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Photofunctional trinuclear complexes containing three different central metals, i.e. Os(i), Re() and Ru(n),
were synthesised for the first time using stepwise Mizoroki—Heck reactions. The vinylene groups in the
bridging ligands of the Os(i)—Re()—Ru(i) complexes were selectively reduced by
photochemical hydrogenation in moderate yield, affording novel supramolecular photocatalysts which

trinuclear

iii:g’fe% 222:;] Sﬁg\img: 381; can absorb a wide range of visible light up to 730 nm and induce CO, reduction with high selectivity and
durability. The turnover numbers of CO formation were over 4300. Details of the photophysical
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Introduction

Photofunctional multinuclear complexes are attracting attention in
various research fields, such as light-harvesting systems and pho-
tocatalysis. Examples of reported light-harvesting systems include
a linear Re(1) penta-nuclear complex whose centre unit is connected
with an emissive Ru(u) complex' as well as polymers connected
with numerous Ru(u) complexes as light absorbers and a much
smaller number of Os(n) complexes as accumulators of absorbed
excitation energy.> Hetero-dinuclear complexes, e.g. Ru(u)-Re(1),*®
Os(n)-Re(1),” Ru(u)-Ni(w),"™* Zn(u)-Re(),"*** and Pd(u)-Re(i)
complexes,'® can function as photocatalysts for CO, reduction, and
Ru(u)-Pd(u)”” and Ru(u)}-Ru(u) complexes'®* have been shown to
photocatalyse the oligomerisation of olefins and oxygen evolution
from water, respectively. When each metal-complex unit has
a different function that can function synergistically, photofunc-
tional multinuclear complexes can provide prominent functions
which cannot be achieved using mononuclear complexes. For
example, many photocatalytic systems using metal complexes for
CO, reduction are constructed with two different mononuclear
metal complexes, i.e. a redox photosensitiser and a CO, reduction
catalyst, to convert photochemically induced one-electron transfer
to multi-electron reduction of CO,. It has been reported that con-
necting a photosensitiser and catalyst by an alkyl chain can
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drastically improve the efficiency and durability of photocatalysis;
these compounds are called supramolecular photocatalysts.*

As described above, most photofunctional multinuclear
complexes consist of only one or two metal centres, mainly
because they are often synthesised via stepwise coordination of
metal complexes to a bridging ligand.” In this method, a mono-
nuclear complex with a bridging ligand with coordination ability
on one side is synthesised first; the complex is then reacted with
another metal centre to afford the dinuclear complex. This
method can be used to synthesise various photofunctional
multinuclear metal diimine complexes containing metal ions
such as Ru(n), Os(u), Re(1) and Pd(u). In principle, however, this
synthesis method can be applied only for the connection of one
metal complex or two different metal complexes with the same
diimine units in the bridging ligand due to limitations of product
selectivity. For example, if a bridging ligand with three different
diimine moieties is used to synthesise a trinuclear complex with

Scheme 1 Difficulty of the conventional method for synthesising tri-
nuclear complexes with trisdiimine bridging ligands.

Chem. Sci,, 2018, 9, 1031-1041 | 1031


http://crossmark.crossref.org/dialog/?doi=10.1039/c7sc04162d&domain=pdf&date_stamp=2018-01-19
http://orcid.org/0000-0001-9557-7854
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc04162d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC009004

Open Access Article. Published on 04 2017. Downloaded on 2025/11/1 4:21:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

different metals, various products with different ratios of the
metals are expected to form (Scheme 1).

Recently, some coupling reactions between or among metal
complexes have been applied for the synthesis of multinuclear
complexes;** metal complexes with proper functional groups as
building blocks have been directly connected with each other
using Sonogashira coupling,”?* olefin metathesis,*** homo-
coupling reactions,” Suzuki-Miyaura coupling®®3°
oki-Heck reactions.*** Using these C-C coupling reactions,
a metal complex can be linked with a different metal complex or
complexes in a single step with relatively high selectivity and
yield, which cannot be selectively accomplished using the
conventional method described above.*®* These coupling reac-
tions can potentially be applied for the synthesis of hetero-
multinuclear metal complexes containing more than two
different complexes. If different photosensitisers can be intro-
duced in one molecule, the resulting multinuclear complex can
absorb a wider range of visible light compared to reported
supramolecular photocatalysts with only one photosensitiser
unit or two identical units.

Herein, we report Os(u)-Re(1)-Ru(u) trinuclear complexes as
the first examples of supramolecular photocatalysts containing
three different metal-complex units; the complexes were syn-
thesised using two separate Mizoroki-Heck reactions. The
vinylene chains in the bridging ligands of the obtained
complexes were successfully hydrogenated, affording the cor-
responding trinuclear complexes containing ethylene chains;
these can absorb a wide range of visible light and function as
durable photocatalysts for CO, reduction, with the highest
turnover number (TON) of CO formation (TONgo = 4347)
among reported supramolecular photocatalysts containing
Re(1)-catalytic units. Chart 1 shows the structures of the syn-
thesised trinuclear complexes and the corresponding model
mononuclear and dinuclear complexes.
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Chart 1 Structures of the Ru(i)—Re())-Os(n) trinuclear complexes and
the corresponding model mononuclear and binuclear complexes.
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Results and discussion

