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ABSTRACT: The exploration of novel electrocatalysts for CO2
reduction is necessary to overcome global warming and the
depletion of fossil fuels. In the current study, the electrocatalytic
CO2 reduction of [Re(CO)3Cl(N-N)], where N-N represents 3-(2-
pyridyl)-1,2,4-triazole (Hpy), 3-(pyridin-2-yl)-5-phenyl-l,2,4-tria-
zole (Hph), and 2,2′-bipyridine-4,4′ dicarboxylic acidic (bpy-
COOH) ligands, was investigated. In CO2-saturated electrolytes,
cyclic voltammograms showed an enhancement of the current at
the second reduction wave for all complexes. In the presence of
triethanolamine (TEOA), the currents of Re(Hpy), Re(Hph), and
Re(bpy-COOH) enhanced significantly by approximately 4-, 2-,
and 5-fold at peak potentials of −1.60, −150, and −1.69 VAg/Ag+,
respectively (in comparison to without TEOA). The reduction potential of Re(Hph) was less negative than those of Re(Hpy) and
Re(COOH), which was suggested to cause its least efficiency for CO2 reduction. Chronoamperometry measurements showed the
stability of the cathodic current at the second reduction wave for at least 300 s, and Re(COOH) was the most stable in the CO2-
catalyzed reduction. The appearance and disappearance of the absorption band in the UV/vis spectra indicated the reaction of the
catalyst with molecular CO2 and its conversion to new species, which were proposed to be Re-DMF+ and Re-TEOA and were
supposed to react with CO2 molecules. The CO2 molecules were claimed to be captured and inserted into the oxygen bond of Re-
TEOA, resulting in the enhancement of the CO2 reduction efficiency. The results indicate a new way of using these complexes in
electrocatalytic CO2 reduction.

1. INTRODUCTION
Carbon dioxide is identified as one of the main gases causing
global warming. In the twenty-first century, carbon dioxide
emission increased rapidly from 270 ppm (parts per million) in
the early 1800s to 418 ppm in January 2022,1 resulting in a
high concentration of CO2 in the atmosphere. CO2 is released
through human activities, heavy industrial activities, traffic,
burning of fossil fuels, deforestation, and respiration. There-
fore, using CO2 as a resource for the generation of fuels and
chemical energy has attracted great attention. Converting CO2
to fuels can contribute to the efforts toward solving two serious
problems, including the depletion of fossil resources and global
warming. Among CO2 reduction methods, electrocatalysis is
known as the most promising approach to CO2 conversion
because the potential of CO2 reduction is effortless to achieve
and it can be carried out at room temperature with high
selectivity.2−4 The CO2 reduction reaction by homogeneous
catalysts based on metal complexes commonly involves
multiple numbers of electrons and protons, and the potentials
required to reduce CO2 are −0.52, −0.48, −0.38, and −0.24 V
for 2, 4, 6, and 8 electron reduction, respectively.5 Although
electrocatalytic conversion of CO2 has been studied for

decades, the exploration of a novel catalytic design and finding
appropriate electrocatalysts that work at low overpotential and
with high selectivity for CO2 reduction still remain topics of
interest.6−8 The electrocatalytic reduction of CO2 has been
widely investigated, including metal-2,2-bipyridyl-based com-
pounds,9−15 metal carbonyl compounds, 13 porphyrinoid
compounds,16 and metal carbene compounds.17,18 The amount
of complexes containing pyridyl-triazole or its derivatives based
on iridium(III), rhodium(III), ruthenium(II), and osmium(II)
has been characterized19−23 structurally, photophysically, and
electrochemically; however, the electrocatalytic reduction of
CO2 based on these complexes has not been extensively
explored.

