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ABSTRACT: The reaction mechanism of olefin hydro-
genation catalyzed by the bimetallic gold catalyst
{(AuCl),[(R,R)-Me-DuPhos]} was studied by means of
density functional theory calculations. This catalyst is
enantioselective for the homogeneous hydrogenation of olefins
and imines. The reaction mechanism involves activation of the
H, molecule. This process takes place heterolytically,
generating a metal—hydride complex as the active species
and releasing a proton (formally EtOH,") and a chloride ion
to the medium. The hydrogenation reaction proceeds through
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lonic Mechanism

an jonic mechanism in which the gold catalyst provides a hydride and the proton comes from the solvent. The reaction
mechanism ends up with H, coordination and subsequent heterolytic cleavage, regenerating the gold(I)—hydride active species.
Significant differences were found in the reaction mechanism depending on the nature of the substrate (ethene, cyclohexene, or
diethyl 2-benzylidenesuccinate) and the character of the catalyst (mono- or bimetallic). Our data suggest that for prochiral
substrates, the step that determines the enantioselectivity within the ionic mechanism involves a proton transfer.

1. INTRODUCTION

Gold-based catalysts have been found to be active in several
homogeneous and heterogeneous reactions of organic sub-
strates, such as oxidations and nucleophilic additions to alkenes,
allenes, and alkynes as well as hydrogenations." In several cases,
the performance of gold catalysts even surpasses that of other
common transition-metal catalysts. In this so-called golden era,
asymmetric catalysis with gold has not grown so rapidly.

The first case reported dates from more than 20 years ago,
when Ito and co-workers found that the addition of an
isocyanoacetate to an aldehyde produces the corresponding
trans isomer with an enantiomeric excess (ee) of 96%. In that
case, cationic gold in combination with a chiral diphospha-
nylferrocene ligand was used as the catalyst.”

In fact, there are few examples of gold-catalyzed asymmetric
reactlons, and it is one of the challenges of this novel
chemistry. In 2005, the first gold catalyst able to perform
enantioselective hydrogenation, having the formula
{(AuCl),[(R,R)-Me-DuPhos]} [Me-DuPhos = 1,2-bis(2,5-
dlmethylphospholanyl)benzene] was reported by Corma and
co-workers.®™ This catalyst is able to catalyze the asymmetric
hydrogenation of olefins and imines, reaching activities
comparable to those reported for analogous Pt and Ir
complexes but with higher ee values (Scheme 1).3* Never-
theless, neither the reaction mechanism nor the origin of the
enantioselectivity is yet understood. Hence, further mechanistic
insights are needed to improve the overall understanding of
these hydrogenation processes.
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Scheme 1. The Hydrogenation Reaction Studied in This
Work
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The reaction mechanisms for hydrogenation processes can
be classified in inner-sphere and outer-sphere mechanisms
accordlng to the interaction between the substrate and the
catalyst.* The former involves coordination of the double bond
to the metal center, whereas the latter does not. The concept of
a metal—ligand bifunctional catalyst developed by Noyori is a
paradigmatic example of the outer-sphere mechanism.> This
mechanism has been found to be operative in many other
metal—ligand bifunctional catalysts, as shown by Morris and co-
workers® and others,” and even directly in hydrogen transfer by
means of ammonia borane.® These mechanisms have generally
been proposed for hydrogen-transfer reactions to polar double
bonds, although the hydrogenations of nonpolar double and
triple bonds have been also described.”

Eisenstein, Crabtree, and co-workers recently reported a new
outer-sphere pathway in which the reaction takes place via a
proton transfer and a hydride transfer in two separate steps.'®
Despite the array of inner- and outer-sphere hydrogenation
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Figure 1. Structures of the catalyst and substrate models used in the calculations. Distances in A are shown.

mechanisms, no proposals have been found for the case of
Au(I)-catalyzed hydrogenation. The present catalyst has neither
a ligand suitable for metal—ligand bifunctional catalysis nor the
ability to accommodate the hydrides and the alkene for
insertion through an inner-sphere mechanism.

