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A B S T R A C T

Natural metalloenzymes efficiently catalyze chemical transformations by precisely controlling the local envi
ronment around the active site, thereby enabling selective substrate activation and reaction control. This general 
concept has motivated extensive efforts to improve molecular catalysts by ligand modification and functional
ization. In this work, we designed and synthesized functionalized derivatives of the fac-Re(2,2′-bipyridine) 
(CO)3Cl complex (Re-1), which has long been recognized as a benchmark catalyst for photochemical CO2 
reduction, and which we have recently demonstrated to also catalyze the carboxylation of organic substrates 
with CO2. Using these complexes, we investigated how substituents on the bipyridine ligand affect photocatalytic 
activities in both CO2 reduction and carboxylation reactions. All new complexes were fully characterized by 
single-crystal X-ray diffraction analysis as well as by spectroscopic and electrochemical methods. The intro
duction of electron-withdrawing functional groups induces clear changes in the electronic structures of the 
complexes, as evidenced by redshifts in their absorption spectra, CO stretching frequencies, and reduction po
tentials. In photocatalytic CO2 reduction, the catalytic activities of the functionalized complexes depend strongly 
on these electronic properties, whereas in carboxylation reactions, all complexes show comparable catalytic 
performance regardless of the nature of the functional groups. Moreover, the present system also exhibits 
additional reactivities, including [2 + 2] dimerization and hydroacylation reactions. Collectively, this work 
reports the design, synthesis, and characterization of a new series of functionalized Re(I) complexes, and pro
vides a useful experimental basis for understanding how ligand modification influences their properties and 
reactivity, thereby offering guidance for future development of Re-based molecular systems for CO2 utilization.

1. Introduction

Carbon dioxide (CO2) is one of the most abundant and yet chemically 
inert carbon resources on Earth. In nature, however, CO2 is efficiently 
captured, activated, and converted into organic molecules by metal
loenzymes under ambient temperature and pressure [1,2]. Such 
remarkable reactivity is enabled not only by the metal active sites but 
also by the precisely organized secondary coordination sphere, which 
stabilizes key intermediates and promotes multistep transformations. 
Representative examples include [NiFe] carbon monoxide 

dehydrogenase (CODH) [2–4] and formate dehydrogenase (FDH) [5,6]. 
In CODH, CO2 binds to a reduced Ni center through the carbon atom 
while interacting with a nearby Fe site and surrounding residues, where 
hydrogen bonding and local proton sources assist in stabilizing key in
termediates. In FDH, Mo or W centers activate CO2 through coordination 
with an oxygen atom and proton transfer facilitated by nearby amino 
acid residues that control substrate orientation and proton delivery. 
These examples highlight how secondary coordination sphere in
teractions, electronic modulation of the metal active site, and local 
substrate accumulation cooperatively enable efficient CO2 conversion 
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under mild conditions. Inspired by these sophisticated biological sys
tems, extensive efforts have been devoted to the development of coor
dination compounds with functional ligands as catalysts for small 
molecule conversions or chemical transformations [7,8].

In the context of CO2 photoreduction catalysis, fac-Re(2,2′-bipyr
idine)(CO)3Cl (Re-1) occupies a unique and historically important po
sition (Fig. 1a). Since its first report in 1983 as a molecular photocatalyst 
for the reduction of CO2 to CO [9], Re-1 has been recognized as a 
benchmark platform that integrates photosensitization and catalytic 
functions within a single molecular framework. Owing to its favorable 
photophysical properties, high chemical stability and structural flexi
bility, Re-1 and its derivatives have been extensively studied and 
structurally modified to improve catalytic performance, or be incorpo
rated into functional materials [10–27].

Despite this long history and significant advances in the CO2 
reduction, the application of Re complexes to reactions other than CO2 
reduction remains largely unexplored. Very recently, we reported the 
first clear demonstration of Re-1 as a catalyst for visible-light-driven 
carboxylation of an organic substrate with CO2 (Fig. 1b) [28]. This 
catalytic system enabled the selective formation of carboxylic acids with 
a turnover number of up to 2600 and excellent regioselectivity. Notably, 
the competing CO formation pathway was completely suppressed. 
Mechanistic studies and control experiments revealed that a Re-CO2 
adduct, in which CO2 is activated on the Re metal center, plays a key role 
in the productive carboxylation process. This work established a 
fundamentally new reactivity and application of Re(I) diimine com
plexes, not merely as CO2 reduction catalysts, but as versatile platforms 
for CO2 utilization in organic synthesis.

Encouraged by this conceptual advance, we set out to further expand 
the catalytic potential of Re(I) bipyridine tricarbonyl complex platform 
by introducing functional groups onto the bipyridine ligand of Re-1 
(Fig. 1c). In this context, previous studies have demonstrated that 
incorporating functional groups into ligand frameworks can signifi
cantly influence catalytic behavior through secondary coordination 

sphere effects. For example, hydrogen-bonding groups, such as hydroxyl 
[11,29] and thiourea [30] groups, can stabilize metal-CO2 in
termediates, while charged substituents can modulate local electrostatic 
environments and redox properties [27,31,32]. In Re, Mn and related 
systems, such modifications have enabled control over catalytic activity, 
overpotential, and product selectivity. Notable examples include 
imidazolium-functionalized systems [33–36], as well as amine- 
containing ligands [37,38] that act as proton relays or electrostatic 
stabilizers. These studies collectively demonstrate the importance of 
ligand design in tuning catalytic performance.

In this work, we report the design, synthesis, and catalytic applica
tion of a series of new Re complexes bearing carboxyl (Re-2), hydroxy 
(Re-3), imidazolium (Re-4), and amino (Re-5) functional groups 
(Fig. 2). Our molecular design was guided by two hypotheses to enhance 
the reactivity for CO2 utilization. The first hypothesis is the stabilization 
of CO2 bound on Re metal center or reaction intermediates, which is 
expected to lower the activation barrier and facilitate the reaction 
progress. The second hypothesis is the promotion of CO2 capture and 
accumulation in the vicinity of the metal center, by the ancillary ligand, 
thereby increasing the effective rate of CO2 binding to the catalyst 
[7,11,35,39,40].

Based on these design hypotheses, we selected four types of func
tional groups with distinct roles. We anticipate that the carboxyl groups 
in Re-2 and the hydroxy groups in Re-3 could act as hydrogen-bonding 
donors to stabilize the Re-CO2 intermediate. The positively charged 
imidazolium groups in Re-4 were designed to provide electrostatic 
stabilization to the negatively charged Re-CO2 adduct. In addition, the 
deprotonation of the imidazolium group to generate carbene species 
could enable the nucleophilic CO2 capture and thereby increase the local 
concentration of CO2 around the Re center [41]. Finally, the primary 
amino groups in Re-5 were envisioned to serve not only as hydrogen- 
bonding donors but also CO2-capturing moieties through the revers
ible formation of carbamate species [42,43]. In the context of alkene 
carboxylation, our previous mechanistic studies suggest that a two- 

Fig. 1. (a) fac-Re(2,2′-bipyridine)(CO)₃Cl (Re-1) as a benchmark molecular platform for photocatalytic reduction of CO2 to CO. (b) Our previous work: the first clear 
demonstration of Re-1 as a catalyst for CO2 utilization other than CO2 reduction. (c) This work: design, synthesis and catalytic application of a series of new 
Re complexes.
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electron-reduced Re center interacts with CO2 to form a nucleophilic Re- 
CO2 adduct, which subsequently reacts with the organic substrate [28]. 
In this system, no additional functional groups are present to assist CO2 
capture or stabilization, and therefore ligand-based functionalization is 
expected to play an important role in facilitating the reaction. Based on 
these considerations, we introduced carboxyl (Re-2), hydroxy (Re-3), 
imidazolium (Re-4), and amino (Re-5) functional groups onto the 
bipyridine ligand.

