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Density functional theory has been applied to identify possible reaction intermediates for the catalytic
CdC hydrogenation of cinnamaldehyde, which occurs in acidic aqueous solutions in the presence of
water-soluble ruthenium phosphine complexes. On the basis of ONIOM calculations, two different active
species and, hence, two pathways were proposed. The CdC bond hydrogenation takes place through the
insertion of the terminal carbon atom into the Ru-H bond and subsequent protonation of the other carbon
by hydroxonium ions present in the solution. We find that water is directly involved in several steps of
the reaction, either as a protonating/deprotonating agent or as a coordinating ligand. Selectivity against
CdO hydrogenation is due to the much higher barrier of either C insertion or O insertion into the Ru-H
bond as compared to that of the C insertion in the case of the CdC functionality.

Introduction

Hydrogenation reactions proceeding in aqueous solutions
catalyzed by organometallic complexes present an area of
homogeneous catalysis of great importance.1-2 Aqueous phase
catalysis not only provides special reaction conditions concern-
ing the distinct properties of water as contrasted with those of
nonpolar organic solvents but also offers the possibility for
avoiding the problem of catalyst separation by the application
of two-phase (aqueous-organic) systems.3-4 In addition, water
is often cited as an ideal solvent, since it is cheap, readily
available, nontoxic, and totally compatible with the environ-
ment.5-6

One of the most important characteristics of aqueous systems
is that water does not behave as a mere solvent but can play an
active role in the reactions.7-10 The pH of the solution can alter

the presence of the different catalytically active hydride
species,11-12 whereas water molecules can coordinate to the
metal centers, as observed on many occasions, can take part in
proton-transfer reactions, and can form hydrogen bonds with
different parts of the complex catalysts.13-17 These effects give
rise to different mechanistic possibilities for reactions compared
to the possibilities in organic solvents.

One of the most interesting hydrogenation reactions is
the selective reduction ofR,â-unsaturated aldehydes.18-19 In
aqueous solution, the ruthenium(II) complex ofmtppms
((m-sulfonatophenyl)diphenylphosphine) was tested thoroughly
by Joóand co-workers, for the hydrogenation of cinnamaldehyde
(3-phenylpropenal).11,20 The reactions were run at elevated
temperatures (80°C) and atmospheric hydrogen pressure, and
selective reduction of the different double bonds was obtained,
depending on the pH of the reaction medium. In acidic solutions
the product of the reaction was exclusively dihydrocinnamal-
dehyde, formed by the saturation of the olefinic double bond,
while in basic solution selective hydrogenation of the CdO bond
took place to yield cinnamyl alcohol. These observations were
explained by the distribution of the catalytically active hydride
species that are present in the solution as a function of the pH.
On the basis of potentiometric and NMR results (1H and31P),
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(5) Joó, F.; Kathó, AÄ . In Aqueous Phase Organometallic Catalysis, 2nd
ed.; Cornils, B., Herrmann, W. A., Eds.; Wiley-VCH: Weinheim, Germany,
2004.

(6) Cornils, B., Herrmann, W. A., Horva´th, I. T., Leitner, W., Mecking,
S., Olivier-Bourbignon, H., Vogt, D., Eds.Multiphase Homogeneous
Catalysis; Wiley-VCH: Weinheim, Germany, 2005.
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under ambient pressure in acidic media [RuHCl(mtppms)3] was
detected as the major species, whereas under neutral and
basic conditions the dominant ruthenium species was [RuH2-
(mtppms)4].11,20 Thus, [RuHCl(mtppms)3] was thought to be
active in the catalysis of the CdC double bond and inactive in
the reduction of the CdO functionality, while [RuH2(mtppms)4]
was considered to have the opposite selectivity.

Despite the detection of the major species, the mechanistic
features of the reaction have remained unknown. In addition,
the origin of the selectivity in the hydrogenation has not been
explained yet. The present work is devoted to studying the
selective reduction of CdC over CdO underacidicconditions,
whereas the study of the reaction mechanism inbasicsolutions
will be described in another work. The experimental results were
used as starting points, and theoretical methods were applied
to study the reaction mechanism.

