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Synthesis of [FeFe] Hydrogenase Mimics with Lipoic acid
and its Selenium Analogue as Anchor Groups

Stefan Benndorf,® Sihem Groni,"™ Leanne M. Stafast,”® Helmar Gorls,”™ Claire Fave,®

Bernd Schéllhorn,*™ and Wolfgang Weigand*!

[FeFe] hydrogenase (H,ase) mimicking complexes containing
lipoic and selenolipoic acid moieties connected to 2-hydroxy-
1,3-dithiopropane and 2-hydroxy-1,3-diselenopropane bridging
ligands were synthesized and characterized using different
spectroscopic methods. X-ray diffraction analysis was utilized to
determine the molecular structure of a triphenylphosphane
substituted analogue. Cyclic voltammetry (CV) investigations on
the redox chemistry in presence and absence of acetic acid

Introduction

Numerous mimics of the active site of natural [FeFe] H,ase
enzymes were synthesized and analysed during the last
decades, frequently accompanied by demonstrations of their
catalytic activity regarding dihydrogen formation in electro and
photochemical experiments.™?

One significant issue in electrolysis and photocatalysis is the
diffusion-limited transport of the catalytic centre to the
electrode, that is necessary for an effective electron transfer.*”
Immobilizing [FeFe] H,ase enzymes or model complexes on the
electrode surface to attain chemically modified electrodes were
realized by electrostatic adsorption,” embedding in redox-
active hydrogels or polymers,® absorption into mesoporous
electrodes,” reduction of diazonium salt spacers on carbon
electrodes,®” by carboxylic acid group on fluorine-doped tin
oxide (FTO) or nickel oxide electrodes, ™" and thiol spacer
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(AcOH) revealed differing behaviours among the mimics. IR
spectroelectrochemistry (IR SEC) enabled deeper insights of
structural changes during electrochemical measurements. The
elaboration of surface confined systems was studied in
preliminary experiments. CV experiments showed that the lipoic
acid derivatives of the [FeFe] H,ase mimics formed well-
organized self-assembled monolayers (SAMs) on Pt electrodes, a
promising result for future work.

groups on gold electrodes, with a functional moieties for further
modification with the [FeFe] H,ase mimic or enzyme, amongst
others."'? However, [FeFe] H,ase mimics attached to electrodes
lack consistency and high activity during the catalytic process,
due to their sensitivity regarding high pH values or oxygen and
irreversible electrocatalytic behaviour®® Additionally, Reek
et al. surmised the depletion of the substrates was caused by
hydrolysis of the carboxylate anchor groups from the FTO
surface.'”

Our approach is to use dithiolane or diselenolane anchoring
groups with a great affinity to gold and platinum and the
capability to form stable SAMs under electrochemical
conditions.®™"! Due to their adjustable reactivity, disulfide
moieties gained great interest in the fields of biochemistry,
organic synthesis, catalysis and coordination chemistry,
amongst others." Furthermore, they show versatile electro-
chemical behaviour, including the formation of a variety of
lipoic acid S-oxides, the reduction to radical species, dimers and
higher polymers to the point of dihydrolipoic acid."”

Lipoic and selenolipoic acid were connected to 2-hydroxy-
1,3-propandithiolate (pdt-2-OH)"® or 2-hydroxypropandiseleno-
late (pds-2-OH)" [FeFe] H,ase mimics via esterification,®”
giving four complexes with the possible permutations distribut-
ing S and Se at the iron cluster along with the anchor group.
They were analysed in terms of X-ray diffraction analysis, CV in
the presence and absence of AcOH and IR SEC. In first
experiments the H,ase mimics were immobilized as self-
assembled monolayers on Au and Pt electrodes. The electro-
chemical properties and the stability of the formed SAMs was
investigated by CV in order to evaluate their potential as surface
confined electrocatalytical systems.

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Results and Discussion
Synthesis of [FeFe] H,ase model complexes 2, 3, 5,6 and 7

The synthesis of complex 1 was carried out by use of a novel
synthetic pathway developed recently in our group, to generate
[FeFe] H.,ase model complexes more efficiently, by using N-
methyl-2-pyrrolidone (NMP) as an additive. The precursor 1,3-
disulfanylpropane-2-ol was dissolved in NMP and toluene at
50°C. Triirondodecacarbonyl (Fe;(CO);,) was added in one
portion and the resulting solution was stirred for ten minutes,
until the dark green solution became dark red, affording target
complex 1 as a red solid after purification (Scheme 1).2"

Complex 4 was synthesized by refluxing freshly prepared
1,3-bis(selenocyanato)propane-2-ol®? and Fe,(CO),, in THF for
1 h, adapted from Harb et al.,**” and obtained as a red solid
after purification (Scheme 1).

