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Materials and Methods
All solvents as well as commercially available compounds were purchased (Sigma-Aldrich, Acros, abcr, Alfa Aesar, TCI) and 
used as received without further purification. Toluene was dried and deoxygenated over Na metal. The NMR spectra were 
recorded with a Bruker Avance 400 MHz spectrometer. Chemical shifts are given in ppm relative to internal SiMe4 or CHCl3 
(1H, 13C{1H}, 77Se{1H}, 125Te{1H}). IR spectra were measured with a Tensor 27 FT-IR spectrometer. Additionally, a Specac OMNI 
OTTLE cell was used for IR measurements in solution. DIPEI mass spectrometry (70 eV) was performed with a Finnigan MAT 
SSQ 710. UV-Vis spectroscopy was carried out at a Specord S600 A with 4- or 10-mm pathway cuvette.

Structure Determinations: The intensity data for the compound 2c was collected on a Nonius KappaCCD diffractometer using 
graphite-monochromated Mo-Ka radiation. Data were corrected for Lorentz and polarization effects; absorption was taken into 
account on a semi-empirical basis using multiple-scans.1 The structure was solved by intrinsic phases (SHELXT2) and refined by 
full-matrix least squares techniques against Fo2 (SHELXL-20183). All hydrogen atoms were included at calculated positions with 
fixed thermal parameters. MERCURY was used for structure representations.4

Molecular structure
Crystal Data for 2c: C10H10Fe2O8S2, Mr = 434.00 gmol-1, red-brown prism, size 0.104 x 0.102 x 0.088 mm3, triclinic, space group 
P ī, a = 9.9054(2), b = 12.9304(3), c = 14.3840(3) Å,  = 67.548(1),  = 75.695(1),  = 72.133(1)°, V = 1602.78(6) Å3 , T= -140 °C, 
Z = 4, calcd. = 1.799 gcm-3, µ (Mo-K) = 21.03 cm-1, multi-scan, transmin: 0.6818, transmax: 0.7456, F(000) = 872, 23102 
reflections in h(-12/12), k(-16/16), l(-18/18), measured in the range 1.754°    27.484°, completeness max = 99.6%, 7304 

independent reflections, Rint = 0.0373, 6376 reflections with Fo > 4(Fo), 413 parameters, 0 restraints, R1obs = 0.0358, 
wR2

obs = 0.0772, R1all = 0.0438, wR2
all = 0.0815, GOOF = 1.054, largest difference peak and hole: 0.638 / -0.406 e Å-3.

Exemplarily, Figure S1 and S2 show the molecular structure and atom numbering scheme of compound 
2c. The X-ray structure determination exhibits two symmetry-independent molecules A (Figure S1) and 
B (Figure S2). Both structures reveal the characteristic butterfly conformation of the [Fe2S2] cluster. 
The coordination sphere in the vicinity of each Fe atom can be described as a distorted octahedral with 
two m-bridging S atoms, and three terminal CO ligands. The Fe-Fe bond length of both structures (Fe1A-
Fe2A 2.5332(5) Å, Fe1B-Fe2B 2.5184(5) Å) are in good agreement with comparable non-bridged dithiolato 
complexes.5,6 

Figure S1. Molecular structure (A) and atom numbering of complex 2c. The ellipsoids represent a probability of 50 %, H 
atoms are drawn with arbitrary radii.



Figure S2. Molecular structure (B) and atom numbering of complex 2c. The ellipsoids represent a probability of 50 %, H 
atoms are drawn with arbitrary radii.

Crystallographic data (excluding structure factors) has been deposited with the Cambridge Crystallographic Data Centre as 
supplementary publication CCDC- 2205533 for 2c. Copies of the data can be obtained free of charge on application to CCDC, 
12 Union Road, Cambridge CB2 1EZ, UK [E- mail: deposit@ccdc.cam.ac.uk].



Synthesis

Figure S3. Photographs during the reaction of Fe3(CO)12 with equimolar amounts of 1a (toluene/NMP (10:1), 
c ≈ 2.2 x 10-4 M) at 52 °C. Please keep in mind that the reaction time is extended in comparison to the experiment in Table 
1, due to the less concentrated solution.

