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The mechanisms of the competitive CdC and CdO hydrogenations of theR,â-unsaturated aldehydes
by [RuH2(PH3)3] are investigated by means of calculations based on density functional theory. The classical
mechanism via double-bond insertion into the Ru-H bond followed byσ-bond metathesis does not explain
the selectivity to the unsaturated alcohol, since the CdC hydrogenation is found to be easier than the
CdO hydrogenation, both thermodynamically and kinetically. A new water-assisted mechanism is
presented in which the CdO hydrogenation is clearly favored. This allows us to explain the preferred
formation of the unsaturated alcohol, particularly true in biphasic media.

1. Introduction

The synthesis of unsaturated alcohols by hydrogenation of
R,â-unsaturated aldehydes is employed in the field of fragrance
and flavor chemistry.1 Hydrogenation selectivity toward one or
the other double bond (see Scheme 1) is the challenging part
of this synthesis, which can be performed by selective catalytic
processes.

Homogeneous catalysis is used in 15% of industrial selective
hydrogenations ofR,â-unsaturated aldehydes.2 Although the use
of ruthenium complexes for such a purpose is well documented
from an experimental point of view, no clear explanation of
the hydrogenation selectivity has been proposed for these
catalysts, which behave quite differently from cobalt complexes
for which mechanistic investigations have been performed.3

Following the hypothesis that the hydrogenation ofR,â-
unsaturated aldehydes occurs via the activation of a double bond
by coordination on a metallic fragment, we proposed a study
of the relative stability of coordinatedR,â-unsaturated aldehydes
on ruthenium complexes.4 The higher stability of theη2(C,C)
coordination mode4 cannot justify the selective hydrogenation
of the CdO bond obtained with such catalysts.

In this work, our aim was to study the mechanism of CdO
and CdC hydrogenations and particularly to explain the
selectivity toward CdO hydrogenation in biphasic media. We
have performed Gibbs free energy calculations along the hydrog-
enation mechanisms, which can be called classical mechanisms,
considering a succession of elementary steps. Then, we have
considered a solvent-assisted mechanism. In fact, although some
homogeneous hydrogenations are performed in organic solvent
which cannot have any specific interaction with the complexes
involved in the catalytic cycles,5 many of them take place in
biphasic aqueous/organic media, in which water can have an
influence on the reactivity by its coordination on the ruthenium
complexes or on the substrate. In such media, different

substrates6 have been studied as well as different catalysts.7 The
kinetics is influenced by pressure, catalyst concentration, and
phosphine concentration.8 The selectivity toward CdO hydro-
genation is affected by the hydrogen pressure9 and the pH.10

We used crotonaldehyde as a typicalR,â-unsaturated aldehyde
for this study, as it is used experimentally and leads to a good
selectivity toward CdO hydrogenation. In agreement with
experimental studies, we consider [RuH2(PR3)3] as the catalytic
complex which leads to preferential CdO hydrogenation. This
complex is obtained by the dissociation of a phosphine from
[RuH2(PR3)4] which is involved in the equilibrium presented
in Scheme 2. It has been proved that [RuH2(PR3)4] is the pre-
dominant complex in a basic medium with an excess of phos-
phine, this type of medium being the kind that favors CdO
hydrogenation.10

2. Computational Details

The calculations have been performed with the Gaussian0311 code
at the DFT/B3LYP level.12,13Hay and Wadt effective core potentials
have been used for Ru and P with the LANL2DZ basis set.14

Polarization orbitals have been added to phosphorus atoms. Carbon,
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oxygen, and hydrogen atoms have been treated with the D95(d,p)
Dunning basis set.15 Some tests with the triple-ú basis set 6-311G,16

the SDD effective core potentials,17 and the BPW91 functional12,18

have not shown any significant changes. The phosphine ligands
have been simplified for mechanism investigations, PPh3 being
replaced by PH3.

