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ABSTRACT 

Molecular hydrogen has been proposed as an energy store to help meet the 

world’s ever increasing demand for clean energy because the oxidation product 

(produced by either combustion or in a fuel cell) results in the formation of water.  To 

realize this goal, energy efficient catalysts comprised of earth-abundant elements must be 

used.  The work in this dissertation describes investigations of diiron dichalcogen 

catalysts used for proton reduction. These complexes are inspired by the active site of the 

[FeFe]-hydrogenase enzyme.  Catalysts were extensively studied with cyclic voltammetry 

in conjunction with photoelectron spectroscopy and density functional theory calculations 

in order to determine the effects that bridging ligands and 2Fe2E (E = S or Se) core 

substitutions have on the electronic structure and catalytic ability of these complexes. 

The complex µ-(pyrazine-2,3-dithiolato)diironhexacarbonyl (pyrazine-cat) was 

prepared and found to catalyze proton reduction at a -0.49 V overpotential, which 

represents a 16% decrease over the previously-studied complex µ-(benzene-1,2-

dithiolato)diironhexacarbonyl (benz-cat).  Electrochemical investigations in conjunction 

with DFT calculations indicated the possibility of two mechanisms for proton reduction, 

both of the ECEC type.  The first mechanism is Fe-based and analogous to the 

mechanism reported for benz-cat.  The second is a nitrogen-based mechanism which 

occurs at more negative potentials than the Fe-based mechanism.  Overall, pyrazine-cat 

maintained the ability to mediate successive redox states similar to benz-cat and the 

electron-withdrawing nature of the pyrazine caused the initial reduction to occur at a 

lower potential than benz-cat.  Ultimately this results in the decreased overpotential for 

catalytic proton reduction by pyrazine-cat. 
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Investigations of the electronic structure and catalytic ability of complexes of the 

type (µ-ECH2XCH2E-µ)Fe2(CO)6 where E = S or Se and X = CH2, S or Se were also 

carried out.  All complexes were found to catalyze H2 production from acetic acid in 

acetonitrile.  DFT calculations indicate that when X = S or Se the HOMO changes 

character from predominatly metal based (X = CH2) to containing significant chalcogen 

lone pair character.  The presence of the chalcogen lone pair character helps to facilitate a 

rotated structure in either the oxidized or reduced forms of these complexes.  Through 

computations it was found that oxidation of the X = S or Se complexes results in a CO 

ligand rotating into a semi-bridging position, which opens a vacant site on one of the Fe-

centers.  The bridgehead bends toward this vacant site donating electron density greatly 

stabilizing the cation and more interestingly forming a structure which strongly resembles 

the active site of the [FeFe]-hydorgenase. Complexes which contain a chalcogen in the 

bridgehead undergo potential inversion, leading to a two-electron initial reduction.  This 

is in part due to electron-electron repulsion between chalcogen lone pair electrons and the 

reduced Fe-centers, which leads to the formation of a rotated dianion.  

Complexes with the general structure (µ-E (CH2)nE-µ)Fe2(CO)6 where E = S or 

Se and n = 3, 4, or 5 were investigated using cyclic voltammetry, photoelectron 

spectroscopy, and DFT calculations.  Substitution of Se in the 2Fe2E core for S resulted 

in a lengthening of the FeFe bond.  As the linker length increased from n =3 to 5, one of 

the apical CO’s is pushed down due to a steric interaction creating a more obtuse Fe-Fe-C 

angle.  Larger effects of the linker length were seen in the oxidation and reduction 

chemistry.  CV and UPS show that linker length has little effect on the oxidation potential 

or onset ionization energy.  Computations predict that the oxidized structure is rotated, 
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and as the linker length increases there is an agostic interaction which forms between a 

methylene proton and the vacant site on the rotated Fe-center.  Reduction potentials for 

these complexes are found to decrease with increasing linker length, which was attributed 

to the steric interaction between the alkane linker and the apical CO helping to facilitate 

rotation of the anion.  Interestingly catalytic potentials were found to depend almost 

entirely on chalcogen character in the 2Fe2E core, with S-containing catalysts having a 

lower catalytic potential than Se-containing catalysts. 

The long known complex [η5-CpFe(CO)SMe]2 was investigated as both a proton 

reduction and H2 oxidation catalyst.  Reduction of [η5-CpFe(CO)SMe]2 revealed that the 

complex undergoes a two electron irreversible reduction and the reduced species 

precipitates onto the glassy carbon electrode surface.  The new species on the electrode 

surface facilitates proton reduction at a -0.3 V overpotential, which is significantly lower 

(0.9 V) than the most similar complex Fp2.  Unlike previous catalysts of this type, [η5-

CpFe(CO)SMe]2 catalytic current does not decrease as overpotential decreases.  [η5-

CpFe(CO)SMe]2 was also shown to undergo two one-electron oxidations, and in the 

presence of H2 and the dication, appears to oxidize H2.  The ability of [η5-

CpFe(CO)SMe]2 to both oxidize H2 and reduce protons to H2 addresses a known 

deficiency for catalysts mimicking the function of the active site of the [FeFe]-

hydrogenase. 
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CHAPTER 1 :  INTRODUCTION 

Global energy consumption is expected to increase 53% by 2035 from 505 x 1012 

Btu in 2008 to 770 x 1012 Btu by 2035.1  A majority of this huge energy increase is 

expected to occur in developing countries.1 The large increase in energy consumption is 

also projected to result in a dramatic 43% increase in CO2 emissions.1  It is clear to see 

that there is going to be a vast energy gap that will have to be filled and filling it through 

the burning of fossil fuels is not a long-term sustainable option.  Thus energy will have to 

be harvested using renewable methods such as photovoltaic cells.  Aside from cost, one 

of the largest problems facing many of these renewable sources (especially ones with 

large production potentials) is that they generate electricity which is not easily stored for 

use at a convenient time.  Therefore it is desirable to store the harvested energy in 

chemical bonds.  The simple diatomic molecule H2 has been proposed as a vehicle for the 

storage of this harvested energy.2-4   

Hydrogen is attractive because it can be combusted with oxygen (see equation 1) 

to release stored energy, with the only byproduct being H2O, or it can be used in fuel 

cells to generate electricity very efficiently.  Hydrogen can also be used in CO2 

sequestration to make liquid fuels such as methanol5(equations 2 and 3), which would 

allow the use of some of the current infrastructure for storage and distribution. 
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 4H+ + O2 ←→ 2H2O + ENERGY (1) 

 CO2 + H2 → CO + H2O (2) 

 CO + 2H2 ←→ CH3OH (3) 

Although hydrogen is a simple molecule, the formation of H2 is not trivial due to 

high energy intermediates, and therefore, requires the use of a catalyst for efficient 

production.3  Currently, one the most successful catalysts for the purpose of H2 formation 

is platinum.  Although platinum catalyzes water splitting/proton reduction efficiently 

(high rate and low overpotential), it is very costly and its low natural abundance makes it 

impractical for large scale implementation.  Fortunately, through evolution, nature has 

produced the hydrogenase family of enzymes, which are comprised of earth-abundant 

elements and able to catalyze either proton reduction or H2 oxidation efficiently.6-8 

Hydrogenase 

Bacteria that produce hydrogen using the hydrogenase enzyme were first 

discovered in 1931.9  Since this discovery, four different groups of hydrogenase enzymes 

have been identified and are characterized by the metal/metals in their active sites.  The 

main types of enzymes are [FeFe], [NiFe], [FeNiSe], and [Fe]-only.10-15  Of these four 

types, [FeFe] has been found to be the most active toward proton reduction with rates of 

H2 production of 6000 and 9000 molecules of H2 s
-1 per hydrogenase active site with 

overpotentials that compete with Pt.6  While these rates are attractive, it is not practical to 

use the enzyme on a large scale because it is both O2 and photo-sensitive.16,17  The active 

site of the [FeFe]-hydrogenase was identified crystallographically7,8 and found to have a 

very interesting organometallic structure.  The active site seen in Figure 1.1 contains two 

adjacent Fe atoms linked with a dithiolato ligand.  This 2Fe2S structure forms a so-called 
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butterfly core in the active site.  Due to resolution issues in the crystal structures, the 

central atom/group in the ditholato ligand has been a topic of debate and was originally 

believed to be a CH2, O, or NH group7,8 with more recent studies pointing toward NH.18  

The apical position on one of the Fe centers in the enzyme is linked to a cysteinyl sulfur 

that leads to a [4Fe4S] cubane which acts as an electron transport.  The two basal 

positions of the cubane-ligated Fe are occupied with a carbonyl and a cyano ligand.  The 

other Fe center is rotated, placing a carbonyl in a semi-bridging position, leaving a vacant 

apical coordination site which could be occupied by either water or used as a docking site 

for H+.  Like the other Fe center, the basal positions on the rotated Fe are occupied by 

terminal cyano and carbonyl ligands. 
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Figure 1.1:  The active site of the [FeFe]-hydrogenase enzyme.  The central bridgehead 
atom (X) is represented as having three possible groups; however, it is believed to most 
likely be NH.18 
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[FeFe]-hydrogenase active site functional mimics 

Elucidation of the active site structure generated interest in synthesizing structural 

and functional mimics of the active site.  While examples of structural mimics19 exist, 

much of the work in this area has focused on making better functional mimics for the 

production of H2.  Early on it was recognized that the active site of the [FeFe]-

hydrogenase was similar to the previously reported organometallic complex 

µ-(1,3-propanedithiolato)diironhexacarbonyl (PDT) (Figure 1.2).20  Electrochemical 

studies of PDT in acetonitrile indicate there are two one-electron reductions, with the first 

being quasi-reversible and occurring near -1.66 ±0.06 V vs. Fc+/Fc.21  Voltammetric 

studies of PDT in the presence of acetic acid revealed a reduction near -2.35 V vs. Fc+/Fc 

that grew with acid concentration, indicating PDT was indeed catalytically active toward 

proton reduction.22,23  However, PDT is not an ideal catalyst for proton reduction due to 

the large -0.89 V overpotential, relatively low catalytic current,22 and possible dimer 

formation upon reduction.23,24   
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Figure 1.2:  The crystal structure of [FeFe]-hydrogenase active site with PDT overlaid.20 
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The mild success found with PDT bolstered research on modified catalysts with a 

similar general structure to that of PDT.  Modifications or combinations of modifications 

to PDT can be made in one of three general regions in order to improve catalytic function 

by lowering the overpotential, increasing stability or turnover number, and frequency.  

These regions are the bridging ligand (S-S linker, Figure 1.3A), terminal ligands (Figure 

1.3B), or the 2Fe2S core (Figure 1.3C).   Due to the nature of the work presented in this 

dissertation, no formal discussion of substitution of the terminal ligands will be 

undertaken.  Instead this work focuses on changing either the bridging linker or the 

2Fe2S core, and therefore, these areas will be discussed in more detail. 

Chalcogen to chalcogen linker modification   

 Modification to the central atom in the S-S linker with NH (ADT), O (ODT), and 

S (TDT) have been reported (Figure 1.4 left).25-27  It was hoped that the lone pair 

electrons on the heteroatoms could assist in proton transfer to the metal center and either 

increase catalytic rates or lower overpotentials for catalysis.  However, the heteroatoms 

did little to significantly lower the initial reduction potentials, lower the catalytic 

overpotential, or increase the rate of hydrogen production.21  From these studies it is 

apparent that more drastic modifications of the S-S liker are required.  

  



25 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3:  Possible locations for modification to [FeFe]-hydrogenase inspired catalysts. 
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Figure 1.4:  Left) ADT, ODT, and TDT25-27   Right) benz-cat28 
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The complex µ-(benzene-1,2-dithiolato)diironhexacarbonyl (benz-cat), Figure 1.4 

right) departs from the three membered S-S linkers mentioned above and results in an 

appreciable change in the electrochemisty and catalysis.  Electrochemical studies of benz-

cat revealed that the first reduction of the neutral complex shifted positively by ~0.3 V 

when compared to PDT and is a reversible two-electron potentially inverted process 

where reduction from the anion to the dianion occurs at a less negative potential than the 

reduction from the neutral to the anion.28,29  The large shift in reduction potential also 

carried over to catalytic hydrogen production by benz-cat.   In the presence of acetic acid, 

benz-cat catalytically reduces protons at an overpotential of -0.57 V29 vs -0.89 for PDT.   

Density functional theory calculations (DFT) on benz-cat indicated that upon reduction of 

benz-cat to benz-cat- , one of the Fe-S bonds lengthens significantly and a CO moves into 

a semi-bridging position, creating a rotated structure.29  The large rearrangement to a 

rotated structure upon reduction leads to potential inversion, causing the complex to be 

immediately reduced a second time.  Calculations on the dianion (Benz-cat2-) converged 

to a low energy structure that has further rotated by completely cleaving the formerly 

lengthened Fe -S bond and forming a bridging carbonyl.  This rotated structure opens a 

docking site for H+ and is thought to be an important feature of efficient functional 

mimics of the [FeFe]-hydrogenase enzyme.  The dianion was found to protonate to form 

benz-catH- which undergoes another reduction at -2.08 V vs Fc+/Fc.  This final reduction 

of benz-catH- to benz-catH2- leads to the -0.57 V overpotential.  Benz-catH2- reacts 

rapidly with H+ to spontaneously evolve H2
 and regenerate the mono-anion benz-cat-.  In 

recent work, Tilley and coworkers have obtained a crystal structure of the rotated dianion 

as well as NMR data supporting the formation of the species benz-catH-.30 Additionally, 
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substitution of one to four electron-withdrawing chlorides in place of hydrogens on the 

benzene ring has been shown to lower the overpotential for catalysis when compared to 

unsubstituted benz-cat.31  

Modification to the 2Fe2S butterfly core 

 While there are many reports of small and large modifications to the S-S linker, 

there are considerably fewer reports of modification to the 2Fe2S core.  The majority of 

reported complexes with modified cores replace S atoms with more electropositive Se 

atoms.32  The logical place to start comparisons of the effects of Se substitution in the 

core of these catalysts is to look at the Se (PDS) analogue of PDT (Figure 1.5 left).  Upon 

replacement of S by Se, the Fe-Fe distance in the neutral complex was found to lengthen 

by 0.051Å.32,33  As one might expect, addition of Se to the core resulted in a slight 

decrease in carbonyl stretching frequencies.  This lengthening of the Fe-Fe distance and 

lowering of the CO stretching frequencies, however, did not have a large effect on the 

reduction potential or catalytic overpotential.32  Instead, the effects of Se substitution 

were seen in a higher rate of H2 production by PDS when compared to PDT under the 

same conditions.  The higher rate of H2 formation was attributed to a decrease in 

reorganization energy of PDS (0.45 eV) vs PDT (~0.65 eV), resulting in faster electron 

transfer rates.33  Similar increases in rates of H2 production were observed during the 

comparison of Se and S containing compounds with aza-derivatives in the bridgehead 

(Figure 1.5 right).34  Chapters four and five further investigate the effects of substituting 

the 2Fe2S core with 2Fe2Se, as well as effects of the bridging chalcogen-to-chalcogen 

linker. 
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Figure 1.5:  Left)  µ-(propane-1,3-diselenolato)diironhexacarbonyl (PDS) Right) 
[2Fe2Se] aza-derivatives34 
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Cyclopentadienyliron dicarbonyl dimer (η5-CpFe(CO)2)2 

Cyclopentadienyliron dicarbonyl dimer (η5-CpFe(CO)2)2 or Fp2 (Figure  1.6) is an 

Fe complex previously examined as an electrocatalyst for proton reduction.35  However, 

unlike the catalysts discussed above, Fp2 does not have a 2Fe2S core or three terminal 

CO ligands per Fe center.  Although the ligation is not similar to other 2Fe2S catalysts, 

Fp2 was shown to have the ability, to evolve H2 from acetic acid upon reduction, in 

acetonitrile at an overpotential of -1.04 V.   

The mechanism for H2 production by Fp2 is of the ECEC type where E represents 

an electrochemical process and C represents a chemical step.  Upon reduction of Fp2, the 

complex dissociates into a radical and an anion.  The reduction of the radical Fp• to Fp- 

occurs at a more positive potential than the reduction of Fp2.  Therefore, the addition of a 

second electron occurs much faster than two radicals combining to reform Fp2.  The 

anionic species (Fp-) is then protonated to form FpH.  This is a reactive species that can 

evolve H2 through a slow homolytic pathway. Addition of a second electron to form FpH-
 

increases the hydricity of the complex, which increases the reactivity and leads to fast 

protonation and evolution of H2.  The reduction of FpH to FpH- is the cause of the 

large -1.04 V overpotential mentioned above.  Fp2 was also shown to catalyze the 

reduction of protons from proton sources less acidic than acetic acid such as MeOH and 

H2O.  Although Fp2 was able to catalyze the reduction of weak acids, the overpotential 

was excessively large, rendering Fp2 too inefficient to be useful as a large scale catalyst 

for H2 production.  It was also concluded that Fp- and FpH are reactive species which 

should be avoided in future catalysts.  Furthermore, Fp2, like many of the hydrogenase-

inspired catalysts, reduce protons between Fe1+ /Fe0 redox couple.  This is different than 



31 
 

 

the enzyme itself which catalyzes H2 production between the Fe2+/Fe1+ redox couple and 

may be a factor in the high overpotential observed for Fp2.
4  Work in chapter 6 reports 

investigation of the complex [η5-CpFe(CO)SMe]2 as an electrocatalyst for proton 

reduction.  The complex [η5-CpFe(CO)SMe]2  reduces the catalytic overpotential for 

proton reduction by 0.9 V compared to Fp2 while maintaining high catalytic rates for H2 

formation and [η5-CpFe(CO)SMe]2 has also shown an ability to oxidize H2 to H+ and e-.  

