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Abstract: Reaction pathways during
CO, hydrogenation catalyzed by the
Ru dihydride complex [Ru(dmpe),H,]
(dmpe =Me,PCH,CH,PMe,) have
been studied by DFT calculations and
by IR and NMR spectroscopy up to
120 bar in toluene at 300 K. CO, and
formic acid readily inserted into or re-
acted with the complex to form for-
mates. Two formate complexes, cis-
[Ru(dmpe),(OCHO),] and trans-[Ru-
(dmpe),H(OCHO)], were formed at
low CO, pressure (<5 bar). The latter
occurred exclusively when formic acid
reacted with the complex. A RuH--
HOCHO dihydrogen-bonded complex
of the trans form was identified at H,
partial pressure higher than about

is suggested to play a pivotal role in
the reaction pathway. Potential-energy
profiles along possible reaction paths
have been investigated by static DFT
calculations, and lower activation-
energy profiles via the trans route were
confirmed. The H, insertion has been
identified as the rate-limiting step of
the overall reaction. The high energy
of the transition state for H, insertion
is attributed to the elongated Ru—O
bond. The H, insertion and the subse-
quent formation of formic acid proceed

Keywords: carbon dioxide fixation -
density functional calculations
high-pressure chemistry - hydroge-
nation - ruthenium

via Ru(n?H,)-like complexes, in which
apparently formate ion and Ru* or
Ru(n’-H,)* interact. The bond proper-
ties of involved Ru complexes were
characterized by natural bond orbital
analysis, and the highly ionic characters
of various complexes and transition
states are shown. The stability of the
formate ion near the Ru center likely
plays a decisive role for catalytic activi-
ty. Removal of formic acid from the di-
hydrogen-bonded complex (RuH--HO-
CHO) seems to be crucial for catalytic
efficiency, since formic acid can easily
react with the complex to regenerate
the original formate complex. Impor-
tant aspects for the design of highly
active catalytic systems are discussed.

50 bar. The trans form of the complex

Introduction

The use of industrially produced CO, as a chemical feed-
stock is gaining growing attention, driven by environmen-
talVl legal,” and social factors.’! Atmospheric CO, is a
major contributor to the greenhouse effect, and various
strategies have been developed for lowering its concentra-
tion in the atmosphere.”! Although the use of CO, in chemi-
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cal synthesis™ contributes relatively little to mitigation of
the CO, concentration in the atmosphere, several other fac-
tors render CO, an interesting chemical feedstock, such as
high abundance, relative nontoxicity, low cost, and low criti-
cal temperature. A variety of products can be synthesized
from CO,*%® and among them formic acid derivatives have
gained particular attention.

Syntheses of formic acid,’*! various alkyl formates,®'>°!
and formamides!"'""! utilizing gaseous CO, and H, with
mainly homogeneous transition-metal catalysts have been
reported since the mid-1970s. An important breakthrough
was reported by Noyori and co-workers in the mid-
1990s.141517.18] By using supercritical CO, as both reactant
and solvent, high turnover frequencies of the reactions were
achieved. The high diffusivity of gases, weak catalyst solva-
tion, and the high solubility of H, in supercritical CO, were
attributed to be at the origin of the high turnovers.”> The
work of Noyori and co-workers clearly indicates that alkyl
formates or formamides are formed consecutively after
formic acid by reaction of formic acid with alcohol or
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amine, respectively."” In other words, formation of formic
acid by hydrogenation of CO, seems to be the common
pathway and plays a critical role in the activity of the three
different reaction systems besides other effects such as pro-
moter and solvent. Hence, elucidation of the pathways of
formic acid formation is expected to lead to understanding
of reaction systems in which CO, and H, are involved and
also explain effects of different ligands and additives. Theo-
retical investigations have so far concluded that CO, inser-
tion is the rate-limiting step®?! or that the reaction rate
does not depend on H, pressure,?! in spite of the fact that
strong dependence of the reaction rate on H, pressure has
been reported for homogeneous'>'>%) and immobilized het-
erogeneous catalysts.”"

In the present work, we studied the reaction pathways
during CO, hydrogenation spectroscopically by high-pres-
sure IR and high-pressure NMR spectroscopy and theoreti-
cally by DFT for [Ru(dmpe),H,] (dmpe =
Me,PCH,CH,PMe,) as catalyst. This combined approach
enhances the reliability of the theoretical models by exclud-
ing complexes that are irrelevant in practice. [Ru(dmpe),H,]
was chosen because of its activity in the reaction,™ simple
identification of spectra, and faster convergence in the theo-
retical geometry optimization due to its rigid framework af-
forded by the ethylene bridge of the ligand. The size of the
catalyst allows modeling of the full catalytic system with
minimum assumptions. CO, insertion has also been studied
by Perutz and co-workers using NMR spectroscopy, and var-
ious intermediate complexes have been identified.” This
study serves as a reference for our work. Toluene was used
as a solvent to attain reasonable concentration for spectro-
scopic measurements with clear proof that the reaction can
proceed in apolar solvents such as benzene under high CO,
and H, pressure.? High pressure, especially of H,, is neces-
sary to achieve a high reaction rate by increasing H, concen-
tration in solutions; therefore, the spectra were measured
under high H, pressure (up to 120 bar). As will be shown,
significant changes occur in the state of the catalyst com-
plexes under high H, pressure. Base, always added to pro-
mote turnovers in real catalyst systems by extracting formic
acid from the catalyst, was not added to the reaction mix-
ture in order to identify intermediate species by keeping the
reaction at an equilibrium point. Furthermore, the backward
step, that is reaction of formic acid with the catalyst, was
studied and the whole reaction pathways could be connect-
ed. Effects of additives are not within the scope of this
study. Several new aspects of the reaction intermediates and
pathways are presented, and important criteria for designing
better catalysts are suggested.

Results and Discussion
State of [Ru(dmpe),H,] in toluene: Figure 1 shows the IR
spectrum of [Ru(dmpe),H,] in toluene at 300 K and calcu-

lated spectra of cis- and trans-[RuH,] complexes (from here
on (dmpe), is omitted). A broad Ru—H stretching band at

Chem. Eur. J. 2007, 13, 3886—3899

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

0.003 0.05m[Ru(dmpe),H,]
in toluene at 300 K

1770

cis-[Ru(dmpe).H,]
v,(Ru-H) v, (Ru-H) 3

vus(Ru-H)

1491 trans-[Ru{dmpe),H,]

SCH) g P
il - R
o ©

2000 1800 1600 1400 1200 1000 800
Alem™

Figure 1. Comparisons between experimental and calculated IR spectra

of [Ru(dmpe),H,]. The optimized geometries are shown without hydro-

gen atoms of the dmpe ligands for clarity. Calculated vibrational frequen-
cies are scaled by 0.97.

1770 cm ™! was observed, that is, the complex exists mostly in
the cis form, as clearly seen from the calculated spectra. The
good agreement for all the vibrational frequencies and in-
tensities of the C—H bending and Ru—H stretching modes
confirms the accuracy and reliability of the computational
method and approximations applied. '"H and *P NMR spec-
troscopy also show that the complex mainly exists as the cis
isomer (Figure 2 for *'P{'H} and Supporting Information for
'H). The peak at =46.0 ppm in the *'P NMR spectrum was
assigned to trans-[RuHCI], which is the intermediate before
RuH, during synthesis from trans-[RuCl,]. Although nearly
all trans-[RuCl,] was converted to RuH, after synthesis, the
residual NaCl in the solution reacted with the dihydride
complex, and trans-[RuHCI] was formed (checked by means
of the reaction between RuH, and NaCl). The concentration
of trans-[RuHCI] was minor but gradually increased with
time. Since most of the measurements reported here were
carried out immediately after synthesis, except for high-pres-
sure NMR spectroscopy, the presence of trans-[RuHCI] and
the effects on the reaction pathway is neglected.

