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A Co'"'-porphyrin complex (1) with an appended aza-crown ether for Lewis acid (LA) binding was
synthesized and characterized. NMR spectroscopy and electrochemistry show that cationic group | and
Il LAs (ie., Li*, Na*, K*, Ca®*, Sr?*, and Ba®*) bind to the aza-crown ether group of 1. The binding
constant for Li* is comparable to that observed for a free aza-crown ether. LA binding causes an anodic
shift in the Co'"/Co' couple of between 10 and 40 mV and also impacts the Co"'/Co" couple. The
magnitude of the anodic shift of the Co'/Co' couple varies linearly with the strength of the LA as
determined by the pKj of the corresponding metal-aqua complex, with dications giving larger shifts than
monocations. The extent of the anodic shift of the Co"/Co' couple also increases as the ionic strength of
the solution decreases. This is consistent with electric field effects being responsible for the changes in
the redox properties of 1 upon LA binding and provides a novel method to tune the reduction potential.
Density functional theory calculations indicate that the bound LA is 5.6 to 6.8 A away from the Co'ion,
demonstrating that long-range electrostatic effects, which do not involve changes to the primary
coordination sphere, are responsible for the variations in redox chemistry. Compound 1 was investigated
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Introduction

Metalloenzymes often use secondary coordination sphere
effects, such as hydrogen bonding, intramolecular proton
shuttles, or oriented electric fields, to achieve high activity and
selectivity for a specific transformation.* This has inspired the
design of many transition metal catalysts containing ancillary
ligands that stabilize the transition state in the turnover
limiting step through secondary coordination sphere effects.?
The vast majority of these systems incorporate functional
groups that promote hydrogen bonding or can act as intra-
molecular proton shuttles.* In contrast, electric field effects
have not been investigated as extensively in synthetic systems.*
This is in part because it is challenging to orient a freely

“Department of Chemistry, Yale University, New Haven CT 06520, USA. E-mail: nilay.
hazari@yale.edu

*Department of Chemical and Environmental Engineering, Yale University, New Haven
CT 06520, USA. E-mail: mingjiang.zhong@yale.edu

‘Department of Chemistry, Princeton University, Princeton, NJ 08544, USA. E-mail:
shs566@princeton.edu

T Electronic supplementary information (ESI) available: Additional information
about experiments, characterizing data, NMR spectra, cyclic
voltammograms, Job plots, and computational details. See DOI
https://doi.org/10.1039/d3sc06177a

1 Authors contributed equally.

selected

6800 | Chem. Sci., 2024, 15, 6800-6815

as a CO; reduction electrocatalyst and shows high activity but rapid decomposition.

diffusing molecular catalyst so that it experiences a uniform
electric field.

One attractive strategy for understanding the impact of
electric fields on transition metal catalysts in solution involves
using an internal electrostatic field.****” For example, the
binding of a Lewis acidic cation, such as an alkali or alkaline
earth metal ion to a prepositioned site on an ancillary ligand,
can alter the redox properties of a metal center due to electro-
static effects.> Crown or aza-crown ethers are attractive as
binding sites for cationic Lewis acids (LAs) because they have
high and tunable binding constants for alkali or alkaline earth
metal cations.® Consequently, several ligands have been
designed which feature pendant crown or aza-crown ether
moieties, A-E (Fig. 1).*»**545"7 In many of these systems, one or
two of the atoms in the crown (A or B), bind directly to the
transition metal center or effect the donor properties of the
ligand (C or D), making it challenging to disambiguate changes
in the primary coordination sphere from electrostatic effects
caused by binding of the LA cation. Further, in A-C, the LA is
often close (~3 A) to the transition metal, which can reduce the
ability of the crown or aza-crown ether to bind the LA cation. We
propose that there is value in developing systems where elec-
trostatic effects can be tuned without significantly perturbing
the electronic properties of the ligand directly bound to the
transition metal, as this allows for independent control of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Selected ligands featuring appended crown or aza-crown ether groups reported in the literature. *Ligand D was not isolated indepen-
dently but was prepared in situ with an Fe coordinated to the pyridinediimine ligand.

primary and secondary coordination sphere effects and a high
LA binding constant.

Porphyrin-ligated transition metal complexes are used as
electro-, photo, and thermal catalysts for a wide variety of
societally important transformations, including CO, reduction,®
0O, reduction,** H, evolution,’** polymerization,"* C-H func-
tionalization, epoxidation,* and alcohol oxidation.** As such,
porphyrins are a privileged class of ligand and represent
attractive targets for the introduction of crown ether or aza-
crown ethers to explore electrostatic effects. There are reports
of symmetric porphyrins containing two or four pendant crown
ether groups,™ however, this results in complexes that can bind
a variable numbers of Lewis acidic cations, which complicates
the interpretation of any changes in reactivity caused by LAs.
Recently, Zhong et al. prepared a rare example of an asymmetric
porphyrin ligand, E,' containing a single aza-crown ether site
for LA binding, which does not directly connect to atoms in the
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primary coordination sphere (Fig. 1).*¥'” We propose that this
porphyrin ligand is optimal for studying internal electrostatic
field effects caused by LA binding because the aza-crown ether
group should be able to bind a variety of different cationic LAs
and is remote from the primary coordination sphere.

