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Visible-Light-Driven Ruthenium-Catalyzed Hydrogenation of
Manganese Nitride Complexes to Ammonia under Ambient
Conditions

Yasuomi Yamazaki, ® Qiubo Wang, ® Yoshiaki Tanabe, ® and Yoshiaki Nishibayashi*?

In recent years, photocatalytic hydrogenation of metal nitrides to ammonia using solar energy as a renewable energy source
and green hydrogen as both an electron and a proton source under ambient reaction conditions has been intensively
investigated to achieve one of the most desirable next-generation scientific techniques, i.e., atom-economical ammonia
production from dinitrogen and dihydrogen, thereby contributing to a carbon-neutral society. In this study, we have
successfully developed visible-light-driven photocatalytic hydrogenation of manganese nitride complexes to ammonia at
room temperature under an ambient pressure of dihydrogen in the presence of diruthenium complexes as dihydrogen
oxidation catalysts and iridium complexes as photosensitizers. The turnover numbers based on the diruthenium complex
and the yield of ammonia based on the manganese nitride complex reached up to 150 equiv. and 91%, respectively,
indicating the high durability and efficiency of this photocatalytic system. Moreover, this hydrogenation proceeded
photocatalytically even at a significantly low partial pressure of dihydrogen (down to 0.05 atm), which was much lower than
in previous systems reported by other research groups, and would be a key process for paving the way for achieving the

photocatalytic ammonia formation under an ambient pressure of a mixture of dinitrogen and dihydrogen.

Introduction

Ammonia is an essential nitrogen source for fertilizer and
nitrogen-containing chemicals, supporting various industrial
and human activities.! In recent years, the potential use of
ammonia as a promising energy carrier and fuel for a carbon-
neutral society has attracted more attention.2® Currently,
ammonia is industrially produced using the Haber-Bosch
process from dinitrogen and dihydrogen (N3 + 3H, = 2NHj3). This
process is one of the most desirable synthetic methods from the
viewpoint of atom economy. However, the Haber-Bosch
process requires high temperatures and pressures, resulting in
significant energy consumption. Therefore,
environmentally friendly methods for ammonia production
from dinitrogen and dihydrogen (green hydrogen in the future)
that can proceed under mild reaction conditions and utilize
renewable energy (typically solar energy) have been sought.
To advance in solid catalysts in the Haber-Bosch process,
various photoresponsive heterogeneous photocatalysts have
been widely developed to achieve solar-light-driven ammonia
synthesis from dinitrogen and dihydrogen.’-10 In addition to the
heterogeneous catalysts, numerous homogeneous systems
have been developed and investigated because homogeneous
reaction systems are suitable for gaining molecular and
mechanistic insights into the challenging goal of ammonia
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synthesis from dinitrogen and dihydrogen under mild reaction
conditions. The firstimportant concept in this research area was
proposed in 1991, in a report on the stoichiometric protonation
of a tungsten—dinitrogen complex with dihydrogen as the
proton source, using the strong acidity of a ruthenium
dihydrogen complex to form the corresponding tungsten
hydrazido(2-) complex and ruthenium hydride complex.1! In
1998, one of the authors of the present paper found that
stoichiometric  reactions between tungsten—dinitrogen
complexes and an excess of ruthenium—dihydrogen complexes
at 55 °C under 1 atm of dihydrogen afforded ammonia, formed
via protonation of the coordinated dinitrogen with the
coordinated dihydrogen.1214 This is one remarkable milestone
as the first successful example of ammonia formation from
dinitrogen and dihydrogen under mild reaction conditions.
Later, Chirik and coworkers reported the hydrogenation of
dinitrogen-bridged dizirconium complexes with dihydrogen to
afford a stoichiometric amount of ammonia, using both
electrons and protons derived from dihydrogen, as another
unique and important example.’>18 Tri(iron)bis(nitrido)
complex ([(Cp’Fe)s(us-N)2], Cp’ = n°-1,2,4-(MesC)3CsH,), which
was synthesized by reduction of [Cp’Fe(u-1)]; under
dinitrogen atmosphere, is also an interesting example, because
of its reactivity with dihydrogen (4 bar) at ambient temperature
to form a stoichiometric amount of ammonia (3-7% vyield).1®
Recently, the first example of nitrogen-nitrogen bond cleavage
and subsequent hydrogenation with dihydrogen to form
NH3 using a molecular uranium complex has been reported.20
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Scheme 1. (a) Thermal catalytic and (b) photocatalytic hydrogenation of metal nitride complexes under 4 atm of dihydrogen. (c) Catalytic dihydrogen oxidation using a diruthenium
complex. (d) Visible-light-driven ruthenium-catalyzed hydrogenation of manganese nitride complex developed in this study.

Another useful reported strategy is the (photo)catalytic
hydrogenation of transition-metal nitride complexes,?1-26 which
are known to be key intermediates produced via nitrogen-
nitrogen triple bond cleavage of dinitrogen in efficient catalytic
nitrogen fixation.27-43 Although, in most reported systems,
dinitrogen was not used directly as a nitrogen source for nitride
complexes, several (photo)catalytic systems for hydrogenation
of metal nitride complexes to ammonia using dihydrogen as
both an electron and a proton source have been reported over
the last decade. In fact, Chirik and co-workers reported thermal
catalytic hydrogenation of manganese(V) nitride complex
bearing a salen ligand (1a) as a model metal nitride complex at
room temperature under 4 atm of dihydrogen in the presence
of rhodium hydride complexes to produce a stoichiometric
amount of ammonia (Scheme 1a).%* It should be noted that
although 1a cannot be produced by the activation of dinitrogen,
1a can produce ammonia by hydrogen atom transfer (HAT)4546
or proton-coupled electron transfer (PCET),*’*° as with the
nitride complexes in the (photo)catalytic cycle for the ammonia
formation from dinitrogen. The bond dissociation free energy of
the Rh-H bond (BDFEgrn.n) was estimated to be 51 kcal/mol,
which is very close to the theoretical minimum limitation of the
BDFE values towards ammonia formation because the value of
AG¢°(He) to split the hydrogen-hydrogen bond in dihydrogen is
52.0 kcal/mol. On the other hand, the BDFEyy value of the
imide complex produced by hydrogenation of 1a was estimated
to be 70 kcal/mol,**>0 indicating that the suitable BDFE value of

2| J. Name., 2012, 00, 1-3

the Rh-H bond was effective for both hydrogen-hydrogen bond
cleavage and hydrogenation of 1a. However, likely due to the
small driving force of hydrogen-hydrogen bond cleavage, the
reaction rate was slow (over 5 days) to reach 40% yield at room
temperature and 60% yield at 50 °C. Besides, the turnover
number for ammonia production based on the Rh atom in the
catalyst was not high (4-6 equiv.).