Octahedral ruthenium(II) dihydride complexes are known
to be fluxional.’! Field and co-workers reported that the
trans isomer also exists at a ratio of cis:trans=12:1 at 240 K
in toluene.” We also confirmed the minor presence of the
trans isomer based on *'P and 'H NMR data (quintet at 6 =
—10.3 ppm in 'H and 6=49.0 ppm in *'P, see Supporting In-
formation and reference [28]) and their 2D correlation. We
obtained a ratio of cis:trans=18:1 at 300 K in toluene.

State of [Ru(dmpe),H,] under CO, pressure and after addi-
tion of formic acid: Figure 2 shows the *P{'H} NMR spec-
trum after the addition of 4 bar CO, to 0.03M RuH, solution
at 300 K. Immediately after addition, two Ru complexes,
cis-[Ru(OCHO),] and trans-[RuH(OCHO)], were observed
as reported previously.”” However, the expected intermedi-
ate cis-[RuH(OCHO)] before the formation of cis-[Ru-
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Figure 2. *'P{'H} NMR spectra of 0.03m [Ru(dmpe),H,] in toluene at
300 K under different CO, and H, pressures or after addition of formic
acid (molar ratio [Ru(dmpe),H,]/formic acid=1:2). 1) cis-[Ru-
(dmpe),H,], 2) cis-[Ru(dmpe),(OCHO),], 3) trans-[Ru(dmpe),H-
(OCHO)], and 4) trans-Ru(dmpe),HCI.

(OCHO),] was not detected under the conditions applied,
unlike the investigation at lower temperature and lower
CO, pressure.™ The ratio trans-[RuH(OCHO)]/cis-[Ru-
(OCHO),] was significantly higher than trans-[RuH,]/cis-
[RuH,], and this suggests higher reactivity of trans-|[RuH,]
compared to cis-[RuH,] or higher stability of zrans-[RuH-
(OCHO)] compared to cis-[RuH(OCHO)]. When the CO,
pressure was released and the solution kept under Ar, the
portion of trans-[RuH(OCHO)] increased with time with re-
spect to cis-[Ru(OCHO),], in agreement with the previous
NMR study.”™ An interesting question is how the trans-
[RuH(OCHO)] is formed, that is, by isomerization of for-
mate complexes or by CO, insertion into trans-[RuH,]. The
feasibility of these pathways is discussed below.

Next, we investigated how formic acid interacts or reacts
with RuH, at 300 K. After formic acid was added to the
RuH, solution, H, was immediately formed and released as
gas bubbles, and only trans-[RuH(OCHO)] was formed
(Scheme 1). The assignment of trans-[RuH(OCHO)] was en-

P O%C/H
P, | oM o
I'RU:\ + HCOOH Py, | P + H,
AT C RIS )
P PY | 'P
H

Scheme 1. Observed main reaction upon addition of formic acid to [Ru-
(dmpe),H,] in toluene at 300 K.

sured by 'H and *'P NMR spectroscopy (Figure 2 and Sup-
porting Information) and the doublet formate peak in the
"H NMR spectrum after insertion of “C-enriched formic
acid. Neither cis-[RuH(OCHO)] nor cis-[Ru(OCHO),] was
observed, although the hydride complex existed predomi-
nantly in the cis configuration prior to the reaction. Some
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possible routes for the formation of trans-|[RuH(OCHO)]
were investigated in detail with the aid of DFT calculations
(see below). The high reactivity of formic acid with RuH,
and the formation of the formate complex (this step will be
referred to as “formic acid reaction” or “substitution of hy-
dride by formate”) shed light on a very important aspect of
the reaction system, that is, formed formic acid easily reacts
with the hydride to form the formate complex during the
hydrogenation of CO,. This clearly shows the importance of
removing formic acid from the vicinity of the hydride to
avoid the backreaction and improve the catalytic perfor-
mance.

The IR spectra of the Ru complexes formed after addition
of CO, and formic acid are shown in Figure 3, as are the
theoretical IR spectra of the formate complexes identified
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Figure 3. Top two spectra: Experimental IR spectra recorded after addi-
tion of 3bar CO, or formic acid (molar ratio [Ru(dmpe),H,]/formic
acid=1:2) to 0.05M [Ru(dmpe),H,] in toluene at 300 K. Bottom three
spectra: Calculated IR spectra of various formate complexes with the
corresponding optimized geometries. For clarity hydrogen atoms of the
dmpe ligands are not shown.

by NMR spectroscopy. Symmetric and asymmetric C=0O
stretching bands were observed at 1320-1330 and 1600-
1700 cm™!, respectively (formally, the formate group of the
formate complexes contains one C=0O bond and one C—O
bond, but the length of the latter is close to that of the
former, being greatly shorter than a typical C—-O bond
length. Therefore, the mode of the combined C=O and C-O
stretching is denoted here simply as C=O stretching. The
calculated IR spectra clearly show the presence of C=0
stretching bands whose frequencies and intensities agree
well with the experimental ones, and thus the assignment of
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the vibrational modes is confirmed. However, the similar
frequencies of the C=0 stretching bands and the broad Ru—
H stretching bands do not allow us to identify the formate
complexes by IR spectroscopy alone. The main difference
between the two experimental spectra in Figure 3 is the
shoulder at 1670 cm™'. The band most likely originates from
cis-[Ru(OCHO),] because of its absence in the case of the
reaction of formic acid with RuH,. The rather broad band at
1670 cm ™ may originate from asymmetric C=O stretching
vibrations averaged by different interactions of two formate
groups.

State of [Ru(dmpe),H,] under CO, and H, pressure: The
state of the catalyst complex under H, and CO, pressure
was investigated by high-pressure NMR and IR spectrosco-
py. After addition of 10 bar H, together with 4 bar CO,, vir-
tually no change was observed in the 'H and *'P NMR spec-
tra (Figure 2 and Supporting Information) of the formate
complexes compared to the spectra under CO, alone. How-
ever, when the H, pressure was increased to 96 bar, remark-
able changes were observed in the 'H and *'P NMR spectra.
More trans complex was formed and some shift to higher
field was observed in 'H and *'P chemical shift. The hydride
peak of the trans complex was nearly at the same chemical
shift (0 =-22.9 ppm) as that of trans-[RuH(OCHO)] (6=
—22.5 ppm), but now appeared as a rather broad peak (see
Supporting Information).