Experimental
Synthesis of diiron hexacarbonyl complexes 2a-n
Precursors 1a-1n (100 mg) were dissolved in toluene/NMP (10:1) mixture (11 mL) at 50 °C. After addition of Fe3(CO)12 (1 eq, 0.5 eq for 1c) in one 
portion, the reaction was stirred until the dark green solution turned orange-red, monitored by TLC. Target compounds 2a-n could be isolated as a 
red or brownish solids after purification via column chromatography (n-hexane/THF or n-hexane/ethyl acetate). All reaction times and isolated yields 
are depicted in Table 1. All complexes are known examples in the literature. Further characterization can be found in the cited original literature. 

H2ase mimics

2a7

1H NMR (600 MHz, [D2]DCM, 297 K, TMS) δ (ppm) = 2.16 (br s, 4H, CH2S), 1.80 (br s, 2H, CH2CH2CH2); MS (EI): m/z = 386 [M]+, 358 [M-CO]+, 330 [M-
(CO)2]+, 302 [M-(CO)3]+, 274 [M-(CO)4]+, 246 [M-(CO)5]+, 218 [M-(CO)6]+; ṽ (CO) [cm-1] = 2069, 2019, 1983, 1961, 1953; elemental analysis calcd. (%) for 
C9H6Fe2O6S2: C 28.01, H 1.57, S 16.61; found: C 28.25, H 1.70, S 16.78.

2b8

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 3.19 – 3.07 (m, 1H, CH(OH)), 2.81 (dd, 3JH-H = 13.2, 4.1 Hz, 2H, CHaHb), 1.86 (d, 3JH-H = 5.6 Hz, 1H, OH), 
1.56 – 1.48 (m, 2H, CHaHb); 13C{1H} NMR (101 MHz, CDCl3, 297 K, TMS) δ (ppm) = 207.4, 72.9, 29.6; MS (EI): m/z = 374 [M-CO]+, 346 [M-(CO)2]+, 318 
[M-(CO)3]+, 290 [M-(CO)4]+, 262 [M-(CO)5]+, 234 [M-(CO)6]+; ṽ (CO) [cm-1] = 2070, 2025, 1986, 1956; elemental analysis calcd. (%) for C9H6Fe2O7S2: C 
26.89, H 1.50, S 15.95; found: C 26.54, H 1.43, S 15.70.

2c and 2d9

1H NMR (600 MHz, CDCl3, 297 K, TMS) δ (ppm) = 4.18 – 3.53 (m, 4H, CH2S), 2.77 – 2.13 (m, 4H, CH2O), 2.01 – 1.73 (m, 2H, OH); 13C{1H} NMR (151 MHz, 
CDCl3, 297 K) δ (ppm) = 209.25, 208.36, 63.00, 41.25, 40.10, 27.65; MS (ESI positive mode): m/z = 456.841 (M + Na+, calcd. 456.841); ṽ (CO) [cm-1] = 
2070, 2027, 2008, 1988, 1975, 1956.

2e7

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 2.57 (br s, 1H), 2.39 (m, 2H), 2.11 (br s, 1H), 1.86 (br s, 2H), 1.64-1.44 (m, 6H), 1.29 (br s, 1H); MS (EI): 
m/z = 486 [M]+, 430 [M-(CO)2]+, 402 [M-(CO)3]+, 374 [M-(CO)3]+, 346 [M-(CO)5]+, 318 [M-(CO)6]+; ṽ (CO) [cm-1] = 2069, 2023, 1981, 1955.

2f10

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 2.87 (dd, 2JH-H = 13.6, 3JH-H = 3.4 Hz, 2H, CHaHb), 2.17 (m, 1H, CH), 1.76 (t, J = 13.0 Hz, 2H, CHaHb); MS 
(EI): m/z = 402 [M-CO]+, 374 [M-(CO)2]+, 346 [M-(CO)3]+, 318 [M-(CO)4]+, 290 [M-(CO)5]+, 262 [M-(CO)6]+; ṽ (CO) [cm-1] = 2073, 2027, 1983, 1966.



