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The novel compounds [Fe2(l-SC6H4-p-NO2)2(CO)6] (1), [Fe2(l-SC6H4-p-
tBu)(l-SC6H4-p-NO2)(CO)6] (2),

[Fe2(l-SC6H4-p-tBu)2(CO)6] (3), [Fe2(l-SC6H4-p-tBu)(l-SC6H4-p-CF3)(CO)6] (4) and [Fe2(l-SC6H4-p-
OCH3)(l-SC6H4-p-CF3)(CO)6] (5) have been characterized by 1H NMR, FTIR, elemental analysis, and cyclic
voltammetry. X-ray crystallography of compounds 1 and 2 reveal an anti (ax,eq) S-aryl ligand orientation
in the solid state. Carbonyl IR spectra and reduction potentials correlate strongly with Hammett con-
stants of the electron donating/withdrawing groups. Evaluation for electrocatalytic formation of dihydro-
gen from acetic acid indicates a low overpotential of activity of 0.26 V for compound 5.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The search for hydrogen-evolving catalysts [1] has frequently
focused upon iron-based compounds [2] due to iron’s established
reactivity with hydrogen [3], its earth-abundance [4,5], and its
presence in the active-site of hydrogenase enzymes [6]. The active
site of [FeFe]-hydrogenase [7] enzymes (Fig. 1) [8] is responsible
for efficient and reversible [3] redox chemistry associated with
proton reduction [9]/dihydrogen activation [10,11]. Hence, a long
synthetic history [12] has been paired with bio-mimicry [13] in
the design of Fe2S2 electrocatalysts [14].

Hexacarbonyl diiron dithiolate clusters are generally not elec-
tron rich enough to be protonated in their neutral forms and,
therefore, require reduction as a first step in a catalytic mechanism
(EC process) [15]. A recent review featured almost 200 examples of
models with bridging aromatic dithiolates [16] (An S-R-S linker,
where R is the aromatic group, Fig. 2) to ease reduction, particu-
larly via using compounds containing electron withdrawing groups
[17]. This approach is often accompanied with substitution of one
or more carbonyls with electron donating ligands [18] to facilitate
subsequent protonation and initiate a catalytic mechanism at
lower overpotential [19]. ‘‘Unbridged” hexacarbonyl diiron dithio-
late compounds lacking an S-linker-S bridge (although each S does
form a bridge between the two Fe atoms), have been less studied
for electrocatalytic reduction of protons, perhaps due to the pres-
ence of an aza-propane linker in the [FeFe]-hydrogenase active site.
Yet, some unbridged alkyl [20–22], aromatic [23–26], and nitro-
gen-containing [27–29] bis(thiolate) systems have been explored.
Additionally, unbridged systems have also had carbonyl ligands
replaced by election donating ligands [30–33].

Considered herein are unbridged hexacarbonyl diiron dithiolate
clusters with an electron-withdrawing aromatic thiolate ligand (to
provide an easier initial reduction location) and an electron-donat-
ing aromatic thiolate (to enhance the basicity of the iron-sulfur
core). The novel compounds [Fe2(l-SC6H4-p-NO2)2(CO)6] (1),
[Fe2(l-SC6H4-p-tBu)(l-SC6H4-p-NO2)(CO)6] (2), [Fe2(l-SC6H4-p-t-
Bu)2(CO)6] (3), [Fe2(l-SC6H4-p-tBu)(l-SC6H4-p-CF3)(CO)6] (4) and
[Fe2(l-SC6H4-p-OCH3)(l-SC6H4-p-CF3)(CO)6] (5) were synthesized,
characterized and electrochemically tested for hydrogen-genera-
tion from weak acid sources to develop this hypothesis further.
Comparisons are made to the well-known compound [Fe2(l-SC6-
H5)2(CO)6] (6) [34–37].

Three stereoisomers are possible for bis(m-RS)hexacarbonyldi-
iron complexes (Fig. 3). While the sterically hindered syn-exo is
generally not observed for bulky R-groups, a mixture of anti and
syn-endo exists in solution at room temperature [38], even if only
one isomer is obtained in the solid/crystalline form.
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Fig. 1. [FeFe]-hydrogenase active site structure [8].

