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Table 1. Classification of hydrogenase.19  Classification Occurrence Structure Localization Function 
[Fe]-hydrogenase Methanogens Monomeric Cytoplasmic Production of hydrogen 

[FeFe]-hydrogenase 
Photosynthetic bacteria, anaerobic fermentative bacteria, cyanobacteria, green algae, protozoan 

Monomeric, Heteromeric 
Cytoplasmic, membrane-bound, periplasmic, chloroplast, hydrogenosomes 

Production of hydrogen 
[NiFe]-hydrogenase Anaerobic, photosynthetic bacteria, cyanobacteria Heterodimeric, multimeric Membrane-bound, cytoplasmic, periplasmic Uptake of hydrogen 

[NiFeSe]-hydrogenase Sulphate-reducing bacteria, methanogenes Oligomeric Membrane-bound, cytoplasmic Oxidation of hydrogen Among these, [FeFe]-hydrogenase has the strongest catalytic ability for the hydrogen production. Under optimum condition, this enzyme can produce 9,000 molecules of hydrogen per second at 30 °C (one mole of [FeFe]-hydrogenase could produce enough hydrogen in two hours to fill the main liquid hydrogen tank of the space shuttle).13, 21  Therefore, much interests are paid to the [FeFe]-hydrogenases as alternative biological catalysts to the commonly used platinum catalyst in the hydrogen fuel cell technology.  So, this thesis focuses on the synthesis of model 
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Crystallographic and spectroscopic studies have shown that this H-cluster consists of a diiron metal center with dithiolato linker that form a butterfly structure of the [2Fe2S] sub-cluster. Furthermore, one of these irons (Fep, proximal) is attached to a cubane-like [4Fe4S] cluster through a bridging cysteine sulfur (Figure 3). The nature of the bridgehead atom in the dithiolato ligand was unknown for long time as to whether it is CH2, NH or O. Presently, Lubitz and others provided an experimental evidence that the native bridgehead group of the dithiolato ligand is the aza-group.28, 29 Both iron atoms (Fep and Fed, distal) of the [2Fe2S] sub-cluster are coordinated by three CO and two CN‾ ligands, where one [Fe(CO)2CN] unit is rotated with respect to the other unit making one CO ligand to be in bridging position between the two iron atoms and leaving a vacant site in which protons are proposed to bind during the catalytic process (Figure 3).30 The CN‾ ligands of the H-cluster interact through hydrogen bonding with the neighboring amino acids as well as the lysine (Lys237) is closely located (440 pm) to the Fed and can act as a possible proton distributor during the dihydrogen production (Figure 3).17, 26 Since [FeFe]-hydrogenases have the strongest catalytic ability for the hydrogen production in vivo, a detailed understanding of their catalytic mechanism is of great interest up to the date of this thesis.16, 30-34 Until now, the catalytic mechanism for H2 evolution by the H-cluster remains speculative, nevertheless several feasible mechanisms have been proposed based on EPR, Mössbauer spectroscopy, pH dependent FTIR spectro-electrochemistry and DFT calculations.16, 30-39 As a result of these studies, three well characterized redox states of the H-cluster are postulated to play a role in the catalytic cycle under anaerobic conditions:  (i)  The active ǲoxidizedǳ state Hox which is paramagnetic and characterized by a mixed-valence (FeIFeII) diiron part.36-39  (ii) The active ǲreducedǳ state Hred which is diamagnetic and adopts the (FeIFeI) configuration.30, 32, 34, 39 (iii) The ǲsuper-reducedǳ state Hsred which is paramagnetic and adopts the (FeIFeI) configuration together with the reduced cubane [4Fe4S]+ cluster.30, 32, 34  
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Under aerobically conditions, the active site of [FeFe]-hydrogenase exists in a doubly oxidized form termed as Hoxair and reveals no EPR signal (S = 0) as shown in Scheme 1 (red rectangle).16 Accordingly, the latter is reduced by a one-electron step to afford the transient state which termed as Htrans (rhombic EPR signals are observed (S = ½) at g = 2.06, 1.96 and 1.89) (Scheme 1, red rectangle).16, 33 Based on Mössbauer spectroscopy technique and DFT calculations, these two states (Hoxair and Htrans) are supposed to adopt (FeIIFeII) configuration with one CO ligand located at the bridging position between the two iron atoms as well as the vacant site is occupied by an OH-group.16, 33, 40-42 By an irreversible redox-dependent process under anaerobic conditions of the Htrans state, the Hox state is obtained and characterized by a mixed-valance (FeIFeII) configuration and the cubane [4Fe4S] cluster is in the diamagnetic state according to the Mössbauer and ENDOR studies (Scheme 1).36-38 Moreover, the Hox state has one CO bridged between the two iron atoms and a free vacant site.16 Upon reduction of the Hox state together with the presence of a proton which bounds at the adt-amine, the bridging CO ligand shifts toward the distal Fe acquiring a semi-bridging coordination trans to the vacant site to afford the Hred state which is diamagnetic (S = 0) due to the (FeIFeI) configuration (Scheme 1).32, 39, 43-45 A transfer of another electron at this level affords the paramagnetic super-reduced state, Hsred, in which the [ͶFeͶS] cluster is considered an essential part since it’s singly reduced, while the (FeIFeI) configuration does not change (Scheme 1).32, 46 In a next step, the former adt-bound proton relays to the vacant site via agostic interaction affording a terminal-hydride species. A second protonation step occurs again to afford an intermediate with hydride and proton in close proximity, ultimately producing molecular hydrogen (Scheme 1).32 DFT calculations suggest that only the second protonation at the adt-bridge triggers the electron transfer from the [4Fe4S] cluster to the [2Fe2S] sub-cluster and the formation of the hydride bound to the mixed-valance (FeIFeII) core.32, 47    It has been found that the H-cluster of the active protein can be inhibited by CO to afford a species termed as Hox‒CO state which is similar to that of Hox and is characterized by a mixed-valence (FeIFeII) diiron part together with an oxidized [4Fe4S]2+ cluster (Scheme 1).26, 48, 49 Such a process is generated at high potentials 
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Fontecilla-Camps et al. had resolved the molecular structure of the H-cluster for DdHase and CpI in 1998-1999.17, 25 Based on this result, the striking resemblance between the latter and complexes 1-3 (Figure 4) immediately became evident and sparked chemists to develop more models to mimic and to provide a better understanding of the structure and function of the H-cluster. A modification on complex 3 takes place in 1999 that two CO ligands of complex 3 could be replaced by cyanide, to give water-soluble dianions (4, Figure 4).58-60 This was followed by the work of Rauchfuss and co-workers in 2002, in which they synthesized a model complex that has an amine functionality (NH) at the bridgehead (5, Figure 4) instead of the CH2 in complex 3 via the condensation of metal sulfides, formaldehyde and primary amine.61 Within the same year, Rauchfuss, followed by Song and coworkers could also get a complex that contains an oxygen atom at the bridgehead of the dithiolato ligand (6, Figure 4).61, 62  Following these earlier investigations, plenty of modifications have been reported within the past 17 years.63, 64 Generally, those reported articles have focused on the following aspects:  
• The preparation of structural models. 
• The development of bio-inspired electro- and photocatalysts for H2 production. 
• The investigation of the mechanism of enzymatic H2 evolution and uptake. 
• Mimicking the active Hox state (FeIIFeI) for H2 oxidation.  Because of the high number of publications regarding these aspects, this thesis will draw out some of salient features of hexacarbonyl models based on altering the nature of the bridging linker in [Fe2(CO)6{µ-dithiolate}], replacing the sulfur atoms with heavier chalcogen atoms such as selenium and protonation reactions of the hexacarbonyl model complexes.   
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3.3.2 Modification of the Synthetic Models 3.3.2.1 Hexacarbonyl Complexes 3.3.2.1.1 The Dinuclear Models The synthesis of diiron(I) dithiolato carbonyl complexes can be obtained through several pathways. For example, the reaction of Fe2(CO)9 or Fe3(CO)12 with dithiols as well as disulfides afforded complexes of the type [Fe2(CO)6{(µ-(SCH2)2E}].64 The mechanism of obtaining such complexes is still an open question and an interest aspect for the researchers. Moreover, it has been found that such model complexes can be also obtained by the reaction of alkyl dihalides with the iron cluster [Fe2S2(CO)6] but in low yield in comparison with the first mention methods.65  Indeed, the synthetic models related to the structure of the H-cluster may be divided into two categories: i) bioinspired models with azadithiolato linkers (Figure 5a),66-77 and ii) artificial models with non-biological linkers µ-(XCH2)2E in which the central atom/group E is CR2,64, 78-84 O,62, 66 S,85, 86 SiR2,87-89 SnMe290, 91 or Ph-P=O92 and X could be S,64 Se,88, 93-95 Te,88, 95 or PR96-98 (Figure 5b). The use of these synthetic models may provide valuable information and answers to basic questions concerning the role of the azadithiolato linker as well as the effect of the unusual E on the structural and functional properties of such artificial H-cluster mimics. For example, previous studies have found that the presence of a pendant nitrogen atom of the dithiolato ligand in [Fe2(CO)6{µ-(SCH2)2NR}] plays a significant role in the delivery of protons to the catalytically active site, which in turn shifts the potential of hydrogen production to less negative potentials by 230 mV compared to the aliphatic dithiolato ligand in [Fe2(CO)6{µ-(SCH2)2CH2}].77, 99, 100 Weigand and co-workers have found that the presence of the sulfur/selenium atom at the bridgehead position in the dithiolato linker leads to an ECE reduction mechanism (i.e. E1o – E2o < 0, potential inversion) (E = Electron transfere, C = Chemical process) due to facile core reorganization accompanying the electron transfer compared to those having an oxygen or carbon atom at bridgehead.93 This chemical process involves rotation of one Fe(CO)3 unit to locate a CO ligand in a semi-bridging position and cleavage of one Fe-S bonds.101  
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 Figure 5. Synthetic Models of the active site of [FeFe]-hydrogenase: (a) bioinspired models with azadithiolato linker and (b) artificial models with non-biological linkers. Moreover, they also found that increasing the steric bulkiness of E (CH2, CHMe, CMe2) in [Fe2(CO)6{µ-(SCH2)2E}] lowers the barrier of Fe(CO)3 rotation and results 
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In addition, Apfel et al. had investigated the influence of the replacement of the bridgehead carbon atom by silicon in synthetic diiron complexes.87-89 As a result of these studies, the introduction of a silicon atom in the dithiolato linker of [FeFe]-hydrogenase model complexes enhances the electronic and the catalytic properties of these complexes. Based on the DFT calculations, it has been found that the basicity of the sulfur atoms increases by a σ(Si-C)→͵p(S) filled-filled interaction.89 Such a behavior was previously observed by Glass et al. for analogues complex having a tin atom in the bridgehead.90 Additionally, it has been also reported that the reaction of silolane-1,1-diyldimethanethiole (7) with two molar equivalents of Fe3(CO)12 in boiling toluene afforded the diiron complex 8 as shown in Scheme 3.89  

 Scheme 3. Synthetic pathways of the formation of complex 8 and its reduced species.89 Under reductive conditions, the latter forms a rotated state species (82-, Scheme 3) in which one of the CO ligands becomes in a bridging position between the two iron atoms while the Fe-Fe bond and one of the Fe-S bonds are broken as shown in Scheme 3.89 This is supported by the appearance of the new absorption band at 1725 cm-1 in the IR spectrum of a solution of the reduced complex 8 in acetonitrile together with the DFT calculations.89 Almazahreh et al. has succeeded in utilizing a phosphine oxide containing compound, O=P(Ph)(CH2Cl2),102 to serve as a pro-ligand for a complexation with an in situ generated [Fe2(CO)6{µ-(SLi)2}]103 to afford a diiron model complex [Fe2(CO)6{µ-(SCH2)2(Ph)P=O}] (9) (Scheme 4).92 The latter features a P=O functionality that is oriented toward one iron atom and provides a potential site 
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for protonation (vide infra) as in the case of the amine functionality as shown in Scheme 4. Moreover, complex 9 undergoes an overall two-electron reduction due to potential inversion of the two individual one-electron processes. 

 Scheme 4. Synthetic pathway and protonation process of [Fe2(CO)6{µ-(SCH2)2(Ph)P=O}] (9).92 Recently, the tendency to investigate the significant role of selenium in the biological processes becomes more attractive to researchers since the selenium element enhances the chemical reactivity of the enzymatic reactions compared with the sulfur analogues.104 Hence, the physical and chemical properties of sulfur and selenium are very similar in many respects (Table 2),105 it would be interesting to investigate the differences between the two chalcogens in the synthetic models that mimic the H-cluster.     
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Table 2. General properties of selenium and sulfur.105 Property Sulfur Selenium Electron configuration [Ne] 3s2 3p4 [Ar] 3d10 4s2 4p4 Atomic radius (pm, emp.) 100 115 Atomic radius (pm, calc.) 88 103 Covalent radius (pm, emp.) 102 116 Van der Waals radius (pm) 180 190 Ion radius (Pauling) ox. state (I)                                                              (VI)                                                              (-I)                                                              (-II) 
53 29 219 184 

66 42 232 198 Bond length (pm) of dichalcogen 205 (S-S) 232 (Se-Se) Bond length (pm) of carbon-chalcogen 180 (C-S) 196 (C-Se) Molecular volume (cm3) 15.53 16.42 
Diatomic bond energies (kJ mol-1) 425.3 (S-S) 344.3 (S-H) 332.6 (Se-Se) 314.5 (Se-H) 
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714.1 (S-C) 590.4 (Se-C) Ionization energies (kJ mol-1): 1st                                                                2nd                                                                3rd 
999.6 2252 3357 

914 2045 2973.7 Polarizability (Å3) 2.9 3.8 Pauling electronegativity 2.58 2.55 pKa 8.3 5.2 The first example of an iron carbonyl cluster bound to selenium, [Fe3Se2(CO)9], was published in 1958 by Hieber et al.53 After two years, Beck and Hieber have synthesized a selenium containing complex of the type [Fe(CO)3SeC2H5]2.54 In 2008, Peng and co-workers have investigated diselenolate-bridged [FeFe]-complexes, [Fe2(CO)6{µ-(SeCH2)2NPhR}] (R = H, Me, NO2),  as synthetic mimics of the H-cluster (Scheme 5).94 As a result, these complexes exhibited the same reduction potentials but enhanced reactivity as proton reduction catalysts compared with the corresponding sulfur analogue.  Within the same year, Weigand and co-workers have also described the synthesis and characterization study of sugar-based diselenolate diiron complex mimicking the active-site of [FeFe]-hydrogenase (Figure 7).106 The presence of selenium offers higher activity toward molecular hydrogen production in comparison with the sulfur analogue despite being reduced at more negative potential. Moreover, the selenium containing complex showed higher stability upon deacetylation in approach toward water-soluble catalysts in comparison with sulfur analogue.106      
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 Scheme 5. Synthetic pathway of [Fe2(CO)6{µ-(SeCH2)2NPhR}] (R = H, Me, NO2) complexes.94 

 Figure 7. Sugar-Substituted diirondithiolato (left) and diselenolato analogue (right) mimics the H-cluster.106 One year later, Song and Weigand groups have described the synthesis of propanediselenolate-based [FeFe]-complexes, [Fe2(CO)6{µ-(SeCH2)2CH2}], which also offers higher activity toward molecular hydrogen production in comparison with the corresponding propanedithiolate-based [FeFe]-complexes.107, 108 Further studies approved the phenomena that the replacement of the sulfur atoms of diiron dithiolato models by selenium atoms are often  showed higher activity toward molecular hydrogen production despite being reduced at more negative potential than the corresponding sulfur analogues.88, 93, 95, 109 Presently, Happe, and co-workers incorporated the synthetic [4Fe4Se]-cluster containing the [2Fe2S] sub-cluster into the enzyme (Figure 8).110  
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 Figure 8. Synthetic model of the selenium-substituted cubane cluster [4Fe4Se]. *Location of catalytic turnover.110 As a result of this investigation, they found that the [4Fe4Se]-cluster revealed more positive reduction potentials compared with those of their [4Fe4S]-counterparts. In the light of the above-mentioned considerations, it can be concluded that the replacement of sulfur atoms by more electropositive selenium atoms of the diiron complexes results in an enhancement of the catalytic activity of them. This could be explained in terms of increasing the electron density at the iron cores and faster electron transfer in such complexes that contain [2Fe2Se] instead of [2Fe2S] cores.109 However, the investigation of the influence of substituting selenium instead of sulfur in the synthetic H-cluster mimics is still an interesting subject for the researchers. Another strategy for designing the synthetic H-cluster mimics has been developed by inclusion of a suitably substituted aromatic dithiolate ligands in lieu of the aliphatic one regardless that the resulting diiron complexes do not resemble the enzyme active-site in structure (Figure 9).111 Indeed, the significant role of these model complexes lies in several points as follows:112-121 (i) The rigidity of its backbone enhances the stability of the reduced species. 
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(ii) Useful for mechanistic investigation of the catalytic cycle since its electrochemistry is generally well behaved with reversible waves in the cyclic voltammograms. (iii) The reduction potential of the complex can be adjusted through suitable chemical modification of its backbone, for example the addition of electron-withdrawing substituents can shift the reduction potential of the complex to less negative values.  There is no doubt about the nature of two-electron transfer for diiron mimics.122-125 for those who have a transfer of two-electrons, the process falls, in theory, into three pathways as illustrated in Equations 1-3:117 

 It has been reported that the synthetic models having 1,2-benzenedithioalto bridges and its derivatives (Figure 9, first set) are preferably reduced by two electrons in a single step (ECE) unlike the aliphatic dithiolato bridging ligands.101, 126-129 On the other hand, the incorporation of a naphthalene-1,8-dithiolato ligand into the synthetic models of [FeFe]-hydrogenase enhanced the stability of the reduced species to proceed via two sequential reversible one-electron steps (EE).112, 116, 117, 119 Moreover, the introduction of electron-withdrawing groups at the naphthalene skeleton shifts the first reduction peak to less negative potential as well as stabilizes the mono-anionic species in 
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comparison with the aliphatic analogue, [Fe2(CO)6{µ-(SCH2)2CH2}], as evidenced by the Ipa/Ipc ratios in their cyclic voltammograms.117, 119, 130 Based on that, the Wasielewski group and others have modified the naphthalene skeleton by introducing an imide group into its backbone.118, 130 As a result, they found that the presence of the imide functionality provides additional stability to the monoanionic species due to its strong electron-withdrawing effect and thus serves as a suitable site for the attachment of an additional chromophore (Figure 10).            

 Figure 9. Examples of the reported aromatic dithiolate bridged complexes.111   
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 Figure 10. Schematic representation of the light-driven production of hydrogen by diiron complex.130 3.3.2.1.2 The Tetranuclear Models (Macrocyclic Complexes) Recent efforts have been focused on synthesizing macrocyclic complexes that contain two [Fe2X2(CO)6] (X = S, Se) cores with butterfly structure connected by different linkers leading to systems with two catalytic active centers close to each other. Those macrocyclic complexes might have some applications in numerous field, such as catalysis and molecular recognition.131-134  The first example of such complexes that have asymmetrical linkers was reported by Song and co-workers in 2002.135 However, such a coordination mode is rare and only few examples have been reported in the literature (Figure 11).75, 81, 134, 136-142 Indeed, all these macrocyclic complexes are formed only when the linkers contain more than three atoms between the two sulfur/selenium atoms (-X-CH2-(E)n-CH2-X-, n > 1) (X = S, Se) and hence the size of these complexes depends on the length of the chain linkers. For example, Chiang and co-workers had reported an 18-membered macrocyclic complex 10 (Figure 11) in which their  
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 Figure 11. Examples of reported macrocyclic complexes.81, 134, 137, 141, 142   results infer that the lone pairs at the nitrogen atoms are oriented toward the apical CO ligand in each [Fe2S2] unit. Moreover, they found that the N∙∙∙∙CȋCOap) distances arisen from this intramolecular interaction are measured to be 3.497 Å (for R = nPr) and 4.011 Å (for R = iPr) like the analogue complex 11 (3.182 Å) which contains oxygen atoms instead of nitrogen atoms.137 This particular structural feature causes a shift in the frequencies of the CO bands to lower energy.134 Therefore, the presence of the nitrogen atom in the linker of complex 10 could consider as a stabilizing factor in the thermodynamic aspect. Song and co-workers could synthesize a 24-membred macrocyclic complex 12, which is considered as the first crystallographically characterized cyclic double-butterfly [Fe2S2] units.141 Additionally, Weigand group could also synthesize a 16-memebered macrocyclic 
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complex (14) that has a hydroxy group, which may provide the possibility of forming H-bond.81  Later, Weigand group had succeeded in synthesizing 16-, 18- and 20-memebered macrocyclic complexes (13 as a general structural formula) having two [2Fe2Se] cores with butterfly structures connected by different alkyl chain linkers.142 Notably, the molecular structures of these macrocyclic complexes show that for each [Fe2S2(CO)6] unit there is an axial (a) and equatorial (e) CH2 substituent. Moreover, the 1H NMR spectra of such complexes show two singlets for the non-equivalent CH2 groups at room temperature.134, 136, 137, 140          3.3.2.2 [2Fe3S] Model Complexes As shown in section 3.2, the active center of the enzyme consists of a diiron center with disulfur bridgehead, in which one of these iron atoms (Fep, proximal) is additionally sulfur-ligated by a cysteinyl ligand bridged to a [4Fe4S] cluster to possess an unprecedented [2Fe3S] sub-site. Therefore, the synthetic chemists are interested to design model complexes that mimic the [2Fe3S] sub-site of the H-cluster. To the best of my knowledge, such model complexes are rare and only five working groups, Pickett,143-146 Rauchfuss,147 Song,148 Chen149 and Weigand86, 150 have reported a model complexes that possess the [2Fe3S] sub-site (Figure 12).    
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 Figure 12. Reported [2Fe3S] sub-site models of Pickett (15 and 16), Rauchfuss (17), Song (18), Chen (19-22) and Weigand (23). In fact, Pickett and co-workers are the first group that reported a synthetic [2Fe3S] model (Figure 12, 15 and 16) through the reaction of dithiolate thioether with Fe3(CO)12 in boiling toluene as shown in Scheme 6.143 Firstly, the tripodal thiolate are readily coupled with dimethyl disulfide with the formation of a stable five-membered ring compound. Secondly, the reaction with methyl iodide gives the thioether derivatives, and subsequent reductive cleavage of the disulfide bond gives the backbone functionalized propanedithiol pro-ligands. The latter reacts with Fe3(CO)12 to afford the [2Fe3S] models, 15 and 16, which were characterized by X-ray crystallography.    
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 Scheme 6. Synthetic pathways of complexes 15 and 16.143  In the same year, Rauchfuss and co-workers also reported another [2Fe3S] model that is closed to Pickett ones, in which the thioether ligand constitutes the third leg of the sulfur bridge (Figure 12, 17). As illustrated in Scheme 7, Rauchfuss model was obtained by decarbonylation of complex 24 with Me3NO and then the thioether coordinates to the iron atom to afford the target [2Fe3S] model (17), in which its molecular structure presents that the thioether is coordinated to one iron atom.147          



 

Page | 37   

 Scheme 7. Synthetic pathway of Rauchfuss model (17).147  This was followed by the work of Song and Chen, in which they reported another [2Fe3S] models by treatment of an acetonitrile solution of complexes 25 and 26, respectively, with Me3NO resulted in oxidative abstraction of CO (decarbonylation) to yield the in situ acetonitrile complexes. Subsequent addition of L (L = CpFe(CO)2(SPh), Song and L = SEt2, SEt(CH2CH2Cl), SEtPh, SO(CH2CH2CH3)2 and SOMe2, Chen) afforded the [2Fe3S] models (Scheme 8).148, 149  

 Scheme 8. Synthetic pathways of Song (18) and Chen (19-22) models.148, 149  On the other hand, Weigand and co-workers could synthesize [2Fe3S] model from the reaction of 1,2,6-trithionane with three equivalent Fe2(CO)9 in boiling THF followed by subsequent column chromatography as shown in Scheme 9.86 It can be noticed from Scheme 9 that the sulfur atom located in 6-position acts as an additional sulfur donor by intramolecular substitution of one CO ligand. 
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 Scheme 9. Synthetic pathway of Weigand model (23).86 Among these synthetic [2Fe3S] models (Figure 12), only the reactivity of 15 and 16  have been investigated in detail.143-146 The mechanism of cyanation of complexes 15 and 16 to give mono- and dicyanide-substituted products has been proposed as illustrated in Scheme 10.145, 146 This mechanism was determined by stopped-flow FTIR mechanistic study, which revealed that the first step is a concerted process involving fast regioselective attack by cyanide and decoordination of the thioether ligand to afford 27 as intermediate. The latter undergoes slower re-binding of the thioether with concerted dissociation of CO ligand to afford 28, in which its molecular structure was determined by X-ray crystallography. Consequence addition of two or more equivalents of cyanide ligand afforded 29 as moderately stable intermediates, which rearranges slowly at room temperature affording the thermally stable products 30 with all CO ligands in terminal position. In total, Scheme 10 illustrates the role of bridging carbonyls in the assembly of the dicyanide species, how on-off sulfur ligation can have a dramatic effect on cyanation kinetics and how the [2Fe3S] core stabilizes bridging carbonyl species. Moreover, 29 remains up till the date of this thesis the first and only example of sub-site structure that possesses a bridging carbonyl associated with terminal CO and CN ligands, which makes it the closest analogues of the CO-inhibited from the H-cluster as shown in Figure 13.                 
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 Scheme 10. Suggested mechanism of cyanation of Pickett models.145, 146 

 Figure 13. (a) Hox-CO state (CO inhibited) of the H-cluster. (b) 29 intermediate of Pickett model. 
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It is worth pointing out that Weigand and co-workers have made an experiment to corroborate the mechanism suggested by Pickett for the cyanation reaction of his models, in which they studied the substitution reaction of 23 (Figure 12) using P(OMe)3 to give complex 32 (Scheme 11) as a result of the on-off coordination of a thioether ligand bound at the iron atom.150 Additionally, they also could isolate and characterize an intermediate (31) analogous to 27 as shown in Scheme 11.     

 Scheme 11. The pathway of substitution of CO by P(OMe)3 in Weigand model.150 Scheme 11 illustrates that complex W reacts with one equivalent P(OMe)3 at room temperature to produce firstly the kinetically controlled product 31, which then undergoes intramolecular substitution of CO by the pendent thioether to afford complex 32, the thermodynamically controlled product, upon standing at room temperature for 90 min. On the other hand, performing the reaction under reflux condition produces exclusively complex 32. The kinetically controlled 
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product 31 was isolated and characterized by spectroscopic techniques and X-ray crystallography. Such a result elucidates the role of the on-off coordination mode of the pendant thioether group in Weigand model.  3.4 Protonation of Hexacarbonyl Complexes One of the most important structural features of the synthetic H-cluster mimics is the existence of an internal basic site that could be protonated in the presence of a Brønsted acid which is a crucial step in the catalytic cycle.151-154 Generally, protonation of the bimetallic hexacarbonyl complexes [Fe2(CO)6{µ-(SCH2)2E}] may take place at different sites (Figure 14) based on the strength and amount of the acid added.  

 Figure 14. Possible sites for protonation in [Fe2(CO)6{µ-(SCH2)2E}] complexes.  Protonation at the bridgehead position. The reported literatures regarding the protonation at the bridgehead atom/group in the hexacarbonyl complexes, [Fe2(CO)6{µ-(SCH2)2E}], are only observed in the case of E = NR or PhP=O using strong acids such as HBF4∙Et2O, HOTf and HClO4.66, 76, 92, 155-157 Such a behavior displays some typical changes in IR and 1H NMR spectra as well as in the structure as compared to their original complexes. The groups of Rauchfuss and Lomoth could protonate their complexes 33 and 34, respectively, (Scheme 12) in the 
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presences of proton acids (HOTf and HClO4) and the resulting N-protonated complexes 33H+ and 34H+ were characterized in situ by IR and NMR spectroscopy.66, 155 As a result, the carbonyl frequencies are shifted ~15 cm-1 to higher energy compared to the parent models. The observed shift indicates that the protonation process occurred at the nitrogen atom and not at other sites, such as, the Fe-Fe bond.158       

 Scheme 12. Reaction Scheme for the protonation process involving complexes 33 and 34.66, 155 Later, Sun had modified complex 34 by introducing an ortho-bromobenzyl group to the bridged-N atom (35, Scheme 13), and hence enhanced the stabilization of the N-protonated complex (35H+) due to the intramolecular N-H…Br interaction (3.334(7) Å), which makes it easier to be isolated and determined by X-ray crystallography compared to those of Racuhfuss and Lomoth.76 By comparing the molecular structures of both complexes 35 and 35H+, one can notice that the ortho-bromobenzyl group in complex 35 is bounded to the nitrogen atom in the axial position while in the N-protonated complex (35H+) it 
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takes place in the equatorial position and the proton occupied the axial position toward the iron site.76    

 Scheme 13. Reaction Scheme for the protonation process involving complex 35.76 The same group also reported that the introduction of an electron-rich five-membered heterocycle (furan and thiophene) at the nitrogen atom in the bridgehead enhances the protonation process and gives the N-protonated complexes as shown in Figure 15.157 Moreover, the presence of the heterocycle make these complexes easier to be reduced at less negative potential in comparison with this of 35. This can be explained due to the presence of the methylene group near to the heterocycle, which could enhance the electron density in the π system by donating electrons through hyperconjugation and slightly decrease the electron density at the iron cores through the three atoms (N, C, S). 

 Figure 15. The N-protonated complexes of Sun models after protonation.157 As mentioned in section 3.3.2, Almazahreh et. al. has succeeded in synthesizing a model complex (9, Scheme 4) features a P=O functionality, which provides a 
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CO ligands in hexacarbonyl complexes with stronger σ-donor ligands, such as PMe3 and Ph2P-(CH2)3-PPh2 could enhance the basicity of the µ-S atoms, which makes it more susceptible for protonation.160-164 Protonation at the iron vector. In general, protonation at the Fe-Fe bond yields either the bridging hydride Fe-H-Fe (µ-H) fashion or the terminal hydride H-Fe-Fe (t-H) fashion based on the applied conditions as well as the environment around the iron cores. The formation of the hydride species (µ-H or t-H) in the diiron dithiolate complexes may display some typical changes in 1H and IR spectra as well as in the molecular structure in comparison with the parent complexes as follows:161  
• Large blue-shifts (ca. 50-70 cm-1) of the ν(CO) bands due to the weaker back-bonding of the iron atoms. 
• The appearance of a signal in the region of δ 0 to -20 in the 1H NMR spectrum. 
• The elongation of the Fe-Fe distance in the molecular structure of the protonated complex.  Indeed, protonation of the diiron dithiolato hexacarbonyl complexes at the Fe-Fe vector cannot be accomplished by acids weaker than or similar to HBF4∙Et2O with the exception of the methods developed by Heinekey, Chiang and their co-workers to protonate [Fe2(CO)6{µ-(xdt)}] (xdt = pdt, edt and bdt) complexes using either HCl gas or arenium ions  in the presence of [[SiEt3](B(C6F5)4)] to generate super-strong Brønsted acids that are used to activate the Fe-Fe bond (Scheme 15).165-167 The resulting FTIR spectra showed a shift ( ca. 60 cm-1 for pdt and ca. 78 cm-1 for edt and bdt) in the carbonyl region to higher energy in comparison to those of the parent complexes suggesting the formation of the µ-H with two FeII centers (Fe-H-Fe). This is supported by the appearance of signals in the high-field 1H NMR at δ -15.9, -17.39 and -13.44 for pdt, edt and bdt, respectively, which is assigned to the µ-H. Moreover, the molecular structures of the protonated complexes confirmed the formation of the µ-H and the Fe-Fe bond distances were slightly elongated in comparison with those in the parent complexes as illustrated in Table 3.59, 167-169  
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In contrast to the hexacarbonyl complexes, the iron atoms of the dithiolato complexes containing stronger σ-donor ligands, such as CN-, PMe3, N-heterocyclic carbenes (NHC) are basic enough to be protonated in the presence of appropriate acids to afford thermodynamically stable (FeIIFeII) complexes featuring a µ-H.160, 170-172 Moreover, it has been found that the doubly reduced species of the hexacarbonyl model complexes are also basic enough to be protonated even with weak acid, such as carboxylic acids and phenols.101, 173-175   

 Scheme 15. Reaction Scheme for the protonation process involving [Fe2(CO)6{µ-(xdt)}] (xdt = pdt, edt and bdt) model complexes.167 Table 3. Fe-Fe bond distances of [Fe2(CO)6{µ-(xdt)}] (xdt = pdt, edt and bdt) model complexes and their protonated analogues. Property Pdt59,167 Edt167,169 Bdt167,168 Fe—Fe bond (Å) 2.5105(9) 2.505(1) 2.480(2) µ-H—Fe—Fe bond (Å) 2.5641(10) 2.5477(7) 2.5438(7)  
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3.5 Motivation The synthetic diiron(I) dithiolato carbonyl complexes mentioned in the preceding sections were found to be electrocatalytically active for proton reduction to H2 in the presence of different Brønsted acids.122, 129 However, these model complexes are still having large overpotentials, low efficiency and poor stability. Therefore, synthetic chemists are still trying to overcome these weaknesses in synthetic models. As mentioned in in section 3.3.2, the introduction of a silicon atom in the dithiolato linker of [FeFe]-hydrogenase model complexes increased the basicity of the sulfur atoms by a σȋSi-CȌ→͵p(S) filled-filled interaction as well as  reduced the overpotentials of proton reduction. Therefore, it is worthy to investigate the molecular structures and electronic structures of complexes that contain the heavier group 14 atoms (Ge and Sn) at the central atom in the dithiolato linker as shown below. 
 There is no doubt that the existence of an internal basic sites in the synthetic H-cluster mimics that could be protonated in the presence of Brønsted acid, which is a crucial step in the catalytic cycle. Up to date, it was possible to protonate only the bridgehead atom/group in [Fe2(CO)6{µ-(SCH2)2E}] (E = NR or PhP=O) complexes. Additionally, protonation studies of diiron diselenolato hexacarbonyl complexes in acidic medium have not been previously reported. Thus, it is significant to investigate diiron diselenolato hexacarbonyl complexes toward protonation in the presence of Brønsted acids as shown below.  
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The Wasielewski group and others have modified the naphthalene skeleton by introducing an imide group into its backbone. They found that the imide functionality provides additional stability to the mono-anionic species due to its strong electron-withdrawing effect and serves as a suitable site for the attachment of an additional chromophore.118, 130 It is worthy to modify such model complexes by incorporating electron-withdrawing substituents, such as Br, in the ortho-position to the µ-S atoms as well as the replacement of the µ-S atoms by Se atoms to investigate their roles in the redox properties as shown below. 

  As illustrated in the preceding sections, numerous complexes featuring [2Fe2S] core with the general formula [Fe2(CO)6{µ-(SCH2)2E}] have been synthesized and tested as electrocatalyst to better understand the structure-function relationships of the H-cluster. In contrast, very few models mimicking the [2Fe3S] sub-site of the H-cluster have been studied in the absence and presence of acids. Such a study may provide better information to understand the role of the on-off coordination mode of the pendant thioether group. This thesis will describe different derivatization strategies of various [FeFe]-hydrogenase model complexes as follows: (i) Project 1. The synthesis of model complexes with µ-(SCH2)2ER2 linkers, where the central atom E is Ge or Sn. (ii) Project 2. Studying the influence of the presence of µ-Se instead of the µ-S atoms in [Fe2(CO)6{µ-(SCH2)2E}] (E = CH2, CMe2 and SnMe2) towards protonation process using different acids. (iii) Project 3. The synthesis of a new tetranuclear macrocyclic [FeFe]-hydrogenase H-cluster model.  
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(iv) Project 4. The synthesis of models containing naphthalene monoimide (NMI) of peri-substituted dichalcogenides as bridging linkers. (v) Project 5. A systematic study of [FeFe]-hydrogenase H-cluster mimics with various -S(CH2)nS- linker lengths (n = 2-8). (vi) Project 6. The electrochemical behaviour of [FeFe]-hydrogenase mimics featuring [2Fe3S] cores, namely [Fe2(CO)5{TBPT}] and [Fe2(CO)4(P(OMe)3){TBPT}] was investigated in the absence and presence of acetic acid, AcOH. (vii) As a side project of my work, Project 7 describes the synthesis, characterization and electrochemical investigation of heterocyclic-selenocarboxylate iron complexes.               
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Abstract: Analogues of the [2Fe-2S] subcluster of hydroge-

nase enzymes in which the central group of the three-atom

chain linker between the sulfur atoms is replaced by GeR2

and SnR2 groups are studied. The six-membered FeSCECS

rings in these complexes (E=Ge or Sn) adopt an unusual

conformation with nearly co-planar SCECS atoms perpendic-

ular to the Fe-Fe core. Computational modelling traces this

result to the steric interaction of the Me groups with the

axial carbonyls of the Fe2(CO)6 cluster and low torsional

strain for GeMe2 and SnMe2 moieties owing to the long C@

Ge and C@Sn bonds. Gas-phase photoelectron spectroscopy

of these complexes shows a shift of ionization potentials to

lower energies with substantial sulfur orbital character and,

as supported by the computations, an increase in sulfur

character in the predominantly metal–metal bonding

HOMO. Cyclic voltammetry reveals that the complexes

follow an ECE-type reduction mechanism (E=electron trans-

fer and C=chemical process) in the absence of acid and cat-

alysis of proton reduction in the presence of acid. Two cyclic

tetranuclear complexes featuring the sulfur atoms of two

Fe2S2(CO)6 cores bridged by CH2SnR2CH2, R=Me, Ph, linkers

were also obtained and characterized.

Introduction

The active H-cluster site of [FeFe]-hydrogenases (Figure 1) con-

tains a [2Fe-2S] subcluster with a semi-bridging carbonyl

ligand between the iron centers.[1] This semi-bridging orienta-

tion of the carbonyl ligand is thought to be important because

it opens an axial site on the iron atom that is distal to the

[4Fe-4S] cubane subcluster for protonation of the iron center.

DFT studies have proposed that protonation of the azadithio-

late linker m-(SCH2)2NH at the NH[1, 2] group or protonation of

the m-S atoms[3] provides low energy kinetic pathways for pro-

tonation of the axial site and dihydrogen formation, which

occurs with the enzyme at a midpoint potential of @0.42 V (vs.

normal hydrogen electrode (NHE))[4] at pH 8.0, which is close

to the thermodynamic potential. Proton relay to the vacant

axial iron site through agostic or hydrido-proton interactions

from the azadithiolate linker to the iron is thought to be re-

sponsible for the high efficiency of catalytic hydrogen release

by the H-cluster (ca. 104 turnovers s@1).[1, 2, 5]

Models for the active site [2Fe-2S] subcluster have been ex-

tensively studied.[6] Although mixed valence analogues with

a semi-bridging carbonyl and rotated structure have been re-

ported,[7] the FeIFeI models typically do not exhibit these essen-

Figure 1. The active H-cluster site of a [FeFe]-hydrogenase.[1]
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tial features. However, three complexes with these features

have been reported.[8] To adopt these features up to three re-

quirements were necessary: 1) bulkiness of the dithiolato

bridge, 2) desymmetrization of the diiron system, and 3) agos-

tic interaction in two cases. Bulkiness in the dithiolato bridge

was previously proposed to favor these geometric changes on

the basis of computations[9] and, owing to steric interactions

between a methyl group and an apical CO in Fe2(CO)6{(m-

SCH2)2CMe2}, the Fe(CO)3 moiety is twisted.[10] It should be

noted that the CH2CMe2CH2 bridge adopts a bent geometry

such that the FeS2(CH2)2CMe2 ring may be described as a chair

conformation with respect to one Fe and a boat conformation

with respect to the other Fe. Furthermore, this chair/boat con-

formation undergoes ring inversion in analogy with cyclohex-

ane. Even in [2Fe-2S] models with all terminal CO ligands

acting as electrocatalysts for H2 production from weak acids,

the core reorganization may play a critical role. For example,

potential inversion, in which the first 1e@ reduction potential is

more negative than second 1e@ reduction potential, occurs if

there is an intervening reorganization.[11]

The synthetic models related to the structure of the H-clus-

ter may be divided into two categories : 1) bioinspired models

with azadithiolato linkers,[12] and 2) artificial models with abio-

logical linkers m-(XCH2)2Y in which the central atom/group Y is

CR2,
[3d,12o,13] O,[13d,14] S,[15] Se,[16] SiR2,

[3e,17] or Ph-P=O[18] and X

could be S,[12–18] Se,[19] Te,[19c,d] or PR.[20] The use of these abio-

logical linkers may provide valuable information and answers

to basic questions concerning the role of the dithiolato bridge

as well as the effect of the unusual Y on the structural and

functional properties of such artificial H-cluster mimics. For ex-

ample, Goy et al. recently reported a model with an especially

bulky Si-containing moiety, namely Fe2(CO)5(PPh3){(m-

SCH2)2Si(1-silafluorene)}.
[3e] In this case, protonation of the

sulfur atoms by triflic acid is favored by the interplay of the

presence of the Si atom, the steric bulkiness of the Si-contain-

ing moiety, and the presence of one s-donor PPh3 ligand at

the diiron core. Previous suggestions of the relevance and ob-

servation of protonation at sulfur have been made.[3] In addi-

tion, we have previously shown that the electron-richness of

thioether moieties, as judged by the ionization energies deter-

mined by photoelectron studies on Fe2(CO)6{(m-SCH2)2SnR2}

complexes[21] and other compounds with SCSn groups,[22] is

dramatically increased by a C@Sn bond owing to a geometry-

dependent s(Sn-C)$3p(m-S) filled–filled interaction.

We report in the present paper the synthesis of models with

m-(SCH2)2ER2 linkers, where the central atom E is Ge or Sn.

Here, the steric hindrance can be varied by judicious choice of

R. We now study in a systematic manner the molecular struc-

tures and electronic structures of the series of complexes de-

picted in Scheme 1, where complexes 1 (R=H or Me)[10b,13c]

and 2 (R=Me)[17] have been reported previously.

This series provides insight into the effect of Ge and Sn on

the molecular structure of the FeIFeI complexes and their reor-

ganization energies on forming formal FeIFeII ions, as well as

the effect of the C@Ge and C@Sn bonds on the electron-rich-

ness of the adjacent S atoms. Within the series in Scheme 1,

only the models 3 and 4 reveal a unique planarity when R=

Me, which is contrary to all of the previously reported models

that show the usual chair/boat conformation of the two fused

FeS2C2E rings. We herein illuminate the origin of the planarity

and its impact on the electron-richness of the S atoms. Fur-

thermore, we report the effect of germanylation and stannyla-

tion on the redox properties and describe the electrocatalytic

behavior of these complexes toward reduction of protons

from moderate and strong acids.

Results and Discussion

Synthesis and characterization of R2Sn(CH2I)2

The compound Ph2Sn(CH2I)2 was synthesized by following

a similar procedure applied for Me2Sn(CH2I)2.
[23] The reaction of

Ph2SnCl2 with two equivalents of in situ generated IZnCH2I af-

forded Ph2Sn(CH2I)2 in approximately 48% yield after purifica-

tion by column chromatography as a colorless liquid

(Scheme 2).

The compound Ph2Sn(CH2I)2 was characterized by 1H and
13C{1H} NMR spectroscopy and mass spectrometry. Its 1H NMR

spectrum (CDCl3, 400.08 MHz) exhibits a singlet at 2.41 ppm

with Sn satellites (2J{117Sn,1H}=20.9 Hz and 2J{119Sn,1H}=

41.8 Hz) for the CH2 hydrogen atoms. The hydrogen atoms at

the meta and para positions of the Ph groups show a multiplet

in the region of 7.38–7.43 ppm and the hydrogen atoms locat-

ed at the ortho position resonate in the region of 7.55–

7.60 ppm. The 13C{1H} NMR spectrum shows a singlet at

@10.53 ppm resulting from the CH2 carbon atoms. The Ph

groups show multiplets at 126.0–128.8 (meta and para C

atoms), 136.85 ppm (ortho C atoms), and 139.31 ppm (ipso C

atoms) in the 13C{1H} NMR spectrum. In addition, the DEI-MS

spectrum shows peaks at m/z 479 [PhSn(CH2I)2]
+ , 415

[Ph2SnCH2I]
+ , 351 [PhSn(CH2I)(CH2)]

+ , and 273 [Ph2Sn]
+ .

Scheme 1. A series of [FeFe]-hydrogenase mimics containing group IV ele-

ments with increasing size of the bridgehead atoms in the dithiolate linker.

The drawings do not depict the variations in the geometries of the linkages

and the Fe2(CO)6 portions of the structures that are revealed in this study.

Scheme 2. Synthesis of Ph2Sn(CH2I)2.
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Synthesis and characterization of the iron complexes

The reaction of in situ generated (m-LiS)2Fe2(CO)6 with one

equivalent of R2Sn(CH2I)2 afforded Fe2(CO)6{(m-SCH2)2SnR2} (R=

Me, 4a, 25% yield and Ph, 4b, 18%) as air-stable red solids as

well as unexpected tetranuclear products [Fe2(CO)6{(m-

SCH2)2SnR2}]2 (R=Me, 5a, 9% yield, and R=Ph, 5b, traces) as

air-stable orange solids (Scheme 3). On the other hand, we

were able to isolate only Fe2(CO)6{(m-SCH2)2GeMe2} (3) in 15%

yield from the reaction of (m-LiS)2Fe2(CO)6 with one equivalent

of Me2Ge(CH2Cl)2, but not a tetranuclear product. Complexes 3,

4a, 4b, and 5a were characterized by means of 1H,
13C{1H} NMR and IR spectroscopic techniques as well as mass

spectrometry, elemental analysis, and X-ray crystallography. Be-

cause of the very low yield of 5b, we were only able to charac-

terize it by X-ray crystallography.