All intermediates and transition states have been optimized, and
frequency analyses have been performed to be sure that no
imaginary frequency occurs for intermediates and that only one
occurs for transition states. Gibbs free energies of reaction and
activation Gibbs free energies have been calculated for gas-phase
reaction using the values given by the codes forT ) 298 K andP
) 1 atm.

The basis set superposition errors for bimolecular reactions have
been evaluated to be less than 3.5 kJ mol-1 and have not been
taken into account in results we present here.

3. Classical Mechanisms

Several mechanisms have been proposed for the hydrogena-
tion of ketones by ruthenium complexes (for a review, see ref
19). One of them consists of the coordination of the reactant
after departure of a phosphine followed by hydride migration.
For the hydrogenation of CdC bonds also, the coordination of
the olefin is a primary step of the reaction.20 Hence, we will
focus now on the hydrogenation mechanisms of crotonaldehyde
via hydride cis migration to a coordinatedπ system (or double-
bond insertion into the ruthenium-hydride bond). This elemen-
tary step can be followed by two types of product elimination:
reductive elimination orσ-bond metathesis with dihydrogen (see
Scheme 3). Both will be investigated for CdO and CdC
hydrogenation.

The complete study of the coordination modes has been
reported elsewhere.4 We will expose in detail the hydrogenation
reactions which involve the most stable intermediates1 and2

(see Figure 1) where the phosphines are in a meridian position,
as they are the most stable isomers. Hydrogenation via similar
pathways starting from other isomers (3-5; see Figure 1) has
also been studied, which does not affect the conclusions. Isomers
3-5 are the most stable complexes on the metallic fragment,
with a facial position of phosphines.

3.1. Cis Migration. Four sites of crotonaldehyde can be
involved in the cis migration of the hydride: the four atoms of
the π system. The cis migration on the oxygen atom is not
possible in the different isomers, due to geometrical consider-
ations: the oxygen atom is never near the hydride.6 and7, the
products of cis migration from1 and 2, respectively, are
represented in Figure 2. They both have an agostic bond to
saturate the complexes, which have only 16 electrons without
this interaction. In6, the Ru-H bond is 1.77 Å, the C-H bond
is 1.34 Å, and the Ru-O-C angle is 80.6°. In 7, the Ru-H
bond is 1.88 Å, the C-H bond is 1.22 Å, and the Ru-C-C
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Scheme 3. Classical Hydrogenation Mechanisms: (a) CdO;
(b) CdC
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angle is 78.4°. Nonrepresented structures of the products from
cis migration on3-5 have similar properties. The energetic data
for these cis migrations are reported in Table 1.

Notice that the reactions are strongly endothermic. For the
reaction1 f 6, we can observe that, even if the barrier exists
when speaking about internal energy, it disappears when
speaking about Gibbs free energy. This would mean that the
reaction is not activated (or very little activated): the barrier to
be passed over is approximately the thermodynamic difference
between products and reactants.

The difference between the two barriers can be explained by
orbital analysis. The LUMOs of1 and2 are shown in Figure 3.
The LUMO is more developed on the carbon C3 in complex2
than it is on the carbon C1 in1: the electrophilicity of2 is

higher than that of1. As a result, the activation barrier for the
cis migration is higher for1 than for2.

Tests of hydride cis migration onη1(O) isomers do not allow
us to identify any transition state: theη1(O) coordination mode
of the aldehyde does not activate the CdO double bond. We
have also tested a pathway of direct hydrogenation of coordi-
nated double bonds by dihydrogen: in this case also, no
transition state has been found. These two tests show that both
dihydrogen and the double bond have to be activated to lead to
hydrogenation by this type of mechanism.

