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ABSTRACT 
 
 

 The hydrogenase enzyme catalytically converts protons to hydrogen.  The 

hydrogenase enzyme contains a number of [Fe4S4] clusters that act as an electron 

transport chain, shuttling electrons to the active site.  To replicate this, [FeFe] 

hydrogenase mimics featuring redox active quinone moieties annealed onto an 

Fe2S2(CO)6 core were synthesized.  EPR of these compounds revealed significant 

communication between the quinone ligand and the Fe2S2(CO)6 core upon one electron 

reduction.  Mimics featuring the redox active 2-phenylazopyridine ligand annealed onto  

[µ-1,3-propanedithiolato]bis(tricarbonyliron) and [µ-1,2-benzenedithiolato]bis 

(tricarbonyliron) were also synthesized.  UV-Visible spectroscopy showed that metal to 

ligand charge transfer was occurring in these complexes  The hydrogenase enzyme also 

contains a proton transport chain.  [µ-1,2-Benzenedithiolato]bis(tricarbonyliron) 

complexes substituted with hydrogen donating phosphines were synthesized to mimic 

this.  Attempts to synthesize the thiol substituted phosphine complex were unsuccessful, 

so protection group chemistry was employed.  Electrochemistry of the resulting 

complexes showed an increase in catalytic current as well as a decrease in overpotential, 

when compared to the triphenylphosphine substituted complex.  Finally, an effort to 

combine a redox active and hydrogen donating moiety into a single complex using 

substituted 2-phenylazopyradine moieties was attempted without success. 
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CHAPTER I: INTRODUCTION 

 

Alternative Energy 

 

 Securing low cost and abundant energy is important to the future of the United 

States' economy and national security.  Projected world energy use is expected to 

increase by 53% over 2008 levels by 2035.1  Fossil fuels accounted for 68% of the United 

States' electricity generation:2 when transportation is included, their use increases to 91% 

of total energy in 2010.3 Fossil fuels sources, however, are finite, increasingly difficult to 

extract, contributors to climate change, and, frequently, a factor in international conflicts.  

Increased reliance on renewable energy sources such as hydroelectric, geothermal, solar 

and wind are thus necessary if the rise in greenhouse gas emissions is to be checked.  

However, there are many limitations to renewable sources.   

 Hydroelectric and geothermal power are attractive alternative energy sources 

because they provide consistent energy.  Unfortunately, complete exploitation of all 

practical geothermal resources is estimated to generate up to only 10% of the United 

States’ 2010 electrical power generation needs.4  Hydroelectric power currently supplies 

only 6% of the electricity in the United States with little possibility for expansion.5,6 

Modernization projects have been able to improve power generation, but only by 7-

30%.7,8   

 By comparison, solar and wind sources are less attractive due to their 

intermittence.  Fortunately, these sources can easily each provide enough power to handle 

the projected energy needs of the future, 5700 times over in the case of solar,9 and four 
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times over for offshore wind alone.10  These sources are also becoming much more cost 

effective.  The cost of photovoltaics has decreased tremendously, from $8/Watt in 2004 

to $3.80/Watt in 2010.5  Costs of photovoltaics are projected to fall to $1/Watt by 2020, 

making them competitive with fossil fuels.  The cost of wind energy has also dropped 

dramatically, from $0.80/kWh in 1980 to $0.08/kWh in 2012.11,12   This cost decrease has 

resulted in 35% of all newly developed U.S. electricity generation since 2007 coming 

from wind.13  

 Thus the majority of alternative energy is going to come from the intermittent 

sources, solar and wind.  To maximize the effectiveness of these sources, some form of 

energy storage is necessary.  One solution is to store this electrical energy in the form of a 

chemical bond, like H2. 

2 H+ + 2 e- ! H2 

 H2 can be stored until needed and then used in a hydrogen/proton exchange membrane 

fuel cell or combusted with O2 to regenerate the energy, with water as the only 

byproduct. 

2 H2 + O2  !  2 H2O + energy 

 An efficient, inexpensive method for generating hydrogen is needed to make this 

practical.  The current catalyst for this process, platinum, is efficient, but also very rare 

and expensive.  Fortunately, nature has developed a catalyst, the Hydrogenase family of 

enzymes, to perform this same reaction.14  Mimics of the [FeFe] Hydrogenase active site 

would be promising replacements for platinum because they are constructed around 

cheap and abundant iron and sulfur.  This thesis focuses on the synthesis of [FeFe] 
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Hydrogenase-based catalysts that incorporate ligands to mimic the electron or proton 

transport chains of the natural enzyme. 

 

Hydrogenase Enzyme 

 

 The Hydrogenase family of enzymes was first isolated from colon bacteria and 

described by Stephenson and Stickland in 1931.15  In 1934, it was shown by Farkas that 

hydrogenase was responsible for the H/D exchange observed in Escherichia coli.16  

Hoberman and Rittenberg went on to demonstrate that the hydrogenase enzyme could be 

inhibited by oxygen, carbon monoxide, and cyanide in 1943.17  The presence of iron and 

sulfur were confirmed in the 1950's and 1960's, respectively, and the iron was shown to 

be non-heme in the 1970's.  As of 2011, there are over 450 sequenced and well- 

characterized hydrogenases.18   

 All of the hydrogenases can be split into one of only three classes, the [FeFe], 

[NiFe], and [Fe] only-hydrogenases, based on the metal atoms at their active sites.19  All 

of the [FeFe] and [FeNi] hydrogenases can reversibly convert protons and electrons to 

H2, and the H2 back into protons and electrons depending upon the redox environment of 

the enzyme.20  The [FeFe]-hydrogenase is the most active of these enzymes at producing 

H2.  It can reduce protons to H2 at an impressive rate of 1000 molecules per second per 

active site with little overpotential.21  For this reason, the [FeFe]-hydrogenase active site 

was chosen as the inspiration of this work.  Background on the hydrogenase family of 

enzymes will thus be limited to the [FeFe] class of hydrogenases. 
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 The [FeFe]-hydrogenases have been found in anaerobic prokaryotes (Clostridia 

and sulfate reducers) and eukaryotes.22,23  They are the only hydrogenases found in 

eukaryotes.20  [FeFe]-hydrogenases are most commonly found as a soluble enzyme in the 

cytoplasm, but they have also been found as periplasmic, and rarely as membrane bound 

enzymes.  The [FeFe] hydrogenases are usually involved in H2 production as a way to 

dispose of excess reducing equivalents during anaerobic fermentation processes or for 

anoxic photosynthetic activity.24  However, they have also been reported to function as an 

uptake hydrogenase in D. vulgaris,25 a formate dehydrogenase in Eubacterium 

acidaminophilum,26 and an electron "valve" that allows algae to survive anaerobic 

conditions.27 

 Most of the [FeFe]-hydrogenases are monomeric and contain only one catalytic 

subunit. The enzyme consists of a conserved domain of ca. 350 residues containing the 

active site, sometimes referred to as the H-cluster.28  The active site contains non-protein 

CN- and CO ligands, which were first identified by IR spectroscopic studies of the D. 

vulgaris [FeFe]-hydrogenase.29,30  EPR and M"ssbauer spectroscopy suggested that the 

H-cluster was some form of [6Fe6S] cluster.30  This was confirmed by the first crystal 

structure of the C. pasteurianum [FeFe]-hydrogenase in 1998, which showed the H-

cluster to be a binuclear [FeFe]center bound to a [4Fe4S] cluster by a bridging cysteine 

and attached to the protein by four cysteine ligands.31  The structure also showed that the 

active site contains CN, CO, and two bridging sulfur atoms, which are each attached to 

both Fe atoms.  A second crystal structure of the D. desulfuricans [FeFe]-hydrogenase 

showed that the bridging sulfur were part of a 1,3-propanedithiolate bridge.32  Recently, 
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this bridge has been shown to contain an NH (figure 1.2).18 Besides elucidating the 

structure of the active site, these crystal structures also confirmed the presence of 

additional Fe–S clusters that function as an electron transport chain.  

