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ABSTRACT: Two Re(I) tricarbonyl complexes with imidazole-pyridine ligands, fac- TON¢o =45

[Re(CO);(pbiH)Cl], (Re-pbiH), and fac-[Re(CO),(bbzp)Cl] (Re-bbzp), where pbiH= @
2-(2-pyridy)benzimidazole, bbzp = 2,6-bis(2-benzimidazolyl)pyridine, were synthesized, . /

and their photophysical, electrochemical, and photochemical properties were investigated ?O ‘-'.'/QNH\} TON, =8
for application as photocatalysts for CO,-to-CO reduction. Upon light irradiation (1 > oc SN N" oc. Cl “J co
370 nm) in CO,-saturated CH;CN using 1,3-dimethyl-2-phenyl-2,3-dihydro-1H- R ] :”“F!e/’:\
benzo[dJimidazole (BIH) as a sacrificial donor, Re-bbzp promotes CO formation with § ©¢ Co N NH oc” o N )
a turnover number (TON(g) of 45 + 2, whereas Re-pbiH displayed a significantly lower  co, @ \7 co,

activity (TON¢q = 8 + 1). The role of the bbzp ligand in the photocatalytic behavior was

examined in detail using IR spectroelectrochemistry (IR-SEC) together with in situ FTIR and UV-—vis spectroscopy under
photocatalytic conditions, revealing the formation of key intermediates involved in CO, activation. The superior activity of Re-bbzp
was rationalized by its ability to function as a proton relay and two-electron acceptor. The role as a proton relay was further
supported by the observation of a kinetic isotope effect (KIE = 1.5) when the deuterated electron donor BID was employed, in
agreement with the unusual decrease in catalytic activity observed upon addition of Brensted bases. Overall, these results provide
new insights into the role of ligand-based proton-responsive sites in Re(I) tricarbonyl complexes and their impact on CO, reduction
photocatalysis.

B INTRODUCTION H,0."”*° The presence of a proton relay close to the metal
center may stabilize an intermediate and improve reaction rates
as observed for other homogeneous catalysts.”' =
Re(I)-based imidazole-pyridyl complexes combine excited-
state redox chemistry with a proton relay close to the metal
center. Such intriguing properties have been previously
exploited. For example, Qiu et al. reported a series of Re(I)
complexes with an imidazole-pyridine framework in which a z-
extended pyrene was covalently bonded to the N atom of the
imidazole ring. The complexes exhibited extended triplet
excited-state lifetimes and high photoactivity for CO,
reduction.'’ Siewert and co-workers reported a series of
binuclear Re(I) complexes with imidazole-pyridyl ligands***’
as well as pyrazole-pyridyl ligands™® in which the role of the
proton-responsive groups was explored for electrochemical
CO, reduction. Furthermore, Warren and co-workers reported
imidazole-based Re(I) complexes in which alkalization of the
imidazole proton resulted in loss of catalytic activity toward
CO, reduction, evidencing the role of ligand-centered proton

Re(I) tricarbonyl complexes have been extensively investigated
as electro/photocatalysts for CO, reduction to CO. Since the
first report by Lehn et al. employing the parental complex fac-
[Re(CO),(bpy)Cl], bpy = 2,2'-bipyridine, subsequent studies
have investigated the reaction mechanisms and the role of the
polypyridyl ligand on the catalytic processes.' '’ The
irradiation of such complexes typically gives rise to metal-to-
ligand charge transfer (MLCT) excited states characterized by
relatively long lifetimes and suitable energetics for CO,-to-CO
conversion.'""?