Homogeneous electrocatalysts are preferred for investiga-
tions over heterogeneous electrocatalysts because of their
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simple structures and properties.23,24 Therefore, homogeneous
electrocatalysts serve as a key to understand crucial features for
an efficient electrocatalytic CO2 reduction reaction. The
electrochemical properties of homogeneous complexes (d6
metal centers such as Re(I), Ru(II), etc.) based on pyridyl−
triazole ligands are controlled by the σ-donor and π-acceptor
properties of the ligands in the coordination sphere.19 In
particular, pyridyl−triazole ligands exhibited stronger σ-donor
and weaker π-acceptor properties than 2,2′-bipyridyl and 2,2′-
bipyridyl derivatives.25,26 The ligands influence the redox

potential of these complexes; a strong σ-donor donates
electron density to the metal center, leading to lower oxidation
potentials and more negative reduction potentials. The
electrochemical CO2 reduction of rhenium complexes based
on 2-pyridyl-1,2,3-triazole ligands was reported as a new CO2
reduction catalysis.27,28 The series of Re(I) complexes based
on 4-(2-pyridyl)-1,2,3-triazole and 1-(2-pyridyl)-1,2,3-triazole
diimine ligands catalyzed the electroreduction of CO2 using
water as a proton source; meanwhile, the electrocatalytic CO2
reduction of complexes based on 3-(2-pyridyl)-1,2,4-triazole

Scheme 1. Structural Representation of the Ligands and Rhenium Complexes Synthesized and Investigated in this Study

Figure 1. Cyclic voltammograms of the (a) blank solvent DMF under Ar (dotted red line) and CO2 (dotted blue line) and DMF:TEOA under
CO2 (dotted green line) and of (b) Re(Hpy), (c) Re(Hph), and (d) Re(COOH) in the DMF solvent under Ar and CO2 and in a DMF:TEOA
mixed solution under CO2. The red and blue lines represent the CV of each complex in the DMF solvent under Ar and CO2, respectively. The
green line shows the CV of the complex in a DMF:TEOA solution under CO2. The CV of Re(Hpy) in a DMF solvent under Ar is shown in the
inset in (b).
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and 3-(pyridin-2-yl)-5-phenyl-l,2,4-triazole ligands have not
been investigated yet.

Re complexes based on pyridin−triazole ligands have been
well-known to possess interesting optical properties,29,30 have a
low negative reduction potential that can be applied for
electrocatalytic CO2 reduction,27 and be easy to prepare in
good yield.26 To explore new features of other classes of Re
diimine complexes (a typical class of Re diimine complex
constitutes Re complexes based on polypyridine), [Re-
(CO)3Cl(Hpy)], [Re(CO)3Cl(Hph)], and [Re(CO)3Cl(bpy-
COOH)] (bpy-COOH is a derivative of the bpy ligand) have
been recommended for the first time and characterized as
catalysts for CO2 electroreduction. 3-(2-Pyridyl)-1,2,4-triazole
and 3-(pyridin-2-yl)-5-phenyl-l,2,4-triazole ligands and their
corresponding Re complexes, shown in Scheme 1, were
synthesized with good yield and characterized by proton
nuclear magnetic resonance (1H NMR), electrospray ioniza-
tion mass spectroscopy (ESI-MS), and Fourier transform
infrared spectroscopy (FTIR). The electrocatalytic CO2
reduction of these complexes was evaluated via cyclic
voltammetry (CV) in the absence and presence of CO2 gas
and with/without a proton source. Chronoamperometry (CA)
analysis was also applied to determine the stability and CO2
reduction current, which is used to calculate the power
generated at the applied potential. In addition, UV/vis
measurement was used to trace the changes in the catalysts
before and after the CO2 reduction reaction.

2. RESULTS AND DISCUSSION
2.1. Electrochemical Studies under an Inert Atmos-

phere. Electrochemical behaviors of Re(Hpy), Re(Hph), and
Re(COOH) were studied in a DMF solution with Ar-saturated
electrolytes in the potential range of −0.8 to −2.2 V (Figure
1). The cyclic voltammogram of the blank electrolytes under
an Ar atmosphere is shown in Figure 1a (dotted red line). In
the Ar-saturated solution, three complexes show two reduction
waves. The first one-electron reductions of Re(Hpy), Re-
(Hph), and Re(COOH) appear at −0.9 (see the inset in