All new complexes were unambiguously characterized by single- 
crystal X-ray diffraction analysis. Their photophysical and electro
chemical properties were investigated and compared, elucidating the 
electronic effects of the functional groups. Furthermore, the reactivities 
of these complexes were comprehensively examined, revealing not only 
photocatalytic CO2 reduction and carboxylation with CO2, but also 
additional reaction pathways, such as [2 + 2] dimerization and hydro
acylation reactions. While pronounced differences in catalytic activity 
were observed for CO2 reduction to CO, all complexes exhibited com
parable efficiencies in the carboxylation reaction. Although the func
tional groups were initially designed to exert secondary coordination 
sphere effects, structural analysis revealed that these groups are located 
relatively far from the metal center, indicating that direct interaction 
with CO2-bound intermediates is likely limited under the present 
structural constraints. Accordingly, the initially proposed roles of these 
functional groups are not fully realized in the present system, while 
providing insight into the structural requirements for effective second
ary coordination sphere interactions in such systems.

Overall, these results show that CO2 reduction is influenced by the 
electronic properties of the complexes, whereas in the carboxylation 
reaction the present complexes display similar performance across 
different ligand environments. Collectively, this work demonstrates that 
simple ligand modification of a benchmark Re(I) complex provides a 
useful framework for studying how structural changes influence prop
erties and reactivity, and for guiding future development of Re-based 
systems for CO2 utilization.

2. Experimental

2.1. Synthesis of 2,2′-bipyridine derivatives

Diethyl [2,2′-bipyridine]-5,5′-dicarboxylate (L3a). The synthesis 
followed a reported procedure with slight modifications [44]. In a 50- 
mL-round-bottom flask containing 2,2′-bipyridine-5,5′-dicarboxylic 
acid (200 mg, 0.819 mmol) and ethanol (10 mL) was added concen
trated H2SO4 (1.5 mL) dropwise, and the mixture was refluxed under a 
N2 atmosphere overnight. Then, the solvent was removed under reduced 
pressure, and the resulting residue was neutralized with a saturated 
solution of NaHCO3. The mixture was extracted with CHCl3, and the 
combined organic phase was evaporated under reduced pressure to 
afford L3a as a white solid. Yield: 195.1 mg (78%) 1H NMR (400 MHz, 
CDCl3) δ: 9.30 (2H, d, J = 2.0 Hz), 8.58 (2H, d, J = 8.4 Hz), 8.44 (2H, dd, 
J = 8.4, 2.4 Hz), 4.45 (4H, q, J = 7.2 Hz), 1.45 (6H, t, J = 7.2 Hz). 13C 
NMR (100 MHz, CDCl3) δ: 165.2, 158.2, 150.6, 138.1, 126.5, 121.2, 
61.5, 14.3.

5,5′-bis(hydroxymethyl)-2,2′-bipyridine (L3b). The synthesis 
followed a reported procedure with slight modifications [44]. The ob
tained ester (L3a) (153 mg, 0.51 mmol) was dissolved in ethanol (12 
mL) and the solution was cooled in an ice bath. Then, NaBH4 (259 mg, 
6.85 mmol) was slowly added to the solution, and the mixture was 
refluxed under a N2 atmosphere overnight. After the reaction, ethanol 
was removed under reduced pressure and the residue was neutralized 
with a saturated solution of NH4Cl. The mixture was extracted with ethyl 
acetate, and the combined organic phase was evaporated under reduced 
pressure to afford L3b as a yellow solid. Yield: 98.8 mg (90%) 1H NMR 
(400 MHz, DMSO‑d6) δ: 8.61 (2H, s), 8.34 (2H, d, J = 8.0 Hz), 7.86 (2H, 
dd, J = 8.0, 1.6 Hz), 5.40 (2H, t, J = 5.6 Hz), 4.59 (4H, d, J = 6.0 Hz). 13C 
NMR (100 MHz, DMSO‑d6) δ: 154.0, 147.7, 138.0, 135.5, 119.9, 60.5.

5,5′-bis(bromomethyl)-2,2′-bipyridine (L4a). The synthesis fol
lowed a reported procedure with slight modifications [45]. In an oven 
dried 50-mL Schlenk tube was added 5,5′-dimethyl-2,2′-bipyridine, (200 

Fig. 2. Design strategies for the development of new Re complexes by introducing various functional groups onto the 2,2′-bipyridine ligand.
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mg, 1.09 mmol), N-bromosuccinimide (NBS, 425 mg, 2.39 mmol), 
azobisisobutyronitrile (AIBN, 17.9 mg, 0.11 mmol), and dried CCl4 (10 
mL), then the mixture was refluxed under a N2 atmosphere overnight. 
The crude mixture was filtered, and the remaining precipitate was 
washed thoroughly with CCl4 after which the combined solution was 
concentrated and recrystallized from CCl4 to afford L4a as a white solid. 
Yield: 163.4 mg (46%). 1H NMR (400 MHz, CDCl3) δ: 8.68 (2H, s), 8.40 
(2H, d, J = 8.0 Hz), 7.86 (2H, dd, J = 8.0, 1.2 Hz), 4.54 (4H, s). 13C NMR 
(100 MHz, CDCl3) δ: 155.4, 149.4, 137.6, 133.9, 121.1, 29.6.

1,1′-([2,2′-bipyridine]-5,5′-diylbis(methylene))bis(3-methyl- 
1H-imidazol-3-ium)⋅(PF6)2 (L4b). The synthesis followed a reported 
procedure with slight modifications [36]. The obtained product L4a (75 
mg, 0.22 mmol) was then added into a 50-mL Schlenk tube with 1-meth
ylimidazole (144 mg, 1.75 mmol) and acetonitrile (10 mL). The mixture 
was degassed with a stream of N2 gas for 10 min., then refluxed under a 
N2 atmosphere overnight. After the reaction, the mixture was evapo
rated and re-dissolved in CHCl3 (10 mL). The organic layer was 
extracted with water (5 mL, 5 times). The aqueous phase was collected 
and concentrated under reduced pressure until the volume was reduced 
by half. A saturated solution of NH4PF6 was added to afford the white 
precipitate, which was then collected by vacuum filtration, washed with 
water followed by diethyl ether, and dried under vacuum to afford L4b 
as a white solid. Yield: 60.7 mg (43%). 1H NMR (400 MHz, DMSO‑d6) δ: 
9.23 (2H, s), 8.77 (2H, d, J = 1.6 Hz), 8.41 (2H, d, J = 8.0 Hz), 7.99 (2H, 
dd, J = 8.0, 2.0 Hz), 7.84 (2H, s), 7.73 (2H, s), 5.54 (4H, s), 3.86 (6H, s). 
13C NMR (100 MHz, DMSO‑d6) δ: 154.9, 149.4, 137.6, 137.0, 131.3, 
124.2, 122.4, 120.7, 49.2, 36.0.