 

Figure 1.1:  The hydrogenase protein crystal structure of Desulfovibrio desulfuricans.32  
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Figure 1.2:  The active site of [FeFe] hydrogenase. 

 

 

 [FeFe]-Hydrogenase Mimics 

 

 The diiron site of the [FeFe] hydrogenase distinctly resembles the members of a 

series of (µ-SR)2Fe2(CO)6 compounds first synthesized by Dahl in 1965.33   In these 

complexes the µ-SR- anion is a four-electron donor, and the iron atoms are in a +1 

oxidation state.  The coordination geometry about iron is pseudo-octahedral, with the 

‘bent’ Fe–Fe bond occupying the sixth position.34  The Fe2S2 cluster is nonplanar, 

adopting a butterfly shape.  When the bridging ligands are SH-, SMe-, or SEt-, both syn 

and anti isomers exist.35  Seyferth synthesized analogues of these compounds where the 

sulfurs were bridged by –C2H4–, –C3H6–, and other organic linkers, which resemble the 

structure of the active site even more closely.36   

 Interest in the (µ-SR)2Fe2(CO)6 family of compounds was renewed in 1999 when  

Darensbourg compared the crystal structure of the [FeFe]-hydrogenase active site to 

Seyferth's [µ-1,3-propanedithiolato]bis(tricarbonyliron) compound 9a.37  The crystal 

structure has an Fe–Fe distance of 2.510 Å, well within bonding range and predicted by 
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the 18-electron rule, and only 0.1 Å shorter than the enzyme.  This also showed that both 

the enzyme and the (µ-SR)2Fe2(CO)6 family of compounds contained a butterfly shaped 

Fe2S2 core.   Darensbourg followed this up by substituting two of 9a's CO ligands with 

CN-.38  The resulting compound partly mimicked the IR of the enzyme active site, but 

lacked a bridging CO.   

 

Figure 1.3:  Structures of the [FeFe]-Hydrogenase Mimics 9a and 10a. 

 

 A 2004 Darensbourg paper discussed that 9a and 9a-derivatives produce H2 gas in 

electrocatalytic studies in MeCN with acetic acid present as the proton source.39,40 The 

first reduction of 9a at -1.65 V was assigned by IR spectroelectrochemistry to FeIFeI  

! FeIFe0 and is not catalytically active. The second reduction at -2.35 V of FeIFe0 

! Fe0Fe0 produced H2 electrocatalytically.  IR spectroscopy showed the presence of a 

bridging CO in the catalytically active species.  This was further supported by 

computational and electrochemical studies by our group in 2007.  These showed that 

although the rotated structure is not present in the neutral forms of [µ-1,2-

benzenedithiolato]bis(tricarbonyliron) (10a) and other FeFe hydrogenase mimics, large 



 21 

structural changes take place upon both oxidation and reduction to give catalytically 

active rotated structures (figure 1.4).41   

 

Figure 1.4:  DFT computations of the structure of 10a after one electron oxidation to 
10a

+
 and two electron reduction to 10a

2- show rotated structures featuring bridging CO 
ligands.42 
 
 A bridging CO was also deemed critical to the function of the enzyme, as the 

rotated CO leaves an open site available for the protonation of the Fe.  The rotation of the 

CO in the enzyme is thought to be due to both the electronic effects of the ligands and the 

interactions between the first and second coordination spheres.42  As a result, work began 

to increase the steric bulk of the bridging dithiolate group in an attempt to force a 

bridging CO to relieve steric interactions in the non-reduced complexes.  Simultaneously, 

others began to increase the electron density of synthetic mimics by substituting electron 

rich ligands in place of CO in order to electronically favor a bridging CO in non-reduced 

complexes. 

 Darensbourg, Hall and coworkers used density functional theory (DFT) to design 

a propanedithiolato type, or PDT-type, mimic to resemble the structure of the active site 
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of [FeFe]-Hydrogenase.  They found that increasing the steric bulk of the 1,3-

propanedithiolato group by adding a methyl group to the center of the linker reduced the 

energy of the rotated structure by ~ 3 kcal/mol.42  Unfortunately, the most stable form of 

this molecule results in the methyl group pointed away from the CO ligands.  This was 

followed up in 2008 with the synthesis of the 2,2-dimethyl, 2,2-diethyl, and 2-ethyl-2-

butyl 1,3-propanedithiolato compounds.  The IR and x-ray crystal structures showed that 

the neutral compound still lacked a bridging CO, but variable temperature NMR showed 

that the barrier for CO rotation was reduced by 8 kJ/mol.  This showed that steric bulk 

alone was not enough to give a bridging CO, but could significantly stabilize the 

transition state to the rotated structure.43  

 Significantly more work has been done substituting the electron withdrawing CO 

ligands on the Fe with electron donating ligands.  In 2001, Darensbourg and coworkers 

published a study looking at the mechanisms of substitution on 9a.44 They found that the 

Fe-Fe bond of 9a was reactive towards electrophiles, while nucleophiles attack the Fe and 

displace CO via an associative path, with a site preference trans to the Fe-Fe bond.  Even 

if substituting electron rich ligands does not lead to the rotated structure, the electron 

density of the Fe-Fe bond should still be increased.  This would increase the Fe-Fe bonds 

reactivity towards electrophiles, potentially making protonation of the Fe-Fe bond 

possible.   

 In 2001, Rauchfuss, Gloaguen, and coworkers reported 9a-type mimics where a 

carbonyl ligand on each iron was substituted with CN- or PMe3.  Both apical-basal and 

apical-apical substitutions were observed (figure 1.5). It was also found that when an 
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open dithiolate system, rather than a bridging dithiolate system was studied, the CN– 

ligand replacement did not occur, indicating a side reaction, possibly the cleavage of a 

Fe-S bond.  The CN- disubstituted catalyst was found to protonate the CN- ligand only, 

not the Fe. The pdt-type mimic with one CN- ligand and one PMe3 ligand was found to 

protonate on iron in the presence of p-toluenesulfonic acid, TsOH (pKa 8.05 in MeCN,) 

yielding a relatively air stable compound with a µ-H between the two iron atoms.45  

 

Figure 1.5:  Apical-apical and apical-basal ligand substitutions onto 9a. 

 

 Further protonation studies were done, and it was found that the Fe-Fe bond 

protonates in the presence of HCl (pKa 10.4 in MeCN) but does not protonate with [p-

MeC6H4NH3]BF4 (pKa 11.3 in MeCN) indicating that the pKa of the Fe-Fe bond was 

near 11.3 in MeCN. The x-ray crystal structure showed that protonation of the Fe-Fe 

bond lengthens the bond by 0.05 Å, but the Fe-CO, Fe-S, and Fe-P bond distances remain 

unchanged. It was also shown that a second protonation event occurred on the CN- when 

two equivalents of CF3SO3H (pKa 2.60 in MeCN) or TsOH (pKa 8.05 in MeCN) were 

used.46  Protonation of the CN was thus competitive with protonation at the Fe-Fe bond.  
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Subsequent synthetic efforts were thus focused on further increasing the electron density 

of the Fe-Fe bond to increase its pKa, while using ligands that would not compete for 

protonation with the Fe-Fe bond. 

 Sun reported pdt-type catalysts with tertiary phosphine and phosphite 

substitutions in 2005.47  It was found that 9a-type catalysts with good donor ligands, such 

as PPh3, had increased electron richness in their Fe-Fe bond and became more basic. 

