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ABSTRACT: Large conjugated carbon framework has been incorporated as the diimine
ligand for Re(α-diimine)(CO)3Cl complexes with a pyrazinyl linkage, either to increase
energy efficiency or to turn them into heterogeneous catalysts for selective electrocatalytic
CO2 reduction. However, there exists a nonmonotonic dependence of CO2 reduction
overpotential on the conjugation size of the ligands. Understanding its origin could
facilitate heterogenization of molecular catalysts with improved energy efficiency. Here,
we show that the conjugated pyrazinyl moiety plays a crucial role in catalysis by enabling a
proton-coupled, lower-energy pathway for CO2 reduction. With ligands of moderate size,
the pathway leads to previously unknown intermediates and decreases CO2 reduction
overpotential. Because the pathway hinges on the basicity of the pyrazinyl nitrogen, we
propose that it imposes a limit on the conjugation size of the ligand for the pathway to be
effective.

■ INTRODUCTION
Multielectron catalytic reactions involving small molecules or
ions such as H2O, O2, CO2, or NO3

− are of great importance
for utilizing sustainable energy sources and mitigating the
adverse impacts of human activities.1−4 For this purpose,
homogeneous molecular catalysts, most notably those based on
metal complexes, have been intensively studied because of
their versatility toward various substrates and selectivity in
directing chemical reactions along specific pathways. In
designing such molecular catalysts, an important approach
involves employing redox noninnocent ligands to match the
redox potentials of the catalysts with those of the substrates.5,6

Meanwhile, immobilization of the molecular catalysts (co-
valently or noncovalently) on the electrode surfaces has been
investigated to combine the tunability of molecular catalysts
with the advantages of heterogeneous catalysts such as higher
stability, lower loading requirements, and ease in catalyst
removal.7,8

A seemingly general approach to heterogenization was
recently reported through covalently grafting molecular
catalysts to the graphite surface with a pyrazinyl linkage
(schematically shown as A in Scheme 1).9−11 The covalent
linkage enables inner-sphere electron transfer from the
electrodes to the catalysts, improving the catalytic performance
and could even alter the catalytic mechanisms.11 However,
when applied to fac-Re(α-diimine)(CO)3Cl complexes,10 a
widely studied family of electrocatalysts for CO2 reduc-
tion,12−16 it was found that the catalyst, though it drastically
improved electron transfer dynamics and catalysis turnover
frequency, did not improve the CO2 reduction overpotential

compared with the well-studied, but much smaller, Re(bpy)-
(CO)3Cl (bpy = 2, 2′-bipyridine). In contrast, we applied a
nanographene derivative as the diimine ligand for the same
family of complexes (B in Scheme 1).17 It significantly
decreased reaction overpotential (by 0.8 V in THF), leading to
one of the lowest values for CO2 reduction to CO.17 Based on
theoretical calculations, we attributed the improvement to the
increased conjugation size of the ligand, which enables ligand-
centered reductions at lower applied electrochemical potentials
to drive the reaction. Because A can be considered as an
analogue of B with a graphene of infinite size, it raises an
interesting question why there is such a nonmonotonic
dependence between the conjugation size of the ligand and
the reaction overpotential. Understanding the origin may
provide important insights to better apply ubiquitous graphitic
carbon materials as redox-active ligands to create heteroge-
neous electrocatalysts with tunable properties.
In this study, we aim to identify structural factors that

disrupt an anticipated monotonic dependence between the
conjugation size of the ligand and the reaction overpotential.
By investigating 1, a smaller analogue of B (Scheme 1) with
combined electrochemical, spectroscopic, and theoretical
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studies, we show that the pyrazinyl moiety in both A and B
plays roles beyond serving as a covalent linkage. Protonation at
a nitrogen atom in the pyrazinyl moiety can couple to the
reduction of the catalyst, opening a previously unknown,
lower-energy reaction pathway that decreases the CO2
reduction overpotential. Thus, we propose that the decreasing
basicity of the pyrazinyl nitrogen atoms with increasing
conjugation size of the ligand could diminish the benefits of
employing large conjugated ligands when the size reaches a
certain limit. In addition, the low-energy reaction pathway
revealed with heterocyclic nitrogen moieties may provide a
useful approach to improve the energy efficiency of electro-
catalytic reactions at metal complexes in general.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 1. In our study, we

investigate a smaller molecular analogue 1 (Scheme 1) of B
because of the low solubility of B for spectroscopic studies and
the comparative difficulty for theoretical calculations due to its
large size. With details described in the Supporting
Information, the ligand in 1 was synthesized with a previously
reported method.181 was then synthesized by reacting the

ligand with freshly sublimed Re(CO)5Cl in chloroform. The
product was recrystallized from THF and characterized with
NMR and IR (see the Supporting Information).