Di-tert-butyl ((([2,2′-bipyridine]-5,5′-dicarbonyl)bis(azane
diyl))bis(ethane-2,1-diyl))dicarbamate (L5). The synthesis followed 
a reported procedure with slight modifications [46]. In a 50-mL round- 
bottom flask was added 5,5′-dicarboxylic acid-2,2′-bipyridine (300 mg, 
1.23 mmol), dimethylformamide (DMF) (10 mL), 1-[Bis(dimethyla
mino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-Oxide Hexa
fluorophosphate (HATU) (934 mg, 2.46 mmol), and N,N- 
diisopropylethylamine (0.7 mL, 4.02 mmol), and the mixture was stirred 
under a N2 atmosphere for 10 min. Then, a 5-mL DMF solution of N-(tert- 
butoxycarbonyl)-1,2-diaminoethane (433 mg, 2.70 mmol) was added 
and the mixture was stirred under an N2 atmosphere for another 2 h. 
Then, the mixture was diluted with water to immediately give a white 
precipitate. The precipitate was collected by vacuum filtration, washed 
with water, and dried under vacuum to afford L5 as a white solid. Yield: 
591.8 mg (91%). 1H NMR (400 MHz, DMSO‑d6) δ: 9.11 (2H, s), 8.78 
(2H, t, J = 5.6 Hz), 8.51 (2H, d, J = 8.0 Hz), 8.36 (2H, dd, J = 8.0, 1.6 
Hz), 6.97 (2H, t, J = 5.6 Hz), 3.14 (4H, q, J = 5.6 Hz), 1.37 (18H, s). 13C 
NMR (100 MHz, DMSO‑d6) δ: 164.6, 156.2, 155.7, 148.4, 136.1–136.5 
(m), 130.3, 120.2–120.6 (m), 77.7, 28.1–28.3 (m). Note that the 
methylene signals are not clearly observed due to the overlap with the 
residual solvent signals of DMSO‑d6. Attempts to measure NMR spectra 
in other solvents were unsuccessful because the compound is insoluble 
in other solvents other than DMSO.

2.2. Synthesis of Re complexes

Re(2,2′-bipyridine)(CO)3Cl (Re-1). In a 50-mL round-bottom flask 
was added Re(CO)5Cl (100 mg, 0.28 mmol), 2,2′-bipyridine (43 mg, 
0.28 mmol), and toluene (20 mL). The mixture was refluxed under a N2 
atmosphere for 2 h, then left in a freezer overnight to allow complete 
precipitation. The resulting solid was obtained by vacuum filtration, 
washed with diethyl ether, and dried under vacuum to afford a yellow 
solid. Yield: 122.6 mg (95%). 1H NMR (400 MHz, DMSO‑d6) δ: 9.02 (2H, 
dd, J = 5.6, 1.2 Hz), 8.77 (2H, d, J = 8.4 Hz), 8.35 (2H, td, J = 8.0, 1.2 
Hz), 7.74–7.79 (2H, m). 13C NMR (100 MHz, DMSO‑d6) δ: 197.8, 190.1, 
155.2, 153.0, 140.4, 128.0, 124.4. HRMS (ESI): m/z calcd for 
C13H8N2O3Re [M-Cl]+ 427.0087; found 427.0091 [M-Cl]+. Anal. Found 
(calculated for C13H8ClN2O3Re): C, 33.70 (33.81); H, 1.85 (1.75); N, 
6.02 (6.07).

Re(2,2′-bipyridine-5,5′-dicarboxylic acid)(CO)3Cl (Re-2). In a 
100-mL round-bottom flask was added Re(CO)5Cl (100 mg, 0.28 mmol), 
5,5′-dicarboxylic acid-2,2′-bipyridine (67 mg, 0.28 mmol), and a mixture 
of toluene and methanol (20/10 mL). The mixture was refluxed under a 
N2 atmosphere for 3 h, then left in a freezer overnight to allow complete 
precipitation. The resulting solid was collected by vacuum filtration, 
washed with hexane, and dried under vacuum to afford an orange solid. 
Yield: 110.4 mg (74%). Diffraction-quality crystal was grown from the 
evaporation of diethyl ether into a saturated MeOH solution under low 
temperature. 1H NMR (400 MHz, DMSO‑d6) δ: 14.37 (1H, brs), 9.33 (2H, 
d, J = 2.0 Hz), 8.98 (2H, d, J = 8.0 Hz), 8.75 (2H, dd, J = 8.0, 2.0 Hz). 
13C NMR (100 MHz, DMSO‑d6) δ: 197.8, 189.2, 164.0, 157.1, 153.0, 
140.7, 130.4, 125.5. HRMS (ESI): m/z calcd for C15H7N2O7ClRe [M-H]−

548.9498; found 548.9505 [M-H] –. Anal. Found (calculated for 
C15H8ClN2O7Re): C, 32.43 (32.76); H, 1.80 (1.47); N, 4.62 (5.09).

Re(5,5′-bis(hydroxymethyl)-2,2′-bipyridine)(CO)3Cl (Re-3). In a 
100-mL round-bottom flask was added Re(CO)5Cl (100 mg, 0.28 mmol), 
L3 (60 mg, 0.28 mmol), and a mixture of toluene and methanol (20/10 
mL). The mixture was refluxed under a N2 atmosphere for 5 h, then the 
solvent was removed under reduced pressure. The resulting solid was 
recrystallized from toluene and collected by vacuum filtration, washed 
with hexane, then dried under vacuum to afford a yellow solid. Yield: 
52.5 mg (37%). A diffraction-quality crystal was grown from the evap
oration of hexane into a saturated EtOH solution under low temperature. 
1H NMR (400 MHz, DMSO‑d6) δ: 8.92 (2H, s), 8.70 (2H, d, J = 8.8 Hz), 
8.21 (2H, dd, J = 8.4, 1.6 Hz), 5.74 (2H, t, J = 5.6 Hz), 4.73 (4H, d, J =
5.6 Hz). 13C NMR (100 MHz, DMSO‑d6) δ: 197.9, 190.2, 153.7, 150.3, 
142.3, 138.0, 123.6, 59.7. HRMS (ESI): m/z calcd for C15H12N2O5Re [M- 
Cl]+ 487.0299; found 487.0317 [M-Cl]+. Anal. Found (calculated for 
C15H12ClN2O5Re): C, 34.46 (34.52); H, 2.53 (2.32); N, 5.29 (5.37).

[Re(1,1′-([2,2′-bipyridine]-5,5′-diylbis(methylene))bis(3- 
methyl-1H-imidazol-3-ium))(CO)3Cl](PF6)2 (Re-4). In a 50-mL 
round-bottom flask was added Re(CO)5Cl (28.4 mg, 0.079 mmol), L4 
(50 mg, 0.079 mmol), and a mixture of toluene and methanol (7/3 mL). 
The mixture was refluxed under a N2 atmosphere for 2 h. The resulting 
solid was recrystallized from MeOH/diethyl ether and collected by 
vacuum filtration, washed with diethyl ether, then dried under vacuum 
to afford a light yellow solid. Yield: 21.5 mg (28%). A diffraction-quality 
crystal was grown from the evaporation of diethyl ether into a saturated 
MeOH solution under low temperature. 1H NMR (400 MHz, DMSO-D6) 
δ: 9.27 (2H, s), 9.16 (2H, d, J = 1.6 Hz), 8.81 (2H, d, J = 8.4 Hz), 8.29 
(2H, dd, J = 8.4, 1.6 Hz), 7.91 (2H, s), 7.78 (2H, s), 5.69 (4H, s), 3.88 
(6H, s). 13C NMR (100 MHz, DMSO‑d6) δ: 197.1, 189.8, 154.7, 152.6, 
139.9, 137.4, 135.1, 124.6, 124.3, 122.4, 48.4, 36.0. HRMS (ESI): m/z 
calcd for C23H22N6O3F6PClRe [M-PF6]+ 797.0627; found 797.0650 [M- 
PF6]+. Anal. Found (calculated for C23H22ClF12N6O3P2Re): C, 29.71 
(29.32); H, 2.63 (2.35); N, 9.23 (8.92).

