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The regioselective hydrogenation of cinnamaldehyde in basic aqueous media catalyzed by [RuH
(mtppms)] [x = 3,4; mtppms = metasulfonatophenyl-diphenylphosphine] is analyzed by means of
theoretical calculations. The water solvent is modeled by the inclusion of@){Idluster in addition to
a continuum model. Two Ru complexes are evaluated as active species for the reduction process: the
major identified species [RuiR,] and the related phosphine dissociated complex [RgjHSeveral reaction
mechanisms are computationally evaluated, and their analysis suggests that the reaction takes place in
several steps. The first hydrogenation process takes place by means of a hydrogen transfer from the
metal catalyst, whereas the second hydrogenation process is performed by a water solvent molecule.
This mechanism can account for the selectivity of the@ versus &C double bond reduction
experimentally observed under basic reaction conditions and can be directly related to the mechanism
found in acidic media, where the opposite regioselectivity=(Cvs G=0) is observed.

Introduction

A very important industrial reaction for the production of

drugs, flavors, and materials is the hydrogenation of the carbonyl
moiety of aldehydes and ketones, to obtain the corresponding
alcohol. Classical homogeneous hydrogenation catalysts ar
often based on Rh or Ru, since many complexes of these metal

readily undergo insertion reactions into their-¥i bonds!

Nowadays, among the most active species that can achieve hig
activity and selectivity for this conversion are ruthenium-based 9€Velop &
diamino-diphosphine complexes, containing hydride and dihy-

drogen ligands, developed by Noyagind Morris? though other
very active species were also develofetiRecent works that

appeared in the literature concern the analysis of the reaction
mechanism and the nature of the intermediates, by both

experimentdand theoreticdf*means. In addition, it is possible

S

to observe a parallel improvement of the ancillary chelating

ligands for these organometallic reacti#er the attempt to

find different (and less expensive) transition metals to catalyze
the same reactiol.Another important (and exploited) field is

ethat of asymmetric hydrogenations using chiral phosphines or

amines as ligands coordinated to the metal céter.
In all the aforementioned examples, the solvent used is

fhonaqueous, being mainly either 2-propanol or acetonitrile. To

“greener” and more environmentally friendly chem-
istry, it would be much better to perform the same reactions in
a green solvent. Water is definitely the best candidate to play
the role. After the first attempts to use water as the main solvent
for industrial-scale conversions (which took place in the 1970s
for a hydroformylation proce&3, a growing interest in “greener”
chemistry has brought a considerable expansion of the research
in the field, especially for the last 15 yed#sToday, examples
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Scheme 1. Hydrogenation of Unsaturated Aldehydes in
Water

acid
conditions

the organic layer is eliminated, to perform the whole transfor-
mation in water only. In addition, the biphasic medium allows
almost complete recovery of the catalyst itself, thus reducing
the amount of toxic (heavy metal-containing) waste.

One of the best examples in this context is offered by the
ruthenium(ll) system used by Jaat al.l” since it performs
selective G=C/C=0 hydrogenation oft,5-unsatured aldehydes
in a biphasic water/chlorobenzene medium (Scheme 1).
active species are water-solubtéppms complexesnftppms
= metasulfonatophenyl-diphenylphosphine). Unfortunately, on

the basis of the experimental data, nothing was known about
the nature of the various intermediates that form the catalytic

cycle; the only experimental information available from NMR

data is the nature of the starting active species in both acidic
and basic solutions. In fact, it has been proved that the selectivity

is related to the presence different hydride complexes at
different pH values of the water layerin other words, the

Organometallics, Vol. 25, No. 21, 20@»11

of a separate work€ Joubert et al? recently published a study
concerning the selectivity for<€0 reduction (vs &C reduc-
tion) catalyzed by phosphine complexes of ruthenium in
aqueous-biphasic reaction medium, and a comparison of our
results and their conclusions is also given.

Computational Details

All DFT calculations used the program package Gauss#n03
and the B3LYP! combination of functionals. The LANL2DZ
pseudopotential was employed for the Ru center, and the standard
6-31G(d) basis set was used for the carbon, oxygen, and phosphorus
atoms. The 6-31G basis was used on all hydrogens. For all the
transition states analytical frequencies were calculated, to check
that only one imaginary value is obtained in each case. Normal
coordinate analyses were also performed on these saddle points by
intrinsic reaction coordinate (IRC) calculati@Ag both directions

Theto the corresponding minima. When the IRC calculations failed to

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

The QM/MM analysis performed on some structures is based
on the ONIOM method implemented in Gaussian, with the UFF
force fielc®* to describe the MM part. The MM treatment was
limited to the phenyl rings of the triphenylphosphine ligands of
cis-[RuH,(PPhy)4]. For energy comparisons, single-point calcula-
tions at the B3LYP level were carried out on the optimized
structures.