Electrochemical Reduction of 1 in THF.We investigated
the electrochemical properties of 1 with cyclic voltammetry
(CV) in tetrahydrofuran (THF), to compare with the catalytic
behaviors of B previously reported in the same solvent.17 The
CV measurements were conducted with a glassy carbon
working electrode, a platinum auxiliary electrode, and Ag/
AgNO3 (0.01 M in acetonitrile) reference electrode. The
solvent used was anhydrous THF freshly distilled over sodium
metal, and a 0.10 M solution of freshly recrystallized
tetrabutylammonium hexafluorophosphate (TBAPF6) was the
supporting electrolyte.
The black solid curve in Figure 1a shows the CV curve of 1

(0.10 mM, scan rate: 100 mV/s) under an argon atmosphere
(1 atm). The cathodic scan reveals two distinct reduction
peaks, at −1.40 and −1.90 V, respectively. Measurements with
various scan rates reveal that the first reduction is reversible
within the time scale of the CV scan while the second
reduction is irreversible (Figures 1b and S-4). This is
consistent with previous work on Re(bpy)(CO)3Cl in that
the first reduction is simply an electron transfer, and the

Scheme 1. Structures of A, B, and 1

Figure 1. CV measurements of 0.10 mM solution of 1 in dry THF. (a) CV under argon (black solid curve), CO2 (red dotted curve), and CO2 and
water (5% v/v, blue dashed curve). The inset is the zoom-in of the selected voltage range. (b) CV scans at various scan rates under the three
reaction conditions. (c) CV scans with various amounts of phenol added under an argon atmosphere.
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second is concerted with dechlorination, though at less
negative potentials (−1.71 and −2.18 V, respectively, for
Re(bpy)(CO)3Cl in THF).19

When CO2 is introduced into the solution, the first
reduction occurs at the same potential, whereas there is an
apparent shift of the second reduction peak to a less negative
potential −1.65 V (red dotted curve, Figure 1a). However,
scanning at various rates revealed that both the reductions are
reversible in the CV time scale. There appears to be a third
reduction with the peak position at −2.10 V, beyond which a
moderate current increase was observed.
Drastic changes occur when water was added (5% vol/vol)

under the CO2 atmosphere (blue dashed curve, Figure 1a).
The first reduction peak shifts positive to −1.30 V,
accompanied by doubling of the peak current. The second
reduction appears at the same potential as in the case with no
water but is immediately followed by a substantially enhanced
current indicating catalytic reduction of CO2. The CO2
reduction onset potential of −1.70 V is about 300 mV less
negative than that for Re(bpy)(CO)3Cl in THF and 500 mV
more than that for B (see comparison tabulated in Table S-1),
consistent with the expected trend that a larger conjugated
ligand leads to a lower overpotential. CV measurements at
various scan rates showed that both reductions are irreversible.
With the foot-of-wave analysis,20,21 we obtained the turnover
frequency of 1 to be 466 s−1 (see the Supporting Information).
Bulk electrolysis with such a solution at a glassy carbon mesh
with the potential held at −2.0 V and subsequent gas
chromatography analysis show CO as the only product with
no H2 detected (see the Supporting Information). The faradic
efficiency of 1 was measured to be 98% (±2%).
It is clear from the above observations that the presence of

water as a Brønsted acid results in a different reduction
mechanism, as indicated by the changes in the peak currents,
the reversibility, and the peak potentials, and leads to the
electrocatalytic CO2 reduction. The first reduction peak (at
−1.30 V) is consistent with either a proton-coupled reduction
followed by another one-electron reduction or a proton-
coupled two-electron reduction. The reduction being proton-
coupled is confirmed when phenol, a stronger acid, was added
as a proton source under the argon atmosphere (Figure 1c).
Here, increasing the phenol concentration in the solution
reproduces the first reduction occurring at increasingly positive
potentials with a doubled peak current, while turning the
process into an irreversible one. The second reduction at
−1.65 V (blue dashed curve, Figure 1a) was better resolved by
employing CV measurements with a faster scan rate (Figure S-
5). They show a separate one-electron reduction step and an
additional subsequent step producing the catalytic current, the
latter of which presumably regenerates the catalysts and
releases CO.
Calculated Electrochemical Pathways. To understand

