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ABSTRACT: A quantum chemical study of the photocatalytic dimeriza-
tion of α-methylstyrene catalyzed by a dinuclear ruthenium−palladium
complex was performed at the DFT/TD-DFT level in order to find the key
steps of the catalytic reaction. This study reveals that the second insertion
of α-methylstyrene is the rate-determining step and that it proceeds via
triplet excited states of an intermediate complex. These excited states have
geometries significantly different from that of the reactant, especially within
the coordination sphere of the Pd unit. Indeed, one Pd−carbon bond is
considerably lengthened, favoring the insertion process. These results open
up the possibilities to optimize the process by fine modulation of the
catalyst structure.

■ INTRODUCTION

Utilization of huge and inexhaustible solar energy in chemical
reactions has attracted much attention because of recent
important issues, such as global warming, environmental
pollution, and energy resource depletion caused by high
dependency on fossil fuels. Mimicking photosynthesis,
coordination chemists have developed over the last decades
complexes aiming at achieving photosyntheses with visible
light.1 In this area, ruthenium−polypyridyl complexes are
widely used as photosensitizers because of their outstanding
properties, such as visible light absorption, high luminescent
quantum yields, and long excited-state lifetimes.2 In another
domain, photocatalytic hydrogen production from water and
CO2 reduction were also recently achieved with this kind of
complex.3 Combinations of a photosensitizer and a reactive
center can provide interesting new catalysts.2c,4 Several
bimetallic catalysts containing the ruthenium−polypyridyl
moiety linked to a transition-metal center, such as platinum5

or rhenium−carbonyl4,6 species, have been reported. However,
the number of reported reactions is still limited, in particular for
organic syntheses.
Following this reasoning, some of us reported the synthesis

of the complex [Ru(bpy)2(bpm)PdMe(OCMe2)](BF4)3 (1)
(bpy = 2,2′-bipyridyl, bpm = 2,2′-bipyrimidine) that combines
an 18-electron ruthenium−polypyridyl moiety and a 16-
electron palladium−alkyl unit bridged by a 2,2′-bipyrimidine
ligand (see Chart 1).7

Compound 1 was shown to induce catalytic dimerization of
α-methylstyrene (AMS) upon visible light irradiation (Scheme
1). It was originally proposed that visible light is absorbed by
the ruthenium part of the molecule and that the relaxation of its
excited state leads to the catalytic activation of the palladium
center. Indeed, control experiments revealed that the
ruthenium unit and the palladium center should be connected
in a dinuclear structure to induce catalysis activity. In a recent
paper, we have demonstrated that substituting the bipyridine
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and bipyrimidine ligands can accelerate catalytic reactions.8 The
mononuclear complexes [Ru(bpy)2(bpm)]2+ and [(bpy)PdMe-
(OCMe2)]

+ that are formally merged to constitute 1 were
shown to be inactive toward AMS dimerization, both alone and
as a 1:1 mixture.7a

Initially, the catalytic cycle sketched in Scheme 2 was
proposed on the basis of experimental evidence. The initiation
step should lead to the active hydrid compound Int 1 by a first
substitution of the acetone ligand by one α-methylstyrene
molecule, followed by its insertion into the Pd−CH3 bond to

form the intermediate 2, which undergoes subsequent β-H
elimination to give Int 1. The catalytic mechanism is supposed
to consist of successive migratory insertions (called insertion
hereafter) of two substrate molecules. The first one should
occur in the Pd−H bond (Int 2, see Scheme 2), which is
stabilized by the coordination of a solvent molecule (L). The
second insertion in the Pd−C bond results probably from the
formation of complex Int 3 by substitution of a solvent
molecule by AMS. The resulting intermediate state (Int 3)
gives rise to the AMS dimer, namely, 2,4-diphenyl-4-methyl-1-
pentene, by β-H elimination. The rate-determining step is most
probably the second insertion (step between Int 3 and Int 4),
which is assisted by visible light absorption (Scheme 2). Indeed,
it was shown by NMR experiments coupled with the absence
and the presence of light that light is necessary to activate the
insertion process.7 A thermal activation is possible (heating at
60 °C), but in that case, there is no selectivity. The advantage