In this work, we prepared a Co™ complex (1, Fig. 2) supported
by ligand E. We show that 1 can bind a variety of LAs and that
the binding constant for Li* is similar to that observed for a free
aza-crown ether. Further, for alkali and alkaline earth metal
cations, binding to the aza-crown ether causes predictable
changes to the redox properties of the Co center. Remarkably,
these changes occur despite the LA being 5.6 to 6.8 A away from
the Co center, demonstrating that ‘long-range’ electrostatic
effects can be used to tune the redox properties of the transition
metal center. Finally, we demonstrate that changes in the redox
properties of the Co center caused by LA binding depend on the
ionic strength of the solution, which provides a handle for

» Aza-crown ether moie’gl in 1 binds cationic Group 1
and 2 LAs with high bin

ing constants

-CLA binding predictably affects the redox properties of
o

» Changing the ionic strength of the solution affects the

=

Ar Ar=

1, L = solvent (DMF, MeCN)

reduction potentials of Co when a LA is bound

Fig.2 Structure and properties of the new Co''—porphyrin complex 1, which can bind LAs, such as Li*, Na*, K* Ca®*, Ba®*, and Sr?*, through the

pendant aza-crown ether.
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modulating the redox properties of Co without changing the LA
or ancillary ligand structure. Overall, this work provides new
insight into how to modulate induced electric fields caused by
LA binding to an ancillary ligand to change the properties of
a transition metal complex.

Results and discussion
Synthesis and characterization of cobalt-porphyrin complexes

Given that Co" porphyrin complexes are active catalysts for
a wide variety of transformations including electrocatalytic CO,
reduction,® we chose to react ligand E with Co(OAc), to form
complex 1. The synthesis of 1 followed standard literature
procedures,'® but to ensure full metalation of the ligand a five-
fold molar excess of Co(OAc), was utilized (eqn (1)). Over the
course of the reaction, two additional portions of Co(OAc), were
added to maintain an excess of Co™ ions in solution throughout
the reaction. To remove excess Co(OAc), from 1, our purifica-
tion procedure included washing the crude reaction mixture
with an aqueous solution of sodium ethylenediaminetetraace-
tate (EDTA), which binds tightly to free Co™ ions in solution. As
a control compound, we prepared the Co" complex 2, which
contains a similar porphyrin ligand to 1, without an intra-
molecular LA binding site (the full synthesis and characteriza-
tion data for this new ligand is provided in the SI, see Fig. S1-
S3t). Both 1 and 2 were purified by column chromatography
and isolated in yields of 86 and 87%, respectively.

Ar HN

Complexes 1 and 2 were characterized using UV-vis, '"H NMR
and EPR spectroscopy and high-resolution mass spectrometry
(HRMS) (Fig. S4-S117). The UV-vis spectrum of 1 is similar to
those of other Co porphyrin complexes.” The spectrum is
dominated by a Soret band centered at 413 nm, with a smaller Q
band at 530 nm, which has a shoulder at 550 nm. These
absorption bands are proposed to originate from porphyrin-
centered w-7* electronic transitions.?® The presence of two Q
bands serves as an indicator of complete ligand metalation as
free deprotonated porphyrins typically exhibit four bands in
this spectral region, due to the lower symmetry of the free ligand
relative to the metalloporphyrin.?>** Complex 1 is para-
magnetic, and therefore the 'H NMR spectrum of 1 is

6802 | Chem. Sci., 2024, 15, 6800-6815
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complicated. In dg-toluene, signals are observed between 0 and
17 ppm with the pyrrolic protons appearing the furthest
downfield given their close proximity to the paramagnetic Co"
ion. Tentative assignment of the "H NMR signals is provided in
the SI. EPR spectra of Co complexes are often complex, given
that *°Co is the only naturally occurring isotope of Co with
a nuclear spin of 7/2. The X band EPR spectrum of 1 in toluene
at 7 K (Fig. 3a) displays rhombic symmetry with observable
hyperfine coupling from *’Co to g, g, and g;. The 8 expected
peaks can be seen for g,, whereas overlap of g, and g, convolute
the splitting. Through simulation of the spectrum, g values (g, =
2.598, g, = 2.375, and g, = 1.955) and the principal values of
hyperfine interaction (4, = 330 MHz, A, = 325 MHz, A, = 360
MHz) were determined. These values are comparable to
previous reports for Co tetraphenyl porphyrin complexes with
axial ligands.?* The spectroscopic data for 2 is similar to that for
1 and supports the proposed structure (Fig. S7-S107%). Unfor-
tunately, despite repeated attempts we were unable to grow
single crystals of 1 or 2 suitable for analysis using X-ray
diffraction, and therefore structural information about 1 was
obtained using density functional theory (DFT) calculations
(vide infra).

Cyclic voltammograms of 1 and 2 were collected in acetoni-
trile (MeCN) solution under an inert atmosphere. They exhibit
three clear redox events, as shown in Fig. 3b for complex 1 (see
Fig. S117 for cyclic voltammograms of 2). The first redox wave
for 1 at —0.084 V vs. Fc'/Fc (all potentials herein are reported vs.