the mechanisms of CO2 reduction catalyzed by 1 in the
presence of CO2 and water and to confirm the role of the
proton-coupled reduction in the catalysis, we carried out
theoretical calculations to investigate the thermodynamics of
electrochemical reduction of 1 and subsequent reactions under
the experimental conditions. The reactions we examined
include dechlorination, dimerization, and formation of CO2
adducts, which have been previously reported for Re(bpy)-
(CO)3Cl and derivatives,19,22,23 as well as protonation of
pyrazinyl nitrogen suggested by the CV measurements and our
previous work on the oxygen reduction reaction.24 All of the

calculations were performed with Gaussian 1625 quantum
chemical package starting from the unrestricted version of
B3LYP26−29 density functional theory (DFT). To include the
van der Waals interactions for weakly bound systems,
Grimme’s empirical pairwise D3 dispersion correction30 was
included with Becke−Johnson damping (uB3LYP-D3BJ) in all
of the calculations.31−33 Geometry optimizations and vibra-
tional frequency calculations on the different species were
carried out in an implicit solvent-corrected potential energy
surface (PES) to derive the entropies and the associated
thermal corrections (at 298.15 K) to the Gibbs free energies.
Conductor-like polarizable continuum model, CPCM meth-
od34−37 was used to account for the solvation energy in all of
the calculations in THF (ε = 7.25). The geometry
optimizations were carried out using the def2-SVP basis set38

for C, N, H, O, and Cl atoms while Re orbitals were modeled
with def2-SVP basis set for valence electrons and Stuttgart/
Dresden (SDD) effective core potential39 for core electrons.
Accurate electronic energies at these geometries were
calculated using the larger def2-TZVPP basis set40−43 with
CPCM implicit solvation.
The thermal-corrected free energy of each species was

determined by combining the SCF energy calculated using the
large basis set def2-TZVPP and CPCM solvation corrections,
zero-point energy (ZPE), and entropic contribution at 298.15
K calculated using the smaller basis set def2-SVP. That is, Gsol

0

= ESCF + ΔGCPCM + ZPE − (298.15 K × Stotal), where Stotal =
Strans + Srot + Svib + Selec. All of the species were treated in the
solution phase unless released in the gas phase. Translational,
rotational, and vibrational contributions to entropy were
obtained from the harmonic oscillator and rigid rotor
approximations,44 whereas R ln (qelec) gives the electronic
contribution to entropy, with R as the gas constant and qelec
as the multiplicity of the species.
To accurately capture the effect of the THF solvent on the

reduction process, an explicit THF solvent molecule was added
at the open metal site of the complex after chloride loss in
conjunction with the implicit solvation-corrected PES.
Broken symmetry calculations were investigated on all even

electron species, by performing the initial geometry opti-
mization with the high spin triplet state and using its optimized
geometry as the starting geometry for singlet calculations.
Concentration effects are included in our calculations using

the law of mass action. Accurate prediction of Gibbs free
energy is obtained by combining standard Gibbs energy in
solution (Gsol

0 ) and concentration corrections, e.g.,

= + [ ]
[ ]( )G G RT ln B
Asol sol

0 b

a for the reaction aA ↔ bB.

Redox potentials were calculated by the formula
= +E EG

ncell SHE
rxn , where ESHE is the mean experimental

value of −4.11 V for the absolute value of the SHE as
determined by Williams and co-workers.45 For possible
proton-coupled reduction steps, ΔGrxn was obtained with
Hess’ law by summing the free energy changes of the separate
reduction and protonation steps. To the potential values,
−0.59 V is then added to convert to values relative to the Ag/
AgNO3 (0.01 M in acetonitrile) reference electrode. We use 1
atm as the standard state for gaseous CO2 and CO, the pure
liquid as the standard state for solvent THF, and 1 M as the
standard state for solutes except for Cl− (0.001 M) and H+

(10−14 M), and we note that such calculations are typically
reliable to ±0.30 V.46
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The calculated square scheme is shown in Scheme 2, which
is condensed to focus on processes with proton and CO2
present. In the scheme, the energetics of the electrochemical
processes are shown by the equilibrium reduction potentials
and that of chemical reactions by the standard Gibbs free
energy change (ΔG0).
According to our calculations, without the involvement of

protons, the 1/1− equilibrium reduction potential is −1.50 V.
Subsequently 1− can undergo dechlorination, though with

considerable energy cost (ΔG0 = +10.77 kcal/mol, with [Cl−]
= 0.001 M as the standard state). However, dechlorinated
species 2 has a strong tendency to dimerize to produce 2D
(ΔG0 = −21.35 kcal/mol), which may shift the equilibrium to
favor the dechlorination of 1−. Further, 2D can readily undergo
an additional one-electron reduction (E0 = −1.49 V) to
produce 2D−, suggesting both 2D and 2D− could both be
present at the potential applied to produce 1−. At a cathodic
potential of −2.11 V, 1− undergoes a concerted reduction and

