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On the Mechanism of Ruthenium-Catalyzed Formation of Hydrogen from
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Abstract: The mechanism of the ruthe-
nium-catalyzed dehydrogenation of
methanol has been investigated by
using three DFT-based methods. Three
pathways were considered in which the
ruthenium catalyst was ligated by
either two or three phosphine ligands.
Dispersion interactions, which are not
described by the popular B3LYP func-
tional, were taken into account by
using the dispersion-corrected B3LYP-
D and MO06 density functionals. These
interactions were found to be impor-
tant in the description of reaction steps

association with or dissociation from
the catalyst. In line with experimental
results, the resting state of the catalyst
was predicted to be a ruthenium trihy-
dride complex. It is shown that the de-
hydrogenation reaction preferentially
proceeds through pathways in which
the catalyst is ligated by two phosphine
ligands. The catalytic cycle of the dehy-
drogenation process involves an inter-
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molecular proton transfer from the
methanol substrate to the catalyst fol-
lowed by the release of dihydrogen.
Rate-determining f-hydride elimina-
tion from the resulting methoxide spe-
cies then regenerates the resting state
of the catalyst and completes the cata-
lytic cycle. The overall free-energy bar-
riers of 29.6-31.4 kcalmol™' predicted
by the three density functionals are in
good agreement with the experimental-
ly observed reaction rate of 6h™' at
423 K.

that involved ligand/substrate/product

Introduction

Owing to the dwindling amounts of fossil fuel resources and
the ever-growing energy demand of the world, a large
number of alternative, more sustainable energy sources are
being explored more intensively than ever. Among these,
hydrogen is a highly attractive and clean source of energy
(as long as storage problems can be overcome) as well as an
important component of many proposed production routes
for transportation fuels and other chemicals from renewable
resources.!'! The current industrial production of hydrogen
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through the steam-reforming of methane is not sustainable
and so alternatives need to be developed. The cleanest and
most sustainable process would be the catalytic splitting of
water, but despite tremendous progress in the development
of such a process over the last few years,? its large-scale ap-
plication is still far from being realized. As an alternative,
lignocellulosic biomass is a potential renewable source of
hydrogen,” but the production of hydrogen from biomass
through steam-reforming has proven less straightforward
than the steam-reforming of methane.!!

On the other hand, chemical and enzymatic depolymeri-
zation processes coupled with other (bio)chemical transfor-
mations can convert the main components of biomass into a
wide variety of small molecules in a relatively energy-effi-
cient way.”! These molecules always contain one or more al-
cohol moieties, which can be oxidized to useful aldehydes,
ketones, or carboxylic acids. When these oxidation reactions
are performed in the absence of a hydrogen-accepting oxi-
dant, this leads to the formation of hydrogen as a byproduct.
These processes are often referred to as dehydrogenation or
acceptorless oxidation processes.”’ Based on the existing
knowledge of the steam-reforming of hydrocarbons, hetero-
geneous catalysts and processes using these catalysts have
been developed that efficiently produce hydrogen from re-
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newable resources, albeit still with significant byproduct for-
mation and still needing high reaction temperatures
(500°C).1"

Homogeneous catalysts, which normally operate at much
lower temperatures and generally have higher chemoselec-
tivities than heterogeneous catalysts, are comparatively un-
derdeveloped for these dehydrogenation processes. Never-
theless, the first example of a catalytic dehydrogenation of
alcohols using homogenous catalysts was reported as early
as 1975.®1 Over the years, several catalysts based on differ-
ent metals have been explored in this reaction,”” but they
did not lead to large increases in the efficiency of hydrogen
production. In the late eighties, Morton and Cole-Hamilton
and co-workers obtained promising results using the dehy-
drogenation catalyst [RuN,H,(PPh;);] at a relatively low re-
action temperature of 150°C.") Unlike many other studies
on homogeneous catalysts for hydrogen production, a varie-
ty of primary and secondary alcohols were successfully de-
hydrogenated with turnover frequencies (TOF) of 6-524 h™'.
A mechanism was proposed (Scheme 1) in which the dini-

RuH,(N)L3

RuH,(H,)Ls [RUHo(OCHR'R2)L5]®
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Scheme 1. Proposed catalytic cycle for the dehydrogenation of alcohols
catalyzed by [RuN,H,(PPh;);.

trogen ligand of the catalyst precursor is initially displaced
by an alkoxide moiety that is generated from the alcoholic
substrate under the basic conditions used (1M NaOH). The
resulting alkoxide complex can then undergo hydride trans-
fer from the alkoxide to the metal to form the aldehyde or
ketone product and the anionic ruthenium trihydride com-
plex [RuH;(PPh;);]~. This trihydride complex was suggested
to be the resting state of the catalyst under the reaction con-
ditions. It was proposed that this complex is protonated by
the alcohol substrate!"'! to yield the neutral ruthenium tetra-
hydride complex [RuH,(PPh;);] and generate a new alkox-
ide species. To complete the catalytic cycle, dihydrogen is re-
leased and the dihydride complex [RuH,(PPh;);] is formed
in a reductive-elimination-type reaction. It was argued that
for this catalyst, the release of dihydrogen is rate limiting
and that the three PPh; ligands remain coordinated to the
metal center during the process. Later studies, however, re-
vealed that additional phosphine in the reaction mixture re-
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tards the reaction,'” which indicates that the reaction mech-
anism probably involves ligand dissociation. These studies
also suggested that not hydrogen release but B-hydride elim-
ination of the ruthenium-alkoxy species is the rate-determin-
ing step in the catalytic cycle.

Because experimental support for the proposed mecha-
nism and the resting state of the catalyst is still rather limit-
ed, further rational development of more active and stable
catalysts is hampered. Beller and co-workers increased the
activity of the system by exchanging the PPh; ligands for
more bulky and electron-donating phosphine ligands™"™ or
more readily available and more stable amine ligands.'!
This suggests that electron-donating ligands enhance the re-
action rate (in sharp contrast to earlier results!'?), but how
they do this has remained unclear. Note also that several au-
thors have recently reported interesting catalyst systems in
which the ligand actively participates in the dehydrogena-
tion process by temporarily “storing” one of the hydrogen
atoms abstracted from the alcohol."”! Clearly the operation-
al modes of these catalysts differ from Cole-Hamilton’s and
Beller’s catalysts for which the reaction occurs exclusively at
the metal center. So, although these new catalysts provide
valuable alternatives to metal-centered catalysts, they do not
contribute to a better understanding of the original catalyst
system.

