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ABSTRACT: A series of four electron-deficient-substituted
Re(I) pyridyl N-heterocyclic carbene (pyNHC) complexes
have been synthesized, and their electrocatalytic reduction of
CO, has been evaluated by cyclic voltammetry and controlled
potential electrolysis experiments. All of the catalysts were
evaluated by cyclic voltammetry under inert atmosphere and
under CO, and compared to the known benchmark catalyst
Re(bpy)(CO);Br. Among the four Re-NHC catalysts, Re-
(pyNHC-PhCF;)(CO);Br (2) demonstrated the highest
catalytic rate (ic/i,)” at the first and second reduction events
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with a value of 4 at the second reduction potential (TOF = 0.8 s™"). The rate of catalysis was enhanced through the addition of
proton sources (PhOH, TFE, and H,0O; TOF up to 100 s7%; (ic,/ ip)2 = 700). Controlled potential electrolysis shows Faradaic
efficiencies (FE) for CO production and accumulated charge for the Re(pyNHC-PhCF;)(CO);Br catalyst exceed those of the
benchmark catalyst in the presence of 2 M H,0 (92%, 13 C at 1 h versus 61%, 3 C for the benchmark catalyst) under analogous
experimental conditions. A peak FE of 100% was observed during electrolysis with Re(pyNHC-PhCF;)(CO);Br.

H INTRODUCTION

Efficient catalytic conversion of CO, is a critical need with
many reduced products, including CO, having potential fuel
uses.' ™ One electron reduction of CO, to CO,*” is an
energetically demanding process (—1.97 V vs NHE in DMF);
however, multiple electron reduction pathways are available at
substantially lower potentials (HCO,H at —0.61 V, CO at
—0.53 V, HCHO at —0.48 V, CH;OH at —0.38 V, and CH, at
—0.24 V vs NHE).° The use of a catalyst to facilitate the
multielectron reduction of CO, is useful in overcoming slow
rates, minimizing the overpotential required for catalysis, and
controlling product selectivities.” >

Recently, we demonstrated the photocatalytic activity of a
Re-NHC-based catalyst for the conversion of CO, to CO under
solar-simulated irradiation and found electron-withdrawing
substituents improved catalysis.'' The Re(PyNHC-PhCF,)-
(CO);Br catalyst reported therein was briefly analyzed via
cyclic voltammetry for electrocatalytic CO, reduction. Interest-
ingly, a catalytic current increase was observed at the first
reduction potential, which could lead to lower overpotentials
when compared to many Re-based catalysts that reduce CO, at
the second reduction potential.””****> We hypothesized that the
electron-rich nature of the NHC ligand allows for the donation
of an electron from the NHC motif in addition to the electron
on the reduced complex to deliver two electrons to CO, as is
required for the CO production observed (Figure 1). While the
addition of an electron-rich NHC ring in place of a pyridine
group increases the energy required for the first reduction,
catalysis at the first reduction potential rather than the second
reduction potential may lead to overall lower overpotentials for
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Figure 1. A general proposed scheme for the electrocatalytic
conversion of CO, to CO, where a Re(L) catalyst reduces CO,
after the first reduction of the catalyst. Two proton transfers are
understood with an added proton source, but are not explicitly
denoted when they occur above.

catalysis. With the goals of lowering overpotentials and
evaluating catalytic rate effects, we sought to introduce strongly
electron-withdrawing substituents near the NHC ring. Herein,
we report analysis of the electrocatalytic properties of the
Re(PyNHC-PhCF;)(CO);Br catalyst under various conditions
and the effect on catalysis by varying electron-withdrawing
groups (—NO,, —CN, bis(CF;)) on the NHC-aryl substituent.

Our previous studies have shown that an electron-with-
drawing trifluoromethyl group on the pyridyl N-heterocyclic
carbene (PyNHC) ligand promotes photocatalysis and
modestly reduces overpotentials in electrocatalysis. Encouraged
by these results, we have targeted catalysts with different
electron-withdrawing substituents in place of the PhCF; group
on Re(pyNHC-PhCF,;)(CO);Br (2), including p-PhNO, (3),
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p-PhCN (4), and Phbis(m-CF;) (S), to study the effects of
these electron-withdrawing groups on electrocatalytic over-
potentials and rates (Figure 2). Catalysts 3 and 4 were selected
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Figure 2. Structures of benchmark Re(bpy)(CO);Br (1) and target
Re(pyNHC-aryl) catalysts (2—5) with variable electron-withdrawing
groups on the pyNHC-aryl ligand (2—5).

to evaluate the effects of resonance active electron-withdrawing
groups, while catalysts 2 and § incorporate strong inductively
withdrawing substituents.

B EXPERIMENTAL SECTION

General Information. All commercially obtained reagents were
used as received. Unless otherwise noted, all of the reactions were
conducted under a N, atmosphere. Thin-layer chromatography (TLC)
was conducted with sigma T-6145 precoated TLC silica gel 60 F,s,
polyester sheets and visualized with UV and potassium permanganate
staining. Flash column chromatography was performed with
SilicaFlash P60, 40—63 pm (230—400 mesh). '"H NMR spectra were
recorded on a Bruker Avance-300 (300 MHz), Bruker Avance DRX-
500 (500 MHz) spectrometer, and reported in ppm using solvent as
an internal standard (CDCl, at 7.26 ppm). Data were reported as s =
singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet,
b = broad, ap = apparent; coupling constants were in hertz.
Compounds 6—11 are commercially available. 4-(1H-Imidazol-1-
yl)benzonitrile (12) is available via a previously reported procedure.*®
1-(3,5-Bis(trifluoromethyl)phenyl)-1H-imidazole (13) is available via a
previously reported procedure.”” Syntheses of 3-(pyridin-2-yl)-1-(4-
(trifluoromethyl)phenyl)-1H-imidazol-3-ium bromide (14) and fac-{3-
(4-trifluoromethylphenyl)-1-(2’-pyridyl)imidazolin-2-ylidene}
tricarbonylbromorhenium(I) (2) are available through previously
reported procedures; however, an improved synthetic protocol for 14
is given below."" Additional experimental information on cyclic
voltammetry experiments, controlled potential electrolysis experi-
ments, additional electrochemical data, and NMR data is available via
the Supporting Information. All potential values are reported versus
NHE (Fc/Fc* = 0.4 V vs SCE; SCE — 024 V = NHE).*