As far as the solvent is concerned, its effects were included both

selectivity is pH-related. Similar regioselective hydrogenations p; the conductor-like polarizable continuum model (C-PCM UAKS
of a,f-unsaturated aldehydes were reported by Hernandez andgpological modef) and by incorporating discrete water molecules

Kalck3' and Grosselin et dfm

in key positions in the optimizations. Solvent calculations with the

Our objective was also to apply theoretical methods to cast continuum model were performed at the gas-phase optimized

light on the nature of the catalytic intermediates and transition

geometries. The discrete model used to represent the aqueous

states, to provide a plausible reaction mechanism. Second, wemedium consists of a cluster of three neutral moleculefOft

tried to justify the observed €C versus GO reduction
selectivity at different pH values. In particular, in this work the
results related to the hydrogenation basic mediumare

interbound by hydrogen bonds. A single water molecule does not
provide a realistic description of the medium, since proton exchange
processes that take place during the catalytic process imply a

presented, where the major ruthenium(ll) species that was Separation of charges with formation of highly reactive ions. These

observed experimentally isis-[RuHx(mtppms)]. The results

species (HO™/OH™) are “stabilized by complexation” through

related to the hydrogenation in acidic medium are the subject ydrogen bonding to other water molecutésrom earlier sys-
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Figure 1. Different isomers of [Rub{PH)3].
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between a realistic description and system size (and related
proportional computational time). All the energy profiles presented
in the article include solvent corrections with the continuum model.
These calculations were also applied when explicit water molecules
were considered (discrete-continuum solvent representation).

Discussion of Results

When the precursor compounfRuCh(mtppms)} ] is dis-
solved in water in the presence of Bind an excess afitppms,
it undergoes a series of complex equilibria, where proton
production is observe#. The potentiometric and NMRYd and
31p) data revealed the formation of various hydrides, among
which the most abundant species were found to be [RuHCI-
(mtppms}] andcis-[RuH,(mtppms)] under acidic and basic pH
conditions, respectively. The latter complex has a “saturated”
octahedral coordination on ruthenium. This complex was found
to be active toward selective hydrogenation of the carbonyl
group ofa,S-unsaturated aldehydes, and the final product is an
allylic alcohol.

In the model catalytic complex [RufPHs)4] the “real” water-
soluble phosphines were replaced bysPWhile acrolein was
used as a model for cinnamaldehyde.

Two paths for reduction of the carbonyl moiety of acrolein
were considered:

(1) “P3” mechanism: the active species is [RyiPHs)3], and
this mechanism obviously involves the dissociation of a
phosphine ligand. In this case, previous coordination of the
carbonyl to the metal is conceivable, since ruthenium has a
coordination vacancy, similar to [RuHCI(RBH], which is the
model of the active species in the acidic solution. This kind of

mechanism was taken into account due to the fact that previous

calculations on the hydrogenation of €@ basic aqueous
solutions showed that the catalytically active metal complex was
indeed that with “RubPs” stoichiometry?7p

(2) “P4" mechanism: the active species is [RiPiHz)4].

Consequently, the discussion of results will be split into two
different subsections. First we consider theg™echanism,
whereas the next subsection is devoted to th& firechanism.

1. Catalysis with [RuHx(PH3)s] (“P 3" mechanism). 1.1.
First Hydrogenation Step: Hydrogen Comes from the
Catalyst. The initial active species [RufPHs)3] (1, Figure 1)
has a coordination vacancy on the metal center, and it could
coordinate the €O group. Initially, the study of catalyst
isomerism was carried out, and the results showed that only
thecisisomer exists in a stable form. Thnsisomercorverts
into the cis oneaduring the optimization process (Berry pseu-
dorotation) and could not be located as a minimum on the
potential energy surface.

For the model complex geometry optimizations of both the
“Dap-like” (trigonal bipyramidal) and Cy,-like” (square pyra-
midal) shapes taken into account for coordination number 5 led

(27) (a) Kovas, G.; Schubert, G.; Jod¢-.; Paai, |. Organometallics
2005 24, 3059. (b) Kovas, G.; Schubert, G.; Job.; Paai, |. Catal. Today
2006 115, 53.

(28) Jog F. Acc. Chem. Re002 35, 738.
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Figure 2. Optimized structure o€is[RuH,(PPh)s] (view along
the pyramidal axis).
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Figure 3. Transoidandcisoid acrolein [selected optimized bond
lengths (A) are reported]. No substantial differences in theOC
C=C/C—C bond lengths between the two isomers were found.
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Figure 4. Energy profile for aldehyde coordination through the
C=0 bond and slippage oh

to a final square pyramidal structure for this complex. The
introduction of the bulkier triphenylphosphine ligands in the
calculation to represent the real complex slightly changes the
final ligand disposition around the metal center. It gives a
distorted square pyramid, as it appears in the ONIOM-optimized
structure ofl-PPhs (see Figure 2 and Supporting Information).
The coordination vacancy is alwagransto a hydride ligand
because of the strongans effectof the hydride substituents.
This is confirmed by the calculated values for the phosphine
dissociation energy (gas phase) fos-[RuH,(PPh)4]. There
are two types of phosphines in this complex, and the dissociation
energies are 1.7 and 9.6 kcal/mol for the phosphin&dns
andcis position to a hydride, respectively. This result underlines

that phosphine dissociation is more favorable at tila@sH

position and shows that the pentacoordinated complex is very
close in energy to the hexacoordinated one.
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(5)

Figure 6. TS; s and related comple’ [selected optimized bond lengths (A) are reported].