The syntheses of complexes 2, 3, 5 and 6 were carried out
by a modified Steglich esterification procedure of [FeFe] H,ase
mimics 1 or 4 with lipoic acid or selenolipoic acid, respectively,
in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP).?? The resulting compounds
were isolated as red, high-viscous oils (Scheme 1). To analyze
the influence of triphenylphosphane (PPh;) as a better ¢ donor
concerning electrochemical behaviour, one CO-ligand was
replaced by synthesis of complex 7. By mixing compound 2 and
trimethylamine N-oxide dihydrate in dichloromethane (DCM)
for 20 min, adding one equivalent of PPh; and stirring for 15 h

at room temperature (RT), target complex 7 was isolated as a
brown solid (Scheme 2).2"

Molecular structure

Exemplarily, Figure 1 shows one of the three conformers
(Figure S1) of the molecular structure of compound 7. The
structure revealed the characteristic butterfly conformation of
the [Fe,S,] cluster. The coordination sphere in the vicinity of
each Fe atom can be described as a distorted octahedron with
two S atoms, each linked to both Fe centres, and three terminal
CO ligands for Fe1 and two terminal CO ligands and a PPh,
ligand for Fe2. Due to the electron density donating properties
of PPh, the Fe—Fe (2.5265(8) A) bond length is elongated in
comparison to the Fe—Fe (2.5039(6) A) bond length of com-
pound 1, published by our group,"® however, in good agree-
ment with the PPh, substituted derivative of complex 1, Fe—Fe
(2.5255(8) A), synthesized by Song and co-workers.?® Further-
more, the lipoic acid moiety is arranged around the apical
located PPh; ligand, indicating minor attractive interactions.

Electrochemical Investigation

To study the influence of sulfur and selenium as well as the
substituting of one CO ligand in complex 2 by PPh, toward
electrochemical behaviour, CV was carried out on complexes 2,
3,5,6 and 7 in 0.1 M [n-Bu,NI[BF,] acetonitrile (MeCN) solutions,

0
0
' “OJ\NYW w
OH H} il 1 E-E
_— > |
xAx T XX i) &
(OC);Fe=Fe(CO); X
(OC);Fe=Fe(CO),
X=SH X=8(1) E=S X=E=S(2)
SeCN Se (4) Se X=S8; E=Se (3)
X=Se; E=S (5)
X = E =Se (6)

Scheme 1. Synthesis route for [FeFe] H,ase mimics 1-6; i) Fe;(CO),,, toluene, NMP, 50°C, 10 min;?" (1) Fe;(CO),,, THF, reflux, 1 h (4)%; iiy DCC, DMAP, DCM, RT,
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Scheme 2. Synthesis route for [FeFe] H,ase mimics 7; i) trimethylamine N-oxide dihydrate, PPh;, DCM, RT, 15 h.2%
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Figure 1. Molecular structure of complex 7. The ellipsoids represent a
probability of 50%, (hydrogen atoms were omitted for clarity). Legend of the
colour code: C (grey), O (red), S (yellow), Fe (orange), P (salmon).

as depicted in Figure 2 and S6. The CV of compound 2 (Figure 2,
grey) reveals one partially reversible reduction at £,.'=—1.57V,
assigned to the one-electron-reduction of [Fe'Fe'l to [FeFe']
with a linear scan rate dependence of the current function
(Figure S2), and two non-reversible reduction events at Epf:
—1.75V and E,’=-2.28V (Figure 2). At higher scan rates, E,’
fades, and the reversibility of the first reduction process is
enhanced (Figure S3), indicated by a rise of the anodic-to-
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Figure 2. Cyclic voltammograms (v =0.2 V/s) of compounds 2, 3, 5 and 6
(c=1 mmol/L) in N,-purged MeCN/[n-Bu,N][BF,] (0.1 mol/L) at RT. The arrow
indicates the scan direction. The potential E is given in V and referenced to
the Fc/Fc™ couple.
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cathodic peak current ratio (I,./l,). This behaviour implies an
irreversible follow-up reaction appearing after the first reduc-
tion as described before”” The electrochemical analysis of
compound 5 (blue) shows a similar behaviour for its reduction
events. Both complexes are linked to lipoic acid, which might
cause a follow-up reaction, forming side products, however, the
reduction of lipoic acid occurs at more negative potentials
(Figure S5)."" The third reduction process at E,*=—2.28 V and
its shoulder signal at £,°’=—2.13 V are assigned to the second
electron uptake of the iron center and the reduction of the
sulfur-sulfur bond of the lipoic acid moiety, interfering with
each other"'®%% Ag 3 result, these overlapping reduction
events show a broadened peak. Nevertheless, it should be
noted, that the reduction of the dithiolane bridge is shifted by
AEPCS’5:1SO mV at least to more positive values, compared to
the pure lipoic acid (Figure S5). This occurrence might include
an irreversible interaction between dithiolane sulfur atoms and
the iron centre, which facilitates the electron uptake.

