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A B S T R A C T   

The reactions of [Fe2(CO)6(μ-sdt)] (1) (sdt = SCH2SCH2S) with phosphine ligands have been investigated. 
Treatment of 1 with dppm (bis(diphenylphosphino)methane) or dcpm (bis(dicyclohexylphosphino)methane) 
affords the diphosphine-bridged products [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) and [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3), 
respectively. The complex [Fe2(CO)4(μ-sdt)(κ2-dppv)] (4) with a chelating diphosphine was obtained by reacting 
1 with dppv (cis-1,2-bis(diphenylphosphino)ethene). Reaction of 1 with dppe (1,2-bis(diphenylphosphino) 
ethane) produces [{Fe2(CO)4(μ-sdt)}2(μ-κ1-dppe)] (5) in which the diphosphine forms an intermolecular bridge 
between two diiron cluster fragments. Three products were obtained when dppf (1,1′-bis(diphenylphosphino) 
ferrocene) was introduced to complex 1; they were [Fe2(CO)5(μ-sdt)(κ1-dppfO)] (6), the previously known 
[{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppf)] (7), and [Fe2(CO)4(μ-sdt)(μ-dppf)] (8), with complex 8 being produced in 
highest yield. Single crystal X-ray diffraction analysis was performed on compounds 2, 3 and 8. All structures 
reveal the adoption of an anti-arrangement of the dithiolate bridges, while the diphosphines occupy dibasal 
positions. Infra-red spectroscopy indicates that the mono-substituted complexes 5, 6, and 7 are inert to pro
tonation by HBF4

. Et2O, but complexes 2, 3, 4 and [Fe2(CO)5(μ-sdt)(κ1-PPh3)] (9) show shifts of their ν(C-O) res
onances that indicate that protons bind to the metal cores of the clusters. Addition of the one-electron oxidant 
[Cp2Fe]PF6 does not lead to any discernable shift in the IR resonances. The redox chemistry of the complexes was 
investigated by cyclic voltammetry, and the abilities of complexes to catalyze electrochemical proton reduction 
were examined.   

1. Introduction 

In biological systems, the redox chemistry in the production and 
utilization of H2 is catalyzed by enzymes called hydrogenases (H2ases). 
The hydrogenase enzymes catalyze both uptake and production of 
hydrogen, i.e. H2 → 2H+ + 2e− (hydrogen oxidation) or the reverse 
reaction (proton reduction), depending upon the conditions [1–4]. 
These enzymes are classified into three major families on the basis of the 

metal content in their active sites, and have been identified in archaea, 
bacteria, and eucarya [5,6]. The class known as [FeFe] hydrogenases 
catalyzes proton reduction and demonstrates the highest turnover 
numbers and frequencies for H2 production of all hydrogenase enzymes. 
The characteristic structure of an [FeFe] H2ase active site was first 
revealed by determination of the crystal structure of the enzyme from 
Clostridium pasteurianum [7,8] (Fig. 1). The site consists of two compo
nents: a [4Fe–4S] ferredoxin cubane cluster that is linked by a 12.5 Å 

Abbreviations: sdt, sulfur dithiolato; edt, 1,2-ethane dithiolato; adt, aza dithiolato; pdt, 1,3-propane dithiolato; odt, oxa dithiolato; TTL, 1,2,4-trithiolane; dppm, 
diphenyl phosphino methane; dcpm, dicyclohexyl phosphino methane; dppv, cis-1,2-bis(diphenylphosphino)ethene; dppe, diphenyl phosphino ethane; dppf, 1,1′-bis 
(diphenylphosphine)ferrocenyl; PPh3, triphenylphosphine; CO, carbonyl; CN, nitrile; Me3NO, trimethyl amine N-oxide; CH3CN, acetonitrile; CH2Cl2, dichloro
methane; p-TsOH, p-toluenesulfonic acid; THF, tetrahydrofuran; FTIR, Fourier transform infra-red; NMR, nuclear magnetic resonance; MHz, megahertz. 
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protein backbone to the catalytic diiron unit, which is bridged by a 
dithiolate ligand (Fig. 1). This active site is called the ´H-cluster, and the 
diiron unit is called the [2Fe]H sub-cluster. The active site is buried deep 
inside the protein and connected to an electron transfer pathway 
involving several iron‑sulfur clusters (Fig. 1). The ligand coordination in 
the [2Fe]H sub-cluster consists of two square pyramidal iron ions that 
are antisymmetric with respect to each other and that together are co
ordinated by five carbon-based diamagnetic π-acceptor ligands (CO and 
CN− ) that stabilize the low oxidation states of the metals, in addition to 
the dithiolate bridge. One of the carbonyl ligands is bound in a semi- 
bridging coordination mode between the two iron centers, which re
sults in a vacant terminal coordination site on one iron ion (the distal 
iron) that may be coordinated by a replaceable ligand (e.g. H2O or H2, 
Fig. 1) [9,10]. 

Dithiolate-bridged diiron complexes have been used extensively to 
mimic the [2Fe]H subcluster found in [Fe-Fe]‑hydrogenases [11–18]. 
Many such diiron dithiolate complexes have been found to perform 
electrocatalytic proton reduction [11] but unfortunately these electro
catalysts suffer from high overpotentials and poor turnover numbers and 
frequencies, unlike platinum-based compounds that can effectively 
catalyze the reaction [19]. However, the desire to develop effective, 
environmentally benign and cheap catalysts for proton reduction means 
that there is still considerable scope for the development of effective 
biomimetic catalysts for this reaction. 

Weigand and coworkers have reported the synthesis and character
ization of the complex [Fe2(CO)6(μ-sdt)] (1) (sdt = SCH2SCH2S) [20]. 
The reaction of diiron nonacarbonyl with 1,2,4-trithiolane was found to 
yield 1, with the trithiolane ligand adopting similar structure to that 
found for the aza-dithiolate (adt) [12], 1,3-propane-dithiolate (pdt) 
[13], and oxa-dithiolate (odt) [15] analogues. The presence of the 
additional sulfide in the trithiolane ligand offers, potentially, a new/ 
additional protonation site that differs or is absent from those present in 
the adt/pdt/odt analogues of 1. Compound 1 shows electrochemical 
reduction through two reversible one-electron steps in CH3CN, [FeFe]−

at − 1.505 V and [FeFe]2− at − 1.39 V in CH3CN [20]. When pivalic acid 
was introduced, the chemical reversibility of these redox waves was 
found to disappear [20]. Weigand and coworkers suggested that the 
acidity of pivalic acid was insufficient for catalytic hydrogen generation 
at the above-mentioned reduction potentials. Instead, modelling sug
gests that two molecules of pivalic acid bind to the doubly reduced anion 
[FeFe]2− (or that proton transfer to generate neutral diiron species oc
curs). Subsequent formation of hydride species is formed in two steps at 
lower (more negative) potentials. Catalytic hydrogen generation was 
proposed to occur in concert with an irreversible charge transfer reac
tion [20]. 

Possible ways to alter and improve catalytic hydrogen evolution 
based on 1 could be to use a Brönsted acid with lower pKa and/or to 
render the complex more susceptible to protonation (at the iron core) by 

Fig. 1. Schematic drawing of the structure of the Clostridium pasteurianum [Fe-Fe] hydrogenase [7,8], highlighting the chain of Fe-S electron transfer sites leading to 
the H-cluster, the active site for proton reduction/hydrogen oxidation. 

