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Abstract: The title reaction was theoretically investigated, where cis-[RhHy(PHz)3]" and cis-[RhH2(PH3),-
(H20)]" were adopted as models of the catalyst. The first step of the catalytic cycle is the CO; insertion
into the Rh(Ill)—H bond, of which the activation barrier (E,) is 47.2 and 28.4 kcal/mol in cis-[RhHz(PHs)s]*
and cis-[RhH;(PHz3)2(H20)]", respectively, where DFT(B3LYP)-calculated E, values (kcal/mol unit) are given
hereafter. These results indicate that an active species is not cis-[RhH(PH3)s]* but cis-[RhH,(PH3)2(H20)]*.
After the CO; insertion, two reaction courses are possible. In one course, the reaction proceeds through
isomerization (E, = 2.8) of [RhH(5*- OCOH)(PHs)2(H20),]", five-centered H—OCOH reductive elimination
(Ea = 2.7), and oxidative addition of H, to [Rh(PHs)2(H20).]" (Ea = 5.8). In the other one, the reaction
proceeds through isomerization of [RhH(11-OCOH)(PH3).(H.0)(H2)]* (Ea = 5.9) and six-centered o-bond
metathesis of [RhH(17*-OCOH)(PHs)2(H.0)]* with H, (no barrier). RhH(PHs),-catalyzed hydrogenation of
CO, proceeds through CO, insertion (E, = 1.6) and either the isomerization of Rh(*-OCOH)(PH3)>(H>)
(Ea = 6.1) followed by the six-centered o-bond metathesis (E. = 0.3) or H, oxidative addition to Rh(*-
OCOH)(PHg), (Ea = 7.3) followed by isomerization of RhH(7*-OCOH)(PHs), (Ex = 6.2) and the five-centered
H—OCOH reductive elimination (E. = 1.9). From these results and our previous results of RuHz(PH3)a-
catalyzed hydrogenation of CO, (J. Am. Chem. Soc. 2000, 122, 3867), detailed discussion is presented

concerning differences among Rh(lll), Rh(l), and Ru(ll) complexes.

1. Introduction

Carbon dioxide (C@) is an abundant, nontoxic, and inex-
pensive feedstock. To utilize GChowever, we need to convert
CO, into more reactive compounds. The transition metal-
catalyzed hydrogenation of GGnto formic acid is attractive
CO, conversion reactiofr;® because formic acid is one of raw
materials in organic transformations. This reaction is catalyzed
by transition metal complexes such as TiE[WH(CO)s] ~,”
Pd(dppe) (dppe= 1,2-bis(diphenylphosphino)etharfe?dC-
(PPh)2,2 RhH(P—P), (P—P = PhP(CHy)PPh),0 [RhH(PMe>-

T Kumamoto University.
* Kyushu University.
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Ph)(Sol)|BF, (Sol = solvent molecule}! RuHx(PPh)4,8 and
RuHx(PMe;)4.12 In the hydrogenation of COinto formic acid
with [Rh(nbd)(PMePh)]BF, (nbd = norbornadiene)! a cat-
ionic rhodium(lll) dihydride complex, [Rhi{PMe&Ph)(Sol)]*

(Sol = THF or HO), and rhodium(lll) formate hydride
complexes, [RhH{-OCOH)(PMePh)(Sol)]* and [RhHg?-
O.CH)(PMePh)(Sol)—] ™ (n= 2 or 3), were spectroscopically
detected. From these results, the catalytic cycle shown in Scheme
1 was proposed! which consists of C@insertion into the
Rh(Ill)—H bond of the rhodium(lll) dihydride complex to yield

a rhodium(lll) formate hydride complex, reductive elimination
of formic acid from the rhodium(lll) formate hydride complex
to yield a rhodium(l) complex, and oxidative addition of
molecular dihydrogen to the rhodium(l) complex to regenerate
the rhodium(lil) dihydride comple¥! In the hydrogenation of
CO, into formic acid with RhH(dppp) (dppp= 1,3-bis-
(diphenylphosphino)propane), however, a slightly different
reaction mechanism was theoretically propoSeas shown in

(11) Tsai, J.-C.; Nicholas, K. MJ. Am. Chem. S0d.992 114, 5117.

(12) (a) Jessop, P. G.; Ikariya, T.; Noyori, Rature1994 368 231. (b) Jessop,
P. G.; Ikariya, T.; Noyori, RSciencel995 269, 1065. (c) Jessop, P. G
Hsiao, Y.; Ikariya, T.; Noyori, RJ. Am. Chem. S0d.996 118 344.

(13) (a) Hutschka, F.; Dedieu, A.; Eichberger, M.; Fornika, R.; Leitner JW.
Am. Chem. Socd997 119 4432. (b) Hutschka, F.; Dedieu, A. Chem.
Soc., Dalton Trans1997, 1899.
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Scheme 1 Chart 1
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Scheme 2 o gen (eq 3), and oxidative addition of molecular dihydrogen to
N\ [Rh(PH;)2(L)n(HCOOH)I" (eq 4), where L is either P+or HO.
/Rh*H We examined here both three-centered transition state (TS) and
HCOOH P Insertion of CO, five-centered TS in the reductive elimination of formic acid and
€0, both four-centered TS and six-centered one in thbond
metathesis, as shown in Chart 1. This is because all these TS
structures are considered possible. In particular, the six-centered
R R o-bond metathesis is worthy of investigation, because the six-
| H, centered H splitting assisted by a ligand was proposed by
P—~Rh—O0.___0O y Rh—0_ o ) P ; .
\ vl / c” Darensbourg et al.Morris et al.1¢ Crabtree et alt’ and Milet
p H P H et all® Our purposes here are (1) to elucidate the reaction

o-Bond Metathesis with H,

Scheme 2, in which C@is inserted into the Rh(jH bond of
RhH(PR). followed by o-bond metathesis of a rhodium(l)
formate complex, Ri-OCOH)(PR),, with molecular dihy-
drogen. The release of HCOOH from RhH#HCOOH),
which is the final step of hydrogenation of GOwas also
investigated with the DFT-SCRF meth&tRecently, Jessop,
Ikariya, and Noyori reported that RufPMes), (X = H and
Cl) and RuClg*-OCOCH;)(PMey), effciently catalyzed hydro-
genation of CQ into formic acid in supercritical CE'2¢ We
theoretically investigated this ruthenium(ll)-catalyzed hydro-
genation of CQ into formic acid and found that this reaction
proceeded through CQinsertion into the Ru(ll-H bond
followed by six-centered-bond metathesis of a ruthenium(ll)
formate hydride complex with molecular dihydrogén.

It is considerably interesting to make comparisons among

rhodium(l), rhodium(lll), and ruthenium(ll) complexes in
hydrogenation of C@into formic acid, since they are different

in d electron number and oxidation state, as follows: Rhodium-

(1) takes a @ electron configuration with-1 formal oxidation
state, rhodium(lll) takes a®celectron configuration with+3
formal oxidation state, and ruthenium(ll) takes @edectron
configuration with+2 formal oxidation state. Their d orbitals
would be different in energy, which would lead to significant
differences in catalysis for the hydrogenation of LO

In this work, we theoretically investigated all the possible
elementary steps in the Rh(lll)-catalyzed £Rydrogenation
reaction, such as insertion of G@to the Rh(Ill}-H bond (eq
1), H-OCOH reductive elimination from the rhodium(lIl)
formate hydride complex (eq 2)3-bond metathesis of the
rhodium(lll) formate hydride complex with molecular dihydro-

(14) Pomelli, C. S.; Tomasi, J.; Sol®l. Organometallics1998 17, 3164.
(15) Musashi, Y.; Sakaki, SI. Am. Chem. SoQ00Q 122 3867.

mechanism of rhodium(lil)-catalyzed hydrogenation of@@o
formic acid, (2) to clarify the rate-determining step in the
catalytic cycle, and (3) to compare the rhodium(lll)-catalyzed
CO;, hydrogenation reaction with rhodium(l)- and ruthenium-
(I)-catalyzed CQ hydrogenation reactions. Our intentions here
are to present a deep understanding of the rhodium(lll)-catalyzed
hydrogenation of C®into formic acid, to specify differences

in catalytic cycles among rhodium(lil), rhodium(l), and ruthe-
nium(ll) catalysts, and to clarify the reasons for the differences.

cis-[RhH,(PH,),(L)] " + CO, —
cis-[RhH(-OCOH)(PH),(L)] " (1)

cis-[RhH@*-OCOH)(PH),(L) ] " —
[Rh(PH,),(L) (HCOOH)I" (2)

cis-[RhH@7*-OCOH)(PH),(L)] * + H,—
cis-[RhH,(PH,),(L)(HCOOH)I" (3)

[Rh(PH,),(L) (HCOOH)[" + H, —
cis-[RhH,(PH,),(L) (HCOOH)I" (4)

(L =PH;orH,0;n=10r2)

2. Model of the Catalyst and Computations

[RhH2(PHs)2(L)2] T (L = PHs or H,0) was adopted here as a model
of an active species, considering that Tsai and Nichbtietectectis-
[RhH(PMePh)(Sol)-n] ™ (Sol = THF or H,0) in the CQ hydrogena-

(16) (a) Park, S.; Ramachandran, R.; Lough, A. J.; Morris, Rl.l:hem. Soc.,
Chem. Communl994 2201. (b) Lough, A. J.; Park, S.; Ramachandran,
R.; Morris, R. H.J. Am. Chem. S0d.994 116, 8356.
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(A) CO; insertion into the Rh-H bond of cis-{RhHy(PH;),1*
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Figure 1. Geometry changes in the insertion of €i@to the Rh(llly-H bond ofcis-[RhHx(PHs)»(L)2]* (L = PHs or H,0). Bond distances are in A, and
bond angles are in deg. In parentheses are the energy differences from the recistfRitsio(PHs)2(L)2] - + CO, (kcal/mol unit; the DFT(B3LYP)/BS-II//
DFT(B3LYP)/BS-I calculation).

tion reaction with [Rh(nbd)(PM&h)]*. We employed Pklas a model of important elementary steps were also evaluated by the DFT/BS-II

of dimethylphenylphosphine (PMeh) and HO as a model of solvent ~ method with BLYP?? BP862° and BPW9%° functionals, MP4(SDQ)/

because the hydrogenation reaction was carried out in dry THF and BS-Il, and CCSD(T)/BS-Il methods. In the MP4(SDQ) and CCSD(T)

wet THF (0.4% HO) solutionst® calculations, core orbitals were excluded from an active space. In
The density functional theory (DF¥was used here with the BSLYP ~ CCSD(T) calculations, contribution of triple excitations was taken into

functional for exchange correlation tef?2Geometries were optimized  consideration noniteratively with the CCSD wave functiérThe

with the following basis set system (BS-1): Core electrons of P (up to Gaussian 98 program was used in these calculatfons.