Re(di-tert-butyl ((([2,2′-bipyridine]-5,5′-dicarbonyl)bis(azane
diyl))bis(ethane-2,1-diyl))dicarbamate) (Re-5′). In a 50-mL round- 
bottom flask was added Re(CO)5Cl (50.0 mg, 0.14 mmol), L5 (73.1 
mg, 0.14 mmol), and toluene (10 mL). The mixture was refluxed under a 
N2 atmosphere for 2 h, then left to cool to room temperature. The 
product was precipitated upon cooling and was collected by vacuum 
filtration, washed with diethyl ether, and dried under vacuum to afford 
an orange solid. The obtained product was used in the next step without 
further purification. Yield: 95.1 mg (84%). 1H NMR (400 MHz, 
DMSO‑d6) δ: 9.30 (2H, d, J = 1.6 Hz), 9.16 (2H, t, J = 5.6 Hz), 8.94 (2H, 
d, J = 8.4 Hz), 8.68 (2H, dd, J = 8.4, 1.6 Hz), 6.98 (2H, t, J = 5.6 Hz), 
3.17 (4H, q, J = 6.0 Hz), 1.37 (18H, s). MS (ESI): m/z calcd for 
C29H36N6O9NaClRe [M + Na]+ 857.17; found 857.58 [M + Na]+.

Re(N5,N5’-bis(2-aminoethyl)-[2,2′-bipyridine]-5,5′-dicarbox
amide)(CO)3Cl (Re-5). Deprotection of tert-butoxycarbonyl (Boc) 
groups was performed by mixing the Re-5′ (72.1 mg, 0.086 mmol) and 
MeOH (12 mL) in a 50-mL vial followed by adding concentrated hy
drochloric acid (7 mL). The mixture was stirred at room temperature 
during which the deprotection progress was monitored by thin-layer 
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chromatography (mobile phase: CHCl3/MeOH 19:1 v/v). After all the 
starting material was consumed, the mixture was evaporated and re- 
dispersed in a solution of MeOH-triethylamine (10 mL/5 mL). The 
mixture was stirred at room temperature for 30 min. Then evaporated. 
The resulting solid was washed thoroughly with a solution of CHCl3/ 
triethylamine (100:1 v/v), dried under vacuum, and further purified by 
recrystallization from MeOH/diethyl ether to afford the orange solid. 
Yield: 32.9 mg (60%). 1H NMR (400 MHz, DMSO‑d6) δ: 9.50 (2H, brs), 
9.33 (2H, d, J = 1.6 Hz), 9.00 (2H, d, J = 8.0 Hz), 8.86 (2H, dd, J = 8.4, 
1.6 Hz), 7.51 (2H, brs), 3.58 (4H, brs), 3.02 (4H, t, J = 5.6 Hz). 13C NMR 
(100 MHz, DMSO‑d6) δ: 197.5, 189.6, 163.0, 156.2, 152.1, 138.7, 132.9, 
124.7, 38.8, 38.0. HRMS (ESI): m/z calcd for C19H20N6O5Re [M-Cl]+

599.1048; found 599.1056 [M-Cl]+. Anal. Found (calculated for 
C19H20ClN6O5Re⋅3.90H2O): C, 32.40 (32.71); H, 3.98 (3.55); N, 11.93 
(11.53).

2.3. Photocatalytic studies

Photocatalytic CO2 reduction. A 9-mL glass vial equipped with a 
stirrer bar were dried under vacuum for 20 min before use. To the vial 
was added 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole 
(BIH) (22.4 mg, 0.1 mmol), Re complex (0.001 mmol), and a mixture of 
DMF and triethanolamine (TEOA) (5:1 v/v, 2 mL). Then, the vial was 
sealed with a rubber septum and the solution was degassed by passing a 
stream of CO2 for 20 min. Next, the vial was exposed to a Xenon-are 
lamp irradiation (300 W, 420-nm long-pass filter) for 3 h, during 
which the reaction temperature was maintained at 20 ◦C. The gaseous 
products were analyzed by gas chromatography. For Re-4, a slightly 

modified preparation was used. In detail, a solution of Re-4 (0.94 mg, 
0.001 mmol) in DMF (1.67 mL) was firstly prepared. Then to this solu
tion was added sodium tert-butoxide (0.58 mg, 0.006 mmol), and the 
mixture was stirred at room temperature for 30 min before TEOA (0.33 
mL) and BIH (22.4 mg, 0.1 mmol) were added. Next, the vial was sealed 
with a rubber septum, and the following steps are identical to the 
aforementioned procedure.

Photocatalytic carboxylation of phenyl vinyl sulfone with CO2. 
A 4-mL glass vial equipped with a stirrer bar were dried under vacuum 
for 20 min prior to use. To the vial was added phenyl vinyl sulfone (1) 
(16.8 mg, 0.1 mmol), BIH (22.4 mg, 0.1 mmol), Re complex (0.001 
mmol), and dimethyl sulfoxide (DMSO) (1 mL). The vial was then sealed 
with a rubber septum and briefly sonicated to achieve a homogeneous 
solution. The mixture was degassed by passing a stream of CO2 for 15 
min, then exposed to a Sigma-Aldrich SynLED Parallel Photoreactor 
(465–470 nm) for 16 h. After 16 h, 1 mL of hydrochloric acid (2.0 M) 
was added and the mixture was stirred for 30 min at room temperature. 
The mixture was then extracted with ethyl acetate, dried over sodium 
sulfate, concentrated under reduced pressure, and dried under vacuum 
at elevated temperature (60–65 ◦C). The TON and the regioselectivity of 
the desired carboxylic acid product 2 were determined at this stage by 
1H NMR analysis using 1,2-dibromoethane as the internal standard. 
Identity of 2 was confirmed from the purified compound isolated by 
preparative thin-layer chromatography using a mixed solvent of n- 
hexane:ethyl acetate:acetic acid (60:40:0.5 v/v/v) as an eluent. The 1H 
NMR spectrum was consistent with the previous report [28,47]. 1H NMR 
(400 MHz, CD3OD) δ: 7.93 (2H, d, J = 8.0 Hz), 7.74 (1H, t, J = 8.0 Hz), 
7.65 (2H, t, J = 8.0 Hz), 3.47 (2H, t, J = 8.0 Hz), 2.55 (2H, t, J = 8.0 Hz). 

Scheme 1. Synthesis of Re-3, Re-4, and Re-5
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For Re-4, a slightly modified preparation was used. In detail, a solution 
of Re-4 (0.94 mg, 0.001 mmol) in DMSO (1 mL) was first prepared. 
Then, to this solution was added sodium tert-butoxide (0.58 mg, 0.006 
mmol), and the mixture was stirred at room temperature for 30 min 
before 1 (16.8 mg, 0.1 mmol) and BIH (22.4 mg, 0.1 mmol) were added. 
Next, the vial was sealed with a rubber septum, and the following steps 
are identical to the aforementioned procedure.

3. Results and discussion

3.1. Synthesis of Re complexes

Each Re complex was prepared according to the previously reported 
procedure with minor modifications [48]. In a typical synthesis, equi
molar amounts of Re(CO)5Cl and the corresponding bipyridine ligand 
were heated under reflux in toluene or in a mixed solvent of toluene and 
methanol under an inert atmosphere. The desired Re complexes grad
ually precipitated from the reaction mixture as yellow or orange solids 
and were isolated by filtration and further purified by recrystallization. 
The identity and purity of each complex were confirmed by NMR 
spectroscopy, mass spectrometry, elemental analysis, and single-crystal 
X-ray diffraction analysis.

