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Abstract: Ruthenium-catalyzed hydrogenation of carbon dioxide to formic acid was theoretically investigated
with DFT and MP4(SDQ) methods, where a real catalyst, cis-Ru(H)z(PMes)s, was employed in calculations
and compared with a model catalyst, cis-Ru(H).(PHs)s. Significant differences between the real and model
systems are observed in CO, insertion into the Ru(ll)—H bond, isomerization of a ruthenium(ll) »*-formate
intermediate, and metathesis of the 5!-formate intermediate with a dihydrogen molecule. All these reactions
more easily occur in the real system than in the model system. The differences are interpreted in terms
that PMes is more donating than PH3 and the trans-influence of PMejs is stronger than that of PHs. The
rate-determining step is the CO, insertion into the Ru(ll)—H bond. Its AG°* value is 16.8 (6.8) kcal/mol,
where the value without parentheses is calculated with the MP4(SDQ) method and that in parentheses is
calculated with the DFT method. Because this insertion is considerably endothermic, the coordination of
the dihydrogen molecule with the ruthenium(ll)-»*-formate intermediate must necessarily occur to suppress
the deinsertion. This means that the reaction rate increases with increase in the pressure of dihydrogen
molecule, which is consistent with the experimental results. Solvent effects were investigated with the DPCM
method. The activation barrier and reaction energy of the CO, insertion reaction moderately decrease in
the order gas phase > n-heptane > THF, while the activation barrier of the metathesis considerably increases
in the order gas phase < n-heptane < THF. Thus, a polar solvent should be used because the insertion

reaction is the rate-determining step.

Introduction
Hydrogenation of carbon dioxide is one of the important and

attractive subjects of research in recent transition-metal chem-

istry, catalytic chemistry, and organometallic chemistihis
reaction was very previously carried out by Inoue and his
collaborators in 1978while the turnover numbers reported were
very small. In 1992 to 1994, several important studies were
reportec? 8 to our understanding. Tsai and Nicholas carried out
the hydrogenation of carbon dioxide with [Rh(NBD)(PXa&)]-

BF; (NBD = norbornadiene They spectroscopically observed

(1) (a) Braunstein, P.; Matt, D.; Nobel, ©hem. Re. 1988 88, 747. (b) Behr,
A. Angew. Chem., Int. Ed. Endl988 27, 661. (c) Jessop, P. G.; Ikariya,
T.; Noyori, R.Chem. Re. 1995 95, 259. (d) Darensbourg, D. J.; Holtcamp,
M. W. Coord. Chem. Re 1996 153 155. (e) Walther, D.; Rubens, M.;
Rau, S.Coord. Chem. Re 1999 182 67.

(2) Inoue, Y.; Izumida, H.; Sasaki, S.; Hashimoto, Ghem. Lett1976 863.
Sasaki, S.; Inoue, Y.; Hashimoto, Bl.Chem. Soc., Chem. CommA76
605.

(3) Tsai, J. C.; Nicholas, K. HI. Am. Chem. S0d.992 114, 5117.

(4) (a) Graf, E.; Leitner, WJ. Chem. Soc., Chem. Commua®92 623. (b)
Burgemeister, T.; Kasmer, F.; Leitner, \Wngew. Chem., Int. Ed. Engl.
1993 32, 739. (c) Gassner, F.; Leitner, W. Chem. Soc., Chem. Commun.
1993 1465.

(5) (a) Hutschka, F.; Dedieu, A.; Eichberger, M.; Fornika, R.; ReitnerJW.
Am. Chem. Sodl997, 119, 4432. (b) Hutschka, F.; Dedieu, A. Chem.
Soc., Dalton Trans1997, 1899.

(6) (a) Jessop, P. G.; lkariya, T.; Noyori, R.Nature 1994 368 231. (b)
Jessop, P. G.; Hsiao, Y.; Ikariya, T.; Noyori, R.Am. Chem. S0d.994
116 8851. (c) Jessop, P. G.; Ikariya, T.; Noyori, R.Am. Chem. Soc.
1996 118 344.

10.1021/ja043697n CCC: $30.25 © 2005 American Chemical Society

rhodium(lll) hydride and rhodium(lll) formate complexes such
as [Rh(H}(PMe&Ph)(S)]BFs (S= H20 or THF), [Rh(H)(PMe-
Ph)(172-O.CH)]BF4, and [Rh(H)(S)Y(PM&Ph)-n(57-0,CH)|BF,

in the reaction solution. Based on their observation, they
proposed that the hydrogenation reaction took place through
insertion of carbon dioxide into the Rh(ItHH bond followed

by reductive elimination of formic acid and oxidative addition
of dihydrogen molecule to the Rh(l) center. Leitner and his
collaborators succeeded in the hydrogenation of carbon dioxide
with a rhodium(l) hydride complex, Rh(H)(diphegdiphos=
1,2-bis(diphenylphosphino)ethane or 1,3-bis(diphenylphosphi-
no)propane), as a catalystn this reaction, a slightly different
reaction mechanism was theoretically proposed by Hutschka et
al..> which consisted of insertion of carbon dioxide into the Rh-
()—H bond followed by metathesis of the rhodiumff}formate
complex with a dihydrogen molecule. Jessop, lkariya, and
Noyori also succeeded in the ruthenium(ll)-catalyzed hydroge-
nation of carbon dioxidé This catalytic reaction is of particular
importance because of the extremely high turnover numbers.
From theoretical study, Musashi and Sakaki reported that this
reaction took place through insertion of carbon dioxide into the
Ru(l)—H bond and isomerization of a ruthenium(-formate
intermediate followed by metathesis of the rutheniumgh
formate intermediate with dihydrogen molecule, as shown in

J. AM. CHEM. SOC. 2005, 127, 4021—4032 = 4021
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Scheme ¥.The same authors also reported that the rhodium-
(lln-catalyzed hydrogenation of carbon dioxide took place via
the insertion of carbon dioxide into the Rh(HH bond
followed by the reductive elimination of formic acidas
experimentally proposetlFrom these results of theoretical
studies>’? it is likely to consider that the reaction mechanism
of transition-metal-catalyzed hydrogenation of carbon dioxide

L=PMe;,

frequency and that the geometry changes induced by the imaginary
frequency accorded with the reaction course (see Supporting Information
Table S1 for geometries of intermediates and transition states). Energy
and population changes were calculated with the DFT and MP2 to MP4-
(SDQ) methods. Solvation effects were evaluated with the DPCM
method*?