Fig. 2. [FeFe]-hydrogenase active site mimics frequently include some form of
‘‘linker” or bridge of either aromatic or non-aromatic nature. Unbridged compounds
studied herein.

Fig. 3. Three isomers are possible for bis(m-RS)hexacarbonyldiiron complexes,
simplified structures shown looking down the Fe-Fe bond.
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2. Experimental

2.1. Synthesis and characterization

Preparation of the iron complexes evaluated in this study was
under inert (argon atmosphere) conditions using standard Sch-
lenk-line techniques. All reagents and solvents were purchased
from commercial suppliers and used as received. Listed reagents
were combined in 20 mL unstabilized anhydrous tetrahydrofuran
(THF) and held at reflux for 1.5 h (allowing the reaction mixture
to turn from dark green to deep red). The crude reaction mixture
was filtered through Celite� and the solvent was removed under
reduced pressure until near dryness. The complexes were isolated
with silica preparative-scale TLC (without protection from air)
using dichloromethane/hexane eluent. The resultant red/red–or-
ange fraction/s were collected; the silica was removed by filtration,
and the dichloromethane was removed under reduced pressure
2

until complete dryness. NMR data was obtained on 300/400 MHz
Bruker spectrometers. FTIR data was obtained from a Varian
3100 spectrometer and a Perkin Elmer 100 spectrometer, at
1.0 cm�1 resolution. Elemental analysis was carried out by Atlantic
Microlabs (Norcross, GA, USA).

2.1.1. Preparation of [Fe2(l-SC6H4-p-NO2)2(CO)6] (1)
Reagents: 0.0935 g (0.603 mmol) of 4-nitrothiophenol and

0.155 g (0.308 mmol) of triiron dodecacarbonyl. Yield 0.0800 g
(0.136 mmol, 66%). 1H NMR (400 MHz, (CD3)2CO, ppm), d: 8.26
(2H, d, 18.4 Hz), 8.13 (2H, d, 17.6 Hz), 7.87–7.68 (4H, m). IR (CH2-
Cl2, ṽCO): 2083, 2049, 2010 cm�1. Anal. Calc. for C18H8Fe2N2O10S2:
C, 36.76; H, 1.37, Found: C, 36.58; H, 1.52. Crystals (red–orange)
suitable for X-ray diffraction were obtained by slow evaporation
of dichloromethane at 4 �C, CCDC 1983686.

2.1.2. Preparation of [Fe2(l-SC6H4-p-
tBu)(l-SC6H4-p-NO2)(CO)6] (2)

Reagents: 101 mL (0.0975 g, 0.600 mmol) of 4-tert-butylthiophe-
nol, 0.0931 g (0.600 mmol) of 4-nitrothiophenol and 0.302 g
(0.600 mmol) of triiron dodecacarbonyl. Yield: 0.0576 g
(0.094 mmol, 24%). 1H NMR (400 MHz, (CD3)2CO, ppm), mixture
of three isomers, d: 8.26 (d, 16.0 Hz), 8.12 (m), 7.84 (m), 7.77
(m), 7.68 (m), 7.51–7.41 (m), 1.28, 1.26, 1.25 (s, overlapping). IR
(CH2Cl2, ṽCO): 2074 (m), 2034 (s), 1992 (s, br) cm�1. Anal. Calc.
for C22H17Fe2NO8S2: C, 44.10; H, 2.86, Found: C, 44.31; H, 3.02.
Crystals (red–orange) suitable for X-ray diffraction were obtained
by slow evaporation of dichloromethane-heptane at 4 �C, CCDC
1983687. Preparation also yielded 0.0257 g (0.0429 mmol, 11%)
of 1 and 0.0353 g (0.0568mmol, 14%) of 3. Additional preparations:
77.6 mL (0.0748 g, 0.450 mmol) of 4-tert-butylthiophenol, 0.0466 g
(0.300 mmol) of 4-nitrothiophenol and 0.155 g (0.308 mmol) of tri-
iron dodecacarbonyl (yield: 2, 0.0191 g, 0.0310 mmol, 16%; 1,
0.0115 g, 0.0192 mmol, 9.6%; 3, 0.0229 g, 0.0370 mmol, 18%).
51.7 mL (0.0499 g, 0.300 mmol) of 4-tert-butylthiophenol,
0.0698 g (0.450 mmol) of 4-nitrothiophenol, 0.155 g (0.308 mmol)
of triiron dodecacarbonyl (yield: 2, 0.0360 g, 0.0590 mmol, 29%; 1,
0.0207 g, 0.0350 mmol, 17%; 3, 0.0104 g, 0.0170 mmol, 8.4%).