Phosphines were found to be excellent ligands because they have electronic 

characteristics similar to CN- ligands, their steric and electronic properties are tunable, 

and there are no complications from ligand protonation.47  Sun and coworkers used IR 

spectroscopy to compare the electron density of the iron centers.  The electron donation 

order was found to be PMe3 > PMe2Ph > PPh3 > P(OEt)3 based on the red-shift values of 

the #(CO) bands for the disubstituted compounds.  Cyclic voltammetry (CV) was also run 

on the mono- and di- substituted compounds. The second reduction of the disubstituted 

compounds was shifted to such a negative potential that it was outside the solvent 

window. This suggested that the electron donating effects of the phosphine ligands may 

not be linear, as the second PR3 ligand exerted a stronger influence on redox potential 

than the first PR3 ligand.47,48  The crystal structures of these compounds showed 

apical/apical substitution, but no movement toward the critical bridging CO. 

 N-heterocyclic carbenes, NHC, often exhibit greater electron-donating ability than 

phosphines.  Gloaguen, Talarmin and coworkers studied NHC ligands in 9a-type 

catalysts. The IR of the monosubstituted complex showed three bands at v(CO) 2036, 

1971, 1912 cm-1 and the bi-substituted complex, three bands at v(CO) 1979, 1940, 1898 
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cm-1.  The overall trend of the v(CO) IR showed the greater electron donating ability of 

the NHC ligands compared to PR3.
49  CV showed a 0.4 V shift between the mono and di-

substituted complexes, also indicating the strong donating ability of the NHC ligand.  

Interestingly, the X-ray structure showed that the Fe-Fe bond distance was lengthened in 

the di-substituted complex, but again, no bridging CO was seen.  Thus, increasing the 

donor strength of the ligand set also failed to produce the rotated structures seen in the 

enzyme. 

   Furthermore, increasing the electron density of the Fe2S2 cluster had very modest 

effects on the electrocatalytic production of hydrogen in the corresponding reduced 

species of these molecules.  Electrocatalytic potentials for production of hydrogen from 

acetic acid with 9a are -2.35 V vs. Fc/Fc+.  The catalytic reduction for 9a is very 

inefficient, being -0.89 V more negative than the thermodynamic potential.39  Increasing 

electron density on the Fe2S2 core changed the catalytic potential to -2.25 V for 

diphosphine substituted PDT complexes and to -2.10 V for NHC substituted 9a 

complexes.50  While these were improvements in efficiency, the overpotentials are still 

large (-0.79 V and -0.64 V respectively).  A similar shift in electrocatalytic potential was 

seen by substituting the propane bridge of 9a for the benzene bridge of 10a (-2.11 V).51 

10a is also more synthetically accessible than the substituted 9a derivatives. 

 

Overview 

 

 Since generating the rotated structure of the enzyme in an unreduced complex 

does not appear to be possible, an alternative approach to creating a more efficient 



 26 

hydrogenase based catalyst is needed.  One possible solution is to substitute redox active 

ligands onto the Fe2S2 core.  The Hydrogenase enzyme has a number of [Fe4S4] clusters 

that act as an electron transport chain to the active site.  Analogues of the H-cluster 

(which include the [Fe4S4] cluster) have been made, but show substantial catalytic 

overpotentials and are synthetically difficult to obtain!"#" " An easily reduced, simple 

organic ligand could act similarly to the [Fe4S4] cluster in a Hydrogenase mimic complex.  

Even if the redox ligand does not transfer electrons directly to the Fe2S2 core, they may 

still be electronically coupled, and enough electron density may be delocalized onto the 

Fe2S2 core to effect catalysis (figure 1.6). 

 

Figure 1.6:  Redox-active ligands being reduced and transferring electrons to the Fe2S2 
cluster. 
 
 
 Quinones are simple and well behaved redox-active organic molecules that 

undergo two separate and completely reversible one-electron reductions to give first 
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semiquinones, and then hydroquinone dianions (figure 1.7).  The redox potentials of 

quinones can also easily be tuned by changing their substituents.  Finally, since the 

quinones form stable one electron reduced species, semiquinones, they can be studied 

using EPR spectroscopy.52  All of these make quinone-substituted hydrogenase mimics 

attractive targets for testing the effects of redox-active ligands.  Chapter 2 will discuss the 

synthesis and characterization of quinone hydrogenase mimics, with some discussion on 

their electrochemistry and EPR spectra (figure 1.8). 

 

Figure 1.7:  A quinone (left), semiquinone (center), and hydroquinone (right). 

 

 

Figure 1.8:  Synthetic targets for hydroquinone complexes (left) and quinone complexes 
(right). 
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 Another possibility is to mimic the proton transfer chain of the hydrogenase 

enzyme.  Complexes with an NH group in the propane bridge have previously been made 

to mimic this aspect of the Hydrogenase enzyme.53  Unfortunately, the NH hydrogen 

cannot come into proximity of the Fe until after these complexes are in their rotated 

forms.  Substituting ligands capable of proton donation directly onto the Fe would make a 

hydrogen immediately accessible and could have a significant impact on catalysis (figure 

1.9).42 

 

Figure 1.9:  A proton donating ligand transferring a proton to iron after reduction. 
 
 
 Phosphine substitution onto the Fe2S2 core is well known and has already been 

discussed.  Phenyl phosphines with proton donating groups such as alcohols, thiols, and 

carboxylic acids ortho to the phosphorus are also known.54-56  The substitution of these 

phosphines onto the Fe2S2 core would place hydrogen donating groups in very close 

proximity to the iron.  Chapter 3 will discuss the synthesis and characterization of these 

ligands as well as their metal complexes (figure 1.10).  In acidic conditions, basic ligands 

could also potentially become protonated and act to shuttle hydrogen to the Fe2S2 core.  

Phosphine imidazole and pyridine complexes were also made to examine this and will be 

discussed.  Electrochemical results from these complexes will also be briefly discussed. 
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Figure 1.10:  Synthetic targets for phosphine-substituted complexes of 10a with acidic 
moieties. 
 
 
 Finally, it was attempted to combine both redox activity and proton donation into 

a single ligand.  Chapter 4 will cover the synthesis of redox-active phenyl-azopyridine 

complexes 13a, as well as the attempted synthesis of proton donating resorcinol 13b and 

naphthol-azopyridine 13c complexes. 

 

Figure 1.11:  Synthetic targets of 9a featuring azopyridine ligands. 
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CHAPTER II: SYNTHESIS OF SUBSTITUTED [µ-2,3-(1,4-

QUINONE)DITHIO]BIS(TRICARBONYLIRON) COMPLEXES 

 

 

Synthesis of Fe2S2(CO)6 (1) and quinones 2b-f 

 

 The synthesis of hydroquinone complex 3a has been reported57 and is outlined in 

Scheme 2.1.  Reaction of Fe(CO)5 with KOH and elemental sulfur at 0 oC under N2 for 2 

hours, resulted in a crude reaction mixture containing Fe2S2(CO)6.
58  A 2M HCl solution 

was added dropwise to quench the unreacted sulfur and base.  This generated large 

amounts of H2S gas, which was in turn removed by being passed through aqueous KOH 

traps.  The Fe2S2(CO)6 was recovered by extracting the reaction mixture with water and 

hexanes, followed by filtration.  The resulting black solid was also extracted several 

times with hexanes and refiltered.  Removal of the hexanes gave a bright red oil.  If too 

little HCl was added, the oil was dark black.  The red oil was purified using column 

chromatography or sublimation to give Fe2S2(CO)6 as bright orange/red crystals.  The 

black oil had to be chromatographed, as a brown impurity co-sublimed with the 

Fe2S2(CO)6. 
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Scheme 2.1:  Synthesis of hydroquinone complexes 3a-f. 

 The parent quinones were oxidized from their corresponding hydroquinones using 

Ce(NH4)2(NO3)6 in water.  The reaction mixture was stirred at room temperature until the 

brown color disappeared and a canary yellow precipitate formed.  The reaction mixture 

was then extracted with ether and dried to give near quantitative yields (94-97%).  The 

hydroquinones were insoluble in ether, so no further purification was needed.  The brown 

color for 2-methoxy-1,4-hydroquinone never totally disappeared.  Instead, a purple solid 

began to precipitate from the reaction after roughly 15 minutes.  This solid was not 

soluble in any organic solvent, and was speculated to be a polymer.  As a result, the 

oxidation of 2-methoxy-1,4-hydroquinone was never run to completion, although the 

corresponding quinone was isolated in good yield (79 %). 
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Synthesis of hydroquinone complexes 3a-g 

 

 The hydroquinone complexes were synthesized using two different methods.  

