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Mimics of [FeFe]-hydrogenases having two [(p-adt)Fe,(CO)s]l moieties linked through 1,2,3-triazole rings
with polyethylene glycol (PEG) chains [(-OCH,CH,O-)4 (7) and (-OCH,CH,0O-)s5 (8)] are able to coordi-
nate to alkali ions (Na*, K*) via the O-PEG atoms and the triazole-N3 positions. Electrocatalytic studies in
trifluoroacetic acid (TFA) demonstrate that their catalytic performance is affected by the presence of Na*
and K* salts. The addition of NaPFg decreases the electrocatalytic activity of 7 and 8 (about 50% reduction
of the TOF values). As, in TFA, 7 and 8 could be protonated in both the triazole and adt-amino groups, the
reduction in TOF values suggests that NaPFe inhibits the contribution of the triazolium species to the
electrocatalytic process, likely due to the involvement of the triazole-N3 positions in Na* binding.
However, the addition of KPFg either does not change (7) or increases the TOF values (8). 'H NMR titration
experiments demonstrate that, despite the presence of K* ions in the media, triazolium salts are formed.
Therefore, the TOF values should reflect the contribution of species protonated in both the triazole and
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Introduction

[FeFe]-hydrogenases ([FeFe]-H,ases) are metalloenzymes fea-
turing a bimetallic complex composed of two iron atoms
linked by an azadithiolate (adt) bridged ligand, to which a
[Fe,S,] cluster is attached through cysteine sulfur atoms (1 in
Fig. 1)." The metal core completes the coordination sphere
with CO and CN~ ligands.> While the [Fe,S,] cluster plays a
fundamental role in electron transport, the adt bridge is
responsible for providing/removing protons due to the basic
properties of the secondary amine.? Diiron hexacarbonyl com-
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adt-amino groups to the HER process.

plexes of general formula [(1 SR),Fe,(CO)¢] (2) are considered
[FeFe]-H,ase mimics, as they exhibit significant structural
similarities with the active center of enzymes 1 * and also show
an analogous acid-base and redox behavior.” In mimics 2, the
iron centers of the [FeFe] subsite have a formal oxidation state
of +1, form a single Fe-Fe bond (~2.5 A)° and complete their
coordination sphere with CO ligands. Depending on the sub-
stituents on the dithiolate bridgehead, these complexes belong
to two different structural classes: complexes of general struc-
ture 3 have an adt bridge (as in natural enzymes 1), while com-
plexes such as 4 (propanedithiolate bridge, pdt) and 5 (benze-
nedithiolate bridge, bdt) have all-carbon chains between the
sulfur atoms® (Fig. 1).

The hydrogen evolution reaction (HER) in 1 and [FeFe]-
hydrogenase mimics is a two-proton/two-electron reduction
process, but the mechanistic steps differ depending on the
type of mimic (3, 4, 5) and the catalytic conditions.” The intro-
duction of additional basic centers in pdt- and bdt-[FeFe]-
H,ase mimics has been recognized as beneficial for the
electrocatalytic properties of these molecules, and this effect
has been studied.® It is known that the HER cycle is facilitated
by the initial protonation of an additional basic site®” and is
also favored by the presence of basic substituents (i.e. phos-
phines) that increase the basicity of the metal centers.*" In
natural [FeFe] and [NiFe]-hydrogenase enzymes, the protona-
tion of one of the cysteinyl thiolate substituents of the [Fe,;S,]
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Fig. 1 The schematic representation of a [FeFe]-H,ase active center and the main synthetic mimics.

cluster has been proposed as a key step in the catalytic
cycle.**®! Also, in [FeFe]-hydrogenases, it has been demon-
strated that the strongly conserved secondary ligand sphere
around the (2Fey) cluster plays a major role in preserving a
stable cofactor coordination and geometry, favoring the stabi-
lization of the CN-ligands.®*” However, while the protonation
of the N atom of the adt bridge is generally accepted to be the
first step in the HER cycle for adt-[FeFe] mimics, the influence
of additional basic centers in the process has been less
explored. In this regard, recent work by our group showed that
the basic 1,2,3-triazole ring in complex 6 (Fig. 1) can be proto-
nated with a strong acid (H,SO,), and the formation of the tria-
zolium species considerably enhances the electrocatalytic
activity of the complex.’