2.1.3. Preparation of [Fe2(l-SC6H4-p-
tBu)2(CO)6] (3)

Reagents: 400 mL (0.386 g, 2.32 mmol) of 4-tert-butylthiophenol
and 0.502 g (0.998 mmol) of triiron dodecacarbonyl. Yield 0.245 g
(0.401 mmol, 60%). 1H NMR (400 MHz, (CD3)2CO, ppm), d: 7.46–
7.31 (8H, m), 1.29 and 1.26 (18H, s, overlapping). IR (CH2Cl2,
ṽCO): 2070 (m), 2030 (s), 1987 (s) cm�1. Anal. Calc. for C26H26Fe2-
O6S2: C, 51.17; H, 4.29, Found: C, 50.99; H, 4.16.

2.1.4. Preparation of [Fe2(l-SC6H4-p-
tBu)(l-SC6H4-p-CF3)(CO)6] (4)

Reagents: 52.0 mL (0.0515 g, 0.310 mmol) of 4-tert-butylthio-
phenol, 41.0 mL (0.0533 g, 0.299 mmol) of 4-(trifluoromethyl)thio-
phenol and 0.155 g (0.308 mmol) of triiron dodecacarbonyl. Yield:
0.0216 g (0.0341 mmol, 17%). 1H NMR (300 MHz, (CD3)2CO, ppm),
isomer ratio unclear due to overlap, d: 7.73–7.31 (m, 8H), 1.26 (s,
9H). IR (CH2Cl2, ṽCO): 2075 (m), 2035 (s), 1994 (s) cm�1. Anal. Calc.
for C23H17Fe2O6S2F3 C, 44.40; H, 2.75, Found: C, 44.21; H, 2.62.
Preparation also yielded 0.0579 g (0.0931 mmol, 45%) of 3 and
0.0211 g (0.0327 mmol, 16%) of [Fe2(l-SC6H4-p-CF3)2(CO)6], IR
(CH2Cl2, ṽCO): 2077 (m), 2040 (s), 2000 (s) cm�1 [38].

2.1.5. Preparation of [Fe2(l-SC6H4-p-OCH3)(l-SC6H4-p-CF3)(CO)6] (5)
Reagents: 41.0 mL (0.0467 g, 0.333 mmol) of 4-methoxythiophe-

nol, 37.0 mL (0.0481 g, 0.270 mmol) of 4-(trifluoromethyl)thiophe-
nol and 0.155 g (0.308 mmol) of triiron dodecacarbonyl. Yield:
0.0473 g (0.0778 mmol, 38%). 1H NMR (300 MHz, (CD3)2CO,
ppm), isomer ratio unclear due to overlap, d: 7.63 (m, 4H), 7.32
(m, 2H), 6.86 (m, 2H), 3.78 (s, 3H). IR (CH2Cl2, ṽCO): 2075 (m),
2037 (s), 1997 (s) cm�1. Anal. Calc. for C20H11Fe2O7S2F3: C, 40.30;



Table 1
Reaction yields from varied ratios of competing thiols in syntheses of compound 2
(tBu = 4-tert-butylthiophenol, NO2 = 4-nitrothiophenol).

Compound tBu:NO2 1.5:1 tBu:NO2 1:1 tBu:NO2 1:1.5

1 9.6% 11% 17%
2 16% 24% 29%
3 18% 14% 8.4%
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H, 1.86, Found: C, 40.02; H, 1.92. Preparation also yielded 0.0142 g
(0.0220 mmol, 11%) of [Fe2(l-SC6H4-p-CF3)2(CO)6], IR (CH2Cl2,
ṽCO): 2077 (m), 2040 (s), 2000 (s) cm�1[39]. and 0.0259 g
(0.0455 mmol, 22%) of [Fe2(l-SC6H4-p-OCH3)2(CO)6], IR (CH2Cl2,
ṽCO): 2073 (m), 2036 (s), 1995 (s) cm�1 [24].

