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Splitting of water into hydrogen and oxygen, especially with
visible light, is a reaction of great challenge. H, generation
from water has attracted much attention because of its
potential use as a source of clean and renewable energy.!l In
natural photosynthesis, splitting of water to oxygen
(2H,0=0,+4H" +4e"7) is driven by sunlight and carried
out by the oxygen-evolving complex (OEC) in photosystem II
(PSII).[1e2!

Besides water splitting, H, production from alternative
sources such as abundant biomass has also attracted a great
interest. A number of metalloenzymes such as cytochrome
P450s and methane monooxygenases catalyze the oxidation
of various types of hydrocarbons.”! High-valent metal-oxo
species, derived from molecular oxygen or peroxide, have
been suggested as active intermediates for the oxidation of
hydrocarbons.®™™* Recent years have seen significant progress
in designing and modeling metalloproteins for highly selec-
tive and efficient oxidation of organic substrates.” Inspired by
natural photosynthesis, oxidation of hydrocarbons with light
and water has also been reported to reduce the use of
hazardous chemicals and waste production.!!

Water splitting into H, and O, involves multielectron
processes for water oxidation (4e”) and proton reduction
(2e7). There has been significant progress in developing
photocatalysts for overall water splitting (2H,0=2H, + O,)
in heterogeneous systems.”” However, in homogeneous
systems, studies of water splitting have been generally carried
out separately in two half reactions: the water oxidation
process using sacrificial oxidants such as Ce', and the water
reduction reaction using sacrificial reductants such as triethyl-
amine.®! However, for overall water splitting, sacrificial
reagents should be avoided. The combination of water
oxidation and proton reduction reactions in a homogeneous
system remains a great challenge.

Using water as oxygen source, we and others have
reported photocatalytic oxidation of organic substrates in
homogeneous systems containing metal catalysts such as Ru
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and Mn for hydrocarbon oxidation, [Ru(bpy);]*" as photo-
sensitizer (Ru PS; see Figure S1 in the Supporting Informa-
tion), and [Co(NH,)sCI]** as electron acceptor.® For
example, an olefin can be oxidized to an epoxide with water
as oxygen source, releasing two protons and two electrons
[Eq. (1)]. As shown in Scheme 1, the electrons derived from
water were eventually transferred to [Co(NH,)sCl]*" in the

Sub-0 [RUTPA)H0)2* ~, - [Ru(bpy)al® =7 €O (@)
XHzO X X +5NH; + CI
Sub [Ru(TPA)(HO)(O)]** [Ru(bpy)sl2+ [Co(NH3)sCI?*
+2H*

Scheme 1. Photocatalytic oxidation of hydrocarbons with water.

photocatalytic system where [Ru(TPA)(H,0),]*" (1) cata-
lyzes the hydrocarbon oxidation.®” However, in artificial
photosystems designed for H, production, protons should be
the final electron acceptors [Eq. (2)].

oz QS
=+ H,0 — /—\ + 2H'+2e (1)

2H" + 22— H; (2)
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In Scheme 1, if [Co(NH;)sCI]** is replaced with a proton
reduction catalyst, it will be possible to combine the oxidation
of hydrocarbons with the production of H, in a one-pot
reaction using water as source of both oxygen and hydrogen
[Eq. (3)]. As a proof of concept, we report a homogeneous
multicomponent system that can photocatalytically produce
H, by coupling the oxidation of organic substrates to the
splitting of water in the absence of sacrificial reagents.

Over the past years, a number of metal complexes such as
Co,”INi,1 Fe ' and Mo!'? have been developed for catalytic
reduction of protons to hydrogen by either electrochemical or
photochemical approaches.”!'®! Beller etal. reported H,
production catalyzed by iron carbonyls such as Fe;(CO);,
(2) in a THF/H,O solution containing sacrificial reagent NEt;
and photosensitizer [Ir(ppy),(bpy)]" (Ir PS, see Figure S1 in
the Supporting Information).!'¥ Based on the reaction
sequences in Scheme 1, our initial studies began with replac-
ing electron acceptor [Co(NH;)sCl]*" with 2 to test for H,
formation. After exposing a sample containing styrene
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(1 mmol), 1 (2 pmol), Ru PS (4 umol), and 2 (8 umol) to
visible light for over 40h, we observed very little H,
formation. In the article by Beller and co-workers, Ir PS
was used to reduce 2 for H, production."¥ Furthermore, it
was shown that Ir PS acts as a better photocatalyst for H,
production than Ru PS.'*) We replaced Ru PS with Ir PS and
tested the H, formation in the presence of 2. However, only a
residual amount of H, was detected from analysis of the
headspace gas by the GC-TCD (GC = gas chromatography,
TCD = thermal conductivity detector).