Chirik and co-workers also reported photocatalytic
hydrogenation of a molybdenum nitride complex in the
presence of iridium hydride complexes as photocatalysts under
4 atm of dihydrogen and visible-light irradiation to produce a
stoichiometric amount of ammonia (Scheme 1b).5! Although
the BDFE value of the Ir-H bond in the ground state is
approximately 60 kcal/mol, that in the excited state is estimated
to be very small (approximately 10 kcal/mol), which is enough
to trigger the photochemical HAT (or PCET) to the molybdenum
complex (BDFEn.n = 21 kcal/mol). This photocatalytic HAT
reaction has also been applied for the catalytic formation of
weak chemical bonds in various organic compounds.52 Notably,
this molybdenum nitride complex was successfully reproduced
after ammonia formation via several stepwise reactions;
therefore, this reaction system is the first successful example of
achieving the synthetic cycle for ammonia formation from
dinitrogen and dihydrogen, though the ammonia yield based on
the molybdenum nitride complex and the turnover number of
ammonia formation based on the iridium complex were only
38% and 2 equiv., respectively. By changing the photocatalyst

This journal is © The Royal Society of Chemistry 20xx
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to [Ir(ppy)sl-type complex (ppy = 2-phenylpyridinato), the
ammonia yield became much higher (87% under 4 atm H, or
75% under 1 atm H;), and the turnover number of the
molybdenum complex for ammonia formation from dinitrogen
and dihydrogen reached 1.1 by repeating the synthetic cycle.>3

One possible reason for the low turnover numbers of
dihydrogen activation catalysts in the aforementioned systems
is the hydrogenation of ligands, resulting in structural changes
in the catalyst or ligand dissociation (e.g., photodriven C-H
reductive elimination in the hydride complexes (Scheme
1b));#45* therefore, the use of stable catalysts for dihydrogen
activation should be necessary to achieve durable catalytic
systems. Our group previously reported highly durable and
efficient catalytic oxidation of dihydrogen under ambient
reaction conditions using thiolate-bridged diruthenium
complexes (Scheme 1c).3>57 In this reaction, monocationic
hydride complex ([2a-H]*), which is produced by the
coordination of dihydrogen to dicationic complex ([2a]?*) with a

vacant site and subsequent deprotonation, provides an electron,

a proton, and an electron in that order to reproduce [2a]?*. As
a result, dihydrogen can be used as both a two-electron and a
two-proton donor to reduce oxidants (e.g., ferrocenium salts)
and protonate bases (e.g., pyridine derivatives), respectively.
Notably, the maximum turnover number for the reduction of
ferrocenium cation exceeded 9400 equiv. based on [2a-H]*.
Moreover, this dihydrogen oxidation with [2a-H]OTf proceeded
efficiently even under 0.37 atm of dihydrogen, suggesting that
[2a-H]OTf can supply electrons and protons derived from
dihydrogen with high durability and efficiency even under low
partial pressure of dihydrogen.

Based on these research backdrops, we have envisaged a
new concept that uses our unique dihydrogen activation
method to catalytically reduce metal nitride complexes to
ammonia (Scheme 1d). In this concept, two electrons and two
protons derived from dihydrogen are transferred separately to
1a by a photosensitizer and a proton mediator, respectively,
unlike the reported systems with hydride complexes in Schemes
la and 1b. In fact,
photocatalytic hydrogenation

we have succeeded in developing
of the manganese nitride
complex 1a as a typical model metal nitride complex in the
presence of the diruthenium complex [2a-H]OTf as a
dihydrogen oxidation catalyst. Since the reducing power of [2a-
H]OTf is not enough to donate electrons directly to 1a (or its
derivatives), we have newly designed a combination system
consisting of a catalytic cycle for oxidizing dihydrogen with [2a-
H]OTf to provide electrons and protons and a photosensitizing
cycle with Ir(ppy)s (3a) as a redox photosensitizer to increase
the electron-donating ability and trigger hydrogenation of 1a
using electrons and protons derived from dihydrogen via
photochemical PCET or HAT processes under ambient reaction
conditions and visible light irradiation, resulting in up to 150
equivalents of the turnover number for ammonia formation
based on [2a-H]OTf and 91% of the ammonia yield based on 1a.
Moreover, this hydrogenation proceeded photocatalytically
even under 0.05 atm of dihydrogen, demonstrating a useful
feature for achieving photocatalytic ammonia formation under
ambient pressure of a mixture of dinitrogen and dihydrogen.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Photo-driven ruthenium-catalyzed hydrogenation of manganese nitride
complex.
As a typical run, we performed the photocatalytic

hydrogenation of the manganese nitride complex 1a as a model
metal nitride complex (100 umol) in the presence of catalytic
amounts of the diruthenium complex [2a-H]OTf (1 pumol) as a
dihydrogen oxidation catalyst, the iridium complex 3a (10 pmol)
as a photosensitizer, and 2,6-lutidinium triflate ([LutH]OTf, 25
umol) as a proton mediator in tetrahydrofuran (THF, 5 mL)
under visible light irradiation (>400 nm) and 1 atm of
dihydrogen at room temperature for 24 h (Figure 1; Table 2,
entry 1). After photoirradiation, the solution color changed
from green to orange (Figure S2 in the Supporting Information).
The amount of produced ammonia reached 80 *+ 4 umol (i.e., 80
equiv. based on [2a-H]OTf in 80% yield based on 1a). To obtain
80 pmol of ammonia, 240 pmol (= 80 x 3 umol) of protons and
electrons are required; hence, the turnover number of the
proton mediator and the photosensitizer was larger than 9 and
24, respectively. Figure 2a illustrates the time course of the
amount of ammonia produced in the photocatalysis. During the
reaction, the reaction rate of ammonia formation gradually
decreased and reached a plateau in 24 h of irradiation (Figure
2a, Table S1 in the Supporting Information). A light-on/off
experiment under the same reaction conditions revealed that
ammonia formation proceeded only during photoirradiation,
and a radical chain reaction should not have proceeded in this
reaction system (Figure 2b, Table S6 in the Supporting
Information). The use of 15N-labeled manganese nitride
complex (1*N-1a) under the same reaction conditions afforded
15N-labeled ammonia (1*NHs3) in 76% vyield, confirming that
ammonia was produced from hydrogenation of the nitride
moiety of 1a (Figure S3 in the Supporting Information). The
apparent quantum yield of the ammonia formation (Onps3) in the
initial stage of the photoreaction was estimated to be 0.86%
using a 405-nm monochromatic light and a ferrioxalate
chemical actinometer®® (Table S8 in the Supporting
Information). The relatively low quantum yield is mainly due to
the strong inner-filter effect® by 1a and unexpected charge
recombination pathways (vide infra). The photocatalysis under
D, for 12 h (18% yield, Table S7 in the Supporting Information)
exhibited a much lower reaction rate than under H, (54% yield).
The kinetic isotope effect (KIE) was estimated to be 3.1,