2g11

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 7.23 – 7.07 (m, 2H, Ar-H), 6.73 – 6.57 (m, 2H, Ar-H); MS (EI): m/z = 392 [M-(CO)]+, 364 [M-(CO)2]+, 336 
[M-(CO)3]+, 308 [M-(CO)4]+, 280 [M-(CO)5]+, 252 [M-(CO)6]+; ṽ (CO) [cm-1] = 2074, 2050, 2031, 2001, 1980, 1960.

2h5

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 7.92 – 6.80 (m, 10H, Ar-H); MS (EI): m/z = 498 [M]+, 470 [M-(CO)]+, 442 [M-(CO)2]+, 358 [M-(CO)5]+, 
330 [M-(CO)6]+; ṽ (CO) [cm-1] = 2068, 2033, 1993, 1985, 1976.

2i12

1H NMR (400 MHz, [D2]DCM, 297 K, TMS) δ (ppm) = 7.53 – 7.15 (m, 10H, Ar-H); 77Se{1H} NMR (76 MHz, CDCl3, 297 K) δ (ppm) = 321.66, 280.64, 226.17; 
MS (EI): m/z = 594 [M]+, 566 [M-(CO)]+, 538 [M-(CO)2]+, 510 [M-(CO)3]+, 482 [M-(CO)4]+, 454 [M-(CO)5]+, 426 [M-(CO)6]+; ṽ (CO) [cm-1] = 2062, 2024, 
1997, 1969; elemental analysis calcd. (%) for C18H10Fe2O6Se2: C 36.53, H 1.70; found: C 36.81, H 1.67.

2j13

1H NMR (400 MHz, [D2]DCM, 297 K, TMS) δ (ppm) = 7.52 – 7.37 (m, 2H, Ar-H), 7.35 – 7.24 (m, 4H, Ar-H), 7.24 – 7.16 (m, 2H, Ar-H), 7.16 – 7.07 (m, 2H, 
Ar-H); 125Te{1H} NMR (126 MHz, [D2]DCM, 297 K) δ (ppm) = 485.10, 440.61; MS (EI): m/z = 689 [M]+, 661 [M-CO]+, 633 [M-(CO)2]+, 605 [M-(CO)3]+, 577 
[M-(CO)4]+, 549 [M-(CO)5]+, 521 [M-(CO)6]+; ṽ (CO) [cm-1] = 2050, 2009, 1993, 1970, 1941; elemental analysis calcd. (%) for C18H10Fe2O6Te2: C 31.37, H 
1.46; found: C 31.52, H 1.38.

2k14

1H NMR (300 MHz, CDCl3, 297 K, TMS) δ (ppm) = 7.06 (br s, 4H, Ar-H), 6.49 (br d, J = 6.9 Hz, 4H, Ar-H), 3.68 (br s, 4H, NH2); MS (EI): m/z = 528 [M]+, 499 
[M-(CO)H]+, 471 [M-(CO)2H]+, 444 [M-(CO)3]+, 388 [M-(CO)5]+, 360 [M-(CO)6]+; ṽ (CO) [cm-1] = 2070, 2064, 2026, 1992, 1982, 1973, 1961.

2l15

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 7.87 (d, J = 7.0 Hz, 2H, Ar-H), 7.64 (d, J = 7.0 Hz, 2H, Ar-H), 7.36 (m, 4H, Ar-H), 2.76 (s, 4H, CH2); MS 
(EI): m/z = 536 [M]+, 508 [M-CO]+, 480 [M-(CO)2]+, 452 [M-(CO)3]+, 424 [M-(CO)4]+, 396 [M-(CO)5]+, 368 [M-(CO)6]+; ṽ (CO) [cm-1] = 2068, 2019, 2003, 
1962.

