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A biscyclometalated Ir(lll) complex bearing a triarylborane unit
(IrDB) catalyzes the reduction of CO, to CO and HCOOH under
visible light irradiation in the presence of 1,3-dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole (BIH). A direct covalent linkage
between the two components—the Ir(lll) metal center and the
triarylborane moiety—is essential for achieving the photocatalytic
activity.

Carbon dioxide (CO;) photoreduction is one of the most
promising strategies to address global warming and carbon
resource depletion and has been the subject of much research
over the past decade.! Homogeneous CO, photoreduction
reaction systems typically consist of a catalyst to activate CO, a
photosensitizer to absorb light, and a sacrificial electron donor.
Among these components, metal complexes are often
employed as both catalysts and photosensitizers. Ishitani and
co-workers, pioneers in this field, have reported highly efficient
systems using a variety of complexes with noble metals,
including Ru(l1),2 Re(1),3 Os(l1),% and Ir(ll1)>. In recent years, there
has been a growing interest in replacing these precious metals
with more earth-abundant elements, such as base metals® and
organic molecules’. Nevertheless, the use of non-metallic
elements as catalytic centers for CO; photoreduction is still
limited and remains a significant challenge.

Recently, we have developed a series of transition metal
complexes in which a triarylborane moiety is connected to an
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Ir(I1)® or Ru(ll)® center and have investigated their unique
photophysical properties. These complexes exhibit not only
long-lived excited states, but also strong photo absorption in
the ultraviolet-visible (UV—vis) region, attributed to z(aryl)—p(B)
charge transfer (CT), an intramolecular charge transfer from the
metal center or aryl groups to the vacant p orbital of B atom.
These characteristics are essential for efficient photosensitizers.
Moreover, for the Ru(ll) complexes, quenching of
photoluminescence was observed in the presence of CO; in
acetonitrile (MeCN),° suggesting that interaction between CO;
and the excited state of the complex with the electron density
localized on the B atoms. We envisioned that such unique
photophysical properties and reactivity toward CO; of the metal
complexes with triarylborane moiety would render them
promising photocatalysts for the CO;
photoreduction reaction in which nonmetallic B atom acts as a
catalytic center.
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Fig. 1 Chemical structures and abbreviations of Ir(lll) complexes.
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Herein, we investigated the ability of the Ir(lll) complexes
bearing a triarylborane moiety as catalysts for CO,
photoreduction. Unlike Ru(ll) complexes, the metal center of
the bicyclometalated Ir(lll) complexes is generally known to be
inactive toward CO, activation in photocatalytic systems.5b
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Therefore, we focused on Ir(lll) complexes (IrDB and IrPhB, Fig.
1) which possess durylene or phenylene as a linker, respectively
(D and Ph refer to durylene and phenylene), to evaluate the
photoreactivity of the triarylborane center toward CO;
photoreduction.

The photophysical properties and chemical reactivities of
triarylboranes are known to be strongly influenced by the
bulkiness of the surrounding aryls, which affects not only the
conformation of the aryl groups and resulting overlap between
their z-orbitals and the vacant p-orbital of the B center, but also
the accessibility of external molecules to the B center.10
Focusing on such a structure-properties relationship of the
triarylborane derivatives, we designed a new Ir(lll) complex
(IrDB), with a dimesitylboryl moiety connected to the Ir(lll)
center via a sterically bulky durylene linker in addition to the
previously reported IrPhB2 with a less hindered phenylene
linker. The new complex IrDB was prepared by a Pd-catalyzed
coupling reaction between (ethynylduryl)dimesitylborane and
an Ir(lll) complex with a bromo-substituted bpy. In addition,
reference complexes without triarylborane moiety (IrD, Fig. S1)
were also prepared and used for a control experiment to discuss
the contribution of the triarylborane moiety to the
photocatalytic CO; reduction. IrDB and IrD were characterized
by 'H NMR and mass spectrometry (MS) measurements and
single-crystal X-ray diffraction (SXRD) analyses (vide infra).

