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ABSTRACT

The operational electrochemical potential of a molecular electrocatalyst is typically pinned to the reduction potential of the parent complex. The predominant
strategy for minimizing the overpotential is to modify the ligand with electron withdrawing functional groups to anodically shift the reduction potential. However,
these changes often result in decreased catalytic rates. Re(bpy)(CO)sCl is a well-known electrocatalyst for selective CO5 reduction to CO. In this work, the synthesis of
Re(bpy™""™M)(C0O);Cl is described, where bpy®™""™M is a bipyridine ligand containing a cyclic ether cavity, and M is a Na*, K*, Ca®*, or Ba®* ion encapsulated
within that cavity. Addition of these cations results in anodic shifts in reduction potential, and the magnitude of the shifts correlate with overall cationic charge.

However, electrolysis under catalytic conditions for CO reduction results in precipitation of carbonate salts, diminishing overall catalytic activity.

1. Introduction

There has been increasing interest in the use of electrolytic methods
as an electron source or sink for redox reactions, particularly for the
generation and utilization of chemical fuels [1-4]. These reactions are
typically accelerated through the use of electrocatalysts. The over-
potential of an electrocatalyst, which represents the difference between
the applied electrocatalytic potential and the thermodynamic potential,
defines its overall energetic efficiency [5]. Under defined reaction con-
ditions, the thermodynamic potential is invariant but modifying the
electrocatalyst reduction potential to milder values will reduce the
overpotential. The most common way of tuning a molecular electro-
catalyst reduction potential is through the use of inductive effects, or
adding electron withdrawing or donating groups on the ligands. How-
ever, lowering the overpotential using this approach often results in
lower catalytic rates [6,7]. The relationship between overpotential and
rate stems from linear free energy relationships that correlate the
inductive (Hammett relationship) effects with the rate of elementary
rate-limiting steps [7,8].

In order to overcome the trade-off between overpotential and cata-
lytic rate, we have explored the use of cationic charge to adjust the
reduction potential of metal complexes. These charges are introduced
through encapsulation of alkali or alkaline earth metal ions in crown
ether-like cavities in ligands [9-13]. For example, we have used this
approach in a tetradentate Schiff base (salen) ligand and found that
incorporating charge led to changes in reduction potential and reactivity
that disrupted the expected linear free energy relationships [10,11].
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Re(bpy)(CO)3Cl is a well-studied catalyst for CO, reduction to CO
[14-17]. To examine the effect of a proximal cation, we synthesized and
structurally characterized Re(bpy“™®“™)(CO)sCl, shown in Chart 1,
which incorporates a crown-like cavity. We verified incorporation of
Na™ and Ba®" ions into the cavity after addition of their corresponding
salts through 'H and 3C{'H} NMR spectroscopy, mass spectrometry,
and Job plot or elemental analysis. The reduction potentials for the
complexes exhibit anodic shifts upon incorporation of the cation.
Furthermore, the Re heterobimetallic complexes react with COy upon
reduction. However, controlled potential electrolysis led to electrode
fouling, which is likely a result of carbonate salt precipitation from so-
lution. This behavior has been previously observed when exogeneous
Mg2+ salts were added to Mn(bpy)(CO)3Cl [18] and Fe(porphyrin) [19]
complexes during electrolysis.

2. Materials and methods
2.1. General methods

All synthesis and manipulations of metal complexes were carried out
in an inert atmosphere glovebox or utilizing standard Schlenk tech-
niques under inert atmosphere of nitrogen. Synthesis and manipulation
of organic compounds were carried out in open air, unless otherwise
mentioned. Solvents used during inert atmosphere synthesis and/or
manipulations were degassed by sparging with argon and dried by
passing through columns of neutral alumina or molecular sieves. All
deuterated solvents were purchased from Cambridge Isotope
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Chart 1. .