Photo-induced oxidation of hydrocarbons has been ach-
ieved using Ru PS, and we tested the applicability of Ir PS for
hydrocarbon oxidation.®® When styrene was used as a
substrate, a turnover number (TON) of 28 was determined
for the oxidation of styrene to benzaldehyde in a system
containing 1 (1 um), Ru PS (10 pm), and [Co(NH,)sCl]**
(500 um) after exposure to LED light (450 nm; LED =light-
emitting diode) for 20 h. However, when Ir PS was used
instead of Ru PS, we observed much less oxidation of styrene
to benzaldehyde, with a TON of 7. The above-mentioned
experiments suggested that Ru PS is more active than Ir PS
for styrene oxidation when [Co(NH;);sCI]*" is used as electron
acceptor.

Previous studies have shown that Ru PS displays two
redox potentials at 1.26 V and —1.36 V (vs. a saturated
calomel electrode, SCE), assignable to Ru™"™ and bpy/bpy ™,
respectively. Similarly, the two redox potentials for Ir PS are
at 1.25 Vand —1.42 V (vs. SCE), corresponding to Ir™™ and
bpy/bpy~, respectively.'"*'®! Considering the similar redox
properties of Ru PS and Ir PS, we reasoned that electron
transfer between Ru PS and Ir PS should be feasible. When
both photosensitizers are used, it may be possible to couple
the oxidation of hydrocarbons to proton reduction. Therefore,
we carried out photolysis of styrene in a THF/H,O (9:1)
solution containing 1, Ru PS and Ir PS, and 2 as catalyst for H,
production. As shown in Figure 1, no H, was detected before
photolysis. After exposure to LED light (450 nm) for 3 h, a
peak at 0.9 min appeared, corresponding to the formation of
H,. Residual amounts of O, and N, with retention times at
1.9 min and 3.3 min, respectively, were also observed. The
peak at 0.9 min continued to increase over time and reached
the maximum after 18 h of light irradiation. In the end, a TON
of 77 was found for the H, production based on complex 1

H,
_Mz N, 18h
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e ah
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Figure 1. GC/TCD chromatogram of H, production over time. Condi-
tions: Styrene (1 mmol), 1 (2 umol), Ru PS (8 umol), Ir PS (2 pmol), 2
(8 umol), LED light (450 nm), 10 mL THF/H,0 (9:1), 18 h.
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Table 1: Light-driven H, production and catalytic oxidation of hydro-
carbons from water.

Substrate® Product H, [umol] TON®!
styrene benzaldehyde 154 77
NaSs 4-formylbenzenesulfonate 111 55
4-methylbenzyl alcohol 4-methyl benzaldehyde 56 28

[a] Conditions: Substrate (1 mmol), 1 (2 umol), Ru PS (8 umol), Ir PS
(2 umol), 2 (8 umol), LED light (450 nm), 10 mL THF/H,O (9:1), 18 h.
[b] TON=n(H,)/n(1).

(Table 1). Control experiments in the absence of any of the
components (substrate, H,O, 1, Ru PS, Ir PS, 2, or in the dark)
showed no or only residual amounts of H, (see Figure S2 in
the Supporting Information).

'"H NMR spectroscopy and GC-MS analysis of the result-
ing solution after photolysis confirmed the formation of
benzaldehyde (see Figure S3 in the Supporting Information).
As shown in Figure S4 in the Supporting Information, a
molecular ion peak at 106 was observed, consistent with the
formation of benzaldehyde. To confirm the source of oxygen,
we carried out photocatalytic oxidation of styrene using
H,"®O instead of H,O. A molecular ion peak at 108,
corresponding to the incorporation of '*O into benzaldehyde,
was observed with a +2 shift from the peak at 106 when
H,'O was used. This result clearly showed that water is the
source of oxygen for styrene oxidation.

To determine the source of H, formation, we conducted
the photolysis reaction using D,O instead of H,O. The
formation of H, and D, can be distinguished by GC-TCD
analysis using He as carrier gas. As shown in Figure S5 in the
Supporting Information, when H,O was used, a negative peak
appeared at 0.8 min in the GC-TCD chromatogram, consis-
tent with the formation of H,. In contrast, a positive peak at
0.8 min was observed when D,O was used, suggesting the
formation of D,. These results clearly showed that water is the
source of hydrogen in the photolytic reaction. Therefore, our
studies from both GC-MS and TCD analyses clearly demon-
strated that H,O is not only the oxygen source for olefin
oxidation, but also the proton source for H, generation.

The effects of different light sources on the activity of
water splitting were investigated using a visible light source
and natural sunlight. Although H, formation was observed
when a 500 W halogen lamp was used, a much longer time is
needed for the reaction to be complete and a smaller turnover
number (see Figure S6 in the Supporting Information) is
obtained. Oxidation of styrene under ambient sunlight was
also carried out. Although we observed similar conversion
yields to the yields obtained with the halogen lamp, a higher
amount of CO was detected from GC-TCD analysis, probably
because of faster decomposition of iron carbonyl compounds
under UV irradiation of sunlight. The decomposition of iron
carbonyls under UV light irradiaton is well-known, and CO
has been observed during photocatalytic H, formation by iron
carbonyls.™

To optimize the conditions for H, production, the
concentration of each component was varied to investigate
their effects on H, evolution. Among the conditions listed in
Table S1 in the Supporting Information, the best activity for
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H, production was observed for entry 1, where the ratio of 1/
Ru PS/Ir/PS/2 is 1:4:1:4. From Table S1 in the Supporting
Information, the concentration of Ru PS has a greater effect
on the amount of H, produced (entries 2 and 3), while the
amout of Ir PS seems to have less effect on the amount of H,
formation (entries 1 and 2).