Fig. 2 Crystal structure (ORTEP views at 50% probability level) of
IrDB’. Solvents, hydrogen atoms, and counter anions (BF4~) are
omitted for clarity. B: red, C: gray, N: light blue, Ir: dark green.

The SXRD analyses revealed the geometries of the Ir(lll)
complexes (Fig. 2 for IrDB” and Fig. S5 for IrDB). Structural
analysis of IrDB was discussed based on the single crystal
structure of a BF4~ salt (IrDB’) since single crystals of the PFg™
salt suitable for single crystal X-ray diffraction analysis were not
obtained despite many attempts at crystallization using various
conditions. The Ir-Nppy distances of both complexes were longer
than the Ir-N,,, distances owing to the strong o-donating ability
of the C atoms in the cyclometalated ligand (Table S2).11 Two N
atoms in the ppy (ppyH = 2-phenylpyridine) adopt a trans
configuration. The B atom in IrDB” adopts a trigonal planar sp2-
like configuration with B—C distances of 1.56-1.60 A and C-B—C
angles of 119-121° (Table S3). It is notable that the dihedral
angle between the BCs-plane centered on the B atom and the
arylene ring is 57° for IrDB’ (Fig. S6 and Table S3) and 32° for
IrPhB’ (a PF¢™ salt of IrPhB),%2 respectively, suggesting that the
m-planes of the durylene moiety of IrDB” are rather orthogonal
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to the BC; plane compared to the phenylene moiety, of JtRhB..
Such a significant difference in the gediEtiiddBr6aRAOTRRE
atoms can be explained by the degree of steric repulsion
between the arylene (i.e., durylene or phenylene) moiety and
the mesityl groups surrounding the B atom.
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Fig. 3 a) UV—vis absorption spectra and b) emission spectra (Aex

=420 nm) of Ir(lll) complexes in MeCN at 298 K (IrDB: blue solid
curve, IrPhB72: red solid curve).

Fig. 3a shows the absorption spectra and emission spectra
of IrDB and IrPhB82 in MeCN at 298 K respectively, with their
photophysical parameters summarized in Table S4. Both Ir(lll)
complexes show a weak absorption band between 450 and 500
nm attributed to metal-to-ligand CT (MLCT). In addition, they
exhibit an intense absorption band in 300-400 nm with
maximum molar extinction coefficients (&) of which were 3.39 x
10 Mt cm~1 at 373 nm for IrDB and 4.22 x 10* M~1 cm™! at 332
nm for IrPhB, respectively. The spectral comparison between
IrDB and IrD (Fig. S1) is presented in Fig. S7. The gvalue of IrDB
in 300—400 nm is larger than that of IrD. Such similarity to IrPhB
and differences to IrD indicate that the absorption of IrDB in
300-400 nm originates from the CT transitions involving the
triarylborane moiety.8 The absorption bands in A > 400 nm of
IrDB are assigned to MLCT (Ir center —> triarylborane-
ethynylene-bpy ligand) and ligand-to-ligand CT (LLCT; ppy -
triarylborane-ethynylene-bpy ligand) (So—S: transition) by time-
dependent density functional theory (TD-DFT) calculation (Fig.
S8-S9 and Table S5).

The emission maxima of IrDB (Aex = 628 nm) located at a
shorter wavelength region than that of IrPhB (Aex = 644 nm) as
shown Fig. 3b. This result is in good agreement with the
difference in their highest occupied molecular orbital (HOMO)—
lowest unoccupied molecular orbital (LUMO) gaps evaluated
based on TD-DFT calculation (Fig. S10). Other photophysical
properties—the emission quantum yields (®.m), the emission
lifetime (7em), the radiative (k;) and nonradiative decay rate
constants (kn)—, of IrDB and IrPhB are nearly comparable
(Table S4). This result suggests that the excited state energies
and lifetimes of these complexes are not significantly altered by
the bridging aromatic ring.