On the contrary, complexes 3 (red) and 6 (green) are
showing their second reduction event at £,>=—1.92V, which
can be assigned to the reduction of the diselenolane bridge, by
comparison with the pure precursor selenolipoic acid (Fig-
ure S6). This reduction process remains at higher scan rates and
the reversibility of the first reduction rises among with the other
reduction waves (Figure S4). The second reduction of the iron
centres is assigned to the third event at Epc3:—2.18V, in good
agreement with their precursor complexes 1 and 4,
respectively.'®'

The potentials for the first reduction ([Fe'Fe'l—[Fe’Fe']) differ
from AE,DC1 =30-60 mV, among the sulfur and selenium contain-
ing iron centres, implying an influence on the electrochemical
properties of the [FeFe] H,ase mimicking complexes, due to the
weaker electron-donating properties of the Se-containing
ligands (Figure 3; Table 1). This behaviour is also observed for
other S- and Se-containing [FeFe] H,ase models.?3%72%3

The substitution of one terminal carbonyl ligand at the iron
core with electron-donating ligands, like PPh;, induces a differ-
ent electrochemical behaviour, caused by increased electron
density at the iron center. The potential for the first reduction
of compound 7 appears at Epc‘:f1.75 V, exhibiting a shift to
more negative potential by AEPC‘:18O mV, compared to the
first reduction event of 2 (Table 1), likewise to previously
reported  phosphane  mono-substituted [FeFe] H,ase
mimics.?***? Additionally, the second non-reversible reduction,
as described for compound 2, vanishes or might be overlapped
by the first electron uptake. However, the second occurring

Table 1. Summary of the reduction potentials of complexes 2, 3, 5, 6 and
7. Potentials E are given in V, referenced to the Fc/Fc* couple.

complex E,' V] E,2 V1 E,C V] E' V]
2 —1.57 —1.75 —2.13@ —2.28
3 —1.55 -1.92 -2.18
5 —1.51 -1.77 —2.13@ —2.29
6 —1.52 -1.92 —2.13 —2.25
7 -1.75 —2.13% —230

[a] This reduction event is appears as a weak shoulder.
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-155V -1.52V reduction event of compound 7 indicates no remarkable shift
-1.57V -1.51V for the assigned second reduction of the iron centre (Fig-
-1 ure 57).52
2 To support these assignments, we took a closer look where
the reduction events take place and how many electrons were
5 involved, therefore, IR SEC investigations were performed, due
4 - to the high sensitivity of the ¥(CO) bands of metal carbonyls to
< 5 the charge state and geometry of the complex.®**
= /
-7 : b — 2Fe,S,~5, IR SEC investigations
-8 -/\‘ ——3Fe,S,~Se,
9 —— 5Fe,Se,~S, IR SEC was carried out in an OTTLE (optically transparent thin
[Fe'Fe] —[Fe Fel] —— 6 Fe,Se,~Se, layer electrochemical) cell (c(complex) =2 mmol/L, MeCN, c(n-
-10 . . . Bu,NBF,)=0.1 mol/L).?¥ The potential was raised in negative
-1.7 -1.6 -1.5 -1.4 -1.3

direction at slow scan rates (v=2mV/s, Figure S8) to study
E[V]vs Fc/Fc* structural changes of the complexes during the electron uptake.
. ' . Due to the use of different working (WE) and reference
Zl)gr::;z 3&gzczh,c3\,lglt:r:2n;0(gr=arr;(:;|?|j i\;/ﬂ:; :?;eef;rs;\tn (reec?\‘u/?t’;t_)gutz:”[Bm electro.des, the absolute p(.jotentials were shifted to If-:'ss negative
(0.1 mol/L) at RT. The arrow indicates the scan direction. The potential £ is potentials, compared to prior electrochemical experiments.
given in V and referenced to the Fc/Fc* couple. Figures 4A and 4C show the spectroscopic changes for the
first reduction step of compound 2, between E=—1.022 V and
E=—1.190 V. The observable bathochromic shift by A ¥(CO)=
55-103 cm™' of the terminal carbonyl signals (2078, 2039,
2000 cm™'—2023, 1957, 1897 cm™"), respectively, is caused by

(23
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Figure 4. IR SEC measurements of the first (A) and second reduction (B) and their respective differential spectra (C, D) of compound 2 (MeCN, c=2 mmol/L).
The A absorbance spectra were calculated by subtracting a spectrum recorded immediately before the reducing phase. Keep in mind that there is a difference
in cathodic shifts between the CV (glassy carbon WE, non-aqueous Ag/AgCl RE) and the IR SEC (Pt WE, Ag wire RE) experiments due to the use of different
electrodes (for further details see SI).
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the increased electron density at the iron cores and the
subsequent enhanced back donation to the anti-bonding w*
orbital of the carbonyl ligands.®****” This change in the spectra
is in good agreement with a one-electron reduction of
[Fe'Fe1—[Fe’Fe'], furthermore, the shape and ratio of the
absorption bands is altering, indicating structural rearrange-
ments after the electron uptake.?'*%**4% Additionally a new
weak band occurs at ¥(u-CO)=1727 cm™, suggesting the
formation of a bridging carbonyl.®**"" However the CV of the
SEC experiment show no peak between the first and second
reduction of the iron centre (Figure S8), indicating that the
second event £, is happening at the same time as the first
reduction, due to the slow scan rate. The same experiment was
performed with the precursor 1, indicating differences in the
spectroelectrochemical behaviour (see Figure S9). The spectra
of complex 1 exhibit a pattern likewise to its Fe,(pdt)(CO)s~
(pdt = propanedithiolate) analogue, defined by the formation of
four partially separated absorption bands of the terminal
carbonyl ligands and one bridging carbonyl v (u-CO)=
1720 cm~".2"33 The substitution with lipoic acid leads to differ-
ing behaviour during the electrochemical treatment of the
complexes.