Ar HN

1
Ar L

1 86% isol. yield

) ) = DMF
2 87% isol. yield

the ferrocenium/ferrocene, Fc'/Fe, internal standard) is
assigned as the Co™/Co" couple based on previous literature
reports.” This couple is quasi-reversible as changing from an
octahedral d® Co™ species to a d’ Co™ species leads to axial
distortions due to Jahn-Teller effects. The large reorganization
energy associated with this distortion decreases the rate of
electron transfer from the electrode to 1 in solution, which
impacts the reversibility of the couple. The second and third
redox couples at —1.288 and —2.459 V are reversible and, based
on literature precedent, are assigned as the Co"/Co’ couple and
a ligand centered reduction.”® Overall, the well-defined redox
chemistry observed for 1 makes it ideal for studying the effects
of LA binding on its redox properties. Further, the nearly

© 2024 The Author(s). Published by the Royal Society of Chemistry



Edge Article

a g, =2.598 A, =330
g, =2375 A, =325
0= 1.955 A, =360

di/dB

— Simulation
— Experiment

250 300 350 400
Magnetic Field (mT)

200

Chemical Science

20,b
co'L%
collll
10 COIIIIII
<
= 0
-10
0 05 -1 -15 -2 -25

E (V) vs Fc'/Fc

Fig. 3 (a) EPR spectrum of 1. (b) Cyclic voltammogram of 1 (0.5 mM) in 0.25 M TBAPFg in MeCN at 100 mV s~ * under Ar.

identical cyclic voltammograms observed for 1 and 2 indicates
that the incorporation of the pendant LA binding site has
negligible impact on the electronic properties of the Co center
in 1.

Lewis acid binding to 1

To determine whether complex 1 effectively binds Lewis acidic
group I and II cations, we initially performed HRMS experi-
ments. We prepared solutions containing either 1 or 2 in MeCN
and added LiOTf (OTf = triflate) or Ca(OTf),. Triflate was
selected as the anion due to its non-coordinating nature and the
commercial availability of a wide variety of alkali and alkali
earth triflate salts. Whereas solutions of 1 showed peaks at m/z
ratios consistent with the binding of Li* or Ca®" (Fig. S12-5157),
these peaks were absent in the HRMS of 2 (Fig. S16-5177). This
strongly suggests that 1 can bind LAs but that 2, which lacks the
pendant aza-crown ether, cannot. However, this experiment
provides no information about the strength of the interaction
between 1 and the LA or where binding is taking place.

To gain more quantitative information about LA binding, we
used “Li NMR spectroscopy to probe the binding of LiOTf to 1
and 2 in d;-MeCN. We performed the experiments with a 10-fold
molar excess of LiOTf relative to 1 (vide infra). Similar behavior
was observed with 0.25 M TBAPF, electrolyte present, added to
model electrochemical conditions (Fig. S18-S23t). At room
temperature in the presence of 10 equivalents of LiOTf, both 1
and 2 exhibit a single peak at approximately —2.4 ppm (Fig. 4),
although the peak for 1 is significantly broader than that of 2.

a (1) 1-Li== Li"(som) + 1
25 °C (-2.39)
(1)-1L:; Li*(solv)
o (-2.47)
1 0 -1 2 3 -4

3 (Ppm)

This is consistent with an exchange process involving rapid
binding and decoordination of Li" to the aza-crown ether in 1.
At —40 °C, two distinct peaks are observed in the 'Li NMR
spectrum for 1 in the presence of LiOTf. We assign the peak at
0.13 ppm to Li" bound to the aza-crown ether of 1, because
similar chemical shifts have been observed for Li* coordinated
to crown ethers in the past,?* and the other to free solvated Li'.
Presumably, at —40 °C the exchange between coordinated and
solvated Li" is slow on the NMR timescale. As expected, at —40 ©
C, only a peak corresponding to solvated Li" is observed when 2
is cooled in the presence of LiOTf.

The observation of a single peak in the “Li NMR spectra at
25 °C when LiOTf is added to 1 (Fig. 5 and S247) is indicative of
fast exchange on the NMR timescale between coordinated and
solvated Li*. It has been demonstrated that, in cases where
there is fast exchange between free and complexed metal ions,
the observed chemical shift of the resulting single NMR peak
can be used to determine the binding constant (K,).>**** K, for
a1:1Li" to 1 adduct was determined from the variation of the
“Li chemical shift with the increasing concentration of LiOTf
relative to 1 according to a 1:1 general binding isotherm
described by eqn (2),>**

(0w — 0Ly) 1
Oobs = 20, C+ Cri + A

1N\2
- \/(Cl + Cui + —) —4C,Cyi | + 0w (2)
K,

b (2)
. Li+(solv)
25°C (-2.43)
. Li+(solv)
-40 °C ) (-2.49)
1 0 < 2 -3 -4

8 (ppm)

Fig. 4 ’Li NMR spectra of 15 mM LiOTf with 1.5 mM of (a) 1 and (b) 2 at temperatures of 25 and —40 °C in ds-MeCN.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemical shift variation in the (a) “Li NMR and (b) *H NMR spectra upon adding increasing amounts of LIOTf to a solution containing
1.5mM of 1in dz-MeCN. For the *H NMR spectra, only the peaks that proved more sensitive to added LiOTf are shown. (c) Job plot obtained from
the *H NMR peak initially centered at 8.84 ppm showing a maximum near a Li molar fraction (x.;) 0.5 consistent with formation of a 1: 1 adduct

between Liand 1.

where 0,5 corresponds to the measured chemical shift, é;; and
Ome represent the chemical shift of the free and complexed Li*
ion, respectively, and Cy; and C; are the total concentrations of
Li" and 1. A non-linear least squares curve fitting program was
used to determine Kj, (Fig. S271) yielding a value of 1.2 £ 0.3 X
10* M~ %; a similar value of 1.3 £ 0.3 x 10* M~ * was found when
the titration was performed in the presence of 0.25 M TBAPF,
(Fig. S24 and S271) to better represent the solution composition
used in our electrochemical studies (vide infra). Interestingly,
this binding constant is similar to that of a precursor of the
ligand E, which we also titrated with LiOTf (Fig. S28-S317).
Monitoring the addition of LiOTf to this precursor via 'Li NMR
spectroscopy generated a Ky, of 2.6 + 0.6 x 10* M™" (Fig. S28-
S297), which is the same order of magnitude as previously re-
ported Li* binding constants to free 12-crown-4 ether in
MeCN.>* This stands in contrast to other previous metal
complexes featuring crown or aza-crown ether binding sites,
where the affinity for alkali metals is significantly lower, up to 3
orders of magnitude, relative to the corresponding free crown.””
We postulate that high binding affinity for the LA is important
in order to ensure the LA is bound during catalytic conditions.
Further, in the case of CO, reduction, strong binding of the LA
cation to the crown is required to prevent the formation of