We selected stepwise Mizoroki-Heck reactions to construct the
multinuclear complexes (Scheme 2); after the first coupling
reaction, another metal complex can be introduced into the
dinuclear complex by a second coupling reaction if an active
bromo group remains in the ligand of the dinuclear complex.
For example, to synthesise a dinuclear Ru(u)-Re(1) complex
with a bromo group (Ru=Re-Br) (eqn (1)), an acetonitrile
solution containing [Re(4,4’-dibromo-bpy)(CO),{P(p-
FCeH,)3},](PFs) (ReBr,, bpy = 2,2'-bipyridine, 52 mg, 39 pmol),
[Ru(4-dmb),(vbpy)](PFs), (Ru(C=C), 4-dmb = 4,4’-dimethyl-
bpy, vbpy = 4-methyl-4’-vinyl-bpy, 19 mg, 20 pmol), Pd(OAc),
(4.4 mg, 20 pmol), PPh; (10 mg, 39 pmol) and AcONa (8.0 mg, 97
umol) was heated at 75 °C under Ar atmosphere for 1 day. Air
was introduced by opening the three-way cock attached to the
reaction vessel to oxidise the PPh; ligands on the Pd particles
produced during the reaction.**** The solution was then heated
for one week. In the size-exclusion chromatogram measured
after heating, the targeted dinuclear complex Ru=Re-Br was
detected as a major product (Fig. 1a, retention time (RT) = 34
min); this was isolated by preparative size-exclusion chroma-
tography (SEC). The isolated yield was 33% based on Ru(C=C).

Br —|+

7
NN Br
+ {FCGH4}3P\RI Nz

(]
“ | “P{CgH4F
oc” L] {CeHaF}s

J A~
O RS

Br Ru.
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MeCN, 65°C  MeCN, 65 °c I CorlalP I N2 7

overnight 1 week ocC éOP{CGHttF}S (33%)
Ru=Re-Br
(1)

It is noteworthy that under other reported reaction condi-
tions for the Mizoroki-Heck reaction between metal complexes,

Scheme 2 Synthetic strategy for constructing hetero-multinuclear
complexes using stepwise Mizoroki—Heck reactions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Size-exclusion chromatogram measured after the reaction to
obtain Ru=Re-Br (a) using PPhz and subsequent air injection and (b) in
the absence of PPhs.

i.e. usage of Pd(OAc), alone in the absence of phosphine,* the
reaction was not successful; various multinuclear complexes
were produced as by-products via homo-coupling reactions
between or among the complexes containing bromo groups
(Fig. 1b). This result clearly indicates that, to suppress side
reactions, the addition of phosphine and air is necessary for
this type of Mizoroki-Heck reaction, where an excess amount of
the metal complex with bromo groups is required. It has been
reported that addition of both the phosphine compound and air
during the first stage of the reaction controls the sizes of
produced Pd particles in the reaction solution to be 600 to
8500 nm; these particles function as catalysts which are highly
selective for the cross-coupling reaction over homo-coupling
reactions between the metal complexes with bromo groups.*
The trinuclear complex Os=(4-Re)=Ru was successfully
synthesised by the Mizoroki-Heck reaction of Ru=Re-Br and
[Os(5-dmb),(vbpy)](PFs), (Os(C=C), 5-dmb = 5,5-dimethyl-
bpy) under different reaction conditions (eqn (2)). An acetoni-
trile solution (2 mL) containing Ru=Re-Br (14 mg, 6.3 pmol),
0Os(C=C) (26 mg, 25 pmol), Pd(OAc), (1.4 mg, 6.3 umol) and
AcONa (2.6 mg, 32 umol) was heated at 65 °C under Ar atmo-
sphere for 2 days. In this case, phosphine compounds and air

This journal is © The Royal Society of Chemistry 2018
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were not added to the solution because an excess amount of
Os(C=C) compared to Ru=Re-Br was added to the reaction
solution, which prevented the homo-coupling reaction of Ru=
Re-Br with the Br group. Pd(OAc), (1.4 mg, 6.3 umol) was
additionally charged into the solution, which was heated for two
more days. The size-exclusion chromatogram measured after
the reaction showed three major peaks, which are respectively
attributed to the target product Os=(4-Re)=Ru and the two
starting complexes (Fig. 2). Os=(4-Re)=Ru, where the Re-
complex unit was connected with Ru- and Os-complex units
with vinylene chains, was isolated by preparative SEC with an
isolated yield of 66% based on Ru=Re-Br.

_|2+ A~ - >
2 NI Nz
N 0s. ] —|5+
TN N
Os_ .
N W A
I , Pd(OAc),, AcONa Nz
Ru=Re-Br > N
MeCN, 75 °C A S
{FCgH4}sP~, e,N z
OC” | “P{CgH4F
¢d {CeHaF}3 (66%)
Os=(4-Re)=Ru
(2)

It has been reported that conjugation between the diimine
moieties in the bridging ligand lowers the photocatalytic ability
of supramolecular photocatalysts containing Re(r)-complex
units as a catalyst for CO, reduction due to a decrease in their
reducing power.****¢ Therefore, we applied the photochemical
hydrogenation reaction which was recently reported by our
group® to reduce the vinylene chains between the diimine
moieties in the bridging ligands of Os=(4-Re)=Ru. An aceto-
nitrile-pyridine-CF;COOH mixed solution (3 : 1 : 0.1 v/v/v,4 mL)
containing Os=(4-Re)=Ru (4.2 pmol) and 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH, 0.1 M) as
areductant was irradiated at A, = 510 nm (light intensity = 4 x
10~® einstein per s) for 15 h at ambient temperature (eqn (3)).
During the irradiation, blue shifts of the absorption bands were
observed in the visible region (Fig. S1t), which clearly indicates

0s(C=C)
1

Os=(4-Re)=Ru

Normalized Intensity / a.u.