High-pressure IR investigations can often give helpful ad-
ditional and complementary information due to the different
timescale of IR compared to NMR spectroscopy. Figure 4
shows the high-pressure IR spectra of the complex under
various pressures of CO, and H,. First, 5 bar of CO, was

Jo.os
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XU,
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3
2 149 |g
o
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Figure 4. High-pressure IR spectra recorded after addition of CO, and H,
to 0.05m [Ru(dmpe),H,] in toluene at 300 K. The bands which only
appear under high H, pressure (>50 bar) are highlighted with gray shad-
ing. The spectrum of [Ru(dmpe),H,] was taken as the background. The
bands with asterisks are due to species that accumulated on the ZnSe
ATR crystal during the measurements.
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added to the RuH, solution, and then H, was added and the
pressure was gradually raised while keeping the CO, pres-
sure at 5 bar. The total gas pressure was decreased when H,
pressure reached 120 bar. Through the course of the experi-
ments, large bands were observed in the regions of C-O, C=
O, and Ru—H stretching vibrations. After complete release
of the gas pressure, washing the ZnSe ATR crystal, and fill-
ing the IR cell with N,, the measured IR spectrum clearly
showed an accumulation of surface species on the crystal
(Figure 4, marked with asterisks). The accumulation started
above about 50 bar of H, pressure. This is most likely due to
reaction between the surface of ZnSe and an Ru complex
present under the high H, pressure. Generally, strong acids
and bases react with ZnSe, so this suggests the formation of
an acid- or baselike complex under high H, pressure. Inter-
estingly, three bands at 1202, 1570, and 1725 cm ™! were pres-
ent only under high H, pressure (>50 bar). These bands dis-
appeared when the pressure was released. The three bands
cannot be attributed to the formate complexes shown in
Figure 3. The lack of the symmetric C=O stretching mode in
the band pattern indicates that the C=O bond of the for-
mate group is hydrogenated at high H, pressure. Due to the
absence of base for extraction of formed formic acid from
the catalyst, one of the most likely species existing under
high H, pressure is that in which formic acid interacts with
the hydride via an RuH,--HOCHO dihydrogen bond.
Figure 5 shows the structure and calculated IR spectra of

e 1570
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+5barCO,
+120 barH,
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”,2.5 12-02 I
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~-HCOOH
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Figure 5. High-pressure IR spectrum recorded after the addition of 5 bar
CO, and 120 bar H, to 0.05m [Ru(dmpe),H,] in toluene at 300 K and cal-
culated IR spectra and optimized geometries of possible formed dihydro-
gen-bonded species. For clarity hydrogen atoms of the dmpe ligands are
not shown. The bands marked with filled circles appeared only under

high H, pressure (>50bar) in the presence of a low CO, pressure
(5 bar).
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such complexes. trans-[RuH,]-+HOCHO clearly has the fea-
tures of the species under high H, pressure and the agree-
ment with the experimental spectrum is excellent. All the
bands appearing under high H, pressure are combined with
the bending or stretching mode of the OH group of formic
acid. trans-[RuH,]|--2(HOCHO) also shows similar bands
with slightly worse agreement with the experimental spec-
trum. The calculated spectrum of the cis analogue cis-
[RuH,]-*-HOCHO does not reproduce the large band near
1570 cm™" observed in the experiment. The presence of di-
hydrogen bond was also confirmed by formation of the
broad band at about 3200 cm ™' under high H, pressure, as
reported before.” The similar chemical shift of the hydride
peak of the high-pressure complex to that of frans-[RuH-
(OCHO)] (Supporting Information) suggests that the high-
pressure species is likely trans-[RuH,]-~HOCHO. As seen
previously, formic acid can easily react with the hydride
complex and trans-[RuH(OCHO)] can then be formed.
These observations clearly indicate that the reaction is
highly reversible, and the equilibrium between the formate
complex trans-[RuH(OCHO)] and the dihydrogen-bonded
complex trans-[RuH,]-*HOCHO can be largely shifted to
the latter under high H, pressure. The shorter timescale of
IR spectroscopy is likely necessary to detect the dihydro-
gen-bonded complex at 300 K, probably due to the fast
equilibrium. The experimentally observed reaction pathways
are summarized in Scheme 2. The details of the pathways
were investigated by DFT calculations (see below).

H
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Scheme 2. Observed main reaction pathways of [Ru(dmpe),H,] under
CO, and H, pressure.

CO, insertion pathway: formation of cis-[Ru(dmpe),H-
(OCHO)] and cis-[Ru(dmpe),(OCHO),]: First, the forma-
tion pathways of the most abundant species under CO, pres-
sure, cis-[Ru(OCHO),], and the most probable intermedi-
ate, cis-[RuH(OCHO)], were theoretically investigated
(Figure 6). When CO, approaches a hydrido ligand of 1
(Ru—H 1.64 A; important bond lengths and angles of the Ru
complexes obtained by DFT calculations are given in the
Supporting Information), it undergoes significant structural
changes. Complex 2 resulting from the interaction between
1 and CO, has an RuH--C distance of 1.35 A. In this study,
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Figure 6. Potential-energy changes on CO, insertions during the forma-
tion of cis-[Ru(dmpe),H(OCHO)] and cis-[Ru(dmpe),(OCHO),]. Cor-
rections for zero-point vibrational energies were made. BSSE-corrected
energies of complexes with CO,-hydride interaction are shown by a gray
bar.

such complexes in which CO, interacts with a hydrido
ligand are considered to be the initial step of the CO, inser-
tion process. The C=0O bond of CO, (C=0 1.16 A) and the
Ru—H bond of 2 interacting with CO,, are slightly elongated
(1.21 and 1.76 A, respectively) and the OCO angle is re-
duced significantly, by 38°.

The coordination of an oxygen atom to the Ru center and
the formation of formate complex 3 occur via TS,;
(337i cm™') by means of two concerted events: Ru—H bond
breaking and O coordination, with an activation energy of
8.7 kcalmol™' (11.7 kcalmol™' without BSSE correction).
The concerted insertion mechanism is different from the
previously reported concerted mechanisms in that there is
no initial interaction of an O atom with or coordination of
an O atom to the metal center.’"*>*! This relatively small
activation energy is in good agreement with the facile CO,
insertion observed experimentally. Ab initio metadynamics
studies also confirmed very facile insertion of CO, into
RuH, complexes with the same concerted insertion mecha-
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nism.’) The Ru—H bond of TS, is elongated to 2.30 A and
the Ru--O distance is 2.92 A. Interestingly, the formate unit
of TS,; undergoing rotational movement has nearly the
same bond lengths and angles as the formate ion COOH™
(for details, see Supporting Information). The C—H and C=
O bond lengths and OCO angle of TS,; are 1.15 (C—H),
1.26 (C=0, close to the Ru center), 1.23 A (C=0, remote
from the Ru center), and 130° (O-C-O), while the values for
the formate ion are 1.16 (C—H), 1.25 A (C=0), and 131°
(O-C-0O). The insertion can be regarded as rotation of the
formate ion near the RuH™* ion at the transition state TS,..
The character of the formate group and the bonding is in-
vestigated in more detail below.

Complex 3, in which the hydrogen atom of the formate
group weakly interacts with the hydrido ligand (H--H
2.45 A), is formed after the transition state. The C—O bond
length involving the O atom coordinated to the Ru center is
elongated to 1.30 A, while the noncoordinating C=0O bond
length is 1.22 A. Formate complex 3 is not the most stable
cis-[RuH(OCHO)] species. The formate group of 3 rotates
via TS;, (131icm™) with a very small energetic barrier
(0.1 kcalmol ™) to give 4, in which the formate hydrogen
atom points away from the Ru center and the formate
oxygen atom is in the vicinity of the methyl hydrogen atoms
of the dmpe ligand. The energetic stability of this isomer rel-
ative to the others was assured by scanning a dihedral angle,
that is, a series of geometry optimizations of stereoisomers
with different P-Ru-O-C dihedral angles. Formate complex
4 is 2.0 kcalmol™! more stable than dihydride complex 1.
The C—O bond of 4 is slightly shortened to 1.28 A, while the
C=0 distance is elongated to 1.23 A with respect to 3. As
shown before, mono-formate complex cis-[RuH(OCHO)]
(4) was not observed experimentally, and instead only bis-
formate complex cis-[Ru(OCHO),] (6) was detected.