The dinuclear complex 3

The ESI-MS spectrum of 3 shows the parent ion peak at m/z

476 [M]+ as well as the consecutive loss of CO ligands at m/z

448 [M@CO]+ , 420 [M@2CO]+ , 392 [M@3CO]+ , 364 [M@4CO]+

, 334 [M@5CO]+ , and 308 [M@6CO]+ . The IR spectrum (CH2Cl2
solution) of 3 displays four absorption bands at u(CO)=1990

(s), 1998 (s), 2032 (vs.), and 2071 cm@1 (s) for terminal CO li-

gands. The 13C{1H} NMR spectrum of 3 exhibits singlets at 0.13,

6.5, and 207.95 ppm for the CH3, CH2, and CO carbon atoms,

respectively. In the 1H NMR spectrum, two singlets are ob-

served at 0.26 and 1.66 ppm owing to the CH3 and CH2 pro-

tons, respectively.

The dinuclear complexes 4a and 4b

The DEI-MS spectra of 4a and 4b show parent ion peaks at m/

z 520 [M]+ and 646 [M]+ , respectively, as well as the consecu-

tive loss of the CO ligands. The IR spectrum (CH2Cl2 solution)

of 4a displays four vibration bands at u(CO)=1989 (s), 1997

(s), 2032 (vs.), and 2070 cm@1 (s) whereas three u(CO) bands

are observed at 1989 (vs.), 2033 (vs.) and 2066 cm@1 (s) in the

case of 4b. The u(CO) wavenumbers (CH2Cl2 solution) slightly

shift to smaller values on going from 1 (R=Me; 1990 (s), 2000

(s), 2032 (vs.), 2073 cm@1 (s)), 2 (R=Me; 1990 (s),1998 (s), 2032

(vs.), 2072 cm@1 (s)), and 3 to 4a. The 13C{1H} NMR spectrum of

4a shows singlets at @7.1, 1.6, and 207.0 ppm for the CH3, CH2,

and CO carbon atoms, respectively, whereas that of 4b exhibits

a singlet at 1.7 ppm for the CH2 groups as well as

peaks from the Ph substituents in the region of

128.7–130.6 ppm (meta and para C atoms) and

136.7–138.7 ppm (ipso and ortho C atoms). The CO li-

gands of 4b resonate at 208.6 and 209.1 ppm, which

is in contrast to the 13C{1H} NMR spectrum of 4a,

which shows only one signal from the CO ligands.

The 1H NMR spectra of 4a and 4b exhibit a singlet at

1.79 ppm (4a) and 2.27 ppm (4b), respectively, for

the CH2 protons. Complex 4a shows a singlet at

0.25 ppm resulting from the CH3 protons in the
1H NMR spectrum, whereas the spectrum of complex

4b displays a multiplet in the region of 7.35–

7.70 ppm, attributed to the Ph protons.

The tetranuclear complex 5a

The FAB-MS spectrum of 5a shows a parent ion peak

at m/z 1041 [M]+ and the consecutive loss of six CO

ligands. The IR spectrum exhibits absorption bands

at 1991, 2031, and 2071 cm@1 for terminal CO ligands. The
13C{1H} NMR spectrum displays peaks at @8.1 (CH3), 1.1 (CH2),

and 209.0 ppm (CO). An apparent singlet at 2.00 ppm was ob-

served at room temperature in the 1H NMR spectrum for all of

the CH2 hydrogen atoms in the macrocycle and another singlet

at 0.36 ppm from the CH3 groups.

The dinuclear models

Molecular structures

As can be seen from Figure 2, each iron core of 3, 4a, and 4b

can be best described as a distorted octahedron in which the

central atom is Fe surrounded by three terminal CO ligands in

facial fashion as well as two S atoms that bridge both iron

atoms. The bicyclic [2Fe-2S] structure in these complexes re-

veals a butterfly conformation. The bridgehead E atoms of the

linker m-(SCH2)2ER2 (ER2=GeMe2, SnMe2, SnPh2) of the com-

plexes is surrounded by atoms in distorted tetrahedral fashion.

The average E@C@S bond angles (122.42(13)8 (3), 121.96(15)8

(4a), and 119.7(2)8 (4b)) deviate significantly from the ideal tet-

rahedral angle as was observed in various Fe2(CO)6{(m-

SCH2)2SiR2} models, 118.22(12)–122.05(13)8.[17] The Fe@Fe bond

lengths in 3 (2.5128(4) a), 4a (2.5249(5) a), and 4b

(2.5158(7) a) are slightly shorter than those of the H-cluster,

2.55–2.62 a,[2,24] but are comparable to those in complexes

with the m-(SCH2)2SiR2 linker (ca. 2.518 a).[17] The average Fe@

CO bond lengths are 1.800(2), 1.802(3), and 1.798(4) a in 3, 4a,

and 4b, respectively. The average Fe@S bond lengths

(2.2535(6) a (3), 2.2561(8) a (4a), and 2.2582(10) a (4b))

Scheme 3. Syntheses of complexes 3–5b.
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are comparable to those in Fe2(CO)6{(m-SCH2)2SiMe2}

(2.2582(6) a).[17]

Geometry of the dithiolato linker

All of the previously reported [FeFe]-hydrogenase models

adopt a chair/boat conformation (Figure 3) of the two fused

six-membered FeSCECS rings in the solid state as well as in so-

lution and many complexes such as 1, R=H or Me, undergo

FeSCECS ring inversion[10b] with the E atom exchanging places

on either side of the molecule. The flap angle (a) formed from

the intersection between the C2E and S2C2 planes, as shown in

Figure 3, lies within the range 1188>a>1608 in various

[FeFe]-hydrogenase models. Only one complex, namely

Fe2(CO)6{(m-SCH2)2Si(1-silafluorene)},
[3e] has a large angle a=

1718. In the planar conformation, a=1808 and the -SCECS-

moiety is planar. Table 1 lists the flap angles a for the homolo-

gous series with CMe2, SiMe2, GeMe2, and SnMe2 in the bridge

as well as angles related to the Fe(CO)3 distortion and twisting.

Remarkably, the -SCECS- moiety is nearly planar for E=Ge and

Sn. That is, the flap angles a deviate by only 4.88 (E=Ge) and

6.48 (E=Sn) from planarity. In addition, their solution NMR

spectra show equivalent Me groups for E=Ge and Sn. This

may result from a planar structure or rapid equilibration (ring

inversion) of nonplanar isomers (as observed in the room-tem-

perature 1H NMR spectrum of 1, R=Me).[10b] However, the Me

groups in 4a remain equivalent even at @90 8C.

To ascertain whether the variations in these structures are

solid-state effects or inherent to the molecules, the gas-phase

structures were computed and are compared in Table 1 and

Table S1 (in the Supporting Information) for the lowest energy

conformers. When R is Me, there is a general increase in the

flap angle a for E going down the group, with an angle of

about 1358 when E=C, and it approaches nearly 1808 when

E=Ge (only in the solid-state structure), E=Sn (in both of the

solid- and gas-phase structures). The flap angle in the molecu-

lar structure for the molecule with ER2=GeMe2 seems anoma-

lous, being slightly greater than the angle for ER2=SnMe2, but

examination of the crystal packing suggests that intermolecu-

lar interactions are influencing this angle in the solid state. This

suggestion is supported by computation of the distortion en-

ergies. The gas-phase structures (computational) reproduce

the flap angles observed in the solid-state structures within 28

for E=C, Si, and Sn, and place the flap angle for E=Ge inter-

mediate to those for Si and Sn. The computations also account

well for the solution carbonyl stretching frequencies (Figure S1

in the Supporting Information). These results indicate that the

large flap angles for the heavier elements of group IV are an in-

herent property of the isolated molecules, but can be influ-

enced by solid-state packing forces especially for E=Ge and

Sn.

The change in the R group also has a significant influence

on the structure. When E=Sn, the flap angle a for R=Ph is

about 208 less than that for R=Me. It is noted in the solid-

state structure of 4b that one phenyl group is oriented ap-

proximately edge-on to an apical carbonyl whereas the other

is face-on to the other apical carbonyl. The computations re-

produce this orientation, but give a larger flap angle than ob-

served in the solid-state structure, and here again the crystal

packing indicates intermolecular interactions between the

phenyl rings are also at play. When E=C, the comparison for

R=H with R=Me is problematic because of disorder in the

structure with CH2 as the central bridge group. The gas-phase

structures obtained computationally give a much smaller flap

angle of 126.68 for R=H than for R=Me, which is close to the

ideal angle of 1278 for a perfectly staggered conformation of

a cyclohexane ring. Taken together, the above observations in-

dicate that steric factors play a major role in determining the

flap angle a. As a computational test for E=Sn, the R groups

Figure 2. Molecular structures (at the 50% probability level) of 3, 4a, and

4b.

Figure 3. The chair/boat and planar conformations and the definition of the

angle a.
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were changed to H atoms, and the optimum -SCSnCS- struc-

ture bent substantially from planarity (Table 1).

The steric characteristics of the ER2 groups distort the sym-

metry of the Fe2(CO)6 portion of the molecules. This is reflected

in the bending of an apical carbonyl away from the steric inter-

action with the ER2 group and a rotation of an Fe(CO)3 group

away from the mirror plane of the molecule. The Fe-Fe-C(O)

angles and (O)C-Fe-Fe-C(O) dihedral angles for the apical car-

bonyls of these molecules are listed in Table 1. The steric effect

of the ER2 group on the metal carbonyl is observed most clear-

ly in the deflection of the apical carbonyl that is proximal to

the ER2 group. As pointed out previously by Darensbourg and

co-workers,[10] there is an appreciable increase in the distortion

from ER2=CH2 to CMe2. Unfortunately, the disorder in the

solid-state structure for ER2=CH2 prevents comparison of the

deflection of the carbonyls proximal and distal to the CH2

group. However, the computations support the increasing de-

flection of the proximal carbonyl from the CH2 to the CMe2
complex. The dimethyl complexes show that the deflection of

the apical carbonyl decreases from E=C to Si to Ge to Sn,

both in the molecular structures and in the gas-phase struc-

tures from the computations.

A deeper insight into the factors that determine this trend is

obtained by imagining a split of the molecules into the dithio-

lato bridges and the Fe2(CO)6 fragments and computing the

distortion energies of each fragment, as depicted in Figure 4.

These distortion energies are thus in the absence of mutual

steric and electronic effects between the fragments. The frag-

ments are terminated by hydrogen atoms to satisfy the va-

lence. The flap angle a of the linker is varied from 1278, which

is the optimum angle of a fully staggered chair-like conforma-

tion, to 1808. Note that at a=1808, the E@C bonds of the EMe2
groups are in a fully eclipsed conformation with the C@H

bonds of the CH2 groups. For CMe2, the planar structure of the

linker with the eclipsed bonds is disfavored by 7.7 kcalmol@1,

but this value falls by more than half for each substitution

down the group (SiMe2, 2.8 kcalmol@1; GeMe2, 1.3 kcalmol@1;

SnMe2, 0.5 kcalmol@1). The dramatic decrease in this strain

energy for the planar structures is attributed primarily to the

longer E@C bonds that diminish the eclipsed non-bonded re-

pulsions.

The EMe2 groups are within van der Waals distance interac-

tions with the axial carbonyls of the Fe2(CO)6 fragment even at

Figure 4. Top: illustration of the conceptual split of the molecule into the

linker portion and the [2Fe-2S] portion for separate evaluation of the confor-

mational energies, with definition of the distortion angle a from the fully

staggered conformation (a=1278) to the planar form (a=1808) where the

C@H bonds of the CH2 groups are eclipsed with the E@C bonds of the EMe2
group, and definition of the Fe-Fe-C(O) distortion angle. Middle: distortion

energies of the linker as a function of the degree of planarity a. Bottom: dis-

tortion energy of the metal carbonyl as a function of the deflection of the

proximal carbonyl away from the linker methyl group.

Table 1. Influence of ER2 groups (E=group IV element) on the planarity of the S2C2E linker and distortion of the Fe2(CO)6 symmetry in Fe2(CO)6{(m-

SCH2)2ER2} complexes.

ER2 CH2 CMe2 SiMe2 GeMe2 SnMe2 SnPh2 SnH2

Solid-phase structures

flap angle a
[a] [8] 137.1[d] 135.7 150.0 175.2 173.6 152.5 –

Fe-Fe-C(O)[b] [8] 148.3/148.3[d]

D=NA[d]

159.9/148.1

D=11.8

152.8/144.7

D=8.1

147.4/146.4

D=1.0

146.2/145.1

D=1.1

149.5/144.4

D=5.1

–

Ca-Fe-Fe-Ca
[c] [8] 0.0[d] 6.5 0.0 7.9 5.2 7.5 –

Gas-phase structures (computational)

flap angle a [8] 126.6 137.5 148.0 159.6 172.8 161.6 141.9

Fe-Fe-CCO
[a] [8] 151.5/146.0

D=5.5

159.2/146.1

D=13.1

154.1/144.0

D=10.1

149.2/144.1

D=5.1

144.8/142.8

D=2.0

148.6/142.9

D=5.7

151.0/144.3

D=6.7

Ca-Fe-Fe-Ca
[b] [8] 0.0 0.8 2.2 0.3 0.1 0.1 0.6

[a] See Figure 3 for illustration of the flap angle a. [b] Fe-Fe-C angle for the apical carbonyl proximal to the ER2 group/Fe-Fe-C angle for the apical carbonyl

distal to the ER2 group (Figure 4), D is the difference between these angles. [c] Dihedral twist angle of the apical carbonyl carbon atoms across the Fe@Fe

bond. [d] Disorder in the crystal for the case of ER2=CH2 averages the structure to C2v symmetry, which masks any symmetry distortion.
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the planar geometries. The optimized structures in which the

linkers are constrained to be planar give distances from the hy-

drogen atoms of EMe2 atom to the axial carbonyl O atom of

2.86 a for CMe2, 2.87 a for SiMe2, 2.88 a for GeMe2, and 2.94 a

for SnMe2, whereas the van der Waals distance between these

atoms implemented in the MM3 force field[25] is 3.44 a and in

the UFF force field is 3.19 a.[26] This interaction forces a mutual

distortion of each fragment.

The bottom of Figure 4 shows the energy cost of distorting

the Fe2(CO)6 portion of the molecule as a function of the axial

Fe-Fe-C(O) angle through the maximum values obtained in the

crystal structures and computations. When EMe2 is CMe2, there

is a strong driving force toward the staggered linker conforma-

tion (a=1278) that pushes a distortion of the Fe2(CO)6 portion

of the molecule. This driving force toward the staggered con-

formation of the linker rapidly diminishes down the group of

SiMe2, GeMe2, and SnMe2. The potential energies when EMe2 is

GeMe2 and SnMe2 are very flat in the region of a=1808,

making the structures obtained from the crystal structures sus-

ceptible to packing forces as mentioned earlier.

Table 2 shows the calculated activation energies for the flap

of the EMe2 group from one side of the molecule to the other,

in which the geometry where a=1808 is the transition state.

For comparison, the case of CMe2 has a smaller energy than

the case of CH2 in agreement with previous work.[10] The E=Si,

Ge, and Sn cases have very small energies for the reasons

given above, consistent with the low-temperature NMR spec-

tra. Geometries were also optimized by using continuum solva-

tion models for the NMR solvents THF, dichloromethane, and

acetone, and these computations gave little difference in the

relative conformational energies compared with the gas-phase

computations.

The twist of the Fe(CO)3 group gives a less clear indication

of the steric interaction with the linker than the deflection of

the axial carbonyl. The gas-phase computations yield very little

twist, and both the crystal structures and the computations do

not show regular trends with increasing size of the ER2 group.

Nonetheless, the larger ER2 groups may make the Fe(CO)3
group more prone to rotation, and the rotations found in the

crystal structures may be sensitive to intermolecular interac-

tions. Table 2 includes the calculated activation energies for ro-

tation of the Fe(CO)3 groups. For the familiar case of 1, where

ER2 is CH2, the computations indicate the energy barrier for

equilibration of the CO groups between axial and basal posi-

tions is about 10 kcalmol@1, and this value compares well with

the experimental activation energy of 10.4 kcalmol@1 deter-

mined from variable-temperature NMR spectroscopy.[13c,27]

Comparison of the energy for rotation of the Fe(CO)3 group

proximal to the ER2 group of the linker with the rotation of the

Fe(CO)3 group distal to the ER2 group gives an indication of

the effect of the steric interaction of the ER2 group. The small-

est rotation energy for the proximal Fe(CO)3 group and great-

est difference from the rotation energy for the distal Fe(CO)3
group is found for ER2=CMe2. The Ge and Sn examples have

essentially no difference between the proximal and distal

Fe(CO)3 rotation energies as expected from the near-planar ge-

ometries of these linkers.

The near-planar geometries of the -SCECS- bridges in 3 and

4a are remarkable in comparison to the conformations of cy-

clohexane. The six-membered FeSCECS moiety is comparable

to the cyclohexane conformation with five co-planar atoms A

(Figure 5). Although initially calculated by molecular mechan-

ics[28] to be higher in energy than the half-chair conformation

B, subsequent calculations suggest that they are comparable

in energy[29] and provide the transition state for conversion of

the chair to twist conformation[30] of cyclohexane with

a 10.8 kcalmol@1 barrier.[31] This is comparable to the 9.9 kcal

mol@1 barrier for the similar process to A of the [2Fe-2S] com-

plex with ER2=CH2 shown in Table 2. Nevertheless, it is this

conformation that is adopted in 4a and almost in 3 as well.

Previous studies on conformational analysis of cyclohexanes

with higher group IV elements in the ring are limited, but

there have been studies on silacyclohexanes[32] as well as a sila-

thia analogue,[33] germacyclohexanes,[34] and stannacyclohex-

anes.[35] The main conclusion from these studies is that there is

a modest flattening of the chair conformation made possible

by the greater bond length of C@Si than C@C and consequent

decrease in Si@C repulsive torsional interactions as well as de-

creased ring inversion barriers. This flattening is taken to re-

markable extremes in 4a and 3. It is interesting to note that

Me···apical CO repulsion in 1 (R=Me) is predominantly relieved

by Fe(CO)3 geometry changes, but with 4a and 3 it induces

geometry changes in the -SCECS- flap. As mentioned previous-

ly in support of the Me···apical CO interaction as the driver in

this distortion, calculations on 4 (R=H) are shown in Table 1

and reveal an a value of only 141.98. Also note that compari-

son of the flap angles of 1 (R=H) and 1 (R=Me) reflect this in-

teraction as well, although the molecular structures cannot be

compared because of disorder in 1 (R=H).

Table 2. Calculated activation energies E* for fluxional processes [kcal

mol@1] .

ER2 CH2 CMe2 SiMe2 GeMe2 SnMe2

flap 9.9 5.6 1.0 0.2 0.1

rotate proximal 7.1 4.1 4.8 5.7 6.0

rotate distal 10.4 10.8 10.1 5.6 5.9

Figure 5. Cyclohexane conformation with five co-planar atoms A and the

half-chair conformation B.
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Photoelectron spectroscopy

Gas-phase ultraviolet photoelectron spectroscopy (UPS) offers

a direct experimental probe of the valence electron energies in

the absence of intermolecular interactions, and as such can

provide information on the electronic structure variations

through this series as the central bridgehead atom changes

from C to Si to Ge to Sn. The technique is relevant to the

study of hydrogenase mimics because the ionization of these

molecules give direct access to the formal [FeIFeII] oxidation

state in the proposed catalytic cycle of the enzyme.[2] In addi-

tion, the well-defined energy quantities provide experimental

validation for the computational methods utilized in this study.

The He I spectra of 1–3 (R=Me) in the energy region from 7

to 12 eV were collected and compared with the spectrum of

4a from a previous study[21] in Figure 6.

The He I UPS spectra and ionization band assignments of

similar compounds have been reported previously.[19c,36] The

broad first ionization band ranging from 7.5 to 8.7 eV repre-

sents the Fe@Fe s bond and six occupied “t2g-like” 3d orbitals

that are oriented for backbonding to the carbonyl ligands on

the two distorted octahedral Fe centers, mixed with some S

lone pair p orbitals. Ionization in the region from roughly 8.7

to 9.2 eV is primarily sulfur p orbital in character mixed with

significant Fe character, and another primarily sulfur p ioniza-

tion is found around 9.5 eV. The grey lines in Figure 6 trace the

shift of these ionizations as a result of the neighboring effects

from E=C to E=Sn.[21] Additional ionizations ranging from

roughly 9.2 to 12.0 eV consist of C, Si, Ge, and Sn character in-

teracting with S character and Fe d orbitals.

The leading edges of the first ionization bands correspond

to ionizations from the HOMO, starting at about 7.5 eV for all

molecules. The HOMOs of 1 (R=CMe2) and 4a (ER2=SnMe2)

are compared in Figure 7 (Figure S2 in the Supporting Informa-

tion for the HOMOs of 2, R=Me, and 3). In all cases, the

HOMO is primarily the Fe@Fe bond. In 1, the tilt of the CMe2
group displaces the orbital more toward the distal Fe atom,

whereas in 4a the nearly planar linker between the S atoms

(large a angle) creates a more symmetric orbital. Also note the

increase in S character in the HOMO of 4a with some anti-

bonding interaction with the linker atoms, both of which can

facilitate protonation of the [2Fe-2S] cluster. The S character in

the HOMO increases in the series E=C, Si, Ge, Sn (Figure S2 in

the Supporting Information) owing to the increasing instability

of the E orbitals and E@C sigma bonds, which impart both an

inductive and overlap destabilization of the S lone pair that

then mixes with the metal–metal bond density in an antibond-

ing fashion in the HOMO.

The calculated ionization energies corresponding to removal

of an electron from the HOMO of these molecules are indicat-

ed by a series of arrows on the photoelectron spectra shown

in Figure 6. The vertical ionization energies (IEV), calculated by

the DSCF difference in energy from the neutral molecule to

the cation, without change in geometry, are found to decrease

from 7.98 eV for 1 to 7.86 eV for 2 to 7.77 eV for 3 and to

7.68 eV for 4a (Table 3). The adiabatic ionization energies (IEA
0)

of these compounds are calculated by the DSCF method with

full geometry optimization of the cations as shown in Figure 8

for 4a.

For all four complexes, the global minimum IEA
0 conforma-

tion of the cation has a rotated Fe(CO)3 group with a bridging

carbonyl and the dimethyl unit bends toward the vacant site.

The alternative conformation (corresponding to IEA
1) with the

dimethyl unit in close proximity to the non-rotated apical ter-

minal CO (Figure 8 for 4a and Figure S3 in the Supporting In-

formation for molecules 1–3) is a local minimum at higher

energy. The difference in ionization energy from IEA
1 to IEA

0 for

these two conformers is a combination of the stabilization

gained from release of the steric interaction of the linker with

the apical carbonyl and the stabilization gained from the con-

tribution of the agostic C@H bond to the Fe atom. The energy

Figure 6. He I photoelectron spectra of 1–4a. The black arrows point to the

calculated vertical ionizations energies (IEV). The red arrows correspond to

the global minimum cation structures (IEA
0), and blue and green arrows cor-

respond to local minima (IEA
1 and IEA

2) of less stable cation structures (see

text and Figure 8).

Figure 7. The HOMOs of 1, R=Me, and 4a (isosurface value :0.05).
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difference decreases down the series from E=C (0.35 eV) to Si

(0.22 eV) to Ge (0.15 eV) to Sn (0.10 eV).

Another local minimum, IEA
2, with an all terminal CO confor-

mation was found for molecules 2, 3, and 4a. However, all at-

tempts to find a local minimum for the cation of molecule

1 (R=Me) with all terminal carbonyl ligands resulted in col-

lapse to the global minimum conformation with the bridging

carbonyl. This is a consequence of the stronger driving force

to the rotated Fe(CO)3 structure when ER2 is CMe2. The energy

difference between the cation at the neutral molecule geome-

try (IEV) and the optimized structure of the cation (IEA
0) is the

reorganization energy l. Substantial reduction of the reorgani-

zation energy was found; 0.75 eV for 1 (R=Me), 0.60 eV for 2,

0.49 eV for 3, and 0.41 eV for 4a, which is consistent with the

indications of decreasing strain down the series.

The tetranuclear models

The X-ray diffraction analyses confirmed the tetranuclear struc-

tures of 5a and 5b as macrocycles in which each Fe2S2(CO)6
unit has nonequivalent axial (a) and equatorial (e) -CH2- units

(Figure 9). That is, the stereochemistry of the linkers connected

to the sulfur atoms in 5a is e,a,e’,a’ (the unprimed labels corre-

spond to one [2Fe-2S] cluster and the primed labels to the

other [2Fe-2S] cluster). Although the average Fe@Fe, Fe@CO,

and Fe@S bond lengths in 5a (2.5224(6), 1.797(3), and

2.2638(8) a, respectively) and 5b (2.5165(5), 1.803(3), and

2.2616(7) a, respectively) are comparable to those in 4a and

4b, the Sn-C-S bond angles in 5a (107.32(14)–114.08(14)8) and

5b (111.19(13)–112.33(13)8) are closer to the ideal tetrahedral

angle. Examples of tetranuclear complexes in which two but-

terfly [2Fe-2S] clusters are part of a macrocycle are rare in the

literature and are reported only when the dithiolato linker con-

tains more than three atoms between the two sulfur atoms

(-S-CH2-(X)n-CH2-S-, n>1).[37] In our case, the formation of these

macrocycles (5a and 5b) is allowed by the longer dithiolato

linker chain -S-CH2-Sn-CH2-S- owing to the large size of the Sn

atom and hence the relatively long Sn@CH2 bond (average:

2.155(3) a for 5a and 2.156(3) a for 5b). Of particular relevance

is the tetranuclear macrocycle C[37a] (Figure 10) in which two

Fe2S2(CO)6 moieties are connected by CH2(CH2OCH2)2CH2 units

forming a 24-membered ring with e,a,e’,a’ stereochemistry sim-

ilar to 5a.

The structures of the Fe2S2(CO)6 units of 5a and C are com-

parable. However, there is a 14-membered ring in 5a, which

results in the Fe2S2(CO)6 units being much closer to each other

than those in C. The intramolecular distances between Fe and

Table 3. Calculated first ionization energies and reorganization energies

of Fe2(CO)6{(m-SCH2)2EMe2} complexes (all energies in eV).

ER2 CMe2 SiMe2 GeMe2 SnMe2

IEV 7.98 7.86 7.77 7.68

IEA
0 7.23 7.26 7.28 7.27

IEA
1 7.58 7.48 7.43 7.37

IEA
2 NA[b] 7.61 7.52 7.42

l
[a] 0.75 0.60 0.49 0.41

[a] Reorganization energy with ionization, IEV@IEA
0. [b] Local minimum for

CMe2 not available. Geometry relaxes automatically to the global mini-

mum.

Figure 8. The cation structures and relative energies of 4a, Fe2(CO)6{(m-

SCH2)2SnMe2}.

Figure 9. Molecular structures (at the 50% probability level) of complexes

5a (top) and 5b (bottom).
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S atoms in one unit and those in the other unit for 5a are

listed in Table S3 (in the Supporting Information). As seen in

Table S3, the shortest Fe···S distances are 4.841 and 4.874 a. All

of the Fe···S distances involving the Fe of one Fe2S2(CO)6 and

a S of the other cluster in C are greater than 7.39 a.

The molecular structure of 5a shows that for each

Fe2S2(CO)6 unit there is an a and e CH2 substituent. Neverthe-

less, its 1H NMR spectrum shows a singlet for the CH2 groups

despite their nonequivalence. This observation is surprising be-

cause compound D (Figure 10),[21] in which one CH2SnMe3 sub-

stituent is a and the other is e, shows two singlets for the non-

equivalent CH2 groups at room temperature.[38]

It is possible that the a and e positions in 5a interconvert at

room temperature. To test this possibility, we performed varia-

ble-temperature (VT) 1H NMR spectroscopic measurements and

computational studies and found that the observation of one

resonance signal arises from coincidental overlap of the tem-

perature-dependent signals rather than interconversion of

a and e substituents (for more details, see the Supporting in-

formation, including Figure S4).

Electrochemical properties

Table 4 summarizes the electrochemical reduction and oxida-

tion potentials from the cyclic voltammetric measurements of

the complexes Fe2(CO)6{(m-SCH2)2EMe2} (1–4a). Complex 1, R=

Me, shows the occurrence of only one quasi-reversible reduc-

tion, whereas complexes 2–4a exhibit one partially reversible

and one irreversible (irr.) reduction event at low scan rates. In-

creasing the scan rate v (see Figure 11 and Figures S5–S7 in

the Supporting Information) results in the disappearance of

the irreversible reduction event (the more cathodic peak in the

cyclic voltammograms of 2–4a) and an increase of the anodic-

to-cathodic peak current ratio (Ipa/Ipc) of their first reduction

wave. These observations can be readily explained in terms of

irreversible follow-up reactions occurring after the first reduc-

tion process, forming side products.

The primary oxidation peak of these complexes (Eox1) shows

an overall cathodic shift of 110 mV on going from complex

1 to 2 to 3 to 4a. This cathodic shift is a result of an increased

electron density at the diiron core and destabilization of the

HOMO by the S lone pairs as discussed above, which eases the

oxidation process. The potentials Eox1 correlate linearly with the

computed vertical ionization energies from Table 3 with an ex-

cellent coefficient of determination R2
=0.995 (Figure S11 in

the Supporting Information). Correlation of Eox1 with IEV is con-

sistent with a previous study of related compounds in which

this oxidation event was attributed to the initial oxidation to

a species with all-terminal carbonyls similar to the structure of

the neutral molecule.[19a] Also similar to the previous study,

a very weak oxidation event is observed in the vicinity of 0.1

to @0.2 V, which is consistent with oxidation to the cation with

Table 4. Summary of the redox features of complexes Fe2(CO)6{(m-

SCH2)2EMe2} (1–4a) in 0.1m CH2Cl2–[nBu4N][PF6] solution measured at v=

0.2 Vs@1 by using a glassy carbon disk (A=0.072 cm2). Potentials E are

given in volts (V) and referenced to the ferrocenium/ferrocene couple

(Fc+/Fc).

Complex Ered1
[a] E1/2

[b] Ered2
[a] Eox,rot

[c] Eox1
[d]

1 @1.75 (Epc), @1.61 (Epa) @1.68 – +0.19 +0.81

2 @1.71 (Epc), @1.61 (Epa) @1.66 –1.84 (Epc) irr. +0.21 +0.77

3 @1.72 (Epc), @1.62 (Epa) @1.67 –1.85 (Epc) irr. +0.15 +0.74

4a @1.68 (Epc), @1.57 (Epa) @1.62 –2.20 (Epc) irr. +0.13 +0.70

[a] Ered1 and Ered2 are the potentials for the first and the second reductions,

where Epc and Epa are the cathodic and anodic scan peak potentials.

[b] E1/2 is the half-wave potential for the first reduction event. Because

the Ipa/Ipc value (anodic to cathodic peak currents ratio) at 0.2 Vs@1 of the

complexes 2–4a is less than 1, the E1/2 can be considered as approximat-

ed values. [c] Eox,rot is the potential of a weak oxidation peak attributed to

initial oxidation to the rotated structure as discussed previously for relat-

ed compounds.[19a] [d] Eox1 is the potential of the primary oxidation peak.

A second oxidation peak (Eox2) is observed for complexes 1, 2, and 4a as

a shoulder at the first oxidation peak, where Eox2 is more positive than

Eox1.

Figure 11. Cyclic voltammetry of: a) 0.84 mm Fe2(CO)6{(m-SCH2)2GeMe2} (3),

and b) 0.84 mm Fe2(CO)6{(m-SCH2)2SnMe2} (4a) in 0.1m CH2Cl2–[nBu4N][PF6]

solution under Ar at various scan rates. Glassy carbon electrode

(A=0.072 cm2). E is in V against the Fc+/Fc couple. The arrows indicate the

scan direction.

Figure 10. Structure of the tetranuclear compound C and that of compound

D, in which one CH2SnMe3 substituent is a and the other is e.

Chem. Eur. J. 2017, 23, 346 – 359 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim354

Full Paper

http://www.chemeurj.org


a rotated Fe(CO)3 group and a bridging carbonyl ligand

(Figure 8). The trend in this potential down the series is less

dramatic and is clearly due to the decreasing reorganization

energies of the cations.

On going from 1 to 4a, the reduction potentials are less

cathodic. That is, stannylated model 4a is the easiest to reduce

in comparison with the models 1, 2, and 3. This is due to reor-

ganization and stabilization of the reduced species as previous-

ly shown in the case of electrochemical reduction of [FeFe]-hy-

drogenase models with [2Fe-2X] cores, where X=S, Se, or

Te.[6i, 19] The reduction of the [2Fe-2X] core in this series of

models becomes easier on going from X=S to Se to Te. Thus,

these results show how the stannylation can tune the redox

features of the [2Fe2S] core of the model complexes.

One important aspect of mechanistic investigation of the

a proton reduction cycle catalyzed by a model complex is the

determination of the number of electrons involved in the re-

duction of the model in the absence of a proton source. Study-

ing the current function (Ipc/c·v
1/2, c=complex concentration)

of the reduction process at slow and fast scan rates is a useful

method to provide mechanistic information.[39] Figure 12

shows that the Ipc/c·v
1/2 value of the reduction of complexes 1–

4a starts to significantly increase as the scan rate decreases

beyond 5 Vs@1. This scan rate dependence of the current func-

tion suggests that the reduction of complexes 1–4a follows an

ECE-type mechanism at slow scan rates; where E=electron

transfer and C=chemical process.[6i, 39,40] Based on theoretical

and experimental studies of various [FeFe]-hydrogenase

models including 1 and 2, the intervening chemical process of

the ECE reduction mechanism of 3 and 4a might also involve

similar core reorganization such that one Fe@S bond is broken

and one Fe(CO)3 unit rotates and locates one of its CO ligands

in a semi-bridging position, leaving an open site at the iron

atom.[6i, 11,12b,17] We have recently illustrated how the steric clash

between the CMe2 group and the proximal CO in 1 lowers the

barrier of Fe(CO)3 rotation during the reduction process and

hence leads to an ECE reduction mechanism at slow scan

rates. That the intervening core reorganization is a facile pro-

cess during reduction of complexes 2–4a can also be ex-

plained in terms of the steric bulkiness of their central EMe2
groups of the dithiolato linkers; notwithstanding the planarity

of 3 and 4a (see Table 2 for the barriers of Fe(CO)3 rotation of

the complexes in the ground FeIFeI states).[6i]

Electrocatalysis

Furthermore, we have tested the electrochemical behavior of

the models 3 and 4a in the presence of the acids CF3CO2H

(pKa
MeCN

=12.7)[41] and CF3SO3H (pKa
MeCN

=0.7).[41] The presence

of CF3CO2H in the solution of 3 (or 4a) shifts their primary

cathodic peak to less negative potentials by approximately

110 mV, which is a typical observation when protonation of

a reduced species takes place.[3e,11a,42] As evident from

Figure 13, complexes 3 and 4a reveal catalytic behavior

through two processes: process I at Ep
cat
&@1.78 V for 3 and

4a and process II at Ep
cat
&@1.91 V or @1.89 V for 3 or 4a, re-

spectively, where Ep
cat is the peak potential of the catalytic

waves in Figure 13. The studies of the electrocatalytic proper-

ties of 3 and 4a using the very strong acids HBF4·Et2O

(pKa
DCE
=@10.3, DCE=dichloroethane)[43] or CF3SO3H (pKa

DCE
=

@11.4)[43] were possible only at low acid concentrations be-

cause of the significant direct reduction of these strong acids

Figure 12. The scan rate dependence of the current function of the primary

reduction peaks of complexes 1–4a in 0.1m CH2Cl2–[nBu4N][PF6] solution

under an Ar atmosphere. Glassy carbon electrode (A=0.072 cm2). The

dashed line represents the current function expected for a one-electron pro-

cess assuming D&9V10@6 cm2 s@1, a value calculated for various [FeFe]-hy-

drogenase models.[6i, 18a]

Figure 13. Cyclic voltammetry of complexes: a) 0.632 mm 3, and

b) 0.825 mm 4a in 0.1m CH2Cl2–[nBu4N][PF6] solution in the presence of vari-

ous equivalents of CF3CO2H at 0.2 Vs@1. Glassy carbon electrode

(A=0.072 cm2). E is in V against the Fc+/Fc couple. The arrows indicate the

scan direction.
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at the glassy carbon electrode (Figures S8–S10 in the Support-

ing Information). As shown in Figures S8 to S10, protonation

follows reduction of 3 or 4a at low acid concentration and cat-

alysis occurs at potentials more negative than that of the pri-

mary reduction waves of these model complexes.

Conclusions

We report here dinuclear models for the H-cluster featuring

unique planarity of their dithiolato linkers m-(SCH2)2ER2 (E=Ge

or Sn and R=Me or Ph) and tetranuclear cyclic dimers with

a 14-membered ring and unusual temperature-dependent
1H NMR spectra. As a result of the repulsive steric interaction

between the EMe2 group and the apical carbonyl ligand in

Fe2(CO)6{(m-SCH2)2EMe2} complexes, the central six-membered

FeSCECS ring preferentially adopts an unusual conformation

with five nearly co-planar atoms (-SCECS-) when E=Ge or Sn

in dramatic contrast with the chair/boat conformation when

E=C or Si. Computations of the complexes in the gas phase

support the notion that this near-planarity is the lowest energy

conformer. Rings with E=Ge and Sn have less torsional strain

and are more deformable than those with E=C. The smaller

strain energy also means that the Fe(CO)3 group proximal to

the EMe2 methyl group is less driven to rotate and exchange

the apical and basal carbonyl ligands when E=Ge and Sn.

On ionization, the reorganization energy of the cation to

form the rotated structure with a semi-bridging CO substantial-

ly decreases in the series C through Sn again because of the

decreasing release of strain energy down the series. The sulfur

ionization energies are substantially lowered as the central

atoms E in Fe2(CO)6{(m-SCH2)2EMe2} complexes change in the

series E=C, Si, Ge, Sn owing to increasing orbital interaction

between the s C@E bond and the S lone pair p orbital. Conse-

quently, the sulfur character in the HOMO increases down the

series. This denotes greater electron-richness of sulfur in the

series going from C to Si to Ge to Sn. This increase in the elec-

tron density of the [2Fe-2S] core is also reflected by the elec-

trochemical oxidation potentials, where Eox shifts toward less

positive values on going from C to Si to Ge to Sn. Nonetheless,

the reduction potential E1/2 anodically shifts in this series with

the Sn-containing complex the easiest to reduce owing to dif-

ferences in reorganization energy and anion stabilization. Thus,

the Sn-containing complex is the easiest to oxidize and also

the easiest to reduce.

In the absence of a proton source, the complexes

Fe2(CO)6{(m-SCH2)2EMe2} (E=Ge or Sn) follow an ECE mecha-

nism of reduction similar to the cases of E=C and Si. These

complexes catalyze the reduction of protons from moderate

and strong acids.

Experimental Section

Materials and techniques

All reactions were performed by using standard Schlenk and

vacuum-line techniques under an inert gas (argon or nitrogen).

The 1H and 13C{1H} spectra were recorded with a Bruker Avance

200 MHz spectrometer. Chemical shifts are given in parts per mil-

lion with reference to internal SiMe4 or CHCl3. The mass spectrum

was recorded with a Finnigan MAT SSQ 710 instrument. The IR

spectra were measured with a PerkinElmer System 2000 FTIR spec-

trometer. Elemental analysis was performed with a Leco CHNS-932

apparatus. Silica gel 60 (0.015–0.040 mm) was used for column

chromatography, and TLC was performed by using Merck TLC alu-

minum sheets (Silica gel 60 F254). Solvents from Fisher Scientific

and other chemicals from Acros were used without further purifica-

tion. All solvents were dried and distilled prior to use according to

standard methods. The starting materials (m-S)2Fe2(CO)6,
[44]

Me2Ge(CH2Cl)2,
[45] and Me2Sn(CH2I)2

[23] were prepared according to

literature procedures.

Synthesis of Ph2Sn(CH2I)2

Into a 100 mL three-necked round-bottom flask, Cu(OAc)2·H2O

(0.026 g, 0.13 mmol) and CH3CO2H (6.0 mL) were mixed and heated

to 90–100 8C while stirring. To this hot solution, granular zinc (30-

mesh, 1.700 g, 26.0 mmol) was added and the mixture was stirred

for 2 min while heating. CH3CO2H was removed from the settled

Cu-Zn couple by using a syringe and fresh CH3CO2H (6.0 mL) was

added. The mixture was stirred hot for 2 min. CH3CO2H was again

removed and the couple was cooled, washed with Et2O (3V7.0 mL)

and dried by a stream of N2. The deep grey/black colored couple

was covered with THF (7.0 mL) and a few drops of CH2I2 were

added to initiate the reaction. When the color appeared purple,

THF (11.0 mL) was added followed by dropwise addition of CH2I2
(2.09 mL, 6.96 g, 26.0 mmol) in THF (6.0 mL) by using an addition

funnel. The addition should be at a rate that maintains the temper-

ature at 40 8C. The addition took 1 h and mild heating was re-

quired during the last 15 min. This THF solution of IZnCH2I was

then cooled to &0 8C and filtered under N2 into a three-necked

round-bottom flask. A solution of diphenyltin dichloride (Ph2SnCl2 ;

1.788 g, 5.2 mmol) in THF (6.0 mL) was added dropwise to the in

situ generated IZnCH2I over 1 h at 40 8C. For an additional 2 h, the

reaction mixture was stirred at 40 8C. The cloudy, deep-purple reac-

tion mixture was diluted with an equal volume of benzene

(30 mL), extracted with 5% HCl (4V60 mL). The organic phase was

dried with Na2SO4, concentrated, and purified by column chroma-

tography (SiO2, hexane/CH2Cl2, n-hexane 1:1) to afford Ph2Sn(CH2I)2
(1.393 g, 48% yield) as a colorless oil containing semi-crystalline

particles of the same compound.

DEI-MS (m/z): 479 [PhSn(CH2I)2]
+ , 415 [Ph2SnCH2I]

+ , 351

[PhSn(CH2I)(CH2)]
+ , and 273 [Ph2Sn]

+ ; 13C{1H} NMR (400.08 MHz,

CDCl3): d=@10.53 (s, CH2), 126.0–128.78 (m, CCHCHCH), 136.85 (m,

CCHCHCH), 139.31 ppm (m, CCHCHCH); 1H NMR (400.08 MHz,

CDCl3): d=2.41 (s with Sn satellites, 2J{117Sn,1H}=20.9 Hz,
2J{119Sn,1H}=41.8 Hz, 4H, CH2), 7.38–7.43 (m, 4H, CCHCHCH), 7.55–

7.60 ppm (m, 2H, CCHCHCH).

Synthesis of Fe2(CO)6{m-(SCH2)2GeMe2} (3)

A red solution of (m-S2)Fe2(CO)6 (150 mg, 0.436 mmol) in THF

(10 mL) was cooled to @78 8C and treated dropwise with Et3BHLi

(0.9 mL, 0.872 mmol, 1.0m in THF) to give a dark-green solution.

After stirring the solution for &20 min at @78 8C, Me2Ge(CH2Cl)2
(88 mg, 0.436 mmol) in THF (3 mL) was added. The mixture was

stirred for 18 h while slowly warming up to room temperature,

giving rise to a dark-red solution. Solvent removal was performed

under N2 by using a vacuum transfer line. The residue was extract-

ed several times with pentane and the extracts were collected and

dried under N2 by using a vacuum transfer line. The red residue
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was then purified by column chromatography (SiO2, hexane) to

give complex 3 (31 mg, 15% yield).

Elemental analysis calcd (%) for C10H10Fe2O6S2Ge: C 25.30, H 2.12, S

13.51; found: C 25.28, H 2.14, S 13.54; Micro-ESI-MS (m/z): 476 [M]+

, 448 [M@CO]+ , 420 [M@2CO]+ , 392 [M@3CO]+ , 364 [M@4CO]+ ,

334 [M@5CO]+ , 308 [M@6CO]+ ; IR (CH2Cl2): ñ=1989 (CO), 1996

(CO), 2031 (CO), 2070 cm@1 (CO); 13C{1H} NMR (300 MHz, CD2Cl2):

d=0.13 (CH3), 6.5 (CH2), 207.95 ppm (CO); 1H NMR (300 MHz,

CD2Cl2): d=0.26 (s, 6H, CH3), 1.66 ppm (s, 4H, CH2).

Synthesis of Fe2(CO)6{m-(SCH2)2SnMe2} (4a) and [Fe2(CO)6{m-

(SCH2)2SnMe2}]2 (5a)

A red solution of (m-S2)Fe2(CO)6 (185 mg, 0.538 mmol) in THF

(15 mL) was cooled to @78 8C and treated dropwise with Et3BHLi

(1.0 mL, 1.08 mmol 1.0m in THF) to give a dark-green solution.

