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Density functional theory has been applied to identify possible reaction intermediates for the catalytic
C=C hydrogenation of cinnamaldehyde, which occurs in acidic agueous 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. # libnd hydrogenation takes place through the
insertion of the terminal carbon atom into the-Rd 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
C=0 hydrogenation is due to the much higher barrier of either C insertion or O insertion into thé Ru
bond as compared to that of the C insertion in the case of th€ @inctionality.

Introduction the presence of the different catalytically active hydride
) ) o _ species 12 whereas water molecules can coordinate to the
Hydrogenation reactions proceeding in aqueous solutions meta| centers, as observed on many occasions, can take part in
catalyzed by organometallic complexes present an area ofyoton-transfer reactions, and can form hydrogen bonds with
homogeneous catalysis of great importahteAqueous phase gifferent parts of the complex cataly$fs1” These effects give
catalysis not only provides special reaction conditions concern- jise to different mechanistic possibilities for reactions compared
ing the distinct properties of water as contrasted with those of g the possibilities in organic solvents.
nonpolar organic solvents but also offers the possibility for  ope of the most interesting hydrogenation reactions is
avoiding the problem of catalyst separation by the application e selective reduction adB-unsaturated aldehydé&:19 In
of two-phase (aqueotrganic) system&:* In addition, water  4queous solution, the ruthenium(ll) complex aftppms
is often cited as an ideal solvent, since it is cheap, readily (m.sulfonatophenyl)diphenylphosphine) was tested thoroughly
available, nontoxic, and totally compatible with the environ- by Jooand co-workers, for the hydrogenation of cinnamaldehyde
ment>~° (3-phenylpropenal}2° The reactions were run at elevated
One of the most important characteristics of aqueous systemsiemperatures (86C) and atmospheric hydrogen pressure, and
is that water does not behave as a mere solvent but can play arselective reduction of the different double bonds was obtained,
active role in the reactions:'® The pH of the solution can alter  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 tre@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 resuftd @nd31P),
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Figure 1. Optimized structures for the different isomers of [RuHCI(BEh

under ambient pressure in acidic media [Rut@bpms}] was

complex (the structure of which is not considered to differ

detected as the major species, whereas under neutral andignificantly from that of [RuHClftppms}]) were fully optimized

basic conditions the dominant ruthenium species was pRuH
(mtppms)].1120 Thus, [RuHClmtppms}] was thought to be
active in the catalysis of the=€C double bond and inactive in
the reduction of the €0 functionality, while [RuH(mtppms)]
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 €C over C=0 underacidic conditions,
whereas the study of the reaction mechanisimasicsolutions

using the ONIOM(B3LYP/UFF) method as implemented in
Gaussian03%-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 PPhligands) 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
Jaguat? using the same functional (B3LYP) and the LACVP basis
set for rutheniurf? 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

will be described in another work. The experimental results were yeaction coordinate (IRC) routes in both directions to the corre-
used as starting points, and theoretical methods were appliedsponding minima were calculated. If the IRC calculations failed to

to study the reaction mechanism.

Computational Details

Calculations were performed using the Gaussian03 series of

programs’! Geometry optimizations were done using the density
functional theory (DFT) with the hybrid B3LYP function#.24
Effective core potentials (ECP) and its associated dolibleNL2DZ
basis set were used for ruthenium atoins? The 6-31G* basis
set was used for the rest of the atoms (H, C, O, P, and®Ch.
The complex [RuHCI(PH)3] was used as a model for the catalyst

reach the minima, geometry optimizations from the initial phase
of the IRC path were performed.

Results and Discussion

Hydrogenation of cinnamaldehyde catalyzed KRU{ChL-
(mtppms)} 7] in acidic solutions always resulted in the selective
reduction of the olefin double bond and in the formation of
dihydrocinnamaldehyd®:2° Under acidic conditions [RuHCI-
(mtppms})] was shown to be the major species, and in fact, this
complex is thought to be active in the reduction of=C

to analyze the reaction mechanism. We first performed an analysisfyctionalities. A detailed mechanistic picture could not be

on the different isomers of the complex with the bulky phosphines

(PPh 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 [RuHCI@PPh
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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. [RuHCI§RHand acrolein
(CH,~=CH—-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.