6804 | Chem. Sci,, 2024, 15, 6800-6815

insoluble carbonate salts between the Lewis acidic cation and
carbonate anions formed due to CO, hydrolysis. In previous
work, formation of insoluble carbonates at the working elec-
trode has been linked to electrode fouling, causing loss of
activity for molecular CO, reduction catalysts in the presence of
LA salts.”® Electrode fouling was also observed in electro-
chemical CO, reduction using a Re complex featuring the ligand
C in Fig. 1, which had a low binding constant for Li* of 10>
M '.% Interestingly, the precipitation of carbonate salts seen in
CO, reduction catalysis by [Mn(bpy)(CO);Br] in the presence of
Mg(OTf), (ref. 28b) was inhibited by switching the LA species to
[Zn(cyclam)]**,* supporting the hypothesis that tighter binding
of the LA is a viable strategy to suppress the formation of
insoluble carbonates and subsequent electrode fouling.

In principle, changes in the chemical shift of peaks in the 'H
NMR spectra of 1 upon the titration of a LA can be used to
construct Job plots and estimate K}, in an analogous fashion to
’Li NMR spectroscopy. However, analyzing "H NMR spectra of 1
in the presence or absence of LAs is complicated by the para-
magnetism of 1. Nevertheless, we were able to identify specific
peaks in the "H NMR spectrum of 1 that move predictably upon
the addition of Lewis acidic cations (Fig. 5b and S32-S35%). For
example, we used the change in the chemical shift of the peak at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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8.8 ppm in the presence of LAs to construct Job plots upon
addition of a variable number of equivalents of LiOTf, NaOTf,
and KOTf to 1 (Fig. 5¢c, S25, S26, and S347). The Job plots are
consistent with the formation of a 1: 1 complex between the LA
and 1, although the quality of the data for NaOTf and KOTf is
low. Unfortunately, we were unable to use eqn (1) to determine
K, using the change in chemical shift in the "H NMR spectra
upon LA binding as poor fits were observed likely due to the
presence of broad and overlapping peaks. When 0.1 equivalents
of Ca(OTf),, which contains a dicationic metal ion, was added to
1, the peak in the '"H NMR spectrum centered at 8.9 ppm
broadens significantly more than with the monocationic LAs
(Fig. S367). If more equivalents of Ca(OTf), are added, the peak
at 8.9 ppm is not observable, presumably because it has
broadened into the baseline. This suggests that for 12-O;N aza-
crown ether, Ky, is higher for Ca®* than for Li" and other group I
cations, even though an absolute binding constant could not be
determined. Consistent with this observation free 12-crown-4 is
known to bind more strongly to Ca®** than to Li* in
acetonitrile.?*

Electrochemical investigation of the binding of group I and II
cations to 1

To explore how LA binding impacts the redox properties of 1, we
conducted an electrochemical investigation using cyclic vol-
tammetry. Initially, as a control, we added 30 equivalents of
TBAOTI to a solution of 1 in MeCN containing 0.25 M TBAPF, as
a supporting electrolyte. The cyclic voltammogram in the
presence of TBAOTf was identical to the cyclic voltammogram

= —0 equiv

—1 equiv

0.2 041 0

-0.1
E (V) vs Fc'/Fc

-02 -03 -04

-1.3

. 1.4
E (V) vs Fc'/Fc

-1.2

Fig.6 Cyclic voltammograms of the Co"'/Co" (a) and (b) and Co'"/Co' (c

Chemical Science

in its absence (Fig. S377), indicating that triflate does not
interact with 1. Cyclic voltammograms were then recorded in
the presence of different amounts of Li*, Na*, K*, Ca>", Sr**, and
Ba*" triflate salts (Fig. 6 and $38-S427). In each case the addi-
tion of the LA anodically shifts the position of both the Co™/Co"
and the Co"/Co' couple, as demonstrated in Fig. 6 for one
equivalent of Ca(OTf),. Addition of LA causes the ligand
centered reduction at —2.459 V to become irreversible
(Fig. $431) and consequently the Co"/Co’ couple also becomes
irreversible if the cyclic voltammogram window is extended to
include the ligand centered reduction. This observation
suggests an electrodegradation pathway in which the LA reacts
with the radical-anion species formed upon reduction of the
ligand. Hence, we did not extensively explore the impact of LAs
on the ligand centered reduction at —2.459 V. Importantly,
when LAs are added to solutions of 2, no changes are observed
by cyclic voltammetry (Fig. 6). This observation supports the
hypotheses that the pendant aza-crown ether can bind LAs and
that this binding is crucial to modulating the redox properties
of 1.