Thiols and thiolates are known to add to quinones,59-60 so in the method developed by 

Chen61, the disulfide bond of 1 was reduced by LiHBEt3 to give a dithiolate, 1b.  

Formation of 1b was accompanied by a color change of the reaction from bright red to 

dark green.  Trifluoroacetic acid was then added to convert 1b into a dithiol, 1c, which 

also caused the color of the reaction to change back to red.  The desired quinone and a 

catalytic amount of piperidine, a bulky weak base, were then added to the reaction.  The 

piperidine was needed to deprotonate the thiol, allowing it to nucleophilically add to the 

quinone, forming hydroquinone adduct 5.  Excess quinone was also needed to oxidize 5 

to quinone adduct 6 so the bridged compound could then be formed (figure 2.1).  
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Figure 2.1:  Mechanism of the chemical addition of quinones to 1. 

Although this method gives the hydroquinone complexes in low to reasonable yields (26-

64%), separation of the parent hydroquinone from the resulting hydroquinone complex 

was extremely difficult.  The hydroquinone and hydroquinone complex have similar Rf 

values under a wide range of solvent conditions and also co-crystallized with each other.  

Because of the difficulty in obtaining pure complexes from this route, the photosynthetic 

method was preferred despite lower yields. 

 In the photosynthetic method, 1 and the parent quinone were combined in THF 

and irradiated with 350 nm UV-light at -78 oC for 3 hours.  The solutions turned from 
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bright orange to red/black over the course of the reaction.  The reaction is suspected to go 

through a 2 + 2 cycloaddition mechanism, followed by tautomerization to give the 

hydroquinone complexes (figure 2.2).  It was found that running the reaction with excess 

1 greatly reduced the amount of unreacted quinone: this reduced yield, but greatly 

simplified purification.  The hydroquinone complexes were purified using column 

chromatography and gave the products as red powders in low yields (14-26 %). 

 

Figure 2.2:  Mechanism for the photoaddition of quinones to 1. 

 The naphthohydroquinone complex 3g was partially oxidized over the course of 

the purification, giving mixtures of the quinone complex 4g and 3g.  Furthermore, this 

mixture moved together as a charge transfer complex during column chromatography, 

making separation very difficult.  The mixture of 3g and 4g was a dark brown color, as 

expected from other quinone/hydroquinone charge transfer complexes. 
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Figure 2.3: Complexes with Naphthohydroquinone 3g and Naphthoquinone 4g. 

 IR spectra of the hydroquinone complexes showed no discernible shift in the CO 

stretching frequencies between complexes (figure 2.4).  This suggested that the 

substituents on the hydroquinone did not affect the electronic structure of the Fe2S2 

cluster.  Furthermore, there was only a very small shift in the CO stretching frequencies 

between the hydroquinone complexes and 1, which suggested that communication 

between the ligand and the Fe2S2 cluster was minimal. 
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Figure 2.4:  IR spectra of starting material 1 vs. hydroquinone products. 
 

 

Oxidation of hydroquinone complexes 3a-g to quinone complexes 4a-g 

 

 The hydroquinone complexes were oxidized to their corresponding quinone 

complexes using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in dichloromethane 

at room temperature.  The quinone complexes were purified by column chromatography 
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to give bronze colored crystalline products in high yields (77-95 %).  Oxidation of the 

mixture of 3g/4g gave 4g isolated pure and in good yield.  An NMR spectrum of the 

mixture of 3g/4g was taken first to determine the quinone:hydroquinone ratio, and a 

slight excess of DDQ was used to oxidize the hydroquinone complex in the mixture. 

 

Figure 2.5:  Oxidation of hydroquinone complexes to quinone complexes. 

 2 3 (chemical 
addition) 

3 (photochemical 
addition) 

4 

a  64 % 26 % 87 % 
b 95 % 60 % 26 % 95 % 
c 96 % 45 % 20 % 77 % 
d 79 % 26 % 14 % 81 % 
e 97 % 50 % 25 % 90 % 
f 95 % 53 % 23 % 81 % 
g  57 % 22 % 83 % 

 

Table 2.1:  Yields of the reactions discussed above.  Quinones 2a and 2g were obtained 
directly from Sigma-Aldrich.  The numbers for the photochemical addition are % 
conversion, not % yield.  Large fractions of the amount of 1 used in these reactions were 
always recovered, so % yield of these reactions was higher than indicated. 
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 The resulting quinone complexes are unstable over the course of weeks, even if 

stored under inert atmosphere in the cold and dark.  It is suspected that the quinone 

complexes auto-oxidize to give the reduced hydroquinone complex and an oxidized 

Fe(II) or Fe(III) complex.  TLC of the complexes after several weeks showed 3 spots: (1) 

a brown spot with high Rf that corresponded to the quinone complex, (2) an orange spot 

with lower Rf that corresponded to the hydroquinone complex, and (3) a brown spot that 

did not move under any solvent combination and was suspected of being an oxidized iron 

complex.  NMR spectra of these samples showed peaks for both the hydroquinone and 

quinone complexes.  If spot (3) is not filtered out, all of the peaks were significantly 

broadened.  Because of this, spot (3) is presumed to be paramagnetic.  The hydroquinone 

complexes cannot self-oxidize, and are much more stable. 

 IR spectra of the quinone complexes again suggested little communication 

between the quinone ligand and Fe2S2 cluster.  The CO stretches of the Fe2S2 cluster were 

minimally affected by the quinone ligand and its substituents.  It can be seen in the IR 

spectra that the substituents of the quinone ligand greatly affect the C=O frequencies of 

each quinone, however (figure 2.6). 
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Figure 2.6:  IR spectra of starting material 1 vs. hydroquinone complex 3e and quinone 
complexes 4d and 4e show little change in the metal CO region, thus little change in the 
electronic structure of the Fe2S2 cluster.  Substituent effects on the quinones can clearly 
be seen in the organic C=O region. 
 
 Because the IR showed little electronic interaction between the quinone and the 

Fe2S2 cluster, the electrochemistry of the quinone complexes were expected to be very 

close to the parent quinones themselves.  Interestingly, the electrochemistry of the 

quinone complexes, performed by Gabriel Hall, showed a significant shift in the first and 

second reductions compared to their parent quinones (figure 2.7).  These reductions 

corresponded first to a reduction to the semiquinone, and then reduction of the 

semiquinone to the dianion (deprotonated hydroquinone).  Since the quinone ligands have 

electron donating S- groups added to them in the Fe complexes, shifts to higher reduction 

potentials were expected.  What was found, however, was that the reductions were shifted 

significantly to lower reduction potentials.  This suggested that there was either an 
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inductive effect or electronic communication between the quinone ligand and the Fe2S2 

cluster was taking place in the reduced states.  To verify this for the one electron 

reduction product, EPR spectra of the semiquinone complexes were taken. 

 

Figure 2.7:  CV (100 mVs-1) of 2d and 4d shows that the Fe2S2 cluster is acting as an 
electron withdrawing group, causing the reduction of 4d to be shifted to less negative 
potential. 
 
 EPR spectra of the semiquinone complexes, performed by Gabriel Hall and 

Andrei Astachkine, showed a shift to higher g-values compared to their semiquinone 

parents.  These g-values were also outside of the range of purely organic radicals, 

indicating that a significant portion of the free electrons spin density was off of the 

semiquinone ligand, and in the Fe2S2 cluster.  A marked decrease in the hyperfine 

coupling constants between the unpaired electron and the protons in the semiquinone 

ligand also occurred, further supporting this conclusion.  Unfortunately, the hyperfine 

coupling constants were decreased to such a point that determining the hyperfine splitting 
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from the ligand proved to be impossible.  Because of this, addition of a reporter ligand to 

the Fe2S2 cluster was proposed to directly measure spin density at the irons. 

