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ABSTRACT: The combination of o-phenylenediamine (opda), which possesses two
proton- and electron-pooling capability, with Fe(II) leads to the photochemical hydrogen-
evolution reaction (HER) in THF at room temperature without addition of
photosensitizers. From the THF solution, the tris(o-phenylenediamine) iron(II) complex,
[FeII(opda)3](ClO4)2 (1), was isolated as a photoactive species, while the deprotonated
oxidized species was characterized by X-ray crystallographic analysis, electrospray
ionization mass spectrometry, and UV−vis NIR spectra. Furthermore, the HER is photocatalyzed by hydroquinone, which
serves as a H+/e− donor. The present work demonstrates that the use of a metal-bound aromatic amine as a H+/e− pooler opens
an alternative strategy for designing nonprecious-metal-based molecular photochemical H2 production/storage materials.

■ INTRODUCTION

Energy is the most important issue in the 21st century.1 The
growing global energy demand, decreasing fossil fuel supply,
and increased concerns over climate issues have spurred the
development of alternative and sustainable energy carriers.2

Among the several types of energy carriers,3 molecular
hydrogen is one of the most promising and cleanest energy
carriers with the least effect on the environment.4 Therefore,
the creation of hydrogen production/storage systems is
currently the subject of intensive investigations.5 The develop-
ment of materials for hydrogen production/storage has been
investigated using a wide range of materials, such as metal,6

complex,7 and chemical hydrides,8 clathrates,9 inorganic10 and
organic nanotubes,11 and metal−organic frameworks.5a,12 In
particular, organic hydrides are fascinating hydrogen produc-
tion/storage materials that have excellent values for gravimetric
capacities (e.g., 7.1 wt %, 64.8 kg/m3 for benzene/cyclohexane
conversion).5b Recently, quinoline/1,2,3,4-tetrahydroquino-
line13 or secondary alcohol/ketone14 systems have been
reported as efficient hydrogen production/storage material
that can be operated at relatively low temperatures (∼80−140
°C), especially in the hydrogen-evolution reaction (HER)
processes, using Ir complexes as a catalyst. However, even in
these excellent examples, the operating temperature for the
HER is higher than those of hydrogenation-reaction processes.
Therefore, the creation of a HER that can be driven at
moderate temperature15 with the use of nonprecious-metal
catalysts16 is an important issue to be investigated.
These considerations inspired us to utilize an organic

skeleton possessing multiproton- and electron-pooling capa-
bility. The aromatic amines or hydroxides, such as phenyl-
enediamine17 or hydroquinone18 derivatives, are widely known
to possess 2H+/2e− pooling capability. Furthermore, o-

phenylenediamine (opda) has a coordinating ability toward
transition-metal ions and undergoes multiproton- and electron-
transfer processes to produce the corresponding oxidized
species, such as semibenzoquinodiimine (s-bqdi) or o-
benzoquinodiimine (bqdi) complexes.19 Therefore, they should
be fascinating candidates as building modules for multiproton-
and electron-pooling materials (Chart 1).

The ultrafast dynamics of N−H σ-bond activation pathways
were previously investigated for aromatic amines, such as
aniline, using several spectroscopic and theoretical techni-
ques.20 In these reactions, it was elucidated that the generation
of transient anilino radical species (C6H5NH·) via hydrogen
atom elimination was initiated by photoexcitation of ππ*
transition through 3s Rydberg states of the nitrogen atoms.
Similar photoreactions were also investigated for aromatic
diamines, such as opda and p-phenylenediamine.21 In these
cases, transient bqdi and p-benzoquinodiimine intermediates
were detected by infrared spectra, as the results of photo-
chemical N−H σ-bond activations and hydrogen atom
eliminations. These studies prompted us to investigate the
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Chart 1. H+ and e− Pooling Activity of Opda Complexes
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photoreaction of opda interacting with nonprecious-metal ions,
where the photoreactivity of opda was expected to be
influenced by the metal ions. In this report, we describe the
structure, multiple H+/e− transfer reactions, and photochemical
HER utilizing 1, [FeII(opda)3](ClO4)2, which can be isolated
by a one-pot reaction between 3 equiv of opda and Fe(II) ion.