32 34 36 38
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w
o

Fig. 2 Size-exclusion chromatogram measured after the reaction for
the synthesis of Os=(4-Re)=Ru.
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that the vinylene chains in the bridging ligand were converted
to ethylene chains. This absorption change was fully accom-
plished within approximately 10 h of irradiation, and further
irradiation did not cause any spectral changes. The compound
was purified by ion-exchange chromatography; the isolation
yield of Os-(4-Re)-Ru was 52%.
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Similar synthesis and isolation methods were applied to
synthesise another trinuclear complex, Os—-(5-Re)-Ru, using
[Re(5,5'-dibromo-bpy)(CO){P(p-FCcH,)s}.|(PFs) as a starting
material instead of ReBr,. The isolated yields of the corre-
sponding Ru(n)-Re(1) dinuclear complex, Os=(5-Re)=Ru and
Os—(5-Re)-Ru were 30%, 49% and 65%, respectively (Scheme 3).
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Scheme 3 Synthesis of Os—(5-Re)—Ru.
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Fig. 3 UV-Vis absorption spectra of the obtained trinuclear complex
(a) Os—(4-Re)-Ru (blue) and the corresponding mononuclear
complexes, i.e. Os(Me) (green), Re(Me) (yellow) and Ru(Me) (red). The
1:1:1 summation spectrum of Os(Me), 4-Re(Me) and Ru(Me) is
illustrated as a dotted line. The solvent was MeCN. (b) Enlarged spectra
at Azps = 380 to 780 nm.

Fig. 3 shows the UV-Vis absorption spectra of Os—(4-Re)-Ru
and the corresponding mononuclear complexes (Os(Me), 4-
Re(Me) and Ru(Me) in Chart 1). The spectrum of Os—(4-Re)-Ru
was almost identical to the 1:1:1 summation spectrum of
Os(Me), 4-Re(Me) and Ru(Me). The spectrum of Os-(5-Re)-Ru
was also very similar to the summation spectrum of Os(Me), 5-
Re(Me) and Ru(Me) (Fig. S27). These similarities indicate that
no strong electronic interactions occur between the various
metal-complex units through the ethylene chain. Notably, the
Os(u)-Re(1)-Ru(r) complexes maintained molar extinction
coefficients of over 15 000 M~ ' em ™" up to 495 nm and showed
absorptions up to 730 nm (Fig. 3 and S27). In other words, these
complexes can strongly absorb a wider range of visible light
than even the dinuclear complexes, i.e. Ru-Re and Os-Re (their
structures are shown in Chart 1).

Fig. 4a shows the emission spectra of Os—(4-Re)-Ru under
irradiation at three different excitation wavelengths, i.e. Ax =
400 nm, 450 nm and 500 nm. The ratios of the excited units
were expected to be very different at different excitation wave-
lengths because the emission spectra of the corresponding
mononuclear complexes were very different from each other
(Fig. S3t). However, the emission spectra of Os—(4-Re)-Ru at
three different excitation wavelengths were similar, especially
those at Aex = 400 nm and 450 nm. In Fig. 4b, we can compare
the emission spectrum of Os—(4-Re)-Ru excited at A., = 400 nm,

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Emission spectra of Os—(4-Re)—Ru under irradiation at Aex =

400 nm, 450 nm and 500 nm. The solvent was MeCN. (b) Enlarged
emission spectrum of Os—(4-Re)—Ru at A, = 400 nm, which is mainly
absorbed by the Re unit, with the emission spectra of 4-Re(Me) and
Ru—Re.

which is close to the absorption maximum of the Re unit, with
those of 4-Re(Me) and Ru-Re. It can be clearly seen that emission
from the Re unit of Os—(4-Re)-Ru was not observed. It has been
reported that in Ru(u)-Re(1r) binuclear complexes with an alkyl
linker, efficient intramolecular energy transfer (IEnT) occurs from
the excited Re unit to the Ru unit, and most of the emission is
produced from the excited Ru unit®* We observed this
phenomenon not only for Ru-Re but also for Os—(4-Re)-Ru (Fig. 5).

We expected to observe three different IEnT processes in Os—
(4-Re)-Ru, i.e. from the Re unit to both the Os and Ru units and
from the Ru unit to the Os unit (Fig. 4). We estimated the rate
constants of these IEnT processes by comparing the emission
lifetimes of the Ru and Re units with those of the corresponding
mono- and dinuclear complexes (Table 1). The emission decays
of Os—(4-Re)-Ru at A, = 401 nm and detection wavelength Agec
= 650 nm could be fitted by a triple-exponential function with 7
=832 ns, 51 nsand 7.0 ns (eqn (4)). In contrast, at A, = 510 nm,
which is not absorbed by the Re unit, and Agee = 725 nm, where
the Re unit emits very weakly, the spectra can be reasonably
analysed by a double-exponential function with © = 834 ns and
50 ns. These results and a comparison with the model mono-
and binuclear complexes (Table 1) enable us to conclude that

This journal is © The Royal Society of Chemistry 2018
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;kET(Ru ,0s) = 3.2x10% [s7"]

ocC éOP{CGH4F}3 E:kET(ReaRu) =9.0x107 [5-1]

Fig. 5 Intramolecular energy transfer processes in Os—(4-Re)-Ru.

the emissions with t = 832, 51 and 7.0 ns originate from the Ru,
Os and Re units, respectively.

