Res Chem Intermed (2013) 39:437-447
DOI 10.1007/s11164-012-0661-3

Selective H, and CO production with rhenium(I)
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Abstract Rhenium(I) biscarbonyl complexes with two phosphine ligands photo-
catalyzed not only CO, reduction under CO, atmosphere but also H, evolution
under Ar. The reductant 1-benzyl-1,4-dihydronicotinamide (BNAH) worked only as
a one-electron donor, and it was quantitatively converted to its corresponding
oxidized dimer (BNA,). The photocatalytic reactions required addition of a base
such as triethanolamine, because deprotonation from the oxidized BNAH
(BNAH®") is essential for the suppression of the back electron transfer from the
reduced rhenium(I) complex to BNAH"™. lH, 13C, and >'P NMR studies under
vacuum or '*CO, atmosphere indicated that the rhenium(I) complex is relatively
stable under the CO, reduction conditions, but it is converted to some other com-
plexes under the H, evolution conditions.
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Introduction

Solar energy use has attracted much attention in recent years owing to both the
shortage of fossil resources and global warming. In particular, the conversion of
solar energy to chemical energy should be one of the most promising solutions. The
number of studies on photocatalytic systems for CO, reduction and for reduction
and oxidation of water have been increasing over the past few years [1-4].
Photocatalysis by transition metal complexes is unique because of the high
selectivity of the product(s) and efficiency as compared to photocatalysis by organic
and semiconductor compounds.

In particular, rhenium(I) tricarbonyl complexes fac-[Re(NAN)(CO);L1"*
(NAN = diimine ligand, L = halide anion, SCN™: n = 0; PR3, pyridine derivatives:
n = 1) have exhibited attractive photocatalytic abilities for CO, reduction [5-8]. The
reaction mechanism is unique. These complexes can work both as a photosensitizer,
which initiates a photochemical one-electron transfer, and as a catalyst, which
introduces two electrons into CO,, selectively giving CO [9]. In contrast,
photocatalytic systems of other metal complexes used for CO, reduction are mostly
constructed with at least two components. Another unique property they possess is
their high selectivity of the product. The photocatalytic reactions yield CO as the sole
product even in the presence of water in the reaction solution. Furthermore, only a
few reports have described photocatalytic production of H, by using rhenium(I) tri-
carbonyl complexes. Tajik and Detellier [10] have reported that [Re(bpy)(py)(CO)s]*
(bpy = 2,2-bipyridine; py = pyridine) incorporated into the layers of hectorite clay
can photocatalyze H, production. Pac et al. [11] have observed that H, becomes the
main product during the photocatalytic reaction using fac-[Re(bpy)(CO);Br] only in
ether solutions such as tetrahydrofuran, even under CO, atmosphere.

We have successfully synthesized a new series of rhenium(I) complexes that
have only two CO ligands, i.e., cis, trans-[Re(X,bpy)(CO),(PR3)L]"* (Chart 1:
X,bpy = 4,4'-X,-bpy) [12]. Photocatalysis by these complexes might be interesting
because some of them can emit at room temperature in solution and can efficiently
absorb the visible light [13, 14]. Herein, we report the peculiar photocatalytic ability
of the rhenium(I) biscarbonyl complexes, some of which photocatalyze H,
evolution under Ar atmosphere and selective CO formation under CO, atmosphere.

The studied rhenium(I) biscarbonyl complexes are represented by la-li, as
shown in Chart 1.

Experimental
General procedures

IR spectra were recorded on a JEOL JIR-6500 spectrometer with a TGS detector or
on a JASCO FT/IR-610 with an MCT detector. UV-Vis spectra were recorded using
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Chart 1 Rhenium(I) biscarbonyl complexes 1la-1i

a Hitachi 330 spectrophotometer or an Otsuka-Denshi Photal-2000 multichannel
spectrophotometer with a D,(25 W)/I5(25 W) mixed lamp. Emission spectra at
25 °C were measured with a Hitachi F-3000 fluorescence spectrophotometer. 'H,
3¢, and *'P NMR spectra were recorded on a JEOL JNM-LA 500 FT-NMR
spectrometer. Emission lifetimes were measured with a Horiba NAES-1100 time-
correlated single-photon counting system (the excitation source was a nanosecond
H, lamp, NFL-111, and the instrumental response time was less than 1 ns).