Scheme 1. Photocatalytic Dimerization of α-Methylstyrene
(AMS) by 1

Scheme 2. Proposed Catalytic Cycle for the Dimerization of AMS by 1
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of photocatalytic reaction is not only a facile and low cost
activation but also product selectivity. Indeed, complex 1 in the
presence of AMS gives selectively 2,4-diphenyl-4-methyl-1-
pentene upon light irradiation.
Nevertheless, the exact effect of light in the rate-determining

step is still unclear. Since the key intermediates in the excited
states are generated transiently, the means for their observation
are limited. Therefore, it is worth investigating theoretically the
photocatalytic reaction and, more specifically, the excited states
of the intermediate complexes to elucidate how visible light
activates the catalyst. The present theoretical study offers a
panoramic view of this catalytic reaction to provide a
fundamental understanding of this photocatalytic phenomenon,
which could help in improving the catalytic system.

■ RESULTS AND DISCUSSION
The quality of the atomic basis set and the functional used in
the following density functional theory (DFT) investigation

were chosen on the basis of preliminary studies. The
acetonitrile analogue of complex 1, [Ru(bpy)2(bpm)PdMe-
(NCCH3)]

3+ 1NCCH3
, was optimized (see the Appendix for

computational details), and the pertinent structural parameters
were compared to the X-ray data (Table S1, Supporting
Information).7a On average, the discrepancy in the main
distances between the two structures is 0.02 Å, with the more
important deviation being 0.07 Å for the Pd−N(bpm) bond
lengths. Angles are also well-reproduced (deviation < 2°). This
agreement gives us confidence for the complexes discussed in
the rest of the study for which no crystal structure is available.

First Coordination and Insertion of an AMS Molecule.
Compound 1 is the precatalyst of the reaction (Scheme 2). The
initiation step leads to compound Int 1, which is the real
catalyst of dimerization of AMS. The geometry of Int 1 was
optimized and led to compound 3 (see Table S2, Supporting
Information, and Figure 1). Its energy will be considered as the
reference for the energy profile of the catalytic process. The
palladium interaction with the CC of AMS does not lead to a
symmetric π-adduct as supposed in Scheme 2. As shown in
Figure 1, the two Pd−C bond lengths strongly differ (2.094 and
2.761 Å). The most stable arrangement is characterized by a σ
bond between Cα and Pd, and most probably an agostic bond
between C1 and Pd. This description is supported by the fact

Figure 1. Optimized molecular structures of 3 and 4 (distances in Å,
angles in deg).

Scheme 3. Equilibrium Reaction of the Second Coordination of AMS ([Ru] = Ru(bpy)2)

Figure 2. Optimized molecular structures of 5a (top) and 5b
(bottom) (distances in Å, angles in deg).
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that the carbon−carbon Cα−C1 distance of 1.424 Å is
intermediate between a double bond and a single bond, and
that the Pd−Cα−C1 angle is only 101.7°. This reinforced

planar σ interaction is energetically favored over the
perpendicular d−π interaction of the AMS π-adduct.
Taking into account the structural arrangement of 3, the first

insertion in the Pd−H bond of AMS, schematized as Int 2 in
Scheme 2, should be facilitated. Indeed, the resulting system 4
is calculated to be 79.3 kJ·mol−1 more stable than 3. The energy
barrier for this reaction through the transition state TS1 was
calculated to be 12.8 kJ·mol−1 (Cartesian coordinates of TS1
given in Table S5, Supporting Information). An additional
ligand L, as drawn in Scheme 2 for Int 2, was initially thought
to be needed to complete the coordination sphere of the
palladium(II) center to reach the 16-electron count usually
observed for square planar complexes.9 In fact, a M−CC agostic
interaction occurs between one of the bonds of the phenyl
group of the inserted AMS. Interestingly, such an arrangement
is rarely observed.10 As shown in Figure 1, the phenyl group of
the inserted AMS is orientated in such a way that one of its
CC bonds, the one adjacent to the Cipso carbon, interacts
with the metal center. This C−C bond is consequently
elongated (1.434 Å) and the Pd−C1−Cipso angle is only 73.3°,
revealing the geometrical constraint imposed by this bond.

Second AMS Coordination. The arrangement of 4
facilitates the approach of a substrate needed to obtain a
compound of type Int 3 (Scheme 2). Indeed, only a small
internal reorganization (like a rotation along the Pd−C1 bond)
is needed for a vacant site on the Pd center to be created. The
resulting optimized structure 5 is shown in Scheme 3. For this
system, different orientations of the approaching substrate can
occur. We have considered several starting configurations, and
two structures were finally found to be the more stable ones,
namely, the conformers 5a and 5b of compound 5 issued from
the approaches a and b shown in Scheme 3. Arrangement a is

Figure 3. Selected frontier molecular orbitals of complex 5a. Isocontour value ± 0.035 (e·bohr−3)1/2.