Two kinds of basis set systems were used. The smaller system (BS-
1) was employed in geometry optimization. In this BS-I system, core
electrons of Ru (up to 3d) and P (up to 2p) were replaced with effective
core potentials (ECPs), where (341/321/31) and (21/21/1) basis sets
were employed for valence electrons of*Rand P45 respectively.
A 6-311G basis set augmented with a p-polarization function was
employed for the hydride ligand, the dihydrogen molecule, and the H
atom of formate, where a usual 6-31G basis set was employed for the
other H atomd® For C and O, usual 6-31G(d) basis sets were
employedt’” The better basis set system (BS-1l) was employed in
evaluation of energy and population changes. In the BS-Il system, a
(541/541/211/1) basis set was used to represent valence electrons of
Ru 8 where the same ECPs as those of BS-I were employed for its
core electrons. For C, O, and H, the 6-31G(d) basis sets were used,

has been Clgarly e_Iucidated. Hoyvever, there remain_ important,yniie the usual 6-31G(d) basis sets were employed for the Me group
issues to be investigated theoretically. One of them is the rate-of pMme,. For P, the same basis set and ECPs as those of B@re

determining step in the ruthenium(ll)-catalyzed hydrogenation

used.

of carbon dioxide. The dependence of the reaction rate on the  As will be shown below, the ruthenium(il) dihydride complex and

pressure of dihydrogen molecBilguggests that the dihydrogen

ruthenium(ll) *-formate complex form adducts with carbon dioxide

molecule participates in the rate-determining step. However, the and the dihydrogen molecule, respectively, in the catalytic cycle. In

theoretical study previously reported that the rate-determining
step was the insertion of carbon dioxide into the RufH)
bond? This seeming discrepancy should be investigated in detail,

because the difference in rate-determining step suggests thé&nr9y:

possibility that the theoretical study did not present correct
results of the reaction mechanism. The next is solvent effects;
although previous theoretical studies were carried out without
consideration of solvent effects, the polarity of solvent is
expected to influence the insertion of carbon dioxide into the
metal-hydride bond and the metathesis of the mgtafermate
intermediate with dihydrogen molecule because their transition
states are polarized. Also, not a real catatysiRu(Hp(PMes3)3

but a model catalystis-Ru(H)(PHs)z was employed in the
previous theoretical work&8 It is likely to consider that the
computational results with a model system deviate from the
correct features.

In this work, we theoretically investigated the ruthenium(ll)-
catalyzed hydrogenation of carbon dioxide into formic acid,
where the real catalystis-Ru(H»(PMes)s, was employed in
calculations and solvent effects were taken into consideration.
Comparison betweetis-Ru(H»(PMe;); and the PHanalogue
provides us the knowledge of ligand effects in this catalytic
reaction because RHs considered a model of a weakly
electron-donating ligand such as phosphite but gisla typical

such processes, entropy effects should be taken into consideration. We
evaluated entropy in two ways. In one way, translation, rotation, and
vibration movements were considered to evaluate entropy and thermal
where all substrates were treated as ideal gas. The DFT/BS-I
method was adopted to calculate vibration frequencies without a scaling
factor. In the other way, vibration movements were considered in
evaluation of entropy but neither translation movements nor rotation
ones were considered, since this reaction was carried out in supercritical
carbon dioxide solvent in which the translation and rotation movements
are considerably suppressed, compared to those in ideal gas. The free
energy change estimated in this way is namés|° hereafter. In the
former estimation way, entropy significantly decreases when two
molecules form an adduct, as expected. In the latter estimation way,
on the other hand, entropy change is small, as will be discussed below.
The former method apparently overestimates the entropy change and
the thermal energy change of solution reaction, because translation and
rotation movements are highly suppressed in solution. On the other
hand, the latter one underestimates the entropy change and the thermal
energy change because translation and rotation movements are not
completely frozen in solution. A true value of free energy change would
be intermediate between thes° value evaluated by the former method
and theAG,° value by the latter one. Because this ambiguity remains
in the estimation of entropy change and thermal energy change, we

(9) Sakaki, S.; Musashi, Y. InCatalysis by Metal Complexes Vol. 25,
Computational Modeling of Homogeneous CatalySlaseras, F., Lledos,
A., Eds.; Kluwer Academic Publishers: Dordrecht, 2002; p 79.

donating ligand. Our purposes here are to present detailed(10) (a) Becke, A. DPhys. Re. A, 1988 38, 3098. (b) Becke, A. DJ. Chem.

knowledge of each elementary process, ligand effects, and iy,

Phys.1983 98, 5648.
Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

solvent effects and to provide theoretical answers about the rate{12) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem Phys 1981, 55, 117. (b)

determining step and the pressure effects of the dihydrogen
molecule. We wish to report the conclusive discussion on these "

issues.

Computations

Geometries were optimized with the DFT method, where the B3LYP
functional was used for the exchange-correlation t&¥thWe ascer-
tained that each optimized transition state exhibited one imaginary

(7) Musashi, Y.; Sakaki, SI. Am. Chem. So@00Q 122, 3867.
(8) Musashi, Y.; Sakaki, SI. Am. Chem. So@002 124, 7588.
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Pascual-Ahuir, J. L.; Silla, E.; Tomasi, J.; Bonaccorsiy RComput. Chem.
1987, 8, 778. (c) Floris, F.; Tomasi, J. Comput. Cheml989 10, 616.
(d) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(14) Wadt, W. R.; Hay, P. I1. Chem. Phys1985 82, 284.

(15) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Giem. Phys.
Lett. 1993 208, 237.

(16) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.A hem Phys 1980
72, 650.

(17) Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem Phys 1972 56, 2257.
(18) Couty, M.; Hall, M. B.J. Comput. Chenil996 17, 1359.
(19) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hivarth, A.; Jonas,

V.; Kéhler, K. F.; Stegmann, P.; Veldkamp, A.; Frenking,@em. Phys.
Lett. 1993 208 111.
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Figure 1. Geometry changes by the insertion of carbon dioxide into the Rufllpond ofcis-Ru(H)(PMe;); (two PMe; ligands in front of and behind the

Ru center are omitted in all the figures to show clearly the geometry changes by the reaction). Bond length in angstrom and bond angle in degree. In

parentheses is imaginary frequency of each transition state. ArroWS,iry and

will discuss each elementary step with the usual potential energy
changes and then discuss it with the free energy changes evaluated b
these two ways.

Gaussian 98 program package was used for these calculdtions.

TSs-4 represent geometry changes involved in each imaginary frequency.

Population analysis was carried out with the method of Weinhold et (A) HOMOs of Ru(H),(PMe;); (left) and Ru(H)»(PMe;);(CO») (right)

al?! A contour map of molecular orbitals was drawn with the
MOLEKEL program packagé

Results and Discussion

Insertion of Carbon Dioxide into the Ru(ll) —H Bond:
Carbon dioxide approaches the empty coordination sitgsf
Ru(Hx(PMe&)s 1, to afford a reactant complexis-Ru(H)-
(PMe&3)3(COy) 2, as shown in Figure 1, in which two PMe
ligands exist in front of and behind the Ru center, respectively,
but they are omitted for brevity in all figures. B) the Ru—O
and C-O distances are 2.657 and 2.776 A, respectively, and
the OCO angle slightly decreases by abduffiese geometrical
features indicate that carbon dioxide weakly interacts with the
Ru center. Starting fror2, carbon dioxide further approaches
the Ru center through the transition stdi8,—3, to afford an
intermediatecis-Ru(H)(PMes)3(172-CO;) 3. Carbon dioxide has
not been inserted into the RUftH bond in3, because the €H
distance between the H ligand and carbon dioxide is still very
long (2.309 A) in3. Thus,3 is characterized as a ruthenium(ll)
complex of carbon dioxide. Actually, the geometrical features
of 3 agree well with those of the usual transition-metal carbon
dioxide complexes with a2-coordination structuré®-2¢ for
instance, the OCO angle considerably decreases t0, 1i4d

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Cliford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J..A5aussian 98Gaussian Inc.: Pittsburgh,
PA, 1998.

(21) Reed, A. E; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 849 and
references therein.

