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The Shvo catalyst is one of the most prominent examples of a hydrogen-transfer catalyst successfully
applied in a broad scope of hydrogen-transfer processes. The reaction takes place by transferring a hydride
(bonded to the metal center) and a proton (bonded to a ligand) to a double bond. The reaction mechanism
for the hydrogen-transfer process, however, is a matter of controversy. Experimental studies by means
of primary deuterium isotope effects on the hydrogenation of ketones via the active reducing form of the
Shvo catalyst by the Casey andd=&all groups concluded that carbonyl hydrogenation is concerted.
Nevertheless, it is not clear whether the reaction goes through an outer-sphere mechanism (without substrate
coordination) or through an inner-sphere mechanism (with substrate coordination). In the present work
several inner- and outer-sphere mechanisms are explored by means of theoretical methods. Energy reaction
profiles clearly support the outer-sphere mechanism. Theoretically combined KIEs also suggests the
concerted outer-sphere mechanism for this reaction. Some interesting features on the behavior of the Ru
complex were found during the mechanistic investigations.

Introduction mechanismg?¢ In both mechanisms the hydride migrates to

. . the carbonylic carbon atom. Nevertheless, whereas in the inner-

The homogeneous hydroge”aF'O” of p_olar doubl_e bonds is sphere mechanism it is supposed that a metal alkoxide inter-
one of the most useful reactions in organic synthegimong mediate is formed (therefore, the substrate must become
the methodologies developed, hydrogen-transfer reactions have o dinated to the catalyst), in the outer-sphere mechanism the

gained a prominent position in recent ye&iiey offer aviable v qrogen transfer may proceed in a concerted manner (without
alternative to the conventional hydrogenation using hydrogen i coordination of the substrate to the catalyst).

gas due to its simplicity and the favorable properties of the o fth . | f 2 hvd ¢
reductant (generally alcohols) as environmentally friendly and ne of the most prominent examples of a nydrogen-transfer
catalysts corresponds to the Shvo cataf#tu(;5-C4CO)LH} -

also easy to handle. . )
. Ru,(CO}H (1).5 It has been applied successfully in a broad
The hydrogen transfer to ketones (or aldehydes) reactions are ) .
generally described by three general pathways. The “direct scope of hydrogen-transfer processesuch as hydrogenation

hydrogen transfer” is thought to work for main group elements of alkynes; carbonyls’ and imines, oxidation of alcohol¥ and
ydrogen transter 9 or main group ' amines'! and dynamic kinetic resolution of secondary alcokols
with no implication of a metal hydride intermediate. The

“hydridic route”, however, works for most transition metal and primary aminés in combination with lipases. The Shvo

catalysts, involving the participation of a metal hydride inter- (3) (@) Noyori, R.. Ohkuma, Tangew. Chen2001, 113 40—75: Angew
mediate in the hydrogen-transfer process. The mdigdnd Chem., Int. Ed2001 40, 40-73. (b) Sandoval, C. A.: Ohkuma, T.; Nlizn
bifunctional catalysts, a concept developed to describe a typek.; Noyori, R.J. Am. Chem. So2003 125 13490-13503. (c) Fuji, A.;
of hydrogenation catalysts where the metal has a hydridic Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. Am. Chem. Soc.

; n 1996 118 2521-2522. (d) Uematsu, N.; Fujii, A.; Hashiguchi, S.; lkariya,
hydrogen and a ligand an acidic hydrogen, operate through theT_; Noyori. R.J. Am. Chem. S04996 118 4916-4917.

hydridic route® Recently, the so-called “ionic mechanism” has (4) (a) Bullock, R. M.Chem—Eur. J. 2004 10, 2366-2374. (b) Guan,
been also proposed for some transition-metal-catalyzed hydro-H.; limura, M.; Magee, M. P.; Norton, J. R.; Zhu, G. Am. Chem. Soc.
genationg. 2005 127, 7805-7814.
. « - » (5) (a) Blum, Y.; Czarkie, D.; Rahamim, Y.; Shvo, ©rganometallics
Hydrogen transfer to ketones following the *hydridic route”, 1985 4, 1459-1461. (b) Shvo, ¥.; Czarkie, D.; Rahamim, Y.Am. Chem.
and more specifically for catalysts that are monohydride Soc.1986 108 7400-7402. '
complexes, has been suggested to go through two different_ (6) Karvembu, R.; Prabhakaran, R.; Natarajan,Goord. Chem. Re

” p ” 2005 249 911-918.
pathways, “inner-sphere” and “outer-sphere” hydrogen-transfer (7) Shvo, Y. Goldberg, I.: Czierkie, D.; Reshef, D. Stein,Gigano-

metallics1997, 16, 133-138.

* Corresponding authors. E-mail: gregori@klingon.uab.es; (8) Menashe, N.; Salant, E.; Shvo, ¥.Organomet. Chenl1996 514,
agusti@klingon.uab.es. 97-102.
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performed by the same auth@isBackvall, using a similar
methodology, also reported a concerted mechanism for alcohol
dehydrogenation using speci2%? Nevertheless, although there

Scheme 1. Equilibrium between Precursor and Active
Species of the Shvo Catalyst

Ph Ph
Ph %%H’;%ph H’OP;?TPE“ Opﬁ;:“ is agreement in that catalytic reaction using the Shvo catalyst
Ph Ru—p—Ru Ph = _Ru_*+ _Ru, is concerted, Bekvall suggested that the substrate coordinates
o¢ to oc ¢o H (‘JO'CO o (‘:O’CO the metal via a5 — #3 ring slippagé?23of the aromatic ligand,

1 A B followed by a simultaneoug-hydride addition and a proton

transfer to the unsatured organic substrate (inner-sphere mech-
anism, Scheme 2).