Complexes Re-1 and Re-2 were synthesized from commercially 
available 2,2′-bipyridine and 2,2′-bipyridine-5,5′-dicarboxylic acid, 
respectively. In contrast, the bipyridine derivatives for complexes Re-3 
and Re-4 were obtained through two-step syntheses, as outlined in 
Scheme 1 and described in detail in the Experimental Section. Ligand 
L3b was prepared by esterification of 2,2′-bipyridine-5,5′-dicarboxylic 
acid with ethanol, followed by reduction with NaBH4 to afford the 
corresponding diol. For the synthesis of L4b, the methyl groups of 5,5′- 
dimethyl-2,2′-bipyridine were first brominated using N-bromosuccini
mide, and the resulting bromomethyl groups (L4a) were subsequently 
substituted with 1-methylimidazole. Final ion exchange with NH4PF6 
afforded the desired imidazolium-functionalized ligand L4b.

For the preparation of the bipyridine derivative for Re-5, the first 
step involved the formation of amide bonds by substitution reaction of 
the carboxyl groups of 2,2′-bipyridine-5,5′-dicarboxylic acid using 
mono-protected ethylenediamine. In the subsequent step, we found that 
performing the Re complexion reaction first to afford the Boc-protected 
Re-5′, followed by deprotection, provided Re-5 in promising yield and 
purity. When the deprotection step was carried out prior to the Re 
complexation, the subsequent complexation reaction led to the forma
tion of insoluble materials and left a substantial amount of unreacted 
ligand. This behavior is possibly attributed to side reactions caused by 
the coordination of free amino groups to the Re center. It should be 
noted that the concentrated hydrochloric acid was used for the depro
tection reaction of Boc group, after which the solution was neutralized 
by triethylamine to afford the free amine groups. The resulting 
byproduct, triethylamine hydrochloride, was readily removed by 
washing with a CHCl3-triethylamine solution (100:1 v/v). Nevertheless, 
the chloride salt of Re-5 was used to grow the diffraction-quality crys
tals, and it was found that the chloride ions exhibit the intermolecular 
interactions within the crystal structure (vide infra).

3.2. Characterization of Re complexes

Crystal Structures. The molecular structures of Re-2 to Re-5 were 
elucidated by single-crystal X-ray diffraction analysis. Thermal ellipsoid 
model of these complexes are shown in Fig. 3, and crystallographic data 
and refinement details are summarized in Table 1. Similar to the 
benchmark complex Re-1 [49], all Re complexes adopt an octahedral 
coordination geometry and crystallize in the monoclinic lattice system 
with the P21/c space group, containing four formula units per unit cell. 
Selected bond parameters are shown and compared in Fig. 4 and 
Table S1–4.

For Re-2, one Re complex molecule co-crystallizes with one molecule 

of diethyl ether to form the asymmetric unit (Fig. S1–2). Each carboxylic 
acid group participates in hydrogen bonding, interacting with a carboxyl 
group of a neighboring Re-2 molecule on one side and with the oxygen 
atom of the diethyl ether molecule on the other side. This arrangement 
generates a solvent–complex–complex–solvent sequence along the a axis 
(Fig. S3). It is worth noting that a different crystal form, in which the 
same Re complex co-crystallizes with methanol in the monoclinic C2/c 
space group, has been reported [50]. In that structure, hydrogen 
bonding exists between the oxygen atom of a carbonyl group and a 
hydrogen atom on the aromatic ring. In our present structure, the Re–N 
bond distances are 2.181(3) Å and 2.182(3) Å for Re1–N1 and Re1–N2, 
respectively, which are in agreement with the previous reported values 
(2.179(4) Å for both sides) [50] and slightly longer than those of Re-1 
(2.176(5) and 2.173(5) Å).

In the crystal structure of Re-3, one Re complex molecule and one 
ethanol molecule constitutes the asymmetric unit (Fig. S4–5). Hydrogen 
bonding between the hydroxy groups of the complex and the ethanol 
molecule, together with the π-π stacking interactions between bipyridine 

Fig. 3. Thermal ellipsoid model (50% probability level) of Re-2, Re-3, Re-4, 
and Re-5. Hydrogen atoms, counter ions, and co-crystallized solvents are 
omitted for clarity. Element color: gray = C; purple = N; red = O; green = Cl; 
blue = Re. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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units, establishes a packing structure that propagates along the c axis 
(Fig. S6). In addition, adjacent Re-3 molecules along the a axis direction 
are linked by the O–H⋅⋅⋅Cl interactions, which leads to an elongation of 
the Re–Cl bond to 2.5051(10) Å. The Re–N bond distances are 2.174 
(3) Å and 2.173(3) Å, which are essentially identical to those of Re-1.

The crystal structure of Re-4 contains one Re complex cation and two 
PF6 anions in the asymmetric unit (Fig. S7–8). Positional disorder 
originated from the exchange of the axial chloro ligand and the trans 
carbonyl ligand was observed and refined over two positions with oc
cupancies of 0.83 and 0.17. The packing structure is stabilized by the 
C–H⋅⋅⋅F hydrogen bonding interactions between the PF6 anions and the 
hydrogen atoms on the imidazolium groups, similar to that observed in 
the crystal structure of the ligand L4 [51], as well as by interactions 
involving the methylene bridges (Fig. S9). The Re–N bond distances of 
Re-4 are 2.182(3) Å and 2.161(3) Å for Re1–N1 and Re1–N2, respec
tively. The significant difference between these values is likely 

attributable to steric effects of the bulky imidazolium substituents.
Re-5 crystallizes as a chloride salt, in which the asymmetric unit 

consists of one Re complex cation and two chloride anions 
(Fig. S10–11). Intermolecular interactions in the crystal are dominated 
by a hydrogen-bonding network involving the oxygen atoms of the 
carbonyl groups and the hydrogen atoms of both the amide and the 
terminal amino groups. The axial chloro ligand also participates in 
hydrogen bonding with a hydrogen atom of an amino group from the 
inversion-center-generated molecule (Fig. S12), resulting in a relatively 
long Re–Cl bond distance of 2.4920(10) Å). The free chloride anions 
further contributes the hydrogen-bonding network by bridging neigh
boring Re complexes through the terminal amino groups. The Re–N 
bond distances in Re-5 are relatively short, at 2.169(4) and 2.164(3) Å.

Overall, these crystallographic analyses show that all complexes 
retain the same classical octahedral Re(I) diimine tricarbonyl core, 
whereas the introduced functional groups mainly modify the 

Table 1 
Crystallographic data and structure refinement for Re-2, Re-3, Re-4, and Re-5.

Re-2 Re-3 Re-4 Re-5a

Empirical formula C19H18ClN2O8Re C17H18ClN2O6Re C23H22ClF12N6O3P2Re C21H30Cl3N6O7Re
Formula weight 624.00 567.98 942.05 771.06
Temperature / K 123.00(10) 122.6(6) 123.01(13) 123.00(10)
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/c P21/c P21/c P21/c
a / Å 13.2795(4) 18.7609(5) 12.4871(5) 19.1388(5)
b / Å 15.0471(4) 11.3124(3) 17.3640(5) 8.94350(10)
c / Å 11.9122(4) 8.9787(2) 14.6200(5) 17.9852(4)
α / ◦ 90 90 90 90
β / ◦ 112.742(4) 93.700(2) 105.752(4) 107.967(2)
γ / ◦ 90 90 90 90
Volume / Å3 2195.22(13) 1901.58(8) 3050.95(19) 2928.36(11)
Z 4 4 4 4
Dcalc / g cm− 3 1.888 1.984 2.051 1.749
Radiation Mo Kα (λ = 0.71073 Å) Mo Kα (λ = 0.71073 Å) Mo Kα (λ = 0.71073 Å) Mo Kα (λ = 0.71073 Å)
Reflections collected 22,534 19,843 25,587 29,783
Unique reflections 5938 (Rint = 0.0461) 5227 (Rint = 0.0477) 8167 (Rint = 0.0371) 7881 (Rint = 0.0343)
GooF on F2 1.002 1.063 1.045 1.079
R1, wR2 (I ≥ 2σ (I)] 0.0334, 0.0633 0.0327, 0.0769 0.0374, 0.0786 0.0368, 0.0961
R1, wR2 (all data) 0.0563, 0.0685 0.0421, 0.0805 0.0583, 0.0842 0.0518, 0.1017
Δρmax, Δρmin / e Å− 3 1.56, − 1.00 1.60, − 0.85 1.59, − 0.60 2.01, − 1.54

a Residual electron/hole peaks were filtered off by Mask option in Olex2.