3-(Pyridin-2-yl)-1-(4-(trifluoromethyl)phenyl)- 1H-imidazol-3-ium
Bromide (14). Into a flame-dried flask connected to a reflux condenser
were added 1-(4-(trifluoromethyl)phenyl)-1H-imidazole (10) (200
mg, 0.94 mmol), 2-bromopyridine (0.18 mL, 1.88 mmol), and
anhydrous DMF (1 mL). The mixture then was degassed with N, for
30 min and stirred with reflux under a N, atmosphere. After 2 days, the
reaction mixture was cooled to room temperature to form a solid. The
filtered solid was dissolved in dichloromethane and reprecipitated with
diethyl ether to give a brown microcrystalline solid (99%). '"H NMR
(300 MHz, CDCl,): 6 12.47 (s, 1H), 9.33 (d, ] = 7.9 Hz, 1H), 8.58—
8.38 (m, 2H), 8.37 (d, J = 8.0, 2H), 8.17—8.13 (m, 1H), 7.95 (d, ] =
8.0 Hz, 2H), 7.79 (s, 1H), 7.55—7.51 (m, 1H) ppm.

1-(4-Nitrophenyl)-3-(pyridin-2-yl)- 1H-imidazol-3-ium Bromide
(15). Into a flame-dried pressure vial were added 1-(4-nitrophenyl)-
1H-imidazole (11) (250 mg, 1.32 mmol) and 2-bromopyridine (0.25
mL, 2.64 mmol). The neat mixture was stirred at 175 °C, and the
reaction was monitored using 'H NMR. After 1 day the reaction
mixture was cooled to room temperature to form a solid. The filtered
solid was dissolved in 1% methanol:dichloromethane and reprecipi-
tated with diethyl ether to give a brown microcrystalline solid (96%).
"H NMR (500 MHz, CDCL,): § 12.73 (s, 1H), 7.35 (d, ] = 3.6, 1H),
8.60—8.48 (m, 6H), 8.17 (t, J = 7.6, 1H), 7.79 (s, 1H), 7.55 (dd, J =
4.7, 3.1 Hz, 1H) ppm. *C NMR (125 MHz, DMSO): § 149.9, 148.4,
146.6, 141.2, 139.6, 135.8, 126.2, 126.0, 124.0, 122.7, 120.7, 115.3
ppm. IR (neat, cm™): 3080, 3015, 1555, 1525, 1290, 854, 780, 74S.
HRMS (ESI) m/z calculated for C,,H;;N,O," ([M — Br]*) 267.0882,
found 267.0872.
1-(4-Cyanophenyl)-3-(pyridin-2-yl)-1H-imidazol-3-ium Bromide
(16). Into a flame-dried pressure vial were added 12 (250 mg, 1.32
mmol) and 2-bromopyridine (0.30 mL, 2.96 mmol). The neat mixture
was stirred at 175 °C, and the reaction was monitored using 'H NMR.
After 1 day the reaction mixture was cooled to room temperature to
form a solid. The filtered solid was dissolved in dichloromethane and
reprecipitated with diethyl ether to give a brown microcrystalline solid
(83%). '"H NMR (300 MHz, DMSO-d,): § 10.76 (s, 1H), 8.80 (s,
1H), 8.73 (d, J = 4.6 Hz, 1H), 8.68 (s, 1H), 8.33—8.18 (m, 6H), 7.72
(dd, J = 5.0, 2.1, 1H) ppm. *C NMR (125 MHz, DMSO): § 149.8,
146.6, 1412, 138.3, 135.5, 134.8, 126.17, 123.6, 122.5, 120.7, 1183,
1154, 113.1 ppm. IR (neat, cm™'): 3045, 3010, 2224, 1602, 1545,
1469, 1436, 1262, 841, 782. HRMS (ESI) m/z calculated for
CiHyN,* ([M — Br]*) 247.0984, found 247.0943.
1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyridin-2-yl)- 1H-imidazol-3-
ium Bromide (17). Into a flame-dried flask connected to the reflux
condenser were added 13 (200 mg, 0.71 mmol) and 2-bromopyridine
(0.14 mL, 1.43 mmol), DMF (~1 mL), then it was stirred to reflux,
and the reaction was monitored using '"H NMR. After 2 days, the
reaction mixture was cooled to rt to form a solid. The solid then was
dissolved in dichloromethane and reprecipitated with ether to give a
brown microcrystalline solid (81%). 'H NMR (500 MHz, CDCL,): §
12.55 (s, 1H), 9.21 (d, J = 8.3 Hz, 1H), 8.72 (s, 2H), 8.63 (t, ] = 1.6
Hz, 1H), 8.57 (dd, ] = 3.7 Hz, 1H), 8.15—8.12 (m, 1H), 8.10 (s, 1H),
7.92 (s, 1H), 7.54 (dd, ] = 4.5, 2.7 Hz, 1H) ppm. *C NMR (125 MHz,
CDCL,): 5 149.9, 146.6, 141.3, 136.6, 136.1, 132.4, 132.1, 126.3, 124.6,
1243, 1232, 122.1, 120.4, 115.2 ppm. IR (neat, cm™): 3151, 3010,
2942, 2827, 2249, 1595, 1364, 1279, 1126. HRMS (ESI) m/z
calculated for CsH;oFgN;" ([M — Br]*) 358.0779, found 358.0727.
fac-{3-(4-Nitrophenyl)-1-(2'-pyridyl)imidazolin-2-ylidene}
Tricarbonylbromorhenium(l) (3). To a flame-dried flask equipped
with a reflux condenser were added 15 (0.1 g, 0.29 mmol), Re(CO)Br
(0.12 g 029 mmol), triethylamine (0.4 mL, 2.88 mmol), and
anhydrous, degassed toluene (S mL). The mixture was refluxed under
a N, atmosphere overnight. The reaction mixture then was cooled to
room temperature, and toluene was removed under reduced pressure.
The crude product was purified through silica gel column by using 2%
acetone:ethyl acetate to give a yellow crystalline solid of 3 (40%). The
isolated compound was found to immediately change color upon
standing to a green-brown color. "H NMR (300 MHz, CDCL;): 6 8.96
(d, ] = 4.6 Hz, 1H), 8.48 (d, ] = 8.8 Hz, 2H), 8.13—8.07 (m, 1H), 7.97
(d, ] = 89 Hz, 2H), 7.82 (d, ] = 1.9 Hz, 1H), 7.70-7.68 (m, 1H),
7.42—7.36 (m, 2H) ppm. IR (neat, cm™"): 2956, 2925, 2856, 2362,
2336, 2018, 1920, 1892, 1612, 1526, 1487, 1346. HRMS (ESI) m/z
calculated for C;;H;,BrN,OsReCs ([M + Cs]*) 748.8429, found
748.8687.
fac-{3-(4-Cyanophenyl)-1-(2'-pyridyl)imidazolin-2-ylidene}
Tricarbonylbromorhenium(l) (4). To a flame-dried flask equipped
with a reflux condenser were added 16 (0.04 g 0.123 mmol),
Re(CO);Br (0.05 g, 0.123 mmol), triethylamine (0.2 mL, 1.23 mmol),
and anhydrous, degassed toluene (2 mL). The mixture was refluxed
under a N, atmosphere overnight. The reaction mixture then was
cooled to room temperature, and toluene was removed under reduced
pressure. The crude product was purified through a silica gel plug by
using ethyl acetate — 2% acetone:ethyl acetate to give a pale yellow
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Scheme 1. Synthetic Route To Obtain Desired Re(pyNHC-aryl)(CO);Br Catalysts 2—5
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“Reaction conditions: (i) Cul, imidazole, K;PO,, DMF, 130 °C, yields, 10 commercial, 11 commercial, 12 14%, 13 88%; (ii) 2-bromopyridine,
DMF, reflux, yields, 14 99%, 17 81%; (iii) 2-bromopyridine, 160 °C, yields, 15 96%, 16 34%; (iv) Re(CO):Br, NEt;, toluene, reflux, yields, 2 56%, 3