2p) and Rh (up to 3d) were replaced with effective core potentials

(ECPs), and their valence electrons were represented with (21/21/1)3 Results and Discussion

and (311/311/211) sets, respectiv&ly*MIDI-4 setg®> were employed

for C and O, and a (4s)/[2s] $étwas used for H. A d-polarization

functior?®> was added to C and O, and a p-polarization funéfievas

added to the active hydrogen atom that was hydride and the H atom of

formate. All the transition states were ascertained by vibrational

frequency calculation with the DFT/BS-I method. Energy changes were

calculated with the DFT method, where geometries were taken to be

3.1. Geometry and Energy Changes in the C@Insertion
into the Rh(lll) —H Bond. Geometry changes in Gnsertion
into the Rh(ll)=H bond of [Rh(PHs)2(L)2]" (L = PHs or
H0) are shown in Figure 1. In [RhPH)4]*, one PH ligand
must dissociate from the Rh center to make a vacant site for

the same as DFT/BS-l-optimized ones and a better basis set systenfoO coordination. The resultant complex, [RERHs)s] ¥, 1a,

(BS-Il) was employed. In BS-Il, a (541/541/2%1}%et was employed
for Rh with the same ECPs as those in the BSMIDI-4 set® was
used for P, where a d-polarization function was act¥debr C and O,
(9s 5p 1d)/[3s 2p 1d] sefswere used with a p-diffuse functidh For
the active H atom, a (5s 1p)/[3s 1p]¥atas employed. Energy changes

(17) (a) Lee, J. C., Jr.; Rheingold, A. L.; Muller, B.; Pregosin, P. S.; Crabtree,
R. H.J. Chem. Soc., Chem. Comm@f94 1021. (b) Lee, J. C., Jr.; Peris,
E.; Rheingold, A. L.; Crabtree, R. H. Am. Chem. S0d994 116, 11014,

(c) Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A. L.;
Koetzle, T. F.Acc. Chem. Red.996 29, 348.
(18) (a) Milet, A.; Dedieu, A.; Kapteijn, G.; Koten, G. vdnorg. Chem1997,
36, 3223. (b) Milet, A.; Dedieu, A.; Canty, A. Drganometallics1997,
16, 5331.

(19) Musashi, Y.; Sakaki, SI. Chem. Soc., Dalton Tran$998 577.

(20) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and Molectlles
Oxford University Press: New York, 1989.

(21) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ. Chem.
Phys.1993 98, 1372. (c) Becke, A. DJ. Chem. Phys1993 98, 5648.

(22) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

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

(24) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284.

(25) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.; Sakai,
Y.; Tatewaki, H. Gaussian Basis Sets for Molecular Calculatipns
Elsevier: Amsterdam, 1984.

(26) Dunning, T. H.; Hay, P. Methods of Electronic Structure ThepSchaefer,

H. F., Plenum: New York, 1977; p 1.

(27) Couty, M.; Hall, M. B.J. Comput. Cheml996 17, 1359.

(28) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. R.
Comput. Chem1983 4, 294.
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is 26.6 kcal/mol less stable than [RERH:)4 ", where the
energy change calculated by the DFT/BS-II method is given
hereafter without any comment. In [Rb{fPHs)2(H20),]*, H.O
dissociates from the Rh center to form [RiiPHs)>(H-0)]*,

1b, with a destabilization energy of 25.0 kcal/mol. €O
coordinates td.a,bto form precursor complexes, [RafPHs)s-
(COY)]T, 2a, and [RhH(PHs)2(H20)(COy)] ™, 2b, with stabiliza-
tion energies of 8.0 and 10.8 kcal/mol, respectively. F&ab,

(29) (a) Perdew, J. FRhys. Re. B 1986 33, 8822. (b) Perdew, J. Phys. Re.
B 1986 34, 7046.
(30) Perdew, J. P.; Wang, Y. Electronic Strucutre of Solids ‘9Ziesche, P.,
Eschrig, H. E., Eds.; Akademie-Verlag: Berlin, 1991.
(31) Pople, J. A.; Head-Gordon, M.; Raghavachari,JKChem. Phys1987,
87, 5968.
(32) 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.; Clifford, S.; Ochterski, J.;
Petterson, 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.; Komoromi, I.;
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. ASAUSSIAN 98 (Résion A7) Gaussian
Inc.: Pittsburgh, PA, 1998.
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CQisinserted into the Rh(ll-H bond through a four-centered
transition state (TS)TSza-3a and TSyp-3p, to afford [RhHg1-
OCOH)(PH)3] ", 3a, and [RhH@-OCOH)(PH)2(H20)]", 3b,
respectively. The eigenvector with an imaginary frequency (293i
cm1in TSpa-3aand 74i cnrt in TSpp-3,) mainly involves Rk-

H2 bond breaking and RhO! bond formation (see Supporting
Information). INTSza-3a and TSpp-3p, the CG-H2, C-0?, and
Rh—O! distances are similar to those of the produga,b).

These geometrical features clearly indicate that the formate anion

and the RR-O! bond are almost formed in these TS's. In
TS2a-3a CO, avoids the position trans to the H ligand and
approaches the H ligand, while GQ@oes not considerably
change its position and the H ligand approaches 80 Syp,-3p.
This is because trans-influence of the H ligand is strong but
that of PH is weak. ProducBatakes a five-coordinate pseudo-
square-pyramidal structure, as shown in Figure 1. Thatbim
is at a position trans to an empty site because of the strong
trans-influence of the H ligand. The RIH! bond distance
(1.513 A) is similar to those of [RhiPHs)4] " 32 and [RhH-
(7°-CsMes)(SiEt),].34 The Rh-P2 bond is longer than the Rh
P! and RR-P? bonds, which indicates that the trans-influence
of the #-OCOH ligand is stronger than that of RHThese
geometry changes are essentially the same as those optimize
previously with the MP2 methot.In 3b, the Rh-H? distance
(1.945 A) is shorter than that dfS,,-3p because the agostic
interaction is formed between the-€1? bond and the Rh center.
The -OCOH ligand still takes a position trans to Pk 3b
unlike that in 3a, since the trans-influence of BHs much
weaker than that of the H ligand.

The activation barrier) and the reaction energAE) of
the CQ insertion are defined as an energy difference between

Table 1. Activation Barrier (E;) and Reaction Energy (AE) of CO»
Insertion, Three-Centered H—OCOH Reductive Elimination, 3a —
3c Isomerization, Five-Centered H—OCOH Reductive Elimination

(3a — 4a), and 3d — 3e Isomerization (kcal/mol)a

CO, insertion

three-centered H-OCOH

2a—3a 2b—3b reductive elimination (3a — 4a)
Ea AE Ea AE Ea AE

MP2 55.7 374 339 36.6 21.3 —29.8

MP3 542 324 357 348 24.4 —37.0

MP4(DQ) 56.2 36.4 327 375 23.4 —35.1

MP4(SDQ) 53.8 348 358 348 22.2 —34.9

CCsD 527 32.8 343 348 23.7 —35.7

CCSD(T) 509 321 331 324 22.2 —33.8

DFT(B3LYP) 47.2 27.8 284 279 19.6 —34.8

DFT(BLYP) 423 261 261 243 171 —29.2

DFT(BP86) 410 256 254 221 17.4 —29.2

DFT(BPW91) 41.8 26.3 26.1 228 17.5 —29.3

isomerization five-centered H-OCOH isomerization

3a—3c reductive elimination (3a — 4a) 3d—3e

E. AE E. AE
MP2 2.8 —29.8 1.7 —-10.6
MP3 —-0.5 —37.0 0.7 —-10.3
MP4(DQ) 0.4 —35.1 0.7 -10.5
MP4(SDQ) 15 —34.9 1.6 —-10.1
CSD 0.5 —35.7 1.3 —-10.2
ccesp(m) 1.3 -33.8 1.8 —10.1
DFT(B3LYP) 2.7 —34.8 28 -9.1
DFT(BLYP) 3.6 —29.2 43 -7.9
DFT(BP86) 4.8 —29.2 46 -84
DFT(BPW91) 5.0 —29.3 47 —-83

aBS-Il was used.

OCOH bond is almost formed. IZa, the Rh-771-OCOH bond
should be formed at a position trans to the H ligand, while it is

the precursor complex and the TS and that between the precursoformed at a position trans to Bl 2b. Since the trans-influence

complex and the product, respectively. In the insertion reaction
of 2a, the E; and AE values were calculated to be 47.2 and
27.8 kcal/mol, respectively, with the DFT(B3LYP) method. In
the insertion reaction dfb, theE; andAE values were evaluated

to be 28.4 and 27.9 kcal/mol, respectively.

E, and AE values were also evaluated by the DFT method
with various functionals, MP2-MP4(SDQ), and CCSD(T)
methods, as shown in Table 1. Althou§ly and AE values
slightly fluctuate around the MP3 method, these values converge
upon going to CCSD(T). It is noted that the DFT(B3LYP)
method yields slightly smalleE, and AE values than does the
CCSD(T) method and that BLYP, BP86, and BPW91 func-
tionals*>36 provide further smalleE, value than the B3LYP
functional. Since the differencesk andAE between the DFT-
(B3LYP) and CCSD(T) methods are not large and the DFT-
(B3LYP) method yields better HOCOH bond energy than the
CCSD(T) method! we adoptede, and AE values calculated
by the DFT(B3LYP) method in our discussion.

It is of considerable importance to clarify the reason for the
higher reactivity of2b than that of2a. In the TS, the Rk#*-

(33) Macgregor, S. A.; Eisenstein, O.; Whittlesey, M. K.; Perutz, R1.XChem.
Soc., Dalton Trans1998 291.

(34) Fernadez, M.-J.; Bailey, P. M.; Bentz, P. O.; Ricci, J. S.; Koetzle, T. F,;
Maitlis, P. M. J. Am. Chem. S0d.984 106, 5458.

(35) Barden, C. J.; Rienstra-Kiracofe, J. C.; Schaefer, H. F.JIlChem. Phys.
200Q 113 690.

(36) Garca-Sosa, A. T.; Castro, Mnt. J. Quantum Chen200Q 80, 307.