J. Name., 2013, 00, 1-3 | 3
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suggesting that proton or hydrogen-atom transfer and/or
reaction with dihydrogen should be included among the rate-
determining steps (see below).

Bu By [2a-H]OTF (1 umol)
B 30l0¢_ DB 3a (10 ymol)
NG [LutH]OTF (25 pmol)
' 2 THE (5mL), t, Time Hs + 1124
1a hv (>400 nm)
(100 ymol) (1 atm)
(@) (b)
100 100
80 A [) ) 80 { own OFF ON OFF ON
£ 60 £60
= =
T 40 1 40
z zZ
20 20
0 T - T 0 : = ..
0 10 20 30 40 0 5 10 15 20

Reaction time [h] Reaction time [h]
Figure 2. (a) The time course of the amount of ammonia produced in the photocatalysis.
(b) The light on/off experiment.

Table 1. Results of control experiments.

[2a-H]OTf (1 pmol)
3a (10 pmol)
[LutH]OTf (25 pmol)

2 THF (5mL), 11,24 h
hv (>400 nm)

u Bu

IB N
fBu—Qo.hlql I.o p—fsu
N NE

D + 3/2H

NH, + 1/24

1a
(100 pmol) (1 atm)

Entry Deviations from standard conditions ~ NHs yield [%]*°
1 - 804

2 Without 1a <1

3 Without [2a-H]OTf 5+1

4 Without 3a 1+1

5 Without [LutH]OTf 211

6 Without light 3+1

7 Without Hz (Under Ar) 7+1

9 The averages are shown with standard errors. ?Yield based on 1a.

Several control experiments shown in Table 1 confirmed
[2a-H]OTf, 3a, [LutH]OTf,
dihydrogen, and visible light was required for the efficient
ammonia formation. It should be noted that the photocatalytic
hydrogenation proceeded slowly even in the absence of
[LutH]OTf as a proton mediator (Entry 5 in Table 1), likely
because protons were directly donated from the diruthenium
complex to 1a in the PCET process due to the high acidity of the
intermediates (see below). On the other hand, in the case
without [2a-H]OTf (Entry 3 in Table 1), the amount of ammonia
was low, though protons can be provided by [LutH]OTf (i.e., 25
umol of protons). This result clearly demonstrates that, under

that the combination of 1a,

4| J. Name., 2012, 00, 1-3

the conditions of the control experiment, the sple,glectron
source was 3a (i.e., 10 umol of 3a can produlcéCatOr?dse 3 348161
of ammonia), whereas under standard conditions, electrons
were catalytically supplied via the dihydrogen oxidation
reaction with [2a-H]OT{.

The detailed structure of the resulting manganese complex
after hydrogenation of 1a has not yet been reported; therefore,
we isolated the manganese complex by removing the solvent
from the reaction solution under reduced pressure, extracting
it from the obtained residue with hexane, and then filtering off
the insoluble materials including catalysts and [LutH]OTf (yield:
93%, see section 2.7 in the Supporting Information). Single
crystals were successfully prepared by slow evaporation of the
hexane solution, and the X-ray analysis revealed that the
product was the dinuclear manganese complex (4) bridged by
one of the oxygen atoms in each salen ligand (Figure 3a, Table
S10 in the Supporting Information). The elemental analysis also
confirmed the composition formula of 4 and the purity of the
sample. The manganese nitride complex 1a was regenerated
from 4 using the synthetic method reported by Chirik et al. in a
moderate yield (Figure 3b, Figures S7 and S8 in the Supporting
Information); therefore, 4 should be the same as or similar to
the manganese species obtained after the photoreactionsin the
aforementioned reported systems.#450.60 However, 4 exhibited
no signal in the electron spin resonance (ESR) spectrum (Figure
S9 in the Supporting Information), in contrast to the
aforementioned reported systems, which showed a strong
isotropic signal with the g value of 2.0.44 'H NMR spectrum of 4
also indicated its weak magnetism because of the relatively
small difference in chemical shifts from those of diamagnetic
complex 1a (Figure S4 in the Supporting Information). These
results suggest that 4 can be assigned as a homovalent
antiferromagnetically coupled dimer.61.62 Quite interestingly,
we found that the ESR spectrum of the solution containing 4 and
[LutH]OTf (Figures S9 in the Supporting Information) contained
a characteristic signal containing 6 lines, which is a typical signal
shape for Mn! species because of the interaction between the
3d° electronic spin (S = 5/2) with the nuclear spin of the 55Mn
nucleus (/ =5/2)83. The UV-vis absorption spectrum of 4 was also
changed drastically by adding [LutH]OTf (Figure S10 in the
Supporting Information). In the case of the solution after the
photoreaction shown in Figure 1, quite weak but similar signals
were also observed in the ESR spectrum, while its UV-vis
absorption spectrum was well simulated with the spectrum of
4, meaning that 4 in the reaction solution had slightly reacted
with [LutH]OTf (Figures S5 in the Supporting Information). Given
that the addition of Lut did not affect both ESR and UV-vis
absorption spectra (Figures S9 and S10 in the Supporting
Information), protonation of 4 with [LutH]OTf to form
monomeric Mn'' species might be involved in the structural
changes, even though the resulting molecular structure is
unclear at this stage. The simulation spectra and further
discussion on the spectrum structure are included in section
2.10 of the Supporting Information.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Photocatalytic hydrogenation of manganese nitride complexes under 1 atm of H, in the presence of catalysts, photosensitizers, and proton ﬁ@ﬂiai?ﬁmq/nmrm%ec

