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With increasing carbon dioxide concentrations in the atmosphere, the utilization and conversion of CO,
into valuable materials is an important goal. In recent years, evidence has emerged of low-valent iron-
porphyrin complexes able to bind CO, and reduce it to carbon monoxide and water. To find out how the
porphyrin scaffold and second coordination sphere influence the CO, reduction on iron-porphyrin com-
plexes, we study the structure, electronic and redox properties of a novel crown-ether appended por-
phyrin complex with cation (K*) binding site. Cyclic voltammetry studies show that the K* binding site

o/l I

does not change the Fe™"" and Fe"" redox potentials of the complexes. Subsequently, density functional

theory calculations were performed on the catalytic cycle of CO, reduction on the K*-bound crown-
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ether appended iron-porphyrin complex. The work shows that proton-donors such as acetic acid bind
the K* strongly and can assist with efficient and fast proton transfer that leads to the conversion of CO; to
CO and water. In agreement with experiment, the calculations show little perturbations of the redox
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Introduction

Since the industrial revolution, the concentration of CO, in the
Earth atmosphere has been steadily increasing, which is
causing environmental problems for life on Earth. Important
solutions are being sought to slow down or reverse the CO,
increase. One solution would be to store CO,, while another
one is to focus on utilization of CO, as a source for the syn-
thesis of valuable materials using Fisher-Tropsch type pro-
cesses." Unfortunately, most Fisher-Tropsch processes are
energetically demanding and often require high pressure and
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potentials upon binding K* to the crown-ether scaffold.

high temperature as well as toxic and expensive heavy
elements.” In recent years, however, several iron-porphyrin
complexes have been identified with the potential to catalyse
the CO, reduction reaction in a water solution.® Thus, electro-
chemical studies showed that iron(0)-porphyrin complexes can
trigger the conversion of CO, to CO efficiently.” Several studies
investigated the effect of the structure and local environment
on the CO, to CO conversion reaction. In particular, the work
of Chang et al. highlighted that a hydrogen bonding donor
group in the second coordination sphere could assist with
positioning and binding CO, to the metal centre and assist
with the proton relay.?

Our extensive studies on enzymes and biomimetic model
complexes have shown that second-coordination sphere effects
can play a major role in catalysis.® In particular, a local dipole
moment or electric field effect may weaken or strengthen
bonds and direct catalysis into a specific reaction channel. We,
therefore, decided to explore second-coordination sphere
effects on CO, to CO reduction on an iron-porphyrin complex.
Previously, we calculated the catalytic cycle of CO, to CO
reduction on an [Fe(TPP)] system, with TPP as meso-tetraphe-
nylporphyrin.” In subsequent studies, a modified iron-por-
phyrin complex was investigated with an ortho-amide substitu-
ent attached to one of the TPP ligands. This complex was
shown to fix CO, tightly on the iron complex through hydrogen
bonding interactions and enabled reactions with proton

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (a) Models studied in this work. (b) Catalytic cycle for CO, reduction to CO studied in this work.

donors efficiently. A recent study demonstrated that the pres-
ence of K ions enhances CO, reduction under highly acidic
conditions,® prompting an investigation into the influence of
these ions on the reaction mechanism and catalysis. We have
shown that binding K" ions to a porphyrin cage with crown-
like binding sites on the side above the porphyrin plane sub-
stantially accelerated the CO, reduction reaction. Here, we
designed and synthesised a novel iron-porphyrin complex with
a crown-ether analogue linked horizontally above the por-
phyrin plane, see Scheme 1.

The crown-ether functionality can be used to bind different
alkali metals. With cyclic voltammetry, we compared the
effects of binding Na' and K" and benchmarked it against
tetrabutylammonium (TBA) that does not fit into the crown-
type macrocycle.® To find out, whether potassium ions bound
to the crown-ether will influence the CO, reduction reaction
we performed a joint experimental and computational study
on the reaction cycle shown in Scheme 1b. In our work the
meso-tetramesitylporphryin ~ (TPPM®%)  ligand was used
appended with the aza-crown ether containing a K' ion, desig-
nated TPPV**Crown (for simplicity DFT calcualtions used a
truncated model of TPPCrown instead of TPP™**Crown). Thus,
the catalytic cycle was hypothesized as shown in Scheme 1,
starting from the [Fe’(TPPCrown)]~ complex (designated CAT).
The reaction is expected to start with the addition of CO, and
a proton donor, highlighted as H;O" in Scheme 1, to form
the proton-transfer reactant complex RC1, ie. [Fe’(CO,)
(TPPCrown)]”. Subsequently, the proton donor group relays its

This journal is © The Royal Society of Chemistry 2025

proton to the bound CO, group to form the iron(1)-COOH
complex IM1. A second proton donor molecule is picked up
from the solvent and binds to the periphery of the complex
(structure RC2) and relays its proton to the OH group of the
iron(1)-COOH complex to form water, CO and iron(u) inter-
mediate IM2. The cycle is expected to return to structure CAT
by the expulsion of CO and the reduction of the complex with
two electrons. In this work, the catalytic cycle of Scheme 1 is
calculated with DFT methods and redox measurements to
confirm the cycle. The combined experimental and compu-
tational studies show that the aza-crown-ether with K" in the
second coordination sphere does not influence the redox
potentials in the reaction cycle but influences proton transfer
steps and improves catalysis.