Table 1. Energy and Composition of the First Calculated Triplet Excited States (Transition Percentage ≥ 5%) of 5a and 5b

complex state E [eV] E [104 cm−1] major contributions [%]

5a T1 2.13 1.72 94 HOMO (Pd/AMS) → LUMO (bpm)
T2 2.26 1.82 67 HOMO (Pd/AMS) → LUMO+5 (Pd/CPhMe2)

9 HOMO-6 (Pd/AMS/CPhMe2) → LUMO+5 (Pd/CPhMe2)
T3 2.26 1.82 65 HOMO-2 (Ru) → LUMO (bpm)

10 HOMO-4 (Ru) → LUMO (bpm)
5b T1 1.95 1.58 95 HOMO (Pd/AMS) → LUMO (bpm)

T2 2.04 1.65 75 HOMO (Pd/AMS) → LUMO+5 (Pd/CPhMe2)
T3 2.25 1.81 68 HOMO-3 (Ru) → LUMO (bpm)

8 HOMO-1 (Pd/AMS) → LUMO (bpm)
7 HOMO-4 (Ru/Pd) → LUMO (bpm)

Figure 4. Optimized molecular structures of 6a(T) (top) and 6b(T)
(bottom) (distances in Å, angles in deg).
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12.8 kJ·mol−1 more stable than arrangement b. The geometry
difference between the two conformers is the orientation of the
phenyl of AMS, which is either on the side of the bpm ligand,

Scheme 4. Equilibrium Reaction of the Second Coordination of AMS ([Ru] = Ru(bpy)2)

Figure 5. Optimized molecular structures of 7(T) (top) and 8
(bottom) (distances in Å, angles in deg).

Scheme 5. Possible Paths of Reaction for the Second AMS Insertion after Visible Light Irradiation for Both Configurations a
and b

Figure 6. Optimized molecular structures of TSa(T) (top) and
TSb(T) (bottom) (distances in Å, angles in deg).
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5a, or on the one of the inserted AMS, 5b. The energy needed
to coordinate the AMS is 14.6 kJ·mol−1 for 5a, supporting the
possibility to have an equilibrium between 4 and 5a in solution
at room temperature, as shown in Scheme 3 (the corresponding
energy for 5b is 27.1 kJ·mol−1).
This second substrate coordination causes important

structural changes around the Pd atom, the bpm becoming
monodentate together with the formation of the AMS π-
bonded adduct. The Pd(II) environment cannot be considered
as square planar anymore (as postulated in Scheme 3), but
closer to a 14-electron T-shaped one. Indeed, in 5a, for
example, the N2−Pd distance is considerably long (3.015 Å),
whereas the Pd−N1 bond is much shorter (2.431 Å) (see
Figure 2). The M−CC agostic bond present in arrangement 4
is not present anymore after the second AMS addition. The
palladium−carbon bonds can be described as intermediate
between a simple Pd−alkyl bond and a π−allyl−palladium
contact for the added AMS, and as that of π−alkene−palladium
type for the inserted one.
The calculated electronic structure of 5a presents a

significant energy gap between occupied and virtual molecular
orbitals (MOs) (2.92 eV at LANL2DZP/mPW1PW91).
Selected MOs of the HOMO−LUMO region are shown in
Figure 3. The HOMO and HOMO-1 have a predominant
coordinated-AMS character associated with a smaller Pd
character (roughly 60% and 30%, respectively). On the
contrary, the HOMO-2, HOMO-4, and HOMO-5 are mainly
ruthenium centered. The HOMO-3 is mostly ligand in
character (78%) and can be described as a π orbital of the
phenyl of the coordinated AMS (12% Ru). The five first
LUMOs are π*-type orbitals, located on either the bpm or the
bpy π-acceptor ligands. For instance, the LUMO is mainly bpm
in character (72%). On the other hand, the LUMO+5 is
localized on the Pd atom and on the inserted AMS (25% and
58%, respectively).
Photoactivation at the Molecular Level. At this stage, it

