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Photocatalytic CO2 Reductions Catalyzed by meso-(1,10-
Phenanthrolin-2-yl)-Porphyrins Having a Rhenium(I) Tricarbonyl
Complex

Yusuke Kuramochi*[a, b] and Akiharu Satake*[a, b]

Abstract: We have prepared Zn and free-base porphyrins
appended with a fac-Re(phen)(CO)3Br (where phen is 1,10-

phenanthroline) at the meso position of the porphyrin, and

performed photocatalytic CO2 reduction using porphyrin–Re
dyads in the presence of either triethylamine (TEA) or 1,3-di-

methyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as
an electron donor. The Zn porphyrin dyad showed a high

turnover number for CO production compared with the
free-base porphyrin dyad, suggesting that the central Zn ion
of porphyrin plays an important role in suppressing electron

accumulation on the porphyrin part and achieving high du-
rability of the photocatalytic CO2 reduction using both TEA

and BIH. The effect of acids on the CO2 reduction was inves-

tigated using the Zn porphyrin–Re dyad and BIH. Acetic
acid, a relatively strong Brønsted acid, rapidly causes the

porphyrin’s color to fade upon irradiation and dramatically
decreases CO production, whereas proper weak Brønsted

acids such as 2,2,2-trifluoroethanol and phenol enhance the
CO2 reduction.

Introduction

Artificial photosynthesis has received much attention because
of its great potential for solving environmental challenges such
as global warming and ocean acidification, as well as the short-

age of fossil fuels. Because sunlight is mainly composed of visi-
ble light and the photon flux is low, a photosensitizer is an es-

sential component for efficient collection of visible light in a
solar energy conversion system.[1] In natural photosynthesis, a
network of chlorophylls efficiently captures even dilute
photons from the sun and transfers the absorbed solar energy

to produce energy-rich compounds.[2] As synthetic chlorophyll
analogues, porphyrin derivatives have been actively studied
to elucidate the high efficiency of energy and electron
transfer processes in photosynthetic systems[3, 4] and have
been used as photosensitizers in photoredox reactions[5–9] be-

cause of their absorption bands in the visible region [e.g. ,
e423nm & 540 000 m@1 cm@1 for zinc tetraphenylporphyrin

(ZnTPP)] .[10]

Dyads combining porphyrin and the Re diimine tricarbonyl
complex have been developed for photocatalytic CO2 reduc-

tion.[11–15] Inoue and co-workers reported that the photocatalyt-
ic CO2 reduction using a dyad, in which a Zn porphyrin and a

Re(bpy)(CO)3Br (where bpy is 2,2’-bipyridine) complex were
connected via an amide-bridged linker, gave CO in the pres-
ence of triethylamine (TEA) as an electron donor. The reaction
quantum yield (FCO) strongly depended on the excitation

wavelength, showing 10 % and 0.64 % on exciting at 364 and
428 nm, respectively.[11] Perutz and co-workers reported that a
saturated methylene spacer in the amide-bridge linker of the
dyad significantly improved the CO production to reach a turn-
over number (TONCO) of 260 by irradiation at l > 520 nm in

the presence of triethanolamine (TEOA) as the electron
donor.[12a] Tschierlei, Schwalbe, and co-workers reported that

the dyad, in which a Zn porphyrin and a Re(bpy)(CO)3Cl were
linked via a p-conjugated moiety, gave CO with a TONCO value
of 13 using 5 vol % TEA as the electron donor by irradiation at

l > 375 nm.[13a] The dyads using Fe, Co, Cu, and Pd porphyrin
instead of Zn porphyrin did not show catalytic activity for the

CO2 reduction. Moore, Schwalbe, and co-workers reported that
the rigid xanthene-bridged dyad of a Zn porphyrin and a Re(-
bpy)(CO)3Cl showed a TONCO of 5.7 or 195 using either 5 vol %