K1) = A1 + Are™ "™ + A3e™"™ (4)

The rate constant of the IEnT process from the excited Ru
unit to the Os unit was estimated to be kgrru—os) = 3.2 X 10*s™ %,
as shown in eqn (5). This indicates that only approximately 3%
of the excited Ru unit in Os—(4-Re)-Ru was quenched by the
slow IEnT process to the Os. Similarly, the rates of IEnT from
the Re unit to the Ru and the Os units could be estimated as
ker(e—ra) = 9.0 x 107 s and kerre—os) = 1.6 x 10° s},
respectively, using eqn (6) and (7) and by comparing the emis-
sion lifetimes of the Re units in Ru-Re (tz.(Ru-Re)) and Os-Re
(tre(Os-Re)) with that of 4-Re(Me) (tg.(4-Re(Me))).

1 1
k u—0s = N
FIRe=09 = 1ru(Os — (4-Re)—Ru)  7g,(Ru — Re)
=32x10* s (5)
f B 1 _ ! =9.0x107 57!
FTRe=Ry) = 7 ((RuU—Re)  1po(4-Re(Me))
(6)
i B 1 _ ! =1.6x10° s7!
FIRe=09 = 71e(Os — Re)  tge(4-Re(Me))
(7)

Table 1 Emission lifetimes of Os—(4-Re)-Ru, Os—(5-Re)—Ru, Ru—Re,
Os—Re and 4-Re(Me) measured in MeCN

Complex Tru/11S (A/%) Tos/DS (A/%) Tre/N1S (A/%)
Os-(4-Re)-Ru* 834 (4) 50 (96)

Os-(4-Re)-Ru” 832 (9) 51 (14) 7.0 (59)
0Os—(5-Re)-Ru” 893 (1) 47 (99)

0s—(5-Re)-Ru” 862 (9) 39 (55) 17 (36)
Ru-Re? 857 (100)

Ru-Re® 864 (73) 11 (27)
Os-Re* 41 (100)

Os-Re* 41 (97) 390 (3)
4-Re(Me) 1003 (100)
¢ Jex = 510 nm, detection wavelength (Ager) = 725 nm. b ex = 401 nm,

Adet = 650 NM. © Ay = 401 NM, Agee = 550 N ¢ Aoy = 510 NM, Ager =
800 nm. ¢ Ao, = 401 nm, Ager = 700 nm.” A, = 439 nm, Ager = 587 nm.
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On the basis of these results, we can conclude that the excited
state of the Re unit in Os—(4-Re)-Ru was almost entirely
quenched by the Ru unit (=98%), while the IEnT process to the
Os unit is a minor process.

It is interesting that the IEnT processes from the excited Re
unit to the Ru unit were much faster than those from both the
excited Ru and Re units to the Os unit although the overlap
between the absorption spectrum of the Os unit and the emis-
sion spectra of the Ru and Re units is much larger than that
between the absorption spectrum of the Ru unit and the
emission spectrum of the Re unit (Fig. S4T). These results
suggest that the mechanisms of IEnT are different. Furue and
his co-workers reported that IEnT from the excited Ru unit to
the Os unit in Ru-Os dinuclear complexes proceeds via the
Forster mechanism,*” while contrastingly, IEnT from the Re
unit to the Ru unit in Ru-Re dinuclear complexes proceeds via
the Dexter mechanism.*® In Os-(4-Re)-Ru, therefore, fast
Dexter-type IEnT should proceed from the excited Re unit to the
Ru unit, while Forster-type IEnT should proceed from the
excited Ru unit to the Os unit. The speed of the IEnT from the
excited Re unit to the Os unit was greater than that from the
excited Re unit to the Ru unit and less than that from the excited
Ru unit to the Os unit. We cannot clarify the reaction mecha-
nism of the IEnT from the excited Re unit to the Os unit at this
stage.

In the case of Os—(5-Re)-Ru, similar analysis can be applied
to obtain 7 = 862 ns, 39 ns and 17 ns, which are attributable to
emissions from the Ru, Os and Re units, respectively. However,
it is interesting to note that the emission lifetime of the excited

N

1 N
{FCGH“EE’RF‘P{C H4F}
co 614" 53

E,kr(Ru)+ Korryy = 1-2%106 [s71]

Fig. 6 Intramolecular energy transfer processes in Os—(4-Re)-Ru and
Os—(5-Re)-Ru.
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Ru unit was almost the same as that of Ru-Re. This indicates
that IEnT from the Ru unit to the Os unit proceeded very slowly
or did not proceed (Fig. 6). This is likely because the distance
between the Ru unit and the Os unit is greater than that in Os-
(4-Re)-Ru.