The magnitude of the anodic shift of the Co™/Co’ couple of 1
increases as the concentration of the LA increases, before
stabilizing when a certain number of equivalents of LA are
reached (Fig. 7, Tables S2 and S37). Importantly, the reversibility
of the Co"/Co' couple is maintained regardless of the amount of
LA salt present. The saturation point of the change in reduction
potential is reached with a lower number of equivalents of LA
for the dicationic systems compared to the monocationic
systems. For example, the changes in the position of the Co"/

5 2
Co™m
~ 0
<
—
-5 V—_-O equiv
—1 equiv
0.2 0.1 0 01 -02 -03 -04
E (V) vs. Fc'/Fc
10]d 2
1
5 Co
<
=
< 0
—0 equiv
-5 —1 equiv
1.2 -1.3 1.4

E (V) vs. Fc'/Fc

) and (d) couples of 1 and 2, respectively, in the absence of LA and upon

addition of 1 equivalent of Ca(OTf),, showing that only for 1 does the added LA impact the CV response. Cyclic voltammograms were collected at

100 mV s~ 1in 0.25 M TBAPFg in MeCN under Ar.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cyclic voltammograms collected at 100 mV s~ for 0.5 mM of 1 in 0.25 M TBAPFg in MeCN under an Ar atmosphere with increasing
amounts of (a) Ca(OTf), (AEy» = 34 mV at 1 equiv.) and (b) LIOTf (AEy» = 15 mV at 10 equiv.). (c) and (d) Zoom in of the Co"/Co' couple in the

presence of added Ca(OTf), and LiOTf, respectively.

Co' redox couple stabilize after the addition of 1 equivalent of
Ca(OTf),, whereas 10 equivalents are required for LiOTf. Likely,
the Co"/Co' reduction potential stops changing when all the
available 1 is bound to the LA. Hence, the different number of
equivalents of LA required for the reduction potential to stabi-
lize is related to the different binding affinities of the LA to the
aza-crown ether. Given that the aza-crown ether in 1 binds
divalent cations more tightly than monocationic LAs (vide
supra), it is not surprising that a lower number of equivalents of
dicationic LAs is required for the change in reduction potential
to stabilize. In the presence of LAs, there is a small peak
preceding the Co"/Co’ reduction in 1 which may originate from
some structural rearrangement or weak adsorption of the
complex at the surface of the working electrode. Pre-waves in
other transition metal based systems have been broadly inter-
preted in this way,* but we do not have experimental evidence
to unambiguously assign this small peak. Rinse tests showed no
residual features in the cyclic voltammogram, ruling out
permanent adsorption of electroactive species to the working
electrode.

The potential of the Co™/Co™ couple is also affected by the
addition of the LA, as evidenced by the anodic shift observed in
the presence of Ca(OTf), (Fig. 6a). In the case of the Co™/Co"
couple, there is also change in the reversibility. For example, as
the amount of Ca(OTf), present increases there is an increase in
the peak-to-peak separation for the reductive and oxidative
voltammetric waves. In the absence of LA, we propose that the
Co™/Co" couple in 1 is only quasi-reversible because of the high

6806 | Chem. Sci, 2024, 15, 6800-6815

reorganization energy associated with axial ligation changes
(vide supra). We hypothesize that the solvent reorganization
energy, which includes effects from solvent, electrolyte and LA
salt, associated with the Co™'/Co" reduction of 1 is higher in the
presence of LA. This slows electron transfer, which translates
into a larger peak-to-peak separation as well as a decrease in
peak current, particularly in the reductive wave.* The Co™/Co"
couple of 1 does not stop shifting at a given concentration of LA
salt as seen for the Co"/Co' couple and instead continues to
shift anodically. Further, although the Co"/Co' couple of the
control compound 2 does not change upon the addition of LA,
there is a small shift in the Co™/Co™ couple, especially for
dicationic LAs (Fig. 6b). This shift is much smaller than what is
observed for 1 but indicates there is likely some non-specific
interaction of the LA with 2. Altogether, for complex 1 the
Co™/Co™ couple seems sensitive to bound and free LA, while the
Co"/Co' couple is only impacted by the LA ions bound to the
aza-crown ether as shown in Fig. 7, hence we have centered our
investigation on the Co"/Co" couple of complexes 1 and 2.

The observation that the Co"/Co" couple remains reversible
in the presence of LAs allows for the accurate determination of
E;), in the presence of LAs. We define AE;,, as the maximum
difference in the reduction potential of the Co™/Co" couple of 1
in the presence and absence of LA. The maximum difference
occurs when enough LA has been added so that the potential of
the Co"/Co" couple is no longer shifting and the change in
reduction potential has reached its saturation point. We
observe that dicationic LAs give bigger changes in AE;,, than
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the pK, of the corresponding aqua complex.

monocationic LAs, and the maximum shift that we observe is
38 mV in the case of Sr*". This change is significantly smaller
than changes induced by LA binding in most other systems (for
example, Yang and co-workers have observed shifts of up to
270 mV in modified Co Schiff base systems®?), likely because the
LA is further away from the transition metal in 1 (vide infra). As
observed previously, AE,,, correlates with the Lewis acidity of
the bound cations as shown in Fig. 8, when the Lewis acidity of
the cation is modelled using the pK, of the aqua complex.*#%:32
This suggests that electrostatic effects, namely the interaction
between the Co center in 1 and the bound LA, are responsible
for the differences in reduction potential upon LA binding.
Unfortunately, 1 is not stable in the presence of tricationic LAs
such as Y*" and La*'(Fig. S44 and S45t), which would be ex-
pected to lead to even bigger changes in AE;,.