Materials

N,N-dimethylformamide (DMF) was dried over 4A molecular sieves and distilled
under reduced pressure. Triethanolamine (TEOA) was distilled under reduced
pressure. Triethylamine (TEA) was distilled under Ar atmosphere. These com-
pounds were stored under Ar atmosphere before use. Commercially available
reagents (reagent grade) were used without further purification. The rhenium(I) bi-
scarbonyl complexes la—1i were synthesized according to the methods used
previously [12]. 1-Benzyl-1,4-dihydronicotinamide (BNAH) and the corresponding
4,4'- and 4,6'-dimers (BNA,) were prepared according to the literature [15-17].

Photocatalytic reactions

Photocatalytic reactions were carried out with a solution of the photocatalyst
(1.0 mM) in DMF (4 mL) in the presence of TEOA (0.5 M) and BNAH (50 mM).
After bubbling the reaction mixture with CO, or Ar for 20 min, the solution was
irradiated for 6 h in a merry-go-round irradiation apparatus at A > 400 nm using a
300 W Matsushita tungsten-halogen lamp with a NaNO, solution filter (4 mol/L,
d = 1 cm). The evolved CO and H, were analyzed by a Yanagimoto G3800 GC
with a TCD detector and an active carbon column (60/80 mesh, 2 m). The turnover
number (TN) is defined as the (amount of evolved CO or H,)/(amount of the
photocatalyst). BNAH and BNA, were quantified by a JASCO HPLC system
comprising a PU-980 pump with a DG-980-80 degasser, a CO-965 column oven, a
UV-970 detector, and an octadecylsilyl (ODS) column (Nomura Chemical
Develosil Packed Column ¢ 4.6 x 250).
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Results and discussion
Photocatalytic reaction under Ar or CO, atmosphere

As a typical run, a DMF solution (4 mL) containing 1a (1.0 mM), TEOA (0.5 M),
and BNAH (50 mM) as a sacrificial electron donor was bubbled with a gentle
stream of Ar for 20 min, and then irradiated with >400 nm light. Irradiation for 6 h
yielded 60.4 pumol of H, (TNy, = 15.1). On the other hand, the formation of H, was
almost suppressed and photocatalytic CO formation was observed when the reaction
mixture was bubbled with CO, instead of Ar keeping the other reaction conditions
unchanged (TN¢o = 16.5).

Table 1 summarizes the yields of H, and CO obtained by photocatalytic reactions
with 1a-1i during 6 h irradiation. The rhenium(I) complexes with two phosphine
ligands (1a—1e) exhibited higher photocatalytic abilities for producing both H, and CO
as compared to the others (1f-~1h), which have only one phosphine ligand. For example,
the most efficient photocatalyst (1a), which contained two triphenylphosphine ligands,
showed TNy, = 15.1 and TN¢o = 16.5. The only exception was 1d, which could
photocatalyze the CO, reduction but gave a relatively small amount of H, under Ar
atmosphere. Moreover, the efficiencies of the photocatalytic reactions were highly
dependent on the substituents present on the diimine ligand. The complex coordinated
by electron-donating substituents displayed H, evolution and CO, reduction more
efficiently than those with electron-withdrawing substituents, i.e., 1e > 1d > 1i.

Stoichiometry of the photocatalytic reactions

In addition to the reduced products, the products of oxidation of the sacrificial
electron donor (BNAH) were also analyzed in order to determine the stoichiometry

Table 1 Photocatalytic ability of 1a—1i under CO, and Ar atmospheres

[Re(4,4'-X»-bpy)(CO),(PR3)L]F " © TN

Complexes X PR; L n H,* co®
1a H PPh; PPh, 1 15.1 16.5
1b H P(OEt); PPh; 1 12.9 12.3
1c Me P(OEt); PPh; 1 13.8 13.0
1d H P(OEt); P(OEt); 1 438 9.2
le Me P(OEt); P(OEt); 1 6.8 115
1f H P(OEt); py 1 12 7.9
1g H P(OEt); MeCN 1 0.34 12
1h H P(OEt); (ol 0 0.04 0.05
1i CF; P(OEt); P(OEt); 1 0.00 0.00

A DMF solution (4 mL) containing a complex (1.0 mM), TEOA (0.5 M), and BNAH (50 mM) was
irradiated with >400 nm light for 6 h

? Under Ar atmosphere
® Under CO, atmosphere
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of electrons. There are two oxidation pathways of BNAH: one-electron oxidation,
deprotonation, and dimerization give the BNA dimers (BNA,); two-electron
oxidation via the electrochemical-chemical-electrochemical (ECE) mechanism
gives BNA™ (Scheme 1).