While there are a large number of functional mimics inspired by the [FeFe]-

hydrogenase active site, the examples presented above build a foundation for research 

presented in the following chapters.  The work in this dissertation aims to maintain the 

advantageous features of previous catalysts, while improving one or more of the desirable 

traits of a good catalyst, such as stability, overpotential, or rate of H2 production.  In the 

following chapters, new complexes or complexes which have never been used as 

catalysts for H2 evolution will be investigated using cyclic voltammetry, ultraviolet 

photoelectron spectroscopy, infrared spectroscopy, and density functional theory 

calculations.  Each of these techniques offers information that allows for a more complete 

understanding of the fundamental properties of the complexes used as catalysts.  
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Figure 1.6:  Cyclopentadienyliron dicarbonyl dimer [(η5-Cp)Fe(CO)2]2 a complex which 
has been shown to reduce protons to H2 at an overpotential of -1.04 V. 
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Cyclic Voltammetry 

Cyclic voltammetry (CV) is a triangular wave electrochemical experiment (Figure 

1.7) in which potential is swept from an initial potential at t0 to a switching potential at t1.   

At the switching potential, the scan is reversed and run in the opposite direction until the 

final potential is reached (t2) resulting in the triangle represented in the plot of potential 

vs. time.  A complete triangle represents a single cycle and multiple cycles can be strung 

together.  The slope of the potential vs. time plot is the scan rate, which can be varied to 

investigate kinetic properties of the complex being studied.  The results of the scanned 

potential are displayed as plots of current (I) as a function of potential (E).  Figure 1.8 is a 

CV of ferrocene (Fc).  The CV of Fc is an electrochemically and a chemically reversible 

process.  Reversibility of a reaction is determined by examination of the maximum 

current at the oxidation and reduction peaks as well as the separation between the peaks.  

For a chemically reversible system, the anodic peak current (ipa) should be equal to the 

cathodic peak current (ipc)
36-39

 and the cathodic and anodic peaks should be separated by 

~58 mV.  Failure to meet these criteria suggests slow electron exchange is occurring 

between the redox species and the working electrode or a chemical reaction is occurring 

causing irreversibility.36-39  

Cyclic voltammetry is a powerful tool for the investigation of model complexes in 

this work.  CVs can be used to experimentally determine the redox potential(s) (E1/2 in 

figure 1.8) of model complexes.  The electrochemical reversibility of the model 

complexes can be investigated which yields insights into the fate of the catalysts after a 

redox event.  Examination of peak height upon oxidation (ipa) or reduction (ipc) along 

with varying scan rates gives insight into the number of electrons involved in a redox 
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process.  Understanding the number of electrons in a given redox event can be used to 

suggest possible mechanisms for proton reduction.  By coupling CV results with other 

experimental data, a more complete understanding of the electronic structure of model 

complexes can be obtained. 

The catalytic ability of the model complexes can be examined with CV.  By 

running CVs of the analyte in the presence of a proton source (usually acetic acid in this 

work), one can determine if new reductions occur or if the original reductions present 

prior to acid addition change.  In systems that catalytically reduce protons, the cathodic 

peak that occurs when acid is present should increase with acid concentration.  The 

height of the catalytic peak (ipc) gives a qualitative measure for the rate of H2 formation.  

The overpotential for catalysis can also be determined by taking the difference between 

the thermodynamic potential for reduction of protons from the proton source and the 

potential where catalysis is observed in the CV.  Combining overpotential and catalytic 

peak height gives a good approximation of catalytic efficiency with the ideal catalyst 

having a low overpotential and large catalytic current. Although cyclic voltammetry is a 

very powerful tool, it does not give all the information necessary to create a full picture 

that explains catalytic reduction of protons by these complexes.  For example, CV will 

not give any information about the structure of the catalyst, transition states, or 

intermediates formed during catalysis.  Therefore, other methods of analysis are required 

to fully understand the catalytic production of hydrogen by these complexes.21 
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Figure 1.7:  A simple potential vs. time triangular wave plot.  The point t0 represents the 
start of the scan, t1 is the switching potential and t2 is the sweep back to the initial starting 
potential.  It is important to note that t0 and t2 do not have to be the same value.  The 
second triangle represents a second scan which could be run immediately following the 
first scan. 

 

  



36 
 

 

 

 

 

 

Figure 1.8:  A Cyclic voltammogram of ferrocene taken on a glassy carbon working 
electrode in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate at a scan 
rate of 100 mV/s.  E1/2 = half wave potential,  Epa = anodic peak potential, Epc = cathodic 
peak potential,  ipa and ipc are the anodic and cathodic peak currents (Adapted from40).  t0, 
t1, and t2 correspond to the points in Figure 1.7. 
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Gas-phase Ultraviolet Photoelectron Spectroscopy 

 Gas-phase ultraviolet photoelectron spectroscopy (UPS) is a form of spectroscopy 

which directly probes the energies of occupied valence orbitals in complexes.  UPS is 

somewhat unusual in that incident light doesn’t induce excitations from one energy level 

to another but instead imparts enough energy to eject electrons. The underlying principle 

of UPS is the photoelectric effect described by Einstein.41  

 hν = KEe + IE (4) 

As shown in equation 4, the energy of the photon (hν) is equal to the sum of the kinetic 

energy of the ejected electron (KEe) and the ionization energy (IE).  By using a photon 

source of known energy and measuring the KEe, the IE of an atom or complex can be 

determined. 

UPS in this work was performed in the gas-phase; therefore, the energies of the 

orbitals are free from intermolecular interactions.  In a UPS spectrum, the most intense 

ionization is termed the vertical ionization (IEv from A to B) in Figure 1.9.  An ionization 

occurring from the neutral molecule to the most stable form of the cation is termed the 

adiabatic ionization (IEA, from A to C) as there is no additional vibrational energy present 

in the cation upon ionization.  Experimentally, the adiabatic ionization is the onset of 

energy in the spectrum.  The difference between the vertical and adiabatic ionization 

energy is the reorganization energy Er.  Reorganization energy in conjunction with 

vertical and adiabatic ionizations are very useful experimental energies that can be used 

to validate density functional theory calculations. 
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Figure 1.9:  A representation of neutral and cation energies in ultraviolet photoelectron 
spectroscopy.  The most probable ionization occurs from point A on the neutral potential 
energy well to point B on the cation potential energy well and is the most intense feature 
in a peak.  Ionization from point A to point C is termed the adiabatic ionization and is 
measured at the onset energy of the peak in a UPS spectrum. The reorganization energy is 
the difference between point B and C. 
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Density Functional Theory Calculations 

 Density functional theory (DFT) calculations are becoming increasingly more 

popular due to their ability to accurately model chemical properties while utilizing 

reduced computational resources compared to ab initio calculations.42  The applicability 

of DFT methods used to model a given system can be determined by comparison of 

experimentally determined values such as geometries obtained from crystal structures, 

infrared stretching frequencies, oxidation/reduction potentials, and ionization energies.  

Finding good agreement between a wide range of experimental and calculated values 

confirms that the appropriate basis set and functional have been selected to accurately 

model geometric and electronic properties.  Therefore, results from the calculations can 

be used to elucidate mechanisms and explain the underlying fundamentals which give 

rise to the chemical properties or reactivity observed.  It is important to note that there is 

a well-established precedent for the functionals and basis sets used in the analysis of 

complexes in this work; furthermore, all calculations were individually validated by 

comparison to a wide sample of experimental values.    
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CHAPTER 2 :  EXPERIMENTAL 

Preparation of Complexes 

Complexes in this dissertation were provided by a number of colaborators or 

synthesized in house by the author.  Table 2.1 contains a list of complexes and the 

individual/s that provided them for analysis as catalysts. Synthetic procedures used by the 

author to prepare complexes for this dissertation will be described below. 

µ-(pyrazine-2,3-dithiolato)diironhexacarbonyl (pyrazine-cat) 

All solvents for synthesis were obtained from the MBRAUN MB-SPS solvent 

purification system and degassed before use.  Pyrazine-2,3-dithiol was synthesized by a 

previously reported method43 in a 69 % yield.  The dithiol (0.425 g, 2.95 mmol) was 

reacted with Fe2(CO)9 (1.061 g 2.92 mol) in a 1.01:1 mol/mol ratio in THF at 0 °C for 1.5 

hr. until a color change was observed (dark green to red/brown).  The reaction mixture 

was rotary evaporated to dryness and loaded on a silica gel column with hexanes.  After 

eluting a red side product (IR shows 5 peaks), the orange product band was eluted with 

toluene.  The collected orange solution was rotary evaporated to dryness and stored under 

argon with a final yield of 2 %.  1H NMR (CDCl3, ppm) 7.54 (singlet ArH).  IR ν-CO 

(hexanes; cm-1) 2083 (m), 2049 (s), 2012 (s).  Elemental analysis was not collected as the 

synthesis of pyrazine-cat was published by others a few days after isolation of the orange 

band.44,45  

[(η5-Cp)Fe(µ-SCH3)(CO)]2 ([η
5-CpFe(CO)SMe]2 ) 

[η5-CpFe(CO)SMe]2  was synthesized by previously reported methods using 

standard Schlenk techniques.46-48  The reflux time was shortened to 5 hours from the 

reported 10-30 hours.  Solvents were purchased from various vendors and used without 

further purification.  Solvents were degassed prior to use.  The product was purified by 
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column chromatography on basic alumina and eluted with toluene.  The brown eluent 

was collected and rotary evaporated to obtain a brown oil which was stored in the freezer 

overnight yielding brown crystals.  Crystals for X-ray diffraction were grown by slow 

evaporation of a toluene solution containing [η5-CpFe(CO)SMe]2 .  1H NMR (CDCl3, 

ppm) 1.37 (s, 3H, SCH3), 4.32 (s, 5H Cp H). IR ν-CO (CH2Cl2, cm-1) 1941 (s).  

Electrochemistry:  

Electrochemical experiments were performed according to previously reported 

methods49 with the details as follows. Electrochemical data was collected on either an 

EG&G PAR model 273, a BAS CV-50W, or a Gamry Instruments Reference 3000 

potentiostat.  Electrochemical experiments were run in dry acetonitrile or 

dichloromethane purchased from Sigma-Aldrich and used without further purification.  

Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was used in various 

concentrations as supporting electrolyte (typically 0.1 M in CH3CN and 0.2 M in 

CH2Cl2).  A standard three-electrode setup was employed with a glassy carbon working 

electrode (0.3 cm diameter), a platinum counter electrode and a Ag/AgNO3 reference 

electrode.  Prior to use, the working electrode was polished with 0.05 µm alumina paste 

for 5 minutes, followed by rinsing with deionized H2O.  Excess H2O was wicked away 

with the edge of a tissue.  The reference electrode was constructed with an Ag wire 

submerged in a solution containing 0.01 M AgNO3, with the same solvent and supporting 

electrolyte concentration used for the analysis of the compound.  The Ag/Ag+ reference 

electrode was separated from the analyte solution by a porous Vycor frit.  The potential 

of the reference electrode was measured against the Fc+/Fc couple and all data in this 

work are referenced to Fc+/Fc.  All solutions were degassed with Ar, N2, or CO prior to 
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experimentation and Ar, N2, or CO was passed over the solution during experiments to 

ensure an O2 free environment.   

Photoelectron spectroscopy: 

 Photoelectron spectra were recorded using an instrument built by McPherson for 

solid state sample analysis which was customized to run neutral gas-phase samples.  The 

instrument features a 360 mm radius, 80 mm gap hemispherical analyzer with custom-

designed photon source, sample cells, digital electronics, and control software as 

described previously.50 He I (21.2 eV) and He II (40.8 eV) photons are generated in a 

capillary discharge lamp, depending on operating mode, and impinged on the sample 

perpendicular to the entrance of the analyzer chamber.  The instrument is calibrated to the 

MeI ionization at 9.538 eV and drift is controlled to less than ±0.005 eV using the 2P3/2 

ionization of argon (15.759 eV) as an internal standard. Instrument resolution is 

determined by measuring the full-width-at-half-maximum of the argon 2P3/2 ionization 

and was between 0.015 and 0.025 eV for all samples reported in this work.  All spectra 

reported were obtained from solid samples sublimed from an aluminum cell. Sublimation 

occurred cleanly at <10-5 Torr and under the decomposition temperature of the binding 

agent in DAG 154 (~ 220oC).  Sublimation temperatures for UPS samples run by the 

author are listed in Table 2.2.  

 All photoelectron spectra were collected, compiled, and corrected with the 

program WinFp version 22.09.  All spectra were corrected for beta shadows because the 

He discharge source is not monochromatic. The He I spectra were corrected for the He Iβ 

ionizations which are 3% of the intensity of the He Iα ionization and shifted 1.86 eV 

lower in energy.  He II spectra were also corrected for He IIβ ionizations which are 12% 
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of the He IIα ionizations and are shifted 7.56 eV lower in ionization energy than the He 

IIα peaks.  Spectra were also corrected for small molecule contaminants with known 

ionization energies such as water (12.62 eV) as long as the ionizations from the 

contaminants do not overlap with the experimental spectrum.   

Density Functional Theory Computations 

All computations included in this dissertation were performed using ADF 2009.01 

or ADF 2012.01.  Geometry optimizations were carried out in the gas-phase using the 

VWN functional with Stoll correction.51  Carbonyl stretching frequencies were also 

calculated in the gas-phase analytically from the optimized structures using the VWN 

functional with Stoll correction.  Electronic energies were calculated in the gas-phase 

with the OPBE functional.   All calculations employed a triple- Slater-type orbital 

(STO) basis set with one polarization function (TZP).  Relativistic effects were accounted 

for in all cases with the scalar ZORA formalism.52  Solvation effects were taken into 

account using the Conductor-like Screening Model (COSMO).53  Figures of the 

optimized geometries, and electron densities were created with Visual Molecular 

Dynamics54 1.9 (VMD) or Molekel.55     

The ν-CO frequencies were calculated in the gas-phase, and therefore, were 

scaled by small amounts to match the solvated experimental IR frequencies.  These shifts 

were small (~0.02%) indicating computational methods selected were giving accurate 

estimations of the electronic structure.  The calculated analytical frequencies were also 

examined for negative frequencies as part of the effort to validate computational 

methods.  
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Infrared Spectroscopy 

 Infrared spectra were collected on a Thermo Nicolet Avatar ESP 380 FT-IR 

spectrometer.  Samples were dissolved in hexanes or suspended in paraffin oil and placed 

between two NaCl plates.  Samples were also run in solution using an air-free sample 

cell.  Spectra were collected in the carbonyl region from 1600-2100 cm-1 although 

narrower regions may be shown in specific chapters. 
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Table 2.1:  Summary of Compounds in this Work 

Compound Source 
PDT Dr. Tori Lockett 

1 Prof. Weigand 
2 Prof. Weigand 
3 Prof. Weigand 

PDS Prof. Weigand/Matt Swenson 
4 Prof. Weigand/Author 
5 Joel  Meyer 
6 Prof. Weigand/Joel Meyer 

benz-cat Dr. Ben Petro/Author 
pyrazine-cat Author 

Fp2 Sigma Aldrich 
[η5-CpFe(CO)SMe]2 Author 
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Table 2.2:  Summary of Photoelectron Spectroscopy Data 

Compound Photon 
Source 

Cell Sublimation 
Range °C 

Date 
Collected 

3 He I Aluminum 62-72 6-26-12 
PDS He I / He 

II 
Aluminum 60-66 8-7-12 

4 He I Aluminum 64-68 8-13-12 
6 He I Aluminum 61-69 8-28-12 

[η5-CpFe(CO)SMe]2 He I / He 
II 

Aluminum 77-84 8-11-09 
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CHAPTER 3 :  ELECTROCHEMICAL AND COMPUTATIONAL INVESTIGATIONS 
OF µ-(PYRAZINE-2,3-DITHIOLATO)DIIRONHEXACARBONYL AS A CATALYST 

FOR PROTON REDUCTION FROM ACETIC ACID 

Introduction 

Benzene-1,2-dithiolato, (bdt) has been shown to lower the potential differences 

between oxidation states in metals by delocalizing electron density onto the benzene 

ring.56,57  The coupling of the bdt ligand to a diironhexacarbonyl base results in μ-

(benzene-1,2-dithiolato)[Fe(CO)3]2 (benz-cat) ( Scheme 3.1), which is a very well-studied 

electrocatalyst for proton reduction.28,29,31,58,59  Initial electrochemical studies of benz-cat 

showed a reversible two-electron reduction which is different from other hydrogenase-

inspired complexes such as PDT.28   In the presence of strong acids, current at the initial 

two-electron reduction potential increased with acid concentration.  The increase in 

current at this potential was determined to be consistent with slow catalytic proton 

reduction to form H2.
28,58  In the presence of acetic acid, there was no increase in current 

at the initial two-electron reduction potential; however, reversibility did decrease and a 

new oxidative peak was observed at -0.75 V.  The new anodic peak represents the 

oxidation of benz-catH-
, suggesting that acetic acid protonates benz-cat after the initial 

two-electron reduction.  The lack of increased current at the first reduction in the 

presence of acetic acid indicates that benz-catH- is not basic enough to be further 

protonated by acetic acid and thus is unable to complete a catalytic cycle. It is not 

surprising that catalytic proton reduction was not observed at the first cathodic wave for 

benz-cat near -1.3 V Fc+/Fc, because this potential is still positive of the thermodynamic 

reduction potential of acetic acid in acetonitrile (-1.46 V vs. Fc+/Fc).21   
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Figure 3.1:  The well-studied [FeFe]-hydrogenase mimic µ-(benzene-1,2-
dithiolato)diironhexacarbonyl (benz-cat) (left) and µ-(pyrazine-2,3-
dithiolato)diironhexacarbonyl (pyrazine-cat) (right). 
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Felton et al. also studied the reduction of benz-cat in the presence of acetic acid. 