(37) (a) The HOCOH bond energy is calculated to be 128.5, 125.8, 126.0,
124.1, 116.6, 114.8, and 112.3 kcal/mol, by MP2, MP3, MP4(SDQ), CCSD-

of the H ligand is much stronger than that of PHS25 34
suffers from the trans-influence of the H ligand to a much greater
extent thanTSp—3p. As a result, CQ is much more easily
inserted into the Rh(lIl-H bond in2b than that in2a

Our previous calculations indicated that £®@as inserted
into the Ru(lly-H bond of Rub(PH;s); with a smallerE, value
of 11.0 kcal/mol (CCSD(T) calculatio}.Also, CO, was easily
inserted into the Rh(fyH bond of RhH(PH), with a very small
E, value, 4.3 kcal/mol by MP2 calculation, no barrier by
QCISD(T) calculatiori?2 and 1.6 kcal/mol by DFT(B3LYP)
calculation®® From these results, it is clearly concluded that
the reactivity for the C@ insertion is significantly different
among rhodium(l), rhodium(lil), and ruthenium(ll) complexes.

3.2. Geometry Changes in the Reductive Elimination of
Formic Acid. Though the CQ@insertion in2a needs a much
larger activation barrier than that Bb (vide supra), we take
into account of the possibility that successive elementary steps
starting from3b occur with larger activation barriers than those
steps starting fronBa. Thus, we investigated the - HOCOH
reductive elimination in both3a and 3b. Three-centered
reductive elimination o8a proceeds through the transition state
TS3a-4a in which the H atom considerably moves toward the
O! atom but the RrH! distance (1.572 A) little lengthens, as
shown in Figure 2. This course is called path A, herewith. The
O!—H! distance (1.542 A) is much longer than the usuaitD
bond distance but significantly shorter than thabo{see Figure

(T), DFT(B3LYP), and G2MP2 methodg? respectively. (b) Curtiss, L.
A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A.Chem. Phys1993
98, 1293.

(38) The DFT(B3LYP)/BS-Il method was used, where the geometries were
reoptimized here with the DFT(B3LYP)/BS-I method.
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(A) Three-centered reductive elimination (path A) L
. 1 X
p3 R 2.10401 1.356
2.379-74 Y < ‘;1932
1570 1 1542/
21.107 p
TS34.4a(19.6) p3.2:276,: 2177 ¢
3a(0.0) ——| L P ase, y; - \1c.232;l \
(B) Five-centered reductive elimination (path B) P /. 1.093
2,005 ) 2 H-0% 1,310
i-21,349 2.081 . 0.985
2.375 . PO/ 3236000 = 20! y0s | nO-barrier da(-34.8)°
pi_——Rf 1202 000 23761 128°\1- it
~411.513 C=2- P2\1 555 1.101
2.389p2 1 107HE Wi C—H?
o . 237
H2C-O'-Rh = 78° 1.800 O
TS3,43:(2.7) 3¢(-13.5)
(C) Five-centered reductive elimination (path C)
0?2 2 H2
1.202 1.204° 1.105 H2 W2
1339 & 1.111 W L1216 1.284 [1.098 [ 1004
Py 1344 C 1110 182200 2 22C1.251 1.234 ¢.1.309
o] S 02
2.017 2.02 20457 118 2.116 2.179 0.988
+H0 2309 \ O'He 2,305 1,91“2 2337 | O'He 2.479 | O'Hz /1.487 574 1\9‘Hz ,_f|1
3b (0.0) 2 ph—pf! — HO0*——Rh—H' —— yof gh g —— H0*—FRh—H 2 gy
H30 Rh—H 0" —] Ho0 Rh—H 2 e HZ0 Rh
03867 | 1.531 228957 | 1.532 2083-<7| 1526 2.281—4} 1 2.258(
p' | 2.387 2.369 P 2373 pl}2328 P'|2.262
rRh-O'H,) = 2.179 p2 rRh-0"H,) = 2.185 p2 rRh-0'Hy) = 2.181 p2 rRh-0'Hy) = 2.186 p2 rRh-O'H,) = 2.202 p2
H2C-O'-Rh = 69°
3d (-30.1) TS14.30 (-27.3) 3e (-39.2) TS3e.4p (-36.5) 4b (-44.9)

Figure 2. Geometry changes in the reductive elimination of formic acid from [RRHICOH)(PH)(L)n]" (L = PHs or H,0; n = 1, 2). Bond distances
are in A, and bond angles are in deg. (a) This is not a local minimum. This structure is optimized with-tHé distance fixed to 1.8 A. (b) In parentheses
are the energy differences from eitt8a (L = PHs) or 3b (L = H20) (kcal/mol unit; the DFT(B3LYP)/BS-Il//DFT(B3LYP)/BS-I calculation). (c) Product
4ais a product of both paths A and B. Since path B needs a lower activation barrier than path A, we assign numbers to O atoms, conJiSgntwith
(path B). As a result, this assignment becomes inconsistentV@h-4a.

4). The RR-O! bond (2.104 A) is only 0.108 A longer than  this suggestion, the activation barrier is very smgl € 2.7
that of 3a. These features suggest that although the RhH- kcal/mol). Then, we tried to optimize the product of isomer-
(n*-OCOH)(PH)3; moiety considerably distorts, both Rkl and ization, 3c. However, the optimization &c spontaneously led
Rh—O! bonds are not broken yet and the—@& bonding to [Rh(PH)3(HCOOH)T', 4a (see Figure 2 foda). This means
interaction is still weak; in other words, the geometry of RhH- thatTSz,3c iS only one transition state betwe8a and4a. To

(n*-OCOH)(PH)3 moiety considerably distorts i Sza-sa ascertain if the reductive elimination can take place fréen

without suffcient O-H bond formation, which leads to the large  with no barrier, we investigated the geometry and energy

Ea value (vide infra). changes from3c to 4a, taking the G—H! distance as an
TSsa-4a €xhibits only one imaginary frequency (971i cth approximate reaction coordinate, where the geometBcofas

of which eigenvector mainly involves the approach éftel O optimized under assumption that the>-@! distance was

(see Supporting Information). The geometry optimization start- arbitrarily fixed to be 1.80 A. As the &-H! distance decreases
ing from TS3,-4a directly leads to [Rh(PkJ3(HCOOH)]", 4a from 1.80 A, the RR-O! bond gradually lengthens, while the
(see Figure 2). Compleda takes a four-coordinate planar O! and & atoms move little (see Supporting Information).

structure because of & dlectron configuration of Rh(l). 143, Simultaneously, the €0! distance shortens and the—0?
the C—0O! distance (1.232 A) is somewhat longer than the C  distance lengthens, and the total energy monotonically decreases
O double bond of free formic acidr(C—0) = 1.203 A), without any barrier. These results clearly indicate that the five-

probably because the O atom coordinates with the Rh(l) center.centered reductive elimination proceeds with no barrier after
Elimination of HCOOH from the Rh center gives rise to a isomerization o8ato 3c. This reaction course fro®ato 4ais
considerably large destabilization energy of 26.5 kcal/mol. This called path B hereafter.
is because formic acid strongly coordinates with the Rh center.  Considering that the five-centered reductive elimination much
Actually, the Rh-O! distance (2.177 A) is similar to the usual more easily occurs than the three-centered oneanwe
coordinate bond distance. investigated only the five-centered reductive elimination starting
Since the five-centered reductive elimination can take place from [RhH(@z1-OCOH)(PH)2(H20)]™, 3b. This reaction course
when the @ atom is in the same side as thé &tom, as shown is called path C. bD easily coordinates t8b to yield [RhH-
in Chart 1B, 3a must isomerize td3c (see Figure 2). This  (y-OCOH)(PH)2(H20);]*, 3d, with a stabilization energy of
isomerization would occur through the rotation of the OCH 30.1 kcal/mol. Since the ©atom must take a position in the
moiety about the €0 bond. In the transition stat€Sza—3c same side as the Higand in the five-centered reductive
(141i cnt?), the dihedral angle between-@—0O and Rh- elimination, isomerization o8d to 3e necessarily occurs, as
O—C planes is about 80 as shown in Figure 2, whereas the shown in Figure 2. This isomerization proceeds through the
geometry of the other moiety little changes. These features transition statd Szy—ze (144i cnT?), in which the dihedral angle
suggest that they’-OCOH moiety easily rotates without between G-C—0O and Rk-O—C planes is 69 similar to the
significant geometry change of the other moiety. Consistent with geometry ofTSz,3c. The five-centered reductive elimination
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Table 2. Activation Barrier (E;) and Reaction Energy (AE) of

£ o Five-Centered H—OCOH Reductive Elimination (3e — 4b),
= PR Four-Centered o-Bond Metathesis, 5a — 5c Isomerization, and
2 02 p* \H/ Ng—0? P'H, Six-Centered o-Bond Metathesis (5¢c — 6¢ and 5b — 6b)
& o 2 (kcal/mol)?
% - Rh five-centered H-OCOH four-centered o-bond
5 reductive elimination (3e — 4b) metathesis (5a — 6a)
% 00 1
g 00F o E. AE Ea AE
E o MP2 34 1.0 24.2 —5.6
g - H MP3 7.8 -4.5 26.0 -5.1
£ MP4(DQ) 6.5 —3.6 25.2 -7.1
£ 02tk o MP4(SDQ) 5.2 -3.8 25.7 -5.1
é‘:‘n X R CCsD 6.8 —4.2 26.1 —4.6
Ei ) ) H'COH CCSD(T) 5.3 -25 25.8 -35
& 3a TS34a da DFT(B3LYP) 2.7 —5.7 21.9 -35
DFT(BLYP) 1.7 -1.7 21.8 0.9
DFT(BP86) 0.7 -0.6 18.9 -2.3
(A) Three-centered reductive elimination DFT(BPWO1) 0.5 -17 193 —23
isomerization six-centered o-bond six-centered o-bond
5a— 5¢ metathesis (5¢ — 6c¢) metathesis ( 5b — 6b)
o i Ea AE Ea AE E AE
‘-;e, MP2 125 —14.1 13 46 4.8 —41.5
2 04r MP3 10.2 —13.1 25 53 3.6 —44.5
g Rh MP4(DQ) 10.6 —13.3 24 59 3.7 —42.5
i | MP4(SDQ) 11.6 —13.0 21 —49 4.6 —42.9
5 0’H, CCsD 10.8 —12.8 25 —46 4.1 —40.8
2 0? CCSD(T) 12.0 -13.0 19 42 4.8 —33.7
£ oot P2, DFT(B3LYP) 10.2 -135 04 —46 5.9 —39.1
= DFT(BLYP) 104 -12.1 02 -—18 7.4 —33.7
g —0! DFT(BP86) 108 —-141 -—1.2 —4.3 8.0 —34.6
El i DFT(BPW91) 10.7 —13.6 —1.1 —4.4 7.9 —34.9
=
& 04l - ! aBS-Il was used®The activation barrier of thBb — 5d isomerization.
=
] 3 . .. .
5 A~ HICO,H? Table 1. Fron8c, the five-centered reductive elimination occurs
B with no barrier (vide supra) and its reaction energye(=
E«(4a) — E«(3a)) is significantly negative. Since the activation