The dinuclear complexes Ru-Re® and Os-Re,' where two
metal-complex units are connected to one another through an
ethylene chain, are known as efficient supramolecular photo-
catalysts for CO, reduction. Because the trinuclear complexes
contain both Ru tris-diimine and Os tris-diimine complexes as
potentially useful photosensitiser units and can absorb visible
light more strongly and widely, as described above, we exam-
ined the photochemical reduction of CO, using Os—(4-Re)-Ru as
a photocatalyst. An N,N-dimethylacetamide (DMA)-triethanol-
amine (TEOA) (5 : 1 v/v) mixed solution containing 0.01 mM Os-
(4-Re)-Ru and 0.2 M BIH as a reductant was irradiated at Aex >
500 nm using a halogen lamp coupled with a K,CrO, (30%, w/w,
d = 1 cm) solution filter. Highly selective formation of CO was
observed with very small amounts of H, and HCOOH (TONy,
TONgcoon < 1). The TON of CO formation (TONgo) reached
3552 + 461 after 35 h irradiation, while those using the dinu-
clear photocatalysts were lower, i.e. Os-Re (TON¢o = 854) and
Ru-Re (TON¢o = 2806), under the same reaction conditions.
The Os—(5-Re)-Ru complex showed greater durability, and its
TON(o reached 4347 + 421 (Fig. 7), which is the highest TON¢o
among reported photocatalytic reactions to the best of our
knowledge. It is noteworthy that the TONq values using Os—(5-
Re)-Ru were higher than the sum of those using Os-Re and Ru-
Re. We also investigated the photocatalytic ability of Os—(5-Re)-
Ru under red-light irradiation using a rhodamine B (0.2% w/v,
d = 1 cm) solution filter (>620 nm). In this condition, only the
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Fig. 7 Time courses of the TON of CO formation during photo-
catalytic reactions (1ex > 500 nm) using a mixture of DMA and TEOA
(5 : 1 v/v) containing 0.2 M BIH and metal complexes (sky blue: Os—(4-
Re)-Ru, blue: Os—(5-Re)-Ru, red: Ru—Re, yellow-green: Os—Re). The
concentration of each complex was 0.01 mM.
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Os unit should be excited. During the irradiation, catalytic CO
formation was observed and a TONgg of 910 was reached after
35 h irradiation (Fig. S61). This TON( is higher than that with
Os-Re under the same reaction condition (TON¢o = 421).

Fig. 8 illustrates the absorption spectra of the reaction
solutions containing Os—(4-Re)-Ru and Ru-Re after irradiation
at Aex > 500 nm for various times. In the case of Os-(4-Re)-Ru,
after a slight decrease of the MLCT absorption bands over 1 h,
the shape of the spectrum was maintained for 6 h (Fig. 8a). After
that, the absorption bands at approximately 420 to 500 nm
gradually decreased. In contrast, in the case of Ru-Re, a rapid
decrease of the MLCT absorption band of the Ru unit and an
increase of the absorbance in the longer wavelength region
(>550 nm) were observed (Fig. 8b). These absorption spectral
changes were attributed to the ligand substitution reaction on
the Ru unit,* which deactivates the photosensitising ability of
the Ru unit. The time courses of absorbance change at 460 nm
are shown in Fig. 9. The Os and Ru units have similar molar
extinction coefficients at 460 nm (Fig. 3). Because Os-Re and the
decomposition products of Os-Re during the photocatalytic
reaction using this dinuclear complex have similar absorbances
at 460 nm, i.e. only a 16% decrease even after 35 h of photo-
catalytic reaction, as shown in Fig. S5,1 the absorbance change
at 460 nm should mainly reflect the decomposition of the Ru
unit. In the case of Ru-Re, the absorbance change was almost
complete within 12 h of irradiation, while in the case of Os-(4-
Re)-Ru, the change was much slower and continued even after
20 h of irradiation. This decomposition reaction of the Ru unit
matched the time courses of photocatalytic CO formation for
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Fig. 8 Absorption spectral changes of reaction solutions of (a) Os—(4-
Re)-Ru and (b) Ru—Re after irradiation.
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Fig. 9 Time courses of the absorbance changes at 460 nm in Fig. 8a
(Os—(4-Re)—Ru, blue line) and in Fig. 8b (Ru—Re, red line).

each photocatalyst (Fig. 7). This indicates that the stability of
the Ru unit in Os—-(4-Re)-Ru during the photocatalytic reaction
was improved due to the presence of the Os unit, which is ex-
pected to improve the durability of photocatalysis using Os-(4-
Re)-Ru.
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Fig. 10 (a) Difference absorption spectrum of DMA-TEOA (5 : 1 v/v)
solution containing Os—(4-Re)—-Ru (0.01 mM) and BIH (0.1 M) after
irradiation at Aex = 480 nm for 1 min under Ar atmosphere (red line),
and the fitting spectrum with 15% Os(Me) and 85% 4-Re(Me) (black
line). (b) The difference absorption spectra between the OERS and the
non-reduced complexes of Os(Me) (green),*® Ru(Me) (red)*® and 4-
Re(Me) (orange).*°
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reaction.

Fig. 10a shows the differential absorption spectrum of
a DMA-TEOA mixed solution containing 0.01 mM Os—(4-Re)-Ru
and 0.1 M BIH recorded after 1 min irradiation (Ax = 480 nm)
under an Ar atmosphere; a broad absorption with two obvious
peaks at 525 and 730 nm was observed. This absorption spec-
trum can be fitted with the spectra of the one-electron reduced
species (OERS) of both Os(Me) (15%) and 4-Re(Me) (85%) with
correlation coefficients of 0.97.'%° Therefore, the electron
added via the reductive quenching processes of each excited
metal unit should localise mainly on both the Os unit and the
Re unit but not on the Ru unit during steady irradiation, even
though both the Os and Ru photosensitiser units absorb the
light and both excited states are quenched by BIH. In the case of
Ru-Re, in contrast, approximately 10% of the added electrons
are localised on the Ru unit during irradiation.* This is the
main reason for the increasing durability of the Ru unit in Os-
(4-Re)-Ru compared to Ru-Re because the photochemical
decomposition of Ru tris-diimine complexes mainly proceeds
via OERS under photocatalytic reaction conditions (Scheme 4).2°