N
R—Qo, m,o@—a Catalyst (1 umol)
_N,MnﬁN_ Photosensitizer (10 pmol)
G . Proton mediator (25 pmol) - Ak
+ +
e iy " tz Solvent (5 mL), it, 24 h :
1b: R = OMe Y80, e ekt omn)
1c:R=Cl
(100 pmol)
Catalyst "ﬂ -loTf _ﬁ “(OTH), _4% T(OTf), (0T, -loTf
ue>; % VSRd Fe'SR/g‘ 9 S 'ﬁ\ ufS—S‘;Ru/\&
Ph}b@ th@@ Ph’P\"é H:zO ,S e Ho0 A A
Pr MeO
[2a-H]OTf [2a](OT¥), [2b](OTf), [2¢](OTH), [2d]OTf

Photosensitizer

> = F F = F ‘|0Nf
7 2l ~1(ON
F F F
: N,Ir\N\_ I : .N’Ir\N\' ' : NJI’\N\' ' [r\ %
é\F F:@F

3b 3c [3d]ONf [3e](ONf),
Proton mediator _ |_|0Tf QS do'rf
N N I Y OTf = OSO,CF,
H h M ONf = 0SO,C,F,
[LutH]OTf [ColH]OTf [PicH]OTf
Entry  Nitride complex Catalyst Photosensitizer Proton mediator Solvent NH3 production [umol] NHj3 yield [%]
1 1a [2a-H]OTf 3a [LutH]OTf THF 804 804
28 1a [2a-H]OTf 3a [LutH]OTf THF 1103 5542
30 1a [2a-H]OTf 3a [LutH]OTf THF 150 + 4 75+2
4 1a [2a](OTf)2 3a [LutH]OTf THF 83+2 83+2
5 1a [2b](OTf)2 3a [LutH]OTf THF 33:2 33+2
6 1a [2¢](OTf)2 3a [LutH]OTf THF 14 £ 1 14 £ 1
7 1a [2d]OTf 3a [LutH]OTf THF 8+05 8+05
8¢ 1a [2a-H]OTf 3a [LutH]OTf THF 81+2 81+2
9d 1a [2a-H]OTf 3a [LutH]OTf THF 465 465
10 1a [2a-H]OTf 3b [LutH]OTf THF 56+5 56+5
11 1a [2a-H]OTf 3c [LutH]OTf THF 14 £1 14 £1
12 1a [2a-H]OTf [3d]ONf [LutH]OTf THF 24+5 24+5
13 1a [2a-H]OTf [3e](ONf) [LutH]OTf THF 1+0.1 1+0.1
14 1a [2a-H]OTf 3a [ColH]OTf THF 694 69+4
15 1a [2a-H]OTf 3a [PicH]OTf THF 65+ 2 65+ 2
16° 1a [2a-H]OTf 3a [LutH]OTf THF 64 +1 64 +1
17 1a [2a-H]OTf 3a [LutH]OTf THF 52+ 1 52+ 1
189 1a [2a-H]OTf 3a - THF 21+0.2 21+0.2
19 1a [2a-H]OTf 3a [LutH]OTf Benzene 20 20
20 1a [2a-H]OTf 3a [LutH]OTf CH2Cl2 19 19
21 1a [2a-H]OTf 3a [LutH]OTf Et:0 6 6
22 1b [2a-H]OTf 3a [LutH]OTf THF 58 + 2 58 +2
23 1c [2a-H]OTf 3a [LutH]OTf THF 10+ 1 10+ 1

9 1a (200 umol) was used. ® The amount of 1a and [LutH]OTf were changed to 200 and 50 umol, respectively. < [2a-H]OTf (2 umol) was used. ¢[2a-H]OTf (0.5 umol) was
used. € [LutH]OTf (50 umol) was used. f [LutH]OTf (10 pmol) was used. 9 [LutH]OTf was not used.
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(a) ORTEP drawing of 4
@

® }
Bu IO
E CZCIG (400 ymol) gy, o\ ,0
#d :’EuN
12 N e THEGmML) (5mL)
e ¥ ) B60°C,24h
(77 umol) ) NH; aq.
3
Clorox bleach
e -of} Q&"w@
MeOH (20 mL)

1a
47% yield (over 2 steps)

Figure 3. (a) An ORTEP drawing of the resulting dimanganese complex 4 obtained after
the photocatalytic hydrogenation. Thermal ellipsoids are shown at the 50% level.
Hydrogen atoms and solvent molecules are omitted for clarity, and the main places in
the disordered regions are illustrated. White, blue, purple, and green correspond to C,
O, N, and Mn atoms, respectively. (b) Reproduction of 1a from 4.

The residue obtained after extracting 4, as described above,
was further investigated. In the 'H NMR spectrum of the residue,
[2a-H](OTf) (1.0 umol) and 3a (10 umol) were observed,
meaning that the decomposition of the catalysts was not
significant even after the 24-hour reaction (Figure S6 in the
Supporting Information). Therefore, we increased the amount
of 1a from 100 to 200 umol. It is noted that this concentration
of 1ais almost at saturation. The amount of produced ammonia
was increased to 110 umol, while the yield was decreased to
55% (Table 2, entry 2). When simultaneously increasing the
amount of [LutH]OTf to 50 umol, the amount and yield of
produced ammonia were further increased to 150 pmol and

Bu Bu

i m 1
B“‘QO;Mn:OP‘ Bu
. Lol

75%, respectively (Table 2, entry 3). This is probably. because of
the high concentration of the oxidatidPpreduct/ BpSaRd8the
aforementioned interaction between [LutH]OTf and 4, which
led to the suppression of the function of [LutH]* as a proton
mediator.