Computational Details

Calculations were performed using the Gaussian03 series of
programs.21 Geometry optimizations were done using the density
functional theory (DFT) with the hybrid B3LYP functional.22-24

Effective core potentials (ECP) and its associated double-ú LANL2DZ
basis set were used for ruthenium atoms.25-27 The 6-31G* basis
set was used for the rest of the atoms (H, C, O, P, and Cl).28-29

The complex [RuHCl(PH3)3] was used as a model for the catalyst
to analyze the reaction mechanism. We first performed an analysis
on the different isomers of the complex with the bulky phosphines
(PPh3 ligands were used in the calculations) in order to obtain their
structures and compute their relative stabilities. Hence, to perform
this structural analysis the different isomers of the [RuHCl(PPh3)3]

complex (the structure of which is not considered to differ
significantly from that of [RuHCl(mtppms)3]) were fully optimized
using the ONIOM(B3LYP/UFF) method as implemented in
Gaussian03.30-31 The part of the molecule described at the high
level was the same as for the model complex (with the same
functional and basis set), whereas the rest of the system (the phenyl
rings of the PPh3 ligands) was described at the molecular mechanics
level (UFF). The relative energies for these structures were obtained
by single-point calculations at the DFT level on the ONIOM
optimized structures. These calculations were performed with
Jaguar32 using the same functional (B3LYP) and the LACVP basis
set for ruthenium25 and the 6-31G* basis set for the other atoms.

For the transition states normal-coordinate analysis was per-
formed to verify them, and for each transition structure intrinsic
reaction coordinate (IRC) routes in both directions to the corre-
sponding minima were calculated. If the IRC calculations failed to
reach the minima, geometry optimizations from the initial phase
of the IRC path were performed.

Results and Discussion

Hydrogenation of cinnamaldehyde catalyzed by [{RuCl2-
(mtppms)2}2] in acidic solutions always resulted in the selective
reduction of the olefin double bond and in the formation of
dihydrocinnamaldehyde.11,20 Under acidic conditions [RuHCl-
(mtppms)3] was shown to be the major species, and in fact, this
complex is thought to be active in the reduction of CdC
functionalities. A detailed mechanistic picture could not be
obtained from experimental results, since no reaction intermedi-
ates were detected by spectroscopic (NMR or IR) methods.

We applied theoretical methods (DFT) to investigate the
reaction mechanism of this process. [RuHCl(PH3)3] and acrolein
(CH2dCH-CHO) were used as a model system for the
calculations. The reduction of acrolein to 1-propanal is shown
in eq 1, and the total energy change calculated for the reaction
is -36.5 kcal/mol.

Structure of the Active Species.Since the structure of the
active species could not be inferred by experimental methods,
the first step was the analysis of the possible isomers of the
real system using PPh3 as the phosphine ligand. The structure
and the energy of the various isomers were calculated by means
of the ONIOM (B3LYP/UFF) method. ONIOM (B3LYP/UFF)
calculations with the PPh3 ligands gave three relevant isomers,
1a-c (Figure 1), with relative energies of 0.0, 1.4, and 14.5
kcal/mol, respectively. Nevertheless, isomer1a cannot be a
reactive isomer in any type of reduction process, since the vacant
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Figure 1. Optimized structures for the different isomers of [RuHCl(PPh3)3].

CH2dCHCHO+ H2 f CH3CH2CHO (1)
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site for coordinating the substrate is in a position trans to the
hydride ligand. Hence,1a is strongly unfavorable for any kind

of hydride transfer, which is thought to be the first step of this
reaction.

On the basis of experimental data, [RuHCl(mtppms)3] was
detected as the major species in these systems in acidic
medium.11 In addition, a decrease in the catalytic activity was
found if the [Ru]:[mtppms] ratio was more than 1:2.33 These
observations drove us to consider two possible reaction routes
in this process. One possible way consists of the rearrangement
of 1a to 1b, where the vacant coordination site lies cis to the
hydride ligand; isomer1b is only 1.4 kcal/mol higher in energy
than isomer1a. Coordination of the olefin to this vacant site
allows the formation of intermediate2; the associated energy
for this process is only 2.0 kcal/mol.