Photocatalytic CO; reduction reactions were carried out by
photoirradiation (Aex > 400 nm) of the MeCN/triethanolamine
(TEOA) (5/1 v/v) mixed solutions containing IrDB or IrPhB (0.05
mM) as photocatalysts and BIH (0.1 M) as the electron donor
(ED) under a CO; atmosphere. In the cases of both complexes,
the evolutions of HCOOH and CO were detected accompanied
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by the evolution of H; (Fig. 4 and Entries 1 and 2 in Table 1). The
turnover number (TON) of IrDB reached 44 for CO and 36 for
HCOOH at 72 h, suggesting that IrDB exhibited high stability as
a photocatalyst for CO, reduction. On the other hand, the TON
values for CO and HCOOH with IrPhB were lower (TON¢o = 2 and
TONpcoon = 11). It is notable that H; evolution significantly
proceeded in both cases under this reaction condition,
indicating that H, evolution is one of the major competing
pathways with CO; photoreduction. In reaction using IrDB, CO
and HCOOH were scarcely formed in the absence of BIH, TEOA,
or light, indicating that all three are essential for the
photocatalytic CO; reduction (Entries 3-5 in Tablel). The origin
of CO and HCOOH in the photocatalytic reaction with IrDB was
confirmed to be CO; based on 13CO,-labeling experiments. GC-
MS analysis of the gas phase after the reaction showed
predominant formation of 13CO (m/z = 29), with minimal 12CO
detected (Fig. S18). Likewise, the 'H NMR spectrum of the
solution after the reaction showed a clear signal for H13COOH,
while H12COOH was scarcely observed (Fig. S19).

Table 1. The results of photocatalytic CO, reduction for 72h.[2]

TON
Entry  Photocatalyst

co HCOOH H>

1 IrDBb! 44 36 3321
2 IrPhB! 2 11 590
3 IrDBLc] - 7 46
4 IrDBId! 2 5 50
5 IrDBLe! - - -

6 IrDIb] - 8 696
7 Irbpy!t! - 2 301
8 Irbpy + BDE!] - 6 80
9 BDE[E] - - -

[a] The maximum TONs of CO, HCOOH and H,. Reaction
conditions: CO,-saturated MeCN/TEOA (5/1 v/v, 3 mL) solutions
containing photocatalyst and BIH (0.1 M) were irradiated at Aem
> 400 nm (Supplementary Information). [b] The concentration
of each Ir(lll) complex was 0.05 mM. [c] In the absence of BIH.
[d] In the absence of TEOA. [e] Under dark. [f] The
concentrations of Irbpy and (4-ethynyl-2,3,5,6-
tetramethylphenyl)bis(2,4,6-trimethylphenyl)borane (BDE)
were 0.05 mM and 0.05 mM, respectively. [g] The concentration
of BDE was 0.05 mM.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Photocatalytic production of a) CO, b) HCOOH and c) H; as
a function of irradiation time using IrDB (blue circle, Entry 1 in
Table 1) or IrPhB (red circle, Entry 2 in Table 1,) as a
photocatalyst.

