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ARTICLE INFO ABSTRACT

Article history: Visible-light promoted molecular transformations catalyzed by bimetallic species containing a
Received 8 October 2009 [Ru(bipy)3 ]?* (TB)-like fragment as the photosensitizing unit are reviewed. Catalytic reactions are classi-
Accepted 3 November 2009 fied according to the following two criteria: (1) electron transfer (A)/energy transfer (B) from TB and (2)
Available online 12 November 2009 intra- (I) and inter-molecular catalyst systems (II). Reactions promoted by electron transfer (A) involve
reductive processes such as H*-reduction giving H, and CO,-reduction giving CO, which have been exten-

Keywords: sively studied also by using mononuclear catalysts. The catalytic H*- and CO,-reductions have been
Visible light . . . . .

Bimetallic catalyst considerably improved by the use of II-A- and I-A-type bimetallic catalysts, respectively. Furthermore,
Photosensitization as recently reported by our research group, photocatalysis is extended to organic transformations, which
Tris(bipyridyl)ruthenium have been much less explored compared to transformations of small inorganic molecules mentioned
Palladium above. While Sonogashira coupling is mediated by II-A-type catalysts, up-hill trans-to-cis isomerization
Catalytic olefin dimerization of cyanostilbene and dimerization of a-methylstyrene follow the energy transfer processes (B). Thus new

aspects of the photochemical bimetallic catalysis have been unveiled as mentioned above but catalyst
design is still in its infancy. Continued accumulation of reaction data and mechanism analysis will lead
to development of practical bimetallic photocatalysts, which promote unique reactions including up-hill

reactions.
© 2009 Elsevier B.V. All rights reserved.
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of fossil fuel [1]. Under these circumstances, much stress is laid on
research to find a clue to such subjects. Above all, utilization of solar
energy, which is inexhaustible and clean, has drawn much attention
[2]. From this point of view, solar cell and solar water heater are
the most popular products already in commercial use; however,
ways of utilizing solar energy have been limited to the conversion
into electric and thermal energy, and the conversion efficiency is
still low to be overcome. It is basically quite difficult to utilize the
solar energy owing to its sparse and intermittent supply. On the
other hand, plants utilize it in a highly efficient manner through the
photosynthesis, in which multi-step processes such as (1) collecting
solar energy by the antenna unit, (2) photo-excited energy transfer
by chlorophylls, and (3) formation of the charge-separated state
are assembled [3]. Combination of these processes with subsequent
redox processes should lead to an efficient solar energy conversion
into chemical potential energy. Taking into account these points,
artificial photosynthesis has been studied intensively in many areas
[4].

Research on artificial photosynthesis ranges widely from inves-
tigation of elementary processes of the natural photosynthesis to
synthesis of chemical substances. Herein discussion will be focused
on recent developments of visible-light promoted catalytic reac-
tions using various homogeneous metal catalysts, in particular, (1)
bimetallic catalyst systems containing a [Ru(bipy )3 J**-type unit as the
photosensitizer and (2) catalytic molecular transformations.

1.1. Visible-light promoted reactions catalyzed by transition
metal species

In the field of homogeneous coordination chemistry, research
on artificial photosynthesis has been intensively studied mainly
by using metal-containing photosensitizers (PS) such as metal-
loporphyrins [5] and Ru(ll) diimine complexes [6], which show
favorable photophysical properties such as long lifetime of the
excited state. The research activities have been mainly concen-
trated on elucidating elementary processes of (1) electron transfer,
(2) energy transfer, and (3) formation and deactivation of the
charge-separated state. Through the studies, a wealth of impor-
tant knowledge has been accumulated [7]. However, little attention
has been paid to catalytic molecular transformations. A simpli-
fied reaction scheme for molecular transformations, in particular,
reductive ones, mediated by mononuclear species is summarized
in Scheme 1. Photo-excitation of photosensitizer A (step a) gives
an excited species with a high-energy electron (B), which may be
utilized for reductive transformation directly (step c) [8]. Because,
however, such direct utilization is usually hampered by backward
deactivation (step a’), the activated electronis transferred to a medi-
ator (MD) (step b), which forms a stable reduced species upon
le-reduction, and the resultant anionic radical (MD~) undergoes
reductive transformations (step d). For example, in the case of the
frequently used MV2* (methyl viologen), MV** resulting from the
electron transfer from M* is responsible for the subsequent chemi-
cal transformations and thus serves as a mediator. (Although details
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Scheme 1. Asimplified reaction scheme for photosensitized reactions promoted by
a mononuclear system.
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Scheme 2. Classification of bimetallic catalysts.

are not described here, a sacrificial electron donor is usually added
to fill the lower SOMO in B and to suppress the back electron trans-
fer from MD™ to C regenerating A. See discussion on Scheme 3.) In
such mononuclear systems, the two key functions of the catalysis, i.e.
light energy collection and molecular transformation, are divided
by the metal photosensitizer and the mediator, respectively, or, in
some cases, both functions are conducted by a single metal cen-
ter. Successful examples of mononuclear catalysis [9], including
photochemical oxygenation of alkenes with water [10], photocat-
alytic reduction of CO, to CO [11], and photochemical epoxidation
of alkenes relevant to the P-450 enzyme [12], were reported during
the past decades.

1.2. Features of bimetallic systems

A key problem of mononuclear systems is that it is not always
easy for a mononuclear catalyst coupled with a simple media-
tor to promote more complicated chemical reactions such as CO,
reduction involving multi-electron-reduction and C-C bond forma-
tion involving bond breaking and making processes. The previously
reported molecular transformations, therefore, have been limited
to those mainly based on electron transfer (redox processes).

One of solutions to this problem is to use a transition metal
species as the mediator, because transition metal species are known
to work as effective catalysts for a variety of molecular transfor-
mations, in particular, organic transformations (Scheme 2) [13]. If
the two key functions can be divided by two metal centers, we will
have many opportunities to construct bimetallic catalysts, which are
effective for catalytic molecular (organic) transformation promoted
by visible light. Light energy adsorbed at the photosensitizing metal
center (M1(PS)) or photo-excited electron generated at M1(PS) is
transferred to the other reactive metal center (M2(RC)) to promote
chemical transformations there.

Bimetallic catalysts discussed herein are classified according to
the structures and mechanisms into four types (Scheme 2). First,
they are classified into two types depending on the structure of
the catalyst, i.e. intramolecular and intermolecular photosensitiz-
ing catalysts (I and II in Scheme 2, respectively). The former (I) is
a catalyst, which possesses both the light-absorbing, photosensi-
tizing unit (M1(PS)) and the reaction center (M2(RC)) in a single
molecule, whereas the latter (II) is a mixed system consisting of
PS and RC. In the case of I, the reaction center (M1(RC)) is linked
to the photosensitizer unit (M2(PS)) through an appropriate bridg-
ing ligand (BL). The photophysical and photochemical properties
and reactivities of the bimetallic catalyst (I) can be finely tuned by
introduction of substituents onto the ligands attached to M1(PS)
and M2(RC) as well as the bridging ligand (BL), but synthesis of
multi-functional bimetallic catalysts is essential and sometimes
troublesome. On the contrary, the construction of intermolecular
system (II) is much easier, because it can be generated by simply
mixing the two components.

Photosensitizing catalytic reactions are further classified into
electron-transfer system (A) and energy-transfer system (B). Fea-



1222 A. Inagaki, M. Akita / Coordination Chemistry Reviews 254 (2010) 1220-1239

() B

4

N

# e i
F G

(A) electron transfer system

=
%

(Dl ] = o) ] - )] o) o] - (o) o] (o
g— + + . — %
e =

o
)

3
decomp.

@ o @ e
I

3

EorF

+o4
I

(B) energy transfer system

Scheme 3. Electron transfer and energy transfer processes based on bimetallic systems.

tures of the bimetallic photochemical systems are illustrated in
Scheme 3 for a system containing a [Ru(bipy)3 |%*(TB)-like M1 frag-
ment, and electronic configuration of each state is also indicated.
In this review article, the [Ru(bipy);]?* fragment is abbreviated as
TB.