To gain more insight into the reaction mechanism of the
dehydrogenation of alcohols by ruthenium we have under-
taken a systematic computational study of the dehydrogena-
tion of methanol to formaldehyde catalyzed by the archety-
pal ruthenium—triphenylphosphine catalyst system. The
mechanism proposed by Morton and Cole-Hamilton
(Scheme 1) has been considered as one of several possible
reaction pathways. Base-dependent as well as base-inde-
pendent pathways have been investigated to explain the ex-
perimental need for basic reaction conditions (1M
NaOH)."" Also, the effect of dissociation of one of the
spectator ligands on the reaction has been explored. To un-
derstand the effects caused by noncovalent interactions (dis-
persion forces), results obtained by the classical B3LYP den-
sity functional method were compared with those obtained
with the dispersion-corrected functionals B3LYP-D and
MO6.

Computational Methods and Models

The geometries were optimized in gas phase using the hybrid density
functional B3LYP!" and the LACVP basis set as implemented in Jaguar
7.0 LACVP is the split valence Pople-style basis set 6-31G, supple-
mented by the Los Alamos effective core potential for ruthenium.®! The
geometries were optimized until the changes in the energy were less than
5x107° Hartrees (0.03 kcalmol™), and until the average change in the
force (gradient) was smaller than 3x10~* HartreesBohr™!. Final gas
phase electronic energies were evaluated using the larger polarized triple
zeta basis set LACV3P** (6-311G(d,p) plus the Los Alamos ECP for
ruthenium) and the B3LYP!® and M06!" functionals in Jaguar 7.0,
and the B3LYP-D™! functional in Turbomole 6.0.”"! In the B3LYP-D cal-
culations, the default dispersion coefficients and global scaling factor de-
veloped for B3LYP were used.
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Hessian matrices composed of harmonic force constants were computed
using Gaussian 03.2) The Hessians were used for transition state optimi-
zations and for the calculation of vibrational contributions to the thermo-
dynamic potentials H (enthalpy) and S (entropy).?! All transition states
were verified to be first order saddle points on the potential energy sur-
face by having one imaginary frequency in the Hessian of the optimized
structure.

Basis set super position errors (BSSE) on bond-dissociation energies
(BDE) calculated using LACV3P** were evaluated using the Counter—
Poise scheme®! and Jaguar 7.0.'"! This was only performed for the disso-
ciation of the PPh; ligand from the catalyst, in light of large BSSE that
were recently reported by Sieffert and Biihl for similar systems.” The
BSSE for LACV3P** is found to be approximately 5 kcalmol ™' for the
dissociation of one PPh; ligand from a ruthenium complex containing a
total of three PPh; ligands. This BSSE is only about 50 % of the error re-
ported by Biihl, but it is unusually large for DFT calculations using large
polarized triple zeta basis sets.

Long-range dielectric solvent effects on the relative energies of gas phase
optimized structures were evaluated using the SCRF model and the Pois-
son-Boltzmann solver in Jaguar 7.0.%% The solvent methanol was defined
by a dielectric constant (&) of 33.6 and a probe radius of 2.0 A. In select-
ed cases, the geometries of a model complex containing P(Me), ligands
(up to 46 atoms) were optimized in solution (SCRF), but this resulted in
only minor changes in the final energies. It has been shown that gas
phase geometries obtained at the B3LYP/DZ level are generally suffi-
ciently accurate for the determination of reaction mechanisms.””!

Many of the pathways explored below involve one or more reaction
steps in which a proton is transferred from the methanol solvent to the
catalyst. In these steps, a methoxide anion (CH;07) is created. It reacts
with the catalyst in a subsequent step. In order to approximate the ener-
getics of these steps, the relative stability of this small anionic species
under experimentally applied reaction conditions needs to be evaluated.
To mimic the stabilizing effect of solvation of this species as realistically
as possible, the free energies of its solvation by up to four hydrogen-
bonded methanol molecules was evaluated (see page SI-1 in the Support-
ing Information).”"!

The geometries of these flexible and anionic complexes were optimized
in solution (SCRF). At the high temperature at which the dehydrogena-
tion reaction is performed (7 = 423 K), which is above the boiling point
of methanol, the only complex that is stable with respect to the free me-
thoxy anion consists of the methoxide anion and a single methanol mole-
cule. Even this complex is close in energy to the free anion (AG =
0.5 kcalmol ). The fact that larger aggregates are less stable can be at-
tributed to the large entropy penalties associated with aggregation at
high temperature, and to the stabilization of anionic species by dielectric
effects (taken into account by the SCRF model).

Note that the absolute dielectric stabilization of these negatively charged
species, predicted by the implicit solvation model, are very large (see
page SI-1 in the Supporting Information). The effect is inversely depen-
dent on the cavity size, and so stabiliz-
es small anions such as the methoxide
anion with respect to larger ones. As a
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a simplified model complex in which the PPh; ligands were
substituted by P(CHj;); ligands. For this model, all possible
conformations and all intermediates and transition states
were fully optimized. The most stable conformation was
chosen for each intermediate to construct the free-energy di-
agrams. Note that for most intermediates and transition
states there were two or more conformations very similar in
energy (less than 2 kcalmol™"). The pathways found to have
the lowest activation energies in the P(CH;); model were
subsequently reinvestigated by using the full catalyst (in-
cluding the PPh; ligands). As a starting point of our investi-
gations, the ruthenium complex [Ru(MeO)H,(PR;);]™ (in
which R is a methyl group in the model or a phenyl group
in the full system) was chosen. This complex is generated
from the catalyst precursor [RuN,H,(PR;);] by replacement
of the labile N, ligand by a methoxide ion under the reac-
tion conditions used. Starting from this complex, three possi-
ble pathways for hydrogen generation were systematically
explored (Scheme 2).