It is interesting to compare our results to those obtained by
Gilbertson and co-workers for an Fe complex containing a pyr-
idinediimine ligand modified with a pendant 15-crown-5 ether
(ligand D in Fig. 1) that binds Na* and Li" ions.> In that study,
the shift in the quasi-reversible Fe"/Fe' couple upon Na*
binding (in MeCN containing 0.1 M TBAPF) is approximately
14 mV, which is similar to the 12 mV shift we observe for 1
bound to Na‘. Importantly, the Fe-Na distance in the Fe
complex is 6.85 A in the solid state, while we estimate the Co-LA
distance to range between 5.6 and 6.8 A in our complexes based
on DFT calculations (vide infra). When Gilbertson and co-
workers shifted from MeCN, which has a high dielectric
constant (¢ = 37.5), to solvents with lower dielectric constants
like dichloromethane (¢ = 8.93) or tetrahydrofuran (e = 7.58) the
shift in reduction potential increased to approximately 50 mV
for the Na" bound complex. This solvent dependence is
consistent with our interpretation of long-range electrostatic
effects being responsible for the changes in the reduction
potential of the metal center, as the electric field caused by
a point charge is inversely proportional to the dielectric
constant of the medium in which the charged particle is
immersed.

If electrostatic effects are responsible for the observed
changes in reduction potential upon LA binding to 1, it would
be expected that the ionic strength (I) of the solution would
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influence AE,,. This is because ions in solution can order
around the 1:LA adduct, and anions can dampen the electro-
static field created by the cationic LA. To modify the ionic
strength (I) of the solution, we varied the concentration of the
supporting electrolyte (TBAPF,) and then recorded cyclic vol-
tammograms of 1 with one equivalent of Ca(OTf), (Fig. 9, S46
and Table S4f). The largest changes in AE,,, for the Co"/Co'
couple are observed in solutions with the lowest ionic strength.
In fact, a 35 mV difference in AE,,, is observed between the
lowest and highest ionic strength. Notably, this is almost as
large as the changes observed in AE;,, by varying the identity of
the LA (vide supra). Apart from providing evidence for electro-
static effects being responsible for the shifts in reduction
potential, this experiment is significant because to our knowl-
edge it is the first example of the use of ionic strength to
modulate the redox properties of a complex with an intra-
molecular LA binding site. Changing the ionic strength of the
solution provides a new handle to tune the redox properties of
the complex, which in some cases is easier than changing the
LA and will give rise to a larger range of reduction potentials.
Although lower ionic strengths lead to larger changes in
reduction potential, in electrochemical processes it is not rec-
ommended to use ionic strengths below 0.1 M. However, Co
porphyrin complexes,®**° such as 1, may be used in conjunction
with chemical reductants, in the absence of an electrolyte. In
this case, the changes to the reduction potential of 1 that occur
with LA binding at low electrolyte concentration will be relevant.

Computational studies

DFT calculations were performed to gain information about the
structure and electronic properties of 1 both with and without
LAs bound. As part of these calculations, we explored the
different conformations of the pendant aza-crown ether group
that may be present in solution. To reduce the computational
cost, the mesityl groups on the porphyrin were replaced by
methyl groups. The resulting compound is denoted 1*. Initially,
we sampled the possible conformations of one electron reduced
1* (i.e., Co' instead of Co™) with Ca®*" bound to the aza-crown
ether group. We selected Co" instead of Co™ both because it is
diamagnetic, which leads to faster calculations, and because
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solvent binding does not need to be considered for a square-
planar 16-electron complex. Further, given that the cyclic vol-
tammograms of 1 are reversible between Co" and Co', large
conformational changes between complexes in the two oxida-
tion states are likely not occurring. We used the Conformer-
Rotamer Ensemble Sampling Tool (CREST)* to identify 159
conformers of reduced 1* with Ca®" bound that are local
minima at the density functional tight binding (DFTB) level of
theory® in implicit acetonitrile solvent. The Co-Ca** distance in
these conformers span a wide range, from 5 to 14 A. The LA-
bound aza-crown ether moiety can fold so that is above the
porphyrin plane, resulting in a Co-Ca*" distance close to 5 A, or
the arm connecting the aza-crown ether group to the porphyrin
can fully extend, resulting in a much longer Co-Ca”" distance of
~14 A (Fig. S471). Among these conformers, we selected 12
geometrically distinct structures for further investigation at
a higher computational level with the Co center in the para-
magnetic Co" oxidation state. The selected structures were
optimized at the DFT level of theory using the BP86 functional®
in implicit acetonitrile solvent both with and without an explicit
acetonitrile solvent molecule coordinated to Co. The free energy
of each conformer was calculated, including zero-point energy
and entropic contributions. Additional computational details
are provided in the ESL

The relative stabilities of the selected conformers were
characterized by their relative free energies, AG,.;, where the
free energy of the most stable conformer studied was used as
the reference at 0 kcal mol . The results for 1* with various LAs
bound to the aza-crown ether (1*-LA) are shown in Fig. 10a. In
these calculations, the axial acetonitrile ligand, expected to be
bound in Co" porphyrins,® was not included to reduce the
computational cost. Control calculations on both 1*-Ca®*" and
1*Li" indicated that the same trends were observed in the
presence and absence of an axial ligand (Fig. S48t). Comparison
of the different conformers of 1*-Ca>" indicates that there is an
increase in the relative free energy as a function of the Co-Ca**
distance. The change in AG,, with respect to the Co-Ca?*
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distance can be approximately described by a 1/dc,-1.4 relation
(dashed line in Fig. 10a), where dc, 14 is the distance between
the Co and Ca®" centers. The structure of the most stable
conformer for 1*-Ca®" is shown in Fig. 10b. Despite the repul-
sion between the positively charged Co™ and the Ca*, the LA-
bound aza-crown ether prefers to fold onto the porphyrin
plane. Presumably, the repulsive interaction between the two
cations is attenuated by the aza-crown ether group, and the
attractive dispersion interactions between the porphyrin and
the aza-crown ether groups are dominant. This leads to a net
attraction between the Ca**-bound aza-crown ether and the Co
porphyrin. Conformers similar to the lowest free energy struc-
ture of 1*-Ca*>* (shown in Fig. 10b) are found to be the most
stable for the other five LAs (Fig. S497), and the same increase in
free energy with increasing distance between the metal centers
is observed. For all systems, the free energy difference between
the most stable conformer and the others is well beyond the
thermal energy at room temperature (0.6 kcal mol™'). We
therefore expect that only the most stable conformers exist in
solution, with corresponding Co-LA distances ranging from 5.6
t0 6.8 A. The distance is shortest in 1-Li* and largest in 1-Ba**, as
shown in Fig. 10a, which likely reflects the size of the cations.