TEA or a mixture of 20 vol % TEOA and 1,3-dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole (BIH) by irradiation at l >

450 nm. The dyad of a free-base porphyrin instead of the Zn
porphyrin showed no activity for a photocatalytic CO2 reduc-

tion using 5 vol % TEA.[13b] Tamiaki and co-workers reported
that irradiation at l > 540 nm of a dyad composed of a chloro-
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phyll and a Re(bpy)(CO)3Cl complex, gave CO with a TONCO of
18 using a mixture of 17 vol % TEOA and 0.1 m BIH.[14]

We have recently reported that the dyad of a Zn porphyrin
and Re(phen)(CO)3Br (where phen is 1,10-phenanthroline), in

which the Re complex is directly connected at the 2-position
of the phen moiety to a meso-position of the porphyrin,

named as ZnP-phen = Re (Scheme 1), showed a TONCO larger
than 1300 by irradiation at l = 420 nm using BIH as an elec-
tron donor[13b, 15–17] and phenol (PhOH) as a proton source.[15]

However, in the previous work, only photocatalytic CO2 reduc-
tion using BIH as the electron donor, PhOH as the proton
source, and the dyad in which the porphyrin center was a Zn
ion, was investigated, and other applicable ranges and condi-

tions were not examined. In the current work, we report three
main experiments that supplement our earlier study. First, to

investigate the role of the central Zn ion of the porphyrin in

the photocatalytic CO2 reduction, we prepared a dyad consist-
ing of a free-base porphyrin and a fac-Re(phen)(CO)3Br, named

as H2P-phen = Re (Scheme 1), and compared its catalytic activi-
ty with that of ZnP-phen = Re. Second, to check whether the

photocatalytic reaction proceeds with an electron donor other
than BIH, we performed photocatalytic CO2 reduction using

TEA as the electron donor, which has been more often used in

the porphyrin = Re complex dyad systems. Third, we investigat-
ed the effect of proton sources (Brønsted acids) and metal cat-

ions in the photocatalytic CO2 reduction using the system of
ZnP-phen = Re and BIH.

Results and Discussion

Syntheses and structures of the dyads

The synthetic procedures are shown in Scheme 1. The dyads,

ZnP-phen = Re and H2P-phen = Re, were synthesized by the

reactions of the corresponding porphyrins[15] with 1 equiv of
Re(CO)5Br, respectively. Use of an excess amount (4 equiv) of

Re(CO)5Br caused a low yield (<10 %) of the target dyad ac-
companied with unidentified species that were decomposed in

silica-gel column chromatography. The crude products ob-
tained by the reactions with 1 equiv of Re(CO)5Br were recrys-

tallized from CHCl3/ethanol/hexane to afford the pure dyads,
ZnP-phen = Re and H2P-phen = Re, each of which shows a

single spot on silica-gel thin layer chromatography (TLC). The
chemical compositions of the dyads were identified by ele-

mental analysis.
1H NMR spectra of the purified ZnP-phen = Re and H2P-

phen = Re in CDCl3 are shown in Figure 1. The signals were as-
signed with a combination of a 2D NMR (1H-1H correlation
spectroscopy (COSY); Figures S3 and S8 in Supporting Informa-

tion). The spectrum of H2P-phen = Re shows an inner NH
proton signal at @2.51 ppm, which is a characteristic signal for
free-base porphyrin. Both spectra of ZnP-phen = Re and H2P-
phen = Re show that one b proton appears at the higher mag-

netic field, 8.4 and 8.2 ppm, compared with the other seven b

protons for ZnP-phen = Re and H2P-phen = Re, respectively. In

addition, six doublet (J = 8 Hz) signals are observed on the

ortho protons of the phenylene groups. The above observa-
tions indicate that both ZnP-phen = Re and H2P-phen = Re
have A- and A’-type structures in Figure S9; that is, facial struc-
tures. Judging from the facts that the anisotropic magnetic

field of the carbonyl group shifts the b3 proton to the low
magnetic field and the b2 proton to the high magnetic field