In pathway A, one of the phosphine ligands in the com-
plex [Ru(MeO)H,(PR;);]- (1) decoordinates to generate
pentacoordinated species [Ru(MeO)H,(PR;),]” (2). All of
the subsequent steps in this reaction pathway then proceed
through complexes that contain only two phosphine ligands.
From the coordinatively unsaturated methoxide complex 2,
B-hydride transfer from the coordinated methoxide ion to
ruthenium can take place to yield formaldehyde complex 3.
In the second part of this pathway, the formaldehyde is ex-
changed for a new methanol molecule in a dissociative pro-
cess and the O—H bond of this species is cleaved heterolyti-
cally. The proton forms a dihydrogen moiety with one of the
hydrides of the complex and the methoxide ion remains co-
ordinated to ruthenium. Displacement of the dihydrogen
ligand then yields methoxide complex 2 again, completing
the catalytic cycle. Alternatively, trihydride complex 4 can
be protonated by the methanol solvent without the resulting
methoxide coordinating to the metal (it instead being solvat-
ed). Release of hydrogen then generates the highly unsatu-
rated intermediate 8 to which a methoxide can coordinate.
This is designated as pathway B.
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Scheme 2. Dehydrogenation pathways considered in this study. P represents the P(CH;); or PPh; ligands.
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In pathway C, the reaction proceeds without phosphine
dissociation. 3-Hydride transfer from the coordinated meth-
oxide ion to the ruthenium in complex 1 then occurs
through a heptacoordinated transition state to yield the tri-
hydride complex [RuH;(PRj);]” (9). As in pathway B, one
of the hydride ligands of this complex can be protonated by
the solvent followed by release of dihydrogen and coordina-
tion of a new methoxide moiety to reform the starting com-
plex 1.

We also explored two base-independent pathways. Under
neutral conditions the concentration of methoxide anions in
solution is vanishingly small. Therefore the N, ligand of the
catalyst precursor [RuN,H,(PR;);] will be replaced by a
neutral methanol molecule instead of a methoxide moiety
under these conditions. We found, however, that these path-
ways did not compete with the base-dependent pathways de-
scribed above. This was in line with the experimental need
for a base (1m NaOH).'"! The free-energy diagrams for
these pathways will therefore not be presented here but are
given in the Supporting Information.

The P(CHj;);-ligated model: The calculated free energies of
the pathways for the simplified model are shown in
Figure 1. For both pathways A and B, the initial dissociation
of P(CH;); from 15 is highly exergonic (AG<0) by
—13 kcalmol ™" and results in the formation of the bipyrami-
dal complex [RuH,(CH;0"){P(CH,);},]” (25). We attribute

TSs1,9
~ 65
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P(CH3)a

Gibbs Free Energy / kcal mol-"'

CH,0

©
CH0—HOCH; 14 ¢
w gy NN ma s
8.3 s
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the large energy gain of this dissociation step to the unfavor-
able trans arrangement of the CH;O™ ion and one of the hy-
dride ligands in reactant 2s. When the phosphine ligand is
removed, the complex rearranges without an enthalpy barri-
er to a trigonal-bipyramidal structure in which the methox-
ide is no longer directly trans to any of the hydrides. If we
compare this step to the dissociation of a phosphine ligand
from [RuH;{P(CHj;);}s] (9s; see below) in which there is no
hydride-methoxide trans effect (AG=—0.6 kcalmol ™), this
reorganization contributes to a large part of the exergonicity
of the phosphine dissociation from 1.

From species 2 there is a modest free-energy barrier of
10.1 kcalmol™! for B-hydride transfer from the methoxide
ligand to ruthenium (the optimized transition state TSg,; is
shown in Figure2). This step yields [Ru(CH,=O)H;P-
(Me;),]” (3¢) in which the formaldehyde molecule is only
weakly coordinated to the metal. In pathway A, the formal-
dehyde moiety dissociates (AG=3.5 kcalmol™) to yield the
square-pyramidal complex [RuH,;{P(CHj;);},]™ (4s). Coordi-
nation of methanol to this complex is endergonic by
10 kcalmol™' and the hypothetical intermediate [Ru-
(CH;OH)H;{P(CHj;)3},]” should therefore not be regarded
as a stable intermediate but rather a state on the way to the
transition state for intramolecular proton transfer from the
incoming methanol molecule to the ruthenium complex 4s.

Although 4 is most stable when the two phosphine moiet-
ies adopt a mutual cis arrangement (Figure 2), the lowest
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Figure 1. Free-energy profiles for base-dependent pathways A, B and C for the P(CHj;);-ligated system. P represents the P(CHj;); ligand.
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Figure 2. Structures of intermediates and transition states in pathways A, B, and C for the P(CHj;);-ligated model. The methyl groups of the P(CHj;); li-

gands have been omitted for clarity. Distances are given in Angstroms.

barrier for proton transfer was found for an isomer in which
the two phosphine ligands are coordinated trans to one an-
other and therefore a conformational change must occur in
4 before the transition state TS, 5. The barrier for this con-
certed proton transfer and coordination of the methoxide
moiety is considerable (AG =27.6 kcalmol™!) and the result-
ing dihydride-dihydrogen complex [RuH,(H,)(CH;O){P-
(CH3)3b,]™ (56) is 16.6 kcalmol™ higher in energy than reac-
tant 4s. The direct release of dihydrogen from this high-
energy intermediate was considered, but instead a transition
state was found for a process in which hydrogen is displaced
from the ruthenium and binds to one of the hydrides
(TSssg). The barrier of this reaction step is 9.5 kcalmol ™
and the displacement of dihydrogen is accompanied by a re-
arrangement of the ruthenium complex from an octahedral
to a trigonal-bipyramidal structure. From the product of this
step, 65, the H, molecule can dissociate to regenerate [Ru-
(CH;0)H,{P(CHs;)3},]~ (2s; Figure 1), which completes the
cycle for pathway A. The exergonicity of this last step
(AG=-9.3 kcalmol™) is in large part due to the entropy
effect on dissociative processes at high temperature
(=TAS=—15kcalmol ™). Because the process is endother-
mic (AH>0) by 5.7 kcalmol™, a small free-energy barrier
might exist for the breaking of the hydride-H, hydrogen
bond of 6s. A barrier in the dissociation enthalpy was
searched for but a transition state could not be located.

