween 1 and 3. Indeed, at 300 K complex 2 is a short-lived
structure owing to its lower stability relative to 3, which ex-
plains why it has not been observed.[22] When an additional
high H2 pressure (>50 bar) was applied, the signal of the di-
hydrogen-bonded complex trans-[Ru ACHTUNGTRENNUNG(dmpe)2H2]···HOCHO
(6) was also detected and its intensity increased with H2

pressure.[21]

To verify the proposed pathways and to identify the rate-
limiting step, we needed to investigate the relevant reaction
intermediates and transition states in more detail. Density
functional theory (DFT) calculations have been proven to
be able to reproduce the relative energies of the different
stable complexes, and are in agreement with experimental
findings.[21] Starting from reasonable guesses based on exper-
imental observations and by optimizing the structures of

minimum energy conformers or transition states, it was pos-
sible to suggest an approximate sequence of steps along the
reaction mechanism. However, this static approach is likely
to fail for complex processes in which several alternative
routes are possible and unforeseen intermediate states may
play an important role. In addition, finite temperature ef-
fects and entropic contributions cannot be included in a
static model.

To gain a complete picture of the process and to deter-
mine the rate-limiting step and the most probable route, a
better understanding of the atomistic details of CO2 and H2

insertions is necessary. The relative probability of competi-
tive events like cis/trans isomerization and CO2 dissociation
should also be taken into account.

A complete description of the reaction routes and dis-
crimination between competitive pathways can be provided
by molecular dynamics (MD). The technique is, in principle,
capable of generating reactive trajectories. The kinetics of
the process can be investigated and from statistical sampling
the underlying free-energy surface (FES) can be recon-
structed. The evolution of the electronic structure associated
with the structural rearrangements is also accessible from ab
initio MD, thus offering a deeper insight into the chemistry
of the transformation events. However, for adequate sam-
pling by standard MD, a great amount of simulation time is
typically required, which frustrates its predictive capability
at all levels of theory. We have chosen, therefore, to adopt
the metadynamics (MTD) approach to boost the sam-
pling.[23,24] This method has been successfully applied in
combination with ab initio MD to the study of various types
of reactive systems in which substantial changes to the elec-
tronic structure were expected.[24–31] The accuracy of the
methods for the calculation of the FES has been verified[32]

by comparison with other techniques.[33–35]

Ab initio metadynamics : Metadynamics is a method based
on MD simulations that allows thorough sampling of a pre-
defined multidimensional configurational space and pro-
vides, at the same time, the direct reconstruction of the ex-
plored FES.[23] The subspace for which we wish to boost the
sampling is defined by selecting a set of collective variables
(CVs) that clearly identify specific states of the system
under investigation. They typically correspond to those slow
modes that might play a role in the transformation of the
system, and therefore, need to be activated. A rather gener-
al rule prescribes that the selected CVs are able to distin-
guish the relevant intermediates and competitive reactive
pathways. The dynamics in the space of the CVs, that is, the
metadynamics, are accelerated by the presence of a history-
dependent, repulsive potential. This potential is built up
“on-the-fly” during the evolution of the meta-trajectory. It
locally modifies the energy profile of those regions in the
configurational space that have already been visited, and
thereby, prevents the trajectory from remaining in the same
basin of attraction for very long time.[36] This approach en-
forces the exploration of the FES and enables the most
probable pathways of a reaction to be disclosed, even if

Scheme 1. The main ruthenium complexes observed in toluene at 300 K
in the presence of CO2 and H2. Note that complex 2 has been observed
at 223 K,[22] but not at 300 K.[21]
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there is no prior knowledge of the transition or of the prod-
ucts. The scope of the applications is significantly broadened
by its implementation within ab initio methods,[24] such as
DFT-based Car–Parrinello MD.[37] Within this scheme, it is
now possible to efficiently simulate the dynamics of chemi-
cal reactions when important changes in the electronic struc-
ture take place (e.g., bond formation/breaking). MTD has
been successfully applied in various fields, such as molecular
biology,[38–41] catalysis,[27] phase transitions,[25,28,30, 42] molecular
rearrangements,[24,26] surface reactions,[31] and the structural
analysis of condensed matter.[29]

The meta-trajectory is determined by integrating the
equations of motion derived from an extended Lagran-
gian[24] of the form given by Equation (1):

L ¼ L CP þ
X
a

1
2
Ma _s

2
a�

X
a

1
2
ka½SaðRÞ�sa�2 þ Vðt,sÞ ð1Þ

in which the additional dynamic variables sa define the dy-
namics in the reduced space of the CV. The first term L CP is
the Car–Parrinello Lagrangian,[37] which drives the electron-
ic and ionic dynamics. The second is the fictitious energy of
the new dynamic variables. The third term is a harmonic re-
straint potential that couples the meta-trajectory to the stan-
dard MD trajectory through the instantaneous values of the
CVs, Sa(R). The fictitious mass Ma and the coupling con-
stant ka determine the frequency of the fluctuations of the
meta-trajectory. The last term V ACHTUNGTRENNUNG(t,s) (s is the vector of sa) is
the history-dependent potential,[24] which is constructed by
the accumulation of small Gaussian hills deposited at regu-
lar time intervals. At convergence, that is, when the avail-
able wells have been completely filled by the accumulated
potential, the explored FES can be reconstructed from V-
ACHTUNGTRENNUNG(t,s).[24]

Next in this paper we provide additional information
about the methodology and the specific setup of the simula-
tions. Then we describe the most important steps in the re-
action pathways, as determined by ab initio MTD. The exis-
tence of alternative routes, different from that shown in
Scheme 1, is also discussed. Finally, we provide a detailed
analysis of the rate-limiting step by discussing how the cata-
lytic activity can be associated with the electronic structure
of the corresponding transition state. The same arguments
can be applied to several catalysts with different ligands,
showing a clear relationship between catalytic activity and
electronic structure that can help in suggesting new routes
for the design of efficient catalysts.

Computational Details

Ab initio MTD simulations were performed by using the Car–Parrinello
(CP) scheme,[37] as implemented in the CPMD code.[24,43] Our studies
were based on DFT electronic structure calculations by using plane-
waves basis sets for the expansion of the wavefunctions and the pseudo-
potential approximation for the treatment of the ionic cores. The ex-
change and correlation energy terms were described by the Becke–

Perdew (BP) functional.[44,45] Norm-conserving Troullier–Martins pseudo-
potentials were used to describe the interaction between the valence
electrons and the ionic cores.[46] The energy cutoff for the plane-waves ex-
pansion was set to 80 Ry within a cubic supercell of 15 N length. The
Hartree potential was computed by the Martina–Tuckerman scheme to
mimic the conditions of an isolated system in the gas phase.[47] The tem-
perature was maintained at about 300 K by rescaling the atomic veloci-
ties. An electronic fictitious mass of 400 a.u. and a time step of 4 a.u.
(0.097 fs) were used.