Scheme 2. Abridged Square Scheme Calculated for 1 in THFa

aThe energetics of the electrochemical processes (horizontal) is shown by the reduction potential vs Ag/AgNO3, and that of the chemical reactions
(vertical) is shown by the standard Gibbs free energy change. We use 1 atm as the standard state for gaseous CO2 and CO, the pure liquid as the
standard state for solvent THF, and 1 M as the standard state for solutes except for Cl− (0.001 M) and H+ (10−14 M). We note that such
calculations are typically reliable to ±0.30 V or ±6.9 kcal/mol.
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dechlorination to produce 2−, an analogue of the active
catalysts for CO2 binding and reduction in Re(bpy)(CO)3Cl
and derivatives.14,16,22 Alternatively, 1− can be reduced to 12−

at a more negative potential (−2.39 V), and 22− readily
undergoes dechlorination to yield 2− (ΔG0 = −6.42 kcal/mol,
at [Cl−] = 0.001 M).
Our calculation showed that 1−, due to the pyrazinyl moiety,

is a strong Brønsted base, with a conjugated acid having a pKa
of 16.2 in THF. Thus, at pH = 14, 1 may undergo a proton-
coupled reduction to form 1H with an equilibrium reduction
potential of −1.34 V, more positive than the 1/1− potential. A
neutral radical, 1H can readily undergo another reduction at a
slightly more negative of −1.44 V to yield 1H−, which can also
undergo dechlorination to yield 2H with a significant
thermodynamic cost (ΔG0 = +17.89 kcal/mol). Alternatively,
1H− may undergo chloride substitution by the solvent, leading
to 2H-THF, with ΔG0 = +6.59 kcal/mol. Here, we assume
[H+] = 10−14 M as an estimate, which is the value for 0.10 M
phenol dissolved in THF (pKa = 27.8).47 This value is chosen
because 0.10 M phenol solution leads to a comparable shift in
the first reduction peak as the THF/water mixture (5% vol/
vol) under the CO2 atmosphere, where [H+] is difficult to
assess.48 The uncertainty in [H+] caused by this comparison
does not change our calculated results significantly, since
changing the pH value by one unit changes the chemical
potential of H+ by 1.36 kcal/mol (0.059 eV).
With CO2 present, adduct 3 can form from 2H with ΔG0 =

−8.45 kcal/mol or from 2H-THF with ΔG0 = +2.85 kcal/mol,
making the overall conversion of 1H− to 3 disfavored by ΔG0

= +9.44 kcal/mol. We note that despite 2H being N-
protonated, 3 as the stable form of its CO2-adduct is O-
protonated because of stronger Brønsted basicity of Re−
COO−.49 Meanwhile, 3 can be reduced to 3− at a potential (E0

= −1.47 V) close to that for the 1/1H and the 1H/1H−

couples (−1.33 and −1.44 V, respectively), suggesting that,
with a proton source and CO2 present, both 3 and 3− could
appear in solution at the potential applied to produce 1H. This
is truly remarkable considering that 3− is a reduction product
from 1 by three electrons. Production of CO and regeneration
of the catalyst can proceed through multiple pathways
consisting of protonation, reduction, and dehydration that
converge on a protonated tetracarbonyl species 4H. As lower-
energy pathways, 3− can undergo proton-assisted dehydration
to yield a tetracarbonyl species 4, followed by stepwise or
concerted protonation and reduction to produce 4H.
Alternatively, 3− may undergo further reduction concerted
with protonation and dehydration at a more negative potential
(E0 = −1.70 V) to produce tetracarbonyl species 4− and
subsequently its conjugated acid 4H. With assistance of the
solvent or CO2, 4H can subsequently release CO to regenerate
2H-THF or 3 with very little energy cost (ΔG0 = −0.61 and
+2.24 kcal/mol, respectively) to complete the catalytic cycle.
The calculated thermodynamics shown in Scheme 2 outlines

electrochemical pathways largely consistent with our CV
results. By comparing the reduction peaks observed in CV
measurements and the calculated values, we can tentatively
assign the observed reduction events, though with the caution
that the experimentally observed reduction peak positions are
not equilibrium potentials. The two reduction events observed
in argon can be attributed to the reduction of 1 to 1− and 1− to
2−, respectively, the latter accompanied by concerted
dechlorination. The observed peak positions (−1.40 and
−1.90 V, Figure 1a) within the error of calculations agree quite