Chem. Eur. J. 2010, 16, 13487 - 13499

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Even if a transition state for this process exists, it will be im-
possible to find by using the employed methodology. The
free-energy barrier for these dissociative processes is deter-
mined by the balancing of the enthalpy cost (AH) and the
entropy gain (—TAS) that occur during the lengthening of
the distance between the two dissociating species. Therefore
the transition states of such processes need to be located on
the free-energy surface and not on the potential energy sur-
face as is normally the case in these types of calculations. In
this particular case, we do not expect a high free-energy bar-
rier for dissociation. The H, molecule in 64 is bound to the
catalyst through a hydrogen bond and these bonds are
known to be highly fluxional even at room temperature.
Therefore, this final dissociation step should be orders of
magnitude faster than the preceding step in which a rutheni-
um—H, bond is broken.

Next, the possibility of an intermolecular proton transfer
step was investigated in which the catalyst is protonated by
the methanol solvent without coordination of the resulting
methoxide ion (pathway B). Although direct protonation of
one of the hydride moieties of the saturated complex
[RuH;(H,C=0){P(CHj;)3},]~ (3s) is possible, we found that it
is energetically less favorable than the loss of formaldehyde
from 35 and protonation of the resulting unsaturated com-
plex [RuH;{P(CHj;);},]~ (4s). Protonation can occur either at
the ruthenium center or at one of the hydride ligands, and

— 13491
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this yields either the formal ruthenium(IV) complex
[RuH{P(CH;)s},] or the ruthenium(I) complex
[RuH,(H,){P(CHj3)3},] (7s). The tetrahydride complex is
1.9 kcalmol ™! more stable than the ruthenium(II) structure,
but the barrier for the interconversion of these two species
is very low (4.9 kcalmol™! for the formation of the dihydro-
gen complex 7g from the tetrahydride complex). Therefore,
it is relatively unimportant in this case which of these two
species is formed initially because the formation of dihydro-
gen in this pathway at least requires the formation of dihy-
drogen complex 7.

The formation of 75 from complex 45 was found to be
highly endergonic (AG=21.9 kcalmol™!) and the protona-
tion step proceeds without an energy barrier. It could be
argued that a barrier might exist in solution, but that would
most likely be very low from the product side because the
product is much higher in energy than the reactant and be-
cause there are no bulky ligands to shield the complex from
protonation. The dissociation of formaldehyde from 35 and
the subsequent protonation has a combined free-energy cost
of 25.4kcalmol™!. The free-energy change for the subse-
quent dissociation of the H, molecule from 7g is very small
(AG=—1kcalmol™). This dissociation generates [RuH,{P-
(CHj3)3},] (85 in Figure 1). The possibility that the highly un-
saturated 14-electron species 8 is stabilized by either a
formaldehyde or phosphine ligand was investigated, but this
proved unfavorable due to the large entropy gain for disso-
ciative processes at 423 K and the strong donating nature of
the remaining four ligands in 8 In contrast to pathway A,
no transition state for the dissociation process could be lo-
cated, probably because there is no reorganization at the
metal center during this process. In addition, no stable struc-
ture could be located in which the released dihydrogen
moiety is hydrogen-bonded to one of the hydrides of 8s. A
Mulliken population analysis revealed that the negatively
charged complex 64 in pathway A induces an electric dipole
moment in the H, molecule (which has partial charges
40.12 and —0.12 on the two hydrogen atoms). The positive
end of the H, molecule is directed towards the negatively
charged ruthenium (—0.88) and one of the hydrides (the hy-
drogen-hydride distance is 2.97 A). When the methoxide
ion is removed from 6g, generating a structure similar to 8,
the charge on ruthenium decreases (—0.62) and the dipole
moment in the H, molecule is much smaller (the partial
charges decrease to +0.03 and —0.03, respectively). As a
consequence, a weakly bonded minimum, such as found in
pathway A, is not stable when the methoxide anion is re-
moved from complex 6.

In the final step of pathway B, the previously generated
methoxide ion coordinates to the catalyst to regenerate pen-
tacoordinated complex 25. Owing to the highly unsaturated
nature of 8, this step is exergonic by 9.3 kcalmol ™! in spite
of the large entropy penalty for associative processes at high
temperature.

A Dbase-dependent dehydrogenation pathway that does
not involve initial phosphine dissociation was also investigat-
ed (pathway C). Although a concerted f-hydride transfer
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and release of formaldehyde from 15 would be exergonic by
—11 kcalmol™ (13—9s), no transition state could be located
for such a process. Note that this transition state would be
highly unusual as the complex would effectively be hepta-
coordinated. Nevertheless, it is possible that -hydride trans-
fer and the formation of a H, ligand occurs in a concerted
fashion, circumventing the formation of a real heptacoordi-
nated structure. The potential energy surface in the region
in which one would expect such an unusual transition state
was scanned carefully to locate a first-order saddle point,
but all attempts failed. The optimization either led back to
the reactant 1 or it led to a transition state for (3-hydride
transfer in which one of the phosphine ligands had dissociat-
ed from the complex (i.e., TSs,; of pathway A). To estimate
how high the relative energy of a hypothetical transition
state for P-hydride transfer in a complex with three phos-
phine ligands would be, constrained optimizations were per-
formed by using the distances of the reaction coordinates
from the corresponding transition state in the complex with
only two phosphine ligands (TSs3, Figure 2). To optimize a
structure in which all three phosphine moieties are coordi-
nated to the metal, it was necessary to keep all Ru-P distan-
ces fixed at the distances in reactant 15 This investigation
revealed that, even if there was a first-order saddle point in
a region that could be referred to as a transition state for
concerted B-hydride transfer and formaldehyde release, the
energy barrier for this process would be very high (AG>
60 kcalmol ™).