Figure 1b), −1.02, and −1.12 V, followed by the second
irreversible one-electron reductions at −1.64, −1.41, and
−1.69 V, respectively. The first reduction was attributed to a
ligand-based reduction. The irreversible second reduction wave
was attributed to the generation of the two-electron-reduced
species. The reduction potentials of Re(Hpy) and Re(Hph)
are less negative than that of Re(COOH), which indicates that
pyridyl−triazole ligands are stronger acceptors than 2,2′-
bipyridine-4,4′ dicarboxylic acid. The lower reduction potential
of Re(Hph) than that of Re(Hpy) was in agreement with the
results of Brennan.34 The reduction peak position and current
density corresponding to each reduction peak are summarized
in Table 1.
2.2. Electrochemical Studies under a CO2 Atmos-

phere. To study the electrochemical CO2 reduction of
Re(Hpy), Re(Hph), and Re(COOH), CV measurements of
these complexes were performed in a DMF solution and a
DMF:TEOA mixed solution in CO2-saturated electrolytes, as
shown in Figure 1. In the CO2-saturated DMF solution, the
addition of CO2 shifted the irreversible second reduction wave
to −1.69 V (about 30 mV) for Re(Hpy). In the case of
Re(Hph) and Re(COOH), the shift of the reduction wave was
not observed, but the reduction waves were widened (Figure
1b−d). The peak position and current density of the first
reduction wave were not affected by CO2 gas. The cathodic
current densities of the three complexes increased, which
clearly indicates that the three complexes are active toward
CO2 reduction. Re(Hpy), Re(Hph), and Re(COOH) show
current enhancements from 0.4 to 0.63 mA/cm2 at −1.64 V,
0.48 to 0.87 mA/cm2 at −1.41 V, 0.30 to 0.42 mA/cm2 at
−1.69 V, respectively. At the second reduction wave,
[Re(CO)3Cl(N-N)] (Re−Cl) is supposed to be con-
verted10,13,35 to [Re(CO)3(DMF)(N-N)]+ (Re-DMF+) and
CO2 is captured and inserted on Re-DMF+.
2.3. Electrochemical Studies in a CO2-Saturated

DMF:TEOA Mixed Solution. TEOA had a significant effect
on the peak shape, peak position, and current intensity.
Re(Hpy) and Re(Hph) showed a large reduction wave from

Table 1. Reduction Potentials and Current Densities of the Complexes at the Corresponding Reduction Potentials

cathodic current density (mA/cm2)

complex ReI ReII (1st) (2nd) solvent atmosphere

Re(Hpy) −0.90 −1.64 0.03 0.4 DMF Ar
−0.90 −1.69 0.05 0.63 DMF CO2

−1.60 2.46 DMF:TEOA CO2

Re(Hph) −1.02 −1.41 0.32 0.48 DMF Ar
−1.02 −1.41 0.12 0.87 DMF CO2

−1.02 −1.50 0.32 1.72 DMF:TEOA CO2

Re(COOH) −1.12 −1.69 0.07 0.30 DMF Ar
−1.12 −1.69 0.13 0.42 DMF CO2

−1.45 −1.91 0.82 2.27 DMF:TEOA CO2

Scheme 2. Formation of New Species and the CO2 Insertion Process
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−1.3 to −1.9 V, and Re(COOH) displayed two irreversible
reduction waves at −1.45 and −1.91 V. The large reduction
waves started after the first reduction wave, which indicated
that the reaction with CO2 took place immediately after the
one-electron reduction. The reduction waves that shifted to
lower potential and broadened are suggested to the formation
of both species of (Re-DMF+), [Re(CO)3{OC2H4N-
(C2H4OH)2(N-N)}] ([Re(CO)3(TEOA)(N-N)]-(Re-
TEOA)), and the insertion of CO2 into the oxygen bond of
(Re-TEOA) during the reaction (as shown in Scheme
2).10,36,37

The current densities of Re(Hpy), Re(Hph), and Re-
(COOH) with TEOA increased by approximately 4-, 2-, and 5-
fold in comparison to that without TEOA, respectively (Table
1). The enhancement is less significant in Re(Hph) (0.48 to
1.72 mA/cm2, increased 3.58 times), Re(Hpy) shows a higher
enhancement under CO2 (0.40 to 2.46 72 mA/cm2, increased
approximately 6.15 times), and Re(COOH) shows the highest
enhancement (0.30 to 2.27 mA/cm2, increased 7.57 times).
The current enhancement clearly shows that the CO2
reduction reaction is accelerated under the effect of TEOA.
It also showed that Re-TEOA had a higher ability35 to capture
and insert CO2 than Re-DMF+. Figure 3a displays a
comparison of the current densities of the three complexes
under different conditions. In the CO2 reaction involving two-
electron reduction, the generated products could be suggested
as CO and H2, and which is in agreement with the CO2
reduction path with suitable reduction potentials of the
developed Re complexes (CO2 + 2H+ + 2e− → CO + H2O
at −0.52 V vs SHE at pH = 7).