Regarding the organic substrate, differeisbidandtransoid
forms of acrolein were also optimized; rotation around the
C(1)—C(2) bond leads to several conformational isomers
(rotamers, Figure 3). Theansoidform is more stable by 2.0
kcal/mol; hence it was the isomer of choice for all calculations.

After the phosphine dissociation leading to the catalytically
active “RuHP3” species, GO coordination of acrolein to the
metal center was first examined. The structure of [RtHk)s-
(acrolein)] was optimized, considering both the«,0 (2) and
the?-(«,C,0) (3) coordination modes. Even if thg- isomer
is slightly more stable by 0.2 kcal/mol, the change— 72 is
observed when the O-bound intermediate is formed (vide infra)
Figure 4 shows the energy profile for the aldehyde slippage

For the first hydrogenation step three possibilities were

considered: (i) “C(1)-bound” intermediate, where the hydrogen
atom binds to the oxygen of the carbonyl group, and a direct

Ru—C(1) bond is formed; (ii) “O-bound” intermediate, where
the H atom binds to C(1), and a R® bond is formed [the
opposite of case (i)]; (iii) “C(3)-bound” intermediate, with initial
Michael addition of H to the C(3) atom, eventually forming a
direct Ru-C(3) bond (vide infra). For the aldehyde atom
numbering refer to Figure 3.

(i) In the C(1) case, both theDj5y-like” and the ‘C4,-like”
geometries built at the beginning for complex [RuH@pRK;1-
k,C(1)-OH—CH—CH=CH,)] led to the same final produé,
with the oxygen atom filling the ruthenium coordination vacancy
with a dative G~Ru bond (Figure 5).

The C-0O bond is clearly single (ctthe value obtained in
transoid acrolein: 1.215 A), and the hydriddRu—O and
hydride-Ru—C(1) angles are 11624nd 154.8, respectively.

Thermodynamics of formation @ffrom the isolated reagents
is slightly exothermic by 2.1 kcal/mol. Howevérs;—, lies 55.6

kcal/mol above the reactants, making the process quite unfea-

sible. It is noteworthy that, if a differentigss stablg five-

coordinated isomes (Figure 6) for the final product is formed,
with the C(1) atontransto a vacancy and the hydrideansto
a phosphine|AE(4—5)| = 3.6 kcal/mol), the relate@S;_s lies
lower in energy (29.4 kcal/mol). Therefore, if formation of a
Ru—C(1) bond occurred, it would probably go along the latter
path, with a much lower energy barrier. However, this latter
mechanism seems also quite unfavorable to occur in aqueous
solutions.
(i) In the Ru—H insertion through the C(1) atom, after—
3 rearrangement as discussed above, two species appear as
relative minima on the potential energy surface: an agostie Ru
- C—H complex ), in which the newly formed €H bond fills
_the ruthenium coordination vacancy, andG,-like” pyramidal
species [RuH(Ph)3(71-O—CH,—CH=CH,)] (7) with the or-
ganic substrate in ap! coordination mode (Figure 7).

Examination of the reaction profile reveals that, starting from
the six-coordinated comple 6 is initially the first intermediate,
which forms througiT Ss—s. The energy barrier for this process
is 10.7 kcal/mol, and intermediaé(which lies 10.5 kcal/mol
above3) is very close in energy to the transition state, since
the potential energy surface arou6ds quite flat. Then, this
intermediate can evolve to the finalthrough a transition state
TSe-7 that lies 5.6 kcal/mol abové. Thus, the global barrier
for formation of 7 is 16.1 kcal/mol. Figure 8 collects the
schematic energy profile for formation @ffrom 3.

(iii) While exploring the potential energy surface searching
for the TS for formation of comple® (see Figure 5), a new
cyclic structureB appeared, with a direct RtC(3) bond, where
the alcoholic group fills the ruthenium coordination vacancy
(Figure 9). The energy of this structure is lower than that of
the reactants by 5.3 kcal/mol (compared wih The high
stability of this isomer drove us to study an alternative pathway
for the hydrogenation process.

A more accurate theoretical analysis showed thébrms
from 2 in three steps: the first one is a Michael addition of one
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Figure 7. Complexess and7 and related transition state structuiSs_¢ and TSs_7 [selected optimized bond lengths (A) are reported].

TSe-7 16.1

Relative energies (kcal/mol)

©0.0) Reaction coordinate

Figure 8. Reaction energy profile for the formation of the square
pyramidal [RuH(PH)3(O—CH,—CH=CH,)].

(8)

Figure 9. Complex8 [selected optimized bond lengths (A) are
reported]. The angle ©Ru—C(3) of the five-membered ring is
78.6°.

hydride to the C(3) of the coordinated aldehyde, with formation
of the agostic compleX® (Scheme 2). The energy of the
transition statél'S,—q is 16.1 kcal/mol, and the intermedige
lies 14 kcal/mol above the starting material.

Structure9 rapidly evolves t010 through transition state
TSe-10, lying only 1.5 kcal/mol abové. StructurelO is very

stable, if compared witR (JAE(2—10)| = 16.5 kcal/mol). The
following step is a (concerted) hydride O(alcoholate) transfer
and a C(3)-H oxidative addition on ruthenium, to forBafter
overcoming a barrier of 43.7 kcal/mol. The highest energy
barrier step is the latter, as depicted in Figure 10.