In the electron-transfer system (A), irradiation of the photosen-
sitizing M1(PS) part in a bimetallic catalyst D causes excitation of a
HOMO electron to an excited level (MLCT in the case of TB) to form
the excited species E (step a). While E can serve as a reductant (by
the action of the higher SOMO electron) as well as an oxidant (by the
action of the lower SOMO electron), subsequent processes will be
explained with the emphasis on the former reductive process. The
resultant excited electron can be transferred to the second metal
center. But the lifetime of the singlet excited state E is too short to
undergo electron transfer and E is usually deactivated to regener-
ate D (step @'). In the case of TB (see below), however, intersystem
crossing spontaneously occurs in an almost quantitative quantum
yield to give the triplet species F (step b), which has a lifetime of ca.
1 s (step b': slow) long enough for a further chemical process. In
the presence of an externally added sacrificial electron donor (D;
tertiary amines are frequently used), subsequent electron transfer
from D to the lower SOMO gives the negatively charged species G
(step c) [14]. If the LUMO level of M2(RC) is lower than the SOMO
level of M1(PS)~, further exothermic electron transfer from PS to
RC takes place to form another negatively charged species H (step
d), where the transferred electron is located on RC and a reductive
chemical transformation can be initiated there [15]. The reaction
sequence contains two electron transfer processes indicated by the
curved arrows. D is essential not only for the electron transfer to
F but also as an electron source for catalytic reductive transforma-
tions. Thus the efficient electron relay from the sacrificial electron
donor D to the second metal center (M2(RC)) through the M1(PS)~
species G can lead to unique photochemical catalysis at M2(RC).

In the energy-transfer system (B in Scheme 3), energy gained
at M1(PS) (E or F) is transferred to M2(RC) to form I containing
the excited state of RC (RC*; step e), which can initiate a catalytic
reaction. In this system, no sacrificial reagent is required, because
the energy is provided from a light source continuously. The two
processes, A and B, therefore, can be discriminated by detection of
decomposition products of D**.

Photo-chemical and -physical features of [Ru(bipy)s;]%* (TB),
which is used as the photosensitizer in the catalytic reactions
described in the following sections, will be briefly summarized
here. Since the utility of TB as a photosensitizer was recognized
in 1970s [16], it has become one of popular photosensitizers by

virtue of the following favorable photo-chemical and -physical
properties.

(1) TB shows an intense visible absorption (Amax=450nm;
£=1.5x10*M~'cm1!), the envelope of which is extended to
ca. 550 nm. The absorption area is wide enough to collect solar
energy (visible light) in an efficient manner.

(2) Intersystem crossing (included in step b in the bimetallic mech-
anism (E— F)) is very fast (rate constant=10!2s-1) and its
quantum yield is almost unity, as described above. This means
that the energy stored in the excited species E is not lost by
reverting to D (step a’) but is stored as the form of G/H. Further-
more, because the lifetime of the triplet excited state F (~1 s)
islonger than the timescale of most chemical reactions (ns-s),
F has many chances to interact with other components via the
effective electronic relay (e.g. F— H or I) and the stored energy
can be utilized at M2(RC).

1.3. Catalytic reactions promoted by visible light

Substrates of catalytic reactions discussed herein range from
small inorganic molecules (e.g. H, and CO,) to unsaturated organic
molecules (e.g. alkene and alkyne). The catalytic reactions can
be classified into two categories A and B as mentioned above.
Much attention has been paid to reductive transformations based
on A, in particular, H, evolution from water (H*-reduction) and
CO,-reduction relevant to the energy and environmental issues,
respectively. By contrast, little attention has been paid to organic
transformation, before we reported coupling reactions of unsat-
urated hydrocarbons (Section 3.2) [17], which proceeds via B. In
the following sections, recent studies on catalytic transformations
will be reviewed according to the classification, i.e. electron/energy
transfer.

2. Catalytic reactions involving electron transfer (A-type
transformations)

In this section, discussion on two reductive transformations of
small inorganic molecules (H* and CO, ) will be followed by organic
transformations.

2.1. Hydrogen evolution from H*

Hydrogen is expected to be a next-generation energy carrier
[18]. For hydrogen evolution from water, the following two meth-
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ods are feasible; one is water splitting giving H, and O,, and the
other is reduction of H* giving H,. Both reactions are up-hill reac-
tions and, therefore, require injection of energy. Utilization of light
energy for the up-hill reactionsis a solution. Besides the water split-
ting promoted by heterogeneous photocatalysts based on metal
oxides dispersed on semiconductor particles [19], H"-reduction has
been extensively studied in the field of coordination chemistry.
Representative examples are summarized in Table 1.

The basic concept for photocatalytic H*-reduction was already
established by Lehn in 1970s [20b], who reported the mixed cat-
alyst system consisting of TB (M1(PS)), [Rh(bipy);]** (M2(RC)),
triethanolamine (TEOA; sacrificial electron donor), and K;PtCly
[21]. TON of 77 during 6h irradiation was achieved. Lehn’s sys-
tem is regarded as a II-A type catalyst system, although the role of
K, PtCly giving colloidal Pt was not fully clarified [22].

The idea of bimetallic systems originates from combining the
photosensitizing TB species with a second metal catalyst (M2),
which is capable of H,-formation from a hydride intermediate
[24]. Reactions of intermolecular systems (II) involve collision pro-
cesses of the substrates, which determine the efficiency of electron
transfer (as a consequence catalytic activity) and are hard to be
controlled, whereas, for intramolecular systems (I), such a prob-
lem does not occur because of arrangement of the two metal centers
being fixed and, as aresult, itis expected that energy/electron trans-
fer would be more efficient. Catalytic activity of the latter system,
however, is critically dependent on catalyst design, and a minute
change of the structure of the catalyst may lead to a significant
difference.

Catalytic systems shown in Table 1 are designed on the basis of
the above-mentioned principle [25,26]. For the M1 part, late transi-
tion metal species other than Ru are also employed (6, 7, 9). As the
M2 component, late transition metal species, in particular, group
10 (Pd, Pt; 1, 2, 3) and group 9 (Co, Rh; 4, 5, 8, 10) species, are
introduced, and the diiron species 11 is a mimic for the active site
of hydrogenase [23]. Sakai and his coworkers have been investi-
gating intramolecular catalysts containing a TB-like unit (M1(PS))
and a square planar Pt unit (M2(RC)) (1) [26], and reported that
catalyst 1 produced H; from water upon visible-light irradiation,
though the TON was small. Subsequently, catalysts containing Pd-
(2, 3), Rh-(4), and Co-M2(RC) units (5) were reported by Rau [27],
Hammarstrom [28], Brewer [29], and Artero [30], respectively, and
TON was improved to some extent. In the case of the 6-RhCl3-3H,0
mixing system reported by Nishibayashi, dinuclear species gen-
erated in situ has not been characterized satisfactorily [31]. At a
glance at Table 1, however, TONs of the intermolecular systems
(II) are superior to those of the intramolecular system (I) and, fur-
thermore, the latter system turned out to be structure-sensitive.
For example, an analogue of 1, with the inverted BL arrangement,
[(bipy);Ru( p-bipy-NH-C(=0)-phen)PdCl, ]?*, showed no catalytic
activity [26]; moreover, replacement of the bridging tpphz ligand in
2 by bipyrimidine resulted in complete loss of the catalytic activity
[27].

Possible formal reaction mechanisms for the bimetallic catalysis
are shown in Scheme 4. Two consecutive photosensitized electron
transfer processes from M1 to M2 gives the hypothetical dian-
ionic intermediate J. Two mechanisms are feasible for the final H,
production process, as readily anticipated from the knowledge of
organometallic chemistry. Mono-protonation of J forms the mono-
hydride intermediate K, further protonation of which at the M-H
site generates H, together with the starting catalyst D. On the
other hand, di-protonation of J gives the dihydride intermediate L,
which generates H, and D via reductive elimination. Although dis-
crimination of these mechanisms is difficult, it is concluded that,
at least, for the cobaloxime systems (5 and 10 the former mech-
anism is operating [25d]. Very recently, Rau and his coworkers
revealed the electron transfer pathway on 2, i.e. from Ru to the

g H® |
K M2H —— H, + D

M-H protonolysis

| red. elim.