After stirring the solution for &20 min at @78 8C, Me2Sn(CH2I)2
(184 mg, 0.427 mmol) in THF (3 mL) was added. The mixture was

stirred for 18 h while slowly warming up to room temperature,

giving rise to a dark-red solution. Solvent removal was performed

under N2 by using a vacuum transfer line. The residue was extract-

ed several times with pentane and the extracts were collected and

dried under N2 by using a vacuum transfer line. The red residue

was then purified by column chromatography (SiO2, pentane) and

two red bands were identified as being 4a (56 mg, 25% yield) and

5a (20 mg, 9% yield).

Complex 4a : elemental analysis calcd (%) for C10H10Fe2O6S2Sn: C

23.07, H 1.94, S 12.32; found: C 22.98, H 1.93, S 12.36; Micro-ESI-

MS (m/z): 520 [M]+ ; IR (CH2Cl2): ñ=2063 (CO), 2031 (CO), 1991

(CO), 1974 cm@1 (CO); 13C{1H} NMR (200 MHz, CD2Cl2): d=@7.1

(CH3), 1.6 (CH2), 207.0 ppm (CO); 1H NMR (200 MHz, CD2Cl2): d=

0.25 (s, 6H, CH3), 1.79 ppm (s, 4H, CH2).

Complex 5a : elemental analysis calcd (%) for C20H20Fe4O12S4Sn2 : C

23.07, H 1.94, S 12.32; found: C 23.10, H 1.94, S 12.35; Micro-ESI-

MS (m/z): 1041 [M]+ ; FAB-MS (m/z): 1041, 1013, 957, 929, 901, 873;

IR (CHCl3): ñ=2071 (CO), 2031 (CO), 1991 cm@1 (CO); 13C{1H}NMR

(200 MHz, CD2Cl2): d=@8.1 (CH3), 1.1 (CH2), 209 ppm (CO); 1H NMR

(200 MHz, CD2Cl2): d=0.36 (s, 12H, CH3), 2.00 ppm (s, 8H, CH2).

Synthesis of Fe2(CO)6{m-(SCH2)2SnPh2} (4b) and [Fe2(CO)6{m-

(SCH2)SnPh2}]2 (5b)

A red solution of (m-S2)Fe2(CO)6 (95 mg, 0.276 mmol) in THF (15 mL)

was cooled to @78 8C and treated dropwise with Et3BHLi (0.6 mL,

0.553 mmol, 1.0m in THF) to give a dark-green solution. After stir-

ring the solution for &20 min at @78 8C, Ph2Sn(CH2I)2 (307 mg,

0.553 mmol) in THF (3 mL) was added. The mixture was stirred for

18 h while slowly warming up to room temperature, giving rise to

a dark-red solution. Solvent removal was performed under N2 by

using a vacuum transfer line. The residue was extracted several

times with pentane and the extracts were collected and dried

under N2 by using a vacuum transfer line. The red residue was

then purified by column chromatography (SiO2, pentane) and two

red bands were identified as being 4b (red oil, 32 mg, 18% yield)

and 5b (traces).

Complex 4b : elemental analysis calcd (%) for C20H14Fe2O6S2Sn: C

37.25, H 2.19, S 9.94; found: C 37.23, H 2.20, S 9.96; Micro-ESI-MS

(m/z): 646 [M]+ ; IR (CH2Cl2): ñ=2066 (CO), 2032 (CO), 1989 cm@1

(CO); 13C{1H} NMR (200 MHz, CD2Cl2): d=1.70 (CH2), 128.7–130.6

(c,d-CPh), 136.7–138.7 (a,b-CPh), 208.6 (CO), 209.1 ppm (CO); 1H NMR

(200 MHz, CD2Cl2): d=2.27 (s, 4H, CH2), 7.35–7.70 ppm (m, 10H,

2C6H5).

Photoelectron spectroscopy

Photoelectron spectra were recorded by using an instrument that

features a 360 mm radius hemispherical analyzer (McPherson),[46]

with a custom-designed photon source, sample cells, detection,

and control electronics. Calibration and data analysis were de-

scribed previously.[47] All samples sublimed cleanly, with no visible

changes in the spectra during data collection after initial observa-

tion of ionizations from the diiron compounds. The sublimation

temperatures (at 10@6 torr) were 52–77, 64–84, and 62–87 8C for

compounds 1, 2, and 3, respectively.

Density functional theory (DFT) computations

DFT computations were carried out with the Amsterdam density

functional (ADF2014.06) package.[48,49] The geometries and energies

were refined in the gas phase and in solution with the PBE func-

tional[50] with dispersion corrections according to the method of

Grimme by using the BJ damping function (PBE-D3-BJ).[51] All calcu-

lations utilized a triple-z Slater type orbital (STO) basis set with one

polarization function (TZP) and relativistic effects by the zero-order

regular approximation (ZORA).[52,53] The frozen-core approximation

was used for the inner core of all heavy atoms. Diffuse density fit-

ting was employed at the quadruple-z level with four polarization

functions (QZ4P), and the Becke grid was used with 9402 points.[54]

Geometries were further optimized in the solvents tetrahydrofuran,

dichloromethane, and acetone according to the COSMO model

with default parameters.[55] Figures of the optimized geometries

and molecular orbital plots were created with the program VMD.[56]

Structure determinations

The intensity data for the compounds were collected with

a Nonius KappaCCD diffractometer using graphite-monochromated

MoKa radiation. Data were corrected for Lorentz and polarization

effects; absorption was taken into account on a semi-empirical

basis by using multiple-scans.[57–59] The structures were solved by

direct methods (SHELXS)[60] and refined by full-matrix least-squares

techniques against Fo
2 (SHELXL-97).[60] The hydrogen atoms of 3

and 5b were located by difference Fourier synthesis and refined

isotropically. All other hydrogen atoms were included at calculated

positions with fixed thermal parameters. All non-hydrogen atoms

were refined anisotropically.[60] Crystallographic data as well as

structure solution and refinement details are summarized in

Table S4 in the Supporting Information. MERCURY was used for

structure representations.

Cyclic voltammetry

These experiments do not involve corrections for the iR drop.

Cyclic voltammetric experiments were performed in a three-elec-

trode cell by using a Radiometer potentiostat (m-Autolab Type-III or

an Autolab PGSTAT 12) driven by the GPES software. The working

electrode consisted of a vitreous carbon disk (A=0.072 cm2) that

was polished on a felt tissue with alumina before each CV scan.

The Ag/Ag+ reference electrode was separated from the analyte

by a CH2Cl2–[nBu4N][PF6] bridge. All the potentials are quoted

against the ferrocene/ferrocenium couple (Fc+/Fc) ; ferrocene was

added as an internal standard at the end of the experiments.
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Figure S-1. Experimental IR spectra (Nujol) in the region of the carbonyl stretches for Fe2(CO)6{(µ-
SCH2)2ER2} complexes, and comparison with the frequencies and relative intensities from computations. 
The computational model is described in the publication and example keywords are in Table S-2. The 
calculated frequencies in the gas phase are multiplied by 1.01 for comparison to the experimental values. 

 

 

 

Table S-1. Selected structural features from experimental crystallographic data with computational gas-
phase values in parentheses for Fe2(CO)6{(µ-SCH2)2ER2} complexes. Distances are given in Å and angles 
in degrees.  ER2 =CMe21 SiMe22 GeMe2 SnMe2 Fe–Fe 2.494 (2.539) 2.522 (2.548) 2.513 (2.563) 2.525 (2.576) Fe–C(O)avg 1.800 (1.798) 1.800 (1.799) 1.800 (1.799) 1.802 (1.800) Fe–Savg 2.263 (2.300) 2.259 (2.299) 2.254 (2.294) 2.257 (2.293) S–Fe–S 83.6 (83.7) 87.9 (87.8) 88.8 (89.2) 90.1 (90.7) E–Cavg 1.534 (1.536) 1.868 (1.888) 1.946 (2.020) 2.140 (2.212)      
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     ER2 = CMe2         ER2 = SiMe2         ER2 = GeMe2         ER2 = SnMe2                  HOMO              LUMO 
 
Figure S-2. Comparison of the HOMO and LUMO orbitals of the Fe2(CO)6{(µ-SCH2)2ER2} complexes.  
The isosurface value is ±0.05.  
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ER2 = CMe2      ER2 = SiMe2 

 ER2 = GeMe2      ER2 = SnMe2 

Figure S-3. Global and local geometry minima of the cation states of Fe2(CO)6{(µ-SCH2)2ER2} 
complexes. The ionization energies from the ground states of the neutral molecules indicate the relative 
energies of the cation states. The cation with ER2 = CMe2 does not have a local minimum with all 
terminal carbonyls 
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Table S-2. Sample keywords for computations. ADF version 2014.06.3  basis     H $ADFRESOURCES/ZORA/TZP/H     C $ADFRESOURCES/ZORA/TZP/C.1s     O $ADFRESOURCES/ZORA/TZP/O.1s     Sn $ADFRESOURCES/ZORA/TZP/Sn.4d     S $ADFRESOURCES/ZORA/TZP/S.2p     Fe $ADFRESOURCES/ZORA/TZP/Fe.3p     FitType $ADFRESOURCES/ZORA/QZ4P/H     FitType $ADFRESOURCES/ZORA/QZ4P/C     FitType $ADFRESOURCES/ZORA/QZ4P/O     FitType $ADFRESOURCES/ZORA/QZ4P/Fe     FitType $ADFRESOURCES/ZORA/QZ4P/Sn     FitType $ADFRESOURCES/ZORA/QZ4P/S  end   AddDiffuseFit   relativistic ZORA   BeckeGrid   Quality Good  end   xc    gga PBE    Dispersion GRIMME3 BJDAMP  end   scf    iterations 200    converge 1e-6 1e-6    mix = 0.1  end   geometry    converge rad=0.001    iterations 200  end   AnalyticalFreq  End   solvation    SOLV name=dichloromethane    charged conv=1e-10 iter=1000    SCF=Var  end  Charge  0   0  atoms cartesion . .(atom xyz coordinates) . End   
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Table S-3. Selected intramolecular distances [Å] for complex 5a. 

Fe(1)…S(2) 6.923 Fe(3)…S(1) 4.874 

Fe(1)…S(4) 6.028 Fe(3)…S(3) 5.860 

Fe(2)…S(2) 6.237 Fe(4)…S(1) 6.013 

Fe(2)…S(4) 4.841 Fe(4)…S(3) 7.122 

S(2)…S(4)     4.317 

 

The Tetranuclear Complex 5a-VT 
1
H NMR Study 

A surprising observation is the presence of only a singlet in the room temperature 1H NMR 

spectrum of 5a for the CH2 groups despite their nonequivalence. One possibility is that the a and 

e positions interconvert at room temperature. To test this possibility the 1H NMR spectrum of 5a 

in CD2Cl2 was measured at lowered temperatures. As the temperature is lowered, the singlet 

splits into two separate singlets of equal areas as expected for nonequivalent CH2S. If the singlet 

observed at room temperature represents coalescence then there must be a special mechanism for 

interconversion of a and e in 5a. It is known[25] that ligand exchange initiated by nucleophiles in 

analogous systems occurs by an associative mechanism. Consequently, transannular attack by S 

might initiate isomerization. Alternatively, a coordinated molecular rearrangement (a to e and e 

to a) might affect equilibration. However, no low energy pathway for these processes could be 

found computationally. An alternative explanation is that there is dramatic dependence of the 

chemical shifts on temperature. That is, there is not coalescence at room temperature but 

coincidence of separate signals. To test this hypothesis the variable temperature NMR studies 

were conducted in CDCl3 (to facilitate measurements at higher temperatures). The results in 

Figure S-4 show that in CDCl3 there is a singlet at T = 293K that gives rise to two singlets on 

cooling, similar to the results in CD2Cl2, but on warming two peaks are observed. This 

unequivocally demonstrates that the observation of one peak is due to coincidental overlap of the 

temperature-dependent signals not interconversion of a and e substituents. 
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Figure S-4. Variable temperature 1H NMR spectra of 5a in CDCl3. 
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Table S-4: Crystal data and refinement details for the X-ray structure determinations of the compounds 3 - 5b. 

Compound 3 4a 4b 5a 5b 

formula C10H10Fe2GeO6S2 C10H10Fe2O6S2Sn C20H14Fe2O6S2Sn C20H20Fe4O12S4Sn2 C40H28Fe4O12S4Sn2 
fw (g∙mol-1) 474.59 520.69 644.82 1041.38 1289.64 
T/°C -140(2) -140(2) -140(2) -140(2) -140(2) 
crystal system triclinic triclinic monoclinic monoclinic triclinic 
space group P ī P ī P 21/n P 21/n P ī 
a/ Å 9.0682(2) 9.1219(2) 13.6259(3) 13.1549(2) 8.6642(2) 
b/ Å 9.7623(3) 9.8783(3) 11.1499(2) 13.4408(2) 11.8378(3) 
c/ Å 10.3493(3) 10.3369(3) 15.6755(4) 18.6019(4) 13.0867(3) 
α/° 62.871(1) 63.175(1) 90 90 116.501(1) 
ȕ/° 83.374(2) 83.661(2) 100.473(1) 90.483(1) 104.012(1) 
Ȗ/° 88.509(1) 87.631(2) 90 90 95.472(2) 
V/Å3 809.58(4) 826.09(4) 2341.86(9) 3288.93(10) 1133.03(5) 
Z 2 2 4 4 1 
ρ (g∙cm-3) 1.947 2.093 1.829 2.103 1.890 
µ  (cm-1)  38.89  35.03  24.92  35.2  25.75 
measured data 5247 5188 13574 19757 7028 
data with I > 2σ(I) 3460 3521 4506 6654 4801 
unique data (Rint) 3625/0.0176 3741/0.0159 5351/0.0422 7530/0.0295 5117/0.0175 
wR2 (all data, on F2)a) 0.0556 0.0587 0.0713 0.0561 0.0601 
R1 (I > 2σ(I)) a) 0.0244 0.0260 0.0365 0.0271 0.0262 
S b) 1.068 1.117 1.083 1.121 1.090 
Res. dens./e∙Å-3 1.206/-0.603 0.468/-0.424 0.531/-0.483 0.737/-0.599 0.601/-0.594 
absorpt method multi-scan multi-scan multi-scan multi-scan multi-scan 
absorpt corr Tmin/max 0.7069/0.7456 0.6991/0.7456 0.7203/0.7456 0.6909/0.7456 0.6546/0.7456 
CCDC No. 1432671 1432672 1432673 1432674 1432675 

 
a) Definition of the R indices: R1 = (Fo-Fc)/Fo; 
wR2 = {[w(Fo

2-Fc
2)2]/[w(Fo

2)2]}1/2 with w-1 = 2(Fo
2) + (aP)2+bP; P = [2Fc

2 + Max(FO
2]/3; 

b) s = {[w(Fo
2-Fc

2)2]/(No-Np)}
1/2. 
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Selenium makes the difference: protonation of
[FeFe]-hydrogenase mimics with diselenolato
ligands†‡

Hassan Abul-Futouh,a Mohammad El-khateeb,b Helmar Görls,a Khalil Jamil Asalib

and Wolfgang Weigand*a

The synthetic models of the active site of an [FeFe]-hydrogenase containing a Sn atom in the bridgehead

of the diselenato ligand, namely [Fe2(CO)6{µ-(SeCH2Se)SnMe2}], 3 and [Fe2(CO)6{µ-(SeCH2)2SnMe2}],

4 have been synthesized and characterized by different spectroscopic methods. The protonation pro-

perties of complex 4 have been investigated by monitoring the IR spectra in the carbonyl stretching

region, 1H NMR in the hydride region as well as the 77Se{H} NMR upon addition of strong and moderate

acids wherein the protonation of the active site of the [FeFe]-hydrogenase at one of its internal basic sites

is considered an essential step in the catalytic cycle. Furthermore, we investigated the redox properties

and the catalytic behaviour of complexes 3 and 4 in the presence of AcOH as a source of protons

suggesting an ECE (E = electrochemical process, C = chemical process) mechanism.

Introduction

Hydrogen is considered one of the best environmentally
benign alternatives “Green Alternatives” compared to the pres-
ently used fossil fuel due to its high energy density and its
clean cold combustion product in fuel cells.1–4 In fact, the
nature has high ability to catalyse the reversible process of
proton reduction with high catalytic efficiency (ca. 104 turnover
per s)5,6 and this occurs through enzymes known as [FeFe]-
hydrogenases. The active site of the latter contains an organo-
metallic cluster, the so called H cluster, which consists of an
[Fe4S4] cluster attached through a cysteinyl residue to a butterfly
[Fe2S2] sub-cluster. This sub-cluster contains a bridging
azadithiolato ligand (adt = [SCH2NHCH2S]) as well as bio-
logically unusual CO and CN− ligands7 (Fig. 1a). Over the past
few decades, numerous synthetic models which mimic the
H cluster with the general formula [Fe2(CO)6{µ-(SCH2)2E}], in
which the central atom/group E is NR,8 CR2,

8o,9 O,9d,10 S,11

Se,12 SiR2,
13 Ge,14a Sn14 or Ph–PvO15 have been reported

(Fig. 1b) in order to provide a better understanding of the
structure and function of the active site of the enzyme-mimic
models. Moreover, these models have been extended to diiron
complexes containing diselenato and ditellurato ligands.16

One of the most important structural features of the syn-
thetic H cluster mimics is the existence of an internal basic site
that could be protonated in the presence of a Brønsted acid which
is a crucial step in the catalytic cycle. Generally, protonation of
the bimetallic hexacarbonyl complexes [Fe2(CO)6{µ-(XCH2)2E}]
may take place at different sites (Fig. 2) based on the strength
and amount of the acid added. In fact, protonation at the
bridgehead atom/group in [Fe2(CO)6{µ-(SCH2)2E}] complexes
has been reported only for E = NR or PhPvO using strong
acids such as HBF4·Et2O, HOTf and HClO4.

15a,17 However,
protonation at the µ-S is very difficult due to its low basicity. In
addition, protonation of diiron dithiolato hexacarbonyl com-
plexes at the Fe–Fe vector cannot be accomplished by acids

Fig. 1 (a) The active site of the [FeFe]-hydrogenase and (b) synthetic

models of the active site of [FeFe]-hydrogenase.

†Dedicated to Professor Wolfgang Beck on the occasion of his 85th birthday,
who prepared the first complex of the type [Fe(CO)3SeR]2; W. Hieber and
W. Beck, Z. Anorg. Allg. Chem., 1960, 305, 265–273.
‡Electronic supplementary information (ESI) available. CCDC 1519067 and
1519068 for 3 and 4, respectively. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c7dt00057j
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bChemistry Department, Jordan University of Science and Technology, Irbid 22110,

Jordan. E-mail: kateeb@just.edu.jo
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weaker than or similar to HBF4·Et2O with the exception of the
methods developed by Heinekey, Chiang and their co-workers
to protonate [Fe2(CO)6{µ-(xdt)}][B(C6F5)4] (xdt = pdt (propane-
dithiolato), edt (ethanedithiolato) and bdt (benzenedithiolato))
model complexes using HCl in the presence of the very strong
Lewis acid [[SiEt3](B(C6F5)4)].

18 Moreover, a protonation study
of diiron diselenolato hexacarbonyl complexes in acidic
medium has not been previously reported. Therefore, it is sig-
nificant to investigate diiron diselenolato hexacarbonyl com-
plexes toward protonation in the presence of Brønsted acids.

Recently, the tendency to investigate the significant role of
the selenium element in the biological processes becomes
more attractive to researchers since the selenium element
enhances the chemical reactivity of the enzymatic reactions
compared with the sulfur analogues.19 It has also been
reported that the incorporation of the selenium atom into the
synthetic H cluster revealed more positive reduction potentials
compared with those of their sulfur analogues despite increas-
ing the electron density on the iron cores.16a,20–22 This could
be explained in terms of reorganization and stabilization of
the reduced species as has been previously reported by our
group.16a,22 Presently, we have investigated the effect of the
replacement of the central atom of the three-atom chain linker
between the sulfur atoms by the series of group 14 atoms
going from C to Sn on the electron richness of the [Fe2S2]
core.14a We have illustrated that the electron density of the
[Fe2S2] core increases upon going from C to Sn in [Fe2(CO)6{µ-
(SCH2)2EMe2}] (E = C, Si, Ge and Sn) model complexes. Having
this in mind, we tried to investigate the influence of the pres-
ence of the Sn atom in the bridgehead linker with the replace-
ment of the µ-S of diiron dithiolato models by µ-Se atoms.
Herein we report the preparation and molecular structures of
two novel models, [Fe2(CO)6{µ-(SeCH2Se)SnMe2}], 3 and
[Fe2(CO)6{µ-(SeCH2)2SnMe2}], 4 (Fig. 3). Besides, we have re-
synthesized the known complexes 7–9 having the general
formula [Fe2(CO)6{µ-(X(CH2)2X′)CR2}] (X = Se, X′ = S or Se and
R = H or Me)16e,22 (Fig. 3) for comparison purposes. Thus, we

have tested the protonation ability of complex 4 and that of
complexes 7–9 in the presence of strong and moderate acids,
respectively. In addition, the electrocatalytic behaviour of com-
plexes 3 and 4 toward the reduction of protons exhibited by
weak acids is reported.

Results and discussion
Synthesis and characterization of Me2Sn(CH2Se)Se

The compound Me2Sn(CH2Se)Se, 1, was synthesized following
a similar procedure reported for Me2Sn(CH2Se)2, 2

(Scheme 1).23 The reaction of Me2Sn(CH2I)I
24 with the in situ

generated Na2Se2 afforded 1 as a light red oil (Scheme 1).
Compound 1 was characterized by 1H and 13C{H} NMR spec-
troscopy and mass spectrometry. The 1H NMR spectrum of
complex 1 exhibits a singlet at 2.37 ppm with Se satellites
(2J{Se–H} = 19.0 Hz) for the CH2 hydrogen atoms and a singlet

Fig. 2 Possible sites for protonation in [Fe2(CO)6{µ-(SCH2)2E}]

complexes.

Fig. 3 Synthetic models of the active site of the [FeFe]-hydrogenase

used in this report.

Scheme 1 Synthetic pathways of Me2Sn(CH2Se)Se, 1 (in blue) and

Me2Sn(CH2Se)2, 2 (in red).
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at 0.68 ppm with Sn satellites (2J{117Sn–H} = 54.6 Hz and
2J{119Sn–H} = 57.0 Hz) for the CH3 hydrogen atoms. The 13C{H}
NMR spectrum shows a singlet at 8.95 ppm due to the methyl-
ene carbon and a singlet at −3.17 ppm due to the methyl
carbons. In addition, the DEI-MS spectrum of 1 shows a mole-
cular ion peak at m/z = 321.

Synthesis and characterization of complexes 3 and 4

The treatment of equimolar amounts of Fe3(CO)12 and Me2Sn
(CH2Se)Se, 1, in THF at 65 °C for two hours followed by sub-
sequent column chromatography afforded [Fe2(CO)6{µ-
(SeCH2Se)SnMe2}], 3 and the known complex [Fe3Se2 (CO)9]

25

(Scheme 2, in blue). Similarly, the reaction of Fe3(CO)12 with
Me2Sn(CH2Se)2, 2, afforded [Fe2(CO)6{µ-(SeCH2)2SnMe2}], 4

and also the known complexes [Fe3Se2 (CO)9],
25 5 26 and 6 26

(Scheme 2, in red). The novel complexes 3 and 4 have been
characterized by spectroscopic methods (1H NMR, 13C{H}
NMR, 77Se{H} NMR and IR), mass spectrometry, elemental
analysis and X-ray crystallography.

The 1H NMR (CDCl3) resonance signals for the SeCH2

protons of complexes 3 and 4 appear at 2.08 ppm and
1.66 ppm with Sn satellites ( J{Sn–H} = 30.97 Hz), respectively,
while those for the CH3 protons appear at 0.59 ppm ( J{Sn–H} =
55.8 Hz) and 0.27 ppm ( J{Sn–H} = 54.4 Hz) for complexes 3

and 4, respectively. The 13C{H} NMR spectra (CDCl3) exhibit
two resonances for each complex at 6.83 (CH2) and −3.15
(CH3) ppm for 3 and at −7.35 (CH2) and −12.96 (CH3) ppm for
4. In addition, the carbonyl carbon atoms showed resonances
at 209.82 ppm and 208.37 ppm for complexes 3 and 4, respect-
ively. The 77Se {1H} NMR (CDCl3) spectrum of complex 3 dis-
plays two signals for the non-equivalent Se atoms at
429.40 ppm for SeCH2Sn and −182.64 ppm for SeSnCH2, while
that of 4 shows only one signal for the two chemically equi-
valent Se atoms at 226.70 ppm. The IR spectra of complexes 3

and 4 in CH2Cl2 are almost identical in terms of the number
of peaks and frequencies. These complexes exhibit three
absorption bands at 1985, 2019 and 2062 cm−1 for complex 3

and at 1985, 2025 and 2063 cm−1 for complex 4 for the term-
inal CO ligands. These CO stretching vibrations are generally
shifted to slightly lower frequencies compared to those

obtained for the sulfur analogues.14 This could be explained in
terms of increasing back-donation to CO due to the better elec-
tron donor ability of Se compared to that of S. Similar trends
have previously been observed in comparing sulfur vs. sele-
nium containing [FeFe]-hydrogenase-mimics.21,27 The mass
spectra of complexes 3 and 4 show the molecular ion peaks
and the peaks resulted from dissociation of the six CO ligands,
sequentially.

Molecular structures

Single crystals suitable for X-ray diffraction studies were
obtained from a saturated solution of 3 and 4 in pentane at
−24 °C. The molecular structures of complexes 3 and 4 are
shown in Fig. 4.

The geometry around each iron atom in complexes 3 and 4

can be best described as distorted square-pyramidal in which
the central iron atom is surrounded by three CO ligands in a
facial fashion and two bridging selenium atoms similar to the
corresponding sulfur analogues, [Fe2(CO)6{µ-(SCH2S)SnMe2}]
and [Fe2(CO)6{µ-(SCH2)2SnMe2}].

14 The bridgehead Sn atoms
of the linker µ-(SeCH2Se)SnMe2 in complex 3 as well as the
linker µ-(SeCH2)2SnMe2 in complex 4 have a distorted tetra-
hedral structure. The Sn–C–Se bond angles (112.67(13))° of
complex 3 and the average Sn–C–Se bond angles (122.10(15))°
of complex 4 deviate from (112.29(4))° in [Fe2(CO)6{µ-(SCH2S)
SnMe2}] and (121.96(16))° in [Fe2(CO)6{µ-(SCH2)2SnMe2}] of
the sulfur containing systems.14 The Fe–Fe bond lengths in 3

(2.5419(6) Å) and in 4 (2.5634(5) Å) are slightly longer than
those of [Fe2(CO)6{µ-(SCH2S)SnMe2}] (2.5242(18) Å and of
[Fe2(CO)6{µ-(SCH2)2SnMe2}] (2.5158(7)) Å.

14 This elongation of
the Fe–Fe bond could be attributed to the larger size of Se
compared to that of the S atom. The average Fe–CO bond
length (1.793(3) Å and 1.796(3) Å) for complexes 3 and 4,
respectively, are slightly shorter than the corresponding sulfur
analogues, (1.796(10) Å) for [Fe2(CO)6{µ-(SCH2S)SnMe2}] and
(1.802(3) Å) for [Fe2(CO)6{µ-(SCH2)2SnMe2}])

14 due to the more
metal to CO back donation ability of Se containing complexes
in comparison to the S ones. This observation is supported by
the lower carbonyl frequencies in the IR spectra of 3 and 4.
Moreover, the flap angle α formed from the intersection

Scheme 2 Synthetic pathways of [Fe2(CO)6{µ-(SeCH2Se)SnMe2}], 3 (blue) and [Fe2(CO)6{µ-(SeCH2)2SnMe2}], 4 (red).
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between the C2Sn and Se2C2 planes of 4 is 166.24° which
reflects the distortion of the diselenolate ligand from planarity
compared to the corresponding sulfur analogues (α =
173.60°).14a Furthermore, the torsion angle τ formed from the
intersection between COap–Fe1–Fe2 and COap–Fe2–Fe1 of 4 is
4.51° which is slightly less distorted from the eclipsed Fe(CO)3
conformation compared to the sulfur analogue (τ = 5.15°).14a

Protonation study

In order to investigate the ability of complex 4 toward proto-
nation, excess protic acid (HBF4·Et2O, 100 equiv.) was added to
a solution of complex 4 in CH2Cl2 at room temperature
(Scheme 3). The resulting solution was characterized by spec-
troscopic methods.

The IR spectrum of complex 4 with HBF4·Et2O (100 equiv.)
in CH2Cl2 shows a decrease in the intensity of the CO stretch-
ing bands concomitantly with the appearance of new bands at
higher wavenumbers (2097 and 2119 cm−1). This shift (Δν(CO)
∼84 cm−1) to a higher energy is comparable to those reported
in the literature18 which implies the formation of a bridging
hydride, {Fe(µ-H)Fe}. This is supported by the high-field
1H NMR (CD2Cl2) signal at −14.20 ppm which is assigned to
the bridging hydride of 4µH+ (Fig. 5b) which is similar to
those reported in the literature.18 In addition, the original reson-
ance signals for the methylene and methyl protons are van-

ished and new peaks appear at 2.29 ppm with Sn satellites
( J{Sn–H} = 30.44 Hz) and 0.51 ppm with Sn satellites ( J{Sn–H}
= 59.38 Hz) which shifted (0.61 ppm and 0.27 ppm, respect-
ively) to a lower field (Fig. S1, ESI‡). The 77Se{H} NMR spec-
trum (CD2Cl2) of complex 4 in the presence of HBF4·Et2O
shows the disappearance of the original signal at 226.64 ppm
and the appearance of a new signal at 362.65 ppm for the
corresponding µ-hydride model complex, 4µH+, (also deter-
mined by 1H77Se{H} HMBC NMR spectroscopy, Fig. S2, ESI‡)
shifted by about 136 ppm to the lower field compared with the
parent complex (Fig. 5a). Indeed, these shifts in the 77Se{H}
and 1H NMR along with the appearance of the µ-hydride
signal suggest strong evidence for the formation of the

Fig. 4 Molecular structures (50% probability) of complex 3 (left) and complex 4 (right). Hydrogen atoms are omitted for clarity.

Scheme 3 Reaction scheme for the protonation process involving

complex 4 with HBF4·Et2O (100 equiv.).

Fig. 5 (a) 77Se{H} NMR spectra (CD2Cl2) of complex 4 before the

addition of acid (blue) and after the addition of 100 equiv. of HBF4·Et2O

(red). (b) High field 1H NMR spectrum of complex 4 with 100 equiv. of

HBF4·Et2O.
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µ-hydride between the two iron cores, an observation which is
reported for the first time, using HBF4·Et2O as a source of
protons in a hexacarbonyl complex. So, the questions that
arise now are: (i) Does the replacement of the diiron bridging
S atoms by Se atoms enhance the protonation process? Or
(ii) does the presence of the Sn atom in the bridgehead with
the bridging Se atoms enrich the electron density on the iron
cores?

In order to answer these questions, we firstly re-synthesized
the diiron bridging Se model complexes 7 and 8 and the
diiron bridging mixed S and Se model complex 9 (Fig. 3) fol-
lowing the same procedures reported in the literature.16e,22

These models having the general formula [Fe2(CO)6{µ-
(X(CH2)2X′)CR2}] (X = Se, X′ = S or Se and R = H or Me); in
which a bridgehead Sn atom has been replaced by a C atom to
see whether or not these model complexes could be protonated
in the presence of µ-Se or µ-SSe by itself. Surprisingly, we have
found that the addition of excess HBF4·Et2O (100 equiv.) to a
solution of complexes 7–9 in CH2Cl2 at room temperature
afforded the corresponding µ-hydride [Fe2(µ-H)(CO)6{µ-
(X(CH2)2X′)CR2}]

+ model complexes, 7µH+, 8µH+ and 9µH+,
which are confirmed by spectroscopic methods (see Table 1).
The high-field 1H NMR (CD2Cl2) signals at −15.33, −15.09 and
−15.15 ppm were assigned to the bridging hydride in 7µH+,
8µH+ and 9µH+, respectively (Fig. S3, ESI‡). The 77Se{H} NMR
spectra (CD2Cl2) of complexes 7–9 in the presence of
HBF4·Et2O show the appearance of new signals at 165.01,
197.31 and 190.05 ppm for the corresponding µ-hydride com-
plexes 7µH+, 8µH+ and 9µH+, respectively. These signals for
7µH+, 8µH+ and 9µH+ are shifted by ∼86, ∼52 and ∼56 ppm,
respectively, to the lower field compared to those of the parent
models (see Table 1). This result is in contrast to the corres-
ponding sulfur analogues, which are not basic enough to be
protonated by using excess HBF4·Et2O as reported in the litera-
ture.18 Thus, replacement of at least one S atom in the diiron
dithiolato complexes with the Se atom is enough to make the
complexes basic enough to be protonated by a strong acid
such as HBF4·Et2O. Thus and up to this stage, we only
answered the first inquiry regarding the replacement of the
chalcogen atoms. To answer the second inquiry regarding the
effect of the bridgehead Sn atom, a protonation study on
complex 4 and complexes 7–9 employing a moderate strength
acid, CF3CO2H has been carried out. As a result of this, no

protonation is observed when complexes 7–9 are treated with
excess CF3CO2H (100 equiv.) in CH2Cl2 solution, whereas
complex 4 could be protonated when treated with 100 equiv. of
CF3CO2H. The previous observation was deduced from the
spectrum of the 1H NMR which shows a small peak in the area
of the µ-hydride at −14.26 ppm and the appearance of new
proton resonance peaks of the methylene and methyl moieties
at 2.33 and 0.59 ppm, respectively, which is similar to those
observed in the case of HBF4·Et2O addition to this complex
(Fig. S4, ESI‡). Moreover, the 77Se{H} NMR spectrum shows
the appearance of a new peak at 237.77 ppm (Fig. S4, ESI‡). In
fact, the signals of the parent complex are still present in the
1H and 77Se{H} NMR spectra which indicate that complex 4

could be only partially protonated by using a moderate acid
such as CF3CO2H (Fig. S4, ESI‡). Regarding this, we would
suggest that the presence of the Sn atom in the bridgehead
together with the µ-Se in diiron models enhances the basicity
of the iron cores to be protonated across the Fe–Fe vector by
using moderate and strong acids. This phenomenon is in con-
trast to the presence of C atoms at the bridgehead of com-
plexes 7–9, which are basic enough to react at least with a
strong acid due to the absence of the Sn atom in the
bridgehead.

Electrochemistry

The electrochemical behaviour of 3 and 4 was investigated by
cyclic voltammetry (CVs) as well as that of [Fe2(CO)6{µ-
(SCH2)2SnMe2}], for comparison purposes. Fig. 6 shows the
cyclic voltammetric reduction of complexes 3 and 4 in CH2Cl2-
[n-Bu4N][BF4] solutions at a scan rate of 0.2 V s−1.

The cyclic voltammogram of complex 3 at a scan rate of 0.2
V s−1 (Fig. 6a) displays a quasi-reversible cathodic peak at E1/2
= −1.64 V (Epc = −1.75 V, Epa = −1.53 V), whereas complex 4 dis-
plays two reduction waves at Epc = −1.63 V (peak I) and −2.13
V (peak II) under the same conditions (Fig. 6b). Reversing the
forward scan of complex 4 at −1.63 V (Fig. 6b: inset red curve)
does not enhance the reversibility of the first reduction
process, while increasing the scan rates of complexes 3 and 4

up to 6 V s−1 results in no wave-splitting for the primary
reduction peaks of 3 and 4 (Fig. 7a and b). However, the rever-
sibility of the first reduction wave, (peak I), of 4 was improved
along with the disappearance of the second reduction wave,
(peak II) (Fig. 7b). This observation can be readily explained in

Table 1 Summary of the 1H and 77Se{H} NMR data of complexes 4, 7, 8 and 9 in the absence and presence of HBF4·Et2O

Complex

Without acid With acid Δ
a

77Se{H} (ppm) 1Hb (ppm) 77Se{H} (ppm) 1Hb (ppm) 1H (µ-H) (ppm) 77Se{H} (ppm) 1H (ppm)

4 226.64 1.68/0.24 362.65 2.29/0.51 −14.20 ∼136 0.61/0.27
7 79.05 2.15/0.93 165.01 2.84/1.2 −15.33 ∼86 0.69/0.27
8 145.46 2.22/1.62 197.31 2.96/2.04 −15.09 ∼52 0.74/0.42
9c 133.77 2.14, 2.23 and 1.74 190.05 2.71, 2.95 and 2.16 −15.15 ∼56 0.57, 0.72 and 0.42

a
Δ is the difference in the chemical shift in the 1H and 77Se{H} NMR data. b 1H NMR for the CH2/CH3 moieties respectively. c Complex 9 has only

CH2 moieties.
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terms of the irreversible follow-up reaction which occurs after
the first reduction process that forms side products as pre-
viously found for hexacarbonyl complexes reported in the lit-
erature.28 The reduction peaks of 3 (Epc = −1.75 V) and 4 (Epc =
−1.63 V) are due to two-electron reduction in a single step
based on the study of the current function, (Ipc/c·ν

1/2, c = con-
centration) of these complexes as seen from the height of the
peaks compared to that of [Fe2(CO)6{µ-(SCH2)2SnMe2}] which
is known to undergo an overall two-electron reduction with
potential inversion.14a In fact, such a study (current function)
is known to provide mechanistic information regarding the
number of electrons involved in the reduction process.29

Fig. S5 in the ESI‡ shows that the current functions of com-
plexes 3 and 4 decrease significantly as the scan rates increase
suggesting the presence of an intervening chemical process
during the electron transfer processes; i.e. ECE mechanism
(E = electrochemical process, C = chemical process) assuming
D ≈ 9 × 10−6 cm2 S−1.15a,16e This behaviour is similar to that
observed for hexacarbonyl model complexes reported in the lit-
erature.14a,16e,30 It can be noted that the reduction of complex
4 occurs at a less negative potential (∼50 mV) compared to the
corresponding sulfur analogue, [Fe2(CO)6{µ-(SCH2)2SnMe2}]
(Fig. S6, ESI‡). Generally, the higher the electron density of the
iron cores, the more the negative reduction potential is

observed. This is in contrast to our results found for the sele-
nium containing complex 4. This could be explained in terms
of reorganization and stabilization of the reduced species as
previously reported.14a,22,16a–d

Electrocatalysis

The electrochemical behaviour of 3 and 4 was investigated in
the presence of various concentrations of acetic acid (AcOH).
Upon initiating the electrochemical scan in the cathodic direc-
tion concomitantly with the addition of different equivalents
of AcOH to a solution of complexes 3 and 4, the primary catho-
dic peaks of complexes 3 and 4 show small shifts (∼40 mV) to
less negative potentials (Fig. 8), which is a typical observation
when protonation of a reduced species takes place.16e,31

Moreover, it is evident from Fig. 8a that complex 3 shows
catalytic behaviour through two processes: process I at Ecatp ≈

−2.05 V which levels off at [AcOH] ≈ 6 equiv. and process II at
Ecatp ≈ −2.24 V, while complex 4 reveal a catalytic process at
Ecatp ≈ −2.20 V (Fig. 8b). However, such catalytic behaviours are
similar to those reported in the literature for other hexa-
carbonyl complexes.16e,31

The reduction of 10 mM AcOH in CH2Cl2-[n-Bu4N][BF4] in
the absence of models 3 and 4 starts near −2.55 V (Fig. S7,
ESI‡) which indicates that the increase in the current with the

Fig. 6 Cyclic voltammetry of (a) 0.87 mM complex 3 and (b) 1.0 mM complex 4 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions at 0.2 V s−1 scan rate. The

inset in (b) shows the reverse scan of peak (I). The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc

couple.

Fig. 7 Cyclic voltammetry of (a) 0.87 mM complex 3 and (b) 1.0 mM complex 4 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions 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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increasing AcOH concentration is due to catalytic processes as
presented in Scheme 4 which summarizes the catalytic pro-
cesses of complex 3 and complex 4.

Conclusions

In this report, two novel models [Fe2(CO)6{µ-(SeCH2Se)
SnMe2}], 3 and [Fe2(CO)6{µ-(SeCH2)2SnMe2}], 4 have been syn-
thesized and characterized by spectroscopic methods. Also we
have investigated the influence of both the bridgehead atom
and the bridging chalcogen atoms in determining the basicity
properties of [FeFe]-complexes. We have found that the replace-
ment of the µ-S atoms in the dithiolato linker by Se atoms
enhances the electron density of the iron cores, which makes
it more susceptible to be protonated across the Fe–Fe vector by
using a strong acid such as HBF4·Et2O. Moreover, the replace-
ment of the bridgehead carbon atom by the Sn atom in combi-
nation with the µ-Se moieties makes it possible for these com-
plexes to be partially protonated employing a moderate acid
such as CF3CO2H (Fig. 9). In addition, the electrochemical be-
haviour of complexes 3 and 4 was investigated. Thus, it was
concluded that both complexes 3 and 4 follow an ECE
reduction mechanism. The proton reduction catalyzed by com-
plexes 3 and 4 was also investigated by cyclic voltammetry
using acetic acid as a proton source.

Experimental part
Materials and techniques

All reactions were performed using standard Schlenk and
vacuum-line techniques under an inert gas (nitrogen). The 1H,
13C{1H}, 77Se{1H} and 1H 77Se HMBC NMR spectra were
recorded with a Bruker Avance 400 or 600 MHz spectrometer.
Chemical shifts are given in parts per million with references
to internal SiMe4 (1H, 13C) or to Me2Se (77Se, 1H 77Se HMBC).
The mass spectrum was recorded with Finnigan MAT SSQ 710
instrument. The IR spectra were recorded with a Bruker
Equinox 55 spectrometer equipped with an ATR unit.

Fig. 8 Cyclic voltammetry of (a) 0.87 mM complex 3 and (b) 1.0 mM complex 4 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions at 0.2 V s−1 in the pres-

ence of different concentrations of AcOH. The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc

couple.

Scheme 4 Possible mechanism for the proton reduction cycle cata-

lysed by complexes 3 and 4 in the presence of AcOH.

Fig. 9 Summary scheme for the protonation process involved in this

report as well as the reported process in the literature.18 (a) In the case

of CF3CO2H, it shows only partial protonation.
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Elemental analysis was performed with a Leco CHNS-932
apparatus. TLC was performed by using Merck TLC aluminum
sheets (silica gel 60 F254). Solvents from Fisher Scientific and
other chemicals from Acros and Aldrich were used without
further purification. All solvents were dried and distilled prior
to use according to standard methods. Me2Sn(CH2I)I,

24 Me2Sn
(CH2I)2,

23 compound 2 23 as well as complexes 7,16e 8,16e 9 22

and [Fe2(CO)6{µ-(SCH2)2SnMe2}]
14a were synthesized according

to the known literature methods.

Electrochemistry

Corrections for the iR drop were performed for all experiments.
Cyclic voltammetric measurements were conducted in a three-
electrode system [glassy carbon disk (diameter d = 1.6 mm) as
a working electrode, Ag/Ag+ in MeCN as a reference electrode,
and Pt wire as a counter electrode] using a Reference
600 Potentiostat (Gamry Instruments). All experiments were
performed in CH2Cl2 solutions (concentration of the com-
plexes: 1.0 mM except complex 3, 0.87 mM) containing 0.1 M
[n-Bu4N][BF4] at room temperature. The solutions were purged
with N2 and a stream of it was maintained over the solutions
during the measurements. The vitreous carbon disk was
polished on a felt tissue with alumina before each measure-
ment. All potential values reported in this paper are referenced
to the potential of the ferrocenium/ferrocene (Fc+/Fc) couple.

Crystal structure determination

The intensity data were collected on a Nonius KappaCCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation.
Data were corrected for Lorentz and polarization effects;
absorption was taken into account on a semi-empirical basis
using multiple-scans.32–34 The structure was solved by direct
methods (SHELXS35) and refined by full-matrix least squares
techniques against Fo

33 (SHELXL-9735). The hydrogen atoms
bonded to the methylene carbon atom C1 of 3 and all hydro-
gen atoms of 4 were located by difference Fourier synthesis
and refined isotropically. All other hydrogen atom
positions were included at the calculated positions with fixed
thermal parameters. MERCURY36 was used for structure
representations.

Crystal data for 3: C9H8Fe2O6Se2Sn, Mr = 600.46 g mol−1,
red-brown prism, size 0.042 × 0.038 × 0.022 mm3, monoclinic,
space group P21/c, a = 7.5890(2), b = 11.1312(2), c = 19.3376(4)
Å, β = 100.731(1)°, V = 1604.97(6) Å3, T = −140 °C, Z = 4, ρcalcd =
2.485 g cm−3, µ (Mo-Kα) = 78.79 cm−1, multi-scan, transmin:
0.5246, transmax: 0.7456, F(000) = 1120, 12 633 reflections in
h(−9/9), k(−14/13), l(−25/25), measured in the range 2.12° ≤ Θ

≤ 27.55°, completeness Θmax = 99.5%, 3690 independent
reflections, Rint = 0.0363, 3458 reflections with Fo > 4σ(Fo),
191 parameters, 0 restraints, R1 obs = 0.0211, wR2 obs = 0.0462,
R1 all = 0.0240, wR2 all = 0.0480, GOOF = 1.110, largest differ-
ence peak and hole: 0.482/−0.675 e Å−3.