In imine hydrogenation there is also a similar mechanistic
debate?*~26 and although trapping experiments have provided

Scheme 2. Proposed Mechanisms for the Carbonyl
Hydrogenation by Means of the Shvo Catalyst

Outer sphere mechanism
Ria

Rya ~“CcC-0 Ph o . . . .
h RWCO R 0= Ph additional information, they again have led to opposite conclu-
H-O h 2 H H
2 e N R, sions concerning the mechanigh? In ketone hydrogenation
_Ru, “, . . . . .
H 1 “co a1 co this approach is not possible because of the high lability of
co B alcohol complexed In related systems such as the R(
Inner sphere mechanism arene)TsDPEN and the Ryftarene)(amino alcohol) catalysts,
Ph L Ph Ph Ph Noyori, Casey, and Andersson have provided evidence, both
L Ry R -0 Ph (e} Ph Ph H H 1
H O n;ﬂf H PP;h o ch%ﬁpn . OPh o experimentally and theoretically, that ca_lrbon_yl hyd_rogenatlon
G, = o, S=n H‘o/F}“u —=H R, takes place by an outer-sphere mechanism via a six-membered
doc0 Sf')c H Go & G €00 &, Coo transition staté®
A 24 Ra

In the present work we performed an extensive theoretical
analysis on both the inner- and outer-sphere mechanisms, trying
catalyst, synthesized two decades ago, is probably the firstto clarify the mechanism of this useful reaction. For the inner-
developed catalyst belonging to the so-called medtghnd sphere mechanism, in addition to the concerted pathway two
bifunctional catalysts. Since then, a number of meligiand additional pathways involving the substrate coordination were
bifunctional catalysts have been prepared based of#fisuch also evaluated. For the outer-sphere mechanism, a concerted
as those by Noyori, Ru(diamine)(BINAP) and the Rérene)- reaction without substrate coordination was examined in detail.
TsDPENS and on other metal centers such as Rh, Ir, anéd°Os.

The Shvo catalyst under heating produces two active species,
A andB (Scheme 1), which are able to hydrogenate unsaturated
substrates or dehydrogenate saturated substrates, respectively. An extensive mechanistic analysis was performed on a model
This equilibrium is what made the Shvo catalyst so versatile in réaction system. Formaldehyde was selected as a substrate, whereas
hydrogen-transfer processes. In addition, the hydrogenationth® Shvo catalyst was modeled by}(C,HsCOH)RU(COMY]; the
process starting fromh generatesB, and this one can be phenyl substituents of the aromatic ligand, ,hereafter named CpQH,
hydrogenated by alcohols or by,Hn this last process, the were replaced by hydrogens. These four H's were calculated using

explicit participation of a polar protic solvent molecule (EtOH) the 6-31G basis set, and the other main group elements (C, O, the

is playing a critical role in activating the hydrogen molectfie. I’E;fSt ?f H) were tcaipullifsl_;g%g lthe G-iﬁgt(d,p) ba_tst|s dsl;et. T he
This effect has also been reported in other systén$;1719 enective core po e along Wit ffs associated basis

Ry Ri

Computational Details

. i set was employed for Ru.
The reaction mechanism for the hydrogen-transfer process,

however, is a matter of controversy. Studies by Casey by mean
of primary deuterium isotope effects on the hydrogenation of
PhCHO via the active reducing fornA) of the Shvo tolyl
analogue catalyst, [2,5-R3,4-Tob(175-C4COH)]Ru(CO}H,
concluded that carbonyl hydrogenation is concerted without
substrate coordination (outer-sphere mechanism, Scheffe 2);
this conclusion was also supported by DFT calculations

(13) Paetzold, J.; Bkvall, J.-E.J. Am. Chem. So@005 127, 17620~
17621.

(14) (a) Ganez, M.; Jansat, S.; Muller, G.; Allg G.; Maestro, M. A.
Eur. J. Inorg. Chem2005 4341-4351. (b) Ito, M.; Hirakawa, M.; Murata,
K.; Ikariya, T.Organometallic2001, 20, 379-381. (c) Abdur-Rashid, K.;
Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough, A. J.; Morris, R. H.
J. Am. Chem. So002 124, 15104-15118.

(15) (a) Wu, X.; Vinci, D.; Ikariya, T.; Xiao, JChem. Commur2005
4447-4449. (b) Clapham, S. E.; Morris, R. @rganometallics2005 24,
479-481. (c) Mao, J.; Baker, D. @rg. Lett.1999 1, 841—-843. (d) Martin,
M.; Sola, E.; Tejero, S.; Andres, J. L.; Oro, L.@hem—Eur. J.2006 12,
4043-4056.

(16) Casey, C. P.; Johnson, J. B.; Singer, S. W.; CuiJ.@Am. Chem.
Soc.2005 127, 3100-3109.

(17) Rautenstrauch, V.; Hoang-Cong, X.; Churlaud, R.; Abdur-Rashid,
K.; Morris, R. H. Chem=—Eur. J. 2003 9, 4954-4967.

(18) Hedberg, C.; Kléstrom, K.; Arvidsson, P. I.; Brandt, P.; Andersson,
P. G.J. Am. Chem. So@005 127, 15083-15090.

(19) Comas-Vives, A.; Gorifez-Arellano, C.; Corma, A.; Iglesias, M.;
Sanchez, F.; Ujaque, Gl. Am. Chem. So2006 128 4756-4765.

(20) Casey, C. P.; Singer, S.W.; Powell, D. R.; Hayashi, R. K.; Kavana,
M. J. Am. Chem. So@001, 123 1090-1100.

Calculations for the model system were carried out using the

Sprogram package Gaussiafi®at density functional theory (DFT)

level by means of the hybrid B3LYP function&l All the
calculations were done without any geometrical constraints. Ad-

(21) Casey, C. P.; Bikzhanova, G. A.; Cui, Q.; Guzei, |lJAAm. Chem.
Soc.2005 127, 14062-14071 (see also Supporting Information therein).
(22) Johnson, J. B.; B&vall, J.-E.J. Org. Chem2003 68, 7681—7684.
(23) (a) Csjernyik, G.; K A. H.; Fadini, L.; Pugin, B.; Bakvall, J.-E.