Next, to optimize the reaction conditions, we conducted the
photocatalytic hydrogenation of 1a using various catalysts for
dihydrogen oxidation (Table 2; entries 1, 4-7). The time courses
of the amount of ammonia produced during the photocatalytic
reactions are summarized in Figure 4 and Tables S1-5 in the
Supporting Information. When using the corresponding
dicationic complex [2a](OTf),, which possesses a vacant site,
both the reaction rate and the amount of produced ammonia
became almost the same as those using [2a-H](OTf). This result
clearly indicates that [2a-H](OTf) and [2a](OTf), were efficiently
and mutually converted in the catalytic cycle, as with the
aforementioned system. A Ru-Fe dinuclear complex ([2b](OTf),)
also functioned as an effective catalyst in the initial stage, even
though the reaction ceased within 6 h of irradiation, likely
because of the lower durability of the Fe unit. In the
photocatalytic reactions using [2c](OTf), or [2d]OTf, which
possess two thiolate ligands, both the reaction rate in the initial
stages and the amount of produced ammonia became much
lower than those using [2a-H](OTf). From these results, the
multidentate thiolate ligand, including the triaryl phosphine
moiety, is suitable for improving catalyst durability. Further
discussion with cyclic voltammetry and photophysical
properties is included in sections 4 and 5 of the Supporting
Information. The increase in the amount of [2a-H](OTf) (2 umol)
used hardly affected the photocatalytic activity (81% vyield,
Table 2, entry 8), while the decrease in the amount of [2a-
H](OTf) (0.5 umol) used lowered the photocatalytic activity
(46% yield, Table 2, entry 9), meaning that under the optimized
conditions, the catalytic cycle with [2a-H](OTf) may not be
included in the rate-determining steps and 1 umol or larger
amount of [2a-H](OTf) is required for the efficient reaction
procedures (Figure S11a in the Supporting Information).

Catalyst (1 pmol)
3a (10 pmol)
[LutH]OTT (25 pmol)

C>‘ + 3/2H,

1a
(100 pmol)

THF (5 mL), it, Time
hv (>400 nm)

NH, + 1/24

(1 atm)
100 o Catalyst
o[2a- “10Tf
+[2a](OTh), -ﬁ\ _& _ﬁ\ OTf)2 _ﬁ\ (0T,
80 {a2b](0TH), Sed Fe—R
= [2¢](OTH), Pe—, . ; g
€ 60 {mp2djoT Ph é@ ph-P Ph P@
=
¥ [2a-H]OTf [2a](OTf), [2b](OT#),
=z
-loTf
55 4 “AOThH:
I g =
0 T T T T Hzo ’ ipf HZO H OMe
0 5 10 15 20 25 Pr MeO
Reaction time [h] [2c)(OTH), [2d]OTf

Figure 4. The time courses of the amount of ammonia produced in the photocatalysis using various thiolate-bridged dinuclear complexes ([2a-H]OTf (blue circle), [2a](OTf), (red
diamond), [2b](OTf), (green triangle), [2¢c](OTf), (orange circle), [2d]OTf (sky blue square)).
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The substituent effect on the iridium photosensitizer was
also significant. When introducing electron-withdrawing
fluorine groups (i.e., 3b and 3c), the catalytic activity decreased
compared with 3a (Table 2; entries 1, 10, 11). These results
suggest that high reducing power is crucial for effective electron
transfer to manganese nitride complexes (or proton mediators),
thereby achieving high catalytic activity. Of note, their reducing
power in the excited state (oxidation potential in the excited
state (Eox*)) was estimated by oxidation potentials determined
by cyclic voltammetry and excitation energies determined by
Franck-Condon analysis®* as mentioned below (E.*(3a): -2.15
V, Ex*(3b): —2.05 V, Eo*(3c): -1.91 V, Table S16 in the
Supporting Information). On the other hand, [3d]JONf (Eox*:
-1.39 V) and [3e](ONf); (Eox™: —1.14 V), whose reducing power
in the excited states is relatively weak, did not function as
effective photosensitizers (Table 2; entries 12 and 13). In the
case using [3d]JONf or [3e](ONf),, according to their redox
potentials, they possibly donate electrons to 1a via reductive
quenching, which is an electron transfer from [2a-H]OTf (Eox:
+0.24 V) to the excited state of a photosensitizer, due to the
relatively high oxidizing power in their excited state
(Erea®([3b]ONS): +0.34 V, Erea*([3€](ONf),): +0.21 V) (Table S16
in the Supporting Information). However, their high oxidizing
power might trigger the oxidation of 1a (Eox: +0.26 V) as a side
reaction, thereby suppressing both the reduction of 1a and the
photosensitizing  reaction by charge recombination.
Consequently, these screening results suggest that using a
photosensitizer with relatively low photo-oxidizing power to
prevent the unexpected oxidation of 1a and high reducing
power to provide electrons to 1a could be key to achieving high
catalytic activity. All of the electrochemical and photophysical
properties of the photosensitizers are summarized in Figure S28
and Table S16 of the Supporting Information.

Not only the catalysts and photosensitizers but also proton
mediators, reaction solvents, and the ligand of the manganese
nitride complex were optimized. The photocatalytic reaction
using [LutH]OTf (80% yield) showed the highest photocatalytic
activity, but [ColH]OTf (69% yield) and [PicH]OTf (65% yield) also
functioned as effective proton mediators (Table 2; entries 1, 14,
15). The cyclic voltammetry suggested that all of these proton
mediators (Ereq([LUtH]OTf): —=1.91 V, E.4([CoIH]OTf): -2.08 V,
Ereq([PicH]OTf): -1.85 V) can accept electrons exergonically
from the excited state of 3a (3a*, Eox*: —2.15 V) (vide infra). The
electrochemical properties of the proton mediators are
summarized in sections 4 and 5 of the Supporting Information.
Although the photocatalytic reaction slowly proceeded even in
the absence of [LutH]OTf (21% vyield), the increase in the
amount of [LutH]OTf to 10 pumol (52% vyield) or 25 pumol (80%
yield) led to higher photocatalytic activities (Table 2; entries 1,
17-18). The use of an even higher amount of [LutH]OTf (50
umol) led to a similar yield to that with 25 umol (64% vyield,
Table 2; entry 16). These results clearly suggest that the proton
transfer from the diruthenium complexes to manganese nitride
complexes was largely promoted by the pyridinium salts as
proton mediators (vide infra).

When changing the solvent from THF (80% yield) to benzene
(20% vyield), CH)Cl, (19% vyield), or Et,0O (6% yield), the

This journal is © The Royal Society of Chemistry 20xx
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photocatalytic activities decreased drastically (Table, 2;.&ntries
1, 19-21), meaning that THF is a suitable SSN&RtFEPHPISS)BEA%:
It is noted that, especially when using benzene and Et,0, the
solubility of 3a was low, resulting in low photosensitizer
concentrations and decreased photocatalytic activity (Figure
S2d in the Supporting Information). The low solubility of 1a in
Et,0 might also reduce the efficiency of the photosensitizing
process due to its low solution concentration and light
scattering.