3.2. Reductive Elimination.In 6 and7, the hydride and the
organic ligand are in trans positions and an isomerization is
required before the reductive elimination can occur. The
coordination of a phosphine prior to the reductive elimination
is necessary to avoid the formation of 14-electron complexes,
which are very unstable (moreover, the phosphines are in excess
under the experimental conditions). Complexes8 and 9 are
obtained from6 and7, respectively (see Figure 4), by the loss
of the agostic interaction (∆Gq ) 33 and 35 kJ mol-1,
respectively) followed by coordination of a phosphine ligand
(nonactivated to form8 and∆Gq ) 23 kJ mol-1 to obtain9).
In the case of7, the loss of the agostic interaction leads to a
η3(C,C,O) form which has to be isomerized toη1(C) to accept

Figure 1. Starting complexes for hydrogenation with, in paren-
theses, their relative Gibbs free energies in kJ mol-1.

Figure 2. Products of cis migration starting from complexes1
and2.

Table 1. Energetic Data (in kJ mol-1) for the Classical
Mechanisms

reactant product ∆E ∆G ∆Eq ∆Gq

Cis Migration
1 6 47 54 50 51
2 7 33 35 43 39

Coordination of H2

6 10 -43 8 7 52
7 11 -48 8 7 52

σ-Bond Metathesis
10 12 -85 -76 19 25
11 13 -61 -66 20 16

Figure 3. LUMO isodensity curves of starting complexes1 and2
in the plane of Ru, hydride, and carbon involved in the cis
migration.
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the coordination of the phosphine. This is why the coordination
is activated to form9 and not to form8.

Reductive eliminations from8 and 9 require Gibbs free
energies of 134 and 84 kJ mol-1, respectively. Such barriers
are very high, and another mechanism has to be found.

3.3. σ-Bond Metathesis.We noticed that it is necessary to
activate both hydrogen and the double bond to perform the
hydrogenation. As a result, starting from6 and7, it is necessary
to have coordination of dihydrogen on the Ru fragment to bring
a new H. This reaction requires the agostic bond to be broken.
Products structures10and11 for the coordination of dihydrogen
on 6 and7, respectively, are shown in Figure 5. The energetic
data for these coordinations are reported in Table 1.

It can be noticed that there is no oxidative addition of
dihydrogen on the Ru fragment, as it is a d6 ML5 fragment with
π-acceptor ligands which stabilize and delocalize d orbitals and
thus decrease the back-donation into theσ*H-H orbital.21 The
distance between the two hydrogens of the coordinated dihy-
drogen is 0.88 Å in10and 0.86 Å in11. The difference between
the energy of reaction and the Gibbs free energy of reaction is
mainly due to the loss of degrees of freedom (translation and
rotation) of dihydrogen. It is in the range of those calculated
for the usual reactions.22

With 10 and11 as the starting points, four-center transition
states forσ-bond metathesis have been found (see Figure 6).
The products of the reaction,12 and 13, are represented in
Figure 7, and the energetic data can be found in Table 1. The
Gibbs free energy barrier for H-H/Ru-X σ-bond metathesis is
higher in the case of X) O than in the case of X) C (25 kJ
mol-1 vs 16 kJ mol-1): the stabilization of the migrating hydride

is better in TS11-13 than in TS10-12 (dRu-H ) 1.60 Å in TS11-13

anddRu-H ) 1.81 Å in TS10-12). TS11-13 looks like a Ru(IV)
trihydride, but it is really a transition state.

In the products, the organic molecule remains coordinated
to the metallic fragment. For the alcohol obtained by hydroge-
nation of the CdO bond, a lone pair on the oxygen atom ensures
coordination without rearrangement of the structure after the
σ-bond metathesis (the bond strength between the alcohol and
the Ru fragment in12 is 66 kJ mol-1). Because of the strength
of the Ru-O bond the decoordination of the unsaturated alcohol
from 12 is an endothermic process:∆G ) 3.9 kJ mol-1.

In the case of the hydrogenation of the CdC bond, there is
a bond in product13 between the organic molecule and Ru via
the hydrogen atom that comes from theσ-bond metathesis. It

(21) Jean, Y.; Eisenstein, O.; Volatron, F.; Maouche, B.; Sefta, F.J.
Am. Chem. Soc.1986, 108, 6587.