Laboratories, Inc. Deuterated solvents used for NMR characterization of
metal complexes were degassed and stored over activated 3 A molecular
sieves prior to use. All solvents and reagents were purchased from
commercial vendors and used without further purification unless
otherwise noted. Electrochemical studies under carbon dioxide atmo-
sphere were performed using ultra high purity (99.999%) carbon diox-
ide that was passed through a VICI carbon dioxide purification column
to eliminate residual Hy0, O4, CO, halocarbons, and sulfur compounds.
Re(bpy)(CO)sCl [20] and 2,2'-bipyridine crown ether (bpy©™"™) [21]
were synthesized according to previously reported methods.

2.2. Physical methods

'H and '3C{'H} NMR spectra were taken on a 500 MHz Bruker DRX
500 spectrometer fitted with a TCI cryoprobe and were acquired at room
temperature. Spectra were referenced to residual 'H or 13C resonances of
the deuterated solvent (‘H: CD3CN, 5 1.94) (*3C: CDsCN, 5118.26, 1.32)
and reported in parts per million. Infrared (IR) absorption measure-
ments were taken in CH3CN (10-20 mM) on a Thermo Scientific Nicolet
iS5 spectrophotometer as thin films on KBr plates. Electrospray ioniza-
tion (ESI) mass spectrometry was performed using a Waters ESI LC-TOF
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Micromass LCT 3 premier mass spectrometer fitted with a Leap Tech-
nologies CTC Analytics autosampler. Elemental analysis was taken on a
Perkin Elmer 2400 Series II CHNS elemental analyzer. UV-vis spectra
were collected in acetonitrile (CH3CN) using a quartz cuvette with an
Agilent Technologies Cary 60 UV-Vis fitted with an Agilent Technolo-
gies fiber optic coupler connected to an Ocean Optics CUV 1 cm cuvette
holder in a glovebox under an inert atmosphere of Nj.

2.3. Electrochemistry

All measurements were performed on a Pine Wavedriver 10 bipo-
tentiostat with a 2 mm diameter glassy carbon disc working electrode,
glassy carbon rod counter electrode, and a Ag'/Ag pseudoreference
electrode separated from the bulk solution by a Vicor frit. Internal
resistance was measured for each solution (via current interrupt method
for scan rates less than 1000 mV/sec, or positive feedback method for
scan rates faster than 1000 mV/sec), and resistance manually compen-
sated for between 80 and 90% of the measured value for each voltam-
mogram performed. Potentials are referenced to ferrocene (Fe(CsHs)o™
O) at 0.00 V using either Fe(CsHs)y or Fe(Cs(CHs)s)s (Eq/2 = —0.48 V vs.
Fe(CsHs), ™ 0y [22] as an internal standard. All of the cyclic voltam-
mograms were not corrected for their background current. All experi-
ments were performed in dried and degassed acetonitrile solutions with
1.0 mM analyte and 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) supporting electrolyte concentrations and were recorded at a
100 mV/s scan rate unless otherwise noted. Samples for electrochemical
studies performed under CO, atmosphere were prepared by sparging the
analyte solution with solvent saturated carbon dioxide gas for several
minutes prior to measurement and the headspace above the solution was
blanketed with carbon dioxide during each measurement.

2.4. Job plot analysis

Job plot analysis of 5 with Na(OTf) to form 5[Na(OTf)] was per-
formed using 'H NMR spectroscopy. A 10 mM sample of 5 in CD3CN
(500 pL) was used for the initial 'H NMR spectrum (Xya = 0, Xge = 1).
100 pL of this solution was then removed from the NMR tube, after
which was added 10 pL of 100 mM Na(OTf) solution in CD3CN. The
NMR was diluted with an additional 90 pL of CD3CN to return the total
volume to 500 pL and form a solution with Xy, = 0.2 and Xge = 0.8, after
which another 'H spectrum was collected. This process was repeated
until solutions with Xy, = 0, 0.2, 0.4, 0.5, 0.6, and 0.8 had been
measured. The resonance centered at 5§ = 4.35 ppm (when Xy, = 0) was
observed to shift the most over the samples, and was therefore selected
to generate the Job plot. The Job plot was made by plotting the 'H
resonance shift in the peak at § = 4.35 ppm (AS) times the mole fraction
of Re (AdeXg,) versus the mole fraction of Na in solution (Xng). The peak
of the resultant plot was observed to be at Xy, = 0.5, indicating that 5
[Na(OTf)] is a 1:1 complex of Na(OTf) and 5.