The first and probably most critical step in the setting up of the MTD
simulations is the selection of proper CVs. In the study of chemical reac-
tions, the natural choices are bond lengths, bond angles, dihedral angles,
and coordination numbers. As already mentioned, the essential require-
ment is that the CVs can distinguish the different states along the entire
mechanism. In this study, we made considerable use of the coordination
number (CN), which is defined by the smooth function given by Equa-
tion (2):

CNAB ¼ 1
NA

XNA

i¼1

� XNB

j¼1

1�
�

rij
RAB

�p

1�
�

rij
RAB

�q

�
ð2Þ

This function evaluates the average number of neighbors of type B sur-
rounding atoms of type A within a region defined by the reference dis-
tance RAB. NA and NB are the numbers of atoms of the two types, rij is
the interatomic distance between the specific pair, and p and q determine
the decay, in which p<q. The two exponents can be tuned to design a
function as sensitive as possible to the different molecular states.

Figure 1 shows the CN functions used in this work. For example, the
function in Figure 1 shown by the dotted line represents the CN between
the ruthenium and oxygen atoms during the CO2 insertion/dissociation

processes. When the oxygen atom coordinates to the ruthenium center,
the value of this function fluctuates between 0.5 and 1.0, whereas it is
about 0.1 when the oxygen atom is too far away to be in the coordination
shell of the metal. The coordination numbers can be rather general varia-
bles because, by definition, they can involve heterogeneous sets of atoms
and describe the probability of there being neighboring atoms within
given coordination shells. In this sense, employing coordination numbers
in place of bond lengths and angles can significantly reduce the bias on
the specific atomic movements.

A new hill was added at every so-called MTD step, which corresponds to
60 to 120 MD steps. This time interval is thought to allow a partial relax-
ation of the system to guarantee that the MTD trajectory follows the
minimum energy pathway. In all of the reported simulations, the height
of the hill was between 0.31 and 1.26 kcalmol�1. The MTD drives the
system towards nonequilibrium configurations and can induce fast or

Figure 1. Coordination number (CN) functions used in this work: p=4,
q=6, and RAB=2.5 (c); p=5, q=7, and RAB=2.4 (d); and p=6,
q=7, RAB=2.6 (g).
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abrupt rearrangements of the atomic positions. The propagation of the
electronic structure through the CP scheme may not be able to adapt
quickly enough, therefore, regular quenching of the wavefunctions on the
Born–Oppenheimer surface at certain intervals is necessary to keep the
kinetic energy of the electrons under control.

Geometry optimization, single-point energy, and harmonic vibrational
frequency were also calculated to compare the electronic structures of
various ruthenium complexes with different ligands. For these analyses,
the B3PW91 hybrid functional[48,49] was used within the Gaussian 03 pro-
gram package.[50] Although we did not see notable differences in the
energy profiles and geometries of various ruthenium complexes calculat-
ed by the BP and the B3PW91 functionals, the hybrid functional was
chosen for these static calculations as a result of our previous static DFT/
high-pressure spectroscopic study in which the accuracy of the functional
was validated by the firm assignments of various vibrational modes ob-
served in the experimental IR spectra.[21] A 6-311G ACHTUNGTRENNUNG(d,p) basis set was ap-
plied to all the species except ruthenium for which a LanL2DZ effective
core potential (ECP) basis set was used. The ECP replaces the core elec-
trons of ruthenium up to 3d and the valence electrons are described by a
(341/321/31) basis set. All the calculations were performed within a gas-
phase model without taking any solvent effects into account.

Results and Discussion

The entire reaction process can be separated into three fun-
damental steps: cis/trans isomerization, CO2 insertion, and
H2 insertion. In our investigation, we assumed that the three
steps were independent processes and performed separate
MTD simulations for each of them, starting from different
initial configurations. By combining the results of the inde-
pendent calculations, we can reconstruct several possible
pathways and give an estimate of their relative probability.

cis/trans Isomerization : Although the [Ru ACHTUNGTRENNUNG(dmpe)2H2] com-
plex is known to exist preferentially as the cis isomer at
room temperature, by increasing the CO2 and H2 pressures,
and thus inducing insertion processes, the signal of the trans
isomer intensified and even became predominant. This
prompted us to study how the cis/trans isomerization occurs,
at which step of the overall reaction it is favored, and finally
the rate at which equilibrium is attained.[51] Indeed, by con-
sidering the isomerization process at different stages, alter-
native transformation routes, in addition to the most obvi-
ous ones, become possible. For example, formic acid can be
formed through the sequence 1!2!5!6, or even through
the cis/trans isomerization of the diformate complex 3, fol-
lowed by CO2 dissociation, in addition to the expected path-
way 1!4!5!6. For this reason we investigated three iso-
merization mechanisms in detail : The dihydride isomeriza-
tion (1Q4, Scheme 1), the monoformate isomerization
(2Q5), and the diformate isomerization (3Qtrans-[Ru-
ACHTUNGTRENNUNG(dmpe)2ACHTUNGTRENNUNG(OCHO)2]).

Several possible CVs can be chosen to analyze the cis/
trans isomerization of the catalyst complexes ([Ru-
ACHTUNGTRENNUNG(dmpe)2X2], X=H or OCHO). One of the most efficient
CVs for probing the change is the dihedral angle of the four
phosphorus atoms, P(1)-P(2)-P(3)-P(4), in which P(1) and
P(2) belong to one of the two dmpe ligands and P(3) and
P(4) belong to the other. The dihedral angle alone, however,

may be insufficient to clearly distinguish all possible cis and
trans isomers because distinct positions of the two X ligands
may correspond to the same dihedral. For example, the two
X ligands can occupy the same coordination site to leave a
vacancy on the opposite side. The different orientations of
the X ligands can be taken into account by the bond angle
X�Ru�X, which is therefore selected as a second CV.