Methods

Experimental

All chemicals were obtained from commercial sources. The
crown ether appended porphyrin ligand (H,(TPP™**Crown))
was prepared based on a previously published procedure.’ The
iron complex [Fe"(TPP"**Crown)OAc] was obtained by reflux-
ing (Hy(TPPM**Crown)) with [Fe(OAc),] in dimethylformamide
(DMF). The synthesis and characterization details are provided
in the ESL T

Cyclic voltammetry (CV) experiments were performed using
a standard three-electrode assembly in a solution of 0.25 mM

Dalton Trans., 2025, 54, 4918-4926 | 4919
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catalyst, 0.1 M of a supporting electrolyte (tetrabutyl-
ammonium tetrafluoroborate (TBABF,), sodium tetrafluoro-
borate (NaBF,) and potassium tetrafluoroborate (KBF,)) and
0.5 M H,O in dimethylformamide (10 mL). We used a glassy
carbon working electrode, a double junction non-aqueous Ag/
AgCl reference electrode filled with 2 M LiCl in ethanol as the
inner electrolyte, and a platinum mesh of 2 cm? area as the
counter electrode. The reference electrode was calibrated
against the ferrocene/ferrocenium (Fe/Fc') redox couple. Prior
to the measurements, the solution was bubbled through with
N, or CO, gas for 30 minutes, and during the measurements,
the corresponding gas flow was maintained through the head
space.

Computation

Density functional theory calculations were performed with
the Gaussian-09 software package'® for the structures and cata-
lytic cycle shown in Scheme 1. The crown-based model struc-
ture [Fe(TPPCrown)(CO,)] was manually created from the opti-
mised CO,-bound geometry of [Fe(TPP)(CO,)] from our pre-
vious research on CO, reduction catalysis."* To account for
potential variations in spin-state ordering and relative ener-
gies, three different density functional methods were assessed,
namely we tested the unrestricted B3LYP-GD3BJ,"*"* B3LYP,"?
and PBEO density functionals.'® In general, the change of the
DFT method did not influence the results dramatically and
gave the same patterns and conclusions, see ESL.{ All calcu-
lations were performed in the lowest energy triplet and quintet
spin states. For the proton transfer steps in the catalytic cycle,
three different potential proton donors were tested with
different pK, values in water at room temperature, namely
H;0", acetate (pK, = 4.76) and phenol (pK, = 10). A def2-SVP
basis set was employed for geometry optimisations, analytical
frequency calculations and constrained geometry scans
(referred to as basis set BS1)."® Single-point energy calculations
were conducted using the def2-TZVP basis set (referred to as
basis set BS2) to improve the energetics. All computations,
including geometry optimisations and frequency calculations,
were performed utilising a solvent model (continuously
polarised conductor model, CPCM) with a dielectric constant
simulating water.’® No symmetry or geometrical constraints
were applied during the calculations. The models and method
applied here were previously validated against experimental
work and shown to reproduce experimentally determined free
energies of activation to within a few kcal mol™ and predict
the correct product distributions.*”

Results and discussion

The iron-porphyrin complexes with the aza-crown ether
aligned above the porphyrin ring offer the opportunity to study
the effect of a positive charge in the second coordination
sphere on the catalytic activity of the iron complex. The
binding site of the attached aza-crown is analogous to that of
the 18-crown-6, which is ideal for binding potassium ions. For
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testing the effect of potassium cations, we compared the cata-
lytic activity of [Fe™(TPP*Crown)OAc] in the presence of
sodium, potassium and tetrabutylammonium (TBA') electro-
Iytes with the BF,~ counter ions (Fig. 1). Contrary to the large
binding affinity of Na" and K’ to the crown ether, the TBA"
cations do not fit into the aza-crown ether ring because of
their bulkiness. Therefore, it can serve as a reference for the
system without the permanent ion above the porphyrin ring.

Cyclic  voltammetry experiments with 0.25 mM
[Fe"(TPP™**Crown)OAc] in DMF under nitrogen gas showed
the Fe'" — Fe' reduction potentials at —1.53 V regardless of the
presence of Na‘, K" or TBA" cations in the solution (Fig. 1).
However the Fe' — Fe® is influenced by the identity of the
cations, especially the addition of Na’ ions to the solution
shows the largest shift of ~150 mV. The voltammogram in the
presence of K' electrolyte showed two minor peaks at —1.75 V
and -2 V in addition to the peak at —2.18 V. The peak at
—2.18 V matches with TBA" electrolyte can correspond to the
complex without bound to K'. The additional minor peaks
observed in the K' electrolyte are the result of the of the
binding of K" ions.