(Figure S10, top view) and from the correlations in the 1H-1H

COSY, the b protons shifting to higher magnetic fields at 8.4
and 8.2 ppm were assigned to be b7 protons. The characteristic

b7 protons are magnetically shielded by the nearby Br atom.
The formation of the A- and A’-type isomers (Figure S9) is sup-

ported by three signals of CO carbons at different positions on
the 13C NMR spectra (Figure S5) and the pattern of the CO

stretching bands on the infrared (IR) spectra (Figure S11).[15]

The free energies of formation of the Zn porphyrin isomers
were estimated with density functional theory (DFT) calcula-

tions, and showed that the A-type isomers were more stable
than the B- and C- type isomers that have trans(CO) structures

(Figure S12).
Figure 1 shows the broadened peaks (half maximum of the

peak: 5–7 Hz) of the phenylene protons at 8.0–8.3 ppm in H2P-
phen = Re compared with the other b and phen peaks (1–
3 Hz), whereas all the peaks including the phenylene protons
have similar widths of 2–3 Hz in ZnP-phen = Re. The conforma-
tional flexibility of the porphyrin skeleton is known to depend

on the atom(s) coordinated to the central core and increases
according to the following order in solution: ZnII < PdII and

CuII < free base < NiII.[18] This order is consistent with the
degree of distortion of the porphyrin skeleton from planarity
in the crystal structures.[18] Thus, it is thought that the broad

peaks observed for the phenylene protons in H2P-phen = Re
originate from the flexibility of the free-base porphyrin.

H2P-phen = Re complexes sometimes show low reproduci-
bility in the 1H NMR signals even when samples showing a

single spot at the same position on the silica-gel TLC are used

(Figure S7). We encountered poor reproducibility even using
the same sample. Judging from the peak shapes of phen and

b-pyrrole, aggregations seem to be ruled out. The 1H NMR sig-
nals of ZnP-phen and ZnP-phen = Re in CDCl3 were signifi-

cantly affected by the presence of [D4]MeOH (Figures S1 and
S2), and a small amount of ethanol was observed at about 1.2

Scheme 1. Synthetic routes to ZnP-phen = Re and H2P-phen = Re.
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and 3.7 ppm in the 1H NMR spectra of H2P-phen = Re (Fig-
ure S7a and b, insets).[19] Thus, a trace amount of ethanol,

which was used as a solvent for recrystallization and was in-
cluded as a stabilizer in the chloroform used for sample trans-

fer, might be the cause of the low reproducibility in the
1H NMR spectrum.

Photophysical and electrochemical properties

The ultraviolet–visible (UV/Vis) absorption spectra of the por-
phyrins were measured in N,N-dimethylacetamide (DMA),

which is a suitable solvent for photocatalytic CO2 reduction
using the Re complex.[20] DMA is known to act as an axial
ligand for Zn porphyrin and causes a red shift in UV/Vis ab-

sorption spectra.[21] The absorption spectrum of ZnP-phen in

DMA was red-shifted compared with that in CHCl3 (Figure S13),
indicating that DMA coordinates the Zn porphyrins not only in

ZnP-phen, but also in ZnP-phen = Re. Porphyrin has intense
absorption bands in the visible region. The absorption coeffi-

cients of the Soret bands for ZnP-phen and ZnP-phen = Re
(e > 200 000 m@1 cm@1) are larger by a factor of more than 10

than that of a RuII tris-diimine complex, [Ru(dmb)3]2 + (dmb =

4,4’-dimethyl-2,2’-bipyridine; Figure 2 a), which is widely used
as a photosensitizer in many photocatalytic reactions including

CO2 reduction.[17, 22] In addition, the porphyrins have relatively
intense absorption peaks of the Q-bands at more than 540 nm

(e > 15 000 m@1 cm@1), where the Ru tris-diimine complexes
have almost no absorption bands. The Soret band of ZnP-
phen = Re is significantly broader than that of ZnP-phen, indi-

cating strong electronic interaction between the Zn porphyrin

Figure 1. 1H NMR spectra of ZnP-phen = Re (top, 300 MHz) and H2P-phen = Re (bottom, 500 MHz) in CDCl3. The top Figure corresponds to Figure S7 in
ref. [15] .