While their results confirmed that there was no catalytic proton reduction at the initial 

reduction of the complex, they discovered a new reduction at a more negative potential 

which was consistent with catalytic H2 production.  In this study, DFT calculations were 

used to gain a deeper understanding of the electronic structure as well as propose a 

mechanism (Figure 3.2) which agreed well with experimental electrochemical 

parameters.29  Through DFT calculations, it was found that upon reduction of benz-cat to 

benz-cat1- one of the Fe-S bonds lengthens significantly and a CO moved into a semi-

bridging position.29  The large rearrangement of benz-cat upon reduction gives rise to 

potential inversion, where the addition of a second electron occurs at a potential less 

negative than the first reduction (benz-cat1- to benz-cat2- Figure 3.2).  Calculations on the 

dianion (benz-cat2-) converged to a low-energy structure that has rotated open by 

completely cleaving the formerly lengthened Fe–S bond and forming a bridging carbonyl.  

This rotated structure opens a docking site for H+ and is thought to be an important 

feature of efficient functional mimics of the [FeFe]-hydrogenase enzyme.  Similar to the 

studies28,58 mentioned above, the dianion was found to protonate;  however, without 

further reduction, the protonated anion is not basic enough to accept another proton from 

a weak acid such as acetic acid.  Therefore, a third electron must be added, which 

increases the hydricity of the complex and allows for rapid reaction with a second proton 

resulting in hydrogen evolution and regeneration of the rotated anion.   The third electron 

required to increase the reactivity of the protonated anion leads to the reported -0.57 V 

overpotential. 
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Figure 3.2:  The proposed mechanism for proton reduction by benz-cat.29 

 

  

- 



51 
 

 

Recent work has endeavored to isolate intermediates formed during the catalytic 

reduction of protons by benz-cat.30  Reduction of benz-cat with excess sodium resulted in 

a solution which changed from orange to dark purple.  A crystal structure obtained from 

the purple solution showed a sodium bridged dimer of two rotated dianions30 (Figure 

3.3), similar to the calculated structure proposed by Felton et al.  Reaction of the reduced 

dimer with two equivalents of trifluoromethanesulfonic acid for each active site (2Fe2S 

cluster) resulted in a fast color change from dark purple to red.  Examination by NMR 

spectroscopy showed that neutral benz-cat was re-formed in conjunction with H2 

evolution.  Similar experiments with less than two equivalents of benzoic acid resulted in 

both a terminal hydride species (minor product) and a µ-hydride (major product) species 

similar to the hydride proposed by Felton et al. Unlike previous reports29,58 which showed 

benz-cat2- did not catalytically reduce protons from acetic acid at the initial reduction 

potential on the time scale of the electrochemical experiment, when the dimer dianion 

was reacted chemically with four equivalents of benzoic acid, neutral benz-cat was 

formed in conjunction with H2 evolution.  
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Figure 3.3:  Crystal structure at 30% probability of the dimer which formed after 
reduction of benz-cat with sodium in THF and ether.30 
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Investigations into the effects of electron withdrawing groups on the benzene ring 

have been undertaken.31  By adding 2-4 chloro groups to the benzene ring, Donovan et al. 

were able to greatly reduce the electron donating ability of the aromatic moiety.  

Reducing the electron density on the ring resulted in a 210 mV anodic shift in the initial 

two-electron reduction.  A larger anodic shift of 250 mV was observed for catalytic 

proton reduction from acetic acid.  This large anodic shift lowered the overpotential for 

catalysis from -0.54 V for benz-cat to -0.39 V for tetrachloro-benz-cat.  As is usually the 

case, shifting catalysis to less negative potentials diminished the turnover frequency for 

hydrogen production.21  Although the potentials for catalysis changed, the general 

mechanism for proton reduction to form H2 was believed to be the same ECEC 

mechanism reported earlier.29    

This chapter extends the study of benz-cat to the complex µ-(pyrazine-2,3-

dithiolato)diironhexacarbonyl (pyrazine-cat) and investigates the effects of substituting 

pyrazine for benzene. From these studies, it is concluded that the electron-withdrawing 

nature of pyrazine lowers the electron density at the metal centers, resulting in an anodic 

shift of the initial reduction and catalysis by ~ 0.1 V.  DFT calculations agree well with 

the reported spectroscopic and electrochemical measurements and suggest a mechanism 

for proton reduction at the metal centers, which is analogous to the reported mechanism 

for proton reduction by benz-cat.  More interesting, however, is that experimental CVs 

and DFT calculations indicate that a second mechanism for hydrogen evolution via N-

protonation on the pyrazine ring may exist. 
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Experimental Methods 

 All reactions were run using standard Schlenk techniques unless otherwise stated. 

Pyrazine-cat was prepared using the procedure defined in Chapter 2 of this work.  

Density functional theory calculations on pyrazine-cat were originally carried out by Dr. 

Takahiro Sakamoto and repeated in this work by the author for verification.  

Photoelectron spectroscopy, infrared spectroscopy, and cyclic voltammograms were 

collected as described in chapter 2 of this dissertation. 

Results and Discussion 

Synthesis and Characterization 

 The complex (µ-pyrazine-2,3-dithiolato)diironhexacarbonyl was synthesized by 

the reaction of pyrazine-2,3-dithiol and Fe2(CO)9 in cold THF and purified by column 

chromatography.  The 1H NMR spectrum of pyrazine-cat collected in CDCl3 showed a 

singlet at 7.54 ppm for the pair of equivalent protons on the pyrazine ring.  The change in 

chemical shift for these protons from 6.89 ppm in the dithiol to 7.54 ppm and the loss of 

the broad resonance at 13.72 ppm corresponding to the dithiol protons indicates that a 

reaction between the dithiol and Fe2(CO)9  occurred.  Analysis of the purified product by 

IR spectroscopy in hexanes revealed 3 ν-CO frequencies at 2083, 2049, and 2012 cm-1 

(Figure 3.4A).  Although the number, shape and intensity pattern of peaks in the IR 

spectrum of pyrazine-cat are conserved from benz-cat, the positions are shifted to higher 

CO frequencies illustrating the electron withdrawing nature of the pyrazine ring 

compared to benzene (Figure 3.4B).  Figure 3.4A demonstrates that the calculated 

carbonyl stretching frequencies are in good agreement with the experimental values 

indicating the computational methods being used are modeling the electronic structure 
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and geometric structure well. The significance of withdrawing electron density from the 

Fe2(CO)6 will be discussed in further detail during the discussion of the electrochemistry. 

Gas-phase Ultraviolet Photoelectron Spectroscopy 

 The UPS spectrum of benz-cat has been previously reported.60  Where appropriate 

this spectrum will be used to help assign the He I spectrum of pyrazine-cat.  A 

comparison of the UPS spectrum of benz-cat and pyrazine-cat is shown in Figure 3.5.  

The first broad ionization of pyrazine-cat starts around 7.6 eV and ends near 9.25 eV.  

This ionization is associated with orbitals that comprise the Fe-Fe bond and three 

occupied d-orbitals on each Fe center which are involved in backbonding to the 

carbonyls.60,61  Ionizations between 9.25 eV and 9.75 eV arise from orbitals with 

significant sulfur and ring character mixed with Fe d-orbitals.  From 9.75 eV to 10.25 eV, 

there is an ionization which is primarily nitrogen and bridging sulfur in character.  The 

ionization centered about 10.6 eV is associated with the N in-plane lone pair which is not 

present in benz-cat.  The long sloping nature of the initial ionization band suggests there 

is a significant reorganization energy between the vertical and adiabatic ionization.  This 

suggests a large geometric change occurs between the most stable cation and the cation 

with the preserved geometry from the neutral complex. 
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Figure 3.4:  IR of pyrazine-cat in hexanes (Black) compared to the calculated CO 
stretching frequencies (blue).  B) Comparison of the CO stretching frequencies of benz-
cat (orange) and pyrazine cat (black).  The shift to higher frequencies for pyrazine-cat 
indicates the pyrazine ring is donating less electron density to the Fe2S2(CO)6 fragment of 
the complex. 
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Figure 3.5:  The photoelectron spectra of benz-cat (top) and pyrazine-cat (bottom).  The 
solid black arrow represents the calculated adiabatic ionization (IEA = 7.75 eV) and the 
dashed black arrow represents the calculated vertical ionization ( IEV = 8.26 eV). 
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Gas-phase UPS is useful for validating DFT computational methods because it 

offers a precise probe of the electronic structure of a complex in the absence of 

intermolecular interactions.  In the case of pyrazine-cat, the adiabatic ionization (IEA) 

which is taken as the onset energy of the spectrum is the most useful value for validating 

computations as it is not disguised under other overlapping ionizations.  For pyrazine-cat, 

the experimental IEA agrees well with the calculated adiabatic ionization (7.75 eV) 

(indicated by the solid black arrow in Figure 3.5), which is the difference in energy 

between the geometry optimized neutral and the geometry optimized cation.  The long 

sloping onset of the first ionization is indicative of a large reorganization energy 62 which 

is the difference between the vertical ionization and the adiabatic ionization.  

Unfortunately, due to significant overlap in the first band, the vertical ionization (IEV) 

cannot be experimentally determined exactly, but is calculated to be 8.26 eV (dashed 

arrow in the Figure 3.5).  Using the calculated values, the reorganization energy is 

estimated to be 0.51 eV which is slightly smaller than the calculated reorganization 

energy of benz-cat (0.64 eV) and is in agreement with the qualitative difference in slope 

of the experimental spectra. 

Computations and Electrochemistry 

Cyclic voltammograms of pyrazine-cat were collected in acetonitrile and 

compared to those of benz-cat.  Figure 3.6 shows the initial reduction of pyrazine-cat, 

at -1.15 V vs Fc+/Fc.  This potential is 0.17 V more positive than the reduction of benz-

cat (-1.32 V vs Fc+/Fc) indicated by the black line.  This shift in reduction potential is due 

to decreased electron donation by the pyrazine ring and suggests that indeed pyrazine-cat 

may be able to enter the catalytic cycle at a lower potential.  A scan rate investigation of 
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the first reduction of pyrazine-cat shows that the normalized current decreases as scan 

rate is increased, indicating the first reduction is a two electron process (Figure 3.7).  

Furthermore, the normalized current’s dependence on scan rate indicates that there is a 

chemical process which occurs after the initial reduction, leading to potential inversion.  

At fast scan rates, this process is out-paced, resulting in a reduction of normalized current 

for the first reduction.  Further evidence of a two-electron initial reduction is given by the 

maximum current at the first reduction which is approximately equal to that of benz-cat 

(a known two-electron process) on the same electrode, and about twice as high as the 

current for the oxidation of ferrocene, which is a well-established one-electron process.  

DFT computations seen in Figure 3.9 indicate that upon reduction an Fe-S bond 

lengthens and a carbonyl moves into a semi-bridging position with the average potential 

of these first two steps being -1.14 V which is almost identical to the experimental value 

of -1.15 V.44,45 This is also a conserved feature from the benz-cat study and suggests that 

replacement of benzene by pyridine removes electron density making it easier to reduce 

pyrazine-cat, but it has not disrupted the mediation of successive redox states.  

The reduction of pyrazine-cat was also investigated in the presence of acetic acid 

(Figure 3.8).  The initial two-electron reduction is not affected by acid addition.   

However, at more negative potentials, a new reduction at -1.95 V is present, which 

increases with acid concentration.  This rise in current with acid concentration is 

consistent with catalytic reduction of protons to H2.
29  However, unlike benz-cat, there 

are several extra features such as the rise in current from -1.5 to -1.7 V and a second 

reductive feature at -2.21 V at low acid concentrations (arrow in Figure 3.8).  Reasons for 

the rise in current between -1.5 and -1.7 V have not been determined at this point.  The 
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second small reduction at low acid concentrations might indicate a second catalytic 

mechanism and will be investigated in more detail shortly. 

A mechanism for proton reduction at the Fe-centers by pyrazine-cat is proposed in 

Figure 3.9 and is analogous to the ECEC mechanism reported for benz-cat.29  The initial 

reduction, which occurs at a calculated potential of -1.33 V, results in a large geometric 

rearrangement leading to potential inversion.  The second reduction was calculated to 

occur at a potential of -0.95 V.  The average of these two calculated potentials (-1.14 V) 

agrees very well with the experimentally observed two-electron initial reduction at -1.15 

V.  After two electrons have been added, pyrazine-cat has rotated to a structure which is 

similar to the dianion of benz-cat, and like benz-cat the dianion is basic enough to be 

protonated.  The calculated pKa of pyrazine-cat for protonation at the iron centers was 

found to be 22.8, and therefore, is basic enough to be protonated by acetic acid in 

acetonitrile (pKa 22.3).  Protonation at the Fe centers forms a µ-hydride.  The hydride 

species is not hydridic enough to react with another proton from acetic acid, and 

therefore, a third electron is required.  The third reduction was calculated to occur at -

1.90 V which is only 0.05 V more positive than the experimentally observed peak for the 

catalytic reduction of protons.  After the third electron is added, pyridine-cat undergoes 

protonation and hydrogen evolution, resulting in the reformation of the anion which then 

enters the catalytic cycle again.  
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Figure 3.6:  Cyclic voltammogram of ca. 1 mM pyrazine-cat in acetonitrile with 0.1 
M tetra-n-butylammonium hexafluorophosphate on a 0.3 cm diameter glassy carbon 
working electrode at a scan rate of 0.100 V/s under purge of nitrogen. The arrow 
indicates the direction of the initial scan. The black line indicates the experimental 
reduction potential of benz-cat. 
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Figure 3.7:  1 mM pyrazine-cat in acetonitrile with 0.1 M TBAH on a glassy carbon 
working electrode at various scan rates.   
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Figure 3.8:  Cyclic voltammograms of 1 mM pyrazine-cat in the presence of various 
concentrations of acetic acid in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan rate 
of 0.100 V/s under purge of N2.  The black dashed arrow indicates a small second 
reduction which may be associated to a second N-based catalytic mechanism. 
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Figure 3.9:  DFT calculated mechanism for Fe-based catalytic reduction of protons 
by pyrazine-cat. 
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Investigation of possible protonation sites with DFT calculations showed that 

protonation of the rotated dianion at a nitrogen atom in the pyrazine-ring is favorable.  

The first two reductions for the N-based mechanism shown if Figure 3.10 are analogous 

to those mentioned above in the Fe-based mechanism (Figure 3.9).  Protonation of the 

rotated dianion at a pyrazine N atom (upper right to bottom right of Figure 3.10) was 

found to have a pKa of 21.6 which is not as favorable as µ-hydride formation (Figure 

3:10), but it is sufficient to suggest that it might occur.  The N-protonated anion (bottom 

right) is not basic enough to react with a second proton from acetic acid and therefore, the 

complex must be reduced again.  Reduction of the N-protonated anion to the N-

protonated dianion was calculated to occur at -2.23 V.  At this point N-protonated dianion 

is sufficiently basic and reacts with a second proton from acetic acid evolving H2.  

Interestingly, the calculated reduction potential for catalytic H2 production is similar to 

the second small reduction seen at -2.21V at low acid concentrations suggesting that a 

second N-based mechanism may be possible.   

Literature contains several examples where pyridine and pyrazine63-68 were used 

as catalysts for proton reduction to molecular hydrogen, giving some credibility to the 

second mechanism; therefore, efforts were made to isolate this mechanism.  

Voltammograms of benz-cat under a CO atmosphere have shown significant changes in 

the reversibility of the initial two electron reduction, suggesting that a new species is 

formed58, and for this study proposes a possible method for blocking Fe protonation.  

Scans of pyrazine-cat under CO and N2 are shown in Figure 3.11.  Under CO the first 

reduction shifts anodically by ~ 0.1 V and decreases in current to the point that it appears 

to be a one-electron reduction and becomes only mildly reversible.  At -1.73 V there is a 
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new one-electron reversible reduction that is possibly due to a new species formed 

between pyrazine-cat1- and CO.  Scan rate studies under CO (Figure 3.12) show that the 

first reduction increases in reversibility, shifts cathodically, and the normalized current 

increases.  In turn the normalized current at -1.73 V decreases.  These results suggest a 

slow-forming product between pyrazine-cat1- and CO that is outpaced at faster scan rates 

and the initial two-electron reduction seen under N2 begins to return.  Voltammograms 

taken under CO in the presence of various concentrations of acetic acid are shown in 

Figure 3.13.  The initial reductions at -1.1 V remains constant, however, the second 

reduction at -1.73 V shifts to -1.52 V with an increase in maximum current and a loss in 

reversibility.  The current at the second reduction does not increase significantly with 5 

mM or higher concentrations of acetic acid, suggesting that it is not catalytic reduction of 

protons.  At -2.1 V there is a new reduction that increases with acid concentration and is 

assigned to catalytic proton reduction.  It is noteworthy that catalysis under these 

conditions is occurring near the same potential as the small reduction mentioned above 

(-2.21 V under N2), and may indicate that a mechanism for N-based catalytic proton 

reduction by pyrazine-cat does exist. 

Conclusions 

 The benz-cat-inspired complex pyrazine-cat was synthesized and the increased 

electron-withdrawing effects of pyrazine were seen through higher ν-CO stretching 

frequencies, increase in the onset energy of the UPS spectrum, and a lowered initial 

reduction potential.  All of these trends were observed in DFT calculations as well.  