L@—M2—H—-—H2+D
|

Scheme 4. Possible mechanisms for catalytic H-production by bimetallic species.

bridging tpphz ligand and then to Pd, by a combination of reso-
nance Raman and ultrafast time-resolved absorption spectroscopy
[32]. On the other hand, Hammarstrém observed deposition of Pd
particles during photocatalysis by 3, strongly suggesting that het-
erogenous catalysis has a major contribution to the H,-evolution
[28]. Thus caution is needed in analyzing catalytic reaction
mechanisms.

2.2. CO, reduction

Transformation of CO, into useful chemical feedstocks is now
regarded as one of solutions for the problem of the rise of CO, con-
centration in the atmosphere, which may cause global warming.
Because of the chemical inertness, only a few catalytic industrial
processes using CO, as a raw material have been developed [33].
However, fundamental research has provided potentially useful
reactions of CO,: electro- or photo-chemical reduction, transi-
tion metal catalyzed reaction with unsaturated hydrocarbons, and
biomimetic fixation [34]. In particular, photochemical CO, fixation
is extremely important, because CO, can be converted into useful
chemicals by inexhaustible solar energy without sacrificing fossil
fuel, as done by plants.

Studies of photochemical fixation of CO, reported so far include
reduction giving formic acid [35], acetic acid [36], malonic acid [37],
formate [38], methane [39], and CO [40]. These examples can be
divided into two types of reactions (Scheme 5); one accompanying
C—0bond cleavage to give CO and the other resulting from H, addi-
tion across the C=0 bond. The former processis driven by formation
of H,0. While attempts to obtain organic compounds following the
latter process have been made, there still remain problems to be
overcome such as yield and selectivity. On the other hand, much
improvement has been achieved for the CO formation.

CO production from CO, has been studied by using a variety
of mononuclear catalysts such as Re(bipy) complex and Co- and
Ni-macrocycle complexes [41]. The pioneering work reported by
Ziessel and Lehn on Re(bipy)(CO)sX and following works revealed
that rhenium complexes acted as photo- and electro-catalysts for
reducing CO, to CO [38a,b,42].

The mechanism of CO, reduction by mononuclear Re species,
[Re(bipy)(C0O)3(X)] 12 (X=SCN (a), Cl (b), CN (c)), was revisited by
Ishitani and his coworkers, and it has been proposed that the Re

Cc-0
cleavage
— CO + H,0
' CH,0,
COp + 2H" + 2 — boosooee- -
. C, compds. etc.
——— HCOOH
photochem. H;
process addition

Scheme 5. Two types of CO, reduction.
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Table 1
Representative examples of photocatalytic H,-evolution from H* promoted by bimetallic systems.
Solvent (donor: D) M1(PS) M2(PC) TON?
(Reaction time)
[Reference]
I-Type catalyst systems
Z
: S | = kS
N\JU/N = o
= N/i \N = N =
H,0 (EDTA)" Aon, L H Lk e 4.8
I 1 P (10h)
=N cl 26a]
HOOC # [
MeCN (NEt3) 56
(29h)
[27]
MeCN (NEt3) 30
(6h)
(28]
MeCN/H,0 (DMA)¢ 30
(4h)
[29b]
Acetone (NEt3) 103
(15h)
[30]
MeCN/H,0 (sodium ascorbate) RhCl3-3H,0 87 (18h)
594 (240h)
(31]
II-Type catalyst systems
H,0 (TEOA) [Ru(bipy)s ]** (TB) [Rh(bipy)s ]** 77
(6h)
[20b]
= j“
\N | ‘ N By
= N~
THF/H,0 (TEOA) 2 .l\ 5000
G (22h)
; ; e [25b]
R -1+
4
S ]
2N | s
MeCN/H;0 (3:2) (TEOA)® Pt ~1000
Il 9 (10h)

[25d]
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Table 1 (Continued )

Solvent (donor: D) M1(PS) M2(PC) TON?
(Reaction time)
[Reference]
PhCH,N
1}
MeCN/H,0(1:1) (ascorbic acid) [Ru(bipy)s |>* (TB) O LN 4.3 based on 11
) \ "co
of 11 ¢o 86 based on TB
(12h)
[25¢]

3 Turn-over numbers.

b Ethylenediaminetetraacetic acid, (HOOC ), NCH,CH,N(COOH),.
¢ Triethanolamine, N(CH,CH,OH)s.

4 N,N-Dimethylaniline.

catalyst works in two ways. The present system is now regarded as
a II-A-type catalyst system [43].

A mechanism proposed for the reaction catalyzed by
[Re(bipy)(CO)3(NCS)] 12a is shown in Scheme 6. Photo-excitation
followed by electron transfer from TEOA forms the one-electron
reduced species (OER M), which can be detected by spectroscopic
methods.

Subsequent dissociation of the NCS ligand gives the five-
coordinate intermediate N, which captures a CO, molecule to form
a “COz-adduct”. For CO, reduction, two electrons are needed and
the second electron is provided by another OER species (M). An
overall 2e-reduction process on the Re center produces CO and
the cationic intermediate O, which is trapped by the released NCS
anion to regenerate 12. Thus the Re catalyst works as the pho-
tosensitizing unit as well as the CO, binding site. In accord with
this mechanism, substituent effects are noted. The Cl-derivative
12b having short lifetime of OER shows lower catalytic perfor-
mance, and the CN derivative 12c¢ which does not eliminate the
CN ligand from OER, is totally inactive. Sharing the two roles of
12 by a 1:25 mixture of fac-[Re(bipy)(CO)3(CH3CN)]* (CO,-binding
site) and [Re{4,4'-(MeOQ),bipy}(CO);{P(OEt);}]* (photosensitizer)
causes a significant increase of the quantum yield for CO formation
from 0.30 to 0.59. While p-CO, intermediate, [Re-C(=0)-0O-Re],
and hydroxycarbonyl intermediate, [Re—-COOH], have been pro-
posed for the “CO, adduct”, thisimportantissue is still controversial
and has remained to be clarified.

Studies on bimetallic catalyst systems combined with TB
followed those on mononuclear systems. For example, Kimura

reported I- and II-type Ni-cyclam catalysts (Fig. 1) [44]. Visible-
light irradiation of these complexes dissolved in aqueous ascorbate
buffer solutions caused formation of a mixture of CO and H,. The
catalytic activity was improved by catalyst design in the order
shown in Fig. 1. The intramolecular catalysts (I; 14-16) turned out
to be better than the intermolecular system (II; TB/13). The cat-
alytic activity, however, was inferior to, for example, the Re systems
described below. The amount of CO formed by the most active cata-
lyst was less than a stoichiometric amount, while catalytic turnover
(TON ~5) was observed for H, production.

Recently, Ishitani succeeded in improving the catalytic activity
by combining the Re functional group with TB [45]. The absorp-
tion ranges of the resultant I-A-type bimetallic catalysts were
extended to the visible region so as to collect visible-light energy
in a more effective manner. In addition, electron transfer from
Ru to Re improved the efficiency of H,-production. A series of
supramolecular Ru-Re complexes with different Re/Ru ratios was
synthesized and their catalytic activities toward photoreduction of
CO, to CO were studied systematically (Fig. 2). Complexes 17/18,
19/20, and 21/22 contain (CH;),CHOH, (CH,)3COH, and diazole
linkers, respectively. Irradiation of TEOA/DMF solutions containing
the catalyst and BNAH (1-benzyl-1,4-dihydronicotineamide; a sac-
rificial electron donor) gave CO as the dominant product together
with a small amount of H,. No HCOOH was detected. In this case,
TEOA was not sufficient as an electron donor and, therefore, use of
BNAH was essential.

Several interesting features were noted. (1) The best catalytic
performance was observed for the Ru-Res tetranuclear complex

.-.cO

SMLCT
TEOA
TEOA®®
NCS
NEN. | ..cO

.

N | ~co
o
e}

M (OER)

Scheme 6. A mechanism proposed for CO, reduction catalyzed by [Re(bipy)(CO);(NCS)] 12a.
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Fig. 1. Inter- and intra-molecular TB/Ni(cyclam) dyads.