A chronoamperometry analysis was carried out to investigate
the stability and current generation by the CO2 reduction

reactions of Re(Hpy), Re(Hph), and Re(COOH) in Ar- and
CO2-saturated electrolytes at −1.65, −1.45, and −1.7 V,
respectively (Figure 2). The measurement time was set at 300
s. The CA curves show good stability of Re(Hpy), Re(Hph),
and Re(COOH) for at least 300 ms, and the CO2 reduction
activity of these complexes reduced significantly after 300 s in
the CO2 atmosphere; this decrease is suggested to be because
of the decrease in CO2 concentration in the solution with time.
In the Ar atmosphere, the current densities in the three
complexes are relatively stable due to the lack of chemical
reactions. The average current densities of Re(Hpy), Re(Hph),
and Re(COOH) measured in the Ar-saturated DMF solution
at their corresponding applied voltages are 0.40, 0.45, and 0.26
mA/cm2, respectively. In the CO2-saturated DMF solution, the
chronoamperometric data showed that the CO2 reduction
current generated by Re(COOH) was the most stable.
Re(Hpy) displayed a relatively low current density after 150
s but was quite stable from 150 to 180 s. Meanwhile, the
current density of Re(Hph) decreased immediately after 5 s
from 1.47 to 0.71 mA/cm2. In the presence of TEOA, CA data
of all complexes showed high current generation; the current
densities generated by Re(Hpy), Re(Hph), and Re(COOH)
increased 3.05 (from 0.60 to 1.82 mA/cm2), 1.96 (from 0.72 to
1.40 mA/cm2), and 2.75 (from 0.37 to 1.03 mA/cm2) times,
respectively. Based on the current generation, it can be claimed
that Re(Hpy) shows high efficiency for CO2 reduction and
Re(Hph) is less efficient than the other two complexes.
However, a rapid decrease in the current density after 100 s
likely shows that Re(Hpy) is the least stable catalyst for CO2
reduction. In the common behavior, in the first 20 s, the
currents of all complexes decrease drastically, which can be

Figure 2. Chronoamperometry analyses of (a) Re(Hpy), (b) Re(Hph), and (c) Re(COOH) in Ar- and CO2-saturated electrolytes at applied
voltages of −1.65, −1.45, and −1.7 V, respectively.
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Figure 3. (a) Current density and (b) power in the Ar- and CO2-saturated electrolytes of Re(Hpy) (1), Re(Hph) (2), and Re(COOH) (3) at the
second reduction peak listed in Table 1. The maximum power generation values of (1), (2), and (3) at the applied voltage are shown in Figure 2.

Figure 4. UV/vis spectra of (a) Re(Hpy), (c) Re(Hph), and (e) Re(COOH) in MeCN (light green) and in the DMF:TEOA mixed solution
before (red) and after CV measurements (sky blue). The difference in optical densities between UV/Vis spectra obtained after and before CV
measurements of (b) Re(Hpy), (d) Re(Hph), and (f) Re(COOH).
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explained by the decrease in CO2 concentration in the solution
due to the reaction of CO2 with the solute.

Figure 3 presents the current density obtained from CV
measurements and the power density calculated from the
average current (from CA data shown in Figure 2) and the
corresponding applied voltage. Figure 3a shows a comparison
of the current densities obtained in CV measurements; their
values are slightly different from CA data, resulting in the
power density. The power density shows the most difference in
the CO2-saturated DMF:TEOA mixed solution. Re(Hpy)
shows the highest current, power density, and current
enhancement, but Re(COOH) shows the lowest power
density although it has the highest applied voltage (Figure
3b). The highest enhancement was observed in Re(Hpy)
(approximately 3 times) and the lowest was in Re(Hph)
(approximately 1.8 times) because a lower reduction
potential35 could cause the lowest catalytic activity of
Re(Hph).