J. Org. Chem2002 67, 1657-1662. (b) In ref 7 Shvo proposed the same

ring slippage for alkyne hydrogenation.

(24) (a) Casey, C. P.; Bikzhanova, G. A.; Guzei, I. A.Am. Chem.
Soc.2006 128 2286-2293. (b) Casey, C. P.; Johnson, JJBAm. Chem.
Soc.2005 127, 1883-1894.

(25) (a) Samec, J. S. M lEA. H.; Béckvall, J.-E.Chem. Commun.
2004 2748-2749. (b) H, A. H.; Johnson, J. B.; Bekvall, J.-E.Chem.
Commun2003 1652-1653.

(26) Samec, J. S. M. IEA. H.; Aberg, J. B.; Privalov, T.; Eriksson,
L.; Backvall, J.-E.J. Am. Chem. So@006 128 14293-14305.

(27) Casey, C. P.; Bikzhanova, G. A.;'@aall, J.-E.; Johansson, L.;
Park, J.; Kim, Y. H.Organometallic2002 21, 1955-1959.

(28) (a) Yamakawa, M.; Ito, H.; Noyori, RI. Am. Chem. So200Q
122 1466-1478. (b) Casey, C. P.; Johnson, JJBOrg. Chem2003 68,
1998-2001. (c) Alonso, D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, P.
G.J. Am. Chem. S0d.999 121, 9580-9588.

(29) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.

(30) Frisch, M. J.; et alGaussian03Gaussian, Inc.: Wallingford, CT,
2004.

(31) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee,
C.; Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c) Stephens,
P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, MJJPhys. Cheml994
98, 11623-11627.
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ditional MP22and CCSD(T3 single-point energy calculations were 1.351
also performed (see Supporting Information).

The most energetically favorable inner- and outer-sphere mech-
anisms were evaluated using a complete Shvo catalyst (including
the [Ph(»°-C4COH)] ligand) by means of the Jaguar program
suite3* The 6-31G(d,p) basis set was used for all the atoms except
for Ru. For the latter, the Los Alamos relativistic ECP was used,
together with a Jaguar-developed triglemodification of the
standard Los Alamos basis set to describe the outermost core anc
valence 4s, 4p, 4d, and 5s electrons (LACV3P basis).

For the saddle points the existence of only one imaginary
frequency was checked by means of analytical frequency calcula-
tions. Polarization functions were added to hydrogens of the phenyl
rings: 6-31G(d,p). Solvent effects (THF) were included using the
CPCM?5 model performing single-point calculations on gas-phase
optimized geometries. KIEs were also evaluated as shown in eqs 1
and 2 using the calculated free energies at 298.15 K. The concertec
pathway for the complete system was optimized with Gaussian,
along with the frequency analysis.

L®
0.966 (

Figure 1. Optimized structures for the initial reactants and final
products of the hydrogenation reaction. Distances in A.

AG, = G — Gy X=H,D (1)
Scheme 3. Reaction Steps of the CO Leaving Mechanism
KIE = k. /ky = exp[(AGp — AG,,)/RT] ) H
H’OHS EH
Results and Discussion _Ru.,
. o . . o) He oC™\ "co 0
This section is divided in two subsections. In the first one, W .y/ H \<\ H
three different inner-sphere mechanisms are discussed. Two of th( al H'OHS$THH
them start with an initial coordination of the substrate (form- D/?“”’co AR,
aldehyde) to the catalyst, whereas in the last one the coordination co C \H
is simultaneous to the hydrogen transfer. In the second subsec- b 1a 1%
tion a concerted pathway for the outer-sphere mechanism is HO—CHyﬂ r‘C’/H
discussed.
Inner-Sphere Mechanismsin this section three inner-sphere Q H o H "
mechanisms are analyzed. Two of them involve the replacement H f H” FTH
of one of the occupied coordination sites of the metal center by H\O/Ru . Q\/R\u.,,/
the substrate. The first one involves the replacement of one CO, HsG (‘:o co C'/H \, CO
whereas the second one consists on the ring slippage of the 5a

aromatic ring to accommodate the substrate. In the third one,
the incorporation of the substrate to the coordination sphere is
simultaneous to the hydrogen transfer. H

Substrate Coordination by Replacing the CO Ligand.The

.0 H
initial reactants and final products shown in Figure 1 are the " H H ;%
same for all the studied mechanisms. Two rotamers have been C/o | ©0 co 0\7'? o0 CO /O/Tu""’co
localized for the active reducing species of the Shvo catalyst, % co ZH HC 25
al anda2 These two conformers differ energetically only by 4a2 H Hsa 4a1

0.2 kcal/mol, indicating that the different rotamers are equally

accessible. Once the hydrogenation occurs, the dehydrogenated |n the Scheme 3 are shown the steps found for this
form of the catalystlf) and the hydrogenated product, methanol, mechanism. It is initiated with the generation of a vacant site
are produced. Reactants and products are isoenergetic in they a CO bond-breaking process and the subsequent coordination
gas phase, and when solvent effects are taken into account, thef formaldehydé® After that, a hydride transfer to the carbonylic
reaction energy is-3.5 kcal/mol. carbon takes place followed by the proton transfer to the
carbonylic oxygen atom, giving raise to the final product,

(32) (a) Mgller, C.; Plesset, M. $hys. Re. 1934 46, 618-622. (b)

Head-Gordon, M.; Pople, J. A.; Frisch, M.Ghem. Phys. Letfl988 153
503-506. (c) Frisch, M. J.; Head-Gordon, M.; Pople, J.@hem. Phys.

Lett. 1990 166, 275-280. (d) Frisch, M. J.; Head-Gordon, M.; Pople, J.