1 i 1 1 1 . . . . . .
3d TSigse 3¢  TSsqp 4b barrier of the three-centergd redgctlye ellmlnatlon.|s much larger
. Five-centered than those of th®a — 3cisomerization and the five-centered
|<71§omerlzat|0n reductive eliminatioT-I H H H H H i
(B) Fi tered reductive eliminati reductive elimination o8cin all the computational methods, it
tve-centered reductive elimination should be concluded that the three-centered reductive elimination

Figure 3. Population changes in the reductive elimination of formic acid  of formic acid much less easily occurs than the isomerization

from [RhH@*-OCOH)(PH)2(L)n] T (L = PHs or HO; n= 1, 2). The natural - . Lo
bond orbital populatiof? is determined with the DFT(B3LYP)/BS-Il//DFT- followed bY ﬁ\{e'cemere’j reductive e“mm?tlon' o .
(B3LYP)/BS-I calculation. A positive value represents an increase in  The activation barrier of the8d — 3e isomerization is

population relative to eitheBa or 3d. calculated to be 2.8 kcal/mol. After the isomerization, the five-

of 3e occurs througi Sge_ap (567i cnd), to yield [Rh(PH)»- centered _red_uctive e!imination Bk easily occurs wiFh a very
(H20),(HCOOH)J, 4b. In TSse_an, the RA-H! bond lengthens small activation barrier (2.7 kpal/mol), as ghown in Table 2.
a little by 0.106 A and the &-H! distance (1.487 A) is much These results show that formic acid is easily formed fi&an
longer than that oftb. These features indicate that the-Rh through isomerization and five-centered-@COH reductive

bond is not broken yet and the-®1 bonding interaction is still ~ €limination. _ _ _
weak in TSze_sp and that this TS is reactant-like. Hb, the It is worthwhile to investigate electron population changes
#1-OCOH moiety resembles well that df. in these three-centered and five-centered reductive eliminations,

3.3. Energy and Population Changes in the Reductive where NBO analys® was adopted to evaluate electron popula-

Elimination of Formic Acid. The activation barrier;) of the ~ tion. As shown in Figure 3, Hatomic population decreases in
three-centered reductive elimination, which is defined as an POth reductive eliminations. This population decrease clearly

energy difference betweeda and TSzasa (Ea = E(TSza-45) indicates that the Hatom changes into proton {Hlin both
— E(3a)), is calculated to be 19.6 kcal/mol with the DFT- reductive eliminations. In the three-centered reductive elimina-
(B3LYP) method and about 17 kcal/mol with the DFT(BLYP), tion, O atomic population increases &tSsa-sa but then
DFT(BP86), and DFT(BPW91) methods. As listed in Tables 1 decreases, while Rh atomic population slightly decreases at
and 2, both MP4(SDQ) and CCSD(T) methods provide the |S3a-4a and then somewhat increases in the product (Figure

activation barrier of 22.2 kcal/mol, which is slightly larger than  3A)- In the five-centered reductive elimination &d to 4b, H'
that calculated with the DFT(B3LYP) method. The activation &{omic population smoothly decreases and Rh atomic population
barrier of the3a — 3c isomerization, which is defined as an Smoothly increases, while’Gnd G atomic populations little

energy difference betweea andTSsa-sq is calculated 10 be 35, poq A £ Curtiss, L. A; Weinhold, Ehem. Re. 1988 88, 899 and
very small with all the computational methods, as shown in references therein.
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(D) Four-centered o-bond metathesis (path D)

0.764

HO-HP 1&037 1.250 He
2.095\ /2.008 H\HB 1.360 1.656 B
3a(0.0 a 2.403 \/P'2.0381338 867 Oi s 2.258 .} 2.206 0.974
. —_— - oK —_— 1 . — 2. L 1
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2.385 P41.526 c—0? 2.373"41 574 e 998 p1.661 02
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W2 H' H' H21.098
Sa(-6.1) TSsa.6a(15.8) 6a(-9.6)
\ (E) Six-centered o-bond metathesis (path E)
1.012
. 1.747
07e% OB W T s 0.888 1451 . heoz 1298
2.002 o 1.919 1.103 ‘il 1.10 H \ 1004
. \/ 2.'1 691'3260/1'204 2 3.53 P! 4308 I CI\H% 2 ;;93 1 /c\H2
2.348 \ PT_ot— 32.368 g 1. ! : P 1.244
Praaed 20 2377 qha o e el Py i 3
: - 2.357 :
Pzi‘ 1.523 M 543 2372751 563 p?1.629
H! {p ra%ub) = 1487 &
TSsa-5e(4-D) 5¢(-19.6) TSse.60(-19.2)
6¢(-24.2)
(F) Six-centered o-bond metathesis (path F)
0? B 27 H
1.198' 1.112 ,,Héz T | 1.004
. 1.343, € c 1.285.¢-1.303
1338 ¢ 1118 7 1.200 o To? o ot
o H o 2474 [,0.987
. H
2.029 9”2/1'335 2.034\9H21. B: OHz 8 . 2.506 19»1 )
1.2.308 % 12299 0.785 g p1-E2ER-Rh—H
3b(0.0) P > Rh<__|,0.793 P -ai ) P slh\l\_'u 15267 1.581
15257 1.85 152374 1.882 H 2.287
r(Rh-OH) = 2,325 | 2.400 H{Rh-CHy) = 2.340 | 2.384 b2 r(Rh-OH,) = 2.349
p? H.-C-OLRh=78° P? 6b(-39.1)
5h(-11.4) TSsp.54(-5.5) 5d :

(not optimized)

Figure 4. Geometry changes in thebond metathesis of [Rhift-OCOH)(PH)2(L)] * with H, (L = PHs or H,0). Bond distances are in A. In parentheses
are the energy difference from eithgéa (L = PHg) or 3b (L = H20) (kcal/mol unit; the DFT(B3LYP)/BS-1l//DFT(B3LYP)/BS-I calculation).

Chart 2

of ¢romo can keep the RRO! bonding interaction during the
reaction. Because of these features, electron populations smoothly
change and the ©-H! bond is smoothly formed without
considerable weakening of the R®! bond. Thus, the five-
centered HOCOH reductive elimination easily takes place with
no barrier or very small barrier.

3.4. Geometry Changes ing-Bond Metathesis of [RhH-

change, as shown in Figure 3B. In the reductive elimination of (7™~OCOH)(PH3)x(L)] * (L = PHj3 or H20) with H,. Geom-
3cto 4a, electron populations change in almost the same manneretry changes in four-centered and six-centerdmnd metathe-

as those of reductive elimination 8tl to 4b (see Supporting

ses are shown in Figure 4. The first step of theskond

Information). These results show that electron populations etatheses is coordination of, Ho 3a,b. This coordination

smoothly change in the five-centered reductive elimination but easily takes place to yield [RhHOCOH)(PH)s(H2)]*, 5a,

not smoothly in the three-centered reductive elimination. This 54 [RhH-OCOH)(PH)2(H-0)(H2)]*, 5b, since3a,b have
difference between three-centered and five-centered reductiveyn empty coordination site. Thestdoordination energy oba

eliminations would be related to the reason that the five-centerediS calculated to be 6.1, 8.4, and 8.8 kcal/mol by the DFT-

reductive elimination occurs more easily than the three-centered(B3LYP) MP4(SDQ), and CCSD(T) methods, respectively, and
reductive elimination, as follows: In the three-centered reductive tnat of5b is calculated to be 10.4, 13.0, and 12.6 kcal/mol by

elimination, the @ p orbital of the HOMO ¢nomo) of
n*-OCOH" must change its direction toward b form a new

the DFT(B3LYP), MP4(SDQ), and CCSD(T) methods, respec-
tively. These coordination energies are similar to that (7.1 kcal/

O—H bond, as shown in Chart 2. This direction change mol) calculated for Rh{:-OCOH)(PH)2(H,) (see below). In

suppresses the charge transfer fronythéormate anion to the

5a,b, the H*—H? bond (0.764 and 0.793 A, respectively) is

Rh center, which leads to the decrease in Rh atomic populationsnghﬂy longer than that of free hydrogen molecule (see Figure

and the increase in*@tomic population af Sz,—4a. At the same
time, this direction change weakens the-Rd bond. Thus,

4 for H* and H) but significantly shorter than that of RhCI-
(PHa)2(H2) (0.863 A) in which the H coordination energy is

the three-centered reductive elimination needs a considerably>q 1 keal/mol by the HartreeFock calculatiorf! The Rh-H¢

large E, value. In the five-centered reductive elimination, on
the other hand, the {p orbital of pomo expands well toward
the Ht atom in3c, as shown in Chart 2. Also, the!® orbital

(40) HOMO of free OCOH is on the O-C—O plane and involves the
antibonding overlap with # C p orbital. The next HOMO is also on the
O—C—O0 plane but does not involve any interaction with the C atom; in
other words, this is nonbonding orbital. Below the next HOMO, there is a
nonbondingr (n7) orbital which is perpendicular to the-@C—0O plane
and the RR-O bond. The HOMO mainly participates in the metédrmate
bonding interaction, as shown in Chart 2.
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and Rh-H? distances (about 2.1 and 1.9 A) are somewhat longer
than those of Rh-OCOH)(PH;).(H,) (about 1.8 A}32 and
much longer than those of RhCI(R(H>) (1.65 A)4! These
results show that the coordinate bond of iH 5a,b is much
weaker than that of RhCI(PHp(H,) and the M—H? bond is
much less activated by the coordination with the Rh center than

(41) Daniel, D.; Koga, N.; Han, J.; Fu, X. Y.; Morokuma, B. Am. Chem.
Soc.1988 110, 3773.
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Chart 3
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in CD,Cl,

that of RhCI(PH),(Hy). The Rh-O! distances (2.038 and 2.029
A) of 5a,b are slightly longer than those &a,b, probably
becausésa,b possess one more ligand thaa,b.

