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ABSTRACT: Z-schematic photocatalytic reactions are of consid-
erable interest because of their potential for application to reductive
molecular conversions to value-added chemicals using water as an
electron source. However, most demonstrations of Z-scheme
photocatalysis have been limited to overall water splitting. In
particular, it has been basically impossible to couple the reduction
of “water-insoluble compounds” with water oxidation by conven-
tional Z-scheme systems in aqueous solution. In this work, an
unconventional Z-scheme electron transportation system with a
“phase-migrating” redox mediator is constructed that enables
photocatalytic conversion of water-insoluble compounds by using
water as an electron/proton source. In a dichloroethane (DCE)/
water biphasic solution, a molecular Ir(III) complex acts as a photoredox catalyst for the reductive coupling of benzyl bromide by
using ferrocene (Fc) as an electron donor in the DCE phase. On the other side, an aqueous dispersion of a Bi,TaO4Cl
semiconductor loaded with a (Fe,Ru)O,, cocatalyst photocatalyzed water oxidation using ferrocenium (Fc*) as an electron acceptor.
Because the partition coefficients of Fc*/Fc are significantly different, the Fc" and Fc generated by photoinduced electron transfer in
each reaction could be selectively extracted to the opposite liquid phase. Spontaneous phase migration enables direction-selective
electron transport across the organic/water interface that connects the reduction and oxidation reactions in the separated reaction
phase. Eventually, photocatalytic reductive conversion of “water-insoluble” organic compounds using “water as the electron/proton
source” was demonstrated through the step-by-step Z-scheme photocatalysis with the phase-migrating Fc'/Fc electron
transportation.
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Bl INTRODUCTION

Photocatalytic molecular conversion by harnessing solar energy

mediator transports electrons to the second photocatalyst for
the reductive reaction. In principle, the Z-scheme concept has
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to generate chemical resources is of great interest, as can be
seen in extensive studies on H, production,' " CO,
reduction,””” and organic molecular transformations.'’”"*
However, many reported photocatalytic reductive molecular
conversion reactions require sacrificial electron donors.
Replacing the sacrificial electron donor to use water as an
electron source to drive such photocatalytic molecular
conversion reactions is highly desirable from the viewpoint
of solar energy conversion (i.e., positive Gibbs free energy
changes in the total reaction)”” and atom economy.'”

The Z-scheme photocatalytic system, inspired by natural
photosynthesis, has been developed as an effective strategy to
connect reductive molecular conversion (e.g, H, production’
and CO, reduction”’) and water oxidation (Figure 1a). In this
system, two different photocatalysts are employed for the
reduction and water oxidation reactions, respectively, and an
electron mediator plays an important role in transporting
electrons from the oxidation photocatalyst to the reduction
photocatalyst. Specifically, an O,-evolving photocatalyst
oxidizes water via photogenerated holes while supplying
photoexcited electrons to the electron mediator. The electron
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great potential for application in various valuable molecular
conversion reactions using water as the electron source.
However, despite this potential, Z-scheme photocatalysis with
electron mediators has been limited to overall water
splitting”>* and a few examples of direct CO, reduction.'®
For instance, it would be attractive if reductive photoredox
catalysis for organic molecular transformations could be
achieved using water as an electron/proton source.

However, there are several challenges in achieving Z-scheme
photoredox catalysis coupled with water oxidation: solubility
and undesirable oxidation of the reaction substrate by the
water oxidation photocatalyst (Figure 1b). Most photoredox
catalysis has been carried out in organic solution'”" """ because
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Figure 1. (a) General mechanism and drawbacks of Z-scheme
photocatalysis. (b) Problem with photocatalytic reduction of organics
using water as an electron source. (c) Z-scheme phase-migrating
electron transport between two immiscible solutions developed in this
work; this system enables the reductive conversion of water-insoluble
organic compounds using water as the electron source.

of the limited solubility of organic compounds in water. In
addition, oxidative decomposition and the conversion of
organic compounds by semiconductor photocatalysts have
been widely demonstrated,"®™*" indicating that undesirable
oxidation of the reaction substrate by the water-oxidation
photocatalyst must be suppressed in photoredox applications.
Furthermore, backward charge transfer between the electron
mediator and the photocatalyst is a common drawback in Z-
scheme photocatalysis, irrespective of the type of reaction.”!
Hence, it is difficult to replace the sacrificial electron donor
with water in photoredox catalysis by using conventional
methods.