Crystal data for 4: C10H10Fe2O6Se2Sn, Mr = 614.49 g mol−1,
red-brown prism, size 0.098 × 0.090 × 0.078 mm3, triclinic,
space group P1̄, a = 9.1082(2), b = 9.9385(2), c = 10.4292(2) Å,
α = 64.181(1), β = 84.863(1), γ = 88.364(2)°, V = 846.36(3) Å3, T =

−140 °C, Z = 2, ρcalcd = 2.411 g cm−3, µ (Mo-Kα) = 74.73 cm−1,
multi-scan, transmin: 0.5626, transmax: 0.7456, F(000) = 576,
5909 reflections in h(−11/10), k(−12/12), l(−13/13), measured
in the range 2.18° ≤ Θ ≤ 27.10°, completeness Θmax = 99.4%,
3711 independent reflections, Rint = 0.0199, 3589 reflections
with Fo > 4σ(Fo), 230 parameters, 0 restraints, R1 obs = 0.0186,
wR2 obs = 0.0427, R1 all = 0.0196, wR2 all = 0.0433, GOOF =
1.096, largest difference peak and hole: 0.475/−0.758 e Å−3.

Synthesis of Me2Sn(CH2Se)Se (1)

A mixture of NaBH4 (91 mg, 2.39 mmol) and Se (284 mg,
3.59 mmol) was cooled down to 0 °C before the addition of
13 mL of ethanol. After the initial reaction had subsided, the
mixture was stirred and heated at reflux for 1.5 h with N2

passing into the liquid in order to dissolve the Se and eject
H2Se. The resulting deep-red ethanolic solution of Na2Se2 was
cooled down again to 0 °C before the addition of Me2Sn(CH2I)I
(500 mg, 1.20 mmol) dissolved in 3 mL ethanol. The ice-bath
was removed and the mixture was stirred for 1 h at room temp-
erature. The solution was poured into water (20 mL) and
extracted with CH2Cl2 (2 × 20 mL). The extract was washed
with water (4 × 20 mL), dried (Na2SO4) and concentrated
in vacuo. The residue was introduced to column chromato-
graphy using 1 : 12 ethyl acetate : hexane to give compound 1

as a red oil (78% yield); 1H NMR (400 MHz, CDCl3): 0.68
(s, with Sn satellites, 2J{117Sn–H} = 54.6 Hz and 2J{119Sn–H} =
57.0 Hz, 6H, CH3) δ = 2.37 (s, with 77Se satellites, 2J{H–Se} =
19.0 Hz, 2H, SeCH2).

13C{H} NMR (400 MHz, CDCl3): δ = −3.17
(s, CH3), 8.95 (s, CH2). DEI-MS: m/z = 321, [Me2Sn(CH2Se)Se]

+.

General procedure for the synthesis of [Fe2(CO)6{µ-(SeCH2Se)

SnMe2}] (3) and [Fe2(CO)6{µ-(SeCH2)2SnMe2}] (4)

A solution of Fe3(CO)12 (200 mg, 0.40 mmol) and compound 1

(127 mg, 0.40 mmol) or compound 2 (133 mg, 0.40 mmol) in
THF (25 mL) was heated at reflux for 1 hour under N2. The
green solution turned deep-red and the solvent was removed
under reduced pressure. The residue was purified by column
chromatography using 100% pentane. A violet fraction repres-
enting the side product [Fe3Se2 (CO)9], the second light
orange fraction containing complex 5, the third red main frac-
tion containing complexes 3 and 4 and the fourth orange frac-
tion containing complex 6 were collected and the solvent was
removed in vacuo. The products were obtained as red solids for
complexes 3 and 4. The spectroscopic data for complexes
[Fe3Se2 (CO)9], 5 and 6 match those of the previously reported
data in the literature.25,26

[Fe2(CO)6{µ-(SeCH2Se)SnMe2}], 3. Yield: 20% (50 mg,
0.08 mmol). Elemental analysis for C9H8Fe2O6Se2Sn: calcu-
lated C 18.00, H 1.34; found C 18.19, H 1.24 IR (CH2Cl2): 1985,
2019, 2062 cm−1. 1H NMR (400 MHz, CDCl3): δ = 0.59 ppm (s,
with Sn satellites, 2J{H–Sn} = 55.80 Hz, 6H, CH3), 2.08 ppm (s,
with Sn satellites, 2J{H–Sn} = 30.97 Hz, 2H, SeCH2).

13C{H}
NMR (400 MHz, CDCl3): δ = −3.15 ppm (s, CH3), 6.83 ppm (s,
CH2), 209.82 (s, CO). 77Se{H} NMR (400 MHz, CDCl3): δ =
−182.64 ppm (s, SeSnCH2), 429.40 ppm (s, SeCH2Sn). DEI-MS:
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m/z = 600 [M]+, 572 [M − CO]+, 544 [M − 2CO]+, 516
[M − 3CO]+, 488 [M − 4CO]+, 460 [M − 5CO]+, 432 [M − 6CO]+.

[Fe2(CO)6{µ-(SeCH2)2SnMe2}], 4. Yield: 29% (70 mg,
0.11 mmol). Elemental analysis for C10H10Fe2O6Se2Sn: calcu-
lated C 19.55, H 1.64; found C 19.69, H 1.1.49. IR (CH2Cl2):
1985, 2025, 2063 cm−1. 1H NMR (400 MHz, CDCl3): δ =
0.27 ppm (s, with Sn satellites, 2J{H–Sn} = 54.40 Hz, 6H, CH3),
1.66 ppm (s, with Sn satellites, 2J{H–Sn} = 30.97 Hz, 4H,
SeCH2).

13C{H} NMR (400 MHz, CDCl3): δ = −12.96 ppm (s,
CH3), −7.35 ppm (s, CH2), 208.37 (s, CO). 77Se{H} NMR
(400 MHz, CDCl3): δ = 226.70 (s, SeSnCH2). DEI-MS: m/z =
614 [M]+, 586 [M − CO]+, 558 [M − 2CO]+, 530 [M − 3CO]+, 502
[M − 4CO]+, 474 [M − 5CO]+, 446 [M − 6CO]+.
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Figure S1. A) 1H NMR spectrum (CD2Cl2) of complex 4 without HBF4·Et2O. B) 1H NMR spectrum (CD2Cl2) of complex 4 with (100 equiv.) HBF4·Et2O. (●) peaks of Et2O in the acid.
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Figure S2. The 1H, 77Se{H} HMBC NMR spectrum of 4µH+ in CD2Cl2. 
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Figure S3. The high field 1H NMR spectrum (CD2Cl2) of complexes 7 (blue), 8 (green) and 9 (red) with 100 equiv. HBF4·Et2O. 
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ABSTRACT

A novel macrocyclic complex [Fe2(CO)6{µ-(S(CH2)3)2S}]2 (2) has been synthesized by the reaction of Fe3(CO)12
with 1,2,6,10,11,15-hexathiacyclooctadecane (1). This tetranuclearmacrocyclic complex has been isolated and
characterized by IR spectroscopy, 1H NMR spectroscopy, mass spectrometry as well as elemental analysis.
The solid state structures of 1,2,6,10,11,15-hexathiacyclooctadecane (1) and [Fe2(CO)6{µ-(S(CH2)3)2S}]2 (2) were
determined by X-ray crystal structure analysis.

GRAPHICAL ABSTRACT

Introduction

The natural energy resources are dearth and were found to
be more harmful for the environment. Therefore, the search
for new energy sources, like hydrogen, is of great interest
to scientists nowadays.1–3 In fact, the nature has high abil-
ity to catalyze the reversible process of proton reduction
with high catalytic efficiency (ca. 104 turnover s−1) and this
occurs through enzymes known as [FeFe]-hydrogenases.4,5 The
so-called H cluster, which is the active site of the [FeFe]-
hydrogenases enzyme consisting of a [Fe4S4] cluster attached
through a cysteinyl residue to a butterfly [Fe2S2] subcluster.
This subcluster features a bridging azadithiolato ligand (adt =

[SCH2NHCH2S]) as well as biologically unusual CO and CN−

ligands6–10 (Figure 1).
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Recent efforts have been paid to the synthetic models that
mimic the H cluster of the [FeFe]-hydrogenase in order to
provide a better understanding of the structure and func-
tion of the active site of the enzyme.11 One of these efforts
focused on synthesizing macrocyclic complexes that contain
two Fe2S2(CO)6 subcluster cores with butterfly structure con-
nected by different linkers leading to systems with two cat-
alytic active centers close to each other. Such macrocyclic
complexes, however, are rare and only few examples were
reported in the literature.12–19 Indeed, the size of these macro-
cyclic complexes depends on the nature of the chain linkers,
where Song et al. reported an 18-memebered macrocyclic com-
plex, [Fe2(CO)6{µ-(S(CH2)2)2E}]2 (E=O or NiPr),13,14 while
Zhang et al. prepared a 16-membered macrocyclic complex,

©  Taylor & Francis Group, LLC
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Figure . The structure of the H cluster.

Figure . The molecular structure of compound 1. Hydrogen atoms are omitted for
clarity.

[Fe2(CO)6{µ-(S(CH2)4)2}]2.
15 In this context, we herein report

the preparation and the molecular structure of the novel 22-
memebered macrocyclic complex [Fe2(CO)6{µ-(S(CH2)2)2S}]2
(2).

Results and discussion

The starting compound 1,2,6,10,11,15-hexathiacycloocta-
decane (1) was synthesized by following a procedure described
in the literature.20 Colourless needles suitable for X-ray diffrac-
tion analysis were obtained by recrystallization of compound 1

from pentane at −20°C. The molecular structure of compound
1 is shown in Figure 2. The two disulfide bonds length, (S2–S3,
2.0375(10)Å and S5–S6, 2.0325(10)Å), are slightly shorter than
the corresponding bond in the elemental sulfur α-S8 (2.05 Å).
Moreover, the average dihedral angle for C4(9)–S3(5)–S2(6)–C3(10)

is 78.79° and the average S–C bond is 1.816(3)Å.

Figure . The molecular structure of complex 2. Hydrogen atoms are omitted for
clarity.

Treatment of two equiv. of Fe3(CO)12 with one equiv. of
1 in boiling THF for two hours followed by subsequent col-
umn chromatography afforded [Fe2(CO)6{µ-(S(CH2)3)2S}]2, 2,
as a red solid (Scheme 1). The novel complex 2 is air stable as
solid but decomposes slowly in solution with time. It is solu-
ble in common organic solvents such as THF and CH2Cl2 but
it is insoluble in hydrocarbon solvents such as hexane. Com-
plex 2 has been characterized by 1H NMR spectroscopy, IR
spectroscopy, mass spectrometry, elemental analysis, and X-ray
crystallography.

The IR spectrum of complex 2 exhibited four absorption
bands at 1957, 1981, 2019, and 2065 cm−1 for the terminal
CO ligands. These stretching vibrations are shifted to slightly
lower wavenumbers compared to those of analogues system
reported in the literature.13,14 This might be due to the presence
of the sulfur atom in the chain linker. The 1H NMR spectrum
of complex 2 showed a broad singlet at 1.68 ppm for the SCH2

moieties located at the axial position, multiplet in the region
1.94–2.23 ppm for the SCH2CH2 moieties, broad singlet in the
region 2.52 ppm that could be assigned to the SCH2 moieties
in equatorial position as well as a multiplet in the region 2.69–
2.80 ppm for the CH2SCH2 moieties. Single crystals suitable for
X-ray diffraction studies were obtained by diffusion of hexane
into a CH2Cl2 solution of complex 2 at −20°C. The molecular
structure of complex 2 is shown in Figure 3. Complex 2 is

Scheme . Synthesis of complex 2.
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composed of two butterfly cluster cores which are linked
together by two identical thioether chains to form a 22-
membered macrocycle complex. The geometry around each
iron atom in complex 2 can be best described as a distorted
octahedron with three CO ligands in a facial fashion, two
bridging sulfur atoms and one iron atom. The Fe–Fe bond
length (2.5221(5)Å) in complex 2 are comparable to those in
the corresponding analogues reported in the literature.12–16

Furthermore, the average Fe–S bond (2.2596(7)Å) and the aver-
age S–C bond (1.820(3)Å) are similar to those in the reported
analogues system.12–16

Conclusion

In this report we have synthesized and characterized a
novel 22-membered macrocyclic complex, [Fe2(CO)6{µ-
(S(CH2)3)2S}]2 (2) by thermal reaction of 1,2,6,10,11,15-
hexathiacyclooctadecane (1) with Fe3(CO)12. The molecular
structure of complex 2 displays two Fe2S2(CO)6 subcluster cores
with butterfly structure connected via two identical thioether
chain linkers.

Experimental

All reactions were performed using standard Schlenk and
vacuum-line techniques under an inert gas (nitrogen). The 1H
NMR spectra were recorded with a Bruker Avance 400 MHz
spectrometer. Chemical shifts are given in parts per million
with references to internal SiMe4. The mass spectrum was
recorded with Finnigan MAT SSQ 710 instrument. The IR
spectra were recorded with a Bruker Equinox 55 spectrometer
equipped with an ATR unit. Elemental analysis was performed
with a Leco CHNS-932 apparatus. TLC was performed by using
Merck TLC aluminum sheets (Silica gel 60 F254). Solvents from
Fisher Scientific and other chemicals from Acros and Aldrich
were used without further purification. All solvents were dried
and distilled prior to use according to standard methods. The
compound 1,2,6,10,11,15-hexathiacyclooctadecane (1) was
synthesized according to the known literature method.20

Crystal structure determination

The intensity data were collected on a Nonius KappaCCD
diffractometer using graphite-monochromated Mo-Kα radia-
tion. Data were corrected for Lorentz and polarization effects,
absorption was taken into account on a semi-empirical
basis using multiple-scans.21–23 The structure was solved
by direct methods (SHELXS)24 and refined by full-matrix
least squares techniques against Fo2 (SHELXL-97).24 The
hydrogen atoms of 2 were located by difference Fourier syn-
thesis and refined isotropically. All hydrogen atom posi-
tions of 1 were included at calculated positions with fixed
thermal parameters. MERCURY25 was used for structure
representations.

Crystal Data for 1: C12H24S6, Mr = 360.67 gmol−1, colour-
less prism, size 0.134 × 0.098 × 0.056 mm3, orthorhombic,
space group P c a 21, a = 20.9147(4), b = 5.33730(10), c =

15.3094(3) Å, V = 1708.96(6) Å3, T = −140°C, Z = 4, ρcalcd. =

1.402 gcm−3, µ (Mo-Kα) = 7.83 cm−1, multi-scan, transmin:
0.6942, transmax: 0.7456, F(000) = 768, 11378 reflections in
h(−27/27), k(−6/6), l(−16/19), measured in the range 1.95° �

� � 27.51°, completeness �max = 99.8%, 3659 independent
reflections, Rint = 0.0394, 3364 reflections with Fo > 4σ (Fo),
163 parameters, 1 restraints, R1obs = 0.0298, wR2

obs = 0.0615,
R1all = 0.0343, wR2

all = 0.0639, GOOF = 1.040, Flack-
parameter 0.41(11), largest difference peak and hole:
0.264/−0.179 e Å−3.

Crystal Data for 2: C24H24Fe4O12S6, Mr = 920.19 gmol−1,
red-brown prism, size 0.110 × 0.098 × 0.090 mm3, mono-
clinic, space group P 21/n, a = 14.5539(8), b = 7.7643(3),
c = 16.4300(8) Å, β = 114.011(2)°, V = 1695.95(14) Å3, T =

−140°C, Z= 2, ρcalcd. = 1.802 gcm−3,µ (Mo-Kα)= 21.03 cm−1,
multi-scan, trans.min: 0.6617, trans. max: 0.7456, F(000)= 928,
10801 reflections in h(−18/18), k(−9/9), l(−21/21), measured
in the range 2.42°� � � 27.10°, completeness �max = 99.6%,
3714 independent reflections, Rint = 0.0367, 3340 reflections
with Fo > 4σ (Fo), 256 parameters, 0 restraints, R1obs = 0.0346,
wR2

obs = 0.0650, R1all = 0.0415, wR2
all = 0.0674, GOOF =

1.148, largest difference peak and hole: 0.453/–0.300 e Å−3.

General procedure for the synthesis of

[Fe2(CO)6{µ-(S(CH2)3)2S}]2 (2)

A mixture of Fe3(CO)12 (280 mg, 0.56 mmol) and compound
1 (100 mg, 0.28 mmol) in THF was heating at reflux for two
hours. The resulting deep-red solution was cooled down to
room temperature and the solvent removed under reduced pres-
sure. The residue was purified by column chromatography with
CH2Cl2/Hexane (v/v 1:2) as eluent. The complex was collected
from the second, red colored fraction. Yield: 31%. Elemental
analysis for C24H24Fe4O12S6: calculated C 31.33, H 2.63, S 20.90;
found C 31.61, H 2.68, S 20.95. IR ν(CO) = 1957, 1981, 2019,
2065 cm-1. 1HNMR (400 MHz, CDCl3): δ = 1.68 ppm (bs, 4H,
a-SCH2), 1.94–2.23 ppm (m, 8H, SCH2CH2), 2.52 ppm (bs, 4H,
e-SCH2), 2.69–2.80 ppm (m, 8H, CH2SCH2). DEI-MS: m/z =

920 [M]+.
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[FeFe]-Hydrogenase H-cluster mimics mediated
by naphthalene monoimide derivatives of
peri-substituted dichalcogenides†

Hassan Abul-Futouh, ‡a Yulian Zagranyarski,‡b Carolin Müller,c Martin Schulz, c

Stephan Kupfer,c Helmar Görls,a Mohammad El-khateeb,d Stefanie Gräfe, c

Benjamin Dietzek,c,e Kalina Peneva *f,g and Wolfgang Weigand *a

Synthetic models of the active site of [FeFe]-hydrogenase containing naphthalene monoimide (NMI) of

peri-substituted dichalcogenides as bridging linkers have been prepared and characterized using different

spectroscopic methods. The influence of the imide functionality and the chalcogen atoms on the redox

properties and the catalytic behaviour of complexes 7–10 was studied using cyclic voltammetry. The

results revealed that the imide functionality has improved the chemical stability of the reduced species

and the replacement of the S atoms by Se caused a cathodic shift in the oxidation peaks. Moreover, the

optical properties of compounds 1, 2, 4, and 5 and the respective diiron complexes 7–10 were investi-

gated by UV-Vis absorption and fluorescence spectroscopy assisted by quantum chemical simulations.

The structures of complexes 6–9 were confirmed by X-ray diffraction analysis.

Introduction

The conversion of industry from fossil fuels driven to hydrogen
is considered an ideal solution to overcome the rapid exhaus-
tion of fossil fuels and the anthropogenic green-house
effect.1–3 Hydrogen exhibits a high energy density and the
combustion of hydrogen in fuel cells results in the formation
of water as the only by-product. In nature, the reversible
reduction of protons to molecular hydrogen occurs through
enzymes, such as [FeFe]-hydrogenases.4,5 The active site, the so

called H-cluster, of this enzyme consists of a [Fe4S4] cluster
attached through a S atom of a cysteinyl residue to a butterfly
[Fe2S2] sub-cluster as had been shown by X-ray crystallographic
studies and theoretical calculations of [FeFe]-hydrogenase iso-
lated from Desulfovibrio desulfuricans6 and Clostridium pasteur-

ianum.7 Moreover, the [Fe2S2] sub-cluster contains a bridging
azadithiolato ligand (adt = [SCH2NHCH2S]) and biologically
unusual CO and CN− ligands8 (Fig. 1). In the past few decades,
there have been remarkable attempts to understand the
relationship between the structure and function of the active
site in [FeFe]-hydrogenases, which sparked the development of
numerous synthetic routes based on dithiolato ligands brid-
ging diiron complexes.9 The nature of the bridging dithiolate

Fig. 1 Schematic structure of the H-cluster of [FeFe]-hydrogenase in

naturally occurring enzymes.
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linkers plays a crucial role in the chemical reversibility and in
the number of electrons involved in the reduction process.9c,10g

It has been reported that the synthetic models having 1,2-ben-
zenedithiolato bridges are preferably reduced by two electrons
in a single step unlike the aliphatic dithiolato bridging
ligands.10 On the other hand, incorporation of a naphthalene-
1,8-dithiolato ligand11a,b into the synthetic models of [FeFe]-
hydrogenase enhanced the stability of the reduced species to
proceed via two sequential reversible one-electron steps.11c–f

Moreover, it has been found that the reduction potential of the
latter model can be adjusted through chemical modification of
the naphthalene backbone. For example, the introduction of
electron-withdrawing substituents at the 2- and 7-positions of
the naphthalene skeleton shifts the first reduction peak to a
less negative potential as well as stabilizes the mono-anionic
species compared with the aliphatic dithiolate bridging
linker.11c,d In light of the above-mentioned considerations, the
Wasielewski group and others have modified the naphthalene
skeleton by introducing an imide group into its backbone.12

As a result, they found that the presence of the imide function-
ality provides additional stability to the monoanionic species
due to its strong electron-withdrawing effect and thus serves as
a suitable site for the attachment of an additional chromo-
phore. Furthermore, it has been reported that the replacement
of the S atoms of diiron dithiolato models by Se atoms
increases the electron density on the iron cores.11e,13 On the
basis of these findings, we have synthesized different naphtha-
lene monoimide (NMI) dithiolato and diselenolato ligands
(Fig. 2) in an attempt to investigate their electrochemical and
fluorescence properties in the synthetic [FeFe]-hydrogenase
subunit mimics. Herein, we describe the first NMI-diselenolate
derivatives as well as the preparation of novel NMI-dithiolate
and diselenate containing two additional halogen atoms in the
ortho position to the two chalcogens allowing further fine-
tuning of the reduction potential of the respected complexes.
The resulting compounds are fully characterized employing a
variety of analytical techniques (NMR spectroscopy, elemental
analysis, and mass spectrometry and X-ray structure determi-
nation of compound 6). Furthermore, we introduce the syn-
thesis and characterization study of four new models (7–10)
mimicking the active site of [FeFe]-hydrogenase. The structures
of complexes 7–9 are determined using X-ray single crystal
diffraction analysis. In addition, we present an investigation of
the redox properties and the catalytic behaviour of the diiron

complexes 7–10 as well as the fluorescence properties of com-
pounds 1, 2, 4, and 5 and complexes 7–10. Furthermore, the
fundamental transitions underlying the bright excitation of
complexes 7 and 9 within the Franck–Condon region are unra-
velled by virtue of time-dependent density functional theory
(TDDFT).

Results and discussion
Synthesis and characterization of compounds 1–6

The synthetic procedures and characterization of precursors
A–E (Scheme 1) required for the preparation of compounds
1–6 are described in detail in the ESI.†

Compound A was prepared from the imidization of 4,5-
dibromo-1,8-naphthalic anhydride with 1-aminooctane
(Scheme 1, path 1) as previously described in the literature.14a

In parallel, we have prepared a novel tetrabromonaphthalene
monoanhydride derivate B as well as the tetrachloro naphtha-
lene monoanhydride derivate C14b (Scheme 1, path 2), which
we could modify selectively at the peri-positions of the aro-
matic core (compounds 2–6). As illustrated in Scheme 2, com-
pounds 1 and 4 were obtained in 72% and 81% yield, respect-
ively, by treatment of N-octyl-4,5-dibromonaphthalene monoi-
mide (A) with S (or Se) in NMP at 160 °C for 6 hours (10 hours
for Se). Similarly, the reaction of precursor D (or E) with S (or
Se) in NMP at 170 °C for 4 hours (10 hours for Se) afforded the
NMI-disulfide bridges 2 and 3 as well as the NMI-diselenide
bridges 5 and 6 in 81%, 97%, 74% and 86% yield, respectively,
as shown in Scheme 2. Compounds 1–6 have been character-
ized by means of 1H, 13C{1H}, 77Se{1H} NMR spectroscopic
techniques as well as elemental analysis, mass spectrometry
(see the Experimental section) and X-ray structure determi-
nation of compound 6 (Fig. S1, ESI†).

Fig. 2 Chemical structures of naphthalene monoimide (NMI) dithiol

and diselenol compounds 1–6. Scheme 1 Synthetic pathways of precursors A–D.
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Synthesis and characterization of the diiron complexes

Treatment of equimolar amounts of Fe3(CO)12 and compounds
1, 2, 4, and 5, respectively, in THF at 65 °C for three hours
followed by subsequent column chromatography afforded
complexes 7–10 in 32–40% yield as shown in Scheme 3.

Unfortunately, refluxing of compound 3 or 6 with Fe3(CO)12 in
THF did not afford complex 11 or 12 as shown in Scheme 3.
However, such behaviour has been previously reported in the
literature.11e

The novel complexes 7–10 have been characterized by spec-
troscopic methods (1H NMR, 13C{1H} NMR, 77Se{1H} NMR and
IR), mass spectrometry, elemental analysis and X-ray crystallo-
graphy for 7–9. The IR spectra of complexes 7–10 exhibit three
absorption bands for the terminal CO ligands of each complex
as illustrated in Table 1. It is evident that the CO stretching
vibrations appear at lower frequencies when the S atoms are
substituted by Se atoms (Table 1). This finding can be rational-
ized in terms of increasing back-donation to CO due to the
enhanced electron donor ability of Se with respect to S.11e,13,15

The 1H NMR spectra of complexes 7 and 9 exhibit a broad
signal in the range 8.40–8.45 ppm for the protons of the
naphthalene backbone similar to that observed in the litera-
ture.16 Additionally, four signals at 4.11, 1.68, 1.27 and
0.86 ppm were also detected in each spectrum for the remain-
ing protons in the alkyl chain. Furthermore, the 13C{1H} NMR
spectra of these complexes show only one signal (7: 207.2 ppm
and 9: 207.8 ppm) for the carbonyl ligands at room tempera-
ture as previously reported for similar diiron complexes.12,16

The signals for the remaining carbon atoms in complexes 7

and 9 were also detected in the spectra (see the Experimental
section). Moreover, the 77Se{1H} NMR spectrum of complex 9

displays one signal for the two chemically equivalent Se atoms
at 209.82 ppm. The 1H NMR spectra of complexes 8 and 10

exhibit a broad signal peak at 8.72 ppm for the protons of the
naphthalene ring and a multiplet in the region of
7.34–7.49 ppm for the aromatic protons. Thus, the isopropyl
group protons are shown as two peaks at 2.63 ppm and at
1.14 ppm which are assigned to the –CH and –CH3 moieties,
respectively. The 13C{1H} NMR spectra of 8 and 10 display one
signal for the carbonyl ligands (8: 206.1 ppm, 10: 207.3 ppm)
in addition to the peaks for the naphthalene monoimide skel-
eton (see the Experimental section). A signal at 270.26 ppm
was detected in the 77Se{1H} NMR spectrum of complex 10

which is assigned to the two chemically equivalent Se atoms.
The mass spectra of complexes 7–10 show the molecular ion
peaks and the peaks resulting from the dissociation of the six
CO ligands, sequentially.

Molecular structures

The diffusion of hexane into a dichloromethane solution of
complexes 8 and 9 at 20 °C afforded a suitable single crystal
for X-ray diffraction studies. Unfortunately, no single crystal of

Scheme 2 Synthetic pathway of compounds 1–6.

Scheme 3 Synthetic pathway of complexes 7–12.

Table 1 Carbonyl stretching vibrations for complexes 7–10

Complex ν(CO) (cm−1)

7 2074(s), 2040(m), 1989(m)
8 2077(s), 2036(m), 1981(m)
9 2065(s), 2028(m), 1981(m)
10 2070(s), 2032(m), 1978(m)
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complex 10 could be obtained and the crystallization of 7 gave
low quality crystals that resulted only in a structural motif of
complex 7 due to the presence of a long alkyl chain in the
imide structure, which can disturb the dense packing of the
molecules (Fig. S2, ESI†). Fig. 3 depicts the molecular struc-
tures of complexes 8 and 9 with ellipsoids drawn at the 60%
probability level. In the case of complex 8, the structure
includes two molecules of dichloromethane solvent which are
omitted from Fig. 3 for clarity. Both 8 and 9 revealed the
typical butterfly conformation of [Fe2X2] (X = S or Se). The geo-
metry around each iron atom can be best described as a dis-
torted octahedron in which the central atom is Fe surrounded
by three terminal CO ligands in a facial fashion as well as two
chalcogen atoms that bridge both iron centres. The Fe–Fe
bond length of 8 (2.5139(12) Å) is slightly shorter than that of
9 (2.5607(7) Å), which is comparable to those observed in the
literature.11e,15a This is attributed to the enhanced van der
Waals radii of Se compared to S. The average Fe–CO bond
length in 8 (1.804(7) Å) is slightly longer than that of 9

(1.797(4) Å) due to less metal to CO back donation in the case
of the dithiolato complexes relative to the diselenolato
analogues, which is in agreement with the IR data (Table 1).
It is notable that the average Fe–S (2.2419(17) Å) and Fe–Se
(2.3599(7) Å) bond lengths are comparable to those of
naphthalene containing complexes observed in the litera-
ture,11c,e indicating that the imide functionality has no influ-
ence on the bond length. Additionally, the torsion angle τ formed
from the intersection between OCap–Fe1–Fe2 and OCap–Fe2–Fe1
of 8 is 14.71° which is less distorted from the eclipsed Fe(CO)3
conformation compared to that of 9 (τ = 26.83°).

Electrochemistry

The electrochemical properties of complexes 7–10 were investi-
gated with respect to the influence of both the imide function-
ality and the chalcogen atoms on the reduction potentials.
Table 2 summarizes the electrochemical reduction and oxi-

dation potentials from the cyclic voltammetric measurements
of 7–10. The voltammetric profiles presented in Fig. 4 indicate
that complexes 7 and 8 are reduced via two sequential quasi-
reversible one-electron steps (E1/2 = −1.31 and −1.65 V for
complex 7, E1/2 = −1.09 and −1.50 V for complex 8) which are
assigned to FeIFeI → FeIFe0 and FeIFe0 → Fe0Fe0 similar to
their reported analogue complexes.11c–f,12,16 The small oxi-
dation peak observed at Epa = −1.05 V in the return sweep of
complex 7 might arise from the oxidation of a species formed
in a slow reaction following the reduction of the dianionic
species, while the reduction event observed at Epc = −1.31 V for
complex 8 might be correlated due to the reduction of a
species formed upon reduction of the initial complex.
However, these oxidation and reduction events are vanishing
at higher scan rates up to 1.0 V s−1 (Fig. S3, ESI†). Reversing
the scan at −1.53 V and −1.39 V for complexes 7 and 8, respect-
ively, does not enhance the reversibility of the first reduction
events (Fig. S3, ESI†). A plot of the current function (Ipc/C·ν

1/2)
vs. the scan rates (ν) for the first and the second reduction
events of complexes 7 and 8 (Fig. S4, ESI†) shows the expected
invariance for a process involving the transfer of one electron
without any chemical complications which suggest an EE
process (E = electrochemical process).9c,17 It is noteworthy that
the electron-withdrawing bromide substituents in complex 8

cause a shift (∼220 mV and ∼150 mV) of the reduction peaks
to less negative potentials compared to that of complex 7. This
can be seen by comparing E1/2 values for the first and the
second reduction waves of complex 8 and of complex 7 (see
E1/2 values in Table 2). Such a behaviour has been reported for
various diiron carbonyl complexes.11c–f The replacement of the
µ-S atoms with Se in the bridging linker of complexes 9 and 10

leads to variations in the cathodic processes compared to the
corresponding S analogues 7 and 8 as shown in Fig. 5. The
cyclic voltammograms of complexes 9 and 10 (Fig. 5) display
two main reduction events for each complex as a quasi-revers-
ible one electron reduction step at E1/2 = −1.39 and −1.17 V,
respectively, as well as an irreversible one electron reduction

Fig. 3 Molecular structures (60% probability) of complex 8 (left) and

complex 9 (right). Hydrogen atoms are omitted for clarity.

Table 2 Summary of the redox features of complexes 7–10 in 0.1 M

CH2Cl2-[n-Bu4N][BF4] solution measured at v = 0.2 V s−1 using a glassy

carbon disk (d = 1.6 mm). Potentials E are given in volts (V) and refer-

enced to the Fc+/Fc couple

Complex Ered1
a E1/2

b Ered2
a E1/2

b Eox

7 −1.34 (Epc) −1.31 −1.68 (Epc) −1.65 0.93
−1.27 (Epa) −1.62 (Epa)

8 −1.12 (Epc) −1.09 −1.54 (Epc) −1.50 1.11
−1.06 (Epa) −1.46 (Epa)

9 −1.39 (Epc) −1.35 −1.63 (Epc) — 0.89
−1.31 (Epa)

10 −1.17 (Epc) −1.12 −1.55 (Epc) — 0.98
−1.07 (Epa)

a Ered1 and Ered2 are the potentials for the first and the second
reductions, where Epc and Epa are the cathodic and anodic scan peak
potentials. b E1/2 is the half-wave potential for the first and the second
reduction events. Because the Ipa/Ipc value (anodic to cathodic peak
current ratio) at 0.2 V·s−1 of complexes 7–10 is less than 1, the E1/2 can
be considered as approximated values.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 11180–11191 | 11183



step at −1.63 V for complex 9 and at −1.55 V for complex 10.
These reduction events are assigned to FeIFeI → FeIFe0 and
FeIFe0 → Fe0Fe0 similar to the corresponding S analogues. The
current functions of the first and the second reduction waves
for complexes 9 and 10 show a similar behaviour to those
observed for the S containing complexes 7 and 8 (Fig. S5,
ESI†). The reversibility of the first reduction peak of complex 9
is enhanced by reversing the forward scan at −1.53 V, while
the second reduction peak remains irreversible by switching
the forward scan at −1.75 V (Fig. S6, ESI†). Moreover, the exist-
ence of a small irreversible reduction event at −1.83 V for
complex 9 (Fig. 5a) could be assigned to reduction of daughter
products of the follow-up reaction from the second reduced
species as reported for various diiron carbonyl complexes.9c,18

In contrast, the reversibility of the first reduction peak of
complex 10 is not affected by reversing the forward scan at
−1.25 V (Fig. S7, ESI†).

Furthermore, a reduction event at −1.32 V appears again
similar to that of complex 8. Additionally, the stability of
complexes 7–10 is slightly reduced under electrochemical
conditions when the scan was repeated up to 5 times at
0.2 V s−1 (Fig. S8, ESI†). Upon initiating the electrochemical
scan in the positive direction of complexes 7–10, an irreversible
oxidation peak is observed for each complex (Table 2) which

could be assigned to the one-electron oxidation process of
FeIFeI → FeIFeII as previously reported for various diiron
complexes.11e,13b,19a–c Moreover, it is remarkable that com-
plexes 9 and 10 are readily oxidized which emphasized that
the electron density at their iron cores is slightly higher than
those of the S analogue complexes. Overall, the voltammetric
profiles of complexes 7–10 demonstrate that the presence of
the imide functionality enhances the chemical stability of
the mono- and direduced species resulting in a normal order-
ing of potential (EE mechanism) with peak potential separ-
ation of about ∼350 mV. Unfortunately, the replacement
of µ-S with Se diminished the stability of complexes 8

and 10 under reductive conditions as reported previously.11e,f

Scheme 4 depicts the proposed mechanism for the cathodic
processes of complexes 7–10 at slow (0.2 V s−1) and fast scan
rates (1.0 V s−1).

Electrocatalysis

Furthermore, we have tested the electrocatalytic behavior of
complexes 7–10 in the presence of various concentrations of
acetic acid (AcOH) and the CVs are illustrated in Fig. 6. The
presence of one equiv. of AcOH in the solutions of complexes
7–10 revealed that none of the complexes showed any response
toward the acid at the first reduction events of complexes 7–10

Fig. 4 Cyclic voltammetry of (a) 1.0 mM complex 7 and (b) 1.0 mM complex 8 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions at 0.2 V s−1 scan rate. The

arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.

Fig. 5 Cyclic voltammetry of (a) 1.0 mM complex 9 and (b) 1.0 mM complex 10 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions at 0.2 V s−1 scan rate. The

arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.
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(Fig. 6a–d), while the second reduction events of complexes
7–10 show small shifts (∼63, ∼46, ∼16 and ∼33 mV, respect-
ively) to less negative potentials (Fig. 6a–d) which is a typical
observation when protonation of a dianionic species takes
place.9c,i,19d However, when the acid concentration was
increased, the current of this process remained constant. At
more reducing potentials in the vicinity of −1.80 V to −2.4 V
for complexes 7–10, the voltammetric profile of each complex
shows catalytic behavior through two processes: process I at
Ecatp ≈ −1.98, −1.84, −2.06 and −2.04 V, respectively, which
levels off at [AcOH] ≈ 6 equiv. and process II at Ecatp ≈ −2.34,
−2.32, −2.30 and −2.29 V, respectively (Fig. 6). The reduction
of AcOH in CH2Cl2-[n-Bu4N][BF4] in the absence of complexes
7–10 starts near −2.55 V (Fig. S9, ESI†) which indicates that
the increase in the current with increasing AcOH concen-
tration is due to catalytic processes.

Ground-state absorption and steady state emission properties

The photophysical properties of compounds 1, 2, 4 and 5 as
well as those of complexes 7–10 were studied by steady state
absorption and emission spectroscopy. Compounds 1, 2, 4 and
5 exhibit broad absorption bands in the visible range between
380 and 520 nm with absorption coefficients of up to 4 × 104

M−1 cm−1 as well as strong absorption in the UV between 230
and 320 nm (cf. Table 3 and Fig. 7). The UV absorption fea-
tures are composed of several bands, which appear as
shoulders to one main band at around 270 nm. For the diiso-
propylphenyl-substituted naphthalene monoimides 2 and 5,
the UV absorption features appear red-shifted with respect to
their octyl-substituted counterparts 1 and 4. Moreover, the sub-
stitution of S atoms in compounds 1 and 2 by Se (4 and 5)
leads to decreased absorption coefficients (about 50%) of the
270 nm band. The influence of the chalcogen atoms is also
apparent in the Vis-absorption band. The S substituted com-
pounds (1 and 2) show a pronounced shoulder at the short-
wavelength flank of the Vis-absorption band, while in the case
of the Se substituted compounds (4 and 5), this band remains
structureless. The N-bound substituent has only a minor influ-
ence on the Vis-absorption band, i.e. shifting the maximum by
about 0.04 eV to the red for the diisopropylphenyl-substituted
compounds 2 and 5 with respect to the octyl-substituted 1 and
4. It is important to note that several very weak bands are
observed between the major UV- and Vis-absorption bands (ca.
320–400 nm) with absorption coefficients between 2 × 102 and
2 × 103 M−1 cm−1. Upon complexation, the bands between 320
and 400 nm gain significant oscillator strength (about one
order of magnitude; cf. Fig. 7) for the corresponding diiron
complexes 7–10, while the absorption coefficient of the Vis-

Scheme 4 Proposed cathodic processes of complexes 7–10 at slow

(0.2 V s−1) and fast (1.0 V s−1) scan rates.

Fig. 6 Cyclic voltammetry of 1.0 mM complexes 7–10 in CH2Cl2-[n-Bu4N][BF4] (0.1 M) solutions at 0.2 V s−1 in the presence of various concen-

trations of AcOH. The arrows indicate the scan directions. The potentials E are given in V and referenced to the Fc+/Fc couple.
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absorption band around 480 nm decreases significantly.
Contrarily, the bands located below 320 nm for the diiron com-
plexes 7–10 gain oscillator strength by about a factor of two
and thus appear broadened compared to their corresponding
ligand precursors. To gain insight into the electronic tran-
sitions underlying the absorption spectra of this class of com-
pounds, quantum chemical simulations have been performed
exemplary for 7 and 9. The TDDFT simulations performed
within the fully optimized equilibrium geometries of 7 and 9

allowed an unambiguous assignment of the bright absorption
features in the range of 320–400 nm. For complex 7, TD-B3LYP

predicts a very bright ππ* intra-ligand excitation (IL, S7) loca-
lized on the NMI moiety at 398 nm (3.11 eV), while a medium
bright metal centred (MC, S9) excitation associated with the
opening of the Fe–Fe bond is obtained at 383 nm (3.24 eV).
Analogously, a bright IL excitation as well as a medium bright
MC excitation were observed for 9 at 397 (3.13 eV) and 391 nm
(3.17 eV), respectively. The weakly absorbing red-sided absorp-
tion feature in 7 and 9 at approximately 464 (2.67 eV) and at
471 nm (2.63 eV), respectively, can be assigned to excitation
into the weakly absorbing states S2–S4 of mixed electronic char-
acter in the range of 413–428 nm (3.00–2.89 eV) for 7 and
423–434 nm (2.92–2.86 eV) for 9. Interestingly, these states are
partially of direct charge transfer nature from the S/Se p-orbi-
tals as well as from the NMI moiety towards the [FeFe]-frag-
ment. Detailed information with respect to the quantum
chemical calculations and computational setup can be found
in the ESI (see Tables S1–S4†). The emission properties of 1, 2,
4 and 5 as well as 7–10 were investigated by steady state emis-
sion spectroscopy in dichloromethane. Quantum yields were
determined (as specified in the Experimental section) and the
results are summarised in Table 3 and Fig. S10–S13 in the
ESI.† The S substituted compounds 1 and 2 exhibit emission
with the maximum at 489 nm as well as a weak emission
around 432 and 451 nm, respectively. The 489 nm emission
band overlaps with the Vis-absorption band but its seemingly
negligible Stokes-shift can be rationalized by the corres-
ponding excitation spectrum, which shows two maxima at
about 380 and 269 nm. Apparently, excitation of the complex
in the UV-absorption bands as well as at the weak absorption
bands between 320 and 400 nm lead to the population of emis-
sive states. Additionally, for the N-octyl substituted 1 a weak
structured emission band is observed at 530 nm. A similar
structured emission band is observed for the N-octyl and sel-
enium substituted compound 4 together with a weaker emis-
sion at 414 nm. The N-diisopropylphenyl substituted com-
pound 5 shows a broad emission band around 504 nm as well
as a weaker band at 430 nm. The diiron complexes are barely
emissive. For 7 and 8, a negligible structureless emission is
observed around 442 and 432 nm, respectively (cf. Table 3). For
both complexes, excitation at the absorption bands around

Table 3 Summary of the photophysical properties of compounds 1, 2,

4 and 5 as well as complexes 7–10 in CH2Cl2

Compound
λmax, abs
[nm]

ε
a

[104 L mol−1 cm−1]
λmax, em
[nm] Φ

b [%]

1 269 3.6 489 (432) 0.18
447 3.7
464 4.0

2 232 3.0 489 (432) 1.67
276 3.0
468 3.3

4 269 2.1 414 (530) 0.59
471 3.3

5 272 1.5 504 (430) 0.07
294 1.8
478 3.6

7 247 6.2 442 0.02
375 1.9
464 0.4

8 233 4.3 432 0.02
388 0.9
467 0.7

9 232 3.3 419 n.a.c

370 1.0
471 0.2

10 230 6.6 417 0.02
363 1.1
479 0.9

aMolar absorption coefficients are an average of six samples with
varying concentrations. bDetermination of quantum yields using pery-
lene as a standard (Φ = 94%) with excitation at 390 nm. c The quantum
yield could not reliably be determined to overlap of the very weak emis-
sion band with the solvent Raman signal.

Fig. 7 UV-Vis absorption spectra of 1, 2, 4 and 5 (left) and 7–10 (right) in dichloromethane.
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390 nm furnishes the highest emission (albeit still drastically
lower than those of the respective ligand precursors). For the
diiron complexes 9 and 10 similar emission characteristics to
7 and 8 are observed, however, with a band centred around
419 and 417 nm, respectively. Excitation at the 370 nm absorp-
tion band furnishes the highest quantum yields (again they
are much lower than in the respective ligand precursors). The
drastically quenched emission of the diiron complexes with
respect to the ligand precursors points to the transfer of the
photo-excited electron to the diiron center. Nonetheless, a
detailed mechanistic photophysical study of 7–10 is pending.

Conclusions

Herein we report the synthesis of naphthalene monoimides of
peri-substituted dithiol and diselenole compounds.
Additionally, we modified the naphthalene scaffold by incor-
porating electron withdrawing substituents in the ortho-posi-
tion to the two chalcogens. The latter compounds were tested
as a ligand to react with Fe3(CO)12 in boiling THF in which we
could obtain the [FeFe]-hydrogenase synthetic mimics 7–10

and characterize them by different spectroscopic techniques
and TDDFT. The presence of the imide functionality in the
naphthalene skeleton enhanced the chemical stability of the
reduced species to proceed via normal two sequential one-elec-
tron processes (EE mechanism). Thus, the introduction of
bromine substituents at the 2- and 7-positions of the naphtha-
lene skeleton caused a fine-tuning of the reduction potential
of 8 and 10 while the replacement of the S atoms with Se in
the bridging linker caused a cathodic shift in the oxidation
peaks compared with the S analogues. The proton reduction
catalyzed by complexes 7–10 was also investigated by cyclic
voltammetry using AcOH as a proton source. Furthermore, the
photophysical properties of compounds 1, 2, 4, and 5 and
complexes 7–10 were determined by means of steady state
absorption and emission spectroscopy. The quantum chemical
simulations performed for complexes 7 and 9 indicate their
potential to directly transfer a photo-excited electron from the
chromophore towards the [FeFe] moiety.