 

Phosphine substitution reactions of 4g to make 7, and attempted DPPE substitution 

reactions of 4d and 4g. 

 

 Phosphorus exists solely as spin 1/2 31P, and the synthesis of the 

triphenylphosphine-substituted compound was already known,47 so the di-

triphenylphosphine naphthoquinone complex was synthesized (scheme 2.2). 

 

Scheme 2.2:  Synthesis of 7 from 4g. 

 Substitution of triphenylphosphine onto the naphthoquinone catalyst was done 

using triethylamine N-oxide to displace a CO. The reaction was done at room 

temperature in acetonitrile for 12 hours.  The reaction mixture was purified by column 

chromatography to give the disubstituted phosphine complex in low yield (19%).  The 

reaction was attempted in refluxing toluene and THF to use heat instead of triethylamine 

N-oxide to displace a CO, but this resulted in no formation of the product and 

decomposition of the starting material. 
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 The IR spectrum in the FeCO stretching region showed that adding two 

triphenylphosphines significantly changed the electron density at the irons, but not in the 

quinone ligand (figure 2.8).  This was expected as two very electron-withdrawing CO 

groups were replaced with electron donating phosphines.  31P NMR spectrum of 7  

showed that two isomers, apical/apical and apical/basal, were formed in the reaction in a 

roughly 20:1 ratio (figure 2.9).  These isomers were impossible to separate, and are 

suspected to be in equilibrium with each other.   

 

Figure 2.8:  IR spectra of 4g and 7 showing the large effect of replacing CO ligands on 
the iron with phosphine ligands has on the metal-CO stretching frequencies. 
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Figure 2.9:  31P NMR spectrum showing 7 exists as two isomers, apical/apical and 
apical/basal.  A mixture of the apical/apical and apical/basal isomers should produce 
three 31P signals, but the apical peaks coincidentally overlap. 
 
 DFT calculations performed by Gabriel Hall showed that apical phosphines 

occupied a node of the singly occupied molecular orbital (SOMO) of 7, but basal 

phosphines did not.  The EPR spectrum of 7 was thus expected to show very small to no 

hyperfine coupling between the unpaired electron and the phosphorus atoms of the 

phosphine.  Substitution of the bidentate phosphine 1,2-bis(diphenylphosphino)ethane 

onto 4d and 4g were attempted because any of the three resulting complexes would have 

at least one basal phosphorus (figure 2.10).  Unfortunately, substitution reactions of 4d 

and 4g with 1,2-bis(diphenylphosphino)ethane using ONMe3, refluxing toluene, and 

refluxing THF resulted only in the decomposition of the quinone complexes. 
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Figure 2.10:  The three possible substitution patterns of 1,2-bis(diphenylphosphino) 
ethane onto 7 all have at least 1 basal phosphorus atom. 
 
 The EPR spectrum of the semiquinone obtained by the reduction of 7 showed that 

the unpaired electron coupled to the phosphorus atom to give a measurable hyperfine 

constant, as was hoped, although only the EPR signal for the apical/apical isomer was 

observed (figure 2.11).  Furthermore, the g-value of the unpaired electron shifted from 

2.0188 to 2.017.  This showed that ligand substitutions that increased the electron 

richness of the Fe2S2 cluster reduced the spin density of the unpaired electron on Fe2S2 

cluster in the semiquinone complexes.  Increasing the electron richness of the quinone 

ligands demonstrated the opposite effect.  This makes sense: adding an electron to an 

already electron-rich quinone ligand resulted in greater delocalization onto the electron-

poor Fe2S2 cluster, while an electron-rich Fe2S2 cluster pulled the unpaired electron back 

onto the quinone ligand (table 2.2). 
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Figure 2.11:  EPR spectra of the naphthoquinone series of compounds, 2g, 4g, and 7. 

Compound g-Value Spin Density on Fe Spin Density on C 

7 2.017 17.4 % 1.3 % 

4g 2.0188 22.7 % 0.8 % 

2g 2.008 - 2.0 % 

4b 2.017 18.8 % 2.8 % 

2b 2.008 - 6.2% 

4e 2.016 15.6 % 4.3 % 

2e 2.008 - 8.9 % 

Free Electron 2.0023 - - 

 
Table 2.2:  g-Values and electron spin densities of selected quinones and their 
corresponding complexes. 
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Conclusions 

 

 The quinone complexes 4a-g were synthesized using two different methods.  

Triphenylphosphine substitution of 4g to make 7 for EPR studies was also successful.  

Attempts to make the 1,2-bis(diphenylphosphino)ethane complexes of 4d and 4g did not 

occur despite using several methods of ligand substitution reactions.  IR spectra of 1, 3a-

g, and 4a-g showed little electronic communication takes place between the quinone 

ligand and the Fe2S2 cluster in the neutral complexes.  Electrochemistry, EPR, and DFT 

calculations done by Gabriel Hall of 4a-g and 7 showed that electronic communication 

between the quinone ligand and the Fe2S2 cluster takes place upon reduction, and that the 

unpaired electron of the semiquinone is significantly delocalized onto the Fe2S2 cluster. 
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CHAPTER III: SYNTHESIS OF PHOSPHINE SUBSTITUTED [µ-1,2-

BENZENEDITHIOLATO]BIS(TRICARBONYLIRON) AND [µ-1,3-

PROPANEDITHIOLATO]BIS(TRICARBONYLIRON) COMPLEXES  

 

Syntheses of PDT-Cat (9a) and BDT-Cat (10a) 

 

 The syntheses of 9a and 10a are outlined in scheme 3.1.  The diiron-nonacarbonyl 

was synthesized in good yield using the method from Braye.62  Iron-pentacarbonyl in 

acetic acid was irradiated with 365 nm UV light at 0 oC for four hours.  Diiron-

nonacarbonyl precipitated out as bright orange flakes.  The solution was filtered to collect 

the precipitate and the acetic acid solvent was set aside and saved.  The diiron-

nonacarbonyl precipitate was then washed with water, methanol, and finally acetone, 

giving the product in 71% yield.   

 

Scheme 3.1:  Syntheses of 9a and 10a. 
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 The synthesis of 1,2-benzenedithiol from thiophenol was attempted using the 

procedure developed by Giolando.63  Thiophenol was dissolved in THF and cooled to -96 

oC with a hexane/liquid N2 bath.  N-Butyllithium and TMEDA, a chelating agent used to 

make n-butyllithium more basic, were then added dropwise to the reaction over 15 

minutes to generate a dianion.  Deprotonation of the acidic thiol occurs first.  The 

resulting thiolate anion is suspected to coordinate lithium, directing a second 

deprotonation of the phenyl ring to only the ortho position.   During the addition, a cream 

white precipitate formed, but slowly dissolved after several minutes.  Elemental sulfur 

dissolved in THF was used as the sulfurizing agent, and was added dropwise to the 

reaction.  The reaction mixture was then allowed to slowly warm to room temperature 

with stirring for 24 hours.  The reaction mixture was then washed with 1M HCl and 

extracted with ether.  This gave mostly thiophenol and 1,2-benzenedithiol in very low 

yield (~2%).  It was suspected that water interfered with the reaction, so the reaction was 

attempted several times going to great lengths to remove moisture.  All solvents were 

distilled from sodium, TMEDA was distilled from calcium hydride, and fresh butyl 

lithium was used.  Unfortunately the results of these reactions were the same, so the 1,2-

benzenedithiol was purchased from Aldrich.  It was later speculated that the S8 

precipitated upon addition into the -96 oC solution and did not participate in the reaction.  

Another sulfurizing agent, such as a disulfide, may have solved this problem, but this was 

never attempted. 