Scheme 1. Schematic depiction of the syntheses of clusters 2–9 from the starting material [Fe2(CO)6(μ-sdt)] (1). Clusters 7 and 9 are known previously [41].  
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substitution of the carbonyl ligands with less π-acidic ligands, e.g. 
phosphines. Phosphine substitution is expected to increase the electron 
density on the cluster metal core, and thus make the cluster more sus
ceptible to protonation at the metals [21,22]. We have prepared a 
number of phosphine derivatives of 1. In order to vary both electronic 
influence and coordination modes of the ligands, we chose phosphines 
of varying basicity that were expected to coordinate in a chelating 
manner to one iron ion (dppm, dcpm, dppv), or a bridging coordination 
mode (dppf). The latter ligand also provides a (potential) additional 
metal-based redox center. Herein we present the synthesis, character
ization and electrochemical behavior of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2), 
[Fe2(CO)4(μ-sdt)(μ-dcpm)] (3), [Fe2(CO)4(μ-sdt)(κ2-dppv)] (4), 
[{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppe)] (5), [Fe2(CO)5(μ-sdt)(κ1-dppfO)] 
(6), [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppf)] (7), [Fe2(CO)4(μ-sdt)(μ-dppf)] 
(8), and [Fe2(CO)5(μ-sdt)(PPh3)] (9). (Scheme 1). The synthesis and 
characterization of complexes 7 and 9 have been described earlier by 
Song and coworkers [41]. The abilities of clusters 2–9 to act as catalysts 
for the electrochemical reduction of protons provided from p-toluene
sulfonic acid (p-TsOH) have been studied. By using different phosphine 
ligands, we were able to vary the electron densities in the diiron cores of 
the clusters, increasing their electrocatalytic proton reduction 
capabilities. 

2. Experimental 

2.1. General procedures 

All reactions were carried out under nitrogen atmosphere using 
standard Schlenk techniques unless otherwise stated. Reagent-grade 
solvents were dried prior to use. The starting materials [Fe2(CO)9], 
Na2S.9H2O, elemental sulfur, trimethyl amine N-oxide (Me3NO), and the 
phosphine ligands were purchased from Sigma Aldrich and used as 
received. Infrared spectra were recorded on an Agilent Technologies 
Cary 630 FTIR instrument. NMR spectra were recorded on Bruker 
Avance II 500 MHz and Bruker BioSpin 400 MHz spectrometers. Pre
parative thin-layer chromatography was carried out on silica gel GF254 
(type 60, E. Merck). Microanalyses were performed by Mikroanaly
tisches Laboratorium Kolbe, Oberhausen, Germany. 

2.2. Preparation of [Fe2(CO)6(μ-sdt)] (1) 

The 1,2,4-trithiolane ligand was prepared following the procedure of 
Morita and Kobayashi [23] with modifications. Air was excluded from 
the system as much as possible. To a solution of degassed water (100 
mL), 30 g of Na2S.9H2O was added and stirred until dissolution. To the 
same flask, 6 g of sulfur was added, and the mixture was stirred vigor
ously for 30 min. The solution changed color from pale yellow to red 
orange and the pH increased to above 12.7. The flask was charged with 
130 mL of CH2Cl2 and the solution was stirred vigorously for 7 h. After 
the stirring was stopped, the solution was separated into two phases. The 
organic phase was washed thrice with degassed water and dried over 
anhydrous Na2SO4. The solvent was removed using a rotary evaporator. 
A yellow oily substance was obtained, which is a mixture of 1,2,4-tri
thiolane and another organosulfur polymer [23]. Because of the diffi
culty in separating these substances, a low yield of approximately 1.3% 

by weight of 1,2,4-trithiolane was assumed on the basis of an earlier 
report [24]. Into the flask that contained the mixture, tetrahydrofuran 
(THF, 30 mL) was added and stirred overnight. The THF solution was 
filtered through a cotton wad into another flask and charged with 2 g of 
[Fe2(CO)9]. This solution was stirred and gently heated at 40◦C for about 
1 h under nitrogen atmosphere [20]. The solvent was removed under 
reduced pressure and the crude product inside was scratched to release it 
from the wall of the round bottom flask. A total of 30 mL of hexane was 
added to the flask and the mixture was stirred for 3 h. The resultant 
solution was subsequently separated by silica gel column chromatog
raphy, using hexane as an eluent. Four bands were obtained but two of 
them remain unidentified. The first product appeared as a yellow band 
which turned green after long exposure to air, IR (νCO, pentane): 2081, 
2041, 2002 cm− 1 and no peaks detected by 1H NMR (unidentified 
product). The second product was dark purple, IR (νCO, pentane): 2078, 
2023, and 1988 cm− 1; 1H NMR (500 MHz, CDCl3): δ 4.63 (identified as 
the methylenedithiolato-bridged diiron complex ([Fe2(CO)6(μ-mdt)], 
mdt = SCH2S, see Scheme 2, below) [25]. An amount of 220 mg of pure 
[Fe2(CO)6(μ-sdt)] (1) was obtained from the third band. 1H NMR (500 
MHz, CDCl3): δ 3.21 (s), IR (νCO, pentane): 2078(s), 2040(s), 2001(s). 
The fourth (unidentified) product was dark red, IR (νCO, pentane): 2074 
(s), 2035(s), 1998(s), and 1985(sh). 

2.3. Synthesis of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) 

To a CH3CN solution (25 mL) of 1 (50 mg, 0.124 mmol) and 1,2-bis 
(diphenylphosphino)methane (47 mg, 0.124 mmol) in a round-bottom 
flask, a solution of Me3NO (18 mg, 0.248 mmol) in the same solvent 
(10 mL) was added dropwise through an addition funnel. The solution 
was brought to reflux at 90◦C and stirred for one hour. The solution was 
concentrated on a rotary evaporator and subjected to thin layer chro
matography (TLC) using hexane:CH2Cl2 (3:2 v/v) as eluent. Two bands 
were developed, the faster moving band was tentatively assigned as 
[Fe2(CO)5(μ-sdt)(κ1-dppm)] on the basis of its IR spectrum, which is 
similar to [Fe2(CO)5(μ-sdt)(κ1-PPh3)] [41]. (12 mg,13%) IR (νCO, 
CH2Cl2) 2046(s), 1983(s), and 1931(s) (no NMR was detected as the 
compound decomposed). The second band afforded [Fe2(CO)4(μ-sdt) 
(μ-dppm)] (2) (47 mg, 51.8%) as red orange crystals after recrystalli
zation from hexane/CH2Cl2 at 4◦C. 2 IR (νCO, CH2Cl2) 1989(m), 1955(s), 
1910(s); 1H NMR (CDCl3): δ 7.69 (m, 20H), 3.73 (s, 2H), and 3.33 (s, 
4H); 31P{1H}-NMR(CDCl3): δ 52.90 (s). HR-MS: m/z 732.9246 found, m/ 
z 732.9232 calc for [M + H+]. Anal. calc. (mass %) C 50.84 H 3.58 S 
12.13 P 8.64; found C 50.75 H 3.51 S 12.85 P 8.49 

2.4. Synthesis of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3) 

A total of 50 mg of 1 (0.12 mmol) and 49 mg (0.124 mmol) of 1,2-bis 
(dicyclohexylphosphino)methane were dissolved in 20 mL of CH3CN 
solvent. A solution of Me3NO (18 mg, 0.248 mmol) in 10 mL of CH3CN 
was added dropwise through an addition funnel. The solution was 
heated to reflux at 90◦C and stirred for one hour. The solvent was 
removed on a rotary evaporator and the residue was chromatographed 
by TLC on silica gel using hexane:CH2Cl2 (3:2 v/v) as eluent. The sole 
product detected was a pale red band of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3) 
(45 mg, 48%), which was isolated as pale red crystals after 