The other reaction pathway includes the initial coordination
of a water molecule to the vacant site and the subsequent
elimination of a phosphine ligand. After these steps, the vacant
site lies now cis to the hydride ligand, and the coordination of
acrolein lets the initial hydrogenation step occur. Coordination
of a water molecule leads to the formation of1d (Figure 2),
which is an energetically favorable reaction by 10.0 kcal/mol.
The coordination of water could facilitate the dissociation of
one of the phosphine ligands to form1e(Figure 2), in a slightly
endothermic reaction (+6.3 kcal/mol). At this point no further
rearrangement is required for the coordination of the olefin in
a position cis to the hydride. The process, which leads to the
formation of intermediate2′, is favorable by 5.8 kcal/mol.
Therefore, this is an alternative starting point for the reaction
mechanism. This second path has a-9.5 kcal/mol energy
balance, which is energetically more favorable than the 3.4 kcal/
mol energy balance obtained for the first route. On the basis of
these findings, both2 and2′ (Figure 3) can be starting points
for the reaction.

The mechanistic calculations, however, and the reaction
energy profile were done on a model system (substituting the

Figure 2. Optimized structures for [RuHCl(H2O)(PPh3)3] (1d) and
[RuHCl(H2O)(PPh3)2] (1e).

Figure 3. Optimized structures for [RuHCl(CdC)(PPh3)3] (2) and
[RuHCl(H2O)(CdC)(PPh3)2] (2′).

Figure 4. Optimized structures for [RuHCl(PH3)3] (1m) and
[RuHCl(H2O)(PH3)2] (1m′).

Figure 5. Optimized structures with selected bond lengths in structures representing the terminal carbon insertion in complex2m.

Figure 6. Optimized structures with selected bond lengths representing the carbon insertion in complex2a.

Table 1. Activation Barriers (kcal/mol) Calculated for the
Carbon Insertion into the Ru-H Bond in Different Models

of [RuHCl(C dC)(PH3)3] Type Complexes

2m
(acrolein)

2m*
(cinnamal-
dehyde)

2a
(acrolein)

2a*
(cinnamal-
dehyde)

∆Eq (kcal/mol) 5.3 7.8 13.9 13.5
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real phosphines by PH3) at the DFT/B3LYP level. In principle,
steric effects should not be important in further reaction steps.
The model starting compounds are1m for 1a and1m′ for 1e
(Figure 4.). With these two complexes as the starting points,
two different pathways (paths I and II) have been explored.

Reaction Mechanism Starting from Complex 1m (Path
I). The coordination of acrolein via itsπ(CdC) bond to the
ruthenium center of1m leads to2m, which is the model
compound for2, as shown in Figure 5. The energy change for
the coordination is-13.4 kcal/mol. The first step of the
reduction is terminal C insertion into the Ru-H bond, which
takes place through the formation ofTS2-3; this species lies(33) Tóth, Z.; Joó, F.; Beck, M. T.Inorg. Chim. Acta1980, 42, 153.

Figure 7. Optimized structures with selected bond lengths representing theσ-bond metathesis process between the coordinatedη2-H2 and
alkyl groups.

Figure 8. Optimized structures with selected bond lengths in structures representing the protonation of the carbon in complex4.

Figure 9. Optimized structures showing the possible further reactions of complex6.
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5.3 kcal/mol above complex2m. The product of this reaction
is the agostic intermediate3m, in which the carbon-carbon
bond is 1.5 Å. This is almost 0.1 Å longer than it was in complex
2m, and the energy is 0.8 kcal/mol higher than that of2m. The
C-H bond distance in complex3m is 1.19 Å, proving its agostic
nature. The Ru-C (2.39 Å) and Ru-H distances (1.87 Å) also
agree with the presence of a strong agostic interaction in3m.
The structures representing this hydride transfer are shown in
Figure 5.

In addition, another process was also examined, where the
insertion is performed by the carbon atom adjacent to the
carbonyl group instead of the terminal carbon atom. In this
reaction path the corresponding stationary points are2a, TS2a-3a,
and3a. In 2a, acrolein is also coordinated through itsπ(CdC)
bond; however, the orientation of the substrate is different from
that in2m. 2a lies 0.4 kcal/mol above2m, and assuming a fast

preequilibrium between the two complexes, the barriers for the
hydride transfer are referenced to complex2m. The energy
barrier in this case was 14.3 kcal/mol, which is much less
favorable than the insertion of the terminal carbon atom. The
structures representing this process are shown in Figure 6.

Additionally, calculations were also performed with the real
substrate (cinnamaldehyde) to ensure that the hydride transfer
in 2m is more favorable than in2a, also in the case of the actual
aldehyde. The barriers obtained with acrolein and cinnamalde-
hyde are shown in Table 1.