Experimental part
Materials and techniques

The reactions of complexes 7–10 were performed using stan-
dard Schlenk and vacuum-line techniques under an inert gas
(nitrogen) atmosphere. The 1H, 13C{1H}, 77Se{1H} NMR spectra
were recorded with a Bruker Avance 300, 500 and 400 MHz
spectrometer. Chemical shifts are given in parts per million
with references to internal SiMe4 (

1H, 13C) or Me2Se. The (77Se)
mass spectrum was recorded with a Finnigan MAT SSQ 710
instrument. The IR spectra were recorded with a Bruker
Equinox 55 spectrometer equipped with an ATR unit.
Elemental analysis was performed with a Leco CHNS-932
apparatus. Melting points were recorded on a polarization

microscope (Axiolab) connected to a heating unit (THS-600)
using the software Linkam LNP and CI 93. TLC was performed
by using Merck TLC aluminum sheets (Silica gel 60 F254).
Solvents from Fisher Scientific and other chemicals from
Acros and Aldrich were used without further purification.
All solvents were dried and distilled prior to use according to
standard methods.

Electrochemistry

Cyclic voltammetric measurements were conducted in the
three-electrode technique [glassy carbon disk (diameter d =
1.6 mm) as the working electrode, Ag/Ag+ in MeCN as the refer-
ence electrode, and Pt wire as the counter electrode] using a
Reference 600 Potentiostat (Gamry Instruments). All experi-
ments were performed in dichloromethane solutions (con-
centration of the complexes was 1.0 mM) containing 0.1 M
[n-Bu4N][BF4] at room temperature. The solutions were purged
with N2 and a stream of it was maintained over the solutions
during the measurements. The vitreous carbon disk was
polished on a felt tissue with alumina before each measure-
ment. All potential values reported in this paper are referenced
to the potential of the ferrocenium/ferrocene (Fc+/Fc)
couple. Corrections for the iR drop were performed for all
experiments.

UV-Vis absorption and emission

UV-Vis absorption spectra were recorded on a Varian Cary5000
spectrophotometer in dichloromethane using 1 cm quartz
cuvettes. Molar absorption coefficients were determined as an
average of six samples with six different concentrations
ranging from 10−4 to 10−2 mol L−1 (each sample was measured
twice). Emission spectra were recorded from dichloromethane
solutions (ca. 0.04 mmol L−1) on a Jasco FP-6500 using a
xenon lamp as the light source and are corrected for the instru-
mental response function. Quantum yields Φ were determined
against perylene as the standard in cyclohexane (ΦStandard =
0.94) and were calculated with the following equation with the
refractive indices n of the (ncyclohexane = 1.4266; ndichloromethane =
1.4242), the integrated emission I and the absorbance at the
excitation wavelength A:

ΦSample ¼ ΦStandard
ISampleAStandardndichloromethane

2

IStandardASamplencyclohexane2

Crystal structure determination

The intensity data for the compounds were collected on a
Nonius KappaCCD diffractometer using graphite-monochro-
mated Mo-Kα radiation. Data were corrected for Lorentz and
polarization effects; absorption was taken into account on a
semi-empirical basis using multiple-scans.20–22 The structures
were solved by direct methods (SHELXS)23 and refined by full-
matrix least squares techniques against Fo

2 (SHELXL-97).23 The
hydrogen atoms of 9 (with the exception of the methyl group
of C20 and the methene group of C13) were located by differ-
ence Fourier synthesis and refined isotropically. All other
hydrogen atoms were included at calculated positions with
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fixed thermal parameters. The crystal of 8 contains large voids,
filled with disordered solvent molecules. The size of the voids
is 106 Å3 per unit cell. Their contribution to the structure
factors was secured by back-Fourier transformation using the
SQUEEZE routine of the program PLATON24 resulting in 42
electrons per unit cell. The crystals of 7 were extremely thin
and of low quality, resulting in a substandard data set;
however, the structure is sufficient to show connectivity and
geometry despite the high final R value. We will only publish
the conformation of the molecule and the crystallographic
data. We will not deposit the data in the Cambridge
Crystallographic Data Centre. All non-disordered, non-hydro-
gen atoms were refined anisotropically.23 Crystallographic data
as well as structure solution and refinement details are sum-
marized in Table S5 in the ESI.† MERCURY25 was used for
structure representations.

Computational details

All quantum chemical calculations were performed using the
Gaussian 0926 program. The fully optimized ground state
equilibrium structures of complexes 7 and 9 were obtained at
the density functional level of theory (DFT) by means of the
GGA functional BP8627 in cooperation with the triple-ζ-
valence-polarization (TZVP) basis set;28 for the iron atoms the
MDF10 29 core potential was utilized. The experimental X-ray
structure of 9 was used as initial geometry in all geometry
optimizations. A subsequent vibrational analysis confirmed
that the optimization structures (for 7 and 9) correspond to
the minima of the 3N-6 dimensional potential energy hyper-
surface. The analysis of the electronic ground state properties
was followed by an investigation of the excited state properties
of 7 and 9 at the TFDFT level of theory within the Franck–
Condon region by means of the 50 lowest singlet excited
states. All TDDFT calculations were performed with the
B3LYP30 functional in association with the same basis set and
pseudo potential as the respective ground state calculations.
The effects of solvation on ground and excited state properties
(dichloromethane: ε = 8.93; n = 1.4242) were considered based
on the integral equation formulism of the polarizable conti-
nuum model.31

General procedure for the preparation of compounds 1–6

A mixture of compound A (C or E) (2 mmol) and S (or Se)
(10 mmol) in 25 mL NMP was stirred at 160–170 °C for
4–10 hours. The mixture was cooled to room temperature and
poured into ice. The precipitate was filtered, washed with
water and dried. The crude product was purified by column
chromatography using hexane/dichloromethane as the eluent
on silica to afford the desired compounds as a yellow solid for
1–3 and as an orange solid for 4–6.

6-Octyl-5H-[1,2]dithiolo[3′,4′,5′:4,5]naphtho[1,8-cd]pyridine-

5,7(6H)-dione (1). Yield: 72%. Mp 146–147 °C. Elemental ana-
lysis for C20H21NO2S2: calculated C 64.66, H 5.70, N 3.77,
S 17.26; found C 65.10, H 5.69, N 3.91, S 16.80. IR (cm−1):
2951w, 2923w, 2851w, 1695s, 1646s, 1585s, 1539w, 1496w,
1458s, 1380w, 1351s, 1089w, 796s, 743s. 1H NMR (300 MHz,

CDCl3, ppm): δ = 8.36 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz,
2H), 4.11 (t, J = 7.4 Hz, 2H), 1.73–1.63 (m, 2H), 1.36–1.27 (m,
10H), 0.90–0.86 (m, 3H). 13C{1H} NMR (75 MHz, CDCl3, ppm):
δ = 162.1, 152.9, 133.6, 132.6, 129.9, 116.7, 40.4, 31.7, 29.2,
27.9, 27.1, 22.6, 14.1. DEI-MS: m/z = 371 [M]+.

3,9-Dibromo-6-(2,6-diisopropylphenyl)-5H-[1,2]dithiolo

[3′,4′,5′:4,5]naphtho-[1,8-cd]-pyridine-5,7(6H)-dione (2). Yield:
81%. Mp > 300 °C. Elemental analysis for C24H19Br2NO2S2:
calculated C 49.93, H 3.32, N 2.43, S 11.11; found C 49.50,
H 3.26, N 2.25, S 11.04. IR (cm−1): 3081w, 3055w, 3044w,
2958w, 2926w, 2866w, 1707s, 1663s, 1576w, 1534s, 1465s,
1379s, 1355w, 1030w, 846s, 811s, 733s. 1H NMR (500 MHz,
CDCl3, ppm): δ = 8.59, (s, 2H), 7.48 (t, J = 7.8 Hz, 1H), 7.33 (d,
J = 7.8 Hz, 2H), 2.64 (hept, J = 6.9 Hz, 2H), 1.15 (d, J = 6.9 Hz,
12H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ = 162.3, 154.2,
145.6, 135.1, 133.9, 130.8, 129.8, 128.2, 124.3, 119.5, 110.7,
29.3, 24.1. DEI-MS: m/z = 577 [M]+.

3,9-Dichloro-6-(2,6-diisopropylphenyl)-5H-[1,2]dithiolo

[3′,4′,5′:4,5]naphtho-[1,8-cd]-pyridine-5,7(6H)-dione (3). Yield:
97%. Mp > 300 °C. Elemental analysis for C24H19Cl2NO2S2: cal-
culated C 59.02, H 3.92, N 2.87, S 13.13; found C 59.16, H 3.86,
N 2.84, S 13.36. IR (cm−1): 3084w, 3057w, 3045w, 2959w,
2926w, 2867w, 1712s, 1668s, 1581w, 1542s, 1468s, 1386w,
1357w, 1034w, 849s, 801s, 742s. 1H NMR (500 MHz, CDCl3,
ppm): δ = 8.47 (s, 2H), 7.48 (t, J = 7.8 Hz, 1H), 7.33 (d, J =
7.8 Hz, 2H), 2.64 (hept, J = 6.9 Hz, 2H), 1.15 (d, J = 6.9 Hz,
12H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ = 162.4, 151.1,
145.6, 135.1, 132.6, 130.8, 129.8, 127.5, 124.3, 123.5, 119.7,
29.3, 24.1. DEI-MS: m/z = 488 [M]+.

6-Octyl-5H-[1,2]diselenolo[3′,4′,5′:4,5]naphtho[1,8-cd]pyridine-

5,7(6H)-dione (4). Yield: 81%. Mp 209–210 °C. Elemental ana-
lysis for C20H21NO2Se2: calculated C 51.63, H 4.55, N 3.01;
found C 51.91, H 4.45, N 3.04. IR (cm−1): 2950w, 2924w,
2852w, 1692s, 1630s, 1570s, 1540w, 1491w, 1458s, 1375w,
1338s, 1088w, 793s, 741s. 1H NMR (500 MHz, CDCl3, ppm):
δ = 8.29 (d, J = 8.0 Hz, 2H), 7.6 (d, J = 8.0 Hz, 2H), 4.10 (t, J =
7.4 Hz, 2H), 1.71–1.65 (m, 2H), 1.42–1.27 (m, 10H), 0.89–0.87
(m, 3H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ = 163.3,
152.5, 136.7, 132.2, 121.8, 118.7, 40.6, 31.9, 29.4, 28.2, 27.3,
22.8, 14.3. 77Se{1H} NMR (95 MHz, CDCl3, ppm): δ = 512.55.
DEI-MS: m/z = 465 [M]+.

3,9-Dibromo-6-(2,6-diisopropylphenyl)-5H-[1,2]diselenolo

[3′,4′,5′:4,5]naphtho-[1,8-cd]-pyridine-5,7(6H)-dione (5). Yield:
74%. Mp > 300 °C. Elemental analysis for C24H19Br2NO2Se2:
calculated C 42.95, H 2.85, N 2.09; found C 42.54, H 2.89,
N 2.08. IR (cm−1): 3078w, 3064w, 3032w, 2958w, 2917w, 2865w,
1700s, 1640s, 1560s, 1525w, 1457w, 1359w, 1279s, 1236s, 845s,
801s, 726s. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.56 (s, 2H),
7.48 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 2.64 (hept, J =
6.8 Hz, 2H), 1.15 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz,
CDCl3, ppm): δ = 162.8, 155.0, 145.9, 136.6, 134.6, 130.1, 130.3,
130.1, 124.5, 121.3, 116.9, 29.6, 24.4. 77Se{1H} NMR (95 MHz,
CDCl3, ppm): δ = 545.78. DEI-MS: m/z = 671 [M]+.

3,9-Dichloro-6-(2,6-diisopropylphenyl)-5H-[1,2]diselenolo

[3′,4′,5′:4,5]naphtho-[1,8-cd]-pyridine-5,7(6H)-dione (6). Yield:
86%. Mp > 300 °C. Elemental analysis for C24H19Cl2NO2Se2:

Paper Dalton Transactions

11188 | Dalton Trans., 2017, 46, 11180–11191 This journal is © The Royal Society of Chemistry 2017



calculated C 49.51, H 3.29, N 2.41; found C 49.42, H 3.24,
N 2.35. IR (cm−1): 3082w, 3057w, 3036w, 2958w, 2927w, 2907w,
1707s, 1653s, 1572w, 1534s, 1372w, 1316s, 1242w, 1022w, 846s,
801s, 728s. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.45 (s, 2H),
7.48 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 2.65 (hept, J =
6.8 Hz, 2H), 1.15 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (125 MHz,
CDCl3, ppm): δ = 162.7, 151.3, 145.7, 137.6, 131.8, 130.7, 129.9,
129.3, 128.1, 124.3, 121.3, 29.3, 24.1. 77Se{1H} NMR (95 MHz,
CDCl3, ppm): δ = 538.67. DEI-MS: m/z = 582 [M]+.

General procedure for the preparation of complexes 7–10

A solution of Fe3(CO)12 (200 mg, 0.40 mmol) and compounds
1–6, respectively, (0.40 mmol) in THF (30 mL) was heated at
reflux for 3 hours under N2. The green solution turned deep-
red and the solvent was removed under reduced pressure. The
residue was purified by column chromatography using hexane/
dichloromethane (2 : 1) as the eluent. The complexes were
collected always from the second fraction and then the solvent
was removed in vacuo. The products were obtained as a red-
orange solid for complexes 7–10.

NMI-Fe2S2 (7). Yield: 35%. Mp 151–152 °C. Elemental ana-
lysis for C26H21Fe2NO8S2: calculated C 47.95, H 3.25, N 2.15,
S 9.85; found C 47.50, H 3.45, N 2.10, S 9.52. IR (νCO, cm−1):
2074s, 2040 m, 1989 m. 1H NMR (400 MHz, CDCl3, ppm): δ =
8.40 (bs, 4H), 4.11 (bs, 2H), 1.68 (bs, 2H), 1.28 (bs, 10H), 0.86
(s, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm): δ = 207.2, 163.2,
153.1, 134.7, 132.9, 129.6, 125.0, 40.7, 31.8, 29.2, 28.1, 27.1,
22.63, 14.1. DEI-MS: m/z = 651 [M]+, 623 [M − CO]+, 595
[M − 2CO]+, 567 [M − 3CO]+, 539 [M − 4CO]+, 511 [M − 5CO]+,
483 [M − 6CO]+.

DiBr-NMI-Fe2S2 (8). Yield: 32%. Mp > 300 °C. Elemental
analysis for C30H19Br2Fe2NO8S2: calculated C 42.04, H 2.23,
N 1.63, S 7.48; found C 42.52, H 2.30, N 1.67, S 7.73.
IR (νCO, cm−1): 2077, 2036 m, 1981 m. 1H NMR (400 MHz,
CDCl3, ppm): δ = 8.72, (bs, 2H), 7.49–7.34 (m, 3H), 2.63 (bs,
2H), 1.14 (bs, 12H). 13C{1H} NMR (100 MHz, CDCl3, ppm): δ =
206.1, 163.3, 154.2, 146.4, 135.4, 133.9, 130.3, 129.8, 128.2,
124.3, 119.5, 115.7, 29.7, 24.2. DEI-MS: m/z = 857 [M]+, 829
[M − CO]+, 801 [M − 2CO]+, 773 [M − 3CO]+, 745 [M − 4CO]+,
717 [M − 5CO]+, 689 [M − 6CO]+.

NMI-Fe2Se2 (9). Yield: 40%. Mp 159–160 °C. Elemental ana-
lysis for C26H21Fe2NO8Se2: calculated C 41.91, H 2.84, N 1.88;
found C 42.13, H 2.88, N 1.88. IR (νCO, cm−1): 2065s, 2028 m,
1981 m. 1H NMR (400 MHz, CDCl3, ppm): δ = 8.45 (bs, 4H),
4.11 (bs, 2H), 1.68 (bs, 2H), 1.27 (bs, 10H), 0.86 (s, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm): δ = 207.8, 163.3, 152.6,
136.7, 132.2, 121.8, 118.7, 40.6, 31.9, 29.4, 28.2, 27.3, 22.8,
14.3. 77Se{1H} NMR (76 MHz, CDCl3, ppm): δ = 209.82.
DEI-MS: m/z = 745 [M]+, 717 [M − CO]+, 689 [M − 2CO]+, 661
[M − 3CO]+, 633 [M − 4CO]+, 605 [M − 5CO]+, 577 [M − 6CO]+.

DiBr-NMI-Fe2Se2 (10). Yield: 34%. Mp > 300 °C. Elemental
analysis for C30H19Br2Fe2NO8Se2: calculated C 37.89, H 2.01,
N 1.47; found C 37.46, H 2.15, N 1.56. IR (νCO, cm−1): 2070s,
2032 m, 1978 m. 1H NMR (400 MHz, CDCl3, ppm): δ = 8.72
(s, 2H), 7.49–7.34 (m, 3H), 2.63 (bs, 2H), 1.14 (bs, 12H).
13C{1H} NMR (100 MHz, CDCl3, ppm): δ = 207.3, 163.2, 155.2,

146.4, 136.6, 134.4, 130.1, 130.3, 130.1, 124.5, 121.3, 116.9,
29.7, 24.2. 77Se{1H} NMR (76 MHz, CDCl3, ppm): δ = 270.26.
DEI-MS: m/z = 950 [M]+, 922 [M − CO]+, 894 [M − 2CO]+, 866
[M − 3CO]+, 838 [M − 4CO]+, 810 [M − 5CO]+, 782 [M − 6CO]+.
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General experimental detailsll solvents and starting materials that have not been synthesized by us were commercial products (Acros Organics, Fisher Scientific, Fluka, Merck and Sigma Aldrich,) and were used without further purification. The progress of all reactions was monitored by thin layer chromatography (Macherey- Nagel F 254 silica gel sheet) with appropriate solvents described for each compound in the synthetic procedures. Column chromatography purifications were carried out on silica gel from Macherey Nagel (0.063 mm – 0.200 mm). NMR spectra were recorded on Bruker Avance 500MHz instruments. Spectra (1H, 13C{1H}) were referenced to appropoate residual solvent signals (CDCl3, DMSO-d6) and Se{1H}-NMR to Me2Se. Elemental analysis was performed with a Leco CHNS-932 apparatus.Procedures for the preparation of the precursors B-E. Synthesis of 5,6,7,8-tetrabromo-1H,3H-benzo[de]isochromene-1,3-dione (B).
OO O OO O

Br

Br

Br

Br

NBS

H2SO4

rt, 24h

B
NBS = N-BromosuccinimideTo a solution of 1,8-naphthalic anhydride (50 mmol, 9.92 g) in 500 ml sulfuric acid (95-97%) at room temperature, NBS (300 mmol, 53.40 g) was added. The reaction mixture was stirred at room temperature for 24 h and the mixture was poured into 500 g ice. The precipitate was filtered and washed several times with water and dried. Yield of crude product 24.0 g (93%). The crude product was recrystallized from chlorobenzene to give compound B as a white solid. Yield 21.30 g (83%). Elemental analysis for C12H2Br4O3: calculated C 28.05, H 0.39; found C 27.91, H 0.28. 1H NMR (500 MHz, DMSO-d6, ppm): δ = 8.69, (s, 2H). 13C{1H} NMR (125 MHz, DMSO-d6, ppm): δ = 158.8, 135.5, 132.0, 130.7, 129.6, 129.5, 120.7.

A



Synthesis of 5,6,7,8-tetrachloro-1H,3H-benzo[de]isochromene-1,3-dione (C).
OO O

OO O

Cl

Cl

Cl

Cl
H2SO4

80oC, 30 min

110oC, 1h

TCCA

C
TCCA = Trichloroisocyanuric acidTo a solution of 1,8-naphthalic anhydride (40 mmol, 7.93 g) in sulfuric acid (95-97%, 150 ml) at room temperature, TCCA (60 mmol, 13.95 g) was added. The reaction mixture was heated at 90oC for 30 min and then slowly increases to 110oC and stirred for 1 h. The mixture was cooled to room temperature and poured into 300 g ice. The precipitate was filtered and washed several times with water and dried. The crude product was recrystallized from chlorobenzene to give compound C as a white solid. Yield 12.20 g (91%). Elemental analysis for C12H2Cl4O3: calculated C 42.90, H 0.60; found C 43.11, H 0.55. 1H NMR (500 MHz, DMSO-d6, ppm): δ = 8.67, (s, 2H). 13C{1H} NMR (125 MHz, DMSO-d6, ppm): δ = 158.6, 136.1, 134.4, 133.0, 129.7, 128.0, 120.3.Synthesis of 5,6,7,8-tetrabromo-2-(2,6-diisopropylphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (D).

Br Br

BrBr

OO O

Br Br

BrBr

NO O2,6-diisopropylaniline

NMP/AcOH

150oC, 2h

D

BA mixture of 3,4,5,6-tetrabromonaphthalene monoanhydride (B) (10.0 mmol, 5.14 g), 2,6-diisopropylaniline (20.0 mmol, 3.54 g) in NMP (30 ml ) and acetic acid (30 ml) was stirred at 150oC for 2 h. The reaction mixture was poured into ice (100 g) and the precipitate was filtered and dried. The crude product was purified by column chromatography (SiO2, hexane-dichloromethane, 3:2) to give the diimide D as a white solid. Yield 5.45 g (81%). Elemental analysis for C24H19Br4NO2: calculated C 42.83, H 2.85, N 2.08; found C 42.60, H 2.71, N 1.87. 1H NMR (500 MHz, CDCl3, ppm): δ = 



8.86 (s, 2H), 7.50 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 2.62 (hept, J = 6.7 Hz, 2H), 1.15 (d, J = 6.9 Hz, 12H). 13C{H} NMR (125 MHz, CDCl3, ppm): δ = 162.2, 145.6, 136.2, 133.1, 131.6, 130.2, 130.2, 129.8, 128.5, 124.4, 122.9, 29.4, 24.1.Synthesis of 5,6,7,8-tetrachloro-2-(2,6-diisopropylphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (E).
Cl Cl

ClCl

OO O

Cl Cl

ClCl

NO O2,6-diisopropylaniline

NMP/AcOH

140oC, 2h

E

CA mixture of 3,4,5,6-tetrachloronaphthalene monoanhydride (C) (20.0 mmol, 6.72 g), 2,6-diisopropylaniline (40.0 mmol, 7.08 g) in NMP (30 ml) and acetic acid (30 ml) was stirred at 140oC for 2 h. The reaction mixture was poured into ice (100 g) and the precipitate was filtered and dried. The crude product was purified by column chromatography (SiO2, hexane-dichloromethane, 3:2) to give the diimide E as a white solid. Yield 8.69 g (88%). Elemental analysis for C24H19Cl4NO2: calculated C 58.21, H 3.87, N 2.83; found C 57.99, H 3.73, N 2.93. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.74 (s, 2H), 7.50 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 2.63 (hept, J = 6.8 Hz, 2H), 1.15 (d, J = 6.9 Hz, 12H). 13C{H} NMR (125 MHz, CDCl3, ppm): δ = 162.1, 145.6, 137.3, 135.9, 133.4, 130.2, 129.8, 129.3, 128.4, 124.4, 122.4, 29.4, 24.1.



Figure S1. Molecular structure (60% probability) of compound 6. Two crystallographically independent molecules and one molecules of dichloromethane were determined in the unit cell of compound 6, only one of them is shown here. The hydrogen atoms are omitted for clarity reasons.



Figure S2. Motif structure of complex 7. Due to the poor quality of the crystal we could not deposit this complex in the Cambridge data base.   













Figure S10. Contour plot of the emission characteristics of compound 1 (left) and compound 2 (right) obtained in dichloromethane. Horizontal reading gives the emission spectra at the respective excitation wavelength. Vertical reading gives the excitation spectra at the respective emission wavelength. Diagonal signals are due to residues of the excitation light and second order stray light as well as the solvent Raman band.

Figure S11. Contour plot of the emission characteristics of compound 4 (left) and compound 5 (right) obtained in dichloromethane. Horizontal reading gives the emission spectra at the respective excitation wavelength. Vertical reading gives the excitation spectra at the respective emission wavelength. Diagonal signals are due to residues of the excitation light and second order stray light as well as the solvent Raman band. 



Figure S12. Contour plot of the emission characteristics of compound 7 (left) and compound 8 (right) obtained in dichloromethane. Horizontal reading gives the emission spectra at the respective excitation wavelength. Vertical reading gives the excitation spectra at the respective emission wavelength. Diagonal signals are due to residues of the excitation light and second order stray light as well as the solvent Raman band.

Figure S13. Contour plot of the emission characteristics of compound 9 (left) and compound 10 (right) obtained in dichloromethane. Horizontal reading gives the emission spectra at the respective excitation wavelength. Vertical reading gives the excitation spectra at the respective emission wavelength. Diagonal signals are due to residues of the excitation light and second order stray light as well as the solvent Raman band. 





Table S2: Excited state properties, obtained at the TD-B3LYP/TZVP level of theory within dichloromethane using a PCM, of complexes 7 and 9 associated to the main absorption features within the Uv/Vis region, namely, leading transitions with weights (%), excitation energies Ee (eV), wave lengths  (nm), oscillator strengths f and assigned experimental absorption bands exp.7State Transition weight % Ee / eV  / nm f exp / nmS2 pS(153) → FeFe*(158) (LMCT)
+dFe(149) → FeFe*(158) (LMCT)
+dFe(147) → FeFe*(158) (LMCT)

502111 2.89 428 0.012 464
S3 dFe(148) → FeFe*(158) (MC)pS(153) → *(157) (ILCT)

(155) → FeFe*(158) (LMCT) 541510 2.96 419 0.002 464S4 FeFe(156) → FeFe*(158) (MC)pS(154) → *(157) (ILCT) 5534 3.00 413 0.082 464S7 (155) → *(157) (IL) 96 3.11 398 0.544 375S9 pS(154) → *(157) (ILCT)
FeFe(156) → FeFe*(158) (MC) 4425 3.24 383 0.138 3759State Transition weight % Ee / eV  / nm f exp / nmS2 pSe(171) → FeFe*(176) (LMCT)
+dFe(166) → FeFe*(176) (LMCT) 5520 2.86 434 0.014 471S3 FeFe(174) → FeFe*(176) (MC)pSe(172) → *(175) (ILCT) 5139 2.91 426 0.059 471S4 nO+dFe(168) → FeFe*(176) (LMCT)

(173) → FeFe*(176) (LMCT)nO+dFe(167) → FeFe*(176) (LMCT)pSe(171) → *(175) (ILCT)
42151210 2.92 423 0.002 471

S7 (173) → *(175) (IL) 93 3.13 397 0.519 370S9 pSe(172) → *(175) (ILCT)
FeFe(174) → FeFe*(176) (MC) 4729 3.17 391 0.126 370



Table S3: Molecular orbitals involved in the leading transitions of the excited states listed in Table S2 for complex 7.

+dFe(147) dFe(148) +dFe(149) pS(153)

pS(154) (155) FeFe(156) *(157)

FeFe*(158)



Table S4: Molecular orbitals involved in the leading transitions of the excited states listed in Table S2 for complex 9.

+dFe(166) nO+dFe(167) nO+dFe(168) pSe(171)

pSe(172) (173) FeFe(174) *(175)

FeFe*(176) *(178)



Table S5. Crystal data and refinement details for the X-ray structure determination of the compounds 6-9.Compound 6 7 8 9formula C24H20Cl3NO2Se2 C27H24Fe2NO8S2 C32H23Br2Cl4Fe2NO8S2[*] C26H21Fe2NO8Se2fw (g∙mol-1) 624.68 672.80 1026.95[*] 745.06T/°C -140(2) -140(2) -140(2) -140(2)crystal system monoclinic triclinic orthorhombic monoclinicspace group P 21/n P ī P 21 21 21 P 21/ca/ Å 8.2929(2) 9.3219(3) 13.9262(3) 15.9293(5)b/ Å 27.6030(6) 18.0889(5) 14.1295(3) 10.8047(3)c/ Å 21.7671(4) 18.3328(6) 19.6116(3) 16.2295(5)
α/° 90 100.726(2) 90 90
β/° 98.931(1) 93.001(2) 90 95.760(1)
γ/° 90 91.652(2) 90 90V/Å3 4922.27(18) 3030.81(16) 3858.98(13) 2779.18(14)Z 8 4 4 4
ρ (g∙cm-3) 1.686 1.474 1.768[*] 1.781µ (cm-1)  33.53  11.42  32.57[*]  37.12measured data 33596 13452 23620 17737data with I > 2σ(I) 8798 9972 7849 5292unique data (Rint) 11117/0.0567 13452/0.0718 8839/0.0599 6275/0.0510wR2 (all data, on F2)a) 0.1017 0.3845 0.1156 0.0879R1 (I > 2σ(I)) a) 0.0481 0.1475 0.0523 0.0408S b) 1.067 1.112 1.092 1.065Res. dens./e∙Å-3 1.129/-0.515 1.788/-1.455 1.422/-0.943 0.580/-0.603Flack-parameter - - 0.473(10) -absorpt method multi-scan multi-scan multi-scan multi-scanabsorpt corr Tmin/max 0.6426/0.7456 0.5200/0.7456 0.5025/0.7456 0.5809/0.7456CCDC No. 1530273 motif 1530274 1530275[*] derived parameters do not contain the contribution of the disordered solvent.a) Definition of the R indices: R1 = (Fo-Fc)/Fo;wR2 = {[w(Fo2-Fc2)2]/[w(Fo2)2]}1/2 with w-1 = 2(Fo2) + (aP)2+bP; P = [2Fc2 + Max(FO2]/3;b) s = {[w(Fo2-Fc2)2]/(No-Np)}1/2
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ABSTRACT: The effect of the nature of the dithiolato ligand on
the physical and electrochemical properties of synthetic H-cluster
mimics of the [FeFe]-hydrogenase is still of significant concern. In
this report we describe the cyclization of various alkanedithiols to
afford cyclic disulfide, tetrasulfide, and hexasulfide compounds. The
latter compounds were used as proligands for the synthesis of a
series of [FeFe]-hydrogenase H-cluster mimics having the general
formulas [Fe2(CO)6{μ-S(CH2)nS}] (n = 4−8), [Fe2(CO)6{μ-
S(CH2)nS}]2 (n = 6−8), and [Fe2(CO)6{(μ-S(CH2)nS)2}] (n = 6−
8). The resulting complexes were characterized by 1H and 13C{1H}
NMR and IR spectroscopic techniques, mass spectrometry, and
elemental analysis as well as X-ray analysis. The purpose of this
research was to study the influence of the systematic increase of n from 2 to 7 on the redox potentials of the models and the
catalytic ability in the presence of acetic acid (AcOH) by applying cyclic voltammetry.

■ INTRODUCTION

In step with population growth, the increased consumption of
fossil fuels has led to the greenhouse effect and global
warming.1 Therefore, finding alternative energy sources is
essential to meet the inexorable rise of the energy demand.
Hydrogen is a zero-emission fuel when burned, and it is
characterized by high energy density.2a In addition, hydrogen is
essential for the fertilizer economy (e.g., nitrate of potash
(NOP) production), where ammonia is produced via the
Haber−Bosch process.2b,c The cleanest way to produce
hydrogen is via water electrolysis using platinum catalysts,3

which limits the wide spread of the hydrogen economy.
Accordingly, the challenge is to develop a cheap, efficient, and
robust electrocatalyst as an alternative to platinum. In biological
processes, hydrogen production or consumption are catalyzed
by enzymes known as [FeFe]-hydrogenases.4−6 The active site
of these enzymes contains an organometallic Fe/S cluster, the
so-called H-cluster (Figure 1a), that is responsible for the
catalytic process.7

Over the past few decades, several diiron dithiolato
complexes that mimic the butterfly [Fe2S2] subcluster of the
H-cluster have been synthesized by altering the bridge in
[Fe2(CO)6{μ-S(bridge)S}] (Figure 1b) and tested as electro-
catalysts.8−16 Moreover, these complexes have been modified to
contain heavier chalcogen atoms such as selenium or tellurium
instead of sulfur.17 In addition, substitution of the CO ligands

in [Fe2(CO)6{μ-S(CH2YCH2)S}] (Y = CH2, NR, O, SiR2,
PhPO) by cyanide,18 phosphanes,12f,13a,19 phosphi-
tes,12f,13a,19b−l carbenes,12m,13d,19b,20 nitrosyl,21 or sulfides18b,22

to produce mono-, di-, tri-, and tetrasubstituted complexes has
been extensively studied.12m,18−22 Furthermore, other efforts
have focused on synthesizing macrocyclic complexes that
contain two [Fe2S2] clusters connected by different linkers,
which provide two catalytic active centers. The first example of
such macrocycles that have nonsymmetric linkers was reported
by Song and co-workers in 2002.23a Later, Song also described
the synthesis of a complex containing two [Fe2S2] clusters
connected by two equivalent butyl chains, forming a 16-
membered macrocycle.23d However, such unique architectures
are rare, and only few examples are known.15a,23 It is worth
pointing out that diiron complexes with the general formula
[Fe2(CO)6{μ-(SR)2}] may adopt three possible stereoisomers
based on the orientation of the R substituents: axial−axial (aa),
axial−equatorial (ae), and equatorial−equatorial (ee), as
illustrated in Figure 1c.8 Whereas chelating dithiolate organic
substituents, such as 1,2-ethanedithiolate (edt) and 1,2-
propanedithiolate (pdt), always form the aa isomer, non-
chelating ones like methyl (Me) and ethyl (Et) groups give
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only a mixture of the ae and ee isomers in different ratios based
on the nature of the R substituents.8

In the total picture, a basic aim of the synthetic chemistry is
to mimic the electronic and structural characteristics of the
[Fe2S2] core of the H-cluster and to provide a good
understanding of the factors stabilizing its rotated state. In
fact, within the numerous complexes for the reduced state of
the H-cluster (Hred), in which the two iron units are in a fully or
distorted eclipsed conformation, only two [FeIFeI] complexes
featuring the rotated structure have been reported,24a,b and one
complex exhibits a semirotated state.24c Remarkably, the steric
bulk of the dithiolato linker and asymmetrical coordination at
the two Fe atoms play a crucial role in stabilizing the rotated/
semirotated states of these complexes. On the other hand, the
reduction of [FeIFeI] hexacarbonyl complexes, e.g.,
[Fe2(CO)6{μ-S(C6H4)S}],

11b may trigger inversion of one of
the Fe(CO)3 units to locate one CO ligand in a semibridging
position for stabilization of the negative charge.9b,11a,c−e,g,17e,25

One focus of our group is to investigate the effect of the nature
of the dithiolato ligand on the physical and electrochemical
properties of the diiron dithiolato complexes. In this respect, we
have published several studies in which we systematically
altered the structure of the ligand [−XCH2YCH2X−] as
follows: (1) X = S is replaced by X = Se or Te, which results in
an increase in the electron-richness at the diiron core in going
from S to Se to Te, accompanied by a decrease in the reduction
potential of the model system.17c (2) The presence of Y = S or
Se instead of O leads to an ECE reduction mechanism (E =
electron transfer, C = chemical process) due to a facile core
reorganization accompanying the electron transfer.17a (3)
Increasing the steric bulkiness of Y (CH2, CHMe, CMe2)
lowers the barrier for Fe(CO)3 rotation and results in an ECE
reduction mechanism only in the case of Y = CMe2.

17c (4) The
introduction of heavier group 14 atoms at the bridgehead
position (Y) stabilizes the −SCYCS− moiety in a nearly planar
state for Y = GeMe2 or SnMe2.

15a We have also confirmed that
the electron density of the μ-S atoms (and hence that of Fe−Fe
bond)15a increase in going from CMe2 to SiMe2 to GeMe2 to
SnMe2 and that protonation of the Fe−Fe bond using the
moderately strong acid CF3CO2H can be accomplished in the
case of Y = SnMe2 and X = Se.17d

Herein we report the cyclization of different alkanedithiols by
means of the high-dilution technique to afford cyclic disulfides,
tetrasulfides, and hexasulfides (6a−10a, 8b−10b, and 9c,
respectively; Table 1). The resulting compounds were fully
characterized by a variety of analytical techniques (NMR
spectroscopy, elemental analysis, mass spectrometry, and X-ray
structure determination of compounds 8b−10b and 9c).
Subsequently, these compounds were used as proligands to
synthesize a series of complexes of the type [Fe2(CO)6{μ-
S(CH2)nS}] (n = 4−8) (13−17), [Fe2(CO)6{μ-S(CH2)nS}]2
(n = 6−8) (18−20), and [Fe2(CO)6{(μ-S(CH2)nS)2}] (n = 6−
8) (21−23). The molecular structures of complexes 13−20 and
22 were determined using single-crystal X-ray diffraction
analysis. In addition, we also resynthesized the known
complexes [Fe 2(CO)6{μ -S(CH2)2S}] (11)26a and
[Fe2(CO)6{μ-S(CH2)3S}] (12)26b to study how the physical,
electrochemical, and electrocatalytic features are influenced by
the systematic increase of n from 2 to 8 in complexes 11−17.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Cyclic Di-, Tetra-,
and Hexasulfides. The synthetic procedures and character-
izations of the precursors 1−5 required for the preparation of
compounds 6a−10a, 8b−10b, and 9c are described in detail in
the Supporting Information. The syntheses of the cyclic
disulfides (6a−10a), tetrasulfides (8b−10b), and hexasulfide
(9c) were carried out by following the high-dilution technique
previously described in the literature (Table 1).27 Simultaneous
addition of solutions of the dithiols and excess I2 in CHCl3 to a
vigorously stirred solution of Et3N in CHCl3 followed by
column chromatography afforded the disulfides with n = 4 and
5 (6a and 7a), while for n = 6−9 the same mixture had two
products, the disulfides (8a−10a) and the tetrasulfides (8b−
10b) (Table 1). In the case of n = 7, trace amounts of the
hexasulfide (9c) were obtained. To the best of our knowledge,
compounds 9b and 9c are reported for the first time in this
paper, and the yields of compounds 6a−10a, 8b, and 10b
obtained by this method are higher than those reported in the
literature.28 Single crystals of compounds 8b−10b and 9c were
obtained from saturated solutions of hexane at −20 °C for X-
ray diffraction studies. The molecular structures of these

Figure 1. (a) Structure of the H-cluster. (b) Synthetic models of the active site of [FeFe]-hydrogenase. (c) Three isomers of diiron dithiolato
carbonyls (CO ligands have been omitted for clarity).
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compounds (Figure 2) show cyclic molecules consisting of
methylene chains in a zigzag conformation linked by disulfide
bonds. The average C−C−C bond angles of 8b−10b and 9c
are around 113.4° indicating an sp3 hybridized C atoms, while
the average C−C bond distance of these compounds is ∼1.524
Å, a typical value for cyclic hydrocarbons.29a,b In addition, the
average S−S bond distance is 2.0394 Å which is in agreement
with the corresponding bond in α−S8 (2.05 Å)29c and the
average dihedral angles between the planes through the two
sets of C−S−S and S−S−C atoms are 82.02° for the
compounds 8b-10b and 9c.
Synthesis and Characterization of Dinuclear and

Tetranuclear Complexes 13−23. The dinuclear complexes
13−17 were synthesized as shown in Scheme 1. Unexpectedly,
neither the reaction of in situ-generated (μ-LiS)2Fe2(CO)6 with
1 equiv of alkyl dibromide [Br(CH2)nBr] (n = 4−8) (Scheme
1A) nor the reaction of alkyldithiol [SH(CH2)nSH] (n = 4−8)
with Fe3(CO)12 in boiling THF (Scheme 1B) afforded the

dinuclear complexes 1331−17. In contrast, the reactions of
compounds 6a−10a with equimolar amounts of Fe3(CO)12 in
boiling THF for 1 h followed by column chromatography
afforded the dinuclear complexes 13−17, as illustrated in
Scheme 1C. Complexes 13−17 could be formed by the general
route proposed by Nametkin and co-workers,30 in which
thermal decomposition of Fe3(CO)12 takes place initially to
afford the unsaturated 16-electron species Fe(CO)4, which
subsequently reacts with the disulfide sulfur atoms to generate
[(OC)4FeSRSFe(CO)4] as an intermediate. The latter then
releases two CO ligands to afford complexes 13−17.
Otherwise, the reaction of 2 equiv of Fe3(CO)12 with 1 equiv

of 8b−10b in boiling THF for 2 h afforded the tetranuclear
complexes 18−20, whereas the reaction of Fe3(CO)12 with
compounds 8b−10b in a 1:1 molar ratio under the same
conditions with the same separation procedure afforded
complexes 21−23 containing one [Fe2S2] subcluster as well
as traces of the tetranuclear complexes 18−20 (Scheme 2). The

Table 1. Synthetic Pathway for Compounds 6a−10a, 8b−10b, and 9c
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resulting complexes 13−23 were characterized by spectroscopic
techniques (1H NMR, 13C{1H} NMR (except for complexes

21−23), and IR), mass spectrometry, and elemental analysis as
well as X-ray crystallography for complexes 13−20 and 22.

Figure 2. Molecular structures (50% probability) of compounds 8b−10b and 9c. Hydrogen atoms have been omitted for clarity.

Scheme 1. Attempts To Prepare the Dinuclear Complexes 13−17
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The IR spectra of complexes 13−17 and those of complexes
18−23 in CH2Cl2 are nearly identical to each other in terms of
the number of peaks and frequencies (Table S1 in the
Supporting Information). It is evident from Table S1 that the
average ν(CO) wavenumbers shift to slightly smaller values in
going from 11 to 17, which indicates that increasing the length
of the dithiolato bridge does not harshly change the electron-
donating ability of the dithiolato bridge. The 1H NMR spectra
of the dinuclear complexes 13−16 show signals at 2.59, 2.61,
2.49, and 2.30 ppm for protons in the methylene groups
attached directly to μ-S and another set of signals at 1.66, 1.75,
1.64, and 1.60 ppm for the SCH2CH2 moieties. Furthermore,
the signals of the protons in the rest of the methylene groups of
the chain linkers appear at 1.56 ppm for complex 14 and 1.53
ppm for complex 15, while those of complex 16 appear at 1.48
and 1.38 ppm.
On the other hand, the 1H−1H COSY analysis of 17 allowed

the assignment of the 1H NMR resonances of the two singlets
with an equal intensity at 2.45 and 2.18 ppm to the protons in
the SCH2 moieties located at the equatorial (e) and axial (a)
positions, respectively. Thus, the two signals at 1.87 and 1.54
ppm were assigned to the protons of the e and a CH2 groups in
SCH2CH2 moieties, while the three signals at 1.63, 1.44, and
1.34 ppm were assigned to the remaining protons in the chain

linker. The 13C{1H} NMR spectra display one signal for the
carbonyl carbon atoms at 207.9 ppm for complex 13 and at
207.7 ppm for complexes 14−16, whereas for complex 17 the
signal appears at 209.4 ppm. The signals for the methylene
carbons in the chain linkers were also detected in the range of
23.4−37.4 ppm for complexes 13−17 (see the Experimental
Section). In the case of the tetranuclear complexes 18−20, the
1H NMR spectra exhibit two signals in the range of 2.08−2.47
ppm for the methylene protons connected to the μ-S atoms
and located at the e and a positions. Another set of signals was
detected in the range of 1.59−1.75 ppm for the protons in the
SCH2CH2 moieties, as was a multiplet in the range of 1.26−
1.52 ppm for protons in the remaining CH2 groups. Similar to
the dinuclear complexes, the 13C{1H} NMR spectra of
complexes 18−20 showed one singlet for the carbonyl carbon
atoms, at 208.9 ppm for complexes 18 and 19 and at 209.1 ppm
for complex 20. Besides, the signals of the methylene carbon
atoms of the chain linker were detected in the range of 23.84−
39.37 ppm (see the Experimental Section). Moreover, the 1H
NMR spectra of complexes 21−23 show broad signals at 2.71,
2.75, and 2.72 ppm, respectively, for the methylene protons
connected to the S−S bond. Another two singlets with the
same intensity for complexes 21 (2.51 and 2.14 ppm), 22 (2.50
and 2.11 ppm), and 23 (2.52 and 2.15 ppm) were assigned to

Scheme 2. Synthetic Pathways for Complexes 18−23
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the methylene protons attached to the single [Fe2S2]
subcluster. This implies that these CH2 moieties are oriented
in the a and e positions. The mass spectra of complexes 13−23
showed the molecular ion peaks and the peaks resulting from
dissociation of the CO ligands sequentially.
Molecular Structures. Single crystals suitable for X-ray

diffraction studies were obtained from pentane-saturated
solutions of complexes 13−17 at −20 °C, while those for
18−20 and 22 were obtained by diffusion of hexane into
CH2Cl2 solutions also at −20 °C. The molecular structures of
complexes 13−20 and 22 are shown in Figures 3 and 4, and
selected bond lengths and angles for complexes 13−17 are
given in Table 2. Three crystallographically independent

molecules in the unit cell of complex 15 were determined;
only one of them is shown in Figure 3.
It is evident from Figure 3 that each complex has a butterfly

[Fe2S2]-cluster core that contains a bridging alkyldithiolato
linker [μ-S(CH2)nS-μ] (n = 4−8) and that each iron atom is
bonded to three carbonyl ligands, similar to the corresponding
complexes 11 and 12 reported in the literature.26 The two S−C
bonds are in axial positions with exception of complex 17, in
which one S−C is axial and the other one is equatorial. Such
orientation was also observed by Song and co-workers for
[Fe2(CO)6{μ-SCH2(CH2OCH2)nCH2S-μ}] (n = 3, 4).23b The
Fe−Fe bond lengths of complexes 13−17 are very close to
those in the corresponding complexes 11 and 12 (Table 2), as

Figure 3. Molecular structures (50% probability) of complexes 13−17. Hydrogen atoms have been omitted for clarity.