2.5. Binding constant determination of 1 with Na(OTf)

The binding constant of 1 with Na(OTf) (Kn,) was determined using
the 'H NMR data previously obtained from Job plot analysis. The NMR
data was fitted using an iterative method for 1:1 host: guest complex
formation, described by Thordarson in Ref. [23]. Calculations were
performed using Matlab version R2021a with the fitting program pro-
vided in the SI of Ref. [23]. The shift in the 'H resonance centered at § =
4.35 ppm (when Xy, = 0) at each concentration of 1 and Na(OTf) was
entered into the program input. 500 iterations were performed for each
cycle of the program. After a set of iterations, the output values for Ky,
and dapc were used for the program input of the next cycle, until the
output and input values converged. From the iterative cycles, values of
187 M~ ! and —0.0712 were obtained for Kna and 8ayg, respectively.
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2.6. X-ray Data Collection, Structure Solution and Refinement for 1

A yellow crystal of approximate dimensions 0.128 x 0.187 x 0.243
mm was mounted in a cryoloop and transferred to a Bruker SMART
APEX II diffractometer system. The APEX2 [24] program package was
used to determine the unit-cell parameters and for data collection (30
sec/frame scan time). The raw frame data was processed using SAINT
[25] and SADABS [26] to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL [27] program package.
The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space group P2;/c that was later deter-
mined to be correct.

The structure was solved by direct methods and refined on F? by full-
matrix least-squares techniques. The analytical scattering factors [28]
for neutral atoms were used throughout the analysis. Hydrogen atoms
were included using a riding model. Disordered atoms were included
using multiple components with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.0964 and Goof = 1.344 for
325 variables refined against 5587 data (0.78 [D\), R1 = 0.0483 for those
5381 data with I > 2.0c(I).

2.7. Synthesis

Re(bpy®™©"™)(CO)3Cl, (1): This complex was synthesized in a
similar manner as previously reported for similar Re(Bpy)(CO)sCl
complexes.[20] Under an inert atmosphere, a solution of bpy®™®"™ (75
mg, 0.20 mmol, 1 eq.) in toluene (5 mL) was added to a stirring solution
of Re(CO)5Cl (82 mg, 0.23 mmol, 1.1 eq.) in 10 mL toluene. The solution
was then refluxed overnight, over which time the solution turned a dark
yellow color. The solvent was removed in vacuo to yield a yellow solid,
which was then recrystallized with dichloromethane/diethyl ether to
yield the purified product as a yellow crystalline solid (111 mg, 0.13
mmol, 70% yield). X-ray quality crystals were grown via vapor diffusion
of diethyl ether into a solution of dichloromethane containing the
complex. UV-vis (CH3CN) Amax/nm (e/M ' cm™!) 357 (14500); 258
(17400). Elemental analysis calcd Co3H29CIN2OgRe (699.15): C, 39.51;
H, 4.18; N, 4.01%. Found: C, 38.77; H, 3.23; N, 3.70%. ESI mass spec-
trometry: Calculated m/z for ([Re(bpy™®"™)(CO)3Cl] + CH3CN -
(CI))*: 705.17. Found: 705.23. FTIR (CH5CN)/cm ™! vgo: 2022, 1915,
1897. 'H NMR (500 MHz, CD3CN): § 8.60 (d, 2H), 7.87 (d, 2H), 7.55 (t,
2H), 4.40 (m, 2H), 4.34 (m, 2H), 3.83 (t, 4H), 3.62 (d, 12H). '*c{'H}
NMR (500 MHz, CD3CN) 6 145.5, 128.1, 125.3, 71.6, 71.5, 71.1, 70.5,
70.3.