The isomerization of [Ru ACHTUNGTRENNUNG(dmpe)2H2] has been simulated
starting from cis-[Ru ACHTUNGTRENNUNG(dmpe)2H2] (1, Figure 2). The MTD tra-

jectory explores for some time (3 ps) the basin of attraction
of the initial configuration until the accumulation of the
MTD potential induces a substantial change in the dihedral
angle and the system transforms into the trans isomer 4,
crossing a barrier of about 20 kcalmol�1. After a further two
picoseconds of simulation time, the backward transition to
the initial cis isomer 1 occurs along the same path and over
a similar energy barrier. Once the two wells have been fully
explored, an alternative route is found that connects two
distinct, but equivalent, cis isomers 1!1’. Indeed, the dihe-
dral angle shown in Figure 2 is periodic and the cis-to-cis
transition takes place through the negative direction of the
dihedral angle axis. This pathway goes over a higher barrier
of about 30 kcalmol�1.

With a sufficiently long MTD sampling the potential fills
the three wells evenly until the trajectory can span the
entire configurational space, moving over a barrierless
energy landscape. The topology of the explored FES in the
space of the CVs is then derived from the penalty potential
accumulated during the exploration. The contour plot in
Figure 2 clearly shows three stable configurations that corre-
spond to the marked minima, which are the two distinguish-
able, but equivalent, cis complexes 1 and 1’ and trans com-
plex 4.

The relative probability of finding the system in the trans
rather than in the cis isomeric form can be estimated from
the ratio between the explored volumes of the configura-

Figure 2. FES showing the cis/trans isomerization of [RuACHTUNGTRENNUNG(dmpe)2H2] as a
function of the dihedral angle of the four ligand phosphorus atoms and
the H-Ru�H angle. The free energy is in kcalmol�1. Representative
structures near the minima, close to the numbered location on the FES,
are shown on the right. For clarity the hydrogen atoms of the dmpe
ligand are not shown.
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tional space that correspond to the two structures. The cis/
trans ratio obtained from the FES plotted in Figure 2 is
roughly 2:1, which is an overestimate of the trans isomer,
around 35%, compared with the experimental result, only
5.5% at 300 K in toluene.[52] This discrepancy can be ac-
counted for by the fact that this study neglects the effect of
solvent. The resulting increased mobility of the ligands
might facilitate the isomerization, thus shifting the equilibri-
um towards the trans isomer.

The isomerization of the monoformate complex, [Ru-
ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)], was studied by using the dihedral angle
and the bond angle of H�Ru�C (the carbon atom of the for-
mate group) as CVs. The H�Ru�C angle is preferred to the
H�Ru�O angle, in which oxygen is the atom that interacts
with the ruthenium center directly, because of the formal
equivalence of the two oxygen atoms of the formate group.
Indeed, exchange of the coordinated oxygen atom by rota-
tion of the formate group frequently occurs, as shown later,
and causes large fluctuations in the H�Ru�O angle, al-
though these changes do not correspond to real transitions
of the structure of the complex.

We took the cis complex (2, Figure 3) as the initial config-
uration. After MTD (16 ps), we observed the first cis-to-cis
rearrangement 2!2’ over a barrier of around 20 kcalmol�1.

This rearrangement proceeded via an unstable complex
characterized by the formate group, in which the hydride is
located at the same coordination site. In this metastable
configuration, the isomer temporarily becomes trans in
which the dihedral angle is almost zero and the H�Ru�C
angle is about ten degrees. The rearrangement is completed
by going through an undercoordinated formate–metal state
with a trans-like geometry, which is followed by a ligand re-
arrangement to a cis complex in which the ruthenium center
is newly fully coordinated by the formate oxygen atom.

Once the two energy wells of 2 and 2’ have been thoroughly
explored, the higher transition state separating the trans
from the cis isomers is reached and the transition occurs
over a barrier of around 23 kcalmol�1 (5, Figure 3). Interest-
ingly, the trans complex did not change back to cis, but
rather one of the phosphorus atoms of the ligand dissociated
and was replaced by the second oxygen atom of the formate,
which completes the ruthenium coordination (7, Figure 3).
The 5!7 energy barrier is estimated to be around
47 kcalmol�1, which means that the trans!cis process, if
possible, is expected to have an even higher activation
energy.

The plot of the FES explored by MTD (Figure 3) clearly
shows that the trans state is significantly more stable than
the cis. This is in agreement with experimental results,[21]

which indicates that trans-[Ru ACHTUNGTRENNUNG(dmpe)2H ACHTUNGTRENNUNG(OCHO)] is very
stable and almost the only complex observed at equilibrium.
The fact that, starting from the monoformate complex, the
cis!cis rearrangement is favored with respect to the expect-
ed cis!trans transition indicates that the isomerization pro-
cess is less probable than in the case starting from the dihy-
dride complex (Figure 2). This is likely because the formate
group is bulkier than the hydride, which results in greater
steric hindrance.

The formation of the two-oxygen coordinating complex,
[Ru ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(h2-O2CH)] was not detected experimentally
and might well be an artifact of our model. The lack of in-
teractions with the solvent may be one possible explanation
for this behavior. Anyway, the energy barrier separating dis-
sociated state 7 from trans complex 5 is very high, which
implies that such a transition should not occur.

To investigate the isomerization of the diformate complex
[Ru ACHTUNGTRENNUNG(dmpe) ACHTUNGTRENNUNG(OCHO)2], we chose the C�Ru�C bond angle
as the second CV in which the carbon atoms are those of
the formate group. The cis-diformate complex turns out to
be very stable. The MTD trajectory spends a long time fluc-
tuating in the corresponding basin of attraction (ca. 11 ps)
until one of the phosphorus atoms of the ligand dissociates.
The energy barrier for the dissociation process was estimat-
ed to be around 50 kcalmol�1 and the product is the [Ru-
ACHTUNGTRENNUNG(dmpe)2ACHTUNGTRENNUNG(OCHO) ACHTUNGTRENNUNG(h2-O2CH)] complex, which is similar to 7
in Figure 3. In this MTD simulation no cis!trans isomeri-
zation was observed. The pronounced steric effects induced
by the two formate groups can be considered responsible
for hindering the rotation of the ligands around the rutheni-
um atom, thereby preventing isomerization. The high stabil-
ity of the cis-diformate complex, as predicted by our calcu-
lations, is in agreement with experimental observations,
which shows that this complex is the most abundant formate
complex under a CO2 pressure in toluene at 300 K.[21]

CO2 insertion/dissociation : A very facile CO2 insertion into
the dihydride complex was observed experimentally.[21, 22]