Production of the oxidized species (BNA™ and BNA,) as well as consumption of
BNAH can be analyzed by HPLC with an ODS column. A DMF solution containing
1d (4.0 umol, 1.0 mM), TEOA (0.5 M), and BNAH (2.0 x 10? pmol, 50 mM) was
irradiated for 20 h using >400 nm light under Ar or CO, atmosphere. The results
are summarized in Table 2. In both cases, BNAH was almost quantitatively
oxidized and converted to its oxidized and dimerized forms 4,4-BNA, and 4,6'-
BNA, [17], whereas BNA™ was not detected. H, or CO in a similar amount to that
of BNA, was also obtained. According to the material balance, BNAH served as a
one-electron reductant, and therefore, two BNAH gave two electrons to produce one
molecule of H, or CO. Deprotonation of BNAH®" should give BNA®, which is
quantitatively converted to its dimerized form BNA, (Scheme 2).

Reaction mechanism of the photocatalytic reactions

Table 3 summarizes the emission lifetimes of 1 (7.,) and behavior of emission
quenching with BNAH. The complexes with two phosphine ligands exhibited not
only longer excitation lifetime but also a higher quenching rate constant with BNAH,
and therefore, they showed a relatively high quenching efficiency (,), which was
calculated from Eq. 1, and should be strongly related to the efficiency for the excited
state of 1 to be transformed into the corresponding one-electron reduced species.

ng =1 (1+kyv x [BNAH]) ™' (1)
The photocatalytic ability of 1 thus should depend on the fact that the complex
having a higher quenching efficiency is prone to photocatalyze reduction reactions

Bn CONH,
HOH e H_H H* H IN i - ]
S CONH: - CONH. CONH, dimerization N
N N N CONH, CONH,
Bn Bn Bn || ||
N N
BNAH BNAH** BNA* ! !
Bn Bn
4,4'-BNA, 4,6'-BNA;
] 1
Overall Reaction: BNAH — > BNA, + H* + e~
H H e H H H* H e H
{_CONH, {__CONH, CONH, . CONH,
SR o G N o VN
b h h "
Bn Bn Bn Bn
BNAH BNAH™ BNA* BNA*

Overall Reaction: BNAH —> BNA* + H* + 2e~

Scheme 1 Two oxidation pathways of BNAH: one-electron oxidation, deprotonation, and dimerization
giving the BNA dimers (fop) and two-electron oxidation via the ECE mechanism giving BNA™ (bottom)
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Table 2 Consumption of BNAH and formation of BNA, and H,(CO) under Ar(CO,) for 20 h

Atmosphere Consumption of BNAH (umol)* Formation (pmol)
BNA," Hy," Cco*
Ar 74.2 (200) 36.7 (99) 28.7 (77) -
CO, 161.4 (200) 75.2 93) - 63.0 (78)

* The numbers in parentheses denote the relative amount of materials consumed or formed

2 BNAH — BNA, + H,
CO, + 2BNAH —> BNA; + CO + [O]> + 2H*

Scheme 2 Material balances of the photocatalytic reactions for H, evolution and CO, reduction

more efficiently. Since the complexes with only one phosphine ligand have only
short lifetimes of the triplet metal-to-ligand charge transfer CMLCT) excited state,
the initiation process of the photocatalytic reactions, namely, the electron transfer
from BNAH to the excited state of 1, could not proceed.

The material balance of the products shows that BNAH is the only source of
electrons. Although BNA, is a stronger electron donor than BNAH [E,(BNA,/
BNASY) = —0.03 V and E;»(BNAH/BNAH"") = +0.28 V versus Ag/AgNOs],
BNA, should not act as the reductant in the photocatalytic reactions. This is
probably because the corresponding oxidized species BNAS" is stable enough for
the back electron transfer process, as shown in Scheme 3.