Fig. 4. Comparison of bond distances (Å) in each Re complex.
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intermolecular interactions and, in some cases, slightly alter the local 
coordination environment around the Re center.

UV–visible absorption spectra. The UV–visible absorption spectra 
of the Re complexes were measured in a degassed DMF solution (40 μM) 
at room temperature (Fig. 5). All complexes exhibit an intense absorp
tion band in the ultraviolet region, which can be assigned to the 
bipyridine-based π–π* transition, along with a moderate absorption 
band in the visible-light region attributed to the singlet metal-to-ligand 
charge transfer (1MLCT) transition from the Re center to π* orbital of the 
bipyridine ligand [52,53]. Compared with Re-1, clear redshifts were 
observed for Re-2, Re-4 and Re-5 in both1MLCT and π–π* bands. These 
shifts can be rationalized by the stabilization of the bipyridine-based π* 
lowest unoccupied molecular orbital resulting from the increased 
π-acceptor character of the substituted ligands [52]. This electronic ef
fect is consistent with the stronger CO stretching observed in the 
infrared spectra, which indicates the smaller extent of electron back- 
donation, and the positive shifts of the reduction potentials obtained 
from cyclic voltammetry measurements (vide infra).

Photoluminescence measurements revealed that only Re-1 and Re-3 
exhibit weak emission bands at 572 and 570 nm, respectively, which 
become detectable only when a wide slit width is used (Fig. S14). These 
emissions originate from the relaxation of the MLCT excited state [53]. It 
is well known that increasing the electron-withdrawing character of 
diimine ligands generally shortens the excited-state lifetime and en
hances the rate of nonradiative decay [52,54], which accounts for the 
absence of emission from Re-2, Re-4, and Re-5. Notably, negligible 
emission was observed from Re-2 in DMF, whereas a closely related 
complex bearing a 2,2′-bipyridine-4,4′-dicarboxylic acid ligand was re
ported to show a weak emission at 600 nm in the same solvent at room 
temperature [55].

These spectroscopic results indicate that the introduced substituents 
primarily tune the electronic structure of the bipyridine ligand, leading 
to systematic changes in the MLCT energy and excited-state properties of 
the Re complexes.

Infrared spectra. Infrared (IR) spectra were recorded directly from 
the solid samples using the attenuated total reflectance (ATR) method 
(Fig. 6 and S15). All Re complexes exhibit a sharp and intense band in 
the range of 2024–2013 cm− 1, together with a broad and intense band at 
1886–1867 cm− 1, both of which originate from the stretching vibrations 
of CO ligands. While fac-tricarbonyl Re complexes typically show three 
C–O stretching bands in the solution [56–58], it is also reported that 
broad and unresolved bands are observed in the solid state [59,60].

Moreover, characteristic absorption bands arising from the intro
duced functional groups can be clearly identified. In the spectrum of Re- 
2, a broad and weak absorption band assignable to the carboxylic acid 
group appears in the region of 3400–2500 cm− 1. The spectrum of Re-3 
shows two distinctive bands at 3633 cm− 1 and 3390 cm− 1 attributable to 

O–H stretching vibration. The unusually sharp appearance of these 
bands suggests the absence of strong hydrogen bonding in the solid state 
of the complex. The spectrum of Re-4 exhibits strong absorptions at 820 
cm− 1 and 743 cm− 1, characteristic of the bending mode of the imida
zolium ring [61]. For Re-5, a broad absorption band in the region of 
3700–2100 cm− 1 is observed, within which a small peak at 3207 cm− 1 

can be assigned to the N–H stretching vibration of primary amine 
groups. The exceptionally broad nature of this band indicates the pres
ence of extensive intermolecular hydrogen bonding [62].

The electronic effects of the substituents are most clearly reflected in 
the C–O stretching frequencies (Fig. 6 and Table 2). Re-1 exhibited the 
C–O stretching vibration at 2013 and 1867 cm− 1. In Re-3, these bands 
shift slightly to higher wavenumbers (2016 and 1878 cm− 1). In contrast, 
Re-2, Re-4, and Re-5 how more pronounced shifts to higher frequencies 
for both the high-frequency (2024–2021 cm− 1) and the low-frequency 
(1886–1881 cm− 1) bands. These shifts indicate differences in the 
extent of π back-donation from the Re center to the CO ligands; a lower 
electron density at the metal center leads to weaker back-donation, and 
thus stronger C–O bond, resulting in higher stretching frequencies. 
Overall, these IR data demonstrate that the introduced functional groups 
exhibit an electron-withdrawing effect on the Re center, and that this 
effect is particularly pronounced for Re-2, Re-4, and Re-5.

Electrochemical properties. Cyclic voltammetry (CV) was per
formed for all Re complexes to gain insight into their electrochemical 
behaviors. Measurements were conducted under an Ar atmosphere in 
acetonitrile solutions containing 0.5 mM of the Re complex, and 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as a supporting 
electrolyte. In the case of Re-5, DMF was used as the solvent due to the 
low solubility of the complex in acetonitrile. The resulting CV curves are 
shown in Fig. 7. All potentials are reported versus the ferrocene/ 

Fig. 6. Infrared spectra of Re complexes measured from solid samples using 
Attenuated Total Reflectance (ATR) method.

Fig. 5. UV–visible absorption spectra of each Re complex measured at room 
temperature using DMF as the solvent (40 μM) in a glass cell (1 cm).
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ferrocenium (Fc/Fc+) redox couple, and the values are summarized in 
Table 2.

Re-1 shows a reversible wave at − 1.73 V and an irreversible wave at 
− 2.05 V, which can be assigned to the reduction of 2,2′-bipyridine 
ligand and the Re(I) metal center, respectively [63]. By analogy, the first 
cathodic waves observed for the other Re complexes are also attributed 
to the reduction of bipyridine moieties, and appear at different poten
tials depending on the nature of the functional groups [54,55,57]. 
Notably, the first reduction waves of Re-2 and Re-5 are significantly 
shifted to more positive potentials, as expected for complexes bearing 
electron-withdrawing groups on the bipyridine ligands. This positive 
shift, in association with the redshift observed in the UV–visible ab
sorption spectra, can be rationalized by the stabilization of the 
bipyridine-based π* lowest unoccupied molecular orbital, which in turn 
lowers the energy gap for MLCT excitation [52,55]. It should be noted 
that previous reports on electron-donating amino substituents describe a 
general trend in which such groups shift the reduction wave to more 
negative potentials [62,64]. This behavior is distinct from the present 
system, where the installed alkyl amide functionality is electron- 
withdrawing and therefore consistent with the observed positive shift. 
Importantly, the first reduction waves exhibit quasi-reversible or 
reversible behavior, indicating that the one-electron-reduced species are 
relatively stable under the present conditions. The second reduction 
peak can be assigned to the reduction of Re(I) center or to the second 
reduction of the bipyridine ligand, depending on the nature of the 
installed functional groups. In particular, bipyridine ligands bearing 
carbonyl groups, such as those in Re-2 and Re-5, are known to accom
modate the second additional electron within the ligand resonance 
structure [65].