Figure 2. UV/Vis absorption spectra of (a) ZnP-phen, ZnP-phen = Re and [Ru(dmb)3]2 + (dmb = 4,4’dimethyl-2,2’-bipyridine), and (b) H2P-phen and H2P-
phen = Re in DMA. The insets show the magnifications of the Q-band region. The spectra of ZnP-phen and ZnP-phen = Re correspond to Figure 2 in
ref. [15] .
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and the Re complex.[15] H2P-phen = Re also shows a broader
Soret band than that of H2P-phen (Figure 2 b). In general, mon-

omeric Zn and free-base meso-tetraarylporphyrins have no
strong absorption band between 450 and 500 nm. However,

the dyads of ZnP-phen = Re and H2P-phen = Re have sufficient
absorption by broadening the Soret bands, giving the poten-

tial to use a much wider wavelength range of visible light
(450–500 nm) for photocatalytic reactions.

The redox potentials of the dyads and the corresponding

parts in Ar-saturated DMA were obtained with cyclic voltam-
metry (CV, Figure 3) and differential pulse voltammetry (DPV,

Figure S15). The anodic signals of H2P-phen and ZnP-phen ap-
peared at @1.2 and @1.4 V, respectively, on the reversed scans

after sweeping more negative potentials, indicating that the
C=C bond hydrogenated species were formed by two-electron

reduction.[23] By contrast, the anodic become reversible on

sweeping right after the first reduction waves, indicating that
the one-electron reduced species of the porphyrins are stable

in DMA. The first reduction potential of ZnP-phen = Re ap-
peared at @1.71 V, which is almost the same with that of fac-

Re(phen)(CO)3Br (@1.72 V), indicating that the one-electron
species localizes the electron on the Re part. By contrast, the

first reduction signal of H2P-phen = Re appeared at @1.48 V,

similar to that of H2P-phen (@1.52 V), indicating that the one-
electron species localizes the electron on the porphyrin part.

The reduction potentials evaluated from the electrochemical
measurements correlated with the lowest unoccupied molecu-

lar orbital (LUMO) levels estimated from the DFT calculations;
in particular, between ZnP-phen = Re coordinated by DMA

and H2P-phen = Re (Figure 4). In ZnP-phen = Re (Figure 4, left

and center), the highest occupied molecular orbital (HOMO)

level was significantly increased by the DMA coordination
(180 mV), but the LUMO level was only slightly increased

(50 mV). This reflects that the LUMO mainly distributes not on
the porphyrin, but on the Re part in ZnP-phen = Re.

The first reduction signals of ZnP-phen = Re and H2P-
phen = Re appeared at similar potentials to those of fac-Re-

(phen)(CO)3Br and H2P-phen, respectively. By contrast, the
second signals were shifted to the negative side by more than
100 mV compared with the mononuclear units, indicating that

there are strong electronic interactions between the porphyrin
and the Re complex parts in the dyads.

The fluorescence of ZnP-phen and H2P-phen was almost
completely quenched by introducing the Re complex parts in