2m16

1H NMR (400 MHz, [D8]THF, 297 K, TMS) δ (ppm) = 8.55 - 8.49 (d, 3JH-H = 7.6 Hz, 2H; Ar-NMI), 8.43 (d, 3JH-H = 7.6 Hz, 2H; Ar-NMI), 4.84 (d, 4JH-H = 2.4 Hz, 
2H; CH2), 2.54 (t, 4JH-H = 2.4 Hz, 1H; CCH); MS (EI): m/z = 577 [M]+, 549 [M-CO]+, 521 [M-(CO)2]+, 493 [M-(CO)3]+, 465 [M-(CO)4]+, 437 [M-(CO)5]+, 409 
[M-(CO)6]+; ṽ (CO) [cm-1] = 2073, 2049, 2029, 2008, 1997, 1984, 1979, 1975; elemental analysis calcd. (%) for C21H7Fe2NO8S2: C 43.71, H 1.22, N 2.43, S 
11.11; found: C 43.91, H 1.32, N 2.41, S 10.98.

2n17

1H NMR (400 MHz, CDCl3, 297 K, TMS) δ (ppm) = 8.49 – 8.42 (m, 4H, Ar-Ph), 7.35 (d, 3JH-H = 8.2 Hz, 2H, Ar-NMI), 7.17 (d, 3JH-H = 8.2 Hz, 2H, Ar-NMI), 2.45 
(s, 3H, CH3); MS (EI): m/z = 629 [M]+, 601 [M-CO]+, 573 [M-(CO)2]+, 516 [M-(CO)4H]+, 488 [M-(CO)5H]+; ṽ (CO) [cm-1] = 2080, 2039, 2008, 1986, 1963.

Fe3(CO)11NMP

In a Schlenk flask Fe3(CO)12 (939 mg, 1.87 mmol) was dissolved in anhydrous, N2-saturated toluene/NMP mixture (10:1, 11 mL) and heated at 
50 °C for 5 minutes, until the dark green solution turned purple, monitored by TLC. After complete consumption of the starting material, the 
solution was cooled down to RT. The target compound could be isolated as a purple, oxygen-sensitive solid after purification via column 
chromatography (n-hexane/acetone (1:0 -> 1:1)).

1H NMR (400 MHz, benzene-d6, 297 K, TMS) δ (ppm) = 2.54 – 2.38 (m, 5H), 2.00 (br t, 3JH-H = 8.2 Hz, 2H), 1.21 (quin, 3JH-H = 7.6 Hz, 2H); 13C{1H} NMR 
(101 MHz, benzene-d6, 297 K, TMS) δ (ppm) = 174.76, 49.01, 30.89, 29.50, 17.77; MS (ESI negative mode): m/z = 573.7 [M-H]- (calc. 573.8), 545.7 [M-
H(CO)]- (calc. 545.8), IR (toluene, 297 K) ṽ (cm-1) = 2018, 1996.

NMP

1H NMR (400 MHz, benzene-d6, 297 K, TMS) δ (ppm) = 2.54 – 2.43 (m, 5H), 1.94 (t, J = 8.1 Hz, 2H), 1.32 – 1.10 (m, 2H); 13C{1H} NMR (101 MHz, benzene-
d6, 297 K, TMS) δ (ppm) = 173.86, 48.76, 30.72, 29.41, 17.91.
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Figure S4. 1H NMR (benzene-d6, 400 MHz, 298 K) of Fe3(CO)11NMP (red) and NMP (green) 
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Figure S5. 13C{1H} NMR (benzene-d6, 100 MHz, 298 K) of Fe3(CO)11NMP (red) and NMP (green) 

Proton NMR spectra (Figure S4) show small downfield shift around 2.0 ppm and 2.5 ppm, indicating 
the coordination of NMP to the triiron cluster with a small loss of electron density, as expected. A 
similar behavior was observed in the carbon NMR spectra, revealed by the small downfield shift of the 
carbonyl carbon of the NMP at 174 ppm.  