We also calculated the relative reduction potential of the
Co"/Co" couple of 1* for each LA using both the most stable
geometry and the geometry with an extended arm (Fig. S477).
The Co"/Co" reduction potential with no LA bound is used as
the reference.’* As shown in Fig. 11a, for the most stable
conformer, we observe a roughly linear relationship between
the relative reduction potential and the LA strength (expressed
as the pK, of the corresponding aqua-complex). Apart from the
reduction potential of 1*-Ba®", which is an outlier, the results
agree qualitatively with our experimental observations.
However, the calculated relative reduction potentials are one
order of magnitude larger than the experimental results. We
found that this disparity could be partially due to the absence of
electrolyte in the computational model (see ESIt). Another
source of error in the calculations is that the harmonic
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Fig. 10

(@) DFT calculated relative free energies of various conformers sampled for complex 1* with different LAs as a function of the Co-LA

distance. The axial acetonitrile ligand was not included in these calculations. The most stable conformers are indicated by the black box with their
Co-LA distances listed in the table. The black dashed line is used to guide the eye. (b) Optimized geometry of the lowest free energy conformer

of 1*-Ca®*.
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LA species relative to the reduction potential of 1* with no LA bound in

either the folded or extended arm geometry. An axial acetonitrile ligand was explicitly included for the Co" species in these calculations. The data
for Ba®* is excluded in both linear fits. A second y axis in (a) shows the experimental values (red) measured via cyclic voltammetry.

approximation was used to compute the zero-point energy and
vibrational entropic contributions in the free energy calcula-
tions. Since both the porphyrin and the aza-crown ether groups
are flexible, the vibrational modes of 1* tend to have strong
anharmonic character. Moreover, we replaced the mesityl
groups by methyl groups in the calculations. The lower steric
bulk of the methyl groups may result in a shorter Co-LA
distance than for 1 and therefore may lead to larger reduction
potential changes. In contrast to our results with the most
stable ‘folded’ geometry, for the geometry with an extended
arm, no trend is observed between the Co"/Co' reduction
potential and LA strength, as shown in Fig. 11b. The absence of
any trend in the extended-arm geometry provides further
support that the complexes adopt a folded geometry. Our
conclusions also hold without an axial ligand bound to the Co™
species (Fig. S49 and S507).

Using the most stable geometry for each 1*-LA system, the
electrostatic potential generated by the LA near the Co center,
A¢, was calculated. This quantity A¢ is defined as the difference
between the total electrostatic potentials of 1*-LA and 1* at the

DFT-optimized geometry of 1*LA. Fig. 12a shows a typical
electrostatic potential change caused by the bound Ca®" ion in
the 1*-Ca®" adduct. A deeper shade of blue indicates a stronger,
more positive, potential. The A¢ generated by different LAs can
be quantitatively compared by taking the average within a 1 A
sphere near the Co ion (the ionic radius of Co" is about 0.7 A)*’
as shown in Fig. 12b. Given that A¢ is determined by sub-
tracting the total electrostatic potentials of two structures that
differ only by the presence of the cationic LA, A¢ reflects the
electrostatic effect of a point charge. This explains why the A¢
values for the divalent cations are approximately double those
for the monovalent cations. The differences between LA cations
of equal charge arise from the different Co-LA distances
determined from geometry optimizations of 1*-LA and the
different ionic radii of the LA cations. Altogether, this relatively
simple calculation yields A¢ values that correlate well with the
LA strength (Fig. 12b), showing a trend similar to that obtained
in our electrochemical experiments (Fig. 8). Our calculations
offer proposed geometries for the 1-LA complexes and provide
strong support for the hypothesis that the observed changes in
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Fig.12 (a) Electrostatic potential (A¢) generated by Ca®* in 1*-Ca*. (b) Calculated A¢ generated by the LA at the Co center in 1*-LA as a function

of the LA strength.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 6800-6815 | 6809



Chemical Science

30 a

—no TFE, CO2
—no TFE, Ar

20 KT2

i (HA)

10

-0.5 -0.75 -1 -1.25

E (V) vs Fc'/Fc

-1.5

Edge Article

b

—10 mM TFE, CO2
—no TFE, CO2
—no TFE, Ar

100
KT1

i (WA)

50

-0.5 -0.75 -1 -1.25

E (V) vs Fc'/Fc

-1.5

Fig.13 CVof 0.5mM1at100 mV s tin 0.25 M TBAPFs/MeCN under 1 atm of the specified gas, (a) without added proton source (TFE, pK, = 35.4)

and (b) with 10 mM of trifluoroethanol.

the redox properties of 1 upon LA binding are related to elec-
trostatic effects.