40%, 4 95%, 5 36%.

crystalline solid of 4 (95%). '"H NMR (300 MHz, acetone-dy): § 9.02
(d, ] = 47 Hz, 1H), 8.57 (d, ] = 2.0 Hz, 1H), 8.41-8.31 (m, 2H),
8.15—8.06 (m, 4H), 7.95 (d, ] = 2.2 Hz, 1H), 7.64—7.60 (m, 1H) ppm.
BC NMR (75 MHz, CD,CN): § 197.1, 196.0, 192.2, 188.1, 153.6,
152.9, 142.9, 142.0, 134.4, 133.9, 127.7, 124.5, 124.1, 123.0, 117.5,
1132 ppm. IR (neat, cm™"): 2925, 2856, 2233, 2017, 1918, 1890,
1611, 1487, 1427, 1318. HRMS (ESI) m/z calculated for
CysH;oBrN,O;ReCs ([M + Cs]*) 728.8531, found 728.8516.
fac-{3-(3,5-Bis(trifluoromethyl)phenyl)-1-(2'-pyridyl)imidazolin-2-
ylidene} Tricarbonylbromorhenium(l) (5). To a flame-dried flask
equipped with a reflux condenser were added 17 (0.051 g, 0.123
mmol), Re(CO);Br (0.0S g, 0.123 mmol), triethylamine (0.2 mL, 1.23
mmol), and anhydrous, degassed toluene (2 mL). The mixture was
refluxed under a N, atmosphere overnight. The reaction mixture then
was cooled to room temperature, and toluene was removed under
reduced pressure. The crude product was dissolved in dichloro-
methane and precipitated by adding diethyl ether to give a pale yellow
crystalline solid of 5 (36%). "H NMR (300 MHz, CDCL,): § 8.98 (d, ]
= 5.3 Hz, 1H), 8.29 (s, 2H), 8.15—8.09 (m, 2H), 7.82 (s, 1H), 7.69 (d,
J = 82 Hz, 1H), 7.42—-7.35 (m, 2H) ppm. *C NMR (125 MHz,
CD,CN): § 197.0, 196.5, 192.9, 188.0, 1537, 152.9, 142.0, 140.8,
132.6, 132.2, 1280, 1247, 124.2, 123.6, 121.9, 118.0, 1133 ppm. IR
(neat, cm™"): 2940, 2666, 2361, 2336, 2018, 1919, 1892, 1614, 1474,
1279, 1179, 1138. HRMS (ESI) m/z calculated for
C,oHoBrF{N;0;ReCs ([M + Cs]*) 839.8326, found 839.8410.

B RESULTS AND DISCUSSION

Catalyst Synthesis. The synthesis of Re(PyNHC)
complexes is well-established with several reported protocols
available.”* ™ In this study, we utilized known procedures to
rapidly generate the target catalysts (Scheme 1). Briefly, the
synthesis of catalysts 2—5 starts with a Cu(I)-catalyzed
coupling of commercially available imidazole to the appropri-
ately substituted phenyl bromide (6—9) to obtain compounds
10—13 (Scheme 1). Heating 10—13 with neat 2-bromopyridine
gives intermediates 14—17 by nucleophilic aromatic substitu-
tion in moderate to excellent yields. This procedure gave
reduced yields of 14 and 17 (<10%) due to sublimation of 10
and 13. However, addition of a solvent (DMF) and refluxing
the 2-bromopyridine with aryl imidazole gave the desired 14
and 17 in high yield (>80%). Soft deprotonation of the
imidazolium salt in the presence of Re(CO)Br and triethyl-
amine gave the final catalysts 2—5 in excellent to moderate
yields (95%—35%). Notably, purification of all catalysts was
performed in air by silica gel chromatography. Of this series,
only catalyst 3 was not amenable to these conditions as
decomposition was observed in going from a yellow to darker
green solid in solutions open to air on the time scale of
minutes.