Quantum chemistry
Quantum chemical calculations determining structural and electronic properties of Fe3(CO)11NMP were performed using Gaussian 16.18 Fully relaxed 
singlet ground state equilibrium geometries were obtained for three preselected isomers of Fe3(CO)11NMP, which are denoted A, B and C (see 
Figure S14). To this aim, density functional theory (DFT) was applied using the B3LYP XC functional,19 while the def2-SVP basis set was applied for all 
atoms.20 Subsequently, a vibrational analysis was carried out to verify that a minimum on the 3N-6 potential energy (hyper)surface (PES) was obtained 
for each redox species. To correct for the lack of anharmonicity and the approximate treatment of electron correlation, the harmonic frequencies 
were scaled by the factor 0.97.21

Furthermore, excited state properties such as excitation energies, oscillator strengths and electronic characters for the lowest 50 excited states were 
calculated within the equilibrium structures of the respective isomer, i.e. A, B and C, at the time-dependent DFT (TDDFT) level of theory. Therefore, 
the same computational protocol was applied as in case for the preceding DFT simulations. Several computational as well as joint spectroscopic-
theoretical studies on structurally related [FeFe] H2ase mimics showed that this computational protocol enables an accurate prediction of ground and 
excited states properties with respect to experimental data, e.g. structural and electrochemical properties as well as with respect to UV-Vis 
absorption.16,22 Effects of interaction with a solvent (toluene: ε = 2.3741, n = 1.4969) were taken into account on the ground and excited states 
properties by the solute electron density (SMD) variant of the integral equation formalism of the polarizable continuum model.23 All calculations were 
performed including D3 dispersion correction with Becke-Johnson damping.24
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Figure S6. Differential UV-Vis spectra during the reaction of 1,3-propane-dithiol (1a) with equimolar amounts of 
Fe3(CO)12 (toluene/NMP (10:1), c = 2.2 x 10-4 M) at varying temperatures. The ∆ absorbance spectra were calculated by 
subtracting the first spectrum (0 s).
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Figure S7. Differential UV-Vis spectra during the reaction of 1n with equimolar amounts of Fe3(CO)12 (toluene/NMP (10:1), 
c = 2.2 x 10-4 M) at varying temperatures. The ∆ absorbance spectra were calculated by subtracting the first spectrum (0 s).
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Figure S10. UV-Vis spectra (A, C) and differential UV-Vis spectra (B, D) during the reaction of 1n with equimolar amounts 
of Fe3(CO)12 (c = 2.2 x 10-4 M) with and without NMP at 75.1 °C. The ∆ absorbance spectra were calculated by subtracting 
the first spectrum (0 s).
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Figure S12. Photographs during the reaction of Fe3(CO)12 with NMP (toluene/NMP (10:1), c ≈ 2.2 x 10-3 M) at 52 °C.
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Figure S13. IR spectra of Fe3(CO)12 and its NMP-substituted analogue in solid state.



Figure S14. Simulated isomeric structures of Fe3(CO)11NMP.
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Figure S15. UV-Vis spectra during the reaction of 1a with Fe3(CO)12 (toluene/additive (10:1), c = 2.2 x 10-4 M, T = 42 °C) with 
varying additives.
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Table S1: Electronic properties, such as excitation energies (E), wavelengths (λ), oscillator strengths (f) and electronic 
nature (ligand field, LF), of dipole-allowed transitions contributing to the UV-Vis absorption spectra of the three isomers 
of Fe3(CO)11NMP.

A (ΔG = 14.2 kJ mol-1)
State Character E / eV λ / nm f
S1 LF 1.63 762 0.0031
S2 LF 1.70 730 0.0117
S4 LF 2.43 511 0.0239
S6 LF 2.61 474 0.0317
S7 LF 2.71 457 0.0207
S11 LF 3.01 412 0.0204
B (ΔG = 0.0 kJ mol-1)
State Character E / eV λ / nm f
S1 LF 1.64 755 0.0168
S2 LF 1.88 659 0.0136
S3 LF 2.08 596 0.0145
S4 LF 2.38 522 0.0091
S5 LF 2.47 501 0.0045
S6 LF 2.57 483 0.0284
C (ΔG = 15.1 kJ mol-1)
State Character E / eV λ / nm f
S1 LF 1.74 712 0.0062
S2 LF 1.76 704 0.0136
S3 LF 2.23 557 0.0525
S5 LF 2.57 482 0.0187
S11 LF 3.05 407 0.0169

Table S2: Electronic character of dipole-allowed transitions contributing to the UV-Vis absorption spectra of the three 
isomers of Fe3(CO)11NMP as visualized by charge density differences; charge transfer occurs from red to blue.

