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Abstract: The influence of the substitution pattern in ferrocenyl a-thienyl thioketone used as a
proligand in complexation reactions with Fes(CO)12 was investigated. As a result, two new sulfur—
iron complexes, considered [FeFe]-hydrogenase mimics, were obtained and characterized by
spectroscopic techniques (‘H, BC{'H} NMR, IR, MS), as well as by elemental analysis and X-ray
single crystal diffraction methods. The electrochemical properties of both complexes were studied
and compared using cyclic voltammetry in the absence and in presence of acetic acid as a proton
source. The performed measurements demonstrated that both complexes can catalyze the reduction
of protons to elemental hydrogen Hz. Moreover, the obtained results showed that the presence of
the ferrocene moiety at the backbone of the linker of both complexes improved the stability of the
reduced species.

Keywords: sulfur-iron clusters; hydrogenase active centers mimics; heteroaryl thioketones;
ferrocenyl thioketones; iron carbonyls; dearomatization; reaction mechanisms; cyclic voltammetry;
X-ray diffraction analysis

1. Electrochemistry

Corrections for the iR drop were performed for all experiments. Cyclic voltammetry
measurements were conducted by applying the three-electrode technique - glassy carbon
disk (diameter = 1.6 mm) as working electrode; Ag/Ag* in MeCN as reference electrode;
Pt wire as counter electrode. The Reference 600 Potentiostat (Gamry Instruments) was
used to realize the measurements. All experiments were performed at rt in CH2Clz
solutions (concentration 1.0 mM), containing 0.1 M tetrabutylammonium
tetrafluoroborate (n-BusN)(BF4). The solutions were initially purged with a gentle N2
stream which subsequently was maintained over the solution surface during the
measurement. Typically, the vitreous carbon disk was polished on a felt tissue coated with

Materials 2022, 15, 2862. https://doi.org/10.3390/ma15082862

www.mdpi.com/journal/materials



Materials 2022, 15, 2862

2 of 8

alumina before the measurement started. All potential values reported in this paper are
referenced to the potential of the ferrocenium/ferrocene (Fc*/Fc) couple.

2. Computational Work

Quantum chemical calculations were carried out using the Gaussian 16 program [1],
which is based on the DFT method by means of the hybrid functional B3LYP [2,3] and the
triple-g-valence-polarization (TZVP) [4] basis set. For the iron atoms, the effective core
potential MDF10 [5] was used. Fully relaxed equilibrium structures of complexes 2 and 3
(singlet ground state) were obtained based on results of the X-ray analysis. A vibrational
analysis upon geometry optimization confirmed the obtained structures by the presence
of minima observed on the 3N-6-dimensional potential energy hypersurface.

3. X-Ray Crystal Structure Analysis

The intensity data for the compounds were collected on a Nonius KappaCCD
diffractometer using graphite-monochromated Mo-K. radiation. Data were corrected for
Lorentz and polarization effects; absorption was considered on a semi-empirical basis
using multiple-scans [6-8]. The structures were solved by direct methods (SHELXS) [9]
and refined by full-matrix least squares techniques against Fo> (SHELXL-2018) [10]. All
hydrogen atoms were included at calculated positions with fixed thermal parameters.
Disordered thiophene molecule of 3 was refined using bond lengths restraints and
displacement parameter restraints. The disorder model was introduced by the program
DSR [11]. All non-hydrogen atoms were refined anisotropically [9] MERCURY was used
for structure representations [12].

Crystal Data for 2: Cz1H12Fe3O6S2, Mr = 591.98 gmol™!, brown prism, size 0.108 x 0.088
x 0.076 mm?, monoclinic, space group C 2/c, a=20.0130(5), b =13.0408(3), c=17.7418(4) A,
B =111.899(1)°, V = 4296.24(18) A3, T = 140 °C, Z = 8, peaiea. = 1.830 gem3,  (Mo-Ko) =
22.3 cm™!, multi-scan, transmin: 0.6461, transmax: 0.7456, F(000) = 2368, 14502 reflections
in h(-25/25), k(-16/16), 1(-23/22), measured in the range 2.194° < © < 27.481°, completeness
Omax = 99.4%, 4882 independent reflections, Rint = 0.0421, 4279 reflections with Fo > 46(Fo.),
289 parameters, 0 restraints, R1obs = 0.0328, wR2bs = 0.0612, R1an = 0.0408, wR2an = 0.0649,
GOOF =1.070, largest difference peak and hole: 0.440 / -0.345 e A=,