has been shown experimentally that the solution needs to be
irradiated in the visible region in order to induce catalytic
reaction (Int 3 to Int 4 in Scheme 2).7a Indeed, when AMS is
added to a solution of 1, first insertion of AMS, followed by the
formation of intermediate 5, was proved experimentally.
Experimental results indeed reveal its formation, and no further
product was observed under the dark condition upon addition
of AMS. Light irradiation to the mixture of 5 and AMS resulted
in the catalytic formation of an AMS dimer.7a To support these
experimental findings, the activation energies were calculated

via the optimization of the possible transition states (in singlet
state configuration), which led to the second insertion. The
high calculated energy barriers, 111 kJ·mol−1 starting from 5a
and 84.7 kJ·mol−1 starting from 5b (coordinates of the
transition states TSa(S) and TSb(S) given in the Supporting
Information), allow us to conclude that insertion cannot
proceed at room temperature. We consider that the advantage
of the photocatalytic reaction is not only the low-energy cost
but also the product selectivity. In our case, complex 1 gave 2,4-
diphenyl-4-methyl-1-pentene selectively from AMS addition
upon light irradiation, whereas complex 1, heated at 60 °C,
without irradiation, yielded several different isomeric AMS
oligomers. Although the way of activation is essentially different
from the irradiation condition, the difference in the reaction
product between the two conditions is mainly attributed to the
selective activation of molecules within a narrowly distributed
energy range. Whereas light irradiation activates only the part of
the molecules that absorbs at specific wavelengths, heating
impacts the whole reaction mixture. The latter involves a
transfer of excess energy, which will cause side reactions.
Obviously, the reaction needs to be photocatalytically

facilitated as experimentally demonstrated.7 These results
indicate that photoexcitation of 5 is essential for the second
insertion of AMS. We need then to investigate the
consequences of exciting complex 5.
Therefore, time-dependent DFT (TD-DFT) calculations

were first performed to study the vertical excitations of 5. The
lower singlet and triplet excited states were considered (see
Table S3, Supporting Information, and Table 1, respectively).
The excited states (Sn) having a significant oscillator strength
should be the ones with the highest probability of absorbing
light experimentally. Three excited singlets, which fulfill this
statement, were identified. They all correspond to a charge
transfer from one of the metal−ligand moieties to the bpm
ligand. The most intense absorption is predicted to be at 2.80
eV for 5a, for example. The excitation corresponds predom-
inantly from the Ru atom to the bpm ligand and is described
principally by a transition from the HOMO-5 to the LUMO
(see Figure 3). This is in agreement with the general
assumption that the [Ru(bpy)3]

2+ derivatives are good visible
light absorbers.
Experimentally, a fast and highly efficient (ηISC ∼ 1)

intersystem crossing (ISC) was revealed by ultrafast spectro-
scopic techniques after irradiation of 5.7 The generated triplet
excited state is relatively long-lived (τ ∼ 90 ns for 1), which
allows a geometric relaxation process to occur. Indeed, the

Figure 7. Changes of Pd−C1 and C2−C3 bond lengths and Pd and Ru NBO charges through the second insertion of AMS via PATH 2 for the
arrangements a (left) and b (right).
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reaction rate is considerably lower by addition of O2, revealing
the presence of triplet species that are crucial for the reaction.
In accordance with the Kasha’s rule, the lowest triplet excited
state T1 is probably populated. Indeed, we tried several
geometry optimizations for other low-lying triplet states (Tn, n
> 2) using the TD-DFT method. No noticeable geometrical
changes were observed around the Pd unit, contrary to the
relaxation of the T1 state (see below). Geometrical reorganiza-
tion is necessary for the second insertion to occur.
The geometries of the first triplet excited state of 5a and 5b

were optimized (see Table S2, Supporting Information),
leading to two new stable arrangements 6a(T) and 6b(T).
The main structural modification between 5 and 6(T) is the
stronger and more symmetrical bonding between the nitrogen

atoms of the bpm central ligand and the Pd atom. This is
accompanied by a marked elongation of the Pd−C1 bond
(0.323 and 0.560 Å for 6a and 6b, respectively).
Clearly, the initial metal/ligand charge-transfer phenomenon

to the bpm ligand is followed by a modification of its bonding
contacts with the Pd center after geometrical relaxation (Figure
4). This geometrical relaxation can be understood from the
TD-DFT results. Indeed, the first triplet excitation of 5
corresponds formally to an electron transfer from the HOMO
(Pd/AMS) to the LUMO (π* bpm), leading to a decrease of
electron density on the Pd part in favor of the bpm ligand. The
geometrical relaxation induced by this electron transfer will
clearly partly compensate this loss by a Pd−N1 shortening.