The spectroscopic changes during the second reduction of
complex 2 between E=—1.722V and E=—1.890 V are depicted
in Figure 4B and its respective differential spectra (Figure 4D).
The terminal carbonyl signals were shifted by A ¥(CO)=33-
66 cm~' (2023, 1957, 1897 cm '—1956, 1902, 1863 cm '),
respectively. These values are indicating another one-electron
reduction step, assigned to the reduction of [Fe’Fe'l—[Fe’Fe"].
The band of the bridging carbonyl is also bathochromically
shifted to ¥(u-CO)=1678cm™', and reveals a absorption
pattern, likewise to the Fe,(bdt)(CO)s>~ (bdt=benzenedithio-
late) analogue, indicating structural rearrangements.74%

Further reduction of compound 2 led to new absorption
bands in the spectra (see Figure S10), subsequently evolving
from product 2>, due to the increased charge and additional
structural changes. A well-defined absorption band appeared at
7=1745cm™", that could be ascribed to the formation of
tetracarbonyl ferrate, [Fe(CO),]*", which is assigned to be a
degradation product during the excessive reduction of iron
carbonyl complexes.?"*#4243 This appearance is consistent with
the irreversible electrochemical behaviour (see Figure 2). At
even more negative potential £>—2.128V, another explicit
band evolves at ¥=2118 cm™', which might be assigned to the
formation of an (iso)thiocyanate species arising at the edge of
the potential window of MeCN and its reaction with the
reduced dithiolane bridge (Figure S10). Unfortunately, no
sample of this product could be isolated for further investiga-
tions.

During the SEC experiments complexes 3, 5 and 6 show
similar behaviour as compound 2 (see Figure S11, S12 and S13,
respectively). The reduction of the diselenolane bridge of
complexes 5 and 6 caused only minor changes in the spectra
(Figure S14), even though they were observable in the
respective CV during the SEC (Figure S15).

The IR SEC of compound 7 exhibits an interesting perform-
ance (Figure S16). The resulting IR spectrum after the first

Eur. J. Inorg. Chem. 2023, 26, 202200684 (5 of 10)

reduction to 7 is almost identical to that of compound 2 in the
mono-reduced state (Figure S17). The follow-up reduction of
both compounds leads to almost very similar spectra as well,
implying comparable complex geometry and electron density
at the iron cores. These findings explain the same reduction
potential (—2.13 V) and shape of the CV spectra for the second
reduction event (Figure S7). Speculatively, one could assume
that PPh; dissociates from 7 after the first reduction step and
that the same species is formed when 2 is reduced to 2".

Electrocatalysis

To examine the catalytic features of complexes 2, 3, 5 and 6
regarding hydrogen production, CV in the presence of various
amounts of AcOH in 0.1 M [n-Bu,N][BF,] MeCN solutions was
performed. The behaviour of complex 2 is illustrated in Figure 5,
defined by three reduction events at E,'=-1.56V, £, =
—1.84V and E,“®=-2.17 V. The addition of one equivalent of
AcOH shifts the first reduction potential to more negative
values by AE,'=50mV, compared to the pure complex.
Additionally, the current is increased to the doubled value,
indicating an additional electron uptake (Figure S18). Further
addition of AcOH induces a potential shift to less negative
potentials and the current increases, however, it levels off at
four equivalents. This shift indicates a proton uptake, that is
facilitated by raising amounts of AcOH. That supports the
assumption that there is the uptake of two electrons while the
mono-reduced species is usually not basic enough to be
protonated by a weak acid such as AcOH.***!

Another reduction appears at E,?=—1.84V, that shows
catalytic increase of the current, implying subsequent proto-
nation and the potential dihydrogen-release to close a catalytic
cycle. Additional electron uptake at £,°°=—2.16 V enables the
formation of another catalytic active species, that is capable to

20 T T T T T
0_
-20 - i
AcOH
-40 1 E,. Oeq -
2 E cat2 1 eq
2 60+ P 2eq -
= —deq
-80 6eq -
8 eq
-100 —— 10 eq 1
—15¢q
120+ EC ——20eq -
2.5 -2.0 -1.5 -1.0 -0.5

E [V]vs Fc/Fc*

Figure 5. Cyclic voltammograms (v =0.2 V/s) of compound 2 (c=1 mmol/L)
with various amounts of AcOH in N,-purged MeCN/[ n-Bu,N][BF,] (0.1 mol/L)
at RT. The arrow indicates the scan direction. The potential E is given in V
and referenced to the Fc/Fc* couple.
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discharge dihydrogen. Scheme S1 demonstrates a potential Icat/
catalytic cycle for the two processes at £, and E,“®. CE — ly 2)
This catalytic behaviour is similar to previously reported [HA}/[catalyst]

hexacarbonyl [FeFe] H,ase mimics in the literature, that show a
two electron reduction during the first reduction step.272042444¢l
Further increase of the reduction potential leads to another
reduction event at E*=—2.50V, that is attributed to the
reduction of AcOH (Figure S19). The comparison to the same
experiment utilizing complex 1 exhibits a similar behaviour,
except the first reduction event, that does not show such a
strong increase of the current (Figure S20 and S21). This
observation supports the notion, that there is an influence of
the lipoic acid moiety on the catalytic cycle.