Electrochemical Studies. With catalysts 2—S in hand,
cyclic voltammetry was performed to determine the reduction
potentials of each system under N,. The thermodynamic
potential for CO, reduction to CO has been estimated to be
around —0.5 V (vs NHE) in the presence of carbonic acid
formed from CO, and H,O as the strongest acid in solution
with an assumed pK, of 17 in acetonitrile.'”'**"** We stress
that this value is only an estimate as the value has been derived
through thermodynamic cycles with inputs from the Nernst
equation or DFT calculations. Our experiments throughout this
article are not performed under buffered conditions (1:1
acid:conjugate acid), which will clearly effect the estimated
standard reduction potential.”> However, an estimate of this
potential is useful when evaluating the potential utility of new
catalysts. With a reduction potential more negative than —0.5 V
vs NHE, catalytic activity is estimated to be thermodynamically
favored. The measured onset of the first reduction potentials of
2—5 occurs over a narrow range from approximately —1.25 to
—1.30 V vs NHE (Table 1). The second reduction potentials
were again found to vary by approximately 50 mV from —1.70
to —1.75 V vs NHE, which illustrates modest tunability of the
catalyst reduction potentials by modifications to the aryl group
substituent. Catalyst 2 appears to have the lowest energy
reduction potential for the first wave, while catalyst $ has the
lowest energy reduction potential for the second wave. The

Table 1. Cyclic Voltammetry Properties of Catalysts 2—3$
under N, and CO,”

E s/s—) E(s—/sz—) (icatl/ TOF (5_1) TOF (S_l)
catalyst ZV) (v 1) peak 1 (i/ip)®  peak 2
1 -0.95 —1.30 1 0.3 10 2
2 -1.25 -1.75 3 0.6 4 0.8
4 —1.30 —-1.78 2 0.3 2 0.3
S -1.30 -1.70 2 0.4 2 0.4

“All estimated reduction wave onset values are reported versus NHE
under N, and rounded to the nearest 0.05 V. Values are measured in
MeCN (1 mM cat.), 0.1 M n-Bu,NPF; electrolyte with a glassy carbon
working electrode, platinum counter electrode and platinum pseudo-
reference electrode with ferrocene as the internal standard. All the
scans are performed at 100 mV/s. i, and i, are the peak catalytic
currents at the first and second reduction waves under a CO,
atmosphere, respectively. i, is the peak current under an N,
atmosphere and is denoted as the first or second reduction peak.
Given the deviation from ideal S-shaped curves in the cyclic
voltammetry measurements all (i,/ ip)z values and all TOF values
are estimates of catalytic rates and are reported to a single significant
figure throughout this manuscript.**
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Figure 3. CV curves for the catalysts 1—2 and 4—5, measured in acetonitrile with 0.1 M n-Bu,NPF; electrolyte under N, (black) and CO, (red)
atmosphere. Glassy carbon working electrode, platinum counter electrode, and platinum pseudoreference electrodes are used for the measurements
with ferrocene as the internal standard and a scan rate of 100 mV/s. All potential values are reported versus NHE (Fc/Fc" = 0.4 V vs SCE; SCE —

0.24 V = NHE).*

values are estimated from onset reduction potentials as the first
and second reductions are irreversible under these conditions.
Catalyst 3 was found to be unstable in solution, and
decomposition was evident in the CV before a single scan
could be obtained (Figure S1). The solution stable catalysts
were all found to have thermodynamically favorable reduction
potentials for the 2-electron reduction of CO, to CO.
Comparing NHC-catalysts 2, 4, and § with benchmark
bipyridyl catalyst 1, both the first and the second reduction
potential onsets vary by 300—350 mV more negative relative to
catalyst 1.

All estimated reduction wave onset values are reported versus
NHE under N, and rounded to the nearest 0.05 V. Values are
measured in MeCN (1 mM cat.), 0.1 M n-Bu,NPF; electrolyte
with a glassy carbon working electrode, platinum counter
electrode, and platinum pseudoreference electrode with
ferrocene as the internal standard. All of the scans are
performed at 100 mV/s. i and i, are the peak catalytic
currents at the first and second reduction waves under a CO,
atmosphere, respectively. i, is the peak current under an N,
atmosphere and is denoted as the first or second reduction
peak. Given the deviation from ideal S-shaped curves in the
cyclic voltammetry measurements, all (im/ip)2 values and all
TOF values are estimates of catalytic rates and are reported to a
single significant figure throughout this Article.”