The second CO, insertion occurs via an identical pathway
to the first. First, close interaction of CO, with hydride com-
plex 5 results in significant CO, deformation, that is, longer
C=0 bonds (1.20 A) and bent OCO angle (145°). Through a
similar transition state TSs4 (313icm™) to the first CO, in-
sertion via the concerted mechanism, bis-formate complex 6
is formed. The energetic profile is also similar to that of the
first CO, insertion. The same activation energy of
8.7 kcalmol ™' for the insertion is obtained, and this implies
that the second CO, insertion will occur after the first when
enough CO, molecules are in the vicinity of the hydride
complex to form complex 2 or § with the CO,-hydride inter-
action. Bis-formate complex 6 is 5.8 kcalmol™' more stable
than dihydride complex 1, and this agrees with the stability
of 6 observed experimentally.

CO, insertion pathway: formation of rrans-[Ru(dmpe),H-
(OCHO)]: When 4-5 bar CO, pressure was applied to the
catalyst solution, mono-formate complex trans-[RuH-
(OCHO)] was also observed in addition to 6. The amount of
this complex was less than that of 6 under this CO, pressure;
however, it was formed instantaneously and the concentra-
tion gradually increased with time when the CO, pressure
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was released. Here the formation mechanism of trans-mono-
formate complex 9 is investigated (Figure 7).

There are several possibilities for forming 9 starting from
dihydride complex 1. One possible route is via isomerization

LF

% | & CO,
Ru’ —_ 2 T32_3 - 3 - T33_4 - 4
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EP’TU‘PJ - CP’| "'P] - [P(| j_l-EP'| "'Pj

7 8 TSg.g 9

o o
1 L

AE | keal mol™!

I
w
1

-10

—

cis-trans
—154 isomerization interaction

cis-trans
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Figure 7. Potential-energy changes on CO, insertion during the formation
of trans-[Ru(dmpe),H(OCHO)] with isomerization possibilities (shown
as dotted lines, required activation energy is arbitrary). Corrections for
zero-point vibrational energies were made. BSSE-corrected energy of
complex with CO,-hydride interaction is shown by a gray bar.

of mono-formate cis complex 4 (Figure 7). This route is
nearly impossible to analyze by using static models; there-
fore, we studied the pathway by ab initio metadynamics,
which indicated that formation of 9 via 4 is possible but un-
likely.®!! Another possible route is via trans-[RuH,] (7). As
shown before, 7 is in equilibrium with 1 and exists in a small
fraction. Previous NMR studies indicated that the CO, in-
sertion/dissociation step between 1 and 4 is likely reversi-
ble, that is, the pathway 4—1—7 is possible. Taking ac-
count of the previously suggested higher reactivity of the
trans dihydride 7 relative to cis isomer 1 for CO, insertion,
the cis—trans equilibrium can shift towards trans after CO,
insertion. Additionally, the higher stability of trans formate
complex 9 (Figure 7) compared to cis formate complex 4
can be the source of the equilibrium shift towards trans
when the CO, insertion/dissociation process is reversible
and cis (1) and trans (7) hydrido complexes are in equilibri-
um. The maximum rate of cis—trans isomerization at 323 K
has been reported to be at most 0.1 s, which supports
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slow, but finally dominant, formation of trans formate com-
plex 9.

After CO, dissociation from 4, CO, insertion (Figure 7)
occurs via a route analogous to CO, insertion into cis com-
plexes 1 and 4 (Figure 6). First, CO, approaches and inter-
acts with 7, and this results in deformation of CO,. The C=
O bonds are elongated to 1.22 A, and the O-C-O angle is
strongly bent to 139°, that is, greater deformation than in
the case of the cis complexes. The RuH:-C distance of
1.26 A is shorter than those in the cis cases (2, 5). Energeti-
cally the CO,~hydride interaction complex is formed more
easily for the trans complex (1.4 kcalmol™') than the cis
complexes (8.7-11.1 kcalmol™!), probably due to less steric
hindrance when CO, approaches the hydrido ligand. In ad-
dition, the slightly longer Ru—H bond (1.69 A) of 7 com-
pared to that of cis complex 1 (1.64 A) may facilitate the in-
teraction of CO, in the vicinity of the Ru center.

The CO, insertion occurs by a concerted insertion mecha-
nism similar to that shown for the cis cases in Figure 6 with
a transition state TSgy (301icm™). The vibrational mode
corresponding to the imaginary eigenfrequency is similar to
those of TS,; and TSs4 while the formate group rotating
near the Ru center shows bond lengths (C=0 1.23, 1.26 A;
C—H 1.15 A) and angle (O-C-O 131°) that are even closer
to those of the formate ion (C=0 1.25, C—H 1.16 A; 0-C-O
131°) than in the cis cases (TS,; and TSsg). After TSy,
stable mono-formate trans complex 9 is formed, which is
more stable (9.7 kcalmol™ with respect to 1) than the cis
formate complexes (4 and 6). A lower activation energy
(6.4 kcalmol ') than for the cis cases (8.7 kcalmol™!) is
found. When the easier CO, interaction and the lower barri-
er are considered, faster formation of trans formate complex
9 can be expected relative to cis formate complexes 4 and 6.
This confirms the higher reactivity for CO, insertion via the
trans route. The stability of 9 is also in agreement with the
experimental observations, that is, 9 is the most abundant
species in solution after a long time without CO, pressure.

The formation of 9 can also occur from 6 via 1) cis—trans
isomerization of 6 and then dissociation of CO,, 2) dissocia-
tion of CO, from 6 and cis-trans isomerization of 4, and/or
3) CO, dissociation from 6 to give 1, cis—trans isomerization
from 1 to 7, and CO, insertion. Based on the ab initio meta-
dynamics study,”" the most likely pathway is 3). The gradual
change in concentration from 6 to 9 is probably due to the
high energy barriers for CO, dissociation from 6 (19.4 kcal
mol ') and 4 (23.6 kcalmol ), as well as the relatively slow
isomerization between 1 and 7.

Pathway of formic acid formation from trans-[Ru(dmpe),H-
(OCHO)]: Since the discovery of a high turnover frequency
of formic acid formation with Ru catalysts in supercritical
CO,, strong dependence of the reaction rate on H, pressure
has been reported.>'%?1 It was already noted that the
high solubility of H, in supercritical CO, is the most likely
origin of the high reaction rate.'”] These observations imply
that the reaction between H, and the formate complex is
the rate-limiting step, although some theoretical studies con-
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cluded the CO, insertion is rate-limiting.”*! This work and
previous NMR studies®™ on [Ru(dmpe),H,] clearly show
facile insertion of CO, and facile formation of formate com-
plexes, so CO, insertion is not likely to be the rate-limiting
step. In the high-pressure IR and NMR investigations, the
intermediate before the product, that is formic acid interact-
ing with the hydride catalyst, could only be detected at high
H, pressure (Figure 5), and the intermediate concentration
strongly depended on H, pressure (Figure 4). This experi-
mental observation implied that the H, insertion step to
form the formate complex requires greater activation than
CO, insertion, and therefore high H, pressure is required to
shift the equilibrium (Scheme 2). The H, insertion to form
formate complex 9 was theoretically investigated.