The application of theoretical methods to mechanistic
analysis of homogeneous catalysis is very helpful,'’ and gold
catalysis is not an exception.>** Paradoxically, the mechanisms
of hydrogenation reactions employing homogeneous gold
catalysts have remained mostly unexplored, and to the best of
our knowledge, our previous contributions are the only ones in
the field."* In our previous work, the reaction mechanisms for
Au(III)—semisalen catalysts and their Pd(II) analogues were
determined and found to be rather similar, except for the role of
the solvent. In the case of the Pd catalysts, the solvent is not
directly involved in the heterolytic H, cleavage step but
provides the polar medium that facilitates such a reaction step.
In the case of the Au(Ill)—semisalen complexes, however, the
H, heterolytic activation was found to take place with the key
assistance of a solvent molecule (ethanol). This step generates
the active gold—hydride species by releasing one chloride ion
and one proton to the bulk."?

The aim of the present contribution is to analyze the reaction
mechanism for the hydrogenation of alkenes by the catalyst
{(AuCl),[(R,R)-Me-DuPhos]} by means of theoretical calcu-
lations. This complex has neither the capability to act as a
metal—ligand bifunctional catalyst (the coordinated ligand is
not capable of accommodating a proton) nor the ability to
operate by a classical mechanism involving oxidative addition of
H, along with coordination of the olefin to perform the
insertion process. The present study provides a greater
understanding of the activation process of the H, molecule
along with the reaction mechanism for the gold-catalyzed
hydrogenation. We checked the literature for the possibility
that Au(I) complexes of this type are reduced to nanoparticles
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by H, in situ, but no evidence for this could be found;
therefore, this possibility was not considered.

2. COMPUTATIONAL DETAILS AND MODELS

Optimizations were carried out using density functional theory (DFT)
with the B3LYP functional,"* as implemented in Gaussian 03."% For
the Au atoms, the LANL2DZ pseudopotential'® was used with the
addition of f polarization functions.'” The 6-31G(d) basis set was used
for the C and P atoms, whereas the 6-31+G(d) basis set with
additional diffuse functions was used for the O and Cl atoms because
of their anionic character. For the H atoms, the 6-31G(d,p) basis set
was employed. Solvent effects were included by means of CPCM
single-point calculations, though some particular points were fully
optimized in solvent.'® The energies within the text are energies in
solution (E,,) unless otherwise stated. Frequency calculations were
performed to check for the presence of one imaginary frequency in the
transition-state geometries. Extensive preliminary mechanistic analyses
were performed using different model systems (see below).

To check whether the account of dispersion interactions played a
role, we gerformed single-point calculations using the MO06-L
functional” for all of the reported stationary points. Moreover,
selected transition states were also reoptimized at the same level. In
both cases, the single-point MO6-L energies and reoptimized
geometries were qualitatively comparable to the B3LYP results,
indicating that no modification of the mechanistic interpretation was
required. It should be noted, however, that most of the hydrogenation
energy barriers decreased when the MO06-L functional was used,
especially those involving relatively bulky substrates (see the
Supporting Information). Entropic effects in the gas phase were not
included, since they tend to overestimate and underestimate the
energetic costs of multimolecular associative and dissociative
processes, respectively. We refer to the work by Maseras and co-
workers®® and the references therein for an extended discussion of this
topic. Two models of the catalyst were considered: (a) the
monometallic complex Me;P—Au—Cl and (b) a simplified model of
the bimetallic {(AuCl),[(R,R)-Me-DuPhos]} complex. This allowed
us to map the potential energy surface to discover several reaction
pathways with a good compromise between accuracy and computa-
tional cost. Concerning the substrates, we studied the hydrogenation
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Figure 2. Transition-state structures for heterolytic cleavage of H, over the initial gold catalyst without (ts1) and with the participation of the solvent

(ts1-SA). Optimized distances in A are given.

