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Density functional theory with dielectric continuum models
was applied to describe the reaction mechanism of the
stereoselective hydrogenation of phenyl-substituted alkynes
with the water-soluble ruthenium complex [{RuCl,-
(mtppms),},] mtppms [(meta-sulfonatophenyl)diphenylphos-
phane] in acidic aqueous solutions. The water solvent is mod-
elled by the inclusion of a small cluster of three water mole-
cules in addition to a continuum model. The possible reaction
mechanisms leading to the formation of the different (Z and
E) stereoisomers are computationally evaluated. It was

shown that the reaction takes place in two steps; one hydro-
gen comes from the hydrido complex, whereas the second
hydrogen is transferred from the hydroxonium ions present
in the solution. The formation of the different stereoisomers
is determined by the order of the two hydrogenation steps,
and the analysis suggests that the formation of the (Z)-isomer
is more favourable, which is consistent with the experimental
results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Chemo- and stereoselective reduction of carbon-carbon
multiple bonds plays an important role in organic synthetic
processes, both in the laboratory and in processes of indus-
trial scale.'"! The complete hydrogenation of either double
or triple carbon—carbon bonds occurs on almost all hydro-
genation catalysts; however, semihydrogenation of alkyne
derivatives (especially if stereoselectivity is desired) requires
more sophisticated catalysts and reaction conditions.[”!

There are many examples of heterogeneous catalysts that
are suitable for the conversion of alkynes into (Z)-alkenes,
such as the Lindlar catalyst® or the “P2Ni” catalytic sys-
tem.[?®! Recently, Pd nanoparticles?® and Pd catalysts sup-
ported on mesostructured silical were developed as highly
active and selective catalysts for partial alkyne hydrogena-
tion. Numerous homogeneous catalytic systems are also
known; however, the number of the catalysts that are selec-
tive towards the alkyne functionality in the presence of
other reducible functionalities in the same molecule is more
limited. Some good examples are the Pd® complexes of
asymmetric bidentate nitrogen ligands,! cationic rhodium
complexes of chelating phosphanes!® and Cr(arene)(CO);
complexes.[”)
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Aqueous and especially aqueous—organic biphasic sys-
tems have provided new prospects in organometallic cataly-
sis,l® since one major problem of homogeneous catalysis,
that is, the separation of the catalyst from the products, can
be easily solved.[¥2-8b1 Moreover, since the reaction in these
systems takes place in the aqueous phase (the catalyst has
to be water-soluble) these processes are more economical
and environmentally friendly than those carried out in regu-
lar organic solvents.[3¢-84]

One of the most frequently described families of water-
soluble complexes catalyzing different hydrogenation reac-
tions are rhodium and ruthenium complexes prepared with
sulfonated aromatic phosphane ligands.['>14-8a The ruthe-
nium complex of mtppms [(meta-sulfonatophenyl)diphenyl-
phosphane], that is [{RuCl,(mtppms),},], was used effec-
tively by Joo and co-workers for the selective reduction of
the C=0 or C=C functionalities of cinnamaldehyde in
water/chlorobenzene two-phase systems, depending on re-
action conditions,” and it has recently been reported that
the aforementioned complex catalyzes the stereoselective
hydrogenation of disubstituted alkynes.['” It was found that
the stereoselectivity of the reaction is mainly influenced by
the pH of the aqueous solutions. In acidic solutions, the
major product of the reaction is the (Z)-alkene, whereas
under basic reaction conditions the (E)-isomer of the al-
kenes is formed in higher quantity; furthermore, a signifi-
cant overreduction to the corresponding alkane was also
observed.[10

When chemo- or stereoselectivity found during aqueous-
phase catalytic processes is to be explained, the unique
characteristics of water have to be considered. In contrast
with nonpolar organic solvents, water commonly plays the
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role of not only the solvent but that of the reactant in the
catalytic cycle.l''! Water can alter the reaction pathway by
interacting with the metal complex as a coordinating li-
gand, as a species taking part in proton-transfer reactions
and, additionally, water molecules can stabilize reaction in-
termediates by forming hydrogen and dihydrogen bonds
with different parts of the various complexes.'?! Another
important feature of aqueous solutions is that the pH of
the solution can be an important factor in determining
chemical reactivity or selectivity.l’®!3] The pH of the solu-
tion influences both the formation of the different catalyti-
cally active speciesl®® and the concentration of the reactive
ions (H;0* and OH").