Cyclic voltammetry was performed under a CO, atmosphere
to observe any catalytic current increases and to quantify the
rates of the catalyst through comparison to peak current values
(i,) under inert atmosphere through the equation (i/i,)*
where i, is the peak catalytic current value under CO, (Figure
3). The (ig/i,)* term is used directly in the derived TOF

equation where the remaining equation variables are constants
and catalyst or substrate concentrations held constant. The
calculated TOF values are reported in addition to the (i,/ ip)2
values.”> Despite relatively small shifts in reduction potentials
across the catalyst series, the catalytic rates and curve shapes for
CO, reduction varies significantly based on the NHC
substituent. The highest catalytic rate is observed for the
Re(pyNHC-PhCF;)(CO);Br catalyst (2) with an (ic,/i,)* of 3
at the first and 4 at the second reduction wave. CO, reduction
(ieae/ ip)2 values at the first reduction waves proceeded as
follows: 2 > § > 4 ranging from 3 to only slightly catalytic at 2.
The catalysts show modest changes in (i.,,/ ip)2 values between
the first and second reduction waves with catalyst 2 showing a
significant increase from 3 to 4. Comparing catalysts 2 and §
with benchmark catalyst 1, the difference in overpotential at
which catalysis occurs is very similar (<50 mV difference) even
though both the first and the second reduction potential onsets
vary by 300—350 mV. This is the result of catalysts 2, 4, and §
all showing catalytic current increases at the first reduction
wave, while benchmark catalyst 1 shows catalysis at the second
reduction wave only. As catalyst 2 gave the highest (ic,/i,)
values in this series with a comparable CO, reduction
overpotential, we selected this catalyst for more thorough
electrochemical analysis with various protic additives (water,
trifluoroethanol, phenol). CVs of 2 as a function of scan rate,
under both N, and CO, atmospheres, confirm the diffusional
nature of this system as peak currents are linear versus the
square root of the scan rate (Figures S2—SS). Turnover
frequencies (TOF) were determined for catalyst 2 from cyclic
voltammetry in the presence of CO, and with added proton
sources as previously described by Kubiak and co-workers.*
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Given earlier reports regarding dimerization of Re bipyridyl
catalysts, we examined catalysis with 2 as a function of catalyst
concentration.”” Catalytic current at both the first and the
second reductions is linear versus [2], consistent with catalysis
that is first order in Re complex (Figures S6 and S7). The
reaction is presumed second order in acid based on previous
studies of Re bipyridyl catalysts.””**

Proton Source Evaluation: Phenol. Proton sources are
known to enhance CO, reduction rates; however, controlling
selectivity for reduction of CO, in the presence of H' is
challenging for many catalysts. We chose to evaluate three acid
sources via cyclic voltammetry with increasing acidity: water
(H,0, pK, 15.7) < trifluoroethanol (TFE, pK,, 12.5) <
phenol (PhOH, pK,,, 10). To evaluate the effects of phenol on
CO, reduction with catalyst 2, cyclic voltammograms were
taken under N, and CO, with increasing phenol concentrations
over a range of 0—2 M (Figures 4 and S8). The first peak
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Figure 4. Left: Current density (A cm™) versus potential (V vs NHE)
for catalyst 2 (1 mM) under nitrogen (black), under CO, (red), and
under CO, with different concentrations of PhOH. Experiments
performed in acetonitrile with 0.1 M n-Bu,NPF4 with a scan rate of
100 mV/s using a glassy carbon flat electrode, platinum counter
electrode, and platinum pseudoreference electrode. Ferrocene is used
as an internal standard. Right: (i_,./ ip)z versus concentration of PhOH
for the first reduction wave (red) and the second reduction wave
(black), where i, is the peak current at a reduction wave under N, at
the same PhOH concentration as i, which is the peak current at the
same reduction wave under CO,. See Figure S9 for CV sweeps at
different concentrations of PhOH under N,.

current values were found to increase significantly from no
PhOH to 0.5 M PhOH before decreasing between 0.5 and 1.5
M in phenol, while the second reduction wave showed only
modest changes in rate with increasing phenol concentration.
The highest (i,/i,)* value of 6 (TOF 1 s7') was observed at
the first reduction potential with a peak rate at PhOH (0.5 M).

Controlled potential electrolysis (CPE) was performed to
analyze the products formed with and without phenol (Table
2). CPE experiments were performed by setting the potential to
that of the peak values observed via CV under a CO,
atmosphere with a glassy carbon rod electrode. Without
phenol, charge passed (C) was relatively slow at both the
first (—1.41 V versus NHE) and the second (—1.67 V versus
NHE) potentials, and maximum Faradaic efficiencies (FEs)
during the first hour of electrolysis were 40% and 65%,
respectively. As the electrolysis was observed to give a higher
FE at the second reduction, PhOH concentrations were
evaluated at the second reduction potentials. At 0.5 M
PhOH, the rate of charge passing was only modestly affected
when compared to no PhOH, and a similar peak FE was
observed with some observed H, production (~5% FE).
However, 1.5 M PhOH concentration was observed to pass
substantially more charge (13 C versus 2—3 C) with a lower FE
for CO production (28% FE) and a dramatic increase in H,

production (35% FE). As such, we rationalize the increase in
current from the CV sweeps with PhOH was largely a result of
increased H, production.

Proton Source Evaluation: TFE and H,0. TFE and H,0
were evaluated via CV experiments to explore the influence of
proton source on catalysis. With the addition of TFE, peak
catalytic current was found to significantly increase over a wide
range of TFE concentrations (from 0 to 1.1 M) and then
decrease at higher concentrations of TFE (Figures S and S10).
Both reduction wave current values were found to increase over
the concentration of TFE up to ~1 M before decreasing. After
2 M concentration, the catalytic activity dramatically decreases
with the increasing TFE concentration. At the peak current
passing rates, TFE passes charge at a significantly higher rate
than with no additive (Table 3). 1.1 M TFE was selected for
further experiments as peak catalytic current for both reduction
waves occurred near this value. The scan rate dependence in
CV experiments at 1.1 M TFE concentrations with 2 under
both N, and CO, atmospheres confirms the diffusional nature
of this system (Figures S10 and S11).

CPE experiments with 1.1 M TFE as an additive show a
considerable increase in current passed (4 C with TFE vs 0.71
C with no additives) at the first reduction peak potential,
consistent with CV experiments described above (Table 2).
The product selectivity and efficiency is significantly improved
from a peak FE of 40% (no additive) to 77% (with TFE). Only
trace H, production was observed. This substantial, productive
catalytic rate change and increase in Faradaic efficiency with the
addition of TFE when compared to PhOH suggests high pK,
proton sources are beneficial for CO production. To evaluate
this hypothesis, experiments with H,O as the proton source
were performed.