2.8. General procedure for metalation of Re(bpy“™"™)(CO)sCl with
group I/II metals

To a solution of Re(bpy®™"™)(C0)3Cl in CH3CN was added 1 eq. of
the corresponding metal triflate salt in CH3CN and stirred for 30 min
prior to spectroscopic or voltammetric analysis.

[Re(bpy®°"™)(CO)sCl] [Na(OTH]1, (1 [Na(OTf)]1): UV-vis
(CH3CN) Apax/nm (/M ™! em™1) 356 (14900); 258 (18100). ESI mass
spectrometry: Calculated m/z for [Re(Bpy ™®"™)(C0)3Cl - (CI") + (Nat)
+ (OH) + (CH30H)]* : 736.16. Found: 736.05. [Re(Bpy ™®"™)(C0O)sCl
- (C) + (Nat) + (H0) + (CH30H)1>": 368.59. Found: 368.87. FTIR
(CH;:,CN)/Cnf1 vco: 2022, 1915, 1898. 1H NMR (500 MHz, CD3CN): &
8.60 (d, 2H), 7.86 (d, 2H), 7.54 (t, 2H), 4.32 (m, 2H), 4.25 (m, 2H), 3.76
(t, 4H), 3.59 (br s, 12H). *C{'H} NMR (500 MHz, CD3CN) § 157.6,
146.0, 128.2, 126.4, 71.3, 71.2, 71.1, 70.8, 70.3.

[Re(bpy“®"™)(CO)5Cl] [K(OTH1, (1 [K(OTH1): UV-vis (CH3CN)
Amax/nm (e/M ' em™1) 357 (11500); 258 (13300). ESI mass spectrom-
etry: Calculated m/z for [Re(Bpy“™“™)(CO)sCl - (CI) + (K9 +
(CH30)1% : 735.1. Found: 735.3. FTIR (CH3CN)/cm ! veo: 2022, 1915,
1898. 'H NMR (500 MHz, CD3CN): 6 8.61 (d, 2H), 7.88 (d, 2H), 7.56 (t,
2H), 4.36-4.40 (p, 2H), 4.30-4.34 (p, 2H) 3.82 (t, 4H), 3.62 (m, 12H).
13¢{'H} NMR (500 MHz, CDsCN) & 157.6, 145.7, 128.2, 125.7, 71.5,
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Table 1
Spectroscopic and voltammetric data of selected Rebpy complexes.
Compound TEq/2(bpy” "Epca(Re"” Vo Amax (8)°
®)/Eper D)
1 -1.78/-1.82 -2.00 2022, 1915, 357
1897 (14500)
1[Na(OTf)] -1.76/-1.80 -1.91 2022, 1915, 356
1898 (14900)
1[K(OTH] -1.78/-1.82 -1.93 2022, 1915, 357
1898 (11500)
1[Ca(OTf),] -1.57/-1.60 -1.74 2025, 1918, 356
1902 (11000)
1[Ba(OTf),] -1.59/-1.63 -1.75 2024, 1917, 356
1901 (13800)
Re(Bpy™**©CcH3) -1.84%/-1.90°  -2.21° 2021, 1913, 356
(CO)sCl 1894 4 (3880)¢
Re(Bpy**H%) -1.82%-1.89°  -2.18° 2022, 1918, 364
(CO)sCl 1897 ¢ (3630)¢
Re(Bpy>®“H3) —/-1.90° -2.19¢ 2022, 1917, —
(Co)sCl 1895 ¢
Re(Bpy™)(CO)sCl  -1.73%/-1.78°  -2.16° 2023, 1917, 368
1900 ¢ (2300)

f Potential measured as V vs. Fe(CsHs), */° in CH3CN using 0.10 M TBAPF; as
supporting electrolyte under N, atmosphere. Scan rate was 100 mV/s for each
measurement using a glassy carbon working electrode. ¢ FTIR spectra taken in
CH3CN. Recorded in units of wavenumbers (cm ™). ®For the lowest energy ab-
sorption maximum. Extinction coefficients recorded in units of M~ cm™! and
wavelength in units of nanometers. CH3CN used as solvent. “Obtained from
Ref. [32]. YObtained from Ref. [31]. Reduction potentials adjusted from SSCE to
Fe(CsHs), +/° in CH5CN using Reg. [36]. *Obtained from Ref. [29]. Reduction
potentials adjusted from Ag*/° to Fe(CsHs), */° CH3CN using Ref. [36].