Recently we published a series of papers in which, we
intended to describe aqueous-phase organometallic cata-
lytic processes by means of theoretical methods.!*151 As a
continuation of the aforementioned works, in the present
study, the mechanism of the hydrogenation of 1,2-diphenyl-
acetylene is analyzed by means of theoretical methods, with
the intention of exploring the origin of the observed stereo-
selectivity.

Computational Details

Complexes [RuHCI(PH3);] and [RuHCI(H,O)(PHj3)]
were adopted as models for the catalytically active hydrido
species. The formation of these hydrido species in aqueous
solutions was already discussed when the mechanism of the
selective hydrogenation of C=C functionalities in o, f-unsat-
urated aldehydes with the same catalytic system
([{RuCly(mtppms),},] catalyst in acidic aqueous solution)
was considered.!'>] Hence, the results regarding the forma-
tion of the appropriate catalytically active species are only
summarized briefly in this paper.

We first carried out density functional theory calcula-
tions to identify the structures of the reaction intermediates
of the catalytic process. In some cases, we also located the
transition states corresponding to different steps of the re-
action. Normal coordinate analysis has been used to verify
the nature of these stationary points, and for each transition
structure we calculated the intrinsic reaction coordinate
(IRC) routes towards the corresponding minima. If the IRC
calculations failed to reach the energy minima on the poten-
tial energy surface, we performed geometry optimizations
from the final phase of the IRC path. All geometries that
are presented in the article are the geometry-optimized
structures of the corresponding complexes.

All DFT calculations were performed with the program
package Gaussian03['% and the B3LYP!!”] combination of
functionals. The LANL2DZ!8! pseudopotential was em-
ployed for the ruthenium centre, and the standard 6-31G(d)
basis set was used for the other atoms.'°! For all the opti-
mized structures, we estimated the effect of the bulk aque-
ous medium (¢ = 78.4) by the application of the polarizable
continuum model (PCM)PY as implemented in Gaussian
03, thus all energies given in the text correspond to the ener-
gies taking into consideration the effect of the bulk solvent.
2880
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When solvent molecules participated in the reaction, the
solvent environment was represented by a cluster of three
water molecules connected by hydrogen bonds. A single
water molecule is not enough to give a realistic description
of the medium, since proton exchange processes that take
place during the catalytic process imply transfer of charges
with formation of highly reactive ions. Thus, reacting water
molecules were represented by a [(H,O);] cluster, whereas
hydroxonium ions, which are present in aqueous acidic
solutions at reasonable concentration, were represented by
[(H30)(H,0),]*. On the basis of earlier systematic investi-
gations by Kovécs et al.,['#13] it can be concluded that a
cluster of three water molecules represents a good compro-
mise between a realistic description, the system size and re-
lated proportional computational time.

Results and Discussion

As it was stated in the introduction, hydrogenation of
1,2-diphenylacetylene (Scheme 1) catalyzed by [{RuCl,-
(mtppms),}»] in acidic aqueous solutions always resulted in
(Z)-stilbene [(Z£)-1,2-diphenylethene)] with only traces of
(E)-stilbene, and only slight overreduction to the corre-
sponding alkane was observed.['”]

Scheme 1. Formation of products during the hydrogenation of 1,2-
diphenylacetylene.