■ EXPERIMENTAL SECTION
General Procedures. All synthetic operations and measurements

were performed under a N2 atmosphere using Schlenk-line techniques.
[FeII(H2O)6](ClO4)2 was purchased from Aldrich. o-Phenylenedi-
amine and hydroquinone (HQ) were purchased from Wako Pure
Chemical Industries and used as received. Deuterated opda
(C6H4N2D4) and HQ (C6H4O2D2) were prepared according to
conventional methods (see Supporting Information). n-Hexane and
tetrahydrofuran (THF) were purchased from Kanto Chemical Co. Inc.
and distilled twice from Na metal under a N2 atmosphere.
Dichloromethane (CH2Cl2), tert-butyl alcohol (t-BuOH), methanol
(MeOH), and toluene were purchased from Wako Pure Chemical
Industries and used without purification. All of the solvents were
finally degassed in at least four freeze−pump−thaw cycles just prior to
use. Molecular sieves (4 Å, MS4A) were purchased from Wako Pure
Chemical Industries and activated by heating in vacuo prior to use.
Caution! Although we experienced no difficulties with the perchlorate
salts, they should be regarded as potentially explosive and therefore
handled with care.
Synthesis of [FeII(opda)3](ClO4)2·THF (1·THF). n-Hexane/THF

mixed solvent (v:v = 2:1) (20 mL) was layered onto a colorless THF
solution (10 mL) of [FeII(H2O)6](ClO4)2 (1.09 g, 3 mmol). Then,
colorless n-hexane/THF (v:v = 1: 1) solution (30 mL) of opda (975
mg, 9 mmol) was layered on this solution. Storage of the mixture for 4
d at room temperature afforded crystals suitable for X-ray crystallo-
graphic analysis. After filtration and washing with THF (2 mL × 2),
drying in vacuo, afforded 1·THF as colorless crystals in 36% yield.
Anal. found: C, 40.49; H, 4.91; N, 12.77. Calcd. for C22H32Cl2FeN6O9
(1·THF): C, 40.57; H, 4.94; N, 12.90. χMT300K = 3.96 emu·K·mol−1.
Synthesis of [FeII(bqdi)3](ClO4)2·THF (2·THF).19b The complex

1·THF (912 mg, 1.4 mmol) was dissolved in CH2Cl2/t-BuOH mixed
solvent (v:v = 1:1) (50 mL) to afford a white suspension, with the
copresence of MS4A (20 g). O2 gas was slowly introduced to this
suspension, and the color of the suspension changed to navy after 5
min and to dark navy after 1 h. After bubbling O2 for 5 h, the color of
the suspension was finally bright green. The MS4A was removed by
filtration, and the green product was extracted using MeOH (40 mL ×
2). After evaporation of the solvent, a dark-green powder was obtained
and washed with THF (15 mL) and toluene (10 mL × 2). Drying in
vacuo afforded 2 as a greenish purple powder in 38% yield. 1H NMR
(270 MHz, CD3CN, 298 K) δ 6.95−6.99 (m, 6H), 7.06−7.10 (m,
6H), 11.75 (br s, 6H). Diamagnetic. Anal. found: C, 39.76; H, 4.02; N,
12.49. Calcd. for C22H28Cl2FeN6O10 (2·THF + H2O): C, 39.84; H,
4.26; N, 12.67. For synthesis of a crystalline sample suitable for X-ray
crystallographic analysis, this powder sample (5 mg) was dissolved in
THF (2.5 mL), then n-hexane (2.5 mL) was layered onto this solution.
After storage of this solution for 5 d at room temperature, greenish
purple crystals of 2·THF were obtained.
Equipment Used in Photochemical HERs. A 100 W xenon lamp

(LAX-103, Asahi Spectra Co., Ltd.) was used as the light source with
quartz light guide (Φ5 × 1000L UD0030). For photochemical HER
under irradiation or in the dark, 500 W xenon lamp (SX-UI500XQ,
Ushio Inc.) with a quartz light guide (GFQ5L1000) was used as the
light source. The light intensity was measured using a power meter
(NOVA, Ophir Optronics Ltd.) and a thermopile sensor (3A, Ophir
Optronics Ltd.). The amount of photochemically evolved H2 was
determined using a gas chromatograph (GC) (Shimadzu GC-14B, Ar
carrier) equipped with a ShinCarbon ST 2 m long packed column
(Shinwa Chemical Industries Ltd.) and a recorder (Shimadzu C-R8A
Chromatopac Data Processor). For H2/HD/D2 detections, the gas
samples were analyzed using a GC (Shimadzu GC-2014ATF+GC
Solution, He carrier) equipped with 8% (w/w) KOH coated on an

activated alumina column, that was immersed in liquid N2 during the
GC measurements, and thermal conductivity detector.