The incorporation of secondary metal ions has emerged as
an attractive strategy to tune chemical properties and to
observe new reactivity patterns in metal complexes.'>"'" In fact,
recent attention has been paid to the study of the effect of
adding redox-inactive metal ions (i.e. Li*, Na*, K", Ca®), as a
way to modulate the electrochemical properties of a metal
complex.'®”? Inspired by this idea, we devised compounds 7
and 8, which combine two [(p-adt)Fe,(CO)¢] moieties linked by
polyethylene glycol (PEG) chains of different lengths, through
1,2,3-triazole rings (Fig. 2). The coordination of 7 and 8 to
alkali ions (Na', K") must involve the O-PEG and the basic tri-
azole-N3 atoms."” In these complexes, we should be able to
control the participation/inhibition of the triazole rings in
cation binding by acid addition, modulating the electro-
chemical properties. Therefore, the study of the electro-
chemical response of 7 and 8 in the presence/absence of Na"
or K' salts in acid media will allow us to determine the contri-
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Fig. 2 The structure of the compounds 7 (n = 3) and 8 (n = 4) studied
in this work.

bution of the N-amino-adt versus N3 triazole-protonated
species to the HER process.

Results and discussion

The synthesis of [FeFe]-H,ase mimetics 7 and 8 was achieved
by a cycloaddition reaction between alkynes 9 and 10 and
azide 11, catalyzed by Cu(i) (Scheme 1)."* The synthesis of
azide 11 was previously described by us.” Meanwhile, alkynes
9' and 10'® were prepared by reacting the corresponding
commercially available diols with propargyl bromide and NaH
in THF at room temperature. Compounds 7 and 8 were
obtained in 92% and 74% yields, respectively, after column
chromatography (SiO,, CH,Cl,/MeOH 95 :5) and were charac-
terized by spectroscopic techniques. Significant in the NMR

Inorg. Chem. Front., 2025, 12, 4480-4493 | 4481
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Scheme 1 Preparation of the tetrametallic complexes 7 and 8.

spectra of 7 and 8 are the signals attributable to the CH of the
newly formed 1,2,3-triazole rings at 7.96 ppm in the '"H NMR
and 120.9 ppm in the "*C{*"H} NMR spectra.

Coordination studies with alkali metal cations

The ability of complexes 7 and 8 to coordinate to alkali metal
cations was evaluated by "H-NMR. The polyethylene glycol
(PEG) bridges in compounds 7 and 8 are analogous to those of
15-crown-5 and 18-crown-6 ethers, which have cavity diameters
of 1.7-2.2 A and 2.6-3.2 A, respectively, capable of forming
1:1 coordination complexes with Na* and K*.'® Coordination
studies were performed in solutions of complexes 7 and 8 in
CD;CN with increasing concentrations of NaPF, or KPFg (0-4
equivalents). The selection of NaPFs and KPFs as cation
sources was based on their higher solubility under the experi-
mental conditions. In all cases, in the "H NMR spectra, the
signals of the PEG fragments were shifted to lower fields as the
cation concentration increased, indicating cation coordination
to the oxygen atoms (Fig. 3). The most affected signals were
those of the four central methylene protons of the polyether
units (singlets at 3.55 ppm and 3.54 ppm, for 7 and 8, respect-
ively, in Fig. 3), which served as references for the subsequent
calculations. Fig. 4 shows the plots of A5 (ppm) versus the
amounts of Na" and K' for compounds 7 and 8. The plots
reveal a steady increase in Ad values until the stationary region
is reached, indicating saturation. Job plots were constructed
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Fig. 3 'H NMR spectra (500 MHz) of complexes 7 (left) and 8 (right)
upon the addition of 4 equiv. of NaPFg (in green) and KPFg (in red) in
CDsCN at 25 °C. The signal at 3.55 ppm (*) was used as reference in the
study.

from the "H NMR data to determine the stoichiometry of the
complexes (Fig. 5), with maxima at y* and y* = 0.5, suggesting
a 1:1 stoichiometry for the metal cation coordination
complexes.'”

