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Table of Contents Synopsis

Iron porphyrins decorated with imidazolium (im) pendants enable the disentangling of second-

sphere contributions that stem from through-space charge and hydrogen-bond interactions for the

electrochemical CO; reduction reaction (CO2RR). Synergistic through-space electrostatic and

hydrogen-bond effects in Fe-ortho-im(H) lead to a 25-fold increase in CO> affinity and 2,000-fold

increase in CO2RR activity over parent Fe-TPP. Charge effects are the dominant contributor to

observed improvements in CO> conversion with hydrogen bonding effects augmenting CO>

capture affinity, resulting effective homogeneous electrocatalytic CO2RR in water.
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ABSTRACT: Microenvironments tailored by multifunctional secondary coordination sphere
groups can enhance catalytic performance at primary metal active sites in natural systems. Here,
we capture this biological concept in synthetic systems by developing a family of iron porphyrins
decorated imidazolium (im) pendants for the electrochemical CO> reduction reaction (CO2RR),
which promotes multiple synergistic effects to enhance CO2RR and enables the disentangling of
second-sphere contributions that stem from each type of interaction. Fe-ortho-im(H), which poises
imidazolium units featuring both positive charge and hydrogen-bond capabilities proximal to the
active iron center, increases CO> binding affinity by 25-fold and CO2RR activity by 2,000-fold
relative to the parent Fe tetraphenylporphyrin (Fe-TPP), achieving turnover frequencies (TOF)
exceeding 10° s'! with >95% Faradaic efficiency for CO product. Owing to these dual, synergistic
second-sphere enhancements, this catalyst also retains high activity and selectivity for
homogeneous CO2RR in aqueous media. Notably, the observed TOF value for Fe-ortho-im(H) is
14,000-fold higher than the Fe-para-im(H) positional analog, but only 40-fold higher than the Fe-
ortho-im(Me) congener that retains the proximal positive charge but lacks the C2-H hydrogen-
bonding moiety, revealing that through-space charge effects have a greater impact on catalytic
CO2RR performance compared to hydrogen bonding in this context. This work emphasizes the use
of second-sphere pendants that can promote multiple synergistic effects as a design strategy for
achieving CO; reduction catalysis in water.

Rising global energy demands and fossil fuel use contribute to increasing concentrations
of atmospheric carbon dioxide (CO,).['! Capture and electrochemical reduction of CO, offers a
potentially powerful approach to converting this greenhouse gas into value-added chemical
products.?! The electrochemical CO, reduction reaction (CO,RR) faces high kinetic and

thermodynamic barriers, making it challenging to achieve requisite selectivity and activity,



especially in aqueous media, where the abundance of protons favor the competing hydrogen
evolution reaction (HER).I¥ In this regard, enzyme biocatalysts such as Ni-Fe carbon monoxide
dehydrogenases (CODH), enable the interconversion of CO> and CO near the thermodynamic
potential in neutral pH water!® and provide inspiration for development of synthetic systems that
2g, 3c]

can functionally mimic their chemistry.!

Multifunctional Second-Sphere Microenvironment
(Electrostatic + Hydrogen Bond)

H % Ph En
/N N
4 @ ) o)

@2

NN NA, i\
His H HLys N
0. .0
¢ s
Cys—Ni Fe\les
S
s\\Fe/ \
Fe
Fe\\s/

CODH Enzyme Imidazolium Porphyrin

Fe-ortho-im(H) Fe-ortho-im(Me) Fe-para-im(H)

Scheme 1. (A) Multifunctional histidine (His) and lysine (Lys) second-sphere protein residues
proximal to the Fe-Ni cluster active site in the natural CODH biocatalyst inspire the design of
synthetic Fe porphyrin catalysts decorated with multifunctional imidazolium pendants. (B) Fe
porphyrins synthesized in this work enable disentangling of relative contributions of through-space

electrostatic and C2-H hydrogen-bond interactions and positioning of second-sphere groups.