Two formate complexes, cis-diformate (3, Scheme 1) and
trans-monoformate (5), were formed immediately after a
CO2 pressure of less than 5 bar at 300 K was applied.[21] In
this subsection we address the reaction mechanisms and the

Figure 3. FES showing the cis/trans isomerization of [Ru ACHTUNGTRENNUNG(dmpe)2H-
ACHTUNGTRENNUNG(OCHO)] as a function of the dihedral angle of the four ligand phospho-
rus atoms and the H-Ru�C (carbon atom of the formate group) angle.
The free energy is in kcalmol�1. Representative structures near the
minima, close to the numbered location on the FES, are shown on the
right. For clarity the hydrogen atoms of the dmpe ligand are not shown.
Structure 7 was observed after filling the well of 5 and the FES was con-
structed by the hills deposited before the formation of 7.
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energetics of the insertion and dissociation processes start-
ing from both the cis and the trans dihydride isomers. Based
on mechanistic comparison between the cis and trans routes,
we highlight some structural aspects that influence the over-
all reaction pathway.

To gain a complete description of the different steps
along the CO2 insertion/dissociation events we used three
CVs. One efficient CV is the coordination number of
oxygen atoms to the ruthenium center, CN(O) (Figure 1,
dotted line). The second CV is the distance between the
carbon atom of CO2 and the hydrogen atom of the hydride,
dACHTUNGTRENNUNG(C–H). The third is the Ru-C-O angle in which the carbon
and oxygen atoms belong to CO2, a ACHTUNGTRENNUNG(Ru�C�O). A repulsive
potential wall is placed at 2.5 N to limit dACHTUNGTRENNUNG(C�H) and to pre-
vent CO2 from escaping from the simulation box. The artifi-
cial confinement can be regarded as a way to model the par-
tial pressure of the gas phase. By its presence, we mimic the
relatively high probability of a molecule in the vicinity of
the ruthenium coordination shell. To consistently compare
the free-energy profiles of different simulations, the location
of the potential wall is the same for all of the systems.

Starting from cis-[Ru ACHTUNGTRENNUNG(dmpe)2H2], the MTD trajectory ex-
hibits a rather quick transition process over a small barrier
of around 6 kcalmol�1. This first intermediate corresponds
to the complex 1–2 (Figure 4), which is characterized by a
significant interaction between CO2 and the hydride.[21] The
formate complex is formed in a concerted manner. Breaking
the Ru�H bond and forming the Ru�O bond occur simulta-
neously by rotation of the formate group. Such a concerted
mechanism was also predicted by static DFT calculations.[21]

The low energy barrier of around 2 kcalmol�1 indicates that
CO2 insertion is almost immediate once the intermediate 1–
2 has been stabilized. Three types of formate complexes
have been observed that correspond to three different posi-
tions of the formate group relative to the ruthenium center.
The transitions between them are driven by the third CV,
that is, the angle a ACHTUNGTRENNUNG(Ru�C�O’), in which O’ is the oxygen
atom of CO2 that has been selected to define the CV. In the
first configuration, O’ does not coordinate to the ruthenium
center and C�O’ points in the opposite direction, away from
the ruthenium center (a ACHTUNGTRENNUNG(Ru�C�O’)
1608, 2 in Figure 4).
In the second configuration, O’ does not coordinate directly
to the ruthenium center, but interacts with the methyl group
of the dmpe ligand (a ACHTUNGTRENNUNG(Ru�C�O’)
908, 2’). In the third
configuration, O’ coordinates to the ruthenium center with
an angle a ACHTUNGTRENNUNG(Ru�C�O)
308 (2’’). Note that, in this last con-
figuration, the formate can rotate around the Ru�O’�C axis,
without changing the value of the CV. The MTD trajectory
spends a long time exploring all of the broad region of the
configurational space that corresponds to the formate com-
plex. Finally, after 38 ps of simulation time, CO2 dissociation
occurs, crossing a much larger energy barrier of around
20 kcalmol�1. The complete dissociation of CO2 from the
catalyst in the final step of the reverse pathway, that is, 1–
2!1, occurs with a barrier of around 4 kcalmol�1.

Figure 4 shows the FES reconstructed from the MTD
sampling of the initial CO2 insertion and the reverse path-

way (1Q2). From the FES projected onto the plane of the
CN and the dACHTUNGTRENNUNG(C�H) variables (Figure 4a), we can identify
the transition region at a C�H distance of about 1.4 N.[53]

The value of d ACHTUNGTRENNUNG(C�H) in 1–2 corresponds to the characteris-
tic C�H bond length of the formate complexes (2, 2’, and
2’’, Figure 4). Analysis of the bond character of 1–2, based
on the electron density distribution, shows that almost no
Ru�H bond is present, whereas the C�H bond is practically
already formed.[21] The three minima that correspond to the
three observed formate complexes become distinguishable
by projecting the three-dimensional FES onto the subspace
defined by the Ru�C�O’ angle and the C�H distance (Fig-
ure 4b). From this perspective, we observe that there is
almost no barrier between 2 and 2’. In fact, the transition
occurs by rotation of the formate group, but keeps the same
coordinating oxygen. On the other hand, flipping the
oxygen atoms (2, 2’ vs. 2’’, Figure 4) occurs with a barrier of
around 10 kcalmol�1.

According to structural and electronic properties, having
one or other oxygen atom coordinating to the ruthenium
center is equivalent; this implies that 2 plus 2’ and 2’’ config-
urations should have the same statistical probability. Howev-

Figure 4. FES showing the processes of CO2 insertion to cis-[Ru-
ACHTUNGTRENNUNG(dmpe)2H2] and CO2 dissociation from cis-[Ru ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)] a) as a
function of the coordination number (between the ruthenium and the
oxygen atoms) and the C�H distance (the carbon atom of CO2 or the for-
mate group and the hydrogen atom of the hydride), and b) as a function
of the C�H distance and the Ru�C�O angle (the carbon atom of CO2 or
the formate group and oxygen atom of one of the oxygen atoms of CO2,
marked as O’ on the right side). The free energy is in kcalmol�1. Repre-
sentative structures near the minima, close to the numbered location on
the FES, are shown on the right.
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er, the MTD trajectory spends more time in one of the two
wells, as inferred by the larger volume of the basin of 2 plus
2’ in Figure 4b. In fact, the two oxygen atoms (O and O’ in
Figure 4) are not equivalent in our model because only O’ is
directly involved in the definition of the CV; this might in-
troduce a slight bias to the fluctuations of a ACHTUNGTRENNUNG(Ru�C�O).
Most probably, a longer sampling time could adjust the bal-
ance between the two states. Nevertheless, complete sam-
pling of the particular well (2’’) will probably not change the
overall characteristics of the free energy. The broad basin of
attraction associated with the structures of 2, 2’, and 2’’
makes this state very stable and kinetically favored. This ex-
plains why the reverse process towards 1–2 is a rather slow
event with respect to the formation of the formate complex.