The high value of the energy barrier for the last step is
possibly related to the fact that oxidative addition is not typical
of the ruthenium metal, especially in aqueous solutiGas.
Intriguingly, 8 is more stable in water than boshand7, lying
10.6 kcal/mol below the isolatedand aldehyde reactants (while
5 and 7 lie 1.5 above and 9.0 kcal/mol below the isolated
reactants, respectively). Nevertheless, from the analysis of all
the energy barriers obtained,is shown to form more easily,
with an energy barrier of 16.1 kcal/mol, referring to the highest
TS found in the profile TSs-7, Figure 8). The highest energy
barriers found for the formation d& and 8 are 29.4 [Sz-s,
Figure 6) and 43.7 (the passa@® — TSio-s in Figure 10)
kcal/mol, respectively.

1.2. Second Hydrogenation Step: Hydrogen Comes from
Water. To close the catalytic cycle, a second hydrogenation
step was considered with three different alternatives (always
assuming that the starting pointds (i) hydrogen atom coming
from complex 7 itself; (i) hydrogen atom coming from a
coordinated Hmolecule; (iii) hydrogen atom comirfgom the
solvent HO. The first two mechanisms see the presence of the
solvent only as a continuum (CPCM), while in the last case a
discrete representationjoint to the continuum model was
employed, to mimic the possible direct reaction of water
molecules with7.

(i) Since the resulting intermediafestill possesses a hydride
ligand cis to the oxygen atom of the organic substituent, it is
possible to think about another insertion, similar to that seen
before (Scheme 3).

The final productll would be a Ru(0) D4y-like” four-
coordinate complex, with the alcohol coordinated through its
O atom. Its energy is quite high compared with the starting
material (AE(7—11)| = 14.8 kcal/mol); theTS;-1; for this
reaction lies 29.6 kcal/mol abové In addition, a change in
the metal oxidation state is not observed experimentally
throughout the reactiok? therefore we can conclude that this
alternative is not realistic.
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Scheme 2. Compounds 9 and 10 Forming from 2 [selected optimized bond lengths (A) are reported]
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TSo-10 15.5
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Figure 10. Reaction energy profile for the formation 8ffrom 2.
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p

Scheme 3. Formation of Complex 11 from Precursor 7 [selected optimized bond lengths (A) are reportéd]
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@ Angles around the ruthenium atom are all arouné. 90

(ii) The vacant coordination site on the initial complex can
be occupied by an Fmnolecule, to form the dihydrogen complex
12 (Scheme 4). The HH bond length (0.784 A) is slightly
larger than that in free $(0.743 A), as a consequence of the
d(Ru)— ¢*(H>) back-donation.

The coordination is exothermic by 6.0 kcal/mol, and one
hydrogen atom from the coordinated, ldan migrate to the
oxygen atom of the organic ligand (Scheme 5).

This reaction is exothermic by 3.2 kcal/mol; the final product
13 has the alcohol coordinated to ruthenium(ll) through an
oxygen lone pair. The barrier for this transfer is 13.9 kcal/mol,

an

Alcohol de-coordination from 3 (after overcoming a second
barrier of 11.9 kcal/molT S;3-1) automatically regenerates the
active specie§, closing the cycle. The six-coordinated complex
13 and the isolated producisand allylic alcohol are isoener-
getic. This can be due to two simultaneous effects, which cancel
each other out: de-coordination (an endothermic process)
accompanied by rearrangement of the hydride ligands frans
to cis (exothermic, since theis isomer is more stable). Thus,
the highest barrier for the conversi@n—~ 1 would be 13.9 kcal/
mol. The overall energetic profile is shown in Figure 12.

(iii) Another plausible option is to think about a direct reaction

and the same ruthenium oxidation state is kept through the of 7 with water molecules, whose concentration is much higher

process. In Figure 11 the transition stai®;,—13 is shown.

than that of H. 7 has a vacant site in a positidrans to the
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Scheme 4. Formation of the “Nonclassical” Ruthenium-Dihydrogen Complex 12 [selected optimized bond lengths (A) are
reported]

H

Pl g WO~ —, "~ o

P @ P 12)

Scheme 5. Formation of Complex 13 from “Nonclassical” Ru-Dihydrogen Complex 12 [selected optimized bond lengths (A) are
reported]
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hydride, which can be occupied by a water molecule, to form reasonable that, given the large number of water molecules
the aqua complet4 (Figure 13). around the complex, the solvent itself is directly interacting with

The stabilizing coordination energy is 8.5 kcal/mol, and the 7 rather than the aqua ligand.
water molecule interacts with the O-bound organic substituent, ~Thermodynamics for the proton transfer is endothermic by
via a hydrogen bond. To describe the solution environment, the 6.3 kcal/mol. Calculation of the energy barrier for the process
cluster (HO)z was used to mimic the behavior of the solvent in this case cannot be exact, since charge separation occurs,
molecules around the active site (see Computational Details). with the formation of hydroxide ions after protonation. To
The related systerh5was the starting point for the calculations ~ estimate the transfer energy, restricted optimizations were made,
concerning the O-protonation of the coordinated substrate with fixing the O(alcoholate)- - -HOH distance at different values
water (Figure 14). between 1.6 A (found in complet5) and 1.0 A (final