18, although a mixture of mononuclear components showed cat-
alytic activity to some extent [46]. A catalyst of a higher Re/Ru ratio
(e.g. 18) exhibited higher catalytic activity, whereas the activity
per Re unit is not affected so much. (2) A remarkable substituent
effect of the bipy ligands attached to Ru was observed for the
17-type complexes. A catalyst with electron-donating bipy lig-
ands (17b) turned out to show higher catalytic activity presumably
because of the higher reducing ability of the Ru part. (3) One elec-
tron reduced species (OER) were detected for 19 by time-resolved
transient absorption spectroscopy, and the added electron resided
on the Ru-bound bipy end of the bridging ligands. Electron local-
ization on the bridging ligand was suggested as another decisive
factor. (4) In OER, electron transfer from the Ru side to the Re
side on the bridging ligand finally led to reduction of CO, at the
Re center. (5) Architecture of the bridging ligand is a key fac-
tor for the catalysis, as can be seen from comparison between
21 and 22, where the arrangement of the metal fragments are
switched.

X= H(17a (50 / 12.5 h))
Me (17b (170))
CF; (17¢ (3))

T

110
55/Ru
110/ Re
oﬁ s
LN Ay o

N

Z“n C
Af N SN Lo

Lz 2N | ~co
21(14) 7 C

2.3. Pd-catalyzed Sonogashira coupling reaction

In contrast to catalytic conversion of small inorganic molecules
described above, little attention has been paid to catalytic organic
transformation. Recently, Osawa, in collaboration with us, demon-
strated an example of visible-light promoted catalytic C—C bond
formation reaction, Sonogashira coupling reaction [47,48].

When a DMF-NEt;3 solution of aryl bromide 23 and 1-alkyne 24
was irradiated with visible light (>420 nm) in the presence of a II-A-
type catalyst system composed of PdCl,(NCMe), (6 mol%), P(t-Bu)z
(6 mol%), and TB-(PFg), (8 mol%), Sonogashira coupling proceeded
to afford the coupling products 25 in excellent yields (Scheme 7).
Addition of TB and visible-light irradiation were essential for the
catalysis, whereas a Cu(l) salt usually added as a cocatalyst of
thermal reactions to alkynylate the Pd intermediate [48] was not
needed. Although the reaction was sluggish in the dark, irradia-
tion caused significant acceleration of the reaction. When the light
source was turned off, the coupling reaction stopped, and restarted

0 e+
C
OoC., IE_,Nf N i
: NN
OC” | NN TSN 1 NS
c e H Ru

/N'] le.
22(28/185h) A 5

Fig. 2. Photocatalytic CO, reduction giving CO mediated by Ru-Re complexes. Numbers in parentheses are turnover numbers for production of CO. Irradiation time is 16 h

unless otherwise stated.
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R R iad. time (h)  GC vield / % GCyield/%  R-C=C—R'
(isolated yield / %) in the dark 25
4-COCH3 Ph 2 99 (91) 30
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4-CN Ph 1 99 (95 21
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4-Me Ph 10 99 (90) 34 R—Pd''=-X H-C=C-R'
NEt3 24
26-Me, Ph 18 80 (87) 33 H—C=C-R'

Scheme 7. Photo-activation of Pd-catalyzed Sonogashira coupling reaction.

upon re-irradiation. Aryl bromides bearing electron-withdrawing
substituents showed higher activity as observed for normal Sono-
gashira coupling under thermal conditions, while alkyl-substituted
1-alkyne was less reactive.

The catalytic activity can be tuned by the TB component
(Scheme 8). While coupling of a less reactive aryl chloride such
as p-chloroacetophenone 26 was catalyzed by the TB-containing
catalyst system (34% yield), use of the derivative with electron-
releasing t-Bu groups (27) improved the yield up to 47%. The nitro
derivative 28 was less effective (10%). The apparent correlation
with the reduction potentials of the TB components indicates that
photo-excitation and electron transfer from the TB(I) species plays
key roles in the catalysis.

A couple of I-type catalysts coordinated by ligands bearing a
TB-like substituent (e.g. Pru; for the structure, see Section 3.1)
were also examined. Although, for example, PdCl,(Pru), turned
out to be catalytically active for photochemical Sonogashira reac-
tion, the activity (Ph-Br+H-C=C-Ph: 50% yield/2 mol% cat./24h
irrad.) was inferior to the intermolecular system II described
above.

For the reactions shown in Scheme 7, addition of NEt;3 was
essential, and the deterioration products of [NEt3]** (HNEt, and
CH3CHO) resulting from electron transfer to TB* were detected
by GC-MS analysis, indicating that this system falls in the cate-
gory of II-A. Because, however, (1) the catalytic reaction stopped
upon turning off the visible-light source and (2) the oxidative addi-
tion ability was improved by the photocatalysis, energy transfer
(B) from TB* to Pd(II) also contributes acceleration of the catalytic

reaction. Although the net reaction does not require assistance by
a reducing agent, it is suggested that TB-photocatalysis may pro-
mote the steps of (1) formation of a low valent Pd(0) species from
a Pd(II) precursor and (2) oxidative addition of Ar-X (Scheme 7).
We also found that photocatalytic Suzuki-Miyaura coupling and
amination of haloarenes were also promoted by II-A-type catalyst
systems [49].

Before closing this section, let us briefly describe unique exam-
ples of oxidative photocatalysis by TB* applied to organic coupling
reactions (Scheme 9) [50,51], although they are catalyzed by
mononuclear TB species. In the transformations described above,
the sacrificial electron donor works as an electron donor but no
attention has been paid to the resultant cation radical, which has
a potential to be utilized as a reagent for organic synthesis and
actually undergoes bond formation reactions as described below.
Another feature of the following catalytic reactions is that the
photocatalysis is combined with organocatalysis. Reductive trans-
formations were also reported [52].

Recently, MacMillan reported asymmetric alkylation of alde-
hydes 29 with electron-deficient a-bromocarbonyl compounds 30
mediated by a combined system of the photochemical TB catalyst
and the chiral organocatalyst 32 (Scheme 9) [50]. The catalytic cycle
is initiated by condensation of 29 and 32 giving the enamine inter-
mediate P (step a), which serves as a sacrificial reducing reagent for
TB(I1)2** (step e). Single electron transfer (SET) from the resultant
TB(I)* to 30 forms the radical intermediate S (step f), which couples
with the enamine P to give the a-aminoalkyl radical Q (step b). Oxi-
dation (SET) of Q by TB(II)2** generates the iminium intermediate

[(n*-ally)PdCl}; (2 mol%)
PBU!; (4 mol%),

o) TB-(PFg); (8mol%) O
Y Mo rv=-{ = > O =
Cl tH—= : —

O

hv (=420 nm), r.t

26
T
TB=

Bu’ 2

(34 %/ -1.396 V)

(47 % [-1.419 V)

DMF-NER, 36 % yield
BU{ 2+ _| 2+
’
|z _, iz
S N
! ;
Bu'

(10 % [ -0.974 V)

Scheme 8. Substituent effect of the TB component.
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Scheme 9. Catalytic systems combining photocatalysis and organocatalysis.

R (step c), hydrolysis of which affords the alkylated product 31 (step
d). TB(I)* formed by SET from Q (step c) causes generation of S from
30 (step f).

TB is responsible for (1) the initiation step, (2) generation of the
radical intermediate, and (3) oxidation of the radical intermedi-
ate, all of which involve SET processes, whereas the organocatalyst
32 is responsible for (4) formation of the enamine intermediate
P, (5) control of the stereochemistry of addition of S to P, and (6)
stabilization of the resultant radical intermediate Q and oxidation
thereof. The stereochemistry of the chiral center is determined at
step b, and high enantioselectivities up to 99% is observed. The
bulky t-Bu group shields the Re face of the enamine intermediate
P to leave the Si face exposed for enantioselective radical addi-
tion.

Thus TB has a potential to serve as a versatile reagent for
organic reactions involving SET processes. Recently, Koike of
our group independently reported the photo-induced oxyami-
nation of enamines and aldehydes 33 with TEMPO (Scheme 9)
[51]. Here, too, SET from the enamine intermediate T, which
is generated by condensation of aldehyde 30 with morpholine
(organocatalyst), to the photochemically generated TB(II)2** is
involved as a key step. Coupling of the resultant radical inter-
mediate U/U’" with TEMPO forms the imminium intermediate V,
which is converted to the oxyaminated product 34 via hydroly-
sis.