2.1.6. Preparation of [Fe2(l-SC6H5)2(CO)6] (6)
Reagents: 0.157 g (0.720 mmol) of diphenyl disulfide and

0.301 g (0.597 mmol) of triiron dodecacarbonyl. Yield 0.135 g
(0.271 mmol, 68%). 1H NMR (400 MHz, (CD3)2CO, ppm), d: 7.55
(2H, d, 7.6 Hz), 7.45–7.35 (4H, m), 7.34–7.24 ppm (4H, m). IR (CH2-
Cl2, ṽCO): 2075 (m), 2039 (s), 2000 (s) cm�1. IR (hexane, mCO): 2075
(m), 2038 (s), 2005 (s), 1998 (s) cm�1. Anal. Calc. for C18H10Fe2O6-
S2: C, 43.40; H, 2.02, Found: C, 43.10; H, 1.74.

2.2. X-ray crystallography

Diffraction measurements for compounds 1 and 2 were carried
out on either an Agilent Technologies SuperNova CRYSALISPRO or a
Bruker SMART APEXII CCD diffractometer equipped with graphite-
monochromated Mo Ka radiation (k = 0.71073 Å). Crystallographic
data and data collection are summarized in the supplemental
information file. Structural refinements were calculated from
SHELXTL software using full-matrix least squares on F2.

2.3. Cyclic voltammetry

All Cyclic Voltammograms (CV’s) were obtained by using a CHI
Model 600D Potentiostat 3-electrode cell with a glassy carbon
3.00 mm diameter working electrode, platinum wire counter elec-
trode, and silver external reference electrode (10 mM AgNO3 in
electrolyte solution). The electrolyte solution for all experiments
was 0.100 M tetra-n-butylammonium hexafluorophosphate (n-
Bu4NPF6) in anhydrous acetonitrile (Sigma-Aldrich). The potentials
(E) at the working electrode in all CV’s are reported with respect to
the ferrocenium/ferrocene couple in electrolyte solution. The fer-
rocenium/ferrocene couple data was collected at the end of each
experiment. All CV’s reported are background corrected, i.e. the
scan with only electrolyte present was subtracted from the raw
data. All background scans confirmed the sufficient removal of O2

as seen by the absence of a reduction peak ca. �1.2 V [39]. CV data
was collected under the flow of ultra-high purity argon gas, with
additional purging and confirmation of oxygen removal upon each
addition of acetic acid to the cell.

3. Results and discussion

3.1. Synthesis

The general procedure combined the required benzenethiol
with triiron dodecacarbonyl (1.5:1 thiol:iron) in anhydrous THF
held at reflux, under an inert atmosphere, for ninety minutes.
Yields were in the range of 50%–70%. In repeated syntheses of com-
pound 2, the two thiols were used in varied ratios, reacting in com-
petition (Table 1). The thiol with the greater electron-donating
benzenethiol appears to be slightly more reactive, such that an
excess of the greater electron-withdrawing benzenethiol boosts
the mixed product, compound 2.

3.2. Structure

Crystallographic characterization of compounds 1 and 2 con-
firms formation of the desired products. In both cases only the anti
(ax,eq) isomer is seen, with the ax-Ph-p-NO2 eq-Ph-p-tBu isomer
seen for compound 2 (Fig. 4). The para-groups on the phenyl rings
lead to a negligible effect on the Fe-Fe bond length of compounds 1
3

(2.520 Å) and 2 (2.525 Å) compared to the anti (ax,eq) isomer of 4
(2.516 Å) [40]. The limited variation in Fe-Fe bond lengths
comports with the long established structural stability of the
butterfly-core feature [41,42]. The crystal data and structure
refinement details for compounds 1 and 2 can be found in the
supplementary information file.
3.3. NMR spectroscopy