Subsequently, we investigated the CO, reduction reaction
and measured the redox potentials of the [Fe'(TPPM**Crown)
OAc] complex in the presence of TBA', K" and Na' ions. Under
a CO, atmosphere, we observe a catalytic current for the CO,
reduction reaction at the Fe' — Fe® potential (Fig. 1b). The cat-
alysis is more efficient in the presence of KBF, and NaBF, elec-
trolytes than with the TBABF, electrolyte. In particular, the
onset of CO, reduction reaction is shifted to a lower potential

@N, Fe'*/Fe Fe®/Fe'*
0.0 —
-0.14 —— TBABF,
~———KBF,
o NaBF,
§ 02
E 0.0 (®)Co,
)
2 -0.21
3
T -044
g
3 -0.6]
-0.8]
-1.04
-1.2
-1.4]
-1.6 T T T T
-3.0 -25 -2.0 -1.5 -1.0
Potential vs. Fc/Fc* (V)
Fig. 1 Cyclic voltammetry (CV) of [Fe"(TPPcrown)]* (0.25 mM)

measured in electrolytes containing TBABF, (black), NaBF, (blue) and
KBF,4 (orange) (0.1 M in DMF + 0.5 M H,O; scan rate 100 mV s™%) under
(a) N, and (b) CO..
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(by ~100 mV in KBF, and ~150 mV In NaBF,), and a larger
catalytic current is observed. The onset shift to the lower
potential suggests the assistance of K' and Na' ions in the CO,
reduction reaction mechanism.

To test whether the redox potential changes and the CO,
reduction reaction mechanism are determined and influenced
by the aza-crown ether appendage or the bound cation, we did
a series of control experiments with the bare [Fe(TPP)]
complex, see Fig. 2. The redox potentials for the Fe" — Fe' and
Fe' — Fe® couples (Fig. 2a) give an onset that is slightly shifted
to more negative potentials for the aza-crown appended
complex than the one for the bare [Fe(TPP)] complex for which
values of —1.51 V and —2.14 V are obtained. As such, the
second coordination sphere and binding of a K" cation to the
complex does not lead to a major shift in the two redox poten-
tials of the complex.

To test whether the assistance could be ascribed to a
specific interaction of K" or Na' bound to the crown ether
functionality with CO, reduction reaction intermediates or
non-specific interactions of K' ions from the solution, we per-
formed control experiments with the bare [Fe(TPP)] complex,
see Fig. 2b. The CO, reduction reaction as catalyzed by the [Fe
(TPP)] complex showed no shift in the onset potential in
NaBF, electrolyte and only a minor shift by ~30 mV in KBF,.
However, the catalytic current is largely influenced, especially
in the Na" electrolyte. Consequently, Na" and K" ions do affect
the CO, reduction reaction in general, but the magnitude of
the effect, as observed by the shift in redox potential, is much

F 2+ F 1+
(@ N, Fe'*/Fe® plic]
0.0
J
ox] AF
—— TBABF,
KBF,

-0.24 NaBF,
e
4]
E 0.0] (b) CO,
2 0.2]
% 0.2 -
S -0.4]
3
S -0.6]
(6}

-0.8]

-1.0]

-1.2]

-1.4]

Ph
-1.6]
3.0 25 2.0 15 -1.0

Potential vs. Fc/Fc* (V)

Fig. 2 Cyclic voltammetry (CV) of [Fe"(TPP)]* (0.25 mM) measured in
electrolytes containing TBABF, (black), NaBF, (blue) and KBF,4 (orange)
(0.1 M in DMF + 0.5M H,O; scan rate 100 mV s™) under (a) N, and (b)
COs.
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larger if we offer a binding site in the vicinity of the iron active
site. This indicates a specific interaction between the com-
plexed Na' and K" ion and a CO, reduction reaction intermedi-
ate. The increase in the catalytic current is also observed with
the [Fe(TPP)] complex, indicating that this is connected with
the general electrolyte effect of the interaction of cations, not
necessarily specific to the interaction of Na“ and K' from the
aza-crown group.'®

Computation

To test what parts of the catalytic cycle for CO, reduction are
influenced by the binding of K" ions, we decided to do a com-
putational study and compare the CO, reduction catalytic cycle
for [Fe’(TPP)]>~ versus [Fe’(TPPCrown)] . Let us start with a
description of the reactant structure in the triplet and quintet
spin states (>>CAT) that contains the bare iron(0)-porphyrinate
system [Fe’(TPPCrown)]~ hosting a K™ ion and one water mole-
cule. The optimised geometries of **CAT are shown in Fig. 3.
The triplet spin state is the ground state by AG = 5.1 kcal
mol™" at B3LYP-GD3B]J level of theory. The same spin state
ordering is found when the calculations are performed
without dispersion corrections included in the density func-
tional method, ie., with B3LYP the triplet is lower than the
quintet spin state by AG = 1.2 keal mol™. The aza-crown ether
forms a tight cavity above the distal porphyrin site with the K"
ion located at a distance of 3.652 A in 3CAT and at 3.622 A in
3CAT. Therefore, the cavity appears to have sufficient space to
bind small molecules like CO,, CO, or O,. The formation free
energy of *CAT from a precursor complex through electron
transfer, i.e. 2CAT® + e~ — 3CAT™, is calculated as the adiabatic
electron affinity (EA) of *CAT® as AG = 61.3 kcal mol™". This
value would correspond to a reduction potential of 2.6 V,
which compares well with the experimental number reported
above. By comparison the same redox potential was obtained
for the [Fe’(TPP)] complex.” Therefore, in agreement with
experimental observation the calculations predict minimal
changes in the redox potential upon adding a cation to the
second coordination sphere of an iron-porphyrin complex. The

Fe-K: 3.652 (3.622)

EA(CAT?): AG = 61.3 kcal mol™’
3CAT (5CAT)

Fig. 3 UB3LYP-GD3BJ/BS1 optimised geometries of >>CAT with bond
lengths in A. Also given is the electron affinity of 2CAT® in kcal mol™.