Even if f-hydride transfer is not possible for the coordina-
tively saturated octahedral complex 1, the resulting trihy-
dride intermediate 9¢ could be formed through a crossover
from one of the other pathways. This would still allow the
remainder of the reaction to proceed through tris-phosphine
structures. A connection exists between [Ru(CH,=O)H,{P-
(CH,)s},]™ (3¢) in pathways A and B and [RuH;{P(CHj;);}s]~
(9s) in pathway C through the exchange of formaldehyde
for a phosphine ligand. This substitution is endergonic by
only 4.1 kcalmol™' (indicated by the line between 3 and 94
via 4 in Figure 1).

As in pathway B, proton transfer from methanol to one of
the hydrides of the anionic ruthenium trihydride [RuHs{P-
(CH;)3);]~ (9s) was predicted to be highly endergonic
(18.3 kcalmol ') and occurs without a barrier in the gas
phase. The dehydrogenation process by this pathway then
proceeds with the loss of H, from 10, which generates dihy-
dride complex 11g. In sharp contrast to the hydrogen dissoci-
ation in pathway B, this process was endergonic (AG=
4.9 kcalmol ™). The entropy gain upon hydrogen dissociation
is similar in all three pathways, which indicates that the di-
hydrogen ligand is bound significantly more strongly to in-
termediate 10g than to 7¢ in pathway B. We attribute this to
the influence of the ligand trans to the dihydrogen moiety,
which is a strongly frans-labilizing hydride ligand in 7 and a
much weaker phosphine ligand in 10s.

As we observed in pathway B, the reorganization of the
dihydrogen ligand from the ruthenium center to one of the
hydride ligands in complex 115 did not lead to a stable hy-
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drogen-bonded complex. As discussed above, this seems to
be an effect of the total charge of the complex and the mag-
nitude of the induced dipole moment in the dihydrogen
molecule. A transition state for direct dissociation of dihy-
drogen from 10g was searched for, but could not be located.
Performing a constrained optimization, keeping the rutheni-
um-dihydrogen distance at 3.4 A, followed by relaxation,
led back to complex 105 without an energy barrier. To close
the catalytic cycle of this pathway, the coordinatively unsa-
turated complex 115 must react with the previously generat-
ed methoxide ion, leading to the formation of complex 1.
Although coordination of a methoxide to the highly unsatu-
rated complex 8 in pathway B is highly exergonic, the same
process is less favorable for pentacoordinated intermediate
115 in this pathway.

By comparison, it is clear that all three pathways studied
are predicted to have similar free-energy profiles. From
complex 1g, all three proceed through the same initial steps:
Phosphine dissociation, f-hydride elimination, and release
of formaldehyde. High free-energy barriers for each path-
way are found after these initial steps. Figure 1 suggests that
the reaction proceeds by an intermolecular protonation of
the catalyst followed by release of dihydrogen (pathway B).
The calculated free-energy barrier, starting from aldehyde
complex 3, is lowest for this pathway (AG*=25.4kcal
mol™) and second lowest for pathway C (AG*™=27.3 kcal
mol!). Relative to the measured turnover frequency of
6h™!, which corresponds to an activation free energy of
30 kcalmol ™! at 423 K, these two calculated barriers are too
low.'”! This could indicate that the reaction is faster when
catalyzed by a ruthenium complex containing trimethylphos-
phine ligands instead of triphenylphosphine ligands. On the
other hand, as was discussed previously, there is also an un-
certainty in the energetics of CH;O™ solvation, which leads
to an uncertainty in the energetics of protonation steps 44—
75 and 93—10g in pathways B and C and therefore in the
predicted overall barriers for these pathways. Because the
uncertainty in these pathways is identical, their energy pro-
files can be compared directly, but they cannot be compared
accurately to pathway A, which does not involve the solva-
tion of a methoxide species. On the basis of these calcula-
tions on a model system we can therefore conclude that
pathway C is less favorable than pathway B but that it is dif-
ficult to determine whether pathway A or B is the lowest-
energy pathway.

The effect of dispersion interactions on the thermodynamics
of ligand dissociation: Although the free-energy diagrams
obtained for the P(CH;);-ligated model are in fair agree-
ment with the experimental data, the P(CHj;); ligand differs
both electronically and sterically from the PPh; ligand used
in the experimental studies.”*! There could be quantitative
differences between the calculated free-energy profiles of
the model and the full catalyst. Because the energy differen-
ces between the three pathways are small, these could alter
the preferred reaction pathway. Therefore the lowest-energy
pathways investigated above were re-evaluated for the full
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catalyst. Before discussing these results, however, a particu-
lar issue concerning ligand dissociation needs to be ad-
dressed.

To our surprise we found that initial phosphine dissocia-
tion from starting complex [Ru(MeO)H,(PR;);]” (15) was
predicted to be much more exergonic for PPh; in the full
catalyst (—38.1 kcalmol™') than for P(CH,); in the model
(=13 kcalmol ™). In addition, the value for the full catalyst
is much more exergonic than would be expected based on
the experimentally determined free energy for PPh; dissoci-
ation from a related Ru" compound. For [Ru(CO)Cl(CH=
CHPh)(PPh;);], a free energy of ligand dissociation of
—7 kcalmol™! was measured at 423 K.®! Because phosphine
dissociation plays a key role in discriminating between the
different pathways in this study, a further analysis of this dis-
crepancy was required.

To understand the underlying reason for this deviation it
was useful to partition the calculated Gibbs free energies of
dissociation into enthalpy and entropy terms. As expected,
the entropy effect (—TAS) for ligand dissociation is very
large at this temperature (—25.4 kcalmol™"). This value can
be compared with the experimentally determined entropy
change of 57.547.6 calmol 'K~ for phosphine dissociation
from [Ru(CO)CI(CH=CHPh)(PPh;);].”"" Considering the
experimental standard deviation, this value corresponds to a
—TAS term of between —21 and —27 kcalmol " at 423 K. It
can thus be concluded that although the computed value of
—TAS is large, it reproduces the experimental value rather
well.