DMA (Figure S16). It has been reported that the fluorescence
quenching in ZnP-phen = Re originates not from the intramo-

lecular electron transfer from the Zn porphyrin part to the Re

part, but from spin–orbit coupling imposed by the large Re
atom to induce a rapid intersystem crossing (ISC) on the por-

phyrin.[15] The fluorescence quenching in H2P-phen = Re also
comes from the rapid ISC induced by the Re atom, because

the intramolecular electron transfer from the free-base porphy-
rin part to the Re part is a very endothermic reaction (Fig-

ure S17). ZnP-phen = Re showed phosphorescence from Zn

porphyrin in Ar-saturated DMA even at room temperature be-
cause of the rapid ISC caused by the large Re atom.[15] Howev-

er, we could not observe phosphorescence of H2P-phen = Re
under the same conditions. Quimby and Longo reported that

no phosphorescence of free-base TPP could be unambiguously
detected in methylcyclohexane-isopentane glass even at 77 K,

and estimated that the phosphorescent quantum yield of free-

base TPP is less than 1/100 that of ZnTPP.[10b] Thus, no detecta-
ble phosphorescence of H2P-phen = Re could originate from

the much lower phosphorescent ability of the free-base por-
phyrin.

Photocatalytic CO2 reductions using TEA as the electron
donor

TEA is a weaker reductant and is more often used as an elec-

tron donor than BIH in porphyrin–Re complex dyad sys-
tems.[11–13] Photocatalytic CO2 reductions were performed using
TEA as the electron donor and either ZnP-phen = Re or H2P-
phen = Re as a photocatalyst. In addition, as a control experi-

ment, the reaction using a mixed system of ZnTPP and fac-Re-
(phen)(CO)3Br was also conducted. The photocatalytic CO2 re-
duction using the dyads gave CO selectively and the time pro-

files of the CO production under irradiation at 420 nm are
shown in Figure 5 a. Irradiation under Ar atmosphere instead

of CO2 gave only H2 without formation of CO. The TONCO for
ZnP-phen = Re reached a value of 23 after 60 h and the CO

production still continued even after 60 h. The value of

TONCO>25 was the highest in the reported dyads composed
of a porphyrin and a Re complex in close proximity.[13]

ZnP-phen = Re has a broadened Soret band compared with
the Zn porphyrins without the Re unit. The selected wave-

length of 450 nm in Figure 5 b is generally the foot of the
Soret band of monomeric Zn porphyrin but the photocatalytic

Figure 3. CVs of the dyads, porphyrins and fac-Re(phen)(CO)3Br (0.5 mm) in
Ar-saturated DMA with 0.1 m nBu4NPF6 as a supporting electrolyte. Scan
rate = 100 mV s@1.
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reaction of ZnP-phen = Re proceeds efficiently. Contrary to the
behavior of a monomeric Zn porphyrin such as ZnTPP, in ZnP-
phen = Re there is high absorbance even at 450 nm because
of the broad Soret band caused by the strong electronic inter-

action between the porphyrin and the Re complex. Based on

their power (30 and 40 mW), the photon number of the
450 nm lamp was estimated to be about 1.4 times that of the

420 nm lamp, and the initial reaction rate of ZnP-phen = Re in
Figure 5 a (5.2 for 4 h) is approximately 1.4 times that in Fig-

ure 5 b (7.1 for 4 h). Thus, ZnP-phen = Re could efficiently use
all the irradiated photons with the wavelength where mono-

meric Zn meso-tetraarylporphyrins do not have enough ab-
sorption.

In contrast to ZnP-phen = Re, the CO productions for H2P-
phen = Re and the mixed system stop by 10 h and the TONCO

values are low. The colors of solutions of both H2P-phen = Re
and the mixed system changed into pale-yellow by 10 h. The
rapid color fading is due to hydrogenation of more than two

pyrrole C=C bonds of the porphyrin. The complete bleaching
of porphyrin absorption by hydrogenation has been observed

in the photocatalytic CO2 reduction using the amide-bridged
dyads.[12] By contrast, the solution color of ZnP-phen = Re

Figure 4. Energy level diagrams and frontier orbitals of ZnP-phen = Re without (left) and with (center) the axial-coordinated DMA and H2P-phen = Re (right).
The structures are optimized at the B3LYP/LANL2DZ/6-31G(d) level using PCM with the default parameter for DMA (isovalue = 0.02).