A. Chem. Phys. Lettl99Q 166, 281—-289. (e) Head-Gordon, M.; Head-
Gordon, T.Chem. Phys. Lettl994 220, 122-128. (f) Seebg, S.; Alnifo
J.Chem. Phys. Lett1989 154, 83—89.

(33) (a) Cizek, JAdv. Chem. Phys1969 14, 35—-89. (b) Purvis G. D.,
IIl; Bartlett, R. J.J. Chem. Phys1982 76, 1910-1918. (c) Scuseria, G.
E.; Janssen, C. L.; Schaefer, H. F., Ul. Chem. Phys1988 89, 7382
7387. (d) Scuseria, G. E.; Schaefer, H. F., Jl.Chem. Phys1989 90,
3700-3703. (e) Pople, J. A.; Head-Gordon, M.; Raghavachard. kKChem.
Phys.1987, 87, 5968-5975.

(34) Jaguar 5.5 Schralinger, L.L.C.: Portland, OR, 19942003.

(35) (a) Barone, V.; Cossi, Ml. Phys. Chem. A998 102 1995-2001.
(b) Cossi, M.; Rega, N.; Scalmani, G.; Barone JVComput. Chen2003
24, 669-681.

methanol.

The CO departure step was found to be endothermic by 51.2
kcal/mol (La). This highly endothermic process is in agreement
with experimental results where Casey and co-workers found
that the exchange of a CO by'# O molecule was very slow

(36) For aldehyde or ketone coordination, eithgr or 72, see for
instance: (a) Bergamo, M.; Beringhelli, T.; D’Alfonso, G.; Maggioni, D.;
Mercandelli, P.; Sironi, Alnorg. Chim. Acta2003 350, 475-485. (b)
Méndez, N. Q.; Arif, A. M.; Gladysz, J. AAngew. Chem., Int. EA.99Q
29, 1473-1474. (c) Maadez, N. Q.; Mayne, C. L.; Gladysz, J. Angew.
Chem., Int. Ed199Q 29, 1475-1476. (d) Madez, N. Q.; Seyler, J. W.;
Gladysz, J. AJ. Am. Chem. S0d.993 115 2323-2334. (e) Boone, B. J;
Klein, D. P.; Seyler, J. W.; Medez, N. Q.; Arif, A. M.; Gladysz, J. AJ.
Am. Chem. Sod 996 118 2411-2421.
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1.307 At0 1.320 A and to 1.366 A in the reacta?d, transition
state,tsla and product3a, respectively.

The coordination site occupied by the agostic interaction can
be subsequently replaced by a CO molecule. Depending on the
relative position of the CpOH ligand, the proton-transfer step
can be barrierless or show a very low barrier. When the position
of the proton is near the alkoxide ligand, an intermedidtel(
in Scheme 3) could not be located because the proton transfer
takes place spontaneously. An alkoxide intermedid&, could
be located only when the proton of the CpOH ring was in the
opposite site of the alkoxide ligand. The energy barrier for the
proton transfer from intermediaéa2 is 3.3 kcal/mol, mainly
corresponding to the CpOH ring rotation. This step is exothermic
by 19.7 kcal/mol, and the final product, methanol, remains
bonded to the catalyst through an agostic interaction. The energy
profile for this reaction is presented in Figure 3.

We also evaluated a pathway that once the formaldehyde is
coordinated, intermediata, the mechanism goes through the
inverse hydrogen-transfer order, starting with the proton transfer
followed by the migration of the hydride. Results are quite
similar to the previous mechanism with the opposite transfer
order (vide supra). The proton and hydride migrations barriers
are 9.7 and 10.5 kcal/mol, respectively, slightly higher than those
found in the preceding mechanism.

The inclusion of solvent effects (THF) by means of the CPCM
method does not significantly change the energy profile. The
CO leaving step is the most affected one, by decreasing the
energy 5.5 kcal/mol; the overall reaction becomes slightly
exothermic by 3.5 kcal/mol (Figure 3). Thus, the high reported
endothermicity for the CO leaving process brought us to reject
this mechanism as a feasible mechanism for this process, in
agreement with the experimental resifs.

Substrate Coordination with CpOH Ring Slippage. A
different pathway to coordinate the unsaturated substrate to the
Ru center involves a ring slippage. This process creates a vacant
site that can be occupied by the formaldehyde. In Scheme 4 is
presented the general pathway found for this mechanism.

The initial structure found for this reaction mechanism
presents a hydrogen bond between the formaldehyde and the
acidic hydrogen of the CpOH ligand; the-eH distance is 1.793
A (see Figure 4). The next step should correspond to the
this process should be entropically favored, the calculated freecoordinatiop of the formaldehyde to the catalyst. The trgnsition

; . . ’ state for this steptslb, shows that the substrate coordination
energy difference is still too large: 38.7 kcal/mol. . ) .
) . . and the ring slippage take place simultaneously. The-®u

The CO leaving generates a vacant site that can be occupiedyistance intsbis 2.502 A. The ring slippage is observed by
by the substrate, forming intermediae. In this intermediate the Ru-C distances: two carbon atoms of the CpOH ring
the formaldehyde isy*coordinated with R«C and Ru-O remain close to the metal with R«C bond distances of 2.311
distances of 2.178 and 2.117 A, respectively. The energy of gng 2.358 A, respectively, whereas the other-Rudistances
this intermediate2a, is 23.8 kcal/mol with respect to the initial 5.0 elongated to 2.823, 3.154, and 2.886 A, respectively. These
reactants. Figure 2 shows the intermediates and transition stategjistances in transition statelb indicate that the CpOH ring
involved in this reaction mechanism. becomes;?-coordinated to the metal center. Two additional