Scheme 2. Formation of the parent complex [(Fe2(CO)6(μ-sdt)] (1) from the 1,2,4-trithiolane ligand. A fourth, unidentified, product is formed in the reaction 
(see text). 
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recrystallization from hexane/CH2Cl2 at 4◦C. 3, IR (νCO, CH2Cl2) 1981 
(m), 1949(s), 1914(s); 1H NMR (CDCl3): δ 3.25 (4H, J = 54.3 Hz, d), 2.27 
(2H, J = 0.08 Hz, d), 2.13 (d, J = 0.03, 2H), 1.86 (20H, m), 1.39 (10H, 
m), 1.28 (12H, m); 31P{1H}-NMR (CDCl3): δ 60(s). HR-MS: m/z 
757.1124 found, m/z 757.1132 calc for [M+]. Anal. calc. (mass %) C 
49.22 H 6.66 S 12.71 P 8.19; found C 48.95 H 6.46 S 12.44 P 8.04 

2.5. Synthesis of [Fe2(CO)4(μ-sdt)(κ2-dppv)] (4) 

A total of 50 mg of 1 (0.124 mmol) and cis-1,2-bis(diphenylphos
phino)ethene (49 mg, 0.124 mmol) in 30 mL of CH3CN was inserted into 
a flask. A solution of Me3NO (18 mg, 0.248 mmol) in 10 mL of CH3CN 
was added dropwise into the flask via an addition funnel. The reaction 
mixture was refluxed at around 90◦C for an hour and a half. The solvent 
was removed under reduced pressure and the residue was chromato
graphed by thin layer chromatography. Elution using hexane:CH2Cl2 
(3:2 v/v) developed one band, [Fe2(CO)4(μ-sdt)(κ2-dppv)] (4) (38 mg, 
41.2%); IR (νCO, CH2Cl2), 2022(s), 1949(s), 1918(sh); 1H NMR (CDCl3): 
δ 7.77 (6H, m), 7.63 (4H, m), 7.44 (12H, m), 3.76 (4H, J = 2.8 Hz, d). 31P 
{1H}-NMR(CDCl3): δ 95 (s), 79 (s). HR-MS: m/z 744.9246 found, m/z 
744.9251 calc for [M + H+]. Anal. calc. (mass %) C 41.76 H 2.80 S 16.72 
P 5.38; found C 40.87 H 3.07 S 16.54 P 5.12 

2.6. Synthesis of [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1dppe)] (5) 

A total of 50 mg of 1 (0.124 mmol) and 49 mg (0.124 mmol) of 1,2- 
bis(diphenylphosphino)ethane were dissolved in 25 mL of CH3CN. A 
solution of 18 mg (0.248 mmol) of Me3NO in 10 mL of CH3CN were 
added through an addition funnel. The reaction mixture was refluxed at 
90◦C for an hour. The solution was concentrated on a rotary evaporator 
and subjected to TLC on silica gel using hexane:CH2Cl2 (3:2 v/v) as 
eluent. A sole product was isolated and identified as [{Fe2(CO)5(μ- 
sdt)}2(μ-κ1-κ1dppe)] (5) (48 mg, 35.5%); IR (νCO, CH2Cl2) 2048(s), 1986 
(s), 1963(m), and 1933(sm); 1H NMR (CDCl3): δ 7.46 (m, 20H), 2.82 (s, 
8H), and 2.11 (s, 4H); 31P{1H}-NMR(CDCl3): δ 58.81 (s). HR-MS: m/z 
1172.7090 found, m/z 1172.7081 calc for [M + Na+]. Anal. calc. (mass 
%) C 41.76H 2.80 S 16.72 P 5.38; found C 40.87H 3.07 S 16.54 P 5.12 

2.7. Reaction of [Fe2(CO)4(μ-sdt)] with dppf 

A total of 50 mg of 1 (0.124 mmol) and 68 mg (0.124 mmol) of 1,2- 
bis(diphenylphosphino)ferrocene were dissolved in 30 mL of CH3CN in a 
two-neck 50 mL round bottom flask. A solution of 18 mg (0.456 mmol) 
of Me3NO dissolved in 10 mL of CH3CN were added through an addition 
funnel under a nitrogen flow. The solution was heated to reflux at 90◦C 
and stirred for two hours. The solution was concentrated on a rotary 
evaporator and subjected to column chromatography on silica gel using 
hexane:CH2Cl2 (3:2 v/v) as eluent. Three bands were developed – the 
fastest moving band was identified as [Fe2(CO)5(μ-sdt)(κ1-dppfO)] (6) 
(17 mg, 14.5%), 6 IR (νCO, CH2Cl2) 2045(s), 2023(m), 1982(s), 1958(s), 
1913(sh), 1892(w); 1H NMR (CDCl3): δ 7.51 (m, 20H), 4.67(s, 2H), 4.77 
(s, 2H), and 4.30 (m, 8H); 31P{1H}-NMR (CDCl3): δ 40.79 (s), 28.17 (s). 
HR-MS: m/z 968.8782 found, m/z 968.8789 calc for [+Na+] Anal. calc. 
(mass %) C 52.04H 3.41 S 10.16 P 6.55; found C 51.56H 3.24 S 10.04 P 
6.49; the second band was [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1dppf)] (7) [41] 
18 mg (11.1%). 7 IR (νCO, CH2Cl2) 2046(s), 1984(s), 1968(sh), and 1930 
(sm) cm− 1; 1H NMR (CDCl3): δ 7.44 (m, 20H), 4.67 (s, 4H), 4.77 (s, 4H), 
4.21 (m, 8H); 31P{1H}-NMR (CDCl3): δ 54.96 (s); HR-MS: m/z 
1306.6933 found, m/z 1306.6935 calc for [M + H+]; and the final band 
was identified as [Fe2(CO)4(μ-sdt)(μ-dppf)] (8) 21 mg (18.8%), which 
was isolated as red crystals after recrystallization from hexane/CH2Cl2 
at 4◦C. 8: IR (νCO, CH2Cl2) 1989(s), 1955(s), 1922(s); 1H NMR (CDCl3): δ 
7.51 (m, 20H), 4.66 (s, 2H), 4.53 (s, 2H), 4.15 (m, 8H); 31P{1H}-NMR 
(CDCl3): δ 50.98(s); HR-MS: m/z 901.8986 found, m/z 901.8995 calc for 
[M+]. Anal. calc. (mass %) C 53.22 H 3.57 S 10.66 P 6.87; found C 53.12 
H 3.64 S 10.43 P 6.55 

A table with comparison of spectroscopic data for complexes 2–8 
with those of known and structurally related complexes is included in 
the Supplementary Material (Table S1). 

2.8. X-ray diffraction studies 

Single crystals of 2, 3 and 8 suitable for X-ray diffraction were grown 
by slow diffusion of hexane into CH2Cl2 solutions at 4◦C. Crystals were 
immersed in cryo-oil, mounted on a Nylon loop, and measured at a 
temperature of 120–170 K. The X-ray diffraction data were collected on 
a Bruker Kappa Apex II Duo diffractometer using Mo Kα radiation (λ =
0.71073 Å). The CrysAlisPro [26] program package was used for cell 
refinements and data reductions. Structures were solved by direct 
methods or by charge flipping using the SHELXL-2017/1 [27] programs. 
A multi-scan, numerical, or Gaussian absorption correction (CrysAlisPro 
[26]) was applied to all data. Structural refinements were carried out 
using SHELXL-2017/1 [27]. The hydrogen atoms were positioned 
geometrically and constrained to ride on their parent atoms, with C-H =
0.95–0.99 Å and Uiso = 1.2 Ueq (parent atom). 