CH,=CHCHO+ H, — CH,CH,CHO 1)
Structure of the Active SpeciesSince 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 PRIas 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 PRHigands gave three relevant isomers,
la—c (Figure 1), with relative energies of 0.0, 1.4, and 14.5
kcal/mol, respectively. Nevertheless, isoniexr cannot be a
reactive isomer in any type of reduction process, since the vacant
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® @) Table 1. Activation Barriers (kcal/mol) Calculated for the
/ l Carbon Insertion into the Ru—H Bond in Different Models
Lo d

of [RUHCI(C =C)(PHy)3] Type Complexes
: P == ~@ 2m* 2a*
C/%X;u) { @g/\@u \(I) 2m (cinnamal- 2a (cinnamal-

(acrolein) dehyde) (acrolein) dehyde)

AE* (kcal/mol 5.3 7.8 13.9 13.5
c}@ XD ® (kcal/mol)
1d 1o of hydride transfer, which is thought to be the first step of this

Figure 2. Optimized structures for [RuHCI@®)(PPh)4] (1d) and reaction. . .
[RUHCI(H0)(PPh)] (1e). On the basis of experimental data, [RuH@i¢pms}] was
detected as the major species in these systems in acidic

medium!! In addition, a decrease in the catalytic activity was
found if the [Ru]:jntppms] ratio was more than 1232 These
observations drove us to consider two possible reaction routes
in this process. One possible way consists of the rearrangement
of 1ato 1b, where the vacant coordination site lies cis to the
hydride ligand; isometb is only 1.4 kcal/mol higher in energy
than isomerla. Coordination of the olefin to this vacant site
allows the formation of intermediat® 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 Id (Figure 2),
T @ which is an energetically favorable reaction by 10.0 kcal/mol.
Ru

Figure 3. Optimized structures for [RUHCIE€EC)(PPh)3] (2) and
[RUHCI(H,0)(C=C)(PPh),] (2).

The coordination of water could facilitate the dissociation of
one of the phosphine ligands to forte (Figure 2), in a slightly

P

P (i cl \/ endothermic reaction{6.3 kcal/mol). At this point no further
rearrangement is required for the coordination of the olefin in
Ru a position cis to the hydride. The process, which leads to the

o) formation of intermediate?’, is favorable by 5.8 kcal/mol.
{ Therefore, this is an alternative starting point for the reaction
(,\O mechanism. This second path has—&.5 kcal/mol energy
1m i balance, which is energetically more favorable than the 3.4 kcal/
Figure 4. Optimized structures for [RUHCI(P$4] (1m) and mol energy balance obtained for the first route. On the basis of
[RUHCI(H0)(PHy);] (1m). these findings, botl2 and2' (Figure 3) can be starting points

for the reaction.
site for coordinating the substrate is in a position trans to the  The mechanistic calculations, however, and the reaction
hydride ligand. Hencelais strongly unfavorable for any kind  energy profile were done on a model system (substituting the

Figure 6. Optimized structures with selected bond lengths representing the carbon insertion in c@mplex
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Figure 7. Optimized structures with selected bond lengths representing-Hoad metathesis process between the coordingtéts and
alkyl groups.

Figure 9. Optimized structures showing the possible further reactions of confplex

real phosphines by Pjlat the DFT/B3LYP level. In principle, Reaction Mechanism Starting from Complex 1m (Path
steric effects should not be important in further reaction steps. I). The coordination of acrolein via its(C=C) bond to the
The model starting compounds aten for 1a and1m’ for le ruthenium center ofim leads to2m, which is the model

(Figure 4.). With these two complexes as the starting points, compound for2, as shown in Figure 5. The energy change for
two different pathways (paths | and Il) have been explored. the coordination is—13.4 kcal/mol. The first step of the
reduction is terminal C insertion into the R&l bond, which
(33) Tath, Z.; Jdg F.; Beck, M. T.Inorg. Chim. Actal98Q 42, 153. takes place through the formation ©5,—3; this species lies
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Figure 10. Optimized structures for complex&sand 8b. . .
Figure 13. Optimized structures for complexdd and 11b.