The CO formation rate using Os-(4-Re)-Ru or Os—(5-Re)-Ru
over 6 h of irradiation (TOFco = 280 h™' (Os—(4-Re)-Ru),
281 h™" (Os—(5-Re)-Ru) as determined by the slope of the fitting
curve over 6 h, Fig. S71) was similar to that of Ru-Re (TOF¢o =
309 h™") and slightly lower than the sum of those of Os-Re and
Ru-Re (TOF¢o = 361 h™'), despite the fact that the Os-Re-Ru
trinuclear complexes can absorb more photons than Ru-Re and
Os-Re. In this reaction system, the concentrations of the
complexes were relatively low (absorbance of Os—(4-Re)-Ru <
0.14); thus, the number of photons absorbed by Os-Re-Ru tri-
nuclear complexes can be approximated as the sum of those
absorbed by Os(Me) and Ru(Me) (eqn (8)). Some photons
absorbed by Os-Re-Ru trinuclear complexes may be wasted by
some reaction paths, which does not occur with Ru-Re or Os-
Re.
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Fig. 11 Rate constants for the intramolecular energy transfer and
reductive quenching by BIH.

One possible reason for the lower efficiency in the case of Os-
(4-Re)-Ru may be IEnT from the Ru unit to the Os unit. Because
the quenching fraction (n4)* of Os-Re (ngos-re) = 51%)" is
lower than that of Ru-Re (7q(ru-re) = 99%),"* IENT to the Os unit
may decrease the efficiency of the reductive quenching
process of the excited Os—(4-Re)-Ru by BIH. However, because
kerRu—os) (3.2 X 10* s7') is much smaller than the rate
constant for the quenching by 0.2 M BIH, i.e. kqry)[BIH] = 1.9 x
10® s7' (Fig. 11), the excited state of the Ru unit should be
quenched by BIH almost quantitatively under photocatalytic
reaction conditions (>99%). Therefore, the IEnT process should
not be the main reason for the decrease of the photocatalytic
reaction rate for CO formation. This is also supported by the fact
that the efficiency of CO formation using Os-(5-Re)-Ru, where
IEnT from the Ru unit to the Os unit is negligible as described
above, was similar to that using Os—-(4-Re)-Ru. There are other
possible reasons for the decrease of photocatalytic speed in the
case of trinuclear photocatalysts, e.g. less localisation of the
added electron in the Re catalyst unit due to the presence of the
Os unit, slightly lower reduction power of the Re catalyst unit due
to the electron-withdrawing properties of the photosensitizer
units and steric hindrance around the Re catalyst unit.

We measured the quantum yield of CO formation (@go)
using Os—(5-Re)-Ru with irradiation at Ae; = 480 nm; P was
11%, which was lower than that using Ru-Re (®co = 32%).*
This is mainly because the Ru unit can absorb only 40% of the
absorbed photons in the case of Os—(5-Re)-Ru
(eago(Ru(Me)) : e450(0s(Me)) : e450(Re(Me)) = 98:143:2). It
should be noted that the speed of the CO formation was
comparable in both cases (Fig. S87).

Conclusions

Two Os(u)-Re(1)-Ru(n) trinuclear complexes were synthesised
using two separate Mizoroki-Heck reactions with different
reaction conditions and subsequent photochemical hydroge-
nation of the bridging ligands. Both Os—(4-Re)-Ru and Os—(5-
Re)-Ru selectively photocatalysed CO, reduction to CO, where
the Ru and Os units functioned as redox photosensitisers and
the Re unit functioned as the catalyst. Increasing the number of
photosensitiser units resulted in increased durability of the
photocatalyst by 27% and 55%, respectively (TONgo(Os—(4-Re)-
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Ru) = 3552, TONgo(Os—(5-Re)-Ru) = 4347, TON¢o(Ru-Re) =
2806 and TONo(Os-Re) = 854); meanwhile, the speeds of the
photocatalytic reaction were slightly lowered by 9%, compared
to that of Ru-Re (TOFo(Os—(4-Re)-Ru) = 280 h™', TOF¢o(Os-
(5-Re)-Ru) = 281 h™ ! and TOFo(Ru-Re) = 309 h™"). Excitation
of the Re units of the trinuclear complexes resulted in efficient
IEnT, mainly to the Ru units. Although IEnT from the excited Ru
unit to the Os unit was observed in the case of Os—(4-Re)-Ru,
this did not contribute to the photocatalytic reaction because
the process was much slower than reductive quenching of the
excited Ru unit by the reductant BIH. This energy transfer was
suppressed in Os—(5-Re)-Ru.