In photoinduced CO, reduction, a sacrificial donor is usually
necessary. Triethanolamine (TEOA) has typically been
employed, but Ishitani et al. have shown that the use of
benzomidazole derivatives, such as 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH), can lead to better
photocatalytic performance. As shown in Scheme S1, BIH is
capable of donating two electrons and one proton, which also
has a stronger reducing power compared to triethanolamine
(TEOA) and triethylamine (TEA) as discussed in previous
works."*~"” Additionally, the presence of a Bronsted acid in the Received:  February 20, 2026 horaic Genisty
reaction medium or in the catalysts’s secondary coordination Revised: ~ March 28, 2026
sphere is also beneficial for photocatalysis.'® In the accepted Accepted:  April 8, 2026
catalytic cycle, CO, coordination to the reduced catalyst is Published: April 16, 2026
followed by proton transfer to yield a Re-CO,H intermediate
that is further reduced and protonated to yield CO and
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acceptor sites on CO, activation.”” Moreover, Sinha et al.
reported CO, reduction by fac-[Re(CO);(bbzp)Cl], bbzp =
2,6-bis(2-benzimidazolyl)pyridine in aqueous media.’>*" The
role of the pendant nonchelating benzimidazolyl group was
compared with a Re(I) complex bearing a substituted
terpyridine ligand. All of these reports emphasize the
importance of the imidazole group(s) in enhancing stability
and reactivity; however, to our knowledge, prior work has not
explored the photophysical and photochemical properties of
the catalysts or their catalytic mechanism during the CO,
reduction cycle.

In this work, the photophysical properties of two Re(I)
tricarbonyl complexes, fac-[Re(CO),(pbiH)Cl] (Re-pbiH)
and fac-[Re(CO);(bbzp)Cl] (Re-bbzp), pbiH = 2,6-bis(2-
benzimidazolyl)pyridine, Figure 1, are reported. The role of
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Figure 1. Chemical structures and abbreviations of the Re(I)
catalysts.

the additional benzimidazolyl group of the bbzp ligand is
described along with their performance as a photocatalyst in
the CO, reduction reaction (CO,RR). The results bring new
insights into the role of the pendant N-imidazolyl atom as a
proton relay for the reduction of CO, to CO.

B EXPERIMENTAL METHODS

The complexes were prepared by refluxing [CIRe(CO);s] and the
respective ligands in toluene. Detailed description of the synthetic
procedures is given in the Supporting Information along with
characterization data and other experimental and computational
details.

Photocatalytic Studies

CO, photoreduction experiments were carried out in a closed double-
jacket glass reactor with a total volume of 16 mL. The reactor was
loaded with 10 mL of a 0.03 mmol L™ acetonitrile solution of the
catalyst and an excess of 6.7 mmol L™' mg of BIH. The mixture was
then purged with CO, until saturation and exposed to a 300 W Xe
lamp equipped with a water filter and a 370 nm long-pass filter with
an irradiance of 100 mW cm™> The reactor was kept at 25 °C with a
thermally controlled water circulator. At given time intervals, 100 uL
of the headspace atmosphere was sampled using a gastight syringe and
analyzed by gas chromatography (Shimadzu GC2014 equipped with a
flame ionization detector (FID) and a methanizer) to quantify CO
formation. A 500 uL aliquot was analyzed for H, with a PerkinElmer
Clarus 580—GC instrument equipped with a thermal conductivity
detector. Photocatalytic experiments were also performed in a custom
reactor illuminated with a Newport Oriel 1 kW Solar Simulator
(model 91191-1000; 900 W Xe lamp and LP370 long-pass filter)
connected in-line to the sample loop of a gas chromatograph (Agilent
GC 8890). Gaseous products were separated with a carbonPLOT
column and a molecular sieve column in series. The carbonPLOT
column decelerated the elution of CO, relative to the other lighter
gases (O,, N, H,, and CO), while the molecular sieves separated each
gas with specific retention times. A thermal conductivity detector
(TCD) was used to detect O,, N,, and H,. A methanizer equipped
with a nickel hydrogenation catalyst was paired with a flame
ionization detector (FID) to detect CO, and CO. Argon (Ar) was
used as the carrier gas.

FTIR Spectroelectrochemical (IR-SEC) Experiments

IR spectroelectrochemical studies were performed using an optically
transparent thin-layer electrochemical (OTTLE) cell with a calcium
fluoride (CaF,) window. All spectroelectrochemical experiments were
conducted in 0.1 M TBAH/acetonitrile solutions under an Ar/CO,
atmosphere. Blank acetonitrile solutions with 0.1 M TBAH were used
as the background. A PerkinElmer Frontier spectrometer was used to
monitor thin-layer bulk electrolysis coupled to an pAutolab
PGSTAT204 potentiostat/galvanostat (Autolab). A platinum grid
working electrode, platinum wire counter electrode, and silver wire
pseudoreference electrode were employed for the chronoampero-
metric studies.
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Figure 2. "H NMR spectra of Re-pbiH (orange) and Re-bbzp (blue) in DMSO-d°.
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Figure 3. Absorption spectra (A) of the Re-pbiH (orange) and Re-bbzp (blue) in CH;CN at 298 K as well as these emission spectra (B) in