Although pyrazine is more electron-withdrawing, the same buffering of successive 

oxidation states is conserved, as seen through the striking similarities in experimental and 
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calculated values for pyrazine-cat and benz-cat. Fe-based catalytic reduction of protons 

by pyrazine-cat was determined by cyclic voltammetry to occur at an overpotential of -

0.49 V which is 0.08 V lower than benz-cat.  The lowering of the overpotential for 

catalysis is not unexpected.  It confirms the hypothesis that the electron withdrawing 

nature of pyrazine lowers the initial reduction potential of pyrazine-cat vs. benz-cat, 

resulting in catalysis which is initiated at a less negative potential.  Decreasing the 

overpotential for catalysis by 0.08 V from benz-cat to pyrazine-cat represents a 16% 

improvement over benz-cat.  DFT calculations suggest multiple mechanisms for proton 

reduction.  The first is Fe based and is analogous to the ECEC mechanism reported for 

benz-cat in the presence of weak acids.  The second mechanism results in protonation of 

an N atom in the pyrazine ring.  Literature using pyridine and pyrazine and cyclic 

voltammograms of pyrazine-cat under CO suggest the N-based mechanism is possible; 

however, this mechanism occurs at a much higher overpotential (-0.75 V) than the Fe-

based mechanism.    
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Figure 3.10:  DFT calculated mechanism for nitrogen based catalytic reduction of 
protons by pyrazine-cat. 
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Figure 3.11:  A comparison of voltammograms of pyrazine-cat under N2 and CO all 
other conditions are as listed in Figure 3.2. 
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Figure 3.12:  1 mM pyrazine-cat under purge of CO in acetonitrile with 0.1 M TBAH on 
a glassy carbon electrode at various scan rates.  The increases of  normalized current at 
the first reduction in conjunction with increased reversibility  and decrease in normalized 
current at the second reduction suggests that upon reduction there is a slow forming 
product between the reduced species and CO.  This new species is further reduced at the 
second potential. 
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Figure 3.13:  Cyclic voltammograms of ca. 1 mM pyrazine-cat in the presence of 
various concentrations of acetic acid in acetonitrile with 0.1 M tetra-n-
butylammonium hexafluorophosphate on a 0.3 cm diameter glassy carbon working 
electrode at a scan rate of 0.100 V/s under purge of CO. 
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CHAPTER 4 :  COMPARISON OF S AND Se DICHALCOGENOLATO [FeFe]-
HYDROGENASE MODELS WITH CENTRAL S AND Se ATOMS IN THE 

BRIDGEHEAD CHAIN 

Introduction 

Elucidation of the [FeFe]-hydrogenase active site structure and function7,8 and 

subsequent comparison of the oxidized active site to µ-(propane-1,3-

dithiolato)diironhexacarbonyl (PDT)20 led to the investigation of a vast number of 2Fe2E 

complexes, where E is S, Se, or Te, as functional mimics of the active site.  The majority 

of work regarding these complexes has focused on substituting either the E-E bridging 

ligand or the terminal CO ligands in complexes where E = S.  To date there is a large 

library of sulfur-containing complexes which mimic the function of the [FeFe]-

hydrogenase active site; however, few examples of complexes where E = Se have been 

reported.34,69-71  Often times in studies where both the S and Se complexes are 

investigated, the Se containing catalyst outperforms the S containing analogue with a 

higher rate for H2 formation.34,69-71 

 In work performed by Song et al., PDT was shown to be an example of a 

S-containing catalyst that was outperformed by the Se containing analogue 

µ-(propane-1,3-diselenolato)diironhexacarbonyl (PDS).69  Electrochemical experiments 

on PDS and PDT under analogous conditions show that substitution of Se for S in the 

2Fe2E core shifts the first and second reduction potentials anodically by 0.06 V to -1.61 

and -2.15 V vs. Fc+/Fc for PDS compared to -1.67 and -2.21 V vs. Fc+/Fc for PDT.69  

Electrocatalytic studies of PDS and PDT showed that in the presence of p-toluenesulfonic 

acid, catalytic reduction of protons occurred at the initial reduction potential for each 

complex indicating PDS had a 0.06 V smaller overpotential when compared to PDT.  

Perhaps of greater interest is that at all acid concentrations used, PDS had a higher 



73 
 

 

catalytic current than PDT, indicating a faster turnover frequency.  Lastly, PDS was 

found to have 15 turnovers in a half-hour period vs. 12 turnovers in the same amount of 

time for PDT.69  The combination of these results indicates that PDS is a better catalyst 

(lower overpotential, higher TOF, and more robust) under these conditions than PDT.  

 In a related study, the complex µ-(butane-1,3-diselenolato)diironhexacarbonyl 

was investigated as an [FeFe]-hydrogenase functional mimic with a [2Fe2Se] core.70  

Reduction of µ-(butane-1,3-diselenolato)diironhexacarbonyl in the presence of acetic 

acid resulted in H2 production with an overpotential of ~0.50 V.70  Photoelectron 

spectroscopy and DFT computations performed on µ-(butane-1,3-

diselenolato)diironhexacarbonyl indicate that ionization/oxidation of µ-(butane-1,3-

diselenolato)diironhexacarbonyl results in a rotated structure placing a CO in a 

semibridging position.  This geometry is not dissimilar to those reported for the cations of 

µ-(benzene-1,2-dithiolato)diironhexacarbonyl and 

µ-(propane-1,3-dithiolato)diironhexacarbonyl, but the reorganization energy for this 

process was found to be ~0.2 eV lower for µ-(butane-1,3-

diselenolato)diironhexacarbonyl compared to the S containing complexes.70  Reduction in 

reorganization energy suggests that the diselenolato complex could have faster electron 

transfer, possibly explaining higher rates for catalysis observed in [2Fe2Se] catalyst 

compared to their [2Fe2S] counterparts.32,70  

The active site of the [FeFe]-hydrogenase7,8 seen in Figure 4.1 contains two 

adjacent Fe atoms linked with a ditholate ligand creating a so-called butterfly core.  Due 

to resolution issues in the crystal structures, the central atom/group in the ditholate linker 

has been an epicenter for debate and was originally believed to be a CH2, O, or NH 
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group.7,8  Currently the bridgehead of the active site is believed to be an NH.18,72-74  By 

incorporating N in the bridgehead, there is a low energy lone pair of electrons which 

could shuttle protons to the active site, potentially aiding in the catalytic process.75-77  

Incorporation of chalcogen atoms in the bridgehead of new model complexes offers two 

lone pairs of electrons which might enhance proton shuttling, and therefore, should be 

explored.  

This chapter uses ultraviolet photoelectron spectroscopy, electrochemistry, and 

DFT computations to investigate the effects of S and Se in the bridgehead position of 

2Fe2E complexes where E = S or Se (Right of Figure 4.1).  Substitution of S and Se 

atoms for the CH2 group in the bridgehead places low energy lone pair electrons in close 

proximity to the Fe centers similar to NH in the [FeFe]-hydrogenase active site.  The lone 

pair electrons are shown to have a strong effect on the 2Fe2E core, leading to rotated 

structures in the cations which are similar to the [FeFe]-hydrogenase active site.  

Reduction to the dianion also results in a rotated structure; however, the driving force for 

rotation of the anion is different than that for the cation. 
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Figure 4.1:  Left) The active site of the [FeFe]-hydrogenase enzyme. Right) Dichalcogen 
[FeFe]-hydrogenase model complexes with S and Se bridgehead atoms. 
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Experimental 

 Complexes studied in this chapter were provided by the individuals listed in table 

2.1 of the experimental chapter in this work.  Specifically, PDT was provided by Dr. T. 

Lockett and complexes 1-3 were provided by Prof. W. Weigand. Cyclic voltammograms 

(CV) were collected on a Gamry Instruments Reference 3000 using a three electrode 

setup under purge of Ar as described in Chapter 2.  All reported data were collected in 

CH3CN with 0.1 M Bu4NPF6 as supporting electrolyte on a glassy carbon electrode 

(GCE) and are referenced to Fc+/Fc.  Scan rates for voltammograms were 0.10 V/s unless 

otherwise noted.  Ultraviolet photoelectron spectra were collected as described in Chapter 

2.  All samples sublimed cleanly between 60 and 72 °C, which is below the 

decomposition temperature (~ 220 °C) of DAG 154.  Density functional theory 

calculations were provided by Dr. T. Sakamoto. 

Results and Discussion 

Electrochemistry 

Scans in the anodic direction resulted in two irreversible oxidations for all 

complexes.  The first oxidation is weak and occurs in a range from 0.1 to 0.25 V and the 

second is strong and ranges from 0.6 to 0.8 V vs. Fc+/Fc.  The weak oxidations are 

believed to arise from the most stable form of the cation and will be discussed in later 

sections.  The strong oxidations were found to occur at 0.76 V for PDT, 0.75 V for 1, 

0.68 V for 2, and 0.67 V for 3 vs. Fc+/Fc respectively (Figure 4.2).  
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Figure 4.2:  Voltammograms of ca. 1 mM PDT and 1–3 obtained in acetonitrile 
containing 0.10 M tetra-n-butylammonium hexafluorophosphate on a glassy carbon 
working electrode at 0.100 V/s. The black rectangles and red arrows show the potentials 
obtained from DFT computations for the oxidation and reduction of 1-3.  The black 
arrows indicate the initial direction in which the potential was swept. 
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Cyclic voltammograms scanning in the cathodic direction yielded reductions 

(Figure 4.2) at  –1.59 V for PDT, –1.48 V for 1, –1.45 V for 2, and –1.42 V for 3, 

respectively.  Effects of chalcogen substitution in the bridgehead position are seen in the 

reduction potentials for complexes 1-3 compared to PDT.  Substitution of CH2 in the 

bridgehead of PDT by S in complex 1 results in a 0.11 V anodic shift in the initial 

reduction potential, which is the largest shift in reduction in this study.  A smaller 0.03 V 

anodic shift was observed upon switching the sulfur atoms in the butterfly core of 1 for 

selenium atoms in 2.  Maintaining the 2Fe2Se core seen in 2 and substituting Se in the 

bridgehead of 3 resulted in a 0.03 V anodic shift and also yielded the complex with the 

least negative reduction potential in this study. These potential shifts are similar to 

previous studies involving complexes with 2Fe2Se cores.78-81  Complexes 1-3 display 

greater reversibility in the initial reduction than does the complex PDT.  For all 

complexes scanning positively after the initial redox couple yields a small anodic peak 

near -0.7 V.  This small oxidation near -0.7 V has the largest current response in PDT and 

2, which consequently are the least reversible initial reductions.  Thus the oxidation 

near -0.7 V is believed to be from a decomposition product which occurs after the initial 

reduction, which probably partially accounts for the incomplete reversibility of PDT and 

1-3.   

The reductions of 1-3 are all two-electron potentially inverted processes.  Scan 

rate studies of 1-3 (Figures 4.3, 4.4, and 4.5) reveal a strong dependence on scan rate with 

the normalized current decreasing as scan rate increases.29-31,56,58  Normalized current 

dependence on scan rate suggests 1-3 undergo large geometric rearrangements upon 

reduction which lead to potential inversion and an overall two-electron initial reduction.29  
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The maximum current for the reductions of 1-3 were found to be approximately twice as 

large as the one-electron oxidation of ferrocene under the same conditions giving further 

evidence for an overall two electron initial reduction.  The two-electron reduction 

deviates from the initial reduction of PDT which is closer to a one electron process under 

the same conditions. 

The results from oxidation and reduction electrochemistry show that complex 3 

had the lowest oxidation and reduction potentials.  This indicates that having Se in the 

bridgehead and Se in the butterfly core has a mediating effect on redox potentials.  This is 

possibly due to the polarizability of the Se atoms.  The large shift in the reduction 

potential of 1 compared to PDT suggests that addition of lone pair electrons in the 

bridgehead position has a large effect on complexes of this type and will be explored in 

later sections.  
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Figure 4.3:  Background-subtracted voltammograms of ca. 1 mM 1 at various scan rates 
in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on glassy carbon 
electrode. 
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Figure 4.4:  Background-subtracted voltammograms of ca. 1 mM 2 at the listed scan 
rates in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on glassy 
carbon electrode. 
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Figure 4.5:  Background subtracted voltammograms of ca. 1 mM 3 at the listed scan 
rates in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on glassy 
carbon electrode. 
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Catalysis 

 The catalytic ability of complexes 1-3 was investigated using cyclic voltammetry 

of ca. 1 mM complex in the presence of acetic acid.  Upon addition of acetic acid, the 

initial reduction of 1 shifts anodically and increases in current; however, the increased 

current is not dependent on acid concentration, indicating catalysis is not occurring at this 

potential (Figure 4.6).  In the presence of acid, there is a new cathodic peak at -2.01 V vs. 

Fc+/Fc that increases with acid concentration, indicating catalytic proton reduction by 1 at 

an overpotential of -0.55 V.  Unlike complex 1, complexes 2 and 3 have minimal anodic 

shifts in their initial reduction potentials in the presence of acetic acid (Figures 4.7 and 

4.8).  At more negative potentials in the presence of acetic acid, 2 and 3 have reduction 

waves which depend on acid concentration, which is consistent with catalytic proton 

reduction by these complexes.  The potentials for catalysis by 2 and 3 are -2.08 V and -

2.10 V respectively, which corresponds to an overpotential of -0.62 V for 2 and -0.64 V 

for 3.  Results for catalytic reduction of protons from acetic acid by 1-3 are compared to 

PDT in Figure 4.9.  This comparison demonstrates that the rate of H2 formation which is 

estimated by the maximum current at the catalytic peak, is the same, within experimental 

error, for all complexes.  It is also seen in Figure 4.9 that the overpotential for 1-3 is 

significantly lower than that of PDT with the largest decrease in overpotential occurring 

between PDT and 1 (0.20V).  The equivalent qualitative rate for H2 formation coupled 

with the decreased overpotential indicates that 1-3 are more efficient catalysts than PDT, 

with 1 being the most efficient catalyst in this study.29,82,83 
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Figure 4.6:  Background-subtracted voltammograms of ca. 1 mM 1 with various acid 
concentrations in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on a 
glassy carbon electrode at a scan rate of 0.10 V/s under purge of Ar. 
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Figure 4.7:  Background-subtracted voltammograms of ca. 1 mM 2 with various acid 
concentrations in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on a 
glassy carbon electrode at 0.10 V/s under purge of Ar. 
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Figure 4.8:  Background-subtracted voltammograms of ca 1 mM 3 with various acid 
concentrations in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate on a 
glassy carbon electrode at a scan rate of 0.10 V/s under purge of Ar. 
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Figure 4.9:  Voltammograms of ca. 1 mM PDT and 1–3 in the presence of 50 mM acetic 
acid.  Other conditions are as listed in Figure 4.2. Return scans have been omitted for 
clarity. 
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Gas-Phase Ultraviolet Photoelectron Spectroscopy 

 The He I (21.2 eV) gas-phase ultraviolet photoelectron spectra of 1-3 are 

compared to PDT in Figure 4.10.  The ultraviolet photoelectron spectra of related 

compounds have been reported previously,70,78-81,84 and are used here to aid in the 

assignment of ionizations.  The initial broad ionization ranging from 7.5 eV to 9.0 eV for 

1-3 represents ionizations from Fe-Fe sigma bonds mixed with bridgehead chalcogen 

lone pair character (HOMO of Figure 4.11) and ionizations from Fe-orbitals forming the 

sigma bonds with the six terminal CO ligands.  The second and third ionization bands 

between 8.75 and 9.5 eV represent Fe-chalcogen mixed orbitals.  These orbitals shift to 

lower ionization energies when S is replaced by Se in the core and bridgehead.  This is 

consistent with a slight decrease in electronegativity upon moving from sulfur to 

selenium as well as the decreased stability of the 4p orbitals of Se vs. the 3p orbitals of S.  

The adiabatic ionization (onset energy) for complexes 1-3 shifts to slightly lower 

ionization energies as the core is changed from S in 1 to Se in 2, and again when S in the 

bridgehead of 2 is changed for Se in the bridgehead of 3.  These small changes in 

ionization energy are in agreement with the oxidation potentials reported for complexes 

1-3 which decrease slightly from 1 to 3 and are also consistent with previous 

studies.70,78,79,84  Furthermore, the adiabatic ionization is particularly useful for validation of 

calculations, because it offers a precise experimental energy measurement which is 

devoid of intermolecular interaction. 
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Figure 4.10:  Gas-phase He I photoelectron spectra of PDT and 1–3. The black arrows 
point to the calculated vertical ionization energies (IEV) and the red, blue, and green 
arrows point to the calculated adiabatic ionization energies for three different 
conformations of the cations (IEA). IEA

0 corresponds to the lowest energy cation 
structure, and IEA

1 and IEA
2 correspond to less stable cation structures. 
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Figure 4.11:  DFT calculated highest occupied molecular orbitals (HOMO) and lowest 
unoccupied molecular orbitals (LUMO) of 1-3 (isosurface values are set at 0.05). 
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Theoretical Investigations 

 The DFT calculations used in this chapter have been shown in previous work to 

accurately model geometric structures and electronic energies for 2Fe2E complexes 

similar to compounds 1-3.29,35,60,70,78-81  Furthermore, the computational methods employed 

in this chapter have been revalidated and found to model the geometric and electronic 

structure (crystal data in Table 4.1 and IR stretching frequencies in Figure 4.12) of 

complexes 1-3 very well.  Therefore, no formal discussion of computational validations 

will be undertaken here.  Instead, this section will focus on interpreting the results from 

these calculations and how they help to explain the spectroscopy and electrochemistry of 

complexes 1-3.  
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Table 4.1:  Comparison of geometry optimized structures of 1-3 to crystallographic 
data.* 

 1 2 3 
Bond X-ray DFT X-ray DFT X-ray DFT 
Fe–Fe 2.516 2.523 2.558 2.561 2.555 2.560 
Fe–Eα 2.256 2.270 2.371 2.415 2.377 2.417 
E…Eα 3.090 3.132 3.293 3.397 3.326 3.420 
X–C 1.831 1.818 1.983 2.032 1.966 1.987 

Fe–Cβ 1.798 1.779 1.793 1.778 1.804 1.778 
C–Oβ 1.138 1.157 1.146 1.158 1.134 1.158 
Angle X-ray DFT X-ray DFT X-ray DFT 

E–Fe–E 86.41 87.23 87.99 89.41 88.80 90.09 
Fe–E–Fe 67.76 67.52 65.31 64.05 65.03 63.96 
C–X–C 102.17 97.56 101.56 97.77 94.02 93.04 
E–Fe–C 103.37 102.78 102.09 101.81 102.86 101.90 
C–Fe–C 99.06 99.71 99.85 99.93 98.96 99.79 
C–Fe–C 90.95 90.86 91.28 90.59 91.12 90.51 

*Bond length, Å; angles, degrees. α X and E are S, or Se, βAveraged over all 
CO’s. 
 