71.0, 70.8, 70.3.

[Re(bpy®°"™)(CO)sCl] [Ca(OTf)2], (1[Ca(OTf)z]):  UV-vis
(CH3CN) Amay/nm (e/M~! em™1) 356 (11000); 258 (13600) ESI mass
spectrometry: Calculated m/z for [Re(Bpy®®"™)(C0O)sCl - (CI) +
(Ca®") + (OH") 1**: 360.4. Found: 359.2. FTIR (CH3CN)/cm™! veo:
2025, 1918, 1902. 'H NMR (500 MHz, CD3CN): 6 8.85 (d, 2H), 8.23 (d,
2H), 7.71 (t, 2H), 4.33 (br, 2H), 4.02 (br, 2H), 3.96-3.83 (m, 12H), 3.79
(m, 2H), 3.69 (m, 2H). 3C{'H} NMR (500 MHz, CD5CN) § 157.9, 149.6,
129.3,77.1,71.1,71.0, 70.4, 70.3.

[Re(bpy“°"™)(C0O);Cl] [Ba(OTf);],  (1[Ba(OT)2]):  UV-vis
(CH3CN) Amax/nm (/M ™! em™1) 356 (13800); 258 (20700). Elemental
analysis caled CosHo9BaClFgN2O15ReS, (1134.60): C, 26.47; H, 2.58; N,
2.47%. Found: C, 27.32; H, 3.03; N, 2.43%. ESI mass spectrometry:
Calculated m/z for ([Re(bpy™®“™)(CO)sCl] + (Ba2") - (Cl))%*:
401.03. Found: 401.12. FTIR (CH3CN)/cm ™! vgo: 2024, 1917, 1901. 'H
NMR (500 MHz, CD3CN): 6 8.84 (d, 2H), 8.14 (d, 2H), 7.70 (t, 2H), 4.22
(q, 2H), 4.07 (m, 2H), 3.75-3.90 (br m, 18H). 1*C{'H} NMR (500 MHz,
CD3CN) 6 158.7, 149.7, 149.3, 134.3, 129.2, 77.7, 71.4, 71.0, 70.8.

Fig. 1. Crystal structure of 1. Hydrogen atoms omitted for clarity. Ellipsoids are
shown at 50% probability.
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Fig. 2. 'H NMR spectra of group I and II metal adduct of 1 in CD3CN, showing
the crown ether proton resonances.

3. Results/discussion

2, 2'-Bipyridine crown ether (bpy®™®"™) was synthesized according
to a previously reported preparation [21]. Re(bpy©™“™)(C0)3Cl (1)
was obtained in 70% yield by metalation of bpy“"®“™ with Re(CO)sCl in
refluxing toluene followed by purification via recrystallization [29].
Complex 1 was characterized by 'H and '*C{'H} NMR, infrared and
electronic absorption spectroscopy, mass spectrometry, X-ray crystal-
lography, and elemental analysis.

Spectroscopic and voltammetric data for 1 and other selected
rhenium bipyridine compounds are shown in Table 1. Infrared spec-
troscopy reveals three 1(CO) bands, indicating that the carbonyl ligands
are bound to the rhenium center in a facial manner, consistent with
similar rhenium bipyridine (Rebpy) systems (Table 1 and S1)
[20,29-33]. Crystallographic analysis of the complex confirms this
structural assessment. The crystal structure of 1 (Fig. 1) is similar to
other reported Rebpy complexes featuring a Re ion in an octahedral
geometry with 3 fac- coordinated carbonyl ligands; the other face of the
octahedron is comprised of the bpy“*®"™ and chloride ligands. Unlike
other Rebpy complexes however, the two pyridine rings of 1 are not in
the same plane and are instead canted away from each other. The
structure displays a dihedral angle of 36.3° along the C(4), C(5), C(6),
and C(7) atoms of the rings facing the crown ether cavity (Fig. 1).