CH,CN at 298 K (solid lines) and butyronitrile at 77 K (dashed lines); 4

Re-pbiH (C) and Re-bbzp (D) complexes.

exc

= 375 nm. Surface contours of the HOMO and LUMO orbitals for the

In Situ FTIR Experiments

The in situ FTIR experiment was performed by using an optically
transparent thin-layer electrochemical (OTTLE) cell with a sodium
chloride (NaCl) window. All in situ experiments were performed in
solutions containing 0.03 mmol L™ of photocatalyst and an excess of
6.7 mmol L™ of BIH in acetonitrile under Ar/ CO, atmosphere. The
PerkinElmer Frontier spectrometer was employed to monitor the
formed intermediates as a function of time (4, >370 nm; P,, = 100
mW cm™2).

B RESULTS AND DISCUSSION

Structural Characterization

The synthesis of both complexes was successfully achieved as
confirmed by 'H NMR (Figure 2), elementary analysis, and
mass spectrometry (Figures S1 and S$2).°>*' The 'H NMR
spectra of both complexes are characterized by peaks in the
aromatic region, which are downfield from those observed for
the free ligands due to coordination to the Re(I) center. The
peak positions and their corresponding coupling constants
agree well with those previously reported for these
complexes.’”’" Additionally, between 13 and 15 ppm, broad
singlet peaks observed for both species are attributed to the
hydrogen atom bonded to the N atom in the imidazole ring
coordinated to the Re(I) center. For the Re-bbzp complex, one
additional singlet is observed at 13.3 ppm, corresponding to
the pendant imidazole ring. The broad sha%)e of these peaks
provides evidence of their acidic character.”” As expected, the
interaction of the imidazole ring with the Re(I) center leads to
an increase in the Bronsted acid character of the neighboring
NH group, which becomes more downshielded.

Photophysical Properties

The electronic absorption spectra of both complexes were
measured in CH;CN at 298 K (Figure 3a). For both
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complexes, highly intense absorption bands (¢ >10* L mol™
cm™!) between 240 and 360 nm are observed and attributed to
allowed intraligand (IL,_ ,«) transitions. At lower energies (1
>360 nm), an absorption tail is observed, corresponding to a
metal-to-ligand charge transfer (MLCT) transition.”>™*° For
the Re—pbiH complex, the MLCT band is clearly observed
with a maximum at 375 nm (e = 4.2 X 10° L mol™! cm™). In
contrast, for Re-bbzp, the MLCT and IL bands overlap in
energy due to the extended 7-conjugation of the bbzp ligand.

To gain a more detailed understanding of the lowest-lying
excited states of these complexes, TD-DFT calculations were
performed using CH;CN as the solvent (dielectric constant =
37.5). The first 30 calculated transitions were compared to the
corresponding experimental data (Figures S3 and S4). The
calculated spectra show good agreement with the experimental
results. The main electronic transitions with their respective
oscillator strengths are summarized in Tables S1 and S2. The
calculations indicate that the lowest absorption bands for both
complexes originate mainly from the HOMO-LUMO
transitions, the contours of which are displayed in Figure
3¢,d. For both complexes, the HOMO is primarily centered on
the d orbitals of the Re(I) center, with some contribution from
the 7 orbitals of the imidazole ligands. The LUMO is mainly
localized on the 7* orbitals of the pbiH and bbzp ligands,
confirming their mixed MLCT/IL character.