Once the stoichiometry of coordination complexes was
known, the association constants (K,, M™") of the different
equilibria were calculated following the reported procedure.'”
Experimental K, values in CH;CN for [7-Na'] and [7-K'] were
6.66 x 10> M™" and 1.16 x 10> M, respectively, while for
[8-Na'] and [8-K'], they were 8.49 x 10> M™" and 1.63 x 10’
M, respectively. The calculated association constants are
about two orders of magnitude higher than those obtained for
analogous acyclic polyethers in the presence of Na' and K',
which highlights the ability of 7 and 8 to bind sodium and pot-
assium and points to the participation of the triazole N3 posi-
tions in the process.'”'®

Additional support for the structures of the alkali com-
plexes was obtained using DFT calculations at the SMD
(CH3CN)-M06/6-31G** level. As shown in Fig. 6, in [7-Na'], the
cation is coordinated to seven donor atoms: the five O (PEG)
atoms and the two triazole N3 atoms. The Na-O distances fit
well with the expected Na-O distance (2.42 A), and the Na-N
distances (2.48 A and 2.65 A, respectively) agree with the
expected Na-N distance (2.54 A), which confirms the strong
interaction between the sodium ion and the N3 positions of
both triazole rings. In turn, in the potassium complex [7-K'],
the cation is coordinated to the five O positions of the PEG
moiety (K-O average distance of 2.72 A) and to one of the tri-
azole N3 atoms (K-N distance of 2.83 A), in a pseudo-crown-6
structure, with K-O and K-N distances in the range of the
expected values (K-O 2.78 A and K-N 2.80 A, respectively). The
remaining triazole ring is positioned above the macrocycle at a
distance of K-N3 of 3.08 A.

The computed structures of [8-Na'] and [8-K'] are depicted
in Fig. 7. In both cases, the N3 positions of the triazole frag-
ments are deeply involved in the coordination to the alkali
cations together with the PEG fragments. For complex [8-Na'],
the average distance Na-O is 2.68 A and the Na-N3 distances

This journal is © the Partner Organisations 2025
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Fig. 5 Job plots of compounds 7 (left) and 8 (right) with NaPFg and KPF¢ at 25 °C.

Fig. 6 Calculated structures of complexes [7-Na'] (top) and [7-K*] Fig. 7 Calculated structures of complexes [8-Na*] (top) and [8-K*]
(bottom) (SMD (CH3CN)-M06/6-31G** level). Hydrogen atoms have (bottom) (SMD (CH3zCN)-M06/6-31G** level). Hydrogen atoms have
been omitted for clarity. Bond distances in A. Na—N and K-N distances been omitted for clarity. Bond distances in A. Na—N and K-N distances

are shown in red. are shown in red.
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are 2.49 A and 2.68 A, respectively. In turn, for complex [8-K'],
the average K-O distance is 2.82 A and the Na-N3 distances
are 2.89 A and 2.85 A, all within the range of the literature
data.™
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Fig. 8 Cyclic voltammograms of complexes 7 and 8 in a 107> M MeCN
solution containing [("Bu),NIPFs 10~* M as the supporting electrolyte.
Voltammograms were registered at 25 °C using a Pt counter electrode
and a glassy carbon working electrode. Potentials are given in V vs. Fc*/
Fc. Scan rate: 100 mVs.
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The electrochemical and electrocatalytic properties of com-
pounds 7 and 8 and their Na" and K* coordination complexes
were explored. Compounds 7 and 8 exhibited similar electro-
chemical behavior. Both showed a reduction wave at Ep. =
—1.57 V attributed to the [Fe'Fe")/[Fe°Fe'] process in the [(u-adt)
Fe,(CO)s] moieties, together with an irreversible second
reduction wave at E,. = —2.18 V, corresponding to the [Fe’Fe']/
[Fe®Fe’] process in the same fragment (Fig. 8).”°