To understand how the catalysts react with molecular CO2,
UV/vis absorption was used to investigate the change in the
solution before/after the CV study. UV/vis analysis and the
different optical densities are presented in Figure 4. The
absorptions of the three complexes in MeCN are shown to
compare with those in a DMF:TEOA mixed solution.
2.4. UV/Vis Absorption before CV Measurement. T

here was a significant difference in the UV/vis absorptions of
these complexes between MeCN and DMF:TEOA solutions.
The difference in optical density (DOD) between the UV/vis
absorption in MeCN and that in DMF:TEOA solution
indicated the formation of new species and the disappearance
of the original species. Generally, the DOD allowed us to
identify the transformation of the complex in the solution. In
Figure 4a, there was a sharp absorption band at 265 nm and a
broad absorption from 300 to 400 nm (in MeCN). Changes in
absorption were observed at 304 nm and over a wide range
from 380 to 560 nm, which indicated the formation of new
species absorbing in this range of wavelengths. The negative
value of DOD at 360 nm indicates the transformation of the
original complex to a species that absorbs at 304 and 402 nm
(see SI, Figure S5a). The UV/vis spectrum of Re(Hph)
showed that the absorption peak shifted to lower wavelengths
when the solution was changed (Figure 4b). This shift resulted
in a new sharp absorption peak appearing at 320 nm and the
disappearance of an absorption band from 390 to 540 nm (see
SI, Figure S5b). Similarly, a change in UV/vis spectra was also
observed in Re(COOH), including the shift of the intense
absorption peak at 290 nm and the disappearance of a part of
the broad absorption from 350 to 450 nm (Figure 4e), which
caused the loss of the broad absorption band from 300 to 600
nm. The appearance of a new species was observed at 288 nm
with a relatively low intensity (see SI, Figure S5c). The UV/vis
spectra in MeCN were measured immediately after the
solution was mixed; hence, the ligand Cl could not dissociate
and was substituted by MeCN, forming MeCN-coordinated
complexes [Re(CO)3(MeCN)(N-N)].38 In addition, the Cl
ligand coordinated with the complex was difficult to dissociate,
but the complexes were converted into new species, which
could be proposed22 to be Re-DMF+ and Re-TEOA. The
underlying mechanism has not been clearly understood yet.
2.5. UV/Vis Absorption after CV Measurement under

a CO2 Atmosphere. The DOD between UV/vis absorptions
in the DMF:TEOA solution before and after CV measurement
is shown in Figure 4b,d,f. The UV/vis spectra of Re(Hpy) and

Re(Hph) (sky blue color in Figure 4a,c) displayed a similar
trend, with one positive and one negative absorption peak.
However, only one negative absorption band appeared in the
DOD of Re(COOH) from 297 to 473 nm. During the CV
measurement, the catalysts were undergoing a chemical
reaction, and thus, the absorption of the solution after the
CV measurement changed. The changes observed in the DOD
spectra demonstrate that the catalysts react with CO2, resulting
in the formation of new species. In Figure 4b,d, the peak area
of the positive absorption is approximately equal to that of the
negative absorption, which indicates that a chemical reaction
occurred and the catalysts were converted to other complexes.
The conversion is suggested to result from the insertion of
CO2 molecules into the oxygen bond10,35,39 in Re-TEOA, as
shown in Scheme 2.

3. CONCLUSIONS
The electrocatalytic CO2 reductions of Re(Hpy), Re(Hph),
and Re(COOH) were investigated. The results showed that
Re(Hpy) and Re(Hph) are promising catalysts that have the
ability to capture and convert CO2. CV measurement of the
three complexes showed two reduction waves, but the CO2
reduction reaction occurred only at the second reduction
potential. Re(Hpy) displayed the highest catalytic activity of
CO2 reduction, which was expressed by the current density
and the power density. Re(Hph) displayed the lowest CO2
reduction activity, as suggested by its low reduction potential.
Under a CO2 atmosphere, these complexes reduced CO2 in the
presence and absence of TEOA; TEOA enhanced the CO2
reduction efficiency. The formation of Re-TEOA was
suggested to increase the efficiency of capturing and inserting
CO2. The conversion of the complex into the new species Re-
TEOA and Re-DMF+ after the CV study was confirmed by the
change in the UV/vis spectra. Therefore, this study suggests
further investigation of these complexes in bulk electrocatalysis
of CO2 conversion to analyze the formed products and
quantify the concentration of the corresponding products.