Dalton Trans., 2025, 54, 4918-4926 | 4921
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electron transfer and formation of *CAT~ from *CAT® is exergo-
nic and consequently will happen rapidly.

Next, we added a CO, molecule to *CAT and optimized its
geometry and extracted the CO, binding energy of the
complex. Thus, without K" bound inside the aza-crown ether
scaffold a CO, binding free energy of AG = 17.5 kecal mol™" is
found, while the addition of K' into the aza-crown raises the
binding free energy to AG = 23.5 kcal mol™". Upon binding of
CO, to the metal centre the O-C-O angle considerably distorts
from linearity. Specifically, in the presence of K', the O-C-O
bond angle is 128°, whereas in the absence of K', the angle
increases to 133°. In addition, the Fe-C bond is 1.92 A in the
complex containing K', while it is elongated to over 2.0 A in
the complex without K'. Therefore, the presence of a K" cation
to the second coordination sphere facilitates the binding of
CO, to the iron centre leading to a stronger metal-carbon bond
that will lead to more efficient CO, reduction reactions.

Subsequently, a proton donor molecule was added to the
complex, namely a H;O" ion was inserted into the binding
cavity nearby the iron atom. A geometry optimisation of the
proton transfer reactant complex RC1 was performed with DFT
methods. During the geometry optimisation the proton spon-
taneously moves to the CO, group and formed IM1 in the
triplet and quintet spin states. Therefore, the pK, value of the
bound-CO, complex is well higher than that of a water mole-
cule resulting in a spontaneous and exergonic proton transfer
from H;0" to Fe-CO,. To estimate the barrier for proton trans-
fer, we ran a constraint geometry scan in the reverse direction
from *°IM1 to RC1. The geometry scan led to a continuous
rise in energy and never stabilized to another local minimum.
Therefore, the RC1 structures will be unstable in the presence
of a strong proton donor and react fast and spontaneously
through proton transfer from H;0" to form hydroxycarbonyl
iron complex and water without encountering a transition
state for this step. The obtained optimised geometries of
3°IM1 are shown in Fig. 4. The Fe-C bond is relatively long at
2.120 A in *IM1 and 2.096 A in *IM1. These distances match
typical bond lengths between iron and a first-row element and
for instance is seen for a histidine bound ligand in nonheme

Fe-C: 2.120 (2.096)
Fe-C-O: 121 (120)
Fe-C-OH: 123 (125)
O-K: 2.646 (2.612)

Fe-C: 2.205 (2.131)
C-0: 1.136 (1.136)
0-K: 2.601 (2.621)

M1 (3IM1) 3IM2 (5IM2)

Fig. 4 UB3LYP-GD3BJ/BS1 optimised geometries of the proton-trans-
fer intermediates *>°IM1 and *°IM2. Bond lengths are in A and angles in
degrees.
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iron enzymes.'® The two Fe-C-O angles are just over 120° in
size and cause a considerable bent into the CO, structure from
the original linear orientation in the gas phase. The K' ion is
at a distance of 2.646 A in *IM1.

Thereafter, another H;O" molecule was added to the struc-
tures of >’IM1 to form the RC2 complexes. Also, during the
geometry optimisations of the RC2 complexes a fast and facile
proton transfer took place and the structures optimised to a
complex containing water and an iron(u)-CO product. As such
the RC2 structures in the presence of a strong proton donor
are unstable and collapse to form the *°IM2 products with
large exergonicity. Again, a reverse scan was calculated for the
relay the proton back to the water molecule to form H;0".
These scans did not give evidence of a transition state for
proton transfer. Consequently, H;O" will be a very efficient
proton source for CO, reduction reactions on an iron(0)-por-
phyrin complex. The optimised geometries of the *°IM2 struc-
tures are shown in Fig. 4. The Fe-C bond has elongated some-
what as compared to the IM1 structures to values of 2.205 A
for *IM2 and 2.131 A for *IM2. These distances compare well
for CO bound heme complexes calculated previously.>® The
distance of the nearest water molecule to K' is at 2.601 A in
IM1.

To explore the mechanism in the presence of an alternative
proton donor, we also studied reactions with neutral phenol
and acetic acid as well as systems with several water molecules
included. The use of phenol as a proton donor and several
explicit water molecules added to the model, however, did not
lead to a feasible proton transfer pathway. In particular, con-
straint geometry scans for O-H bond formation led to a con-
tinuous rise in the energy and never led to a barrier and the
creation of the Fe(1)C(O)(OH) product. This is most likely
because of the crossing of different-spin potential energy sur-
faces (PES), and the constrained scan does not capture the
overall PES well. Nevertheless, the size of a phenol molecule
makes its positioning nearby CO, difficult with the appended
crown-ether in place and therefore, phenol is not suitable as
proton donor for this system.