As a result of the competitive quenching process of the excited state of 1 with
BNA,, the quenching efficiency with BNAH should decrease after the accumulation

Table 3 Emission lifetimes of 1* and quenching with BNAH

[Re(4,4'-X5-bpy)(CO)»(PR5)L] ™ °F © Tem (NS) Kx 103 M 's7h 15 (%)
Complexes X PR; L

1a H PPh, PPh, 640 12.7 98
1b H P(OEt); PPh; 350 8.0 93
1c Me P(OEt); PPh; 560 9.9 97
1d H P(OEt); P(OEt); 250 42 84
le Me P(OEt); P(OEt); 340 - -
1f H P(OEt); py 12 - -
1g H P(OEt); MeCN nd® - -
1h H P(OEt); ol nd® - -
1i CF; P(OEt); P(OEt); 20 - -

# Measured at room temperature in DMF
® Quenching rate constants of the emission with BNAH

¢ Quenching efficiency nq shows what percentage of the emission was quenched in the presence of
50 mM of BNAH
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t
1* + BNA, —= 1- + BNAZ"'% 1+ BNA,

BNA* + BNA®

Scheme 3 An efficient back electron transfer from the reduced photocatalyst 1™ to the oxidized species
BNASH

of BNA, in the reaction solution and the formation rates of CO and H, also slow
down.

Role of TEOA: a suitable base for the photocatalytic reactions

Kinetic considerations indicated that only 1 % of the excited state of 1d was
quenched by TEOA whereas BNAH quenched 84 %. This is because TEOA has a
lower reduction power as compared to BNAH [E;»,(TEOA/TEOA™®) = +0.67 V
and E;,(BNAH/BNAH®") = 40.28 V versus Ag/AgNOs]. However, TEOA is an
essential additive for efficient photocatalytic reactions (Table 4). In similar
experimental conditions except for the absence of TEOA, 1d could not work as
the photocatalyst for both H, and CO production. Addition of a protic additive
(1.5 M of proton source), i.e., EtOH and H,O, or a weaker base (0.5 M), 2,6-di-terz-
butylpyridine (pyBu,) and pyridine (py), could not improve the photocatalysis of
1d. In contrast, in the presence of a stronger base (0.5 M), i.e., TEA and 2,2,6,6-
tetramethylpiperidine (pipMe,), the photocatalytic formation of H, and CO
proceeded. These results strongly indicate that the photocatalytic system requires
a relatively strong base. The deprotonation process of the one-electron-oxidized
BNAH (BNAH"") giving BNA® should be essential for promoting the photocat-
alytic reactions, because, if the process is slow, back electron transfer from the

Table 4 Photocatalytic ability of 1d under Ar or CO, for 6 h in the presence of an amine

Base or additive pKa TN

H* co®
- 0.3 0.0
EtOH® - 0.0
H,0? 0.6 0.1
pyBus 3.58 - 0.0
py°© 5.19 0.4 0.0
TEOA® 7.82 10.2 8.2
TEA® 10.87 6.0 2.4
pipMe,° 11.07 0.7 10.2

* Under Ar atmosphere
° Under CO, atmosphere

¢ 1.5 M EtOH was adopted
40.75 M H,O was adopted

€ 0.5 M base was adopted
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one-electron reduced complex 1°~ to BNA®*' competes with the following reaction
processes of 1°7, giving either H, or CO [18-20]. The results and considerations
described above lead to the conclusion that TEOA mainly works as a base and
BNAH is the main reductant.

Detection of reaction intermediate in the photocatalytic reactions traced
by NMR

lH, 13C, and *'"P NMR measurements were conducted to follow changes in 1 under
the photocatalytic reaction conditions. A DMF-d; solution containing 1d (40 pmol,
10 mM), TEOA (0.5 M), and BNAH (2.0 x 10> pmol, 50 mM) was irradiated with
a >400-nm light under vacuum or under ]3C02 (ca. 500 Torr) atmosphere. The
solutions obtained were subjected to NMR measurements after they were kept under
dim light for several hours until the paramagnetic species disappeared.

