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A novel iron porphyrin complex with hydroquinone moieties as
proton/electron mediators at meso positions was designed and
synthesised. The complex serves as an efficient catalyst for
photochemical CO, reduction, and its turnover frequency (TOF = 1.3
x 10% h-1) was the highest among those of comparable systems with
sufficient durability.

The catalytic reduction of CO; is attractive as a solution for
energy and environmental issues since this reaction (i.e. CO, +
2H* + 2e~ — CO + H,0) converts the greenhouse gas CO; into
valuable chemical resources.! Thus far, many molecule-based
catalysts for CO; reduction have been developed.?7 Among
them, iron porphyrin complexes are fascinating candidates
because of their high activity, selectivity, and robustness (Fig.
1a).3-16 Another important feature of porphyrin scaffolds is that
a variety of functional groups can be installed at meso positions.
To date, various efforts have been devoted to enhancing the
activity of iron porphyrin complexes by modifying the meso
position functional groups.416 Of particular interest is the
introduction of proton mediators (local proton sources) close to
the catalytic centre>12 because CO, reduction occurs via multi-
proton transfer processes. A representative example of such a
catalyst is an iron porphyrin complex bearing hydroxyphenyl
groups at meso positions, 5,10,15,20-tetrakis(2,6-
dihydroxyphenyl)porphyrinato iron(lll) chloride (CAT, Fig. 1b).>
This complex exhibits the highest catalytic activity for
photochemical CO, reduction among previously reported iron
porphyrin complexes.12 This finding clearly demonstrates that
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Fig. 1 Characteristics of (a) iron porphyrin complexes, and the iron porphyrin complexes
prepared in (b) previous work, and (c) this study.

the introduction of functional groups that facilitate elemental
reactions of CO; reduction is a strategy that has excellent
potential for catalytic activity enhancement. Given that CO;
reduction involves electron transfer as well as proton transfer,
the introduction of proton/electron mediators should lead to
further improvements in catalytic activity. However, there are
no reports of porphyrin-based catalysts with proton/electron
mediator functional groups for photochemical CO; reduction.

Herein, we report a novel iron porphyrin complex bearing
proton/electron mediators at the meso positions. Using this
complex as a catalyst, a catalytic system for photochemical CO,
reduction was constructed. The activity of our system was
demonstrated to be superior to that of a system based on the
iron porphyrin complex bearing only proton mediators, CAT,
which exhibits the highest catalytic activity for photochemical
CO, reduction among previously reported iron porphyrin
complexes. Moreover, the turnover frequency (TOF) of our CO
production system is the highest among relevant similar
systems.

The key to our
hydroquinone moieties at the meso positions of the iron

success was the introduction of
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porphyrin complex. Hydroquinone is known to act as both a
proton-responsive and electron-responsive site.18 Therefore,
the hydroquinone moieties introduced in the vicinity of the
active centre are expected to act as proton/electron mediators
in CO; reduction reactions.

Based on the aforementioned considerations, we designed
complex, 5,10,15,20-tetrakis(2,5-
dihydroxyphenyl)porphyrinato iron(lll) chloride (Fel) (Fig. 1c). It
should be noted that Fel isomer of the
benchmark iron porphyrin catalyst, CAT. Fel was synthesised
according to the procedure shown in Scheme S1 (Electronic
Supplementary Information). First, a free base porphyrin,
5,10,15,20-tetrakis(2,5-dihydroxyphenyl)porphyrin (1),
synthesised,>1° and Fe was inserted into 1 via a slightly modified

a new iron

is a structural

was

previously reported method.> The synthesised Fel was
characterised by elemental analysis, UV-vis absorption
spectroscopy, and MALDI spiral-TOFMS. In the UV-vis

absorption spectrum of Fel, bands attributed to the
hydroquinone moieties at 220 and 299 nm, as well as a Soret
band associated with the porphyrin scaffold at 415 nm, were
observed (Fig. S23a,b). In addition, Q-bands, which are also
characteristic of porphyrin derivatives,2® appeared at maximum
wavelengths, Amax, of 506, 584, and 664 nm in the spectrum of
Fel. Notably, there were fewer Q-bands in the spectrum of Fel
than in the spectrum of 1 (Amax = 511, 545, 585, and 646 nm; Fig.
S23c), suggesting that the former had greater porphyrin ring
symmetry.20 This result, together with the elemental analysis
results, confirmed that an iron ion had been inserted into the
porphyrin ring of 1.