Scheme 2. Energy Profile for Hydrogenation via Olefin Insertion and Subsequent 6-Bond Metathesis with H,*
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reactions with ethene and itaconic acid as simplified models of diethyl
2-benzylidenesuccinate. Structures of the catalyst and substrate models
used in the calculations are depicted in Figure 1. In some cases,
cyclohexene was also used as a substrate model. Finally, we analyzed
the most feasible pathway determined from the models using the
complete bimetallic {(AuCl),[(R,R)-Me-DuPhos]} catalyst and the
experimental substrate diethyl 2-benzylidenesuccinate utilized by
Corma and co-workers.*

3. RESULTS AND DISCUSSION

Since the source of hydrogen is H,, the reaction mechanism
must involve hydrogen activation and hydrogenation processes.
Molecular hydrogen may be activated in either a homolytic or a
heterolytic way.”" Both possibilities for the activation of H,
were analyzed here, and we discuss these results first.
Subsequently, once the most feasible dihydrogen activation
process was determined, several hydrogenation mechanisms
were analyzed for different alkenes. The considered processes
are classified on the basis of whether the substrate coordinates
to the metal catalyst (inner-sphere mechanisms) or not (outer-
sphere mechanisms). Next, our evaluation of the step closing
the catalytic cycle and regenerating the catalyst is described.
Finally, the whole proposed catalytic cycle is discussed. The
reaction mechanism is analyzed for both the monometallic and
bimetallic catalyst models.

1297

3.1. Au(l) Activation of H,: Heterolytic or Homolytic?
The homolytic activation would involve a formal oxidative
addition and thus would require the metal to have available an
oxidation state that is two units higher as well as the capability
to coordinate two additional ligands. Conversely, in the
heterolytic activation, which would involve a proton transfer
to one of the ligands and the formation of a metal—hydride
bond, there would be no change in the oxidation state of the
metal. The homolytic cleavage of the hydrogen molecule is
highly demanding energetically, with an energy barrier of 39.3
kecal'mol™". The heterolytic activation gives rise to a gold(I)—
hydride complex, and the chloride ligand accepts the proton.
Despite the fact that gold—hydride species are not very
common, they have been reported and suggested as catalytic
intermediates.”> The barrier for the heterolytic activation is 26.0
kecal'mol™ (Figure 2 left). The analogous heterolytic cleavage
assisted by a solvent molecule (EtOH) was also analyzed, and
as expected, the energy barrier decreased to 20.9 kcal-mol™*
(Figure 2 right). In this case, inclusion of the explicit solvent
decreased the energy barrier by 5.1 kcal-mol™" with respect to
the unassisted process. Several studies have also reported
solvent participation in hydrogen heterolytic cleavage and in
proton-transfer processes,” in line with the present findings.
Hence, on the basis of the reported energy barriers, one can
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Figure 3. Ionic transition states corresponding to the hydrogenations of ethene (ts2a, left) and cyclohexene (ts2b, right). Distances in A are shown.

conclude that the activation of the hydrogen molecule occurs
heterolytically. This step generates a Au(I)—hydride complex
that can be considered as the active species of the catalyst (see
below).

3.2. Hydrogenation Mechanism: Inner-Sphere or
Outer-Sphere? As mentioned in the Introduction, hydro-
genation processes can be classified on the basis of whether the
substrate coordinates to the catalyst (inner-sphere) or not
(outer-sphere). For instance, the widely known Wilkinson
catalyst for olefin hydrogenation,” RhCI(PPh,);, operates
through an inner-sphere mechanism,*> while the Ru-based
catalyst developed by Noyori and co-workers for asymmetric
ketone héydrogenation operates through an outer-sphere
pathway.”