In the work to be presented, theoretical methods were
applied to provide a possible mechanistic description for
the formation of both (Z)- and (E)-stilbene during the hy-
drogenation of 1,2-diphenylacetylene in the current cata-
lytic system and furthermore to account for the significant
(Z2)- vs. (E)-selectivity observed.

The Catalytically Active Species

The formation of the catalytically active species was de-
scribed in detail in one of our earlier publications, in which
the mechanism of the regioselective C=C hydrogenation of
a, B-unsaturated aldehydes was considered.['] In the follow-
ing section we often refer to those results, since the reaction
for which a mechanism is presented proceeds in the same
catalytic system.

Under acidic conditions [RuHCl(mtppms);] was detected
by NMR spectroscopy to be the major species.l’! However,
the spectroscopically detected complex cannot be the reac-
tive species, since it only has a vacant position trans to the
hydrido ligand. Thus, on the basis of QM/MM calculations
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(in which PPhj; ligands were used as models for the mtppms
ligands) and experimental considerations, it was concluded
that there were two possible pathways for the formation of
a catalytically active species.'>*l One is the rearrangement
of the complex to create a vacancy in the cis position to the
hydrido ligand, and the other pathway involves the coordi-
nation of a water molecule and subsequent dissociation of
a phosphane ligand. Both pathways were found to be feas-
ible, thus the catalytic cycle was described by both possible
active catalysts.[!%4]

On the basis of the aforementioned considerations, the
same two catalytically active species were considered in the
current reaction. The models, [RuHCI(PH3);] (1) and
[RuHCI(H,O)(PH3),] (1’) for the assumed -catalytically
active species are shown in Figure 1.

Figure 1.

Optimized structures for
[RuHCI(H,O)(PHs),] (1'); the hydrogen atoms of the PHj; ligands
are omitted for clarity.

[RuHCI(PH;);] (1) and

Description of the Possible Reaction Mechanisms

We have calculated the possible reaction paths starting
from both complex 1 and complex 1’. Since no significant
difference was found between the reaction mechanisms and
energy profiles obtained for the two catalytically active spe-
cies, we suppose it is enough to present the results starting
from 1. Nevertheless, the structures and energies of all sta-
tionary points obtained are available in the Supporting In-
formation.

For the alkyne hydrogenation in the current catalytic sys-
tem, three different reaction mechanisms were considered.
The first step of all of them is the coordination of 1,2-di-
phenylacetylene to the catalytically active species and the
formation of complex 2 (Figure 2). The total energy of the
coordination is —3.9 kcal/mol (it has to be mentioned that
this energy takes into account the fact that, prior to the
coordination of the substrate, 1 has to rearrange in order
to have the coordination vacancy in the cis position to the
hydrido ligand).

Three mechanistic pathways for the semireduction of the
carbon-carbon triple bond was considered:

I. Initial hydrido ligand transfer to the adjacent carbon
atom with subsequent protonation of the other carbon
atom by the participation of the solvent molecules (the cis
product is formed).
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II. Proton transfer from the solvent and subsequent
transfer of the hydrido ligand to the other carbon atom of
the triple bond (the trans product is formed).

ITI. Classical mechanism with no solvent participation
(the cis product is formed).

Mechanism I

The first step of the reduction is the insertion of the car-
bon atom (in the cis position to the hydrido ligand) into
the Ru-H bond, which takes place through the formation
of TS, 3 (Figure 2), which lies 7.2 kcal/mol above the initial
complex 2. The product of this reaction is the intermediate
3 (lying 1.9 kcal/mol above complex 2), in which an agostic
bond is formed [d(C-H) = 1.16 A, d(Ru-H) = 2.00 A].

In aqueous solution, this complex can be stabilized by
the coordination of a water molecule on the agostic site
with an energy change of —21.4 kcal/mol. (Another mechan-
istic possibility is the coordination of a H, molecule instead
of a H,O molecule to 3, which will be discussed later as
Mechanism III.) Considering the orientation of the phenyl
groups in structure 4, it can be seen that starting from this
complex only the (Z)-isomer can be formed (Figure 3).