Figure 5. Time dependences of CO formation during irradiation of 2.0 mL of CO2-saturated DMA solutions containing 5 vol% TEA in the presence of ZnP-
phen = Re (0.05 mm), H2P-phen = Re (0.05 mm) or a mixed system of ZnTPP (0.05 mm) and fac-Re(phen)(CO)3Br (0.05 mm) ; irradiation was performed at
(a) 420 nm (30 mW) and (b) 450 nm (40 mW).
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gradually changed from dark-green to green during the irradia-
tion, but the green color was maintained even after 10 h. The

UV/Vis absorption spectral change of ZnP-phen = Re during
the irradiation showed a decrease of the Q-band of the Zn por-

phyrin at 565 nm and appearance of a new peak at 629 nm
with an isosbestic point (Figure S18). The new peak was as-

signed to the Zn chlorin formed by hydrogenation of only one
pyrrole C=C bond of the porphyrin.[12] The Zn chlorin of the
dyad was not hydrogenated further and acted as the photo-

sensitizer after 10 h irradiation (Figure 5), whereas H2P-phen =

Re and the mixed system lose the photocatalytic ability upon
further hydrogenation.

Photocatalytic CO2 reductions using BIH as the electron
donor

Figure 6 shows the time profiles of the CO production in the
photocatalytic CO2 reductions using BIH as the electron donor.

In all the reactions using the dyads, only CO was observed as a

reduction product of CO2 in both without and with PhOH.
Control experiments for the dyad systems showed no detecta-

ble CO in the absence of any one of the components, the Re
catalyst, light or CO2. A trace amount of CO was observed by

using fac-Re(phen)(CO)3Br in the absence of porphyrin (TONCO

= ca. 2 after 24 h). The values of TONCO in the photocatalytic

CO2 reduction using the dyads reached values more than an

order of magnitude larger than with TEA as the electron
donor.

In the absence of PhOH, the TONCO for ZnP-phen = Re
reaches a value of more than 500 (blue open circles), while the

mixed system of ZnTPP and fac-Re(phen)(CO)3Br hardly gave
CO (TONCO & 6, green open squares) because ZnTPP in the

mixed system was rapidly bleached during irradiation at

420 nm.[15] The CV graphs showed that the two-electron-re-
duced porphyrin species readily caused hydrogenation of the

porphyrin skeleton to form chlorin or phlorin,[12, 23] whereas the
one-electron-reduced species of Zn porphyrin was stable in

N,N-dimethylacetamide (Figure 3). Thus, a higher durability in

ZnP-phen = Re would result from suppression of more than
two-electron accumulation on the porphyrin part. As indeed,

the photocatalytic CO2 reduction upon irradiation at 560 nm,
whose photoinduced electron transfer was slower than that

upon irradiation at 420 nm due to the low absorption cross
section of Zn porphyrin at 560 nm, gave a linear increase of

CO production until all BIH in the system was consumed even
in the absence of PhOH (Figure S19).

In our previous report, it was shown that the phosphores-

cence from the Zn porphyrin in ZnP-phen = Re is efficiently
quenched by BIH under Ar atmosphere, indicating that the

photoinduced electron transfer from BIH to the excited por-
phyrin in ZnP-phen = Re occurs via the excited triplet state (T1)

(Scheme 2).[15] The long-lived excited state of T1 allows an effi-
cient electron transfer with a high Stern–Volmer constant KSV =