The hydrogen atom that is transferred is not coming from hydrogenated speciés). The related CPCM profile is shown
the bound water molecule, since its hydrogens are too far away!n Figure 15. o _
from the oxygen of the alcoholate ligand [mean distance ca. !t was found that the application of the continuum does not
3.0 A; now they are much further than in the isolated complex exh|b|t a large effect on the tot_al energy_change for this process.
14 (1.647 A) because of the new interactions with the cluster ThiS suggests thaonly the first sobation sphereplays a
water molecules]. It is more appropriate to think about a transfer Significant role in the process. Figure 15 shows that there are
from one water molecule coming from the bulk (the cluster itself NO inflection points on this curve; therefore the energy barrier
in our case), the hydrogens of which are much closer in spaceWas onlyapproximately estimatethrough the thermodynamic

to the O-bound substituent (Figure 14). In addition, it is more €nergy difference. The computed energy shows that the proto-
nation of the formed alkoxide intermediate by a bulk water

molecule entails a low energy cost. The final ruthenium(ll)
complex 16 (where the cluster [(OH)(4D).,]- has been re-
moved) bears a positive charge (Scheme 6).

At this stage, for the reaction to proceed, one of the ligands
should decoordinate to generate a coordination vacancy on the
metal center. Two different options are conceivable: either the
water or the alcohol molecule can dissociate, to let an H
molecule coordinate to the metal and close the catalytic cycle.

For this ligand dissociation process thermodynamics favors
water dissociationAE(16—18+H,0) = +17.5kcal/mol, while

1637 AE(16—17+alcohol) = +20.7 kcal/mol. Dissociation of a
Figure 11. TSy, 13 [selected optimized bond lengths (A) are water molecule (a liganttansto hydride) is energetically more
reported]. favorable than the alcohol dissociation (a ligamdns to a
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Figure 12. Reaction pathway for the direct hydrogenation by H

Figure 13. Aqua complex [RuH(HO)(PH;)3(O—CH,—CH=CH,)]
(14) [selected optimized bond lengths (A) are reported)].

Bound water molecule

/

(15)

Figure 14. Complex14-(H,0); (15). The bound water molecule
now forms new H-bonds with the water cluster. In light blue the
closest HOH- - -alcoholate contacts are highlighted (A).
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Scheme 6). This rearrangement is not needed in the cédst of
where the ligand decoordinated is alredhnsto the hydride.
Therefore we can assume that the energy barrier to obtain
complex17 is higher than that needed to obtdi® The relative
trans influences of the hydride and phosphine ligandslé
cause the Ruwater bond to be longer than the Ralcohol
bond (2.400 vs 2.246 A).

H, coordination will take place o8, and the process is
exothermic by 9.0 kcal/mol. To close the catalytic cycle, further
H, deprotonation is needed, and it can only be accomplished
by the solvent. The cluster [(OH)@®),]~ was introduced to
represent the basic medium, where the solvated hydroxide anion
acts as the base. [(OH){B),]~ was applied on the basis of
similar considerations that led to the application of the@hd
cluster; that is, single OHwould have been an unrealistic
representation of basic aqueous solutions (see Computational
Details). The model systetd and the related reaction is drawn
in Scheme 7.

It was not possible to obtain structuf® as a minimum,
because when the complex and the cluster are put next to each
other, a spontaneous neutralization between the two oppositely
charged bodies occurs, by moving a proton from the coordinated
H, to the OH™ group, forming20. Once again, as already seen
for complex 15, the transition state for this step cannot be
evaluated exactly, due to “charge neutralization”. Therefore, an
energy profile similar to that of Figure 15 was calculated in
this case too, varying the+H distance in the coordinated;H
and optimizing with the frozen bond constraint. It was assumed
that d(H—H) in 19 is the same as that found in theolated
(nonsolvated) [RuHf-Hy)(PHs)s(alcohol)l" (0.79 A). The
potential energy curve is shown in Figure 16.

Thermodynamics for this process is very favorable: in water
the conversion is exothermic by 18.2 kcal/mol [to work out the
AE value for the reaction, the energy ©® was approximated
by the sunE(isolatedcationic ruthenium complex) E(isolated
anionic cluster)]. No activation barrier could be found, at least

phosphine). Nevertheless, examination of the energy profile for judging from the profile.