In the presence of a weak acid (AcOH), 7 and 8 display the
expected behavior for a [(p-adt)Fe,(CO)g] derivative.”" The band
at —1.56 V does not change, but the intensity of the second
reduction wave at —2.18 V steadily increases with the succes-
sive additions of acid (Fig. 9, top). Upon the addition of the
stronger trifluoroacetic acid (TFA, pKYN ~ 12.6), there is a
clear electrocatalytic response of the wave at —1.56 V (Fig. 9,
bottom). However, at high concentrations of acid (6-10 equiv.),
the catalytic current (i.,) at —2.18 V also increases. In agree-
ment with our previous results, the electrocatalytic behavior
observed for 7 and 8 in TFA must be due to the contribution of
the species protonated in both the triazole ring and the adt-
amino groups.® The i./i, plots vs. increasing acid concen-
trations were used to evaluate the electrocatalytic properties of
7 and 8 in the reduction of protons from TFA (i, is the peak
current in the absence of acid, Fig. 10). The data revealed that

50 T
50 . = /’\\/— = —
77 ——0 equiv.
~ 150 ¢ 1 equiv.
< )
=2 2 equiv.
= -250 T+ —4 equiv.
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Fig. 9 CVs of compounds 7 (left) and 8 (right) with increasing amounts of AcOH (top) and TFA (bottom) obtained from 10> M solutions in MeCN
containing [("Bu)4N]PFs 10! M as the supporting electrolyte, recorded at 25 °C. Counter-electrode: Pt; working electrode: glassy carbon; potentials

given in V vs. Fc*/Fc; scan rate: 100 mV s~
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Fig. 10 Representation of ic./ip of 7 and 8 vs. equivalents of AcOH and
TFA.

8 displayed a higher (about 15% more) electrocatalytic activity
than 7 with AcOH, but their performance was similar with
TFA.

To determine the effect of cation binding on the process,
the cyclic voltammograms (CVs) of 7 and 8 were recorded in
the presence of NaPF or KPFg (5 equiv.) (Fig. 11). Compared
to the CVs of 7 and 8, the current intensity of the first
reduction wave increased for both [7-Na'] and [8-Na'] but
slightly decreased for the potassium complexes. However, the
second reduction wave that appeared at —2.18 V in the CV of
the uncoordinated compounds was significantly altered by the
nature of the cation. The CV of complex [7-Na*] displayed a
crossover upon reversing the potential scan direction, likely
due to the deposition of insoluble material on the working
electrode. In contrast, complex [8-Na*] showed no such depo-
sition. This displacement has been observed previously in
different transition metal complexes bearing crown ether
moieties.*

The electrocatalytic activity of 7 and 8 in the presence of 5
equiv. of NaPF, or KPFs and with increasing amounts of TFA
(1-20 equiv.) was next addressed (Fig. 12). The i.,/i, plots and

i(WA)

——7 + 5 equiv. NaPF¢ (up to -1.95 V)

7 + 5 equiv. KPF¢

1.5 4
E (V)

View Article Online
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the turnover frequency (TOF s™*) values for the [Fe'Fe']/[Fe'Fe’]
reduction wave, with 20 equiv. of TFA, were used to evaluate
the electrocatalytic activity of the complexes (Fig. 13 and
Table 1). The calculated overpotential was 0.68 V. The results
revealed that, in TFA, the electrocatalytic activity of 7 and 8 in
the presence of NaPFs was considerably diminished, as indi-
cated by the 50% reduction in the TOF values. As compounds
7 and 8 could be protonated in both the triazole rings and the
adt-amino groups,’ the reduction in the TOF values suggests
that the contribution of the triazolium species to the electro-
catalytic process is inhibited with NaPF. Undoubtedly, despite
the addition of acid, complexes [7-Na'] and [8-Na'] are formed
in the medium, with the N3 positions of the triazole rings
involved in the Na' binding.