3. Catalytic reactions involving energy transfer (B-type
transformations)

3.1. Trans-to-cis isomerization of cyanostilbene

Compared to reductive transformations discussed above, cat-
alytic reactions involving energy transfer are much less explored.
In 2001, Osawa et al. reported photocatalytic trans-to-cis iso-
merization of cyanostilbene (trans-35) (Scheme 10) [53] and, for
this purpose, developed a very unique ligand Pru, in which a TB-

like photosensitizing Ru(bipy),(phen) fragment is combined with a
tertiary phosphine ligand. It is expected that photoenergy adsorbed
at the TB-like unit may be utilized at a reaction center nearby and,
in this system, “coordination” is employed to assemble the reaction
centers in proximity.

Two phenomena relevant to photosensitizing energy transfer
were observed for the cationic Ru-NCMe complex 36. While 36
was inert with respect to ligand substitution under thermal condi-
tions, irradiation of visible light (>450 nm) caused substitution of
the coordinated MeCN ligand by an externally added ligand such as
CD3CN and pyridine-ds. Because the related complex without the
photosensitizing unit, [CpRu(PPh3)(CO)]*, did not undergo ligand
substitution even under irradiation, the ligand substitution on 36 is
promoted by energy transfer from the TB-like unit to the CpRu cen-
ter (W). The ligand substitution was not affected by O, (an effective
quencher of TB*), indicating that intramolecular energy transfer
was very efficient. Furthermore, when a CH,Cl, solution of trans-35
containing 2 mol% of the cationic Ru-NCMe complex 36 was irradi-
ated, gradual catalytic isomerization to the cis-isomer (cis-35) was
observed and reached a photoequilibrated state containing trans-
and cis-35 in a 5.7:1 ratio. Because the isomerization was retarded
by addition of MeCN, it involves the substituted intermediate W
and is promoted by efficient energy transfer from the TB-like unit
to the coordinated 35.

The present system is classified into I-B. Although a number of
studies on energy transfer have appeared [54], to our knowledge,
this is a rare example of a catalytic organic transformation induced
by a photosensitizing metal species. In addition, the trans-to-cis
isomerization is an up-hill reaction and, therefore, the light energy
is stored as the form of the energetically less stable cis-isomer.

3.2. Catalytic olefin dimerization promoted by
[(bipy )>Ru(u-BL)PdL; | species

It is remarkable that, as described in the previous section (Sec-
tion 3.1), catalytic organic transformations can be promoted not



A. Inagaki, M. Akita / Coordination Chemistry Reviews 254 (2010) 1220-1239

Ru,
N 36
G Pru/c” NCpe Nc
@]
(2 mol %)

irrad. (>450 nm)
for2h
in CH,Cl,
(trans : cis= 5.7 : 1
at a photostationary state)

A

Ru\
Pru*/é N

trans-35 b

w

NI

1229

Scheme 10. Photochemical trans-to-cis isomerization of cyanostilbene 35 catalyzed by [CpRu(Pru)(CO)J** 36.

only by electron transfer (A) but also by energy transfer (B) induced
by photosensitization. We have been pursuing development of a
new type of catalytic organic transformation, in particular, catalytic
C-C bond formation reaction, taking into account the two possible
mechanisms A and B.

We designed and prepared a series of bimetallic cata-
lysts containing photosensitizing TB-like fragments as M1(PS),
[(bipy);Ru(p-K2:k2-BL)MLy, |2 37 (Fig. 3) and revealed that het-
erobimetallic Ru-Pd complexes showed catalytic activity toward
olefin dimerization, which is the major topic to be discussed in this
section.

Bridging ligands (BL) used in our study are tetradentate lig-
ands having two k2-coordination sites, one of which is of bipy-type
for construction of the TB-like M1(PS) unit. Two types of BL are
designed. In one type of BL such as bipyrimidine (bpm; 37a),
the four coordinating atoms are included in a rigid planar -
conjugated system. In the other type of BL such as quaterpyridine
(QP; 37b), phenanthrylbipyridine (PB; 37c), and (pyridylpyra-
zolyl)bipyridine (pypz; 37d), two bipy-like units are connected
by a single bond or a methylene unit, which allows flexibility
in arranging the two metal centers. For efficient electron/energy
transfer, effective overlap of wave functions of the two com-
ponents is crucial, and these two types of BL have advantages
and disadvantages from this viewpoint. In the bpm complexes

37a, the two metal centers are directly connected by the pla-
nar m-conjugated ligand, in other words, the d-electron systems
of M1 and M2 strongly interact with each other. If arrangement
of the two metal centers is appropriate, the m-conjugation can
lead to effective energy/electron transfer. However, if the lig-
and design is not appropriate, the rigid BL system cannot change
its structure so as to fit an arrangement suitable for effective
energy/electron transfer. In the other type complexes (37b-d),
because the m-conjugated systems attached to the two metal cen-
ters are disconnected, electronic interaction between them is much
weaker than that of the p-bpm complexes (37a). However, the
more flexible linkers can lead to an arrangement of the two metal
centers suitable for effective energy/electron transfer, though for
an instant. Furthermore, compared to II-type catalyst systems,
the two metal centers are located in close proximity and, there-
fore, we need not worry about the collision problem (Section
2.1).

In this section, discussion will be concentrated on hetero-
bimetallic Ru-Pd catalysts, which show catalytic activity toward
olefin dimerization.

3.2.1. Synthesis of heterobimetallic catalysts

General synthetic routes to the bimetallic catalysts 37 are shown
in Scheme 11.

ST

N 4\ ¥/

Fig. 3. Types of a series of bimetallic catalysts. (n is the charge of the MLy, part.)
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Scheme 11. Synthetic routes to the bimetallic catalysts 37.

Synthesis of the p-bpm complexes 37a is straightforward
(method a) [17a,b,55]. Initial treatment of a labile Ru source,
Ru(bipy), X, (38; M1(PS)), with BL (bpm) affords the mononuclear
precursor having the free k2-coordination site, [(bipy);Ru(k2-
BL)]?* 39. Subsequent treatment with a source of the second
metal center (M2(RC)) furnishes the desired heterobimetallic
catalysts, [(bipy),Ru(p-k%:k2-BL)ML,]?*" 37a. The first coordi-
nation of BL weakens the coordinating ability of the remaining
Ky-coordination site in 39 through the m-conjugation so as
to provide the mononuclear adduct 39 in a selective manner
rather than the homobimetallic adduct, [(bipy);Ru(pm-k2:k2-

e/ 10* M 1.cm™
0

bpm)Ru(bipy);]**. This is another advantage of w-conjugated
ligands.

On the other hand, when the two k2-coordination sites in BL
are electronically independent as in the case of 37b-d, reaction
analogous to method a affords a mixture of products containing the
bimetallic adduct 42 and the undesirable 1:1 adduct 41 in addition
to the desirable 1:1 adduct 40, separation of which is tedious. In
the case of 37b,c this problem can be overcome by Suzuki-Miyaura
coupling on the Br-substituted TB-derivatives 43 (method b) [17c].
Pd-catalyzed coupling with bipyridineboronic acid in the presence
of NEt; furnishes the mononuclear precursors 40 with the free k2-

intensity / a.u.
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Fig.4. Comparison of (a) UV and (b) emission spectra for [(bipy)Ru(uw-bpm)PdMe(NCMe)](BF4); 44a with those of mononuclear complexes having partial structures, 39 and

45.
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Table 2
Comparison of structural parameters for the Ru part (M1).

[(bipyMe?),Ru(u-bpm)PdMe(NCMe)]** |

Complexes bpm series (39 and 37a)

QP series (37¢) [Ru(bipy)s]** (TB)

Ru-N (in A)
<N-Ru-N (in deg)

2.041-2.093 (av. 2.069)
78.2-79.1 (av. 78.6)

1.958-2.089 (av. 2.066)
78.4-79.6 (av. 78.9)

2.041-2.066 (av. 2.056)
78.6-79.1 (av. 78.8)

coordination site, which are readily converted to the bimetallic
catalysts 37b,c upon treatment with sources for M2(RC). The pypz
complexes 37d are also prepared via method b; nucleophilic substi-
tution of [(bipy), Ru(bipy—CH,Br)]?* by sodium pyrazolate provides
the mononuclear precursor, [(bipy),Ru(k2-bipy-pypz)]?* [17d].