Experimental
General procedures

'H NMR and *'P NMR spectra were measured in acetone-d
using a JEOL ECA400-II system at 400 MHz and 162 MHz,
respectively. IR spectra were measured using a JASCO FT/IR-610
spectrometer at 1 cm~ * resolution in dichloromethane solution.
Electrospray ionisation-mass spectroscopy (ESI-MS) was per-
formed using a Shimadzu LC-MS-2010A system with acetonitrile
as the mobile phase. Electrospray ionisation time-of-flight mass
spectroscopy (ESI-TOFMS) was performed using a Waters LCT
Premier mass spectrometer with acetonitrile as the mobile
phase. For SEC analysis, we used a pair of Shodex PROTEIN KW-
402] columns (300 mm x 8.0 mm i.d.) with a KW-LG guard
column (50 mm x 6.0 mm i.d.), a JASCO 880-51 degasser, an
880-PU pump, an MD-2010 Plus UV-Vis photodiode-array
detector and a Rheodyne 7125 injector. The column tempera-
ture was maintained at 40 °C using a JASCO 860-CO oven. The
eluentwas a1 : 1 (v/v) mixture of methanol and acetonitrile with
0.5 M CH;COONH,, and the flow rate was 0.2 mL min .
Separation of the multinuclear complexes was achieved by SEC
using a pair of Shodex PROTEIN KW-2002.5 columns (300 mm
x 20.0 mm i.d.) with a KW-LG guard column (50 mm X 8.0 mm
i.d.) and a recycling preparative HPLC apparatus with a JASCO
870-UV detector. The eluent was a 1: 1 (v/v) mixture of meth-
anol and acetonitrile with 0.15 M CH3;COONH,, and the flow
rate was 6.0 mL min '. UV-Vis absorption spectra were
measured with a JASCO V-670 instrument. Each compound was
dissolved in MeCN and degassed using the freeze-pump-thaw
method prior to emission measurements. Emission spectra
were recorded at 25 °C using either a JASCO FP-8600 spectro-
fluorometer or a Hamamatsu C9920-02 system. The absolute
emission quantum yields were evaluated using the Hamamatsu
C9920-02 system equipped with an integrating sphere and
a multichannel photodetector (PMA-12). Emission lifetimes
were obtained using a HORIBA TemPro fluorescence lifetime
system with an emission monochromator. The excitation light
source was a NanoLED-560 pulse lamp and the instrumental
response time was less than 0.1 ns. All emission decays were
fitted by single, double or triple exponential functions within
appropriate x> (0.9-1.2). The irradiation light for the photo-
chemical hydrogenation reactions was 510 nm light derived
from a Xe lamp in a Max 303 system equipped with band-pass
filters (FWHM = 10 nm) purchased from Asahi Spectra Co.
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UV-Vis absorption spectral changes during the photochemical
hydrogenation reactions and absorbed photon numbers were
recorded using a Shimadzu QYM-01 system.

Photocatalytic reactions

The photocatalytic reactions were performed in an 11 mL test
tube (i.d. = 8 mm) containing a 2 mL DMA-TEOA (5:1 v/v)
solution of Os—(4-Re)-Ru, Os-(5-Re)-Ru, Ru-Re or Os-Re
(0.01 mM) and BIH (0.2 M) after purging with CO, for more than
20 min. The solution was irradiated using a merry-go-round
irradiation apparatus at 4 > 500 nm and >620 nm with
a halogen lamp combined with a Pyrex water jacket and
a K,CrO, (30%, w/w, d = 1 cm) and a rhodamine B (0.2% w/w,
d = 1 cm) solution filter, respectively. During irradiation, the
tube was cooled with a thermostatic bath (25 °C). The gaseous
reaction products (CO and H,) were analysed using a GC-TCD
instrument (GL Science GC323). HCOOH was analysed using
a capillary electrophoresis system (Otsuka Electronics Co.,
CAPI-3300I).

Measurement of the absorption spectrum of the OERS of Os-
(4-Re)-Ru

4 mL DMA-TEOA (5 : 1 v/v) solution containing Os-(4-Re)-Ru
(0.01 mM) and BIH (0.1 M) in an 11 mL quartz cell (light-pass
length: 1 ¢cm) was purged with Ar for over 20 min. The solu-
tion was irradiated with 480 nm light derived from a Xe lamp in
a Max 303 system equipped with a band-pass filter (FWHM =
10 nm) purchased from Asahi Spectra Co. UV-Vis absorption
spectral changes during irradiation were recorded using a Shi-
madzu QYM-01 system.

Measurement of quantum yields of photocatalytic CO
formation

A DMA-TEOA (5:1 v/v) solution (3 mL) containing metal
complexes (0.01 mM) and BIH (0.1 M) in a quartz cell (light-pass
length: 1 cm, volume: 11 mL, light intensity: 3 x 102 einstein
per s) was purged with CO, for 20 min. The solution was irra-
diated at A.x = 480 nm derived from a 300 W Xe lamp in a Max
303 system equipped with a band-pass filter (FWHM = 10 nm,
Asahi Spectra Co.). UV-Vis absorption spectral changes during
irradiation were recorded using a Shimadzu QYM-01 system.
During irradiation, the cell was cooled at 25 °C with a thermo-
static bath. The gaseous reaction products (CO and H,) were
analysed using a GC-TCD instrument (GL Science GC323).

Materials

All reagents were of reagent grade and were used without
further purification. ReBr,,** 4-Re(Me),*> Ru(Me),** Os(Me),"°
Ru-Re," Os-Re,'” Ru(C=C)*" and BIH” were prepared according
to reported methods. Os(C=C), 5-Re(Me) and [Re(5,5'-dibromo-
bpy)(CO){P(p-CsH,F)s},](PFs) were synthesised using vbpy, 5-
dmb and 5,5-dibromo-bpy instead of the corresponding dii-
mine ligands according to the methods for Os(Me), 4-Re(Me)
and ReBr,, respectively, with some modifications.

Chem. Sci,, 2018, 9, 1031-1041 | 1039
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Synthesis

Ru=Re-Br. ReBr, (52 mg, 39 umol), Ru(C=C) (19 mg,
20 umol), Pd(OAc), (4.4 mg, 20 umol), PPh; (10 mg, 39 pmol)
and AcONa (8.0 mg, 97 pmol) were dissolved in acetonitrile
(4 mL, degassed by N,). The solution was heated to approxi-
mately 75 °C under Ar for 1 d (in dim light). The atmosphere was
changed to air by opening the three-way cock attached to the
reaction vessel, and the solution was heated for one week. The
solvent was removed in vacuo, and a red solid was obtained. The
solid was purified by SEC. The solvent of the obtained red
solution was evaporated under reduced pressure. The residue
was dissolved in CH,Cl, and washed twice with water contain-
ing NH,PF,. After evaporation of the solvent, a red solid was
obtained. This compound was used in the next reaction without
further purification. Yield: 14 mg (33%). ESI-MS (in acetonitrile)
mfz: 591 (M — 3PF¢ *).