5.3 kcal/mol above comple&m. The product of this reaction  preequilibrium between the two complexes, the barriers for the

is the agostic intermediatém, in which the carborcarbon hydride transfer are referenced to complx. The energy
bond is 1.5 A. This is almost 0.1 A longer than it was in complex barrier in this case was 14.3 kcal/mol, which is much less
2m, and the energy is 0.8 kcal/mol higher than tha2iof. The favorable than the insertion of the terminal carbon atom. The
C—H bond distance in comple3mis 1.19 A, proving its agostic ~ structures representing this process are shown in Figure 6.
nature. The ReC (2.39 A) and Ru-H distances (1.87 A) also Additionally, calculations were also performed with the real

agree with the presence of a strong agostic interactidmn substrate (cinnamaldehyde) to ensure that the hydride transfer
The structures representing this hydride transfer are shown inin 2mis more favorable than iBa, also in the case of the actual
Figure 5. aldehyde. The barriers obtained with acrolein and cinnamalde-
In addition, another process was also examined, where thehyde are shown in Table 1.

insertion is performed by the carbon atom adjacent to the These energy values show that the transfer to the terminal
carbonyl group instead of the terminal carbon atom. In this carbon is much more favorable with either the model or the
reaction path the corresponding stationary pointRar& Sy,-3a, real substrate, indicating that the application of the model
and3a. In 2a, acrolein is also coordinated through itgC=C) substrate does not cause significant changes in the energetics.
bond; however, the orientation of the substrate is different from  Although complex3m does not contain a coordination
that in2m. 2alies 0.4 kcal/mol abov@m, and assuming a fast  vacancy, approach of amphholecule could lead to the rupture

Figure 12. Optimized structures and selected bond lengths representing the deprotonation of c@mplex
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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 inte-thééthd starting from
complex2m'’.

Figure 16. Optimized structures with selected bond lengths for structures representing the protonation of the carbon in4£omplex

of the agostic RtrH—C bond and the formation of the complex involves (i) hydride transfer to the terminal carbon and then
3m-H; with a coordinating H ligand (Figure 7). The energy  (ii) metathesis with a coordinated;igand, would not suggest
change for the formation of thig-H, intermediate is-5.4 kcal/ the reaction to be pH-dependent. In contrast, the reduction of

mol. In this complexs-bond metathesis can occur throufBm; C=C does not take place in basic solutions using the same
with a barrier of 7.5 kcal/mol, and this obviously leads to product catalyst. In addition, the concentration of®t in acidic aqueous
dissociation (structurBpm:, which lies 18.5 kcal/mol belo8m- solutions is generally well above that og,Hvhich also favors

H,) and regeneration of the catalyst (Figure 7). protonation of the Ruralkyl bond as the key step of the reaction.

Concerning the barrier, this pathway is a possible mechanistic Hence, a detailed investigation of the reaction mechanism
pathway for the €C reduction that we cannot exclude. involving protic removal of the alkyl group is worthwile.
However, we feel that the reaction does not go through this  Since the Re-C bond in3m is fairly strong (2.2 A), having
pathway in acidic aqueous solutions. This mechanism, which almost the same length as in the olefinic complex, a strong
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Figure 17. Optimized structures showing the possible further reactions of conlex

The proton transfer leads to compléx (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