 10a was synthesized by refluxing 1,2-benzenedithiol and diiron-nonacarbonyl 

together in THF for 3 hours, giving a blood red solution.  The solvent was removed and 
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the reaction mixture was purified by column chromotography.  This gave 10a as a 

red/orange crystalline solid in 85% yield.64  9a was similarly prepared, instead using 1,3-

propanedithiol as the ligand.  9a was also obtained as red/orange crystals, in 62% yield.65 

 Alternatively, 9a was also synthesized by the reaction of Fe2S2(CO)6 with 1,3-

dichloropropane.  The disulfide bond of Fe2S2(CO)6 was first reduced with LiHB(Et)3 at -

78 oC to generate a good nucleophile, the Fe2S2(CO)6
2- dithiolate.  1,3-Dichloropropane 

was then added to the reaction dropwise over 15 minutes.  The reaction mixture was 

warmed to room temperature and purified by column chromatography to give 9a in 71% 

yield.36 

 

Syntheses of Phosphine Complexes 

 

Syntheses of Triphenylphosphine PDT-Cat (9b) and BDT-Cat (10b) 

 

 The syntheses of the phosphine-substituted compounds are outlined in scheme 

3.2.  Complexes 9b and 10b were made to serve as control compounds.  

Triphenylphosphine was chosen because most of the hydrogen-bonding ligands used 

were modified triphenylphosphines.  The electronics of the control compounds and the 

test compounds could thus be assumed to be almost identical, so any changes in catalytic 

activity between the complexes could be attributed to the hydrogen donating abilities of 

the ligand.   
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Scheme 3.2:  Phosphine substitution onto 9a and 10a. 

 Triphenylphosphine substitution was done following the procedure from 

Adams.57  Trimethylamine-N-oxide and 10a were added to a flask.  THF was added, and 

the solution quickly turned from bright, clear orange to dark brown.  The reaction was 

left for 10 minutes, then triphenylphosphine was added.  After 12 hours the solvent was 

removed and the red/brown residue was purified by silica gel column chromatography to 

give 10b in 71% yield.  This reaction was also done following the same procedure using 

9a giving 9b in 65% yield. 
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Attempted synthesis of o-thiophenol phosphine BDT-Cat (10c) 

 

 The attempted synthesis of 10c is outlined in scheme 3.3.  Synthesis of o-

thiophenol diphenyl phosphine (8c) was carried out following the procedure outlined by 

Block.54  n-Butyl lithium was added to hexanes at -78 oC.  TMEDA was then added to 

coordinate lithium ion, which made the n-butyl lithium a stronger base.  Thiophenol was 

then added to the mixture dropwise over 30 minutes.  Deprotonation of the thiol was 

immediate and very exothermic, so addition had to be very slow to prevent temperature 

spikes. The resulting thiolate anion then coordinated lithium, selectively directing the 

deprotonation of the phenyl ring at the ortho position.  The reaction mixture was allowed 

to warm to room temperature.  After 12 hours, the reaction was again cooled to -78 oC 

and chlorodiphenylphosphine was added dropwise to the reaction.  The much more 

nucleophilic phenyl anion preferentially attacked phosphine over the less nucleophilic 

thiolate anion.  The reaction was acidified and extracted with toluene to give 8c in 59 %  

yield. 

 

Scheme 3.3:  Attempted synthesis of 10c from 8c and 10a. 
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 8c was then reacted with 10a under the same conditions as were used to make 9b 

and 10b.  TLC analysis showed complete consumption of both 8c and 10a, a small green 

spot that quickly decomposed, and a large brown spot at the origin that did not move 

regardless of solvent polarity.  The substitution reaction was attempted several other 

times, using UV light (254 nm) or heat (refluxing in toluene, THF) to facilitate 

displacement of the CO, but these attempts gave the same results.  It was suspected that 

both the thiol and phosphine coordinated with the iron and tore it out of the Fe2S2 cluster 

to give a mono Fe complex.  To prevent this from happening, protection of the SH group 

was carried out (scheme 3.4.). 

 

Scheme 3.4: Attempted alternate synthetic route to 10c. 

 

 From previous reactions, it was known that the Fe2S2 cluster was extremely 

sensitive to even mildly basic conditions, so protecting groups were immediately limited 

to those that could be cleaved in acidic conditions.  A tert-butoxycarbonyl (Boc) group 
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was ultimately chosen because of its easy synthetic accessibility and mild acidic cleavage 

conditions.  The Boc-protected o-thiophenol diphenylphosphine (11c) was made by 

dissolving 8c in THF and adding triethylborohydride at 0 oC.  This generated a thiolate 

nucleophile, which attacked the Boc anhydride.  After 2 hours the reaction mixture was 

extracted with sodium carbonate, giving the product in 66% yield.66 

 The ligand substitution reaction was then repeated under the conditions used for 

10b to give 12c in 48% yield.  Cleavage of the Boc group under acidic conditions was 

then attempted.  12c was dissolved in THF.  1M HCl in acetic acid was added and the 

reaction was allowed to stir at room temperature for 4 hours.  TLC analysis of the 

reaction showed only starting material.  An aliquot of the reaction was also worked up, 

but IR and 1H NMR showed that the Boc group was still present.  The reaction was tried 

for longer time periods and using harsher conditions (increasing temperature until reflux, 

more concentrated HCl).  Analysis of these reactions with TLC showed either no 

reaction, or decomposition of the starting material into a brown spot that did not move 

from the origin.  It was speculated that cleavage did take place, but the resulting thiol of 

10c then went on to react with the Fe2S2 cluster, giving the decomposition products seen 

for the original reaction.  Since it appeared that 10c itself was unstable, attempts to 

synthesize it going through other protecting groups were discontinued.  

 

Synthesis of o-phenol phosphine BDT-Cat (10d)   

 

 Synthesis of 8d was carried out according to the procedure first done by 

Rauchfuss55 and outlined in scheme 3.5.  THF was added to sodium hydride and cooled 
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to 0 oC.  Phenol was then added dropwise over 5 minutes, releasing H2 gas and creating a 

good nucleophile.  Chloromethyl methyl ether was then added dropwise, and the reaction 

was allowed to warm to room temperature.  Water was added to the reaction and an ether 

extraction was performed to isolate the product, MOM-phenol, in 91 % yield as a 

colorless oil. 

 

Scheme 3.5:  Synthesis of 10d. 

 MOM-phenol was then dissolved in petroleum ether and cooled to 0 oC.  TMEDA 

and n-butyl lithium were added, the MOM group directing deprotonation to the ortho 

position of the phenyl ring.  Chlorodiphenylphosphine was added dropwise to the 

reaction mixture, which was allowed to warm to room temperature and sit for 24 hours.  

The MOM-phenol anion displaced the chlorine to give the product.  The reaction was 

purified by column chromatography to give 11d as a white solid in 70 % yield.  This 
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ligand was then substituted directly onto 10a before cleavage of the MOM protecting 

group to avoid the problems seen in the synthesis of 10c. 

 10a was dissolved in THF and trimethylamine N-oxide was added, turning the 

reaction from orange to brown.  11d was then added and the reaction left for 12 hours.  

The brown/red reaction mixture was purified by column chromatography, giving the 

monosubstituted phosphine complex as a dark red solid in 27 % yield.   

 The MOM group was cleaved by refluxing 12d in a 1M HCl solution in methanol.  

The starting complex was sparingly soluble in the methanol, but slowly dissolved as the 

reaction progressed.  The product was completely soluble, giving a clear, bright red 

solution after 12 hours.  This was purified by column chromatography to give 10d in 34 

% yield.  