A (ΔG = 14.2 kJ mol-1)

S1 S2 S4 S6

S7 S11

B (ΔG = 0.0 kJ mol-1)



S1 S2 S3 S4

S5 S6

C (ΔG = 15.1 kJ mol-1)

S1 S2 S3 S5

S11



Figure S17. Simulated UV-Vis absorption spectra of the three isomers of Fe3(CO)11NMP, i.e., A, B and C. Prominent 
electronic transitions are labeled.

Table S3: Simulated vibrational normal modes of Fe3(CO)11NMP associated to CO-stretching, i.e. to the carbonyl group of 
NMP (mode 97), to the bridging CO ligands (modes 98 and 99) and to the terminal CO ligands (modes 100-108). Predicted 

frequencies ( ; unscaled and scaled by a factor of 0.97)21,25 and IR intensities (IIR) are given for the three isomers, i.e., A, �̃�𝐶𝑂
B and C.

A (ΔG = 14.2 kJ mol-1) B (ΔG = 0.0 kJ mol-1) C (ΔG = 15.1 kJ mol-1)
Mode  / �̃�𝐶𝑂

cm-1
 / �̃�𝑠𝑐𝑎𝑙𝑒𝑑𝐶𝑂

cm-1

IIR / km 
mol-1

 / �̃�𝐶𝑂
cm-1

 / �̃�𝑠𝑐𝑎𝑙𝑒𝑑𝐶𝑂

cm-1

IIR / km 
mol-1

 / �̃�𝐶𝑂
cm-1

 / �̃�𝑠𝑐𝑎𝑙𝑒𝑑𝐶𝑂

cm-1

IIR / km 
mol-1

97 
(CONMP)

1681 1631 1144 1680 1629 1206 1707 1656 1427

98 (COµ2) 1868 1812 967 1978 1918 389 1894 1837 1054
99 (COµ2) 1924 1867 656 1994 1934 476 1932 1874 532
100 (CO) 2030 1969 124 2016 1955 24 2010 1950 122
101 (CO) 2033 1972 514 2023 1962 414 2027 1966 679
102 (CO) 2042 1981 111 2030 1969 431 2035 1974 808
103 (CO) 2048 1987 688 2037 1976 1501 2041 1980 300
104 (CO) 2050 1988 141 2047 1986 575 2051 1989 205
105 (CO) 2061 2000 2673 2051 1990 2237 2058 1997 2367
106 (CO) 2064 2002 1854 2066 2004 2029 2070 2008 2649
107 (CO) 2074 2012 3592 2069 2007 3523 2077 2015 2785
108 (CO) 2147 2082 270 2145 2080 216 2145 2081 105



Table S4: Vibrational normal modes of three isomers of Fe3(CO)11NMP associated to CO-stretching, i.e. to the carbonyl 
group of NMP (mode 97), to the bridging CO ligands (modes 98 and 99) and to the terminal CO ligands (modes 100-108) as 
visualized by displacement vectors.

A (ΔG = 14.2 kJ mol-1)

97 (CONMP) 98 (COµ2) 99 (COµ2) 100 (CO)

101 (CO) 102 (CO) 103 (CO) 104 (CO)

105 (CO) 106 (CO) 107 (CO) 108 (CO)
B (ΔG = 0.0 kJ mol-1)

97 (CONMP) 98 (COµ2) 99 (COµ2) 100 (CO)



101 (CO) 102 (CO) 103 (CO) 104 (CO)

105 (CO) 106 (CO) 107 (CO) 108 (CO)
C (ΔG = 15.1 kJ mol-1)

97 (CONMP) 98 (COµ2) 99 (COµ2) 100 (CO)

101 (CO) 102 (CO) 103 (CO) 104 (CO)

105 (CO) 106 (CO) 107 (CO) 108 (CO)



Figure S18. Simulated IR spectra of the three isomers of Fe3(CO)11NMP, i.e., A, B and C. Prominent vibrational modes are 
labeled.
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