The second CO2 insertion into cis-[Ru ACHTUNGTRENNUNG(dmpe)2H ACHTUNGTRENNUNG(OCHO)]
(2Q3, Scheme 1) is characterized by a similar free-energy
profile (Figure 5). CO2 approaches the hydride with a small
energy barrier (ca. 5 kcalmol�1) and forms a complex similar
to the intermediate that was observed during the first inser-
tion (2–3, Figure 5a) in which CO2 closely interacts with the
hydride. The main difference between the first and second
insertion is the position of the barrier, which is found at d-

ACHTUNGTRENNUNG(C�H)
1.6 N rather than 1.4 N. This change in position in-
dicates that there is a larger effect of the steric hindrance of
the formate complex compared with the dihydride catalyst.
The transition to the final cis-diformate complex occurs by
the same concerted insertion mechanism, over a small barri-
er of around 3 kcalmol�1. Also for the diformate complex,
we can distinguish three slightly different structures (3, 3’,
and 3’’) that correspond to different values of the a ACHTUNGTRENNUNG(Ru�C�
O’) angle. The backward reaction mechanism from the difor-
mate complex to the intermediate 2–3 proceeds over a barri-
er of around 16 kcalmol�1, that is, less than in the case of
the monoformate (ca. 20 kcalmol�1). Complete CO2 dissoci-
ation is slightly more demanding and requires around 7 kcal
mol�1.

The similarity between the two processes is seen clearly
by analysis of the FES. The projection of the surface onto
the plane of dACHTUNGTRENNUNG(C�H) and a ACHTUNGTRENNUNG(Ru�C�O) (Figure 5b) shows
that the internal rotation of the formate group, from 3 to 3’,
is almost barrierless. Alternatively, flipping of the oxygen
atom, which leads to configuration 3’’, requires an activation
energy of around 10 kcalmol�1. The two separated wells,
that is, 3 plus 3’ and 3’’, respectively, are roughly equivalent
in size, which indicates that there is an evenly distributed
probability of either one of the two formate oxygen atoms
interacting with the ruthenium center.

To study CO2 insertion/dissociation into the trans-dihy-
dride isomer, 4Q5 in Scheme 1, we used the same MTD
setup. We obtained a rather different mechanism compared
with the cis route, with an additional intermediate state for
the approaching CO2 molecule at a distance dACHTUNGTRENNUNG(C�H) of
about 1.7 N. From this minimum, first a closely interacting
complex with CO2 (4–5, Figure 6) is formed crossing a barri-
er of 5 kcalmol�1 and finally CO2 insertion is completed
over a barrier of around 4 kcalmol�1. Once one of the three
trans-formate complexes (5, 5’, and 5’’) is formed, we ob-
serve rather large fluctuations in CN(O). These fluctuations
indicate an enhanced mobility of the formate group that in-
teracts with the ruthenium center compared with the same
molecule interacting with the cis isomer. The backward tran-
sition to the intermediate 4–5 occurs by rotation of the for-
mate group with a barrier of around 5 kcalmol�1, which is
much lower than for the cis cases discussed above. The final
dissociation from 4–5 to 4 (Figure 6) requires around 6 kcal
mol�1.

The explored FES (Figure 6) exhibits considerably shal-
lower wells, which indicates that all of the elementary pro-
cesses occur rapidly over the smoother energy landscape.
The additional intermediate becomes visible by projecting
the FES onto the dACHTUNGTRENNUNG(C�H) and CN(O) plane (Figure 6a).
The larger coordination space and the reduced steric hin-
drance that characterizes the trans complex explain why this
intermediate is not found during CO2 insertion into the cis
isomer. The resulting stepwise mechanism enhances the con-
centration of CO2 near the hydride, which facilitates CO2 in-
sertion. Extension of the well to low CN(O) values reflects
the greater mobility of the formate group and implies that
the trans-formate complex is stable even at rather large dis-

Figure 5. FES showing the processes of CO2 insertion into cis-[Ru-
ACHTUNGTRENNUNG(dmpe)2H ACHTUNGTRENNUNG(OCHO)] and CO2 dissociation from cis-[Ru ACHTUNGTRENNUNG(dmpe)2 ACHTUNGTRENNUNG(OCHO)2]
a) as a function of the coordination number (between the ruthenium and
the oxygen atoms) and the C�H distance (the carbon atom of CO2 or the
formate group and the hydrogen atom of the hydride), and b) as a func-
tion of the C�H distance and the Ru�C�O angle (the carbon atom of
CO2 or the formate group and the oxygen atom of one of the oxygen
atoms of CO2, marked as O’ in the structures shown on the right). The
free energy is in kcalmol�1. Representative structures near the minima,
close to the numbered location on the FES, are shown on the right.
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tances of the formate group from the ruthenium center. The
value of 0.4 for the CN(O) corresponds to a Ru�O length
of 2.7 N (Figure 1), which is significantly longer than the
equilibrium distance of the formate complex (2.3 N). More-
over, we observe that the internal rotation of the formate
group, that is, 5!5’ (Figure 6), is almost barrierless, whereas
a smaller barrier of 4 kcalmol�1 is found for flipping of the
oxygen (5, 5’ vs. 5’’, Figure 6). The long-range stability of the
formate group seems to affect and facilitate the CO2 dissoci-
ation process.