The agreement between experimental and calculated en-
tropies suggests that the major part of the error in the calcu-
lated free energy for phosphine dissociation is in the enthal-
py term of the free energy. Sieffert and Biihl recently re-
ported that the B3LYP approach underestimates the gas-
phase electronic energy of ligand dissociation from
[Ru(CO)CI(CH=CHPh)(PPh;),] by almost 40 kcalmol™' rel-
ative to the experimental data.’” The main reason for the
large deviation between the B3LYP and experimental data
is the inability of this functional to describe dispersion inter-
actions. Sieffert and Biihl furthermore reported that the dis-
persion-corrected B3LYP-D and MO06 functionals predict
values that are in good agreement with experimental data
(deviations of 4 and 6 kcalmol ', respectively, for B3LYP-D
and MO06). For [Ru(MeO)H,(PPh;);]” (1g), the electronic
gas-phase energy for phosphine dissociation predicted by
the B3LYP functional in this study is 5.4 kcalmol ™', whereas
the corresponding value predicted by the B3LYP-D func-
tional is 37.6 kcalmol ™. The only difference between the
B3LYP and the B3LYP-D functionals is the incorporation of
an empirical dispersion correction in the latter and the large
differences in the energies predicted by these two function-
als must therefore be attributed to dispersion interactions.
In other words, there is an attractive dispersion force of
32.2 kcalmol™ keeping the PPh, ligand bound to the start-
ing complex 1. The electronic dissociation energy predicted
by the M06 functional, which does not contain an empirical
dispersion correction term but has instead been parame-
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trized to include dispersion forces, is 39.4 kcalmol !, very
similar to the one predicted by the B3LYP-D functional.

To calculate the Gibbs free energy for the dissociation of
PPh; from [Ru(MeO)H,(PPh;);]~, the gas-phase electronic
energies were corrected for basis-set superposition errors
(AEggsp =—5.2 kcalmol ™!, determined by using the B3LYP
functional and the LACV3P** basis set), dielectric solvent
effects (AEscgr=—10.7 kcalmol™"), zero-point vibrational
effects, and thermal corrections to the enthalpy (AHcorg =
—2.2kcalmol™) and entropy (—TAS=-25.4kcalmol™).
When these contributions were summed up, B3LYP predict-
ed a Gibbs free energy of dissociation of —38.1 kcalmol ™,
whereas B3LYP-D and MO06 predicted values of —5.9 and
—9.5 kcalmol ™', respectively. To our knowledge there is no
experimentally determined equilibrium constant for this par-
ticular ligand dissociation process that we could use to vali-
date our computed values, but in light of the reported value
for the dissociation of PPh; from [Ru(CO)ClI(CH=CHPh)-
(PPhs);] and the corresponding theoretical results, it is rea-
sonable to assume that the dissociation process studied here,
as well as other reaction steps in the three pathways that in-
volve dissociation or addition of species to the catalyst, are
better described by the B3ALYP-D and M06 functionals.

Pathways for the full system (PPh; ligands): Both the classi-
cal B3LYP and the two dispersion-corrected density func-
tionals were used to construct the free-energy diagram for
the full catalyst system (Figure 3). Because B3LYP is known
to give good structural properties,*? the dispersion-correct-
ed functionals were used for single-point energy calculations
on B3LYP-optimized structures. Re-optimization of the
structures of these large complexes is computationally ex-
pensive and is expected to give minor structural changes.”
In the following we will discuss the free-energy diagrams of
both the B3LYP and the B3LYP-D functionals together to
show the effects of dispersion forces on the respective path-
ways. In all cases the B3LYP-D and MO06 calculations were
found to give very similar results. Therefore the M06 free-
energy profile will not be discussed separately, but is given
in the Supporting Information (see SI-2 in the Supporting
Information).

As for the model system (P(CHj;), ligands), the product of
phosphine dissociation, 25, undergoes facile -hydride elimi-
nation to form formaldehyde complex 3g For the full cata-
lyst system the barrier for this process is 6.4 kcalmol™!
(B3LYP), 3.7 kcalmol™" lower than the corresponding barri-
er for the P(CHj;); system. Also, the product is considerably
more stable for the full catalyst system than for the P(CH;);
system. Because this step does not involve dissociation/coor-
dination of species from/to the catalyst, the effect of includ-
ing dispersion interactions is smaller than on the previous
step. The transition state TSg, ; is stabilized by 2.2 kcal mol ™
and the product 3y is stabilized by 3.0 kcalmol ™ relative to
reactant 25 (B3LYP-D). We attribute this to the reorganiza-
tion of the structure from a pentacoordinated trigonal-bipyr-
amidal to a hexacoordinated octahedral structure in this re-
action and the side-on coordination of the formaldehyde
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ligand in the product relative to the end-on coordination of
the methoxide moiety in the reactant. Due to these features,
the product is more sterically crowded than the reactant,
which results in more and stronger dispersion interactions
within the complex.

In pathway A, B3LYP predicted similar free-energy costs
for the P(CHj;)s-ligated model and the full PPhs-ligated
system for the loss of formaldehyde from 3 (3.5 and
4.8 kcalmol ', respectively). As expected, dispersion interac-
tions had a pronounced effect on the thermodynamics of
this dissociation step. For the full system, they added an ad-
ditional free-energy cost of 5.8 kcalmol™!. On the other
hand, dispersion forces stabilized the product of the subse-
quent reaction of 4y with methanol. Whereas B3LYP pre-
dicted similar energy barriers of 27.6 and 28.1 kcalmol ™' for
the model and the full system, respectively, the dispersion-
corrected functional B3LYP-D predicted a barrier of only
18.1 kcalmol ™. When we combined the energy cost of form-
aldehyde dissociation (33—4g) and this barrier of methanol
coordination and proton transfer, the dispersion effects of
the two steps largely canceled. B3LYP and B3LYP-D then
predicted barriers of 32.9 and 28.7 kcalmol ™', respectively,
for this two-step process. This shows that although the dis-
persion contribution to individual metal—ligand bonds can
be large, they can partly cancel if the exchange of two li-
gands of similar size and polarizability is studied.