To overcome these drawbacks, this article describes a
strategy to separate the reaction flelds for photocatalytic
reduction/oxidation using two immiscible water/organic
solutions (Figure 1c). The use of biphasic solutions should

enable the reduction/oxidation reaction fields to be separated
and allow the reduction of “water-insoluble” organic
compounds and water oxidation to proceed independently in
the organic and aqueous phases, respectively. To connect the
reduction/oxidation reactions that are separated in the
biphasic system, a redox mediator that can transport electrons
in a directionally selective migration between the two liquid
phases upon photoinduced electron transfer is introduced.
Liquid—liquid phase migration due to drastic changes in the
partition coeflicient by electron transfer is a key property of the
phase-migrating electron mediator, of which the studies have
been demonstrated by electrochemical techniques.””** Regard-
ing the application of photochemical molecular conversion,
only a few examples of phase migration triggered by
photoinduced electron transfer have been reported for
quinones,24 alkyl viologens,25 and ferrocene.”® However, all
except one example are still sacrificial reactions without
recovering the electron donor. Fukuzumi and co-workers
reported the only example of nonsacrificial Z-scheme photo-
catalys1s for water splitting in a biphasic toluene—H,O
solution.”* An enhancement of water splitting activity was
reported for a SrTiO; photocatalyst utilizing a phase
boundary.”” However, the application is still limited to water
splitting; Z-scheme photocatalysis coupling reductive organic
molecular conversion and water oxidation has never been
established.

In this study, we constructed a Z-schematic photocatalytic
system to connect photoredox catalysis and water oxidation
with the biphasic solution and the phase-migrating ferroce-
nium/ferrocene (Fc*/Fc) electron mediator. As an important
key to achieving this challenging reaction, we first developed a
photocatalytic system for water oxidation using Fc* as the
electron acceptor to recycle Fc, which can be used as a
reductant for photoredox catalysis in the organic phase. In the
water oxidation reaction with Fc" as the electron acceptor, we
employed and specially improved a particulate semiconductor
Bi,TaO4Cl that has been developed as a heterogeneous
photocatalyst for water splitting, the research field of which
is completely different from photoredox catalysis in homoge-
neous solutions of molecular photocatalysts. Subsequently, the
generated Fc was utilized as a recyclable electron donor for
photocatalytic organic molecular conversion with the regener-
ation of Fc* in the aqueous phase by using a molecular Ir(III)
complex [Ir(C6),(dmb)](PF¢) as a photoredox catalyst. The
direction-regulated electron transport by the Fc*/Fc phase-
migratable redox mediator connected these two distinct
photocatalytic reactions, achieving photocatalytic reductive
conversions of water-insoluble organics using water as the
electron source (Figure lc).

B RESULTS AND DISCUSSION

Photocatalytic Water Oxidation Using Ferrocenium
as an Electron Acceptor. To the best of our knowledge, Fc*
has not been used as an electron acceptor in photocatalytic
water oxidation. Because the electron mediator must be stable
under the operating conditions, we investigated the stability of
Fc* against O, and photoirradiation in aqueous solutions prior
to the photocatalysis study (Figure S1). Under an Ar
atmosphere, Fc* was stable in water without any additives
(Figure Sla; pH 4.1). However, the characteristic absorption
peak of Fc" at 620 nm decreased gradually in the presence of
air (Figure S1b). Degradation was accelerated in a basic
solution (Figure S1c; pH 11.6, adjusted with NaOH), whereas
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the absorption band of Fc* remained almost unchanged upon
the addition of HCI, which decreased the pH to 2.5, even in air
(Figure S1d). Similar stabilization was observed upon the
addition of HNO; or H,SO, at pH 2.5 (Figure Slef). In
contrast, the addition of NaCl (pH 4.1) was not effective for
stabilization (Figure Slg); therefore, the solution pH, rather
than the presence of the CI™ anion, is important for the
stabilization of Fc' in the presence of air. Importantly, the
UV—vis absorption of Fc* was almost unchanged in HCI
solution (pH 2.5), even under visible-light (A = 430 nm)
irradiation (Figure S1h). Therefore, we can conclude that
acidic conditions (pH 2.5) are suitable for the stable operation
of Fc" as an electron acceptor for photocatalytic water
oxidation to generate O,. The subsequent photocatalytic
reactions were carried out using aqueous Fc* solutions
adjusted to pH 2.5 with HCL