The CV experiment of complex 3 shows a slightly different
performance, indicated by two reduction events (Figure S22).
The addition of AcOH shifts the first reduction event at E,'=
—1.55V to slightly more negative values by AE,'=20mV,
however, the current and the potential of this process remains
constant after the addition of four equivalents. The second
reduction event occurs at E,“?=-2.07V, showing no addi-
tional process at less negative potential, in comparison to
complex 2.

Figure S23 shows the differing behavior of complex 5,
regarding electrocatalysis in the presence of AcOH. After the
addition of one equivalent, the current of the first reduction,
E,'=—1.51V, is increased by 20% only, however, a new peak
appears at E,’=-—161V. Due to the less negative first
reduction potential of complex 5 (Figure 3), the two reduction
events are separated. Following steps in the catalytic process
are similar to complex 3.

The first reduction of complex 6 in the presence of AcOH
exhibits no shift of the potential and remains at £,.'=—1.52V
(Figure S24), though, the current does not level off until fifteen
equivalents. The catalytic process remains around Ep‘afzm
—2.1V, analogous to complexes 2, 3 and 5, as well as several
examples from the literature.*”!

In order to compare the catalytic performance towards
proton reduction of these complexes, the turn-over frequency
(TOF) and catalytic efficiency (C.E.) were calculated, utilizing
equations 1 and 2, respectively.>*** Table 2 summarizes the
obtained data.

lge N RT*TOF )
I, 0.4463 Fv

P

Table 2. Electrochemical data for the catalysis of complexes 2, 3, 5 and 6
(c=1mmol/L) in the presence of AcOH (c=20 mmol/L). Potentials E are
given in V, referenced to the Fc/Fc* couple.

complex E.o V] leat, k (TOF) [s~"]® CEM
2 —-2.16 13.18 67 0.66
3 —2.07 11.59 52 0.58
5 —-2.11 9.45 35 0.47
6 —-2.10 13.15 67 0.66

2,48-50],
;

[a] Calculated by using equation 1 with v=02V/s and n=2.!
[b] Calculated by using equation 2.”’
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To determine the number of electrons necessary for the
hydrogen evolution reaction (HER), plots of the catalytic current
(I and peak current (/,) ratio versus ¢ (AcOH) were illustrated
(Figure S25). The observed linear relationship of /,/, to ¢
(AcOH) indicates a second-order dependence of the catalytic
pathway.”® Subsequent use of equation1 (R - ideal gas
constant, T — absolute temperature, F — Faraday’s constant, v —
scan rate) leads to TOF values, that are within one magnitude.
Complex 2 and 6 exhibit the same TOF value 67 s™' at slightly
different reduction potential, although their catalytic processes
may vary in their sequence (see Figure5 and S23). In
comparison, the mixed sulfur and selenium complexes show
significantly less activity. A similar outcome could be achieved
from the C.E. calculation, which declares all complexes in the
medium scope (0.25-0.75) of efficiency."”

Formation and electrochemical behaviour of SAMs on Au and
Pt

Previously polished Au and Pt disc electrodes were exposed for
12 h to 1 mM solutions of compounds 2 or 6 in MeCN, and
carefully rinsed before electrochemical characterization. CVs of
the resulting modified electrodes were performed in an electro-
lyte solution of 0.1 M [n-Bu,N][PF4] in MeCN. On gold (Au-SAM-
2) a small irreversible signal could be detected with a cathodic
current peak potential Epc1 =—1.24V (Figure S26), a value close
to the first reduction wave of compound 2 in solution (in MeCN:
E,'=—1.22V vs. SCE). A less well-defined reduction wave at
approximately E,.=—1.25V vs. SCE was observed for Au-SAM-6
(Figure S27). Both results are suggesting the presence of the
redox active iron clusters on the electrode surface. However,
the lack of reversibility and the shape of the CVs make analysis
complicated.

Recently, we have reported the advantage of higher stability
of dithiolane SAMs on platinum®" over gold.*? In the case of
compound 2 the use of a platinum working electrode improved
its chemisorption affording Pt-SAM-2. Several CVs were per-
formed at a scan speed of v=10V/s (Figure S28) yielding a
quasi-reversible wave centered at the formal standard potential
E,=—1.52V (vs. SCE) (Figure 6A and S29). This signal was
attributed to the first reduction [Fe'Fe'l—[Fe’Fe'l of the
adsorbed clusters, the corresponding E,. being shifted to a
more negative value of compared to Au-SAM-2.