180 000 m@1 in the bimolecular reaction between ZnP-phen =

Re and BIH. The reduction in the excited Zn porphyrin part by
BIH is followed by the intramolecular electron transfer from

the reduced Zn porphyrin to the Re complex. In the initial
stage, the reduction of the Re tricarbonyl Br complex induces

dissociation of the Br ligand, an event that starts the catalytic
CO2 reduction.[17] The photocatalytic CO2 reduction using ZnP-
phen = Re does not show an induction period for the CO pro-

duction (Figure 6 b), indicating that an efficient electron trans-
fer to the Re tricarbonyl Br complex occurs. By contrast, the

catalysis using H2P-phen = Re in the absence of PhOH gave an
induction period, indicating that intramolecular electron trans-

fer from the reduced free-base porphyrin to the Re tricarbonyl
Br complex is inefficient. The inefficient electron transfer would

cause electron accumulation on the porphyrin part, resulting

in a low TONCO for H2P-phen = Re. This is supported by the
lower LUMO of the free-base porphyrin than of the Zn porphy-

rin (Figure 4) and the energy diagram in which the electron
transfer from the one-electron reduced free-base porphyrin to

the Re part is thermodynamically unfavorable (Figure S20).
The addition of PhOH, which is a proton source that can

promote the reaction with CO2 on the Re complex,[24, 25] im-

proves not only the reaction rate, but also the durability of the

Figure 6. Time dependences of CO formation during irradiation at 420 nm in 2.0 mL of CO2-saturated DMA solutions containing 0.05 m BIH in the presence of
0.05 mm ZnP-phen = Re and 0.05 mm H2P-phen = Re, with 0.1 m PhOH (filled) and without PhOH (open), and a mixed system of 0.05 mm ZnTPP and 0.05 mm
fac-Re(phen)(CO)3Br without PhOH; (a) 0–50 h and (b) 0–4 h. The plots for ZnP-phen = Re and the mixed system correspond to Figure 3 in ref. [15] .
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photocatalytic CO2 reduction in ZnP-phen = Re (Figure 6 a).

The CO production linearly increased to a TONCO value of
about 1000, where all BIH was consumed. The addition of

PhOH (H+) promotes CO2 conversion into CO on the Re com-
plex, suppressing electron accumulation of ZnP-phen = Re
(Scheme 2). The efficient electron transfer from BIH to the

long-lived T1 of the Zn porphyrin provided a high reaction
quantum yield for the CO production reaching 8 % upon

both excitations to the S2 (lex = 420 nm) and the S1 (lex =

560 nm).[15] The reaction quantum yield was almost independ-

ent of BIH concentration (>10 mm, Figure S21). While the ad-
dition of PhOH did not contribute to improvement in the dura-
bility in H2P-phen = Re, the initial rate of CO production was

enhanced (Figure 6 b). The initial rate (<1 h) of H2P-phen = Re
in the presence of PhOH is comparable to that of ZnP-phen =

Re. Considering that the quenching of the excited single state
(S1) of free-base porphyrin of H2P-phen by BIH was not effi-

cient (hq = 0.69 using [BIH] = 0.05 m and KSV = 44 m@1 in Fig-
ure S22) and the fluorescence of H2P-phen = Re was almost

completely quenched, the photoinduced electron transfer
from BIH to H2P-phen = Re would also occur via the T1 of the
free-base porphyrin.

As described above, a proton source can enhance the pho-
tocatalytic CO2 reduction using ZnP-phen = Re. The effects of

several proton sources (Brønsted acids) having different acidi-
ties and of metal cations were examined.[26] Water (pKa(DMSO) =

31.4 in DMSO), methanol (MeOH, pKa(DMSO) = 29.0 in DMSO),

2,2,2-trifluoroethanol (TFE, pKa(DMSO) = 23.5 in DMSO), PhOH
(pKa(DMSO) = 18.0 in DMSO), and acetic acid (AcOH, pKa(DMSO) =

12.3 in DMSO) were selected as the Brønsted acids.[27] Mg(OTf)2

and Ce(OTf)3 were selected as the metal cations. Figure 7 a

shows the effects of various acids on the turnover frequencies
of CO and H2 up to 2 h. The time dependence of CO formation

Scheme 2. A plausible reaction mechanism in MP-phen = Re (M = Zn, 2 H).[15, 24]