Ru—alcohol bond lengthening shows that in this case an
additionalrearrangementf the five-coordinated species may
occur, to get a final geometry with a vacarignsto the hydride
ligand, stabilizing the system by 6.6 kcal/mol (compl&ex

Another option is to consider water as a base instead of, OH
and this hypothesis was tested as well, using the cluster seen
before, (HO); (Scheme 8). In this case, despite the fact that
there are no charge separation/neutralization problems, it was
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Scheme 6. Two Possible Alternatives for Ligand Dissociation from 16
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Scheme 7. Deprotonation of Coordinated Kin 19 by the Cluster [(OH)(H0),]— to Give Structure 20 [selected optimized
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a The hydrogen atoms coming from the original kijand are drawn in blue.

not possible to locatie productas a minimum on the potential

endothermic and the reaction spontaneously goes to the left

energy surface; all the optimization attempts led to the starting (Scheme 8), for the reaction using Olthe reaction proceeds
material. Thermodynamics in this case tells that the reaction is with no barrier to form the product (Scheme 7). Given the point

endothermidy 24.7 kcal/mol in water [again, takirigfisolated
neutral ruthenium complex} E(isolated cationic cluster) as

that the reaction takes place in basic conditions, the energy
barrier for this deprotonation should not be important according

an approximation of the product energy, right-hand side of to the spontaneity of the calculated reaction.
Scheme 8]. Thus, whereas the reaction with water as a base is The final part of the cycle is analogous to that of subsection



Regioselectie C=0 Hydrogenation Organometallics, Vol. 25, No. 21, 2019

Scheme 8 Alternative (but unfavorable) Deprotonation of [RuHg?-H,)(PH3)s(alcohol)]t Using (H,O)3
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(ii): alcohol decoordination fron20 (which is equivalent to that the hydrogen atoms required for reduction are coming from
13 when the solvent ligand is removed) after overcoming a the complex itself and not from free,tbr from water). Both
barrier corresponding td'S;3-1 permits closing the catalytic  structures of the O-boun@2) and C-boundZ3) carbonyl have
cycle and forming the active species-[RuHx(PHs)s] again. been optimized, and the first one is more stable, lying 1.3 kcal/
2. Catalysis with cis-[RuH 2(PH3)4] (“P 4" mechanism). 2.1. mol above the reactants (Figure 19). The second one lies 6.7
First Hydrogenation Step. Experimental evidence showed that kcal/mol above the reactants. Thus both reactions are endother-
the major species in basic solution is the octahedral complex mic.
cis[RuHx(mtppms)]; thus an alternative way to catalyze the The transition states for this stepp1-22 andTS;1-23, Figure
hydrogenation was taken into account, starting from the coor- 20) lie 26.8 and 56.3 kcal/mol above the reactants, respectively.
dinatively saturated species. [Re(RHs)4] was the model, and  From these very high values it can be inferred that both reactions
catalyst isomerism was examined first, since octahedral jRuH seem unfeasible; nevertheless, the one leading to the (most
(PHs)4] may exist in acis and atrans dihydride form (Figure stable) O-bound intermediate is much more favorabl& 35,3
17). the hydrogen atom is almost at the same distance from either
Calculations showed that th&s isomer21 is more stable the C or the O atom of the carbonyl group, suggesting that there
than thetransby 9.7 kcal/mol, as it is also confirmed by XRD is a sort of “H-jump” to the &0 double bond rather than to
data: all the crystallographically characterized [RBif+type the specific oxygen atom. Subsequent IRC analysis though
complexes ([Rub{PMes)4]2° or [RuHy(PPR)4]3° for example) confirmed the final G-H [and simultaneous RuC(1)] bond
show acis disposition of the two hydride ligands. Thus, this formation fromTSp1—23.
isomer was taken into account in the following steps. Figure  From the comparison of these barriers with those obtained

18 shows the optimized structure ois-[RuHy(PPh)4] (21- in section 1, it is clear that the 3Pmechanism is much more
PPhg). A comparison of selected calculated structural parametersfeasible, because the transition states found for the first catalytic
for 21 and21-PPh is given in the Supporting Information. step lie much lower in energy than those found for thg”“P

Interaction of acrolein wittcis-[RuH,(PHs)4] leads to two mechanism: c¢f26.8 versus 5.4 kcal/mol for the O-bound
possible reaction intermediates, once a hydrogen is transferredspecie22 and 7) or 56.3 versus 29.4 kcal/mol for the C(1)-
to either the C or the O atom of the=© group (and assuming  bound (specie®3 and 5) intermediates, respectively. As a

consequence, catalysis withs-[RuHx(PHs)4] was not analyzed
20,00 4 (19 further.
18,00 - 3. The Proposed MechanismOn the basis of the extensive
16,00 - investigation of the possible reaction routes ef@ hydrogena-
14,00 - tion catalyzed by water-soluble phosphine complexes of ruthe-

12,00 - nium, we found that the most plausible reaction mechanism is
10,00 -

Relative energies (kcal/mol)
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2,00 - (20)
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Figure 16. Energy profile for the reactiod9 — 20.
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P
@n Figure 18. Optimized structure o21-PPh (hydrogen atoms on
Figure 17. Different isomers of [Rub{PHs),]. the phenyl rings were omitted for clarity).
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Figure 19. Complexes22 and23 [selected optimized bond lengths (A) are reported)].