Analysis of the cathodic peak currents as a function of the
scan rate displayed a linear dependence (Figure 6B and S30),
characteristic of an electrode-surface confined electroactive
species. As in solution no electro-catalytic HER could be
observed on this first reduction wave. Unfortunately, the second
reduction process could not be probed with a SAM modified
electrode. The application of electrode potentials less negative
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Figure 6. A) Cyclic voltammograms (v=1 V/s) of the bare (grey line) and the modified Pt electrode Pt-SAM-2 (red line) in 0.1 M [n-Bu,N][PF,] MeCN solution.
WE diameter =3 mm. B) Plot of the peak current vs. the scan speed of a modified platinum electrode Pt-SAM-2.

than E=—1.8V (vs. SCE) afforded the desorption of the SAM via
reduction of the thioctic derivatives.

Conclusions

This study focused on the synthesis and electrochemical
investigation of lipoic acid ester-based [FeFe] H,ase model
complexes and their formation of SAMs on Au and Pt electro-
des. The substantial analysis of the new synthesized complexes
2, 3, 5, and 6 by cyclic voltammetry in the presence and
absence of the weak acid AcOH as well as IR SEC experiments
revealed a strong influence of lipoic and selenolipoic acid
moieties on the electrochemical properties of the [FeFe] H,ase
mimics and their facility to perform catalytic proton reduction
under electrocatalytic conditions. Complex 2 exposed a
doubled increase in current by adding one equivalent of AcOH,
indicating a change of the catalytic cycle in comparison to
previously described precursor molecule 1. A differing behavior
was also observed by CV and IR SEC experiments in the absence
of acid. However, [FeFe] H,ase mimics lacked in stability and
reversibility.

The substitution of one CO ligand with PPh; led to complex
7, that was further analyzed by X-ray crystallography. The CV
exhibited an anticipated shift for the first reduction event by
AE,'=180 mV, compared to the first reduction event of 2. The
second reduction of both compounds exhibit similar reduction
potentials and IR SEC data, that reveal comparable structures
and electron densities at the iron cores of both complexes.
Further DFT calculation supported investigation might expose
the unidentified reduced species.

Furthermore, we were able to form intact SAMs of
complexes 2 and 6 on Au and Pt electrodes, that were
confirmed by CV experiments. Unfortunately, these SAMs were
not able to perform HER in the given potential window
terminated by the desorption of the complexes. However, the
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approach of a catalyst transfer from homogeneous solution to a
surface confined system was validated. Stronger covalent
bonding of the catalysts to the electrode surface will be
necessary for the development of a supported system. Reduc-
tive electrografting of diazonium salts onto the electrode may
provide catalyst layers being stable within a larger potential
range well adapted to the electrocatalytic process.

Experimental Section

The formation of the known complexes 1 and 4 was carried out by
other reaction pathways then described in the literature. Therefore,
we included the new synthesis routes.

H,ase mimic 1 - Fe,S,

In a Schlenk flask 1,3-disulfanylpropane-2-ol (100 mg, 0.8 mmol)
was dissolved in anhydrous toluene (10 mL) and anhydrous NMP
(1 mL) under nitrogen atmosphere. After raising the temperature to
50°C, Fe;(CO),, (405 mg, 0.8 mmol) was added, and the colour
changed from dark green to dark brown within ten minutes while a
small amount of gas (CO) was developed. The reaction mixture was
cooled down and was put on a column packed with silica and n-
hexane. After flushing the column with n-hexane to remove the
toluene and NMP, the eluent was changed to cyclo-hexane/THF
(6:1). The product was collected from the major red band to give a
red, crystalline solid (300 mg, 0.75 mmol, 93 %).['®*"

'HNMR (400 MHz, CDCl;, 297 K, TMS) 6 (ppm)=3.19-3.07 (m, 1H,
CH(OH)), 2.81 (dd, *J,_4y=13.2, 4.1 Hz, 2H, CHH,), 1.86 (d, >, =
5.6 Hz, 1H, OH), 1.56-1.48 (m, 2H, CH.H,); {'H}*C NMR (101 MHz,
CDCl;, 297 K, TMS) 6 (ppm) =207.4, 72.9, 29.6.

H,ase mimic 4 - Fe,Se,

In a Schlenk flask 1,3-bis(selenocyanato)propane-2-ol (500 mg,
1.87 mmol) and Fe;(CO),, (939 mg, 1.87 mmol) were dissolved in
THF (60 mL) and the mixture was heated at reflux for 1 h. The
solvent was evaporated to dryness under vacuum. The crude
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product was purified by column chromatography (cyclo-hexane/
THF 4:1) to get a red oil from the major red fraction. Recrystalliza-
tion from DCM/n-pentane at 0°C gave complex 4 as red crystalline
product (402 mg, 0.81 mmol, 43 %).'"*

"H NMR (600 MHz, CD,Cl,, 297 K, TMS) 6 (ppm)=3.02-2.94 (m, 1H,
CH(OH)), 2.85 (brdd, *},,,=11.6, 2.8 Hz, 2H, CH,H,), 2.05 (brd,
3Jum=5.5Hz, 1H, OH), 155 (brt, *J, =113 Hz, 2H, CHH.);
{'"HI®C NMR (151 MHz, CD,Cl,, 297 K, TMS) 6 (ppm)=209.4, 72.9,
19.7; {'HY’Se (76 MHz, CD,Cl,, 297 K) 6 (ppm)=202.04; elemental
analysis calcd. (%) for C,HgFe,0,Se,: C 21.80, H 1.22; found: C 22.09,
H1.12.