well with the calculated equilibrium potentials for 1/1− (−1.50
V) and 1−/2− (−2.11 V). Such an assignment is consistent
with previously reported observations for Re(bpy)(CO)3Cl
and will be investigated further in the future.
In this manuscript, we focus on the electrochemical

processes in CO2 with Brønsted acid added, in which the
first observed reduction peak position (−1.30 V) agrees well
with the calculated equilibrium potential for the 1/1H couple
(−1.34 V), a proton-coupled reduction process as evidenced
by the position shift with added Brønsted acid. The neutral 1H
subsequently undergoes a one-electron reduction to produce
1H−, which has a calculated equilibrium potential close to that
of the 1/1H couple and, in practice, can merge with the 1/1H
reduction to produce the observed doubling of the peak
current. The second peak experimentally observed at −1.65 V
agrees well with the calculated equilibrium potential (−1.47 V)
for the 3/3− couple. An irreversible process coupled with a
preceding homogeneous chemical reaction (producing 3), the
3/3− reduction is affected by kinetic factors and its
experimental peak position may deviate significantly from its
equilibrium potential.50 Subsequent release of CO and
regeneration of the catalyst appears to agree with the reduction
of 3− concerted with protonation and dehydration to produce
4−. We speculate that such a proton-coupled reduction process
may be favored because the protonation and the reduction
both occur at the carboxylic acid moiety (Figure S-8).51 In
contrast, alternative pathways suggested by our calculations,
such as 3− → 4 → 4H, may occur at lower rates, which will be
further investigated in the future.

Calculations of CO Stretching Frequencies. To verify
the proposed pathway outlined in Scheme 2, we calculated the
CO stretching frequencies in all of the key intermediates to
examine the possibility of identifying them with infrared
spectroscopy. The infrared spectroelectrochemistry (IR-SEC)
technique has been widely applied to investigate reaction
intermediates produced under electrochemical potentials.22,52

In particular, high sensitivity of the CO stretching frequency to
the electronic environment at the metal centers leads to
characteristic spectra for chemical species derived from the
metal complexes.19,22,53 For this purpose, we calculated the
CO stretching frequency of all of the species in Scheme 2, and
the results are listed in Table 1. The vibrational frequencies
were calculated in an implicit solvent-corrected potential
energy surface, with the conductor-like polarizable continuum
model (CPCM) method34−37 to account for the solvation
energy in THF (ε = 7.25).
As detailed in the Supporting Information, to account for the

anharmonicity of CO stretching and any systematic error in
the frequency calculations, we have employed two error-
correction schemes, one additive and the other multiplicative,
by fitting experimental values reported for Re(bpy)(CO)3Cl
and its reduction products in THF.22 In the first scheme
(additive), an empirical correction constant of −81 cm−1 was
obtained, which was then applied to the calculated CO
stretching frequencies for all species derived from 1 (shown in
Table 1). An alternative approach is to linearly scale the
calculated CO stretching values with a multiplicative
correction factor (0.96023), which, as shown in the Supporting
Information, leads to almost the same values because of the
narrow spectral range of the CO stretching frequencies in
question. Remarkably, with the same correction, our
calculations could reproduce the observed IR frequencies
with agreement better than 15 cm−1, mostly within 10 cm−1,
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giving us great confidence in assigning the species based on our
calculations. The same correction was applied to C�O
stretching frequencies (in parentheses in the left column in
Table 1) as well for Re−COOH species (3 and 3−).
IR Spectroelectrochemistry Studies. We applied infra-

red spectroelectrochemistry (IR-SEC) to investigate the
reaction intermediates that formed when 1 (Figure 2)
undergoes sequential reduction processes without and with
proton present, respectively. As described in the experimental
details (Supporting Information), the IR spectroelectrochem-
istry (IR-SEC) studies were conducted with an air-tight,
transmission-mode thin-layer electrochemical (OTTLE) cell
equipped with a pair of CaF2 windows.54 In the cell the
working electrode is made of a Pt wire mesh (200 wires/cm).
Another Pt wire mesh (32 wires/cm) is used as the counter
electrode and an Ag wire (0.05 mm diameter) as a pseudo-
reference electrode. The reference electrode is placed ∼0.5
mm away from an edge of the working electrode mesh. The
cell was mostly masked so that the incident IR beam can only
go through the working electrode mesh. Solvent and
supporting electrolyte are the same as those used for the CV
measurements, and all solutions were prepared and loaded to
the cell under dry nitrogen in a glovebox. The IR spectra were
recorded with an FTIR spectrometer with a spectral resolution
of 2.0 cm−1. In the experiments, the potential was scanned with
a step size of −50 mV and held for 30 min for multiple spectra
to be measured. As a result of the slow scan in the potential,
the experiments can provide spectroscopic signature for
processes occurring near the electrodes or in the solution at
a much slower rate than those in the time scale of the CV
measurements.
Figure 2 shows the evolution of IR spectra obtained over a