 

  



93 
 

 

 

 

 

 

 

 

Figure 4.12:  Comparison of the experimental IR spectra (solid lines) with 
DFT-calculated IR spectra (dashed lines) for PDT and 1–3. 
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Carbonyls are reporter ligands and as such, their IR stretching frequencies give 

insight into the geometry of a complex as well as the electron density on the atom to 

which they are bound.  For 1-3, the calculated CO stretching frequencies and intensity 

patterns match the experimental IR, indicating the computations model the geometry and 

electronic structure well; and therefore can be used to gain insight into the trends 

observed in the experimental IR.   Substitution of S in the bridgehead of 1 increases the 

stretching frequencies compared to PDT.  This is due to the increase in electron affinity 

of S vs. C.  Maintaining S in the bridgehead and substituting Se in the 2Fe2E core of 2 

decreases the CO stretching frequencies compared to 1.  This decrease can be rationalized 

by the increased donor ability of Se vs. S.  Complex 3 conserves the 2Fe2Se core from 2 

and substitutes Se in the bridgehead in place of S.  Changing the bridgehead chalcogen 

results in a minor shift to lower frequencies, indicating the effects of S vs. Se in the 

bridgehead position are muted with Se in the 2Fe2E core.  The observed CO stretching 

frequencies of 1-3 shift with electronegativity trends of the bridgehead atom (with slight 

deviations as mentioned above), which have also been observed in ADT and ODT. 25-27  

 Calculated electron densities on the Fe centers support the trends found in the IR 

stretching frequencies.85  The electron density at the Fe centers of 1 is calculated to be 

0.005 e- less than at the Fe-centers in PDT thus resulting in higher CO stretching 

frequencies for 1.  The electron density on the Fe centers of 2 is calculated to increase by 

0.06 e- compared to 1 fitting with the shift to lower frequencies for 2. There is also a mild 

0.003 e- increase in electron density at the Fe centers of 3 compared to 2 which is 

consistent with the minimal shift to lower stretching frequencies observed in 3.  

Chalcogen character in the bridgehead for complexes 1-3 also causes an unequal 
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distribution of charge at the two Fe centers with the Fe closest to the chalcogen having 

higher electron density due to through space donation from the chalcogen to the Fe-

center. 

Effects of chalcogen lone pair mixing are observed in the gas-phase photoelectron 

spectra of 1-3 and are seen computationally in the HOMO plots in Figure 4.11.  The 

calculated ionization energies for PDT and 1-3 are represented as arrows in Figure 4.10.  

The vertical ionization (IEv), which is calculated as the difference in energy between the 

neutral complex and the cation without geometry optimization is shown as a black arrow.  

As can be seen by the positions of the black arrows in Figure 4.10, the vertical ionization 

is calculated to be similar for PDT and 1.  Substitution of Se for S in the 2Fe2E core 

destabilizes the adiabatic ionization of 2 compared to 1.  The vertical ionization is further 

destabilized by substitution of Se for S in the bridgehead of 3 compared to 2.  The trend 

of destabilization seen in the calculated vertical ionization follows the electron-richness 

trends discussed above.  The calculated adiabatic ionization is the difference in energy 

between the geometry-optimized neutral complex and the geometry-optimized cation.  

Computationally, the adiabatic ionization was investigated with three different cation 

structures for each of the complexes as seen in Figure 4.13 A-C.  The top oxidation 

pathway for each complex was found to lead to the most stable cation and gives rise to 

IEA
0.  Geometry optimization of the cation for IEA

0 results in a structure, where a CO has 

moved into a semi-bridging position and the bridgehead points toward the vacant site on 

the rotated Fe-center.  Geometry optimization of a bridging cation with the bridgehead 

pointed away from the vacant site on the rotated Fe gives rise to IEA
1 and is shown in the 

middle oxidation pathways of Figure 4.13 A-C.  The final cation geometry investigated 
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had all CO ligands remain in a terminal position (bottom oxidation pathways in Figure 

4.13 A-C).  This structure gave rise to the calculated adiabatic ionization IEA
2.  The 

calculated adiabatic ionizations from Figure 4.13 A-C are plotted as red, blue, and green 

arrows on Figure 4.10.  For PDT, IEA
0-2 are found to lie on the He I spectrum with IEA

0-1 

correlating to the onset energy of the spectrum which is taken as the experimental vertical 

ionization.  However, in complexes 1-3 IEA
0 does not correspond to the onset energy in 

the photoelectron spectra.  Instead IEA
0 is calculated to be lower than the onset energy.  

This is due to a strong interaction between the vacant site on the rotated Fe and chalcogen 

lone pair electrons which results in the bridgehead of 1-3 bending severely toward the 

vacant site on the rotated Fe.  This geometry is very reminiscent of the active site of the 

[FeFe]-hydrogenase, suggesting the enzyme may have a lone pair of electrons interacting 

with a vacant site on the rotated Fe-center.7,8,20  Ultimately, this interaction between the 

bridgehead chalcogen and the vacant site leads to a large geometric rearrangement which 

is too large to be observed on the fast timescale of the photoelectron experiment.  These 

large geometric rearrangements are manifest in large reorganization energies for 

complexes 1-3(Table 4.2).  Due to the smaller rearrangement upon ionization, the cation 

structures which give rise to IEA
1 more closely match the onset energy in the 

photoelectron spectra of complexes 1-3.  

 Comparison of calculated oxidation potentials (Figure 4.13 A-C) to 

experimentally determined oxidation potentials by cyclic voltammetry shows that the 

cations giving rise to IEA
1-2 agree well with the strong oxidation near 0.70 V vs. Fc+/Fc.  

Close examination of the voltammograms shows weak anodic features ranging from 0.10 

to 0.25 V which correlate well with the oxidation potentials for IEA
0 (red arrows in Figure 
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4.2).  Therefore, unlike the photoelectron experiments, the most stable cation for 

complexes 1-3 appears to be observable on the slower time scale of cyclic voltammetry. 

Reduction of complexes 1-3 is predicted to break the Fe-Fe bond, as indicated by 

the LUMO plots in Figure 4.11. The calculated reduction potentials of complexes 1-3 are 

shown in Figure 4.14 A-C.  Unlike PDT, complexes 1-3 undergo potential inversion 

similar to previous complexes29,86 and computational investigations into the reduction 

process results in four possible routes for potential inversion of 1-3.  In Figure 4.14 A, 

reduction of the neutral complex leads to three possible anions, with the most stable 

being the all-terminal CO complex (middle pathway).  However, complications in the 

reduction mechanism arise at the second reduction.  Reduction from the all-terminal 

anion to either the upper rotated dianion or the lower rotated dianion results in average 

reduction potentials for the overall two electron process of -1.57 V for reduction to the 

upper dianion structure and -1.53 V for reduction to the lower dianion structure.  The 

0.04 V calculated difference leaves these two pathways virtually indistinguishable from 

one another.  To complicate things further, the upper reduction pathway represents an 

overall two-electron process with an average potential of -1.57 V, and the lower pathway 

results in an overall two-electron reduction with an average potential of -1.52 V 

suggesting energetically these two pathways are similar to the previously-discussed 

central pathway.  One reduction pathway can be ruled out and that is reduction of the all 

terminal CO anion to the all terminal dianion, as this does not lead to potential inversion.  

Similar results as those discussed above are seen in Figure 4.14 B and C for complexes 2 

and 3 respectively.  Although a single possible path for reduction to the dianion cannot be 

determined, all these reduction pathways have a common thread.  That is the dianion 
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must rotate by breaking a Fe-chalcogen bond and moving CO into a bridging position in 

order to achieve potential inversion.  Investigations of the DFT calculations do not give a 

clear explanation for the shift from a one-electron reduction of PDT to a two-electron 

initial reduction of 1-3.  As shown in chapter 5 the initial reduction of PDT shifts from a 

one-electron reduction in CH3CN to a two-electron reduction in CH2Cl2 suggesting 

solvents and or electrolyte play a significant role in potential inversion and may be part of 

the observed change from a one-electron process for PDT and the two-electron processes 

observed for 1-3.  Due to the complex nature and multiple species involved in the 

reduction process, a mechanism for proton reduction by complexes 1-3 was not proposed.    
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Table 4.2:  List of computed vertical (IEV), adiabatic (IEA
0) and reorganization (Er) 

energies for complexes PDT and 1-3. 

Complex IEV (eV) IEA
0

 (eV) Er (eV) 

PDT 8.08 7.48 0.60 

1 8.00 7.29 0.71 

2 7.82 7.25 0.57 

3 7.75 7.07 0.68 
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Figure 4.13:  Calculated neutral and cation structures of complex 1-3.  The most stable 
geometry for the cation is represented in the top pathway.  The middle path way leads to 
a higher energy rotated structure in which the bridgehead points toward the apical CO on 
the non-rotated Fe-center.  The bottom pathway depicts the calculated structure of the 
non-rotated cation.  The values in orange are the calculated solution oxidation potentials 
corresponding to each cation structure, and the red, blue and green values are gas phase 
adiabatic ionization energy (IEA). A) Oxidation and adiabatic ionizations for complex 1.  
B) Oxidation and adiabatic ionizations for complex 2.  C) Oxidation and adiabatic 
ionizations for complex 3. 

  



101 
 

 

 

 
 

 

Figure 4.14:  Calculated anion and dianion structures with their associated solution 
reduction potentials. A) Calculated reduction mechanism for complex 1.  B) Calculated 
reduction mechanism for complex 2.  C) Calculated reduction mechanism for complex 3.  
In each reduction mechanism, there are four possible paths that lead to potential inversion 
and an overall two-electron initial reduction. 
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Conclusions 

 Effects of chalcogen substitution in the bridgehead and the 2Fe2E core of the 

neutral complexes 1-3 were observed primarily by IR spectroscopy, X-ray 

crystallography and DFT computations.  Substitution of S in the bridgehead of 1 

increases the CO stretching frequencies compared to PDT.  This is due to the slight 

increase in electron affinity of S vs. C.  Similar increases in CO stretching frequencies 

were observed when the electronegative heteroatoms N and O were placed in the 

bridgehead of ADT and ODT.25-27  Conserving the S in the bridgehead and substituting Se 

in the 2Fe2E core of 2 decreases the CO stretching frequencies compared to 1.  This 

decrease can be rationalized by the increased donor ability of Se vs. S.  Complex 3 

conserves the 2Fe2Se core from 2 and substitutes Se in the bridgehead in place of S.  

Changing the bridgehead chalcogen results in a minor shift to lower stretching 

frequencies indicating the effects of S vs. Se in the bridgehead position are muted with Se 

in the 2Fe2E core.  Density functional theory calculations confirmed the trends observed 

in the IR spectra and showed that 1-3 have significant chalcogen mixing in the HOMO. 

 DFT calculations indicate upon oxidation 1-3 undergo large geometric 

rearrangements placing a CO in a semi-bridging position and a vacant site on the rotated 

Fe-center.  The bridgehead for complexes 1-3 bends significantly toward this vacant site, 

and in the case of 1, engages in direct bonding between the S atom and the Fe-center.  

The electron donation from the chalcogen bridgehead greatly stabilizes the cations of 1-3 

to the point that the most stable cation structure is not observed on the timescale of the 

ultraviolet photoelectron spectroscopy experiments.  On the slower time scale of cyclic 
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voltammetry, the most stable cations for 1-3 were observed as weak irreversible 

oxidations ranging from 0.1 to 0.25 V vs. Fc+/Fc. 

 Incorporation of S and Se atoms in the bridgehead also has drastic effects on the 

reduction of 1-3 compared to PDT.  Unlike PDT, which is a one electron initial reduction, 

the initial reduction of 1-3 is a two-electron potentially inverted process.  Potential 

inversion occurs in 1-3 due to a large geometric rearrangement in the dianion.  This 

rearrangement is a rotation of the complex facilitated by the cleavage of an 

Fe-chalocogen bond and the rotation of a CO ligand into a bridging position.  DFT 

computations suggest four potentially inverted reduction pathways which are 

indistinguishable with the electrochemical experiments performed.  The complex 

reduction pathways discussed above do not offer a clear explanation for shift from a one-

electron initial reduction of PDT to a two-electron potentially inverted reduction for 1-3.  

Work in chapter 5 indicates that the reduction of PDT in CH2Cl2 is a two-electron process 

suggesting solvent and electrolyte may play a role in potential inversion. 

Catalytic proton reduction by 1-3 occurs at a lower overpotential compared to 

PDT.  This is primarily due to the fact that 1-3 reduce to the dianion at the initial 

reduction potential allowing these complexes to enter the catalytic cycle at a lower 

potential than PDT.  The largest reduction in overpotential was observed between 

complex 1 and PDT due to substitution of S for CH2 in the bridgehead.  Substituting Se 

for S in the 2Fe2E core results in a larger overpotential for 2 and 3 compared to 1 

suggesting Se in the core has a negative effect on catalytic potential.  The reduction in 

overpotential of 1 compared to 2 and 3 might be attributed to a more favorable 

protonation of 1 upon reduction to the dianion in the presence of acetic acid as evidenced 
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by the larger anodic shift in the initial reduction potential of 1 compared to 2 and 3.  

Negligible change in catalytic overpotential was observed between 2 and 3 indicating the 

2Fe2Se core has a buffering effect on bridgehead character.  Finally, qualitative catalytic 

rates (determined by maximum current) were similar for all four compounds suggesting  

the differences in reorganization energies amongst these compounds do not drastically 

change electron transfer rates and ultimately do not affect peak catalytic currents.  From 

these results, it can be concluded that complex 1 is the best catalyst in this study because 

it catalyzes H2 production at the same rate as the other complexes and has the lowest 

overpotential.  
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CHAPTER 5 :  EFFECTS OF ALKANE LINKER LENGTH AND CHALCOGEN 
CHARACTER IN [FeFe]-HYDROGENASE INSPIRED COMPOUNDS 

Introduction 

Recently, analogues of [FeFe]-hydrogenase active site models with [2Fe2Se] 

butterfly cores have been reported.34,69-71,78-81,84  In many of these studies, enhancement in 

the catalytic rate of proton reduction was observed upon replacement of S atoms by more 

electropositive Se atoms in the butterfly core.34,69,70,78,80,81,84 The resulting enhancement in 

catalysis was mainly due to increased electron density at the Fe-centers or lowered 

reorganization energy yielding faster electron transfer.32  Substitution of Se into the 

butterfly core does not, however, guarantee a better performing catalyst.  When the 

bridgehead was an oxetane ring, the dithiolato complex had superior catalytic ability 

compared to the diselenolato derivative.79  The suppression of catalytic activity in the 

oxetane study was attributed to an inability of the cations and anions to adopt a rotated 

structure with a bridging CO and a vacant site on one of the Fe centers.  The inability to 

reach a rotated structure was credited to a lengthened Fe–Fe distance in the model 

compounds and increased size of the chalcogen in the Fe–chalcogen butterfly core.79 

A rotated structure is thought to be an essential feature for efficient diiron 

dichalcogenato catalysts inspired by the [FeFe]-hydrogenase active site.  Darensbourg 

and co-workers have reported computational studies on the relationship between 

dithiolato linker length and the energy of a rotated structure in several neutral [FeFe]-

hydrogenase active site models.87  In this study, they report a reduction in energy between 

the non-rotated and rotated forms of the models as the linker length increases. The 

decrease in energy between the non-rotated and rotated structures was due to a steric 

interaction between a methylene carbon and an apical CO on one of the Fe centers. The 
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rotated structure was further stabilized by an agostic interaction between a hydrogen atom 

on a bridgehead methylene carbon and the vacant coordination site in the rotated 

structure. 

Complexes PDS, PDT, 4, 5, and 6 (Figure 5.1) were investigated in an effort to 

better understand the effects of S and Se in the butterfly core, as well as investigate the 

role different chalcogen to chalcogen linker lengths play in catalysts of this type.  Cyclic 

voltammetry preformed on the above-mentioned complexes in the presence of acetic acid 

revealed that all were able to catalytically reduce protons to H2.  However, linker length 

had little to no effect on the rate or potential at which catalysis occurs.  Instead, catalytic 

rates for H2 formation qualitatively appear to be similar for all the catalysts, while the 

potential at which catalysis occurs is almost solely determined by the chalocogen 

character in the butterfly core.  This is a rather curious result, as DFT calculations suggest 

that longer linker lengths promote formation of rotated structures upon either oxidation or 

reduction. 
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Figure 5.1:  Left) The active site of the [FeFe]-hydrogenase.  Right) [FeFe]-
hydrogenases model compounds with increasing alkane linker lengths. 
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Experimental 

 Complexes analyzed in this chapter were provided by the individuals listed in 

table 2.1 of the experimental chapter (2).  Specifically PDT was provided by Dr. T. 