Photochemical HERs. For photochemical hydrogen evolution,
each sample was prepared in a handmade Schlenk flask-equipped
quartz cell 182 mL in volume. For HER from opda without FeII ion,
opda (25.9 mg, 2.39 × 10−4 mol) was dissolved in 4 mL of THF in the
presence of ground MS4A (250 mg) under a N2 atmosphere. On the
other hand, for the reaction from opda in the presence of FeII ion,
THF (4 mL) solution of [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10−5

mol) was introduced to the opda (25.9 mg, 2.39 × 10−4 mol) in the
presence of ground MS4A (250 mg) under a N2 atmosphere. Each
sample flask was doubly sealed with rubber septa. Before irradiation,
gas (0.3 mL) was collected from the headspace using a gastight syringe
(Tokyo Garasu Kikai Co. Ltd.) and analyzed by GC to confirm the
successful N2 purge. Then, the samples were irradiated using the 100
W xenon lamp in a water bath at room temperature. The gas samples
(0.3 mL) were collected from the headspace at each analysis time for
determination of the amount of H2 evolved as a function of the
irradiation time.

Photochemical HER with HQ. For photochemical H2 evolution
from 3opda/[FeII(H2O)6](ClO4)2/10HQ/THF suspension, the same
reaction systems as the aforementioned cases were used, but the
sample preparation procedures were different from those cases. The
THF (2 mL) solution of [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10−5

mol) was added to the opda (25.9 mg, 2.39 × 10−4 mol) in the
presence of ground MS4A (250 mg) under a N2 atmosphere and
stirred for 30 s at room temperature. A THF solution (2 mL) of HQ
(87.9 mg, 7.98 × 10−4 mol) was added to this white suspension. In
these cases, no special changes were noticed in the appearance of the
suspension. After the sample preparation, photochemical HERs were
investigated by similar methods to those mentioned above.

Photochemical HER Using Opda in THF-d8. For photochemical
HER, the sample was prepared in a quartz cell equipped with a three-
way cock and aluminum gas sampling bag (GL Sciences Inc., AAK-1L)
in which the quartz cell head is ∼10 mL in volume. [FeII(H2O)6]-
(ClO4)2 (21.7 mg, 5.99 × 10−5 mol) was dissolved in the degassed
THF-d8 (3 mL), and this solution was introduced to the opda (19.4
mg, 1.79 × 10−4 mol) in the presence of MS4A (190 mg) under a N2
atmosphere. Before irradiation, the three-way cock and stopcock of the
gas sampling bag were opened to connect the sample and aluminum
gas bag to introduce the evolved H2 into the bag. Then, the samples
were irradiated in a water bath at room temperature. After the
irradiation for 50 h, three-way cock and stopcock of gas sampling bag
were closed, and gas sample in the bag was analyzed.

Photochemical HER Using Opda-d4 in THF. The general
operating procedures were the same as with those for HER using
THF-d8, except for using [Fe

II(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10−5

mol), opda-d4 (25.9 mg, 2.39 × 10−4 mol), and THF (4 mL) in the
presence of MS4A (250 mg).

Photochemical HER Using HQ-d2. [Fe
II(H2O)6](ClO4)2 (28.9

mg, 7.98 × 10−5 mol) was dissolved in degassed THF (2 mL), and this
solution was added to the opda (25.9 mg, 2.39 × 10−4 mol) in the
presence of MS4A (250 mg) under a N2 atmosphere. Then, a THF (2
mL) solution of HQ-d2 (89.4 mg, 7.98 × 10−4 mol) was added to this
suspension. The photochemical reaction and evolved gas analysis were
carried out using similar procedures to those used for [FeII(H2O)6]-
(ClO4)2 and opda in THF-d8, except for the irradiation time (200 h).

Computational Details. Geometry optimization for
[FeII(opda)3]

2+, opda, and [FeII(bqdi)3]
2+ in the electronic ground

state was carried out in THF employing density functional theory
(DFT) with the B3LYP combination of exchange and correlation
functionals. The initial structures of [FeII(opda)3]

2+ and
[FeII(bqdi)3]

2+ were taken from the X-ray crystallographic data. No
symmetry constraints were imposed for [FeII(opda)3]

2+ and opda,
while C3 symmetry was used for [FeII(bqdi)3]

2+. The spin multi-
plicities were set to quintet for [FeII(opda)3]

2+ and singlet for
[FeII(bqdi)3]

2+ and opda. The solvent effects were taken into account
by the polarizable continuum solvation model (PCM),22 and the radii
were taken from the UFF force field.23 The SDD effective core
potential (ECP) and associated basis set were used for the Fe atom,
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and a 6-31G(d) basis set was employed for all other atoms. After the
geometry optimization, the time-dependent (TD) DFT calculations24

were performed to evaluate the vertical excitation energies at the
equilibrium structures in THF employing the BLYP functionals with
the long-range correction (LC)25 (LC-BLYP). The basis set for C and
N atoms was replaced by 6-31+G(d) in TD-DFT calculations to
account for the Rydberg states in opda. All calculations were
performed using the Gaussian 09 package.26