In summary, the MTD analysis has revealed a rather high
reaction rate for the insertion of CO2 by either route, cis or
trans, which is in excellent agreement with experimental ob-
servations.[21,22] The dissociation process is more difficult for
cis complexes, whereas it is as facile as the insertion process
for the trans complex. The overall lower barriers for the
trans complex relative to the cis complexes confirm the re-
sults obtained by static DFT investigations.[21] In all three
cases, once the C�H bond is formed, CO2 insertion/dissocia-
tion occurs by rotation of the formate group at a constant
C�H distance. Natural bond orbital analysis[54] of the inter-
mediate complexes suggests that the formate group can

behave like an ionic species. Indeed, it exhibits a highly
ionic character and its electronic structure is nearly identical
to that of the formate ion.[21] This picture accounts for the
weak interactions between the “rotating formate ion” and
the ruthenium center, which in turn favor the structural re-
arrangements of the formate complexes.[21]

Formation of formic acid and its reaction with the dihydride
catalyst : From experimental evidence, we know that under
high H2 pressure, the formate complexes transform into
trans-dihydride complexes that interact with formic acid
(Scheme 1).[21] As soon as the H2 pressure is lowered, the
formic acid reacts with the dihydride catalyst and the origi-
nal trans-monoformate complex is recovered,[21] which im-
plies that H2 insertion and the formic acid reaction are re-
versible and in equilibrium (5Q6, Scheme 1).[55] Only the
trans-dihydrogen-bonded complex has been detected experi-
mentally, whereas no cis equivalent has been found.

In this section we report the results of our MTD study of
the fundamental steps of the H2 insertion/formic acid reac-
tion processes, which were unknown until now. We consider
both the cis and the trans cases and carefully analyze the dif-
ferent intermediates to understand why only the trans route
seems to be possible according to experimental analysis. The
simulations were carried out by using two CVs. They are the
coordination numbers for oxygen CN(O) (Figure 1, solid
line) and hydrogen CN(H) (Figure 1, d) at the ruthenium
center. Confinement potentials were employed to guarantee
that the H2 molecule, the formate group, and the formic
acid remain within a limited distance of the ruthenium
center.

Starting from the separated cis-formate complex and the
hydrogen molecule (2, Figure 7), the lowest energy path for
H2 insertion is via 8 in which both H2 and the formate group
distantly interact with the ruthenium center.[56] The next
step is the formation of a [Ru ACHTUNGTRENNUNG(h2-H2)] complex (9, Figure 7)
in which the molecular hydrogen coordinates to the rutheni-
um center giving a global CN(H) approximately equal to 3.
This class of h2-H2 complex has been increasingly report-
ed[57,58] and it turns out that these complexes are important
as intermediates in various hydrogenation reactions.[59–62]

This complex has been identified as an energetic minimum
and not a transition state.[21] In the final step, the formic acid
is formed and stabilized by the dihydrogen-bonding interac-
tion (10, Figure 7). Examples of dihydrogen-bonding com-
plexes formed via an h2-H2 intermediate have already been
reported in the literature.[63–67]

Figure 7 shows the FES for H2 insertion into the cis-mon-
oformate complex (2!10) and of the backward reaction,
that is, the reaction of formic acid with the cis-dihydride cat-
alyst, which results in the formation of the formate complex
and H2 (10!2).[68] Unfortunately, in this representation, the
pathway 8!9 is hardly visible because it overlaps with the
basin of attraction of 10. More information about the ener-
getics of the observed mechanism between 8 and 9 can be
inferred directly from the Kohn–Sham energy profile along
the trajectory. The fast fluctuations of the systems from one

Figure 6. FES showing the processes of CO2 insertion into trans-[Ru-
ACHTUNGTRENNUNG(dmpe)2H2] and CO2 dissociation from trans-[Ru ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)]
a) as a function of the coordination number (between the ruthenium and
the oxygen atoms) and the C�H distance (the carbon atom of CO2 or the
formate group and the hydrogen atom of the hydride), and b) as a func-
tion of the C�H distance and the Ru�C�O angle (the carbon atom of
CO2 or the formate group and the oxygen atom of one of the oxygen
atoms of CO2, marked as O’ in the structures shown on the right). The
free energy is in kcalmol�1. Representative structures near the minima,
close to the numbered location on the FES, are shown on the right.
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state to the other are associated with small variations in the
potential energy, which suggests a rather shallow free-
energy landscape. Hence the free-energy contribution of this
fast fluctuating mode is neglected in the further interpreta-
tion of the FES. H2 insertion (2!9 via 8) proceeds over a
barrier of 22 kcalmol�1. By choosing different positions for
the confinement potential, we can affect the behavior of the
reacting system. By setting the minimum value to 1.05 for
CN(H), we force the H2 molecule to remain very close to
the ruthenium center, thus reproducing the experimental
conditions of a high concentration of H2. As a side effect,
this might slightly destabilize the whole complex to result in
a shallower free-energy well for 2. This effect can be used to
understand the properties of the formate complex under
high H2 pressure better. The final reaction step from 9!10
passes through a very low barrier of around 3 kcalmol�1.

The backward reaction (10!2, Figure 7) follows exactly
the same two-step pathway, 10!9 (18 kcalmol�1) and 9!2
via 8 (22 kcalmol�1). A similar destabilization effect to that
described for the forward reaction is likely to be induced by
the confinement potential applied to the CN(O) CV. As a
result, the 10!9 transition barrier is probably underestimat-
ed (Figure 7).

The mechanism disclosed by the MTD starting from the
trans complex proceeds through four similar structures (5,

11, 12, and 6, Figure 8). The same wall potential was used
for the CN(O), whereas a different minimum value was
chosen for CN(H) (at 0.18) owing to the different number

of hydrogen atoms involved in the reaction path (two for
the trans, Figure 8, and three for the cis, Figure 7). Several
remarkable differences between the cis and trans routes
were observed. The stationary points on the FES are some-
what displaced and show different relative stabilities. In par-
ticular, the trans isomer of the [Ru ACHTUNGTRENNUNG(h2-H2)] complex is signif-
icantly more stable (Figure 7 and Figure 8).

The free-energy well of the trans-formate complex is cen-
tered at a much lower CN(O) value. Consequently, the
cross-section between the well of 5 and the well formed by
12 and 6 is larger for the trans route than the cis route, that
is, between the well of 2 and the well of 9 and 10 (Figure 7),
and hence, a larger channel between the minima is to be ex-
pected for the trans route. The wide and shallow transition
channel suggests that the H2 insertion step occurs with a
higher probability by the trans route (5!12, Figure 8) than
by the cis route (2!9, Figure 7). The fluctuations of CN(O)
towards the lower value in the trans route can also be seen
from the CO2 insertion/dissociation steps shown in Figure 4

Figure 7. FES showing the processes of H2 insertion into cis-[Ru-
ACHTUNGTRENNUNG(dmpe)2H ACHTUNGTRENNUNG(OCHO)] and the formic acid reaction with cis-[Ru ACHTUNGTRENNUNG(dmpe)2H2]
as a function of the coordination number between the ruthenium and the
oxygen atoms and between the ruthenium and the hydrogen atoms. The
free energy is in kcalmol�1. Representative snapshots of structures near
the minima, close to the numbered location on the FES, are also shown.
For clarity the hydrogen atoms of the dmpe ligand are not shown.