3.2.1. Inner-Sphere Mechanism. For the present gold
catalyst, once the Au—hydride species is generated, the olefin
could coordinate to the metal center prior to its insertion into
the Au—H bond, which would represent an inner-sphere
mechanism. For the monometallic catalyst, insertion of
ethylene into the Au—H bond followed by [2 + 2] o-bond
metathesis of an incoming H, molecule has an overall energy
barrier of 43.0 kcal‘mol™ in solution, as shown in Scheme 2.

In addition to this pathway, other inner-sphere mechanisms
were also evaluated. The olefin could initially coordinate to the
catalyst and then be hydrogenated by the addition of H, in two
steps through heterolytic activation of the hydrogen molecule
(assisted by the solvent). Moreover, other mechanisms in
which both gold atoms of the bimetallic model complex
participate in a synergistic way were also considered, but they
were also too demanding energetically (see the Supporting
Information). None of these inner-sphere alternative mecha-
nisms were found to be energetically accessible; hence, outer-
sphere alternatives were also evaluated.

3.2.2. Outer-Sphere Mechanisms. The heterolytic activation
of H, (section 3.1) generates a gold—hydride species together
with one proton, which is released to the medium. For this
situation, we investigated an outer-sphere hydrogen-transfer
mechanism in which the hydride and the proton are transferred
to the substrate, with the hydride provided by the metallic
species and the proton coming from a protonated solvent
molecule.”” For such a reaction mechanism, coordination of the
alkene to the catalyst is not needed for the reaction to proceed.
For systems in which both the hydride and the proton come
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from the catalyst, Noyori coined the expression “bifunctional
catalyst”>® In previous studies of the Ru-based Shvo catalyst,
we have shown the preference for this mechanism, thou§b the
proton is in that case provided by one CpOH ligand.”*?**7%°
This mechanism is especially preferred over the insertion
pathway for hydrogenation of polar double bonds (i.e., ketones
and imines). Indeed, for alkene and alkyne hydrogenation it is
also preferred over the classical insertion pathway.%'29 In the
present case, since the proton comes from the solvent, the
classification as an ionic mechanism is probably more
appropriate.®® As far as the catalyst is concerned, one or both
metal centers can be involved in the mechanism; analyses of
these two situations are described in the two following sections.

3.2.2.1. lonic Mechanism: Monometallic Catalyst. A
reaction mechanism involving only one of the gold metal
centers in the actual catalyst was analyzed first using the
monometallic model catalyst C1 (Figure 1). These calculations
also revealed the feasibility of using the analogous R;P—Au—Cl
monometallic complexes as catalysts.

As previously mentioned, protonated ethanol (formally
EtOH,*) might transfer the proton to the substrate, whereas
the hydride would be provided by the activated species of the
catalyst, the gold—hydride intermediate. The hydrogen-transfer
reaction to ethene has an energy barrier of 27.2 kcal‘mol™
within the catalytic cycle.*" Reoptimization in solution
decreased the energy of this transition state by only 0.5
kcal'mol™!, and no significant changes in the optimized
structure were observed. The hydrogenation of cyclohexene
was also investigated. The relative energy barrier for this
substrate was found to be 18.9 kcal'mol™, and the structure
was stabilized by 1.1 kcal'mol™' upon reoptimization in
solution. In addition, the energy of the transition state
decreased by 7 kcal'mol™ when dispersion effects were
included. Hence, the energy barrier decreased significantly
compared with ethene as the reactant. This is probably related
to the stronger basicity of cyclohexene in comparison with
ethene (or, in other words, to the higher stability of the related
carbocations, CgH;,* vs C,H"). In fact, the proton transfer
from EtOH," to cyclohexene is greatly favored over the transfer
to ethene because the protonation of cyclohexene by EtOH," is
endothermic by only 2.4 kcal'mol™', while for ethene the
protonation is endothermic by 13.5 kcal'mol ™. In addition, the
energy barrier for the formation of the C¢H,;(EtOH)" species,
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Figure 4. (top) Optimized structures of the two transition-states ts2c-HT (left) and ts2c-PT (right) leading to the hydrogenation of itaconic acid by
means of the monometallic gold catalyst. Optimized distances in A are given. (bottom) Schematic representations of the transition states for
hydrogenation (hydrogens in blue) of itaconic acid (in red) by the monometallic gold catalyst.