The optimized structures and the Cartesian coordinates are given in
Supporting Information. It is found that the optimized structures for
[FeII(opda)3]

2+ and [FeII(bqdi)3]
2+ are very close to those of the X-ray

crystallographic data.
In the TD-DFT calculations of opda, the first (S1) and third (S3)

singlet excitations are characterized by 1ππ* transitions, while the
second (S2) singlet excited state exhibits 1πσ* character. The
transitions to S1(1

1ππ*) and S3(2
1ππ*) are mainly viewed as 2π →

1π* and 2π → 2π* excitations, respectively (see Figure S6 for relevant
orbitals). The S2 state involves an excitation of 2π → 1σ* and exhibits
a 3s Rydberg character associated with the N atoms. This 1πσ* state is
a dark state, and therefore it was not detected in the experimental
spectra. The vertical excitation energies for 11ππ* and 21ππ* are
calculated to be 4.97 eV (252 nm) and 5.59 eV (222 nm), respectively,
and these values are overestimated in comparison to the experimental
values (see Supporting Information). In general, the LC correction has
a tendency to yield higher excitation energy than that without the LC
correction even in the valence excitations. In fact, excitation energies
calculated without the LC correction (BLYP functional) are 4.22 eV
(294 nm) and 4.90 eV (253 nm) for 11ππ* and 21ππ*, respectively,
and these values are in good agreement with the experimental values.
However, as is shown below in the calculations on [FeII(opda)3]

2+, the
charge-transfer states that involve the ligand−metal charge transfer
(LMCT) are observed in the UV region, and hence the LC correction
is essential to describe correctly the order of the excitations.
The calculated UV absorption spectra of [FeII(opda)3]

2+ are shown
in Supporting Information, together with detailed information on
selected excitations (Figure 4, see Supporting Information for the
detailed information on selected excitations). The natural transition
orbital (NTO) analysis27 was carried out to understand better the
results of the TD-DFT calculations. From this analysis, it is found that
the first two low-lying peaks around 226 and 203 nm correspond to
the 11ππ* and 21ππ* excitations of the opda ligand moiety,
respectively, and the next peaks above 190 nm correspond to the
LMCT transitions. The dominant NTO pairs for the representative
transitions are shown in Figure 4c. Small blue-shifts of ∼20 nm are
observed for ligand 1ππ* excitations when the [FeII(opda)3]

2+ complex
is formed, but it is clear that the LMCT transition is well above the
ligand 1ππ* excitations. On the other hand, from the analysis for
[FeII(bqdi)3]

2+, MLCT transitions are found in the longer wavelength
regions that are not obtained for opda and [FeII(opda)3]

2+ (see
Supporting Information). These results reflect the higher electron-
accepting nature of the bqdi moieties in [FeII(bqdi)3]

2+, compared
with those of [FeII(opda)3]

2+.
Physical Measurements. Elemental analyses were performed at

the analysis center at Hokkaido University. UV−vis NIR spectra in
solution were recorded on a Hitachi U-4100 spectrophotometer over
the range 200−3300 nm at 296 K using crystalline samples of 1·THF
and 2·THF. Infrared spectra were recorded on a Nicolet 6700 FT-IR
spectrometer equipped with a Smart-Orbit (Diamond) ATR accessory.
Magnetic susceptibility of the crystalline samples was measured using a
Quantum Design MPMS-XL SQUID magnetometer with a magnetic
field of 1 T. Diamagnetic corrections were made based on Pascal’s
constants.28 1H NMR (270 MHz) spectra were measured in CD3CN,
CDCl3, THF-d8, or DMSO-d6 with a JEOL EX-270 spectrometer. The
signals from the residual solvent protons of CD3CN (1.94 ppm),
CDCl3 (7.26 ppm), THF-d8 (3.58 ppm), and DMSO-d6 (2.50 ppm)
were used as internal standards.29

Crystallographic Data Collection and Refinement of
Structures. Crystallographic measurements were performed on a
Rigaku AFC-7R diffractometer equipped with a Mercury CCD area
detector, and graphite-monochromated Mo Kα radiation (λ = 0.71069

Å). Specimens of suitable size and quality were selected under paraffin
oil and mounted on MicroMounts (MiTeGen). The crystal was cooled
using a N2-flow-type temperature controller. The structures were
solved by direct methods (SIR2004),30 which successfully located
nonhydrogen atoms. All calculations were performed using the
CrystalStructure crystallographic software package,31 except for
refinement calculations, which were performed using SHELXL-97.32

A summary of the crystallographic data for 1·THF and 2·THF is given
in Table 1. Full crystallographic details have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-909643 for 1·THF and -909646 for 2·THF.