Once the formaldehyde is coordinated to the catalyst, the transition states are expected to be formed by simple rotation
hydrogen-transfer process may proceed following two se- of the CpOH ligand. Their geometries and energies, however,
quences: the initial transfer of the CpOH proton to the are expected to be very similar. We calculated the isomers of
carbonylic oxygen atom or the initial hydride transfer to the the formed intermediateb; if the OH group is on the
carbonylic carbon atom. The hydride transfer to the carbonylic symmetrical position ob (with the OH at one bond distance
carbon has a barrier of 7.9 kcal/mol, giving rise to intermediate of the coordinated double bond), forming tPle2 intermediate,
3a. The transition state for this stefg1a, is characterized by a  the energy is very similar, 16.3 kcal/mol. Nevertheless, we did
forming C—H bond distance of 1.531 A, whereas the-Ri not find the isomer where the OH group is on the opposite side
breaking distance is 1.678 A. This step is endothermic by 5.7 of the coordinated double bond; the geometry optimizations led
kcal/mol, with the producBa having an agostic interaction with  to losing the ketone, generating the CoOH ring coordination.
the metal via the newly formed-€H bond. The G-H bond In the formed intermediateb, the Ru-O bond distance is
distance is 1.208 A, whereas the ‘R#l distance is 1.896 A. 2.206 A. The ring coordination iib can also be described by
As far as the €O distance is concerned, it is elongated from a#?-coordination mode (as in the transition state). The-Ru

Figure 2. Located stationary points for the CO leaving mechanism.
Distances in A.

unless the reaction took place under fluorescent figatthough
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Figure 3. Energy profile for the CO leaving mechanism at the B3LYP level in the gas phase (blue) and solution (orange).

Scheme 4. Reaction Steps of the Stepwigé — 2 Ring
Slippage Mechanism

,OQH
H H H ~_.H
Hy _Ru., O‘Cv/H
0 H 'CN H
NPT co 0
H H a2 oxH H ] H
) 2 Ru.
D/‘u’/CO H\\|:|C H/‘ 'CO
co
b ©© 1b
HO—Cng{
o) H
H H e H
H H , Ru”
H ,0/ ?u"”'co H’C=O|:/ g\oo
HC  Cco 2b CO
5a /
\ H H
.0 H .0 H
H | H H
c'??qg\co 8/F}u""’\co
3 C & H CO
an ©° HH
ab 3b

Both the transition statetslb, and the intermediate2b,
present ap?-coordination mode of the aromatic ring. These
results are different from those initially proposed where the ring
slippage was changing the coordination mode frghto #°.
Nevertheless, recent theoretical studies on the ring slippage of
the Cp ring by the addition of a new ligand on related transition
metal complexes showed that the most stable coordination mode
of the Cp is»? once the ligand is coordinat&dand also in
some transition states of the ligand coordination 3tep.

The next step in the catalytic cycle corresponds to the change
of the coordination mode of the substrate fraph to 72
coordination going from intermediat@b to 3b. Furthermore,
the carbonylic carbon atom should be oriented toward the
hydride in order to allow the hydride migration. The step
involving these two changes is thermodynamically endothermic
by 4.2 kcal/mol. Intermediatgb has Ru-O and Ru-C distances
of 2.296 and 2.424 A, respectively. At this point the hydrogen-
transfer process starts by a pathway quite similar to that
described in the previous section. The carbonyl group is inserted
into the Ru-H bond, giving rise to intermediatdb. The
transition statefs2b, is located only 1.5 kcal/mol above the
intermediate3b. This step is exothermic by 4.4 kcal/mol. The
ts2b structure is characterized by a-®& bond forming distance
of 1.689 A. The atoms involved in the insertion have a—-Ru
O—C—H torsion angle of—14.17°. The G=0 distance of the
formaldehyde is gradually enlarged from 1.253 8t to 1.276

distances for the coordinating carbon atoms are 2.312 and 2.479 in ts2b, and to 1.371 A indb, therefore becoming a single

A. For the noncoordinated carbons the-Rli distances are

C—O bond. As far as the intermediatth is concerned, it

3.103, 3.559, and 3.216 A, respectively. The addition of contains an agostic interaction between the recently formed

formaldehyde to the complex shortens the meligland dis-
tances. Thus, the RtH distance is 1.575 A i2b and 1.606 A
in 1b; thus, the Ru-H distance has been considerably affected

by the change in the geometry from structiieto 2b.

C—H bond and the Ru atom, as shown by the largeHC
distance, 1.169 A. The RtO distance of the alkoxide ligand

(37) Veiros, L. F.Organometallics200Q 19, 5549-5558.
(38) Fan, H.-J.; Hall, M. BOrganometallic2001, 20, 5724-5730.
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Figure 4. Located stationary points for the stepwige— 72 ring
slippage mechanism. Distances in A.

is 2.061 A, being shortened almost 0.3 A with respect to
intermediate3b.

The last step, the proton transfer to the alkoxy oxygen, gives
rise to the final product, ethanol. This step is exothermic by
41.6 kcal/mol. The corresponding transition stag8b, has a
relatively low energy barrier, 4.2 kcal/mol. Although the proton
transfer does not involve the CpOH ring rotation, ts8b
structure is also unique. The-@1 bond-breaking distance is
not very enlarged, 0.992 A, compared to that in intermediate
4b, 0.967 A; the length of the newly forming-€H bond is
1.983 A. The change in the-€C—O—H dihedral angle on going
from intermediatedb to ts3b is quite large (from—1.8° to
—111.5), indicating that the OH group from the CpOH ligand
must be located in the proper alignment for the proton transfer
to take place.

The energy profile for this mechanism is presented in Figure

5. The highest relative energy barrier concerns the simultaneous.

aldehyde coordination with thg — %2 ring slippage. Neverthe-
less, the highest point within the energy profile is tis€b
structure, where the hydride migration is taking place. The

energy difference between the lowest energy intermediate and

the highest energy transition state is 34.3 kcal/mol. Other
possibilities could be considered from structdketo reach final

Comaged et al.

that could be occupied by the ring changing its hapticity. In
any case, this mechanism must go throtgftb, and therefore,
the energy barrier to overcome is higher than 30 kcal/mol.