 

Synthesis of COOH phosphine BDT-Cat (10e) 

 

 Synthesis of 8e was carried out according to the procedure of Vinogradova.56  2-

Iodobenzoic acid was dissolved in diethyl ether and cooled to -95 oC with a liquid N2/ 

hexanes.  Butyl lithium was added to the reaction dropwise to carry out a lithium-halogen 

exchange.  After sitting for 2 hours at -95 oC, chlorodiphenylphosphine was added 

dropwise.  The reaction was warmed to -78 oC for 30 minutes, and then allowed to warm 

to room temperature.  After 12 hours, the reaction was acidified to pH 3 and extracted to 

give o-diphenylphosphinobenzoic acid 8e in 58% yield. 

 Substitution of 8e onto 10a was then carried out.  TLC analysis showed that a new 

red spot appeared as the reaction progressed, but purification of the reaction by column 
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chromatography failed to isolate any of the product.  Examination of the TLC also 

showed that this compound slowly decomposed.  Several additional attempts were made 

to synthesize and isolate the product.  It was found that the product decomposed much 

more slowly on TLC when the eluent was spiked with acetic acid.  Purification by 

column was again attempted, this time with the eluent spiked with 2% acetic acid, and 

10e was isolated in a low 31% yield.  It is speculated that the silica gel deprotonated the 

benzoic acid group.  It was known that acetate could cause the decomposition of 9a and 

10a, so it was suspected that the resulting benzoate anion reacted with the Fe2S2 cluster 

and caused the decomposition.  Running the column with some acetic acid in the eluent 

kept the benzoic acid and the basic groups of the silica gel protonated, and minimized this 

side reaction. 

 

Syntheses of Py and Im phosphine BDT and PDT-Cat (10f,g) and (9f,g) 

 

 Phosphine ligands 8g and 8f were obtained from the Grotjahn group at San Diego 

State University.  Complexes 9f,g and 10f,g were made in the same way as complexes 9b 

and 10b.  This gave good yields of all four complexes (64-75% yield).  This was at first 

surprising: it was expected that the nitrogen lone pair might react with the Fe2S2 cluster, 

resulting in the same problems that occurred with the thiophenol and benzoic acid 

complexes.  The imidazole and pyridine nitrogen lone pairs are much less nucleophilic 

than the thiolate and benzoate lone pairs, however.  Both 8f and 8g also have very bulky 

t-butyl groups that may be preventing the nitrogen atom from approaching close enough 

to react with the Fe2S2 cluster. 
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a.         

b.  

Figure 3.1:  a. 31P NMR of 10g b. 1H NMR of 10g showing that both apical and basal 
isomers are present. 
 

 31P NMR spectra of these compounds showed the presence of two isomers, apical 

and basal, in a roughly 10:1 ratio (figure 3.1).  Crystals of 9f and 10g were grown and the 
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x-ray crystal structures showed only one isomer, the apical (figure 3.2).  A single crystal 

of the Py phosphine complex was dissolved in CDCl3, left to sit at room temperature for 

1 hour, and the 31P NMR spectrum run.  The resulting spectrum showed both isomers 

present in a 10:1 ratio, indicating that both complexes are in equilibrium with each other. 

 

  
 

Figure 3.2:  X-ray crystal structures of apical isomers of 9f (left) and 10g (right). 

 Protonation reactions of 9f were also carried out.  One equivalent of 

trifluoromethanesulfonic acid was added and the 1H NMR spectrum measured.  A new 

peak at 12.03 ppm appeared (figure 3.3), indicating that protonation occurred at the 

pyridine nitrogen, not at iron (hydride protons have chemical shifts less than 0).  This was 

confirmed by 31P NMR spectroscopy, which showed a shift from 67.24 to 76.29 ppm 

(figure 3.4).  When two equivalents of trifluoromethanesulfonic acid were added to 9f, 

the spectrum remained the same, indicating that the Fe2S2 cluster did not get protonated.  

Growing crystals of the protonated 9f and 9g was then attempted using trifluoroacetic 

acid, trifluoromethanesulfonic acid, and p-toluenesulfonic acid in hexanes, ether, THF, 
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dichloromethane, and chloroform.  Unfortunately, the only crystals obtained lacked a 

counter-anion and were the unprotonated complexes. 

 

Figure 3.3:  1H NMR showing the protonation of the pyridine N of 9f. 
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Figure 3.4:  31P NMR showing protonated and unprotonated 9f. 

 

IR Spectroscopy 

 

 The assumption that electronics of the control compound (10b) and the test 

compounds would be almost identical was confirmed by IR spectroscopy of the iron-CO 

region.  The COs acted as good reporting ligands for the electron density of the Fe2S2 

cluster.  The IR stretching frequencies for the CO region showed little to no change 

between different phosphines, indicating that substituent changes on the phosphine had 

little to no impact in the electronic structure of the Fe2S2 cluster.  Unfortunately, this also 
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indicated that the hydrogen donating groups did not seem to be interacting with the Fe2S2 

cluster. 

 

Figure 3.5:  IR of the iron/CO region of phosphine substituted 10a. 

 

Electrochemistry 

 

 Electrochemistry in DCM showed that the 10b, 10g, and 10f are all very similar 

(figure 3.6), as expected from the IR spectra.  These complexes all undergo a quasi-

reversible two-electron reduction at -1.8 V.  Interestingly, the presence of a hydrogen-

donating group significantly altered the electrochemistry.  The first reduction potential 

for 10d shifted roughly 50 mV to -1.75 V.  The mechanism of the reductions also 

changed, going from a single quasi-reversible two-electron reduction to two irreversible 

single electron reductions.  Compound 10e also demonstrated similar behavior.  Upon 
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reduction, the hydrogen donating group seemed to be interacting with the Fe2S2 cluster, 

as was hoped (figure 3.7). 

 

Figure 3.6:  CV of the reduction of 10b, 10g, and 10f. 

 

Figure 3.7:  CV of reduction of 10b and 10d, showing that a change in reduction 
mechanism occurs. 
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 Electrochemistry of 10g, and 10f in the presence of added acetic acid resulted in a 

shift of the first reduction potential, similar to 10d and 10e (figure 3.8).  This indicated 

that the nitrogen lone pairs were at least hydrogen bonding with the acetic acid, possibly 

facilitating hydrogen transfer to the Fe2S2 cluster as well.  Full scans of the catalytic 

region revealed a positive shift of up to 200 mV (-2.1 V 10g vs -2.3 V for 10b) for the 

catalytic reduction of protons to H2.  This large shift in reduction potential can almost 

certainly be attributed to the proton donating abilities of the ligands. 

 

Figure 3.8:  CVs comparing the H2 catalysis of 10b with substituted phosphine 
complexes.  10b was not soluble in acetonitrile, so all electrochemistry was done in 
dichloromethane (DCM).  10e was only slightly soluble in DCM, so the concentration of 
10e was much smaller than 10b, 10f, and 10g. 
 
 
 In the hydroquinone catalysts, the catalytic reduction potential was reduced 

because of interaction between the OH and the negatively charged sulfur of the HQ-Cat 
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dianion (figure 3.9).  Although this increased catalytic efficiency, catalytic rates were 

reduced in the HQ-Cat complexes because protonation at the iron of the Fe2S2 cluster 

needs to occur for H2 production, and the hydrogen-bonding interaction with the sulfur 

reduced the basicity at the iron. 

 

Figure 3.9:  Relative energy differences of the dianion of 3a when the hydroquinone 
ligand is hydrogen bonded to the thiolate (left and center), and when no hydrogen 
bonding is taking place (right).  Computations done by Susan Borowski. 
 
 
 The catalytic rates of the hydrogen donating ligands are actually increased when 

compared against the PPh3 ligand, however.  A possible explanation for this is that the 

donatable hydrogen of the phosphine ligand is in close enough proximity to the iron to 

facilitate electron transfer, just like in the HQ-catalysts.  Because of this, the Fe2S2 cluster 

is reduced at a lower overpotential.  The phosphine ligand then acts as an internal acid 

and transfers the proton to the Fe2S2 cluster.  Furthermore, the interaction of the ligand 

hydrogen is almost certainly with the iron and not the sulfur of the Fe2S2 cluster, as 

interaction with the sulfur in the HQ-catalysts reduced catalytic currents.  An internal 
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acid in close proximity to the Fe2S2 cluster should transfer a proton at a faster rate than 

acetic acid in low concentration, causing the observed increased catalytic currents for the 

phosphines with hydrogen donating groups, but not for the PPh3 complex. 