(22) Flikiger, P.; Lithi, H. P.; Portann, S.; Weber,MOLEKEL, v.4.3; Scientific
Computing: Manno, Switzerland, 2062002. Portman, S.; lthi, H. P.
CHIMIA 200Q 54, 766.

§

(B) Agostic interaction between the C-H bond of formate and d,; orbital of Ru

Figure 2. Several important orbitals iois-Ru(H)(PMe;)3(CO,) and Ru-
(H)(7-OCOH)(PMe); (two PMe ligands in front of and behind the Ru
center are omitted in all the figures to show clearly the geometry changes
by the reaction). The wave function surface with the value of 0.05e is plotted.

C=0 double bond that coordinates with the Ru center somewhat
lengthens to 1.247 A by 0.08 A, and the RG distance is
considerably shorter than the RO® distance in3. These
geometrical features are easily interpreted in terms of the charge-
transfer (CT) interaction between the* orbital of carbon
dioxide and the doubly occupied drbital of the Ru center, as
follows: Because the Ru(ll) atom takes &alectron config-
uration in3, the d; orbital mainly contributes to the HOMO of
cis-Ru(H)(PMe;)3, which overlaps well with ther* orbital of
CO, in a bonding way, as shown in Figure 2A. This CT
interaction increases the electron population of/therbital,
which lengthens the €0 bond and decreases the-G—0O
angle. The shorter RuC bond than the RtO bond results
from the fact that the p orbital of the C atom contributes more
to thes* orbital of CO, than does that of the O atom.

The next step is the insertion of carbon dioxide into the Ru-
(I—H bond, which takes place through the transition state

(23) Aresta, M.; Nobile, F.; Albano, V. G.; Formni, E.; ManasseroJMChem.
Soc., Chem. Commuh975 636.

(24) Bristow, G. S.; Hitchcock, P. B.; Lappert, M. B. Chem. Soc., Chem.
Commun1981 1145.

(25) Alvarez, R.; Carmona, E.; Marin, J. M.; Poveda, M. L.; Gutierrez-Puebla,
E.; Monge, A.J. Am. Chem. Sod.986 108 2286.

(26) (a) Sakaki, S. InStereochemistry of Organometallic and Inorganic
Compounds, Vol. 4, Stereochemical Control, Bonding and Steric Re-
arrangementsBernal, |., Ed.; Elsevier: Amsterdam, 1990; p 95. (b) Sakaki,
S.; Kitaura, K.; Morokuma, Kilnorg. Chem.1982 21, 760.
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Table 1. Energy Changes?@ by the Interaction of Carbon Dioxide
with the Ru Center and the Insertion of Carbon Dioxide into the
Ru(ll)—H Bond of cis-Ru(H)2(PMej3)s, the Coordination of
Dihydrogen Molecule with Ru(H)(11-OCOH)(PMe3)s 5,
Isomerization of the 5*-formate Moiety in

Table 2. Comparison of Computational Methods in the
Coordination of Carbon Dioxide with the Ru Center and the
Insertion of Carbon Dioxide into the Ru(ll)—H Bond of Model
System, cis-Ru(H)2(PHs)s

Ru(H)(5-OCOH)(PMes)s(H), and the Metathesis of the AE(L=3) E3—4p
nl-Formate Complex with Dihydrogen Molecule (keal/mol) (keal/mol)
DFT MP2 MP3 MP4DQ)  MP4(SDQ) ’\DA';E —3%-}17 zi'g
Coordination of CQwith the Ru Center MP3 106 45
AE(1—2) —-3.2 —-17.7 —12.8 —15.2 —16.5 MP4(D) —257 17.2
E4(2—3) -0.2 -3.3 —0.9 -1.9 —-2.4 MP4(DQ) —229 16.3
AE(2—3) -7.4 —325 —-9.7 —20.9 —-215 MP4(SDQ) —25.0 15.7
Insertion of CQ into the Ru(ll)-H Bond CCSD —16.7 8.9
Eo(3—4) 7.2 26.6 5.9 18.5 17.6 CCsD(T) —23.4 11.6
AE(3—4) 4.6 324 0.7 18.1 17.9
| N f theyl-F Moi a AE(1—3) is the stabilization energy &relative tol, where a negative
somerization of they-Formate Moiety value means tha8 is more stable tharl. ® E, represents the energy
Eo(4—5) 18 5.2 03 2.2 3.2 difference betwee and TS3—4.
AE(4—5) 1.4 6.1 0.4 2.5 3.8
AE(G-6) Cigfgi”ation ;{';'W“h thzeflu Ce”tefzg57 280 reliabiliies of DFT and MP4(SDQ) methods, the CCSD(T)
R ' . ' o ' method was applied to the insertion of carbon dioxide into the
EL6—7) 'SS";%"Zat'O’lgféhe’ 'F(i’g‘?te MO'E“I’ 'éﬁ 13 Ru(ll)—H bond of the model systeris-Ru(H),(PHs)s, because
AaE(eﬁn 58 31 59 25 26 the real system is too large for us to perform the CCSD(T)

Metathesis of they’-Formate Complex with Dihydrogen Molecule
EA(7—8) 55 7.9 11.3 9.5 9.0
AE(7—8) 5.1 8.4 12.4 8.5 8.7

akcal/mol unit. The BS-Il system was used for these calculations.

TSs-4 to afford a ruthenium(ll);*-formate intermediate, Ru-
(H)(#*-OCOH)(PM@)3 4. In TS3_4, the H ligand is approaching
the C atom of carbon dioxide, and the-@ distance consider-
ably shortens to 1.591 A. The Rid distance moderately
lengthens to 1.685 A, while the OCO angle changes little, In
the C—H bond distance (1.245 A) of formate is somewhat longer
than the usual €H bond (1.130 A) of formic acid by about
0.1 A. These rather long-€H and rather short RuH distances
suggest that a bonding interaction still exists between the Ru
center and the €H bond like the agostic interaction. Certainly,
the 1s orbital of the H atom overlaps well with the unoccupied
d, orbital of the Ru center, as shown in Figure 2B. The H atomic
population is smaller than that of the usual H atom of formate,
as will be discussed below. Besidggshere is the other isomer
of the ruthenium(lly;*-formate intermediatg, which is formed
from 4 through the transition stat€S;—s. In TSs—s, the n-
formate moiety rotates counterclockwise, which weakens the
agostic interaction between the-€l bond and the Ru center.
The intermediat® is coordinatively unsaturated, in which the
C—H bond does not interact with the Ru center and #fe
formate moiety coordinates well with the Ru center; as a result,
the Ru-0O and C-H distances (2.243 and 1.130 A, respectively)
are considerably shorter than thosedof

Energy changes by the insertion reaction were evaluated with
the DFT and MP2 to MP4(SDQ) methods, as listed in Table 1.
The MP4(SDQ) method presents considerably larger stabiliza-
tion energy by coordination of carbon dioxid&E(1—2) and
AE(2—3), and considerably larger activation barriey3—4)
and reaction energhE(3—4) of the CQ insertion than does

calculation. The geometries of the model system were taken to
be the same as those of the real system, where thregg PMe
ligands were replaced with three Pkjands. As shown in Table

2, the DFT method presents much smaller reaction energy
AE(1—3) and activation barrier E&{>4) than does the CCSD-
(T) method, while the MP4(SDQ) method presents similar
reaction energ\AE(1—3) to that of the CCSD(T) method and
moderately larger activation barrié;(3—4) than that of the
CCSD(T) method. These results suggest that the MP4(SDQ)
method seems better than the DFT method in the present
catalytic reaction. In this work, we will discuss the results based
on both DFT and MP4(SDQ) methods.