Steady-state emission measurements were performed to
investigate the excited-state properties of the complexes in
CH,CN at 298 K and in glassy butyronitrile at 77 K (Figure
3b). The emission spectra at room temperature displayed large
Stokes shifts, typical of triplet-emitting states. The emission
bands for both complexes are broad and unstructured, as
expected for *MLCT emitters, and resemble those of other
Re(1) tricarbonyl polypyridyl complexes.’*™” In glassy

https://doi.org/10.1021/acs.inorgchem.6c00967
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Table 1. Photophysical Properties in CH;CN of the Studied Complexes (4., = 375 nm)

complexes 235 (nm) Dem da
Re-pbiH 320, 375 0.0141 0.30
Re-bbzp 300, 360 0.0007 0.05
Re-bpy 370 0.0058

7 (ns)“ k, (x10* s71) k,, (x10¢s71) A2 (298 K)
42 (54%) 33.6” 2347 550 nm
466 (46%)
~7.0 10.0 142.7 520 nm
29.7 66.7 110 590 nm

“Photoluminescence lifetimes probed at the emission maxima. ”Calculated considering the faster decay.
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(B)
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Figure 4. Cyclic voltammograms recorded, with a scan rate of 100 mV s ~' (solid line) and square wave voltammograms measured at a frequency of
50 Hz (dashed line) for Re-pbiH (A) and Re-bbzp (B) complexes in argon-saturated 0.1 M TBAPF,/CH,CN. The arrow indicates the scan

directions.

medium at 77 K, both emission bands undergo a blue shift,
which is more pronounced for Re-bbzp than for Re-pbiH,
consistent with restricted outer-sphere reorganization that
strongly influences MLCT emitters.”®”’

Time-resolved emission measurements at 298 K and in
CH,CN (Figure S4) reveal a relatively short (r <7 ns)
monoexponential decay for Re-bbzp, while for Re-pbiH, a
double-exponential decay is observed with longer lifetimes (7,
= 42 ns, 54% and 7, = 466 ns, 46%). The shorter 7 ns lifetime
for Re-bbzp agrees well with the smaller emission quantum
yield observed for this complex when compared with that for
Re-pbiH (Table 1). Furthermore, the photophysical data are
also compared to those of the well-known fac-[Re(CO);(bpy)-
Cl] (Re-bpy) complex. The decrease in 7 and ®,,, indicates
that the additional pendant benzimidazolyl group in the bbzp
ligand promotes nonradiative decay. Further evidence for that
is also found in an O,-saturated medium, in which the singlet
oxygen formation yield (®,) by Re-pbiH is 6-fold higher than
that for Re-bbzp.

The photophysics of Re-pbiH however seems to be more
complex as two distinct excited-state relaxation mechanisms
were present, and the excited state was less sensitive to solvent
or temperature. The biexponential decay (7; = 42 ns and 7, =
466 ns) that was evident when the excited state was probed at
the emission maximum was monoexponential (7; = 49 ns)
when the excited state was instead probed at longer
wavelengths (Figure SS). Moreover, when an excess of acid
was added to prevent deprotonation of the Re-pbiH complex, a
monoexponential decay was observed along with a red-shifted
emission spectrum (Figure S5). The excited-state lifetime with
the added acid (z = 47 ns) was very similar to the fast decay
observed for Re-pbiH in CH;CN (7 = 42 ns). Hence, these
data provide clear evidence for the existence of an acid—base
equilibrium in acetonitrile where both the protonated form and
the conjugate base are emissive. Therefore, the double-
exponential decay observed for the Re-pbiH in CH;CN is
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tentatively assigned to emission from both the protonated and
the deprotonated species.

Electrochemical Properties

The investigated complexes were characterized in an
acetonitrile solution with 0.1 M TBAPF, as the supporting
electrolyte (Figure 4). At cathodic potentials, Re-pbiH
exhibited two close reduction peaks, Ep = —2.4 V and Ep =
—2.5 V vs. Ec'/Fc, similar to those observed for Re-bbzp at
slightly more negative potentials Ep = —2.5 V and —2.7 V vs.
Fc'/Fc. These observations align with previous literature
reports,""~* which have shown that tricarbonyl rhenium
complexes typically undergo two sequential reduction
processes.