The effect of substituents on the salen ligand of the
manganese nitride complexes also affected the catalytic activity.
When introducing MeO groups (1b) or Cl groups (1c) instead of
tBu groups on the phenyl rings in the salen ligand, the yields of
ammonia became 58% and 10%, respectively (Table 2, entries
22 and 23). One of the main reasons for lower yields when using
1b or 1cis their lower solubility, which leads to suspension and
light scattering (Figure S2d in the Supporting Information). The
electrochemical studies revealed that the electron-accepting
abilities of 1b (Ereq: —2.55 V) and 1c (Ereq: —2.30 V) were similar
to or higher than that of 1a (Erq: —2.60 V), indicating that the
enhancement of electron-accepting ability by changing the
substituents on the salen ligand did not effectively improve the
catalytic activity. In the case using 1b, the red shift of the
absorption band might have increased the inner-filter effect,>®
which suppresses the absorption of the irradiated photons by
3a (Figure S14 in the Supporting Information), thereby reducing
the efficiency of the photoreaction (vide infra). All of the
photophysical properties of the
manganese complexes are summarized in sections 4 and 5 of
the Supporting Information.

electrochemical and

Table 3. Photocatalytic hydrogenation of manganese nitride complexes under various
partial pressures of H, in the presence of [2a-H]OTf, 3a, and [LutH]OTf.c

Bu y By [2a-H]OTf
’Bu—Q:O-hH#O@—‘Bu 3a (10 umol)
=N N= [LutH]OTf (25 pmol)
+ 3/2H, THF (5 mL), 11, 24 h NH, + 1/24
1a hv (>400 nm)
(100 pmaol)
Entry H2 pressure Amount of NH3 yield
[atm] [2a-H]OTf [umol] [%]
1 1 1 80+4
2 0.2 1 372
3 0.2 8 91+2
4 0.05 1 19+2
5 0.05 8 39+1

9 Photocatalytic reactions were performed under a mixture of H (X [atm]) and N2
(1-X [atm]). The summation pressure was 1 atm.

As described above, the manganese nitride complex was
successfully hydrogenated to produce ammonia
photocatalytically under 1 atm of dihydrogen as both an
electron and a proton source at room temperature by using a
combination of [2a-H](OTf), 3a, and [LutH]OTf. We next
conducted the photocatalytic hydrogenation under a lower
partial pressure of dihydrogen (Table 3, Table S9 in the

J. Name., 2013, 00, 1-3 | 7
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Supporting Information). The photocatalytic hydrogenation of
1a proceeded even under 0.2 and 0.05 atm, and the yields of
ammonia were 37% and 19%, respectively (Table 3, entries 2
and 4). The reaction rates linearly depended on the partial
pressure of dihydrogen (Figure S11b in the Supporting
Information). When increasing the amount of [2a-H](OTf) from
1 umol to 8 pmol, the amount of ammonia produced under 0.2
and 0.05 atm of dihydrogen also increased to 91% and 39%,
respectively (Table 3, entries 3 and 5). These results indicate
that under 0.2 or 0.05 atm of dihydrogen, the rate-determining
step might have switched to the catalytic cycle for dihydrogen
oxidation with [2a-H]OTf. It should be noted that the partial
pressure of dihydrogen in the aforementioned system is much
lower than that in the reported photocatalytic systems (1-4
atm)4451.53, Therefore, the photocatalytic system developed in
this study can effectively utilize much lower concentrations of
dihydrogen.

—_
(=}
i

150
== - =405 =
—[2a-H]OTf|| 2120 | — [2a-H]OTf
—3a E 4‘?’0 —3a
2 90 i
o)
@
B 60
w©
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=
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350 450 550 650 750 400 450 500 550 600
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Figure 5. (a) UV-vis absorption spectrum of 1a (blue), [2a-H]OTf (red), and 3a (orange) in
THF. The spectrum simulated using molar extinction coefficients and concentrations in
reaction solutions for photocatalytic reactions is illustrated in (b). The concentrations of
1a, [2a-H]OTf, and 3a are 20, 0.2, and 2 mM, respectively.

To gain insight into the reaction mechanism of this
photocatalytic system under the optimized reaction conditions,
we investigated the photophysical and photochemical
properties of the catalysts and substrates. Figure 5a illustrates
the UV-vis absorption spectra of 1a, [2a-H]OTf, and 3a in THF.
Photosensitizer 3a showed absorption bands up to
approximately 500 Notably, 1a and [2a-H]OTf
showed strong absorption bands in a similar region; therefore,
the absorption of the irradiation light by 3a will be suppressed
by the inner filter effect derived from 1a and [2a-H]OTf.
[LutH]OTf did not show any absorption bands in the visible
regions. Figure Sb illustrates the absorption spectrum simulated
using the molar extinction coefficients (€) shown in Figure 5a
and the concentrations in the reaction solutions under the
optimized conditions, clearly demonstrating that due to the
quite high concentration of 1a, the photons irradiated to the
reaction solutions were absorbed mainly by 1a. The main
irradiation wavelengths absorbed by 3a were 405 and 430 nm,
and the ratios of the photons with these wavelengths absorbed
by 3a were estimated to be only 11%. These low absorption
ratios should be one of the reasons for the low quantum
efficiency of the photocatalytic reactions. It is noteworthy that
the dimanganese complex 4, which is a product of the
photocatalytic hydrogenation of 1a, also exhibited relatively

nm.
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strong visible-light absorption ability (Figure $14b.ipnothe
Supporting Information), meaning that RRe lhHEP filverOeffcct
derived from 4 is also considerable.
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Figure 6. Stern-Volmer luminescence quenching studies of 3a with 1a (blue), [2a-H]OTf
(red), or [LutH]OTf (green).

Table 4. Quenching experiments with 3a in the presence of 1a, [2a-H]OTf, or [LutH]OTf.

Quencher Ksv [mM™"]2 ka M7 s Nq [%]°
1a 2.4 1.6 x 10° 49
[2a-H]OTf 11 7.6 x 10° 2
[LutH]OTf 9.3 6.4 x 10° 48

2 The Stern-Volmer constants determined from the slope of the fitting curves
illustrated in Figure 6. ® The quenching rate constants determined from Ksv and the
emission lifetime of 3a in the absence of any quencher (t, Ksv = kqto). € The
quenching fractions in the reaction solution calculated based on eqn. S7 in the
Supporting Information.