The DFT and MP4(SDQ) calculated energy changes with
correction of zero-point energy and free energy changes are
shown in Figure 3A and B, respectively. Apparently, the
activation barrier going t8 from 2 disappears in both the DFT/
BS-lIl and MP4(SDQ)/BS-Il calculatior®. Thus, the CQ
complex 2 is not important, and the coordination of carbon
dioxide with the Ru center directly affords The free energy
change AG,°) with only the contribution of vibration move-
ments is—37.1 (~9.0) kcal/mol, which is somewhat smaller
than the change iAE, where the value without parentheses is
the MP4(SDQ) calculated one and that in parentheses is the
DFT calculated one, hereafter. The free energy chax@gin
gas phase is-28.9 (—0.8) kcal/mol. This value is much smaller
than theAG,° value, because the addugts formed from1
and CQ in this coordination process. In the @sertion into
the Ru(ll}-H bond, the activation barrier is 16.1 (5.6) kcal/
mol, and the activation free energy changes are 16.7 (6.2) and
16.7 (6.1) kcal/mol forAG,** and AG°*, respectively. These
results clearly indicate that the insertion reaction takes place
with moderate activation energy. However, the reverse de-
insertion reaction of carbon dioxide more easily takes place with
a smaller activation barrier than does the insertion because the
insertion is considerably endothermic. This means that the next

the DFT method, while these two methods present similar step must proceed easily to complete the catalytic cycle; if not,
energy changes in the other elementary processes. Althoughhe deinsertion of carbon dioxide takes place easily. The next
these values somewhat fluctuate around MP2 and MP3 levels

of theory, they fluctuate less upon going to MP4(SDQ) from (27) Although the geometry optimization by the DFT/BS-I method yielded the
MP3, and the MP4(SDQ) calculated values are intermediate weak CQ complex?2, the DFT/BS-I calculation indicated th&teasily

. converts to3 with nearly no barrier. The small discrepancy between the
between the MP2 and MP3 calculated values. To examine the DFT/BS-I and DFT/BS-II calculations is not important.
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Figure 3. Potential energy change (a) and free energy change (b, c) (kcal/mol unit) along the catalytic cycle. (a) Potential energy change with correction
of zero-point energy. (b) In thAG® value, contributions of translation, rotation, and vibration movements are considered. (cN@/healue, contributions
of vibration movements are considered, while those of translation and rotation movements are neglected.

step is the isomerization frodhto 5. However, this isomeriza- Metathesis of the Ruthenium(ll)-p*-formate Intermediate,
tion is endothermic and cannot suppress the deinsertion; noteRu(H)(n*-OCOH)(PMes)s 5, with Dihydrogen Molecule: The
that the intermediat® is slightly less stable tha#. Thus, the next step is coordination of the dihydrogen molecule with the
coordination of the dihydrogen molecule should occur to Ru center ob followed by the metathesis of the ruthenium(ll)
suppress the deinsertion of carbon dioxide, as will be discussed;!-formate intermediate with the dihydrogen molecule. Dihy-
below in detail. Although the considerable differences in energy drogen molecule easily coordinates with the Ru centes tf
change are observed between the DFT and MP4(SDQ) methodsafford a ruthenium(ll) complex of dihydrogen molecule, Ru-
both methods clearly show that the dihydrogen molecule must (H)(7*-OCOH)(PMe)3(H,) 6, as shown in Figure 4, because
coordinate with the Ru center to suppress the deinsertion, aspossesses an empty coordination sité, lthe distances between
shown in Figure 3. the Ru center and two H atoms of dihydrogen molecule are
It should be noted that carbon dioxide is inserted into the 1.738 and 1.710 A, and the +H distance (0.879 A) is
Ru(I)—H bond ofcis-Ru(H)(PMe)s with a moderately smaller ~ considerably longer than the equilibrium distance (0.744 A by
activation barrier (7.2 kcal/mol) than that (9.5 kcal/mol) of the the DFT/BS-I calculation). These geometrical features indicate
insertion reaction |m|s.Ru(H)2(PH3)3, where the activation that the dihydrogen molecule Strongly coordinates with the Ru
barriers calculated with the DFT method are given without center, as will be shown below by the large stabilization energy.
correction of the zero-point energy because the DFT method However, the metathesis cannot take place directly fiom
was used in the previous wofkn other words, the donating  because any hydrogen atom of the dihydrogen molecule cannot
PMe; ligand is more favorable for the insertion of carbon dioxide approach the O atom of formate due to the unfavorable
into the Ru(Ily-H bond than the Pglligand. The reason will conformation of the formate moie#f.Thus,6 must isomerize
be discussed below in detail. to 7 in which one of the oxygen atoms of formate takes a
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Figure 4. Geometry changes by the isomerization of the rutheniumftiimate complex, Ru(H)t-OCOH)(PMe);, and the metathesis of Ru(hjj¢
OCOH)(PMe); with the dihydrogen molecule (two PMdigands in front of and behind the Ru center are omitted in all the figures to show clearly the
geometry changes by the reaction). Bond length in angstrom and bond angle in degree. In parentheses is imaginary frequency of the transitersstate. Ar
in TSg—7 and TS7—g represent geometry changes involved in each imaginary frequency.

position near to the dihydrogen molecule (see Figure 4). In charge in7, but it is neutral in8 in a formal sense. As a result,
TSs-7, the formate moiety is almost perpendicular to the thegn!-formate ligand much more strongly coordinates with the
O—Ru—(Hy) plane. From7, the H—H bond breaking occurs  Ru center in7 than does formic acid i8, which leads to the
through the transition stat€S;—s, to afford a ruthenium(ll) longer Ru-O! distance in8 than in7.

complex of formic acid, Ru(H{HCOOH)(PMe)s 8. In TSy, Now, we wish to discuss the energy changes along these
the H atom is moving from the Matom to the O atom of the processes. As suggested from the geomets, tfie coordina-
formate moiety; see Figure 4 for°Hand H. The Ru-H¢ tion of the dihydrogen molecule induces considerably large
distance con_5|derably _shortens_to 1.717 A, and the position of stabilization energy. Although significantly large differences
the H’ atom is almost intermediate between O arfldtoms.  pepween the DFT and MP4(SDQ) methods are not observed in

This geometry offS;g is essentially the same as that of the  gnergy changes of metathesis, the DFT method underestimates
heterolytic C-H o-bongj activation of benzeng by the palladlgm- the stabilization energy by the coordination of the dihydrogen
(In) —formate comple?@. In 8, the O—H bond distance of formic 1, 1ac e with the Ru center, compared with the MP4(SDQ)
acid is 1.048 A, which is considerably longer than the usual \oipoq. as listed in Table 1. The stabilization energy converges
O—H bond distance (0.973 A) of free formic acid. Consistent to ca. 28 kcal/mol upon going to MP4(SDQ) from MP3
with this long O_.H bo_nd distance, theq—_|—Hﬁ distance (1'3.68 Considering these results and the stabilization energy by the
A) between formic acid and the®Higand is rather short, which coordination of carbon dioxide with (see above), the MP4-