Square wave voltammetry (SWV) was used to elucidate the
number of electrons involved in each reduction peak (Figure
S6). According to Lovric’s study, the number of electrons
involved in an irreversible process can be calculated by the
linear relationship between the peak potential (Ep) versus log f

(f = applied frequency)."** The angular coefficient (rAEf)
og

corresponds to Equation S2, which was used to estimate the n
value (where a = transfer coefficient and n = number of
electrons). Assuming @ = 1.0, an n value was obtained for each
process, showing that the first reduction peak involved n = 2,
while n = 1 for the second reduction (Figure S6). This
behavior agrees well with the literature, where the first peak is
attributed to ligand-based reduction with chloride labilization,
resulting in n = 2 in the Lovric’s equation due to the
involvement of one electron and anionic charge labilization.*®
The second reduction peak has previously been assigned to a
metal reduction, with only one electron participating (n =
1).*7* To validate the Lovric approach, the same experiment
and analysis was performed on the well-known fac-[Re-
(CO);(bpy)Cl] (Figure S7), which revealed n =2 and n = 1
for the first and second reduction, respectively.
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Photodriven CO, Reduction

Photoreduction of carbon dioxide was evaluated by employing
a Xe lamp with a 370 nm long-pass filter as the white light
excitation source. With 4., >370 nm, only the photocatalyst
absorbs light and not the electron donor (see Re-bbzp, Re-
pbiH, and BIH overlapped absorption spectrum in Figure S8).
Solutions containing 0.03 mmol L' photocatalyst and an
excess of 6.7 mmol L' BIH as a donor in acetonitrile were
irradiated under a CO, atmosphere. The gaseous products
were monitored by gas chromatography with samples being
collected from the headspace every 30 min interval for 300
min.

In the present conditions, CO was identified as the sole CO,
reduction product. Control experiments carried out under an
argon atmosphere, in the absence of the photocatalysts, or in
the dark did not yield any CO. In Figure 5, the CO evolution
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Figure 5. Turnover number (TON) for CO formation photo-
catalyzed by Re-pbiH (orange) and Re-bbzp (blue) complexes.
Experiments were performed in CO,-saturated 10 mL CH;CN
solutions containing 6.7 mmol L' of BIH and 0.03 mmol L' of
photocatalysts (4 >370 nm).

as a function of the irradiation time for both complexes is
shown. The Re-bbzp complex exhibited significantly better
performance, reaching a turnover number (TON) of 45 + 2
after 4.5 h of irradiation, while Re-pbiH exhibits a maximum
TON of 8 + 1 in the same reaction conditions. Long-term (20
h) CO evolution experiments for Re-bbzp confirm that the
plateau is achieved around 4.5 h of photocatalysis, Figure S9.

Therefore, the introduction of a second benzimidazolyl
group onto the Re catalyst directly impacts the CO, reduction
efficiency, resulting in a 5.6-fold increase in the level of CO
evolution. On the other hand, photocatalytic experiments
carried out with different concentrations of added water
(0.001, 0.002, and 0.020%) for the Re-bbzp complex revealed
enhanced catalyst deactivation as the water concentration
increased (Figure 6a). Moreover, when BIH was used as a
donor in the presence of triethanolamine (CH,CN/TEOA 5:1
v/v), a decrease in the Re-pbiH catalysis was observed for the
reduction of CO, with H, being formed instead. For the more
optimal photocatalyst, Re-bbzp, a complete loss of CO,
reduction was observed under this condition over the 3 h
time interval of the experiment (Table S3). We hypothesize
that protonation of an N—H site on the additional
benzimidazolyl moiety on the bbzp ligand is a key step to
promote the CO, reduction, as its proximity to the metal
center favors the stabilization of key reaction intermediates.
The addition of a second proton acceptor (water or TEOA)
introduces a competing pathway for N—H protonation,
thereby inhibiting the CO, photocatalytic activity.

Ligand-Assisted Proton Transfer

To investigate this possibility, an isodesmic reaction was
considered between the oxidized form of BIH (BIH-*) and the
first reduced Re-bbzp species formed following chloride
labilization (see the next section). Isodesmic reactions enable
accurate theoretical pK, determinations by comparing a target
acid to a reference acid with a known pK,."” Here, the reported
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Figure 6. (a) Turnover number (TON) for CO formation mediated by Re-bbzp in CO,-saturated CH;CN containing BIH (6.7 mmol L™") and
Re-bbzp (0.03 mmol L™") and the indicated H,O concentrations (A >370 nm). (b) Turnover number (TON) for CO formation using BIH and
BID from which a kinetic isotope effect was extracted (KIE = 1.5). (c) Isodesmic reaction employed to estimate the pK, of the protonated reduced