These assertions were confirmed by an 'H NMR study
carried out with complex 8. The spectra in Fig. 14 show the
protonation of the triazole rings in compound 8 as the amount
of TFA increased in solution (0-10 eq.) The formation of the
triazolium salt causes the broadening and the significant
downfield shift of the H5 signal of the triazole due to a rapid
proton exchange between the protonated centers in the tri-
azole-PEG region.” The signals corresponding to the [(p-adt)
Fe,(CO)g] fragment (7.70, 6.96 and 4.45 ppm) are hardly
affected by the addition of acid, which suggests that protona-
tion is specific to the triazole moiety. When the titration with
TFA was done in the presence of NaPF,, the "H NMR spectra of
8 changed significantly (Fig. 15). Unlike the free complex, the
signals corresponding to the triazole fragment remain sharp
and barely shift as the TFA concentration increases. This indi-
cates that the triazole-PEG region does not undergo rapid
proton exchange when Na' is present, supporting the for-
mation of the coordination complex [8-Na'] in the acid media.

The electrochemical experiments of 7 and 8 with the pot-
assium salt in the presence of TFA had a different outcome.
Data for compound 7 in Fig. 12 and 13 and Table 1 indicate a
similar electrocatalytic response in the presence or absence of
KPF, (TOF values of 20.4 s and 19.9 s ', respectively).
However, the addition of the potassium salt in TFA enhances
the electrocatalytic activity of 8 (TOF values of 21.0 s~ versus

i (MA)

8 + 5 equiv NaPF6

-8 + 5 equiv. KPF6
-150 t t t {

1.5 1
E (V)

Fig. 11 CVs of compounds [7-Na™], [7-K*], [8-Na*] and [8-K*] obtained from 10~ M solutions in MeCN containing [("Bu),N]PFs 10~ M as the sup-
porting electrolyte, recorded at 25 °C. Counter-electrode: Pt; working electrode: glassy carbon; potentials given in V vs. Fc*/Fc; scan rate: 100 mV
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Fig. 12 CVs of (a) complex 7 with TFA + 5 equiv. of NaPFe, (b) complex 8 with TFA + 5 equiv. of NaPF6, (c) complex 7 with TFA + 5 equiv. of KPFg,
and (d) complex 8 with TFA + 5 equiv. of KPF¢, obtained from 10~ M solutions in MeCN containing [("Bu)sN]PFs 10~ M as the supporting electrolyte,

recorded at 25 °C. Counter-electrode: Pt; working electrode: glassy carbon; potentials given in V vs. Fc*/Fc; scan rate: 100 mV s

12
o7
e 7 + 5 equiv. NaPF¢ e
7 + 5 equiv. KPFg
8 -
Qo
% L
a b °
°
o | . . . .
0 5 10 15 20

Equiv. TFA

-1

Fig. 13 Representation of ic,/i, of complexes 7 and 8 with 5 equivalents of NaPFg and KPFg vs. equivalents of TFA.

37.9 s~! with KPF). These experimental data suggest that the
addition of KPF¢ does not hamper the protonation of the tri-
azole rings of 7 and 8. Obviously, in the presence of KPFg, the
triazole N3-positions are not involved in the coordination of
K' in acid media. The TOF values in these cases should
reflect the contributions of the species protonated in both
the triazole rings and the adt-amino groups to the HER
process.

The '"H NMR spectroscopy study of complex 8 with KPFg in
the presence of increasing amounts of TFA (0-10 eq.) sup-

4486 | Inorg. Chem. Front.,, 2025, 12, 4480-4493

16
°3
® 8 + 5 equiv. NaPF
12 L 8 + 5 equiv. KPF,
[ ]
._D.
% 8t
=
@
[ ]
4T ° [ ]
, e @
o0l ; ; i ;i
0 5 10 15 20
Equiv. TFA
Table 1 TOF data®?
7 7/NaPFs  7/KPFs 8 8/NaPF,  8/KPFq
TOF (s7')°  19.9 9.0 20.4 21.0 9.2 37.9

“Data obtained from Fig. 12 and 13. ?i.,, = —1.57 V; overpotential () =
0.68 V, calculated using Eo(TFA) = 0.89 V. “TOF calculated with 20
equiv. of TFA.
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Fig. 14 H NMR spectra (300 MHz) of compound 8 with TFA (0-10
equiv.) in CD3zCN at 25 °C. Arrows indicate signals corresponding to the
triazole-PEG fragment.
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Fig. 15 'H NMR spectra (300 MHz) of compound 8 with 5 equiv. of
NaPFg and TFA (0-10 equiv.) in CD3zCN at 25 °C.

ported these claims. As shown in Fig. 16, the signal of the H5
proton of the triazole ring broadens and experiences a signifi-
cant downfield shift as the amount of TFA increases in solu-
tion. The process is almost identical to that observed in Fig. 14
for complex 8 in the presence of increasing amounts of TFA.
Additional insights into the coordinating behavior of
complex 8 in trifluoroacetic acid media were obtained by deter-
mining its complexation constants using the same methodology

This journal is © the Partner Organisations 2025

View Article Online

Research Article

M/\/A /\)N ‘L/ | 10 equiv.