A bismuth-based layered oxyhalide, Bi,TaOgCl,** was
employed as the water oxidation photocatalyst. Single-phase
Bi,TaO4Cl was synthesized from Bi,O; Ta,Os, and BiOCI
using a flux method”® in NaCl/CsCl molten salt at 1023 K
(Figure S2). Plate-like particles of Bi,TaO5Cl with dimensions
of approximately 1 ym were observed in the scanning electron
microscopy (SEM) image (Figure S3). An (Fe,Ru)O, species’’
as a cocatalyst was loaded onto the surface of Bi,TaOgzCl
(Figures S4 and SS). Bi,TaOgCl exhibits visible-light
absorption up to approximately 480 nm (Figure 2a) with a
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Figure 2. (a) UV—visible diffuse reflectance spectrum and (b) energy
diagrams of Bi, TaOgCl for photochemically oxidizing water using Fc*
as an electron acceptor.

suitable conduction band potential (—0.47 V vs Ag/AgCl at
pH 2.5) for reducing Fc* (0.23 V) and a valence band potential
(2.03 V) for oxidizing water (0.87 V) (Figure 2b; see also
Supporting Information for details, Figures S6—S8 and Table
S1).

Photocatalytic water oxidation was carried out by irradiating
an aqueous suspension of (Fe,Ru)O,-loaded Bi,TaO4Cl with
visible light (4 = 430 nm) in the presence of Fc*Cl™ (1 mM,
pH 2.5) under an Ar atmosphere. As shown in Figure 3a, the
O, gas is rapidly generated using (Fe,Ru)O,-loaded
Bi, TaO4Cl, and its generation is saturated at 1.25 ymol within
30 min. The saturation amount corresponds to one-fourth of
the consumption of the input Fc* electron acceptor (S pmol),
as seen from the UV—vis absorption changes in the reaction
solution before and after photocatalysis (Figure S9b).
Simultaneously, a corresponding amount of Fc was observed
in the dichloroethane extract of the aqueous reaction solution
(Figure S9¢). In the absence of Fc* or photoirradiation, no O,
evolved over (Fe,Ru)O,-loaded Bi,TaO4Cl (Figures S10 and
S11). Therefore, the overall reaction can be described as a

photocatalytic water oxidation using Fc* as an electron
acceptor, as shown in Figure 3c and eq 1.

H.O + 2F + (Fe,Ru)0, /Bi, TaO4Cl/hv (= 430 nm)
3 C

1
Eo2 + 2Fc + 2H"
(1)

Although single RuO, or FeO, modifications to bismuth-
based oxyhalide semiconductors are also known to accelerate
water oxidation by using the Fe(III) ion or IO;~ as an electron
acceptor,”** unloaded or RuO,- or FeO,-loaded Bi,TaO4Cl
did not generate O, when Fc' was used as the electron
acceptor (Figures 3b and S12—S14). In these cases, strangely,
Fc* was almost completely consumed, and Fc was generated to
some extent, indicating that Fc* reduction occurred even
without counterpart water oxidation. Notably, the amount of
Fc generated was significantly lower than the amount of Fc*
consumed (S ymol) using unloaded or RuO,- or FeO,-loaded
Bi,TaO4Cl, in contrast to the case of (Fe,Ru)O,-loaded
Bi, TaO4Cl (Figure 3b).

(Photo)electrochemical measurements of the Bi,TaOzCl-
based electrodes provided mechanistic insights into the role of
the cocatalyst in photocatalytic water oxidation with an Fc*
electron acceptor (Figure 4). The n-type Bi,TaO4Cl electrode
showed cathodic responses without photoirradiation in the
presence of Fc* (Figure 4a—c) and photoanodic responses in
either the absence or presence of Fc* (Figure 4d—f). The
cathodic responses show that cocatalyst loading positively
shifts the catalytic onset potentials for the reduction of Fc*
with respect to that of the pristine Bi,TaOgCl electrode
(Figure 4c), indicating that they facilitate the reduction of Fc*
(Figure 4a). In particular, (Fe,Ru)O, loading resulted in the
greatest shift in the catalytic onset and thus accelerated the
reduction of Fc' most effectively. On the other hand, the
Bi,TaOg4Cl-based electrodes exhibited photoanodic responses
under irradiation of intermittent visible light (4 = 430 nm).
The magnitude of the photoanodic responses to water
oxidation in the absence of Fc* followed the order (Fe,Ru)O,
~ RuO, > FeO, > unloaded Bi,TaO4Cl (Figure 4e). As
previously reported, the enhanced currents by (Fe,Ru)O, and
RuO,, modification were derived from the effective capture of
photogenerated holes and accelerated water oxidation
catalysis.’® Such bifunctional roles of the RuO,-based
cocatalyst on facilitating water oxidation and reduction of
redox mediators (e.g., Fe’* and I0;”) have also been reported
previously.”> ™