2.9. Protonation of diiron clusters 

A small amount of each diiron cluster (1.9–2.1 mg) was dissolved in 
CH2Cl2 at room temperature. The solutions were acidified with 1 M 
equivalents of HBF4

. Et2O or p-tolylsulfonic acid (tosylic acid, p-TsOH). 
The resultant acid-containing solution was transferred into an IR cell 
and a series of spectra were recorded over time. 

2.10. Oxidation of diiron clusters 

1 M equivalent of [Cp2Fe](PF6) (0.9 mg, 2.5 × 10− 3 mmol) was 
dissolved in 0.5 mL of a CH2Cl2 solution containing the diiron complex. 
The mixture was immediately transferred to an IR cell and monitored 
over time. No significant changes in the IR spectrum were noted. 

2.11. Electrochemistry 

A solution of 0.1 M [n-Bu4N][PF6] in anhydrous CH3CN (Fisher 
Chemical, HPLC Grade) was used as electrolyte in all cyclic voltammetry 
experiments. Electrochemical measurements were performed using 
either a PalmSens4 potentiostat and PSTrace 5.8 software or Pine
WaveNow potentiostat and AfterMath software. All voltammograms 
were obtained under a N2 atmosphere using a cell with a 2 or 3 mm 
diameter glassy carbon working electrode, a platinum counter electron, 
and an Ag/Ag+ (0.005 or 0.01 M AgCl/0.1 M n-Bu4NPF6 in MeCN) 
reference electrode. All potentials are quoted against the ferrocene/ 
ferrocenium (Fc/Fc+) potential run as an internal standard. 

3. Results and discussion 

3.1. Preparation of 1,2,4-trithiolane 

The 1,2,4-trithiolane was synthesized following the procedure of 
Morita and Kobayashi [23] (cf. Experimental Section). Separation by 
column chromatography using silica gel (9:1 hexane:CH2Cl2) was per
formed and pure product was obtained, but the yield was so minuscule 
that the collected product was used only for characterization via 1H 
NMR. A singlet peak was detected at 4.21 ppm, which matches with the 
literature [23]. Isolation and preservation of the product is impractical 
as the compound tends to decompose and polymerize in the presence of 
air. The trithiolane ligand needs to be stored under an inert atmosphere 
inside a − 80◦C fridge to preserve the pure compound [24]. Therefore, 
the crude product was used without further purification in the subse
quent metalation reaction. 
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3.2. Preparation of [Fe2(CO)6(μ-sdt)] (1) 

Triiron dodecarbonyl has been reported as an iron source that can 
react with trithiolane (sdt) to form [Fe2(CO)6(μ-sdt)] (1) [28]. An 
attempt was made to use the triiron complex as starting material for the 
synthesis of 1 but several difficulties arose due to the number of products 
obtained in the reaction and the impracticality of later separation of the 
mixture. Therefore, only diiron nonacarbonyl was used as the iron 
source for complexation. The reaction was carried out under the con
ditions shown in Scheme 2 with direct metalation of the crude trithio
lane mixture [20]. The optimum reaction conditions were found to be 
gentle heating at 40◦C in THF for about one hour with stirring, for the 
ligand to completely coordinate to the metal complex. A large excess of 
unreacted ligand was polymerized, producing a rubber-like side prod
uct. After scratching the reaction flask, the mixture was immersed in 
hexane because the targeted iron carbonyl products can be dissolved in 
hexane while other compounds in the reaction mixture only dissolved in 
CH2Cl2. 

Separation of the mixture was achieved by silica gel column chro
matography in hexane, giving four different iron complexes (Scheme 2). 
The first eluate remains unidentified (see Experimental Section). The 
second eluate came out close to the first product. The eluate solution has 
a dark purple color and exhibits IR ν(C-O) absorptions at 2078, 2023, and 

1988 cm− 1, indicating a diiron complex. The 1H NMR spectrum showed 
a singlet at 4.6 ppm, matching the literature value of the known 
methylenedithiolato-bridged diiron side product [25]. 

The third band is the major and desired product, eluting as a clean 
red orange solution with IR absorptions at 2078, 2040, and 2001 cm− 1 

and a singlet in the 1H NMR spectrum at 3.2 ppm that matches the 
literature values for [Fe2(CO)6(μ-sdt)] (1) [20]. The last eluent appeared 
at a slow pace with dark red color, showing IR resonances at 2074, 2035, 
1998, and a shoulder at 1985 cm− 1 and no 1H NMR peak, which closely 
resemble the data for [Fe3(CO)9S2], although further characterization is 
needed [29]. 

3.3. Synthesis of phosphine derivatives 

When the parent compound 1 had been obtained, a number of 
phosphine derivatives (didentate diphosphine = dppm, dcpm, dppe, 
dppv, dppf, and monodentate PPh3) were prepared under similar con
ditions as those used for preparing diphosphine derivatives of similar 
dithiolate bridged diiron complexes, e.g. [Fe2(CO)6(μ-edt)] and 
[(Fe2(CO)6(μ-pdt)] (pdt = propane dithiolate; edt = ethane dithiolate) 
[30]. The reactions yielded the complexes 2–9, all of which have been 
characterized by IR, 1H, and 31P NMR spectroscopies and mass spec
trometry. In the cases of 2, 3 and 8, their structures have been confirmed 
by single crystal X-ray crystallography. Complexes 7 and 9 have been 
published earlier by Song and coworkers [41]. 

3.3.1. Intramolecular bridging coordination of diphosphines 
Reacting a solution of 1 with dppm or dcpm at elevated temperature 

(90◦C) yields complexes [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) and 
[Fe2(CO)4(μ-sdt)(μ-dcpm)] (3), respectively, as sole products. Treatment 
of 1 with dppf resulted in the formation of several complexes, including 
[Fe2(CO)4(μ-sdt)(μ-dppf)] (8). The structural similarities of 2, 3, and 8 
are indicated by their strong and sharp IR absorption patterns in the 
ν(C–O) region, at 1989(m), 1955(s), and 1910(s) cm− 1 for 2, at 1981(m), 
1949(s), and 1914(s) cm− 1 for 3, and 1989(m), 1955(s), and 1922(s) 
cm− 1 for 8. A shift to lower frequencies by approximately 10–50 cm− 1 

was thus observed upon substitution of two carbonyls of 1 (ν(C–O) 2078 

Fig. 2. Two isomers of [Fe2(CO)4(μ-sdt)(κ2-dppv)] (4) present in solution: (4a) 
dibasal and (4b) basal-apical conformation. 

Fig. 3. Solid state molecular structure of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2). Ring 
hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 
(o): Fe(1)-Fe(2) 2.5058(4), Fe(1)-S(1) 2.2651(6), Fe(1)-S(3) 2.2499(6), Fe(1)-P 
(1) 2.2553(7), Fe(2)-P(2) 2.2179(6), Fe(2)-S(1) 2.2751(6), Fe(2)-S(3) 2.2537 
(6), Fe(2)-Fe(1)-S(1) 56.69(2), Fe(2)-Fe(1)-S(3) 56.27(2), Fe(2)-Fe(1)-P(1) 
94.47(2), Fe(1)-Fe(2)-P(2) 99.51(2), Fe(2)- S(1)-Fe(1) 67.00(2), Fe(2)-S(3)-Fe 
(1) 67.61(2), Fe(2)-Fe(1)-C(1) 148.61(8), Fe(2)-Fe(1)-C(2) 108.12(8). 