From 5a, the o-bond metathesis proceeds through the four-
centered transition statdSs,-s to afford [RhH(PHs)s-
(HCOOH)[H, 6a, as shown in Figure 4. This reaction course is
called path D hereafter. Only one imaginary frequency (1540i
cm 1) is observed inTSs,-65 Of Which eigenvector mainly
involves approach of Hto Rh and that of Ato O In this
transition state, the H-H?# distance is much longer than that
of 5a by 0.273 A and the RRO! and C-O! distances are
intermediate between those B& and 6a, while the G—H?
distance (1.250 A) is considerably longer than the usuaHO

bond, as shown in Figure 4. These features indicate that the

H—H bond becomes considerably weak but theHDbond is
still weak in thisTSsa—ss The RR-O* bond (2.226 A) oais
much longer than those dia,b. This is because the O atom in
the G=0 double bond coordinates with the Rh centedab
but the O atom in the €0—H single bond coordinates with
the Rh center iha. Actually, the O p orbital of the &O double
bond in the HOMO ¢nowmo) of formic acid is at a higher energy
than the O p orbital $romo-2) in the C-O—H bond of formic
acid; the formerpyomo is at —8.40 eV (12.97 eV), and the
latter promo—2 is —11.53 eV (-16.52 eV), where in parentheses
are orbital energies by Hartre&ock/BS-II calculation and out
of parentheses are energies of the KeBmam orbital by DFT-
(B3LYP)/BS-II calculation.

The six-centeredr-bond metathesis can occur, when the
dihydrogen molecule takes a position in the same side of the
0?2 atom ofy1-OCOH. Thus5a must isomerize t&c, as shown
in Figure 4. In the transition stafESsa—sc (275i cnT?t) of this
isomerization, the RRP® and Rh-H# bonds slightly lengthen
by 0.054 and 0.071 A, respectively, while the other bond
distances change little. Several differences are observed betwee
5a and5c, as follows: (1) The KW—H? distance (0.812 A) of
5cis significantly longer than that (0.764 A) 6&, which shows
that the H moiety is more activated ibc than in5a. (2) The
H#---02 distance (1.747 A) is rather short &t, while the G
atom is much distant from thefHatom in5a. (3) H* and H
atomic charges are-0.01% and+0.204, respectively, irbc,
while they aret-0.06% and+0.13%, respectively, irba. These
electron populations indicate that the kioiety in5cis more
polarized than that ifba. This polarization is induced by the
electrostatic interaction with the?@tom of formate. Morris et

al. experimentally reported the similar six-centered interaction
1
(see Chart 3) in [fH(17"-SGH,NH)} 2(PCys)2]BF4.1¢ Because

of this intramolecular interactiorbc is much more stable than
5a by 13.5 kcal/mol, and therefore, the isomerization is
exothermic. If one starts frorc, the o-bond metathesis takes
place through a six-centered transition stB8-¢.. Only one
imaginary frequency of 451i cn is observed inT Ssc—gc, Of
which eigenvector mainly involves approach of t& Rh and
that of H to C2. In this transition state, the @H? distance
(1.451 A) becomes shorter than thasefby 0.296 A. Geometry

of the other moiety moderately changes; for instance, the H
Hf, Rh—0!, and Rhr-H! distances lengthen by only 0.076,
0.016, and 0.020 A, respectively, and the-Rit distance (1.836
A) shortens by 0.083 A. These features indicate thataHd

H? can approach Rh and?(respectively, without considerably
large geometry changes of the other moiety. This leads to the
very small activation barrier (0.4 kcal/mol). Lee et al. reported
the similar feature in the reaction between R{KCoHgN)-
N=C(OH)Me€} (PPh);]* and H.1” Product6c takes a six-
coordinate pseudooctahedral structure bec&ase a Rh(lll)
complex with a 8 electron configuration. This reaction course
from 5ato 6c¢ is called path E hereafter.

Since the six-centeregtbond metathesis dic occurs much
more easily than the four-centeredond metathesis d&a, only
the six-centered-bond metathesis was investigatedm Since
dihydrogen molecule needs to take a position in the same side
of the & atom ofy1-OCOH to induce the six-centeredbond
metathesis5b must isomerize t&d, as shown in Figure 4. This
isomerization takes place through the transition st&g,-sq,
in which a dihedral angle between—E>—~0? and the
Rh—0O!—C planes is about 8tand the geometries of the other
moiety moderately changes. Only one imaginary frequency of
192i cntlis observed ifTSsp-sq, Of Which eigenvector mainly
involves the rotation of the CiD? moiety about the €0 bond.
After the TS, only6b was obtained by the geometry optimiza-
tion. This result shows that the six-centeretiond metathesis
of 5d proceeds with no barrier. The reaction cousseo 6b is
called path F, herewith.

At the end of this subsection, we will mention unfavorable
features of thes-bond metathesis dsc (path E), as follows:
The produc6c produced by thig-bond metathesis is not stable
very much, since two hydride ligands take positions trans to
each other irc. Actually, the RR-H distances o6c are much
longer than that o8a. Because of this unfavorable situation of
6¢, thiso-bond metathesis d&fcto 6¢is only slightly exothermic,
as will be discussed below. However, the unfavorable features
disappear, if two hydride ligands take positions cis to each other.
Thus, we examined here thebond metathesis dbe, which
¥ields a more stable produéf in which two hydride ligands
are at positions cis to each other (s&fein Figure 5). The
isomerization of5a to 5e proceeds through substitution of
He—H# for H’—H? with a considerably larg&, value of 19.1
kcal/mol, as shown in Figure 5. In the transition staf.—se,
the H*—H? moiety is much distant from Rh, which clearly
indicates that the +H# moiety does not interact suffciently
with the Rh center inTSsa-se The eigenvector with an
imaginary frequency (258i cm) mainly involves approach of
H”—H? to Rh (see Supporting Information). From these features,
it is reasonably concluded that this reaction is characterized to
be dissociative substitution. IBe, the H'—H?® bond distance
(0.821 A) is much longer, the RFH” and Rh-H? distances
are much shorter, and the R and Rh-H! bonds are longer
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Figure 5. Geometry changes in tH& — 5eisomerization followed by the-bond metathesis of [Rhi#{-OCOH)(PH)3]* with H,. Bond distances are in
A. In parentheses are the energy differences fBangkcal/mol unit; the DFT(B3LYP)/BSII//DFT(B3LYP)/BS-I calculation).

than those oba. These features suggest thatdore strongly
coordinates buy-OCOH less strongly coordinates with the Rh
center than those iBa. This is because theHigand possesses
strong trans-influence, as follows: Thé kgand weakens the
coordinate bond of Kin 5a but weakens the coordinate bond
of -OCOH in5e To induce the six-centeregtbond metath-
esis, 5e must isomerize tobf through TSsesr (129i cnT?)
(Figure 5). InTSse-s51, a dihedral angle between-©?—H? and
Rh—O!—-C planes increases to Z0while the other moiety

mol, while theE, value for theba — 5c isomerization is 10.2
kcal/mol. From these results, it should be concluded that path
E is more favorable than path D. However, path E is much less
favorable than path B which involves the five-centered reductive
elimination (see Figure 2), since tBa— 3cisomerization E,

= 2.7 kcal/mol) in path B occurs with a smallEg value than
that of the5a — 5c isomerization in path E. In path F, tfd

— 5d isomerization takes place with a moder&gvalue of

5.9 kcal/mol, and then the six-centeredhond metathesis occurs

moderately changes. Neither six-centered transition state likewith no barrier. This reaction is significantly exothermitE

TSsc—6c NOr four-centered transition state lik&s,-64 Was found
after TSse—s1, and the geometry optimization starting from
TSse5¢ directly led to6f. In 6f, the RR-O! and Rh-P2 bonds

= —27.7 kcal/mol). Though path F is as favorable as path E, it
is clearly concluded that path F is less favorable than path B,
since the5b — 5d isomerization of path F needs a lardey

(2.307 and 2.497 A, respectively) are much longer than the usualvalue than th@a— 3cisomerization of path B. Although MP4-

Rh—0O and Rk-P bonds, respectively, because of the strong
trans-influence of the Higand. Since two hydride ligands take
positions cis to each other &f unlike 6a,¢ 6f is much more
stable than6a,c Consequently, thiss-bond metathesis is
substantially exothermicdNE = E;(4a) — E«(3c) = —42.2 kcal/
mol). However, théa— 5eisomerization needs a considerably
larger E; value (19.1 kcal/mol) than those of the other six-

(SDQ) and CCSD(T) methods provide slightly largaivalues

for the o-bond metathesis than the DFT method, as shown in

Table 2, all the computational methods indicate thatghe~

5d isomerization occurs with a largé, value than the8a —

3cisomerization. Thus, the conclusion presented here is reliable.
Why does the four-centeredbond metathesis (path D) need

the considerably larg&, value? To clarify the reason, we

centeredo-bond metatheses and the five-centered reductive calculated deformation energies of ldnd RhHG-OCOH)-
eliminations (vide supra). Thus, we excluded this reaction course (PHs); moieties, where the deformation energy of an A moiety

and omitted further discussion about it.

3.5. Energy and Population Changes iw-Bond Metathesis
of [RhH(n*-OCOH)(PH3)(L)] * (L = PH3z or H,0) with H .
The activation barrierHy) is defined as an energy difference

is defined as a destabilization energy that is necessary to deform
only the A moiety from its equilibrium geometry to the distorted
one taken in the transition state. Ti$s,—64 Of the four-centered
o-bond metathesis, the deformation energy of the RAH(

between transition state and intermediate just before the OCOH)(PH)s; moiety is 5.5 kcal/mol and that of thesthoiety

transition state; for instanc&s = E«(TSsa-6a) — Ei(54) in path

D andE; = E((TSsc60 — E«(50) in path E (see above and Figure
4 for paths D-F). The reaction energyAE) is an energy
difference between the rhodium hydride formate complex,
[RhH(@7'-OCOH)(PH)2(L)(H2)]t, and the product; for instance,
AE = E(6d) — E¢(54a) in path D andAE = E¢(6¢) — E«(50) in
path E. Thek, value of path D was calculated to be 21.9 kcal/
mol with the DFT(B3LYP)/BS-Il method. In path E, thg,
value for the six-centered-bond metathesis is only 0.4 kcal/
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is 20.7 kcal/mol. INTSs.—¢c Of the six-centered-bond metath-
esis, on the other hand, the deformation energies of these
moieties are only 4.8 and 0.4 kcal/mol, respectively. It should
be noted that the deformation energy of themibiety is much
larger in the four-centered-bond metathesis than that in the
six-centered one. This large deformation energy of thenbliety
comes from the considerably long—+HH distance in the four-
centered transition state; in other words, tHeatbm consider-
ably moves toward the tatom of formate. This is because the
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) ¢ HPco,H?
O! p orbital of thegomo*® of *-OCOH does not expand well g B
toward the M atom, as shown in Chart 4A. Actually, the 5 , ' '

O!—H? bond distance (1.250 A) is much longer than that in
the producba, whereas the H-H? bond considerably lengthens
in TSsa—6a. ON the other hand, the RiH* bond distance of
TSsa-6a is 0.2 A longer than oBa, showing that the RRH*
bond has not been suffciently formed T8s.-62 despite the
long H*—H? distance (see Figure 4). This strained geometry
leads to the largeE, value of the four-centered-bond
metathesis.