CV experiments with water additives show a remarkable
increase in current at the first reduction wave between 0.77 M
H,0 and 2.5 M H,0 before decreasing below the catalytic rate
values observed in the absence of proton source (Figure 6).
The CV curve shape shifts significantly as higher concentrations
of water are added with an initial increase in current as an
apparent shoulder at a potential similar to the first reduction
potential and a shifting of the second reduction potential
toward less negative potentials. At 2 M H,0O, the two waves
have coalesced to give a dominant feature with only a negligible
contribution from a more negative reduction peak. Given the
overlap of these two waves, which could represent two distinct
species in solution given the apparent shift in the second
reduction wave, the simple selection of the highest current
value at a given potential versus water concentration could be
misleading as this curve peaks with 1 M H,O, but represents
the overlap of potentially two distinct species (Figure 6). As
such, controlled potential electrolysis was analyzed at the 2 M
H,0 concentration as this concentration has the highest
observed current enhancement from what appears to be a single
broad peak.

Figure 7 compares the CV curve shapes at arbitrary current
values with no added proton source, 1.1 M TFE, and 2 M H,O
to clearly illustrate the influence of TFE primarily on the
second reduction potential and the influence of H,O at what
appears to be the first reduction potential (see Table 3 for a
rate comparison). The highest TOFs were observed at the first
reduction potential with both 1.1 M TFE at 157" ((ig/i,)* = 7)
and with 1.2 M H,0 at 100 ((i,/i,)* = 700). The second
reduction wave was found to give lower TOF values for both
TFE and H,O at each concentration of proton source examined
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Table 2. Control Potential Electrolysis of 2 and 1 at Different Potentials with Varying Proton Sources”

catalyst additive potential [V vs NHE] (wave)
2 none —1.41(1)
2 none -1.67(2)
2 0.5 M PhOH -2.01(2)
2 1.5 M PhOH —221(2)
2 1.1 M TEE —1.51(1)
2 2 M H,0 —141(1)
2 2 M H,0 —1.86(2)
Re(bpy)(CO);Br none -1.31(2)
Re(bpy)(CO),Br 2 M H,0 ~131(2)

time [min] charge [C] FEco % (FEy, %)
20 0.22 40
40 0.45 40
60 0.71 27
20 0.96 60
40 2.00 65
60 2.92 62
20 0.98 65(5)
40 1.52 47(4)
60 225 37(3)
20 4.72 28(35)
40 10.03 25(35)
60 13.02 21(33)
20 1.37 61
40 2.60 77
60 4.16 43
20 1.06 89
40 2.15 78
60 3.32 66
20 10.74 102
40 12.56 95
60 13.30 92
20 0.97 87
40 1.70 61
60 2.11 51
20 1.39 83
40 228 73
60 2.79 61

“Electrolysis reactions were run in MeCN with 0.1 M n-Bu,NPF as electrolyte with a type 2 glassy carbon rod as the working electrode, a Ag/AgCl
reference electrode, and a platinum foil sheet as the counter electrode in a fine glass fritted isolation chamber and a catalyst concentration of 1 mM.
The isolation chamber solution consisted of the same concentration of electrolyte in MeCN with added ferrocene as a sacrificial oxidant. Electrolysis
were run for 1 h. The electrolysis potentials are selected from pre-electrolysis reaction mixture CVs with the controlled potential electrolysis
electrodes at the peak of the wave being analyzed. Catalyst concentration was 1 mM in all cases.
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Figure 5. Left: Current density (A cm™) versus potential (V vs NHE)
plots with catalyst 2 (1 mM) in total amount of solvent with 0.1 M n-
Bu,NPFj in acetonitrile under nitrogen (black), under CO, (red), and
under CO, with different concentrations of TFE and a scan rate of 100
mV/s. Right: (ic/ iP)2 versus concentration of TFE, where i, is the
peak current at a reduction wave under N, at the same concentration
of TFE (Figure S12) as the peak current at the same reduction wave
under CO, (i,). Experiments were performed using a glassy carbon
flat electrode, platinum counter electrode, and platinum pseudorefer-
ence electrode. Ferrocene was used as an internal standard.

when N, versus CO, current values were compared at the same
concentration of additive (Figures S12 and S13). Further
studies will be needed to better understand this substantial
change in rate; however, a new peak is apparent via CV
between the potential of the first and second reductions of the
catalyst in the presence of water, and attributing this substantial
current increase to the first reduction of 2 alone should be
cautioned.

Table 3. Rates for Electrocatalytic CO, Reduction with 2 and
Various Proton Sources”

proton [HY] (icat/ip)2 TOF (s7!) (icat/ip)2 TOF (s7!)
source M) peak 1 peak 1 peak 2 peak 2
none 3 0.7 4 0.8
TFE 1.1 7 1 2 0.4
H,0 12 700 100 400 80
H,0 2 200 30 30 S

“All peak currents obtained from CVs with 100 mV/s scan rate in
acetonitrile with 1 mM catalyst 2 concentration. Experiments
performed in acetonitrile with 0.1 M n-Bu,NPF4 with a scan rate of
100 mV/s using a glassy carbon flat electrode, platinum counter
electrode, and platinum pseudoreference electrode. Ferrocene is used
as an internal standard.