To characterize transition states for the proton transfer
steps during the CO, reduction reaction, we finally tested
acetic acid as the proton donor. With acetic acid as the proton
source added to *°CAT we were able to locate several transition
state structures and local minima for the overall CO, reduction
reaction as shown in Fig. 5. The calculated free energy land-
scape and transition state structures for CO, reduction on the
iron-porphyrin complex with acetic acid as a proton donor are
shown in Fig. 5. On the triplet spin state, we did not manage
to locate a viable proton transfer channel, and all attempts to
locate an intermediate *IM1 resulted in proton transfer back to
the acetate group. Several starting structures were used with
the acid in different positions and orientations with respect to
the iron-CO, complex, including a model with acetate pointing
toward K'. However, none of those models led to viable proton
transfer pathways on the triplet spin state. The same applies to
the geometry search for *IM2, which always collapsed back to
*RC2. We then performed constraint geometry scans for these

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 UB3LYP-GD3BJ calculated proton transfer free energy landscape using acetic acid as proton source. Values are BS2 energies corrected with

BS1 calculated solvent, zero-point energy, thermal and entropic contributions at 298 K in kcal mol

lengths in A, bond angles in degrees and the imaginary frequency in cm™.

steps on the triplet spin state, and the energetics of proton
transfer continuously increases and never stabilises or forms a
local minimum. Therefore, on the triplet spin state, the
protonation of the CO,-bound complex cannot happen.
Interestingly, we did locate transition state structures on the
quintet spin state surface. In particular, the first proton trans-
fer is endergonic by 5.8 kcal mol™" with respect to *RC1,,,
while free energy of activation via >TS1,. of AGY = 17.0 keal
mol™" is obtained. These barriers are relatively low in free
energy and, therefore, the reaction should proceed under room
temperature conditions quickly.

The optimised transition state structure >TS1,. is shown on
the left-hand-side of Fig. 5. The structure is product-like with
an O-H distance to acetate of 1.354 A, while the accepting
oxygen atom has a distance to the proton of 1.02 A. The ima-
ginary frequency is small, namely i135 cm™"; however, its visu-
alisation gives a clear O-H-O stretch vibration. Typical imagin-
ary frequencies for hydrogen atom abstraction are well over
i1000 em™",*! although hydride transfer is often accompanied
by a transition state with much smaller imaginary frequencies.*”

For the second proton transfer step, we added a new proton
to the acetate group and increased the total charge of the
system by one unit, making the reaction complexes neutral.
We then searched for a proton transfer transition state and
located °TS2,.. Its energy, however, is of similar energy as
’RC2,. and therefore, the proton transfer will be fast and lead
to CO and H,O efficiently. Indeed, the overall reaction energy
is exergonic by AG = —14.0 kcal mol™". The optimized geome-

This journal is © The Royal Society of Chemistry 2025

"1, Optimised transition state structures give bond

try of ®TS2,. is shown in Fig. 5. The imaginary frequency in
>TS2,. is again small (i243 cm™") and includes simultaneous
C-O cleavage and proton transfer. As such, the C-O bond
breaking and proton transfer are synchronous and not step-
wise. The transferring proton is closest to the acetate group in
TS2,. with a distance of 1.095 A, while the accepting H-O dis-
tance is 1.365 A. The transition state shows little unpaired
spin density on the carbon atom of the O=C-OH group.
Consequently, the step corresponds to a proton transfer
coupled with C-O bond cleavage and formation of neutral
iron(u)-carbonyl complex.

Finally, models were tested with additional explicit water
molecules included. Thus, the landscape in green in Fig. 5 rep-
resents the [Fe(TPPCrown)] system with acetate and six explicit
water molecules with all structures assigned with the subscript
Ac,6 W to specify this model. In 3RC1AC,6W the acetate is posi-
tioned with its carboxylate at a distance of 2.699 A from K,
while the acetate proton forms a hydrogen bond to bound CO,
at a distance of 1.503 A. The six water molecules are positioned
around the acetate, CO, and aza-crown ether groups and form
hydrogen bonding interactions that keep them in position.
The proton transfer via STSIACy6W encounters a small barrier of
about 0.1 kcal mol™". Despite the low barrier, the *TS1,c gw
structure was fully characterized and its geometry is displayed
in Fig. 6. The transition state has a large imaginary frequency
of 1905 em™" for the O-H-O stretch vibration. This large ima-
ginary frequency implies that the barrier is sharp and will
incur a large kinetic isotope effect. The transferring proton is
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midway in between the donor and acceptor groups with dis-
tances of 1.203 and 1.211 A, respectively. The two C-O bonds
in the CO,-bound iron complex are very similar (1.239 and
1.287 A). Hence, in the transition state, the two bonds have
equal strength. After the transition state, the system relaxes to
*IM1,c 6w, Which is 1.7 keal mol™" in free energy more stable
than the reactant complex. These two structures, therefore,
will be in equilibrium until another proton source initiates the
next reaction step. Clearly, hydrogen bonding interactions of
water molecules facilitate low-energy, fast proton transfer from
acetic acid to bound CO,. We finally calculated a second
proton transfer step by adding another proton to acetate and
studied the pathway to form CO and water. A proton transfer is
barrierless and relays the system to the products rapidly.