Also, population changes in the four-center@tbond me-
tathesis reflect in the diffculty of this reaction. As shown in
Figure 6, H atomic population considerably decreases in both
four-centered and six-centeredbond metatheses. However,
these twoo-bond metatheses exhibit significant differences in
O! and H* atomic populations. In path D including the four-
centeredo-bond metathesis, 0and H atomic populations
somewhat increase &6s,-64 but then decrease @& (see Figure
6A). This unusual electron redistribution would arise from the
fact that the geometry change does not occur smoothly. In path
F including the six-centered-bond metathesis dbb, on the

other hand, the electron populations smoothly change, as shown

in Figure 6B. This is because the’ ldtom takes a favorable
position to form a bonding interaction with the? @ orbital of
dnomo™ in 5d, as shown in Chart 4B. Thus, the six-centered
o-bond metathesis easily occurs but the four-centerddnd

Sa TSs5.6a

(A) Four-centered o-bond metathesis

0.8

0.4

0.0

Changes in natural bond orbital populationa)

-0.8

5b

1

TSsp.s5a
(B) Six-centered o-bond metathesis

Figure 6. Population changes in tkebond metathesis of [Rhi{-OCOH)-
(PHg)2(L)]™ with Hy (L = PHs or Hy0). (a) The natural bond orbital
populatio®is determined with the DFT(B3LYP)/BS-II//DFT(B3LYP)/BS-I

metathesis needs a considerably large activation barrier. Thoughtalculation. A positive value represents an increase in population relative

the population changes in path E including the six-centered
o-bond metathesis occur similarly to those of path F (see

to either5ain (A) or 5bin (B).

Supporting Information), moderate differences are observed, asthat TSsa-7a corresponds to substitution of formic acid for

follows: the Rh atomic population increases, but the electron
population of HCO,HZ? decreases to a much greater extent than

molecular hydrogen. Ifia, the H*—H? bond (0.828 A) is similar
to those ofdc (0.854 A; see Figure 10) and RhCI(Bk{n?-H>)

those of path E. These differences are interpreted in terms that(0.863 A)#! The activation barrier foll Sya-7a Was calculated

the KO ligand is less electron donating than £4hd thereby
the Rh center can accept electrons from #A€©COH moiety
in 6b to a greater than that iéc.

3.6. Oxidative Addition of H; to [Rh(PH3)2(L)(HCOOH)] *
(L = PHs3 or H»0). Since products of the HOCOH reductive
elimination, [Rh(PH)3(HCOOH)[", 4a, and [Rh(PH)2(H20)2-
(HCOOH)T", 4b, have no hydride ligand, these complexes must
undergo oxidative addition of Ho regenerate the active species,
[RhH(PHs)s] ™, 1a, and [RhH(PHs)2(H20)]™, 1b. In 4a, ap-
proach of H to the Rh center leads to [Rh(Rk(n3-H,)-
(HCOOH)T, 7a, through transition stat€Sa—7, as shown in
Figure 7.TS4a-7a exhibits a small imaginary frequency (120i
cm™1), of which eigenvector mainly involves approach of H
to the Rh center. 1T Ss4_74 the RA-H®* and RhR-H” distances
are about 2 A, while the RRO bond considerably lengthens
and formic acid moves downward from the Rh@PHplane.

to be 8.0 kcal/mol with the DFT(B3LYP)/BS-II method. The
similar E, values of 6.7 and 7.0 kcal/mol are calculated by MP4-
(SDQ) and CCSD(T) methods, respectively. HCOOH dissociates
from 7ato yield [Rh(PH)3(H2)] ™", 7c, with a small destabiliza-
tion energy of 4.4, 6.2, and 7.1 kcal/mol by DFT(B3LYP), MP4-
(SDQ), and CCSD(T) calculations, respectively. Consistent with
the small energy destabilization, HCOOH dissociation induces
little geometry changes of the Rh(B)s(H2) moiety.

From7c, the H, oxidative addition proceeds througi®7c-1a
to yield [RhH(PHs)3]*, 1la In TS;c15 the H—H bond
considerably lengthens, and the-RH bonds shorten to almost
the same distance as thoselat TSz 15 exhibits only one
imaginary frequency (582i cm}), of which eigenvector mainly
involves H*—H# bond breaking and RhH? bond formation.
The activation barrier and the reaction energy are calculated to
be 5.0 and-1.3 kcal/mol, respectively. The CCSD(T) method

These geometry changes, as well as the eigenvector, suggegtrovides similar values (Table 3). This activation barrier is
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Figure 8. Energy changes in the [RhtPHs)2(L)] t-catalyzed hydrogenation of GGnto formic acid (L= PHs or H;O). In parentheses are the energy

differences from the sum of reactants (kcal/mol unit; the DFT(B3LYP)/BS-

similar to the previously calculated value in the oxidative
addition of K to RhCI(PH),,%! too.

In the case ofdb, substitution of HCOOH for KD would
easily occur, to afford [Rh(PHL(H-0),]", 7b, because kD is
solvent. Oxidative addition of Hto 7b occurs through the
transition stateTS;,—74 in which the H—H? distance (0.954
A) is shorter than that i S7.-12 and the RR-H bonds are longer
than those off S7c-1a. These features indicate th&8S7,-7q iS
relatively reactant-like compared #57¢c-1a. TS7p-74 €xhibits
only one imaginary frequency (210i c®), of which eigenvector
mainly involves H—H? bond breaking and RkH bond
formation. The activation barrier is calculated to be 5.8, 2.9,
and 4.1 kcal/mol by DFT(B3LYP), MP4(SDQ), and CCSD(T)
methods, respectively, and the reaction energy5s7, —10.8,
and —9.5 kcal/mol by DFT(B3LYP), MP4(SDQ), and CCSD-
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I1/DFT(B3LYP)/BS-I calculation).

(T) methods, respectively. Though the DFT(B3LYP) method
slightly overestimates th, value and somewhat underestimates
the AE value, it can be concluded that oxidative addition ef H
to both [Rh(PH)3(HCOOH)I" and [Rh(PH)2(H20),]" easily
proceeds with a small activation barrier to regenerate the active
species [RhiAPHs)s] " and [RhH(PHs)2(H20)2] "

3.7. Energy Changes along the Catalytic Cycle of Hydro-
genation of CQ, into Formic Acid by [RhH 2(PH3),(L)]*
(L = PH3 or H20). Summarizing the above results, we will
investigate here the energy changes along whole catalytic cycle,
as shown in Figure 8, where the DFT(B3LYP)-calculated energy
changes are given since the DFT(B3LYP) method provides
energy changes similar to those by the CCSD(T) method (see
above and footnote 37). Gnsertion reactions ida,blead to
3a,b with activation barriers of 47.2 and 28.4 kcal/mol,
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Table 3. Activation Barrier (E;) and Reaction Energy (AE) of
Oxidative Addition of H, (7c — 1a and 7b — 7d) (kcal/mol)2

oxidative addition of H, (7c — 1a)

oxidative addition of H, (7b — 7d)

E. AE Ea. AE
MP2 -1.3 -5.9 2.0 —14.1
MP3 4.1 -15 5.2 -95
MP4(DQ) 0.3 -5.0 3.3 ~12.6
MP4(SDQ) 1.3 -28 2.9 -10.8
ccsD 3.2 -18 4.7 9.2
CCsD(T) 3.0 -1.7 4.1 -95
DFT(B3LYP) 5.0 -13 5.8 -57
DFT(BLYP) 3.3 0.4 5.3 -6.7
DFT(BPS6) 2.5 -1.0 1.9 -10.1
DFT(BPW91) 2.6 -11 3.2 -87

aBs-Il was used.

respectively. Aftea, four reaction courses were investigated.
However, two reaction courses throug8s,-4a (three-centered
H—OCOH reductive elimination) an@Ssa-s4 (four-centered
o-bond metathesis) should be excluded because of their veryin 1b, 1bis an active species in the GBOydrogenation reaction.

large activation barriers. Thus, two possible reaction courses
remain; in one course, the reaction proceeds throBgh—
TSza-3c— 4a— TSya-7a— 7a— 7C— TS7c-1a— 1a,and in
other one, the reaction proceeds throgh— 5a — TSsa—s5¢

— 5¢ — TSsc6c — 6C — la Both reaction courses do not
need large activation barrier, and the £@sertion is the rate-
determining step, as shown in Figure 8. Afgdr, two reaction
courses were investigated, where the reaction courses through
three-centered HOCOH reductive elimination and four-
centeredr-bond metathesis were excluded from the investigation
because they needed large activation barrier. The reaction
proceeds througBb — 3d — TS3g—3e — 3€ — TSze-4p — 4b

— 7b — TS7p—7¢ — 7d — 2b in one course an8b — 5b —
TSsp-5¢ — 6b — 7d — 2b in the other course. These two
reaction courses do not need large activation barriers, too. Thus,
the rate-determining step is G@isertion inlb. Since the CQ@
insertion inla needs a much larger activation barrier than that
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Though all the transition state$%3g-3e, TSze-ab, aNdT S7p—74)

Formic Acid. Now, we have made all the preparations to make

need moderate activation barriers in the reaction course throughcomparisons among rhodium(lil), rhodium(l), and ruthenium-
the five-centered reductive elimination and their values are (Il) complexes. One of the significant differences is observed

similar to the activation barrier foFSs,-s4 in the reaction course
through the six-centerestbond metathesis, the-B coordina-
tion to 3b yields a large stabilization energy than the H

in the CQ insertion reaction, as follows: The G@nsertion
into the Rh(I)-H bond easily occurs with nearly no barrier,
and the CQ insertion into the Ru(Ih-H bond occurs with a

coordination. Thus, it should be clearly concluded that the best moderate activation barrier (10.3 kcal/mol), while the CO

reaction course consists of the g@hsertion in 1b, H,O
coordination, the3d — 3e isomerization, the five-centered
H—OCOH reductive elimination, and the oxidative addition of
H,. The other catalytic cycle is also possible, in which the
reaction proceeds through the g@sertion inlb, H, coordina-
tion, the5b — 5d isomerization, and the six-centereebond
metathesis.