Attempts to determine a CO, binding constant, Kcg,, via
electrochemistry were unsuccessful. In limited cases, specifically
Co and Ni macrocycles, a significant shift in reduction
potentials is observed as a function of CO, concentration,
allowing Ko, to be found.*”** However, minimal or no
apparent shift was observed in cyclic voltammograms under N,
versus CO, with our Re catalysts. Others have determined
binding constants, again, for Co macrocycles with pulse-
radiolysis experiments’ and transient absorption spectrosco-
py." Indeed, the Co macrocyclic systems are amenable to these
measurements as even catalyst intermediates have been
characterized by X-ray crystallography.”” In light of these
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Figure 6. Left: Current (A) versus potential (V vs NHE) cyclic
voltammograms for catalyst 2 (1 mM) under CO, with different
concentrations of H,O. Experiments performed in acetonitrile with 0.1
M n-Bu,NPF with a scan rate of 100 mV/s using a glassy carbon disk
electrode, platinum counter electrode, and platinum pseudoreference
electrode. Ferrocene is used as an internal standard. Right: (i.,/ iP)2
versus concentration of H,O, where i, is the peak current at a
reduction wave under N, at the same concentration of H,O (Figure
S13) as the peak current at the same reduction wave under CO, (ig,).
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Figure 7. Cyclic voltammograms at 100 mV/s scan rate of 1 mM 2
under argon and carbon dioxide atmosphere in 0.1 M TBAPF,/
MeCN. TFE (1.1 M) and H,0 (2 M) were used as a proton sources.
A glassy carbon working electrode was used with a platinum wire
counter electrode. A platinum wire was also used as a quasi-reference
electrode. Ferrocene was added as an internal standard.

observations, we performed additional experiments at 2 M H,O
to analyze just the species reduced at less negative over-
potentials, which appears as a broad wave substantially larger
than the second reduction wave.

Current versus scan rate dependence shows a typical current
increase response under both argon and CO, as scan rate
increases (Figure S13). However, due to the substantial
increase in a new species in solution, analysis of scan rate
dependence to show the diffusional nature of this system is
confounded. To evaluate the product distribution and FE at 2.0
M H,O concentrations, CPE experiments were performed
(Table 2). At the peak current potential via CV (=141 V),
CPE was measured to show only a slight increase in current
passed (3 C at the first hour) when compared to no water
additive; however, a substantial improvement in peak FE was
observed (89% versus 40% for no additive and 77% for TFE).
In all experiments involving H,O, only trace H, was observed.
Adjusting the CPE potential to —1.86 V (the potential of the
minor second reduction wave in 2 M H,0), the charge passed
increases dramatically to 13 C in the first hour. We note that of
the 13.3 C passed in 60 min at this potential, 10.7 C was within
the first 20 min where the FE;, was measured at ~100%.
Despite the significant change in charge passed between the 20
and 60 min time points, the FE only slightly diminishes to 92%.

Having established H,O as a current-enhancing additive,
which results in minimal catalyst deactivation for 2, we sought
to compare CPE studies of 2 and benchmark -catalyst
Re(bpy)(CO),Br to evaluate FEs and determine product
distributions. CPE was performed with catalyst 2 at the first and
second peak reduction potentials with and without water
(Figure 8, Table 2), and compared to CPE experiments with
Re(bpy)(CO);Br at the peak CO, reduction potential with and
without water (Table 2).
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Figure 8. Charge passed over the time during the controlled potential
electrolysis experiments of catalyst 2 (black, reduction peak 1; and red,
reduction peak 2) and the benchmark catalyst (catalyst 1, blue). Solid
lines are electrolysis without water, and dashed lines are with 2 M
H,O. All catalyst concentrations are 1 mM. Electrolysis reactions were
run in MeCN with 0.1 M n-Bu,NPFj as electrolyte with a type 2 glassy
carbon rod as the working electrode, a Ag/AgCl reference electrode,
and a platinum foil sheet as the counter electrode in a fine glass fritted
isolation chamber and a catalyst concentration of 1 mM. The isolation
chamber solution consists of the same concentration of electrolyte in
MeCN with added ferrocene as a sacrificial oxidant. Electrolysis were
run for 1 h. The electrolysis potentials are selected from pre-
electrolysis reaction mixture CVs with the controlled potential
electrolysis electrodes at the peak of the wave being analyzed.

For benchmark catalyst Re(bpy)(CO)Br, the charge passed
and Faradaic efficiency for CO production (FEqp) after 1 h
reached 2.11 C passed and 51% FEq with an applied potential
of =131 V vs NHE (Figure 8, Table 2). Under the same
experimental conditions, catalyst 2 gives 0.71 C passed at 27%
FEcq at —1.41 V vs NHE at the first reduction wave and 2.92 C
passed with 62% FE at a fixed potential of —1.67 V vs NHE at
the second reduction wave (Table 2). In general, FE was found
to decrease significantly as a function of time under these
relatively dry conditions, while accumulated charge passed
remains nearly linear with time. Upon addition of 2 M H,0
relative to the catalyst, the current density and Faradaic
efficiencies improve for the benchmark catalyst and 2, with
more dramatic effects observed for catalyst 2. Specifically, the
benchmark catalyst, Re(bpy)(CO);Br, shows only a slight
enhancement in charge passed (2.79 C vs 2.11 C) and a modest
increase in FE¢q (61% vs 51%) with 2 M H,O and an applied
potential of —1.31 V vs NHE. Significantly, catalyst 2 also
shows a dramatic increase in charge passed at the first reduction
potential (3.32 C vs 0.71 C) with a large increase in FE¢q, (66%
vs 27% at 1 h) in the presence of H,O at —1.41 V vs NHE (first
reduction wave). The increase in catalyst performance is further
enhanced at the second reduction wave (—1.81 V vs NHE),
exhibiting 13.3 C versus 2.92 C and 92% versus 62% FE at 1 h
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of electrolysis versus no additive. These charge passing rates are
graphically illustrated in Figure 8.