Figure 8. FES showing the processes of H2 insertion into trans-[Ru-
ACHTUNGTRENNUNG(dmpe)2H ACHTUNGTRENNUNG(OCHO)] and the formic acid reaction with trans-[Ru-
ACHTUNGTRENNUNG(dmpe)2H2] as a function of the coordination number between the ruthe-
nium and the oxygen atoms and between the ruthenium and the hydro-
gen atoms. The free energy is in kcalmol�1. Representative snapshots of
structures near the minima, close to the numbered location on the FES,
are also shown. For clarity the hydrogen atoms of the dmpe ligand are
not shown.
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and Figure 6. This fluctuation indicates that the formate
group has a wider stability range in the trans form, which in-
creases the statistical weight of the trans isomer making the
backward reaction, that is, CO2 dissociation, more difficult.

In contrast to what is ob-
served along the cis route, the
equilibrium between 12 and 6 is
shifted towards 12 for the trans
complex (Figure 8). The static
DFT calculations showed that
the interaction of the formic
acid with the dihydride through
dihydrogen bonding is stronger
when the complex is in the
trans form (8.0 kcalmol�1)
rather than in the cis form
(6.3 kcalmol�1).[21] This means
that the formic acid should in-
teract, and hence, react more
easily along the trans route.
Moreover, the difference in po-
tential energy between the
trans-[Ru ACHTUNGTRENNUNG(h2-H2)] complex and
the more stable dihydrogen-
bonding complex is only
3.4 kcalmol�1 compared with
7.2 kcalmol�1 calculated for the
cis equivalent. This energy dif-
ference implies that the formic
acid is stabilized along the cis
route more.[21] These two fac-
tors may be at the origin of the difference in the equilibrium
between the [RuACHTUNGTRENNUNG(h2-H2)] complex (9 or 12) and the dihydro-
gen-bonded complex (10 or 6).

Furthermore, H2 insertion into the formate complex (5!
12, Figure 8) occurs with a barrier of around 10 kcalmol�1,
which is significantly lower than the barrier in the cis route
(22 kcalmol�1). Surprisingly, no energy barrier could be de-
tected for hydrogen transfer from [Ru ACHTUNGTRENNUNG(h2-H2)] to the for-
mate along the 12!6 step (Figure 8) and dihydrogen-
bonded complex 6 turned out to be 5 kcalmol�1 less stable
than the [Ru ACHTUNGTRENNUNG(h2-H2)] complex 12.[69] Moreover, the back-
ward reaction by the trans route occurs more easily than
along the cis route. The first backward reaction step, the for-
mation of the [RuACHTUNGTRENNUNG(h2-H2)] complex (6!12, Figure 8), is
practically barrierless, whereas the following step, H2 disso-
ciation and formate coordination, proceeds over a barrier of
22 kcalmol�1 (12!5, Figure 8), which is similar to that ob-
served for the cis route.

A reasonable estimate of the relative probability of the
two competitive routes can be proposed on the basis of the
FES profile. In particular, the fact that wider transition
channels are available for the trans route, together with a
greater flexibility during the atomic rearrangements, makes
this reaction process more probable.

Overall reaction pathways : The overall picture of the path-
ways and the free-energy barriers of each reaction step ob-
tained from the MTD investigations are summarized in
Scheme 2.[70] It turns out that the target reaction, that is,

CO2 insertion followed by formic acid formation, should
preferentially occur by the trans route. The rate-limiting
step of the reaction is H2 insertion into the formate complex
and the formation of the trans-[Ru ACHTUNGTRENNUNG(h2-H2)] complex. The
latter is expected to have a rather short lifetime because the
energy barrier for the following hydrogen transfer to the for-
mate oxygen is only 5 kcalmol�1. This would explain why
the [Ru ACHTUNGTRENNUNG(h2-H2)] complex has not been observed in our ex-
perimental study, whereas the dihydrogen-bonded complex
was observed under high H2 pressure.[21]

The first and second CO2 insertions by the cis route are as
facile as by the trans route. This result is in agreement with
the IR experimental spectra in which both the cis-[Ru-
ACHTUNGTRENNUNG(dmpe)2ACHTUNGTRENNUNG(OCHO)2] and trans-[Ru ACHTUNGTRENNUNG(dmpe)2HACHTUNGTRENNUNG(OCHO)] com-
plexes are observed at 300 K.[21,22] A significantly higher bar-
rier to H2 insertion (22 kcalmol�1) is found instead along
the cis route. The insertion should therefore proceed by the
trans route, which is also kinetically favored as a result of
the wider channel that characterizes the underlying FES.

Experiments show that under moderate CO2 pressure
(5 bar) at 300 K in toluene, the cis-[Ru ACHTUNGTRENNUNG(dmpe)2ACHTUNGTRENNUNG(OCHO)2]
complex predominates.[21] When high H2 pressure (>50 bar)
is applied in addition to the moderate CO2 pressure (5 bar),
the equilibrium balance is reversed in favor of the trans
isomer and mainly the dihydrogen-bonded complex trans-
[Ru ACHTUNGTRENNUNG(dmpe)2H2]···HOCHO is detected.[21] The free-energy

Scheme 2. Overall reaction pathways and free-energy barriers obtained by the metadynamics simulation. The
free-energy barriers are given in kcalmol�1.
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barriers reported in Scheme 2 are consistent with experi-
mental observations. The equilibrium between the trans-
monoformate complex (5, Scheme 1) and trans-dihydrogen-
bonded complex 6 is shifted towards the latter under high
H2 pressure. The lowest-energy pathway to the trans-mono-
formate complex from cis-diformate complex 3 involves the
dissociation of CO2 followed by the cis!trans isomerization
of the dihydride catalyst and CO2 insertion. This process
would lead, in time, to the predominant presence of the
trans isomer.