range of 400 mV, starting from an initial potential that was
negative enough to produce spectral changes observable over a
30 min period. In the direction of increasingly negative

potential, the spectra are represented with black curves
changing to red then to blue, with the spectra in-between
represented with thin brown curves. In all three panels (under
(a) argon, (b) argon with phenol, (c) CO2 with D2O), the
black curves belong to the starting material 1, in which three
major peaks (2019, 1915, 1876 cm−1) are observed together
with a shoulder at 1893 cm−1 (marked by the black arrow in
Figure 2a). Concentration-dependent IR measurements
(Figure S-9) showed that the 2019, 1915, and 1893 cm−1

peaks are due to monomeric 1 (A′(1), A′(2), and A″ normal
modes, respectively), which have excellent agreement with
calculated values (Table 1), and that the peak at 1876 cm−1 is
due to aggregates of 1 in the solution. Under the argon
atmosphere (Figure 2a), when reduction starts to occur, major
peaks at 2013, 1908, and 1890 cm−1 develop with two minor
ones at 2001 and 1875 cm−1, respectively (red curve). Under a
more negative potential, two strong peaks appear at 1977 and
1940 cm−1, with a broad feature between 1876 and 1842 cm−1.
Comparison with calculated results in Table 1 shows that the
2013, 1908, and 1890 cm−1 peaks agree remarkably well with
the calculated values for 1H, and the 2001 and the 1875 cm−1

peaks agree with 1.− The presence of the protonated 1H even
when no water was intentionally added can be attributed to
residual water in the solution or extraction of proton from the
electrolyte TBAPF6,

55 which is often encountered.56 The peaks
at 1977, 1940, 1876, and 1842 cm−1 can be assigned to the
dimeric 2D,

−showing that 1 upon the one-electron reduction
can slowly release the chloride, similar to Re(bpy)(CO)3Cl.

57

Presence of 2D− is consistent with Scheme 2, which shows that

Table 1. Calculated Carbonyl Stretching Frequencies for
Species in Scheme 2 and Assignment of Experimental
Frequenciesa

species calculated (cm−1) experimental (cm−1)

1 2016, 1912, 1897 2019, 1915, 1893
1− 2005, 1896, 1882 2001, 1893, 1875
12− 1982, 1865, 1855
1H+ 2021, 1923, 1906
1H 2015, 1911, 1895 2013, 1908, 1890
1H− 2008, 1898, 1883 2001, 1890, 1876
2 1996, 1896, 1887
2− 1938, 1839, 1835
2H 2034, 1929, 1915
2H-THF 2029, 1917,1913
2D 1991, 1958, 1898, 1878, 1866
2D− 1979, 1945, 1886, 1864, 1851 1977, 1940, 1876, 1865, 1842
3 2008, 1906, 1897, (1621) 2001, 1908, 1890, (1620 br.)
3− 1998, 1892, 1881, (1630) 1998, 1883, 1870, (1620 br.)
4+ 2124, 2014, 2008, 1967
4 2108, 1994, 1980, 1938
4− 2099, 1982, 1960, 1916

aThe calculated values were obtained after the correction described in
the text. In parentheses are calculated C�O stretching frequencies,
and in italic are peaks that are anticipated from the calculations yet
cannot be identified with high certainty due to overlap with those of
other species.

Figure 2. IR-SEC spectra of 1 in dry THF in (a) argon, (b) argon
with phenol, and (c) CO2 and D2O. The potential was increasingly
more negative in the order of black, red, and blue curves. Marked by
the arrow in (a) at 1893 cm−1 is the peak belonging to monomeric 1.
In the inset in (c) are the spectra between 1500 and 1750 cm−1, and
the peak at 1780 cm−1 is residual solvent peak.
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1− can readily dimerize and the dimer 2D can be further
reduced to produce 2D− at the potential applied to produce
1−.
With phenol as a Brønsted acid under argon (Figure 2b),

when reduction occurs, the spectrum is dominated by 1H (red
curve). Under a more negative potential (blue curve) dimeric
2D− was observed though in a much smaller amount. This
agrees with Scheme 2, which shows dechlorination and the
subsequent dimerization of 1H is thermodynamically less
favored. Meanwhile, a minor peak appears at 2001 cm−1, which
agrees well with the calculated A′(1) mode in either 1− or 1H−