The CV behavior of Re-4 displays a more complicated feature. The 
first reduction wave is again assigned to the reduction of bipyridine 
scaffold, and its positive shift relative to that of Re-1 can be explained by 
the stabilization of the one-electron-reduced species by the positively 

charged imidazolium groups [33]. To identify possible reduction pro
cesses of the imidazolium groups themselves, the electrochemical 
behavior of 1,3-dimethylimidazolium iodide was examined as a model 
compound. However, the first reduction peak was observed at a highly 
negative potential of − 2.7 V (vs. Fc/Fc+), which lies outside the po
tential window (Fig. S16). Consistent with this observation, previous 
reports have also shown no cathodic responses for the similar methyl 
imidazolium groups up to − 2.6 V vs. Fc/Fc+ [35,66]. Therefore, the 
additional reduction waves of Re-4 are unlikely to originate from the 
imidazolium groups, and are more plausibly associated with further 
reduction of the bipyridine ligand and/or the Re center, although a 
definitive assignment cannot be made at this stage. These electro
chemical results clearly show that the introduced functional groups tune 
the reduction potentials of the Re complexes by modulating the elec
tronic structure of the bipyridine ligand, which is in good agreement 
with the results observed in the UV–visible and IR spectroscopic studies.

We further investigated the electrochemical behaviors of the Re 
complexes under a CO2 atmosphere, and the corresponding CV curves 
are overlaid with those measured under Ar in Fig. 8. As shown in Fig. 8, 

Fig. 8. Cyclic voltammogram of Re-1 to Re-4 (0.5 mM) measured in MeCN, 
and Re-5 (0.5 mM) measured in DMF, under an Ar (solid lines) and a CO2 
(dashed lines) atmosphere. TBAPF6 (0.1 M) was used as a supporting electrolyte 
for both solvents. All measurements were performed at a scan rate of 100 mV 
s− 1 using a glassy carbon (diameter 3 mm) as a working electrode, a Ag/Ag+ as 
a reference electrode, and a Pt wire as a counter electrode.

Fig. 7. Cyclic voltammogram of Re-1 to Re-4 (0.5 mM) measured in MeCN, 
and Re-5 (0.5 mM) measured in DMF. TBAPF6 (0.1 M) was used as a supporting 
electrolyte for both solvents. The dashed lines represent the curve of the first 
reduction wave. The measurement was performed under an Ar atmosphere at a 
scan rate of 100 mV s− 1 using a glassy carbon (diameter 3 mm) as a working 
electrode, a Ag/Ag+ as a reference electrode, and a Pt wire as a 
counter electrode.
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Re-1, Re-3, and Re-4 exhibit significant current enhancements at the 
second reduction wave compared to the measurements under an Ar at
mosphere. These results indicate appreciable interactions between CO2 
and the two-electron-reduced forms of these complexes. In contrast, Re- 
2 exhibits only a minor current enhancement, and Re-5 displays nearly 
identical CV curves under Ar and CO2 atmospheres, suggesting negli
gible interaction with CO2.

3.3. Photocatalytic study

Photocatalytic CO2 reduction. We first evaluated the catalytic ac
tivities of the Re complexes in the photocatalytic reduction of CO2 under 
visible-light irradiation. In a typical experiment, the reaction was con
ducted using 0.5 mM of the Re complex in a mixed solvent of DMF and 
triethanolamine (TEOA) (5:1 v/v), with BIH as a sacrificial electron 
donor and the Xenon-arc lamp (300 W, ≥420 nm) as the light source for 
3 h. The results are summarized in Fig. 9. In the case of Re-4, sodium 
tert-butoxide was additionally added to the reaction mixture to deprot
onate the imidazolium groups and generate the corresponding carbene 
species in situ. Analysis of the gaseous products revealed that CO was the 
main product for all Re complexes, accompanied by only trace amounts 
of hydrogen (turnover number (TON) <1). Compared with the bench
mark catalyst Re-1, the functionalized derivatives showed comparable 
or, in most cases, inferior activities for CO production. In particular, no 
detectable CO formation was observed when Re-5 was used as the 
catalyst. The origin of these differences in catalytic performance will be 
discussed in detail in conjunction with the electrochemical properties of 
each complex in the Discussion section (vide infra).

Photocatalytic carboxylation of 1 with CO2. In our previous work, 
we demonstrated that Re-1 efficiently catalyzes the visible-light-driven 
carboxylation of 1 with CO2, affording the corresponding carboxylic 
acid 2 with a high turnover number and excellent regioselectivity [28]. 
In the present study, we extended this reaction to a series of function
alized Re complexes and compared their catalytic performances with 
that of the benchmark Re-1.

In a typical experiment, the reaction was conducted in a DMSO so
lution of 1 containing the Re complex as the catalyst with BIH as the 
sacrificial electron donor, under the irradiation with a blue LED 
(465–470 nm) for 16 h at room temperature. The results are summarized 

in Table 3. Under these conditions, all Re complexes afforded similar 
yields of product 2, with turnover numbers in the range of 20–24, 
indicating that the catalytic activity for the carboxylation reaction is 
essentially independent of the installed functional groups. This behavior 
is in sharp contrast to the photocatalytic CO2 reduction, in which the 
electronic properties exert a pronounced influence on catalytic perfor
mance. In the present carboxylation reaction, however, comparable 
activities are observed for all complexes despite their substantially 
different electronic properties. It is also noteworthy that only trace 
amount of CO (TON <1) were detected in all experiments, consistent 
with our previous study, confirming that the CO2 reduction pathway is 
effectively suppressed under these conditions.

Analysis of the crude reaction mixture revealed the [2 + 2] dimer
ization product (3) as the major side product (TON = 28–32), and the 
hydroacylation product (4) as a minor side product (TON = 3–5). The 
product 4 was generated from the coupling reaction between 1 and the 
BI radical formed via one-electron oxidation of BIH followed by 
deprotonation, as previously reported by our group (for the details, see 
Fig. S17) [67]. On the other hand, the detailed mechanism for the 
dimerization reaction, which rapidly consumes the starting material 1 
and thus represents a major undesired side reaction, remains unclear 
(For the hypothetical mechanism for the generation of 3, see P⋅S18 in the 
SI). Elucidating and suppressing this dimerization pathway will be the 
key to further improving the efficiency of this catalytic system.

4. Discussion

To rationalize the different catalytic performances observed in 
photocatalytic CO2 reduction, we further considered the electro
chemical behaviors of the Re complexes under a CO2 atmosphere by 
cyclic voltammetry. As described in Fig. 8, Re-1, Re-3, and Re-4 exhibit 
significant current enhancements, particularly at the second reduction 

Table 2 
Numerical data from the UV–visible absorption spectra, emission spectra, 
infrared spectra, and cyclic voltammograms of Re complexes.

Complex λmax / nm (10− 3 ε / M− 1 

cm− 1)
Emission / 
nm

ν (CO) / 
cm− 1

Reductionb

(V vs. Fc/ 
Fc+)

π–π* 
transition

1MLCT 
transition

Re-1
294 (15.06) 
303 (13.67)a

318 (10.61)
371 (3.81) 572

2013, 
1867

− 1.73 (r) 
− 2.05 (i)

Re-2 309 (19.98) 
329 (15.99)a 380 (2.72) n.d. 2024, 

1886
− 1.23 (i) 
− 1.58 (i)

Re-3
302 (15.37) 
313 (16.34) 
327 (16.86)

367 (3.70) 570 2016, 
1878

− 1.79 (i) 
− 1.99 (i)

Re-4 302 (17.97) 
325 (11.74)a 382 (2.99) n.d. 2022, 

1882

− 1.52 (i) 
− 1.74 (i) 
− 1.95 (i) 
− 2.36 (i)

Re-5
317 (21.56) 
334 (18.59) 392 (2.68) n.d.