Concerning the calculations in solution, there are no signifi-
cant changes. The major differences arelfioand productskf
+ CH3OH) with energy changes of 3.3 and 3.5 kcal/mol,
repectively. The energy difference between the minithand
the transition statés2b including solvent effects is 33.0 kcal/
mol. These results indicate that the stepwj%e> 2 mechanism
is more favorable than the stepwise mechanism involving the
CO leaving, 45.7 versus 33.0 kcal/mol (in solution), although
the energy barrier is still too high.

Concerted Pathway with Simultaneous Substrate Coor-
dination and Ring Slippage.The third inner-sphere mechanism
analyzed corresponds to the concerted hydrogen transfer having
the substrate in the coordination sphere of the catalyst. Figure
6 shows the structures of the species involved in this reaction
pathway.

The initial structure corresponds to an intermediate with the
formaldehyde hydrogen bonded to the catalyt, the same
structure presented in the previous section. The concerted
hydrogen transfer produces intermediatewhere the ethanol
product is weakly coordinated to the metal center through an
agostic interaction. The RtH distance is 1.959 A, whereas
the newly formed GH bond distance is 1.155 A, clearly
showing the agostic interaction. During this process, the CpOH
ligand loses a proton, breaking the ring aromaticity, becoming
bonded to the Ru by a*coordination. The dihedral angle of
the four coordinated carbon atoms+6.2°; the dihedral angles
of the carbonylic carbon atom within the ring are*8GaBd—7.9,
showing that this carbon atom is actually out of the plane of
the four coordinated atoms.

The Ru-C distances for the four coordinated carbon atoms
are 2.288, 2.224, 2.223, and 2.282 A, respectively. The Ru
distance for the carbon atom that is out of the plan@dris
2.508 A. In this step there is also a change of the nature of the
C—0 bond of the ring, changing from a single bond (1.338 A)
to a double bond (1.241 A). The hydrogen bond distance
between the OH of the formed methanol and the oxygen atom
from the formed ketone is 1.773 A.

In the transition state for this stefslc the newly forming
C—H and O-H bonds follow a different trend. The -€H
forming bond is quite advanced with a distance of 1.233 A,
whereas the ©H forming bond distance is 1.884 A, indicating
a rather small interaction; the-€H bond distance of the CpOH
ring is practically unchanged, going from 0.983 Alinto 0.988
A'in tslc In order to corroborate thaslc actually connects
the 1b and2cintermediates, we performed an IRC calculafidn.
Starting from structuréslcwe obtainedlb and2c, the initial
reactant and the final product, respectively, and no other
intermediates were found on this pathway.

Concerning the CpOH ligand in thglg it is #3-coordinated
to the Ru atom. The RuC distances for the coordinated carbons
atoms are 2.372, 2.296, and 2.463 A, whereas the Ru
distances for the other carbon atoms are 2.767 and 2.868 A,
respectively. It is remarkable that coordination was observed
only in structuretslc This hapticity has already been observed
In other transition metal complexes during a ligand substitution
process?® In fact, then® — %8 ring slippage allows the;?
coordination of the unsaturated substrate to the metal; thelRu
and Ru-C distances are 2.300 and 2.475 A, respectively. The

(39) (a) Fukui, K.Acc. Chem. Red.981, 14, 363-368. (b) Gonzalez,
C.; Schlegel, H. BJ. Chem. Phys1989 90, 2154-2161. (c) Gonzalez,

products, because the hydride migration leaves a vacant siteC.; Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.
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Figure 5. Energy profile for the stepwisg® — #? ring slippage mechanism at the B3LYP level in the gas phase (blue) and in solution
(orange).

step. The initial intermediatéb and the final produc®c are

the same as those obtained in the previous concerted pathway.
Nevertheless, the major difference between these two pathways
relies on the nature of the transition state.

In the transition state for this stefs1d, the newly forming
C—H and O-H bond distances are 1.432 and 1.325 A,
respectively (Figure 7). The-€0 distance for the substrate is
1.278 A, slightly shorter than in structurisic (1.340 A).
Surprisingly, this transition state links exactly the same inter-
mediates,1b and 2¢, as that found in the concerteg — 73
ring slippage pathway, respectively. As far as the energies are
concerned, the relative energy barrier found in this process is
9.1 kcal/mol in the gas phase and 7.7 kcal/mol in solution, in
good agreement with experiment and previous computational
work.2! Casey and co-workers reported a value\éft = 12.0

ts1c + 1.5 kcal/mol for the reduction of PhCHO in THig-with
Figure 6. Optimized structures of the transition stdggc and 0.1 mol/L of H,O or D,O using the Shvo tolyl analogi#&More
minima structures that connetb and 2c. Distances in A. recently, they reported the barrier for the analogous process in

dry THRdg; AH* = 11.2 £ 0.9 kcal/mol© In their computa-
tional study of the concerted mechanism Casey, Cui, and co-

C=0 bond distance of the formaldehyde is 1.340 A, so it has workers reported a barrier height of 13.8 kcal/mol, in agreement