which models the proton-transfer step in solution, is only 7.5
kcal'mol ™", and this step is exothermic by 14.3 kcal'mol™".
(Therefore, the hydrogen-transfer mechanism is more feasible
for cyclohexene than for ethene). The transition states for the
ethene and cyclohexene hydrogenation processes are depicted
in Figure 3. The process of forming the new C—H bond by
proton transfer from the solvent is more advanced in the
transition state in the case of cyclohexene hydrogenation than
in the case of ethene hydrogenation (1.177 vs 1371 A,
respectively). Conversely, the trend for the new C—H bond
formed by the hydride transfer is reversed, since the related
distances for ethene versus cyclohexene hydrogenation are
1.833 versus 2.243 A, respectively.

The reaction mechanism for the hydrogenation of a more
complex alkene, itaconic acid (model substrate S2 in Figure 1),
was also evaluated. Unexpectedly, the presence of the other
functional groups in this alkene led to a change in the reaction
mechanism. The new mechanism also involves a hydride
transfer and a proton transfer. However, while the hydride is
transferred to a carbon of the C=C double bond being
hydrogenated, the proton is initially transferred to the oxygen
of the C=0 bond of the nearer —COOH group, leading to the
formation of a —C(OH)," moiety (ts2c-HT) (Figure 4). This
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transition state has an energy barrier within the catalytic cycle
of only 15.3 kcal'mol ™ (see section 3.3 for the discussion of the
active species of the catalyst). The decrease in the barrier height
for the hydrogen-transfer process is also mainly due to the
more favored protonation of the substrate. In this case, the
proton transfer from EtOH," to one oxygen of the —COOH
group of itaconic acid is practically isothermic (0.6 kcal'mol™).
In a second step, an intramolecular proton transfer (assisted by
two solvent molecules) from the —C(OH)," moiety to the
unsaturated carbon of the initial C=C double bond (ts2c-PT)
gives rise to the hydrogenated product. A similar solvent-
assisted proton-transfer step has also recently been proposed
for the gold-catalyzed hydration of alkynes.'* In the structure
of ts2¢-PT, the substrate is coordinated to the catalyst. The
energy barrier within the catalytic cycle is 19.5 kcal-mol ™.
Moreover, the transition state was stabilized by 2.5 kcal'mol™
upon optimization in solution and by ~10 kcal-mol™" when
dispersion effects were included. This is an affordable energy
profile for the reaction mechanism of this substrate. Thus,
according to the calculations, R;P—Au—Cl should be also a
catalyst for alkene hydrogenations.

3.2.2.2. lonic Mechanism: Bimetallic Catalyst. The ionic
mechanism was also studied by considering the catalyst as a
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bimetallic system where both metal centers can actively
participate in the process. The cooperation of two metallic
centers for catalysis is starting to be proposed in the literature.**
Several alternatives were analyzed (see the Supporting
Information), and we describe here the most feasible one.
For cyclohexene and ethene hydrogenation, we obtained lower
energy barriers than for the monometallic system. For the case
of cyclohexene, the energy barrier was reduced to 9.9
kcal'mol™ with respect to the active catalytic species. In the
related transition-state structure ts2d (Figure S), the cyclo-
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Figure 5. (a) Optimized structure of transition state ts2d
corresponding to the hydrogenation of cyclohexene catalyzed by the
bimetallic system. Optimized distances in A are given. (b) Schematic
representation of the calculated reaction pathway and transition state.

hexene is formally protonated since the new C—H bond is
already formed (1.096 A); the imaginary frequency in ts2d
confirmed that only the hydride is being transferred at this stage
and that the proton has already been completely transferred to
the substrate. We found analogous results for the case of ethene
hydrogenation. Thus, these results suggest that alkene hydro-
genation by means of the bimetallic gold catalyst involves a
stepwise hydrogen transfer mechanism in which the proton
transfer is followed by the hydride transfer to the substrate.