Thorough search for the transition state with the help of
ab initio metadynamics®” found H,-insertion transition state
TS,.;p (277icm™, Figure 8), in which a hydrogen molecule

i
H Hc\ ?/C%
0§9/H O=¢/ ‘ g o H
Cf O/:'H HTH T
Pu,,. “‘.\P Hz Py, _“\\F’ [ Prr, 1 WP
[P(TU‘F) - (P(TU‘PJ T [P(TU‘P) — EF’(TU‘PJ
H H H
9 TSe.10 10 1
207
TSs.40
154

7 + HCOOH

HCOOH

AE I keal mol™
iy

H, insertion HCOOH HCOOH-catalyst
N formation interaction

Figure 8. Potential-energy changes on H, insertion into trans-[Ru-
(dmpe),H(OCHO)]. Corrections for zero-point vibrational energies were
made. BSSE-corrected energy of dihydrogen-bonded complex is shown
by a gray bar.

approaches the Ru center (Ru-H, ca. 2.5 A) with a slightly
elongated H—H bond (0.77 A, isolated H,: 0.75 A). Such a
notable ligand displacement by molecular hydrogen is simi-
lar to those reported for CIP? and other ligands.®™ The Ru—
O bond is remarkably elongated to 3.10 from 2.28 A. The
activation energy for TSy, is four times higher (25.4 kcal
mol ') than in the case of CO, insertion (6.4 kcalmol™).
From the bond lengths of the transition state, it is likely that
the high energy of TS,y is due to the long Ru—O bond and
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the remoteness of the formate group from the Ru center. A
more detailed analysis of the bond characteristics is given
below.

After H, insertion, experimentally observed H--H dihy-
drogen-bonded complex 11 is formed via Ru(n*H,) complex

FULL PAPER

The second possible pathway of formic acid reaction is via
the cis route. The energetic profile is shown in Figure 9. The
dihydrogen-bonding interaction in complex 12 is strong

10, in which molecular H, is coordinated to the Ru center. H‘C;O H H\C/,O

Such n-H, complexes, for example, found by Kubas,** H,O/ 0=c ~, 0 g, H

have been increasingly reported, and the role of such com- ,:E\ B Fg\ P H ° R, i - P, i Ofczq

plexes in catalytic hydrogenation is an interesting branch of ""'Ru-“H - ”"glq(;" H ”"Ru‘ A 'Ru'i b 9

fundamental research. The H—H distance of 10 of 0.85 A be- | ™ p/ | TH P(||3 H F'(,L H

longs to the category of “true H, complexes” by the defini- P P ~

tion of Kubas.®™ The existence of 10 and the relative stabili- 12 3 TS124 4

ty are suggested by ab initio metadynamics when both H, . TS 54

and formic acid concentrations are sufficiently high.®!! The

bond characteristics of the formate part of 10 are not differ- 201

ent from those of 9 and TS,y The interesting Ru(n?-H,)

complex 10 consists of two parts, trans-[RuH(n’-H,)]* and - 157

formate ion, and 10 can be regarded as the interaction of E’ /'H‘

these two ions (in this work, the whole structure including T 0] 1 +HCOOH

the formate group is regarded as a complex, and we there- g 5-

fore denote the complex by the neutral Ru(n*H,) notation W

unless the ionic parts are explicitly and separately consid- p{ HCOOH

ered). The Ru(n®*H,) complex 10 was not observed in the 22 (z.0)

experiments, likely due to the existence of the more stable -5 t“,

dihydrogen-bonded complex 11. 19
When one hydrogen atom of the n*-H, ligand of 10 inter- 107 " - - e

acts with a formate oxygen atom, the dihydrogen-bonded
complex 11 is formed. No transition state could be found be-
tween 10 and 11. The dihydrogen-bond strength of 11 is
8.0 kcalmol ' (BSSE considered) and the binding is very
strong for a hydrogen bond. This strong dihydrogen bond
suggests that the backreaction, that is, reaction of formic
acid with RuH,, can easily take place, and therefore the ex-
traction of formic acid from the catalyst, typically done by
addition of an organic base, must be well engineered.
Indeed, the choice of base significantly affects the catalytic
performance.['%]

Pathway of formic acid reaction with [Ru(dmpe),H,]: The
facile reaction of formic acid with the hydride complex and
the rapid formation of trans-formate complex 9 and gaseous
H, were observed experimentally. Only trans-formate com-
plex 9 and no cis-formate complex 4 were detected after the
reaction. There are three possibilities for the reaction path:
1) reaction of formic acid with trans-[RuH,], 2) reaction of
formic acid with cis-[RuH,] to form cis-[RuH(OCHO)] fol-
lowed by cis—trans isomerization, and 3) reaction of cis-
[RuH,] with formic acid giving H, and RuH*---OCHO™ fol-
lowed by the cis—trans isomerization of RuH™*.

The first route is equivalent to the backward pathway
shown in Figure 8. The strong dihydrogen-bonding interac-
tion of 11 may facilitate this process. The activation energy
for the substitution process of hydride by formate is
15.1 kcalmol ™. In toluene, formic acid is likely to interact
with polar molecules due to the apolar character of toluene;
therefore, the probability of the dihydrogen-bonding inter-
action is further enhanced.

Chem. Eur. J. 2007, 13, 3886—3899

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cis-trans

HCOOH-catalyst
isomerization

HCOOH reaction
interaction

Figure 9. Potential energy changes on reaction of formic acid with cis-
[Ru(dmpe),H,] to form [Ru(dmpe),H(OCHO)] formate complexes. Cor-
rections for zero-point vibrational energies were made. BSSE-corrected
energy of dihydrogen-bonded complex is shown by a gray bar.

(6.3 kcalmol ') with an H-H distance of 1.65 A, but weaker
than that of trans-[RuH,]--H(OCHO) (11). The reaction of
formic acid with RuH, occurs through a similar pathway as
in the trans case, that is, via 1’-H, complex 13. The cis-
[RuH(1*H,)]*OCHO complex 13 has three hydrogen
atoms coordinated to the Ru center next to each other. The
two hydrogen atoms that coordinate after insertion of mo-
lecular H, interact at an H--H distance of 0.89 A, which also
belongs to the group of “true H, complexes”.* The formate
part, which apparently interacts as “formate ion” with cis-
[RuH(n,-H,)]*, shows bond character that resembles for-
mate ion more than formic acid (see below and Supporting
Information for details). The two molecularly coordinating
hydrogen atoms of RuH(n,-H,)" dissociate from the Ru
center as molecular hydrogen, and formate complex 4 is
formed via transition state TS;;4 with an activation energy
of 23.8 (26.6) kcalmol™' (energy without BSSE correction in
parentheses, and 12 was considered as the initial state),
which is 8.7 kcalmol™! higher than that obtained for the
trans route (Figure 8). This is mainly due to the higher
energy of the transition state of the cis form compared to
the trans form. Similar to TSy, the Ru--O distance is signif-
icantly elongated to 3.2 A, slightly longer than in TSy
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(3.1 A). The Ru-H, distance is about 2.4 A, slightly shorter
than in the trans case (ca. 2.5 A) The lower activation
energy and stronger dihydrogen bond of the frans route can
result in faster reaction than for the cis route, which can ex-
plain the preferential formation of trans formate complex 9.

The third possible pathway involves isomerization of
RuH™ after TS;;, in Figure 9. The five-coordinate RuH*
complex is considered to be highly fluxional, and cis to trans
isomerization may proceed, partly assisted by the stability of
the trans isomer.”®’ However, such a RuH* complex has
been identified only in polar media,® and the pathway
would be possible only when RuH™* and formate ions are
well stabilized. In apolar media like toluene, as used in this
study, formation of stabilized ions is unlikely.

Considering the three possible routes for the formation of
trans-[RuH(OCHO)], the most probable pathway is the first
one. The second route may occur simultaneously due to the
low stability of cis-[RuH(OCHO)], as observed experimen-
tally.®

Characteristics of Ru complexes: The previous sections
showed the differences between cis and trans routes, the
“formate ion” interaction model, and the presence of inter-
esting intermediate Ru(n,-H,) complexes. Characteristics of
the bonds and the interactions are further discussed in this
section on the basis of NBO analysis.””