Since complex 4 does not contain either another hydrido
ligand or an empty coordination site, the only possibility
for the completion of the hydrogenation is the protonation
of the Ru-bound carbon atom. Protonation of reasonably
strong metal-carbon bonds require stronger acids, and in
an aqueous phase, solvated hydroxonium ions can play that
role. It was shown earlier!!*2] that application of a single
H;0" as a protonating agent in the calculations represents
a poor description of the real solvent environment. How-
ever, as it was mentioned in the introduction, previous stud-
iest!*13] show that using a cluster of [H;O(H,0),]" as a rep-
resentation of acidic aqueous solutions provides a good
compromise between a realistic description, the system size
and related proportional computational time. Hence, com-
plex 4 and [H3O(H»0),]* were put together, and structure
5 was optimized as a minimum in the potential energy hy-
persurface (Figure 4), in which the acidic hydrogen of H;O*
points towards the carbon atom in order to be protonated.
The transition state TSs_¢ was also located as a stationary
point on the potential energy surface, and it was found to
lie only 1.6 kcal/mol above structure 5 in energy (Figure 4).

As a result of the protonation, (Z)-stilbene is formed,
which remains loosely coordinated to the metal centre. The
structure obtained as a result of IRC calculations and sub-
sequent geometry optimization starting from TSs e is
shown as structure 6 (Figure 4). The total energy change
for the process 5 — 6 is hard to estimate correctly (it was
calculated to be —37.9 kcal/mol), since rearrangement of the
water cluster leads to the formation of a new hydrogen
bond between (H,0); and the coordinated water molecule,
the exergonicity of this step is thus surely overestimated.

The product of the protonation reaction was optimized
without the water clusters (7), and it is shown in Figure 5.
In this complex, the product (Z)-stilbene is still weakly co-
2881
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Figure 2. Optimized structures with selected bond lengths representing carbon insertion into the Ru-H bond in complex 2 (Mechanism

0.

ordinated [d(Ru—C) = 2.65 and 2.63 A, respectively] to the
ruthenium centre. Complete decoordination of the product
from 7 leads to the formation of 8 (Figure 5), with an en-
ergy change of 9.3 kcal/mol, generating an empty coordina-
tion site.

The final step of the reaction regenerates the catalytically
active hydrido species. In aqueous solution, the most obvi-
ous way for this step to occur is the coordination and subse-
quent deprotonation of a H, molecule. It was shown in ear-
lier studies that regeneration of the (hydrido)ruthenium is
an energetically favourable reaction, since coordination of
the H, molecule is an exergonic process, and the deproton-
ation of the coordinated H, molecule with water molecules
occurs through low energy barriers.!'32
2882
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In this case, coordination of hydrogen to complex 8 leads
to complex 9 (Figure 5). The energy change for the coordi-
nation is -9.1 kcal/mol. On the basis of previous stud-
ies,['+15] it is reasonable to assume that the deprotonation
takes place by proton transfer from the dihydrogen ligand
to the surrounding water molecules. In order to describe
this step, we carried out calculations for a model that in-
volves the interaction of complex 9 with a cluster of three
water molecules and also for the corresponding hydrido
species where the proton is transferred to the water (see
structures 10 and 11 in Figure 6). The transition state for
the deprotonation reaction could not be identified in these
calculations because of the flat nature of the potential
energy surface corresponding to structure 10. In fact, the

Eur. J. Inorg. Chem. 2007, 28792889
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Figure 3. Optimized structure for complex 4.

geometry optimization procedure initiated from the
9-<(H,0); species converged to 11 after leaving the flat part
of the surface. The estimated energy difference between 10

and 11 is reasonably low (-6.2 kcal/mol) and shows that the
deprotonation of the coordinated hydrogen ligand is ther-
modynamically favourable. It is expected that these kinds
of computational difficulties could be avoided if much
larger water clusters were used to represent the bulk water
medium; however, larger clusters are at present computa-
tionally prohibitive.