Lockett and the complex PDS was provided by Matt Swenson while complexes 4-6 were 

provided by Prof. W. Weigand, Joel Meyer and the author.  Cyclic voltammograms (CV) 

were collected on a Gamry Instruments Reference 3000 using a three electrode setup 

under purge of Ar, as described in Chapter 2.  All reported data was collected in CH2Cl2 

with 0.2 M Bu4NPF6 as supporting electrolyte on a GCE and is referenced to Fc+/Fc.  

Scan rates for voltammograms were 0.10 V/s unless otherwise noted.  Ultraviolet 

photoelectron spectra were collected as described in Chapter 2.  All samples sublimed 

cleanly between 60 and 69 °C which is below the decomposition temperature of DAG 

154 (~ 220 °C).  Density functional theory calculations were provided by Dr. T. 

Sakamoto and interpreted by the author. 

Results and Discussion 

Electrochemical Investigations 

All complexes were examined in acetonitrile as well as dichloromethane 

(CH2Cl2). Unfortunately, reproducible results were elusive in acetonitrile due to 

deposition of the compound on the GCE surface upon either oxidation or reduction. 

Deposition of compound onto the electrode after reduction was prevented by switching 

solvents from acetonitrile to CH2Cl2. Oxidative scans still showed deposition after 

switching to CH2Cl2; therefore, the electrode was polished after each scan.  Due to the 

increased reproducibility, all electrochemistry in this chapter is reported in CH2Cl2.  

Cyclic voltammograms of compounds PDS, PDT, 4, 5, and 6 in CH2Cl2 are shown in 
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Figure 5.2. Strong irreversible anodic peaks were observed at 0.75 V for PDS, 0.74 V for 

PDT, 0.77 V for 4, 0.78 V for 5, and 0.64 V for 6 vs Fc+/Fc. The oxidation potentials for 

PDS, PDT, 4, and 5 all occur in a 0.04 V range, indicating it is fairly independent of 

bridge length and chalcogen character; however, the oxidation potential for 6, which has 

the longest linker length, occurs at ~ 0.1 V less positive than the other four compounds.  

Reduction potentials for compounds PDS, PDT, 4, 5, and 6 are -1.77 V, -1.86 V, -1.62 V, 

-1.63 V and -1.53 V, respectively, vs Fc+/Fc (Figure 5.2).  At 0.10 V/s scan rate, the 1st 

reduction of PDS, PDT, 4, 5, and 6 are irreversible.  For all compounds, the reversibility 

of the first reduction increases with increased scan rate (Figure 5.3). The initial reduction 

for all compounds in CH2Cl2 is assigned as a two-electron potentially inverted process, 

determined by scan rate studies and the fact that the maximum current is approximately 

twice as large as the current of the known one-electron oxidation of Fc+/Fc under the 

same conditions. While all compounds show a dependence on scan rate, compounds 4 

(right Figure 5.3) and 6 have a more complex relationship.   
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Figure 5.2:  Voltammograms of 1 mM PDS, PDT, 4, 5, and 6 obtained in CH2Cl2 
containing 0.20 M tetra-n-butylammonium hexafluorophosphate on a glassy carbon 
working electrode (0.100 V/s). The black rectangles show the potentials obtained from 
CH2Cl2 computations. 
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Figure 5.3:  Voltammograms of 1 mM PDS (left) and 4 (right) obtained in CH2Cl2 
containing 0.20 M tetra-n-butylammonium hexafluorophosphate on a glassy carbon 
working electrode at the scan rates listed. 
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Scan rate studies of compounds 4 (Figure 5.3) and 6 show an interesting trend.  In 

both cases, the normalized maximum current increases when the scan rate is increased 

from 0.05 V/s to ~1.0 V/s.  At rates faster than 1.0 V/s the maximum normalized current 

decreases as the rate increases.  This observation suggests two different chemical 

processes could be occurring simultaneously upon reduction of these compounds and at 

different rates.  The first is the slowest process, and it is observed at moderate scan rates.  

This slow process might be due to dimer formation or decomposition of the anion which 

causes the overall process to be frozen at a one-electron reduction. Once this first 

chemical step is outpaced, the second process is observed.  The second chemical process 

is a geometric rearrangement from a compound with all terminal COs to a rotated 

compound with a CO in a bridging position and a lengthened Fe-chalcogen bond.  This 

rearrangement leads to potential inversion and an overall two-electron reduction process, 

yielding an increase in normalized current similar to that seen in many other [FeFe]-

hydrogenase model compounds.29  At rates above 1.0 V/s, the normalized current begins 

to decrease, suggesting the scan is beginning to outpace the kinetics of rotation, resulting 

in a change toward a one-electron process. 

Overall, the trends in electrochemistry are as follows.  The reduction potentials 

appear to depend mostly on chain length, with the potentials becoming more negative (-

1.53 V for 6 to -1.77 V for PDS) as the linker length decreases. Oxidation potentials for 

PDS, PDT, 4 and 5 are independent of linker length or chalcogen character while the 

oxidation potential of 6 shifts negatively by 0.10 V compared to the other four catalysts. 

There does not appear to be a strong correlation between chalcogen character and 
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oxidation or reduction potentials. It is also interesting to note that compound 6 has both 

the lowest oxidation and reduction potential of all the complexes presented in this work. 

Catalysis 

The catalytic activity of PDS, PDT, 4, 5, and 6 was explored by cyclic 

voltammetry in the presence of 2-50 mM acetic acid in CH2Cl2 (Figure 5.4).  In the 

presence of acid, the onset of the initial two-electron reduction shifts anodically by 0.08 

V for all compounds, suggesting an interaction between the acid and catalyst.  The anodic 

shift of the initial reductions is also associated with an increase in current for complexes 

PDS, 4, 5 and 6. The current, however, does not increase with acid concentration, 

indicating that catalysis is not occurring at this potential.  At more negative potentials, 

PDS, 4, 5, and 6 have a new reduction which increases in current with acid concentration. 

The current dependence of this reduction on acid concentration is consistent with 

catalytic reduction of protons.  Half-maximum current potentials for PDS, 4, 5, and 6 are 

-2.02, -2.09, -1.86 and -2.04 V vs Fc+/Fc respectively. Unlike the other four compounds, 

the current at the first reduction of PDT increases with acid concentration, indicating 

catalysis is occurring at the initial reduction. The potential for catalytic proton reduction 

by PDT is -1.79 V vs Fc+/Fc.  This is the lowest catalytic potential observed in this study. 

The pKa of acetic acid in CH2Cl2 is not known, and therefore, direct determination of the 

overpotential is not feasible.21  However, it is clear that in CH2Cl2 the 2Fe2S-containing 

compounds reduce protons at lower potentials than 2Fe2Se compounds and the 

chalcogen-to-chalcogen linker length does not seem to play a large role in catalytic 

reduction potential or rate of H2 evolution.  
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Figure 5.4:  Voltammograms of ca. 1 mM PDT, PDS, 4, 5, and 6 in the presence of 50 
mM acetic acid. Other conditions are as noted in Figure 5.2. Return scans are omitted for 
clarity. 
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Ultraviolet Photoelectron Spectroscopy 

Gas-phase ultraviolet photoelectron spectroscopy (UPS) offers a direct 

experimental probe of the valence electron energies in the absence of intermolecular 

interactions as well as access to a FeIFeII oxidation state, which is the same as that 

observed in the enzyme active site.18,20  He I UPS spectra of similar compounds have 

been reported previously and will be used here to aid in assignment of ionization 

bands.70,78,78-81,84  The He I spectra of PDS, 4, and 6 shown in Figure 5.5 feature three 

main regions of ionization. The broad first ionization, ranging from 7.3 to 8.9 eV, 

corresponds to ionizations from the HOMO through the HOMO-6.  These ionizations are 

primarily metal-based and represent the Fe–Fe sigma bond and six occupied 3d orbitals 

on the two Fe centers, mixed with some Se lone pair character.  The second band, ranging 

from 8.7 to 9.4 eV, represents ionizations from the HOMO-7 and has significant Se and 

Fe character.  The third ionization region represents the HOMO-8, and HOMO-9 and 

consists of ionizations from orbitals that are primarily Se in character.   

The adiabatic ionization (IEA) which is the low energy onset in the UPS spectra 

for compounds PDS, 4, and 6, is observed around 7.4 eV. The onset ionization energy 

decreases slightly as the linker length increases, indicating a slight destabilization in the 

Fe–Fe bond.  The trends in IEA seen in UPS are in agreement with the trends in oxidation 

potentials found using cyclic voltammetry.  The long sloping energy profile in the first 

band of 6 suggests that there is a larger reorganization energy between the vertical and 

adiabatic ionization of 6, compared to PDS and 4. 
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Figure 5.5:  He I photoelectron spectra of PDS, 4, and 6.   The black arrows point to the 
calculated vertical ionization energies (IEV).  The red, blue and green arrows indicate the 
calculated adiabatic ionization energies for different geometries of the cations (IEA).  IEA

0 
corresponds to the lowest energy cation structure, and IEA

1 and IEA
2 correspond to less 

stable cation structures. 
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Computational Investigations 

Theoretical studies of PDS, PDT, 4, 5, and 6 were carried out using DFT 

computational methods established for previously-reported [FeFe]-hydrogenase model 

compounds.29,35,60,70,78-81  Comparison of structural parameters between optimized 

geometries and crystal structures are listed in Table 5.1. For PDS, 4, and 6 the DFT-

optimized Fe–Fe distances agree within 0.02 Å of crystal structure geometries, and the 

length of the Fe–Fe distance is found to decrease in 4 and 6 when the length of bridging 

alkane chain is increased from a three carbon chain to a five carbon chain.  The Fe-Fe 

distance is of particular interest as its length has been shown to greatly affect the 

formation of a rotated structure in [FeFe]-hydrogenase functional mimics.79   

The CO stretching frequencies (ν-CO) are sensitive to the electron-density at the 

metal centers and provide an excellent avenue for validation of the electronic and 

structural calculations of [FeFe]-hydrogenase model compounds.  Figure 5.6 

demonstrates the good agreement in absorption intensities and frequencies between the 

calculated and experimental IR spectra of PDS, PDT, 4, 5, and 6, indicating that the DFT 

methods used are modeling the geometry and electron distribution sufficiently well.  

Only small differences exist in ν-COs of the five compounds in this study.  For Se-

containing compounds PDS, 4, and 6, there is a shift to lower frequencies when 

compared to the S-containing compounds PDT and 5.  This shift to lower ν-CO indicates 

that there is more electron density being donated into the π-backbonding orbitals of the 

COs in the Se-containing compounds.  The shift to lower ν-CO upon switching from S to 

Se is expected due to electronegativity trends.34,69,70,78,80,81,84  Furthermore, the lack of 
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significant change in ν-CO with linker length indicates it plays little role in the amount of 

electron density donated to the Fe centers.  

Similar to the IR spectra, the electronic properties of PDS, 4, 5, and 6 were further 

investigated by examining the calculated HOMO and LUMO (shown in Figure 5.7).  The 

HOMOs for all complexes studied were found to be predominantly Fe d-based orbitals 

with almost no orbital mixing between the bridging alkane and the Fe centers.  Likewise, 

the LUMOs for all complexes studied were found to be mainly metal-metal antibonding 

mixed with Fe-chalcogen antibonding character.  The HOMO and LUMO character of 4, 

5, and 6 were calculated to be similar to those of PDS, and also similar to the previously-

studied PDT and PDT-like compounds.61,70,78,80,81,84  
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Table 5.1:  Comparison of Crystallographic Data with the Calculated Structures of PDS, 
4, and 5. 

 PDS 4 5 
Bond/Angle X-ray DFT X-ray DFT X-ray DFT 
Fe–Fe 2.561 2.557 2.537 2.548 2.543 2.534 
Se…Se 3.249 3.343 3.308 3.396 3.341 3.457 
Fe–Se–Fe 65.4 64.0 64.5 63.5 64.6 62.7 
Fe-Fe-C 148.2 151.7 149.9 153.6 154.7 156.6 
*Bond length, Å; angles, degrees.  
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Figure 5.6:  Comparison of the experimental IR spectra (solid lines) with DFT-calculated 
IR spectra (dashed lines) for PDS, PDT, 4, 5, and 6. 
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Figure 5.7:  Highest-occupied (HOMO) and lowest-unoccupied (LUMO) molecular 
orbitals of PDS, 4, 5, and 6. (isosurface value is 0.05). 
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Calculated ionization energies are indicated by a series of arrows on the 

photoelectron spectra shown in Figure 5.5. The vertical ionization energies (IEV), 

calculated by the difference in energy between the neutral molecule and the cation 

without a change in geometry, are found to be 7.95 eV for PDS, 7.93 eV for 4, and 7.78 

eV for 6. The adiabatic ionization energies (IEA) of these compounds are calculated as the 

difference in energy between the neutral complex and the geometry-optimized cation as 

shown in Figure 5.8. For complexes PDS and 4, three cation conformations were 

geometry optimized.  Of the three conformations, two represent rotated cations with a CO 

in a semi-bridging position while the third conformation represents a cation which 

maintains all COs in terminal positions.  The lowest energy structures for the cations of 

PDS and 4 place the central methylene unit toward the vacant site on the rotated Fe atom 

(IEA
0) and the other rotated structure is higher in energy and places the central methylene 

in close proximity to the apical CO on the non-rotated Fe atom (IEA
1).  The highest 

energy cation structure corresponds to an all terminal CO conformation similar to the 

neutral molecule (IEA
2).  The IEA

0 conformation was found to be the global minima 

giving the lowest adiabatic ionization energy.  The other two conformations, IEA
1 and 

IEA
2, are local minima giving higher adiabatic ionization energies.  In PDS, both the 

global minima IEA
0 and local minima, IEA

1, show good agreement with the onset of 

ionization intensity as expected from the previous PDT study.61  Unlike PDS, the most 

stable cation conformations for 4 and 6 are not found within the vibrational manifold of 

the cation.  Instead, the higher energy conformations giving rise to IEA
1 and IEA

2 for 4 

and IEA
1 in 6 correspond to the onset energy of the photoelectron spectra. Compound 6 

strongly favors a rotated structure due to a shortened Fe–Fe distance, larger bridging 
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alkane linker strain, and increased steric repulsion between the apical CO and a 

methylene on the bridging ligand; and therefore, only two cation conformations are 

calculated (Figure 5.9).  

The global minima of 4 and 6 do not correlate with the adiabatic ionization. 

Instead, both show increased stabilizations as the length of bridging alkane linker is 

lengthened. This stabilization is extremely evident in the lowest energy conformation of 

6, top right in Figure 5.9.  One Fe(CO)3 group has rotated to place a CO in a semi-

bridging position and the central methylene unit is bent severely toward the open site of 

the rotated Fe-center, initiating an agostic interaction and greatly stabilizing the cation. A 

similar result is seen in 4 upon oxidation but to a lesser extent; thus, having longer 

bridging alkanes in 4 and 6 provides more stabilization to the electron-deficient Fe-center 

than PDS.  This is not unlike dichalcogenato compounds containing S and Se in the 

bridgehead position, which have previously been shown to have a strong interaction 

between that bridgehead chalcogen and the rotated Fe-center.61  
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Figure 5.8:  Calculated neutral and cation structures of molecule PDS. The semi-bridging 
CO cation structure, the central methylene units away from the apical terminal CO is in 
the upper right, and with the central methylene units the same side as apical terminal CO 
is in the middle. The cation structure without a bridging carbonyl is in the lower right. 
The number in black on the neutral molecule structure is the gas phase vertical ionization 
energy (IEV).  E1

0 represents the calculated solution oxidation potentials.  IEA
0 , IEA

1and 
IEA

2 are gas phase adiabatic ionization energy. 
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Figure 5.9:  Calculated neutral and cation structures of molecule 6. The semi-bridging 
CO cation structure, the central methylene units away from the apical terminal CO is in 
the upper right, and with the central methylene units the same side as apical terminal CO 
is in the lower right. The number in black on the neutral molecule structure is the gas 
phase vertical ionization energy (IEV).  E1

0 represents the calculated solution oxidation 
potentials.  IEA

0and IEA
1 are gas phase adiabatic ionization energy. 
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The calculated potentials for PDS, PDT, 4, 5, and 6 are compared with the 

voltammograms shown in Figure 5.2 (black rectangles). Good agreement is found with 

the calculated oxidation potentials based on the structures that gave rise to IEA
0 and IEA

1 

in the photoelectron spectrum.  For PDS, PDT, 4, and 5 the calculated oxidation 

potentials of the non-rotated cations are found to be significantly more positive than the 

experimental values. 

The calculated reduction potentials of PDS and 6 are shown in Figure 5.10 and 

5.11 and are compared to the voltammograms in Figure 5.2 (black rectangles). Calculated 

reduction potentials for PDS and PDT indicate there is only one pathway that agrees with 

the experimentally determined two-electron potentially inverted initial reduction. For 

PDS and PDT, the first reduction results in rotation of an apical CO into a semi-bridging 

position with the central methylene unit pointing toward the rotated vacant site. The 

lowest energy dianion structures of PDS and PDT were found to be bridging structures 

with the second reduction potential less negative than the first reduction from the neutral 

molecule to the anion. The potential for the two-electron process is estimated by the 

average potential of the two separate reduction processes.29  Calculated reduction 

pathways for compounds 4, 5, and 6 are more complex, as there are two pathways that 

lead to potential inversion.  In these pathways the first reduction can lead to a rotated 

structure analogous to those described for PDS and PDT.  However, calculations also 

suggest there is a higher energy anion in which all CO ligands remain in terminal 

positions.  Further reduction from either of these anions results in structures which 

converge to a rotated bridging CO structure similar to that of PDS and PDT. The 

calculated reduction potential from either the rotated anion or non-rotated anion is 
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calculated to be inverted, with the average of either path (rotated first step vs. non-rotated 

first step) being indistinguishable from one another. 