Fig. 4. Solid state molecular structure of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3). Ring 
hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 
(o): Fe(1)-Fe(2) 2.531(2), Fe(1)-S(1) 2.256(2), Fe(1)-S(3) 2.252(2), Fe(1)-P(1) 
2.245(2), Fe(2)-P(2) 2.255(3), Fe(2)-S(1) 2.263(2), Fe(2)-S(3) 2.230(2), Fe 
(2)-Fe(1)-S(1) 56.06(6), Fe(2)-Fe(1)-S(3) 55.22(6), Fe(2)-Fe(1)-P(1) 94.33(7), 
Fe(1)-Fe(1)-P(2) 101.07(7), Fe(2)- S(1)-Fe(1) 68.12(7), Fe(2)- S(3)-Fe(1) 68.76 
(7), Fe(2)-Fe(1)-C(1) 109.1(3), Fe(2)-Fe(1)-C(2) 149.0(3). 
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(s), 2040(s), 2001(s) cm− 1) by the diphosphines, consistent with the 
buildup of electron density on the iron centers in the Fe2(CO)x core, in 
line with observations made for analogous complexes with related 
bridging dithiolate ligands [30,31]. 

The 1H NMR spectrum of the complexes contain resonances of the 
methylene moieties from sdt ligands in addition to the phenyl proton 
resonances in the aromatic region. The constraint of the single methy
lene moiety in between the two phosphines appears to prevent the dppm 
and dcpm ligand from coordinating in a chelating coordination mode, 
which would lead to the formation of four-membered Fe-P-C-P rings 
[31]. The 31P{1H} NMR spectra display singlets at δ = 52.9, 60.0, 51.0 
for 2, 3, and 8, respectively, which indicate that the two phosphines of 
the diphosphine ligand are in chemically and magnetically equivalent 
positions [30]. 

Fig. 5. Solid state molecular structure of 
[Fe2(CO)4(μ-sdt)(μ-dppf)] (8). Ring hydrogen atoms 
are omitted for clarity. Selected bond distances (Å) 
and angles (o): Fe(1)-Fe(2) 2.6402(6), Fe(1)-P(1) 
2.2621(6), Fe(2)-P(2) 2.2379(5), Fe(1)-S(1) 2.2551 
(5), Fe(1)-S(3) 2.2597(6), Fe(2)-S(1) 2.2512(6), Fe 
(2)-S(3) 2.2416(5; Fe(2)-Fe(1)-S(1) 54.07(1), Fe(2)- 
Fe(1)-S(3) 53.77(2), Fe(2)-Fe(1)-P(1) 117.45(2), Fe 
(2)-Fe(1)-P(2) 119.51(2), Fe(2)- S(1)-Fe(1) 71.73(2) 
Fe(2)- S(3)-Fe(1) 71.82(2), Fe(2)-Fe(1)-C(1) 102.47 
(6), Fe(2)-Fe(1)-C(2) 142.67(6).   

Fig. 6. (a) Infra-red spectra of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) in CH2Cl2 (transmittance mode) – blue (Complex 2), red (Complex 2 + HBF4 after 30 s), green 
(Complex 2 + HBF4 after 15 min), and purple (Complex 2 + HBF4 after 40 min); (b) FTIR spectra of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3) in CH2Cl2 blue (Complex 3), red 
(Complex 3 + HBF4 after 1 min), green (Complex 3 + HBF4 after 45 min), purple (Complex 3 + HBF4 after 2 h 30 min), and light blue (Complex 2 + HBF4 after 14 h 
30 min). 

Table 1 
Measured redox potentials for complexes 1–9.  

Compound in MeCN solution Ered(V) Ered(V) Eox(V) Eox(V) 

[Fe2(CO)6(μ-SCH)2S] (1)20  − 1.50   
[Fe2(CO)4(μ-sdt)(μ-dppm)] (2) − 2.13 − 1.96  0.42 
[Fe2(CO)4(μ-sdt)(μ-dcpm)] (3) − 2.33 − 2.11 0.18  
[Fe2(CO)4(μ-sdt)(μ-dppf)] (8) − 2.44 − 1.93 0.08  
[Fe2(CO)4(μ-sdt)(k2-dppv)] (4) − 2.16 − 1.93 NR NR 
[{Fe2(CO)4(μ-sdt)}2(μ-k1,k1-dppe)] (5) − 2.06 − 1.70  0.48 
[Fe2(CO)4(μ-sdt)(k1-dppfO)] (6) − 2.14 − 1.71 0.29 0.47 
[{Fe2(CO)4(μ-sdt)}2(μ-k1,k1-dppf)] (7) − 2.02 − 1.76 0.24 NR 
[Fe2(CO)5(μ-sdt)(PPh3)] (9) − 1.93 − 1.70 0.09 0.45  
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3.3.2. Chelating coordination of dppv 
Complex 1 was treated with dppv, producing [Fe(CO)4(μ-sdt)(κ2- 

dppv)] (4), in which the diphosphine ligand chelates to one iron in the 
complex. The cis geometry of the backbone in dppv predisposes the 
ligand to a chelating coordination mode and makes an intramolecular 
bridging coordination mode less favored because of the geometric ri
gidity of the ligand. The FTIR absorptions in the carbonyl region for 
complex 4 are characteristic of [Fe2(CO)4(μ-sdt)(κ2-diphosphine)] and 
[Fe2(CO)4(μ-adt)(κ2-diphosphine)]complexes [30,36,37]; they are 
found at 2022(s), 1949(s), and 1918(sh) cm− 1. Analysis by 1H NMR is 
uninformative, showing resonances attributed to the ethylene protons of 
the dppv ligand in addition to other proton resonances. The 31P{1H} 
NMR spectrum of the complex indicates that it exists in two isomeric 
forms in solution due to a trigonal twist of the Fe(CO)(κ2-dppv) unit that 
is commonly observed in complexes of this kind [31–33]. The 31P{1H} 
NMR spectrum of complex 4 displays a singlet at δ = 83 ppm together 
with a smaller singlet at δ = 76 ppm that are ascribed to the basal-apical 
and dibasal isomers (Fig. 2). Such isomerism has been previously 
observed in complexes of this type with exchange between isomers 
occurring on the NMR timescale [32]. 

3.3.3. Intermolecular bridging coordination of diphosphines 
A bridging intermolecular coordination of two diiron clusters was 

identified by treatment of 1 with dppe, producing [{Fe2(CO)4(μ- 
sdt)}2(μ-κ1;κ1-dppe)] (5). The increased flexibility due to the presence of 
an extra methylene group in the backbone, relative to dppm, facilitates 
the coordination of dppe to a second diiron unit. The spectroscopic 
features of 5 resemble those of reported and structurally characterized 
tetra‑iron complexes of the general formula [{(μ-edt)Fe2(CO)5}2(μ-L)] 
(L = diphosphine) [34]. The FTIR spectrum of 5 shows a ν(C–O) pattern 
with two strong resonances at 2048 and 1986 cm− 1, a medium shoulder 
at 1963 cm− 1, and a small absorption at 1933 cm− 1, which closely re
sembles those of previously reported related tetrairon (dimer of dimer) 
compounds [30,34]. The 1H NMR spectrum shows two singlets at δ =
2.8 ppm and 2.1 ppm for the methylene moieties in the sdt ligand and 
dppe, respectively. In the 31P NMR spectrum of 5, a singlet at δ = 58.8 
ppm was found, in agreement with two phosphorus atoms in chemically 
and magnetically equivalent environments [34]. 

The ligand 1,1′-bis(diphenylphosphino)ferrocene (dppf), provides an 
additional iron ion that, in principle, can be involved in electron transfer 
and proton reduction. The identity of [{Fe2(CO)4(μ-sdt)}2(μ-κ1;κ1-dppf)] 
(7), which contains dppf spanning two diiron clusters with each phos
phine moiety coordinating in monodentate fashion to one diiron unit, 
was confirmed by a comparison of its physicochemical data to those 
previously published by Song et al. [41] (cf. Table S1, Supplementary 
Material). 