More importantly, the addition of Fc" resulted in contrasting
photoanodic responses (Figure 4f). For the unloaded and
FeO,- and RuO,-loaded Bi, TaO4Cl electrodes, the presence of
Fc* significantly increased the anodic photocurrent due to the
oxidation of Fc*. The competition for excessive oxidation
(decomposition) of Fc* causes the deactivation of photo-
catalytic water oxidation in the cases of unloaded and FeO,- or
RuO,-loaded Bi,TaO4Cl (Figure S1S5), leading to the
generation of Fc without forming O, (Figure 3b). In contrast,
the undesirable oxidation of Fc* was significantly suppressed
by the loading of the (Fe,Ru)O, cocatalyst (Figure 4f), leading
to the selective oxidation of water with the stoichiometric
formation of Fc (Figure 3b).

One can notice that the peak position of Ru-3d XPS, which
reflects the valence state of the Ru component, was slightly
different between loaded RuO, and (Fe,Ru)O, species (Figure
S4). Extended X-ray absorption fine structure (EXAFS)
provided further insights into the structural differences of
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Figure 3. (a) Time course of O, and Fc formation along with Fc* conversion using (Fe,Ru)O,-loaded Bi,TaO4Cl photocatalysts in an aqueous
solution (S mL) containing 1.0 mM Fc* (pH 2.5 adjusted with HCI) as an electron acceptor under visible-light irradiation (4 = 430 nm). (b)
Comparison of the photocatalytic activities for O, and Fc formation along with the conversion of Fc* using (Fe,Ru)O,-, RuO,-, and FeO,-loaded or
unloaded Bi, TaO4Cl photocatalysts after irradiation with visible light (4 = 430 nm) for 60 min. (c) Schematic illustration of photocatalytic water
oxidation on the (Fe,Ru)O,-loaded Bi,TaO4Cl photocatalyst using Fc* as the electron acceptor.
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an Ar atmosphere.
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RuO, and (Fe,Ru)O, species (Figure S16). RuO,-loaded
Bi,;TaO4Cl had a feature almost identical to that of reference
RuO, in the Fourier-transformed Ru K edge EXAFS spectrum
(Figure S16a). In contrast, a peak corresponding to the second
coordination sphere (~3 A) in Ru K edge EXAFS disappeared
in the (Fe,Ru)O,-loaded sample. In addition, the peak features
of the first coordination sphere (1 to 2 A) in Fe K edge EXAFS
spectra were slightly but obviously different compared to those
of FeO, and (Fe,Ru)O, species (Figure S16b). These results
suggest the interaction between the Ru and Fe species on the
surface of Bi,TaO4Cl The above-described photoelectrochem-
istry implies a possible role of the Fe species in (Fe,Ru)O, as a
blocker suppressing access to Fc' or a trapper of water
molecules in a neighborhood of the RuO,, active site, although
further investigation is needed to unveil the accurate roles of
(Fe,Ru)O, species.

Z-Schematic Photocatalysis of Organics Conversion
Using Water as an Electron Source via Phase-Migrating
Ferrocenium/Ferrocene Electron Transportation. The
successful photocatalytic water oxidation using Fc* as the
electron acceptor described above enabled the generation of Fc
by using water as an electron source. If Fc can be utilized as the
electron donor, then the photoredox catalysis that has required
a sacrificial reductant can be converted to a nonsacrificial
system using water as an electron source. We chose the
reductive coupling of water-insoluble benzyl bromide (Bn-Br),
which is a representative model ghotoredox reaction that has
required sacrificial reagents,®*™>® as the initial trial for the
photoredox reaction to couple with water oxidation by the
Fc*/Fc redox mediator. As the photoredox -catalyst, we
employed a molecular iridium complex [Ir(C6),(dmb)](PFy)
(C6 = coumarin 6, dmb = 4,4'-dimethyl-2,2’-bipyridine). As
shown in Figure Sa, [Ir(C6),(dmb)](PF,) shows strong visible
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Figure 5. (a) UV-—visible absorption spectrum in dichloroethane
solution and (b) energy diagram of [Ir(C6),(dmb)](PFs) for
photochemically reducing benzyl bromide using Fc as an electron
donor.

light absorption at 4., = 482 nm (& = 119,000 M~ cm™"),
which is ascribed to the singlet ligand-centered ('LC) electron
transition of a minor contribution of charge transfer transition
to the dmb ligand.”” The excited state of [Ir(C6),(dmb)]-
(PFs) has enough potential (E* 4 = 0.55 V vs Ag/AgNO;) to
accept an electron from Fc (E,, = 0.20 V) whereas the reduced
[Ir(C6),(dmb)](PFs) (E,q = —1.53 V) can supply an electron
to Bn-Br (—1.50 V) (Figure Sb, see also the Supporting
Information, Figures S17—S19 and Table S2, for the details of
determining redox potentials in both ground and excited
states). The photoinduced electron transfer from Fc to the
excited Ir(IlI) complex, which was evaluated by emission

quenching measurements to give a quenching rate constant of
6.7 x 10° M™* s7! (Figures S20 and S21), can initiate
photoredox catalysis.