Compounds 1–5 were characterized by 1H NMR in acetone-d6,
with peaks attributed to aromatic protons in the 8.26–7.31 ppm
region, representing downfield shifts from the corresponding thiol
reagents (due to an increase in electronegativity from HAS to FeAS
bonds). Purified compounds 1 and 3 displayNMRpatternsmatching
a predominantly anti isomeric form in deuterated acetone at room
temperature, while the NMR pattern for compound 2 is suggestive
of amixture of three isomers in that three overlapping singlet peaks
(of the tBu protons) are seen between 1.28 and 1.25 ppm.[43] This
pattern is assigned to a mixture of the two anti isomers (ax-Ph-p-
NO2, eq-Ph-p-tBu and eq-Ph-p-NO2, ax-Ph-p-tBu) and the syn-endo
isomer. Due to overlap, it was not possible to assign an in-solution
isomer equilibrium ratio. There is an equilibrium between the
syn-endo and anti isomer for many (RS)2Fe2(CO)6 compounds [44],
when the R group is aromatic the anti isomer is strongly (>10:1)
favored [38,45]. Longer timescale THF refluxwas used herein to pro-
mote isomer ratio equilibration. Compounds 4 and 5 also displayed
this apparent mixture of isomers in solution, but the exact ratio
could not be determined due to overlap in the aromatic region.Well
known compound 6 was characterized by 1H NMR in acetone-d6,
with peaks attributed to aromatic protons in the 7.57–7.24 ppm
region, representing upfield shifts of the ortho protons from the
corresponding diphenyl disulfide reagents (due to a decrease in
electronegativity from sulfur-sulfur to Fe-sulfur bonds). An assign-
ment of a predominantly anti (ax,eq) product isomer for compound
6 is achieved by comparison to the literature NMR [38].
3.4. IR spectroscopy

IR spectroscopy of complexes 1–6 were recorded in dichloro-
methane and reveal three distinct carbonyl stretching peaks, with
the lowest energy carbonyl vibration being somewhat broadened
(or split into two peaks with weakly interacting non-polar hexane
as a solvent), consistent with hexacarbonyl diiron dithiolate com-
pounds. The Fe3(CO)12 starting material only displays one intense
CO band, owing to its high degree of symmetry, the presence of
three CO stretching bands indicate the formation of a Fe2(CO)6 sub-
unit. The trend (Table 2) in CO stretching aligns with the increasing
electron density on the Fe2-core from compound 1 to compound 3.
Electron density is withdrawn from the Fe-Fe bond due to the elec-
tron-withdrawing nitro group of compound 1, which diminishes
the electron density available to be donated to the carbonyl p*
orbital, resulting in higher energy CO stretching vibrations. The
opposite effect is observed in complex 3, which contains the elec-
tron-donating tBu substituent. Compound 2 represents a competi-
tion between electron-donating and electron-withdrawing
components, with carbonyl stretching values closer to those of
compound 1. A Hammett [46] constant of +0.78 for p-NO2 and



Fig. 4. ORTEP diagram of 1 and 2 with 50% probability thermal ellipsoids.

Table 2
Reduction potentials and infrared data of 1–6. IR absorption peaks are attributed to CO stretching modes.

Complex Epc1 (V)a ṽCO (cm�1)b Mean ṽCO (cm�1) Mean Hammett constantc

1 �1.29 2080, 2044, 2003 2042 +0.78
2 �1.33/�1.53d 2078, 2041, 2001 2040 +0.30
3 �1.59 2074, 2034, 1993 2034 �0.19
4 �1.49 2075, 2035, 1994 2035 +0.18
5 �1.44 2075, 2037, 1997 2036 +0.14
6 �1.55 2074, 2038, 1999 2037 0.00

a Potential at peak of first reduction wave vs. Fc/Fc+ at 0.100 V s�1 in 0.100 M n-Bu4NPF6 in anhydrous acetonitrile.
b Recorded in dichloromethane.
c The mean Hammett constant is calculated by averaging the values of the R-groups used: NO2 (+0.78), CF3 (+0.54), H (0.00), tBu (�0.19) and OCH3 (�0.27) [46].
d There are two peaks in the region of the first reduction wave of the other compounds listed.
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�0.19 for p-tBu for the substituents used in compound 2 yields a
response akin to a combined Hammett constant of +0.30. A mean
ṽCO value of 2040 cm�1 for compound 2 indicates reduced electron
density on the Fe2-core compared to that seen in compound 4
(where the Hammett constant for H is 0), which has a mean ṽCO

value of 2037 cm�1. Slightly positive mean Hammett constants
for compounds 4 and 5 suggest slightly greater electron-density
of the Fe2-core compared to that seen in compound 6, however,
slightly lower mean ṽCO values are attributed to the 1 cm�1 instru-
ment resolution (Table 2).