(22) Watson, L. A.; Eisenstein, O.J. Chem. Educ.2002, 79, 1269.

Figure 4. Precursor complexes for reductive elimination.

Figure 5. Product structures for dihydrogen coordination on6
and7.

Figure 6. Transition states forσ-bond metathesis.

Figure 7. Products forσ-bond metathesis from10 and11.

Figure 8. Gibbs free energy pathways for CdO and CdC
hydrogenations.

Figure 9. Coordinated water-crotonaldehyde adducts.
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costs 26 kJ mol-1 to break such a bond from an energetic point
of view, but the decoordination of the saturated aldehyde from
13 is exothermic (∆G ) -30 kJ mol-1), as this bond strength
cannot compensate the entropy gained in the decoordination
process. As the decoordination is not activated, it will occur
spontaneously.

The two decoordination processes lead to the dihydridotris-
(phosphine)ruthenium complex (RuH2(PH3)3), which can be the
starting point for another hydrogenation cycle.

The complete Gibbs free energy pathways for the CdO and
CdC hydrogenations are reported in Figure 8. It is obvious from
these pathways that a classical mechanism cannot explain the
observed selectivity toward hydrogenation of CdO: the whole
pathway for CdO hydrogenation is above the pathway for
CdC hydrogenation, and all the barriers of CdO hydrogenation
are higher than the barriers of CdC hydrogenation.

4. Water-Assisted Mechanism

In biphasic media, the ruthenium complex is in the aqueous
phase due to sulfonated phosphines. TheR,â-unsaturated
aldehydes approaching the complex must go through the
aqueous phase, or the catalysis may occur at the interface
between organic solvent and water. As a result, the aldehyde is
surrounded by water molecules and a hydrogen bond between
water and the oxygen atom of the aldehyde is highly probable.

The hydrogen bond (see Figure 9) does not affect the relative
stabilities of1 and2, the free Gibbs energy between14 and15
being 26 kJ mol-1 in favor of15, as it is in favor of2 compared
to 1. The two previous mechanisms are still correct in water.

The water-crotonaldehyde adduct can coordinate to the
ruthenium complex via a lone pair of the water molecule. This
leads to complex16, represented in Figure 9.16 is less stable
than15, ∆G16-15 ) 12 kJ mol-1 (∆E16-15 is 34 kJ mol-1), but
more stable than14. While the model is improved by the
insertion of the15 and16 structures in a polarizable dielectric
continuum, the energy difference between15 and16 decreases
to 29 kJ mol-1. Hence, the solvent effect is small. The steric
effect of more realistic phosphines has been modeled by the
QM/MM approach, PPh3 replacing PH3 (with ONIOM as
implemented in the Gaussian code). The energy difference
between structures that correspond to15 and16 with PPh3 is
23 kJ mol-1. All the envisaged improvements reduce the energy
difference between15 and 16, but the coordination of the
CdC bond remains the most stable. In fact, theπCdC and the
πCdO orbitals are mixed in the HOMO and the LUMO of
crotonaldehyde.4 Therefore, any perturbation, like the coordina-
tion of a water molecule, has an influence on the interaction of
both CdO and CdC bonds with the metal. Only the coefficients

differ in the mixing, which induces the small change in the
energy difference.

If Gibbs energy differences are considered, the situation in
the case of PPh3 ligands is totally inverted; theη2(C,O)-
coordinated14 and, even more, the H2O-coordinated complex
16 become more stable by far by 57 and 83 kJ mol-1,
respectively. However, the calculation of Gibbs free energy in
the QM/MM calculations seems not to be relevant, as it depends
on normal-mode calculations which are difficult to obtain with
a good accuracy in the region between the QM and the MM
parts. Thus, we prefer not taking into account the results
obtained for∆G with PPh3 ligands.