(Table 1). However, based on its intensity relative to those of
2D− in the spectra, we believe that 1H− is the major species
responsible because of the strong tendency of 1− to protonate
and to form dimeric species over the comparable time
duration. The two lower-frequency modes of 1H−, expected
at 1898 and 1883 cm−1, respectively, overlap with peaks in 1H
and 2D−. This is consistent with our calculations that, under
the applied potential, 1H can be readily reduced to 1H−, and
with the peak current doubling in our CV measurements.
Under a CO2 atmosphere with D2O added as a Brønsted

acid (Figure 2c), when reduction occurs an intense peak at
2001 cm−1 appears besides those assigned to 1H. Meanwhile,
the peak at 1890 cm−1 that belongs to 1H grows in intensity,
indicating contribution from an additional species. Even
though our calculation showed 1−, 1H−, and 3 (Table 1) all
have peaks near 2001 and 1890 cm−1, we believe it is the most
reasonable under the reaction condition to assign them to 3.
The 2001 cm−1 peak here has much a higher intensity than
that in Figure 2a or Figure 2b, indicating the high stability of
the species under these conditions. And dimeric 2D− would
have been expected in equilibrium with 1− or 1H− but is not
present. Further, this is consistent with the broad peak
appearing at 1620 and 1660 cm−1, respectively (inset in Figure
2c) that indicates covalent binding of CO2 and formation of
metallocarboxylic species. Compound 3 may form through 2H
reacting with CO2, or directly from 1H− through substitution
of the chloride by CO2, in both cases followed by protonation
of the Re−COO− and deprotonation of the pyrazinyl nitrogen.
At a more negative potential (blue curve) appears a peak at
1998 cm−1 with two broad ones at 1883 and 1870 cm−1,
respectively. By comparing with our calculated results, they can
be assigned to 3−, which forms from 3 because the applied
potential is approaching the equilibrium potential for 3/3−.
Further decreasing the applied potential only leads to
broadening of the peaks assigned to 3− with no tetracarbonyl
or other species observed, presumably because of their high
reactivity under the experimental conditions.
With the IR peaks assigned, our IR-SEC measurements

largely confirm the calculated electrochemical pathway out-
lined in Scheme 2. Key species 1H, 1H−, 3, and 3− have been
identified spectroscopically, outlining a previously unknown,
lower-energy reaction pathway that decreases CO2 reduction
overpotential. Remarkably, to our best knowledge, it is the first
time that rhenium−carboxylic acid (Re−COOH) species 3
and 3− were observed in the presence of proton and CO2
under an applied potential, though a dimethyl bipyridyl
analogue of 3 was previously synthesized and isolated.58

Roles of Pyrazinyl Nitrogen. Our work reveals that, due
to the pyrazinyl moiety in the diimine ligand, the CO2
activation pathway by 1 is drastically different from that
generally accepted for Re(bpy)(CO)3Cl. Figure 3 summarizes
the proton-coupled pathway revealed in this work (orange

lines), showing the Gibbs free energy change of each step at an
applied potential that is equal to the equilibrium potential for
the 1/1H couple (−1.33 V). For comparison, a hypothetical,
unprotonated pathway from 1 is also shown based on the
pathway for Re(bpy)(CO)3Cl (Figure 3, blue lines), in which
proton is not involved until the last steps.57 In the figure
represented with the dashed lines are high-energy intermedi-
ates that are bypassed through other, lower-energy pathways,
i.e., 2H, the dechlorinated product of 1H−, bypassed by
solvent-assisted dechlorination (via 2H-THF), and 12− by
concerted reduction-dechlorination. At each step, the proton-
coupled pathway is lower in energy by 2.303 RT(pKa − pH),
where pKa is for the conjugated acid of the intermediates.
Clearly, in the unprotonated pathway, producing 2− through
concerted reduction-dechlorination requires the most negative
electrochemical potential and determines the CO2 reduction
overpotential.57 In contrast, in the proton-coupled pathway, it
is the formation of 4,− through which catalyst regeneration
occurs, that requires the most negative potential. For the initial
catalyst activation, proton-coupled first reduction makes the
second reduction occur much more readily (−1.44 V vs −2.11
V). Though requiring more negative potential to regenerate
the catalyst, the proton-coupled pathway overall leads to a
lower CO2 reduction overpotential. We note that N-
protonation in reduced metal complexes with polypyridyl
ligands that contain additional noncoordinating pyrazinyl or
pyrimidinyl moieties has been previously investigated.59−62 In
those cases, the protonation modifies the electronic structures
of the complexes yet not to the extent of altering catalytic
pathways like in the case of 1.
The importance of the protonation at pyrazinyl nitrogen in