;\r;vdlca;tes that SO.“]S b(cj).ndlng m(;ebralctlonTshtlII eX|ts)ts Ze(;\.Nteen these(SDQ) method seems better than the DFT method in evaluating
0 atoms, as Will b€ dISCUSSEec DEIOW. ond aIstance w6 - stabilization energy by the coordination of dihydrogen

IS 2.394 A, \.Nh'Ch Is considerably longer than thaﬂofl’_hls IS molecule. However, both DFT and MP4(SDQ) methods lead

interpreted in terms of the change of formate to formic acid, as . . . .
. o 1o to the same conclusion about the reaction mechanism, as will

follows: The formate anion irY possesses the-€D! single be shown below

bond and the &0? double bond in a formal sense, because o L

the C—O! bond is much longer than the-€?2 bond. Thus, the As shown in Figure 35 undergoes the coordination of

O! atom, which is more negatively charged than tfea@®m, dihydrogen molecule with significanFIy large free energy

coordinates with the Ru center i In 8, on the other hand, ~ decrease; the free energy chang&(°) with only the contribu-

the C—0! bond becomes a double bond and the@ bond tion of vibration movements is-21.0 (~14.3) kcal/mol, and
becomes a single bond because the H atom is bound with thethe usual free energy changs®) is —12.3 (-5.6) kcal/mol.
02 atom. In other words, the ‘Oatom possesses1 formal It should be noted that th&G° value is considerably negative

even in the gas phase. As discussed above, the stabilization of

(28) Froms, the metathesis with the dihydrogen molecule can take place through 5 js necessary to suppress the deinsertion of carbon dioxide,
the four-center transition state. However, our previous theoretical study . . . .
indicated that the six-center transition state is much lower in energy than D€cause the deinsertion more easily occurs with a smaller

the four-center transition state in the metathesis of the rutheniumill)- activation barrier than does the insertion (vide supra). If the
formate complex with the dihydrogen molectl&hus, it is likely to . . ..
consider that the metathesis takes place through the six-center transitionconcentration of dinydrogen molecule was not sufficiently large,

state if the isomerization & easily takes place with a moderate activation 5 ~qyld not easily undergo the coordination of the dihydrogen
barrier.

(29) Biswas, B.; Sugimoto, M.; Sakaki, ®rganometallic200q 19, 3895. molecule, and as a result, the deinsertion took place. Therefore,
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(C) Exchange repulsion between d; orbital of Ru and lone pair orbital ofn'-[‘omale
the cataly.tic reactior) .is suppres;ed when the dihydrogen ngnint?z?éﬁgg{]asﬁggzs n the Free Energy Changes of
molecule is not sufficiently supplied. This means that the
reaction rate depends on the pressure of the dihydrogen -
molecule, as reported experimenteiy. AG

gas phase n-heptane THF
AGS AG* AGS AG* AGS

The next step is the isomerization of the rutheniumgh- - L6 . goz Coirgi”ation o8 15 107
formate intermediate froré to 7. The DFT/BS-Il and MP2 to . e o e : e
_ ; S ati ; CO; Insertion
MP4(SDQ)/BS-1l methods present a negative activation barrier, 4 6.2 45 =4 34 53 ”s

probably because of some artificial error. However, it is

reasonably concluded that this isomerization easily occurs with , __ 'sor;egizaﬂo” og';mmateli”OR”(Hﬂ'g(;OH)(POMf)Z 02

nearly no barrier. The nearly no activation barrier is not ' o i ' ' '
- . e Coordination of Dihydrogen Molecule

surprising because this isomerization takes place through the 5_. ¢ 143 120 —16.4

rotation of the formate moiety about the-©* bond, as shown Isomerization of Formate in Ru(HJ-zOCOH)(PMa)s(H2)

in Scheme 2A. Finally, the HH bond breaking takes place g—_7 21 13 -1.9 —49 0.2 -

with the E, value of 7.2 (4.7) kcal/mol and th&G°* andAG,°* Metathesis with Heterolytic HH Bond Activation

values of 7.0 (4.7) kcal/mol. Because th&@nd AG°* values 7—8 47 5.8 6.3 8.5 7.4 10.0

are smaller than those of the insertion reaction in both DFT _ _
and MP4(SDQ) calculations, it should be concluded that the aAGV°IVa'“§f (in kTthmC;R are onv'qed here. The DFT/BS-Il method
insertion of carbon dioxide into the Ru(ftH bond is the rate- was employed fo evaluate fne glecironic energy-

determlnlné;hstep. | hole Catalvtic Cvel 4 Sol solvent effects by THF were investigated to present some
Energy Changes along Whole Catalytic Cycle and Solvent information about the use of polar solvent. Interestingly, the

Effects: Here, we wish to summarize the energy changes along 4 iyation barrier of the metathesis considerably increases in
the catalytic _cycle. Apparent_ly, th_e MP4(SDQ) method prpwd_es the order gas phase n-heptane< THF, as shown in Table 3,
the substantially larger stabilization energy by the coordination while the activation barrier and the reaction energy of the CO

of carbon dioxidg 1~ 3) and .dihydroger_\ molecule&>(— 6) ... _insertion moderately decrease in the order gas phasbeptane
and the substantially larger activation barrier and endothermicity _ 1 30

of the CQ insertion .GH 5) than does the DFT method, Wh'le It is worthy of investigation to clarify the reason that the
the energy changeis. in the other elemen_tary steps are not dlfferenf‘netathesis T—8) becomes difficult in polar solvent. This is
very much. Despite the above-mentioned differences, both easily interpreted in terms th@tconsists of the anionic formate

metk:jqu .shova col;nmgn f%atur_es ;1” eRnergy chgnges;h 1) ,theand the positively charged Ru moieties Budonsists of neutral
coordination of carbon dioxide with the Ru center is exothermic, formic acid and the neutral Ru moieties in a formal sense; in

(2) the |nsertlon of cqrbqn dioxide into thg RuHi bO”‘,’ other words, the highly polar species converts to the less polar
followed by the |som§r|zat|0n (_)f théiformqte IS endothermm,_ species in the metathesis. Thus, the polar solvent is not favorable
.(3) the rate-determining step s the |nser_t|on_ of Ca”?"” dioxide for the metathesis. It is also interesting that the activation barrier
into the Ru(ll-H bond, and (4) the coordination of dihydrogen of the CQ insertion into the Ru(IF-H bond moderately
molecule is considerably exothermic enough to suppress thedecreases in the order gas phase-heptane> THF, while
deinsertion. '
Solvent effects were evaluated with the DPCM metkod,  (30) The energy changes by the DFT method indicate that the rate-determining
where n-heptane was selected because super critical carbon step becomes the metathesisnimeptane and THF, while those by the