■ RESULTS AND DISCUSSION
Photochemical HER from the Mixture of 3opda and

Fe(II). The treatment of opda (2.39 × 10−4 mol) with
[FeII(H2O)6](ClO4)2 (7.98 × 10−5 mol) in THF immediately
afforded a white suspension. On irradiation of the suspension
with white light, gas evolution started, and GC analysis proved
the formation of H2 (Figure 1a, red circles, and see Supporting
Information). After irradiation for 57 h, the white suspension
had changed to a green suspension and the amount of H2
reached almost a plateau value, 8.77 × 10−5 mol of H2, which
leads to mole ratios of [evolved H2]/[opda] = 0.37 and
[evolved H2]/[Fe

II] = 1.10. In contrast, the HER was not
observed under a dark condition at all, suggesting HER was
driven as a photochemical reaction (Figure 1b). Two further
control experiments without either Fe(II) or opda under the
same conditions showed that the evolved H2 was only one-
twelfth as much as that in the presence of Fe(II) or
undetectable, respectively (Figure 1a, blue and black circles).
These results clearly demonstrate that coexistence of opda and
Fe(II) is necessary for efficient HER and stimulated us to
characterize the active species of the HER.

Characterization of the Active Species of the HER.
Slow diffusion of n-hexane/THF (v:v = 1:1) solution of 3 equiv

Table 1. Crystallographic Data for 1·THF and 2·THF

1·THF 2·THF

formula C22H32Cl2FeN6O9 C22H26Cl2FeN6O9

fw 651.28 645.24
crystal size (mm3) 0.30 × 0.16 × 0.16 0.40 × 0.16 × 0.08
crystal system monoclinic monoclinic
space group P21/n(no. 14) P21/c(no. 14)
a (Å) 17.849(2) 14.7311(19)
b (Å) 8.3097(9) 9.9389(11)
c (Å) 18.998(2) 18.389(2)
β (°) 100.5257(15) 98.0500(18)
V (Å3) 2770.4(6) 2665.8(6)
T (K) 150 150
Z 4 4
Dcalc (g cm−3) 1.561 1.608
F (000) 1352 1328
μ(Mo Kα) (cm−1) 7.974 8.281
measured reflections 22454 21537
unique reflections 6242 6039
refined parameters 362 380
GOF on F2 1.125 1.126
Rint 0.048 0.033
R1
a 0.0566 0.0652

wR2
b (all data) 0.1533 0.1761

aR1 = ∑∥Fo| − |Fc∥/∑|Fo|.
bwR2 = {[∑w(Fo

2 − Fc
2)2]/

[∑w(Fo
2)2]}1/2.
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opda into a THF solution of [FeII(H2O)6](ClO4)2 afforded air-
sensitive colorless single crystals suitable for X-ray crystal
structural analysis. The crystal is composed of a [Fe-
(C6H4N2H4)3]

2+ cation and two ClO4
− anions together with

one THF molecule (see Supporting Information). The
structure of the cation depicted in Figure 2 shows that three
ligands (L1−L3) commonly coordinate to the Fe atom in
bidentate chelating modes (see Supporting Information). The
N−C (1.440(3)−1.450(3) Å) and the C−C bond distances of
the six-membered ring are similar to those of non coordinating
opda.33 Here, we note that the dihedral angles (η) between the
N−Fe−N and N−C−C−N planes indicate that the ligands are
the neutral opda form with two protons on each sp3-type N
atom. In addition, the Fe−N (2.204(2)−2.269(2) Å) bond
distances and magnetic moment, χMT300K = 3.96 emu·K·mol−1,
support the presence of a high-spin Fe(II) center.
All of these facts finally lead to the formulation of the crystal

as [FeII(opda)3](ClO4)2·THF (1·THF), in which the ligands
exist in the fully reduced form without forming oxidized s-bqdi
or bqdi forms. Identical IR spectra were obtained for the crystal

and the white powder prepared in situ before HER, indicating
that both are 1·THF (see Supporting Information).

Source and Irradiation Light Dependence of the HER.
To obtain clear information on the H+ source in the
photochemical HER system, photoirradiation of the mixture
of opda and [FeII(H2O)6](ClO4)2 in THF-d8 was carried out.
The GC analyses revealed that only H2 was obtained as the
gaseous products, clearly excluding the contribution of the
THF molecule as the H+ source in this HER (Figure 3c). In

addition, the photoirradiation experiment using opda-d4
(C6H4N2D4), in which the deuteration ratio on the amino
moieties was determined to be 92% (see Supporting
Information), and [FeII(H2O)6](ClO4)2 in THF showed D2
and HD evolution, showing that the H+ in the photochemically
evolved H2 came from the amino protons of the opda moieties
(Figure 3d).