Figure 4. Molecular structures (50% probability) of complexes 18−20 and 22. Hydrogen atoms have been omitted for clarity.
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is the average Fe−CO bond length (1.801 Å). Furthermore, the
distance between the two sulfur atoms is slightly increased in
going from 13 to 16 compared with complexes 11 and 12,
while in the case of complex 17 it becomes shorter than those
of 11 and 12 (see Table 2). In addition, it is clear from the
torsion angle (τ), formed from the intersection between
(O)C−Fe−Fe−C(O), together with the Fe−Fe−C(O) angles
(Table 2) that the steric characteristics of the chain linkers
distort the symmetry of the Fe(CO)3 portion of the molecule.
In the case of the tetranuclear complexes 18−20 and complex
22, Figure 4 confirms that complexes 18−20 are composed of
two butterfly [Fe2S2]-cluster cores that are linked together by
alkyl chains [−(CH2)n−] (n = 6−8) to form 20-, 22-, and 24-
membered macrocyclic complexes, respectively. Complex 22
contains only one butterfly [Fe2S2]-cluster core bridged by the
linker [−(CH2)7SS(CH2)7−] to form a 20-membered macro-
cyclic complex. All of the S−C bonds are in e and a positions,
and their average bond lengths (e, 1.826 Å; a, 1.836 Å) are in
agreement with those in the corresponding reported com-
plexes.23 Moreover, the average Fe−Fe bond length (2.513 Å)
is in agreement with that in complex 12, which emphasizes that
the formation of the macrocycle has no influence on the Fe−Fe
distance.
Electrochemical Investigation. Table 3 summarizes the

redox potentials of complexes 11−16 in CH2Cl2/[n-Bu4N]-
[BF4] obtained by cyclic voltammetry. The cyclic voltammo-
grams of the complexes, measured at 0.2 V s−1, are shown in
Figure 5. In the series from 11 to 15 (Table 3), the reduction
potential of the diiron core becomes less negative with an
overall anodic shift (ΔE1/2) of 330 mV. While increasing the
number of carbon atoms in this series makes the reduction
easier, the oxidation also becomes easier, with an overall
cathodic shift (ΔEox) of 170 mV. The cathodic shift of the
oxidation potential would suggest that the electron density at
the diiron core has increased, but if this were the case, the
reduction would become more difficult in this series. Therefore,

these redox reactions may be affected by reorganization
processes that lead to stabilization of the electron-transfer
products.15a Interestingly, in going from 15 to 16, cathodic and
anodic shifts in the reduction and oxidation, respectively, are
observed, where ΔE1/2 = 40 mV and ΔEox = 50 mV. Thus, the
complex containing six carbon atoms in the dithiolato ligand,
15, is the easiest to reduce and to oxidize in this series of
complexes. One aspect of special importance for mechanistic
investigation of catalytic proton reduction is the determination
of the number of electrons involved in the reduction of the
complex in the absence of a proton source. The reduction of
diiron dithiolato complexes at the [FeIFeI] redox state might
occur in a stepwise two-electron-transfer fashion at E1° and E2°

for the first and second reduction steps, respectively, where E1°

− E2° > 0, or via transfer of two electrons at the same applied
potential due to potential inversion of the two reduction steps,
i.e., E1° − E2° < 0. It is well-established that the dependence of

Table 2. Structural Comparison of Complexes 13−17

aAverage of three independent molecules. bTorsion angle formed from the intersection between the apical carbonyl carbon atoms across the Fe−Fe
bond.

Table 3. Summary of the Redox Features of Complexes 11−
16 in 0.1 M CH2Cl2/[n-Bu4N][BF4] Solution Measured at
0.2 V s−1 Using a Glassy Carbon Disk (d = 1.6 mm);
Potentials E Are Given in Volts and Referenced to the
Ferrocenium/Ferrocene (Fc+/Fc) Couple

complex Epc (V) Epa (V) E1/2 (V)
b Eox (V)

11 −1.85 −1.62a −1.80 0.86

12 −1.85 −1.71 −1.78 0.78

13 −1.66 −1.61 −1.62 0.76

14 −1.57, −1.83 −1.50 −1.52 0.70

15 −1.54, −1.85 − −1.47 0.69

16 −1.56, −1.87 − −1.51 0.74
aThis anodic event is not attributed to the oxidation of 112−. Further
description of the cyclic voltammetry of 11 is given in the Supporting
Information (Figure S1). bBecause the reduction of the complexes was
irreversible or partially reversible, the E1/2 values were estimated at the
half-height of the reduction wave.
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the current function (Ip/c·v
1/2 = (2.69 × 105)·A·D1/2·n3/2, where

Ip is the peak current, v is the scan rate, c is the complex
concentration, A is the electrode area, D is the diffusion
coefficient, and n is the number of transferred electrons) on the
scan rate provides mechanistic information on the electron-
transfer chemistry and the number of electrons n at a given
potential.9b,11a,c−e,g,17e,25 The scan-rate dependence of Ip/c·v

1/2

for the first reduction of complexes 11−16 is shown in Figure
S2. The value of Ip/c·v

1/2 for the reduction peaks of complexes
11 and 13 is almost twice the magnitude of that for the other
complexes, but it decreases with increasing v toward a value
predicted for a one-electron reduction, suggesting an
intervening chemical process in an ECE reduction mecha-
nism.9b,11a,c−e,g,17e,25 In other words, the structural change
accompanying the electron transfer leads to the formation of
dianionic species of 11 and 13 at a potential less negative than
that required for the first electron transfer. These results are
consistent with the study by Lichtenberger and co-workers,32a

confirming that the two-electron reduction of 11 is a
consequence of a potential inversion (E1° − E2° < 0) that arises
from structural changes in an ECE process. In our previous
report, we discussed in detail why the value of Ip/c·v

1/2 for the
reduction of complex 12 is slightly higher than that expected
for n = 1 and attributed that to an ECirr (E = electron transfer,

Cirr = irreversible chemical reaction) process, where a product
of the follow-up reaction is reduced at a potential closely spaced
with that required to form the monoanion 12−.17e In
comparison, the current function of complexes 14−16 is
independent of the scan rate and close to the value for n = 1.
The cyclic voltammetry of complexes 11−13 (Figure 4a) was
previously reported by us or others.12b,17e,32 The reduction of
complex 14 (Figure 4b) is a partially reversible process at 0.2 V
s−1 with the ratio of anodic peak current to cathodic peak
current (Ipa/Ipc ratio) approaching unity at higher scan rates
(Figures S3 and S4a). An Ipa/Ipc ratio less than 1 is a
consequence of a follow-up chemical process that is prevented
at high scan rates. The second reduction event of complex 14 at
Epc2 = −1.83 V arises from species of follow-up reactions.
Increasing the scan rate lowers the current of the second
reduction event, which is accompanied by an increase in the
Ipa/Ipc ratio.

20a,25c,33 The one-electron reduction of complexes
15 (Epc1 = −1.54 V) and 16 (Epc1 = −1.56 V) is an irreversible
process at 0.2 V s−1, as judged from reversal of the forward
scans at −1.69 V (for 15) and −1.70 V (for 16) (see Figure
S4b,c). The second irreversible reduction peaks of complexes
15 (Epc2 = −1.85 V) and 16 (Epc2 = −1.87 V) do not vanish
when the scan rate is increased to 2.0 V s−1, in contrast to the
case of complex 14. Moreover, a new reduction peak (C) starts

Figure 5. Cyclic voltammetry of 1.0 mM solutions of (a) complexes 11−13 and (b) complexes 14−16 in CH2Cl2/[n-Bu4N][BF4] (0.1 M) at a scan
rate of 0.2 V s−1 using a glassy carbon disk (d = 1.6 mm). The potentials E are given in volts and referenced to the Fc+/Fc couple. The arrows
indicate the scan direction.

Figure 6. Cyclic voltammetry of 1.0 mM solutions of (a) complex 15 and (b) complex 16 in CH2Cl2/[n-Bu4N][BF4] (0.1 M) at various scan rates
using a glassy carbon disk (d = 1.6 mm). The potentials E are given in volts and referenced to the Fc+/Fc couple. The arrows indicate the scan
direction.
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to appear at v ≥ 2 V s−1 (Epc3 = −1.78 V) and v ≥ 0.6 V s−1

(Epc3 = −1.76 V) for complexes 15 and 16, respectively (Figure
6).
The relative height of peak B with respect to A in the

voltammograms of complexes 15 (Figure S5) and 16 (Figure
S6) decreases as the scan rate increases. This observation is
accompanied by the growth of peak C as well as the appearance
of two anodic events in the return sweep, indicating enhanced
reversibility of the one-electron reduction of complexes 15 and
16. The oxidation of the monoanionic species occurs at peak A′
(Figures 6, S5, and S6). These observations suggest that peak B
is due to an irreversible reduction of a species formed from
chemical reactions following the one-electron reduction of 15
or 16. At high scan rates, where the follow-up reactions start to
be prevented, the FeIFe0/Fe0Fe0 redox couple of complexes 15
and 16 is detected and indicated by C and C′.
Catalytic Reduction of Protons. The catalytic behavior of

complexes 14−16 was investigated by cyclic voltammetry in the
presence of various amounts of AcOH, as illustrated in Figure
7a−c. The presence of 1 equiv of AcOH in the solutions of
complexes 14−16 shifts their primary reduction peaks to less
negative potentials by approximately 70, 50, and 40 mV,
respectively (to Epc = −1.50, −1.49, and −1.52 V, respectively).
This anodic shift suggests that there is an interaction between
the acid and the reduced species of these complexes in
CH2Cl2.

32b As is evident from the dependence of Ip/c·v
1/2 on

the scan rate (Figure S2), these reduced species result from
one-electron reduction of complexes 14−16. Further exper-
imental confirmation of the interaction of the acid with the
monoanionic species (using complex 14 as a representative
example) is shown in Figure 7d. The disappearance of the

anodic peak in the reverse scan upon addition of 1 equiv of
AcOH suggests the occurrence of a chemical reaction
(protonation) following the one-electron reduction of 14 in
CH2Cl2.

17e At more reducing potentials in the vicinity of −1.80
to −1.90 V for complexes 14−16, the voltammetric profile of
each complex (Figure 7a−c) shows a reduction peak with a
current that increases in response to the systematic increase in
the acid concentration, indicating a catalytic proton reduction.
These observations suggest that the products of the EC process
(E = reduction, C = protonation) for 14−16, which occurs at
ca. −1.5 V, do not lead to H2 production unless further
reduction and protonation take place at more negative
potentials. For systematic comparison of the effect of the
linker length on the catalytic features, we reinvestigated the
behavior of complexes 11−13 in the presence of various
concentrations of AcOH (data not shown in this report).
Similar to complexes 14−16, complexes 11−13 do not exhibit
catalysis at their primary reduction wave but only upon
application of a more negative potential. Because complexes 11
and 13 exhibit an ECE mechanism of reduction at 0.2 V s−1

(Figure S2), the presence of acid will lead to protonation of
their dianionic species. Once the applied potential becomes
sufficiently negative for subsequent reduction−protonation
processes, H2 is produced.
One property of a catalyst that describes its performance is

the catalytic overpotential, which is defined in our case as the
difference between the potential at half the catalytic peak
current (Ecat/2) and the standard reduction potential of the
acid.11g A low overpotential points to an effective catalyst,
which means that the catalyst operates at a potential that is
close to the standard reduction potential of the acid. Because

Figure 7. Cyclic voltammetry of 1.0 mM solutions of (a) complex 14, (b) complex 15, and (c) complex 16 in CH2Cl2/[n-Bu4N][PF4] (0.1 M) at 0.2
V s−1 in the presence of different concentrations of AcOH using a glassy carbon disk (d = 1.6 mm) and of (d) complex 15 with 1 equiv of AcOH.
The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.
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the standard reduction potentials of acids in CH2Cl2 are
unknown, we use the values of Ecat/2 for comparison. The
catalytic potential of complex 11 (Ecat/2 = −2.07 V) is ca. 300
mV more negative than those of complexes 12−16, which in
turn accomplish catalysis with comparable overpotentials
reflected by Ecat/2 = −1.81 V (12), −1.79 V (13), −1.77 V
(14), −1.78 V (15), and −1.79 V (16). Another feature of the
catalytic performance is the amount of current developed in
response to a systematic increase in the acid concentration. The
higher the current, the higher the apparent catalytic activity is.
The currents for the catalytic processes of complexes 11−16
were plotted against the amount of AcOH, and the slopes were
taken as a criterion of comparative catalytic activity (Figure
8).34 Accordingly, complex 16 containing seven carbon atoms

in the dithiolate moiety shows the greatest catalytic ability and
about 6-fold higher performance compared with complex 11
containing two carbon atoms in the dithiolato ligand.

■ CONCLUSION

In this paper we have reported the cyclization of a series of
alkyldithiols having the general formula [SH(CH2)nSH] (n =
4−8) by the high-dilution technique. As a result, the
monomeric, dimeric, and trimeric disulfides (6a−10a, 8b−
10b, and 9c, respectively) were obtained and characterized by
spectroscopic techniques as well as by X-ray structure
determination in the case of 8b−10b and 9c. The latter
compounds, with the exception of 9c, were tested as proligands
to react with Fe3(CO)12 under different conditions in boiling
THF in order to obtain complexes with the general formulas
[Fe2(CO)6{μ-S(CH2)nS}] (n = 4−8) (13−17), [Fe2(CO)6{μ-
S(CH2)nS}]2 (n = 6−8) (18−20) and [Fe2(CO)6{(μ-
S(CH2)nS)2}] (n = 6−8) (21−23). Moreover, we have also
reported how the physical, electrochemical, and electrocatalytic
features are influenced by the systematic increase in n from 2 to
8 in complexes 11−17. Overall, increasing the length of the
linker chain of the dithiolato ligand in the all-CO complexes
does not harshly change the electronic properties of the
Fe(CO)3 units. Otherwise, the molecular structures of
complexes 13−16 showed that the organic substituents are
constrained to the aa conformation, similar to their analogous
complexes 11 and 12.26a,b In contrast, the molecular structure
of complex 17 exhibits an ae conformation, and its 1H NMR
spectrum does not show the presence of the aa isomer at room
temperature. Therefore, to determine whether there is a
dynamic interconversion between the aa and ae isomers of
complex 17, a temperature-dependent 1H NMR experiment

was applied to a solution of complex 17 in toluene-d8, and we
could not observe the aa isomer by increasing the temperature
of the solution to 85 °C. The absence of the aa isomer in
complex 17 could be explained by the short distance between
the a-CH2 and the sulfur atom bound to the e-CH2 (3.003(2)
Å) in comparison with those in complexes 13−16 (average
∼3.694 Å). In the light of the above-mentioned considerations
as well as Song’s results,23b we suggest that [Fe2(CO)6{μ-
S(CH2)nS}] gives only the ae isomer for n ≥ 8 as a result of
steric encumbrance, which is overcome for n ≤ 7. Interestingly,
the reduction and oxidation potentials of the diiron core in the
systematic series from 11 to 15 are lowered with overall anodic
ΔE1/2 and cathodic ΔEox shifts of 330 and 170 mV,
respectively. Furthermore, proton reduction catalyzed by
complexes 11−16 was also investigated by cyclic voltammetry
in the presence of the weak acid AcOH as a proton source. It
was concluded that complexes 12−16 catalyze the reduction of
protons with comparable overpotentials (gauged from Ecat/2)
and less negative potentials than complex 11 (ca. 300 mV).
Additionally, the catalytic ability of complexes 11−16 varies in
the following order: 16 > 14 > 13 > 15 > 12 > 11.

■ EXPERIMENTAL SECTION

Materials and Techniques. All of the reactions were performed
using standard Schlenk and vacuum-line techniques under an inert gas
(nitrogen). The 1H and 13C{1H} NMR spectra were recorded with a
Bruker Avance 400 MHz spectrometer. Chemical shifts are given in
parts per million with reference to internal SiMe4 or CHCl3. The mass
spectra were recorded with a Finnigan MAT SSQ 710 instrument. The
IR spectra were recorded with a Bruker Equinox 55 spectrometer
equipped with an attenuated total reflectance unit. Elemental analysis
was performed with a Leco CHNS-932 apparatus. Thin-layer
chromatography (TLC) was performed using Merck TLC aluminum
sheets (silica gel 60 F254). Solvents from Fisher Scientific and other
chemicals from Acros and Aldrich were used without further
purification. Melting points were recorded on a polarization
microscope (Axiolab) connected to a heating unit (THS-600) using
the software Linkam LNP and CI 93. All of the solvents were dried
and distilled prior to use according to standard methods. Complexes
11 and 12 were synthesized according to the known literature
methods.17e,32 The preparations of compounds 1−5, 6a−10a, 8b−
10b, and 9c are described in detail in the Supporting Information.

Electrochemistry. Corrections for the iR drop were performed for
all experiments. Cyclic voltammetry measurements were conducted
using the three-electrode technique (glassy carbon disk (diameter d =
1.6 mm) as the working electrode, Ag/Ag+ in MeCN as the reference
electrode, and Pt wire as the counter electrode) with a Reference 600
potentiostat (Gamry Instruments). All of the experiments were
performed in CH2Cl2 solution containing 0.1 M [n-Bu4N][BF4] at
room temperature; the concentration of the complexes was 1.0 mM.
Solutions were deaerated by purging with N2 for 5−10 min, and a
blanket of N2 was maintained over the solutions during the
measurements. The vitreous carbon disk was polished on a felt tissue
with alumina before each measurement. All of the potential values
reported in this paper are referenced to the potential of the
ferrocenium/ferrocene (Fc+/Fc) couple.

Crystal Structure Determination. The intensity data for the
compounds were collected on a Nonius KappaCCD diffractometer
using graphite-monochromatized Mo Kα radiation. Data were
corrected for Lorentz and polarization effects; absorption was taken
into account on a semiempirical basis using multiple scans.35−37 The
structures were solved by direct methods (SHELXS38) and refined by
full-matrix least-squares techniques against Fo

2 (SHELXL-9738). The
hydrogen atoms of compounds 9c, 15, and 19 were included at
calculated positions with fixed thermal parameters. All of the other
hydrogen atoms were located by difference Fourier synthesis and
refined isotropically. All non-hydrogen atoms were refined anisotropi-

Figure 8. Dependence of the catalytic current of 1.0 mM complexes
11−16 on the amount of AcOH. The slope of each plot is given in the
inset.
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cally.38 The crystal of 9c was a partial merohedral twin. The twin law
was determined by PLATON39 to (1.001 0.000 0.003/0.000 −1.000
0.000/−0.333 0.000 −1.001). The contribution of the main
component was refined to 0.819(3). Crystallographic data as well as
structure solution and refinement details are summarized in Tables
S2−S4. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used
for structure representations.
General Procedure for the Synthesis of [Fe2(CO)6{μ-S-

(CH2)nS}] (n = 4−8) (13−17). A solution of Fe3(CO)12 (200 mg,
0.40 mmol) and cyclic disulfide (6a−10a, 0.40 mmol) in THF (30
mL) was heated at reflux for 1 h under N2. The green solution turned
deep red, and the solvent was removed under reduced pressure. The
residue was purified by column chromatography using 100% hexane. A
red-orange fraction representing the complex (13−17, respectively)
was collected, and the solvent was removed in vacuo. The product was
obtained as a red-orange solid.
[Fe2(CO)6{μ-S(CH2)4S}] (13). Yield: 60% (0.24 mmol). Mp = 113−

115 °C. Anal. Calcd for C10H8Fe2O6S2: C, 30.03; H, 2.02; S, 16.03.
Found: C, 30.40; H, 2.27; S, 16.20. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.59 (bs, 4H, SCH2), 1.66 (bs, 4H, SCH2CH2).

13C{1H}
NMR (100 MHz, CDCl3, ppm): δ 207.90 (s, CO), 33.80 (s, SCH2),
26.09 (s, SCH2CH2). IR (νCO, cm

−1): 2072(m), 2033(vs), 1997(s).
DEI-MS (m/z): 400 [M]+.
[Fe2(CO)6{μ-S(CH2)5S}] (14). Yield: 55% (0.22 mmol). Mp = 116−

118 °C. Anal. Calcd for C11H10Fe2O6S2: C, 31.91; H, 2.43; S, 15.49.
Found: C, 32.31; H, 2.61; S, 15.79. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.61 (t, 4H, SCH2), 1.75 (p, 4H, SCH2CH2), 1.56 (p, 2H,
SCH2CH2CH2).

13C{1H} NMR (100 MHz, CDCl3, ppm): δ 207.72
(s, CO), 30.21 (s, SCH2), 29.37 (s, SCH2CH2) 28.64 (s,
SCH2CH2CH2). IR (νCO, cm

−1): 2072(m), 2033(vs), 1999(s). DEI-
MS (m/z): 414 [M]+.
[Fe2(CO)6{μ-S(CH2)6S}] (15). Yield: 53% (0.21 mmol). Mp = 119−

121 °C. Anal. Calcd for C12H12Fe2O6S2: C, 33.67; H, 2.83; S, 14.98.
Found: C, 33.96; H, 3.14; S, 15.12. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.49 (t, 4H, SCH2), 1.64 (bs, 4H, SCH2CH2), 1.53 (bs, 4H,
SCH2CH2CH2).

13C{1H} NMR (100 MHz, CDCl3, ppm): δ 207.68
(s, CO), 32.08 (s, SCH2), 30.52 (s, SCH2CH2) 26.01 (s,
SCH2CH2CH2). IR (νCO, cm

−1): 2072(m), 2033(vs), 1998(s). DEI-
MS (m/z): 428 [M]+.
[Fe2(CO)6{μ-S(CH2)7S}] (16). Yield: 48% (0.19 mmol). Mp = 94−96

°C. Anal. Calcd for C13H14Fe2O6S2: C, 35.32; H, 3.19; S, 14.50.
Found: C, 35.72; H, 3.30; S, 14.70. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.30 (bs, 4H, SCH2), 1.60 (bs, 4H, SCH2CH2), 1.48 (bs, 4H,
SCH2CH2CH2), 1.38 (bs, 2H, SCH2CH2CH2CH2) . 13C{1H} NMR
(100 MHz, CDCl3, ppm): δ 207.70 (s, CO), 31.83 (s, SCH2), 29.40 (s,
SCH2CH2) 27.54 (s, SCH2CH2CH2), 25.81 (s, SCH2CH2CH2CH2).
IR (νCO, cm

−1): 2072(m), 2033(vs), 1994(s). DEI-MS (m/z): 442
[M]+.
[Fe2(CO)6{μ-S(CH2)8S}] (17). Yield: 48% (0.19 mmol). Mp = 83−85

°C. Anal. Calcd for C14H16Fe2O6S2: C, 36.87; H, 3.54; S, 14.06.
Found: C, 37.13; H, 3.49; S, 14.33. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.45 (bs, 2H, e-SCH2), 2.18 (bs, 2H, a-SCH2), 1.87 (bs, 2H,
e-SCH2CH2), 1.63 (bs, 2H, SCH2CH2CH2) 1.54 (bs, 2H, a-
SCH2CH2), 1.44 (bs, 2H, SCH2CH2CH2CH2), 1.34 (bs, 2H,
S(CH2)4CH2).

13C{1H} NMR (100 MHz, CDCl3, ppm): δ 209.17
(s, CO), 37.36 (s, e-SCH2), 30.46 (s, e-SCH2CH2) 29.84 (s,
SCH2CH2CH2), 28.28 (s, SCH2CH2CH2CH2), 27.26 (s, S-
(CH2)4CH2), 26.82 (s, S(CH2)5CH2), 24.77 (s, a-SCH2CH2), 23.42
(s, a-SCH2). IR (νCO, cm

−1): 2069(m), 2030(vs), 1992(s). DEI-MS
(m/z): 456 [M]+.
General Procedure for the Synthesis of Complexes 18−20

via Reaction of Compounds 8b−10b with Fe3(CO)12 in a 1:2
Molar Ratio. A solution of Fe3(CO)12 (400 mg, 0.80 mmol) and
cyclic tetrasulfide (8b−10b, 0.40 mmol) in THF (40 mL) was heated
at reflux for 2 h under N2. The green solution turned deep red, and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography using 100% hexane. A red-orange fraction
representing the complex (18−20, respectively) was collected, and the
solvent was removed in vacuo. The product was obtained as a red-
orange solid.

[Fe2(CO)6{μ-S(CH2)6S}]2 (18). Yield: 33% (0.13 mmol). Mp = 210−
211 °C. Anal. Calcd for C24H24Fe4O12S4: C, 33.67; H, 2.83; S, 14.98.
Found: C, 33.99; H, 3.10; S, 15.20. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.46 (bs, 4H, e-SCH2), 2.13 (bs, 4H, a-SCH2), 1.62 (bs, 8H,
SCH2CH2), 1.48 (bs, 8H, SCH2CH2CH2).

13C{1H} NMR (100 MHz,
CDCl3, ppm): δ 208.97 (s, CO), 39.05 (s, e-SCH2), 32.68, 31.41,
28.76, 26.42, 23.84 (s, a-SCH2). IR (νCO, cm

−1): 2068(m), 2033(vs),
1991(s). DEI-MS (m/z): 856 [M]+.

[Fe2(CO)6{μ-S(CH2)7S}]2 (19). Yield: 25% (0.10 mmol). Mp = 102−
103 °C. Anal. Calcd for C26H28Fe4O12S4: C, 35.32; H, 3.19; S, 14.50.
Found: C, 35.62; H, 3.38; S, 14.67. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.47 (bs, 4H, e-SCH2), 2.08 (bs, 4H, a-SCH2), 1.75−1.59 (m,
8H, SCH2CH2), 1.46−1.26 (m, 12H, SCH2CH2(CH2)2).

13C{1H}
NMR (100 MHz, CDCl3, ppm): δ 208.97 (s, CO), 39.04 (s, e-SCH2),
32.68, 31.41, 28.76, 26.42, 23.84 (s, a-SCH2). IR (νCO, cm−1):
2068(m), 2033(vs), 1990(s). DEI-MS (m/z): 884 [M]+.

[Fe2(CO)6{μ-S(CH2)8S}]2 (20). Yield: 30% (0.12 mmol). Mp = 165−
166 °C. Anal. Calcd for C28H32Fe4O12S4: C, 36.87; H, 3.54; S, 14.06.
Found: C, 37.20; H, 3.65; S, 14.31. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.44 (bs, 4H, e-SCH2), 2.11 (bs, 4H, a-SCH2), 1.67 (bs, 8H,
SCH2CH2), 1.52 (bs, 8H, SCH2CH2CH2), 1.44 (bs, 4H, S-
(CH2)3CH2), 1.31 (bs, 4H, S(CH2)4CH2).

13C{1H} NMR (100
MHz, CDCl3, ppm): δ 209.04 (s, CO), 39.37 (s, e-SCH2), 32.96,
31.93, 29.12, 28.95, 28.42, 28.01, 24.64 (s, a-SCH2). IR (νCO, cm

−1):
2068(m), 2032(vs), 1991(s). DEI-MS (m/z): 912 [M]+, 884 [M −

CO]+, 856 [M − 2CO]+, 828 [M − 3CO]+, 800 [M − 4CO]+, 772 [M
− 5CO]+, 744 [M − 6CO]+, 716 [M − 7CO]+, 688 [M − 8CO]+, 660
[M − 9CO]+, 632 [M − 10CO]+, 604 [M − 11CO]+, 576 [M −

12CO]+.
General Procedure for the Synthesis of Complexes 21−23

via Reaction of Compounds 8b−10b with Fe3(CO)12 in a 1:1
Molar Ratio. A solution of Fe3(CO)12 (100 mg, 0.20 mmol) and
cyclic tetrasulfide (8b-10b, 0.20 mmol) in THF (40 mL) was heated at
reflux for 2 h under N2. The green solution turned deep red, and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography using 100% hexane. A yellow-orange
fraction representing the complex (21−23, respectively) was collected,
and the solvent was removed in vacuo. The product was obtained as a
red-orange solid.

[Fe2(CO)6{(μ-S(CH2)6S)2}] (21). Yield: 15% (0.030 mmol). Mp =
170−171 °C. Anal. Calcd for C18H24Fe2O6S4: C, 37.51; H, 4.20; S,
22.25. Found: C, 37.26; H, 4.03; S, 21.96. 1H NMR (400 MHz,
CDCl3, ppm): δ 2.71 (bs, 4H, SSCH2), 2.51 (bs, 2H, e-SCH2), 2.14
(bs, 2H, a-SCH2), 1.72 (bs, 4H, SSCH2CH2), 1.43 (bs, 4H,
SCH2CH2), 1.27 (bs, 8H, S(CH2)2(CH2)2). IR (νCO, cm−1):
2069(m), 2031(vs), 1992(s). DEI-MS (m/z): 576 [M]+.

[Fe2(CO)6{(μ-S(CH2)7S)2}] (22). Yield: 10% (0.020 mmol). Mp =
73−75 °C. Anal. Calcd for C20H28Fe2O6S4: C, 39.75; H, 4.67; S, 21.22.
Found: C, 39.95; H, 4.48; S, 21.46. 1H NMR (400 MHz, CDCl3,
ppm): δ 2.75 (bs, 4H, SSCH2), 2.50 (bs, 2H, e-SCH2), 2.11 (bs, 2H, a-
SCH2), 1.73 (bs, 4H, SSCH2CH2), 1.46 (bs, 4H, SCH2CH2), 1.33−
1.29 (m, 12H, S(CH2)2(CH2)2). IR (νCO, cm

−1): 2069(m), 2032(vs),
1991(s). DEI-MS (m/z): 604 [M]+.

[Fe2(CO)6{(μ-S(CH2)8S)2}] (23). Yield: 12% (0.024 mmol). Mp =
122−123 °C. Anal. Calcd for C22H32Fe2O6S4: C, 41.78; H, 5.10; S,
20.28. Found: C, 41.48; H, 5.32; S, 19.99. 1H NMR (400 MHz,
CDCl3, ppm): δ 2.72 (bs, 4H, SSCH2), 2.52 (bs, 2H, e-SCH2), 2.15
(bs, 2H, a-SCH2), 1.70 (bs, 4H, SSCH2CH2), 1.45 (bs, 4H,
SCH2CH2), 1.40 (bs, 8H, SCH2CH2CH2), 1.39 (bs, 4H, S-
(CH2)3CH2), 1.30 (bs, 4H, S(CH2)4CH2). IR (νCO, cm−1):
2069(m), 2030(vs), 1991(s). DEI-MS (m/z): 632 [M]+.
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 ll solvents and starting materials that have not been synthesized by us were commercial products (Acros Organics, Fisher Scientific, Fluka, Merck and Sigma Aldrich,) and were used without further purification. The progress of all reactions was monitored by thin layer chromatography using Merck TLC aluminum sheets (Silica gel 60 F254) with appropriate solvents. NMR spectra were recorded on Bruker Avance 400MHz instruments. 1H and 13C{1H} Spectra were referenced to appropriate residual solvent signals (CDCl3).  27 

The known dithiol compounds  used in this report were prepared by refluxing a solution of alkyl dibromide [Br(CH2)nBr] (n = 48) (0.041 mmol) and thiourea [SC(NH2)2] (0.082 mmol) in 95% ethanol (120 mL) for 55 h under inert condition (N2).  The resulting colorless solution was cooled down and then the solvent removed by rotary evaporator to give the thiouronium salt as a white solid. This resulting salt was mixed with solution of sodium hydroxide (0.082 mmol) in water (120 mL) and heated under reflux. The resulting unclear solution was cooled down and acidified to pH ≈ 12 which was then extracted with CH2Cl2 (5 x 50 mL) and dried over sodium sulfate. The solvent then was removed to give the crude product as yellow oil. The crude product was then purified by bulbtobulb distillation (7090 °C/0.40 mbar) to give a colorless oil. The resulting compounds  were characterized by 1H NMR and 13C{1H} NMR. Their 1H,1H COSY and 1H,13C HSQC analysis verified the assignments of their signals.     

A
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: 90% (4.5 g, 0.037 mol).  (400 MHz, CDCl3, ppm): δ 2.572.50 (m, 4H, HSCH2), 1.761.67 (m, 4H, HSCH2CH2), 1.34 (t, J = 7.8 Hz, 2H, HS).  (100 MHz, CDCl3, ppm): δ 32.66 (s, HSCH2CH2), 24.20 (s, HSCH2).   : 86% (4.8 g, 0.035 mol).   (400 MHz, CDCl3, ppm): δ 2.48 (dd, J = 14.6, 7.3 Hz, 4H, HSCH2), 1.621.52 (m, 4H, HSCH2CH2), 1.491.40 (m, 2H, HSCH2CH2CH2), 1.31 (t, J = 7.8 Hz, 2H, HS).  (100 MHz, CDCl3, ppm): δ 33.39 (s, HSCH2CH2), 27.02 (s, HSCH2CH2CH2), 24.46 (s, HSCH2).  : 95% (5.8 g, 0.039 mol).  (400 MHz, CDCl3, ppm): δ 2.52 (dd, J = 14.6, 7.4 Hz, 4H, HSCH2), 1.671.56 (m, 4H, HSCH2CH2), 1.461.36 (m, 4H, HSCH2CH2CH2), 1.31 (t, J = 7.7 Hz, 2H, HS).  (100 MHz, CDCl3, ppm): δ 33.74 (s, HSCH2CH2), 27.70 (s, HSCH2CH2CH2), 24.39 (s, HSCH2).  : 85% (5.7 g, 0.035 mol).  (400 MHz, CDCl3, ppm): δ 2.49 (dd, J = 14.7, 7.4 Hz, 4H, HSCH2), 1.621.53 (m, 4H, HSCH2CH2), 1.401.34 (m, 6H, HSCH2CH2(CH2)3), 1.30 (t, J = 7.7 Hz, 2H, HS).  (100 MHz, CDCl3, ppm): δ 33.86 (s, HSCH2CH2), 28.46 (s, HS(CH2)3CH2), 28.16 (s, HSCH2CH2CH2), 24.53 (s, HSCH2).  : 81% (5.9 g, 0.033 mol).   (400 MHz, CDCl3, ppm): δ 2.492.42 (m, 4H, HSCH2), 1.591.49 (m, 4H, HSCH2CH2), 1.361.21 (m, 8H, HSCH2CH2(CH2)4), 
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1.26 (t, J = 7.7 Hz, 2H, HS).  (100 MHz, CDCl3, ppm): δ 33.96 (s, HSCH2CH2), 28.92 (s, HS(CH2)3CH2), 28.26 (s, HSCH2CH2CH2), 24.61 (s, HSCH2). The solutions of compounds , respectively, (20 mmol) were dissolved in CHCl3 (125 mL) and placed in a dropping funnel on a 500 mL threenecked flask equipped with magnetic stirring bar. Another dropping funnel was filled with iodine (20 mmol) dissolved in CHCl3 (150 mL). The two solutions were added dropwise and simultaneously to Et3N (41 mmol) in CHCl3 (100 mL) over a period of three hours. After the addition was completed, the resulting light orange solution was stirred for two hours at room temperature and then washed with dilute sodium thiosulphate solution (60 mL), 0.1 M HCl (2 x 25 mL) and water (2 x 50 mL). The solvent was removed under reduced pressure after drying over Na2SO4. The resulting pale yellow oil was introduced into column chromatography using first 100% hexane as eluent to give the compounds , respectively, as colourless oil and then using hexane/CH2Cl2 (3:1) to give the compounds , respectively, as a white solid and compound as colourless oil. .  Yield: 95% (19 mmol). Anal. Calcd. for C4H8S2: C, 39.96; H, 6.71; S, 53.33. Found: C, 40.26; H, 7.11; S, 53.68. 1H NMR (400 MHz, CDCl3, ppm): δ 2.84 (s, 4H, SCH2), 1.97 (s, 4H, SCH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 33.35 (s, SCH2), 27.79 (s, SCH2CH2). DEIMS (m/z): 120 [M]+. .  
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Yield: 90% (18 mmol). Anal. Calcd. for C5H10S2: C, 44.73; H, 7.13; S, 50.39. Found: C, 45.02; H, 7.43; S, 50.79. 1H NMR (400 MHz, CDCl3, ppm): δ 2.83 (t, 4H, SCH2), 2.042.00 (m, 4H, SCH2CH2), 1.791.75 (m, 2H, SCH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 39.68 (s, SCH2), 30.45 (s, SCH2CH2), 26.46 (s, SCH2CH2CH2) . DEIMS (m/z): 134 [M]+.   Yield: 65% (13 mmol). Anal. Calcd. for C6H12S2: C, 48.60; H, 8.16; S, 43.24. Found: C, 48.80; H, 8.31; S, 43.46. 1H NMR (400 MHz, CDCl3, ppm): δ 2.73 (t, 4H, SCH2), 1.951.89 (m, 4H, SCH2CH2), 1.471.40 (m, 4H, SCH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 37.97 (s, SCH2), 25.52 (s, SCH2CH2), 24.51 (s, SCH2CH2CH2) . DEIMS (m/z): 148 [M]+.   Yield: 65% (13 mmol). Anal. Calcd. for C7H14S2: C, 51.80; H, 8.69; S, 39.50. Found: C, 52.06; H, 8.94; S, 39.89. 1H NMR (400 MHz, CDCl3, ppm): δ 2.84 (t, 4H, SCH2), 1.881.80 (m, 4H, SCH2CH2), 1.731.60 (m, 6H, SCH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 40.17 (s, SCH2), 26.10 (s, SCH2CH2), 25.41 (s, SCH2CH2CH2), 24.28 (s, SCH2CH2CH2CH2) . DEIMS (m/z): 162 [M]+.    Yield: 75% (15 mmol). Anal. Calcd. for C8H16S2: C, 54.49; H, 9.15; S, 36.36. Found: C, 54.86; H, 9.55; S, 36.66. 1H NMR (400 MHz, CDCl3, ppm): δ 2.82 (t, 4H, SCH2), 1.861.80 (m, 4H, SCH2CH2), 
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1.721.65 (m, 4H, SCH2CH2CH2), 1.551.51 (m, 4H, SCH2CH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 39.20 (s, SCH2), 26.50 (s, SCH2CH2), 25.53 (s, SCH2CH2CH2), 25.25 (s, SCH2CH2CH2CH2). DEIMS (m/z): 176 [M]+.   Yield: 25% (5.0 mmol). M.p = 35 °C. Anal. Calcd. for C12H24S4: C, 48.60; H, 8.16; S, 43.24. Found: C, 48.91; H, 8.38; S, 43.54. 1H NMR (400 MHz, CDCl3, ppm): δ 2.73 (t, 8H, SCH2), 1.771.70 (m, 8H, SCH2CH2), 1.511.47 (m, 8H, SCH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 39.45 (s, SCH2), 28.62 (s, SCH2CH2), 27.53 (s, SCH2CH2CH2). DEIMS (m/z): 296 [M]+.   Yield: 15% (3.0 mmol). M.p = 51 °C. Anal. Calcd. for C14H28S4: C, 51.80; H, 8.69; S, 39.50. Found: C, 52.10; H, 8.90; S, 39.82. 1H NMR (400 MHz, CDCl3, ppm): δ 2.72 (t, 8H, SCH2), 1.761.69 (m, 8H, SCH2CH2), 1.491.42 (m, 8H, SCH2CH2CH2), 1.411.35 (m, 4H, SCH2CH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 40.26 (s, SCH2), 29.45 (s, SCH2CH2), 28.77 (s, SCH2CH2CH2), 28.36 (s, SCH2CH2CH2CH2) . DEIMS (m/z): 324 [M]+.   Yield: 20% (4.0 mmol). M.p = 62 °C. Anal. Calcd. for C16H32S4: C, 54.49; H, 9.15; S, 36.36. Found: C, 54.83; H, 9.30; S, 36.75. 1H NMR (400 MHz, CDCl3, ppm): δ 2.71 (t, 8H, SCH2), 1.741.67 
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(m, 8H, SCH2CH2), 1.471.40 (m, 8H, SCH2CH2CH2), 1.381.33 (m, 8H, SCH2CH2CH2CH2). 13C{1H} (100 MHz, CDCl3, ppm): δ 39.90 (s, SCH2), 29.16 (s, SCH2CH2), 28.89 (s, SCH2CH2CH2), 28.33 (s, SCH2CH2CH2CH2). DEIMS (m/z): 352 [M]+.   Yield: 15% (3.0 mmol). Anal. Calcd. for C21H42S6: C, 51.80; H, 8.69; S, 39.50. Found: C, 52.08; H, 8.70; S, 39.80. 1H NMR (400 MHz, CDCl3, ppm): δ 2.70 (t, 12H, SCH2), 1.731.65 (m, 12H, SCH2CH2), 1.461.35 (m, 18H, SCH2CH2(CH2)3). 13C{1H} (100 MHz, CDCl3, ppm): δ 39.87 (s, SCH2), 29.54 (s, SCH2CH2), 28.91, 28.43 (s, SCH2CH2(CH2)3. DEIMS (m/z): 486 [M]+.       Lichtenberger and coworkers have reported a detailed electrochemical study of complex  in MeCN (Felton, G. A. N.; Petro, B. J.; Glass, R. S.; Lichtenberger, D. L.; Evans, D. H. J. Am. Chem. Soc. , 131, 1129011291). Figure S1 displays the cyclic voltammetry of  in CH2Cl2 at 0.2 V s1 ≤ ν ≤ 20 V s1 and shows that the two electron 
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remains irreversible process. However, a small anodic event at ca. 1.8 V is detected in the return sweep at faster scan rates and attributed to the oxidation of . The anodic event near 1.6 V arises from oxidation of products of reactions following the reduction of . That the reduction of  remains irreversible up to 20 V s1 indicates fast followup reactions.  

  Cyclic voltammetry of 1.0 mM complex  in CH2Cl2[nBu4N][BF4] (0.1 M) solutions at various scan rates: (a) 0.2 V s1 ≤ ν ≤ 2.0 V s1 and (b) 4.0 V s1 ≤ ν ≤ 20.0 V s1. The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.     
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  The scan rates dependence of the current function of the primary reduction peaks of 1.0 mM complexes  in CH2Cl2[nBu4N][PF4] (0.1 M) solutions. Glassy carbon electrode (A = 0.0206 cm2). The dashed line represents the current function expected for a one electron process assuming D ≈ 9 x 106 cm2 S1, a value calculated for various [FeFe]Hydrogenase models.   