the proton-coupled pathway makes the conjugation size of the
diamine ligand an important parameter for the CO2 reduction.
Nitrogen atoms in the one-electron reduced catalyst adopt the
sp3-configuration, and the basicity is greatly affected by
delocalization of the nitrogen lone electron pair over the
aromatic framework. Increasing the conjugation size in the
arylamines lowers the energy of delocalized electronic levels,
shifting electron density to the conjugated system and
decreasing the electron density and hence the basicity of the
pyrazinyl nitrogen. Such a trend has been experimentally
demonstrated in the basicity of small molecular arylamines. For
example, pKa for the conjugate acid of aniline in water is 4.62,
for 1-naphthylamine is 3.92,63 and for amino-pyrene is 3.6.64

Thus, for Re complexes with diamine ligands of increasing size,
the energetic advantage of the proton-coupled pathway over
the unprotonated one will decrease.
The lower energy of delocalized electronic levels that

decreases basicity at the pyrazinyl nitrogen atoms will also
decrease the electron density at the coordinating nitrogen in
the diimine ligand, impacting the activation of the catalyst and
the subsequent catalytic cycle. Such an effect was previously

Figure 3. Comparison between the calculated energetics of the
proton-coupled (orange lines) and unprotonated (blue lines)
pathways for CO2 activation at the equilibrium potential to produce
1H (−1.33 V).
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reported with Re(diimine)(CO)3Cl complexes that the
electron density transferred to the coordinating nitrogen
atoms upon electrochemical reduction is crucial to the
labilization of the halide.65 Thus, a diimine ligand with a
larger conjugation size will make the dechlorination more
difficult for the catalyst activation. Meanwhile, the decreased
electron density at the coordinating nitrogen decreases the
nucleophilicity of the Re center after the dechlorination,
hindering the binding of CO2 and its subsequent reduction to
CO. This agrees with the sufficient stability of 1H−, 3, and 3−

for the spectroscopic detection in our studies, as well as the
turnover frequency of 1 being nearly an order of magnitude
lower than Re(bpy)(CO)3Cl.

56

Heterogenization of the Re(bpy)(CO)3Cl with a pyrazinyl
linkage (A in Scheme 1) can be considered as an analogue of 1
in an extreme case with a graphene of infinite size, and we can
speculate the roles of the pyrazinyl nitrogen in the catalysis
based on the insights obtained with 1. Because of the tendency
of electron delocalization, with one electron added to the
system basicity of the pyrazinyl nitrogen is expected to be too
low to direct the catalysis along the proton-coupled pathway.
Meanwhile, the electron delocalization decreases the electron
density at the coordinating nitrogen in the diimine ligand,
impacting the activation of the catalyst and the subsequent
catalytic cycle. Adding more electrons to the system can
overcome such effects. The spilling of electron density from
the graphene to the pyrazinyl nitrogen can turn on the proton-
coupled pathway, though requiring a more negative potential
that may not be significantly different from that needed for
Re(bpy)(CO)3Cl.

■ CONCLUSIONS
Here, we show a conjugated pyrazinyl moiety in the diamine
ligand for the fac-Re(α-diimine)(CO)3Cl complexes opens a
proton-coupled, lower-energy pathway for electrocatalytic CO2
reduction. Proton-coupled first reduction of complex 1 yields a
neutral radical species and makes the second reduction occur
much more easily. As a result, CO2 is selectively reduced to
CO at a lower overpotential. Because the pathways hinge on
the basicity of the pyrazinyl nitrogen, we propose it as a factor
that imposes a constraint on the conjugation size of the ligand
for the pathway to be effective. Increasing the size of the ligand
will also decrease the electron density in the diimine that
chelates to the metal center, making catalyst activation more
difficult and decreasing the catalytic reaction rate. Our results
provide important insights regarding electronic coupling
between graphitic carbon electrodes with covalently immobi-
lized molecular catalysts. In addition, we believe the proton-
coupled reduction introduced by the pyrazinyl moiety is a
general approach to lower reduction overpotential for other
catalytic systems, and work is ongoing to test this hypothesis.
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