In the first step, reductive coupling of benzyl bromide was
carried out by visible-light irradiation (4 = 470 nm) of a H,0/
DCE biphasic solution containing [Ir(C6),(dmb)](PF,) (0.05
mM) as a photoredox catalyst, Bn-Br (50 mM), and Fc (10
mM). All of the substrates were selectively distributed in the
DCE phase before the reaction (Figure $S22). Visible-light
irradiation resulted in the formation of dibenzyl (Bn,) and Fc*
in the DCE and aqueous phases, respectively (Figures 6a and
$23). The molar ratio of generated Bn, (5.0 pmol) and Fc*
(9.9 umol) was approximately 1:2, which satisfies the redox
reaction shown in eq 2.

[1r(C6), (dmb)](PE,) /hv (= 470 1 _
+(C6), (dmb)1(PFy) /hu (= 470 nm) EBn2+FC++Br

()

In the absence of photoirradiation, [Ir(C6),(dmb)](PFy),
Fc, or the aqueous phase, no product was formed (Figures 6b
and S$24—527). Notably, the aqueous phase plays an important
role in accepting the generated Fc', which spontaneously
migrates to the aqueous phase because of the drastic change to
its partition coefficient from Fc (Figure S22ce) upon
photoinduced electron transfer (Figure 6¢). The Fc* escaping
from the DCE to the aqueous phase enables interphase
separation of the charge-separated pair (i.e.,, [Ir(C6),(dmb)]
(org.) and Fc' (aq.)), which suppresses backward charge
recombination ([Ir(C6),(dmb)] + Fc* — [Ir(C6),(dmb)]* +
Fc), facilitating the photoredox catalysis in the biphasic
solution (Figure 7). Furthermore, the Fc' formation rate
increased 3.6 times by adding NBu,Cl (10 mM) to the
biphasic solution (Figgures 6b and S28). As previously reported
for various anions,”®"’ the generated Fc' in the DCE phase
migrates to the aqueous phase accompanied by an anion (A7)
according to the driving force AG(Fc*A7)pcp_p,0 as ex-

Bn—Br + Fc

pressed by eq 3.

AG(FC-FA_)DCEAHZO = AG(FC-‘—)DCEAHZO + AG(A )pce-mo
3)
The AG(Ec")pcp_p,0 was reported to be —2.0 kJ mol™,*' and
the presence of CI” (AG(Cl™)pcp_p,o = —46.4 kJ mol™)* in

the DCE phase greatly increases the driving force of the phase
migration of the Fc'A™ ion pair. Therefore, the partition
equilibrium of Fc* shifts to the aqueous phase, resulting in
more effective interphase charge separation and efficient Bn,
formation.

The photocatalytic reductive coupling of benzyl bromide
resulted in the partitioning of the Fc" in the aqueous phase
(Step (I) in Figure 8a) where it was subsequently utilized as
the electron acceptor for water oxidation (Step (II) in Figure
8a). (Fe,Ru)O,-loaded Bi,TaO4Cl was added to the separated
aqueous Fc' solution and exposed to visible light (4 = 430
nm). Visible-light irradiation led to the complete consumption
of Fc* with the formation of O, and Fc (Figure S29) at an Fc/
O, stoichiometric ratio of 4:1 (eq 1). Notably, extraction of the
resulting aqueous solution with DCE completely recovered the
Fc (10 pmol) used at the starting point of step (I). Eventually,
steps (I) and (II) generated Bn, and O, in a molar ratio of 2:1
(Figure 8b), which satisfied the stoichiometric ratio of the
reductive coupling of Bn-Br harnessing water oxidation (Figure
8a, lower). To the best of our knowledge, this is the first
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Figure 6. (a) Time course of dibenzyl and Fc* formation along with Fc conversion from a biphasic DCE/HCI agq. solution (2:1, v/v; 3.0 mL; pH of
the aqueous phase was adjusted to 2.5) containing [Ir(C6),(dmb)](PF) (0.0S mM), Fc (10 mM), benzyl bromide (50 mM), and NBu,Cl (10
mM) under visible-light irradiation (1 = 470 nm). (b) Comparison of the photocatalytic activities for Bn, and Fc* formation as well as Fc
conversion depending on the reaction condition. (c) Schematic illustration of the reductive C—C coupling of benzyl bromide catalyzed by the
[Ir(C6),(dmb)](PF,) photocatalyst using Fc as a phase-migrating electron donor.
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example of Z-scheme photocatalysis that can reduce a “water- conversion to chemical energy with a positive change in the
Gibbs free energy (AG = 152.6 kJ mol™"). The light energy