3.3.4. Monodentate coordination of phosphines 
The reaction of 1 with dppf also yielded a second product that was 

identified as [Fe2(CO)4(μ-sdt)(κ1-dppfO)] (6), containing a partially 
oxidized diphosphine. Such a partially oxidized dppf ligand has been 
observed previously when [Fe2(CO)6(μ-toluene-3,4-benzenedithiolate)] 
was reacted with dppf to yield three products, one of which contains 
oxidized dppf [39]. The source of the oxygen atom is unknown; it may 
originate from trimethyl amine N-oxide or adventitious water. Two 
peaks were found in the 31P NMR spectrum: the first peak at 40.7 ppm is 
attributed to the coordinated phosphine of the dppf ligand while the 
second peak at 28.2 ppm is attributed to the non-coordinated oxidized 
phosphine unit. The free dppf ligand has a negative 31P NMR shift value, 
indicating that the “dangling” phosphine moiety does not correspond to 
the normal, unoxidized ligand. 

In addition, the known monodentate triphenylphosphine derivative 
of 1, [Fe2(CO)5(μ-sdt)(κ1-PPh3)] (9), was prepared and identified in 
accordance with the published synthetic procedure and physicochem
ical data [41]. 

3.4. Structural studies 

The molecular structures of 2, 3 and 8 are depicted in Figs. 3–5. 
Relevant crystallographic data are summarized in Table S2, and full lists 
of bond distances and bond angles are found in Tables S3–S9 (Supple
mentary Material). Each of the solid-state structures of 2, 3, and 8 
contain a diiron framework bridged by a sulfurdithiolato and a 
diphosphine ligand (dppm, dcpm, dppf) in addition to the terminal 
carbonyls that complete the coordination spheres of the metals. Dis
regarding the iron‑iron bond, each iron possesses a slightly distorted 
square pyramidal coordination geometry. 

The crystal structure of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) is depicted in 
Fig. 3 with the caption containing selected bond distances and angles. 
The molecule is similar to analogous complexes that have a butterfly 
[2Fe2S] cluster core whose two iron atoms are bridged by a diphosphine 
ligand with a symmetrical chelate cisoid basal-basal coordination 
pattern, four terminally coordinated carbonyls and a sulfurdithiolate 
ligand that is linked to the two irons. Each iron core adopts a slightly 
distorted square-pyramidal geometry. Complex 2 has a slightly shorter 
Fe–Fe bond distance Fe(1)-Fe(2) 2.50508(4) Å than the parent com
pound 1 (Fe–Fe 2.5120(5) Å) [20]), and shorter than the Fe–Fe dis
tance for the pdt analogue (2.5479 Å) [38]. The Fe–S bond distances in 
2 are very similar to those observed for 1 [20] and other analogous 

Fig. 7. CVs of 2 (dppm), 3 (dcpm) and 8 (dppf) in MeCN (1 mM solution, 
supporting electrolyte [NBu4][PF6] at 100 mV/s scan rate, glassy carbon elec
trode (gce), potential vs Fc+/Fc). 

Fig. 8. Cyclic voltammograms of 5, 6, 7 and 9 (PPh3) in MeCN (1 mM solution, 
supporting electrolyte [NBu4][PF6] at 100 mV/s scan rate, glassy carbon elec
trode (gce), potential vs Fc+/Fc). 
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dithiolate complexes. The Fe–P bond distances of 2.2553(7) and 2.2179 
(6) Å in 2 are within the range reported for related diiron-dithiolates 
complexes. 

The solid-state molecular structure of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3) 
is depicted in Fig. 4. The molecule contains a diiron core, a coordinated 
dcpm ligand and a bridging sulfur dithiolate ligand. The Fe–Fe bond 
distance of 2.531(2) in complex 3 is slightly longer than that of the 
parent complex 1 (Fe–Fe 2.5120(5)) Å [20] and compares well with the 
Fe–Fe bond distance 2.5259(10) Å found in [Fe2(CO)4(μ-dcpm)(μ-pdt)] 
[42]. The Fe–S bond distances of 3, 2.256(2) and 2.252(2) Å, are very 
similar to those observed for 1 at 2.2514(5) Å [20] and the pdt analogue 
at 2.2701(14) Å [42]. The dcpm ligand of 3 binds to the diiron core in a 
cisoid dibasal fashion with an Fe–P bond distance of Fe(1)-P(1) 2.245(2) 
Å, which is almost identical to that of the pdt analogue at 2.248(1) Å 
[42]. The cyclohexyl moieties of the dcpm ligand are stabilized in the 
chair conformation. 

The molecular structure of [Fe2(CO)4(μ-sdt)(μ-dppf)] (8) is depicted 
in Fig. 5. The structure of complex 8 is similar to those of complexes 2 
and 3, containing a diiron core ligated by four carbonyls, a dppf, and a 
bridging sulfur dithiolato ligand. The molecule has expected bond 
lengths and angles which is generally within the ranges of those seen in 
related complexes [31,34,35]. The Fe–Fe bond length is Fe(1)-Fe(2) 
2.6402(6) in complex 8, which is a bit longer than in the pdt analogue 
(Fe(1)–Fe(2) 2.6133(6)), complex 2 (Fe(1)-Fe(2) 2.5058(4)), and 3 (Fe 
(1)-Fe(2) 2.5318(2)). 

3.5. Reaction with Brönsted and Lewis acids 

In order to be able to determine or propose a catalytic mechanism for 
proton reduction effected by the metal complexes, it is important to 
know where protons can bind in the diiron dithiolate complexes. In the 

present study, there are two likely sites for protonation – the metal ions 
and/or the sulfur in the bridge head. Hogarth and coworkers, and other 
groups, have reported that diiron tetracarbonyl complexes with biden
tate phosphine ligands are directly protonated at the Fe–Fe bond to 
form a stable hydride [42–47]. As mentioned in the introduction, 
phosphine substitution affects the Lewis basicity of the diiron core and 
may thus also affect the protonation behavior. A qualitative assessment 
of the protonation behavior can be obtained by introducing a strong acid 
to a solution of the complex and monitoring its IR spectrum in the 
carbonyl region. The addition of one equivalent or excess amounts of 
HBF4

. Et2O to CH2Cl2 solutions of the diiron complexes is expected to 
generate sufficient Brönsted acidity for the compounds to be protonated 
at room temperature. 

Protonation of the diphosphine-bridged complexes 2, 3 and 8 with 
HBF4

. Et2O or p-TsOH was studied through in situ IR spectroscopy as 
depicted in Fig. 6. For these three neutral complexes, the IR spectra show 
three carbonyl absorption bands at 1994, 1965, and 1929 cm− 1; 1981, 
1950, and 1914 cm− 1; and 1991, 1957, and 1924 cm− 1, respectively. 
Upon the addition of one equivalent of HBF4

. Et2O, the observed carbonyl 
stretching frequencies of 2 and 3 in the IR spectra shifted gradually in 
positive direction. New absorption peaks appeared at 2059, 2025, and 
1984 cm− 1 for 2, and 2047, 2017, and 1955 cm− 1 for 3, a shift by ca. 
40–70 wavenumbers to higher values, as depicted in Fig. 6. The shifts 
suggest metal-centered protonation, presumably resulting in the clean 
formation of the cationic hydrides [Fe2(CO)4(μ-sdt)(μ-H)(μ-dppm)] 
[BF4] (2H) and [Fe2(CO)4(μ-sdt)(μ-H)(μ-dcpm)][BF4] (3H). These pro
tonated species are stable and after 14 h the shifted absorptions at 2050, 
2031, and 1984 for 2 and at 2040, 1984, and 1947 cm− 1 for 3, can still 
be discerned although the intensities are significantly reduced, pre
sumably due to decomposition. For complex 8, the IR spectrum shows 
resonances at 1991, 1957, and 1924 cm− 1, as depicted in Fig. S1 

Fig. 9. Cyclic voltammograms of [Fe2(CO)4(μ-sdt)(μ-dppm)] (2) in the presence of 0–9 M equivalents of p-TsOH (1 mM solution in MeCN, supporting electrolyte 
[NBu4][PF6], scan rate 0.1 Vs− 1, glassy carbon electrode, potential vs. Fc+/Fc). Current values have been corrected for dilution. The inset shows the proton reduction 
peak current. 
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(Supplementary Material). There are no shifts of the peaks upon addi
tion of HBF4

. Et2O, even after 16 h, suggesting that a stronger acid may be 
needed to achieve protonation, or that protonation is very slow. 