In particular, Ni-Fe CODH provides a microenvironment with a tailored secondary
coordination sphere featuring two key histidine imidazolium (Hise3) and lysine (Ks¢3) ammonium
pendants that are positioned proximally to the redox-active iron-sulfur cluster active site (Scheme
1A). These multifunctional second-sphere groups work in concert to help stabilize CO»-bound

intermediates via both through-space electrostatic and hydrogen-bond interactions.”! We now



report that this concept can be captured in synthetic systems through the development of a family
of iron porphyrins bearing multifunctional imidazolium pendants in the secondary coordination
sphere (Scheme 1B). Combined electrostatic and hydrogen-bond interactions in Fe-ortho-im(H)
result in enhanced CO: binding and fast and selective electrochemical CO> conversion in both
organic and aqueous media, with a 2,000-fold increase in CO2RR activity relative to the parent Fe
tetraphenylporphyrin (Fe-TPP) compound.[®! Comparison with the Fe-ortho-im(Me) analog that
retains the charged functionality but lacks the C2-H hydrogen-bond moiety indicates that while
hydrogen-bonding enhances CO> capture, the proximal electrostatic component contributes the
majority of the catalytic amplification observed in this system. This work establishes the use of
multifunctional second-sphere pendants as an effective strategy for enhancing the performance of
synthetic electrocatalysts and emphasizes the importance of disentangling relative contributions of

second-sphere functionalities to inform catalyst design.

Table 1. Electrochemical properties of iron porphyrin catalysts.

LogTOF
Catalyst E2, 12l KCO,P e KIEM  FEcol®
Fe—ortho-im(H) -1.78 65 9.1 8.7 100
Fe—ortho-im(Me) -1.79 12 7.5 9.2 100
Fe—para-im(H) -1.79 3 4.9 6.5 28
FeTPP —2.06 2.58 5.8 - 98

[a] E2,; (V vs. Fc'/Fc) obtained from CVs under argon and catalyst concentration (0.3
mM). [b] Kco2 (M) data was obtained from measuring CVs under a CO> atmosphere without
2,2, 2-trifluoroethanol (TFE) at a scan rate of 1.0 V s!. [d] Kinetic isotope effect (KIE) values
represent the ratio of ku/kp measured using water as the proton source. [¢c] Maximum turnover
frequency (TOFmax) values were estimated using foot-of-the-wave (FOWA) under CO; with 3.0
M TFE. [e] FE (%) data for CO was obtained as an average of three controlled potential
electrolyses (CPEs) under CO> with 1.5 M TFE and catalyst concentration (10 pM). All



experiments in this table were performed in 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFs)/MeCN, conditions used for FeTPP are provided in the reference.

In contrast to what is observed for natural CO;RR biocatalysts, advances in synthetic
CO3RR catalysts have largely focused on monofunctional second-sphere pendants,”! including
privileged Fe porphyrin scaffolds incorporating hydrogen-bonding groups such as phenols,!’® 7¢ 8]
amides,’® °1 ureas,!”> 7™ 7 191 gyanidines,!!' and triazoles,[’" 12! or through-space electrostatic
functionalities such as trimethylanilinium’® '3 or imidazolium!"® ] cations. In this context, we
reasoned that imidazoliums, when properly positioned, could serve as multifunctional second-
sphere pendants that induce both through-space electrostatic and hydrogen-bonding effects, as well
as offer the potential to disentangle the contributions that each type of functionality plays. Indeed,
Nippe and colleagues reported that tethering of an imidazolium group improved activity in metal
tricarbonyl-bipyridine CO2RR catalysts[!*) and Aukauloo and colleagues observed through-space
charge enhancement for CO2RR in iron porphyrins linked to distal imidazolium pendants through
an aryl amide spacer.’® 14 Against this backdrop, we designed and synthesized a family of
tetracationic imidazolium porphyrins that enabled systematic evaluation of positional tuning as
well as hydrogen-bonding and through-space charge contributions. Specifically, we prepared C2-
H and C2-methyl imidazolium (im) units at either the ortho [Fe-ortho-im(H), Fe-ortho-im(Me)]
or para [Fe-para-im(H)] positions on the ancillary phenyl rings of a tetraphenylporphyrin scaffold
(Scheme 1B). The target catalysts were synthesized in high yield in three steps, starting from
appropriate ortho or para-(bromomethyl)benzaldehyde precursors (Scheme S1). Fe-ortho-im(H)
places imidazolium units proximal to the Fe center to deliver both hydrogen-bond and charge
stabilization functionalities to CO»-bound intermediates. In Fe-ortho-im(Me), the C2-H units are

blocked with methyl groups to probe how through-space electrostatic effects alone influence