tbheeequeggz:l%%? \% eor'elfr? eAdiI:tatlrr}iet ria;nls.lgcl)g /ss\t.ate compared to with the results presented here_. Figure_ 8 shows the energy profile
The barrier height for this pathway is 36.0 kcal/mol, with an for both concerted pathways in solution and gas phase.
associated reaction energy-e2.3 kcal/mol. The solvent effects After the analysis of several inner- and outer-sphere mech-
do not significantly modify the energetics of the reaction: the anisms on a model system, computational results strongly
energy barrier is 34.6 kcal/mol, whereas the reaction energy isSupport the outer-sphere mechanism with no coordination of
—4.5 kecal/mol. the substrate in the catalyst. The reported barrier of 9.1 kcal/
Outer-Sphere Mechanism. Concerted Hydrogen-Transfer mol in the gas phase (7.7 kcal/mol in solution) is in agreement
Mechanism. In this mechanism, the hydrogen transfer takes With previously determined experimental energy barrigus?
place without coordination of the substrate on the catalyst. The
proton and hydride transfers occur simultaneously in a single  (40) Casey, C. P.; Johnson, J. ®an. J. Chem2005 83, 1339.
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In the concerted transition state for the complete sys$fem,
ts1d2 (see Figure 7), the ©H and Ru-H distances are 1.082
and 1.701 A, respectively, whereas for the model catalyst these
distances are slightly enlarged by 0.018 and 0.007 A, feHO
and Ru-H distances, respectively. The length of the @ bond
of the formaldehyde its1d2is 1.273 A, whereas that its1d
(model system) was 1.278 A. Hence, the inclusion of the phenyl
substituents on the aromatic ring ligand has no significant effects
on the transition state geometry.

The 1b2 and2c2 geometries are the analoguesltfand2c
for the model system. Ihb2 the distance of the hydrogen bond
between the CpOH and the aldehyde oxygen is 1.807 A. In
2c2 there is also an agostic interaction through the newly formed
C—H, revealed by the €H distance of 1.146 A. The recently
formed OH bond has a distance of 0.981 A. Like2ig the
hapticity of the ring isy*, with the ring bonded to the metal
through two double bonds formed in the ring after the hydrogen
transfer. The four coordination carbons of the ring have distances
with the ruthenium atom of 2.295, 2.252, 2.265, and 2.310 A,
respectively. The last carbon atom of the ring2eR is out of
the ring plane, as if2c, having a Ru-C distance of 2.468 A,
slightly shortened with respect to the model system, 2.507 A.
The distance of the €0 bond of the ring ligand i2c2is 1.381
A. The OH group of the formed methanol is interacting through
a hydrogen bond with the recently formed=O group of the
ring, characterized by a distance of 1.803 A.

Calculation of Kinetic Isotope Effects. Casey and co-
workers reported individual kinetic isotope effects in benzal-
‘dehyde hydrogenation using an analogue of the Shvo catalyst

Model System versus Complete SysteniThe concerted  (where two Ph groups were substituted by two Tol groups) for
outer-sphere mechanism as well as the most favorable inner-the Ru-D and O-D bonds with values of 1.5 0.2 and 2.2+
sphere mechanism were analyzed taking for the calculations a0.1, respectively, in THF in the presence of a small amount of
complete Shvo catalyst, including four phenyl groups in the water. On the basis of the agreement between the product of
CpOH ring, [Ph(;°-C4COH)]. For the outer-sphere mechanism both individual isotope effects (1.5 2.2 = 3.3) and the
the analogous transition stagddwas localized, with an energy ~ measured one for RuBOD species (3.6 0.3), they concluded
of 1.9 kcal/mol in the gas phase. This value is quite similar to that the hydrogenation takes place through a concerted proton
the one obtained for the model systeril(5 kcal/mol), showing ~ and hydride transfe¥? In a recent study, they showed that the
that the inclusion of the phenyl rings does not change signifi- addition of water to THF led to a decrease of the-Rukinetic
cantly the results for the outer-sphere pathway. The energy!SOtOPe effect with a concomitant increase of the @kinetic

barrier calculated is 8.8 kcal/mol, quite close to that of the model 'SOtope effect? The combined isotope effect also was found
system, 9.1 kcal/mol. to increase. In dry THF (at 2ZC) the individual isotope effects

. ) . were 2.604 0.09 for Ru-D and 1.30+ 0.02 for O-D, whereas

For the most favorable inner-sphere mechanism (stepyise  the combined isotope effect was 3.38 0.19. Conversely,
— 72 ring slippage) all the minima along the pathway were aqdition of water (0.120 mol/L) led to values of 1.320.11
localized. The gas-phase energies for the model system interor Ru—D and 2.99+ 0.35 for O-D, with a value of 4.25+
mediateslb, 2b, 3b, 4b, and5a and final productsi{ + CHs- 0.62 for the combined isotope effect. The authors also analyzed
OH) were—10.6, 18.0, 22.2, 17.8;23.8, and—0.2 kcal/mol, the KIEs in other solvents such as toluene and,Cly the
respectively, related to separated reactants (see Figure 5)reported kinetic isotope effects in these solvents are quite similar
Exploring the potential energy surface for the complete system to the reported ones in dry THF (see Table 1).
drove us to the localization of all the analogous intermediates  In a parallel study by the group of Bivall on the dehydro-
found for the model system. Their relative energy values related genation of 1-(4-fluorophenyl)ethanol by the Shvo catalyst, they
to separated reactants aré.9, 24.7, 27.6, 20.7,-22.4, and reported KIEs of 1.8 0.17 and 2.57 0.26 for the rupture
—0.9 kcal/mol forlb', 2b', 3b', 4b', 5d, and final productsk( of O—H and C-H bonds of the alcohol, respectively, and the
-+ CH3OH), respectively. The highest and lowest energetic combined isotope effect of 4.6 0.37, also supporting a
intermediates are the same for the model and the completeconcerted transfe¥.
system,3b, 3b', and4b, 4b', respectively. The energy profile We have performed kinetic isotope effect calculations (KIES)
for the outer-sphere mechanism on the complete system isfor both concerted mechanisms previously described. The free
clearly energetically more favorable than that for the inner- energy barriers used for KIE calculations are those between the
sphere mechanism. The energy barrier for the outer-sphereinitial reactants and the corresponding transition states. The
mechanism is 8.8 kcal/mol, whereas the most stable intermediateobtained results are gathered in Table 1. For the outer-sphere
for the inner-sphere mechanism (before formation of coordinated

ethanol,5&), 4b', has an energy of 20.7 kcal/mol. Therefore (41) The transition statis1d2 (for the complete system) was recalculated
AT ' _with Gaussian03. The geometries and energies obtained are very similar.

calculations on the complete system give similar trends to thoseThe energy barriers found here were 8.3 and 8.0 kcal/mol in the gas phase
on the model system. and in solution, respectively.