.. . . . MP4(SDQ) method indicate that the rate-determining step is the CO
dioxide is considered to be similar to normal alkane. Also, insertion inn-heptane and THF.
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the reaction energieAE(3—4) and AE(4—5) decrease in the
order gas phase n-heptane> THF to a greater extent than
doesE4(3—4). This is interpreted in terms that the transition
stateTSz—4 is similar to the intermediat®; actually, the dipole
moments of3 and TS;—4 are 6.47 and 6.27 D, as shown in
Scheme 3. In other words, the rutheniumg#carbon dioxide
complex 3 contains the considerably strong CT interaction
between thetr* orbital of CO, and the d orbital of Ru, the
strength of which is similar to that of the polariz8®;-4.3!
Upon going to4 from TS;3—4, the dipole moment considerably

to Pt(PR),,32 it is worthwhile to discuss here the differences in
the CQ insertion reaction between the PMand PH com-
plexes. The differences are summarized as follows. (1) The
ruthenium(ll) complex of carbon dioxid8 exists as an
intermediate in the PMesystem, while it did not exist in the
PH; systent. (2) Then-OCOH moiety takes a position trans
to PH; in Ru(H)(@-OCOH)(PH)3, while it is at a position trans

to the H(hydride) ligand in Ru(Hyt-OCOH)(PMe)s. And, (3)

the insertion reaction takes place with the moderately smaller
activation barrier in the PMesystem than in the PHsystem.

increases, because the charge transfer becomes considerably Electron populations are useful to find reasons of these
strong in4. As a result, polar solvent such as THF decreases differences. The electron population of carbon dioxide consider-

the reaction energhE(3—4) to a greater extent thef,(3—4)
(see Table 3). Upon going tb from 4, the dipole moment
further increases, and therefore, polar solvent decréagesb)

and AE(4—5). This is because the anionié-formate takes a
position more distant from the positively charged Ru center in
5 than in4. Considering these solvent effects, the polar solvent
facilitates the CQ@insertion reaction.

Population Changes and Electronic Process in the Inser-
tion Reaction and Their Differences between the PMg
Complex and the PH; Analogue: Although significant differ-
ences in reaction behavior between Ridied PH have not been
reported in the transition-metal complexes of dihydrogen
moleculé? and the oxidative addition of dihydrogen molecule

(31) Electron populations little change upon going fr8rto TS;-4, as shown
in Figure 5. Thus, no factor that slightly decreases the dipole moment in
TSs-4 is found in electron population changes.

(32) Eckert, J.; Kubas, G. J.; Hall, J. H.; Hay, J.; Boyle, C.MAm. Chem.
So0c.199Q 112 2324.
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ably increases upon going &from 1, as shown in Figure 5A.
The increase in electron population of carbon dioxide is in
general observed in the coordination of carbon dioxide with
the transition-metal complex, because the charge transfer from
the metal center to carbon dioxide mainly contributes to the
coordinate bond of carbon dioxide with the metal ceftdn

3, the r* orbital of carbon dioxide overlaps well with the,d
orbital of the Ru center, as discussed above and in Figure 2A.
This s-back-donation is stronger icis-Ru(H):(PMe;)3(COy)

than in the PHanalogue, because Plfis more donating than
PHs, as shown by their lone pair orbital energies; the lone pair
orbital of PMg is at —8.91 (—6.00) eV and that of Pklis at
—10.54 7.57) eV, where the values without parentheses are
Hartree-Fock orbital energies and in parentheses are Kohn
Sham orbital energies. As a resutis-Ru(H)(PMe;)3(CO,)

(33) Matsubara, T.; Maseras, F.; Koga, N.; MorokumaJ]KPhys. Chenl 996
100, 2503.
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exists as a stable intermediate but the;RHalogue does not.
However, the Ru atomic population decreases little3jn
unexpectedly, while the electron populations of the H and £Me
ligands decrease B Because the €H distance is very long,
the direct interaction between the H ligand and carbon dioxide
is not formed. It is likely to consider that the charge transfer
from the Ru center to carbon dioxide occurs and the Ru center
is supplied the electron density by the H and RMeands. Sy (+18.4)a.0) Sub (0.0)2)

In the insertion reaction, the electron population of carbon (A) Two isomers of Ru(H)(T] -OCOH)(PH3);
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Ru center and PMg decrease, as shown in Figure 5B. These

population changes clearly show that the charge-transfer from

Ru(H)(PMes)s to carbon dioxide significantly occurs in the
insertion reaction, as reported previou¥lyBecause PMge

possesses its lone pair orbital at a higher energy than that of

PHs (see above), the PMeomplex is more favorable for this
charge-transfer than the RBidomplex, as follows: (1) The H
atomic population is 1.172e icissRu(H(PMes); and 1.115e

in cissRu(H);(PMej3)s. (2) The molecular orbitap(H1s), which
mainly consists of the 1s orbital of the H ligand, participates in
the charge transfer to carbon dioxide. Thié.¢ orbital is at
—8.61 (—5.82) eV incis-Ru(H)(PMe;3); but at—9.44 (—6.76)

eV in cissRu(H)(PHs)s, where the values without parentheses
are Hartree-Fock orbital energies (HF/BS-Il) and those in
parentheses are Koht®Sham orbital energies (DFT/BS-II). And,
(3) the Ru(ll-H bond is weaker irtis-Ru(H)(PMej3)3 than in
cissRu(H)x(PHs)s, because of the stronger trans influence of
PMe; than that of PH; actually, the Ru(I}-H bond (1.661A)

is considerably longer inis-Ru(H)(PMes)s than that (1.641A)

in cisRu(H)(PHs)s. From all these factors, carbon dioxide is
more easily inserted into the RuH bond in cissRu(H)-
(PMe3)3 than in cis-Ru(H):(PHs)s. We wish to mention here
that the H atomic population changes little upon going4o
from 3, unexpectedly, despite the charge transfer from Rg(H)
(PMes); to carbon dioxide. This result is interpreted in terms
that the H ligand is supplied electron density by the Ru center
and PMe?2.

The difference in geometry between Ru(hfHOCOH)-
(PMe3); and the PH analogue is also understood in terms of
the trans influence of PMeand PH. Because the H ligand
exhibits much stronger trans influence thansPtHe -OCOH
moiety tends to avoid the position trans to the H ligand. As a
result, then!-OCOH moiety takes a position trans to P
Ru(H)(#*-OCOH)(PH)3 54b (see Figure 6A). This structure is
considerably more stable than the other &peby 18.4 kcal/
mol in which they'-OCOH moiety is at a position trans to the
H ligand (Figure 6A). Becaus®, is much less stable thdb,
not 5y but54b is easily formed by the insertion reaction in the
PH; system unlike that in the PMesystem, as reported
previously? On the other hand, Ru(H)-OCOH)(PMeg); 5 is
moderately less stable than the other struc&lyewhere the
n*-OCOH moiety is at a position trans to the H(hydride) ligand
in 5and at a position trans to PNlm 5b (see Figure 6B). This
is because PMeexhibits a much stronger trans influence than
PHs, and the trans influence is not very much different between
hydride and PMgligands. As a result, the insertion reaction of

(34) (a) Sakaki, S.; Ohkubo, Ynorg. Chem 1989 28, 2583. (b) Sakaki, S
Ohkubo, Y.Inorg. Chem 1987 27, 2020. (c) Sakaki, S.; Ohkubo, Y.
Organometallics1989 8, 2970. (d) Sakaki, S.; Musashi, ¥.Chem Soc,
Dalton Trans.1994 3047. (e) Sakaki, S.; Musashi, Morg. Chem 1995
34, 1914. (f) Sakaki, S.; Musashi, Ynt. J. Quant Chem 1996 57, 481.
(g) Musashi, Y.; Sakaki, S1. Chem Soc, Dalton Trans.1998 577.
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Figure 6. Geometries of two isomers of Ru(H}¢OCOH)(PH)s, Ru(H)-
(7*-OCOH)(PMe)s, and Ru(H){*-OCOH)(PH)s(H2). Bond length in
angstrom and bond angle in degree. (a) In parentheses are the relative energy
(in kcal/mol) calculated with the DFT/BS-Il method. (B) converts to

54b during the geometry optimizatioBy is an assumed structure in which

the P-Ru—0O angle was taken to be 90.qc) Two PMe ligands in front

of and behind the Ru center are omitted in all the figures to show clearly
the geometry changes by the reaction.