3.5. Cyclic voltammetry

Complexes 1–6 have been studied in acetonitrile by cyclic
voltammetry. An irreversible reduction event, ascribed to [FeI-
FeI] ? [FeI-Fe0], is observed for all six complexes from �1.29 V
to �1.59 V vs Fc+/Fc (all potentials are reported vs Fc+/Fc). A lack
of reversibility has been observed with other unbridged thiolate
systems and has been attributed to the irreversible cleavage of
one thiolate upon reduction [47]. In contrast, models containing
bridging dithiolates may exhibit increased reversibility as the close
proximity of the cleaved thiolate allows for later re-coordination
[48]. The electron density on the metal centers (indicated by their
CO stretching modes) broadly correlates with the observed reduc-
tion potentials (Table 2), where the compound with the greatest
electron density is the hardest to reduce (compound 3 requiring
�1.59 V) and the compound with least electron density is easiest
to reduce (compound 1 requiring �1.29 V). As the irreversibility
of this reduction is ascribed to a following chemical step, this cor-
relation is suggestive that the post-reductive chemical step [49] is
insufficiently rapid [50] to affect the observed reduction potential
[51] of the process. The reduction potentials of compounds 1–6
strongly correlates with the mean Hammett constants of the
substituents (Table 2), providing evidence that the reductive event
4

is located upon the Fe2-core. Multiple cycles through the first
reduction wave do not indicate decomposition/surface passivation.
An irreversible oxidative process is seen for all compounds
between 0.75 and 0.95 V (Fig. 5). Complex 1 and 2 also display sub-
stantial subsequent reductions, in each case including a quasi-
reversible peak at ca. �1.9 V (tentatively ascribed to a reduction
of the nitro substituent), along with an irreversible peak at ca.
�2.6 V for compound 1 and ca. �2.4 V for compound 2
(Figure SI-1 and Fig. 6).

Complexes 1–6were evaluated in acetonitrile for their ability to
reduce protons to molecular hydrogen, as observed by an increase
in current upon addition of a proton source. Cyclic voltammograms
of 1.00 mM with 0–50 equivalents of acetic acid were collected for
the six complexes studied. The two nitro-containing compounds
display complex electrochemical responses, Figure SI-1 and
Fig. 6. The nitro group has been seen to form a pre-wave in the
presence of protons [52], and an increase in reduction current
has been reported to be due to the following functional group reac-
tion: �NO2 + 4H+ + 4e� ? �NHOH + H2O, for nitrobenzene [53].
There are limited examples of nitro-group containing hydrogenase
active site mimics being tested for proton reduction. However, the
examples that we are aware of, involve a nitro group located either
on a benzene ring [54] or on a phenylacetylene [55], which is itself
attached to the nitrogen atom of an azadithiolate bridge, and dis-
play increased current at the first reduction in the presence of pro-
tons. A similar current enhancement with increasing acetic acid
concentration is displayed for 1 and 2 at the potential of the first
reduction (Epc1 = �1.29 V to �1.53 V). This increased current can-
not be attributed to proton reduction, however, due to the inability
of an acid to be reduced at a potential less negative than its stan-
dard reduction potential in a given solvent (E�HOAc = �1.46 V in
MeCN) [56]. The current enhancement of this first reduction peak
is therefore assigned to a multi-proton multi-electron reduction
of the nitro group to a hydroxylamine group. The quasi-reversible



Fig. 5. Cyclic Voltammetry overlays of compounds 1–5 (top to bottom) recorded in
0.100 M Bu4NPF6 in dry acetonitrile on a 3.00 mm diameter glassy carbon electrode
vs. Fc+/Fc at 0.100 V/s under Ar.