Complex16can perform the hydrogenation of crotonaldehyde
in a one-step reaction (see Figure 10). The water molecule
induces an electrophilic assistance on the CdO function, which
can then react with a hydride of the ruthenium complex. While
the hydride is transferred to the carbon atom, the proton of the
water molecule which interacts with the crotonaldehyde is
transferred to the oxygen atom via a six-center transition state
(see Figure 10), leading to the coordinated alcohol and an OH
ligand.

Such a concerted transfer of two hydrogen atoms from the
metal and one ligand (H2O) looks like that observed for the
hydrogenation of ketones by hydridodiamine ruthenium com-
plexes, first observed by Noyori et al.23 and confirmed by Morris
et al.24 In these cases, the hydrogen atoms come from Ru and
the diamine. The same mechanism has also been found for a
diamine Rh complex.25 A similar mechanism involving H2O
as a hydrogen donor ligand has been observed in the hydrogena-
tion reaction of CO2.26

In complex17, the OH ligand has moved cis to the remaining
hydride because of the trans influence of this hydride: the
LUMO of the RuH(PH3)3

+ fragment is pointing trans to a
phosphine (see Figure 11). This is related to the fact that it is
energetically unfavorable for two strongσ-donor ligands to share

(23) Haack, K. J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R.Angew.
Chem., Int. Ed.1997, 36, 6.

(24) Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.
Lough, A. J.; Morris, R. H.J. Am. Chem. Soc.2002, 124, 15104.

(25) (a) Guiral, V.; Delbecq, F.; Sautet, P.Organometallics2001, 20,
2207. (b) Delbecq, F.; Guiral, V.; Sautet, P.Eur. J. Org. Chem.2003, 2092.

(26) Yin, C.; Xu, Z.; Yang, S. Y.; Man Ng, S.; Wong, K. Y.; Lin, Z.;
Lau, C. P.Organometallics2001, 90, 1216.

Figure 10. Simultaneous transfer of two hydrogen atoms on crotonaldehyde giving complex17 from complex16.

Figure 11. LUMO of RuH(PH3)3
+.
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the same metal orbital.27 This isomerization is simultaneous with
the hydrogen transfer.

To regenerate a dihydride ruthenium complex, dihydrogen
can coordinate on the remaining vacant position of17, trans to
the hydride. This can occur after or before the release of the
but-2-en-1-ol. The overall process is endoenergetic,∆E ) 43
kJ mol-1 and∆G ) 50 kJ mol-1, and complex18 is obtained
(see Figure 12). In18, the H-H distance is only 0.79 Å and
the Ru-H2 distance is 1.86 Å, due to the trans influence of the
hydride. Thus, dihydrogen is not strongly activated by the
coordination on the metal: the activation barrier for theσ-bond
metathesis18 f 19 is higher than in the reaction10 f 12.

The dihydride that can be formed is not the cis isomer: the
σ-bond metathesis described in Figure 12 leads to a trans
dihydride and a coordinated water molecule. From complex19,
hydrogenation of crotonaldehyde can restart via the catalytic
cycle reported in Scheme 4. First crotonaldehyde coordinates
via a water molecule to give20 (equivalent to16). Then the
hydrogenation through the six-center transition state, shown in
Figure 13, gives17 again. The energetic data for the whole
catalytic cycle are reported in Figure 14. A comparison of
TS16-17 and TS20-17 shows that the latter is earlier: C-H and
O-H bonds are longer, and the CdO bond is less elongated.
This is related to the smaller energy barrier.

Indeed, for the simultaneous transfer of hydrogen,∆Gq is
higher in the case of the cis dihydride16: 55 kJ mol-1 versus
15 kJ mol-1 starting from the trans dihydride20. The higher
reactivity of the trans dihydride20can be understood as follows.