To understand the differences in reactivity with different
proton sources, we analysed our structures in more detail.
Thus, in our previous work on CO, reduction by iron-por-
phyrin complexes, we predicted that a dipole moment aligned
with a proton transfer arrangement would lower the proton
transfer barriers.'* The dipole moment would then create an
electric field effect and influence the charge distributions in
the system. In particular, these electric field effects have been
shown to weaken and strengthen chemical bonds and direct
regio- and chemoselectivity patterns in catalysis.®”** The
dipole moment vectors in *RC1y o+, *RC1xc and *RC1ypenol are
shown in Fig. 6. In *RC1y,o- and RC1,, the electric dipole
moment is nicely aligned with the proton transfer from the
donor to the CO, group and consequently lowers the proton
transfer barriers. Indeed, small proton transfer barriers are
seen for these systems. With phenol as a proton donor,
however, the phenol group cannot align itself with the electric

4924 | Dalton Trans., 2025, 54, 4918-4926
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dipole vector of the catalyst due to steric interactions of the
aromatic ring of the phenol and the crown ether system.
Consequently, for *RClpheno the phenol OH group points
against the dipole vector of the catalyst rather than along the
dipole vector, as is seen for *RC1y,o- and *RC1,.. The dipole
moment vectors in Fig. 6, therefore, highlight important
electrostatic interactions between donor and acceptor groups
and emphasise on an ideal orientation of the two groups for
fast and efficient proton transfer.

Conclusions

Our study demonstrates that incorporating potassium ions
into the aza-crown ether scaffold appended above an iron-por-
phyrin catalyst significantly enhances the efficiency of CO,
reduction. This improvement is primarily due to the stabiliz-
ing role of K" in the reaction intermediates and its ability to
facilitate critical proton transfer steps during the catalytic
cycle. As such the secondary coordination sphere plays a major
role in the CO, reduction cycle and assists with positioning
the various components in an ideal orientation for catalysis.
Accordingly, filling the crown ether scaffold with K' does not
significantly alter the redox potentials of the Fe(u)/Fe(1) and Fe
(1)/Fe(0) couples. These values remain comparable to those of
the unmodified iron-porphyrin complex. Our findings high-
light the importance of second-coordination sphere effects in
modulating catalytic performance.

Data availability

The data supporting this article have been included as part of
the ESL.}

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Sdv thanks the Computational Shared Facilities at the
University of Manchester for CPU time. JR thanks Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO) (VI.
C.192.044).

References

1 (@) M. He, Y. Sun and B. Han, Angew. Chem., Int. Ed., 2013,
52, 9620; (b) M. Aresta, A. Dibenedetto and E. Quaranta,
J. Catal., 2016, 343, 2; (¢) F. Franco, S. Fernandez and
J. Lloret-Fillol, Curr. Opin. Electrochem., 2019, 15, 109;
(d) A. Modak, P. Bhanja, S. Dutta, B. Chowdhury and
A. Bhaumik, Green Chem., 2020, 22, 4002; (e¢) P. Ding,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00119f

Open Access Article. Published on 19 February 2025. Downloaded on 2/22/2026 10:17:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

o)}

H. Zhao, T. Li, Y. Luo, G. Fan, G. Chen, S. Gao, X. Shi, S. Lu
and X. Sun, J. Mater. Chem. A, 2020, 8, 21947; (f) R. Zhang
and ]. J. Warren, ChemSusChem, 2021, 14, 293;
(g) A. C. Ghosh, C. Duboc and M. Gennari, Coord. Chem.
Rev., 2021, 428, 213606; (k) N. W. Kinzel, C. Werlé and
W. Leitner, Angew. Chem., Int. Ed., 2021, 60, 11628;
() K. Lei and B. Y. Xia, Chem. - Eur. J., 2022, 28,
€202200141; (j) R. Francke, B. Schille and M. Roemelt,
Chem. Rev., 2018, 118, 4631; (k) C. Zhu, C. D’Agostino and
S. P. de Visser, Chem. — Eur. J., 2023, 29, €202302832.

(@) S. Chatterjee, K. Sengupta, B. Mondal, S. Dey and
A. Dey, Acc. Chem. Res., 2017, 50, 1744; (b) H. Rao, J. Bonin
and M. Robert, J. Phys. Chem. C, 2018, 122, 13834;
(c) F. Franco, M. F. Pinto, B. Royo and ]. Lloret-Fillol,
Angew. Chem., Int. Ed., 2018, 57, 4603; (d) S. Fernandez,
F. Franco, M. Martinez Belmonte, S. Frides, B. Royo,
J- M. Luis and ]. Lloret-Fillol, ACS Catal., 2023, 13, 10375;
(e) H. A. Younus, N. Ahmad, W. Ni, X. Wang, M. Al-Abri,
Y. Zhang, F. Verpoort and S. Zhang, Coord. Chem. Rev.,
2023, 493, 215317; (f) H. R. Darji, H. B. Kale, F. F. Shaikh
and M. B. Gawande, Coord. Chem. Rev., 2023, 497, 215409;
(2) C. wang, Z. Lv, X. Feng, W. Yang and B. Wang, Adv.
Energy Mater., 2023, 13, 2302382; (k) Z. Liu, J. Qian,
G. Zhang, B. Zhang and Y. He, Sep. Purif. Technol., 2024,
330, 125177.