These energy values show that the transfer to the terminal
carbon is much more favorable with either the model or the
real substrate, indicating that the application of the model
substrate does not cause significant changes in the energetics.

Although complex 3m does not contain a coordination
vacancy, approach of an H2 molecule could lead to the rupture

Figure 10. Optimized structures for complexes8 and8b.

Figure 11. Optimized structures and selected bond lengths representing the deprotonation of complex9.

Figure 12. Optimized structures and selected bond lengths representing the deprotonation of complex9b.

Figure 13. Optimized structures for complexes11 and11b.
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of the agostic Ru-H-C bond and the formation of the complex
3m-H2 with a coordinating H2 ligand (Figure 7). The energy
change for the formation of thisη2-H2 intermediate is-5.4 kcal/
mol. In this complexσ-bond metathesis can occur throughTSmt

with a barrier of 7.5 kcal/mol, and this obviously leads to product
dissociation (structurePmt, which lies 18.5 kcal/mol below3m-
H2) and regeneration of the catalyst (Figure 7).

Concerning the barrier, this pathway is a possible mechanistic
pathway for the CdC reduction that we cannot exclude.
However, we feel that the reaction does not go through this
pathway in acidic aqueous solutions. This mechanism, which

involves (i) hydride transfer to the terminal carbon and then
(ii) metathesis with a coordinated H2 ligand, would not suggest
the reaction to be pH-dependent. In contrast, the reduction of
CdC does not take place in basic solutions using the same
catalyst. In addition, the concentration of H3O+ in acidic aqueous
solutions is generally well above that of H2, which also favors
protonation of the Ru-alkyl bond as the key step of the reaction.
Hence, a detailed investigation of the reaction mechanism
involving protic removal of the alkyl group is worthwile.

Since the Ru-C bond in3m is fairly strong (2.2 Å), having
almost the same length as in the olefinic complex, a strong

Figure 14. Potential energy change (kcal/mol) along the catalytic cycle during reaction path I.

Figure 15. Optimized structures with selected bond lengths in structures representing the C insertion into the Ru-H bond starting from
complex2m′.

Figure 16. Optimized structures with selected bond lengths for structures representing the protonation of the carbon in complex4′.
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proton donor is required for the protonation of this carbon atom.
The reaction takes place under aqueous acidic conditions;
therefore, H3O+ is the best acid candidate. On the basis of
previous computational projects, we know that the application
of a single H3O+ ion as a protonating agent in the calculations
is unrealistic, since H3O+ is itself an extremely strong acid and
exists in aqueous solutions only as a part of a H-bonded network.
The inclusion of the solvent is a difficult task, since modeling
the environment is still an open question. For the particular case
of introducing a proton as an active species within the reaction
mechanism, small clusters of [H3O(H2O)2]+, found to be
effective in earlier projects,16,17 were applied.

The minimum corresponding to3m and its acidic environ-
ment, which facilitates the protonation of the carbon atom, was
modeled by complex4 (Figure 8), in which H3O+ points toward
the unsaturated carbon atom of the agostic complex. The
transition stateTS4-5 was located as a stationary point on the
potential energy surface, and the estimated energy barrier from
4 is about 4.2 kcal/mol. The structure and energy of4 were
estimated from the IRC calculations by starting fromTS4-5,
since the geometry optimization to the reactant side leads to a
structure where the water chain moves close to the carbonyl
group to form a strong hydrogen bond; nevertheless, during this
IRC calculation there is a flat region that we are taking as
structure4. This corresponds to a structure where the proton is
close to the carbon atom of the acrolein. In the real solvent,
there are enough water molecules around the complex to
establish hydrogen bonds with the carbonyl group, and therefore
a configuration with the proton close to the carbon atom of the
substrate is feasible, as is in fact reflected by the IRC
calculations.

The proton transfer leads to complex5 (Figure 8), the
structure of which was also estimated from the flat part of the
potential energy surface. The process leads to the cleavage of
the bond between ruthenium and the protonated carbon. This
intermediate6 (Figure 9) contains a vacant site and the final
product of the reaction, which is coordinated by an agostic
interaction.

There are three possible relevant ways for this complex to
be stabilized. The first is a rearrangement to the coordination
of the product aldehyde through its carbonyl oxygen. The
structure of the complex (7) formed in this reaction is shown
in Figure 9. The energy change for this rearrangement is-21.6
kcal/mol.