Figure 1. (a) Amounts of photochemically evolved H2 from 3opda/
[FeII(H2O)6](ClO4)2/THF suspension (red circles), 3opda/THF
solution (blue circles), and [FeII(H2O)6](ClO4)2/THF solution
(black circles). (b) Photochemical HER from a 3opda/[FeII(H2O)6]-
(ClO4)2/THF suspension under irradiation or in the dark. The sample
suspension was kept under irradiation by white light for 0−2.0, 3.5−
5.5, and 7.0−9.5 h (yellow background) and kept in the dark for 2.0−
3.5, 5.5−7.0, and 9.5−12.5 h (gray background). After 12.5 h, the
sample was put under irradiation. Insert: photograph of photochemical
HER. Bubbles were generated from the light path.

Figure 2. Molecular structure of the cation in 1·THF with thermal
ellipsoid plots for Fe (brown), N (blue), and C (gray) (50%
probability). Hydrogen atoms are depicted as ball-and-stick models
colored light blue. THF and ClO4

− are omitted for clarity (see
Supporting Information for overall structure).

Figure 3. GCs of (a) H2 and (b) D2 standard gases, and
photochemically evolved gas samples from (c) 3opda/[FeII(H2O)6]-
(ClO4)2/THF-d8, (d) 3opda-d4/[Fe

II(H2O)6](ClO4)2/THF, and (e)
3opda/[FeII(H2O)6](ClO4)2/10HQ-d2/THF mixtures.
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A UV−vis spectrum of 1 dissolved in THF is shown in
Figure 4a (red line) together with that of opda (black line) at
the same conditions, and the data are summarized in
Supporting Information. The UV−vis spectrum of 1 shows
two strong absorption bands in the UV region at 240 (17 230)
and 298 nm (9230 M−1 cm−1), which are similar in wavelength
to those of opda observed at 242 (6080) and 298 nm (3530
M−1 cm−1). Complex 1 additionally shows a weak absorption
band at 572 nm (110 M−1 cm−1), which could be assignable to
an Fe(II)-centered d−d transition. To characterize these
absorptions, the DFT calculations were performed for
[FeII(opda)3]

2+ and opda with the solvents effects taken into
account by the polarizable continuum solvation model. First, it
was confirmed that the optimized geometry for [FeII(opda)3]

2+

in the electronic ground state was in good agreement with that
obtained in the X-ray crystallographic analysis (see Supporting
Information). The TD-DFT calculation suggested that the
absorptions in the UV region were attributed to two ππ*
transitions (11ππ* and 21ππ*) localized on the opda moieties
(see Figure 4b,c and Computational Details).
To ascertain the excitation that initiates the photochemical

HER, excitation-light dependence was examined (see Support-
ing Information). By irradiation with visible light to the
suspension for 19 h, no H2 was obtained, suggesting that the
excitation at 572 nm is negligible for the HER. On the other

hand, after irradiation with UV light at around 298 nm for 17 h,
evolution of H2 (2.72 μmol) was obtained. These results
indicate that the photochemical HER should be initiated by the
ππ* transition of the coordinating opda moiety. The apparent
quantum yield (Φ) of this photochemical HER in the
aforementioned conditions was estimated to be 3.39% (see
Supporting Information for details of the calculation).34

H+/e− Pooling Ability of Opda. In the present photo-
chemical HER, the role of the opda moiety as the H+ source for
photochemical HER was successfully evaluated. These results
inspired us to identify an electron source in the reaction. We
found that complex 1 showed remarkable reactivity not only for
photochemical reaction but also for air oxidation to produce a
greenish-blue species both in CH2Cl2/t-BuOH (v:v = 1:1)19a

and in THF solution under dark conditions. During this air
oxidation, no HER was observed.
The single crystal of the oxidized species grown from

hexane/THF mixed solvent revealed that the crystal was
composed of a [Fe(C6H4N2H2)3]

2+ cation and two ClO4
−

anions together with one THF molecule (Figure 5). The
cationic moiety demonstrates significant shortening in the N−
C (1.301(3)−1.319(3) Å) and Fe−N (1.919(2)−1.931(2) Å)
bond distances compared with those of 1·THF (see Supporting
Information). In addition, the coplanarity of the N−Fe−N and
N−C−C−N planes, together with the cyclohexa-3,5-diene

Figure 4. (a) UV−vis NIR spectra of 1 (red line) and opda (black line) in THF at 1 × 10−4 M. (b) Simulated absorption spectrum of
[FeII(opda)3]