The electronic absorption spectrum of 1 features two strong absor-
bances at 258 and 357 nm, with the lower energy band corresponding to
a MLCT transition. MLCT absorption bands of Rebpy complexes serve as
a convenient measure of the electron density of the bipyridine ligand
and rhenium metal center, as substituents on the bpy ligand are expected
to have a much larger effect on the ligand based HOMO than on the
metal-based LUMO involved in the transition [31]. The MLCT transition
at 357 nm observed for 1 is in good agreement with a previously

0.014 -
0.012+
0.010
0.008 =
0.006 =
0.004
0.002
0.000 =

il J’A

IA8 * XRel
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reported 4, 4~OCHj3 substituted bipyridine complex (Re(Bpy** 1)
(CO)3Cl), observed at 356 nm (Table 1) [31]. The similar energy of the
MLCT bands indicates that the ligands have similar electron density,
which in turn, implies that the metal centers have comparable electronic
structures since the other 4 ligands are identical in both complexes.

Complex 1 readily encapsulates a group I or II metal cation into the
crown ether cavity. The addition of one equivalent of group I or II metal
triflate salts (sodium, potassium, calcium, or barium) to form 1[M
(0Tf),] (Chart 1), results in large shifts of the resonances associated
with the crown ether in the 'H and '3c{'H} NMR spectra (Fig. 2 and
§16-S17). Job plot analysis of 1 with Na(OTf) by 1H NMR indicate that a
1:1 complex is formed (Fig. 3). Additionally, mass spectrometry of 1
with each metal primarily shows a peak with an m/z that corresponds to
the 1:1 complex. From the H NMR titrations of 1 with Na(OTf), a
binding constant (Ky,) of 187 M~! was obtained (see Materials and
Methods section above).

Cyclic voltammograms of 1 in acetonitrile feature two prominent
redox events cathodic of the open circuit potential, located at —1.78 and
—2.00 V vs. Fe(CsHs)y ™0 (grey traces, Fig. 4). The first reduction of the
Rebpy complexes is attributed to reduction of the bipyridine ligand to
form a ligand based radical species (bpyO/ ®-), while the second

Current

— 1[Na(OTf)]
—1[K(OTf)]
—1[Ca(O0Tf),]
—1[Ba(O0Tf),]
==== Blank

1 T 1 " | s 1 b
2.5 2.0 A5 1.0
+
Potential (V vs. Fe(C5Hs), )

Fig. 4. Stacked cyclic voltammograms showing the isolated bpyO/@- based
couple (bottom) or both bpy0/@- and Rel/0 based events (top) for: 1 (grey), 1
[Na(OTf)] (blue), 1[K(OTf)] (pink), 1[Ca(OTf)2] (red), 1[Ba(OTf)2]
(green), or electrolyte only (dotted black). Voltammograms were recorded at
100 mV/s scan rate with solutions containing 1.0 mM analyte and 0.10 M
TBAPFg electrolyte in CH3CN under Nj.

Fig. 3. (Left) 1H NMR titrations of 1 with Na(OTf) in
CD3CN showing the crown ether proton region. The
mole fraction of 1 in solution (XRe, where XRe = [1]
0/([1]10 + [Na(OTf)]0)) ranges from 1 (top) to 0.2
(bottom). Dotted lines are shown to indicate shifts of
each proton resonance with increasing [Na(OTf)].
(Right) Job plot of Na(OTf) titrations with 1, tracking
. the crown ether proton resonance initially centered
at 4.35 ppm. The peak of the curve occurs at XNa =
0.5, (XNa = [Na(OTf)]0/([1]0 + [Na(OTf)]0)) indi-
cating a 1:1 complex is formed between 1 and Na™*.
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Fig. 5. Relationship between MLCT band energy and E1/2(bpy0/@®-) (left) or vCO, asym. (right) for Rebpy complexes. Previously reported complexes lacking crown
ether functionality (black squares) display a strong linear relationship in both graphs. RebpyCrown complexes (blue triangles) significantly deviate from the rela-
tionship between MLCT band energy and reduction potential with increasing cationic charge, while the complexes follow the observed trend between carbonyl
stretching frequency and reduction potential. Data used for literature Rebpy complexes can be seen in Table S1.