Figure 7. Transition state for the outer-sphere mechanism: model
system {s1d) and complete systents(ld2). Distances in A.

= 12.04+ 1.5 kcal/mol for the reduction of PhnCHO in THig
in the presence of 0.1 mol/L of @ or D,02° andAH* = 11.2
+ 0.9 for the same process in dry THE.*® Moreover, this
mechanism is the most feasible one of all the analyzed pathways
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Figure 8. Energy profiles for both concerted pathways at the B3LYP level. Inner-sphere mechanism: green (gas phase) and red (solution),
respectively. Outer-sphere mechanism: blue (gas phase) and orange (solution) respectively.

Table 1. Calculated Kinetic Isotope Effects for the individual kinetic isotope effects reported in THF with a small
Concerted Mechanisms Including the Experimental Values amount of water (see Table 1) than those in dry THF or toluene.
dideuterated The value for the combined isotope effect for the concerted

mechanism ReD bond  O-D bond species inner-sphere mechanism is quite different from the experimental
concerted inner sphere 0.7 1.1 0.8 value in toluene: 0.8 versus 3.68 0.25. Concerning the
concerted outer sphere 1.3 31 3.8 individual isotope effects, the-€D bond agrees fairly well with
(model system) the experimental value in toluene, whereas the- Biond does
concerted outer sphere 1.3 2.8 3.5 . . . .
(complete system) not. The fact that the combined isotope effect is quite far from
THF (no water} 2.604+0.09 1.30+0.02 3.38+0.19 the experimental result does not support the concerted inner-
THF (0.120 mol/L wated 1.32+0.11 2.99+ 0.35 4.25+0.62 sphere mechanism.
CH.Cl2 2514028 1.33+0.13 3.36+0.36 ; ; i
toluzené 2654018 138008 363L0.25 In conclusion, the calculated combined isotope effect for the

THP 15402 22401 3.6+ 03 outer-sphere mechanism is in better agreement with the experi-
mentally reported values than that obtained for the concerted
inner-sphere mechanism. Therefore, in accordance with the

. previous analysis of the energy reaction profiles, these results
mechlamsm we Calcﬁlatﬁd _th% KIFS for th? _rron_delbarkl]d the 3150 suggest a concerted outer-sphere mechanism for the
complete systems. The obtained values are similar in bot CaseSyy qrogen-transfer process.

showing that the model system is good enough to study the
system. Notice that all calculations were performed using Conclusi
formaldehyde as substrate, whereas the experimental values used onclusions

benzaldehyde as substrate. The hydrogen-transfer process to ketones catalyzed by the
Our results, based on gas-phase calculations, are expected tShvo catalyst was extensively analyzed by means of DFT
be closer to the KIEs reported in toluene than the other solventstheoretical calculations. Several inner-sphere mechanisms (that
since it presents the lowest dielectric constant=(2.4). For imply the coordination of the substrate on the coordination
the complete system in the outer-sphere mechanism, the valuesphere of the metal catalyst) and the outer-sphere mechanism
for the combined isotope effect is very close to the experimental (without substrate coordination) were considered. The energy
one: 3.5 (calculated) versus 3.68 0.25 (toluene). The profiles in the gas phase and including solvation effects for all

aFrom ref 40.PFrom ref 20.

individual isotope effects present a different trend. For-Ru the proposed mechanisms were calculated, and the KIEs for
we obtained a KIE value of 1.3 compared to the experimental the most favorable concerted mechanisms were also evaluated.
value of 2.65+ 0.18 (toluene). For the ©D bond the calculated According to our results, the most viable mechanism (that
value is 2.8 compared to the experimental value of #3808 with the lowest energy barrier) is the outer-sphere mechanism

(toluene). Surprisingly, theoretical values are closer to the where the hydrogen transfer takes place without coordination
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of the substrate to the metal center; the proton and the hydrideand 34.6 kcal/mol in solution. Despite being a concerted

are transferred simultaneously to the=O double bond. The  pathway, the energy barrier is too high compared with the outer-
energy barrier for the model system is 9.1 kcal/mol in the gas sphere mechanism. Moreover, the calculated combined kinetic
phase and 7.7 kcal/mol in solution (THF). For the complete isotope effect for this mechanism is clearly different from the

system (where the entire Shvo catalyst was included in the experimentally reported value.

calculations) these barriers adopted values of 8.3 and 8.0 kcal/  |n summary, the feasibility of the outer-sphere mechanism
mol in the gas phase and solution, respectively. The calculated(a concerted hydrogen transfer without carbonyl coordination)
KIEs for this mechanism are also in good agreement with the s supported by presenting the lowest energy barrier among all
experimental reported ones. the studied processes and calculated KIEs closest to those
Within the inner-sphere mechanisms, that involving the initial  obtained experimentally. These results are in agreement with
CO leaving is highly endothermic in the initial dissociative other hydrogen-transfer processes based on migahnd
process. The energy barrier for this step is 51.2 kcal/mol in the pifunctional catalysts, even though this catalyst has the proton
gas phase and 45.7 kcal/mol in solution; the free energy barrierdonor moiety quite far from the metal center. All reported studies
associated with this process in the gas phase is 38.7 kcal/molio date suggest that metdigand bifunctional catalysts work
As expected, inclusion of entropic effects clearly diminishes through an outer-sphere mechanism. These conclusions may be

the energy barrier for a dissociative process, although the barrierapplicable to the hydrogenation of other polar double bonds,
is still too high to be a feasible mechanism. and an analysis is in progress in our lab.
The inner-sphere mechanism involving the substrate coordi-

nation along with the ring slippage has an energy barrier in the Acknowledgment. We are grateful to the Spanish MEC
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