We also investigated the photooxidation of sodium p-
styrene sulfonate (NaSS) under the same conditions as that of
the styrene oxidation. 4-Formylbenzenesulfonate was
detected from 'H NMR spectroscopy and GC-MS analysis,
and a TON of 55 was observed for H, production (Table 1 and
Figure S7 in the Supporting Information). Oxidation of 4-
methyl benzylalcohol was conducted under the same con-
ditions as described above, 4-methyl benzaldehyde was found
to be the only product from GC-MS analysis with concom-
itant production of H,. The amount of H, produced corre-
sponds to a TON of 28 (Table1 and Figure S8 in the
Supporting Information). In the absence of water, H,
production was also observed from GC-TCD analysis
(TON=9), suggesting that benzyl alcohol could be the
source of H,. However, in the presence of H,O, a higher
turnover number (28) for H, production was observed,
implying water may facilitate the oxidation of alcohol and
hydrogen production.

At present, the exact reaction mechanism for alkene
oxidation and H, production by the above-described multi-
component system remains to be determined. Based on the
mechanisms proposed for the photocatalytic oxidation of
hydrocarbons and the reduction of water by iron carbonyls
and Ir PS, we propose a reaction mechanism that involves
possible electron transfer from Ru PS to Ir PS as the key step
for coupling hydrocarbon oxidation to hydrogen formation
from photocatalytic splitting of water (Scheme 2).*1* Upon

2H* Hy,
K4

X

/TFe(COX  Fo(COls= Fey(CO)z

hv
[Ir(ppy)2(bpy)I"

b

,-" [Ir(ppy)2(bpy)]

hv
[Ru(bpy)s]**

4

[Ru(bpy)s]**

)

e
[Ru(TPA)(HO)(O)]2*
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[Ru(TPA)(H20),1*

)

Sub  Sub-O

Scheme 2. Proposed mechanism for light-induced hydrocarbon oxygen-
ation and H, production from water splitting.

light irradiation, the excited states of Ru PS (Ru'™) can act as
both an oxidant with a redox potential of 0.68 V (Ru"™™) and a
reductant with a potential of —0.78 V (Ru™). The excited
state of Ir PS (Ir'"™) has redox potentials of —0.85 V and
0.68 V (vs. SCE), assignable to Ir™™" and Ir"™™" respec-
tively.™ Beller et al. suggested that the reduced Ir PS~ is
responsible for reducing iron carbonyl compounds to produce
H,.' A comparison of the redox couples between Ru'"""
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(=0.78 V) and Ir™"™ (0.68 V) indicated that there could be a
1.46 V driving force to yield the reduced Ir PS™ (It") and the
oxidized Ru PS (Ru™) from electron transfer between Ru™
and Ir'"™ [Eq. (4)]. Therefore, light-induced sequential elec-
tron transfer from Ru PS to Ir PS could result in the
generation of a [Ru(bpy);]*" (Scheme 2), which can oxidize 1
to produce a high-valent Ru™Y=0 species, a possible active
intermediate for the oxygenation of hydrocarbons. The
resulting Ir PS™ can transfer electrons to an iron carbonyl
compound which catalyzes the proton reduction to H,.

RU" + 11" — RuM 4!

(AE=1.46V, AG°® = -141 kJ mol")

In summary, we have reported a homogeneous multi-
component system for photocatalytic oxygenation of hydro-
carbons and the production of H,. The use of two photo-
sensitizers allows the coupling of the hydrocarbon oxygen-
ation reaction to the H, production process from photo-
catalytic water splitting, where water is the source of both
oxygen and hydrogen. Ongoing photophysical and mechanis-
tic studies will provide detailed information about the photo-
catalytic cycle of alkene and alcohol oxidation, and offer
guidelines towards the design of photocatalytic systems for
the oxidation of water and organic substances, as well as the
splitting of water to O, and H,.

Experimental Section

All catalytic reactions were carried out under an Ar atmosphere. For
photoinduced hydrogen evolution, each sample was prepared in a
30 mL rectangular flask with 10 mL THF/H,O (9:1) solution con-
taining  [Ru(bpy);](BPh,), (8 umol), [Ru(TPA)(H,0),)](BPh,),
(2 umol), [Ir(ppy).(bpy)](PFs) (2 pmol), Fe;(CO),, (8 pmol), and
the corresponding substrate (1 mmol). The samples were sealed with
a septum, degassed under vacuum, and flushed with Ar gas three
times to remove any oxygen. The samples were stirred constantly at
room temperature and irradiated by LED (Cree 3-Up XP-E) light at
450 nm. The amount of H, produced was determined using a HP 5890
series IT gas chromatograph with a TCD detector (molecular sieve
5 A column). "H NMR spectroscopy and GC-MS analysis were used
to confirm and quantify the oxygenation products. Detailed proce-
dures were provided in the Supporting Information.
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