- /‘_JL\W w_/‘

4 equiv.
- M 2o
|
] |
B L.JL.__,/ | W_/ ‘\1 equiv.

____“__Ju_q L oequ.

10 9 8 7 6 5 4 3
1 (ppm)

Fig. 16 'H NMR spectra (300 MHz) of compound 8 with 5 equiv. of
KPFg¢ and TFA (0—10 equiv.) in CDsCN at 25 °C.

applied under neutral conditions, in the presence of 5 equiva-
lents of TFA (see above and the ESI{) and NaPFy and KPFg.
The data from Job’s plots show that the ratio of ligand 8 to the
alkali cation was 1: 1 in both cases (Fig. S691). The association
constants (K,) in MeCN for [8-Na* + TFA] and [8-K" + TFA] were
found to be 4.04 x 10> M~ and 1.26 x 10> M, respectively. As
anticipated, these values were lower than those obtained
under neutral conditions (6.66 x 10> M~ and 1.63 x 10> M™*
for [8-Na'] and [8-K'], respectively), since, under acidic con-
ditions, the 1,2,3-triazole moiety is expected to be protonated,
rendering it unavailable for coordination with the alkali metal
cations.

The electrocatalytic and NMR experiments demonstrate the
fundamental role of the alkali ions in modulating the electro-
catalytic response of 7 and 8 in acid medium. With NaPF4/TFA,
the triazole units are engaged in the coordination with Na*
and are not able to contribute to the HER process. The experi-
mental TOF values of 9.0 s™* for 7 and 9.2 s for 8 in the pres-
ence of NaPF¢/TFA essentially show the contribution of the
species protonated in the amino adt groups, whereas with
KPF¢/TFA, the triazole units in 7 and 8 are protonated and can
participate in the reaction.

It is well established that the protonated amine plays a fun-
damental role in the mechanism of hydrogen generation from
[(u-adt)Fe,(CO)s] mimics, serving as a readily available source
of protons for the neighboring Fe atom.’””?'® Qur results
provide new insights into the contribution of N3-protonated
1,2,3-triazolium salts, which significantly enhance the electro-
catalytic activity of [(p-adt)Fe,(CO)s] mimics in strong acidic
media. While the protonated amine serves as a direct proton
donor for the Fe atom, the N3-protonated 1,2,3-triazolium salts
would provide an additional reservoir of protons, enhancing
the overall catalytic efficiency. Although the potential role of
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[8H4-K]

Fig. 17 Computed SMD (CH3CN)-M06/6-31G** structure of [8H4-K].
The hydrogen atoms of the PEG linker have been omitted for clarity.
Bond distances are in A.

the 1,2,3-triazole moieties as electron reservoirs could also be
considered, recent studies on [FeFe]H,ase mimics with alkyl
1,2,3-triazolium salts as ligands exclude the triazolium ring as
an additional redox-active site in the hydrogen evolution reac-
tion (HER) process.**/*