Crystal Data for 3: CssH24FesOeSs, Mr = 872.13 gmol, brown prism, size 0.102 x 0.100
x 0.066 mm?, monoclinic, space group P 2i/c, a =7.6700(4), b = 38.7090(9), ¢ = 11.4230(4) A,
B =92.709(1)°, V = 3387.7(2) A3, T=-140 °C, Z = 4, paaica. = 1.710 gem3, u (Mo-Ko) = 19.1
cm!, multi-scan, transmin: 0.5432, transmax: 0.7457, F(000) = 1760, 42623 reflections in
h(-9/8), k(-50/50), 1(-14/14), measured in the range 1.861° < © < 27.484°, completeness
Omax =99.8%, 7745 independent reflections, Rint = 0.0485, 6047 reflections with Fo > 46 (Fo),
488 parameters, 76 restraints, Rlobs = 0.0477, wR2pbs = 0.1117, R1an = 0.0668, wRZan = 0.1196,
GOOF =1.029, largest difference peak and hole: 1.594 / -0.748 e A-s,
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Figure S1. Scan rate dependence of the current function of the reduction events of complexes 2

(black) and 3 (red).
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Figure S2. Cyclic voltammetry of 1.0 mM of complexes 2 and 3 in CH2Cl>—[n-BusN][BF4] (0.1 M)
solution at various scan rates. The arrows indicate the scan direction. The potentials E are given in
V and referenced to the Fc*/Fc couple.
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Figure S3. Plots of I, versus 11?2 for the first (¢) and second () reduction peaks of 2 as well as
reduction peak of 3 (e).
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Figure S4. Cyclic voltammogram of various concentration of AcOH in CH2Cl>—[#n-BusaN][BF4] (0.1
M) solution at 0.2 V/s scan rate in the absence of catalyst (complexes 2 and 3). The arrow indicates
the scan direction. The potentials E are given in V and referenced to the Fc*/Fc couple.
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Figure S5. Cyclic voltammetry (0.2 V/s) of 1.0 mM of complex 2 in CH2Cl>— [n-BusN][BF4] (0.1 M) in
the presence of one equiv. AcOH. Potential E is given in volts V and referenced to Fc*/Fc couple.
The arrow indicates the scan direction.
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Figure S6. Cyclic voltammetry (0.2 V/s) of 1.0 mM of complex 3 in CH2Cl>— [n-BusN][BF4] (0.1 M) in
the presence of one equiv. AcOH. Potential E is given in volts V and referenced to Fc*/Fc couple.

The arrow indicates the scan direction.



Materials 2022, 15, 2862 6 of 8

o

b

]

o

=

2

o

c

g

D

£

k]

b3
NER%® 94 o ] N~ ® ©
i in 1 f (7 = <] N ® ]
e R7 b T TT i

T/ 3,96

S—
—=4,10
—

(OC);Fe \\Fe(CO)g

I T TR N

T T T

0 35 3.0 25 20 15 1.0 05 0.0

o
bs
Q
pe
P
9
6
Q
| =
9
o
L
Ko}
o< n 8 n - 3
- n n (0} < HOWOWENNO
c o - i - o © QA NO0
- (o} g M o — OONMNOOY
oo - - - - o)) VYVwVwVwYiInyY
N | | | | | = |
N\
(OC)sFe Fe(CO);
| ! 1 y Ih 1 |
l i L L 1 | 1
210 190 170 150 130 110 9 80 70 60 50 40 30 20 10

ppm

Figure S8. 3C{'H} NMR spectrum of compound 2 in dichloromethane—d? (400 MHz).
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Figure S9. '"H NMR spectrum of compound 3 in dichloromethane—d? (400 MHz).

54.00 Methylene Chloride-d2

2 Roa’R&a&R8% ®uIVEN
) GYANDORNNG S VoYMt a
o < mMoOMmMANNNN N “O0O00QM
o e e R R R R R e I ] W ONNMNO O
| —_—SaSaSSy [ R Y
F
1
1 I
1 b 1o
l TRl [
230 210 190 170 150 130 110 9 80 70 60 50 40 30
ppm

Figure S10. *C{'H} NMR spectrum of compound 3 in dichloromethane-d? (400 MHz).
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Figure S11. Packing diagrams of complexes 2 (top) and 3 (bottom).
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