(@) E. A. Mohamed, Z. N. Zahran and Y. Naruta, Chem.
Commun., 2015, 51, 16900; (b) Y. Okabe, S. K. Lee,
M. Kondo and S. Masaoka, J. Biol. Inorg. Chem., 2017, 22,
713; (¢) S. Sinha and ]. J. Warren, Inorg. Chem., 2018, 57,
12650; (d) S. Fukuzumi, Y.-M. Lee, H. S. Ahn and W. Nam,
Chem. Sci., 2018, 9, 6017; (e) A. Ogawa, K. Oohora, W. Gua
and T. Hayashi, Chem. Commun., 2018, 55, 493;
(f) B. Domingo-Tafalla, T. Chatterjee and E. Palomares,
J. Porphyrins Phthalocyanines, 2023, 27, 23.

(@) 1. Bhugun, D. Lexa and J.-M. Savéant, J. Am. Chem. Soc.,
1996, 118, 1769; (b) C. Costentin, G. Passard, M. Robert
and J.-M. Savéant, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
14990.

(@) E. M. Nichols, J. S. Derrick, S. K. Nistanaki, P. T. Smith
and C. J. Chang, Chem. Sci., 2018, 9, 2952; (b) J. S. Derrick,
M. Loipersberger, S. K. Nistanaki, A. V. Rothweiler,
M. Head-Gordon, E. M. Nichols and C. J. Chang, J. Am.
Chem. Soc., 2022, 144, 11656.

(@) G. Mukherjee, J. K. Satpathy, U. K. Bagha,
M. Q. E. Mubarak, C. V. Sastri and S. P. de Visser, ACS
Catal., 2021, 11, 9761; (b) S. P. de Visser, G. Mukherjee,
H. S. Ali and C. V. Sastri, Acc. Chem. Res., 2022, 55, 65.

P. A. Davethu and S. P. de Visser, J. Phys. Chem. A, 2019,
123, 6527.

(@) J. J. Li and Z. C. Zhang, Rare Met., 2022, 41, 723;
() A. K. Surendran, G. L. Tripodi, E. Pluhatova,
A. Y. Pereverzev, J. P. J. Bruekers, J. A. A. W. Elemans,
E. J. Meijer and J. Roithov4, Nat. Sci., 2023, 3, €20220019.
(@) Z. Halime, M. Lachkar, L. Toupet, A. G. Coutsolelos and
B. Boitrel, Dalton Trans., 2007, 3684; (b) B. J. Littler,
M. A. Miller, C. H. Hung, R. W. Wagner, D. F. O’Shea,

This journal is © The Royal Society of Chemistry 2025

10

11

12

13

14
15

16

17

18

19

View Article Online

Paper

P. D. Boyle and J. S. Lindsey, J. Org. Chem., 1999, 64, 1391-
1396; (c) A. K. Surendran, E. Veenman and ]. Roithov4,
Eur. J. Inorg. Chem., 2024, €202400259.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, ]J. A. Montgomery Jr, J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, ]J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas,
J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. ]. Fox,
Gaussian 09, Gaussian, Inc., Wallingford CT, 2009.

C. Zhu, C. D’Agostino and S. P. de Visser, Inorg. Chem.,
2024, 63, 4474.

(@) A. D. Becke, J. Chem. Phys., 1993, 98, 5648; (b) C. Lee,
W. Yang and R. G. Parr, Phys. Rev. B:Condens. Matter Mater.
Phys., 1988, 37, 785.

S. Grimme, ]. Antony, S. Ehrlich and H. Krieg, J. Chem.
Phys., 2010, 132, 154104.

C. Adamo and V. Barone, J. Chem. Phys., 1999, 110, 6158.

P. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297.

J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005,
105, 2999.

(@) P. Barman, F. G. Canti Reinhard, U. K. Bagha,
D. Kumar, C. V. Sastri and S. P. de Visser, Angew. Chem.,
Int. Ed., 2019, 58, 10639; (b) H. S. Ali and S. P. de Visser,
Chem. — Eur. J., 2022, 28, €202104167.

(@) J. Resasco, L. D. Chen, E. Clark, C. Tsai, C. Hahn,
T. F. Jaramillo, K. Chan and A. T. Bell, J. Am. Chem. Soc.,
2017, 139, 11277-11287, (b) N. Ikemiya, K. Natsui,
K. Nakata and Y. Einaga, RSC Adv., 2017, 7, 22510-22514.
(@) T. Borowski, A. Bassan and P. E. M. Siegbahn, Chem. -
Eur. J., 2004, 10, 1031; (b) S. P. de Visser, J. Am. Chem. Soc.,
2006, 128, 9813; (¢) A. V. Nemukhin, I. A. Topol,
R. E. Cachau and S. K. Burt, Theor. Chem. Acc., 2006, 115,
348; (d) S. Sinnecker, N. Svensen, E. W. Barr, S. Ye,
J. M. Bollinger Jr, F. Neese and C. Krebs, J. Am. Chem. Soc.,
2007, 129, 6168; (¢) E. Godfrey, C. S. Porro and S. P. de
Visser, J. Phys. Chem. A, 2008, 112, 2464; (f) H. Chen,
W. Lai, J. Yao and S. Shaik, J. Chem. Theory Comput., 2011,
7, 3049; (g) E. A. C. Bushnell, G. B. Fortowsky and
J. W. Gauld, Inorg. Chem., 2012, 51, 13351-13356;
(k) H. J. Kulik and C. L. Drennan, J. Biol. Chem., 2013, 288,
11233; (i) B. Wang, D. Usharani, C. Li and S. Shaik, J. Am.
Chem. Soc., 2014, 136, 13895; (j) A. Wdjcik, M. Radon and
T. Borowski, J. Phys. Chem. A, 2016, 120, 1261; (k) S. Alvarez-