reduction is proposed to correspond to the reduction of Re(I) to Re(0)
[29-31,33]. 1 [Na(OTf)] and 1 [K(OTf)] show negligible changes to the
bpy”®~ couple. However, the Re"? reduction shifts almost 100 mV
positive relative to the parent species (Table 1, Fig. 4). The incorporation
of a dication to the crown ether cavity results in changes to both bpy-
and Re-based reduction events. Both 1[Ba(OTf)2] and 1[Ca(OTf);]
feature redox events that are over 200 mV positive of 1. Each of the
observed redox events are diffusion limited, indicating that they arise
from species in solution (Figs. S18-528). The bipyridine-based reduction
of each complex approaches reversibility (ip/i. increases) with
increasing scan rate (Fig. S29), which has been previously observed in
other Rebpy complexes and is attributed to loss of the chloride ligand
upon reduction [20,29,30,33,34]. When the charge of the incorporated
cation is increased, faster scan rates are required to observe the return
oxidation (Fig. S28), suggesting that chloride loss becomes more facile
with increasing cationic charge. While this trend of faster anion loss with
increasing cationic charge is counter-intuitive, chloride loss may be
facilitated by the presence of the cation through intra-molecular
interactions.

As 1 and Re(pr4’4,OCH3)(CO)3CI contain bipyridine ligands of
similar electron density, it was expected that each bipyridine ligand
would be reduced at similar potentials; this however, turned out not to
be the case. Re(pr4’4,0CH3)(CO)3Cl features a bipyridine-based
reduction at E;» = -1.84 V, 60 mV negative of 1 (Table 1). Addition-
ally, the irreversible second reduction of 1, attributed to reduction of Re
(I) to Re(0), occurs 200 mV positive than reported for Re(pr4’4'°CH3)
(CO)3Cl (Epcz = -2.00 V versus —2.21 V respectively, Table 1) [32]. The
observed shifts in reduction potentials may be due to the structural
distortion of the bpy ligand instead of inductive electronic effects from
the crown moiety [35]. We note that the related disubstituted methyl
bipyridine Re complexes (with ligands pr3’3’CHB and pr4’4,CH3,
Table 1) [29,32] have nearly identical redox potentials and carbonyl
stretching frequencies [29,31,32,36]. However, the methyl ether may
have a larger inductive contribution between 3,3’ for bpy*®"® and 4,4’
for Bpy**©CH3 45 there may be resonance donation of the oxygen lone
pair into the bpy ligand.

Although the addition of metal triflate salts to 1 resulted in large
shifts in redox potential, the MLCT absorption energy remains unaf-
fected (Table 1, Fig. S30). The ligand-based redox potential (E; /z(bpyO/
®-)) and MLCT absorption wavelength of numerous substituted Rebpy
complexes are observed to have a strong linear correlation as a result of
substituent inductive effects (black squares, Fig. 5, left). The group [ and
II metal adducts of 1, on the other hand, significantly deviate from the

Current

-2.0 A5
Potential (V vs. Fe(CsHs), )

Fig. 6. Cyclic voltammograms 1 (grey), 1[Na(OTf)] (blue), 1[Ca(OTf),]
(red), or 1[Ba(OTf)2] (green) Under N, (solid) or CO, (dotted) atmosphere
Voltammograms were recorded at 100 mV/s scan rate with solutions containing
1.0 mM analyte and 0.1 M TBAPF; electrolyte in CH3CN.