conversion efficiency was estimated to be 0.012%.

insoluble” substrate by using water as an electron source.

Importantly, the overall reaction is uphill-type light energy
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scheme photocatalytic reactions.

The Z-scheme cycle for the reductive C—C coupling of
benzyl bromide could be repeated by using recovered Fc. The
turnover numbers of Bn, formation were 2.7, 271, and 4.2
based on the Fc, [Ir(C6),(dmb)](PFs), and (Fe,Ru)O,
cocatalyst employed. However, the rate of O, evolution
decreased gradually with an increasing number of cycles
(Figure 8c). A similar deactivation was observed in a repeated
half-reaction of the evolution of O, with the Fc extraction
process with DCE (Figure S30). X-ray photoelectron spectra
of (Fe,Ru)O,-loaded Bi,TaO4Cl after a cycle of photocatalytic
water oxidation (Figure S31) suggested the partial loss of
surface FeO, species and the state closer to RuO,-loaded
Bi,TaO4Cl, which has less selectivity for water oxidation
(Figure 3b). In fact, the rate of O, evolution was maintained
when fresh (Fe,Ru)O,-loaded Bi, TaO4Cl was employed in the
second cycle (Figure S32). Although the dissolution of Fe
species as Fe ions in acidic solution (pH < 2.5) has been
reported,”*> we found the unique stability of (Fe,Ru)O,
species for dissolution in an acidic solution compared with
FeO, species (Table S3). Hence, the dissolution of Fe species
in (Fe,Ru)0, is likely due to treatment with DCE. Stabilization
of water-oxidizing cocatalysts is an important challenge for
future research.

An integrated (i.e., one-step) overall Z-scheme reaction was
also conducted without extraction steps by using a biphasic
solution composed of DCE solution containing the Ir(III)
complex and Bn-Br and an aqueous solution containing
(Fe,Ru)O,-loaded Bi,TaO4Cl and Fc* (Figure 9). Despite the
fact that the reaction was started from Fc* in the absence of Fc,
the reduction product Bn, (0.7 ymol) was generated with a
turnover number of 14 (based on the [Ir(C6),(dmb)](PF)
photocatalyst) accompanied by the formation of O, (0.1
umol) (Figure 9a). On the other hand, no Bn, or O, was
formed in the absence of Fc*. These results clearly indicate the
occurrence of water oxidation using Fc' as the electron
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Figure 9. Integrated (one-step) biphasic Z-scheme photocatalysis: (a)
Amounts of Bn, and O, generated after visible-light irradiation for 60
min to a biphasic HCl aq./DCE solution (4 mL; 3:1, v/v; pH of the
aqueous phase was adjusted to 2.5) containing (Fe,Ru)O,-loaded
Bi,TaO4Cl (5 mg), [Ir(C6),(dmb)](PFs) (0.05 mM), Bn-Br (50
mM), and NBu,Cl (10 mM) in the presence or absence of Fc* (2
mM). (b) Schematic illustration of the Z-scheme photocatalysis via
phase-migrating electron transportation.

acceptor and generated Fc migrating to the DCE phase to
serve as an electron donor for the reductive coupling of Bn-Br
(Figure 9b). However, the materials balance of generated Bn,
(0.7 pmol) and O, (0.1 umol) did not follow the
stoichiometry (2:1), possibly due to the occurrence of
excessive oxidation of Fc* on the semiconductor photocatalyst,
as discussed above. The ingenuity of the reaction system to
overcome the problem is an important future challenge.
Z-scheme photoredox catalysis was also applicable for the
reductive C—C coupling of benzyl bromides with electron-
donating or -withdrawing groups on the aromatic ring using
water as an electron donor (Figures 10a and S33—S37). This
demonstration was further expanded to the hydrogenation of
an olefin (dimethyl maleate), which has so far required a
sacrificial electron donor,**** using water as an electron source
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(a) Reductive C—C coupling using water an an electron source
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Figure 10. Results of photocatalytic reactions for (a) the reductive
coupling of benzyl bromide analogues, (b) hydrogenation, and (c)
deuteration of olefins by using water as an electron source. The yield
was evaluated based on the added Fc in the initial step and the
material balance of the reaction.
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(AG = +156.9 kJ mol™") (Figures 10b and S38 and S39). The
photocatalytic transformation of dimethyl maleate to dimethyl
succinate proceeded in a H,O/DCE biphasic solution in the
same manner as the reductive coupling of benzyl bromides.
Although the yield was lower than that in the case of the
reductive coupling of benzyl bromides, the formation ratio of
dimethyl succinate and Fc" was 1:2, satisfying eq 4.