Such behavior is similar to that found for the outer-sphere
hydrogenation of alkenes and imines catalyzed by the Ru-based
Shvo catalyst. In that case, the related transition state for the
imine hydrogenation also mainly involves hydride transfer to
the carbon of the C=N double bond.”>*"** Privalov and
Bickvall also proposed a fast proton transfer and a slow hydride
transfer in the inner-sphere mechanism for imine hydro-
genation by the same Ru-based catalyst.*®

The most feasible pathway for both the monometallic and
bimetallic catalysts involves an ionic mechanism. Moreover,
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when the analogous reaction steps in the hydrogenations of
cyclohexene by the monometallic and bimetallic systems are
compared, the bimetallic complex shows a lower energy barrier
than the monometallic system: 9.9 kcal-mol™" for ts2d versus
189 kcal-mol™! for ts2b. Moreover, the former structure is
more stable than the latter by 7 kcal'mol™' when dispersion
effects are included. The reaction mechanism for the bimetallic
system is slightly different, since prior to the hydride transfer to
the substrate the protonated cyclohexene interacts with the
catalyst to form an intermediate that easily evolves to products
with a relative energy barrier of only 2.5 kcal'mol™'. The
analogous intermediate for the case of the monometallic
catalyst was not found. The energy barrier for the initial
cyclohexene protonation is only 7.5 kcal'mol™. Overall, the
energy barrier for the hydrogenation step is significantly
reduced in the case of the bimetallic catalyst. The final
products are cyclohexane and the [(PMe,CH),Au,Cl]*
complex. The Au—Au distance is 2.857 A in the latter species;
reoptimization using the M06-L functional showed a short Au—
Au distance of 2.835 A, thus suggesting an aurophilic
interaction.**

The hydrogenation of itaconic acid using the binuclear Au
model catalyst was also investigated. Hydride transfers for two
different situations were considered: when the proton was
transferred to the C=C double bond (ts2d-HT-1) or to the
COOH group (ts2d-HT-2) (Figure 6). The transition state in
which the proton was already transferred to the C=C double
bond (rather than to the —COOH group) was more favorable
by ~8 kcal-mol ™. Within the catalytic cycle, the related energy
barriers in solution (AE¥;) were 13.9 and 22.2 kcal'mol~},
respectively, and they were stabilized by S and 15 kcal'mol™,
respectively, when evaluated using the M06-L functional. Both
transition-state structures are depicted in Figure 6. When
comparing the two structures, one can observe that ts2d-HT-1
resembles an eliminative reduction step from a square-planar
complex while ts2d-HT-2 involves hydride transfer without
substrate coordination. It should be noted that the energy
barriers are approximate in the sense that the substrate may
adopt several conformations, which may lead to lower energy
barriers; however, both pathways are possible and show the
feasibility of the ionic mechanism.

As we previously estimated, protonation of the —COOH
group of itaconic acid from the solvent (EtOH,*) can take
place easily since this process is endothermic by only 0.6
kcal-mol™". Thus, for this substrate (and also for the case of the
monometallic catalyst), a second step involving the intra-
molecular solvent-assisted proton transfer from the —C(OH),"
group to the unsaturated carbon of the initial C=C double
bond is required in order to complete the hydrogenation
reaction. Since this is the step that creates the chiral center, it
was evaluated using the complete catalyst and diethyl 2-
benzylidenesuccinate as the substrate (see section 3.4)

3.3. Catalyst Regeneration. The reaction mechanism
presented above gives rise to the hydrogenated product and the
formation of a cationic form of the catalyst. The vacancy
generated by release of the product is occupied by a solvent
molecule (EtOH); this intermediate is located 13.8 kcal-mol™!
above the initial reactants. Such a cationic species can form the
hydride intermediate by heterolytic cleavage of an H, molecule
(Figure 7).