To investigate the electrochemical properties of Fel, cyclic
voltammetry (CV) measurements were performed in a 0.10 M
tetra-n-butylammonium perchlorate (TBAP)/N,N-
dimethylformamide (DMF) solution. Under an Ar atmosphere,
Fel exhibited three redox waves, at -0.72, -1.60, and -2.11 V
[vs. ferrocene/ferrocenium (Fc/Fc*)] (Fig. 2a). For comparison,
the cyclic voltammogram of the iron porphyrin complex without
hydroquinone moieties, 5,10,15,20-
tetrakis(phenyl)porphyrinato iron(lll) chloride (FeTPP-Cl), was
measured (Fig. S24). By comparing the voltammogram with that
of FeTPP-Cl, three redox waves in the voltammogram of Fel,
observed at -0.72,-1.60, and -2.11 V, were assigned to Fe''/Fe",
Fe!l/Fe', and Fe'/Fe® redox couples, respectively (Table S1).3d
Previous work suggested that the irreversible reduction wave at
-1.1 V was due to the interaction between the iron porphyrin
complex and hydroquinone moieties.?!

Subsequently, we obtained cyclic voltammograms of Fel
in a CO, atmosphere. An increase in the irreversible current was
observed approximately at -2.03 V, indicating that Fel and CO,
interacted at this potential (Fig. 2b, yellow line). Moreover, the
intensity of the irreversible current increased in the presence of
0.10 M trifluoroethanol (TFE) as a proton source (Fig. 2b, red
line). These results suggest that Fel exhibits catalytic activity for
CO; reduction.

Encouraged by these electrochemical
results, we investigated the catalytic activity of Fel for
photochemical CO;, reduction using our custom-made
photoreactor (Fig. S25). The photochemical reaction was

measurement
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Fig. 2 (a) Cyclic voltammogram of Fel (0.20 mM) in DMF with TBAP (0.10 M) under Ar.
(b) Cyclic voltammograms of Fel (0.20 mM) in DMF with TBAP (0.10 M) under Ar (blue
line), CO, (yellow line), and CO, in the presence of TFE (0.10 M) (red line). [Working
electrode: glassy carbon; counter electrode: Pt wire; scan rate: 100 mV s™.]

conducted under visible-light irradiation (400 <A <750 nm) in a
CO,-saturated acetonitrile (MeCN) solution containing Fel (2.0
uM) as the catalyst, Ir(ppy)s (Hppy = 2-phenylpyridine, 20 uM)
as a photosensitiser, 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]-imidazole (BIH, 0.10 M) as a sacrificial electron donor,
and TFE (0.10 M) as a proton source. After 1 h of
photoirradiation, the product was quantified using gas
chromatography, and the formation of CO (51.8 umol) was
confirmed. The turnover number (TON) for CO production was
1.3 x 10% (Table 1, Entry 1 and Fig. $26). In this photocatalytic
reaction, it was confirmed that H, was not formed, indicating
the excellent selectivity of Fel.

To verify the role of each component in the photoreaction,
a series of control experiments was conducted. CO was not
detected when the reaction was performed without Fel,
without Ir(ppy)s, without BIH, under Ar, or in the dark (Table 1,
Entries 2—6). These results confirm that Fel is the catalyst,
Ir(ppy)s functions as a photosensitiser, BIH acts as a sacrificial
electron donor, and CO; is the substrate. An isotopic labelling
experiment under a 13CO, atmosphere was also conducted, and
13CO was generated, demonstrating that the detected CO was a
product of CO; reduction (Fig. 3).

Subsequently, we investigated the effects of the
proton/electron mediators introduced close to the active
centre. In this study, we compared the catalytic activity of Fel
with that of a benchmark catalyst, CAT, which is a structural
isomer of Fel but contains only proton mediators. The TON of

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Control experiments for photochemical CO, reduction by Fel for 1 h
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Entry Catalyst® Photosensitiser® Electron Gas Light?/nm Medium TN

donor® co H2
1 Fel Ir(ppy)s BIH Co; 400 <A <750 0.10 M TFE/MeCN 1.3 x 104 0
2 - Ir(ppy)s BIH CO: 400<A <750 0.10 M TFE/MeCN 0 0
3 Fel - BIH CO; 400<A <750 0.10 M TFE/MeCN 0 0
4 Fel Ir(ppy)s - Co; 400 <A <750 0.10 M TFE/MeCN 0 0
5 Fel Ir(ppy)s BIH Ar 400 <A <750 0.10 M TFE/MeCN 0 4
6 Fel Ir(ppy)s BIH CO; dark 0.10 M TFE/MeCN 0 0

92.0 uM Fel. 520 uM Ir(ppy)s. €0.10 M BIH 9Xe lamp (150 W) with long pass filter.