[1r(C6), (dmb)](PEg) /hv (= 470 nm)

dimethyl malate + 2Fc + 2H*
dimethyl succinate + 2Fc* (4)

Using D,0 instead of H,O as the aqueous phase, two
deuterium atoms were respectively added to the 2,3 carbons in
the olefin generating butanedioic-2,3-d, acid, dimethyl ester
(Figure 10c), as indicated by "H NMR spectra (Figure S40).
Therefore, this reaction is a two-electron/two-proton reduc-
tion of an olefin using water as the electron and proton
sources. Notably, Fc, which acts as an electron donor in these
reactions, was almost quantitatively recycled by water
oxidation in all cases (Figures $29, S35, S37, S39, and S41),
resulting in the overall reaction being uphill-type light energy
conversion to chemical energy with the positive changes in the
Gibbs free energy (AG > 0) (Figure 10). This is distinct from
the conventional photoreduction of organic compounds with
the consumption of irreversible sacrificial reductants as waste.

To date, various types of redox mediators such as 10,7/ I,
Fe3+/Fe2*,45 V02+/V02+,46 [Co(bpy)3]3+/2+,47 [Fe-
(CN)4]*/#,** and polyoxometalates®” have been reported
for water splitting into H, and O,. However, these mediators
are poorly soluble in organic solutions (e.g, DCE) that are
immiscible with water. By simply employing conventional
redox mediators, therefore, it is not possible to expand the Z-
scheme strategy from H, evolution to the conversion of most
organic compounds using water as an electron source. In

contrast, our strategy opens the door for the reductive
conversion of water-insoluble substrates using water as the
electron source by a step-by-step Z-scheme via a phase-
migrating Fc*/Fc shuttle redox mediator between immiscible
water and DCE solutions.

B CONCLUSIONS

We have demonstrated an unconventional Z-scheme system
for the photocatalytic conversion of water-insoluble benzyl
bromide by using water as the electron source. In a
dichloroethane (DCE)/water biphasic solution, the molecular
Ir(III) complex acts as a photoredox catalyst for the reductive
coupling of benzyl bromide using ferrocene (Fc) as an electron
donor in the DCE phase. On the other side, an aqueous
dispersion of a Bi,TaO4Cl semiconductor loaded with a
(Fe,Ru)O, cocatalyst photocatalyzed water oxidation using
ferrocenium (Fc*) as an electron acceptor. Because the
partition coeflicients of Fc*/Fc are significantly different, the
Fc* and Fc generated by photoinduced electron transfer in
each reaction could be selectively extracted to the opposite
liquid phase. Spontaneous phase migration enables direction-
selective electron transport across the organic/water interface
that connects the reduction and oxidation reactions in the
separated reaction phase. Finally, photocatalytic reductive
conversion of “water-insoluble” organic compounds using
water as the electron/proton source was demonstrated through
step-by-step Z-scheme photocatalysis with phase-migrating
Fc*/Fc electron transportation. This challenging reaction was
achieved by combinational utilization of a heterogeneous
semiconductor photocatalyst and a homogeneous molecular
photoredox catalyst in a rationally constructed biphasic
solution with the phase-migrating electron mediator. This
study thus expands the potential of Z-scheme photocatalysis
connecting various photocatalyst materials and molecules
developed in individual fields for applications in various
types of molecular conversions utilizing water as an electron
source.