Table 1 lists the natural charges and valence natural elec-
tron configurations of selected compounds relevant to this
work. Expected complexes during formic acid formation via
cis and trans mono-formate routes are shown. So far, only
the trans route has been considered for H, insertion into the
mono-formate complex (Figure 8). A comparable H, inser-
tion pathway via the cis route can also be obtained from the
reverse pathway of the reaction of formic acid with RuH,
via the cis route (Figure 9). Table 1 compares the equivalent
cis- and trans-[Ru] complexes on the reaction paths. There
are several differences between the cis and trans routes.

First, the natural charges of Ru fluctuate more significant-
ly on the cis route. The natural charges of Ru in dihydride
complexes 1 and 7 and dihydrogen-bonded complexes 12
and 11 are similar, but Ru becomes more positively (less

Table 1. Natural charges and valence natural electron configurations of selected molecules and complexes. The p-orbital occupancy of Ru and d-orbital
occupancy of C and O are not shown due to the negligible contributions. H(1)/H(2) and H(3)/H(4) originate from the dihydride complex and molecular
H,, respectively. H(1) results in the formate hydrogen atom (C—H) and H(3) results in the OH hydrogen of formic acid. O(1) is the oxygen which coordi-

nates to the Ru center and reacts with H(3).

Ru H(1) H(2) H@3) H(4) C o(1) 0(2)
CO, 0.992 —0.496 —0.496
Sl'l.(»SpZ.BI sl.72p4.76 S].72p4,76
H, 0.000 0.000
formic acid 0.115 0.478 0.651 —0.675 —0.569
Sﬂ.Xﬁp2.44 sl.ﬁ‘)p4.97 S].72p4,76
formate ion —0.057 0.617 —0.780 —0.780
Sll.82p2.5[l S].73p5.()4 S].73p5.(l4
cis-[RuH,] (1) —0.996 -0.102 —0.102
sl].4ld8.56
cis-[RuH,]--CO, (2) —0.843 —0.059 —0.084 0.816 —0.654 —0.641
Sll.38d8.43 Sll.72p2.4ll Sl.71p4.93 S].71p4.92
cis-[RuH,]--CO, (TS,;) -0.711 0.072 —0.086 0.613 —0.768 -0.712
Sll.37d8.32 Sll.82p2.5[l S].73p5.03 S].71p4.9‘)
cis-[RuH(OCHO)] (4) —0.670 0.077 —0.083 0.666 —0.733 —0.704
Sll.37d8.27 Sll.82p2.46 Sl.69p5.l)2 Sl.72p4.’7‘8
cis-[RuH(OCHO)]--H, (TSy3.4) —0.658 0.058 —0.093 0.048 —-0.023 0.645 —0.802 —0.753
Sll.35d8.28 Sll.83p2.4ﬁ Sl.73p5.l)6 S].72p5.(12
cis-[RuH(n*H,)(OCHO)] (13) —0.903 0.056 —0.074 0.177 0.073 0.647 -0.799 -0.750
SU.39d8.49 SU.83p2.4(\ S1.73p5.0b Sl.72p5.02
cis-[RuH,]-"HOCHO (12) —0.956 0.103 —0.087 0.496 -0.178 0.664 -0.729 —0.606
Sll.4l)d8.53 Sll.85p2.44 Sl.68p5.04 Sl.71p4.88
trans-[RuH,] (7) -0.992 -0.220 -0.220
50.42d8.55
trans-|[RuH,]--CO, (8) —0.881 —0.073 —0.038 0.768 —0.680 —0.681
SU.40d8.4b SU.74p2.43 S1.72p4.95 Sl.72p4.95
trans-[RuH,]--CO, (TSg.,) —0.787 0.030 0.036 0.626 —0.773 —0.707
50.38d8.38 SU.81p2.50 Sl.73p5.04 Sl.7lp4,98
trans-[RuH(OCHO)] (9) —0.738 0.070 —0.068 0.659 —0.743 —0.733
50.37d?$.34 S0.82p2.4b S1.7Op5.02 Sl.72p5.00
trans-[RuH(OCHO)]---H, (TSy.19) -0.727 0.050 0.043 0.105 -0.114 0.642 -0.812 -0.730
S0.36d8.34 SU.83p2.47 Sl.73p5.07 S1.72pS,C!0
trans-[RuH(n*-H,)(OCHO)] (10) —0.934 0.046 —0.064 0.133 0.032 0.641 -0.822 —0.743
S0.39d8.50 SU.83p2.46 Sl.73p5.08 S1.721.)501
trans-|[RuH,]-+-HOCHO (11) -0.951 0.099 —0.166 0.483 -0.299 0.664 -0.717 -0.625
SO.4Od8.52 50.84p2.44 Sl.68p5.03 S1.71p4,90
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negatively) charged during the reaction via the cis route.
Also, the natural charges of the hydrogen atom that is not
involved in the reaction and remains as a hydride (H(2) in
Table 1), are nearly constant for the cis complexes, while
those of the trans complexes vary from negative to positive.
The positive charges are found at the transition states (TSg.,
and TS,,y). Before CO, insertion (7 to TSg,), the charge of
hydride H(2) on the trans route seemingly changes in ac-
cordance with the other hydride H(1), which is interacting
and reacting with CO,. One possible reason for the lower
charge fluctuation of Ru in frans complexes and for the
higher fluctuation of the hydride charge is that the electrons
of the hydride can be transferred and donated to Ru. Judg-
ing from the net charge of CO, of 8, roughly 0.6e must be
transferred from the Ru complex to the CO, already in the
initial stage of CO, insertion. The NBO analysis showed
that, interestingly, there is formally no o(Ru—H) bond in 7,
instead o(H—H) and o*(H—H) exist with occupancies of
0.689 and 1.743, respectively. Commonly, Ru complexes
have three lone pairs, but four lone pairs on Ru were identi-
fied, three with 100% d character and high occupancy (ca.
1.9) and one with a slight p character (3.7%) and an occu-
pancy of 1.505. The fourth lone pair is unique and only
exists in 7 among the complexes of the current study. Fur-
thermore, donor—acceptor analysis by second-order pertur-
bation theory™ showed an extraordinary large energetic
stabilization (334.5 kcalmol™) due to n(Ru)—o(H-H) inter-
action (Figure 10a). In Figure 10, pre-orthogonal natural
bond orbitals (PNBOs) are shown because overlap of the or-
bitals signifies energy stabilization by the corresponding in-
teractions.’® The n(Ru)—o(H—H) interaction is responsible
for the high degree of electron delocalization of the com-
plex, and therefore the hydrido ligands can transfer the elec-
trons mutually through Ru. This unique character of the
trans dihydride complex 7 can explain the charge-fluctua-
tions trends of Ru and H, as well as the apparent synchron-
ized charges of the hydrido ligands in the trans complexes.