2021, 
1881

− 1.33 (r) 
− 1.76 (i)

i = irreversible (peak potential value is reported). n.d. = no detection.
a Absorption shoulder.
b r = reversible.

Fig. 9. Formation of CO from photocatalytic reduction of CO2 by Re complexes. 
The reaction was conducted in a glass vial containing Re complex (0.5 mM) and 
BIH (50 mM) dissolved in a mixture of DMF:TEOA (5:1 v/v) (2 mL). The so
lution was saturated with CO2 (1 atm) for 20 min then irradiated by a Xe lamp 
(300 W, ≥420 nm) for 3 h during which the temperature was maintained at 
20 ◦C. At the end of the reaction, gaseous products were analyzed by gas 
chromatography. When Re-4 was used, sodium tert-butoxide was also added to 
the reaction mixture.
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wave, whereas Re-2 and Re-5 show negligible changes. These results, 
together with the photocatalytic experiments, indicate a correlation 
between the reduction potentials and the catalytic activities in CO2 
photoreduction. In particular, the poor catalytic performance of Re-2 
and Re-5 can be attributed to the decreased nucleophilicity of the Re 
center by coordination to strongly electron-withdrawing ligands. This 
interpretation is consistent with previous reports, which showed that 
bipyridine derivatives bearing carbonyl groups can accommodate and 
stabilize electrons within the conjugated ligands, thereby suppressing 
reduction of Re(I) to the catalytically active Re(0) species that reacts 
with CO2 [65]. The present catalytic behavior can be qualitatively 
compared with that of natural metalloenzymes such as [NiFe] carbon 
monoxide dehydrogenase (CODH). In both systems, CO2 activation in
volves interaction of the substrate carbon atom with an electron-rich 
metal center. However, [NiFe] CODH operates with a higher degree of 
mechanistic sophistication: the active-site geometry is precisely orga
nized, nearby residues and metal centers cooperatively stabilize bound 
intermediates and facilitate proton transfer, and electron delivery is 
efficiently mediated through the protein framework. While the present 
Re complexes rely primarily on the electronic properties of the ligand 
framework and the metal center, the enzymatic system benefits from 
cooperative substrate binding, secondary coordination sphere in
teractions, and controlled proton/electron transfer pathways. These 
features enable highly efficient and selective CO2 conversion under mild 
conditions.

Bridging between natural enzymes and molecular systems, artificial 
metalloenzymes have demonstrated that incorporation of molecular 
catalysts into protein scaffolds can enhance catalytic performance by 
introducing elements of structural and environmental control. In such 
systems, improvements in catalytic activity and product selectivity have 
been attributed to factors such as regulation of the local environment 
around the metal centers [68,69], the modulation of the coordination 
geometry [70], and the availability of the redox-active species within 
the protein framework [70,71]. In contrast, the present molecular sys
tems do not incorporate such levels of structural and environmental 
control, which likely contributes to their more limited catalytic perfor
mance. Taken together, these comparisons highlight that, beyond elec
tronic tuning, the integration of secondary coordination sphere effects 
and controlled reaction environments is a key factor for achieving 
higher catalytic efficiency and selectivity in CO2 conversion systems.

Collectively, the present results demonstrate that the electronic ef
fects of the ligand functional groups impact the photocatalytic activity of 
Re complexes for CO2 reduction. In contrast, in the carboxylation re
action of alkenes, comparable activities are observed for all complexes 
despite their substantially different electronic properties. This difference 
indicates that the role of ligand electronic effects differs depending on 

the type of CO2 utilization. At present, there is no direct experimental 
evidence to fully rationalize this behavior; however, in contrast to CO₂ 
reduction, the carboxylation reaction may proceed through a different 
reaction pathway in which the rate-determining step is less sensitive to 
the electronic properties of the catalyst. As a result, variations in ligand 
functionality have a limited influence on the overall catalytic perfor
mance under the present conditions. In line with this consideration, 1H 
NMR measurements of Re-5 under a CO2 atmosphere revealed slight 
variations in peak splitting patterns, suggesting the presence of weak 
interactions between CO2 and the functional groups (Fig. S20). These 
observations indicate that such interactions, if present, are relatively 
weak under the present conditions, and a more detailed investigation of 
in situ speciation remains an important subject for future study.

The present study provides a useful set of experimental data that 
clarifies both the potential and the limitations of simple ligand func
tionalization on the Re(I) diimine complex platform. In the current se
ries, the electronic effects of the substituents appear to dominate the 
observed reactivity, while the introduction of additional functional 
groups does not yet lead to clear improvements in catalytic performance. 
These results suggest that future designs might benefit from more 
refined ways of separating electronic tuning from other structural 
modifications, such as modifying substituent positions or introducing 
electronically more neutral linker groups. Such strategies are expected 
to provide a more suitable basis for systematically evaluating how 
different types of ligand modifications influence reactivity in Re-based 
systems and for guiding the development of improved molecular cata
lysts for sustainable chemical transformations.

5. Conclusions

In this work, we have designed, synthesized, and systematically 
studied a series of Re bipyridine tricarbonyl complexes. All new com
plexes were fully characterized by single-crystal X-ray diffraction anal
ysis, as well as by spectroscopic and electrochemical methods, which 
allowed us to correlate their molecular properties with the electronic 
effects introduced by ligand substitution. Complexes bearing electron- 
withdrawing substituents (Re-2, Re-4, and Re-5) exhibit clear red
shifts in their absorption spectra, higher C–O stretching frequencies, 
and more positive reduction potentials, indicating stabilization of the 
bipyridine π* orbitals and decreased electron density at the Re center. 
These electronic effects have a pronounced impact on photocatalytic 
CO2 reduction: in contrast to Re-1, these derivatives show inferior or 
negligible activity for CO formation, which can be attributed to a 
reduced ability of the Re center to accumulate electron density and 
activate CO2. In contrast, all complexes display comparable catalytic 
performance in the visible-light-driven carboxylation of 1 with CO2, 

Table 3 
Product distribution from photocatalytic carboxylation of 1 with CO2 by Re complexes.a

Entry Catalyst TON of Products

2b 3b 4b CO

1 Re-1 23 28 4 <1
2 Re-2 21 29 3 <1
3 Re-3 24 29 4 <1
4 Re-4 20 28 5 <1
5 Re-5 21 32 4 <1

a The reaction was conducted in a glass vial containing 1 (0.1 M), Re complex (0.001 M), and BIH (0.1 M) dissolved in DMSO (1 mL). The solution was saturated with 
CO2 (1 atm) for 15 min then irradiated by a Blue LED (465–470 nm) for 16 h under room temperature. When Re-4 was used, sodium tert-butoxide (0.006 M) was also 
added to the reaction mixture.

b TON was calculated based on crude 1H NMR using 1,2-dibromoethane as the internal standard.
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indicating that ligand electronic effects, while critical for CO2 reduction, 
play a much less decisive role in this carboxylation reaction within the 
present complexes.

Overall, this study provides a systematic experimental picture of how 
ligand modification influences the properties and reactivity of Re(I) 
bipyridine tricarbonyl complexes, and shows that different CO2 utili
zation reactions can respond quite differently to the same structural 
changes. The present work provides a useful reference point for future 
studies, and these insights will help guide the design to improve Re- 
based molecular catalysts for CO2 utilization. Detailed mechanistic 
studies, design and synthesis of new Re complex derivatives and further 
improvements on catalytic performance are currently underway in our 
laboratory.
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