Avariety of metal fragments can be introduced to the M2 site, as
we showed examples containing Pd, Ru, and Rh fragments. Above
all, the cationic Pd species, [(bipy),Ru(-bpm)PdMe(NCMe)]** 44a,
turned out to be effective for olefin oligomerization as described
below. Because of the polycationic nature of the obtained dinuclear
complexes they are sparingly soluble in less polar organic solvents
and their reactions were examined in nitromethane.

Thus we have established convergent synthetic methods for
a series of bimetallic catalysts, in which various M1(PS), BL and
M2(RC) fragments are coupled in a combinatorial manner. As a
result, substituent effects on the three components can be investi-
gated in detail in a systematic manner; in other words, the catalytic
features of the bimetallic species can be finely tuned by intro-
duction of appropriate substituents onto the three components.
Catalytic properties of the p-bpm- (37a) and w-QP-Pd complexes
(37b) will be discussed in detail in a latter section.

3.2.2. Spectroscopic and structural characterization of the

bimetallic catalysts

3.2.2.1. Spectroscopic characterization. Formation of the hetero-
bimetallic catalysts 37 is readily confirmed by spectroscopic
analyses, which reveal that their spectroscopic data can be ana-
lyzed as a superposition of those of the components, M1, BL and
M2, as typically exemplified by UV spectra (for 44a, see Section
3.2.2.3 and Fig. 4a) and NMR spectra. For example, a '"H NMR spec-
trum (not shown) contains signals for each component with the
intensities consistent with a 1:1:1 combination. These results indi-
cate that, in the ground state, interaction between the two metal
centers is not so strong as to perturb the basic properties of each
metal component.

Electrochemical measurements provide useful information for
properties of the reduced species resulting from photosensitiza-
tion. Previous electrochemical studies of TB revealed appearance
of a couple of reduction processes mainly localized on the bipy
moieties in addition to the Ru(II)/Ru(lll) oxidation process. Sim-
ilar features are noted for the bimetallic catalysts 37, although
anodic shifts of the redox processes are caused by the attach-
ment of M2. In some cases, redox waves for M2 appear. The redox
potentials of the reduction processes are key features from the
viewpoint of the reductive transformations, because redox poten-
tials of such reduction processes are measures for the MO energy
levels of the photo-excited state of M1(PS) (donor) and M2(RC)
(acceptor) (Scheme 3). If the reduction process of the M2 part
occurs in a more positive side compared to that of the M1 part,

the excited electron at M1 can, in principle, be transferred to M2 in
an exothermic manner (F — G; Scheme 3) or cause excitation at M2
(E/F—1I). For 44a, a series of ligand-centered reduction processes
is observed at —0.85, —1.54, —1.85, and —2.16V (vs. Fc/Fc*); the
former two processes are p-bpm-based, while the others are bipy-
based. Although no Pd-centered redox process can be detected
for 44, comparison with related N-coordinated Pd(II) species
(e.g. cis-PdCl, {bis(1-methylimidazol-2-yl)glyoxal}: —0.74V) [57]
indicates that Pd(Il) species can be reduced by the 1e-reduced
44a.

3.2.2.2. Structural characterization. Many of the mononuclear TB-
like precursors (39 and 40) and the bimetallic catalysts 37 prepared
in our laboratory were structurally characterized by X-ray crys-
tallography. Structural features of the M1-BL and BL-M2 parts
are similar to those of TB and a mononuclear counterpart corre-
sponding to the M2 part, respectively, in a manner similar to the
spectroscopic observation described above. For the bpm (39 and
37a) and QP complexes (37b), for example, the Ru-N distances and
the N-Ru-N bite angles for the Ru parts are in very narrow ranges
(distances<0.15A; angles<1.2°) and are essentially the same as
those of TB as compared in Table 2. The p.-bpm ligands are so flat as
to allow effective m-interaction between the two metal centers.
In the case of 37c, the dihedral angles defined by the phenan-
throline and bipyridine planes are 54.7° ([(bipyMe, ),Ru(PB)](PFs),)
and 61.5° ([(bipy);Ru(p-PB)Pd(m3-allyl)](PFs)s3), indicating that
the two bipy-like rings are not m-conjugated as in the case of the
w-bpm complexes.

3.2.2.3. Photophysical properties.. Assessment of photophysical
properties of the heterobimetallic catalysts is essential for consid-
eration of effects of visible-light irradiation on the catalysis. In this
case, too, ground state electronic structure can be analyzed as a
superposition of those of the two mononuclear units, M1(PS) and
M2(RC), as is obvious from the UV-vis spectrum of [(bipy),Ru(j-
bpm)PdMe(NCMe)](BF4 )3 44a shown as a typical example (Fig. 4a)
[17a,b]. The spectrum for 44a is virtually summation of those for
the mononuclear counterparts 39 and 45.

By contrast, the emission spectrum of 44a shown in Fig. 4b is
not a simple summation of those for the analogues for the two
mononuclear components (Fig. 4b). (45 does not show an emission
in this region.) Intensity of the emission of the Ru part substan-
tially falls upon introduction of the second metal center (M2(RC)),
suggesting that some energy transfer occurs, hopefully, to M2(RC)
as we expected. Furthermore, a mixture of the mononuclear Ru
component 39 and the Pd component 45 shows an emission spec-
trum essentially the same as that of 39, indicating that the two
metal units must be in the same molecule for effective energy
transfer.
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Scheme 12. Photocatalytic dimerization of a-methylstyrene 46 mediated by 44a.

Related photophysical features including lifetime of the excited
states will be discussed later.

3.2.3. Selective photocatalytic dimerization of a-methylstyrene
promoted by [(bipy),Ru(.-bpm)PdMe(NCMe)]?* 44a under
visible-light irradiation: catalytic reaction and mechanisms

The bimetallic catalysts 37 were subjected to reactions with var-
ious organic substrates, and it was found that the Ru-Pd complex
44 was catalytically active for olefin dimerization under irradiation
[17a,b, 58]. Herein discussion will be focused on olefin dimeriza-
tion of a-methylstyrene 46, which was found at an early stage of our
study and has been referred to as a standard reaction in assessing
catalytic activity including substituent effects.

Irradiation of a nitromethane solution of a-methylstyrene 46 by
a Xe lamp (>420 nm) in the presence of 2 mol% of a p-bpm com-
plex, [(bipy),Ru(-bpm)PdMe(NCMe)](BF,4 )3 44a, caused selective
dimerization of 46 to afford 4-methyl-2,4-diphenylpent-1-ene 47,
adimer of 46, in >90% yield together with small amounts of trimers
(Scheme 12). Because no sacrificial reagent was required and no
other deteriorated byproduct was detected, the present catalytic
reaction is classified as an energy transfer reaction of type I-B
(Scheme 2).

First of all, effect of irradiation was examined (Fig. 5). Traces in
Fig. 5 show the formation of the dimer 47 as a function of irradiation
time. In the presence of 2 mol% of44a, most of 46 was converted into
47 within several hours, while no reaction took place at all in the
dark. When the irradiation was turned off, the catalytic activity was
lost but, upon re-irradiation, the catalytic reaction restarted finally
toreach complete conversion. In addition, neither the mononuclear
Pd complex, [(bipy)PdMe(NCMe)]* 48, having a partial structure

corresponding to M2 nor a mixture of the mononuclear compo-
nents, TB and 48, showed any catalytic activity indicating that (1)
this reaction is an intramolecular photosensitizing reaction (I-B)
and (2) the bimetallic structure is essential for the catalysis. (The
bipy derivative 48 was used instead of 45 because of its thermal
instability.) This situation is in sharp contrast to the photochemical
Sonogashira reaction described in Section 2.3.