Figure 7. (a) Turnover frequencies (TOFs) of CO and H2 during the irradiation
at 420 nm up to 2 h in CO2-saturated DMA solutions containing 0.05 m BIH
and 0.05 mm ZnP-phen = Re in the presence of acids (0.1 m). (b) pKa-depend-
ence of the TOF of CO of the photocatalytic CO2 reduction in the presence
of Brønsted acids. The pKa used were the values in DMSO.[27]
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up to 15 h in the presence of the acids is shown in Figure S23.
The TONCO at 15 h is larger for TFE than PhOH, while the line-

arlity of the CO production is better for PhOH than TFE. No for-
mation of H2 was observed even in the presence of AcOH,

which induced H2 production in the electrochemical CO2 re-
duction using the Re-bpy complex.[24] The addition of AcOH

gives a colorless clear solution rapidly (2 h), indicating that the
formation of the Re hydride complex induces the hydrogena-
tion of the porphyrin skeleton instead of hydrogen production.

MeOH and water show slight increases in CO production,
whereas TFE and PhOH significantly enhanced the catalysis. In

contrast, addition of the metal cations suppressed the CO for-
mation. In particular, a trivalent cation, Ce3+ , completely deac-

tivated the photocatalysis to produce no reduction products. It
is speculated that the adduct of Ce3+ with the Re@CO2 species

is too stable, suppressing the formation of the Re@CO species.

The plots of turnover frequencies for the CO production
against pKa(DMSO) are shown in Figure 7 b, indicating that the

proper acidity is important for increasing the CO production in
the photocatalytic CO2 reduction. The trend of the initial reac-

tion rates (TFE > PhOH > H2O & MeOH) is in agreement with
the trend of the simulated reaction rates in the electrochemical

CO2 reduction using the Re–bpy complex reported by Carter

et al. (Figure 4 in ref. [28]).
Ishitani and co-workers reported that TEOA plays an impor-

tant role not only in promoting the deprotonation of the oxi-
dized BIH to suppress the back-electron transfer from the one-

electron reduced photosensitizer to the oxidized BIH, but also
in trapping CO2 by forming the Re(bpy)(CO)3(CO2-TEOA) spe-

cies.[17, 29] The effects of amines (TEOA and TEA) on the photo-

catalytic CO2 reduction system were examined here using ZnP-
phen = Re and BIH (Figure S24). The time-course dependences

for CO formation did not show improvement in the catalysis
by the addition of amine, suggesting that neither the deproto-

nation of the oxidized BIH nor the CO2 trapping would be the
rate-determining step in the reaction conditions.

Conclusions

We have previously reported that ZnP-phen = Re acts as a
good photocatalyst in the photocatalytic CO2 reduction using
BIH as the electron donor. In this work, we demonstrated that
ZnP-phen = Re also acted as a good photocatalyst even when

TEA, a weaker electron donor, was used. The photocatalytic
CO2 reaction selectively gave CO as the product whose TONCO

reaches at least 25 and still continued CO production after irra-

diation for 60 h. To investigate the effect of the central Zn ion
of porphyrin in the catalysis, a dyad composed of free-base

porphyrin and fac-Re(phen)(CO)3Br, H2P-phen = Re, was synthe-
sized. The durability of H2P-phen = Re was lower than that of

ZnP-phen = Re, reflecting ease of decomposition of the por-

phyrin skeleton by hydrogenation of the C=C bonds. The ease
of decomposition is explained by the energy diagram (Fig-

ure S20), in which the electron-transfer process from the one-
electron reduced porphyrin to the Re part is thermodynamical-

ly unfavorable for H2P-phen = Re. Thus, the relationship of the
redox potentials between the porphyrin and Re parts is impor-

tant for developing a highly durable catalyst. The effect of acid
on the reaction using ZnP-phen = Re and BIH was investigat-
ed. PhOH and TFE enhanced the CO, but the stronger AcOH
acid and a trivalent metal cation almost completely deactivat-
ed the catalysis.
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