Re-bbzp intermediate, using BIH as the reference acid.
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second (E, = —2.7 V vs Fc*/Fc) electron reduction process under Ar (A) and CO, (B) atmosphere. (C) Proposed reduction pathway for Re-bbzp
complex (a) to species (b), (c), and (d) color-coded to the spectral assignments in panels (A) and (B).

pK, value of BIH-* (14.4 in acetonitrile) was employed as the
reference.”® The calculated pK, of 19.9 for the first reduced
and protonated intermediate supports the feasibility of
protonation at a third amine site during the catalytic pathway
as shown in Figure 6¢ and is also compatible to the effective
acidity of CO,-derived species in acetonitrile medium (pK, ~
23-25).°"% Density functional theory (DFT) geometry
optimizations further reveal that this protonated N—H site is
oriented toward the CO, molecule coordinated to the metal
center, enabling the formation of a stabilizing hydrogen bond
between the ligand and the CO, adduct (Figure S10). Such an
interaction is expected to facilitate CO, activation during the
reduction process and aligns well with the conclusion by
Mukherjee and Siewert that proton relays near the axial
positions have beneficial effects on the catalytic activity of
Re(T) complexes.’”

To experimentally probe proton transfer from the
coordinated bbzp ligand to the CO, adduct, photocatalytic
experiments were conducted using BID as the electron donor
(Figure 6b), in which the labile proton of BIH is replaced by
deuterium (see Figure S11 for 'H NMR characterization).
Photocatalysis performed with BID exhibits a kinetic isotope
effect (KIE) of 1.5 in relation to that with BIH, indicating that
proton transfer from BIH to the reduced Re-bbzp species is
involved in the rate-determining steps of the catalytic cycle.

The proposed ligand-assisted proton transfer mechanism
provides a simple explanation for the superior photocatalytic
activity of Re-bbzp relative to that of Re-pbiH for CO,
reduction. The Re-bbzp achieves optimal photocatalytic
performance without the presence of Bronsted bases, which
would otherwise compete with ligand protonation and disrupt
the ligand-assisted proton relay essential for efficient CO,
reduction. To gain further mechanistic insights into the CO,
reduction activity of the Re-bbzp complex, spectroelectro-
chemical FTIR (IR-SEC) and in situ FTIR experiments were
performed under both Ar and CO, atmospheres.

9193

Catalytic Pathway Analysis of Re-bbzp Complex

During IR-SEC measurements, the characteristic CO stretch-
ing modes (A, and E, molecular symmetry C;,)>" of Re-bbzp
were monitored during potential steps that initiated the first or
second reductions (Figure S12). The observed spectral data
closely resemble those reported for fac-[Re(CO);(bpy)Cl]
derivatives,*3°75¢ Figure 7a,b highlights the evolution of the
vCO region during the reduction of Re-bbzp under Ar and
CO, atmospheres, respectively.

Upon the first reduction, the complex fac-[Re(CO);(bbzp)-
Cl] (a) gives rise to new vCO bands at 2009, 1897, and 1869
cm™!, which are assigned to the reduced intermediate fac-
[Re(CO);(bbzp)Cl]™- (b). In this species, the added electron
is primarily localized on the 7* orbitals of the diimine ligand,
increasing the electron density at the Re(I) center and
weakening the CO bonds, resulting in a #CO shift to lower
frequencies.”® " After approximately 60 s at the same applied
potential, species (b) gradually convert into species (c), fac-
[Re(CO),(bbzp)], characterized by new bands at 2014 and
1900 cm™" (Figure S13). This transformation is attributed to
chloride labilization, yielding a pentacoordinated, one electron-
reduced species. The corresponding vCO shift to higher
frequencies reflects a decrease in electron density at the metal
center following chloride dissociation.”*”*>%* This pathway is
further supported by Lovric’s analysis, which indicates n = 2 for
the first reduction process, consistent with the involvement of
two charged species. Notably, species (c) remains stable over
extended times at this potential.