CO2RR catalysis. Finally, the Fe-para-im(H) was synthesized to evaluate positional effects of the
secondary imidazolium unit relative to the primary Fe center. Interestingly, incorporating
imidazolium groups into the metalloporphyrin scaffold affords solubility in water, acetonitrile
(MeCN), and dimethylformamide (DMF) (Figures S30-31, 33), in contrast to the vast majority of
porphyrins whose solubility restricts their use as homogeneous electrocatalysts in DMF. [6-7- 74, 7¢.
7m, 7, 14]

The redox behaviors of Fe-ortho-im(H), Fe-ortho-im(Me), and Fe-para-im(H) were
characterized using cyclic voltammetry (CV) measurements in MeCN under an argon (Ar)
atmosphere. The CVs show three distinct redox events corresponding to formal Fe'™, Fel'!, and
Fe'? couples (Figure 1, Table S1). Scan rate-dependent data show a linear correlation between the

1/0

peak current of the Fe"" couples and the square root of the scan rate, indicating that all catalysts

are freely diffusible under non-catalytic conditions (Figure S1). The observed formal Fe"

o

potentials, EZ,,, of the three porphyrins are similar (ca. —1.8 V vs. Fc*/F¢), indicating that the

electronic properties of all members of this series are comparable. There is a 276 mV positive shift
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Figure 1. Cyclic voltammagrams (CVs) of imidazolium (im)-functionalized porphyrins under Ar.

Conditions: 0.3 mM catalyst, 0.1 M TBAPFs in MeCN;; scan rate is 100 mV s,



in the Fe couple relative to the parent catalyst Fe-TPP®! (Table S1), presaging that the cationic

imidazolium units could activate CO; at lower potentials, presumably by electrostatic stabilization

of reduced iron species. Next, in order to decipher hydrogen-bond and through-space charge

contributions in promoting CO; capture prior to evaluation of CO2RR catalysis, we estimated the

CO» binding constants (Kcoz) by measuring the shift in the Fe

wave under Ar and CO;

atmospheres in the absence of a proton source to prevent subsequent catalytic turnover (Table 1

and Figure S2). Fe-ortho-im(H) exhibits a Kco, value of 65 M1, representing a 5-fold increase in

CO; binding affinity over Fe-ortho-im(Me) and a 20-fold increase over Fe-para-im(H),

suggesting that both through-space electrostatic and hydrogen-bonding interactions in the

proximal ortho position stabilize the Fe-CO- adduct.

Upon addition of 2,2,2-trifluoroethanol (TFE) as a proton source, all three Fe porphyrins

show large catalytic current enhancement under a CO, atmosphere, with Fe-ortho-im(H) showing
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Figure 2. Cyclic voltammetry (CV) experiments. CVs of imidazolium (im)-functionalized porphyrins

under (A) CO: in the presence of 3 M TFE. (B) Calculated logTOFmax as a function of TFE

concentration. (C) Catalytic Tafel plots. Conditions: 0.3 mM catalyst, 0.1 M TBAPFs in MeCN; scan

rate is 100 mV s’!. 1% represents the cathodic peak height of the formal Fe"! couple under Ar. TOFmax

values were determined by FOWA (see SI for details).