To investigate the difference in the reactivity of the Ir(lll)
complexes, the reactions of IrDB or IrPhB with BIH were
examined under dark conditions by monitoring the 'H NMR
spectra in CDsCN (Fig. S11 and S12). In the case of IrDB, the
signals of IrDB remained even after leaving the mixture for 24h.
In contrast, the signals of IrPhB completely disappeared in the
same reaction condition. These results suggest that IrPhB reacts
with BIH or BI cation!? produced along with Scheme S12¢ even
under dark conditions, indicating that IrPhB does not function
as a photocatalyst for CO, reduction. It is notable that the
reference Ir(lll) complexes (IrD, IrPh and Irbpy, Fig. S1)
remained intact in the presence of BIH as shown by Fig. S13—
S15. This suggests that the dimesitylboryl group connected to
the phenylene ring in the Ir(lll) complex plays a key structural
role leading to the instability of IrPhB to BIH or Bl cation. The
instability of IrPhB toward reduction is also supported by cyclic
voltammetry (Fig. S20). IrDB shows a quasi-reversible redox
wave at the cathodic region, whereas IrPhB shows a current
characteristic of a chemically irreversible process under
identical conditions. Although the detailed mechanism remains
unclear, the nature of the bridging aromatic ring seems to affect
the stability of the Ir(lll) complexes with triarylborane or their
reduced species. One possible explanation is that the difference
in bulkiness between the durylene and phenylene groups
attached to the B atom center influences the reactivity of the
arylborane moiety. This result underscores the critical role of
molecular design in achieving stable and functional
photocatalysts.

The emission of IrDB was quenched by BIH, as shown by a
linear Stern-Volmer plot (Fig. S16). From the slope of the plot
(Ksy =4.07 x 103 M 1) and emission lifetime (zem), the quenching
rate constant (kq = Ksv/ 7em) Was calculated to be 1.31 x 1019 M~
1s-1 which is a sufficient value to realize an efficient
photosensitization process.® The emission intensity of IrPhB
also decreased upon addition of BIH, however, the emission
maximum of IrPhB was slightly shifted implying the possibility
of the reaction between IrPhB and BIH or Bl cation even before
photoirradiation as mentioned above (Fig. S16). These results

J. Name., 2013, 00, 1-3 | 3
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indicate that only IrDB showed the reductive quenching by BIH,
generating catalytically active one-electron-reduced species
essential for this CO, reduction.

To clarify the role of the triarylborane moiety in the
photocatalytic CO, reduction, control experiments were
conducted. Photocatalytic reactions using Ir(lll) complexes
lacking the dimesitylborane group (IrD and Irbpy) were
performed under the same conditions as those used for IrDB
(Fig. S1, Entries 6 and 7 in Table 1). In these reactions, H, was
the major product, along with a small amount of HCOOH
(TONHCOOH = 8 for IrD, TONHCOOH = 2 for |I’bpy),
while CO formation was not observed. It is known that
cyclometalated Ir(lll) complexes used as photosensitizers do not
function as catalysts for CO, reduction even if they undergo
partial decomposition during the reaction.>® These results
indicate that the triarylborane moiety in IrDB plays a crucial role
as the reaction site for CO formation. Notably, CO was not
produced when a mixture of Irbpy and BDE, or BDE alone, were
used as catalysts, suggesting that the covalent linkage between
Ir(Ill) complex and the triarylborane moiety via ethynylene
linker, which may enable efficient through bond electron
transfer, is essential for exhibiting catalytic activity (Fig. S1,
Entries 8 and 9 in Table 1). Notably, the presence of TEOA
induces significant changes in both the absorption and emission
spectra of IrDB (Fig. S21), indicating that interactions between
IrDB and TEOA in the ground and excited states may contribute
to the CO; photoreduction. Although the mechanism of these
interactions remains unclear at this stage, this finding provides
an intriguing basis for future studies.

In conclusion, we successfully demonstrated a new
photocatalytic system for CO, reduction based on a
cyclometalated Ir(lll) complex bearing a triarylborane moiety.
The nature of the arylene linker—either a durylene or a
phenylene ring—in the Ir(lll) complex significantly influenced
the stability of the catalyst in the presence of BIH.
IrDB, which contains a sterically hindered durylene group, is
stable enough to perform CO, photoreduction to produce CO
and HCOOH, whereas IrPhB reacts with BIH or its derivatives
even under dark conditions, thereby inhibiting CO;
photoreduction.  Although  further optimization and
investigation are required, including elucidation of the reaction
mechanism and suppression of side reactions such as H
evolution, these findings demonstrate potential utilities of the
triarylborane moiety to function as a nonmetallic active center
for the artificial photosynthesis.
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