Os—(4-Re)-Ru. Ru=Re-Br (14 mg, 6.3 pmol), Os(C=C)
(26 mg, 25 pmol), Pd(OAc), (1.4 mg, 6.3 pmol) and AcONa
(2.6 mg, 32 umol) were dissolved in acetonitrile (2 mL, degassed
with N,). The solution was heated to approximately 65 °C under
Ar for 2 d (in dim light). Pd(OAc), (1.4 mg, 6.3 umol) was added
to the solution as a second charge. After heating for another 2 d,
the solvent was removed under reduced pressure, and a brown
solid was collected. This solid was purified by SEC after filtra-
tion through a membrane filter (Millex LG 0.20 pm). The solvent
of the obtained dark red solution was evaporated. The residue
was dissolved in CH,Cl, and washed twice with water contain-
ing NH,PF,. After evaporation of the solvent, a dark red solid
(Os=(4-Re)=Ru) was collected and washed with water and
Et,0. Os=(4-Re)=Ru (13 mg, 4.2 umol) and BIH (90 mg,
400 pmol) were dissolved in an acetonitrile-pyridine-CF;COOH
mixed solution (4 mL, 3 : 1 : 0.1 v/v/v). After bubbling with Ar for
30 min, the solution was irradiated with a Xe lamp equipped
with a band-pass filter (510 £ 10 nm) for 15 h. The crude
product was purified by ion-exchange chromatography (CM
Sephadex C-25, eluent: acetonitrile-water (1 : 1 v/v) containing
NH,PF; (0 to 16 mM)). Some acetonitrile was evaporated under
reduced pressure. The green precipitate was collected by filtra-
tion and washed with water and ether. The precipitate was
dissolved in CH,Cl, and washed with water. The solvent was
removed under reduced pressure to obtain a green solid which
was dried in vacuum at 60 °C. Yield: 6.9 mg (34%). "H NMR (400
MHz, acetone-de): 6/ppm, 8.77 (s, 1H), 8.72 (s, 1H), 8.63 (s, 5H),
8.57 (s, 3H), 8.55 (s, 2H), 8.38 (s, 2H), 7.99 (d, J = 6.0 Hz, 1H),
7.98 (d, J = 7.6 Hz, 1H), 7.92 (d, ] = 6.0 Hz, 1H), 7.82-7.67 (m,
15H), 7.52 (dd, J = 2.0, 8.4 Hz, 1H), 7.43 (dd, ] = 2.0, 7.6 Hz, 1H),
7.36-7.27 (m, 18H), 7.10-7.06 (m, 14H), 3.19-3.10 (m, 8H,
-CH,-CH,-), 2.60-2.52 (m, 18H), 2.18 (s, 12H). *'P NMR
(400 MHz, acetone-de): 6/ppm, 20.8 (s, 2P, 2P(CcH,F)3), —143.6
(sep, Jo_r = 707 Hz, 5P, 5PF¢ ). FT-IR (in CH,Cl,) vco/em ™
1939, 1869. ESI-MS (in acetonitrile) m/z: 490 (M — 5PFs ™),
649 ([M — 4PF, |*"), 914 ((M — 3PF |**). HRMS (ESI-TOF) m/z:
[M — 5PF¢ |°" caled for Cy5,H;04FN140,0sP,ReRu 490.3214;
found 490.3212. Retention time for HPLC (SEC) was 32 min with
methanol-acetonitrile (1 : 1 v/v) containing 0.5 M CH;COONH,
as an eluent.
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Os—(5-Re)-Ru was synthesised from [Re(5,5'-dibromo-
bpy)(CO){P(p-CeH4F)3},](PFs), Ru(C=C) and Os(C=C) by
a similar method to that for Os-(4-Re)-Ru. Yield: 10% (over 3
steps). "H NMR (400 MHz, acetone-dg): 6/ppm, 8.73 (s, 1H), 8.70
(s, 1H), 8.66 (m, 4H), 8.61 (s, 1H), 8.59 (m, 3H), 8.58 (s, 1H), 8.56
(s, 1H), 8.38 (m, 2H), 8.02-8.00 (m, 4H), 7.93 (d, J = 5.2 Hz, 1H),
7.85-7.64 (m, 15H), 7.44-7.31 (m, 20H), 7.16-7.12 (m, 12H),
2.98-2.89 (m, 8H, -CH,-CH,-), 2.67 (s, 3H), 2.56 (s, 15H), 2.23-
2.20 (m, 12H). *'P NMR (400 MHz, acetone-de): é/ppm, 21.4 (s,
2P, 2P(C¢H,F);), —143.6 (sep, Jp_r = 707 Hz, 5P, 5PF, ). FT-IR (in
CH,Cl,) vco/em ™ ': 1945, 1874. ESI-MS (in acetonitrile) m/z: 490
(IM — 5PF¢ TP), 649 (M — 4PF¢ |*"), 914 (M — 3PFs |**). HRMS
(ESI-TOF) m/z: [M — 5PFg |°* caled for Cpy5H;04FgN140,08P,-
ReRu 490.3214; found 490.3212 (Fig. S971). Retention time for
HPLC (SEC) was 32 min with methanol-acetonitrile (1: 1 v/v)
containing 0.5 M CH3;COONH, as an eluent.
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