Conclusions 

Significant influences on the geometry and electronic structure have been shown 

by varying the bridging alkane linker length and the chalcogen character in the 2Fe2E 

core of [FeFe]-hydrogenase active-site models.  Incorporation of Se in the butterfly core 

decreases the CO stretching frequencies compared to the S derivatives, linker length has 

little effect on the CO frequencies.  Substitution of Se for S in the neutral complexes 

PDS, 4, and 6 results in a lengthening of the Fe-Fe bond compared to PDT due to the 

increased size of Se vs. S.  Increasing the alkane linker length also affects the neutral 

structure.  As the linker length increases from PDS to 6 the FeFe distance decreases 

slightly and the Se-Se distance increases.  Additionally, there is a steric interaction 

between an apical CO and the bridging alkane.  This interaction causes the apical CO to 

be pushed down creating a more obtuse Fe-Fe-CO angle, and not surprisingly, it is the 

most evident in 6 which has the longest linker.  



128 
 

 

 
 
 
 
 

 

Figure 5.10:  Calculated anion and dianion structures of PDS. The carbonyl-bridging 
anions with the central methylene unit away from apical CO are in the upper row, and 
with the methylene unit toward the apical CO in the bottom row. The numbers in black 
are the relative free energies among the three anion or dianion structures, and the 
numbers in blue are the calculated reduction potentials 
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Figure 5.11:  Calculated anion and dianion structures of complex 6. The carbonyl-
bridged anions with the central methylene unit pointing away from apical CO are in the 
upper row, and with the methylene unit toward the apical CO in the bottom row. The 
middle row represents the all terminal CO geometries.  The numbers in black are the 
difference in free energies among the three anion or dianion structures with the lowest 
energy structure set to zero, and the numbers in blue are the calculated reduction 
potentials. 
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Computations suggest that the cations undergo major structural rearrangements in 

which an Fe(CO)3 group rotates to place an apical CO in a semi-bridging position.  This 

is interesting as the rotated cations appear to be structurally similar to the [FeFe]-

hydrogenase active site. Cations of complexes 4 and 6 are calculated to have additional 

stabilization from an agostic interaction between the vacant site on the rotated Fe-center 

and a central methylene unit in the Se-to-Se linker.  Evidence for this interaction is seen 

by the significant bending of the bridging alkane toward the vacant site on the rotated Fe-

center.  The stabilized cation structure was not seen on the time scale of the UPS 

experiment, but is observed on the slower time scale of the cyclic voltammetry.  

Major effects of these substitutions are also observed in the reduction process of 

these compounds. The first reductions of all compounds are classified as two-electron 

potentially-inverted processes similar to Benz-cat.28,29,58  Reduction to the anions results 

in a metal–chalcogen bond lengthening and a CO ligand rotating into a bridging position.  

As a consequence of these geometric rearrangements in the anions, the second reduction 

becomes potentially-inverted, resulting in an overall two-electron reduction at the first 

potential.  Longer linker lengths result in lowered reduction potentials, regardless of 

chalcogen character in the butterfly core, and appear to be the biggest factor determining 

reduction potential.  This is probably due to the steric interaction between the bridgehead 

and an apical CO helping to facilitate rotation by destabilizing the non-rotated structure.  

In the presence of acetic acid, the initial reductions of all complexes shift 0.08 V to more 

positive potentials, suggesting an interaction between acetic acid and the catalysts.  

Catalysis by the S containing compounds PDT and 5 occurs at potentials 0.23 V more 

positive on average than the Se containing catalysts PDS, 4, and 6.  Results from CV’s in 
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the presence of acid indicate that chalcogen character is the major contributor to the 

potential at which catalysis occurs. 
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CHAPTER 6 :  [η5- CpFe(CO)( µ-SMe)]2 AS AN ELECTROCATALYST FOR 
PROTON REDUCTION AND HYDROGEN OXIDATION 

Introduction 

 Hydrogenase enzymes present in nature have [NiFe], [NiFeSe], [FeFe], and [Fe]-

only active sites.4  These four types of hydrogenase function either to reduce protons to 

H2 to store energy, or oxidize H2 to release energy stored by the organism.  Of these 

different types, [FeFe] is the most active towards H2 production.  Drawing inspiration 

from [FeFe]-hydrogenase, many different Fe-based systems have been synthesized and 

shown to catalyze H2 production.  However, these Fe-based systems, unlike the enzymes, 

have not been able to oxidize H2.
4,35 

Cyclopentadienyliron dicarbonyl dimer ((η5-CpFe(CO)2)2 or Fp2) (Figure 6.1 left) 

is one example of an Fe complex previously examined as an electrocatalyst for proton 

reduction.35  In this study it was shown that Fp2 was a procatalyst that upon reduction was 

able to evolve H2 from acetic acid in acetonitrile at an overpotential of -1.04 V (Figure 

6.2). 

The mechanism of H2 production by Fp2 catalyst was proposed, and is shown in 

Figure 6.3.  The mechanism is of the ECEC type: E represents an electrochemical process 

and C represents a chemical step.  Upon reduction of Fp2, the complex dissociates into a 

radical and an anion (upper left of Figure 6.3).  The reduction of the radical Fp• to Fp- 

occurs at a more positive potential than the reduction of Fp2.  Therefore, the addition of a 

second electron occurs much faster than two radicals combining to reform Fp2.  The 

anionic species (Fp-) is then protonated to form FpH.  This is a reactive species that can 

evolve H2 through a slow homolytic pathway.  Addition of a second electron to form 

FpH-
 increases the hydricity of the complex, increasing the reactivity and leads to fast 
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protonation and evolution of H2.  The reduction of FpH to FpH- is the cause of the large 

overpotential mentioned above.  Fp2 was also shown to catalyze the reduction of protons 

from sources less acidic than acetic acid such as MeOH and H2O.  Although Fp2 was able 

to catalyze the reduction of weak acids, the overpotential was excessively large rendering 

Fp2 too inefficient to be useful as a large scale catalyst for H2 production.  It was also 

concluded that Fp- and FpH are unstable species which should be avoided in future 

catalysts.  Furthermore, Fp2, like many of the hydrogenase inspired catalysts, reduces 

protons between Fe1+ /Fe0 redox couple.  This is different than the enzyme itself, which 

catalyzes H2 production between the Fe2+/Fe1+ redox couple, and may be a factor in the 

high overpotential observed for Fp2.
4 

This work reports the study of the previously synthesized complex [η5-

CpFe(CO)SMe]2 (Figure 6.1 right) as a catalyst that conserves the capability of Fp2 to 

reduce protons from weak acid while lowering the observed overpotential.46-48  The 

complex [η5-CpFe(CO)SMe]2 differs from Fp2 in several key areas.  The iron centers of 

Fp2 are in a 1+ oxidation state, while the Fe centers of [η5-CpFe(CO)SMe]2 are in a 2+ 

oxidation state.  Fp2 requires a metal-metal bond to reach an 18 e- count while [η5-

CpFe(CO)SMe]2 is an 18 e- complex without a metal-metal bond.  The electron-

withdrawing bridging carbonyls of Fp2 have been replaced with electron-rich bridging 

thiolates.  This substitution formally oxidizes the metal centers, while also adding two 

electrons to the system which were not present in Fp2.  The changes mentioned above 

facilitate a lower catalytic overpotential for proton reduction by [η5-CpFe(CO)SMe]2 as 

well as allow [η5-CpFe(CO)SMe]2 to function as a H2 oxidizing catalyst. 
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Figure 6.1:  Fp-dimer (left) and Cis-[η5-CpFe(CO)SMe]2 (right) 
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Figure 6.2:  Background corrected cyclic voltammograms of 1mM Fp2 in the presence 
of 10mM acid .35 
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Figure 6.3:  Proposed catalytic cycle for H2 production by Fp2.

35 
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Results and Discussion 

[η5-CpFe(CO)SMe]2 was synthesized by previously-reported methods and 

characterized by comparison of NMR and IR spectra to previously-reported spectra.46-48  

The previously-unreported crystal structure was obtained by recrystallization of [η5-

CpFe(CO)SMe]2 from toluene and gives credence to the structures proposed in the 

literature.47,88-91  The crystal structure at 270 K (Figure 6.4 left) has orthorhombic 

symmetry.  At 100 K the crystal structure undergoes a reversible orthorhombic-to-

monoclinic phase transition.  It can be seen in Figure 6.4 (right) that at low temperature 

the [η5-CpFe(CO)SMe]2 adopts one of two conformations where the proton on the Cp 

ring is shifted slightly from ideal C2V symmetry.  This settling into a conformation is 

common with Cp ligands.  However, what is uncommon is that as the phase transition 

occurs, the crystal changes from having one molecule in the asymmetric unit to two 

distinct complexes in the asymmetric unit. 
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Figure 6.4:  Left) Asymmetric unit of [η5-CpFe(CO)SMe]2 at 270 K at the 50% 
probability level.  Right)  Overlay of the two distinct conformations at 100 K. 
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Gas-Phase Photoelectron Spectroscopy 

Ultraviolet photoelectron spectra of [η5-CpFe(CO)SMe]2  were collected and 

compared to the spectrum of Fp2 (Figure 6.5). The adiabatic ionization was 

experimentally determined to be 6.0 eV.   The ionization from 6.0 to 6.6 eV represents 

the HOMO of [η5-CpFe(CO)SMe]2  which has been destabilized by ~0.5 eV compared to 

Fp2.  The HOMO is primarily XY in character and is mixed mildly with the Cp ring and 

bridging thiolato ligands.  Little change in the normalized intensity between the He I and 

He II spectra for the first ionization confirms that the first ionization is from orbitals that 

are primarily Fe in character.  The next ionization bands from 6.7 eV to 7.6 eV involve 

mixing between metal and ligand orbitals.  Ionizations which are primarily S in character 

are expected to have the largest decrease in normalized intensity between He I and He II 

spectra.  Employing this idea, the ionization centered at 7.9 eV is expected to be 

primarily S in character, with little to no metal contribution. 

Electrochemistry 

Oxidative cyclic voltammograms (CV) have been reported for [η5-

CpFe(CO)SMe]2. 
90,92-94 However, the experiments were repeated on a glassy carbon 

electrode (GCE) in place of either a hanging Hg drop, Hg electrode, or platinum 

electrode.  Literature reports that the neutral species undergoes two reversible 1 e- 

oxidations to form the dicationic complex.90,92-94  The reported results have been 

confirmed on glassy carbon electrode (Figure 6.6).  A crystal structure of oxidized [η5-

CpFe(CO)SMe]2
 shows a decrease in the Fe-Fe distance compared to the neutral 

species.91  The twice-oxidized species [η5-CpFe(CO)SMe]2
2+ is therefore expected to 

have a formal metal-metal91 bond, making this dication isoelectronic with Fp2, further 
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solidifying the idea that [η5-CpFe(CO)SMe]2  has two more electrons than Fp2 even 

though the Fe centers have formally been oxidized to Fe2+ in the neutral species. 

Cyclic voltammetry for the reduction of [η5-CpFe(CO)SMe]2 
 shown in Figure 6.7 

was also run on GCE.  From these experiments, it was found that the reduction of [η5-

CpFe(CO)SMe]2 occurs at  -2.2 V vs. Fc+/Fc, which is similar to the previously reported 

reduction  potential of -2.26 V vs. Fc+/Fc on vitreous carbon.90  The maximum current 

passed at the first reduction was found to increase with scan number from ~ 30 µA and 

stabilized at ~55 µA (Figure 6.8).  The increase in current with scan number is attributed 

to adsorption of [η5-CpFe(CO)SMe]2 onto the GCE and polishing the electrode between 

scans mitigates the effects of adsorption.  The reverse wave oxidation near -1.4 V passes 

much less current and is separated by more than 58 mV from the reduction process, 

indicating the reduction is irreversible.21  Maximum reductive current does not change 

with scan number when [η5-CpFe(CO)SMe]2 is reduced under an atmosphere of CO 

instead of N2 or Ar (Figure 6.9).  Because the neutral species is already a stable 18-e- 

complex, it is not inconceivable that the dimer splits into two 17-e- monomers with a very 

reactive vacant site similar to Fp2.  Under the CO atmosphere, free CO could coordinate 

to the aforementioned vacant site, thus preventing adsorption to the electrode as seen 

under N2 and Ar atmospheres. 
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Figure 6.5:  A comparison of the photoelectron spectra of Fp2 (top) and [η5-
CpFe(CO)SMe]2  (bottom).  The red He II line has been scaled to the first peak which is 
mostly metal-based.  Decreasing intensity in the more stable ionizations suggests those 
molecular orbitals have varying amounts of ligand character. 
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Figure 6.6:  Cyclic voltammogram of ca. 1 mM [η5-CpFe(CO)SMe]2  in the presence of 
0-50 mM acetic acid in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan rate 
of 0.100 V/s under purge of N2. 
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Catalytic activity was investigated by reducing [η5-CpFe(CO)SMe]2 in the 

presence of varying concentrations of acetic acid (Figure 6.10).  The increase in current 

as acid concentration increases is consistent with the catalytic reduction of protons to H2.  

More notable is that as the concentration of acid is increased, catalysis shifts anodically 

from -2.2 V with 2mM acid present to -1.75 V vs. Fc+/Fc with 50 mM acetic acid.  This 

large shift toward less-negative potentials rises from adsorption of [η5-CpFe(CO)SMe]2 

onto the working electrode.  The anodic shift is intriguing, because as the reduction 

potential for catalysis moves to less negative potentials, the overpotential for the catalyst 

becomes smaller indicating that catalysis is more energy efficient under these conditions.  

Comparing [η5-CpFe(CO)SMe]2  to Fp2 (Figure 6.11), it can be seen that the catalytic 

current under the same conditions is slightly higher for [η5-CpFe(CO)SMe]2 and the 

potential at which catalysis is occurring is shifted positively by 0.9 V.  Acid studies of 

[η5-CpFe(CO)SMe]2 under a CO atmosphere showed a drastic change from studies under 

N2 and Ar.  Under CO the catalytic potential for proton reduction is shifted to -2.5 V vs. 

Fc+/Fc (Figure 6.12).  This indicates that CO reduces the reactivity of [η5-

CpFe(CO)SMe]2 and suggests that the adsorbed species is indeed important to the 

significant lowering of the catalytic potential for hydrogen production.  

As mentioned earlier, [η5-CpFe(CO)SMe]2 adsorbs on the electrode surface 

making it desirable to test the catalytic ability of the adsorbed species without the 

presence of free [η5-CpFe(CO)SMe]2.  To facilitate these studies, [η5-CpFe(CO)SMe]2  

was coated on the electrode by scanning until the current and reduction potential 

stabilized (similar to Figure 6.8) after which the functionalized electrode was transferred 

to a solution containing only 50 mM acetic acid and electrolyte in acetonitrile.  Results 
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from these studies showed that adsorbed [η5-CpFe(CO)SMe]2 was able to catalyze proton 

reduction from solutions containing only electrolyte and acetic acid with efficiency 

similar to solutions containing 1 mM [η5-CpFe(CO)SMe]2 with acetic acid (Figure 6.14).  

The robustness of the adsorbed species was found to be quite good and only after heavy 

rinsing with acetone was the adsorbed species removed (Figure 6.14 and 6.15). 
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Figure 6.7:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in acetonitrile 
with 0.1 M tetra-n-butylammonium hexafluorophosphate on a 0.3 cm diameter glassy 
carbon working electrode at a scan rate of 0.100 V/s under purge of N2. 
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Figure 6.8:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in acetonitrile 
with 0.1 M tetra-n-butylammonium hexafluorophosphate on a 0.3 cm diameter glassy 
carbon working electrode at a scan rate of 0.100 V/s under purge of N2. Scans were taken 
until the current stabilized (some scans have been omitted for clarity). 
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Figure 6.9:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in acetonitrile 
with 0.1 M tetra-n-butylammonium hexafluorophosphate on a 0.3 cm diameter glassy 
carbon working electrode at a scan rate of 0.100 V/s under purge of CO. Under CO 
the reduced species is much more stable and appears to not adsorb onto the electrode. 
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Figure 6.10:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2  in the 
presence of 0-50 mM acetic acid in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan 
rate of 0.100 V/s under purge of N2. There is a large positive shift in catalysis as the 
acid concentration is increased due to adsorption onto the electrode. 
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Figure 6.11:  Cyclic voltammograms of 1mM [η5-CpFe(CO)SMe]2 compared to 1mM 
Fp2 with 10 mM acetic acid in acetonitrile.35  
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Figure 6.12:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in the presence 
of 0-50 mM acetic acid in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan rate 
of 0.100 V/s under purge of CO. 
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Figure 6.13:  Cyclic voltammograms of precipitated [η5-CpFe(CO)SMe]2 in the 
presence of 50 mM acetic acid in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan 
rate of 0.100 V/s under purge of N2. The electrode was coated in a solution of 1 mM 
[η5-CpFe(CO)SMe]2 by scanning until the current stabilized. The electrode was then 
transferred to a new solution containing acetic acid and scans were taken (N1 = 1st 
scan and N2 = 2nd scan). 
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As pointed out by Pickett and Tard, a good functional mimic of the hydrogenase 

enzyme should be able to facilitate the oxidation of H2 as well as the reduction of 

protons.4  Therefore, [η5-CpFe(CO) μ-SMe]2 was investigated as a H2 oxidation catalyst 

because it undergoes two reversible oxidations as seen in Figure 6.6.  As previously 

mentioned, upon oxidation the Fe-Fe distance shortens which is consistent with the two 

17 e- Fe centers forming a metal-metal bond, bringing the electron count for each Fe 

center to 18.  Due to the metal-metal bond, it was hypothesized that the oxidized complex 

might be able to bind and oxidize H2 similar to the hydrogenase enzyme itself.   Rates for 

H2 oxidation in other systems have been reported to be very slow;95 therefore, a slow 

anodic scan rate was investigated.  At a scan rate of 10 mV/s (Figure 6.16), there is no 

change between the first oxidation under either N2 or H2.  After the first oxidation and 

before the second oxidation, there is an increase in current under an atmosphere of H2.  