The second possibility is the coordination of a water molecule
(since it is present in high concentration in the solution) to the
Ru center, to form complex7a. The carbonyl oxygen forms a
strong hydrogen bond with the coordinating water molecule;
therefore, to calculate the energy balance for the reaction, it is
much more realistic to calculate the energy difference between
structure7x and 7a (Figure 9). Structure7x represents the
hypothetical structure of a complex optimized with a noncoor-
dinating water molecule, which forms the same H bond with
the carbonyl oxygen. This water coordination is favorable by
24.4 kcal/mol. The product is very weakly coordinated in7a
(Ru-H distance 2.05 Å); thus, our calculations showed that
decoordination of the product to form7b does not modify the
reaction energy. The third possibility is the coordination of a
H2 molecule, which leads to the formation of complex7h. This
last process is the least favorable of the above processes, having
an energy change of-7.4 kcal/mol; in addition, the concentra-
tion of hydrogen molecules is much lower than that of water
molecules.

The most probable path for the catalyst regeneration is the
coordination and subsequent deprotonation of a hydrogen
molecule. Either7 or 7b can coordinate a hydrogen molecule
to form complex8 or the analogous8b (Figure 10), having either
H2O or the product in the coordination sphere of the catalyst.
The energy changes for the coordination reaction are-18.9 and
-17.4 kcal/mol, respectively.

In aqueous solutions, and especially in acidic medium, water
is the most obvious reactant to deprotonate the coordinated H2

Figure 17. Optimized structures showing the possible further reactions of complex6′.

Figure 18. Optimized structures for complexes8′ and8b′.
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molecule. To study this process, the small cluster of three water
molecules was applied again to describe the proton exchange
between the positively charged dihydrogen complex and the
surrounding water molecules. The relevant stationary points
were found in the potential energy surface and are depicted in
Figures 11 and 12. Adding three water molecules to8 gives
the minimum 9, while adding them to8b leads to the
corresponding minimum9b. The proton transfer in complex9
goes throughTS9-10 with a barrier of 4.1 kcal/mol to reach the
product complex10; the energy change for the deprotonation
reaction is 3.9 kcal/mol. This reaction is similarly described in
the case of complex9b, through the transition state complex
TS9b-10b with a barrier of 3.2 kcal/mol, which leads to the
product complex10b. The energy balance for the deprotonation
is +2.5 kcal/mol.

The appropriate final complexes without the inclusion of the
protonated water chains (11 and11b) were optimized and are
shown in Figure 13. The decoordination of the aldehyde from
11 or the dissociation of water from11b leads to the initial
complex1, since this is the only stable isomer with the model
PH3 ligands. The dissociation energies are 8.7 and 14.9 kcal/
mol, respectively.

If we look at the possible mechanism of the reaction, the
product formation in this pathway did not require steps of high
barrier. The barriers in the case of the model system are 5.3
kcal/mol for the hydride migration to the terminal carbon, ca.
5.0 kcal/mol for the protonation of the other carbon atom of
the agostic intermediate, and 4.1 or 3.1 kcal/mol for the
deprotonation of the intermediates containing the coordinated
H2 molecule.

The overall profile for the reaction mechanism is shown in
Figure 14.

Reaction Mechanism Starting from Complex 1m′ (Phos-
phine Decoordination: Path II). The coordination of a water
molecule to the [RuHCl(mtppms)3] complex and then the

Figure 19. Optimized structures and selected bond lengths representing the deprotonation of complex9′.

Figure 20. Optimized structures and selected bond lengths representing the deprotonation of complex9b′.

Figure 21. Optimized structures for complexes11′ and11b′.
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dissociation of a phosphine molecule were found to be
thermodynamically favorable, and1e is much less sterically
hindered for the coordination of an olefin than1b, as shown
by comparing the coordination energies: the energy for the1b
+ olefin f 2 process is+2.0 kcal/mol, whereas that associated
with the 1e + olefin f 2′ process is-5.8 kcal/mol.

The coordination of acrolein through its CdC bond to1m′
leads to2m′. The coordination energy is-24.1 kcal/mol. In
complex2m′ the hydride ligand is in a favorable position to
undertake the carbon insertion from the adjacent carbon of the

coordinated olefin. This reaction goes throughTS2′-3′, which
lies only 5.7 kcal/mol above the reactant. The final product is
in this case an agostic intermediate as well, shown as structure
3m′ (Figure 15). The energy change in this reaction step is 3.9
kcal/mol.