From the product Sg, the energy barriers for the reorgani-
zation of the dihydrogen molecule from the ruthenium
center to one of the hydride moieties predicted by B3LYP
for the model system and by B3LYP-D for the full system
are almost identical. B3LYP predicted a lower barrier for
the full system because it underestimated the strength of the
ruthenium—dihydrogen bond in compound 5g by not taking
dispersion interactions into account. Because the dihydrogen
molecule is only bound to the product of this step (6g)
through a hydrogen bond, dispersion interactions are not ex-
pected to play an important role in determining the strength
of the hydride—dihydrogen bond. As a consequence, B3LYP
predicted that 5y is less stable than the product 6y of this re-
action step, whereas the B3LYP-D functional predicted the
opposite due to the stabilizing effect of dispersion interac-
tions on reactant 5z Another consequence is that the effect
of dispersion interactions on the final liberation of H, from
this complex is smaller than one would expect based on the
other dissociative processes reported here.

For pathway B, the energetics of the intermolecular proto-
nation of [RuH;(PRj),] is strongly dependent on the model
and the functional used. B3LYP predicted that this step is
endergonic by 21.9 and 17.8 kcalmol™ for the P(CH;),
model and the full catalyst, respectively. This contradicts the
classic notion that P(CHj;); is more electron-donating than
PPh; and should therefore yield a higher electron density at
the metal center and a more basic catalyst.’” One explana-
tion is that the negative charge in reactant 4 is more shield-
ed from the solvent in bulky complex 4g than that in model
complex 45, and that this destabilizes 4 relative to neutral
product 7. Note that although this step is neither a dissocia-
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Figure 3. Free-energy profiles for pathways A, B, and C for the full catalyst system, predicted by the B3LYP (top) and B3LYP-D (bottom) functionals.
Free energies are reported relative to the starting complex 1 in kcalmol . P represents the PPh, ligand.

tive nor an associative process, the inclusion of dispersion
interactions does stabilize product 7y relative to reactant 4g
by 3.4 kcalmol .

B3LYP also predicted that the subsequent release of dihy-
drogen from 7 is more exergonic for the full system than for
the model, which suggests that the steric bulk of the PPh; li-
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gands enhanced hydrogen dissociation from this complex.
The incorporation of dispersion interactions added a consid-
erable attractive force of 9.5 kcalmol ™' between the catalyst
and the dihydrogen molecule in 7y, thereby stabilizing 7g
relative to product 8 and making this step endergonic. For
the model system we showed that direct 3-hydride elimina-
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tion from the starting complex 1g through heptacoordinated
transition state TSg; in pathway C is inaccessible. For the
sterically more hindered full system, such a heptacoordinat-
ed transition state is even less likely. Therefore it is reasona-
ble to assume that, as in the model system, trihydride com-
plex 93 is formed from 1; in the initial steps of pathways A
and B (i.e., phosphine dissociation, (-hydride elimination,
and formaldehyde release) followed by the re-coordination
of the phosphine ligand to [RuH;(PPh;),]” (4g). As dis-
cussed in the previous section, B3LYP overestimated the
free-energy cost for the coordination of a phosphine ligand
to intermediate 4y in the full system by 28.1 kcalmol ' As a
consequence, species 9y and all subsequent intermediates in
pathway C were predicted to be high in energy relative to
the structures in the other two pathways. When dispersion
forces were taken into account using the B3LYP-D function-
al, however, this reaction step became much less endergonic
and this made pathway C competitive with the other two
pathways.

The free energy of protonation of intermediate [RuH;-
(PR3);]” (9) by the solvent is independent of the applied
model and functional. Both for the model and the full
system, the employed functionals gave values of 17.6—
18.3 kcalmol™'. The protonation of 9 leads to only minor
structural changes in the catalyst and this results in similar
dispersive forces in the reactant 9 and product 10. The sub-
sequent release of dihydrogen, on the other hand, is a disso-
ciative process and so dispersion interactions play an impor-
tant role in this step. B3LYP predicted that hydrogen disso-
ciation through this pathway for the full model is exergonic
(AG=2.0 kcalmol ™). When dispersion interactions are in-
cluded, however, reactant 10y is stabilized by 5.2 kcalmol ™
relative to product 11 and the step becomes endergonic. As
in the model system, both a transition state for hydrogen re-
lease from 10z and an intermediate in which the dihydrogen
molecule is hydrogen-bonded to one of the hydride moieties
of 11; were searched for, but neither could be located. In
the final step of this pathway, a methoxide moiety coordi-
nates to the catalyst. As expected for an associative process,
B3LYP strongly underestimated the stability of the product
for the full system. B3LYP-D predicted that this step is
almost isoenergetic, as B3LYP predicted for the model
system.

In summary, the inability of the B3LYP functional to de-
scribe dispersion interactions has substantial effects on the
free-energy profiles of the pathways described herein. Not
only are dissociation energies systematically overestimated
and association energies underestimated, the energetics of
other steps also deviate by as much as 4 kcalmol™'. Curious-
ly, the free-energy diagram of the model system, in which
dispersion interactions play only a minor role, and that of
the full catalyst system determined by the B3LYP-D func-
tional are very similar. This indicates that although P(CH;),
and PPh; are very different ligands, the simple P(CHj;);
model does reproduce the free-energy diagram of the full
system qualitatively. This is important as simplified/reduced
models have often been applied to describe complex sys-
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tems.*”) In the final section we will discuss the catalytic cycle
and quantitatively analyze the different pathways for the
full catalyst system.

The catalytic cycle of the dehydrogenation reaction: A
common feature of the free-energy diagrams determined by
all methods and for all the models used in this investigation
is that the lowest-energy intermediate was predicted to be
the anionic complex [Ru(CH,=O)H;(PR;),]” (3¢ and 3g;
Figure 1 and Figure 3). From this resting state of the cata-
lyst, it is possible to compare the free-energy profiles of the
different pathways and so determine which pathway(s) is/
are dominant in the process. The free-energy profiles of the
catalytic cycles for the full model (PPh;) were determined
by using the B3LYP-D functional and were used to con-
struct these energy profiles because dispersion-corrected
DFT is expected to yield the best quantitative description of
the system. The free-energy profiles of the catalytic cycles of
the three pathways are shown in Figure 4.