The dissociation of a H,O molecule from the deproton-
ated complex and rearrangement to the most stable isomer
leads to the regeneration of complex 1, thus closing the
catalytic cycle. The energy change for the last process is
3.7 kcal/mol. The reaction mechanism is summarized in
Scheme 2.

Mechanism 11

Another possibility for the reduction to take place is that,
after the coordination of 1,2-diphenylacetylene and forma-
tion of complex 2, the first step of the reduction is the pro-
tonation of one carbon atom of the triple bond by the sol-
vent environment. To explore this possible reaction path-
way, [H3;O(H»0),]* was used as the model for the protonat-
ing agent in aqueous solutions as in Mechanism I and in
earlier projects.

5

6

Figure 4. Optimized structures with selected bond lengths representing the protonation of the carbon atom (Mechanism I).
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Figure 5. Optimized structures with selected bond lengths representing the decoordination of the product and subsequent coordination

of a H, molecule.

Figure 6. Optimized structures with selected bond lengths representing the deprotonation of the coordinated H, molecule
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Scheme 2. Mechanism I for the reduction of 1,2-diphenylacetylene catalyzed by [{RuCl,(mtppms),},] in acidic aqueous solutions

Hence, [H;0(H,0),]* and complex 2 were put together
in a way that the acidic hydrogen of the cluster points to
the carbon atom, which is intended to be protonated, and
structure 12 was optimized as a minimum (Figure 7). The

2884 www.eurjic.org
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transition state (TS;, 13) corresponding to proton transfer
from [H3O(H,0),]* to the metal complex was also located
as a stationary point on the potential energy surface, and
the barrier for the protonation was found to be 9.6 kcal/

Eur. J. Inorg. Chem. 2007, 28792889
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Figure 7. Optimized structures with selected bond lengths representing the protonation of the carbon in complex 12 (Mechanism II).

14 156

Figure 8. Optimized structures with selected bond lengths representing carbon insertion into the Ru-H bond (Mechanism II).
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mol (Figure 7). The product of the protonation is structure
13, which lies 1.5 kcal/mol lower in energy than structure
12 (Figure 7).

The completion of the reduction can be facilitated in this
case by the transfer of the hydrido ligand to the other car-
bon atom. One would also think about the protonation of
the other carbon, but protonation of a positively charged
complex is considered to be very unfavourable. To obtain
the stationary points relevant to this hydrido transfer, struc-
ture 13 was reoptimized in the absence of the water mole-
cules, and structure 14 was optimized as the corresponding
minimum (Figure 8). The transition state TS4 5 corre-
sponding to the hydrido transfer was located on the poten-
tial energy surface, and the process can be characterized by
a barrier of 9.1 kcal/mol. The steric position of the phenyl
rings in structure 14 clearly indicates that in this reaction
pathway only the (E)-isomer can be formed.

The product of the process, structure 15, calculated from
the IRC calculations contains coordinated (E)-stilbene (the
energy change for the hydrido transfer is —31.4 kcal/mol),
but in the presence of water molecules, this intermediate is
converted into structure 16 (Figure 9). This complex, which
contains a water molecule and (E)-stilbene loosely coordi-
nated and has a similar structure to that of complex 7, is
formed from structure 15 with an energy change of
—7.2 kcal/mol.

Further steps of the reaction mechanism, that is, regener-
ation of the catalytically active species, are the same as
those in Mechanism I: decoordination of (E)-stilbene is fol-
lowed by the coordination and subsequent deprotonation of
a H, molecule. Then, decoordination of the H,O molecule
regenerates the empty coordination site, which makes the
coordination of another substrate molecule possible. The
energy changes for these steps are the following: product
dissociation: 8.4 kcal/mol,  hydrogen  coordination:
-9.1 kcal/mol, deprotonation of H,: —6.2 kcal/mol and H,O
decoordination: 3.7 kcal/mol. The reaction mechanism is
summarized in Scheme 3.