  Cyclic voltammetry of 1.0 mM complex  in CH2Cl2[nBu4N][BF4] (0.1 M) solutions 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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  Cyclic voltammetry of 1.0 mM (a) complex , (b) complex  and (c) complex  in CH2Cl2[nBu4N][BF4] (0.1 M) solutions at 0.2 V s1 scan rate, the red profiles show the reverse scan of the first reduction peaks of each complex. The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.     
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Cyclic voltammetry of 1.0 mM complex  in CH2Cl2[nBu4N][BF4] (0.1 M) solutions at scan rate 2.0, 4.0, 8.0 and 20.0 V s1. The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.          
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Cyclic voltammetry of 1.0 mM complex  in CH2Cl2[nBu4N][BF4] (0.1 M) solutions at scan rate 2.0, 4.0, 8.0 and 20.0 V s1. The arrows indicate the scan direction. The potentials E are given in V and referenced to the Fc+/Fc couple.           
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A list of CO stretching frequencies for complexes  in CH2Cl2.Complex ν (CO) cm1 [Fe2(CO)6{µS(CH2)2S}],  2075(m), 2035(vs), 1999(s) [Fe2(CO)6{µS(CH2)3S}],  2073(m), 2033(vs), 1997(s) [Fe2(CO)6{µS(CH2)4S}],  2072(m), 2033(vs), 1997(s) [Fe2(CO)6{µS(CH2)5S}],  2072(m), 2033(vs), 1999(s) [Fe2(CO)6{µS(CH2)6S}],  2072(m), 2033(vs), 1998(s) [Fe2(CO)6{µS(CH2)7S}],  2072(m), 2033(vs), 1994(s) [Fe2(CO)6{µS(CH2)8S}],  2069(m), 2030(vs), 1992(s) [Fe2(CO)6{µS(CH2)6S}]2,  2068(m), 2033(vs), 1991(s) [Fe2(CO)6{µS(CH2)7S}]2,  2068(m), 2033(vs), 1990(s) [Fe2(CO)6{µS(CH2)8S}]2,  2068(m), 2032(vs), 1991(s) [Fe2(CO)6{(µS(CH2)6S)2}],  2069(m), 2031(vs), 1992(s) [Fe2(CO)6{(µS(CH2)7S)2}],  2069(m), 2032(vs), 1991(s) [Fe2(CO)6{(µS(CH2)6S)2}],  2069(m), 2030(vs), 1991(s)         
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Crystal data and refinement details for the Xray structure determinations of the compounds .Compound    formula C12H24S4 C14H28S4 C21H42S6 C16H32S4 fw (gmol1) 296.55 324.60 486.91 352.66 °C 140(2) 140(2) 140(2) 140(2) crystal system monoclinic triclinic monoclinic orthorhombic space group P 21/c P ī P 21 P c c n a/ Å 10.6252(3) 5.4762(2) 5.2890(5) 10.5759(2) b/ Å 15.9987(4) 7.1162(3) 8.2109(7) 19.6736(4) c/ Å 9.7926(2) 10.7625(5) 29.907(2) 9.1061(2) α/° 90 97.912(2) 90 90 β/° 112.722(1) 95.626(3) 92.235(5) 90 γ/° 90 91.727(3) 90 90 V/Å3 1535.44(7) 413.01(3) 1297.81(19) 1894.67(7) Z 4 1 2 4 ρ (gcm3) 1.283 1.305 1.246 1.236 µ (cm1)  5.94  5.58  5.33  4.92 measured data 11064 2212 4847 12276 data with I > 2σ(I) 3198 1717 4495 2035 unique data (Rint) 3485/0.0306 1750/0.0111 4847/0.0673 2157/0.0294 wR2 (all data, on F2)a) 0.0585 0.0529 0.1476 0.0568 R1 (I > 2σ(I)) a) 0.0266 0.0196 0.0653 0.0225 S b) 1.067 1.065 1.158 1.104 Res. dens./eÅ3 0.301/0.190 0.298/0.195 0.787/0.546 0.329/0.170 Flackparameter   0.24(17)  absorpt method multiscan multiscan multiscan multiscan absorpt corr Tmin/max 0.7030/0.7456 0.7026/0.7456 0.5614/0.7456 0.7225/0.7456 CCDC No.  1546654 1546655 1546656 1546657  
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Crystal data and refinement details for the Xray structure determinations of the compounds . Compound     formula C10H8Fe2O6S2 C11H10Fe2O6S2 C12H12Fe2O6S2 C13H14Fe2O6S2 C14H16Fe2O6S2 fw (gmol1) 399.98 414.01 428.04 442.06 456.09 °C 140(2) 140(2) 140(2) 140(2) 140(2) crystal system monoclinic triclinic triclinic monoclinic monoclinic space group P 21/n P ī P ī P 21/n P 21/n a/ Å 7.5465(2) 7.6039(2) 11.0848(4) 9.5009(2) 8.7472(2) b/ Å 16.4265(3) 10.0260(3) 12.0436(4) 12.4179(2) 14.0359(3) c/ Å 11.7807(2) 10.9003(3) 18.8998(7) 15.1226(3) 15.2643(3) α/° 90 70.566(2) 84.340(2) 90 90 β/° 104.362(1) 78.663(2) 74.725(2) 108.308(2) 104.374(1) γ/° 90 83.670(1) 82.401(2) 90 90 V/Å3 1414.73(5) 767.46(4) 2407.25(15) 1693.87(6) 1815.41(7) Z 4 2 6 4 4 ρ (gcm3) 1.878 1.792 1.772 1.733 1.669 µ (cm1)  23.63  21.82  20.9  19.83  18.53 measured data 11051 11078 26281 12397 14033 data with I > 2σ(I) 3067 3243 6484 3687 3839 unique data (Rint) 3220/0.0247 3499/0.0244 10147/0.0614 3845/0.0183 4142/0.0261 wR2 (all data, on F2)a) 0.0415 0.0473 0.1577 0.0423 0.0629 R1 (I > 2σ(I)) a) 0.0188 0.0218 0.0826 0.0175 0.0277 S b) 1.071 1.052 1.119 1.072 1.046 Res. dens./eÅ3 0.310/0.251 0.316/0.275 0.778/0.622 0.295/0.243 1.129/0.411 absorpt method multiscan multiscan multiscan multiscan multiscan absorpt corr Tmin/max 0.6828/0.7456 0.6722/0.7456 0.6492/0.7456 0.6750/0.7456 0.6822/0.7456 CCDC No.  1546658  1546659 1546660 1546661 1546662   
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Crystal data and refinement details for the Xray structure determinations of the compounds and.Compound    formula C24H24Fe4O12S4 C26H28Fe4O12S4 C28H32Fe4O12S4 C20H28Fe2O6S4 fw (gmol1) 856.07 884.12 912.18 604.36 °C 140(2) 140(2) 140(2) 140(2) crystal system triclinic triclinic triclinic triclinic space group P ī P ī P ī P ī a/ Å 7.8503(4) 11.7725(5) 7.9159(3) 11.2698(3) b/ Å 7.9765(4) 12.9993(5) 7.9691(3) 11.4819(3) c/ Å 13.0296(5) 14.1932(6) 15.3911(5) 11.8770(3) α/° 84.592(3) 108.625(2) 97.536(2) 62.537(1) β/° 84.439(3) 104.780(2) 94.769(2) 82.514(2) γ/° 74.403(2) 107.353(2) 106.319(2) 72.148(2) V/Å3 780.16(6) 1811.23(13) 916.37(6) 1297.91(6) Z 1 2 1 2 ρ (gcm3) 1.822 1.621 1.653 1.546 µ (cm1)  21.49  18.54  18.35  14.72 measured data 7245 18135 5607 10096 data with I > 2σ(I) 2837 5863 3864 5384 unique data (Rint) 3402/0.0401 7894/0.0479 4131/0.0179 5820/0.0190 wR2 (all data, on F2)a) 0.0886 0.1378 0.0688 0.0656 R1 (I > 2σ(I)) a) 0.0409 0.0693 0.0296 0.0286 S b) 1.089 1.103 1.117 1.097 Res. dens./eÅ3 0.552/0.460 1.175/0.763 0.521/0.303 0.386/0.283 absorpt method multiscan multiscan multiscan multiscan absorpt corr Tmin/max 0.5492/0.7456 0.6194/0.7456 0.6644/0.7456 0.6733/0.7456 CCDC No.  1546663 1546664 1546665 1546666 a) Definition of the R indices: R1 = (ΣFoFc)/ΣFo;wR2 = {Σ[w(Fo2Fc2)2]/Σ[w(Fo2)2]}1/2 with w1 = σ2(Fo2) + (aP)2+bP; P = [2Fc2 + Max(FO2]/3; b) s = {Σ[w(Fo2Fc2)2]/(NoNp)}1/2 
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Abstract: The electrochemical behaviour of [FeFe]-hydrogenase models featuring [Fe2S3] cores, namely [Fe2(CO)5{TBPT}] (1) (TBPT = ȝ-(SC3H6)2S-ȝ) and [Fe2(CO)4(P(OMe)3){TBPT}] (2), was investigated in the absence and presence of acetic acid, AcOH. In the absence of acid, complex 1 undergoes two-successive irreversible one-electron reductions with closely spaced cathodic peak potentials (ΔEpc = 130 mV (CH2Cl2) or 165 mV (CH3CN) vs. ferrocenium/ferrocene couple) whereas only one irreversible one-electron reduction process (Epc = -2.11 V) is observed for complex 2 in CH2Cl2. In the presence of AcOH, complex 1 catalyzes the reduction of protons via one process (Ecat ~ -2.1 V) with high efficiency while two catalytic processes, at -2.05 V and -2.19 V, were observed in the case of complex 2. Based on the electrochemical studies, two mechanisms for the catalytic proton reduction by complexes 1 and 2 have been proposed.  The structure of the reduced species of the complex 1 as well as the mechanism of the H2 production was elucidate in detail by Density Functional Theory calculations.   Keywords: [FeFe]-hydrogenase, [Fe2S3] core, electrochemistry, proton reduction, DFT calculations Introduction Rapid depletion of fossil fuels and anthropogenic global warming have been making mandatory the overcoming of fossil energy systems. Along such line, hydrogen economy appears as an ideal solution to both issues. Indeed, fossil fuels have several disadvantages: they are non-renewable sources, can be found only in certain part of our planet and, as aforementioned, produce several pollutants among which are found carbon dioxide and other greenhouse gases that are considered to be the main reason of climate changes.1 In contrast, hydrogen is the most abundant element in the universe2-3, characterized by a high energy density and produce zero pollutants. These facts make hydrogen the promising energy source for future. In biological process, hydrogen production or consumption (2H+ + 2e- ↔ H2) are catalyzed by metalloenzymes called hydrogenases (H2ase)4, which are commonly classified into three classes  based on their metal content, [NiFe] H2ase, [FeFe] H2ase and [Fe] H2ase. X-ray crystallographic and IR spectroscopic studies of [FeFe] H2ase isolated from Desulfovibrio desulfuricans5 and Clostridium pasteurianum6 show that the H cluster (the active site at which protons are reduced to hydrogen or 





As reported by Chen and coworkers,38 the reduction of the model systems [Fe2(CO)5(L){ȝ-(SCH2)2CH2}] (L = SEt2, S(CH2CH3)(CH2CH2Cl), S(CH2CH3)(C6H5), SO(CH2CH2CH3)2, SO(CH3)2) (Figure 2) in CH3CN is assigned to be an irreversible one-electron process. Moreover, these complexes showed catalytic response toward reduction of protons from AcOH, but without describing mechanistic details. Recently, Pickett and coworkers have reported the protonation of [Fe2(CO)4(PMe3){ȝ-(SCH2)2CH2S-ȝMe}] by HCl to afford a bridging hydride species [Fe2(CO)4(PMe3)(ȝ-H){ȝ-(SCH2)2CH2S-ȝMe}][PF6], which undergoes dissociation of the pendant thioether after reduction as confirmed by spectroelectrochemistry.40 The reductive behavior and the electrocatalytical properties of the complexes [Fe2(CO)5{µ-(SCH2)2NCH2CH2S(Me)-µ}]32 and [Fe2(CO)5{µ-(SCH2OCH2S (CpFe(CO)2SPh)-µ)]33 (Figure 2) that were reported by Rauchfuss and Song, respectively, have not been investigated.  In continuation of our studies on the model system [Fe2(CO)5{TBPT}] (1) and a substitution of CO by P(OMe)3 in complex (1) to give [Fe2(CO)4(P(OMe)3){TBPT}] (2) as a  result of the on-off coordination of a thioether ligand bound at the iron atom39. In addition we isolated and characterized the structure of [Fe2(CO)5(P(OMe)3){TBPT}], which is believed to be the intermediate of the reaction pathway (Scheme 1) 39. This result could be seen as an important contribution to corroborate the mechanism for the cyanation reaction of [Fe2S3] cluster37.   Scheme 1. The pathway of substitution of CO by P(OMe)3 in complex 1.  
 We introduce herein detailed investigations of the electrochemical and electrocatalytical features of these complexes in the absence and presence of AcOH. Moreover, we apply DFT calculations in order to 





Where ks1 and ks2 are the heterogenous rate constants for the first and the second reduction steps, respectively, and the Epc values are the cathodic peak potentials when Ȟ = 0.2 V∙s-1. We can see from Figures 3a-c that increasing the scan rate results in (i) an overlapping of the two reduction peaks (1 and 2) and (ii) an appearance of new small peaks 1ʹ and 2ʹ for the oxidation of the monoanion 1- (see Figure S1) and the dianion 12-, respectively. The detection of peaks 1ʹ and 2ʹ at higher scan rates states that small population of the reduced species of complex 1 rides out the follow-up reactions, which are reponsible for the irreversibility of the reduction of complex 1 and the oxidation events 3-6 in Figure 3. The overlapping of peaks 1 and 2 at higher scan rates reflects the relative rates of the first and the second reduction steps such that ks1 < ks2.11,12,17,41-43 Reversing the forward scan at -1.79 V (Figure S1) results in 
the appearance of the small peak 1ʹ for the oxidation of 1- as well as the disappearance of the oxidation events 3-6. Thus, most of the follow-up reactions (decomposition) take place after the second electron transfer. In MeCN-NBu4PF6 solution, complex 1 is also reduced in two steps with Epc1 and Epc2 equal to -1.62 V and -1.78 V, respectively (Figure 4a). The less negative reduction potentials with larger separation (ΔEpc = 165 mV) in the case of MeCN-NBu4PF6 solution compared to that of CH2Cl2-NBu4PF6 solution (ΔEpc = 130 mV) might be related to the higher resistance of CH2Cl2 compared to that of MeCN.44 In contrast to the study in CH2Cl2-NBu4PF6 solution, increasing the scan rate up to 1.0 V·s-1 does not affect neither the peak potentials, Epc1 and Epc2, nor their separation (ΔEpc), which is also related to the lower resistence of MeCN compared to CH2Cl2.44 We have observed that complex 1 is less stable in MeCN than in CH2Cl2 and for this reason we investigated the electrocatalytic behavior of the complex in CH2Cl2 solution (see later).      











Scheme 2. Possible pathways for the reduction of AcOH catalyzed by complex 1 at Ecat ~ -2.1 V, where Ecat refers to the potential at which the catalysis occurs. Process III is not proposed by experiments, but it is evaluated computationally (see later).  

  Catalytic Reduction of AcOH by Complex 2. The presence of 1 equiv. AcOH in the CH2Cl2-NBu4PF6 solution of complex 2 shifts the cathodic event observed in the absence of acid (Epc = -2.11 V, the black curve in Figure 8a) by 60 mV to less negative potentials (Epc = -2.05 V, peak I of the red curve in Figure 8a). Moreover, the peak current of wave I is twice that of the cathodic wave observed in the absence of acid.  





Scheme 3. Possible pathways for the reduction of AcOH catalyzed by complex 2. 

 The main difference between the catalytic behaviour of complexes 1 and 2 is the ability of the latter to catalyze the proton reduction via two processes in which the 2H2 and 2H2- are the H2-releasing intermediates (Scheme 3) whereas only 1H2- can release H2 according to the proposed mechanism in Scheme 2. The higher electron richness of the diiron core of complex 2 compared to that of complex 1 may argue the H2-relasing ability of 2H2, but not 1H2. To evaluate the electrocatalytic activity of complexes 1 and 2 toward proton reduction in the presence of AcOH, the plots of Ic/Ip (Ic = the reduction current of the catalytic processes, Ip = the reduction current in the absence of acid) of both complexes vs. the equiv. AcOH (i.e. [AcOH]/[complex]) are drawn in Figure 9.   





DFT calculations Analysis of the neutral, mono di bi-anionic forms. In this section, we discuss the structure and the electronic properties of complex 1 and its mono- and di-anionic forms. In Figure 10 the main geometry parameters are reported for the neutral form (1), the monoanionic (1-) and dianionic (12-) forms (numerical values are reported in Table S1). Gas-phase BP86/TZVP level of theory well reproduces 1 XRD geometry parameters. In general, bond distances are slightly overestimated, in particular Fe-S bonds (on average 0.033Å). The 1rot isomer, a rotated form of the complex, results 5.3 kcal·mol-1 higher in energy compared to the minimum energy form. As preliminary step in the investigation of the 1- anionic forms, we can discuss their structure on the basis of the shape of the LUMO of the neutral complex (reported in Figure S4 along with the HOMO). The LUMO is characterized by a Fe-Fe σ* orbital contribution and a significant p-orbital contribution of the three sulfur atoms with a clear antibonding character along the Fe-S bond of the TBPT ligand. Moreover, Mulliken LUMO populations indicate that the extra electron will be essentially localized on the Fe atoms and on the sulfur atoms, although by a lesser extent. These observations implied that we have focused the structure investigation toward three sets of isomers which differ essentially in the bonding network of the TBPT ligand: i) weakening/dissociation of a Fe-S bond that involves the thiolate or ii) dissociation of the Fe-S bond that involves the sulfide or iii) the Fe-Fe bond weakening (Figure S6). Moreover, to identify the possible TBPT conformation upon Fe-S sulfide bond dissociation, we carried out a preliminary minimum search at molecular mechanics level finding eight possible starting point structures.  



 Figure 10. Structure of the low energy isomers of the neutral, anionic and bis-anionic form. Energy differences are computed in kcal·mol-1 with respect to the lowest energy isomer in gas phase (black) or in implicit CH2Cl2 (grey). Bond distances in Å.  Anions 1- and 1-rot were obtained using the structures of 1 and 1rot as starting points, respectively. In 1- the five Fe-S bonds are slightly elongated and the effect of the reduction is a significant Fe-Fe bond elongation (+0.207Å compared with 1). The remaining isomers are lower in energy compared to 1- and are characterized by the dissociation of at least one Fe-S bond. In gas-phase, the lowest energy anionic form (1-Fe-S(3)) features the dissociation of two Fe-S bond and the shortening of the Fe-Fe bond due to the shift of two CO ligands in bridging position. We found that 1-Fe-S(1) in which the Fe-S bond of the sulfide 



that belong to the TBPP is dissociated is slightly higher in energy than 1-Fe-S(3) by 1.7 kcal·mol-1. The form 1-Fe-S(2) is 4.1 kcal·mol-1 higher in energy and it is characterized by the dissociation of one Fe-S thiolate bond. Solvent corrected (CH2Cl2) energy differences among the various structures decrease and the first three most stable forms become essentially isoenergetic, where 1-Fe-S(2) is the most stable form.  The computation of the NBO atomic spin densities evidences that the unpaired electron is almost completely localized at the unsaturated Fe atom while atomic charges evidence a significant increase of the negative charge on the sulfur atoms that belong to the dissociated Fe-S bond (Figure S7). On the basis of these results, we conclude that the reduced form of 1 is likely characterized at least by the dissociation of one Fe-S bond.  Using the monoanionic structures as starting point, we have optimized the geometry of the most stable bisanionic isomers. These are characterized by shorter Fe-Fe bonds compared to those of the starting monoanions as well as by the dissociation of the thioether Fe-S bonds. According to the NBO atomic charges, the second electron is only partially localized on the sulfur atoms, while most of the negative charge is delocalized on the CO ligands (see Figure S8). The Fe-Fe bond shortening is the result of the Fe-Fe bond order increasing as already observed in the Fe2(CO)x (x < 9) unsaturated complex.50 This observation can be rationalized by the tendency of unsaturated dinuclear carbonyl models to partially fulfill the 18-electron rule by increasing the metal-metal bond order.  In Table 1 reduction potentials of 1 and 1- are reported. To better evaluate the reduction potential in the case of the 1-/12- couple, we included explicit K+ counterion for all the systems considered. At the employed level of theory, theoretical values are in nice agreement with the experimental ones, resulting the former more negative on average only by 57 mV.  Table 1. Computed and experimental reduction potentials (in V) referred to the Fc/Fc+ couple.  Theor. E° Exp E° 1 → 1- -1.83 -1.76 1- → 12- -1.93 -1.88 



 Investigation of the mechanism of H2 formation. Herein we have considered all possible structures of the intermediates shown in Scheme 2, i.e the monoprotonated (1H, 1H-, 1H2-) and the diprotonated (1H2, 1H2-) species. All the structures are reported in the supplementary materials (Figure S9). In addition, we provide as supporting information the possible protonation products of the neutral complex 1 (i.e. the isomers of the monoprotonated species 1H+, Figures S10 and S11), where the most stable one is the ȝ-hydride species. In Figure 11 are reported the structures of the most relevant isomers in the discussion of the H2 production cycle.  

 Figure 11. Structure and energetic of the most relevant isomers of 1H, 1H-,1H2-,1H2 and 1H2-. Distances are in Å. Energy differences are computed in kcal·mol-1 with respect to the lowest energy isomers either in gas phase (black) or in CH2Cl2 (grey).  The monoprotonated intermediate 1H. According to the proposed mechanism depicted in Scheme 2, the one-electron reduction of 1 is followed by protonation of 1- to give 1H. In the exploration of the potential energy surface of 1H species, two criteria have been adopted: 1H species can be considered 



either as the reduced form of 1H+ or as the protonated form of 1-. In the first case we used 1H+ isomer as starting point for geometry optimization and in the second case we have proposed a number of possible protonated forms starting from the two most stable monoanionic structures associated with 1: (1-Fe-S(1) and 1-Fe-S(3), see Figure 10 ).  The most stable isomer of 1H is derived from the 1H+ lowest energy isomer. It exhibits a bridging hydride and shows an elongation of both the Fe-Fe bond and of one of the Fe-S bonds, by 0.128 Å and 0.126 Å, respectively. This observation is easily explained on the basis of the non-bonding/antibonding character with respect to both Fe-Fe and Fe-S bond interactions of the LUMO of 1H+ which becomes singly occupied upon reduction. According to NBO charge differences between 1H+ (Figure S11) and 1H, the negative charge accumulation is mainly localized on the three sulfur atoms and on the apical CO ligand. The 1H isomer, protonated at the thiolate sulfur atom, is much lower in energy with respect to 1H+ (+6.7 kcal·mol-1 instead of +20.8 kcal·mol-1). The most stable terminal hydride form is 8.7 kcal·mol-1 higher in energy than the lowest energy bridging hydride. In CH2Cl2, the bridging hydride is still the lowest energy form but the isomer protonated at the thiolate sulfur atom is only 1.9 kcal·mol-1 higher in energy.  One-electron reduction of 1H. As for 1H, we used the 12 optimized 1H isomers as starting points for 1H- minimum search. At variance with 1H, the most stable isomers in this case are obtained from protonation of the minimum structure of 1- and feature the hydride in terminal coordination on the unsaturated Fe atom. The most stable isomer with the hydride in bridging coordination is 5.9 kcal·mol-1 higher in energy. Moreover, the formyl species, which was found as the most stable form in the 1H- analogue of Fe2(pdt)(CO)651 is 13.5 kcal·mol-1 higher in energy with respect to the lowest energy form. Due to the negative charge of 1H-, the effect of the implicit CH2Cl2 presence becomes more relevant in determining the relative stability of the different isomers. Both gas phase and solvent simulations predict bridging hydride to be higher in energy than terminal hydride. In particular CH2Cl2 stabilizes the terminal hydride in apical position, while in gas-phase the equatorial position is favored. Regarding the electronic structure of 1H-, NBO charges again indicate a negative charge accumulation on the sulfur atoms and on the five CO ligands. The negative charge of the hydride is only slightly affected by the reduction. 



Reduction of the 1H lowest energy isomer yields a 1H- form, which is 5.9 kcal·mol-1 higher in energy with respect to the lowest energy form.  The dianionic 1H2- species. Further reduction of 1H- yields 1H2- species. Herein we considered only the energy differences computed in implicit CH2Cl2 since at the gas-phase level, the further electron added to 1H- results not bound (the energy of any 1H- isomer is always lower than those of 1H2- isomers). All of the isomers of 1H2- exhibit at least one completely dissociated Fe-S bond. In the most stable isomer, the hydride is terminally coordinated while the bridging hydride isomer is only 2.4 kcal·mol-1 higher in energy. Another bridging hydride isomer with one bridging CO ligand is also close in energy (+2.9 kcal·mol-1).  1H2 species and its reduced form 1H2-. In this section we discuss the closely related structures of the diprotonated 1H2 species and its reduced form 1H2-. We explored all of the possible structures obtained by protonation of the two 1H- forms identified as the most representative (the bridging hydride form and the equatorial terminal hydride form reported in Figure 11).  The first two more stable isomers feature one bridging hydride. The most stable one has been obtained by protonation of the 1H- isomer derived from 1-Fe-S(2) , while in the second isomer the second hydride is terminally coordinated to the Fe atom. NBO atomic charge differences (see Figure S13) between 1H- and the most stable form of 1H2 species evidence a significant CT toward the second proton (the second hydride carried a charge of 0.15 units with respect to the initial +1 charge of the incoming proton). We have found a further isomer of 1H2 with a peculiar structure in which the Fe-Fe bond is completely dissociated and the two hydrides occupy the bridging region of the molecule (Figure S14). This isomer has already been identified in the H2 production catalytic cycle of the simpler model Fe2(pdt)(CO)6 and is the analogues of the Fe-Fe butterfly form of Fe2S2(CO)646. In these types of butterfly forms, it is always observed a planarization of the pseudo-tetrahedral Fe2S2 unit. In this particular case, in order to stabilize the electronic structure, the Fe-S bond with sulfide group is restored. This isomer is only 3.6 kcal·mol-1 higher in energy, but in the case of Fe2(pdt)(CO)6, it was found that the computed pathway for H2 



formation starting from this structure is accompanied by a conformational rearrangement of the bridging bidentate ligand giving a quite large energy barrier for the H2 evolution. For this reason, this structure will not be considered in the following. Starting from the identified 1H2 isomer structures, it has been explored the conformational space of 1H2-. Lower energy isomer of 1H2- features one Fe-S dissociated bond. The most stable 1H2- form features one bridging hydride close to a terminal hydride at 1.989 Å. We found two local minima in which both hydrides are bound to the unsaturated Fe with a H-H bond distance close to that of free molecular H2. The structure obtained reducing lowest energy 1H2 isomer results higher in energy.  As a final comment regarding the protonated forms, we found that protonation at the sulfide of the TBPT ligand yields structure much higher in energy with respect to the corresponding minimum energy isomers (Figure S15).  The computed potentials discussed above suggest that the second reduction process is the 1H2→1H2- reduction, and therefore H2 should be released from the 1H2- species. However, we also considered the H2 formation from 1H2 specie for sake of completeness.  In Figure 12 are reported the computed mechanisms for the H2 formation starting from 1H2 and 1H2- isomers in which the two hydrides are bound the Fe in bridging and terminal coordination, respectively.   

 



Figure 12. H2 formation pathways starting from the bridging hydride/terminal hydride 1H2 and 1H2-isomers. H-H interatomic distance in Å. Energy differences are computed in kcal·mol-1 with respect to starting point.  As showed above, in the case of 1H2, this isomer is not the lowest in energy, at variance with 1H2-. Starting from 1H2, the final product is an H2 molecule and the model in FeIFeI redox state in a conformation that is 22.9 kcal·mol-1 higher in energy with respect to the 1 lowest energy isomer. The highest free energy barrier (8.7 kcal·mol-1) in this pathway involves an isomerization process in which the terminal hydride moves toward the bridging hydride with the formation of a η2-H2 complex. The same pathway on the 1H2- PES goes through similar transition states and intermediates but the final product is the 1- in its lowest energy form. In this case the highest free energy barrier is only 3.4 kcal·mol-1. In Figure 13 below is reported the H2 production pathway starting from the 1H2- structure with one bridging hydride and one protonated sulfur atom that belong to the TBPT. This isomer is 5.4 kcal·mol-1 higher in energy compared with the lowest energy isomer but the reduction potential suggest that this is actually the specie formed during the catalytic cycle.  

 



Figure 13. H2 formation pathway starting from the bridging hydride/protonated TBPT 1H2- isomer. H-H interatomic distance in Å. Energy differences are computed in kcal·mol-1 with respect to starting point.  This pathway is characterized by the isomerization to a lower energy isomer in which both hydride are bound to the same Fe atom and then by a 7.5 kcal·mol-1 barrier toward the H2 evolution. The same pathway on the 1H2 PES has not been considered because the 1 isomer obtained after H2 evolution would be too high in energy, therefore excluding the feasibility of this process. Reduction potentials. In this section we have computed the reduction potential of three reductions likely involved in the H2 formation mechanism. Resuming the experimental evidences, the cyclic voltammetry experiment in presence of 1 equivalent of acetic acid shows a peak at -1.75 V which is assigned to the 1H →1H- reduction. Then, two not well separated peaks are found at -2.0 and -2.1 V which becomes a single peak when the acid concentration increases. Considering these two reduction processes as a single process, there are two possible assignments i.e the 1H-→1H2- reduction or the 1H2→1H2- reduction. In the following we try to elucidate the mechanism underlying this latter reduction peak. First we investigated the 1H→1H- reduction, finding which are the most likely isomers involved according to the corresponding computed reduction potential, and successively, on the basis of these results we compute the either the 1H-→1H2- or the 1H2→1H2- reduction potential observing which process better fit with the -2.0/-2.1 V reduction potential.   We then considered the reduction of the 1H and 1H- species. As already pointed out above, to better reproduce the potentials, one negative charge was compensated by a K+ counter ion. The structures thus obtained were been fully optimized anew. The speciation presented above essentially suggests three possible couple of 1H and 1H- isomers. The first is the one formed by the lowest energy minimum of the two species, which are structurally different while the other two couples are formed by the 1H and 1H- isomers structurally similar as showed in Scheme 4.  



       Scheme 4. 1H possible reduction pathways considered for the modelling of the -1.75 V reduction potential observed experimentally. In Table 2 below are reported the reduction potential values for three reduction processes.  Table 2. Computed reduction potential (in V) referred to the Fc/Fc+ couple. į is the difference (in mV) between computed and experimental value of -1.75 V.   Geometries Computed Reduction potential (V) į(mV) 1H→1H- Global minima -0.84 912 1H global minimum -1.79 -36 1H- global minimum -0.13 1622  The differences between DFT values and the -1.75 V experimental value clearly show that the isomers likely involved in this reduction are the lowest energy 1H isomer and the corresponding bridging hydride 1H- isomer which results 5.6 kcal/mol higher in energy with respect to 1H- global energy minimum.  We then considered the three reduction pathways considering 1H- isomer as starting point for the modelling of the second reduction process. The idea was to find which was the most accessible reduction 



pathway by requiring that the computed potential of the second reduction process is more negative than that of the 1H →1H- reduction (-1.79 V). We have thus suggested three different pathways starting from 1H- isomer with the bridging hydride which are sketched below (Scheme 5). Scheme 5. 1H- possible reduction pathways considered for the modelling of the -2.0/-2.1 V reduction potential observed experimentally.  

 In the 1H minimum pathway the 1H-→1H-2 reduction brings to the most stable μH 1H-2 isomer and 1H2 →1H2- reduction starts from the 1H2 minimum structure. In the other two pathways, 1H- before reduction undergoes isomerization: in 1H (2) minimum pathway to the most stable μH-μCO form, in 1H- minimum pathway to the terminal hydride form. Consequently, the 1H2 →1H2- reduction process involve in  1H (2) minimum pathway the 1H2  structure obtained from the protonation of the 1H- minimum form in which one S atom of the TPBP ligand results protonated, while involve the 1H2-  minimum structure in 1H- minimum pathway.  In Table 3 are reported the computed reduction potentials.     



Table 3. Computed reduction potentials (in V) referred to the Fc/Fc+ couple. į is the difference (in mV) between computed and experimental value of -2.0 V (-2.1 V).   Geometries Computed Reduction potential (V) į(mV) 1H-→1H2- 1H minimum path -1.54 461 (561) 1H2→1H2- -1.64 356 (456) 1H-→1H2- 1H (2) minimum path -2.64 -640 (-540) 1H2→1H2- -1.61 390 (490) 1H-→1H2- 1H- minimum path -2.56 -560 (-460) 1H2→1H2- -1.93 +70 (+170)  The results obtained suggest that the peak at -2.0/-2.1V might be assigned to the 1H2→1H2- reduction along the 1H- minimum path characterized by an isomerization of the 1H- to its most stable isomer. To validate this hypothesis, we investigated the 1H-(μH)→ 1H-(terminal H) isomerization. Starting from the 
μH isomer, the pathway is sketched in Figure 14.   

 Figure 14. 1H-(μH)  → 1H-(terminal H) isomerization pathway starting from the bridging hydride 1H- isomer. Energy differences are computed in kcal·mol-1 with respect to starting point.  Here we have first optimized the structures of intermediates and transition states (TSs) at gas-phase level and then the geometry has been refined considering the CH2Cl2 implicit correction. . Starting from 
the μH isomer, we found a first intermediate in which the hydride partially loses its bridging coordination 



while the dissociated Fe-S bond is restored. The TS between the μH isomer and the last mentioned intermediate is at 10.0 kcal·mol-1. Then the dissociation of the Fe-S bond (S from the sulfide of the TBPT ligand) yields the final 1H- terminal hydride form. In this step, the TS corresponds to the 1H- terminal hydride rotated form obtained from the rotation of the Fe(CO)2H group, and the associated barrier is 4.3 kcal·mol-1. In summary, the H2 formation mechanism proposed on the basis of the DFT speciation on the possible species involved and also on the computed reduction potentials, is shown in Figure 15. 

   Figure 15. DFT mechanism proposed for the H2 formation catalyzed by complex 1.  The 1→1- reduction yields the formation of the 1- isomer with one dissociated Fe-S bond; this isomer is the same associated with the 1-→12- reduction. The first protonation step occurs at the bridging position with the formation of a 1H isomer that retains the 1- structure with one dissociated Fe-S bond. Similarly, in the successive 1H→1H- reduction, 1H- retains the 1- structure. This latter undergoes isomerization toward the 1H- lowest energy isomer characterized by the hydride in equatorial terminal position and by the dissociation of the Fe-S bond. The highest computed energy barrier for this process is 10.0 kcal/mol. The second protonation step yields the 1H2 isomer with one bridging and one terminal hydride; Fe-S bond is still partially dissociated. Finally, the best match between the possible reduction mechanisms and the -



2.0/-2.1 V second peak in the cyclic voltammetry experiment is assigned to the 1H2→1H2- reduction with the formation of the 1H2- lowest energy form. Moreover, the free energy barrier for the H2 release from 1H2- is 3.4 kcal·mol-1.    Conclusions Cyclic voltammetry investigations of the model complexes [Fe2(CO)5{TBPT}] (1) and [Fe2(CO)4(P(OMe)3){TBPT}]  (2) have been investigated in the absence and presence of AcOH. Complex 1 (in MeCN-NBu4PF6 or CH2Cl2-NBu4PF6) is reduced in two successive one-electron steps with the normal ordering of potentials (E°1 – E°2 > 0). The first one-electron reduction wave of complex 1 (Epc1 = -1.76 V, CH2Cl2, or -1.615 V, MeCN) is observed as a shoulder at the second one-electron reduction wave (Epc2 = -1.89 V, CH2Cl2, or -1.78 V, MeCN). The irreversibility of the reduction of complex 1 arises from fast follow-up reactions that might be mainly after the second electron transfer step. Increasing the scan rate (to more than 1 V∙s-1) leads to slightly reversible reduction of complex 1 in CH2Cl2 as well as overlapping of its two cathodic waves. This is not the case for MeCN-NBu4PF6 solution. In comparison, cyclic voltammetry of complex 2 in CH2Cl2-NBu4PF6 solution shows only one irreversible one-electron cathodic wave (Epc = -2.11 V) while a second cathodic wave could not be observed within the solvent window reflecting the high electron richness of the iron centers. Moreover, the reduction wave of complex 2 is always irreversible at all scan rates up to v = 10 V∙s-1. The irreversibility of the reduction of complexes 1 and 2 is also observed for other [Fe2S3] models, which might be due to follow-up reactions initiated most likely by decoordination of the pendent thioether40 (for 1, 2 and [Fe2(CO)5{ȝ-(SCH2)2CH2S-ȝR}]40) or dissociation of SR2 in [Fe2(CO)5(SR2){ȝ-(SCH2)2CH2}]38. In the presence of AcOH, the monoanionic species of 1 and 2 undergo protonation followed by reduction to give AH- (A = 1 or 2) at the same potential (or less negative) necessary to reduce the neutral complexes. Protonation of AH- to AH2 gives rise to evolution of H2 from 2H2, but not from 1H2. For this reason, a catalytic process can be observed at potential less negative than that required for the reduction of the neutral complex 2, but not 1. Further 



reduction of AH2 causes H2 release from AH2- and regenerating A- to close the cycle. Comparing the plots of Ic/Ip vs. equiv. AcOH for complexes 1 and 2 and according to Evan’s scale for the catalytic efficiency (C.E.) of [FeFe]-hydrogenase models,49 C.E. for complex 1 is S (descriptor for strong) and for complex 2 is M (descriptor for medium). DFT calculations are performed on the structures of the neutral, monoanionic and dianionic species of complex 1 as well as on all possible intermediates involved in its catalytic cycle. The DFT level of theory adopted in this work nicely reproduces the XRD geometry of 1 and also reduction potentials of the couples 1/1- and 1-/12-. Calculations show that all the reduced forms (protonated or not) feature the dissociation of one Fe-S bond.  The evolution of H2 from 1H2 is energetically not feasible thus providing support to the possible mechanisms of H2 release from 1H2-.   Experimental Section  Materials and Techniques.  Compounds 1 and 2 were synthesized according to the literature procedures. 17, 39 Chemicals were purchased from Fisher Scientific, Aldrich or Acros and were used without further purification. All solvents were dried and distilled prior to use according to standard methods.  Electrochemistry.  Instrumentation and Procedures. Cyclic voltammetric measurements were conducted in three-electrode technique [glassy carbon disk (diameter = 1.6 mm), the working electrode; reference electrode, Ag/AgCl in CH3CN; and a Pt wire, the counter electrode] using a Reference 600 Potentiostat (Gamry Instruments). All experiments were performed in CH3CN solutions containing 0.1 M nBu4NBF4 at room temperature. The solutions were purged with N2 for 5 minutes and a stream of N2 was maintained over the solutions during the measurements. All potential values reported in this paper are referenced to the potential of the Fc/Fc+ couple. 
DFT Calculations.  

Computations were performed using pure GGA BP86 functional. The Resolution of Identity (RI) 

technique was adopted for pure functionals in order to save CPU time. Basis sets of triple-ζ plus 



polarization split valence quality (TZVP) were adopted for all atoms in the complex. All the computations 

presented have been carried out using TURBOMOLE52 suite of programs. DFT grid-size was set to 

standard m3 value. Ground state geometry optimizations were carried out with convergence criteria fixed 

to 10-6
 
hartree for the energy and 0.001 hartree·bohr-1 for the gradient norm vector. Solvent effect is 

accounted by using the COSMO (Conductor-like Screening Model) approach53. Atomic charges have 

been computed within the Natural Bond Orbital (NBO) approach. The computed reduction potentials are referred to the ferrocenium/ferrocene couple (Fc/Fc+), allowing the comparison between experimental and computed values. The absolute reduction potential for the Fc/Fc+ couple computed at BP86/TZVP, CH2Cl2 COSMO implicit solvent İ = 8.9 = it is equal to 5.06 V. The computation of the absolute potentials have been carried out using Nerst equation ΔG = -nF·ΔE, where n is the number of electrons transferred, F is the Faraday constant (23.061 kcal∙mol-1) and ΔE is the total free energy difference between reduced and oxidized forms computed at COSMO level (total DFT energies are computed at the COSMO optimized geometry; enthalpy and entropy contributions to computed free energies have been computed at the gas-phase geometry from the estimated total partition energy at 298.15 K and 1 bar, adopting BP86/DFT scaling factor equal to 0.9914).   Acknowledgments. H. Abul-Futouh, thanks the Deutscher Akademischer Austausch Dienst (DAAD) for scholarship. Thanks to Dr. M. Rudolph for the valuable discussions related to the electrochemistry part.   Supporting Information Available. Figure S1 shows the cyclic voltammetry of 1.0 mM complex 1 in 

CH2Cl2-NBu4PF6 solution at ν = 0.2 V∙s-1. Cyclic voltammetry of 1.0 mM complex 2 and [Fe2(CO)6{µ-

bdt}] (bdt = benzenedithiolate) in CH2Cl2-NBu4PF6 solutions at ν = 0.2 V∙s-1 is shown in Figure S2. Cyclic 

voltammetry of 2.0 mM AcOH in CH2Cl2-NBu4PF6 solution at ν = 0.2 V∙s-1 is depicted in Figure S3.  
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Synopsis The electrochemical and electrocatalytical behaviour of two [FeFe] hydrogenase model complexes 
containing [Fe2S3] moiety has been investigated in the absence and presence of AcOH. The structure of the reduced species as well as the mechanism of the H2 production was elucidating in detail by Density Functional theory calculations.   
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Table S1. Fe-Fe and Fe-S experimental (XRD) and DFT optimized bond distances (in Å) for the various isomers considered. Fe-Sprox is the Fe-S bond distances between the proximal Fe and the sulfide of the bisthiolatepropilsulfide (BTPS).  Fe-Fe Fe-S Fe-Sprox 1 (XRD) 2.501 2.245 2.257 2.304 2.248 2.245 1 2.524 2.295 2.279 2.350 2.282 2.258 1rot 2.576 2.348 2.323 2.257 2.392 2.304 1- 2.731 2.387 2.290 2.389 2.364 2.342 1-rot 2.573 2.262 3.430 2.341 2.398 2.303 1-Fe-S(1) 2.560 2.352 2.329 2.411 2.287 5.048 1-Fe-S(2) 2.591 2.401 3.364 2.306 2.240 2.311 1-Fe-S(3) 2.422 2.224 4.547 2.364 2.316 5.798 1-μCO-Fe-S 2.561 2.294 2.261 2.347 2.336 5.625 12-μCO-Fe-S 2.437 2.355 2.425 2.380 2.404 5.047 12-2Fe-S 2.432 2.334 4.562 2.318 2.304 5.870 12-Fe-S(3) 2.453 2.294 4.643 2.409 2.356 5.844 
   

 Figure S4. HOMO (left) and LUMO (right) of 1 minimum structure. Isosurface at 0.05 au.    



 Figure S5. LUMO Mulliken atomic population (in electrons) after one-electron reduction of 1. Only values equal or higher than 0.1 are reported.  
 Figure S6. Possible Fe-S bond dissociation upon reduction of 1 according to the analysis of the Frontier MO.   

 Figure S7. NBO atomic charge differences between 1-Fe-S(1), 1-Fe-S(2), 1-Fe-S(3)  and 1. Positive values and negative values indicate increasing of the positive and negative charges respectively.   



 Figure S8. NBO atomic charge differences between12-Fe-S(2), 12-Fe-S(3) and 1-Fe-S(3) computed at the corresponding minimum structures. Negative values indicate increasing of the negative charge.  



 



Figure S9. Structure and energetic of the first four most stable isomers of 1H+,1H,1H-,1H2-,1H2, 1H2-.  Distances are given in Å. Energy differences are computed in kcal·mol-1 with respect to the lowest energy isomers in gas phase and implicit CH2Cl2 (grey). 
 

 

Protonation of the neutral complex 1 to 1H+.  The lowest energy isomer of protonated 1H+ is the typical bridged hydride form (Figure S10), while terminal hydride both in equatorial or apical position are 13.6 and 14.2 kcal·mol-1 higher in energy, respectively. The most stable sulfur protonated form is the one protonated at the thiolate (+20.8 kcal·mol-1). These energy differences do not change significantly when computed from COSMO CH2Cl2 optimized forms.  The electronic structure of protonated [FeFe]-hydrogenase models at the FeIFeI redox level has been investigated in many papers.1 The bond density to form the two new Fe-H bonds in the bridging hydride form comes from the Fe-Fe bond but also from the Fe-ligand bonds. This last aspect is better evidenced by comparison between NBO atomic charges computed for the protonated and unprotonated forms. In our case, NBO charges of 1 and 1H+ evidenced a significant charge transfer from non-Fe atoms to the hydride (hydride carried a charge of -0.01 units with respect to the initial +1 charge of the incoming proton), in particular from the CO ligand and the S atoms, while Fe atoms are more negative by -0.17 unit in 1H+ compared to 1 (see Figure S11) 

 Figure S10. NBO atomic/group charge differences between 1H+ and 1. 



  

 Figure S11. NBO atomic/group charge differences between 1H and 1H+.   
 Figure S12. 1H obtained from protonation at the unsaturated Fe atom of and 1H+. 

 Figure S13. NBO atomic/group charge differences between 1H2 and 1H-.     
 



 Figure S14. Fe-Fe butterfly structure of 1H2. Distances are in Å. This isomer is 3.6 (gas-phase) and 4.3 (implicit CH2Cl2) kcal·mol-1 higher in energy with respect to the lowest energy form.  Protonation at the thioether sulfur atom of the TBPT ligand. For all the protonated systems considered in this report, DFT computations show that the protonation at the sulfide of the BTPS ligand is always unfavored and that the sulfide protonated isomers are much higher in energy. In the Figure S15 are reported the energy differences between 1H- and 1H2 minimum isomers and the corresponding sulfide protonated isomers. 

 
Figure S15. H2 formation barriers from 1H2 specie and its reduced form 1H2

-.                                                            
1 Greco, C.; Zampella, G.; Bertini, L.; Bruschi, M.; Fantucci, P.; De Gioia, L.; Inorg. Chem., 2007, 46, 

108-116  
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a b s t r a c t

Selenocarboxylato complexes of iron containing heterocyclic group of the general formula CpFe
(CO)2SeCO-het [het = 2-C4H3S (1), 2-C4H3O (2), –CH2–2-C4H3S (3)] were prepared from the reaction of
iron selenide, (l-Se)[FeCp(CO)2]2 and the corresponding heterocyclic acid chlorides. These complexes
have been characterized by elemental analysis, UV–Vis, IR and 1H NMR spectroscopic techniques. The
X-ray structure of 1 is determined and its electrochemical behavior has been described in details applying
cyclic voltammetry.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Selenium containing organometallic complexes have witnessed
a rapid growth due to their applications in areas such as materials
[1–3], catalysis [4–7], electronic industry [8] and biological sys-
tems [9]. Recently, some of these complexes have been used as pre-
cursors for the synthesis of thin films of metal selenides, which are
used in electronic devices [6]. Iron complexes containing selenium
are synthesized as models for the [FeFe]-hydrogenase enzymes,
which catalyze the proton reduction to produce molecular hydro-
gen [10–15]. The biological activity of several organoiron seleno-
carboxylates has been studied [16–18].

The complexes (l-Sex)[CpM(CO)2]2 (M = Fe, x = 1; M = Ru, x = 5)
have been synthesized by treatment of the corresponding dimers
with selenium element [19,20]. The analogous chromium com-
plexes (l-Se)[Cp0Cr(CO)2]2 were also prepared in a similar way
(Cp0 = C5H4Me, C5H4COMe, C5H4CO2Me) [21,22]. Tungsten sele-
nides (l-Sex)[CpW(CO)3]2 (x = 2–4) were synthesized via the reac-
tion of the anionic species, CpW(CO)3Li, with Se followed by
oxidation [23]. The iron selenide (l-Se)[CpFe(CO)2]2 was found to

be useful in the syntheses of organoiron selenium-complexes. To
that end, complexes of the formulae CpFe(CO)2SeCOR [24], CpFe
(CO)2SeSO2R [25], CpFe(CO)2SeCO2R [26], CpFe(CO)2SeCOCO2R
[27] and CpFe(CO)2SeCSOR [28] have been prepared and fully char-
acterized. In fact, understanding the electrochemistry of the com-
plexes featuring metal–sulfur or metal–selenium bonding would
give insights into the catalytic properties of many metalloenzymes.
Recently, we have reported the behaviour of the complexes CpFe
(CO)2SCO(2-C4H3O) and CpFe(CO)(ER3)SCO(2-C4H3O) (ER3 = PPh3,
P(OEt)3, AsPh3 or SbPh3) towards oxidation applying cyclic voltam-
metry [29].