To probe the sudden drop in charge passed by 2 during
electrolysis in the presence of 2 M H,O at the second reduction
wave, we addressed the following concerns: (1) has the
sacrificial oxidant (ferrocene/electrolyte) been depleted in the
counter electrode isolation chamber, (2) has the CO,
concentration in solution dropped dramatically, (3) has the
catalyst been deactivated by CO poisoning, or (4) has
nonlinear catalyst degradation occurred (Figure 9). We first
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Figure 9. Charge (C) passed over the time (s) during the electrolysis
of catalyst 2 (1 mM) at —2.05 V (vs SCE) (0.1 M TBAPF in MeCN,
and 2 M H20). Red line: Electrolysis with Figure 8 conditions. Blue
line: Continued electrolysis with the same reaction and refreshed
ferrocene in the isolation chamber. Black line: Continued electrolysis
with the same reaction after refreshing the solution with CO,.

ran a CPE until the drastic change in activity had occurred, then
refreshed the ferrocene/electrolyte in the counter electrode
chamber, which did not restore activity. CO, was then freshly
purged through the solution to replenish dissolved CO, and to
reduce the concentration of CO; however, again initial activity
was not restored.” To examine any change in catalyst structure,
UV—vis absorption spectroscopy was employed to compare the
reaction mixture before and after CPE. As catalyst 2 is a known
photocatalyst with visible light, the lowest energy absorptions in
the working electrode compartment mixture are attributed to 2.
Prior to electrolysis, the reaction mixture absorption curve
matches that of pure 2 in acetonitrile from 350 to 450 nm. After
the electrolysis, the MLCT absorption band at 350 nm is nearly
gone, and a new absorption peak at ~315 nm has grown in.
Additionally, a lower energy absorption band in the pre-
electrolyzed solution (~400 nm, shoulder) has substantially
shifted toward longer wavelengths to 450 nm (Figure 10). The
acetonitrile was removed via vacuum, and the crude solids
(decomposed catalyst, byproducts, and electrolyte) were
analyzed by 'H NMR, revealing a shift of the NMR peaks in
the aromatic region (Figure S14). A similar approach to
evaluating the change in the structure of 2 has been done by
Massi et al. on structurally analogous Re-PyNHC complexes
after photoexcitation rather than electrolysis. His study shows
that the complex may undergo loss of a CO ligand upon
irradiation in MeCN.”” However, in our case, the changes in
the UV—vis absorption spectrum are substantially different
from those previously observed, suggesting another deactiva-
tion pathway for 2 may be in play such as catalyst dimerization
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Figure 10. UV—vis absorption spectrum for the catalyst 2 prior to
electrolysis as performed in Figure 9 (black) and upon completion of
the electrolysis performed in Figure 9 (red).

as recently elucidated through interesting work by Agarwal et
al.™

The rate of catalysis has clearly been dramatically enhanced
with the addition of a proton source with substantial catalysis
occurring at the first reduction wave. A potential mechanistic
pathway to explain these observations is provided (Figure 11).

Mechanistic species 1 may first be reduced to give the
anionic complex 2, which may dissociate an anionic ligand to
give neutral 17 electron complex 3. 3 then may nucleophilically
add to CO, by providing an additional electron from the
electron-rich NHC ligand to give a ligand centered cation 4
(shown as the inset). On the basis of the absence or presence of
a proton source, 4 may add either CO, or H" to the carboxylate
group and accept an electron to give either $ or 7, respectively.
Release of carbonate from S gives cationic complex 6, which
upon reduction and CO dissociation regenerates catalyst 3.
Alternatively, complex 7 may undergo proton assisted water
release to give the same cationic intermediate 6 as proposed
under aprotic conditions. Attempts to observe reaction pathway
intermediates to either validate or refine this mechanistic
hypothesis are presently ongoing.

B CONCLUSIONS

We have synthesized three new Re(pyNHC)(CO);Br catalysts
by substituting the —CF; group of Re(pyNHC-PhCE;)-
(CO);Br with a series of electron-withdrawing groups. The
effects of these substitutions were compared to Re(pyNHC-
PhCF;)(CO),Br (2) and benchmark catalyst (Re(bpy)-
(CO)3Br) as electrocatalysts for the reduction of CO, to CO.
The pyNHC catalysts were shown to reduce CO, at the first
reduction wave rather than only at the second reduction wave
as was observed for the bipyridyl based catalyst 1. Among the
series of pyNHC-catalysts, Re(pyNHC-PhCF,)(CO);Br (2)
showed the most promising results as an electrocatalyst through
(iae/ ip)z/ TOF rate analysis. The electrocatalytic performance of
2 was evaluated by cyclic voltammetry with a variety of proton
sources including PhOH, TFE, and H,O with controlled
potential electrolyses performed for product analysis. The
catalytic rate (iz,/i,)*/TOF for CO, reduction by catalyst 2 was
found to be 3/0.7 s (first wave) and 4/0.8 s' (second wave)
without an added proton source. Through the addition of H,O,
this rate could be enhanced up to a TOF of 100 s™" ((ic/4,)* =
700) at a potential energetically corresponding to the first
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Figure 11. A proposed mechanism where catalytic activity may occur after the first reduction and a difference in mechanistic pathways resulting from

proton source addition.

reduction of 2. Controlled potential electrolysis (CPE) studies
show addition of PhOH produces significant quantities of H,,
while TFE and H,O gave only trace H,. Under conditions
without an added proton source, 2 demonstrates improved
results FE% (62%) as compared to benchmark catalyst
(Re(bpy)(CO);Br) at 51% FE. Moreover, we were able to
optimize the catalytic performance by using H,O as an additive
to facilitate the proton-coupled conversion of CO, to CO. In
the presence of water as the proton source, we measured a 92%
FE for CO production with catalyst 2 and 61% FE for the
benchmark Re-bipyridyl catalyst at 1 h. A peak FE% was
observed at 100% during early time points. To the best of our
knowledge, this represents a significant improvement in FE%
for transition metal ligated PyNHC triscarbonyl complexes,
which have typically given FE% near 60%. A significant change
in the rate of catalysis was observed with H,O as an additive
during CPE. Refreshing reaction reactants did not restore the
original charge passing rate, and a clear change in the UV—vis
absorption and chemical shifts in NMR was observed for
catalyst 2 before and after electrolysis. Experiments attempting
to elucidate the change in catalyst structure that occurs during
electrolysis are ongoing.
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