4. EXPERIMENTAL SECTION
Pentacarbonylchlororhenium(I) ([Re(CO)5Cl]), 2,2′-bipyri-
dine-4,4′ dicarboxylic acid, hydrazine hydrate, 2-cyanopyridine,
formic acid, silver hexafluorophosphate, tetraethylammonium
tetrafluoroborate (Et4NBF4), and anhydrous N,N-dimethylfor-
mamide (DMF) were purchased from the Sigma Aldrich
company. Triethanolamine (TEOA�(HOCH2CH2)3N), tol-
uene, dichloromethane, diethyl ether, and hexane solvents were
of HPLC grade and were obtained from Merck and Fisher
companies. All solvents and other reagents were used without
further purification. Argon and carbon dioxide gases used in all
experiments were of 99.99% purity.

All electrochemical measurements were performed using
Bio-Logic VSP-300 and a three-electrode configuration with a
scan rate of 200 mV/s. Electrochemical studies were carried
out in an electrochemical cell containing 5 mL of a sample
solution with a platinum (2 mm diameter) electrode, a nickel
mesh electrode, and an Ag/Ag+ electrode as the working,
counter, and reference electrodes, respectively. The Ag/Ag+
electrode was an Ag wire immersed in DMF solution
containing 0.01 AgPF6 and 0.1 M Et4NBF4, and Vycor glass
was used to separate the electrode solution from the electrolyte
solution. The sample solution was prepared by adding a 1 mM
complex sample in DMF or DMF:TEOA (v/v 5:1 ratio)
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containing 0.1 M Et4NBF4 as a supporting electrolyte. The
blank DMF and DMF:TEOA solutions (containing 0.1 M
Et4NBF4) were measured in Ar and CO2 media. The current
density (mA/cm2) was calculated based on the surface area of
the working electrode (Pt: 2 mm diameter).

Chronoamperometry measurements were performed to
determine the current and the stability of the complexes in
CO2 reduction with respect to the applied voltage. The
experiment was carried out for 300 s in 5 mL of the sample
solution (prepared as in the electrochemical experiment)
saturated with Ar or CO2 media vs Ag/Ag+. The applied
voltage corresponding to each complex was determined on the
reduction peaks obtained on the cyclic voltammograms. The
powder current density was calculated using the formula P = U
× I (mW/cm2), where U (V) is the applied voltage and I (mA/
cm2) is the corresponding current density determined from the
CA measurement.

A UV−vis SHIMADZU UV-1800 instrument was used to
obtain the UV/vis absorption data in the transmission mode.
UV/vis measurements, which were obtained before and after
CV measurements, were applied to the solution containing the
complex and 0.1 M Et4NBF4 in the DMF:TEOA mixed solvent
saturated in CO2 gas. The difference in optical density (ΔOD)
is the difference between the UV/vis absorption measured after
CV measurement and that measured before CV measurement.
4.1. Synthesis of Ligands 3-(2-pyridyl)-1,2,4-triazole

(Hpy) and 3-(Pyridin-2-yl)-5-phenyl-l,2,4-triazole (Hph).
The ligands 3-(2-pyridyl)-1,2,4-triazole and 3-(pyridin-2-yl)-5-
phenyl-l,2,4-triazole were synthesized as follows.19,28,31−33

Hydrazine hydrate (0.15 mol) was added to a mixture of
0.15 mol of 2-cyanopyridine and 40 mL of ethanol to obtain a
clear solution. The clear solution was stirred at 400C until it
turned into a pale-yellow solution and continuously stirred
overnight at room temperature. The solution was placed at
room temperature for a few days and needle-like crystals were
formed. The crystals were filtered and washed with cold
ethanol.
4.2. Ligand Hpy (C7H6N4). The obtained crystal (10 g)

was added to 50 mL of ice-cold formic acid. The mixture was
stirred for 30 min, then brought to room temperature, and
stirred for 4 h, and the excess formic acid was removed on a
rotary evaporator. Then, the remaining oil was refluxed in
ethylene glycol for 1 h, and after a few hours of cooling down,
the precipitate was formed. The Hpy ligand was recrystallized
twice from acetone to yield a fine powder. Yield: 4.15 g
(41.5%). 1H NMR (500 MHz, d6�acetone, ppm) δ = 8.67
(1H, d), 8.17 (1H, s), 8.13 (1H, s), 7.97 (1H, t), 7.47 (1H, t).
4.3. Ligand Hph (C13H10N4). The obtained crystal (14 g)