Upon addition of excess acid to the chelate complex 4, the IR spec
trum shifts from 2020, 1950, and 1919 cm− 1 to 2115, 2040 and 1980 
cm− 1, resulting in a large shift by approximately 90 wavenumbers as 
depicted in Fig. S2 (Supplementary Material). The new IR spectrum may 
be ascribed to the metal protonated species [Fe2(CO)4(μ-sdt)(μ-H)(κ2- 
dppv)] (4H). This is in accordance with previously reported results on 
reaction of chelated diiron dithiolate diphosphine analogues with 
HBF4

. Et2O that found that the protonation occurs at the metal center 
[43,47–54]. Compound 4H was found to be unstable and all absorption 
intensities were reduced after 30 min. For 5, the neutral complex shows 
absorptions at 2050, 1967, and 1934 cm− 1, as depicted in Fig. S3 
(Supplementary Material). There are no shifts of these peaks upon 
addition of acid even after 16 h, suggesting that complex 5 is not suf
ficiently basic to be protonated under the conditions used and that a 
stronger acid needs to be used. The IR absorptions of 5 were found to 
gradually decrease over time and a change in the color of the solution 
occurs, implying a partial decomposition. Infrared measurements on the 
mono-substituted complex [Fe2(CO)5(μ-sdt)(PPh3)] (9) [41] showed 
only partial protonation by excess HBF4⋅Et2O. The protonation led to a 
shift of the ν(C-O) resonances to higher wavenumbers, with new reso
nances appearing at 2121w, 2105w, 2086w, 2062 m within 10 min 
(Fig. S4). The resonances were thus shifted by 50–100 cm− 1, in agree
ment with protonation at the metal center. 

Attempts to monitor the protonation of the diiron complexes via 1H 
NMR were unsuccessful because of the very large signal from free acid 

leading to significant difficulties in resolving any other resonances. 

3.6. Electrochemistry 

Weigand and co-workers investigated the electrochemical properties 
of [Fe2(CO)6(μ-sdt)] (1) and found that a two-electron reduction pro
ceeds in a stepwise manner [20]. The effect on the electrochemical 
properties of substituting carbonyl ligands of 1 with phosphines was 
ascertained by performing cyclic voltammetry on 2–9 in CH3CN under 
nitrogen atmosphere. The observed redox potentials for the complexes 
are listed in Table 1. The diphosphine-bridged complexes show similar 
behavior with two quasi-reversible reductions. The redox behaviors of 2, 
3 and 8 (Fig. 7) are similar with reductions at − 1.96, − 2.11, and − 1.93, 
another reduction at − 2.13, − 2.33, and − 2.44, and an oxidation at 
0.42, 0.18, 0.08 V, respectively. The cyclic voltammetry of diiron- 
dithiolate complexes containing intramolecularly bridging diphos
phines have been shown to exhibit a lack of reversibility in both 
oxidation and reduction steps in CH3CN [31,52,53]. For example, 
Hogarth and co-workers reported electrochemical redox behavior for 
the related bridging complex [Fe2(CO)4{μ-Ph2PN(R)PPh2}(μ-pdt)] (R =
allyl), which shows similar oxidation and reduction behavior to com
plexes 3 and 8 [31]. The Fe(II)/Fe(III) couple for the iron ion of the dppf 
ligand is not reversible. Differential pulse voltammetry confirms that it 
occurs at +0.08 V vs Fc+/Fc (Fig. S6). The chelating complex 4 exhibits 
two quasi-reversible reductions at ca. − 1.93 and − 2.16 V and electro
chemical properties similar to those observed for [Fe2(CO)4(κ2-dppe) 
{μ-SCH2N(R)CH2S}] (R) = iPr, CH2CH2OMe and CH2C6H5) (Fig. S7, 
Supplementary Material) [53]. 

Fig. 10. Cyclic voltammograms of [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3), in the presence of 0–7.5 M equivalents of p-TsOH (1 mM solution in MeCN, supporting electrolyte 
[NBu4][PF6], scan rate 0.1 Vs− 1, glassy carbon electrode, potential vs. Fc+/Fc). Current values have been corrected for dilution. The inset shows the proton reduction 
peak current. 
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The intermolecularly bridged tetranuclear mono-substituted com
plexes 5 and 7, and the mono-substituted complexes 6 and 9, show 
similar electrochemical properties (Fig. 8). They are more easily reduced 
with quasi-reversible reduction peaks at ca. − 1.70, − 1.71, − 1.76 and −
1.70 V, followed by a smaller reduction at − 2.06, − 2.14, − 2.02 and −
1.93 V for 5, 6, 7 and 9, respectively. Oxidation peaks were observed at 
0.48, 0.29, 0.24 and 0.09 V for 5, 6, 7 and 9, and an additional oxidation 
was observed at 0.47 and 0.45 V for 6 and 9. The mono-substituted 
complexes 6 and 9 shows similar behavior with the reported complex 
[{Fe2(CO)5(μ-(pdt)}2(PPh3)] in which the bridging propane dithiolate 
(pdt) ligand acts as a monodentate phosphine ligand to two diiron units 
[40]. Åkermark and co-workers reported that two butterfly complexes 
where two Fe2S2 units are linked by the diphosphine ligand showed a 
reduction at − 1.93 V and an oxidation at 0.62 V for [{Fe2(CO)5(μ- 
(SCH2)2N(ethyl))}2(μ-κ1-κ1-dppe)] and a reduction at − 1.94 V and 
oxidation at 0.67 V for [{Fe2(CO)5(μ-(pdt)}2(μ-κ1-κ1-dppe)] in CH2Cl2 
[54], which are close to the potentials found for complex 5. 

In the cyclic voltammograms of all complexes, it was found that the 
first reduction potential is shifted ca. 0.3 V to more negative potentials 
for the diphosphine-substituted complexes relative to the mono- 
substituted complexes; an indication of greater electron density on the 
diiron centers of the former kind of complexes due to the presence of 
more coordinating phosphine entities. This is in agreement with obser
vations made for related phosphine-substituted complexes [55]. 