Maximum current is also increased at the second oxidation with loss of reversibility on 

the cathodic scan.  The increase in current at the second oxidation may be cause by the 

reduction of [η5-CpFe(CO)SMe]2
2+ by H2.  The reduction of [η5-CpFe(CO)SMe]2

2+ by H2 

would also cause a decrease in current on the reductive wave.  If the small changes in 

current are indeed from oxidation of H2, addition of a base should increase the rate of H2 

oxidation by removing protons generated during the process.  To test this hypothesis CVs 

were collected with added triethylamine (Figure 6.17).  The addition of 5 mM 

triethylamine gives rise to an increase in current at the second oxidation.  However, 

further addition of triethylamine lead to a loss of the second oxidation, suggesting 

possible degradation of the catalyst.  Although catalyst degradation might occur in the 
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presence of high concentrations of triethylamine, further investigations to determine if H2 

oxidation is occurring are warranted. 

Conclusions 

The complex [η5-CpFe(CO)SMe]2 was successfully implemented as an 

electrocatalyst for proton reduction.  The catalytic overpotential for proton reduction was 

significantly lowered by 0.9 V compared to Fp2 while maintaining similar or slightly 

better catalytic activity.  This is a step in the right direction for catalysts of this type, 

because typically a reduction in overpotential is associated with a reduction in catalytic 

activity.  Unfortunately, mechanistic reasons for the improvement in catalytic 

overpotential and increased current over Fp2 are not clear cut and easy to explain because 

the reduction of [η5-CpFe(CO)SMe]2 in acetonitrile leads to precipitation onto the GCE.  

The precipitated species is very interesting because it catalyzes the reduction of protons 

to molecular hydrogen at an overpotential of -0.3 V.  The adsorbed species is also 

relatively robust and can be transferred to solutions containing only acid and electrolyte 

and continue catalyzing H2 formation. 

The oxidized dication of [η5-CpFe(CO)SMe]2 appears to be reduced by H2 at slow 

rates in saturated solutions of H2.  The rate of oxidation is increased with added base; 

however, high concentrations of base result in degradation of [η5-CpFe(CO)SMe]2.  The 

results from the oxidized catalyst are exciting, because to my knowledge, this is the first 

[FeFe]-hydrogenase mimic that is able to go both ways and oxidize H2 to H+
  and reduce 

H+ to H2 similar to the enzyme itself.  
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Figure 6.14:  Scans showing the robustness of the [η5-CpFe(CO)SMe]2 functionalized 
glassy carbon electrode in a solution of acetonitrile containing 0.1 M TBAH and 50 mM 
acetic acid.   
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Figure 6.15: Scans after washing the [η5-CpFe(CO)SMe]2 functionalized glassy carbon 
electrode with copious amounts of acetone.  Conditions were 0.1 M TBAH in acetonitrile 
with a 50 mM concentration of acetic acid at a scan rate of 100 mV/s 
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Figure 6.16:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in acetonitrile 
with 0.1 M tetra-n-butylammonium hexafluorophosphate on a 0.3 cm diameter glassy 
carbon working electrode at a scan rate of 0.010 V/s under purge of N2 (blue) or H2 

(purple). 
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Figure 6.17:  Cyclic voltammograms of ca. 1 mM [η5-CpFe(CO)SMe]2 in the 
presence of 5mM triethylamnie in acetonitrile with 0.1 M tetra-n-butylammonium 
hexafluorophosphate on a 0.3 cm diameter glassy carbon working electrode at a scan 
rate of 0.010 V/s under purge of N2 (blue) or H2 (green).  
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CHAPTER 7 :  CONCLUSIONS AND FUTURE DIRECTIONS 

 Functional mimics of the [FeFe]-hydrogenase were investigated with ultraviolet 

photoelectron spectroscopy, electrochemistry and density functional theory calculations 

to determine the effects substitutions of the bridging ligand and/or the 2Fe2E core have 

on the geometry, electronic structure, and catalytic ability of [FeFe]-hydrogenase 

functional mimics.  This three-pronged approach results in a more complete picture than 

could be obtained by using only physical experiments or theoretical methods.  The 

insights gained from these studies are discussed below. 

Chalcogen to chalcogen linker effects 

When pyrazinedithiolato was used as the bridging ligand, the increased electron 

withdrawing effects of pyrazine were observed as higher ν-CO stretching frequencies, an 

increase in the onset energy of the UPS spectrum, and a lowered initial reduction 

potential compared to benzene-1,2-dithiolato bridging ligand.  All of the above-

mentioned trends were reproduced with DFT calculations.  Benzene-1,2-dithiolato has 

been shown to buffer successive oxidation states,56,57  and this buffering is conserved in 

pyrazine-cat and is evidenced through the striking similarities in experimental and 

calculated values for pyrazine-cat and benz-cat. Catalytic reduction of protons by 

pyrazine-cat was determined to occur at an overpotential of -0.49 V, which is 0.08 V 

lower than benz-cat.  The earlier onset of catalysis by pyrazine-cat vs. benz-cat is a result 

of pyrazine-cat reducing to the dianion at -1.15 V vs. Fc+/Fc compared to -1.32 V vs. 

Fc+/Fc for benz-cat and thus entering the catalytic cycle at a less reducing potential than 

benz-cat.  Decreasing the overpotential for catalysis by 0.08 V from benz-cat to pyrazine-

cat represents a 16% improvement.  DFT calculations suggest multiple mechanisms for 
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proton reduction.  The first mechanism is identical to the ECEC mechanism reported for 

benz-cat while the second mechanism results in protonation of a N atom in the pyrazine 

ring.  Catalytic reduction of protons by pyridine and pyrazine are reported in literature63-

68  and cyclic voltammograms of pyrazine-cat under CO suggests a N-based mechanism 

is possible; however, this mechanism occurs at a much larger overpotential (-0.75 V) than 

the Fe-based mechanism.   

 Inclusion of either a S or Se atom in the bridgehead position of complexes 1-3, 

which are similar to PDT had significant effect on the neutral, cation, and anion 

structures as well as the redox chemistry and catalysis.  In the neutral complex, 

substitution of S for CH2 in the bridgehead results in higher carbonyl stretching 

frequencies.  Switching the bridgehead chalcogen from S to Se does not significantly 

change the carbonyl stretching frequencies.  These changes in stretching frequencies can 

be explained with changes in electronegativity with S being slightly more electronegative 

than C and Se being equal to C.  Calculations on the neutral complexes with chalcogens 

in the bridgehead indicate that the HOMO switches from primarily FeFe-antibonding in 

PDT to having significant chalcogen lone pair character. 

While the presence of chalcogen character in the bridgehead is seen in the neutral 

complex, the effects of S and Se are even more evident in the cations and anions of 

complexes 1-3.  Calculations on the cation structures of 1-3 indicate that oxidation results 

in a CO ligand rotating into a semi-bridging position creating a vacant site on one of the 

Fe centers.  This rotated position in and of itself is not unique to this series of molecules; 

however, what is unique is that the bridgehead chalcogen bends significantly toward the 

vacant site on the rotated Fe.  In the most extreme case, 1, one set of the sulfur lone pair 
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electrons actually engages in direct bonding with the Fe-center.  Bending toward the 

vacant site stabilizes the cations to the point that the most stable structure of the cations 

for 1-3 does not correspond to the onset ionization of the UPS spectra.  Bending of the 

bridgehead toward the vacant site results in a structure which is very similar to the 

composite crystal structure of the active site of the [FeFe]-hydrogenase active site. 

Effects of the chalcogen in the bridgehead were also seen in the reduction of 

complexes 1-3.  Unlike PDT the initial reduction of 1-3 is a two electron potentially 

inverted process.  Potential inversion in complexes 1-3 is a result of a repulsive 

interaction between the S and Se lone pair electrons and the reduced Fe-centers.  This 

repulsive interaction helps to form a rotated structure in which a Fe-S or Fe-Se bond in 

the core breaks and a CO moves into a bridging position.  Potential inversion results in 

complexes 1-3 reducing to a dianion at a potential which is positive of the initial 

reduction potential of PDT.  Ultimately, this results in catalytic proton reduction by 1-3 

occurring at a lower overpotential than PDT with a similar rate for H2 formation.  

Therefore, addition of chalcogens in the bridgehead results in catalysts that are slightly 

better performing than PDT. 

Investigations of complexes with 1,3-propane, 1,-4butane, and 1,5-pentane 

chalcogen to chalcogen linkers were also undertaken. It was found in the neutral 

complexes of the butane and pentane linkers that there was a steric interaction between an 

apical carbonyl on one of the Fe-centers and the bridging moiety.  This interaction 

manifested in a flattening of the Fe-Fe-C angle with the largest steric interaction 

occurring in the pentane bridged complex (6).  While the addition of longer linkers does 
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affect the geometry of these complexes, carbonyl stretching frequencies indicates that 

linker length does little to change the electron density at the Fe-centers. 

Effects of linker length are more prevalent in the cations of 4, 5, and 6.  DFT 

calculations indicate that these complexes favor a rotated structure in the oxidized state.  

The rotated structure is similar to the one described above with a CO ligand moving to a 

semi-bridging position, resulting in a vacant site on the rotated Fe-center.  The most 

stable form of the cation has the bridgehead pointed toward this vacant site.  In the butane 

and pentane bridged complexes (4 and 6), there is also an agostic interaction which forms 

between a methylene unit in the bridge and the vacant site on the rotated iron which 

stabilizes the cation.  The large geometric rearrangement is too slow to be observed on 

the time scale of the UPS experiment.  The agostic interaction in conjunction with a 

destabilization of the neutral species results in calculated adiabatic ionizations for 4 and 6 

which are lower in energy than the onset ionization energy in the UPS spectra.  Chain 

length does not appear to play a large role in oxidation potentials. 

Reduction potentials determined by CV decrease from propane to pentane and all 

reductions regardless of chalcogen character are two electron potentially inverted 

processes.  The decrease in first reduction potentials as linker length increases is a 

product of the steric interaction between the bridgehead and an apical CO which helps the 

formation of a rotated structure.  Potential inversion occurs because the anions of these 

complexes undergo geometric rearrangements.  Reduction to the anion results in a Fe-

chalcogen bond lengthening and a CO moving into a bridging position.  By undergoing 

this reorganization, the second reduction becomes more thermodynamically favorable 

than the first leading to a two electron process at the first reduction potential.  The 
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potential at which catalysis occurs is independent of linker length and rates of catalysis 

by these compounds are similar in all cases. 

Chalcogen Character in the 2Fe2E Butterfly Core 

 In all cases in this work, substitution of Se for S in the butterfly core results in a 

lengthening of the Fe-Fe distance.  The increase in Fe-Fe distance is a result of the 

increased size of the selenium atoms compared to the sulfur atoms.  Addition of Se to the 

core also decreases the carbonyl stretching frequencies due to the increased electron 

donor ability of the Se atoms compared to S atoms.  The onset energy in the UPS spectra 

for complexes containing Se atoms in the core tends to be slightly lower than the S 

containing counterparts.   

 In situ effects of the chalcogen character in the butterfly core are slightly more 

convoluted due to a change in solvent from acetonitrile (1 and 2) to DCM for (PDS, PDT, 

4, and 5).  In acetonitrile, the oxidation potential for 2 is 0.072 V less positive than the 

oxidation potential for 1.  For PDS, PDT, 4, and 5 in DCM there is no significant change 

in oxidation potential when switching from S to Se.  While this is a small sample size of 

six complexes, it suggests that solvent effects may be playing a role in the oxidation 

potentials of these complexes.  Reduction of 2 in acetonitrile is 0.026 V less cathodic 

than the reduction of 1.  In DCM the reduction of PDS is 0.090 V less cathodic than PDT, 

and the reduction of 4 is 0.01 V less negative than 5. This trend indicates that complexes 

with Se in the core in either DCM or acetonitrile are slightly easier to reduce than the 

sulfur containing analogues.   Catalytic reduction of protons to H2 by 1 in acetonitrile 

occurs at a potential which is 0.007 V more positive than proton reduction by 2.  In DCM 

catalytic proton reduction by PDT and 5 occurs at a potential which is on average 0.23 V 
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more positive than catalysis by their Se containing brethren.  In both solvents the sulfur 

analogues catalytically reduce protons to H2 at potentials which are positive of 

compounds containing Se in the core.  The large change in the difference in potential for 

catalysis by changing solvents suggest there could be a solvent effect here as well and 

should be investigated further.   

[η5-CpFe(CO)SMe]2 

 The complex, [η5-CpFe(CO)SMe]2 , while possessing a similar 2Fe2S core to 

complexes in the dissertation, it does not have a S to S linker and the Fe centers are Fe2+ 

instead of Fe1+ unlike the previously discussed catalyst.  These changes, while subtle, 

have a large effect on the electrochemical behavior of this complex.  Electrochemical 

investigations of [η5-CpFe(CO)SMe]2  have shown it to have very high catalytic activity 

toward proton reduction with a -0.3 V overpotential in the presence of 50 mM acetic acid.  

This is a vast improvement over the structurally similar catalyst Fp2.  Unfortunately, a 

mechanistic reason for the improvement in catalytic overpotential and high catalytic 

current is not easily explained as the reduction of [η5-CpFe(CO)SMe]2  in acetonitrile 

results in precipitation of complex onto the GCE.  The species on the electrode surface is 

very interesting because it catalyzes the reduction of protons to form molecular hydrogen 

at an overpotential of 0.3 V.  Furthermore, the adsorbed species is relatively robust and 

can be transferred to solutions containing only acid and electrolyte and continue 

catalyzing H2 formation. 

 [η5-CpFe(CO)SMe]2  undergoes two one-electron reversible oxidations and in the 

presence of H2 the [η5-CpFe(CO)SMe]2 
2+ appears to be reduced at slow scan rates.  The 

rate of oxidation is increased with added base; however, high concentrations of base 
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result in degradation of [η5-CpFe(CO)SMe]2 .  These results indicate the oxidized 

complex may be able to catalytically oxidize H2. This is a very exciting result because to 

my knowledge this is the first [FeFe]-hydrogenase mimic that is able to go both ways and 

oxidize H2 to H+
  and reduce H+ to H2 similar to the enzyme itself. 

Future Directions 

 Extensive studies using cyclic voltammetry in conjunction with density functional 

theory calculation have been carried out on a wide array of diiron dichalocogen catalyst 

for proton reduction.  These investigations have helped to increase the fundamental 

understanding and have established some interesting trends which warrant further 

investigation.   

 Similar to other arenedithiolato containing catalysts µ-(pyrazine-2,3-

dithiolato)diironhexacarbonyl has shown an ability to mediate successive redox states 

resulting in a catalyst which undergoes potential inversion taking on two electrons at the 

initial reduction potential.  This work indicates that the initial reduction and catalytic 

potentials shift anodically (by approximately the same amount) as the electron 

withdrawing nature of the arene increases.  Future work in this area should focus on 

increasing the electron withdrawing nature of the arene perhaps by chlorine substitution 

on the pyrazine ring in an effort to further decrease the initial reduction potential.  Due to 

the stability of these complexes (electrochemically reversible), they are also ideal 

candidates for terminal ligand substitution.  In particular, ligands such as CN- that are 

anionic and slightly back bonding should be used.  This would effectively oxidize the Fe 

centers from Fe+ to Fe2+ and may help to push the initial reduction potential anodically.  

Furthermore, this ligation would more closely mimic the active site of the [FeFe]-
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hydrogenase enzyme.  The final area where the arene catalysts may be improved is by 

changing the sulfur atoms in the core for a heavier chalcogen such as selenium.  As work 

in this dissertation has shown, addition of Se to the 2Fe2E core results in a slight 

lowering of the initial reduction potential.  Investigating one of these suggestions or 

combinations of the suggestions above may lead to better catalysts that operate at lower 

overpotentials and with higher efficiency than what has previously been reported. 

 Substitutions of Se for S in the 2Fe2E core coupled with alkane linkers or 

complexes with a chalcogen in the bridgehead have been shown in this work to either 

decrease catalytic current, or more often, increase the overpotential at which catalysis 

occurs.  Therefore, investigations of new catalysts with 2Fe2Se butterfly cores and µ-

alkane linkers or chalcogens in the bridgehead should be suspended.  Instead focus 

should continue on complexes similar to 1 which contain a 2Fe2S core and have a S atom 

in the bridgehead.  Terminal ligand substitutions such as small phosphines (PMe3) or CN- 

could be used to increase the electron density at the Fe-centers. While this might push the 

initial reduction of these complexes to more cathodic potentials, it may also result in 

complexes that will protonate more easily leading to catalysis occurring at lower 

overpotentials.  Furthermore, addition of CN- as terminal ligands would give a complex 

which is very similar to the active site of the [FeFe]-hydrogenase and may improve the 

performance of these catalysts.  

 Investigations of [η5-CpFe(CO)SMe]2  showed that upon reduction the complex 

precipitated onto the GCE surface.  The species which coated the electrode was shown to 

have very high activity toward proton reduction and a low overpotential (-0.3 V).  These 

results suggest that perhaps heterogeneous catalysis with complexes of this type should 
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be explored in greater detail.  New catalysts could be designed that have functionalization 

making them easy to attach to electrodes.  Another method of study would be to deposit 

current catalysts on the tip of an electrode by solvating the complexes, dripping the 

solution onto the electrode, letting the solvent evaporate, and then running experiments in 

solvents which the complexes are not soluble in.  Investigations of this type may lead to 

higher rates of catalysis as well as open the door to investigations of these catalysts in 

water which to this point is limited due to insolubility. 
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