In this case, the proposed pathway to add the second hydrogen
to the CdC bond is also the transfer of a proton from the
hydroxonium ions present in acidic solutions. The same [H3O-
(H2O)2]+ cluster as before was used as a model protonating
agent. The behavior of the potential energy surface was found

Figure 22. Potential energy change (kcal/mol) along the catalytic cycle during reaction path II.

Figure 23. Optimized structures with selected bond lengths in structures representing the insertion of the oxygen atom of the coordinated
CdO group into the Ru-H bond in complex12′.

Figure 24. Optimized structures with selected bond lengths in structures representing the insertion of the carbon atom of the coordinated
CdO group into the Ru-H bond in complex12.
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to be analogous to that for structures4 and5, and onlyTS4′-5′
was characterized as a real stationary point. The structures
representing the proton transfer are4′, TS4′-5′, and5′ (Figure
16). The estimated barrier is 10.3 kcal/mol, and the estimated
reaction energy is 0.1 kcal/mol.

The product of the protonation reaction was optimized without
the water cluster (6′). Processes analogous to those found
relevant in the case of complex6, that is, the coordination of a
water molecule to the empty site and the rearrangement of the
coordinated product, were considered. The structures represent-
ing these processes are shown in Figure 17. Energetics were
found to be similar to those in the case of the analogous complex
6. The energy change for the rearrangement is-24.2 kcal/mol,
and that for the H2O coordination is-28.8 kcal/mol.

In this reaction path, the coordination and immediate depro-
tonation of H2 to give either complex7′ or 7b′ was considered
as the most obvious way to regenerate the catalytically active
hydride species. The complexes formed after H2 coordination
(8′ and 8b′) are shown in Figure 18, and the corresponding
coordination energies are-16.8 and-22.9 kcal/mol.

The deprotonation of the coordinated hydrogen molecule is
thought to occur by the surrounding water molecules, which
are present in high concentration. The same cluster of three water
molecules was applied as for the deprotonation of complexes8
and 8b (see path I). The structures for the deprotonation are
shown in Figures 19 and 20, and the barriers are 2.7 kcal/mol
in the case of9′ and 0.9 kcal/mol in the case of9b′. The energy
changes for the deprotonation are 1.8 and-1.1 kcal/mol,
respectively.

The deprotonated complexes were optimized in the absence
of the water clusters, and the corresponding structures (11′ and
11b′) are shown in Figure 21. The decoordination of either the
product or the H2O ligand (in a position cis to the hydride) leads
to the catalytically active complex1m′. The dissociation energies
are 20.8 and 26.3 kcal/mol, respectively.

The reaction profile corresponding to path II is shown in
Figure 22.

On the basis of the comparison of Figures 14 and 22, we can
state that the profiles for the mechanisms starting from [RuHCl-
(PH3)3] and [RuHCl(H2O)(PH3)2] are very similar. Only slight
differences can be found in the reaction barriers; thus, both
mechanisms can possibly occur in the solution.

Selectivity of CdC versus CdO in Acidic Solutions. The
aim of this theoretical work was not only to provide a
mechanistic description for the CdC reduction catalyzed by
[RuHCl(mtppms)3] in acidic solution s but also to account for
the selectivity for CdC bonds against CdO bonds in the
reduction of cinnamaldehyde. The comparison was made again
by utilizing a model system, PH3 ligands, and acrolein as
substrate.

Obviously, the first step of the CdO reduction must be the
coordination of the CdO group. The most stable isomers of
complexes with coordinated acrolein having its CdO bond in
a position cis to the hydride ligand,12 and12′, are shown in
Figures 23 and 24. The O-coordinated intermediates (12 and
12′) lie 5.6 and 3.3 kcal/mol, respectively, above theπ(CdC)
complex (2m) formed by the coordination through the olefinic
bond. Since a rapid preequilibrium is thought to occur between
theπ(CdC) complex and the O-coordinated intermediates, all
the overall barriers for the hydride transfer are referenced to
the energy of complex2m. In 12′, which is the most stable
isomer, the hydride is positionally close to the oxygen of the
CdO group, allowing the insertion of the oxygen into the Ru-H
bond. The reaction goes throughTS12′-13′, which lies 45.1 kcal/

mol above the corresponding minimum12′. This high energy
is not surprising if we consider that this interaction is between
an electron-rich carbonyl oxygen and a negatively charged
hydride ligand.