TS21-22

Figure 20. TS: 2 and TS, 23 [selected optimized bond lengths (A) are reported).
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Figure 21. Global energy profile for the conversion of acrolein to allyl alcohol.

as follows (Scheme 9). In agreement with other theoretical regenerated by the coordination and subsequent deprotonation
works'819270 the “RuHpPs” type complex, formed by the  of an H, molecule followed by the dissociation of the product
dissociation of a phosphine ligand from the spectroscopically from the complex.

detected “RubP,” complex has to be the first reaction step, Figure 21 reports the overall energy profile of the conversion
since the reaction barriers for the reduction were found to be ¢ 5crolein to allyl alcohol in the context of the fFmechanism.

much lower in the case of the “RuFg” intermediate. The next The mechanism oroposed by Delbecd and co-wokkaiso
step is the coordination of the aldehyde through #s@bond, . ISm propos y d W .
which is followed by the insertion of the=€0 group into the provides a possible reaction route for the=Q hydrogenation,

in which they suppose a concerted addition of a hydride ligand

Ru—H bond. On the basis of the calculations and other . .
considerations the second hydrogen should come from the@nd @ proton from a coordinated aqua ligand to thedtbound

solution, and the calculations show that this can easily happen(Water-assisted mechanism). However, even though their pro-

by the transfer of a proton from the surrounding water molecules PoSal is in principle reasonable, we are not fully convinced about
(see Figure 15). The catalytically active intermediate can be that mechanism because in our opinion it does not easily account
for the pH-dependent regioselectivity observed in the reaction.

(29) Dahlenburg, L.; Frosin, MPolyhedron1993 12, 427. Hence, the free energy barriers found for=Q and G=C
(30) Immirzi, A.; Luccarelli, A.Cryst. Struct. Commurl972 1, 317. reductions in basic conditions were similar, 55 and 52 kJ/mol,
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Scheme 9. Proposed Catalytic Cycle for €0 Selective Hydrogenation bycis-[RuH »(PHs)3]
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respectivel\? In addition, in acidic conditions, where the active 1.338 A in the free aldehyde], because of metal back-donation.
catalytic species is the [RuH®@hppms}] complex, one can Subsequent hydrogen transfer to the C(3) occurs with a barrier
envisage an aquo complex [RUHCHB)(mtppms)] with the of 10.3 kcal/mol, to give the agostic intermedi&B, which

H.O and H ligands irtis position also capable of reducing the lies at 7.6 kcal/mol above4 (Scheme 10). Transfer of hydrogen
aldehyde in a similar way to that in basic conditions; neverthe- to the C(2) was examined in the theoretical study of the selective
less, in acidic conditions the observed product is treCC C=C reduction catalyzed by{ RuCh(mtppms}},] in acidic
reduction instead of the=€0 reduction product. Furthermore,  solutions!8 and it was proved to be less favorable, both for the

as shown by us earliéf2in acidic solution considering a single  model acrolein and the real cinnamaldehyde; therefore only the
water molecule in a proton transfer reaction (as it is shown in ¢(3) transfer was considered in here.
the proposed mechanidfcannot provide reasonable energet-

ICS. rpractically no difference between the barrier found in this case

th(;rr: h;:ggi?'?? .ﬁrggzg’fgozzr&:sv;%e;’Sd;ﬁzrar‘ggzgn.tt fo and that found for the €0 case [10.7 kcal/mol for agost&
attergll (with tl\rqleylsolvén; directlll in\,/olved "'1 tlhe reacalc;ril formation, section 1.1, case (ii)]. Therefore, the kinetics of this
P y step does not account for the selectivity.

mechanism) was found in a previous sttitfor the regiose- . . .
lectivity in basic conditions. The second hydrogenation cannot involve the other hydride

4. Selectivity of the Hydrogenation in Basic Solutions: ligand of 25, since it istransto the C(2) atom of the aldehyde.

Why the Olefinic Bond Is Not Reduced After the examination ~ Another possibility would be the coordination of a &hd then
of the mechanism of the carbonyl hydrogenation, additional & metathesis reaction between the carbcarbon bond and the

“cross-test” studies were performed, trying to rationalize the coordinated H. It was shown that this reaction does not have
observed regioselectivity. Olefin coordination to the metal center @ high energy barrier either in the case of theCreduction®
was considered to be necessary to start the catalytic reactionOr in the case of €O reductiom® however the reaction
since for G=0 hydrogenation the barriers related to thg™P  occurring this way would not account for any selectivity as a
mechanism (section 2) were higher than those observed for thefunction of pH; in addition, the concentration of;lis much
“P3" case (section 1). Thus, precursbrwas chosen as the lower in the solution than that of solvent molecules. Thus, the
starting complex for this analysis. reaction is unlikely to proceed this way, and hence interaction
Coordination of acrolein through its=€C bond tol gives of 25 with the solvent environment has to be considered. As
complex 24, with a strong stabilization energy-26.1 kcal/ already seen for the case of syst&B the cluster (HO)s was
mol). Lengthening of the €C double bond is observed after introduced (a new systerB6 was built), and the barrier is
coordination [cf d(C=C) = 1.405 A in 24 with d(C=C) = estimated only with the same criteria as those already described

The first hydrogenation step is still feasible, and there is
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Scheme 10. Formation of the Agostic Complex 25 from [Rub{PHz)s(5%-k,C-k,C-acrolein) (24) [selected optimized bond
lengths (A) are reportedf

(25)
@ In 24 the H-Ru—H angle is 75.0.