Heterolytic cleavage of the H, molecule gives rise to the
gold—hydride intermediate and EtOH,*. In this case, the
related transition state is located 12.6 kcal‘mol™" above the
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and the related transition states.

[Me,;P—Au—OHEt]* intermediate, which is more stable than
the Me,P—Au—H species by 11.7 kcal-mol™". The [Me;P—Au—
OHEL]" species has the lowest energy within the catalytic cycle,
and hence, energies within the catalytic cycle are given relative
to this species (or an analogous one for the bimetallic cases)
plus one additional EtOH molecule. For the catalyst
regeneration step, including two ethanol molecules in the
calculations instead of one did not modify the energy barrier
significantly. The transition-state structures (ts3 and ts4) are
shown in Figure 7.

3.4. lonic Mechanism for the Complete Catalyst.
Finally, we evaluated the most plausible mechanism for the
hydrogenation of itaconic acid using the complete catalyst,
{(AuCl),[(R,R)-Me-DuPhos]}. Hence, the intramolecular
proton-transfer process depending on the coordination of the
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substrate to the metal catalyst was analyzed. According to our
results for the monometallic system, the intramolecular proton
transfer is the step that most likely determines the
enantioselectivity in the hydrogenation of itaconic acid (ts2c-
PT in Figure 4).

Hence, we evaluated this proton transfer for the complete
bimetallic catalyst. We characterized several transition states for
the solvent-assisted intramolecular proton transfer that differed
with respect to the coordination mode of the substrate (Figure
8): one with the substrate coordinated through the OH group
from the previously formed —C(OH)," moiety (ts2d-PT),
another coordinated by means of the oxygen of the —COOH
group (ts2d-PT’), and finally a third one coordinated through
the newly formed C—H bond resulting from the hydride
transfer (ts2d-PT”). These were the most stable configurations
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molecule; (right) ts4 for heterolytic cleavage of the hydrogen molecule to form the gold—hydride complex and protonated solvent. Distances in A
are shown. (bottom) Energy profile of the proposed pathway for the regeneration of the metal—hydride complex involving heterolytic cleavage of H,

(in blue) by means of EtOH (in red).

characterized during the transition-state search (Figure 8). The
last transition state, ts2d-PT”, corresponds to a pathway with
no change in the coordination mode of the substrate after the
hydride transfer. Its relative energy, however, is 18.3 keal-mol ™!
higher than that for the most stable proton-transfer transition
state, ts2d-PT, which has the substrate coordinated to the
catalyst through the —C(OH)," moiety; the coordinating OH
group is the one involved in the proton transfer.