In this report, the synthesis and characterization of iron com-
plexes bearing heterocyclic selenocarboxylate moiety is described.
Moreover, we investigate the electrochemical reduction of com-
plex 1 applying cyclic voltammetry. Thus, this work introduces
for the first time the electron transfer chemistry of complexes of
the type CpFe(CO)2SeCOR.

2. Experimental

2.1. Materials and methods

All manipulations were performed using standard Schlenk
techniques under a dinitrogen atmosphere. Diethyl ether, hexane,
toluene (Na/benzophenone) and CH2Cl2 (P2O5) were dried
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employing standard procedure. The compound (l-Se)[CpFe(CO)2]2
was prepared by reported procedures [19]. The chemicals: iron
dimer [CpFe(CO)2]2, 2-furan carbonyl chloride, 2-thiophene car-
bonyl chloride, 2-thiophene acetyl chloride and elemental sele-
nium were used as received (Acros). For column chromatography,
silica gel of particle size 0.063–0.200 mm (70–230 mesh) was
employed and the reaction steps were monitored by thin layer
chromatography (TLC). Infrared (IR) spectra were recorded on a
JASCO FT-IR spectrometer. Electronic spectra were recorded on a
Shimadzu 240-UV–Vis spectrophotometer. Nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker-Avance 400 MHz
spectrometer. Chemical shifts are given in ppm relative to TMS at
0 ppm. Elemental analysis of C, H and S was performed using a
vairo EL III CHNS (Elemental analyse GmbH Hanau) as single deter-
mination. Melting points were reported on an electrothermal melt-
ing point apparatus and are uncorrected.

2.1.1. Electrochemistry

Corrections for the iR drop were performed for all experiments.
Cyclic voltammetric measurements were conducted in three-elec-
trode technique [glassy carbon disk (diameter d = 1.6 mm) as
working electrode, Ag/Ag+ in MeCN as reference electrode, Pt wire
as counter electrode] using a Reference 600 Potentiostat (Gamry
Instruments). All experiments were performed in MeCN solutions
(concentration of the complexes 1.0 mM) containing 0.1 M
[n-Bu4N][BF4] at room temperature. The solutions were purged
with N2 and a stream of it was maintained over the solutions
during the measurements. The vitreous carbon disk was polished
on a felt tissue with alumina before each measurement. All
potential values reported in this paper are referenced to the
potential of the ferrocenium/ferrocene (Fc+/Fc) couple.

2.2. General procedure for the preparation of CpFe(CO)2SeCO-het, 1–3

The iron selenide (l-Se)[CpFe(CO)2]2 (2.83 mmol) and acid
chloride (3.40 mmol) were dissolved in 100 mL of diethyl ether.
The resulting mixture was stirred overnight at room temperature.
The solvent was removed under vacuum and the residue was dis-
solved in ca. 2 mL of CH2Cl2 and was introduced to a silica gel col-
umn made up in hexane. Elution with hexane removed any
unreacted acid chloride and with a mixture of diethyl ether and
hexane (1:1 V:V ratio) gave an orange band which was collected
and identified as CpFe(CO)2SeCO-het, followed by a red band
which was also collected and identified as CpFe(CO)2Cl. The CpFe
(CO)2SeCO-het were recrystallized from CH2Cl2/hexane at 0 �C.

2.2.1. CpFe(CO)2SeCO(2-C4H3S) (1)

Brown (82%). m.p.: 144–145 �C. IR (CH2Cl2, cm
�1): mC„O 2040,

1991 (s); mSeC@O 1610 (m). 1H NMR (CDCl3): d 5.05 (s, 5H, C5H5), 7.01
(dd, 1H, C4H3S), 7.40 (dd, 1H, C4H3S), 7.74 (d, 1H, C4H3S). UV–Vis.
in Acetonitrile: kmax(nm) (emax, M�1 cm�1): 293 (7.6 � 104),
359 (3.7 � 104). Anal. Calc. for C12H8FeO3SSe: C, 39.27; H, 2.20; S,
8.74. Found: C, 39.01; H, 2.19; S, 8.50%.

2.2.2. CpFe(CO)2SeCO(2-C4H3O) (2)

Brown (78%). m.p.: 127–128 �C. IR (CH2Cl2, cm
�1): mC�O 2037,

1990 (s); mSeC@O 1612 (m). 1H-NMR (CDCl3): d 5.04 (s, 5H, C5H5),
6.43 (dd, 1H, C4H3O), 7.15 (d, 1H, C4H3O), 7.53 (d, 1H, C4H3O).
UV–Vis. in Acetonitrile: kmax(nm) (emax, M�1cm�1): 291
(2.1 � 104), 340 (8.20 � 103). Anal. Calc. for C12H8FeO4Se: C,
41.06; H, 2.30%. Found: C, 40.89; H, 2.21%.

2.2.3. CpFe(CO)2SeCO(CH2-2-C4H3S) (3)

Orange (68%). m.p.: 111–112 �C. IR (CH2Cl2, cm
�1): mC„O 2035,

1990 (s); mSeC@O 1617 (m). 1H NMR (CDCl3): d 4.10 (s, 2H, CH2), 4.95
(s, 5H, C5H5), 6.89 (dd, 1H, C4H3S), 7.26 (d, 2H, C4H3S). UV–Vis. in

Acetonitrile: kmax(nm) (emax, M�1 cm�1): 291 (1.5 � 104), 335
(8.20 � 103). Anal. Calc. for C13H10FeO3SSe: C, 40.97; H, 2.64; S,
8.41. Found: C, 40.64; H, 2.54; S, 8.13%.

2.3. Crystal structure determination

The intensity data were collected on a Nonius KappaCCD
diffractometer, using graphite-monochromated Mo Ka radiation.
Data were corrected for Lorentz and polarization effects; absorp-
tion was taken into account on a semi-empirical basis using multi-
ple-scans [30–32]. The structure was solved by direct methods
(SHELXS [32]) and refined by full-matrix least squares techniques
against Fo2 (SHELXL-97 [32]). All hydrogen atoms were included at
calculated positions with fixed thermal parameters. XP (SIEMENS
Analytical X-ray Instruments, Inc.) was used for structure
representations.

2.3.1. Crystal data for 1

C12H8FeO3SSe, Mr = 367.05 g mol�1, brown prism, size
0.048 � 0.042 � 0.038 mm3, monoclinic, space group P21/n,
a = 9.4600(4), b = 10.7586(4), c = 13.2936(5) Å, b = 106.202(2)�,
V = 1299.24(9) Å3, T = �90 �C, Z = 4, qcalcd. = 1.877 g cm�3, l (Mo
Ka) = 41.17 cm�1, multi-scan, transmin: 0.6523, transmax:
0.7456, F(000) = 720, 8588 reflections in h(�12/11), k(�13/13),
l(�16/17), measured in the range 2.36� 6H 6 27.47�, complete-
ness Hmax = 99.5%, 2966 independent reflections, Rint = 0.0525,
2281 reflections with Fo > 4r (Fo), 163 parameters, 0 restraints,
R1obs = 0.0382, wR2

obs = 0.0807, R1all = 0.0592, wR2all = 0.0881,
GOF = 1.045, largest difference peak and hole: 0.549/�1.066 e Å�3.

3. Results and discussion

3.1. Synthesis and spectroscopic characterization

Treatment of the selenide complex (l-Se)[CpFe(CO)2]2 with acid
chlorides bearing a heterocyclic group (het) gave the organoiron
complexes CpFe(CO)2SeCO-het, 1–3, and CpFe(CO)2Cl as a side pro-
duct (Scheme 1).

Complexes 1–3 are air stable as solids and in solutions. Their IR
spectra present two strong absorption bands in the ranges of
2035–2040 and 1990–1991 cm�1 assigned to the two terminal car-
bonyl ligand frequencies. These ranges are similar to the analogous
aryl selenocarboxylates [19] and lower than those of the thiocar-
boxylate analogs [29]. The spectra also show a medium band in
the range of 1610–1617 cm�1 assigned to the C@O of the seleno-
carboxylate group. This band is higher than that of the correspond-
ing thiocarboxylates due to more double bond character in the
CAO bond. The 1H NMR spectra of 1–3 consist of a singlet in the
range of 4.95–5.05 ppm corresponding to the protons of the Cp-
ring. This chemical shift range is similar to that observed for the
selenocarboxylates and selenocarbonates [19,28]. Three reso-
nances for the heterocylic protons are shown in the spectra of 1
and 2while that of 3 showed only two resonances. These behaviors
are similar to those observed for the heterocyclic-thiolato ruthe-
nium [33] and heterocyclic-thiocarboxylato complexes [29].

The UV–Vis spectra of 1–3 were measured in acetonitrile to
identify the absorption bands expected for these complexes
(Fig. 1 as a representative example). Their spectra showed an
intense absorption band at k = 291–293 nm. This band is assigned
to a ligand–ligand charge transfer (LLCT) type which is comparable
to reported systems [34]. Another band is observed in the range of
335–359 nm and is assigned to the Fe–Cp metal to ligand charge
transfer (MLCT) transition [23,35,36].
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3.2. Molecular structure

Single crystals suitable for X-ray structure determination were
obtained by diffusion of dry hexane into a solution of complex 1

in CH2Cl2 at 0 �C. Fig. 2 displays the molecular structure of complex
1.

Complex 1 displays a three legged piano-stool configuration at
Fe with g5-cyclopentadienyl ligand. The conformation of the
SeCO(2-C4H3S) ligand observed in the molecular structure of com-
plex 1 places the CO(2-C4H3S) group of the ligand in the least ster-
ically congested area between the two CO ligands such that the
atom O1 is almost equidistant to the C11 and C12
(O1� � �C11 = 3.005 Å, O1� � �C12 = 2.918 Å). This orientation is simi-
lar to that reported of the complex CpFe(CO)2SCO(2-C4H3S) [29].
As reported for the complexes CpFe(CO)2SR (R = Me and tBu), the
orientation of the ECO(2-C4H3S) ligands in the complexes CpFe
(CO)2ECO(2-C4H3S) (E = S or Se (1)) can allow a filled-filled interac-
tion between the metallic d orbitals and the pp lone pair orbital of
the S or the Se atoms [37]. The angle FeASeAC1 (104.95(10)�) in
complex 1 is smaller than the FeASAC1 angle (107.79(8)�) in the
S-analogous complex, which can be attributed to the slightly more
s-character of the valence orbitals of the Se atom than that of the S
atom. The FeAC(Cp) (average = 2.092(3) Å) and FeAC(O) (1.778
(4) Å) bond lengths in complex 1 are similar to those found in other
CpFe(CO)2-containing complexes [23–25,29].

3.3. Electrochemistry

Cyclic voltammetry of complex 1 in MeCN (Fig. 3) at scan rate, v,
of 0.2 V s�1 shows two reduction waves at Epc = �1.65 V (peak I)
and �1.99 V (peak II), vs. ferrocenium/ferrocene (Fc+/Fc). Reversing
the cathodic scan at �1.87 V (red curve in Fig. 3) shows that not
only the reduction event II (Epc = �1.99 V) is irreversible, but also
the reduction of 1 at �1.65 V (peak I). In fact, pure ‘‘two-electron”
reduction of complex 1 in a single step is particularly unlikely due

to the activation barrier. In addition, because of the chemical
irreversibility as well as the sharpness of peak I, we exclude a
mechanism of two-electron reduction of 1 via two sequential
one-electron transfer steps with the normal ordering of potentials1

[38] such that the dianion 12� is obtained from reduction of
monoanion 1� at peak II. We therefore assign the cathodic peak II
to a reduction of a product of following chemical reactions on the
primary reduced species of 1 (vide infra). Figs. 4 and S1 show that
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Scheme 1. Synthesis of complexes 1–3 from (l-Se)[CpFe(CO)2]2 and ClCO-het.

Fig. 1. UV–Vis spectrum for complex 1 in MeCN.

Fig. 2. Molecular structure and numbering scheme of 1. The ellipsoids represent a
probability of 40%, H atoms are shown with arbitrary radii. Selected bond
lengths Fe–Se = 2.3854(6), Fe–C11 = 1.778(4), Fe C12 = 1.778(3), Fe–C6 = 2.088(3),
Fe–C8 = 2.095(4), Fe–C9 = 2.091(3), Fe–C7 = 2.094(4), Fe–C10 = 2.091(3),
Se–C1 = 1.905(3), C1–O1 = 1.213(4) Å. Selected bond angles C1–Se–Fe = 104.95
(10), C12–Fe–Se = 91.67(10), C11–Fe–Se = 92.83(12), C5–Se–C2 = 91.97(17),
Se–C1–O1 = 124.1(2)�.

Fig. 3. Cyclic voltammetry of 1.0 mM of 1 in MeCN-[n-Bu4N][BF4] (0.1 M) at
v = 0.2 V s�1. Glassy carbon disk (d = 1.6 mm). The arrow indicates the scan
direction. The potential E is given in V and referenced to the Fc+/Fc couple.

1 The two-electron reduction with normal ordering of potentials is a case for which
the standard potential of the second reduction step (E�2) is more negative than E�1 of
the first reduction step (i.e. E�1–E�2 > 0), which is normal because it is thermody-
namically more difficult to add an electron to a monoanionic species than to a neutral
one. In some cases, a potential inversion (i.e. E�1–E�2 > 0) is observed if a structural
change occurred during the electron transfer and led to stabilization of the reduced
species. For more details, see reference [38] and the references therein.
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the reduction events I and II remain irreversible even at fast scan
rates up to 100 V s�1 suggesting fast follow-up reactions. Conse-
quently, the anodic events observed at �1.43 V, �0.83 V and
�0.45 V should arise from products of the follow-up reactions.

Studying the current function Ipc/v
1/2 (Ipc = cathodic peak cur-

rent) of the electron transfer process at various scan rates is useful
to provide mechanistic information as reported by Nicholson and
Shain [39]. The value of Ipc/v

1/2 of peak I significantly decreases
as the scan rate increases (Fig. 5). This scan rate dependence of
the current function is typical if chemical processes accompany
the electron transfer reactions in an ECE mechanism (E = Electron
transfer, C = Chemical process) [39]. Almazahreh et al. [39–41] as
well as others [42,43] have described the ECE reduction mecha-
nism of several iron-sulfur or iron-selenium systems of the type
[Fe2(CO)6{l-(XCH2)2E}] (X = RP = O, S, Se, CR2, X = S or Se), where
the intervening chemical step involves cleavage of FeAS or FeASe.
We have also shown that the chemical process of the ECE mecha-
nism may involve loss of ligand from the monoanionic species as a
result of steric and electronic factors [40].

In the present case, one possible chemical process is the disso-
ciation of the [SeCO(2-C4H3S)]

� ligand upon reduction of 1 to give
the radical intermediate [CpFe(CO)2]

� (=Fp�) accounting for the irre-
versibility of peak I in Figs. 3 and 4. This 17-electron intermediate
(Fp�) should then immediately uptake an electron to afford the
anionic species Fp�, since the standard reduction potential of the
redox couple Fp�/Fp� (E� = �1.01 V [37] or �1.235 V [45]) is less
negative than the potential at which 1 is reduced. Thus, the anodic
event observed at �1.43 V in the return scan of Fig. 4b should arise
from oxidation of Fp�. This value is in agreement with that
reported by Evans for Fp� obtained from the reduction of the iron
dimer [CpFe(CO)2]2 (Fp2) in MeCN [44]. The oxidation process
Fp�
? Fp� + e� is irreversible because of the extremely rapid

dimerization of Fp� to Fp2 [44,46]. We also considered the dimer-
ization of the Fp� to afford Fp2 since it is greatly foreseeable process
in terms of kinetics and thermodynamics [43]. The peak potential
of the second reduction event in Fig. 3 is very similar to that previ-
ously reported for the reduction of the iron dimer (Fp2 + 2e�?
2Fp�) [43,46,47]. Therefore, we have additionally performed an
independent cyclic voltammetry of Fp2 and determined its reduc-
tion potential to be �1.99 V under our experimental conditions
(Fig. S2), which is the same potential of peak II in Figs. 3 and 4a
and hence confirming the formation of Fp2 upon reduction of 1.
The anodic peak observed at �1.43 V in the cyclic voltammetry
of Fp2 (Fig. S2), that is ascribed to the oxidation of Fp� [43], is also
present in Fig. 4 and consequently confirms the formation of Fp�

from reduction of 1.

Although the above results support the proposed formation of
Fp2 and Fp� via ECE mechanism, the decrease of the current func-
tion with increasing scan rates is difficult to understand in terms of
only these reactions. This is because peak I remains irreversible
and the detection of peak II (even at fast scan rates) means that
the radical Fp� must still be obtained and hence reduced, keeping
the same number of transferred electrons (n = 2) which is not the
case as evident from the plot of the current function against the
scan rate (Fig. 5). Thus, another chemical process(es) can also be
involved. It is well known that the anion Fp� is one of the strongest
nucleophiles within the transition metal anions and it can readily
substitute the organohalides and the pseudohalides [48]. There-
fore, a reaction between the extraordinary strong nucleophile
Fp� and the starting material 1 to produce the iron dimer Fp2, in
a ‘‘father-son” type reaction, would contribute to decrease the
electron stoichiometry of the overall process (2 electrons for 2
molecules of 1) as shown in Scheme 2. Indeed, this ‘‘father-son”
type reaction has been previously proposed for the electrochemical
reduction of [Fe(g5-C6H7)(CO)3][PF6] in MeCN [49] as well as for
other systems [50,51]. Nevertheless, we are conscious that these
chemical steps do not provide a complete picture of the reduction
mechanism, which is not presently fully understood.

4. Summary and conclusions

The iron complexes CpFe(CO)2SeCO-het have been synthesized
and characterized. The C@O group of the ligand SeCO(2-C4H3S) is

Fig. 4. Cyclic voltammetry of 1.0 mM of 1 in MeCN-[n-Bu4N][BF4] (0.1 M) at (a) 0.2 V s�1
P vP 2 V s�1 (the switching potential is �2.1 V) and (b) 0.2 V s�1

P vP 4 V s�1 (the
switching potential is �1.87 V). Glassy carbon disk (d = 1.6 mm). The arrow indicates the scan direction. The potential E is given in V and referenced to the Fc+/Fc couple.

Fig. 5. Scan rate dependence of the current function of the first reduction peak
(Epc = �1.65 V) of complex 1.

M. El-khateeb et al. / Inorganica Chimica Acta 449 (2016) 14–19 17



located between the two C„O ligands in the molecular structure of
complex 1 minimizing any steric clash and probably allowing a
repulsive filled-filled interaction between the d orbitals of the Fe
atom and the pp lone pair of the Se atom. The electrochemical
reduction of 1 by cyclic voltammetry is investigated and a mecha-
nism is proposed as shown in Scheme 2. The reduction of 1 leads to
the dissociation of the FeASe bond producing the radical Fp� that
dimerizes quickly to Fp2 or uptakes an electron at the same poten-
tial required to reduce 1 affording Fp� which may react with 1 in a
‘‘father-son” type reaction to give Fp2. The latter reaction type is
possible at fast scan rates at which the diffusion layer is thin.
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Figure S2. Cyclic voltammetry of [CpFe(CO)2]2 (Fp2) in MeCN-[n-Bu4N][BF4] (0.1 M) 

at v = 0.2 V∙ -1
. Glassy carbon disk (d = 1.6 mm). The arrow indicates the scan direction. 

The potential E is given in V and referenced to the Fc
+
/Fc couple. 

 

Cathodic Processes of Complex 1 at -1.65 V (Peak I): 

If ‘’fa h  - o ’’  yp    ac  o  ( qua  o  4) follow    ac  o   1-3, the overall reaction 5 

would describe a situation in which one mole of electrons is consumed per one mole of 

complex 1.   

1 + e
-
 → 1

-
      (1) 

1
-
 → Fp

•
 + [SeCO(2-C4H3S)]

-
    (2) 

Fp
•
 + e

-
 → Fp

-
      (3) 

Fp
-
 + 1 → Fp2 + [SeCO(2-C4H3S)]

-
  (4) 

 21 + 2e
-
 → Fp2 + 2[SeCO(2-C4H3S)]

-
  (5) 
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5 SUMMARY The presented works in this dissertation provide a detailed description of the synthesis and characterization of various novel models that mimic the structure of the H-cluster. The redox properties and the catalytic activity of the newly prepared complexes have been studied to evaluate their ability to catalyze electrochemical reduction of protons to give hydrogen molecules. Moreover, the ability of some prepared complexes toward protonation in the presence of Brønsted acids were investigated. In addition, the electronic structure of part of these synthesized models is further analyzed with the aid of DFT computations. The following part will give a brief overview of the published works of this dissertation as well as the unpublished one. [HAF-1]. The first article in this thesis describes the synthesis of [FeFe]-hydrogenase mimics with µ-(SCH2)2ER2 linkers, where the central atom E is Ge or Sn. In addition, we study in a systematic manner the molecular and electronic structures of the series of complexes depicted in Figure 16. 
 Figure 16. A series of [FeFe]-hydrogenase mimics containing group 14 elements. As a result of this study, the central six-membered FeSCECS ring preferentially adopts an unusual confirmation with five nearly co-planar atoms (-SCECS-) when E = Ge or Sn in dramatic contrast with the chair/boat conformation when E = C or Si. This could be explained in terms of repulsive steric interaction between the EMe2 group and the apical carbonyl ligand in [Fe2(CO)6{µ-(SCH2)2EMe2}] complexes. This is also supported with further analysis of these models in the gas phase, which indicates that this near-planarity is the lowest energy conformer. Moreover, the sulfur ionization energies are substantially lowered up on going 
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from C to Sn in [Fe2(CO)6{µ-(SCH2)2EMe2}] (E = C, Si, Ge, Sn) complexes due to increasing orbital interaction between the σ C-E bond and the sulfur lone pair p orbital. Thus, the sulfur character in the HOMO increases down the series, which makes it more electron-richness going from C to Sn. This is supported by the electrochemical oxidation potentials, where Eox shifts toward less positive values on going from C to Sn. The electrochemical behaviour of complexes 38 and 39 in the absence of a proton source indicates that these complexes follow an ECE mechanism of reduction similar to their analogues 36 and 37. These complexes catalyze the reduction of protons from moderate and strong acids. [HAF-2]. In this article, two new complexes [Fe2(CO)6{µ-(SeCH2Se)SnMe2}] (40) and [Fe2(CO)6{µ-(SeCH2)2SnMe2}] (41) have been synthesized and characterized by variety of spectroscopic methods. The general aim of this study is to investigate the influence of both the central atom in the bridging linker and the bridging chalcogen atoms in determining the basicity properties of the [Fe-Fe]-complexes as summarized in Scheme 16.       

 Scheme 16. Protonation process of complex 41. As shown in Scheme 16, the replacement of the µ-S atoms in the dithiolato linkers by Se atoms enhances the electron density of the iron cores, which makes it more susceptible to be protonated across the Fe-Fe vector by using a strong acid such as HBF4∙Et2O. This is supported by a shift ɋ(CO) (ca. 84 cm-1) to a higher 
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energy in the IR spectra recorded in solution in the presence of HBF4∙Et2O. This shift is comparable to those reported in the literature, which implies the formation of a bridging hydride, {Fe(µ-H)Fe}. Moreover, the appearance of signals in the high-field 1H NMR spectrum (δ ca. -15.0) together with the shift of the original signals in the 77Se{1H} NMR spectrum to lower field suggest strong evidence for the formation of the bridging hydride between the two iron atoms, an observation which is reported for the first time, using HBF4∙Et2O as a source of protons in hexacarbonyl complexes. Additionally, the replacement of the central carbon atom in the bridging linker by the Sn atom in combination with the µ-Se moieties makes it possible for these complexes to be partially protonated employing even a moderate acid such as CF3CO2H. The electrochemical behaviour of complexes 40 and 41 in the absence of a proton source indicates that these complexes follow an ECE mechanism as well as these complexes catalyze the reduction of protons from AcOH. [HAF-3]. This article investigates the synthesis and characterization of a macrocyclic complex (Figure 17) by the reaction of Fe3(CO)12 with 1,2,6,10,11,15-hexathiacyclooctadecane. The resulting 22-membered macrocyclic complex contains two Fe2S2(CO)6 sub-cluster cores with butterfly structure connected via two identical thioether chain linkers. The molecular structures of the macrocycle complex as well as of 1,2,6,10,11,15-hexathiacyclooctadecane were determined by X-ray crystal structure analysis. 

 Figure 17. The molecular structures of the macrocycle complex and of 1,2,6,10,11,15-hexathiacyclooctadecane compound. 



 

Page | 230   

[HAF-4]. This work report on the preparation of the first naphthalene monoimide (NMI) diselenide derivatives and the synthesis of NMI-disulfide containing two additional halogen atoms in ortho- position to the two chalcogens as shown in Figure 18. These compounds were used as pro-ligand to react with Fe3(CO)12 in boiling THF to afford the [FeFe]-hydrogenase mimics 42-45 (Scheme 17). The resulting complexes 42-45 were characterized by different spectroscopic techniques and investigated their electrochemical and photophysical properties.   

 Figure 18. Chemical structures of NMI-dithiol and diselenol compounds. 

 Scheme 17. Synthetic pathway of complexes 42-45. The presence of the imide functionality in the naphthalene skeleton enhanced the chemical stability of the reduced species to proceed via two sequential one-electron processes (EE mechanism) and the introduction of bromine substituents at the 2- and 7-positions of the naphthalene skeleton caused a fine-tuning of the reduction potential. The replacement of the sulfur atoms with selenium atoms in the bridging linker caused a cathodic shift in the oxidation peaks compared with those of the sulfur analogues. The catalytic activity of complexes 42-45 were investigated and reveals their ability to be good catalysts for the reduction of 
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acetic acid to hydrogen. Detailed investigation of the photophysical properties of the NMI-compounds and complexes 42-45 by means of steady state absorption and emission spectroscopy, revealed drastic quenching of the emission of the diiron complexes with respect to the ligand precursors, which in turn pointed out to efficient transfer of the photo-excited electron to the diiron center. The quantum chemical simulations performed for the complexes indicated their potential to directly transfer a photo-excited electron from the chromophore towards the [FeFe] moiety.  [HAF-5]. The present article provides a detail description of the cyclization of a series of alkyl dithiols having the general formula [SH(CH2)nSH] (n = 4-8) by following the high dilution technique. The resulting monomeric, dimeric and trimeric disulfides were obtained in better yield compared to that reported in the literature. The molecular structures of the dimeric and trimeric disulfides compounds were determined by X-ray structure analysis. The monomeric and dimeric compounds were used as pro-ligands to react with Fe3(CO)12 under different conditions to afford complexes with the general formulae [Fe2(CO)6{µ-S(CH2)nS}] (n = 4-8), [Fe2(CO)6{µ-S(CH2)nS}]2 (n = 6-8) and [Fe2(CO)6{µ-(S(CH2)nS)2}] (n = 6-8). The goal of this article is to study in a systematic manner how the physical, electrochemical and electrocatalytic features are influenced by increase of n in [Fe2(CO)6{µ-S(CH2)nS}] from 2 up to 8 (Figure 19). 

 Figure 19. Summary of the complexes with different linker lengths. 
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Overall, the increase of the length of the chain linker in the dithiolato ligand does not harshly change the electronic properties of the Fe(CO)3 units. Interestingly, the molecular structures of [Fe2(CO)6{µ-S(CH2)nS}] (n = 4-7) complexes showed that SCH2-units are constrained to the aa conformation, while the molecular structure of the complex [Fe2(CO)6{µ-S(CH2)8S}] exhibits an ae conformation. Additionally, the redox properties of these complexes were investigated and revealed that the reduction and oxidation potentials of the diiron core in the systematic series from n = ʹ to 6 are lowered with overall anodic ∆E1/2 and cathodic ∆Eox shifts of 330 and 170 mV, respectively. Moreover, the catalytic activity was also investigated for these complexes in the presence of the weak acid, AcOH. As a result, these complexes reveal their ability to be good catalysts for the reduction of protons with comparable overpotentials (gauged from Ecat/2) and their catalytic ability varies in the following order, n = 7 > 5 > 4 > 6 > 3 > 2.       [HAF-6]. In this manuscript, the electrochemical behaviour of [FeFe]hydrogenase models featuring [2Fe3S] cores (Figure 20), namely [Fe(CO)5{TBPT}] (TBPT = µ-(SC3H6)2S-µ) and [Fe(CO)4(P(OMe)3){TBPT}], was investigated in the absence and presence of acetic acid. 
 Figure 20. Chemical structures of [2Fe3S] complexes in [HAF-6] manuscript. The complex [Fe(CO)5{TBPT}] is reduced in two successive one-electron steps with the normal ordering of potentials (Eo1 – Eo2 > 0), while the complex [Fe(CO)4(P(OMe)3){TBPT}] shows only one irreversible one-electron step. DFT calculations are performed on the structures of the neutral, monoanionic and dianionic species of complex [Fe(CO)5{TBPT}] as well as on all possible intermediates involved in its catalytic cycle. The DFT level of theory adopted in this work nicely reproduces the molecular structure of [Fe(CO)5{TBPT}] and 
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reduction potentials of the reduced species. Calculations show that all the reduced forms (protonated or not) feature the dissociation of one Fe-S bond. The evolution of H2 from AH2 (A = [Fe(CO)5{TBPT}]) is energetically not feasible thus providing support to the possible mechanisms of H2 release from AH2-.   [HAF-7]. (The number of compound as illustrated in the article).  The iron complexes CpFe(CO)2SeCO-het have been synthesized and characterized. The C=O group of the ligand SeCO(2-C4H3SȌ is located between the two C≡O ligands in the molecular structure of complex 1 minimizing any steric clash and probably allowing a repulsive filled-filled interaction between the d orbitals of the Fe atom and the pπ lone pair of the Se atom.  The electrochemical reduction of 1 by cyclic voltammetry is investigated and a mechanism is proposed as shown in Scheme 18. The reduction of 1 leads to the dissociation of the Fe-Se bond producing the radical Fp• that dimerizes quickly to Fp2 or uptakes an electron at the same potential required to reduce 1 affording Fp- which may react with 1 in a Ǯǯfather-sonǯǯ type reaction to give Fp2. The latter reaction type is possible at fast scan rates at which the diffusion layer is thin. 

 Scheme 18. Summary of the reactions involved in the reduction of complex 1.  
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6 ZUSAMMENFASSUNG Die vorgestellten Arbeiten in dieser Dissertation geben eine detaillierte Beschreibung der Synthese und Charakterisierung verschiedener neuartiger Modelle, die die Struktur des H-Clusters nachahmen. Die Redoxeigenschaften und die katalytische Aktivität der neu hergestellten Komplexe wurden untersucht, um ihre Fähigkeit zur katalytischen elektrochemischen Reduktion von Protonen zu Wasserstoffmolekülen zu bewerten. Darüber hinaus wurde die Fähigkeit einiger synthetisierter Komplexe zur Protonierung in Gegenwart von Brønsted-Säuren untersucht. Darüber hinaus wird die elektronische Struktur eines Teils dieser synthetisierten Modelle mit Hilfe von DFT-Berechnungen weiter analysiert. Der folgende Teil gibt einen kurzen Überblick über die veröffentlichten und unveröffentlichten Arbeiten dieser Dissertation. [HAF-1]. Der erste Artikel in dieser Arbeit beschreibt die Synthese von Modellen mit Ɋ-(SCH2)2ER2-Linkern, wobei es sich bei dem Zentralatom E um Ge oder Sn handelt. Darüber hinaus untersuchen wir systematisch die molekularen und elektronischen Eigenschaften der in Abbildung 16 dargestellten Komplexreihe. 
 Abbildung 16. Eine Reihe von [FeFe]-Hydrogenasemodellen, die Elemente der Gruppe 14 enthalten. Als Ergebnis dieser Studie nimmt der zentrale sechsgliedrige FeSCECS-Ring vorzugsweise eine ungewöhnliche Konformation mit fünf nahezu koplanaren Atomen (-SCECS-) ein, wenn E = Ge oder Sn ist, zum deutlichen Unterschied der Stuhl / Boot-Konformation bei E = C oder Si. Dies könnte mit einer sterischen Wechselwirkung zwischen der EMe2-Gruppe und dem apikalen Carbonylliganden 
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in [Fe2(CO)6{Ɋ-(SCH2)2EMe2}]-Komplexen erklärt werden. Dies wird auch mit einer weiteren Analyse dieser Modelle in der Gasphase unterstützt, was zeigt, dass das quasiplanare Konformer dieses mit der niedrigsten Energie darstellt. Darüber hinaus werden die Schwefel-Ionisationsenergien, bedingt durch die zunehmende Orbital-Wechselwirkung zwischen der σ CE-Bindung und dem mit einem freien Elektronenpaar besetzten p-Orbital des Schwefels, von C bis Sn in [Fe2(CO)6{Ɋ-(SCH2)2EMe2}] (E = C, Si, Ge, Sn)-Komplexen deutlich abgesenkt. So steigt der Schwefelcharakter im HOMO in der Serie an, was zu einer Zunahme der Elektronendichte in der Serie von C nach Sn führt. Dies wird durch die elektrochemischen Oxidationspotentiale unterstützt, bei denen Eox zu weniger positiven Werten von C nach Sn verschoben wird. Das elektrochemische Verhalten der Komplexe 38 und 39 in Abwesenheit einer Protonenquelle zeigt an, dass diese Komplexe einem ECE-Mechanismus der Reduktion ähnlich ihren Analoga 36 und 37 folgen. Diese Komplexe katalysieren die Reduktion von Protonen aus mittelstarken und starken Säuren. [HAF-2]. In diesem Artikel wurden zwei neueartige Komplexe [Fe2(CO)6{Ɋ-(SeCH2Se) SnMe2}] (40) und [Fe2(CO)6{Ɋ-(SeCH2)2SnMe2}] (41) synthetisiert und mittels einer Vielzahl spektroskopischer Methoden charakterisiert. Das allgemeine Ziel dieser Studie ist es, den Einfluss sowohl des Brückenkopf-Atoms als auch der überbrückenden Chalkogenatome bei der Bestimmung der Basizitätseigenschaften der [FeFe] -Komplexe zu untersuchen, wie in Schema 16 zusammengefasst.  

 Schema 16. Protonierungsreaktionen bei den Komplexen 40 und 41 [HAF-2]. 
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Wie in Schema 16 gezeigt, erhöht der Austausch der Ɋ-S-Atome in den Dithiolato-Linkern durch Se-Atome die Elektronendichte an den Fe Atomen, was sie anfälliger macht, über den Fe-Fe-Vektor unter Verwendung einer starken Säure wie HBF4 ∙ Et2O protoniert zu werden. Dies wird durch eine Verschiebung der ɋȋCOȌ-Banden (ca. 84 cm-1) zu höherer Energie in den IR-Spektren der Lösung dieser Komplexe mit HBF4 ∙ Et2O unterstützt. Diese Verschiebung ist vergleichbar mit der in der Literatur berichteten, was die Bildung eines verbrückenden Hydrids {Fe(Ɋ-H)Fe} impliziert. Darüber hinaus zeigt das Auftreten von Signalen im Hochfeld-1H-NMR Spektrum (δ ca. -15,0) zusammen mit der Verschiebung der Originalsignale in den 77Se{1H} NMR-Spektren zu tieferem Feld einen wichtigen Nachweis für die Bildung des verbrückenden Hydrids zwischen den beiden Fe Atome, eine Beobachtung, die, bei Verwendung von HBF4 ∙ Et2O als Protonenquelle in Hexacarbonylkomplexen, erstmalig beschrieben wird. Zusätzlich ermöglicht der Austausch eines Kohlenstoffatoms durch das Sn-Atom in Kombination mit den 
Ɋ-Se-Einheiten, dass diese Komplexe unter Verwendung einer mäßigen Säure wie CF3CO2H partiell protoniert werden können. Das elektrochemische Verhalten der Komplexe 40 und 41 in Abwesenheit einer Protonenquelle zeigt, dass diese Komplexe einem ECE-Reduktionsmechanismus folgen. Zusätzlich katalysieren diese Komplexe die Reduktion von Protonen aus AcOH. [HAF-3]. Dieser Artikel beschreibt die Synthese und Charakterisierung eines makrocyclischen Komplexes (Abbildung 17) durch die Reaktion von Fe3(CO)12 mit 1,2,6,10,11,15-Hexathiacyclooctadecan. Der resultierende 22-gliedrige makrozyklische Komplex enthält zwei Fe2S2(CO)6-Subcluster-Kerne mit Schmetterlingsstruktur, die über zwei identische Thioether-Ketten-Linker verbunden sind. Die Molekülstrukturen des makrozyklischen Komplexes sowie von 1,2,6,10,11,15-Hexathiacyclooctadecan wurden durch Röntgenstrukturanalyse bestimmt.        
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 Abbildung 17. Die Molekülstrukturen des makrozyklischen Komplexes und 1,2,6,10,11,15-Hexathiacyclooctadecans.  [HAF-4]. Dieser Publikation berichtet über die Herstellung der ersten Naphthalinmonoimid (NMI) -Diselenidderivate und die Synthese von NMI-Disulfid, die zwei zusätzliche Halogenatome in ortho- Position zu den beiden Chalkogenen enthalten, wie in Abbildung 18 gezeigt. Diese Verbindungen wurden als Proligand verwendet, um mit Fe3(CO)12 in siedendem THF die [FeFe]-Hydrogenasemodelle 42-45 zu erhalten (Schema 17). Die resultierenden Komplexe 42-45 wurden durch verschiedene spektroskopische Methoden charakterisiert und ihre elektrochemischen und photophysikalischen Eigenschaften untersucht. 

 Abbildung 18. Strukturen der NMI-Dithiol- und Diselenolverbindungen.  
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 Schema 17. Synthese der Komplexe 42-45. Die Anwesenheit der Imidfunktionalität im Naphthalin-Skelett erhöhte die chemische Stabilität der reduzierten Spezies, die über zwei aufeinanderfolgende Ein-Elektronen-Prozesse (EE-Mechanismus) gebildet werden. Die Einführung von Bromsubstituenten an den 2- und 7-Positionen des Naphthalinskeletts verursachte eine Feinabstimmung des Reduktionspotentials. Der Austausch der verbrückenden Schwefelatome durch Selenatome führte zu einer kathodischen Verschiebung der Oxidationspeaks im Vergleich zu denen der Schwefelanaloga. Die katalytische Aktivität der Komplexe 42-45 wurde untersucht und zeigt ihre Fähigkeit als geeignete Katalysatoren für die Reduktion von Protonen der AcOH zu elementrarem Wasserstoff. Eine detaillierte Untersuchung der photophysikalischen Eigenschaften der NMI-Verbindungen und Komplexe 42-45 mittels stationärer Absorptions- und Emissionsspektroskopie zeigte eine drastische Abschwächung der Emissionsintensität der [FeFe]-Komplexe gegenüber den Proliganden, was wiederum auf eine effiziente Übertragung des photoangeregten Elektrons auf das [FeFe]-Zentrum hindeutete. Die für die Komplexe durchgeführten quantenchemischen Simulationen zeigten, dass im Prinzip direkt ein photoangeregtes Elektron aus dem Chromophor in Richtung der [FeFe]-Gruppe übertragen wird.  [HAF-5]. Der vorliegende Artikel liefert eine detaillierte Beschreibung der Cyclisierung einer Reihe von Alkyldithiolen mit der allgemeinen Formel [SH(CH2)nSH] (n = 4-8) durch Anwendung des Verdünnungsprinzipes. Die resultierenden monomeren, dimeren und trimeren Disulfide wurden in höherer 
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Ausbeute, als in der Literatur beschrieben, erhalten. Die molekularen Strukturen der dimeren und trimeren Disulfidverbindungen wurden durch Röntgenstrukturanalyse bestimmt. Die monomeren und dimeren Verbindungen wurden als Proliganden verwendet und mit Fe3(CO)12 unter verschiedenen Bedingungen zur Reaktion gebracht, um Komplexe mit den allgemeinen Formeln [Fe2(CO)6{Ɋ-S(CH2)nS}] (n = 4-8), [Fe2(CO)6{Ɋ-S(CH2)nS}]2 (n = 6-8) und [Fe2(CO)6{Ɋ-(S(CH2)nS)2}] (n = 6-8) zu erhalten. Ziel dieses Artikels ist es, systematisch zu untersuchen, wie die physikalischen, elektrochemischen und elektrokatalytischen Merkmale durch die Erhöhung von n in [Fe2(CO)6{Ɋ-S(CH2)nS} von n = 2 - 8 beeinflusst werden (Abb 19). 

 Abbildung 19. Zusammenfassung der Komplexe mit verschiedenen Linkerlängen. Insgesamt erhöht die Zunahme der Kettenlänge des Dithiolato-Liganden der All-CO-Komplexe die elektronischen Eigenschaften der Fe(CO)3-Einheiten nicht deutlich. Interessanterweise zeigten die molekularen Strukturen von [Fe2(CO)6{Ɋ-S(CH2)nS}] (n = 4-7)-Komplexen, dass die SCH2-Einheiten ausschließlich die aa-Konformation einnehmen, während die molekulare Struktur des Komplexes [Fe2(CO)6{Ɋ-S(CH2)8S}] eine ae-Konformation aufweist. Zusätzlich wurden die Redoxeigenschaften dieser Komplexe untersucht. Es wurde gezeigt, dass die Reduktions- und Oxidationspotentiale des [Fe-Fe]-Kerns in der systematischen Reihe von n = 2 bis 6 abgesenkt sind. Die anodischen ΔE1/2 und kathodischen ΔEox-Verschiebungen betragen 330 und 170 mV. Darüber hinaus wurde die katalytische Aktivität auch für diese Komplexe in Gegenwart der schwachen Säure 
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Essigsäure untersucht. Als Ergebnis zeigen diese Komplexe ihre Fähigkeit, als Katalysatoren für die Reduktion von Protonen mit vergleichbaren Überpotentialen (aus Ecat/2) zu fungieren, und ihre katalytische Fähigkeit variiert in der Reihenfolge n = 7> 5> 4> 6> 3> 2.     [HAF-6]. In diesem Manuskript wurde das elektrochemische Verhalten von [FeFe]-Hydrogenasemodellen mit [2Fe3S]-Einheiten (Abbildung 20), nämlich [Fe(CO)5 {TBPT}] (TBPT = Ɋ-(SC3H6)2S-Ɋ) und [Fe(CO)4(P(OMe)3){TBPT}] wurde in Abwesenheit und Gegenwart von Essigsäure untersucht. 
 Abbildung 20. Chemische Strukturen von [2Fe3S]-Modellkomplexen in [HAF-6] manuscript. Der Komplex [Fe(CO)5{TBPT}] wird in zwei aufeinanderfolgenden Ein-Elektronen-Schritten mit der normalen Ordnung der Potentiale (Eo1 – Eo2 > 0) reduziert, während der Komplex [Fe(CO)4(P(OMe)3){TBPT}] nur einen irreversiblen Ein-Elektronen-Schritt zeigt. DFT-Berechnungen wurden für die Strukturen der neutralen, monoanionischen und dianionischen Spezies des Komplexes [Fe(CO)5{TBPT}] sowie an allen möglichen Zwischenprodukten durchgeführt, die an ihrem katalytischen Zyklus beteiligt sind. Die in dieser Arbeit verwendete DFT-Studie reproduziert sowohl die durch Röntgendiffraktometrie bestimmte Struktur von [Fe(CO)5{TBPT}], als auch Reduktionspotentiale der reduzierten Spezies. Berechnungen zeigen, dass alle reduzierten Formen (protoniert oder nicht) eine Dissoziation einer Fe-S-Bindung aufweisen. Die Entwicklung von H2 aus AH2 (A = [Fe(CO)5{TBPT}]) ist energetisch nicht möglich, dafür aber unterstützen die Rechnungen die H2-Freisetzung aus AH2-.  [HAF-7]. (Die Nummer der hier beschriebenen Verbindung entspricht dieser im Artikel). Die Eisenkomplexe [CpFe(CO)2SeCO-het] wurden synthetisiert und 
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charakterisiert. Die C=O-Gruppe des Liganden SeCO(2-C4H3S) ist zwischen den beiden C≡O-Liganden in der Molekülstruktur des Komplexes 1 orientiert und es wird damit jegliche sterische Wechselwirkung minimiert. Es wird damit vermutlich eine abstoßende Wechselwirkung zwischen den besetzten d-Orbitalen des Fe Atoms und dem mit einem nichtbindenden Elektronenpaar besetzen pπ-Orbitals des Se-Atoms ermöglicht. Die elektrochemische Reduktion von 1 durch Cyclovoltammetrie wird untersucht und ein Mechanismus wird vorgeschlagen, wie in Schema 18 gezeigt. Die Reduktion von 1 führt zur Dissoziation der Fe-Se-Bindung, die das Radikal Fp• erzeugt, das entweder schnell zu Fp2 dimerisiert, oder bei gleichem Potential, welches erforderlich ist, um 1 zu reduzieren, ein Elektron aufnimmt, was zu Fp- führt, das mit 1 in einer "father-son"-Typ-Reaktion reagieren kann und schliesslich Fp2 ergibt. Der letztere Reaktionstyp ist bei schnellen Verschubgeschwindigkeiten möglich, bei denen die Diffusionsschicht dünn ist.  

 Scheme 18. Zusammenfassung der Reaktionen bei der Reduktion von Komplex 1.    
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