Dalton Trans., 2025, 54, 4918-4926 | 4925


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00119f

Open Access Article. Published on 19 February 2025. Downloaded on 2/22/2026 10:17:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

20

21

Barcia and ]. Kistner, J. Phys. Chem. B, 2017, 121, 5347;
() R. N. Manna, T. Malakar, B. Jana and A. Paul, ACS
Catal., 2018, 8, 10043; (m) J. E. M. N. Klein and G. Knizia,
Angew. Chem., Int. Ed., 2018, 57, 11913; (n) J. Xue, J. Lu and

W. Lai, Phys. Chem. Chem. Phys., 2019, 21, 9957;
() S. S. Chaturvedi, R. Ramanan, N. Lehnert,
C. J. Schofield, T. G. Karabencheva-Christova and

C. Z. Christov, ACS Catal., 2020, 10, 1195; (p) H. S. Ali,
R. H. Henchman, J. Warwicker and S. P. de Visser, J. Phys.
Chem. A, 2021, 125, 1720.

(@) S. Louka, S. M. Barry, D. J. Heyes, M. Q. E. Mubarak,
H. S. Ali, L. M. Alkhalaf, A. W. Munro, N. S. Scrutton,
G. L. Challis and S. P. de Visser, J. Am. Chem. Soc., 2020,
142, 15764; (b) H. Hirao and E. Zhang, Inorg. Chem., 2023,
62, 16599; (c) Y. Wang and W. Lai, Mol. Catal., 2024, 553,
113797.

(@) F. Ogliaro, N. Harris, S. Cohen, M. Filatov, S. P. de
Visser and S. Shaik, J. Am. Chem. Soc., 2000, 122, 8977;
(b) T. Kamachi and K. Yoshizawa, J. Am. Chem. Soc., 2003,
125, 4652; (¢) J. S. Schéneboom, S. Cohen, H. Lin, S. Shaik
and W. Thiel, J. Am. Chem. Soc., 2004, 126, 4017;
(d) D. Kumar, S. P. de Visser and S. Shaik, J. Am. Chem.
Soc., 2004, 126, 5072; (e) S. P. de Visser and L. S. Tan, J. Am.
Chem. Soc., 2008, 130, 12961; (f) S. Shaik, W. Lai, H. Chen
and Y. Wang, Acc. Chem. Res., 2010, 43, 1154; (g) H. Isobe,
K. Yamaguchi, M. Okumura and J. Shimada, J. Phys. Chem.
B, 2012, 116, 4713; (h) H. Hirao, Z. H. Cheong and

4926 | Dalton Trans., 2025, 54, 4918-4926

22

23

View Article Online

Dalton Transactions

X. Wang, J. Phys. Chem. B, 2012, 116, 7787; (i) H. Hirao,
P. Chuanprasit, Y. Y. Cheong and X. Wang, Chem. — Eur. J.,
2013, 19, 7361; (j) R. Lonsdale, K. T. Houghton, J. Zurek,
C. M. Bathelt, N. Foloppe, M. J. de Groot, J. N. Harvey and
A. J. Mulholland, J. Am. Chem. Soc., 2013, 135, 8001;
(k) R. Lai and H. Li, J. Phys. Chem. B, 2016, 120, 12312;
(1) A. S. Faponle, M. G. Quesne and S. P. de Visser, Chem. -
Eur. J., 2016, 22, 5478.

J. K. Satpathy, R. Yadav, U. K. Bagha, D. Kumar, C. V. Sastri
and S. P. de Visser, Inorg. Chem., 2024, 63, 6752.

(@) S. Shaik, S. P. de Visser and D. Kumar, J. Am. Chem.
Soc., 2004, 126, 11746; (b) N. S. Hill and M. L. Coote, J. Am.
Chem. Soc., 2018, 140, 17800; (c¢) S. Shaik, D. Danovich,
J. Joy, Z. Wang and T. Stuyver, J. Am. Chem. Soc., 2020, 142,
12551; (d) Z. Ma, N. Nakatani, H. Fujii and M. Hada, Bull
Chem. Soc. Jpn., 2020, 93, 187; (e) O. Kirshenboim,
A. Frenklah and S. Kozuch, Chem. Sci., 2021, 12, 3179;
(f) S. Yu, P. Vermeeren, T. A. Hamlin and
F. M. Bickelhaupt, Chem. - Eur. J., 2021, 27, 5683;
(2) Y-T. Lin, H. S. Ali and S. P. de Visser, Chem. - Eur. J.,
2021, 27, 8851; (k) W. Peng, S. Yan, X. Zhang, L. Liao,
J. Zhang, S. Shaik and B. Wang, J. Am. Chem. Soc., 2022,
144, 20484; (i) S. S. Chaturvedi, S. B. J. S. Rifayee,
R. Ramanan, J. A. Rankin, J. Hu, R. P. Hausinger and
C. Z. Christov, Phys. Chem. Chem. Phys., 2023, 25, 13772;
(j) F. G. Hardy, H. P. H. Wong and S. P. de Visser, Chem. -
Eur. J., 2024, 30, €202400019.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00119f

	Button 1: 