Figure 8. Gibbs free energy profile (ΔGv
0) at 298 K and optimized structures of the intermediates, transition states, and excited states involved in the

thermal path (Thermal PATH) and photoexcited-activated (PATH 1 and PATH 2) second coordination and insertion of AMS, for arrangement a
(top), and arrangement b (bottom) (see Table S6, Supporting Information, for energy values). The Ru−polypyridyl moiety is omitted for the sake of
clarity.
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This probably favors a slight Pd−C1 elongation since the C1
atom is somewhat in a trans position of the N1 atom.
Natural bond orbital (NBO) analyses were performed for 5

and 6(T). The results, detailed in the Supporting Information,
indicate that the natural charge on Pd remarkably increases
after irradiation (from +0.593 to +0.783 for 5a to 6a(T),
respectively, and from +0.584 to +0.747 for 5b to 6b(T),
respectively), whereas the charge on Ru hardly changes. Thus,
the palladium center becomes electron poorer upon excitation.
Second Insertion of AMS. The long Pd−C1 distance

found in 6(T) is favorable to the occurrence of the substrate
insertion. To further explore this reaction process, the possible
evolutions of 6(T) to transition states or to the intersystem
crossing process have to be diagnosed. To obtain data on the
possible de-excitation/insertion scheme, the arrangement of the
inserted-AMS compounds is necessary. We thus optimized the
possible insertion products, which can be either triplet 7(T) or
singlet 8 (Scheme 4). Several starting configurations were
considered (different orientations of the AMS dimer with
respect to the bpm unit). The most stable arrangements are
shown in Figure 5. They both display a nonconventional
arrangement of the coordination sphere of the Pd center. 7(T)
is 1.33 eV higher in energy than 8, but its participation in the
catalytic cycle cannot be excluded without the calculation of the
energetic barrier that can be found along the reaction.
For 8, the fact that the Pd and C1 atoms are separated by

3.135 Å, associated with the short C1−C2 distance (1.550 Å),
allows us to consider the second AMS as inserted. An
asymmetrical coordination of the bpm ligand is found (N1−
Pd = 2.627 Å, Pd−N2 = 2.270 Å). This type of arrangement
was already observed for 5. The loss of electrons is
compensated by π interactions between the Pd center and
the two phenyl rings of the inserted styrene to reach the 16-
electron count.
For 7(T), the second AMS is also undoubtedly inserted. The

bpm−Pd bonding is symmetric, contrary to 8; thus, only one
phenyl π interaction is needed to stabilize the Pd center. As
illustrated in Scheme 5, two possible processes can occur from
the triplet state 6(T) of configuration a or b: (i) either an ISC
to lead to a singlet spin-state excited species (6*(S)), which will
give 8 (PATH 1), (ii) or an activated geometric evolution via a
triplet transition state (TS(T)) to give 7(T), followed by an
ISC (7*(S)) and a relaxation to give compound 8 (PATH 2).
We have thus investigated the possible transition states
(starting from 6a(T) and 6b(T) arrangements) present in
the second insertion process and evaluated their probability of
undergoing ISC taking into account spin−orbit coupling (see
the Appendix).
The transition states TSa(T) and TSb(T) were calculated

starting from 6a(T) and 6b(T), respectively. Their main
geometrical data are given in Figure 6. Whereas the Pd center is
kept at a relatively short distance from C3 (2.328 Å for TSa(T),
2.164 Å for TSb(T)), the Pd−C2 distance is much longer for
the transition states than for the activated species 6(T).
Meanwhile, the average C2−C3 distance is somewhat
elongated from 1.393 Å to 1.454 Å, intermediate between a
double bond and a single bond. The Pd−C1 contact is
weakened (2.756 Å for TSa(T), 2.605 Å for TSb(T)). This
weakening is counterbalanced by a stabilizing interaction
between Pd interaction and the ipso-carbon atom linked to
C1 (2.291 Å for TSa(T), 2.396 Å for TSb(T)). Furthermore,
the Pd−N bond in the trans position to C1−Cipso is reinforced
in the transition state. These interactions contribute to stabilize