General procedure: Steglich esterification

In a Schlenk flask complex 1 or 4 (0.2 mmol), 1,2-Dithiolane-3-
pentanoic acid or 1,2-diselenolane-3-pentanoic acid (0.22 mmol, 1.1
eq) and DMAP (27 mg, 0.2 mmol) were stirred in 10 mL anhydrous
DCM for 5 minutes. DCC (46 mg, 0.22 mmol) was dissolved in 2 mL
anhydrous DCM and was added in one portion. The resulting
mixture was stirred overnight. The desired complexes 2, 3, 5 and 6
could be isolated as red high-viscous oils after purification via
column chromatography (n-hexane/DCM 1:1).2”

H,ase mimic 2 - Fe,S, .S,

Yield 102 mg, 87%; 'HNMR (400 MHz, CDCl,, 297 K) & (ppm)=
4.37-4.22 (m, TH, CH(0O)), 3.55 (quin, *J,_,=6.8 Hz, 1H, CH(S)), 3.22—
3.08 (m, 2H, CH,(S)), 2.75 (dd, 3y y=12.9, *Jy_y=4.1 Hz, 2H, CH,H,-
(CHO)), 2.46 (dq, *Jyy y=12.5, *J,,y=6.3 Hz, TH, CH,H,(CH,S)), 2.25 (t,
Juu=7.3 Hz, 2H, CH,(C=0)), 1.90 (dq, *};_y=13.0, >}y =6.8 Hz, TH,
CH,H,(CH,S)), 1.71-1.53 (m, 6H, COCH,CH,CH,CH,+ CH,H,(CHO),
1.51-1.37 (m, 2H, CO(CH,),CH,); {'H}"*C NMR (101 MHz, CDCl;, 297 K)
6 (ppm)=207.2, 171.6, 73.4, 56.3, 40.2, 38.5, 34.5, 33.8, 28.6, 26.9,
24.5; MS (ESI positive mode): m/z=612.8 (M+Na*, calcd. 612.8); IR
(ATR, CHCl;, 297 K) ¥ (cm™') =2077, 2036, 1993; elemental analysis
calcd. (%) for C;;H;gFe,05S,: C 34.59, H 3.07, S 21.73; found: C 34.70,
H 2.99, S 21.80.

H,ase mimic 3 - Fe,S, _Se,

Yield 122 mg, 90%; 'H NMR (400 MHz, CDCl;, 297 K) 6 (ppm)=4.31
(tt, 3J, 4y=11.1, 43 Hz, 1H, CH(O)), 3.90 (ddt, 3J, ,=9.3, 7.5, 4.9 Hz,
1H, CH(Se)), 3.38-3.29 (m, 2H, CH,Se), 3.02-2.90 (m, 1H; CH,H,-
(CH,Se)), 2.77 (dd, 3, ,,=12.9, 4.4 Hz, 2H, CH,H,(CHO)), 2.58-2.47
(m, TH, CH,H,(CH,Se)), 2.27 (t, *Jy_y=7.5 Hz, 2H, CH,(C=0)), 1.85-
1.56 (m, 6H, COCH,CH,CH,CH,+ CH,H,(CHO)), 1.49-1.38 (m, 2H,
CO(CH,),CH,); {'H}*C NMR (101 MHz, CDCl,, 297 K) 6 (ppm) =207.1,
171.6, 73.4, 52.5, 45.7, 35.3, 33.8, 29.6, 29.4, 26.9, 24.4; {"H}Se
(76 MHz, CDCl;, 297 K) 0 (ppm)=376.09, 299.67; MS (El): m/z=600
(M-3C0), 572 (M-4C0O), 544 (M-5C0), 516 (M-6COQ); IR (ATR, CHCl;,
297 K) 7 (cm™")=2077, 2037, 1995; elemental analysis calcd. (%) for
C,,H,sFe,045,5e, 0.08 CH,,: € 30.41, H2.79, S 9.28; found: C 30.38,
H2.71,58.97.