Electrocatalytic CO, reduction by 1

Co" porphyrin complexes are well-known electrocatalysts for
CO, reduction, often giving selective conversion to CO.*
Therefore, we explored the ability of 1 to electrocatalytically
reduce CO, with the goal of ultimately assessing whether
binding of a cationic LA impacts catalysis. A cyclic voltammo-
gram of 1 under CO, shows the same Co™/Co" and Co"/Co"
waves described earlier. In addition, there is an irreversible
peak approximately 100 mV anodic of the Co"/Co' couple as
shown in Fig. 13a, where the new catalytic peak is labeled with
an asterisk. This behavior is consistent with a total catalysis
regime, specifically the cyclic voltammogram shows the char-
acteristic shape of a KT2 voltammogram as described in
Savéant's Kinetic Zone diagram.*® A cyclic voltammogram
exhibits a KT2 shape because the rate of catalysis is so fast that
even a small fraction of the catalyst in the reduced active form is
able to consume all of the substrate, or co-substrate, available in
the reaction-diffusion layer quickly. Then, when the potential of
the catalysis-initiating redox couple is reached there is no
substrate for the catalyst to use and thus the reversible wave is
observed. Addition of 10 mM of the Brensted acid tri-
fluoroethanol (TFE) led to a significant current increase of the
catalytic peak, effectively moving the cyclic voltammogram into
a KT1 regime (Fig. 13b).** In this case, the higher concentration
of co-substrate (i.e., proton donor, TFE) allows for catalysis to be
sustained for longer, so a larger catalytic peak grows that
completely obscures the reversible Co"/Co' couple.

Despite the cyclic voltammogram of 1 indicating fast initial
electrocatalytic CO, reduction, the complex is unstable under
electrocatalytic conditions. When further cyclic voltammo-
grams are collected, the catalytic current diminishes rapidly
(Fig. S517), consistent with loss of catalytic activity, which
precluded running controlled potential electrolysis (CPE)
experiments to determine the product distribution. Similarly,
when the electrocatalytic performance of 1 was evaluated in the
presence of LAs, such as Ca(OTf),, even though there was an
initial large increase in current under CO,, rapid catalyst
decomposition was observed, preventing detailed analysis. We

6810 | Chem. Sci, 2024, 15, 6800-6815

hypothesize that the nitrogen atom in the aza-crown ether
reacts with CO, leading to a loss of CO,-reduction activity.
Consistent with this proposal, the control compound 2 gener-
ates significant quantities of CO in electrocatalytic experiments,
is stable for over 2 hours of CPE, and displays a stable current
(Fig. S52 and S537). Further, chemical reduction of 1 by KCg
followed by exposure to CO, leads to formation of a precipitate
and a discoloration of the solution. On the other hand, when 2
is treated similarly, it remains in solution with no color change
and yields a "H NMR spectrum consistent with a one-electron
reduced CO,-bound species that remains stable for at least 18
hours. Future efforts will be directed toward the synthesis of
metalloporphyrin-crown ether complexes that are stable under
CO, to explore the impact of bound LAs in electrocatalytic CO,
reduction.

Conclusions

We have prepared a Co" porphyrin complex, 1, which contains
a pendant aza-crown ether group that can bind cationic Group I
and II LAs to change the internal electric field. The binding
constant for Li* coordination is similar to free aza-crown ethers,
whereas other metal complexes containing pendant aza-crown
or crown ether ligands often have significantly lower binding
affinities for LAs.***” This is likely because the aza-crown ether
group in 1 is remote from the Co center, and none of the atoms
associated with the aza-crown ether interact directly with the
Co. Strong LA binding is potentially important in electro-
catalytic CO, reduction, where the use of a lower number of
equivalents of LA is expected to result in less electrode fouling
due to the formation of insoluble carbonates.

LA binding causes an anodic shift in both the Co™/Co™ and
Co"/Co’ redox couples of 1. The magnitude of the Co™/Co" shift
varies predictably with the LA strength of the bound cation,
increasing linearly with the pK, of the corresponding metal-
aqua complex. This result is consistent with previous literature
reports,¥#*4%32b hut the magnitude of the shift is smaller than
the shifts found for systems in which the LA is positioned closer
(~3 A) to the metal center.**%¥¢ Our DFT studies imply that the
distance between the bound LA and the Co center ranges from
5.6 to 6.8 A, suggesting that the effects seen in the
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electrochemical properties of 1 are due to long-range electro-
static interactions. The calculated electrostatic potential
generated by the LA near the Co center is also linearly correlated
with the pK, of the corresponding metal-aqua complex. More-
over, the magnitude of the shift in the Co™/Co’ couple upon LA
binding is sensitive to the ionic strength of the solution, with
solutions containing higher electrolyte concentration resulting
in smaller changes in reduction potential. To our knowledge
this is the first time that the ionic strength of the solution has
been used as a handle to tune the redox properties of transition
metal complexes with intramolecular electric fields. Although
the CV response of 1 suggests fast CO, reduction catalysis, the
complex quickly deactivates under CO,, which we attribute to
the nitrogen atom in the aza-crown ether group reacting with
CO,.

Overall, we have developed a Co porphyrin system in which
the redox properties can be tuned via long-range electrostatic
effects. Importantly, it is likely that using this system it will be
possible to independently modulate the primary coordination
sphere and the internal electric field. Future research efforts
will be dedicated to the synthesis of structurally related
complexes with crown ether groups that are expected to be more
stable under the conditions used for electrocatalytic CO,
reduction and will allow catalytic performance to be evaluated
as both the primary coordination sphere and magnitude of the
internal electric field are varied.
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