the highest catalytic current and most positive onset potential for catalysis, followed by Fe-ortho-
im(Me), with Fe-para-im(H) being the least active of the three congeners (Figure 2A, S3). To
estimate the turnover frequency (TOF) values free from secondary phenomena (e.g., substrate
consumption, product inhibition, catalyst degradation), we applied the foot-of-the-wave analysis
(FOWA) introduced by Savéant and colleagues (Tables 1, S2, S3, Figure S4)."4 161 We observed
a linear relationship between LogTOFnax values and the concentration of added TFE (Figure 2B),
demonstrating that the rates display a first-order dependence on the acid concentration. The
observed TOF values with 3.0 M TFE for the Fe-ortho-im(H) catalyst (1.3 x 109 s*!) represent a
14,000-fold increase over the positional Fe-para-im(H) congener (8.7 x 104 s!) and 2,000-fold
increase over Fe-TPP-ClO4in MeCN (6.5 x 105 s7!),[/ but only a 40-fold increase over the Fe-
ortho-im(Me) derivative (3.2 x 107 s™!) that retains the imidazolium positive charge but lacks the
C2-H hydrogen-bond capability. The data indicate that electrostatic effects dominate catalytic
amplification over hydrogen-bond interactions in this context.

We next moved on to construct catalytic Tafel plots in which the LogTOF values vary as
a function of applied overpotential, where the most efficient electrocatalysts function with high
TOFs at low overpotentials. The three catalysts reach a plateau (LogTOFmax) at relatively low
overpotentials (ca. 0.15 V, Figure 2C), with Fe-ortho-im(H) exhibiting higher TOFs over all
applied potentials relative to its congeners. Benchmarking ['”) Fe-ortho-im(H), Fe-ortho-im(Me),
and Fe-para-im(H) indicates that Fe-ortho-im(H) is among the fastest homogeneous molecular
catalysts for electrochemical CO2RR reported to date (Table S3 and Figures S5, S6). In addition,
to determine the contributions of proton transfer in CO2RR catalysis, we measured kinetic isotope
effects (KIE) for all three catalysts using varying concentrations of H>O or D>O as the proton

source (Table 1, Figures S7-15). Large normal primary KIEs were observed for all three catalysts



—a—CO Organic  Fe-ortho-im(H)
1004 —*—H2
g 80+
>
o
5]
2 604
£
[0}
.% 404
e
o
£ 20
04 *~— ——
T T T T T
0.0 0.1 0.2 0.3 0.4
Overpotential (V)
B Organic I co
-,
100+
2 80
>
c
2
o -
g 60
)
8
5 404
o
©
w
20 .
04
Fe-ortho-im(H) Fe-ortho-im(Me)  Fe-para-im(H
Catalyst
¢ [ |
] Aqueous co
100 (neutral pH) [P
S 80
>
c
0
3] J
g 60
o
8
5 404
o
©
w
20

Fe-ortho-im(H)  Fe-ortho-im(Me) Fe-para-im(H)
Catalyst
Figure 3. Controlled-potential electrolysis (CPE) experiments. (A) Faradaic efficiencies as a
function of overpotential in CPE experiment using Fe-ortho-im(H) in 0.1 M TBAPFs in MeCN;

overpotential values are reported as the difference between the EZ,, and E2,, /co = —1.54 vs.
Fc*'Fc for MeCN. CPEs of imidazolium-functionalized porphyrins under CO> (B) at —1.87 V (vs.
Fc/Fc) in 0.1 M TBAPFs in MeCN and (C) in 0.1 M aqueous PBS (pH of 6.8). Catalyst

concentration in all CPEs (10 uM). (See SI for details).



(6.5 to 9.2), suggesting that proton transfer is involved in the rate-determining step
regardless of imidazolium positioning.

With data in hand showing that these second-sphere imidazolium pendants promote
enhanced CO2RR activity, we then performed controlled potential electrolysis (CPE) experiments
to measure catalyst stability and product distribution. CPE measurements were conducted in a
CO;-saturated NBusPFs/MeCN electrolyte using a glassy carbon electrode with as low as 10 uM
catalyst loading (Figures 3, S16). Fe-ortho-im(H) is highly selective for CO2RR over HER,
generating CO as a product over a wide potential range with Faradaic efficiencies (FE) that exceed
95% at overpotentials [* 18] above 0.2 V (Figures 3A, S17). CPEs at —1.87 V vs. Fc+/Fc (n = 0.3
V) showed that both Fe-ortho-im(H) and Fe-ortho-im(Me) were selective towards CO production
(FE = 100%) with more charge passed using Fe-ortho-im(H), whereas Fe-para-im(H) shows a
significant loss in selectivity for CO production (FE = 28%). (Tables 1, S4, Figures 3B, S18-19).