The observed increase in the turnover frequency (TOF) for
compound 8 in trifluoroacetic acid (TFA) with KPF, (37.9 s77)
compared to the TOF for compound 8 without the potassium
salt (21.0 s™') remains unclear. Experimental evidence indi-
cates that the triazole rings are protonated in both cases and
can contribute to the HER process together with the proto-
nated amino adt groups. A computational study would shed
some light on this question. The SMD (CH3CN)-M06/6-31G**
computed structure of 8, protonated in both the triazole and
[(p-adt)Fe,(CO)¢] amino groups [8H4-K]|, reveals the six PEG
oxygen atoms coordinated to K' in a very regular pseudo-18-
crown-6 structure (Fig. 17). The average K-O distance in the
hexacoordinated potassium complex is 2.77 A, in excellent
agreement with the expected K-O distance (2.78 A), calculated
as the sum of the oxygen van der Waals radius (1.40 A) and the
effective ionic radius of K (1.38 A).2*> The incorporation of
alkali metal ions is known to enhance the electrocatalytic
activity of metal complexes,'®'" and the formation of the
coordination complex [8H4-K] could account for the increased
TOF observed for compound 8 in TFA in the presence of KPFs.
The fact that the TOF values for complex 7 in TFA are almost
identical in the presence/absence of KPF, (20.4 s™' and
19.9 s~', respectively) supports the importance of the six-
oxygen coordination environment for the K in [8H4-K], likely
allowing greater catalytic performance. These findings under-
score the critical role of ligand design and metal-ion coordi-
nation in optimizing the performance of hydrogenase mimics
for electrocatalytic applications.

Conclusions

[FeFe]H,ase mimics 7 and 8, which feature two [(p-adt)
Fe,(CO)s] moieties and two 1,2,3-triazole rings linked through
PEG chains of different lengths, have been prepared to study
the effect of additional basic centers on the electrocatalytic
properties of [(p-adt)Fe,(CO)s] derivatives in acidic media.

4488 | Inorg. Chem. Front,, 2025, 12, 4480-4493

View Article Online

Inorganic Chemistry Frontiers

Compounds 7 and 8 are capable of binding alkali ions (Na",
K") to form 1:1 coordination complexes, in which the oxygen
atoms of the PEG moiety and the N3 positions of the triazole
rings are involved. Through "H NMR titration experiments and
electrochemical studies of 7 and 8 in the presence or absence
of NaPF, or KPF,, we determined the relative contributions of
N-adt amino versus N3 triazole protonated species to the HER
process in TFA. The addition of Na' ions inhibits the protona-
tion of the triazole rings in both 7 and 8, and their electro-
chemical response is primarily attributed to the species proto-
nated at the amino adt groups. However, with K, the triazo-
lium salts are formed in TFA, and the electrocatalytic behavior
of 7 and 8 reflects the contributions from species protonated
at both the triazole and amino adt groups.

A computational study of the protonated complex 8 with
KPF; in the presence of TFA could explain the increase in the
turnover frequency (TOF) observed for this complex (37.9 s™)
compared to the TOF calculated in the absence of the potass-
ium salt (21.0 s™'). The computed complex [8H4-K], proto-
nated in both the triazole and amino [(p-adt)Fe,(CO)s] groups,
is still able to coordinate the K' ion through the six O-PEG
atoms, in a very regular pseudo-18-crown-6 structure. Since the
incorporation of alkali metal ions is known to enhance the
electrocatalytic activity of metal complexes, the formation of
complex [8H4-K] could account for the increased TOF observed
for compound 8 in TFA in the presence of KPF,. These find-
ings highlight the intricate interplay between ligand design,
ion-binding fragments and their effects on catalytic behavior
in acidic media. Future studies are underway to explore the
incorporation of other ion-binding fragments and investigate
their impact on the HER process, with the aim of further opti-
mizing the performance of hydrogenase mimics for electro-
catalytic applications.

Experimental section
General

Unless otherwise stated, all the reactions were carried out
under an Ar atmosphere using anhydrous solvents. Alkynes
9™ and 10" and azide 11° were prepared according to
reported protocols. "H and "*C{'H} NMR spectra were recorded
at ambient temperature in CDCl; using Bruker 500 or
300 MHz spectrometers. Chemical shifts are expressed in part
per million and are referenced to residual solvent peaks.
ESI-HRMS was performed using an Agilent 6500 accurate mass
spectrometer with a Q-TOF analyser. Cyclic voltammograms
were recorded using a Metrohm PGSTAT302N potentiostat
model. In all cases, the solutions were degassed with an argon
flow and sonicated prior to electrochemical analysis. For cyclic
voltammograms, a 3 mm glassy-carbon working electrode, an
Ag/AgCl 3 M reference electrode, and a 2 mm Pt-wire counter
electrode were used. All measurements were performed at
room temperature and under an argon atmosphere in CH;CN
solutions containing 10™" M ["Bu,]PF, as the supporting elec-
trolyte, with analyte concentrations of 107> M.
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General procedure for the CuAAC reactions