In the above DFT investigations, the formate part of the
complexes during the course of the reaction paths resembles
the geometry of the formate ion. The natural charges and
especially the electron configurations of C and O clearly
support these conclusions. In the initial CO, interaction step
(2, 8), the hybridizations of C and O lie between those of
CO, and formate ion. However, after the step (2, 8) until
formic acid formation (12, 11) the hybridizations are very
close to those of formate ion. There is one considerable dif-
ference between the cis and trans routes. The charges of C
and O of trans complex 8 are more negative than those of
cis complex 2 during the initial interaction step. This could
be due to the more negative hydride charge on the trans hy-
drides and also the weaker Ru—H bonding, indicated by the
longer bond (cis: 1.64 A, trans: 1.69 A), which facilitates
electron transfer via the trans route. Indeed, the NBO analy-
sis clearly shows significant electron transfer during the in-
teractions. The NBO of Ru—H of 8 in which H is interacting
with CO, is 0.145, while the RuH--C bond order of 0.722
shows stronger bonding of the latter. For the cis equivalent
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(334.5 kcal mol™")

b)n(Ru) - o*(H-H)
(10.8 kcal mol-Y)

¢) o(H-H) — o*(Ru-H)
(94.1 kecal mol™

Figure 10. Major donor (red contours)-acceptor (black contours) interac-
tions of Ru complexes 7 and 10. a) n(Ru)—o(H—H) interaction of 7.
b) n(Ru)—o*(H—H) interaction and c) o(H-H)—o*(Ru—H) interaction
of 10.

2, 0.280 (Ru—H) and 0.616 (RuH--C) are found. These re-
markable changes in bond order indicate that the bonding,
more precisely the electron distribution, is significantly dif-
ferent when CO, interacts very closely with the hydrido li-
gands of the isolated dihydride complex 7 (and 1) and CO,.
The electrostatic potential of 8 is shown in Figure 11. It
clearly shows more shared electron density between the hy-
dride and C than the hydride and Ru, proof that already in
the initial step, CO, interaction in the vicinity of the hydride
complexes significantly changes the character of the chemi-
cal bonding. In particular, the change is more pronounced
on the trans route. Hereafter, only the lower energy trans
route is further investigated.

After the CO,~dihydride interaction (8), formate complex
9 is formed via transitions state TSg,. The electrostatic po-
tential plot of TSg, in Figure 11 shows no density at the
chosen density isosurface (0.06 a.u.) and very low bond
orders (Ru—H: 0.038, Ru—O: 0.003, see Supporting Informa-
tion) in addition to the similar hybridizations of C and O as
in formate ion (Table 1), in support of the previously sug-
gested view of “rotating formate ion”. Surprisingly, the bond
order of the Ru—O bond of formate complex 9 formed after
TS, is also very low (0.066) and no Ru—O bond was as-
signed by the NBO analysis. The electrostatic potential plot
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Figure 11. Electrostatic potentials plotted on the isosurface of electron
density (0.06 a.u.) of selected Ru complexes. Color code: red <—0.08,
yellow 0.00, green 0.10, light blue 0.20, and blue >0.40 a.u.

(Figure 11) clearly shows no shared electron above the
chosen density threshold (0.06 a.u.) and highly localized
electrons, and this implies highly ionic character of the Ru—
O bond.

Via the H,-insertion transition state TS, ,, after 9, the in-
teresting complex trans-[RuH(n*H,)]--OCHO (10) is
formed. Members of this class of molecular n>-H, complexes
have been increasingly reported®*3* and often suggested
as intermediates during hydrogenation**!! and hydrogenol-
ysis.“">*! Dihydrogen bonding is also frequently reported for
1’-H, complexes as intermediates or as stable complexes,*
depending on the proton-donor capacity.***! The pathway
of H, insertion or reaction of formic acid with RuH, de-
scribed in Figure 8 lies in the same category. The origins of
the complex stability were analyzed by donor—acceptor in-
teractions. Considerable interactions between Ru and H,
(10.8 kcalmol !, n(Ru)—oc"(H—H), Figure 10b) and between
H, and the Ru—H bond (94.1 kcalmol™, o(H-H)—(0*(Ru—
H), Figure 10c) are found in addition to more “dative” in-
teractions from H, to the Rydberg orbital of Ru (c(H-H)—
n*(Ru), total 40.8 kcalmol ™). Therefore, the bonding char-
acter of 10 between Ru and molecular hydrogen can be un-
derstood as “synergistic H, coordination” due to the donat-
ing/backdonating interactions,®™ and the stability of the
complex can be attributed to these interactions. The formate
ion part of 10 has little interaction with the trans-[RuH(n*
H,)]* moiety according to the donor-acceptor interaction
analysis. Figure 11 shows that the formate ion part of 10 is
remote from the Ru(n’-H,) moiety, and the low electron
density between Ru(n’-H,)-~O suggests that the interaction
is highly ionic. The high degree of electron localization and
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the resulting ionic interactions between Ru* or Ru(n?-H,)™"
and the formate ion through the pathways are likely the key
factors and characteristic of the reaction.

Overall reaction pathway and towards rational catalyst
design: One of the most direct approaches to improve cata-
Iytic systems by theoretical means is the search for catalysts
capable of lowering the highest activation energy resulting
in the rate-limiting step of a reaction. Scheme 3 shows the

H
p S P =0
P, H €O P, £=0 ) A
/,"(R .“\\\ ~ ,,"'R \\\O CO, //,I ‘\‘\\O
u u —_— ‘RU’
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7 9 11

Scheme 3. Main reaction pathways based on experimental and theoretical
results. Note that complex 4 was not observed experimentally.

main reaction pathways based on our experimental and the-
oretical results, and Table 2 summarizes the activation
energy required for each reaction event. Overall, the trans
route shows smaller barriers for forward and backward reac-

Table 2. Activation energies for CO, insertion/dissociation and HCOOH
reaction/H, insertion obtained theoretically. The energies in parenthesis
take BSSE correction into account.

Process Substrate E, [kcalmol ']

CO, insertion cis-[Ru(dmpe),H,] 11.7 (8.7)
cis-[Ru(dmpe),H(OCHO)] 11.9 (8.7)
trans-[Ru(dmpe),H,] 9.6 (6.4)

CO, dissociation cis-[Ru(dmpe),H(OCHO)] 23.6
cis-[Ru(dmpe),(OCHO),] 19.4

trans-[Ru(dmpe),H(OCHO))] 19.2
cis-[Ru(dmpe),H,] 26.6 (23.8)
trans-|[Ru(dmpe),H,] 17.7 (15.1)
cis-[Ru(dmpe),H(OCHO)] 26.4
trans-|[Ru(dmpe),H(OCHO))] 254

substitution of
hydride by formate
H, insertion

tions, and H, insertion is the rate-limiting step. Since the
“formate ion”-like species are more prominently recogniza-
ble at the transition states, the stability of “formate ion” in
the vicinity of “Ru*™” or “Ru(n’-H,)*” may influence the
height of the activation barriers. This hypothesis is support-
ed by the positive charges on H(2) in Table 2 at the transi-
tion states (TSgy, TSy.19) for the trans route, which indicate
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that electrons flowed into the formate part to stabilize it as
the ion. The binding energy of the formate group to the Ru
center of some Ru complexes with different ligands, taking
Ru™* and formate ion as reference, showed a “low binding
energy/high activity” relation.®! Therefore, we can attribute
the origin of the activation barriers to the ionic interaction
strength of the formate unit with the Ru center.

Note that formed formic acid can easily react with the cat-
alytic dihydride complex via dihydrogen-bonding interaction
(11), and the original formate species are regenerated. A
similar interconversion of CO,/H, and formic acid has been
reported via dihydrogen bonding and n*-H, complexes, ]
and therefore the reversibility of this reaction path is not
surprising. Table 2 also indicates that the reaction of formic
acid with RuH, (i.e., the substitution of hydride by formate)
occurs more easily than H, insertion into the formate com-
plexes. This has important implications in the catalytic pro-
cess. In practice, base is added to form a complex product
with formic acid and remove it from the catalyst, but the ap-
plication of amine-like bases make the process less practical
for formic acid production. One possibility to avoid using
such a base is to use a more polar solvent in which formic
acid can dissolve. However, in general H, is much less solu-
ble in polar solvents,* and therefore the required high H,
partial pressure cannot be realized. A breakthrough may be
realized not only by catalyst design, for example, by engi-
neering and fine-tuning of the ligands, but more promisingly
by design of the whole catalytic system, such as a binary or
ternary phase catalytic system satisfying the prerequisite of
high H, concentration near the catalyst, or a continuous re-
action, ideally in supercritical CO, because of the high solu-
bility of H, in that medium, with immobilized catalysts at a
higher temperature so that formic acid can be desorbed
without base.