In the case of vacuum, the starting complex 1d was not detected and some
aromatic protons of unidentified products were observed in the "H NMR spectrum
of the sample after 18-h irradiation (Fig. 1). Furthermore, the *'P NMR spectrum
suggested presence of free P(OEt); (138.3 ppm). Some unidentified signals at 114.8,
121.5, and 123.6 ppm were also observed in addition to a strong signal (116.8 ppm),
which was similar to that of 1d (Fig. 2). From these observations, it was concluded
that the starting rhenium(I) complex 1d was converted into other rhenium(I) species
without the original aromatic diimine ligand, and some portions of the phosphine
ligands were removed from the complex during the photocatalytic reaction.

The ">C NMR spectrum of the sample after 14 h of irradiation under '*CO,
atmosphere showed not only an intense signal of '*CO, (125.0 ppm) but also a new

| A
il

| f\*} \ a f

\ I i’ i

W%WPLwﬂW M/j‘l‘ n,/ \«UWW‘/L\WWA ,// U \\WMM\WU i i
L e R I —

M / k\ Wi U WA
kW WV A, Whay
T

LI B S S A A

— ——
9.0 8.5 8.0
5/ ppm

Fig. 1 '"H NMR spectrum of a DMF-d; solution containing the complex 1d (12.5 mM), TEOA
(0.625 M), and BNAH (62.5 mM) irradiated for 18 h under vacuum
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Fig. 2 *'P NMR spectrum of a DMF-d; solution containing the complex 1d (12.5 mM), TEOA
(0.625 M), and BNAH (62.5 mM) irradiated for 18 h under vacuum

signal at 184.6 ppm, corresponding to '*CO (Fig. 3). This clearly indicates that the
carbon source of the CO formed is CO,. The 'H NMR spectrum of the irradiated
sample showed the signals of the starting photocatalyst 1d and smaller signals in the
aromatic proton region caused by the other rthenium(I) complexes (Fig. 4). It also
displayed the complete consumption of BNAH and formation of BNA,. In the *'P
NMR spectrum of the same sample (Fig. 5), the strong signal (116.8 ppm) of the
complex 1d remained as the main peak, with new and smaller signals observed at
138.3 and 116.0 ppm. The former is assigned to the free P(OEt); ligand released
from 1d, and the latter might be attributed to another rhenium(l) complex with a

1300,
DMF
TEOA
13CO T
" DMF | *l
-
1 m i
200 150 100 50 0
S/ ppm

Fig. 3 '>C NMR spectrum of a DMF-d; solution containing 1d (10 mM), TEOA (0.5 M), and BNAH
(50 mM) irradiated for 14 h under '3CO, atmosphere
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Fig. 4 '"H NMR spectrum of a DMF-d; solution containing 1d (10 mM), TEOA (0.5 M), and BNAH
(50 mM) irradiated for 14 h under *CO, atmosphere. + Represents new small signals in the aromatic
proton region

1d|

free P(OEt) 3
el wwwmmwmwwwww me

L L L L L N L I L B e o |
140 130 120 110

5/ ppm

Fig. 5 3p NMR spectrum of a DMF-d; solution containing 1d (10 mM), TEOA (0.5 M), and BNAH
(50 mM) irradiated for 14 h under '*CO, atmosphere. + Represents a new signal at 116.0 ppm

phosphine ligand, which may have formed as a product of a minor process or
processes during the photocatalytic cycles. These results strongly indicate that 1d is
stable during the photocatalytic reduction of CO,. Since no significant increase in
the intensity of the peaks corresponding to the two CO ligands at 199.6 ppm was
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observed, the exchange of the CO ligands with the reduction product of CO, is
considered as a minor process during the photocatalytic reaction.

It is noteworthy that, since the H, evolution was almost completely suppressed
under CO, atmosphere, there should be common precursors between the photocat-
alytic H, formation and CO, reduction.

Conclusion

The photocatalytic properties of a series of rhenium(I) biscarbonyl complexes were
investigated under Ar and CO, atmospheres. The rhenium(I) complexes behaved as
“chameleon-like” photocatalysts, i.e., they can photocatalyze H, evolution under Ar
atmosphere and CO, reduction under CO, atmosphere with no H, evolution. The
photocatalytic abilities were highly dependent on the ligands of the complexes,
which can be mainly rationalized by the quenching efficiencies of the *MLCT
excited state of the complexes with BNAH. Mechanistic studies clearly indicated
that BNAH works as a one-electron donor and TEOA mainly works as a base; both
of them are necessary for the photocatalytic reactions.
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