CAT for CO production was found to be 1.0 x 103 for 1 h (TOF =
1.0 x 103 h1) under identical experimental conditions, and a
significant difference in the catalytic activities of the Fel and
CAT iron porphyrin complexes was observed (Fig. 4 and Table
S2). This result indicates that the catalytic activity was enhanced
by introducing proton/electron mediators in the vicinity of
catalytic centre without changing constituent elements.

For further investigation of the effect of hydroquinone
moieties, several attempts were made. Our experimental
results clearly demonstrate that our new catalyst with
hydroquinone moieties, Fel, exhibits superior catalytic activity
compared to its positional isomer, CAT. We have hypothesized
there are mainly three possibilities to explain the improved
performance of our catalyst; (a) shift in redox potentials of the
catalytic centre (i.e., change in the reactivity of catalytic centre)
by the introduction of hydroquinone moieties, (b) the effect of
proton relay ability, and (c) the effect of electron relay ability by
the hydroquinone moieties. First, the redox potential of Fel to
produce catalytically active species was the same as that of CAT
(Table S1),1° indicating that the introduction of hydroquinone
moieties does not affect the reactivity of the catalytic centre.
Second, quantum chemical calculation was performed to
optimize the structure of the CO, adduct of the Fe? state of Fel.
The result revealed that the hydroquinone moieties can interact
with CO, through hydrogen bonding (Fig. S27). Similar
interaction that stabilizes CO, adduct has also been reported for
CAT.® This suggested that there should be no significant

(a) Under 12CO, (b) Under 13CO,
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Fig. 3 Mass spectra of CO generated using MeCN solution containing 2.0 uM Fel,
20 uM Ir(ppy)s, 0.10 M BIH, and 0.10 M TFE at 20 °C during irradiation with a Xe
lamp (400 < A < 750 nm) over a period of 75 min in (a) 2CO, and (b) 3CO,
atmospheres.

This journal is © The Royal Society of Chemistry 20xx

difference in proton relay ability between Fel and CAT. Third,
we conducted emission quenching experiments to investigate
the effect of hydroquinone moieties on electron transfer
processes. As a result, emission quenching of the
photosensitiser, Ir(ppy)s, was observed in the presence of
hydroquinone and one equivalent of 1,8-diazabicyclo[5.4.0]-7-
undecene (DBU) as a base (Fig. S28). On the other hand,
emission quenching was hardly observed in the presence of
hydroquinone or DBU (Fig. S29). These results imply that the
hydroquinone moieties of Fel were involved in the electron
transfer process after deprotonation, indicating the effect of
the electron relay ability of the hydroquinone moieties on the
catalysis.

Finally, we compared the catalytic ability of Fel with those
of relevant similar systems. In terms of catalytic activity, the TOF
for photochemical CO; reduction of Fel (1.3 x 104 h1) is higher
than those of all other iron porphyrin complexes reported in the
literature (Table S3 and Fig. S30).3¢11-16 Moreover, the TON of
Fel is the highest class among previously reported iron-
complex-based catalysts, indicating the durability of Fel during
photocatalysis (Table S4).3¢11-17  These results clearly
demonstrate that the introduction of proton/electron
mediators in the vicinity of the active centre is an effective
strategy for developing highly efficient catalysts for CO,
reduction.

In summary, we report a novel iron porphyrin complex
bearing hydroquinone moieties at meso positions as

15000

10000

TON

5000

0 |
Fel CAT

Fig. 4 Photochemical CO, reduction activities for CO production using a CO,-
saturated MeCN solution containing 2.0 uM Fe1l (blue) or 2.0 uM CAT (red), 20 uM
Ir(ppy)s, 0.10 M BIH, and 0.10 M TFE at 20 °C with Xe lamp (400 < A £ 750 nm)
irradiation.
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proton/electron mediators (Fel). Fel exhibits high activity for
CO; reduction under visible light irradiation. The TOF of Fel for
CO production was 1.3 x 10% h-1, which is significantly higher
than that of the iron porphyrin complex bearing only proton
mediators, CAT, which is a structural isomer of Fel. It is worth
noting that Fel exhibited a TOF that was higher than that of any
other iron porphyrin complex reported in the literature.
Moreover, the TON of Fel was the highest class among iron-
complex-based catalysts of photochemical CO; reduction. Thus,
collectively, these results indicate the effectiveness of our novel
strategy for the development of highly efficient CO, reduction
catalysts.
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