proton donor is required for the protonation of this carbon atom. structure of the complex7f formed in this reaction is shown
The reaction takes place under aqueous acidic conditions;in Figure 9. The energy change for this rearrangemen®it.6
therefore, HO™ is the best acid candidate. On the basis of kcal/mol.
previous computational projects, we know that the application ~ The second possibility is the coordination of a water molecule
of a single HO* ion as a protonating agent in the calculations (since it is present in high concentration in the solution) to the
is unrealistic, since D™ is itself an extremely strong acid and  Ru center, to form compleXa. The carbonyl oxygen forms a
exists in aqueous solutions only as a part of a H-bonded network.strong hydrogen bond with the coordinating water molecule;
The inclusion of the solvent is a difficult task, since modeling therefore, to calculate the energy balance for the reaction, it is
the environment is still an open question. For the particular casemuch more realistic to calculate the energy difference between
of introducing a proton as an active species within the reaction structure 7x and 7a (Figure 9). Structurerx represents the
mechanism, small clusters of {8(H,0O);]", found to be hypothetical structure of a complex optimized with a noncoor-
effective in earlier project¥17 were applied. dinating water molecule, which forms the same H bond with
The minimum corresponding t8m and its acidic environ- the carbonyl oxygen. This water coordination is favorable by
ment, which facilitates the protonation of the carbon atom, was 24.4 kcal/mol. The product is very weakly coordinated7im
modeled by comple# (Figure 8), in which HO™ points toward (Ru—H distance 2.05 A); thus, our calculations showed that
the unsaturated carbon atom of the agostic complex. Thedecoordination of the product to foritb does not modify the
transition statel' S4—s was located as a stationary point on the reaction energy. The third possibility is the coordination of a
potential energy surface, and the estimated energy barrier fromHz molecule, which leads to the formation of compéx This
4 is about 4.2 kcal/mol. The structure and energydofiere last process is the least favorable of the above processes, having
estimated from the IRC calculations by starting frdi8,-s, an energy change c6f7.4 kcal/mol; in addition, the concentra-
since the geometry optimization to the reactant side leads to ation of hydrogen molecules is much lower than that of water
structure where the water chain moves close to the carbonylmolecules.
group to form a strong hydrogen bond; nevertheless, during this The most probable path for the catalyst regeneration is the
IRC calculation there is a flat region that we are taking as coordination and subsequent deprotonation of a hydrogen
structure4. This corresponds to a structure where the proton is molecule. Eithei7 or 7b can coordinate a hydrogen molecule
close to the carbon atom of the acrolein. In the real solvent, to form complex8 or the analogou8b (Figure 10), having either
there are enough water molecules around the complex toH>O or the product in the coordination sphere of the catalyst.
establish hydrogen bonds with the carbonyl group, and thereforeThe energy changes for the coordination reactior#8.9 and
a configuration with the proton close to the carbon atom of the —17.4 kcal/mol, respectively.
substrate is feasible, as is in fact reflected by the IRC Inaqueous solutions, and especially in acidic medium, water
calculations. is the most obvious reactant to deprotonate the coordinated H

Figure 18. Optimized structures for complex& and8b'.
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Figure 19. Optimized structures and selected bond lengths representing the deprotonation of c@mplex

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 tgives
the minimum 9, while adding them to8b leads to the
corresponding minimurBb. The proton transfer in complex
goes throughi Sy 10 with a barrier of 4.1 kcal/mol to reach the
product complexLO; the energy change for the deprotonation
reaction is 3.9 kcal/mol. This reaction is similarly described in
the case of comple®b, through the transition state complex
TSop-100 With a barrier of 3.2 kcal/mol, which leads to the
product complex.Ob. The energy balance for the deprotonation
is +2.5 kcal/mol.

The appropriate final complexes without the inclusion of the
protonated water chaindl and11b) were optimized and are
shown in Figure 13. The decoordination of the aldehyde from
11 or the dissociation of water frorilb leads to the initial
complexl, since this is the only stable isomer with the model

Figure 21. Optimized structures for complexdd’ and11b.

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-

PH; ligands. The dissociation energies are 8.7 and 14.9 kcal/ phine Decoordination: Path Il). The coordination of a water

mol, respectively.

molecule to the [RuHCittppms}] complex and then the
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Figure 22.
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Figure 23. Optimized structures with selected bond lengths in structures representing the insertion of the oxygen atom of the coordinated
C=0 group into the Re-H bond in complexi2.

Figure 24. Optimized structures with selected bond lengths in structures representing the insertion of the carbon atom of the coordinated
C=0 group into the Re-H bond in complexi2.

dissociation of a phosphine molecule were found to be coordinated olefin. This reaction goes throuf8, -z, which
thermodynamically favorable, ante is much less sterically
hindered for the coordination of an olefin thah, as shown
by comparing the coordination energies: the energy fodthe
+ olefin— 2 process ist-2.0 kcal/mol, whereas that associated
with the 1e + olefin — 2' process is—5.8 kcal/mol.

The coordination of acrolein through its<€C bond tolm'’
leads to2m'. The coordination energy is24.1 kcal/mol. In
complex2m'’ the hydride ligand is in a favorable position to
undertake the carbon insertion from the adjacent carbon of theagent. The behavior of the potential energy surface was found

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 G=C bond is also the transfer of a proton from the
hydroxonium ions present in acidic solutions. The samg©OfH
(H20O),]" cluster as before was used as a model protonating
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to be analogous to that for structuéand5, and onlyTS, s Table 2. Energy Barriers (kcal/mol) Calculated for the

was characterized as a real stationary point. The structures Hydride Transfer in [RUHCI(C =C)(PHs)s] and

representing the proton transfer &'e TS,_s, and5' (Figure [RUHCI(C =O)(PHs)s] Complexes