After determining the most stable transition state with
respect to the coordination mode of the substrate, we studied
the intramolecular proton-transfer step for diethyl 2-benzylide-
nesuccinate, the experimental alkene used by Corma and co-
workers.>® The catalyst used for the calculations was the
complete {(AuCl),[(R,R)-Me-DuPhos]} structure. In this case,
we located the most stable transition state for proton transfer
assisted by two ethanol molecules (Figure 9). This structure,
ts2e-PT, is analogous to the ts2d-PT structure shown in Figure
8, and it is the transition state for the last step in the
hydrogenation of diethyl 2-benzylidenesuccinate catalyzed by
the complete bimetallic catalyst {(AuCl),[(R,R)-Me-DuPhos]}.
The enantioselectivity-determining step of the diethyl 2-
benzylidenesuccinate hydrogenation catalyzed by the
{(AuCl),[(R,R)-Me-DuPhos]} complex is located at 23.2
kcal‘mol™ relative to the initial reactants, while the energy
barrier within the catalytic cycle is only 9.2 kcal-mol™".
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The proposed catalytic cycle derived from our DFT
calculations is summarized in Scheme 3. The reaction starts
with the formation of the gold—hydride species through
heterolytic cleavage of the hydrogen molecule."” This species is
the one involved in the first catalytic cycle. Next, the hydride is
transferred to the unsaturated carbon and the proton is
transferred to the CO,Et group contiguous to the C=C double
bond (ts2d-HT-2) or to the other carbon of the C=C double
bond of diethyl 2-benzylidenesuccinate (ts2d-HT-1). This
process probably occurs in a stepwise fashion starting with the
proton transfer, as suggested by the nature of the transition
state and experience with related processes.”*”* The proton
may not be directly transferred to the carbon of the initial
C=C double bond but instead could be transferred to the O
atom in the C=O double bond of the nearer COOEt
substituent of the alkene. It should be noted that the proton is
provided by the medium (protonated ethanol). In the case
where the proton is transferred to the O atom, such proton
transfer to the initial substrate is feasible, as it is nearly
isothermic. After a change in the coordination mode of the
partially hydrogenated substrate to the gold center from the
C—H agostic mode to the most stable coordination through the
OH ligand, the proton is intramolecularly transferred to the
unsaturated carbon of the initial C=C double bond, generating
the chiral center. At the end, the gold—hydride species is
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regenerated by heterolytic cleavage of an incoming H, molecule
with release of a proton to the medium (ethanol), as described
in section 3.3.

4. CONCLUSIONS

The hydrogen activation in the case of the catalyst
{(AuCl),[(R,R)-Me-DuPhos]} takes place heterolytically,

1303

generating the active gold hydride catalytic species along with
a proton and a chloride ion, which end up in the medium, in
agreement with our previous study.® In this case, after the
generation of the gold—hydride species, the hydrogenation
proceeds through an ionic mechanism. This mechanism
involves the net addition of one H, molecule through transfer
of one proton (H*) and one hydride (H™) to the alkene. The
proton comes from the solvent (protonated ethanol), while the
hydride comes from the gold—hydride intermediate. This
spreads the ionic mechanism term to gold catalysts, providing
useful insights for the fundamental understanding of gold-
catalyzed homogeneous hydrogenations. In the present case, we
also noticed that the solvent is not a mere spectator but rather
helps both in the heterolytic cleavage of the H, molecule and in
the hydrogenation itself within the catalytic cycle. According to
our proposed mechanism, polar and slightly acidic media are
expected to facilitate gold-catalyzed hydrogenations. When
comparing the bimetallic and monometallic systems for
cyclohexene hydrogenation, we found that only the hydride
transfer is occurring at the transition state. Analogous results
were found for ethene hydrogenation. According to the Au—Au
distance for the active cationic gold complex, aurophilicity
could be at play in the bimetallic system. Hence, for the
bimetallic gold catalyst, our data suggest a stepwise reaction
mechanism in which the proton transfer is followed by the
hydride transfer. Finally, for the hydrogenation of diethyl
benzylidenesuccinate, the hydride and the proton are also
transferred to the substrate. However, the proton initially could
be directly transferred not to one of the unsaturated carbon
atoms but rather to the CO,Et substituent contiguous to the
initial C=C double bond. In this case, an additional
intramolecular proton transfer assisted by the solvent is
required in order to complete the hydrogenation reaction.
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Scheme 3. Proposed Catalytic Cycle for the Enantioselective Hydrogenation of Diethyl 2-Benzylidenesuccinate Catalyzed by

{(AuCl),[(R,R)-Me-DuPhos]}*
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“The hydrogens coming from the H, molecule and the carbons of the initial C=C bond are highlighted in blue and red, respectively.

Our data suggest that the step determining the enantioselec-
tivity involves a proton transfer to the prochiral carbon. Further
investigations are being carried out in order to determine
whether the ionic mechanism can be extended to other gold-
catalyzed hydrogenations in particular and to other transition-
metal-catalyzed hydrogenations in general.
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