H H
//"', |

s T

g //h

SleSIl'dIC coordination

insertion into the Ru-H bond

+H,0

H,0
10 ,, | W HO
-H;0 / Tu

o

16

Figure 9. Optimized structure for complex 16.

Mechanism IIT

The third possible mechanism considered for the hydro-
genation of 1,2-diphenylacetylene with the aforementioned
Ru complex is connected to Mechanism I. As it was men-
tioned, complex 3, formed by carbon insertion into the Ru—
H bond, can be stabilized by the coordination of either a
H,0 or a H, molecule.

The coordination of a water molecule and the following
reaction steps were discussed as Mechanism I. Another pos-
sibility is the coordination of a H, molecule to the complex
and o-bond metathesis between the n?-coordinated H, and
the alkyl moiety. Complex 17, formed by the coordination
of a hydrogen molecule to complex 3, is shown in Figure 10.
The energy change for the coordination is —16.0 kcal/mol.
In this case the second hydrogen can come from the coordi-
nated H, molecule. The transition state TSy 15 and the

I'l

Y/ \Y
\\\\\ ¥ 1{3 Y, | oW

—HZO / | /
Ph /’
1,0

+H, U, u Lt

/ | \H
H
/////, |
Ru

Scheme 3. Mechanism II for the reduction of 1,2-diphenylacetylene catalyzed by [{RuCly(mtppms),},] in acidic aqueous solutions.
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Figure 10. Optimized structures with selected bond lengths representing o-bond metathesis in structure 17 (Mechanism III).

product of this reaction step, structure 18 (Figure 10), were
obtained as stationary points. The calculated reaction bar-
rier is 3.7 kcal/mol, whereas the energy change is —27.8 kcal/
mol.

This mechanism would also facilitate the formation of
the (Z)-product. Although the global barrier for this pro-
cess is really similar to that of Mechanism I, we believe that
this pathway does not play an important role in the process.
The reason for this is not only that the coordination of H,
to complex 2 is energetically less favourable than that of
water (-21.4 vs. —16.0 kcal/mol), but also that the concen-
tration of H, molecules in acidic aqueous solutions is well
below that of water molecules. In addition, if the classic
mechanism (no participation of solvent in the hydrogena-
tion) were to act in aqueous solutions, it would not be pos-
sible to explain the selectivity as a function of pH, as it
was demonstrated by Delbecq et al.,>!1 and observed in our
previous studies concerning the regioselective hydrogena-
tion of o, B-unsaturated aldehydes.[!>]

Discussion and Comparison of the Proposed Mechanisms

On the basis of the energetics and other considerations,
we can explain the stereoselectivity observed in the current
catalytic system. Of the considered mechanisms, Mecha-
nism I and III favour the formation of the (Z)-product,
while Mechanism II leads to the formation of the (E)-prod-
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uct. Mechanism III was shown to be unimportant on the
basis of the considerations in the end of the last section.
Hence, the stereoselectivity can be explained by comparison
of the energetics obtained for Mechanisms I and II.

If we consider the energy changes for the various steps
of Mechanism I, it can be seen that the first step of the
hydrogenation has a barrier of 7.2 kcal/mol, and after the
first step coordination of a H,O molecule is energetically
favourable by 21.4 kcal/mol, and in addition, the second hy-
drogenation step is characterized by a TS which lies only
1.6 kcal/mol over the corresponding minimum. Neverthe-
less, the first barrier in Mechanism II is 9.6 kcal/mol, and
since the first step does not result in any coordination vac-
ancy, no solvent coordination can give extra stabilization.
In addition, the second step has a barrier of 9.1 kcal/mol.
Comparing the energy values for the two mechanisms, it
is quite clear that Mechanism I features more favourable
energetics, thus it accounts for the stereoselectivity observed
in acidic aqueous solutions.