By introducing formic acid into the dihydride complex so-
lution at 300 K, the only species to be detected is the trans-
monoformate complex (4!5, Scheme 1).[21] This observation
can be explained by our results which demonstrate that the
coordination of the hydrogen atom of formic acid to the
ruthenium center takes place spontaneously by the trans
route (Scheme 2, right to left), whereas it proceeds over a
relatively high barrier by the cis route. Moreover, the trans
route is kinetically favored, as shown by a broader and
smoother transition region on the FES, which can be ex-
plained by the wider approach channel offered by the open
structure of the trans isomer. The cis route also seems possi-
ble from Scheme 2 and the cis-monoformate complex is
likely produced, but it was not observed at 300 K, most
likely owing to its low stability.[22] The cis-monoformate
complex may transform into the trans complex by two alter-
native pathways: 1) Direct isomerization or 2) CO2 dissocia-
tion followed by cis!trans isomerization and the reaction
with formic acid. The latter pathway is slightly favored ac-
cording to our estimate of the activation barriers.

Ligand effects and towards rational catalyst design : Compar-
ison of the competitive reaction mechanisms, taking into
consideration energetic profiles as well as some kinetic as-
pects, seems to indicate that the trans routes are the pre-
ferred ones. The rate-limiting step turns out to be H2 inser-
tion, no matter which route is taken. The corresponding
transition state within the trans route, 11 in Figure 8, is char-
acterized by the approaching molecular hydrogen, which in-
duces weakening of the Ru–formate interaction, and by the
consequent displacement of the formate group to larger dis-
tances. Analysis of the electronic structure confirms that the
high-energy barrier originates from the destabilization of
the formate group caused by the loose interaction between
the oxygen atom and the Ru�H bond.[21] The “formate ion”-
like species is clearly revealed in the proximity of the transi-
tion state of H2 insertion as well as that of CO2 insertion.

The correlation between the different ligands and the ac-
tivity of the catalyst can be derived from the specific elec-
tronic structure of the transition state. One of the simplest
measures is the stability of the formate ion near the Ru+

center, in other words, the binding energy of the formate
complex in which the Ru+ complex and the formate ion are
considered as the building blocks. When binding between
the ions is weaker, the barrier height at the transition state
is expected to be lower, that is, the smaller the binding
energy is, the higher the activity. The binding energies be-

tween the trans catalyst with four different ligands (dmpe,
PMe3, dppe (dppe=PPh2�CH2CH2�PPh2), and X (X=

HMeP�CH2CH2�PHMe)) and the formate are compared in
Table 1. Ligand X is similar to dmpe and has a structure in

which one of the dmpe methyl groups is substituted by a hy-
drogen atom. The binding energy increases in the order
dppe<PMe3<dmpe<X. It is difficult to compare this trend
directly with the activities reported in literature because
they were measured under different experimental conditions
(concentration, temperature, and additives). However, the
general trend indicates that the activity of the catalyst to-
wards formic acid formation progressively decreases in the
sequence dppe>PMe3>dmpe>X.[12,13,15] In fact, the activi-
ty data for the catalyst with ligand X has not been mea-
sured, but it is expected to be almost zero, as is the case
when one methyl group of dppe is substituted by a hydrogen
atom.[15] The binding energy versus activity relationship con-
firms that, in spite of its bulkier structure, the dppe complex
is one of the most efficient catalysts because of the weak
binding of the formate group. Note that the superior activity
of the dppe complex suggested by our calculations fully
agrees with earlier experimental observations in which the
dppe complex was found to be the most active of various
Ru–bidentate complexes (e.g., dppm and dppp) for N,N-di-
methylformamide synthesis from CO2.

[13] The related soften-
ing of the mode favors the stabilization of the formate at
larger distances from the ruthenium center and consequent-
ly its ionic character. Therefore, it can be concluded that the
electronic structure of the catalyst affects its activity more
than steric hindrance.

Conclusion

Practically relevant reaction pathways for the homogeneous
catalytic CO2 hydrogenation have been investigated by ab
initio MTD by using [RuACHTUNGTRENNUNG(dmpe)2H2] as a model catalyst.
Several aspects that cannot be addressed by static electronic
structure calculations were studied by molecular dynamics.
Our work reproduced the actual dynamic mechanisms that
lead to isomerization and CO2 insertion/dissociation at a
finite temperature. We explored the role of entropic effects,
which contribute to the most probable pathway and the rela-
tive stability of the intermediate states. Previously unfore-
seen structures have been observed and their influence on

Table 1. Binding energies of the formate group of various ruthenium cat-
alysts with different ligands.[a]

Ru+ complex Binding energy [kcalmol�1]

trans-[RuACHTUNGTRENNUNG(dmpe)2H]+ 112.4
trans-[RuACHTUNGTRENNUNG(PMe3)4H]+ 111.6
trans-[RuACHTUNGTRENNUNG(dppe)2H]+ 99.7
trans-[RuX2H]+ 116.1

[a] The abbreviations for the ligands are: dppe=PPh2�CH2CH2�PPh2

and X=HMeP�CH2CH2�PHMe. The zero-point energies are corrected.

www.chemeurj.org B 2007 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 6828 – 68406838

A. Baiker et al.

www.chemeurj.org


the reaction rates has been discussed. The simulations pre-
sented in this work answer several open questions relating
to the reaction system under study. It has been established
that CO2 insertion occurs by a concerted mechanism that in-
volves the rotation of the formate group. Several interesting
intermediates have been encountered along the reactive tra-
jectories, for example, the complex with molecular H2 coor-
dinated to [Ru ACHTUNGTRENNUNG(h2-H2)]. The most relevant structures have
been described in detail and their relative stability has been
discussed in terms of the interatomic interactions and the as-
sociated electronic charge distribution. The free-energy pro-
files reconstructed by the MTD are consistent with experi-
mental results and provide a more precise interpretation of
the observed behavior. Finally, we conclude that the reac-
tion proceeds more easily by the trans isomer route and that
H2 insertion into the formate complex is the rate-limiting
step of the reaction. On the basis of the disclosed reaction
pathways, a procedure that predicts the activity of catalysts
with different ligands has been proposed. By this simple
measure, derived from the analysis of the FES in the prox-
imity of the rate-limiting step, the activity of the catalyst
with different ligands can be easily estimated. The combina-
tion of in situ spectroscopic work, carried out under reaction
conditions, and ab initio MTD has proven to be an extreme-
ly powerful tool for the characterization of unknown path-
ways and the interpretation of reaction processes that are
not fully understood. The resulting atomistic picture can
provide helpful hints for engineering improved reaction sys-
tems. In particular, the reaction pathways elucidated in this
work can be of great help in understanding other effects,
such as the influence of additives.
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