was added to the mixed solution of 10 mL of triethylamine and
30 mL of dry THF. Next, benzoyl chloride (14.1 g, 0.1 mol)
was added dropwise while stirring the mixture. The dark-
yellow suspension was stirred for 5 h at room temperature. The
precipitate was filtered and left to dry overnight. The obtained
powder was dissolved in 20 mL of ethylene glycol and refluxed
for 6 h. The ethylene glycol was placed to cool to room
temperature, and then, 10 mL of distilled water was added into
the solution to obtain the precipitate. The ligand precipitated
for several days and was then filtered. The ligand was
recrystallized twice from ethanol to yield a fine powder.
Yield: 5 g (17.8%). 1H NMR (400 MHz, d6�acetone, ppm) δ
= 8.70 (1H, d), 8.27 (1H, d), 8.21 (1H, m), 8.03 (1H, m),
7.52 (1H, m), 7.45 (2H, m).

4.4. Synthetic Procedure for [Re(CO)3Cl(N-N)] Com-
plexes. [Re(CO)5Cl] (200 mg, 0.55 mM) and an appropriate
ligand (0.55 mM) in 50 mL of toluene were refluxed for 6 h
under an Ar atmosphere to yield a red-orange solution
([Re(CO)3Cl(2,2′-bipyridine-4,4′ dicarboxylic acid)]�Re-
(COOH)), a yellowish solution ([Re(CO)3Cl(3-(2-pyridyl)-
1,2,4-triazole)]�Re(Hpy)), and a yellowish-green solution
([Re(CO)3Cl(3-(pyridin-2-yl)-5-phenyl-l,2,4-triazole)]�Re-
(Hph)). The crude products of Re(COOH), Re(Hpy), and
Re(Hph) were recrystallized from acetone−hexane, acetoni-
trile−hexane, and dichloromethane−hexane, respectively.
4.5. [Re(CO)3Cl(2,2′-bipyridine-4,4′ dicarboxylic

acid)] (C15H8ClN2O7Re). Yield: 65%. 1H NMR (500 MHz,
d6�acetone, ppm) δ = 9.33 (2H, d, bpy H6, H6′), 9.18 (2H,
s, H3, H3′), 8.24−8.26 (2H, m, H5, H5′). ESI-MS (in
MeCN): m/z: (M+ for [C15H8N2O7Re]+), 512.9 (M3+ for
[C15H6N2O7Re]+). νCO/cm−1 (in MeCN): 2041, 1956, 1897.
4.6. [Re(CO)3Cl(3-(2-pyridyl)-1,2,4-triazole)]

(C10H6ClN4O3Re). Yield: 44%. 1H NMR (500 MHz, d6�
acetone, ppm δ = 9.40 (1H, s, Ha), 9.05−9.07 (1H, m, H6),
8.37−8.40 (1H, m, H3), 8.31−8.35 (1H, m, H4), 7.77−7.80
(1H, m, H5)). ESI-MS (in MeCN): m/z: 450.69 (M+ for
[Re(C7H5N4)(CO)3Cl]+), 448.73 (M3+ for [Re(C7H3N4)-
(CO)3Cl]3+), 422.71 (for [Re(C7H5N4)(CO)2Cl]2+).
νCO/cm−1 (in MeCN): 2027, 1915, 1890.
4.7. [Re(CO)3Cl(3-(pyridin-2-yl)-5-phenyl-l,2,4-tria-

zole)] (C16H10ClN4O3Re). Yield: 56%. 1H NMR (500 MHz,
d6�acetone, ppm) δ = 9.09 (1H, d, H6), 8.46 (1H, d, H3),
8.36−8.39 (1H, m, H4), 8.19 (2H, m, Ha), 7.80−7.82 (1H, m,
H5), 7.64 (2H, d, Hb), 7.62 (1H, m, Hc). ESI-MS (in
MeCN): m/z: 493.03 (M+ for [Re(C13H10N4)(CO)3]+), 465
(M+ − CO), 534 (M+ + MeCN). νCO/cm

−1 (in MeCN): 2025,
1923, 1894.
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