To investigate the behavior after the photoexcitation, the
photochemical properties of 3a investigated using
luminescence quenching experiments, i.e., Stern-Volmer
analyses (Figure 6, Table 4; Figure S20 and Table S12 in the
Supporting Information). It should be noted that the Stern-
Volmer analyses were conducted using the emission lifetimes in
the presence of quenchers (t) and in the absence of them (to)
because 1a and [2a-H]OTf showed strong absorption bands in
the visible regions (Figure 5a) to absorb the photoluminescence
from 3a in the excited state (3a%*) in the
overestimation of the degree of photoluminescence quenching
determined from emission intensities. The photoluminescence
from 3a* was effectively quenched by 1a, [2a-H]OTf, or
[LutH]OTf, and the Stern-Volmer constants (Ksys) were
respectively determined to be 2.4, 11, and 9.3 [mM™1] from the
slopes of the fitting curves of Stern-Volmer plots in Figure 6. The
quenching rate constants (kq) calculated from the Ksy values and
To were 1.6x10°%, 7.6x10% and 6.4x10° [M-1s71], respectively.
These values are close to the diffusion rate constants (=100
[M-1s-1]), indicating relatively high quenching efficiency. Given
the Ksy values and their concentrations under the optimized
reaction conditions, the quenching fractions (nq) with 1a, [2a-
H]OTf, or [LutH]OTf were estimated to be 49%, 2%, and 48%,
respectively. These results indicate that the excited state of 3a
is mainly quenched by 1a or [LutH]OTf (see section 4.3 in the
Supporting Information).

were

resulting

This journal is © The Royal Society of Chemistry 20xx
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Table 5. Redox potentials of 1a, [2a-H]OTf, [2a](OTf),, 3a, and [LutH]OTf.c

Compound Ered [V] Eox [V] Ered* [V]° Eo* [V]?
1a -2.60° +0.26 - -
[2a-H]OTf -1.58 +0.24° - -

-2.24
[2a](OTH). -0.66 - - -

-1.22
3a -2.84 +0.27 -0.42 -2.15
[LutH]OTf -1.91° - - -

9 Measured by cyclic voltammetry under a N2 atmosphere in THF containing 0.1 M
of "BusNPFs as a supporting electrolyte. The scan rate was 100 mV/s. Potentials are
indicated vs. Fc%+, b The redox potentials in the excited states. ¢ Peak potentials.

To consider the reasons for the photoluminescence
quenching, we next measured cyclic voltammograms of the
catalysts and substrates to investigate the possibility of the
photo-induced electron transfer (Figures S$22-29 in the
Supporting Information). The redox potentials of the catalysts
and substrates used under the optimized conditions are
summarized in Table 5. The reduction (E;4) and oxidation
potential (Eox) of 3a were -2.84 and +0.27 V vs. Fc%*,
respectively. The excited energy (Eo.o) was estimated to be 2.42
eV from Franck-Condon analysis (Figure S18 in the Supporting
Information); the reduction and oxidation potentials in the
excited states (Ereq* and Eo*) were determined to be -0.42 V
and -2.15 V, respectively. Given the oxidation potential of 1a
(Eox: +0.26 V) and [2a-H]OTf (Eox: +0.24 V), the electron transfer
from 1a or [2a-H]OTf to 3a* (i.e., reductive quenching of 3a* by
1a or [2a-H]OTf) should not be the main pathway for the
photoluminescence quenching. On the other hand, the
oxidation potential of 3a in the excited states was highly
negative (Eox*: -2.15 V) enough to exergonically trigger
oxidative quenching, i.e., electron transfer to [2a-H]OTf (Ereq:
-1.58 V) or [LutH]OTf (Ereq: —1.91 V). It is noteworthy that
[2a](OTf),, which is an important intermediate of the hydrogen
oxidation cycle with [2a-H]OTf, showed more positive reduction
potentials (Ereq: —0.66, -1.22 V), meaning that oxidative
quenching by [2a](OTf), will also proceed efficiently. The
reduction of [2a-H]OTf and [2a](OTf), will suppress the
oxidation of dihydrogen to decrease the efficiency of the
photocatalytic reactions, though the quenching efficiency with
[2a-H]OTf or [2a](OTf); is not high due to their low
concentrations. The oxidative quenching by [LutH]OTf will
produce LutH* radical species, which potentially function as
hydrogen-atom donors;*34¢ therefore, this quenching process
should be one of the main pathways for the hydrogenation of
1a (see below). The reduction potential of 1a (Ereq: —2.60 V) is
more negative than Eo* of 3a (Eox*: —2.15 V), indicating that
direct single-electron transfer will not proceed efficiently;

This journal is © The Royal Society of Chemistry 20xx
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therefore, proton-coupled electron transfer from, 3a%. with
[LutH]* to 1a, rather than the single-electP6h tralsT¥ R HARkPbe
a plausible pathway. Notably, as illustrated in Figure 5, 1a
exhibits strong absorption over a wide range of the visible
region, and the emission spectrum of 3a and the absorption
spectrum of 1a overlap significantly (Figure S19 in the
Supporting Information); therefore, excitation energy transfer
from 3a* to 1a should also be considered. This excitation energy
transfer lowers the concentration of 3a*, thereby reducing the
efficiency of photosensitizing reactions. Consequently, the
photoluminescence quenching by 1a includes both photo-
induced electron transfer and/or PCET from 3a* to 1a and the
excitation energy transfer, and the former process is the other
main pathway for the hydrogenation of 1a (vide infra).

The PCET with 3a* and [LutH]OTf to 1a is a
thermodynamically favorable process since the effective BDFE
value of the combination of 3a* and [LutH]* (23 kcal/mol, see
section 5.3 in the Supporting Information) is much smaller than
the BDFEnu value of the manganese-imide complex
corresponding to 1a (70 kcal/mol, Figure 7a).59 However, photo-
induced PCET within its short excitation lifetimes (< 1.6 us)
might be difficult to occur, as the three molecules need to
approach simultaneously. In general, an interaction between
two of them, e.g., hydrogen bond formation, can promote PCET
among three molecules. Therefore, to investigate the possibility
of the photo-induced PCET, we measured N NMR of THF
solution containing 15N-1a (0.04 M) and [LutH]OTf (0.1 M). As
illustrated in Figure S30a in the Supporting Information, the
signal in the 15N NMR spectrum was shifted and significantly
broadened by adding [LutH]OTf. Some of the signals in No-
Deuterium Proton (No-D) NMR spectra were also shifted (Figure
S30b in the Supporting Information). However, the UV-vis
absorption spectrum of 1a was hardly changed even in the
[LutH]OTf (Figure S31 in the Supporting
Information). These results suggest that the interaction
between the N-H moiety in [LutH]OTf and the manganese-
nitride moiety in 1a is not strong, and the formation of a
hydrogen bond rather than the protonation of the nitride
moiety possibly takes place. We also conducted Stern-Volmer
luminescence quenching studies of 3a with both 1a and
[LutH]OTf (Figure S20 and Table S12 in the Supporting
Information). Although the precise estimation of rate constants
for the photo-induced PCET process was quite difficult due to
the very high kq values (Table 4), the net quenching rate
constants became larger than the summation of each kq value
of 1a and [LutH]OTf, indicating the possibility of the quenching
process by PCET among 3a*, 1a, and [LutH]OTf (see section 4.3
in the Supporting Information).