7' (0.0)2)

carbon dioxide yield$; note that the position change of carbon
dioxide must necessarily occur to affoith, which needs an
additional activation barrier because carbon dioxide must move
across the doubly occupied, arbital of Ru to afford5b.
Moreover, the intermediatéb does not easily undergo the
metathesis with the dihydrogen molecule, as will be discussed
below, wherea%b is slightly more stable thaB. Thus,5b is

not important in the catalytic cycle.

At the end of this section, we wish to discuss the bonding
interaction between formate and the Ru centet imhich was
mentioned above. The H atomic population of free formate is
1.105e but decreases to 0.986d ifsee Supporting Information
Figure S1). This small H atomic population4nindicates that
the 1s orbital of the H atom interacts with the unoccupigd d
orbital of the Ru center.

Population Changes by Coordination of Dihydrogen
Molecule with the Ru Center and Their Differences between
PMes and PH; Systems:Although the ruthenium(ily!-formate
intermediates possesses an empty coordination site at a position
trans to PMg the PH analogue possesses such an empty
coordination site at a position trans to the H ligand. Thus, the
ruthenium complex of the dihydrogen molecule takes a different
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Figure 7. Population changes by the coordination of dihydrogen molecule  rjgre 8. Population changes by the metathesis of the ruthenium(ll)-
with the Ru center followed by the isomerization of the rutheniumgt)- formate complex, Ru(H)-OCOH)(PMe)s, with dihydrogen molecule. The

formate complex Ru(H)(-OCOH)(PMe)s. The positive value represents  positive value represents the increase in electron population, and vice versa.
the increase in electron population, and vice versa.

As mentioned above, the isomerization of the ruthenium(ll)
ni-formate intermediate occurs with a considerably large
activation barrier (8.5 kcal/mol) in the RHsystem but with
nearly no barrier 2.6 kcal/mol) in the PMgsystem, where
the activation barrier in parentheses are calculated with the DFT/
BS-1l method. This is because the isomerization occurs in a
different manner between PMand PH systems. In the PMe
system, the isomerization @& occurs via the rotation of the
formate moiety about the G0 bond (Scheme 2A). Such
isomerization does not need a large activation barrier, because
the Ru#n'-OCOH bond is little weakened by the rotation. On
the other hand, the isomerization of the Fdystem occurs in
a different way, as shown in Scheme 2B. In the transition state,
the lone pair orbital of theg*-formate anion deviates from the
direction toward the Ru center. Thus, this geometry gives rise
to the Ru-O bond weakening and the exchange repulsion
between the doubly occupied drbital of Ru and the lone pair
orbital of formate, as shown in Scheme 2C. As a result, the

larger than that (7.6 kcal/mol) of the Ridystem, where these activation barrier of the isomerization becomes large in the PH
energies were evaluated with the DFT/BS-Il method and the SYStém-

zero-point energy was not added. This is because the dihydrogen In the metathesis, the Hatomic population considerably
molecule takes a position trans to the H ligand in the fdtem  decreases, while the “Hatomic population considerably in-

but at a position trans to PMén the PMe system. Because creases, as shown in Figure 8. These population changes clearly
the deinsertion is suppressed by coordination of dihydrogen show that the metathesis occurs via the heterolytid+bond
molecule with the Ru center, the Pi&ystem is more favorable ~ breaking in which the Flatom becomes a proton and thé H

for the suppression of the deinsertion than the By$tem. This ~ atom becomes a hydride. Also, the! @tomic population
means that the PMesystem is better than the Bldystem for considerably decreases, because the formate anion changes into

geometry between PMand PH systems; in the PMesystem,
the dihydrogen molecule is at a position trans to BMéile it
is at a position trans to the H ligand in the Ps{stem. As a
result, the new H ligand is formed at a position trans to PMe
in the PMg system, while it is formed at a position trans to the
H ligand in the PH system. The difference in geometry of the
ruthenium(ll) '-formate intermediate leads to differences in
the coordination of the dihydrogen molecule and the metathesis
between PMgand PH systems, as will be discussed below.
As shown in Figure 7, the electron population of dihydrogen
molecule decreases and those of Ru and $lerease in the
coordination of the dihydrogen molecule with the Ru center,
where PMg? is at a position trans to the dihydrogen molecule.
These results indicate that dihydrogen molecule induces the
charge transfer from the dihydrogen molecule to the Ru center,
to suppress the charge transfer from BMe the Ru center.
The stabilization energy by the coordination of dihydrogen
molecule is 16.1 kcal/mol in the PMsystem, which is much

this catalytic reaction. formic acid and the ®atom becomes neutral in formic acid in
Population Changes and Electronic Process in the Isomer- ~ a formal sense. The electron population of Ru increases upon
ization of the Ruthenium(ll) -Formate Intermediate Fol- going to8 from 7, probably because the®Hhydride) ligand,

lowed by the Metathesis with Dihydrogen Molecule, and which is formed at a position trans to PMaeupplies electron
Their Differences between the PMg Complex and the PH; density to the Ru center. This*Higand suppresses the electron
Analogue: Interesting differences between the PMad PH donation of PMgto the Ru center, which leads to an increase
systems are observed in the isomerization of the ruthenium(ll) in the electron population of PMeln 8, the H* and H atomic
n-formate intermediate and the metathesis with the dihydrogen populations are 1.182e and 0.534e, respectively. This result
molecule, as follows: (1) The isomerization of the ruthenium- indicates that the electrostatic stabilization interaction exists
(1) n*-formate more easily occurs in the PMgystem than in between the positively charged’Hitom and the negatively
the PH system. (2) The geometry changes in the metathesis charged 14 atom. The M atomic population is somewhat larger
are different between these two systems. And, (3) the metathesighan that of free formic acid. This electron population suggests
takes place with a smaller activation barrier in the BBlestem that the charge transfer occurs from theligand to the LUMO
than in the PH system. of formic acid in8; actually, the LUMO of formic acid mainly
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Figure 9. Potential energy changes by the IRC calculation of metathesis starting7ftor® and the assumed geometry changes of the metathesis starting
from 7' to 8'. (a) The DFT/BS-II calculation (in kcal/mol). (b) Reaction coordinate from IRC calculation. See Figure7@&fa7'. In the reaction fronv’

to 8, the position of H andz'-formate moiety are exchanged to each other in the IRC calculation of the metathesisti@nTwo PMe ligands in front

of and behind the Ru center are omitted in all the figures to show clearly the geometry changes by the reaction.

consists of the 1s orbital of /Hand extends toward H(see Scheme 4

Supporting Information Figure S3).