In a round-bottom flask, 1 equiv. of the dialkyne, 2 equiv. of
azide 11, and a MeCN/THF mixture in a 1:1 ratio were added.
The resulting suspension was bubbled with Ar for 10 minutes.
Subsequently, 2 equiv. of Cul and 2 equiv. of DIPEA were
added. The reaction mixture was stirred at room temperature
for 72 h. The solvent was evaporated under reduced pressure,
and the obtained solid was purified by column chromato-
graphy (SiO,, CH,Cl,/MeOH 95 : 5).

Synthesis of 7. Compound 7 was synthesized following the
general procedure using 102 mg (0.38 mmol) of dialkyne 3,
381 mg (0.76 mmol) of 11, 18 mL of the solvent mixture,
145 mg (0.76 mmol) of Cul, and 0.13 mL (0.76 mmol) of
DIPEA. After purification, 7 was obtained as a red solid with a
yield of 92% (444 mg, 0.35 mmol). "H NMR (300 MHz, CDCl,)
8: 7.96 (s, 2H, CHgiazole), 7.67 (d, J = 8.8 Hz, 4H, CH,,), 6.85 (d,
J = 8.8 Hz, 4H, CHy,), 4.76 (s, 4H, OCH,Cyiazole), 4.35 (s, 8H,
NCH,S,), 3.75-3.67 (m, 16H, CH,) ppm. “C{'H} NMR
(75 MHz, CDCl;) 6: 206.9 (CO), 145.9 (Cgiazole), 144.9 (Car),
130.1 (Ca), 122.5 (CHay), 120.9 (CHgriazole), 116.4 (CHa,), 70.7
(CH,), 70.0 (CH,), 64.8 (OCH,Cyiazorc), 49.8 (SCH,N) ppm.
FTIR (film): vc—o 2073, 2031 and 1992 cm™'. HRMS-ESI m/z:
caled for CyHzoFe,NgO45S, [M + H]": 1278.8714; found [M +
H]": 1278.8724.

Synthesis of 8. Compound 8 was synthesized following the
general procedure using 117 mg (0.37 mmol) of dialkyne 10,
378 mg (0.75 mmol) of 11, 18 mL of the solvent mixture,
142 mg (0.75 mmol) of Cul, and 0.13 mL (0.75 mmol) of
DIPEA. After purification, 8 was obtained as a red solid with a
yield of 74% (367 mg, 0.28 mmol). "H NMR (300 MHz, CDCl,)
8: 7.96 (s, 2H, CHgiazole), 7.67 (d, J = 9.0 Hz, 4H, CH,,), 6.85 (d,
J = 9.0 Hz, 4H, CHy,,), 4.76 (s, 4H, OCH,Cyiazole), 4.35 (s, 8H,
NCH,S,), 3.75-3.66 (m, 20H, CH,) ppm. “C{'H} NMR
(75 MHz, CDCl;) 6: 206.9 (CO), 145.9 (Cgiazole), 144.9 (Car),
130.1 (Cay), 122.5 (CHay), 120.9 (CHgriazole), 116.4 (CHa,), 70.7
(CH,), 70.0 (CH,), 64.8 (OCH,Cyiazorc), 49.8 (SCH,N) ppm.
FTIR (film): vc—o 2073, 2030 and 1991 cm™'. HRMS-ESI m/z:
caled for Cy H,3Fe,NgO15S, [M + H]": 1322.8976; found [M +
H]": 1322.8986.

Computational details

Calculations were performed at the DFT level using the M06
functional®® with an ultrafine integration grid>® as
implemented in Gaussian 16.>° Fe, S, and K atoms were
described using the scalar relativistic Stuttgart-Dresden SDD
pseudopotential®’ and its associated double-{ basis set com-
plemented with a set of d- and f-polarization functions.?® The
6-31G** basis set was used for the H, C, N, and O atoms.>’ All
structures were fully optimized in acetonitrile solvent using
the SMD continuum model.>**°
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