16). The estimated barrier is 10.3 kcal/mol, and the estimated transfer to transferto C transfer to O

reaction energy is 0.1 kcal/mol. c=C atomof G=O  atom of CG=0
The product of the protonation reaction was optimized without ~ AE* (kcal/mol) 53 17.3 48.4

the water cluster ). Processes analogous to those found
relevant in the case of compléxthat is, the coordination of a Mol above the corresponding minimut . This high energy
water molecule to the empty site and the rearrangement of theis not surprising if we consider that this interaction is between
coordinated product, were considered. The structures representan electron-rich carbonyl oxygen and a negatively charged
ing these processes are shown in Figure 17. Energetics werdlydride ligand.
found to be similar to those in the case of the analogous complex In complex12the carbon atom of the=€0 lies in a favorable
6. The energy change for the rearrangement24.2 kcal/mol, position to be inserted into the Rid bond. This insertion
and that for the KO coordination is—28.8 kcal/mol. occurs in two steps. Complek2, in which the G=O group
In this reaction path, the coordination and immediate depro- Presents ay* coordination mode through the oxygen atom,
tonation of H to give either complex’ or 7b’ was considered ~ réarranges to complek3, in which th(_e substrate coordinates
as the most obvious way to regenerate the catalytically active through itsz(C=0) bond. Complex3lies 4.2 kcal/mol above
hydride species. The complexes formed afterchordination 12, and this rearrangement goes throd@.-13. The next step
(8" and 8b') are shown in Figure 18, and the corresponding IS the transfer of the hydride to the carbon atom of comfl@gx
coordination energies are16.8 and—22.9 kcal/mol. to form productl4. The hydride transfer proceeds via the
The deprotonation of the coordinated hydrogen molecule is ransition statel Sy3-14, which lies 7.5 kcal/mol above complex
thought to occur by the surrounding water molecules, which 13 , _ o .
are present in high concentration. The same cluster of three water 1 he energy barriers for the hydride migration to the coordi-
molecules was applied as for the deprotonation of complgxes nated G=C and G=O bonds give convincing answers to the
and8b (see path I). The structures for the deprotonation are duestion of why selectivity for the reduction of the=C bond
shown in Figures 19 and 20, and the barriers are 2.7 kcal/mol Was found in acidic solutions.

in the case 08’ and 0.9 kcal/mol in the case 8b'. The energy We can see in Table 2 that transfer of the hydride to the
changes for the deprotonation are 1.8 and.1 kcal/mol, carbon atom of the coordinatea<C bond has a barrier of 5.3
respectively. kcal/mol. Nevertheless, for the most stable isomer, in which

The deprotonated complexes were optimized in the absencell® G=O is coordinated, the oxygen can be inserted into the

of the water clusters, and the corresponding structdrésapd Ru—H bond with a barrier of 48.4 kcal/mol, while in the case
11K) are shown in Figure 21. The decoordination of either the of the Isomer in which the _carbon can be inserted into the
product or the KO ligand (in a position cis to the hydride) leads metal-hydride bond, the barriers are 12.5 kcal/mol to rearrange

; ; . : o : to 7(C=0) coordination and 7.5 kcal/mol for the C insertion.
to the catalytically active complebm'. The dissociation energies . . o X
are 20.8 and 26.3 kcal/mol, respectively. The total barrier fron2m s 17.3 kcal/mol, which is much higher

The reaction profile corresponding to path Il is shown in than the 5.3 kcal/mol barrier for the hydride transfer to tke C

i C bond.
Figure 22.
On the basis of the comparison of Figures 14 and 22, we can .
state that the profiles for the mechanisms starting from [RuHCI- Concluding Remarks
(PHs)s] and [RUHCI(HO)(PHs),] are very similar. Only slight In the above theoretical study, a plausible reaction mechanism
differences can be found in the reaction barriers; thus, both for the selective &C reduction of cinnamaldehyde catalyzed
mechanisms can possibly occur in the solution. by [{ RuCh(mtppms)} 2] in aqueous solutions was proposed. The
Selectivity of C=C versus C=0 in Acidic Solutions. The objective of our work was not only to describe the mechanism