3.8. Catalytic Cycle of RhH(PH),-Catalyzed Hydrogena-
tion of CO; into Formic Acid. We investigated six-centered
transition state in the-bond metathesis of Rif-OCOH)(PH)2-
(H2), 9a, and five-centered transition state in the-8COH
reductive elimination of Rhi{n-OCOH)(PH),, 10a since

these transition states have not been investigated yet. As shown

in Figure 9, oxidative addition of fito Rh@-OCOH)(PH),,
8, occurs throughl Sgp-104 With @ moderate activation barrier
of 7.3 kcal/mol to affordLOa From10g, three-centered reductive
elimination proceeds throughSipa-115 t0 afford RhH(PH)»-
(HCOOH), 11a This reductive elimination takes place with a

considerably large activation barrier (24.1 kcal/mol), as reported

previously32 To achieve five-centered reductive elimination,
10a must isomerize td.Ob in which the G atom of formate
takes a position in the same side of thé adom, as shown in
Figure 9. This10a — 10b isomerization occurs through
TSi0a-100 With @ moderate activation barrier of 6.2 kcal/mol.
From 10b, the five-centered HOCOH reductive elimination
occurs throughl'S;on-11p With a very small activation barrier
of 1.9 kcal/mol, to yield RhH(PEJ2(HCOOH),11b. The three-
centered reductive elimination df0b also proceeds through
TSi0b-11 to afford RhH(PH)(HCOOH), 11a while a very
large activation barrier of 24.2 kcal/mol is required, too. The
complex 9a undergoes the four-centeregdbond metathesis
throughTSga-114 With @ moderate activation barrier of 12.0 kcal/
mol, to afford11a as shown in Figure 10. Baisomerizes to
9¢, six-centeredr-bond metathesis can take place. This isomer-
ization occurs througfSga—gc With a moderate activation barrier
of 6.1 kcal/mol, and then the six-centereebond metathesis
takes place througfSec-11p With nearly no barrier, = 0.3
kcal/mol), to yield 11b. From these results, it should be
concluded that RhH(P#}-catalyzed hydrogenation of GO
proceeds through the G@nsertion into the Rh(b-H bond to
yield Rh*-OCOH)(PH),, followed by two kinds of reaction
courses; in one course, the; ldxidative addition to Rhf!-
OCOH)(PH), occurs to yieldcis-RhHx(17:--OCOH)(PH),, and
the isomerization of this complex takes place, followed by the
five-centered HOCOH reductive elimination. In the other
course, the six-centeragtbond metathesis of Rpt-OCOH)-
(PHs)2(H2) occurs after the isomerization of RFHOCOH)-
(PHs)2(H>). The rate-determining step is either thgdxidative
addition E; = 7.3 kcal/mol) in the former reaction course or
the 9a — 9c isomerization E; = 6.1 kcal/mol) in the latter
course.

3.9. Comparisons among Rhodium(l), Rhodium(lIl), and
Ruthenium(ll) Complexes in the CO, Hydrogenation into
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insertion into the Rh(IlI>H bond needs a considerably large
activation barrier (2850 kcal/mol). We will first investigate
the reason from the point of view of bond energies. In the CO
insertion into the M-H bond, the M-H bond is broken but the
M—#1-OCOH and G-H bonds are formed. We evaluated the
H—H, Rh(l)-H, Rh(ll)=—H, and Ru(ll>H bond energies,
considering the following equations:

H,—H" +H (5)
AE,_® = D(H—H) (6)
[RR(PHy),(L),]" + H, — cis[RhH(PH,),(L),] " (7)

AE, ) = D(H—H) — A(Rh(lI)—H") — Dy(Rh(Ill)—H")

(®)
RhH(PH,), + H, — cisRhH(PH,), 9)

AE, @ = DyRh(l)—H) + D(H—H)
—2D(Rh(lll)—H) —Dy(Rh(II1)—H") (10)
Ru(PHy), + H, — cisRUH,(PH), (12)
AE,_" =D (H—H) — 2D (Ru(ll)—H®) (12)
Ru(PH), + H, — cisRUH,(PH,), (13)

AE,_*¥ = Dy(H—H) — D(Ru(Il)—H") — D(Ru(ll)—H")
(14)

(L =PH; or H,0)

Here Dg(X—Y) is the X—=Y bond energy andAE,_ is the
difference in total energyg) between the right- and the left-
hand sides of the equation (skain Figure 7 for H and H).
These bond energies were calculated with the MAR4(SDQ),
CCSD(T), and DFT(B3LYP) methods. As shown in Table 4,
the Rh(I)-H bond is as strong as the Rh(HH bond, while
the Ru(ll)>H bond is stronger than both Rh{IH and
Rh(Il)—H bonds by ca. 10 kcal/mdk These results indicate
that the Rh(lll)-H and Rh(l)>H bond strengths are not
responsible for the much larger activation barrier of the,CO
insertion into the Rh(lll}-H bond than that of the COnsertion
into the Rh(I>H bond. To find what factor determines the
reactivity of CQ insertion reaction, we evaluated the-@,
Rh(1)—7-OCOH, Rh(Il)-%*-OCOH, and Ru(ll}-5*-OCOH
bond energies, using the following equations:
HCOOH— HCOO + °H (15)

AE,_*¥ =D (O—H) (16)
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[RhH@-OCOH)(PH),(L) ] " + H, —
[RhH,(PH,),(L),]" + HCOOH (17)

AE,_ "= D Rh(lll)—#'-OCOH)+ D (H—H)

—D(Rh(Il)—H®%) — D(O—H) (18)

Rh(;*-OCOH)(PH), + H, — RhH(PH,), + HCOOH (19)
AE,_*¥ = D(Rh(I)—5*-OCOH)+ D (H—H)

—Dg(Rh())=H) — D(O—H) (20)

RuH@*-OCOH)(PH); + H, —
RUH,(PH,); + HCOOH (21)

AE,_®Y = D (Ru(ll)—7*-OCOH)+ D (H—H)

—Dy(Ru(I)—H") — D(O—H) (22)

(L=PH;orH,0;n=1o0r2)

As shown in Table 4, the Rh@#»*-OCOH and Ru(ll}-,*-
OCOH bonds are considerably stronger than the Rh{i})
OCOH bond by 26-29 and 33-45 kcal/mol, respectively. Thus,
the stronger Rh(H#1-OCOH and Ru(I}-#-OCOH bonds than
the Rh(lIl)-»*-OCOH bond are responsible for the fact that
CO, is much more easily inserted into the RR{H and Ru-

(I —H bonds than that into the Rh(IH)H bond. Though the
Ru(Il)—7*-OCOH bond is stronger than the Rr{})*-OCOH
bond by 16 kcal/mol (CCSD(T) calculation), the Rufthl bond

is stronger than the RhHH bond by 14 kcal/mol. This stronger
Ru(Il)=H bond is one of the factors leading to the larger
activation barrier of the C@insertion into the Ru(Ih-H bond
than that into the Rh(tyH bond (the other reason such as
HOMO energy level will be discussed below). To investigate
the reason that the Rh(IH);*-OCOH bond is the weakest, we
inspected electron population of th¢OCOH moiety, as shown

in Table 5. Apparently, the;’-OCOH moiety is the least
negatively charged in [Rhip{-OCOH)(PH)3] ™ but most nega-
tively charged in RuH{-OCOH)(PH)s. The electron affnity
(EA) of OCOH was calculated to be 3.49, 3.35, 3.04, and 3.44
eV with the DFT(B3LYP), MP4(SDQ), CCSD(T), and G2MP2
methods, respectively. This positive EA value clearly indicates
that the more electrons the OCOH moiety receives from the
metal moiety, the more stable the-&-OCOH bond becomes.

(42) All the M—H bond energies moderately fluctuate upon going from MP2
to DFT in Table 4. Thus, it is reasonably suggested that MP2 and DFT
methods evaluate correctly the RH bond energy. This means that all
the computational methods adopted here provide reliable results ob{RhH
(PHa)2(H20)]F, [RhHo(PHs)3] *, RhH(PH)2, RuHy(PHs)s, and H. However,
the MP2 method provides the largerMD bond energy but the DFT method
provides the smaller MO bond energy than does the CCSD(T) method,
as shown in Table 4. These results suggest that’M-OCOH) and/or
OCOH- species cannot be calculated reliably by the MP2 method. To
ascertain this suggestion, we estimated the M OH bond energy by MP2-
MP4(SDQ), CCSD(T), DFT, and G2MP2 methods. As discussed in footnote
37, the MP2-MP4(SDQ) methods overestimate the@€COH bond energy
but both CCSD(T) and DFT methods provide a@COH bond energy
similar to that of the G2MP2 method. These results suggest that the DFT
method is more reliable than the MP2-MP4(SDQ) methods in the calculation
of the OCOH ligand. Also, it is noted that the MP2-MP4(SDQ) methods
would overestimate the activation barrier and underestimate the reaction
energy of the HOCOH reductive elimination and thebond metathesis.

Table 4. M—R Bond Energies@ (M = Rh(l), Rh(lll), or Ru(ll), R =
H or »*-OCOH) (kcal/mol)

De(R(1)-H) De(RN(Ill)-H) De(Ru(ll)—H)
MP2 61.7 57.3 (59.8) 69.3
MP3 545 56.8 (57.4) 73.4
MP4(DQ) 60.1 58.7 (60.6) 717
MP4(SDQ) 60.1 57.9 (59.5) 69.6
ccsb 56.9 57.3 (58.5) 72.7
ccsD(T) 58.0 57.4 (59.0) 724
DFT(B3LYP) 57.3 57.8 (58.3) 713

De(RN(1)-7-OCOH)  Dq(Rh(Ill)=;-OCOH)  De(Ru(ll)=:-OCOH)

MP2 90.7 69.1 (63.0) 101.8

MP3 78.9 59.2 (50.6) 102.8

MP4(DQ) 80.5 58.8 (51.4) 95.5

MP4(SDQ) 80.8 59.6 (52.3) 935

ccsD 74.6 53.8 (46.2) 94.0

CCSD(T) 76.8 54.7 (47.4) 92.3

DFT(B3LYP) 63.0 45.2 (37.4) 78.9

aBS-Il was used®In parentheses are the bond energies which are
calculated at L= PHz andn = 1.

Table 5. NBO Charge (p)2 of the #1-OCOH Moiety in
[RhH(371-OCOH)(PH3)s]*, [RhH(57'-OCOH)(PH3)2(H20)]*,
[RhH(5*-OCOH)(PHz)2(H20)2]", Rh(;1-OCOH)(PHs), and
RuH(771-OCOH)(PHs)s and the Energy of the Frontier Orbital
Involving H 1s and Rh do Orbitals in [RhH2(PH3)3]™,
[RhH2(PH3)2(H20)]*, [RhH2(PHz)2(H20)2]*, RhH(PH3)2, and
RUHz(PH3)3

eg(H 1s + Ado)

p(17-OCOH)? (e) HF (eV) DFT(B3LYP) (eV)
[RhH(;7*-OCOH)(PH)3] * —0.42 —15.02 —12.27
[Rh(571--OCOH)(PH)2(H0)]+ -0.34 —14.96 —12.30
[Rh(7*OCOH)(PH,)2(H20)2] " —0.54 —14.45  —11.66
Rh(*-OCOH)(PH). —0.54 -9.71 -7.23
RuH('-OCOH)(PH)s -0.58 -9.24 —6.61

aThe natural bond orbital populati#thanalysis was carried out with
the DFT(B3LYP)/BS-IlI//DFT(B3LYP)/BS-I method. Neutral OCOH has
23.00 electrons? DFT(B3LYP)/BS-II//DFT(B3LYP)/BS-I calculations. The
LCAO coeffcient is much smaller than 1.0.