A potential step beyond the second reduction potential led
to the appearance of additional vCO bands centered at 2005,
1983, 1882, and 1867 cm}, assigned to the two-electron-
reduced species fac-[Re(CO);(bbzp)]™(d). The second
reduction increases electron density on the Re center, leading
to a vCO shift to lower frequencies.”” The proposed
electrochemical reduction pathway is summarized in Figure
7c. Comparative IR-SEC experiments performed under a CO,
atmosphere revealed a similar reaction chemistry. Eventual
differences in the peak shapes when compared to those under

https://doi.org/10.1021/acs.inorgchem.6c00967
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Figure 8. (A—D) In situ FTIR spectra measured over the indicated photolysis time for Re-bbzp in Ar-saturated (a and b) and CO,-saturated (c and

d) CH,CN solutions containing excess BIH.

the Ar atmosphere are attributed to changes in the relative
concentration of the species as the different potentials are
applied and, therefore, are not considered in the analysis.
Different from what is observed under argon, in the presence
of CO,, the intermediate fac-[Re(CO);(bbzp)Cl]™ (b) was
not observed (Figure S14). This suggests that the presence of
CO, accelerates chloride labilization, likely because it is a
better 7* acceptor ligand than CI7, favoring the rapid
formation of species (c), which is subsequently reduced to
species (d).

In situ FTIR experiments (Figure 8) conducted during
photocatalytic CO, reduction reveal spectral changes closely
matching those observed by IR-SEC, confirming the formation
of analogous intermediates under photochemical conditions
(see the direct comparison in Figure S15).

Under argon atmosphere (Figure 8a,b), fac-[Re-
(CO)4(bbzp)] (c) forms rapidly (<1 min) without detectable
accumulation of species fac-[Re(CO);(bbzp)Cl]™ (b).
Prolonged irradiation leads to the gradual formation of the
two-electron-reduced fac-[Re(CO);(bbzp)]~ (d). Concur-
rently, an additional band at 1800 cm™ appears, attributed
to a u-CO-bridged dimeric species [Re(CO);(bbzp)],(2c).

The formation of dimeric species during photocatalytic CO,
reduction by fac-[Re(CO);(NN)CI]-type complexes (where
NN = 2,2'-bipyridine derivatives) is a well-established and
extensively documented deactivation pathway. Kubiak and
Fujita independently isolated and spectroscopically charac-
terized Re—Re bonded dimers [Re(CO);(NN)],, which
display exclusively terminal CO stretching modes in the
~1840—2000 cm ™" region and a characteristic absorption near
700 nm.”*** In contrast, the in situ FTIR spectra of Re-bbzp
show an additional band at 1800 cm™ without the presence of
a new visible absorption band (Figure S16). This spectral
signature is assigned to a u-CO-bridged dimeric species rather

9194

than a metal-metal-bonded Re—Re dimer. Bridging CO
ligands are well known to exhibit IR absorptions in the 1700—
1850 cm™' range, as reported for y-CO-bridged cobalt and
chromium carbonyl complexes.“”*® Hence, the pendant
benzimidazolyl group in the bbzp ligand appears to provide
steric hindrance for the Re—Re bond formation.

Under a CO, atmosphere, the same intermediates were
observed but with markedly different kinetics. Species fac-
[Re(CO),(bbzp)] (c) persisted for significantly longer times,
while formation of species fac-[Re(CO);(bbzp)]~(d) was
suppressed relative to those measured under an argon
atmosphere, supporting a catalytic mechanism in which the
two-electron-reduced fac-[Re(CO);(bbzp)]~ is the active
species for CO, reduction. Moreover, the u-CO-bridged
dimer band at 1800 cm™ was substantially less intense,
indicating that the CO, inhibits dimer formation and stabilizes
catalytically relevant intermediates.

Figure S17 displays the kinetic evolution of the monitored
species by tracking fixed wavenumbers at 2025, 2015, 2005,
and 1800 cm™', corresponding to species (a), (c), (d), and
(2c), respectively. Within the first minute of irradiation,
complex fac-[Re(CO);(bbzp)Cl] (a) is fully consumed and
converted predominantly into fac-[Re(CO);(bbzp)] (c), with
partial formation of the two-electron-reduced species fac-
[Re(CO);(bbzp)]~(d). Upon prolonged irradiation, fac-[Re-
(CO)4(bbzp)] (c) is progressively consumed, accompanied by
the growth of the y-CO-bridged dimeric species [Re-
(CO)5(bbzp)],(2¢) and continued formation of fac-[Re-
(CO);(bbzp)]~(d). Notably, the formation rate of fac-
[Re(CO),;(bbzp)]~(d) decreases as the concentration of
[Re(CO);(bbzp)],(2¢) increases, indicating that dimerization
occurs in parallel with the two-electron reduction of fac-
[Re(CO);(bbzp)] (c). Under a CO, atmosphere, distinct
kinetics were observed. In this case, fac-[Re(CO);(bbzp)] (c)