the Pd center during the insertion process. All of these
geometrical features reflect the evolution of these transition
states toward the second AMS insertion in which the C1−C2
bond will be formed.
The evolution of the most important bond lengths and

natural charges on the metal centers throughout the reaction
PATH 2 is summarized in Figure 7 for both arrangements a
and b. In each case, the NBO charge of the Pd center slightly
increases until reaching the transition state (ca. +0.2 higher
than that of the ground state) and next decreases back to its
initial value after insertion. Interestingly, the NBO charge of the
Ru center is hardly modified. This is in agreement with the
geometry analysis that revealed that the weakening of Pd−N or
Pd−C bonds is always associated with strengthening of others.
This supports also the fact that no additional ligand is needed
to compensate for the loss of electrons around Pd during the
process, the flexibility of the bpm ligand and presence of phenyl
groups being sufficient for an internal stabilization.
The study of the Pd−C1 and Pd−C2 distances indicates that

their increase is regular along PATH 2 to reach the
intermediate 8 in which the second AMS is inserted. The
C2−C3 bond is slightly elongated (by 0.14 Å), leading to a
diminishing of its bond order, becoming close to a single bond.
The analysis of the calculated imaginary vibrational frequency
shows unambiguously that the reaction coordinate is mainly the
shortening of C1−C2. The corresponding Gibbs free energy
barrier for this AMS insertion going from 6(T) to 7(T), PATH
2, is 79.8 kJ·mol−1 starting from arrangement a, and 91.8
kJ·mol−1 from b.
As shown in Scheme 5, ISC can occur at different steps of the

reaction process. For PATH 1, it should occur after the
geometric relaxation of the triplet excited state that leads to
6(T). This ISC was evaluated by spin−orbit-coupling
calculations with the geometry of 6(T) (see the Appendix).
The lifetime of 6(T) is expected to be 1.8 ms (based on the
oscillator strength value) before ISC. The resulting excited
singlet state 6*(S) is almost isoenergetic (+1.7 kJ·mol−1) to
6(T) for arrangement a, whereas it is much higher in energy
(+34.8 kJ·mol−1) for b, discarding this latter possibility. The
geometric relaxation of the 6a*(S) excited state leads directly to
8. The search of possible transition states or intermediates
shows that the relaxation proceeds directly without additional
energy (Figure 8).

Evaluation of the Lowest-Energy Reaction Path. The
calculated energy profiles summarizing the whole results
detailed above are given in Figure 8, for the substrate
approaches a (top) and b (bottom). Clearly, as mentioned
above and in agreement with the experimental results, the
energy barriers of 111.3 and 84.7 kJ·mol−1 for the thermal paths
a and b prevent the second insertion reaction to occur at room
temperature. This is in agreement with the experimental results.
Indeed, it was shown experimentally that the solution has to be
heated to 60 °C to induce a reaction that is nonselective.
The photocatalysis, which was shown to be selective and

efficient, can proceed in different steps, that is, intersystem
crossings and geometry relaxations, involving or not an energy
barrier that can occur in a different order. Two paths were
revealed by DFT calculations for approaches a and b, as
summarized in Figure 8. In both cases, the initialization leads to
a hydrido−AMS complex 3 (see Scheme 2, Int 1) and is
followed by the first AMS insertion into the Pd−H bond to
lead to complex 4. Interestingly, complex 4 does not necessitate
an additional ligand to be stable, as supposed in Scheme 2 (Int
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2), but the presence of an agostic interaction between the two
carbon atoms of the phenyl group of the inserted AMS is
enough to stabilize the system.10 The approach of the second
AMS can be done oppositely to the first inserted AMS
(approach a), leading to arrangement 5a, or side-on (approach
b), giving arrangement 5b. The former is slightly more stable
(+12.9 kJ·mol−1) than the latter, but this energy difference does
not allow excluding the possibility of having 5b in solution. It
was shown that light excitation is needed at this stage of the
reaction since no evolution is observed in the absence of light at
that step of the reaction. Quantum chemical calculations of the
excitation and relaxation of 5 allow providing two conformers
of the triplet intermediate 6(T).
A first possibility, PATH 2 (see Figure 8), is that this triplet

intermediate evolves to the inserted AMS structure 7(T) via a
transition state that was calculated to be more than 80 kJ·mol−1

higher in energy in both cases. Even though light irradiation
could have locally heated the solution (nonradiative de-
excitations), this energy barrier is too important to be
overcome.
A second possibility PATH 1 (see Figure 8) consists in

having an ISC immediatly after the geometry relaxation.
Calculations indicated that it was not possible for the
arrangements b. On the contrary, it is highly probable for
6a(T). In that case, once the molecule becomes a singlet, it
relaxes without any transition state or intermediate into 8. β-H
elimination of the AMS dimer is thus straightforward together
with the coordination of the new AMS molecule. Compound 3
is thus reformed and available for a new catalytic cycle.