Observing that the cationic nature of the imidazolium pendants enabled solubility of these
catalysts in water (Figures S29-30, 32), we next proceeded to evaluate their performance for
homogeneous electrochemical CO2RR in aqueous media. We were pleased to find that both Fe-
ortho-im(H) and Fe-ortho-im(Me) exhibit exceptionally high rates for CO2RR in aqueous KCI
solution, with TOFmax values of 4.6 x 10° and 2.3 x 109, respectively (Figures S21-22, Table S5).
The Fe-para-im(H) complex was not sufficiently soluble under these conditions for evaluation.
The observed TOF value of Fe-ortho-im(H) is only 2-fold higher than that of Fe-ortho-im(Me),
confirming that through-space charge effects dominate over hydrogen-bonding ones these
imidazolium systems. Moreover, CPE experiments under CO; in 0.1 M KClI electrolyte (initial pH
of 4.0) showed that both Fe-ortho-im(H) and Fe-ortho-im(Me) catalysts retained their high

selectivity for CO2RR over HER, even in aqueous media with an abundance of protons, with FE



> 90% for CO product (Figure S23, Table S6). Additionally, we performed CPE experiments in
aqueous phosphate solutions buffered to near neutral pH (6.8), where all three catalysts were
soluble. The Fe-ortho-im(H) and Fe-ortho-im(Me) complexes were again more selective for CO

formation (FE 70%) compared to Fe-para-im(H) counterpart (FE 50%), with <5% H> evolution

« »
b

/

Figure 4. Density-functional tight-binding (DFTB)-optimized structure of the [Fe—CO,]* adduct
on Fe-ortho-im(H). Hydrogen atoms and bromides were omitted for clarity except for the C1

imidazolium hydrogens. H white, C grey, N blue, O red; Fe orange.

observed for all three catalysts, even in aqueous conditions with an abundance of available protons
(Figures 3C, S24, Table S7). Interestingly, these data indicate that imidazolium groups are superior
at suppressing HER compared to related cationic anilinium Fe-porphyrin catalysts under similar

conditions, where the latter systems show ca. 50% FE for H, production in water. (8¢

To close, we have presented a family of iron porphyrins functionalized with
multifunctional imidazolium pendants in the secondary coordination sphere. These pendants
promote synergistic through-space electrostatic and hydrogen-bonding interactions to improve
activity and selectivity for homogeneous electrochemical CO2RR, as well as enable us to

disentangle contributions for each of these individual second-sphere effects. Specifically,



comparison of Fe-ortho-im(H) and Fe-ortho-im(Me) versus a para-substituted counterpart
reveals that while electrostatic effects contribute a majority of the observed -catalytic
enhancements, synergistic hydrogen-bonding effects further augment CO; capture affinity and
CO2RR conversion rates. Indeed, the calculated geometry optimization of the Fe-CO, adduct of
Fe-ortho-im(H) using the density-functional tight-binding (DFTB) method suggests that the
imidazolium pendants orient themselves towards the CO> ligand and form short-hydrogen bonds
between the C2-H groups and bound CO; (1.97 and 2.33 A), reminiscent to what is found in the
active site of Ni-Fe CODH enzymes (2.63 and 2.88 A) (Figures 4, $26).34 This compound, which
possesses both electrostatic and hydrogen-bonding capabilities, shows the highest activity and
selectivity for CO2RR in the series, with rate enhancements of 2,000-fold over the parent Fe-TPP
compound, enabling efficient, homogeneous CO2RR in both organic and aqueous media. This
work provides a starting point for designing second-sphere pendants that enable synergistic,
multifunctional effects to enhance catalytic performance for a broader array of chemical
transformations, in particular avoiding competing hydrogen evolution pathways even in proton-
rich aqueous media.
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