https://doi.org/10.1021/acs.inorgchem.6c00967
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was not fully consumed, while the formation of fac-
[Re(CO);(bbzp)]~(d) and [Re(CO),(bbzp)],(2c) occurred
as competing processes. Since no subsequent decrease in the
concentration of [Re(CO),(bbzp)],(2c) was observed, this
pathway was identified as a photocatalytically inactive
deactivation route, arising from the coupling of two equivalents
of fac-[Re(CO);(bbzp)] (c). Moreover, we propose that after
CO formation and release of H,O, the resulting Re species is
rapidly reduced by BIH, regenerating fac-[Re(CO);(bbzp)]
(c). This regeneration process is supported by the persistent
presence of species (c) throughout the experiments conducted
under a CO, atmosphere.

Finally, based on these findings, a photocatalytic cycle for
Re-bbzp using BIH as an electron donor is proposed (Figure
9), incorporating intermediates identified by both IR-SEC and
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Figure 9. Proposed photocatalytic cycle for Re-bbzp using BIH as an
electron donor in acetonitrile.

in situ FTIR. Protonation of the Re-bbzp framework by BIH"
was supported by the observed kinetic isotope effect (KIE =
1.5) when BID is used as an electron donor as discussed
previously. We assign the active species for reaction with CO,
to the two-electron-reduced species that was observed under
an argon atmosphere yet was absent under a CO, atmosphere.
The formation of the y-CO-bridged dimeric species contrib-
utes to the photocatalytic deactivation, and it occurs as a side
reaction from the one electron-reduced species as demon-
strated by the in situ FTIR experiments.

B CONCLUSIONS

In this study, the photocatalytic CO,-to-CO reduction
behavior of two Re(I) tricarbonyl complexes bearing
imidazole—pyridine ligands, fac-[Re(CO);(pbiH)Cl] and fac-

[Re(CO);(bbzp)Cl], was investigated with the aim of
elucidating the role of the ligand structure on the catalytic
activity and mechanism. While both complexes display
comparable photophysical and electrochemical properties, the
incorporation of an additional benzimidazole unit in Re-bbzp
led to a pronounced enhancement in photocatalytic perform-
ance relative to Re-pbiH. A combination of IR spectroelec-
trochemistry and in situ FTIR spectroscopy under photo-
catalytic conditions enabled the direct identification of key
intermediates involved in the catalytic cycle. These studies
reveal that chloride labilization occurs rapidly upon reduction,
generating a pentacoordinate one electron-reduced Re species
that can undergo further reduction to form the two-electron-
reduced intermediate (active species toward the CO,
reaction). In parallel, dimerization pathways were observed,
which act as deactivation channels during photocatalysis.
Importantly, the in situ FTIR data indicate that dimer
formation proceeds predominantly through u-CO-bridged
species rather than the well-known Re—Re metal—metal-
bonded dimers reported for related Re(I) tricarbonyl
complexes.

The superior activity of Re-bbzp was rationalized by its
ability to function as a ligand-based proton-responsive system.
Kinetic isotope effect measurements using a deuterated BIH
donor support the involvement of proton transfer steps during
the catalytic cycle, consistent with a mechanism in which
protonation of the pendant benzimidazole unit facilitates the
CO, activation. The sensitivity of catalytic performance to the
presence of external Bronsted bases further underscores the
critical role of ligand protonation dynamics in governing
reactivity. Overall, these results demonstrate that the
integration of proton-responsive functionalities into imida-
zole—pyridine ligands serve as an effective strategy to promote
productive catalytic pathways. This mechanistic insight
provides a foundation for the rational design of next-generation
Re(I) photocatalysts and related molecular systems for CO,
reduction.
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