Scheme 11. Transfer of a Proton (drawn in blue) from a Water Molecule to the Coordinated C(2) in Complex 26= 25-(H,0)3
[Selected optimized bond lengths (A) are reported]

(' 7)

a After the process, the protonated C(2) leaves the ruthenium coordination sphere.

40,00 - @7) why selective hydrogenation of=80 bonds of cinnamaldehyde
— 35,00 was observed with{ RuCh(mtppms}} 7] in basic solutions. In
g acidic solutions protonation of the second carbon is a much more
= 30,00 - . . s .
8 favorable process, since under acidic conditions the effective
P protonating agent is 40", a much stronger “proton donor” than
® 20,00 1 H-0, the protonating agent in basic conditions. The calculations
§ 1500 for acidic pH condition®¥ showed that protonation of the second
2 carbon atom with [BO(H.0);]* has an activation barrier of
;2 1000 less than 10 kcal/mol, accounting for fast=C hydrogenation

5001 26 in acidic aqueous solutions.

0,00 o T T T T T T T 1
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Figure 22. Energy profile for the reactiog6 — 27. The theoretical investigations described above led to a

significant insight into the reaction mechanism of the selective

before, since charge separation occurs. The conversion considC=0 reduction of cinnamaldehyde catalyzed BHR{Ch-
ered is shown in Scheme 11. (mtppms)}2] (in the presence of excesstppms) in basic

An evaluation of the energy barrier was done along the sameaqueous solutions. Our work not only provided a possible
criteria as before; the graph reporting the (relative) energy versusmechanism for the €0 reduction but led to convincing
the frozen C(2)-H distance is reported (Figure 22). Values are rationalization of the selectivity against=€ reduction under
between 2.60 A (optimized value in the reactant) and 1.15 A these conditions.
(optimized value in the product). The reaction mechanism was constructed by applying PH

In this case the energy rises smoothly, and no transition stateligands instead of the sulfonated aromatic phosphines and
could be found. Nevertheless, the thermodynamics of the acrolein as a model for cinnamaldehyde. In the cases where
conversion shows that the reaction is strongly endothermic by the truncation of the real system seemed to cause significant
36.6 kcal/mol, possibly justifying the lack of<€C hydrogena- errors in the energetics (e.g., phosphine dissociation), calcula-
tion under basic conditions. The transfer of a proton from a tions with aromatic phosphine ligands (RPtvere made. The
water molecule to the €C bond requirest least36.6 kcal/ solvent effects of water molecules were also considered. In the
mol, which is much more than the highest barrier found for cases when solvent molecules or ions can participate in the
C=0 hydrogenation (16.1 kcal/mol). Therefore this can confirm reaction, we applied small water clusters, which had been
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systematically tested in earlier works. In addition, the effect of proton reacts more easily with the more electronegative oxygen
the bulk solvent was estimated by the application of the atom. The selective €0 reduction in basic media is justified
conductor-like polarizable continuum model (CPCM/UAKS). by the fact that the protonating agent is a solvent molecule;
In particular, judged from the data obtained, it seems that water can protonate the polar=© bond but is not able to
the real “catalytically actve” species is a trisphosphine transfer a proton to the=€C bond. In acid solution, however,
complex, cis-[Rub{mtppmsj], since the energetic profiles for  the proton also comes from the media, but the protonating agent
cis-[RuHx(PHa)s] give lower activation barriers than those for is H3O™, strong enough to protonate the=C bond.
cis[RuHx(PHs)4]. Easy phosphine dissociation can open anew  To sum up, the above work and the one published earlier by
route to G=0 hydrogenation, under more favorable conditions. Kovéacs et al® have provided a complete picture for the selective
In addition, the reaction proceeds via O-bound rather than hydrogenation reactions af,3-unsatured aldehydes, found in
C-bound intermediates. The first hydrogen atom that adds to acidic or basic aqueous (aqueewsganic biphasic) reactions.
the carbon of the €0 group is the hydride ligand of the  Computational methods including explicit consideration of a
catalyst, while on the basis of the calculations the second onecluster of solvent molecules are able to give a microscopic
is thought to come directly from the solvent. Moleculay isl picture of the organometallic reactivity in water. It was found
also needed to regenerate the active species and close théat in acidic solution selectivity arises from the much lower
catalytic cycle, after the formation of allylic alcohol. Besides barrier found for the insertion of<€C bonds (than that of €

being active in the protonation of the alcoholate ligand.4f O bonds) into the RtH bond?8 In contrast, in basic solutions
water (in its “basic” OH form) also gives a very exothermic  selectivity is much more the effect of the solvent environment,
deprotonation of the coordinated lih 19. since protonation by water of the O-bound intermediate formed

Calculations revealed again that water is a rather unconven-after the insertion of the €0 group into the Rt-H bond has
tional reaction medium for organometallic catalysis, since water favorable energetics. Conversely, protonation of tkeGbond
molecules can play important roles in many reaction steps. Wateris not facilitated by water molecules; that is, hydroxonium ions
can coordinate to the metal center and can occupy the vacantare required, which are present only in acidic solutions in
sites in the reactants or intermediates. In addition water and itsreasonable concentration.
ions can take part in proton transfer reactions along the reaction . .
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