In other words, the more electron donating the metal moiety is,
the more stable the MOCOH moiety is formed. The Ru(ll)
and Rh(I) moieties can supply enough electrong#@®COH,
since both Ru(ll) and Rh(l) are electron-rich. However, the Rh-
(1) moiety is short of electron density and therefore it cannot
supply enough electrons tp-OCOH. Hence, the Rh(lI
1nt-OCOH moiety becomes less stable than the other ones.
The charge transfer from metal to €@lso plays an important
role in the CQ insertion into the M-H bond“3 The frontier
orbital which participates in the charge transfer mainly consists
of H 1s and metal d orbitals. This orbital becomes higher in
energy in the order [RhPHs)3] ™ < RhH(PH), < RuHx(PHg)s,
as shown in Table 5. Because of these frontier orbital energies,
the charge transfer from the metal hydride moiety to,CO
becomes weaker in the order Ru(H)Rh(I) > Rh(lll) and the
activation barrier of the C@Qinsertion increases in the order
Ru(ll) < Rh(I) < Rh(lll). Thus, the large activation barrier of
the CQ insertion into the Rh(ll)-H bond is reasonably
understood in terms of the weak charge transfer from the Rh-
() —H moiety to CQ. Against this expectation, the GO
insertion into the Ru(Il-H bond needs a larger activation barrier
than the insertion into the Rh{tH bond. This is probably
because the Ru(H)H bond is much stronger than the Rr(Hl
bond, as mentioned above.

(43) Sakaki, S.; Musashi, norg. Chem.1995 34, 1914.
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Table 6. Activation Barrier (E;) and Reaction Energy (AE) of
Five-Centered H—OCOH Reductive Elimination and Six-Centered
o-Bond Metathesis with Molecular Dihydrogen in
[RhH(7*-OCOH)(PH3)2(L)]* (L = PH3 or H,O, n = 1 or 2),
RhH(71-OCOH)(PHs),, and RuH(;*-OCOH)(PH3)s (DFT(B3LYP)/
BS-Il; kcal/mol)

five-centered H-OCOH six-centered
reductive elimination o-bond metathesis
Ea AE Ea AE
[RhH(7*-OCOH)(PH)3] no* —34.8 0.4 —4.6
[RhH(@#'-OCOH)(PH)2(H20),] " 2.7 —5.7 59 —27.F
Rh(@7-OCOH)(PH): 1.9 -8.9 0.3 —-3.6
RuH(@;*-OCOH)(PH)3 17.5 17.9 8.2 7.8

aThe five-centered H OCOH reductive elimination from [RbyfM(
OCOH)(PH)3]* occurs with no barrie® E, andAE values of five-centered
reductive elimination of Rhi{n-OCOH)(PH).. ¢ EaandAE values of six-
centereds-bond metathesis of [Rhij{-OCOH)(PH)2(H20)(Hz)] ™.

In the ruthenium(ll)-catalyzed hydrogenation of &£@ot
PPh but PMg was used as a ligand, to enhance the solubility
of the ruthenium(ll) comple*? However, PMeg is favorable
not only from viewpoint of the solubility but also from the
viewpoint of donating ability, since PMeushes up the metal

and the six-centeregtbond metathesis of Rif-OCOH)(PH).-

(H2) (Ea ~ 0 kcal/mol). In the other mechanism, the reaction
proceeds through the GQnsertion, the oxidative addition of
H, to Rh*-OCOH)-(PH), (Ea = 7 kcal/mol) to yield RhH-
(n*-OCOH)(PH),, the isomerization of Rhifiy-OCOH)(PH,).

(Ea = 6 kcal/mol), and the five-centered-HDCOH reductive
elimination €, ~ 0 kcal/mol) of RhH(-OCOH)(PH).. The
rate-determining step is the isomerization of the rhodium formate
complex in both mechanisms.

One of the interesting differences among the rhodium(l),
ruthenium(ll), and rhodium(lll) complexes is observed in the
CGO; insertion step. The CQinsertion into the Rh(h-H and
the Ru(ll-H bonds easily occurs with nearly no barrier and a
moderate activation barrier, respectively, while the,@Sertion
into the Rh(Ill-H bond occurs with a very large activation
barrier. Since the charge transfer from the-M moiety to CQ
plays an important role in the GOnsertion reaction, the CO
insertion easily takes place when the HOMO of the metal
hydride complex is at a high energy. Also, the-M!-OCOH
bond becomes strong, when the metal moiety is electron-rich.
From the above discussion, we wish to predict that the donating

d orbital in energy. This is considered one of the reasons that|igand should be used in the metal complex when the, CO

RuXz(PMe;)4 exhibits very high catalytic activity.
The other important difference among rhodium(l), rhodium-

insertion is a rate-determining step. Also, we recommend to
use the early transition metal complex, since the d orbital

(1), and ruthenium(ll) complexes is that the six-centered pecomes higher in energy upon going to the left-hand side from
o-bond metathesis more easily takes place than the five-centeredy,q right-hand side in the periodic table. Such attempt has not

H—OCOH reductive elimination in Rubj{-OCOH)(PHy)s,
while both reactions occur easily in [RhiHOCOH)(PH)3] ™
and RhH(7-OCOH)(PH),, as compared in Table 6. This
difference is interpreted in terms of the-NH bond strength.
The M—H bond should be broken in the reductive elimination,
while the M—H bond is formed in the-bond metathesis. Since
the Ru(ll)-H bond is much stronger than the Rk{H and
Rh(l1)—H bonds, ther-bond metathesis more easily occurs than
the reductive elimination in Rubjt-OCOH)(PH)s.

4. Conclusions

Conclusions presented in this work are summarized as

follows: (1) Not [RhH(PHs)s]* but [RhH(PHs)2(H20)] is an
active species in Rh(lll)-catalyzed hydrogenation of,G@o
formic acid. (2) The first step is the GQnsertion into the
Rh(Il)—H bond €, = 28 kcal/mol) of [RhH(PHz)2(H20)]".

(3) After the insertion reaction, two reaction courses are
possible: In one course, the reaction proceeds through H
coordination to [RhH{-OCOH)(PH,)2(H,0)]", the isomeriza-
tion of [RhH@-OCOH)(PH)2(H20),] ™ (Ea = 3 kcal/mol), the
five-centered HOCOH reductive eliminationH, = 3 kcal/
mol), and the oxidative addition of molecular dihydrogen to
[Rh(PHs)2(H20)2]* (E4 = 6 kcal/mol). In the other course, the
six-centeredo-bond metathesis of [Rhi-OCOH)(PH),-
(H20)(H2)]™ occurs with no barrier after the isomerization of
[RhH(#*-OCOH)(PH)2(H20)(Ho)] ™ (Ea= 6 kcal/mol). (4) The

been tried yet to our knowledge. The g€lydrogenation with
early transition metal complexes is under theoretical investiga-
tion now.
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Supporting Information Available: Figures of the eigen-
vectors with imaginary frequency (DFT(B3LYP)/BS-I) in the
transition states of the GOnsertion into the Rh(lI1)-H bond
of cis[RhHy(PHs)2(L)]T (L = PHs or HyO) (TSza-3a and
TSap-3p), the isomerization of [RhH-OCOH)(PH)2(L)n]™
(n=1 and 2) [Sza—3c and TSzg¢-3¢), the H-OCOH reductive
elimination of [RhHG-OCOH)(PH)(L)] * (TSza-4a aNd T Sze-4p),
the o-bond metathesis of [Rhit-OCOH)(PH)3(H2)] ™ (TSsa—6a
andTSsceq), the isomerization of [RhH{(-OCOH)(PH)2(L)-
(Hz)]Jr (L = PH; or Hzo) (TS5a_5c, TSsb_5d, andT85e_5f), the
dissociative substitution of Hfor H in [RhH(;7*-OCOH)(PH)z-
(H2)]* (TSsase), the substitution of K for HCOOH in [Rh-
(PHg)3(HCOOH)T" (TS4a-74), the oxidative addition of kto
[Rh(PHb)3]™ (TS7c-14), the oxidative addition of K to [Rh-

former reaction course is more favorable than the latter, since (PHz)2(H20).]"T (TS7p-7d), the oxidative addition of K to

H,O coordination occurs with a larger stabilization energy than
H, coordination. And (5) the rate-determining step is the,CO
insertion into the Rh(Ill}-H bond in both reaction courses.
DFT(B3LYP) calculations show that two reaction mecha-
nisms are possible in the rhodium(l)-catalyzed,®@drogena-

Rh(73-OCOH)(PH)2 (TSeb-104), the H-OCOH reductive elimi-
nation of RhH(ﬂl-OCOH)(PI'ﬁ)Q (TSlofllaandTSmlyllb), the
isomerization of Rhix{(iy’-OCOH)(PH), (T S10a-101), theo-bond
metathesis of Rif-OCOH)(PH,)2(H2) (TSoa—112aNd T Sgc—111),
and the isomerization of Rp-OCOH)(PH)2(H2) (TSea-90),

tion: In one mechanism, the reaction proceeds through the CO figures of energy changes (DFT(B3LYP)/BS-II) in the five-

insertion into the Rh(hH bond €, ~ 0 kcal/mol), the
isomerization of Rh{:-OCOH)(PH)»(H>) (Ea = 6 kcal/mol),
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centered H-OCOH reductive elimination of [Rhhj{-OCOH)-
(PHg)3] ™, figures of population changes in the three-centered
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H—OCOH reductive elimination3a — 4a via TSza-44), the reductive elimination, and-bond metathesis, Cartesian coor-
five-centered HOCOH reductive elimination3a — 4a via dinates for all the intermediates and transition states, and results
TSsa-3¢), the four-centered-bond metathesiscé — 6a), the of an instability calculation of a single-determinant DFT function
six-centereds-bond metathesissé — 6¢), the four-centered  at the transition state (PDF). This material is available free of
o-bond metathesisb@ — 6a), and the four-centered-bond charge via the Internet at http://pubs.acs.org.

metathesis§c — 60), figures of three-dimensional (3D) maps
of frontier orbitals of HCOQ, transition states in the HOCOH JA020063C
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