In complex12 the carbon atom of the CdO lies in a favorable
position to be inserted into the Ru-H bond. This insertion
occurs in two steps. Complex12, in which the CdO group
presents aη1 coordination mode through the oxygen atom,
rearranges to complex13, in which the substrate coordinates
through itsπ(CdO) bond. Complex13 lies 4.2 kcal/mol above
12, and this rearrangement goes throughTS12-13. The next step
is the transfer of the hydride to the carbon atom of complex13
to form product14. The hydride transfer proceeds via the
transition stateTS13-14, which lies 7.5 kcal/mol above complex
13.

The energy barriers for the hydride migration to the coordi-
nated CdC and CdO bonds give convincing answers to the
question of why selectivity for the reduction of the CdC bond
was found in acidic solutions.

We can see in Table 2 that transfer of the hydride to the
carbon atom of the coordinated CdC bond has a barrier of 5.3
kcal/mol. Nevertheless, for the most stable isomer, in which
the CdO is coordinated, the oxygen can be inserted into the
Ru-H bond with a barrier of 48.4 kcal/mol, while in the case
of the isomer in which the carbon can be inserted into the
metal-hydride bond, the barriers are 12.5 kcal/mol to rearrange
to π(CdO) coordination and 7.5 kcal/mol for the C insertion.
The total barrier from2m is 17.3 kcal/mol, which is much higher
than the 5.3 kcal/mol barrier for the hydride transfer to the Cd
C bond.

Concluding Remarks

In the above theoretical study, a plausible reaction mechanism
for the selective CdC reduction of cinnamaldehyde catalyzed
by [{RuCl2(mtppms)2}2] in aqueous solutions was proposed. The
objective of our work was not only to describe the mechanism
for CdC reduction but also to get convincing results accounting
for the selectivity against CdO reduction, which was found
experimentally in acidic aqueous solutions.

The reaction mechanism was constructed by the application
of PH3 ligands instead of the sulfonated aromatic phosphines
and acrolein as a model for cinnamaldehyde. In the cases where
the truncation of the real system seemed to cause significant
errors in the energetics, calculations with the real ligands/
substrates were made. The solvent effects of water molecules
were also considered, when solvent molecules or ions partici-
pated in the reaction. We applied small water clusters, which
had been systematically tested in earlier works.16,17

Two alternative mechanisms were considered, one starting
from [RuHCl(PR3)3] (path I) and the other starting from
[RuHCl(H2O)(PR3)2] (path II). The energy profiles do not
suggest a major difference in the catalytic activities of [RuHCl-
(mtppms)3] and [RuH(H2O)Cl(mtppms)2]; thus, reactions through
both pathways are feasible. Both paths include the same types
of elementary steps, and the general overall reaction mechanism
is shown in Scheme 1. We can conclude that path I is favored
on the basis of the fact that only [RuHCl(mtppms)3] was detected

Table 2. Energy Barriers (kcal/mol) Calculated for the
Hydride Transfer in [RuHCl(C dC)(PH3)3] and

[RuHCl(C dO)(PH3)3] Complexes

transfer to
CdC

transfer to C
atom of CdO

transfer to O
atom of CdO

∆Eq (kcal/mol) 5.3 17.3 48.4
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in the solution by NMR spectroscopic methods,11 while path II
is favored on the basis of steric considerations and the results
of kinetic experiments, which showed that the ideal ratio of
[Ru] to [P] in the solution is 1:2.33

It was also shown again that aqueous solutions present a rather
unconventional reaction medium, since water molecules could
take part in many reaction steps. Water molecules can act as
coordinating ligands to alter the vacant sites for the reactants
or intermediates. Another important feature of water molecules
is that they can provide or accept hydrogen ions in proton-
transfer reactions and facilitate reaction routes, which would
be unfeasible in nonpolar organic solvents.

We have to note that the description provided here for the
reactions in aqueous media could be improved by means of
molecular dynamics simulations; however, this work is the first
to theoretically describe in detail the aqueous-phase CdC
reduction reaction catalyzed by transition-metal complexes, and
we hope this theoretical paper can serve as a starting point for
mechanistic investigations of this type.
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Scheme 1. Reaction Mechanism of the CdC Reduction Catalyzed by [RuHCl(mtppms)3] or [RuHCl(H 2O)(mtppms)2] in
Aqueous Solution
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