All the pathways show an initial high free-energy cost for
the liberation of formaldehyde and subsequent creation of a
dihydrogen ligand followed by one or several less energy-de-
manding steps to form [RuH,(CH;O)(PPh;),]” (25). Even
the free-energy barrier for the subsequent 3-hydride transfer
from 25 is only 4.1 kcalmol ™. For pathway A, the total free-
energy barrier for the loss of formaldehyde from 3g, metha-
nol coordination, and proton transfer is 28.7 kcalmol .
From the resulting high-energy polyhydride species Sg, the
barrier for hydrogen dissociation is only 10.9 kcalmol ™', but
the overall barrier relative to the resting state 3y is 38.1 kcal
mol™. The transition state for this step, TSgse is
6.9 kcalmol™ higher in energy than the transition state for
the final (-hydride elimination step, TSg,3, which indicates
that hydrogen dissociation is the rate-determining step in
this pathway. The calculated overall barrier for dehydrogen-
ation by pathway A is too high, however, for this pathway
to be of significance at the experimental reaction tempera-
ture of 423 K.

Despite the low barrier for the B-hydride transfer step
from 2y, its transition state, TSy, 3, is the highest point in the
free-energy profile of pathway B. Thus, although a large
part of the overall barrier of dehydrogenation is caused by
the formation of high-energy intermediate [RuH,(CH;O)-
(PPh;),]” (2) from the resting state 3j, the subsequent (3-hy-
dride transfer was predicted to be the rate-determining step
in the catalytic cycle by this pathway. The computed overall
activation free energy for the dehydrogenation of methanol
(33—TSg,3) by pathway B is 31.2 kcalmol™, which is in
good agreement with the experimentally reported rate of
6h™' (AG* =30 kcalmol™")."

As discussed previously, this absolute value suffers from a
larger uncertainty due to issues in describing the solvation
of the small methoxide anion. Because the solvation of the
methoxide anion is described in the same way in pathways
B and C, it is possible to directly compare the free-energy
profiles of these two pathways. From Figure 4 it is clear that
pathway B is favored over pathway C. Tris-phosphine inter-
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mediates 11 and 1; in pathway C are both higher in energy
than their bis-phosphine analogues 8g and 2, in spite of the
strongly attractive dispersion interactions that exist between
the PPh; ligands and the metal complexes in this study. This
is attributable to the large negative entropy change that
occurs upon coordination of a phosphine ligand to complex
4y at the high reaction temperature used for this process.
Our calculations therefore reproduce the results from previ-
ous kinetic studies that showed that the reaction rate is in-
versely proportional to the ligand concentration.™ They
predict that, under the experimental conditions, the reaction
preferentially proceeds via complexes that contain only two
phosphine ligands. From the calculated free-energy profiles
we can deduce that higher ligand concentrations would shift
the ligand dissociation equilibria 43—9; and 25—l
(Figure 3) towards the coordinatively saturated complexes
[RuH,(CH;O)(PPh;);]~ (9g) and [RuH;(PPh;);]~ (1g). This
will inhibit both the protonation of 45 and B-hydride elimi-
nation from 2g and therefore slow down the dehydrogena-
tion process.

A final note on the accuracy of the free energies present-
ed herein can be made by comparing the computed free
energy for the overall reaction to experimental data. The
predicted reaction free energy for the catalytic conversion
of methanol to formaldehyde and hydrogen gas is deter-
mined by the energy difference between two consecutive oc-
currences of the resting state 3y in the free-energy profile
(Figure 3). The calculated reaction enthalpies (AH) and free
energies (AG) are compared with experimental data in
Table 1. For all three density functionals (B3LYP, B3LYP-D,
and M06) the predicted enthalpy and free energy deviate by
less than 2.7 kcalmol ™' from the experimental values.
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Table 1. Computed and experimental thermodynamic parameters for the
process CH;OH —CH,=0 + H, at room temperature and 423 K.[!

Method T=298K T=423K

AH AG AH AG
B3LYP 22.4 14.5 22.9 11
B3LYP-D 232 153 23.7 11.8
MoO6 24.8 16.9 25.3 13.4
exp.” 221 14.3 - 11

[a] Values of AH and AG are given in units of kcalmol™'. [b]See
ref. [33].

Conclusion

DFT and transition-state theory (TST) have been used to in-
vestigate the possible reaction pathways for the dehydrogen-
ation of methanol in the presence of [Ru(OCH;)H,(PPh;);]~
(1) as catalyst under basic conditions. Three density func-
tionals were used; the classical B3LYP functional and the
dispersion-corrected functionals B3LYP-D and MO06. We
have shown that dispersion interactions play a crucial role in
ligand dissociation/association processes. For the dissocia-
tion of a PPh; ligand, the observed dispersion effect is espe-
cially large (around 30 kcalmol™), but also for other reac-
tion steps studied herein dispersion effects are non-negligi-
ble for accurate prediction of reaction kinetics.

For the dehydrogenation of methanol, our calculations
suggest that the resting state of the catalyst is the trihydride
complex [RuH;(CH,=O)(PR;),]” (35 or 3g). This species can
liberate formaldehyde and then be protonated by a metha-
nol molecule. All models and density functionals applied in
this investigation predict the same mechanism, that is, an in-
termolecular proton transfer followed by hydrogen release
and coordination of a methoxide anion and finally $-hydride
transfer to regenerate the resting state. From our calcula-
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tions it is difficult to assign the rate-determining step with
certainty because multiple steps in the process are found to
have very similar barriers. However, the calculations show
that a large part of the overall free-energy barrier is caused
by the initial steps in the catalytic cycle, that is, the dissocia-
tion of formaldehyde from the resting state of the catalyst
and protonation of the resulting species by the alcoholic sol-
vent. The predicted overall activation energy of the process
was found to be between 29.6 and 31.4 kcalmol ™' (depend-
ing on the density functional applied), which is in good
agreement with the experimentally observed reaction
rate.’]
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