Fig. 6. Cyclic voltammetry of 1.00 mM of compound 2 with added acetic acid
added: 1.0 mM, 2.0 mM, 5.0 mM, 10.0 mM, 20.0 mM, 50.0 mM. Recorded in 0.100 M
Bu4NPF6 in dry acetonitrile on a 3.00 mm diameter glassy carbon electrode vs. Fc+/
Fc at 0.100 V/s under Ar.

Fig. 7. Linear sweep voltammetry of 1.00 mM of compounds 1 (orange), 2 (green), 3
(purple), 4 (blue), 5 (red), 6 (black), with 10.0 mM acetic acid added to each.
Recorded in 0.100 M Bu4NPF6 in dry acetonitrile on a 3.00 mm diameter glassy
carbon electrode vs. Fc+/Fc at 0.100 V/s under Ar. Direct response of 10.0 mM acetic
acid shown in dotted grey. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. Cyclic voltammetry of 1.00 mM of compound 5 with added acetic acid
added: 1.0 mM, 2.0 mM, 5.0 mM, 10.0 mM, 20.0 mM, 50.0 mM. Recorded in 0.100 M
Bu4NPF6 in dry acetonitrile on a 3.00 mm diameter glassy carbon electrode vs. Fc+/
Fc at 0.100 V/s under Ar.

R.J. Day, A.J. Gross, E.S. Donovan et al. Polyhedron 197 (2021) 115043
reduction feature of compounds 1 and 2 at ca. �1.9 V also see an
increase in current with added acid, but only up to a five-fold acetic
acid excess, above which the reduction feature is no longer present.

All complexes display increased currents at very negative
potentials beyond �2.2 V, primarily in the potential region of
5

direct reduction [56,57] and, therefore, electrocatalysis via direct
acetic acid reduction on the glassy carbon working electrode com-
petes with that from the complexes studied. It is not clear that the
current enhancement is simply additive, given that 6 displays less
current than acetic acid alone (Fig. 7). Compounds 1, 2 and 5 show
enhanced currents modestly greater than that observed via direct
reduction of acetic acid alone in this potential region. Using an

Ered
1=2 of �2.14 V for compound 2 yields an overpotential of 0.68 V

(assuming that Ered
1=2 � E� for irreversible processes) [57], marginally

better than the 0.76 V overpotential for compound 3 (Ered
1=2 of

�2.22 V). Which indicates that the electrocatalytic [58] peak is
shifted very slightly anodically for compound 2, suggestive that
the reduction potential of the protonated iron compound is slightly
decreased by the presence of the nitro group. Yet, the electron-
donating t-butyl group keeps the electron density of the iron-core
great enough to allow for protonation upon initial reduction. Rep-
resenting marginal support of this paper’s hypothesis: An electron-
withdrawing aromatic thiolate ligand provides an easier initial
reduction while an electron-donating aromatic thiolate enhances
the basicity of the iron-sulfur core. Furthermore, Compound 5
displays an additional reductive event in the presence of acetic acid

at a less cathodic potential of ca. Ered
1=2 of �1.72 V (Fig. 8), crucially
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prior to the onset reduction of competing direct reduction (Fig. 7).
Catalytic reduction of acetic acid to molecular hydrogen at this
potential would represent an overpotential of just 0.26 V. Again,
the combination of the electron-withdrawing aromatic thiolate
ligand (trifluoromethyl substituent) provides an easier initial
reduction while an electron-donating aromatic thiolate (methoxy
substituent) enhances the basicity of the iron-sulfur core. An alter-
native interpretation is that the methoxy group is involved in a
homoassociative [59] process with the acetic acid, enhancing the
acidity of the acetic acid.

4. Conclusion

Models of the [FeFe]-hydrogenase active site featuring
monobenzenethiolate groups have been spectroscopically and
electrochemically compared. The Hammett constants of the sub-
stituents on the thiolate moieties strongly correlate with the
reduction potentials and IR spectroscopy of the compounds stud-
ied. While all six compounds show varied degrees of electrocat-
alytic activity, only compound 5, [Fe2(l-SC6H4-p-OCH3)(l-SC6H4-
p-CF3)(CO)6], provides a low overpotential of proton reduction
(0.26 V), at a potential where direct reduction does not compete.
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