The metathesis of Ru(H)I-OCOH)(PMe)s 7 with dihydro- A
gen molecule occurs with a smaller activation barrier in the MesP (%J + & —» MesP(
PMe; system than thate, = 8.2 kcal/mol) in the Pklsystem.
This is interpreted in terms of the trans influence of the H and o Ru p,
PMe; ligands, as follows: In the metathesis of theF&yistem,
the H(hydride) ligand is formed at a position trans to the important is that the reverse reacti@r7') occurs with nearly
H(hydride) ligand. This structure is unfavorable because two no barrier. On the other hand, the metathesis easily proceeds
hydride ligands are at positions trans to each other; rememberfrom 7 to 8 with a moderate activation barrier (see line A of
that the hydride ligand exhibits strong trans influence. In the Figure 9). These results clearly indicate that the metathesis can
metathesis of the PMesystem, on the other hand, it is formed occur only when the dihydrogen molecule is at a position trans

Q Q

at a position trans to PMeThus, the metathesis of the PMe
system more easily occurs than that of the;RBlistem.

to PMes. In the PH system, on the other hand, the metathesis
can take place even when the dihydrogen molecule is at a

It should be investigated here whether the metathesis takesposition trans to the H ligand lik&, as reported previouskf.

place in the PMgsystem when it starts frofb, becaus®b is
moderately more stable thdhand the metathesis takes place
from the similar intermediatgyb in the PH system (see Figure

6 for 5, 5b, 54, and5yb). First, two isomersq{ and7') of Ru-
(H)(#*-OCOH)(PMe)3(H>) were optimized, as shown in Figure
6C, where the dihydrogen molecule is at a position trans tosPMe
in 7 but at a position trans to the H ligand T (see Figures 6
and 9 for7 and7'). These two isomers are in similar energy to
each other (see Figure 9). Then, we tried to optintiaeas-Ru-
(H)(PMes3)2(HCOOH) 8, in which formic acid is at a position
trans to PMe. This is the product of metathesis starting from
7'. However,8' returns to7' during the geometry optimization
of 8. Thus, we performed IRC calculation of the metathesis
starting from7 to 8, as shown in Figure 9 (line A), and then

This difference between PMand PH systems is interpreted
as follows: Because the lone pair orbital of PMe at higher
energy than that of PHPMe; pushes up thedorbital of Ru

in energy to a greater extent than doessPAks a result, the
d.—p, Mixing takes place in the PMsystem to a greater extent
than in the PH system. This gp, mixing strengthens one
Ru—H bond but weakens the other RH bond, as shown in
Scheme 4. Consequently, one H ligand tends to dissociate from
the Ru center ii®' to form dihydrogen molecule; in other words,
8 easily returns ta'. In the PH system, such g-p, mixing
does not take place effectively because thebital of Ru is
at considerably low energy in the Ridystem. Thus8' is not
stable, and the metathesis cannot take place fam8' in the
PMe; system unlike the metathesis in the £$ystem.

calculated the energy changes along the geometry changes in From these results, it is concluded tisi and 7' are not

which the positions of KHland7'-OCOH are exchanged with

important in the catalytic cycle of the PMeystem bub is an

each other, as shown in Figure 9 (line B). The latter geometry important intermediate which undergoes easily the coordination
changes are considered the reasonable model of the metathesisf the dihydrogen molecule to affofiland that the isomerization

starting from7' to 8'. Apparently, the metathesis starting from
7' is considerably endothermic (see the line B of Figure 9). More

of thep*-formate moiety followed by the metathesis easily takes
place starting fron6 through7 in the PMg system.
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Conclusions dioxide into the Ru(I-H bond, the coordination of dihydrogen
Reaction mechanism of hydrogenation of carbon dioxide to molecule with the Ru center, the isomerization of the ruthenium-

formic acid catalyzed bgis-Ru(H)(PMey)s was theoretically (1) 7*-formate intermediate, and the metathesis.

investigated with the DFT and MP4(SDQ) methods. This  Solvent effects were also investigated with the DPCM
reaction takes place through the insertion of carbon dioxide into method. Interestingly, a nonpolar solvent facilitates the metath-
the Ru(ll}-H bond, the coordination of the dihydrogen molecule €sis, while a polar solvent facilitates the insertion of carbon
to the ruthenium(lly;X-formate intermediate, the isomerization dioxide into the Ru(ll}-H bond. Thus, the use of polar solvent
of the ruthenium(lly*-formate intermediate, and the metathesis is recommended for this catalytic reaction because the insertion
of the ruthenium(ly;X-formate intermediate with the dihydrogen reaction is the rate-determining step.

molecule. The rate-determining step is the insertion of carbon  |n conclusion, the experimental results are reasonably inter-
dioxide into the Ru(ll)-H bond. Although this is not consistent  preted theoretically, and the conclusive discussion of the reaction
with the experimental results seemingly, the coordination of mechanism and each elementary step are presented here. We
dihydrogen molecule with the ruthenium(if}-formate inter-  \yish to present the prediction that the strongly donating ligand
mediate5 necessarily takes place after the insertion reaction, gnd the polar solvent would improve the efficiency of this
to suppress the deinsertion. Thus, the reaction rate increasegaalytic reaction. Of course, the present study does not explain
with an increase in the pressure of the dihydrogen molecule, o the experimental results of ruthenium-catalyzed hydrogena-
which is consistent with the experimental results. tion of carbon dioxide; for instance, interesting experimental

In the PM% system, the rqthemum(llh carbon dioxide results of the effects of bidentate phosphine ligarahd the
complex exists as an intermediate, unlike the;Bystem. Also, 5. cejeration by water and alcoPt35have not been theoreti-

the rUtthert])Iut\Tv(“) npform:tFe) |ntertmed|ja_tet;al;es a dlﬁ?rent cally investigated here. In particular, the effects of additives
geometry between PMand PH systems; in the former system, such as water and alcohol are of considerable importance,

1 . . o
the fmm"#? takes a pos!non trans to the H Ilg_and, \.Nh"e i because of the possibilities that these additives lower the
takes a position trans to Bth the latter one. The insertion of . . . o

activation barrier of the conversion of carbon dioxide to formate,

carbon dioxide into the Ru()H bond occurs with a somewhat . . :
L oo . as experimentalf/ and theoretically suggestééiThese issues
smaller activation barrier in the PNsystem than that in the . . . .
should be theoretically investigated in near future.

PHs system. These results are clearly interpreted in terms of
the much stronger donation ability and trans influence of PMe
than those of P

The isomerization of the ruthenium(i)'-formate intermedi-
ate takes place with a much smaller activation barrier in the
PMe; system than in the Pbsystem. This is because thyé-
formate intermediate of the PMesystem takes a different
geometry from that of the PHsystem due to the stronger trans
influence of PMeg than that of PH Also, the metathesis more
easily proceeds in the PMe&ystem than in the PHsystem,
because of the different geometries of the rutheniumgh)
formate intermediate. Thus, it is concluded that the use of &  ghhorting Information Available: Cartesian coordinates of

gonatlng Ir:ga(rjld IS reclpmmde?dglq for t?}'s catalytic rfeactlk())n important species including transition states. Electron distribu-
ecause the donating ligand facilitates the insertion of carbon o i Ri,(H);-OCOH)(PMe)s 4 and ts fragments, electron
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