aim of this theoretical work was not only to provide a for C=C reduction but also to get convincing results accounting
mechanistic description for the=€C reduction catalyzed by  for the selectivity against €0 reduction, which was found
[RuHCI(mtppmsy] in acidic solution s but also to account for  experimentally in acidic agqueous solutions.
the selectivity for G=C bonds against €0 bonds in the The reaction mechanism was constructed by the application
reduction of cinnamaldehyde. The comparison was made againof PHs ligands instead of the sulfonated aromatic phosphines
by utilizing a model system, PHligands, and acrolein as  and acrolein as a model for cinnamaldehyde. In the cases where
substrate. the truncation of the real system seemed to cause significant
Obviously, the first step of the=€0 reduction must be the  errors in the energetics, calculations with the real ligands/
coordination of the &0 group. The most stable isomers of substrates were made. The solvent effects of water molecules
complexes with coordinated acrolein having itssG bond in were also considered, when solvent molecules or ions partici-
a position cis to the hydride ligand2 and 12, are shown in pated in the reaction. We applied small water clusters, which
Figures 23 and 24. The O-coordinated intermediat&safd had been systematically tested in earlier wofis.
12) lie 5.6 and 3.3 kcal/mol, respectively, above th&€=C) Two alternative mechanisms were considered, one starting
complex @m) formed by the coordination through the olefinic from [RuHCI(PR)3] (path 1) and the other starting from
bond. Since a rapid preequilibrium is thought to occur between [RuHCI(H,O)(PRs)2] (path Il). The energy profiles do not
the 7(C=C) complex and the O-coordinated intermediates, all suggest a major difference in the catalytic activities of [RuHCI-
the overall barriers for the hydride transfer are referenced to (mtppms}] and [RuH(HO)Cl(mtppms}]; thus, reactions through
the energy of comple@2m. In 12, which is the most stable  both pathways are feasible. Both paths include the same types
isomer, the hydride is positionally close to the oxygen of the of elementary steps, and the general overall reaction mechanism
C=0 group, allowing the insertion of the oxygen into the-RiI is shown in Scheme 1. We can conclude that path | is favored
bond. The reaction goes throu@B;»>-13, which lies 45.1 kcal/ on the basis of the fact that only [RuH@tppms}] was detected



872 Organometallics, Vol. 25, No. 4, 2006 Kovécs et al.

Scheme 1. Reaction Mechanism of the €C Reduction Catalyzed by [RuHCImtppms)z] or [RUHCI(H ,0O)(mtppms);] in
Aqueous Solution

H H

/'/h,, | substrate coordination //'I:., | ‘\\\\\\ C-insertion into Ru-H bond
. “Ru”

CHO

H-H
AV

//"'l. \\“\\\

.
H
+H,0" ' , complex stabilization +H, M-
— s lm, | ) — N T ™
-HO /Tu CHO aldehyde or H,0 coordination | OR OR
OR = H,0 or acroleine
H,0 i
+ -
-H,0 R .
y | Wor yd |
in the solution by NMR spectroscopic methddsyhile path II Acknowledgment. This work was carried out under the

is favored on the basis of steric considerations and the resultsHPC-EUROPA project (Grant No. RII3-CT-2003-506079), with
of kinetic experiments, which showed that the ideal ratio of the support of the European Communifgesearch Infra-
[Ru] to [P] in the solution is 1:33 structure Action under the FP6 “Structuring the European
It was also shown again that agueous solutions present a ratheResearch Area” Program. This work was also supported by the
unconventional reaction medium, since water molecules could AQUACHEM project (MCRTN-CT-2003-506864). A.L. and
take part in many reaction steps. Water molecules can act asG.U. acknowledge financial support from the Spanish MEC
coordinating ligands to alter the vacant sites for the reactants (Project No. CTQ2005-09000-C0O2-01). A.L. thanks tBen-
or intermediates. Another important feature of water molecules eralitat de Cataluny&or a Distincio per a la Promociode la
is that they can provide or accept hydrogen ions in proton- Recerca Uniersitaria. F.J. is grateful for financial support by
transfer reactions and facilitate reaction routes, which would the National Research Fund of Hungary (Grant No. OTKA
be unfeasible in nonpolar organic solvents. T043365).
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 ~ Supporting Information Available: Tables giving Cartesian
to theoretically describe in detail the aqueous-phaseCC coordinates and total energies of the optimized structures shown
reduction reaction catalyzed by transition-metal complexes, andin the paper. This material is available free of charge via the Internet
we hope this theoretical paper can serve as a starting point forat http://pubs.acs.org.
mechanistic investigations of this type. OMO050929Y