presence of
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Figure 7. Photocatalytic hydrogenation of manganese nitride complexes under a dihydrogen atmosphere in the presence of [2a-H]OTf, 3a, and [LutH]OTf ((a)
hydrogenation steps of 1a, (b) photochemical PCET process, (c) photochemical HAT process, (d) proposed overall reaction pathways).

Based on the abovementioned results and reported
the plausible mechanism of the
photocatalytic hydrogenation of the manganese nitride
complex 1a using the diruthenium catalyst [2a-H]OTf, the
photosensitizer 3a, and the proton mediator [LutH]OTf can be
summarized as Figure 7d. This photocatalytic reaction is
triggered by photoexcitation of 3a, though its absorption ratio
is only 11% due to the inner-filter effect of 1a. After the
photoexcitation, 3a* is quenched mainly by 1a (nq = 49%) or
[LutH]* (nq = 48%). The quenching by 1a probably includes three
processes: (i) excitation energy transfer, (ii) oxidative quenching
(i.e., single electron transfer from 3a* (Eox™* =-2.15V) to 1a (Ered
=-2.60V)), (iii) photo-induced PCET among 3a*, 1a, and [LutH]*
(Figure 7b). Although the excitation energy transfer (path (i)) is
a side reaction that suppresses photocatalysis, oxidative
quenching, possibly followed by subsequent protonation (path
(ii)), and photo-induced PCET (path (iii)) will hydrogenate 1a to
produce ammonia. These hydrogenation processes are
exergonic because the BDFEn.4 values of the manganese-imide,
amide, and ammine complexes corresponding to 1la are
reported to be 70, 89, and 79 kcal/mol (Figure 7a),%°
respectively, which are much higher than the effective BDFE
value of the combination of 3a* and [LutH]* (23 [kcal/mol]). The
photo-induced PCET might be promoted by the formation of a

literature, reaction
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hydrogen bond between 1a and [LutH]*. On the other hand, the
quenching by [LutH]* is probably derived from the oxidative
quenching (i.e., electron transfer from 3a* (Ex* = -2.15 V) to
[LutH]* (Ereq™ = —1.91 V)). The resulting LutH* radical species, of
which the BDFEn.y value is estimated to be 29 kcal/mol, will
donate a hydrogen atom to 1a exergonically (Figure 7c). By
repeating the photo-induced PCET from 3a* and [LutH]* and/or
HAT from LutH* three times, 1a will be converted in a stepwise
manner to the corresponding manganese-imide, amide, and
ammine complexes, resulting in the formation of NH3z and the
dimanganese complex 4 (or its derivative caused by the
interaction between 4 and [LutH]OTf). The one-electron-
oxidized species of 3a (Eox = +0.27 V, [3a]*), which is produced
by the aforementioned photo-induced PCET or oxidative
quenching by [LutH]*, will oxidize [2a-H]* (Eox = +0.24 V) to
regenerate 3a and produce one-electron-oxidized species of
[2a-H]* ([2a-H]?*). [2a-H]?* donates a proton and an electron to
Lut and [3a]*, respectively, to produce dicationic complex [2a]%*
with a vacant site. [2a]?* reacts with a dihydrogen molecule
([2a-H2]%*), and [2a-H]* is reproduced after the deprotonation
by Lut. The high acidity of [2a-H]?* and/or [2a-H;]?** may have
partially and directly caused the PCET process with 3a* without
the proton mediator, as demonstrated in the control
experiment in Table 1. The reproduction of [2a-H]* proceeds

This journal is © The Royal Society of Chemistry 20xx
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quite efficiently, leading to the procedure of photocatalytic
hydrogenation of 1a even under 0.05 atm of dihydrogen. Under
the optimized conditions, photo-induced PCET to 1a with 3a*
and [LutH]* and/or HAT from LutH® to 1a are estimated to be
the plausible rate-determining steps because of the negligible
effect of the increase in the concentration of [2a]OTf on the
reaction rate and the large KIE value (>3). In contrast, under the
low pressure of dihydrogen (0.2 or 0.05 atm), the rate-
determining step might have switched to the reaction between
[2a]?* and dihydrogen in the catalytic cycle for dihydrogen
oxidation because of the significant effect of the concentration
of [2a-H]OTf on the reaction rate, as shown in Table 3.

Conclusions

In conclusion, we have successfully developed a visible-light-
driven hydrogenation of the manganese nitride complexes to
ammonia under ambient conditions by using dihydrogen as
both an electron and a proton source and combining the
catalytic cycle of dihydrogen oxidation with the ruthenium
dinuclear complexes as catalysts and the photosensitizing cycle
with the iridium complexes as photosensitizers. Our
mechanistic studies proposed a plausible reaction mechanism
in which photo-induced PCET and/or HAT to the manganese
nitride complexes were effectively promoted by the proton
mediator. Owing to the high durability of the diruthenium
complex, the turnover numbers for ammonia formation based
on the catalyst increased drastically (up to 150 equiv. based on
the catalyst) compared with those in reported systems.
Moreover, this hydrogenation proceeded photocatalytically
even under 0.05 atm of dihydrogen. This feature is particularly
useful to achieve the challenging target reaction, i.e.,
photocatalytic ammonia formation under a mixture of nitrogen
and hydrogen gases, pressure of
dihydrogen often causes unexpected side reactions in the
nitrogen fixation cycle; therefore, we believe that the
photocatalytic hydrogenation developed in this study will
function as one of the key processes for realizing catalytic

because a high partial

ammonia production from dinitrogen and dihydrogen under
ambient reaction conditions, and further studies on developing
such photocatalytic system are currently underway.
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