First,20 is less stable than16, due to the trans influence of the
second hydride, which is stronger than the trans influence of a
phosphine. When the Ru-H distance increases, the trans
influence decreases. As a result, the energy difference between
the two transition states TS16-17 and TS20-17 is not as large as
it is for the two reactants: the activation barrier is lower in the
case of the trans dihydride. Furthermore, the occupied molecular
orbital localized on the migrating hydride in16 is 1.3 eV lower
than the occupied molecular orbital in20 (it is the HOMO in
20 and HOMO-3 in16). Thus, the hydride in20 is much more
nucleophilic than the hydride in16. This is another way to
express the hydride trans influence. This explains the higher
reactivity of 20 toward hydride transfer. Furthermore, the
interaction between the hydrogen atom of the water molecule
and the oxygen atom of the aldehyde is stronger in20 than in
16 (the overlap population is 16% higher in20). This is due to
the stronger coordination of water trans to a phosphine (in20)(27) Burdett, J. K.; Albright, T. A.Inorg. Chem.1979, 18, 2112.

Figure 12. Regeneration of a trans dihydride ruthenium complex.

Scheme 4. Catalytic Cycle for the Water-Assisted
Hydrogenation of the CdO Bond of Crotonaldehyde

Figure 13. TS20-17.

Figure 14. Gibbs free energy pathway for the water-assisted
mechanism (for comparison, the same energy scale as in Figure 8
has been used).
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as compared to that trans to a hydride (in16): the electron
density is increased between Ru and O (32% higher in20),
taking electrons from the O-H bond of the water molecule and
weakening this bond. Hence, the hydrogen atom of the water
molecule is more reactive in20 than in 16. The increase in
reactivity of the two migrating hydrogens in20 compared to
those in16 explains the smaller activation barrier for the six-
center hydrogenation starting from20.

5. Kinetic Model for Selective Hydrogenation

From the two pathways for competitive hydrogenation of
CdC by the classical mechanism and CdO by the water-
assisted mechanism, it is not obvious that a selectivity toward
CdO hydrogenation will be obtained, since the barriers are
similar. We propose to test the competition between these two
pathways by using the DFT values for activation barriers in
the Eyring formalism, which gives the values of the kinetic
constants:

For nonactivated exothermic elementary steps, we use∆Gq

) 0 and for non activated endothermic elementary steps, we
use∆Gq ) ∆G. As the reaction takes place in biphasic media,
we suppose that the productssbutanal (SAL) and but-2-en-1-
ol (UOL)smove to the organic phase, while the complexes stay
in the aqueous phase. As a result, the elementary steps which
form SAL and UOL will not be reversible. The proposed kinetic
scheme is reported in Scheme 5. The formation ofSPY-5-
cis,mer-[RuH2(PH3)3] (21) starting from the identified precursor
[RuH2(PH3)4] has not been taken into account, since it affects
the two competitive cycles in the same way: the decoordination
of a phosphine must happen to coordinate the crotonaldehyde
or the water molecule. Themer isomer (see Chart 1) has been
preferred for this study, because of the trans effect of the hydride
which induces the departure of a phosphine trans to the hydride
in [RuH2(PH3)4]. The energy difference between thefac and
the mer isomers (see Chart 1) is 40 kJ mol-1 in favor of the
mer isomer. The study of the interactions in these fragments
has already been proposed.4 Moreover, as mentioned above, the
coordination of the aldehyde on themer isomer gives1 and2,

which are more stable than the products of coordination on the
fac isomer (3-5) for each coordination mode.