Scheme 13 shows a proposed mechanism for the olefin dimer-
ization, which is supported by stoichiometric reactions in CD3NO>,
as described below. The initial event is insertion of the olefin 46 into
the Pd-Me bond in 44a (step a). Subsequent (3-hydride elimination
from the resultant alkyl intermediate X gives the active hydride
intermediate Y (step b). The initial adduct X consisting of a pair
of diastereomers (with the chiral centers at the Ru center and the
a-carbon atom of the 2-phenylbut-2-yl group) and the eliminated
olefin, (E)-2-phenyl-2-butene 49, were detected and characterized
in situ by "H NMR but the hydride intermediate Y was so reactive
as to immediately undergo 2,1-insertion of 46 to form the phenyl-
2-propyl intermediate 50 (step c), which was characterized by 'H
and 13C NMR. Formation of 50 was also supported by isolation and
structural characterization of the stable n3-benzyl species 51 (an
isomer of the o-bonded form 50') derived from 44a and styrene.
Because reaction proceeded up to this stage (50) even in the dark,
it is concluded that irradiation promotes subsequent 2,1-insertion
of a second molecule of the olefin 46 to form Z (step d). Final 3-
hydride elimination from the methyl group produces the dimer
47 as well as the hydride intermediate Y (step e) to complete the
catalytic cycle. a-Methylstyrene dimer 47 is a useful chemical and
used as lubricant and diluent. In contrast to the conventional acid-
catalyzed dimerization reaction forming a mixture of isomers by
way of carbocationic intermediates [59], the present photochem-
ical method produces 47 as a single isomer. A combination of (1)
the two consecutive specific 2,1-insertion of the olefin and (2) the
specific B-hydride elimination from the methyl hydrogen atom
(indicated by an arrow) leads to the excellent regiochemistry of the
coupling (formation of the head-to-tail dimer 47) and the double
bond formation (terminal olefin product), respectively. The bulky
substituents may hinder abstraction of the methylene hydrogen
atoms in Z leading to another isomer 47'.

3.2.4. Improvement of the catalytic performance
The photocatalytic dimerization of «-methylstyrene 46 turned
out to be highly selective but the catalytic activity had room

yield / %
100
dimer (47)
@
80 )

60

S/C= 50 (2 mol %)

- high yield and high selectivity

- reaction proceeds only during irrad.

- a mixt. of mononuclear species
—= no catalytic activity

—— intramol. photosensitizing reaction

[44a]= 0.022 M
dark in CH;NO, N
40 49
s 'Nr‘[ N ] = _N.. ,-M]+
) N =
20 i l
e (09 ®

- mononuclear Pd species:

no catalytic activity

time / hr

Fig. 5. Formation of 47 by photocatalytic dimerization of 46.
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Ph 46 Ve 51
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(derived from styrene)

Scheme 13. Catalytic cycle proposed for dimerization of 46.

for improvement. Of many possible factors, which would affect
the efficiency of the catalytic systems, we considered two fac-
tors: lifetime of the excited states and control of direction of
energy/electron transfer (Table 3). As the lifetime of the excited
state becomes longer, the chance of energy/electron transfer will
increase. Furthermore, for efficient energy/electron transfer to M2,
photochemical MLCT transition should occur from Ru to the direc-
tion of BL attached to M2 but not to the terminal bipy ligands,
because the latter process simply goes back to the original state
through deactivation (path a’ or b’ in Scheme 3), i.e. no net reac-
tion.

In order to examine the first point, the QP complexes 52 were
prepared (Table 3) [17c]. In 52, the TB fragment is o-bonded to the
bipy part of the Pd fragment. The lifetimes of the triplet state of

Table 3
Possible factors affecting catalytic activity.
bpm QP
| +
; o "
SN T (Lﬂ a4 ORI 52a
N lN I ---Me
Il s N’Pd"'NrMe
X. H, Me, CFa, NMe; e B
A Y: H, Me, Bu', pyrenyl. [Ru(bipy)s]" uni
R 5
with bi B jim? i structural Ru(bipy); center
i features c-bonded to the Pd unit
[(bipy)z + bpm]
life time long life-time

shorter life-time

of the excited state comparable to Ru(bipy);

direction of

: . T
SniECORCMEL LR electron/energy transfer

isotropic MLCT at Ru

the QP complexes 52 retaining the TB fragment would be longer
than those of the bpm complexes 44 and comparable to that of TB
but the symmetrical coordination structure around the Ru atom
may not always result in effective energy/electron transfer to the
Pd center (M2). On the other hand, while the lifetime of the excited
state of the p.-bpm catalyst 44 may be shorter, the unsymmetrical
structure may lead to efficient energy/electron transfer to the Pd
center.

3.2.4.1. Lifetime elongation: comparison with the QP system. Life-
times of the excited states of the bpm and QP complexes are
summarized in Scheme 14.

As can be seen from the table, the lifetimes of the excited states
of the QP complexes including 52a are comparable to or even
longer than that of TB (1.1 us), whereas those of the bpm com-
plexes including 44a are much shorter: bpm (<400 ns)<QP ~TB
[56]. Thus, for keeping a longer lifetime of the excited state, reten-
tion of the TB-like partial structure is essential. But the catalytic
activity was not apparently correlated with the lifetimes, as shown
in Scheme 14b; the pw-bpm complex 44a showed catalytic activity
much higher than that of the w-QP complex 52a.

As will be discussed later, the catalytic activity can be tuned
by introduction of appropriate substituents onto the terminal and
bridging ligands and, in this case, attachment of methyl groups
to the Ru(bipy), part of the QP complex (52b) causes substantial
improvement of the activity, even better than that of the original,
unmodified bpm catalyst 44a. These results indicate that the long
lifetime of the excited state is not always an essential factor for the
present catalytic olefin dimerization.

3.2.4.2. Controlling direction of the energy/electron transfer and DFT
analysis of substituent effects. Taking into consideration the results
described above, we next examined controlling direction of the
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Scheme 14. (a) Lifetimes of complexes containing bpm and QP ligands and (b) catalytic activity of the bimetallic catalysts for 46-dimerization. For the substituents X and Y,

see the structure in Table 3.
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Fig. 6. Substituent effects on dimerization of 46 catalyzed by 44.

energy transfer by introducing substituents to the bimetallic cata-
lyst 44.

Introduction of methyl groups to the w-bpm ligand (X; cf.
Table 3) (44b) did not affect the catalytic activity so much but that

of electron-withdrawing bromine atoms (44c¢) caused a significant
enhancement of the catalytic activity (Fig. 6). Furthermore, intro-
duction of electron-releasing methyl groups to the terminal bipy
ligands (Y) (44d) enhanced the catalytic activity; 50 equivalents of
46 were converted into 47 within 1 h.

Then changes of the electron densities at the metal centers
brought about by introduction of the substituents X and Y were
investigated. Electron-densities at the Ru centers were affected by
the substituents as judged by CV data (Fig. 7). As for the Pd parts,
because Pd is rather featureless with respect to spectroscopic data,
the electron densities were estimated by DFT. As can be seen from
Fig. 7, electron densities (Mulliken population) at Pd are virtually
the same irrespective of the substituents. Furthermore, when CO
vibration frequencies of the rhodium carbonyl derivatives 53 are
compared, again they are virtually the same, indicating that the
substituents (X and Y) affect the electron densities at the Ru cen-
ters significantly but hardly affect those at the M2 centers (Pd, Rh).
Thus, although we anticipated that the substituents would affect
the electronic state of the Pd center, with which the substrate inter-
acts, these results reveal that the substituent effects do not reach
the Pd centers in the ground state. If so, what kind of factors is
affected by the substituents?

In order to consider the substituent effects, DFT calculations
were performed for four derivatives of 44 (Y=H, X=H (44a), Me
(44b), Br (44c); Y=Me, X=Br (44d)), and Fig. 8 shows energy dia-

X Y complex E,;(Ru"/Ru") Mulliken charge at Pd
(vs. Fc/Fct) (Gaussian 03 )

H H 44a 1.26 0.443

Me H 44b 1.21 0.440

Br H 44c 2 0.449

Br Me 44d 1.14 0.447

H Me 44e 1.16 0.447

@ Reproducible result was not obtained due to instability.