2+ in THF obtained by TD-DFT (LC-BLYP). (c) Dominant NTO pairs for selected ligand−1ππ* transitions of [FeII(opda)3]
2+ in

THF. For each state, the “hole” is on the left, the “particle” on the right.
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character of the six-membered ring in each ligand indicate the
sp2-type hybridization state of the coordinating N atoms,
accompanying the imino-proton on each N atoms.19b−e,35 In
contrast to the paramagnetic nature of 1·THF, the oxidized
species shows diamagnetic character, indicative of a low-spin
Fe(II) center because of the relatively stronger ligand field of
the bqdi moiety compared with that of opda (see Supporting
Information). Based on all of these structural features, the
oxidized species can be finally assigned as [FeII(bqdi)3]-
(ClO4)2·THF (2·THF).19b

In contrast to the case of 1, complex 2 shows characteristic
absorption bands in the visible region at 420, 623, 692, and 770
nm, which were assigned as MLCTs and d−d transitions based
on the TD-DFT calculations on the [FeII(bqdi)3]

2+ moiety
(Figure 6, green solid line, and see Supporting Information).

Such remarkable reactivity of the opda moiety in 1·THF toward
air oxidation cannot be obtained for noncoordinating opda,
indicating the essential role of the Fe(II) ion. This Fe(II)-
assisted ligand-centered air oxidation activity for 1 guarantees
the 2H+/2e− pooling ability of Fe(II)-bound opda.
During the air oxidation of 1, stepwise color changes were

obtained (see Supporting Information). It is noteworthy that
the reaction mixture after the HER shows characteristic
absorptions at 420 and 720 nm (Figure 6, green dashed
line), unlike those of 1, with absorption maxima near to those
observed during air oxidation of 1 (Figure 6, blue solid line).
Moreover, in the ESI-MS spectrum of the HER mixture from

3opda/FeII/THF in CH3CN, several peaks, i.e., [Fe
II(bqdi)2-

(C6H4N2H3)]
+ (m/z = 373.09), [FeII(bqdi)(opda)2-

(CH3CN)2]
2+−H+ (m/z = 459.36), assignable to fragments

containing the bqdi moiety were obtained (Figure 7d). On the

basis of these results, similar to the case of air oxidation of 1,
oxidation of the opda moiety in 1 generating s-bqdi or bqdi can
be considered also in the HER. The residual opda in the MS
spectrum indicates the incompleteness of the HER. The reason
is not clear at this stage, but plausibly the side product could
inhibit the HER. In addition, fragment peaks implying
oligomeric species of opda were obtained in the MS spectrum
of the HER mixture from 3opda/THF. They indicate the
existence of bqdi as transient species, which are known to
produce 2,3-diaminophenazine derivatives through [2 + 4]
cycloaddition processes with unreacted opda.36 These oligo-
meric species are not obtained in the HER mixture from
3opda/FeII/THF, suggesting that photochemically generated
bqdi should be stabilized by coordination to the coexisting FeII

center by σ-donation and π-back-donation,37 thereby [2 + 4]
cycloaddition with unreacted opda should be inhibited.

Reaction Mechanism of HER. In previous reports on the
photochemistry of aromatic amines or diamines, it was shown
that photochemical N−H σ-bond activation generates a
transient anilino radical (C6H5NH·), semibenzoquinodiimine,
or benzoquinodiimine via hydrogen atom elimination initiated

Figure 5. Molecular structure of the cation in 2·THF with thermal
ellipsoid plots for Fe (brown), N (blue), and C (gray) (50%
probability). Hydrogen atoms are depicted as ball-and-stick models
colored light blue. THF and ClO4

− are omitted for clarity.

Figure 6. UV−vis NIR spectra of 1 (red solid line) and 2 (green solid
line) (1 × 10−4 M), HER mixture from 3opda/FeII/THF extracted by
THF (green dashed line), and air-oxidation mixture of 1 for 3 h (blue
solid line) in THF.

Figure 7. ESI-MS spectra of (a) HER reaction mixture from 3opda/
THF solution, (b) 1, (c) 2, and (d) HER reaction mixture from
3opda/[FeII(H2O)6](ClO4)2/THF suspension (CH3CN, m/z 250−
700, positive ion mode).
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by photoexcitation of a ππ* transition through the 3s Rydberg
state of the nitrogen atoms (1πσ*), using several spectroscopic
and theoretical techniques.20,21 Based on these well-established
studies, it is presumed that the HER from the 3opda/Fe(II)/
THF mixture would proceed through a ππ* transition followed
by N−H dissociation in the opda moiety to produce bqdi or s-
bqdi that is plausibly coordinating to Fe ion. In the TD-DFT
calculation for opda, it was shown that the 1πσ* state lies
slightly above the 1ππ* state (see Supporting Information for
details), which supports this presumption. The higher HER
efficiency from the 3opda/Fe(II)/THF sample, than from the
3opda/THF solution, indicates the essential role of the Fe(II)
ion in promoting HER. As one of the possibilities, an
assembling effect of opda moieties could be considered by
coordination to the cationic Fe(II) center throughout the
reaction, which would let the photochemically generated
hydrogen atom react with the other NH2 groups coordinating
the Fe(II) center.
From a consideration of these results, a plausible mechanism