Furthermore, we observed greater amounts of trans com-
plexes under high H, pressure in the presence of some CO,
(Figures 2 and 5). The equilibrium shift towards trans is
much faster than the reported cis—trans isomerization of the
dihydride complex.®! This fact may be related to the exclu-
sive observation of the frans formate complex after reaction
of formic acid with RuH,. When the cis and trans dihydro-
gen-bonded complexes are formed, the resulting formic acid
can react backwards with the hydride. The equilibrium is
suggested to be very fast and expected to shift towards trans
on reaction with formic acid. The configurational change to
trans likely takes place under reaction conditions. The abun-
dance of trans complexes under high H, pressure also sup-
ports that the reaction proceeds preferably via the trans
route.

Conclusion
Combined high-pressure spectroscopic and theoretical inves-
tigations have shed light on the detailed reaction and inter-

action mechanisms during CO, hydrogenation with [Ru-
(dmpe),H,]. Feasible reaction pathways were suggested by
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DFT calculations by connecting the species identified by
high-pressure IR and NMR studies as being relevant to
actual catalytic conditions. The theoretically suggested path-
ways and energetic stability of the complexes fully support
the experimental observations. Several new aspects of the
reaction mechanisms are clarified. The Ru—H bond of the
dihydride complex is nearly broken when CO, interacts with
the hydride. Facile CO, insertion and the formation of for-
mate complexes then take place in a concerted fashion of
two events: Ru—H bond breaking and Ru—O bond forma-
tion. Apparently, the insertion step can be viewed as the
outcome of rotating “formate ion” near the Ru center. In-
sertion of H, into the formate complexes occurs when the
formate group, seemingly present as “formate ion”, is far
from the Ru center. This step is assigned as the rate-limiting
step, and this explains the experimentally observed rate de-
pendence on H, pressure. The fact that the dihydrogen-
bonded complex between formic acid and the dihydride
complex could only be observed under high H, pressure
supports the assignment. Insertion of H, occurs via Ru(n*
H,) complexes. An NBO analysis clarified that the complex
is relatively stable due to “synergistic H, coordination”, and
the apparent formate ion interacts weakly with the molecu-
lar hydrogen coordinated to the Ru center. The stability of
formate ion near Ru* or Ru(n*H,)* seems to play a key
role in the activation process. Furthermore, formic acid
easily reacts with the dihydride complex to form only trans
formate complex and H,. The high reactivity likely origi-
nates from the stronger dihydrogen bonding and the lower
energetic barrier via the trans route, as well as the stability
of the trans formate complex. This step must be carefully
considered in designing the actual catalytic system, that is,
how should formic acid be extracted from the vicinity of the
catalytically active complex. Finally, the frans route shows
lower activation barriers for all the reaction steps and is
likely the dominant pathway of the reaction.

Experimental Section

Materials and synthesis: All reactions and manipulations involving hy-
dride complexes and 1,2-bis(dimethylphosphino)ethane (dmpe, >98%,
ABCR) were performed under argon atmosphere by employing standard
Schlenk techniques. Toluene (> 99.7 %, Fluka) was freshly distilled from
sodium/benzophenone under argon prior to use. The dmpe ligand, [(Ru-
(PPh;);Cl] (>99%, ABCR), and deuterated toluene (>99.6 %, Euriso-
top) were used as received. [Ru(dmpe),Cl,] was prepared according to
the literature™ from [Ru(PPh,),Cl,] (6.33 g, 6.60 mmol) and 1,2-bis(di-
methylphosphino)ethane (2.0 g, 13.3 mmol) to give [Ru(dmpe),CL]
(2.78 g, > 88%) as a pale yellow solid. Approximately 5 g of freshly cut
sodium metal was added in small pieces to a solution of [Ru(dmpe),Cl,]
(0.21 g, 0.527 mmol) in dry toluene (30 mL). The mixture was stirred
moderately at 313 K, while the reaction vessel was kept inert by a con-
stant slow argon flow (>99.999 %, PanGas). Through a septum, a syringe
needle was inserted into the solution and hydrogen gas (>99.999 %,
PanGas) was bubbled through the solution at a constant slow flow rate.
This setup was maintained for 60 h while the color of the solution
changed from yellow to dark, slightly purple, translucent. To avoid exces-
sive loss of solvent through evaporation, a reflux condenser was attached
to the outlet of the vessel. The toluene solution of [Ru(dmpe),H,] was
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then removed by a syringe with a filter to remove the dark precipitate,
and an almost colorless, yellowish, clear solution was obtained. All subse-
quent manipulations and spectroscopic experiments were performed rap-
idly and without exposing the solution to air. This whole procedure was
repeated before each spectroscopic measurement. CO, (>99.9993 %,
Linde AG) and formic acid (>99 %, Acros Organics) were used to inves-
tigate the reactions with [Ru(dmpe),H,]. Safety note: The NMR and IR
experiments involving elevated pressure require special diligence and ap-
propriate high-pressure equipment, particularly while working with hy-
drogen gas. For the high-pressure NMR experiments, purpose-built sap-
phire NMR tubes were used, accompanied by a safety metal container
during filling the tube.

Spectroscopic methods: The NMR measurements were performed on a
Bruker DRX-400 spectrometer; 'H, °C, and *'P chemical shifts were ref-
erenced to TMS and 85% H;PO,, respectively. For high gas pressures up
to 10MPa, sapphire NMR tubes (¢ 10 mm) were used.”>> The spectra
were analyzed by WINNMR and fitted using NMRICMA 2.8 (nonlinear
least-squares iterative fitting application for MATLABPY),

High-pressure IR spectra were obtained by using a home-made batch cell
located in a Bruker IFS-66 spectrometer equipped with a liquid-nitrogen-
cooled MCT detector with the capability of both transmission and ATR
IR measurements up to 200 bar, as well as monitoring sample phases
within the cell.™ A ZnSe crystal was used as the internal reflection ele-
ment. The angle of incidence and the number of active reflections were
60° and 3, respectively. IR spectra were recorded at 1 cm™' resolution.

Computational methods: Geometry optimization, single-point energy,
and harmonic vibrational frequency calculations were performed with
the B3PW91 hybrid functional®®*” using Gaussian03.”*! A 6-311G(d,p)
basis set was applied for all the atoms except Ru. For Ru, the LanL2DZ
effective core potential (ECP) basis set was used. The ECP replaces the
core electrons of Ru up to 3d and the valence electrons are described by
a (341/321/31) basis set.’”) Each transition state was identified with one
imaginary frequency and the corresponding normal mode connecting the
reaction pathway. Basis set superposition error (BSSE) was corrected by
counterpoise approximation!® when necessary. All calculations were per-
formed as an isolated gas-phase molecule or complex without solvent ef-
fects. IR spectra are shown as the sum of Lorentzian lines taking the cal-
culated IR intensity of a normal mode as the height at each frequency.
Bonding properties were characterized by natural bond orbital (NBO)
analysis.”*¥) Important bond lengths, bond angles, natural bond orders,
natural charges, and natural electron configurations are given in the Sup-
porting Information.
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