X veo / em™
H 2093, 2023
Me 2093, 2023
Br 2093, 2023

" I(bipy)Rh(CO),]* 2100, 2040

Fig. 7. Comparison of electron densities at Pd and Rh of the bpm complexes bearing various substituents.
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Scheme 15. Interpretation of the DFT results.
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gram of their frontier orbitals obtained by DFT calculations [17b].
The HOMO and LUMO orbitals are mainly based on the d orbitals of
the Ruatom and the pw-bpm ligand orbitals, respectively. The vacant
bipy ligand orbitals are located slightly higher in energy compared
to the vacant bpm orbitals, and the Pd-C o* orbitals are laid further
higherin energy. We consider that efficient MLCT from the occupied
Ru orbitals to the vacant bpm orbital (LUMO) in preference to the
vacant bipy orbital should promote catalysis at the M2 site, because
MLCT to the terminal bipy ligands having no interaction with M2
simply results in deactivation leading to the original state, i.e. no net
reaction (see also Scheme 15). There are two ways to promote pref-
erential MLCT to bpm (BL). A large energy difference between the
vacant bpm and bipy orbitals (A; Fig. 8) should resultin preferential
MLCT to p-bpm. Compared to mononuclear species 39, attachment
of the cationic Pd fragment causes significant lowering of the .-
bpm-based orbitals including LUMO to increase A. Furthermore, a
smaller MLCT energy gap (AE) should promote MLCT itself. As the
substituent X becomes electron-withdrawing as going from methyl
(44b) to hydrogen (44a) and then bromine group (44c), energy lev-
els of the LUMO orbitals are lowered, whereas the other orbitals
are not affected so much. The lowering of the p.-bpm-based LUMO
levelresults in anincrease of A as well as a decrease of AE toinduce
preferential MLCT transition to p-bpm.

How about the effects of the bipy substituents (Y)? Introduc-
tion of electron-releasing substituents onto bipy (Y) brings about
rising of the vacant bipy orbital, while other frontier orbitals are
not affected significantly. As a result, A becomes larger so as to
promote preferential MLCT to the p-bpm ligand.

The results of the DFT calculations are schematically presented
in Scheme 15. Introduction of electron-withdrawing substituents
onto the bpm ligand (X) causes lowering of the LUMO to increase
A and diminish the transition energy AE. Introduction of electron-
releasing substituents (Y) causes rising of the bipy orbitals to
further increase A and MLCT transition occurs to the bpm orbital in
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aselective manner to promote the catalytic reaction. A combination
of these two substituent effects causes the significant acceleration
of the catalytic olefin dimerization.

These results lead to a conclusion that, in the present case, con-
trolling the direction of the electron or energy transfer is a factor
more crucial than the lifetime of the excited state.

As discussed in the previous section (Section 3.2.4.1), it is
evident that the visible-light irradiation promotes insertion of
the second equivalent of the substrate (50 —Z in Scheme 13).
Although we have no experimental support at the moment, one of
possible interpretations for the promotion effect is as follows.
The first event should be replacement of the coordinated sol-
vent molecule in 50 by the olefinic substrate. The most likely
process following the substitution is the Ru-to-p-bpm MLCT tran-
sition brought about by irradiation. The MLCT to p-bpm causes
development of a negative charge on the w-bpm part (like M in
Scheme 6), possible effects of which involve weakening of the
Pd-Me bond brought about by electron transfer to its ¢* orbital
and trans-influence labilizing the alkyl group to be transferred to
the coordinated olefin [60]. Further study is needed to reveal the
reaction mechanism.

3.2.5. Photocatalytic olefin dimerization by 44- and 52-type
catalysts

The modified catalysts were applied to other substrates
(Table 4). Styrene and ethylene were also converted to the head-to-
tail dimers and oligomers, respectively, in an efficient manner. Of
the catalysts examined, the bipyMe2-bpmB-complex 44d turned
out to be most active. Ethylene was converted into a mixture
of stereoisomers of 2-butenes and 2- and 3-hexenes, and the
turnover number exceeded 1700 indicating that the less bulky sub-
strate showed higher reactivity to undergo multiple insertion. By
contrast, methyl acrylate gave isomeric mixtures of the head-to-
head dimers, and the parent complex 44a showed activity better

Table 4
Photocatalytic olefin dimerization (oligomerization) of olefins ([44]=0.022 M/2 mol%, irradiation (>420 nm) for 8 h, in CH3NO,).
Olefin Dimer (Oligomer) TON
Y=H Y=Me
X=H X=Br X=Br
(44a) (44c) (44d)
— CanHan (1=2,3; mixt. of isomers) 1400 1330 1723
/T (h-t)
Ph Ph/%/LPh 0.11 21 38
Ph: PhMPh 12 »50 »50
COOMe
— MeOOC” X" h-h
Me0OC oo 27 0 0
MeOOC” NgF ™
H,C=CH, Ar
H,C=CHAr
A 1081 mol 2 At Eo&
cat. 44e (CHy=CHy) n o .
RN
06|—4|2—r(n3(;|] & syndiotactic
NN (CH=CH,) Mw= 23,400
o M,,/My=1.26
TON= 1723 <Ar‘ ‘@’But> ’
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Scheme 16. A part of the proposed mechanism for insertion of methyl acrylate.

than the modified ones, 44¢,d, which were totally inactive. The
QP catalyst 52a (for structure, see Table 3) was not effective for
the olefin dimerization but served as a catalyst for syndiotactic
CO-styrene copolymerization to form the polyketone with the
molecular weight over 23,000.

The different catalytic behavior observed for methyl acrylate
can be interpreted as follows (Scheme 16). The initial part of the
mechanism is similar to that of Scheme 13 but, when the electronic
demands of the Pd-H part in Y are considered (Pd-H* < Pd + H*),
nucleophilic metal center attacks the terminal methylene carbon
atom as in the case of Michael addition (1,2-insertion). In the resul-
tant primary alkyl metallacyclic intermediate, the Pd-C part is
polarized like Pd®* 3~ so that the alkyl group attacks the terminal
methylene carbon atom (2,1-insertion) to produce the head-to-
head dimers after (3-elimination. As for the catalytic activity, the
electron-withdrawing bromine atoms in 44c,d should increase
Lewis acidity of the Pd center to stabilize the five-membered cyclic
intermediate (Scheme 16) and hinder dissociation of the oxygen
atom, which is essential for insertion of the second substrate.

4. Future prospects

Increasing attention has been focused on utilization of solar
energy as a chemical potential, and a substantial number of pho-
tocatalytic molecular transformations have been developed so far,
as summarized in this review article. Not only electron transfer
but also energy transfer can operate as a mechanism for a variety
of photocatalytic transformations, which have been extended to
many types of molecular transformations including organic ones.
Photochemical processes are analyzed in detail by using modern
equipments and techniques but still there are many problems to
solve. First of all, reaction mechanisms, in particular, for organic
transformations, have remained to be clarified. This is because
(1) photochemically generated intermediates are usually so short-
lived that it is hard to detect and characterize them and, in addition,
(2) catalytic reactions consist of a series of complicated multi-step
thermal and photochemical elementary processes, which are hard
to be investigated separately.

A more difficult problem is catalyst design. We can easily cate-
gorize previously reported reactions according to the I/Il and A/B
classifications. But, at the moment, we cannot tell which cata-
lyst system is suitable for a particular transformation. You never
know till you have tried. This means that design of bimetallic pho-
tocatalysts is at an immature stage. For effective energy/electron
transfer, controlling overlap of wave functions of catalyst compo-
nents is essential but intra- and inter-molecular catalyst systems
have advantages as well as disadvantages concerning this point,
as discussed in Section 3.2. Because situations are different from
case to case (e.g. catalytic reaction and catalyst), catalyst design
has remained to be a tough problem to tackle.

One of advantages of photocatalytic systems is that they have
the potential to conduct up-hill transformations, which cannot be
realized by thermal reactions. By using metal photocatalysts, a
couple of photochemical up-hill transformations such as H*- and
CO,-reduction discussed in Sections 2.1 and 2.2, respectively, have
been achieved. But still there is room for improvement of the
activity and selectivity. Additionally, of organic transformations

discussed in this article, the trans-to-cis isomerization (Section
3.1) is the only example of up-hill transformation, and the others
are down-hill reactions. If metal-sensitized photocatalytic reac-
tions will have been developed to a satisfactory level in the future,
many catalytic transformations can be conducted under very mild
conditions in selective manners, like photosynthesis. Bimetallic
photocatalysis, where required catalytic functions are shared by
multiple metal catalyst components, will contribute to develop-
ment of such unique catalytic chemical transformations.
Continued accumulation of reaction data and mechanism anal-
ysis will lead to development of practical bimetallic photocatalysts.
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