for the HER of 1 could be described as follows: (1) ππ* excited
state formed by irradiation at around 298 nm; (2) N−H σ-
bond elimination to produce hydrogen atom and Fe(II)
complex of o-aminoanilino radical, equivalent to the s-bqdi,
species; and (3) hydrogen atom abstraction from s-bqdi or
unreacted opda to produce a H2 molecule and partially oxidized
species of the Fe(II) complex, probably such as [FeII(opda)k(s-
bqdi)l(bqdi)m]

2+ (k + l + m ≤ 3) (Scheme 1).

Photocatalytic HER Using HQ as a H+/e− Donor. For
the creation of photocatalytic HER systems, the HER from a
mixture of opda and [FeII(H2O)6](ClO4)2 in the presence of
HQ as an additional H+/e− mediator was conducted (Figure 8,
green circles). HQ derivatives are known to possess reversible
2H+/2e− transfer capability, the same as for opda.38 By the
addition of 10 equiv of HQ to the opda and Fe(II) mixture, the
amount of photochemically evolved hydrogen was continuously
increased, even after 57 h, in contrast to the case without HQ
(Figure 8, red circles). The amount of evolved hydrogen was
3.41 × 10−4 mol (TON = 4.28) after 196 h, which is about four
times as much as that without HQ (8.77 × 10−5 mol after 57
h), suggesting that HQ serves as a H+/e− donor for these
reactions. In the cases of two control experiments without both
opda and Fe(II) or opda under the same conditions (Figure 8,
black and brown circles), the HER could not be obtained,
suggesting the inertness of HQ itself for photochemical HER
together with the catalytic role of the complex species

consisting of opda(s) and Fe(II) or its partially oxidized
species.
On the other hand, a similar photochemical HER using opda,

[FeII(H2O)6](ClO4)2, and HQ-d2 (C6H4O2D2), in which the
deuteration ratio on the hydroxyl groups was determined to be
85% by 1H NMR, instead of HQ, D2 and HD were obtained
(Figure 3e and see Supporting Information). Although the
possibilities not only that D+ of HQ-d2 transferred in the
photochemical HER mechanism but also that opda was
deuterated by H/D exchange between HQ-d2 before photo-
irradiation should be taken into account, it is suggested that the
H+ of HQ can be the source of photochemically evolved H2 in
this HER. In the 1H NMR spectrum of product after the
catalytic HER in DMSO-d6, the existence of p-benzoquinone
(BQ) was indicated, supporting these considerations (see
Supporting Information). From these comprehensive consid-
erations, a plausible HER reaction cycle can be described as
shown in Scheme 2. The HQ apparently serves as the proton/
electron sacrifice reagent during the HER. Since the photo-
irradiation experiments for 2/10HQ/THF did not lead to
detectable hydrogen, HQ might interact with partially oxidized
species derived from 1 at either ground or excited states or
both. Furthermore, HQ is an expected H+/e− mediator in an
extended system for hydrogen production based on this HER
cycle.

■ CONCLUSION
In summary, this paper exploited a novel system toward the
photochemical HER, where the opda combined with a
nonprecious-metal ion, such as FeII, can effectively serve as
H+/e− poolers. A key feature is to make effective coordination
interaction between metal ions with the opda moieties. Light
irradiation onto the pooler initiates the HER, and successive H+

and e− transfers proceed from HQ. The results presented here
provide one possible way to activate organic moieties supported
with nonprecious metals. Efforts are presently focused on
deepening our understanding of the mechanism, as well as
improvements in the catalytic activity, together with the tuning
of HOMO−LUMO gaps to realize hydrogen production/
storage operative with visible light.

Scheme 1. Plausible Mechanism for Photochemical HER
from the 3opda/[FeII(H2O)6](ClO4)2/THF Mixture

Figure 8. Amounts of photochemically produced hydrogen from
3opda/[FeII(H2O)6](ClO4)2/10HQ/THF (green circles), 3opda/
[FeII(H2O)6](ClO4)2/THF (red circles) suspensions, 10HQ/THF
(black circles), and [FeII(H2O)6](ClO4)2/10HQ/THF (brown
circles) solutions.
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