Concluding Remarks

Theoretical methods were applied in this work to de-
scribe the mechanism of the aqueous-phase hydrogenation
of 1,2-diphenylacetylene with [{RuCl,(mtppms),},] catalyst.
Our study provided realistic mechanistic pathways for the
formation of (Z)- and (E)-stilbene, and in addition the ener-
2887
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getics clearly accounted for the relevant stereoselectivity ob-
served.

The mechanism of the reaction was described by the ap-
plication of PH; model ligands for mtppms, which was
proved to be a reliable substitution in earlier examinations
of catalytic reactions with the same catalyst,!'>! when phos-
phane dissociation is not considered as a reaction step. The
same catalytically active species were used to provide a
theoretical description for the regioselective C=C vs. C=0
hydrogenation of a,B-unsaturated aldehydes in the same
catalytic system, that is, using the same catalyst dissolved
in acidic aqueous solution.

Since the reaction proceeds in water, the effect of the sol-
vent had to be taken into account. In all reaction steps, the
effect of the bulk solvent was estimated by the application
of the polarizable continuum model (PCM/UAOQ), whereas
in the case of the steps involving the participation of water
molecules in proton transfer reactions, small clusters of
water molecules were used as models for the solvent envi-
ronment.

Three different mechanisms were considered for the reac-
tion. Two of the mechanisms (Mechanism I and III) corre-
spond to the formation of the (Z)-isomer, while Mechanism
IT results in the formation of (E)-stilbene. On the basis of
both the energetics and experimental considerations,
Mechanism I and II are thought to be feasible reaction
pathways for the formation of the two stereoisomers.

In the course of both reaction mechanisms, the hydro-
genation proceeds in two steps: the insertion of one carbon
atom of the multiple bond to the Ru—H bond and the pro-
tonation of the other carbon atom. The two mechanisms
differ in the order of the two hydrogenation steps. In the
course of Mechanism I, the first step is the transfer of the
hydrido ligand to the adjacent carbon atom of the coordi-
nated substrate, and the hydrogenation is completed by the
protonation of the other carbon atom of the multiple bond
with hydroxonium ions, which results in the formation of
(Z)-stilbene. Conversely, Mechanism II involves the proton-
ation of one of the carbon atoms by the surrounding hy-
droxonium ions as the first step, which is followed by the
insertion of the other carbon to the Ru-H bond. This latter
mechanism yields the (E)-isomer as product. We mention
that this (E)-isomer is the main alkene product under basic
conditions; however, it is unlikely to form by the aforemen-
tioned mechanism, since the concentration of H;O" is very
low in basic solutions. We assume that OH™ participation
leads to reversed stercoselectivity in alkaline solutions.

The stereoselectivity observed in the reaction system was
explained by the lower barriers and the more favourable
energetics calculated for Mechanism 1.

The calculations also highlighted again that water pres-
ents a distinct reaction environment in the case of organo-
metallic processes, since the solvent molecules (and its ions)
can take part in the reaction and make unconventional
pathways possible. Water molecules can coordinate to the
metal centres of the complexes, as was also considered in
the course of the above investigation. In addition, water
molecules can act as proton donors or acceptors, thus form-
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ing hydrogen or dihydrogen bonds with the ligands and tak-
ing part in proton transfer reactions with the metal com-
plexes.

In summary, the present work provided a detailed mech-
anistic picture for the stereoselective hydrogenation of di-
substituted alkynes with a water-soluble phosphane com-
plex of ruthenium. It was found that the two important
pathways corresponding to the formation of the two stereo-
isomers differ in the order of the two hydrogenation steps
(insertion and protonation), and the calculated energetics is
consistent with the experimentally observed stereoselecti-
Vity.

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometries and thermochemistry data (total energy
in the gas phase and total energy in solution in hartree units) for
the species mentioned in the paper.
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