Under a continuous flow of crotonaldehyde that keeps the
concentration of crotonaldehyde constant, this scheme leads to
12 coupled differential equations. The following values have
been obtained for the kinetic constants:k1 ) 6.2 × 1012, k-1

) 8.7 × 108, k2 ) 6.4 × 105, k-2 ) 1.2 × 1012, k3 ) 4.7 ×
103, k-3 ) 1.2× 105, k4 ) 9.7× 109, k-4 ) 2.6× 10-2, k5 )
6.2× 1012, k6 ) 6.2× 1012, k-6 ) 2.1× 1012, k7 ) 1.4× 103,
k-7 ) 4.8× 103, k8 ) 1.1× 104, k9 ) 4.7× 103, k-9 ) 3.0×
106, k10 ) 6.2 × 1012, k-10 ) 2.5 × 1011, k11 ) 1.5 × 1010,
k-11 ) 3.3,k12 ) 6.2× 1012, k13 ) 6.2× 1012. The total amount
of ruthenium complex is 10-6 mol L-1 (the same order of
magnitude as in reported experiments). We use [crotonaldehyde]
) 2 × 10-4 mol L-1 and [H2] ) 1 mol L-1; these two
parameters affect the time scale of the kinetic model but do not
affect the selectivity results. The analytical solution of the system
of differential equations has been obtained with the Maple 9.5
software. The plot of the ratio [UOL]/[SAL] versus time is
reported in Figure 15.

After a short induction period, products are formed with a
constant rate. The ratio of concentration of products for CdO
hydrogenation upon CdC hydrogenation is 120 after the
induction period. This value is unchanged by the reactant
concentration and is in agreement with the high selectivity (98%)
experimentally observed. A test with an increase (10%) of the
highest barrier in the cycle that forms UOL and a decrease of
the highest barrier (10%) in the cycle that forms SAL does not
affect the selectivity obtained by our model, even if this test
clearly disfavors the formation of UOL. This shows that the
model is not too sensitive to the errors from the DFT calcula-
tions.

Scheme 5. Model Kinetic Scheme for Competitive Hydrogenation Cycles Giving SAL or UOLa

a 21 ) SPY-5-cis,mer-[RuH2(PH3)3].

Chart 1. Isomers of SPY-5-[RuH2(PH3)3]

k )
kBT

h
e-∆Gq/RT

Figure 15. UOL/SAL ratio versus time (in s).
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To go further in the comprehension of the kinetics, we
observed the concentrations of all the intermediates of the kinetic
scheme after the induction period. It appears that11 is in very
low concentration compared with that of7 and 19 is in very
low concentration compared with that of18. This means that7
f 11 and18 f 19 are the determining steps of the two cycles.
As they have the same rate constant (k9 ) k3), the concentrations
of 7 and18determine the rate of the cycle. During the stationary
period, the concentration of18 is 2 orders of magnitude higher
than the concentration of7. Thus, the formation of UOL is faster
than the formation of SAL.

During the induction period, we can see that the value of
time needed for18 to reach the stationary concentration of7 is
1.5 × 10-5 s: after this time, the rate-determining step of the
formation of UOL becomes faster than the rate-determining step
of the formation of SAL and the selectivity increases beyond
50% to reach 98% when the stationary regime is obtained.

As k7 is only 1.4× 103, it is surprising that the step16 f 17
is not a rate-determining step. In fact,16 remains in high
quantity (10 times as high as18) so that the product of the
concentration and the rate constant is not as low as it is for the
rate-determining steps that have been mentioned above.

Even though the activation barriers of the two cycles are quite
similar and the stability of16 is lower than that of15, the kinetic

model proves a high selectivity toward CdO hydrogenation.
Thus, the observed selectivity is a kinetic phenomenon.

6. Conclusion

As the two classical mechanisms cannot explain the selectivity
of CdO hydrogenation in biphasic organic/aqueous media, the
water-assisted mechanism allows us to justify the experimental
observation. Although theη2(C,C) coordination is thermody-
namically preferred (-12 kJ mol-1) compared to the coordina-
tion of a crotonaldehyde-water adduct by the water molecule,
the kinetic model using Eyring theory that we can construct
with DFT values for activation barriers reproduces the selectivity
toward CdO hydrogenation. Kinetic considerations lead to the
conclusion that, in biphasic organic/water media, the selectivity
of CdO hydrogenation can be understood by the critical
intervention of water in the mechanism.
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