H,ase mimic 5 - Fe,Se, S,

Yield 92 mg, 67%; 'H NMR (400 MHz, CDCl,, 297 K) & (ppm) =4.16
(brt, >y y=11.0 Hz, 1H, CH(O)), 3.61-3.50 (m, 1H, CH(S)), 3.22-3.08
(m, 2H, CHy(S)), 2.80 (brd, *Jy w=10.6 Hz, 2H, CH,H,(CHO)), 2.46
(brdd, * =123, 6.2 Hz, TH, CH,Hy(CH,S)), 2.25 (t, *J, 4=6.6 Hz,
2H, CH,(C=0)), 1.90 (brdd, *Jy =123, 7.0 Hz, 2H, CH,H,(CH,S)),
1.72-1.56 (m, 6H, COCH,CH,CH,CH,+ CH,Hy(CHO)), 1.49-1.38 (m,
2H, CO(CH,),CH,); {'"HI'*CNMR (151 MHz, CDCl,, 297 K) & (ppm) =
208.3,171.5, 73.7, 563, 40.2, 38.5, 34.5, 33.8, 28.6, 24.4, 16.3; {'H}"Se
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(76 MHz, CDCl,, 297 K) 6 (ppm)=205.4; MS (El): m/z=600 (M-3CO),
516 (M-6C0O); IR (ATR, CHCl;, 297 K) ¥ (cm~')=2070, 2031, 1992;
elemental analysis calcd. (%) for C,;H,sFe,05S,5e, 0.125 CeH,,:
C30.68, H 2.87, S 9.28; found: C 30.66, H 2.77, S 8.98.

H,ase mimic 6 - Fe,Se,_Se,

Yield 82 mg, 52%; 'H NMR (400 MHz, CDCl,, 297 K) 6 (ppm)=4.16
(tt, *Jyy=11.5, 3.5 Hz, 1H, CH(0)), 3.89 (ddt, *},, ,=9.2, 7.6, 4.8 Hz,
TH, CH(Se)), 3.39-3.25 (m, 2H, CH,Se), 2.95 (dq, >, y=13.6, 5.4 Hz
1H; CH,H,(CH,Se)), 2.87-2.72 (m, 2H, CH,H,(CHO)), 2.57-2.46 (m, 1H,
CH,H,(CH,Se)), 2.25 (t, *}y=7.5 Hz, 2H, CH,(C=0)), 1.85-1.55 (m,
6H, COCH,CH,CH,CH,+ CH,H,(CHO)), 1.49-136 (m, 2H, CO-
(CH,),CH,); {HI®CNMR (101 MHz, CDCl;, 297 K) o (ppm)=208.3,
208.3, 171.5,73.7, 52.5, 45.7, 35.2, 33.8, 29.6, 29.3, 24.4, 16.3; {'H}’Se
(76 MHz, CDCl;, 297 K) O (ppm)=376.27, 299.80, 205.46; MS (El):
m/z=750 (M—C0),696 (M-3CO), 640 (M-5C0O), 612 (M-6CO); IR (ATR,
CHCl;, 297 K) 7 (cm™") =2069, 2029, 1989; elemental analysis calcd.
(%) for C;,H,sFe,045e,: C 26.25, H 2.33; found: C 26.69, H 2.76.

H,ase mimic 7 - Fe,S,PPh,_S,

In a Schlenk flask 2 (100 mg, 0.17 mmol) and trimethylamine N-
oxide dihydrate (19 mg, 0.17 mmol) were stirred in 10 mL anhy-
drous MeCN for 10 minutes. PPh; (44 mg, 0.17 mmol) was added to
the brown solution and the reaction mixture was stirred for another
hour. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (n-hexane/
THF 2:1) to get 7 as a brown, oxygen sensitive solid (77 mg,
0.09 mmol, 55%).”

"H NMR (400 MHz, CD,Cl,, 297 K) 6 (ppm)=7.73-7.59 (m, 6H, Ar—H),
7.51-7.39 (m, 9H, Ar—H), 3.59-3.44 (m, 2H, CH(O) + CH(S)), 3.21-3.06
(m, 2H, CH,(S)), 2.43 (m, 1H, CH,H,(CH,S)), 2.21 (m, 2H, CH,H,(CHO),
201 (t, *jy_y=7.3Hz, 2H, CH,(C=0)), 1.88 (m, 1H, CH,H,(CH,S)),
1.73-1.50 (m, 4H, COCH,CH,CH,CH,), 1.48-1.37 (m, 4H, CH,H,(CHO)-
+CO(CH,),CH,); {'HI*CNMR (101 MHz, CD,Cl, 297 K) & (ppm)=
214.6, 171.4, 136.1, 135.8, 134.0, 130.9, 129.0, 74.4, 56.9, 40.8, 39.1,
35.0, 34.3, 29.1, 27.3, 25.1; {{HF'P NMR (162 MHz, CD,Cl,, 297 K)
0 (ppm)=63.17; MS (ESI positive mode): m/z=846.7 (M+Na",
calcd. 846.9); IR (ATR, CHCl;, 297 K) ¥ (cm™')=2045, 1982, 1961,
1937; elemental analysis calcd. (%) for C;,Hi3Fe,0,PS, 0.125 CoH, 4
C49.97, H 4.19, S 15.35; found: C 50.22, H 4.21, S 15.40.

Deposition Numbers 2209004 (for selenolipoic acid) and 2209005
(for 7) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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