B EXPERIMENTAL SECTION

Photocatalytic Reactions. Photocatalytic Water Oxidation. An
LED lamp (CL-H1-430-9-1-B and CL-H1LCBO02, Asahi Spectra Co.)
was used as the light source for illumination with visible light (4 = 430
nm). For photocatalytic water oxidation, a suspension of Bi,TaO4Cl-
based photocatalyst (10 mg) in 5.0 mL of an aqueous Fc*Cl™ (1 mM,
pH 2.5 adjusted with HCI) solution was stirred in a gastight Pyrex cell
(20.7 mL), which was sealed with exclusive aluminum cap with butyl/
PTFE septum. The reaction suspension was degassed by bubbling it
with Ar for 15 min prior to visible-light irradiation. The generated O,
concentration was monitored using a FireSting Oxygen monitor
(PyroScience GmbH) inside the reaction cell (Figure S42a). The
minimum air contamination (<0.02 pmol) was confirmed by
monitoring O, concentrations before and after the photoirradiation.
After the photocatalysis of water oxidation, the suspension was
transferred to a vial bottle with H,O (3 X 1.0 mL), and then DCE
(2.0 mL) was added to the suspension to extract the Fc. The aqueous
reaction solution and DCE extract were filtered and analyzed by UV—
visible absorption using a Shimadzu UV-1800 spectrometer in a
quartz cell (1 X 10 mm). For control experiments, the same
procedure was carried out without each component (Fc* or light
irradiation). Detailed quantification data, including the calibration
curves (Figures S43—S48), are available in the Supporting
Information.

Step-by-Step Z-Scheme Photocatalysis. A DCE solution (1 mL)
of Fc (10 mM), [Ir(C6),(dmb)](PF,) (0.05 mM), a reduction
substrate (50 mM), and NBu,Cl (10 mM) was placed in a septum-
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sealed test tube (inner diameter: 10 mm; volume: 8.4 mL) before
water was added (2 mL; pH 2.5 adjusted with HCI) (Figure S42b).
The biphasic solution was degassed by bubbling with Ar (10 min) and
irradiated at 4 = 470 nm using a CL-H1-470-9-1 (Asahi Spectra Co.)
with vigorous stirring. The reduction substrates used were benzyl
bromide (Bn-Br), 4-methylbenzyl bromide, 4-(trifluoromethyl)benzyl
bromide, and dimethyl malate. The products of the aqueous phase
(i.e, Fc*) were analyzed in a quartz cell (1 X 10 mm) by UV—visible
absorption spectroscopy using a Shimadzu UV-1800 spectrometer.
The products in the DCE phase were analyzed using high-
performance liquid chromatography (HPLC) and/or 'H NMR
spectroscopy using a JEOL ECX400 spectrometer. HPLC analyses
were performed using a Shimadzu LC-20AD system equipped with a
Phenomenex column (250 X 4.6 mm? 4 mm). A CH,CN/H,O
(80:20, v/v) solution was used as the eluent at a flow rate of 1.0 mL
min~! (column temperature: 313 K), and a Shimadzu SPD-10A was
used as the UV—vis detector. Under these analytical conditions, the
retention times were determined using purchased or as-prepared
samples (Bn-Br: 4.6 min; Fc: 7.0 min; and Bn,: 9.4 min). After the
reduction reaction, Fc* in the aqueous phase was collected with
aqueous HCI solution (pH 2.5) until the total amount of aqueous
solution reached 5.0 mL, and then it was placed in the gastight Pyrex
vial containing (Fe,Ru)O,-loaded Bi,TaO4Cl (10 mg). Photocatalytic
water oxidation was performed in the same manner as that described
above. For the repeated Z-scheme photocatalysis, the Fc generated by
photocatalytic water oxidation was extracted with DCE solution (1
mL) containing [Ir(C6),(dmb)](PF4) (0.0S mM), Bn-Br (50 mM),
and NBu,Cl (10 mM), and water (2 mL; pH 2.5 adjusted with HCI)
was added in a septum-sealed test tube (inner diameter: 10 mm;
volume: 8.4 mL). Multiple cycles of Z-scheme photocatalysis were
carried out by repeating the procedure described above. Detailed
quantification data, including the calibration curves (Figures S43—
S48), are available in the Supporting Information.

Integrated (One-Step) Z-Scheme Photocatalysis. A dichloro-
ethane solution (1 mL) of [Ir(C6),(dmb)](PF) (0.0S mM), Bn-Br
(50 mM), and NBu,Cl (10 mM) was placed in a septum-sealed test
tube (inner diameter: 10 mm; volume: 8.4 mL) before an aqueous
dispersion containing (Fe,Ru)O,-loaded Bi,TaOsCl (5 mg) and
Fc'Cl™ (2 mM) was added (3 mL; pH 2.5 adjusted with HCI). The
biphasic solution was degassed by bubbling with Ar (10 min) and
irradiated at 4 = 430 and 470 nm with stirring (Figure S49).
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