■ CONCLUSION
Reaction and photochemical processes for the second insertion
step of the photocatalytic dimerization of AMS by a Ru−Pd
dinuclear complex were investigated by quantum chemical
(DFT and TD-DFT) calculations. Our results show that the
initiation stage concerns the Ru−polypyridyl unit, which
contributes to the photoexcitation process by involving efficient
absorption of visible light. It can stabilize the low-lying
unoccupied molecular orbitals based on the bridging
bipyrimidine ligand and lower the excitation energies. The
ruthenium moiety can be seen as a photocatalytic antenna. For
future investigations, modifications of its surrounding ligands
should be driven toward higher efficiency of absorption without
inducing electronic modifications of the Pd moiety. Indeed, the
catalytic reaction is localized only on the Pd moiety once it is
photoactivated.
The presence of phenyl groups in the AMS substrate allows a

compensation of the loss of electron density on the Pd center
along the catalytic reaction. For example, it is the case during
the first AMS insertion in the Pd−H bond of the complex, or
when a geometric reorganization is induced by visible light
absorption. Irrespective of the targeted catalytic organic
synthesis, the presence of carbon−carbon double bonds
(phenyl groups here) in the substrate is mandatory. The bpm
ligand was also shown to be versatile, according to our
theoretical study, being able to mono- or bicoordinate the Pd
atom. Any change or substitution of the bpm ligand should be
done in order to keep this ability. Interestingly, this fact implies
that no additional molecule, substrate, or solvent is needed for
the reaction to proceed. Finally, we have shown that light
irradiation opens up a favorable pathway that has no energy
barrier. Overall, the selectivity, the efficiency, and the
sustainability of the AMS photocatalytic coupling are

remarkable, since, taken all together, the reaction is atom-
saving (no additional molecule needed) and fast (since no
molecule diffusion is needed). It needs a costless energy (since
visible light is an unlimited energy source), and is selective
(only one efficient reaction path). Following this study, we are
currently carrying out new experiments tailoring the catalyst to,
first, improve the reaction and, second, to render it active for
other organic syntheses.

■ APPENDIX
Calculations were performed at the DFT level with the
Gaussian 09 package.11 The geometry optimizations were
performed using the mPW1PW91 functional.12 The LanL2DZ
basis set was used for all atoms and extended by a polarization
function (except for H).13 To address solvation effects, the
polarizable continuum model (PCM)14 was used for the
ground and excited states. Attempts to enlarge the basis set
were unsuccessful (SCF divergence for LanL2TZ(f)). For
validation, vibrational frequencies were calculated for all ground
states, intermediates, and transition states. B3PW91 single-
point calculations were performed to test the robustness of the
results toward the functionals (see the Supporting Informa-
tion). The orbital plots as well as the graphical representations
were performed using Molekel.15 Natural bond orbital (NBO)
analysis was used to predict and interpret the computational
results.16 SWizard was used to simulate the absorption
spectra.17 Total ZPE energies and Cartesian coordinates of
computed structures are given in Table S5 (Supporting
Information).18 DFT two-component spin−orbit coupling
calculations were performed with the ADF2012.01 package.19

For these calculations, the nonlocal corrections of Adamo−
Barone and of Perdew−Burke−Ernzerhof (mPBE) were added
to the exchange and correlation energies, respectively.20

Tamm−Dancoff approximation calculations were used to
evaluate the lifetime of the excited states and the oscillator
strength.21
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selected geometric theoretical data for 3, 4, 5a, 5b, 6a(T),
6b(T), TSa(T), TSb(T), 7(T), and 8; TD-DFT calculations
for 5a and 5b; NBO calculations for 5a, 5b, 6a(T), and 6b(T);
Cartesian coordinates and energies of all optimized structures;
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available free of charge via the Internet at http://pubs.acs.org.
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