3.7. Electrocatalytic studies 

Electrocatalytic proton reduction studies were carried out on 2–5, 8 

and 9 in the presence of para-toluene sulfonic acid (p-TsOH) in CH3CN 
and in each case a catalytic response was observed. The results of these 
studies are displayed in Figs. 9–13 and Figs. S8–S14 (Supplementary 
Material). As discussed above, protonation experiments on complexes 2 
and 3 in the presence of 2–3 equivalents of p-TsOH or HBF4

. Et2O in 
CH2Cl2 show the evidence of protonation at the metal core (Fig. 6). 
Addition of two equivalents of p-TsOH to 2, 3 and 8 leads to the 
appearance of new irreversible catalytic reduction peaks at − 1.7 for 2, 
− 1.8 V for 3, and − 1.7 V for 8, respectively (Figs. 9–11 and S8–S10). 
The protonation and electrocatalysis studies suggest the formation of the 
cationic hydride complexes [Fe2(CO)4(μ-sdt)(μ-H)(μ-dppm)] (2Hþ), 
[Fe2(CO)4(μ-sdt)(μ-H)(μ-dcpm)] (3Hþ) and [Fe2(CO)4(μ-sdt)(μ-H) 
(μ-dppf)] (8Hþ). The height of the new peaks increase with increasing 
acid concentration (see Figure insets). This behavior is characteristic of 
electrocatalytic proton reduction by the complexes, and presumably 
involves the intermediate formation of the above-mentioned hydrides. 
While evidence for protonation of 8 by HBF4 could not be obtained (see 
above), its electrocatalytic behavior suggests that 8 is protonated in the 
presence of p-TsOH. Upon increasing acid concentration, the peak shifts 
to more negative potentials for complexes 2, 3 and 8 (Figs. 9–11 and 
S8–S10). 

These complexes may be entering into the catalytic process via a 
chemical step (protonation) which could be followed by an electro
chemical reduction to generate the neutral 35-electron complexes 2 
(μ-H), 3(μ-H) and 8(μ-H). These neutral complexes can be either pro
tonated or undergo a further reduction before a second protonation for 
liberation of molecular hydrogen. All the CVs have the common char
acter trait that they show curve-crossing at multiple equivalents of 

Fig. 11. Cyclic voltammograms of [Fe2(CO)4(μ-sdt)(μ-dppf)] (8) in the presence of 0–9 M equivalents of p-TsOH (1 mM solution in MeCN, supporting electrolyte 
[NBu4][PF6], scan rate 0.1 Vs− 1, glassy carbon electrode, potential vs. Fc+/Fc). Current values have been corrected for dilution. The inset shows the proton reduction 
peak current. 
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TsOH, i.e., a build-up of reduction current on the return scans at ca. 
− 1.8 V during the catalytic cycles. This feature suggests that an easily 
reducible intermediate is formed during the catalysis, possibly via a slow 
chemical reaction. This product is relatively stable and increases with 
increasing acid concentration, and it diffuses back to the electrode to 
undergo reduction at more positive potential. This electrochemical 
behavior has been observed for a number of related diiron dithiolate 
complexes [56–66]. 

The protonation experiment on complex 4 in the presence of 2–3 
equivalents of p-TsOH or HBF4

. Et2O in CH2Cl2 show an appearance of 
new IR peaks toward higher wavenumbers. This observation indicates 
that the complex is protonated, but unfortunately the protonated species 
is not stable in the acidic medium (Fig. S2). Voltammetry catalytic 
studies on complex 4 (Fig. S8) show a new catalytic reduction peak at 
− 1.5 V, which is more positive than the reduction potential of free p- 
TsOH, and the height of the reduction wave increases with the addition 
of successive molar equivalents of p-TsOH. Complex 4 was not studied 
further since the complex lacks stability in the acidic medium. 

For the mono-substituted complex 5, the catalytic reduction peak 
observed at − 1.7 V does not shift toward more positive potentials with 
added acid (Fig. 12 and S11). In the protonation studies discussed above, 
complex 5 did not show any evidence of protonation. In the presence of 
2–3 equivalents of p-TsOH or HBF4

. Et2O in CH2Cl2, no change in the IR 
spectrum of 5 was detected (Fig. S3). The height of the reduction wave 
increases with the addition of successive molar equivalents of p-TsOH, 
indicating that 5 catalyzes proton reduction at its first reduction 
potential. 

Although IR spectroscopy indicated only partial protonation of the 
mono-substituted complex [Fe2(CO)5(μ-sdt)(PPh3)] (9), the complex 

exhibited good catalytic proton reduction activity in the presence of 
excess p-TsOH (Figs. 13 and S12). In addition, complex 9 effects proton 
reduction at a potential that is more positive than that which occurs for 
free p-TsOH (Fig. S13). The small oxidation waves around − 0.7 V that 
are shown in Figs. 9–13 are only observed in the presence of TsOH and 
after scanning through the irreversible peak near − 2.0 V. It is likely that 
the oxidation comes from an unidentified side product produced by 
partial decomposition of the reduced species. 

4. Summary and conclusion 

In this study, we have probed the electron density of the metal core of 
a number of diiron carbonyl complexes by exchanging carbonyl ligands 
with a number of diphosphine ligands, and we have studied how this 
ligand substitution affects the proton reduction ability of the complexes. 
Several new diiron complexes have been synthesized in moderate yields: 
[Fe2(CO)4(μ-sdt)(μ-dppm)] (2), [Fe2(CO)4(μ-sdt)(μ-dcpm)] (3), 
[Fe2(CO)4(μ-sdt)(κ2-dppv)] (4), [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppe)] (5), 
[Fe2(CO)5(μ-sdt)(κ1-dppfO)] (6), [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppf)] 
(7), [Fe2(CO)4(μ-sdt)(μ-dppf)] (8), and [Fe2(CO)5(μ-sdt)(κ1-PPh3)] (9). 
Single crystal analysis of complexes 2, 3, and 8 revealed that each of 
these clusters possesses a butterfly Fe2S2 core with the sulfur dithiolato 
ligand coordinated to the diiron metal center, a bridging diphosphine in 
a basal-basal position, and four terminal carbonyls completing the 
ligand environment, while 9 possesses a monodentate phosphine coor
dinated in an apical position. In protonation studies, IR spectroscopy 
shows that complexes 2 and 3 are protonated at the metal core, while 
complexes 5, 6, and 7 are inert when acidified by HBF4

. Et2O. Complex 4, 
in which the diphosphine coordinates in a chelating mode, and 

Fig. 12. Cyclic voltammograms of [{Fe2(CO)5(μ-sdt)}2(μ-κ1-κ1-dppe)] (5) in the presence of 0–9 M equivalents of p-TsOH (1 mM solution in MeCN, supporting 
electrolyte [NBu4][PF6], scan rate 0.1 Vs− 1, glassy carbon electrode, potential vs. Fc+/Fc). Current values have been corrected for dilution. The inset shows the 
proton reduction peak current. 
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complexes 2, 3, and 8 possess diiron cores that are sufficiently basic to 
be protonated. The basicity of these complexes is due to the fact that two 
carbonyl ligands are replaced by phosphine moieties of the specific 
diphosphine ligand, leading to higher electron density on the metal core. 
On the other hand, complexes 5, 6, 7 and 9 tend to be more stable and 
not sufficiently basic to be fully protonated because in these complexes 
only one carbonyl ligand of each diiron core is replaced by a phosphine 
moiety of the diphosphine ligand. The increased electron density on the 
metal cores in all diphosphine complexes, relative to the parent cluster 
[Fe2(CO)6(μ-sdt)] (1), is reflected in their redox chemistry and electro
catalysis. In comparison to the parent compound 1, which has a 
reduction peak − 1.5 V that is shifted to − 1.55 V upon addition of acid 
and resultant electrocatalytic proton reduction, complexes 2–8 display 
reduction waves at more negative potentials (in the range − 1.7 to − 2.1 
V). Thus, while diphosphine substitution at the diiron core leads to 
increased electron density at the diiron core and facilitates protonation 
at the metal centers, a price is paid in the respect that proton reduction 
catalysis is shifted to more negative potentials relative to the unsub
stituted metal core. On the other hand, monosubstituted 9 displays 
efficient electrocatalysis at relatively low overpotentials. 
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