-1.0

line with increasing charge of the secondary metal (blue triangles, Fig. 5,
left). This deviation from non-crown ether appended complexes suggests
that the trend in redox potential observed with 1 is not due to inductive
effects arising from cation encapsulation.

Our group has observed similar spectroscopic and voltammetric ef-
fects of group I or II metal cations with crown ether appended salen
systems, which have been attributed to the introduction or strength-
ening of an electric field near the metal center [9-12]. We believe the
same phenomenon is occurring within the series of Re(bpy®™®"™)
complexes described herein. IR spectroscopy is a useful tool to measure
the strength of an electric field, as vibrations are expected to shift within
a field in accordance to the vibrational Stark effect [37]. Indeed, higher
frequencies of v¢o are observed with increasing charge of the secondary
metal cation incorporated into 1 (Table 1, Fig. S31). Similar to the
previously mentioned relationship observed between E; ,(bpy”®) and
MLCT absorption energy, the asymmetric carbonyl stretching frequency
of reported Rebpy complexes increases linearly with increasing E;,
z(bpyO/ ®) (black squares, Fig. 5, right). Contrary to the previously
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observed departure from the linear trend in Fig. 5, the value of v¢o and
E1/2(bpy®” ®") for the group I and Il metal adducts of 1 fall along the line
(blue triangles, Fig. 5, right). It is not entirely clear at this point whether
the observed shifts are evidence of a vibrational stark effect indicating
an internal electric field, or if they are simply a result of inductive effects
from the bound cation reducing the donating ability of the bpy®©"®
ligand.

As Rebpy compounds have shown to be extremely robust and se-
lective COy to CO reduction electrocatalysts [14,15,30,38-42], we
investigated whether the cationic charge would result in selective CO5
reduction at lower applied potentials. Cyclic voltammograms of each
complex under CO5 atmosphere in CH3CN display increased current at
the first and/or second reduction compared to the same solutions under
No atmosphere, indicating reactivity with COy (dotted versus solid
traces, Fig. 6). Catalytic current increases are observed when the weak
acids trifluoroethanol or phenol are added to each solution (Figs. S32-
$33). Significantly more current is passed under CO5 than under Ny,
further supporting reactivity of the reduced complexes with CO5. Similar
to the anodic shifts observed under N atmosphere, the complexes react
with CO3 at milder potentials with increasing charge of the incorporated
cation (dotted traces, Fig. 6). While the reactivity of the complexes
looked promising via cyclic voltammetry, CO5 reduction products could
not be identified. Controlled potential electrolysis of 1 with incorpo-
rated cations resulted in immediate loss of current due to electrode
fouling (Fig. S34-S35). Fouling of the working electrode during elec-
trolysis is likely to arise from the formation of insoluble carbonate salts,
which has been observed with several CO, reduction catalysts in the
presence of Lewis acids, including manganese bipyridine complexes
[18,19,43-45].

4. Conclusion

This study reports the synthesis and characterization of a series of
rhenium bipyridine complexes which feature crown ether functionality
into the bipyridine backbone and readily encapsulate group I and II
metal cations. The encapsulation of metal cations into the crown ether
moiety results in significant anodic shifts to the reduction potential of
both the bipyridine ligand and rhenium metal center, with negligible
effects on the electronic transitions of the molecule. Additionally, the
carbonyl ligands bound to the rhenium center exhibited shifts in their
vibrational frequencies with increasing charge of the crown-bound
cation. Cyclic voltammograms of the cation-incorporated complexes of
1 under CO, atmosphere suggest that CO5 can be bound and reduced at
milder potentials in the presence of a proximal cation; however,
controlled potential electrolysis was unsuccessful due to electrode
fouling, preventing product identification. This study indicates the
problems that can arise when using alkali or alkaline earth metal ions to
introduce cationic charge. However, we note ammonium charges have
been used to successful improve activity and lower overpotentials in an
Fe(porphyrin) CO, reduction catalyst, suggesting an alternative way to
introduce cationic charge [46,47].
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