 

Conclusions 

 

 Several phosphine substituted complexes of 9a and 10a with ligands capable of 

proton donation were made.  Attempts to make 10c outright, and then using protection 

group chemistry failed.  It was suspected that the thiol of 10c reacted with the Fe2S2 

cluster and caused decomposition.  Electrochemistry of control compound 10b and 

complexes 10d-g showed that the presence of a proton donating group in close proximity 

to the Fe2S2 cluster changed the mechanism of the first reduction, shifted catalysis to 

more positive potentials, and increased catalytic currents. 
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CHAPTER IV: SYNTHESIS OF [µ-1,2-BENZENEDITHIOLATO]-2’-

PHENYLAZOPYRIDINEDIIRONTETRACARBONYL and  

[µ-1,3-PROPANEDITHIOLATO]-2’- 

PHENYLAZOPYRIDINEDIIRONTETRACARBONYL COMPLEXES 

 

 

Syntheses and characterization of 13a and 14a 

 

 13a and 14a were previously made by Raphael Seidel,67  and syntheses of these 

compounds was repeated according to his procedure (scheme 4.1).  9a and 2-

phenylazopyridine (PAP) were added to a Schlenk flask and purged with N2.  THF was 

added, cooled to -78 oC, and the solution was irradiated with 350 nm light for 3 hours.  

The solution changed from bright orange to dark blue/black.  The reaction mixture was 

purified by silica gel chromatography to give 13a as a dark blue powder in 44% yield.  

The reaction was repeated using 10a to give 14a, also a dark blue powder, in 39% yield. 

 

Scheme 4.1:  Synthesis of 13a and 14a. 
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UV-visible spectroscopy of 13a and 14a 

 

 The UV-visible absorption spectrum of 13a was very different from 9a and the 

(PAP) ligand used to make it (figure 4.1).  In 13a, there was both the appearance of a 

new, longer wavelength, peak at ~600 nm and a large increase of the extinction 

coefficient over both 9a and the PAP ligand (table 4.1).  It was suspected that metal to 

ligand charge transfer was taking place. 
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Figure 4.1:  UV-visible spectra showing a shift to longer wavelength (top) and a large 
increase in extinction coefficient (bottom) for 13a. 
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Compound Extinction Coefficient (!max) 
PAP 450 mol/(L*cm) (449 nm) 
9a 1240 mol/(L*cm) (460 nm) 
13a 7100 mol/(L*cm) (605 nm) 
10a 1150 mol/(L*cm) (455 nm) 
14a 8680 mol/(L*cm) (600 nm) 

 
Table 4.1:  Extinction coefficients for the PAP ligand, 9a, 10a, 13a, and 14a. 
 

 When a charge transfer complex is excited, an electron is transferred from a 

predominantly metal HOMO, to a predominantly ligand LUMO, or vice versa.  This 

results in an exited state that has a positively charged part and a negatively charged part, 

analogous to a zwitterion.  Since the excited state is charged more than the ground state, 

it is more stabilized in polar solvents than nonpolar solvents.  Therefore it should take 

less energy to excite a charge transfer complex into its excited state in a more polar 

solvent (figure 4.2).  To test for the presence of a charge transfer band, the UV-visible 

spectrum for 13a was taken in solvents of increasing polarity (THF, CH2Cl2 EtOH, 

CH3CN, and DMSO).  The !max varied over a modest 7 nm, but not in a systematic way 

related to solvent polarity (table 4.2).   
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Figure 4.2:  Metal-to-ligand charge transfer results in a charge separated exited state.  
Polar solvents are better at solvating the charge separated excited state, reducing the 
energy of the transition. 
 
 
Solvent (dielectric constant) !max of 9a !max of 13a !max of 10a !max of 14a 

THF (8) 460 nm 608 nm 454 nm 603 nm 
CH2Cl2 (9) 460 nm 605 nm 455 nm 600 nm 
EtOH (25) 461 nm 602 nm 456 nm 600 nm 

CH3CN (36) 461 nm 605 nm 457 nm 600 nm 
DMSO (37) 460 nm 609 nm 456 nm 604 nm 

 

Table 4.2:  !max of 9a, 10a, 13a, and 14a in solvents of increasing polarity. 
 
 
 To discover the reason behind the only modest shifts in !max, Gabriel Hall 

performed time dependent DFT calculations of 13a.  These calculations showed that the 

highest occupied orbitals were primarily metal based, and the LUMO was primarily 

ligand based, so metal-to-ligand charge transfer was taking place.  The calculations also 
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predicted a fivefold increase in the extinction coefficient of 13a over 9a, compared to a 

5.7 fold increase in the experiment, and a shift of no more than 3 nm for varying solvent 

dielectrics.  Calculations attributed the small shift of !max to large delocalization of the 

HOMO and LUMO, which minimized stabilization of the LUMO in more polar solvents. 

 

NMR studies of 13a 

 

 In 9a, the propane bridge flips at a rate greater than the NMR time scale 

(fluxional).  This causes the axial and equatorial protons of the bridge to become 

equivalent to each other, giving two signals (figure 4.3).  Variable temperature NMR 

studies on a Varian Unity-300 instrument (300 MHz) have shown that the fluxionality of 

the propane bridge can be frozen out at -80 oC.44   The 1H NMR spectrum of 13a revealed 

six signals for the propane bridge instead of the expected three for a fluxional propane 

bridge.  This complicated the assignment of the 1H NMR spectrum.  Assignment of the 

protons to axial or equatorial could be determined using J coupling values (axial 1H have 

larger J values).  This gave axial protons at 0.96, 1.56, and 1.92 ppm, and equatorial 

protons at 2.15 (2 protons coincidentally overlapping) and 2.55 ppm.  A HSQC 

experiment was required to further assign the peaks, however (figure 4.4).  The HSQC 

experiment identified which protons belonged to which carbons, completing the 1H NMR 

assignment. 
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Figure 4.3:  Axial and equatorial protons of the propane bridge in 13a (top).  When the 
propane bridge flips, all axial protons become equatorial protons, and all equatorial 
protons become axial protons (bottom). 
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Figure 4.4:  HSQC of 13a with the protons assigned. 
 
 The barrier to ring flip in 9a was very low, so it was strange to not see this in the 

1H NMR of 13a.  Variable temperature NMR (300 MHz) was done to 13a to determine 

the barrier for ring flipping of the propane bridge.  1H NMR of 13a was taken in a high 

boiling point solvent (deuterated DMSO) from room temperature to 95 oC.  As the 

temperature increases, the bridge should start to flip back and forth.  This causes the 1H 

peaks to first broaden, and then move toward the other peak on the carbon each is 

attached to (the two red 1H in figure 4.4 will migrate toward each other, as well as the 

two blue and two green).  At high enough temperatures, each set of protons will become 

nearly chemically equivalent, and may merge into one peak (coalescence), giving three 

total peaks instead of the original six.  When the variable temperature NMR was taken, 

however, this did not happen (figure 4.5).  This either meant that the barrier to ring flip 

was very high, or that the propane bridge was fixed for some other reason. 
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Figure 4.5:  Variable temperature 1H NMR @ 300 MHz of 13a from 22 oC to 95 oC.  
There are some temperature-dependent shifts of peaks, but no peaks broaden or merge 
with others. 
 
 It is also known that the CO ligands of 9a rotate at room temperature, and that this 

motion can be frozen out below -35 oC.44  If the PAP ligand and CO rotate, this would put 

a large group in the way of the propane bridge and block the ring flip (figure 4.6).   To 

test if this was happening, variable temperature NMR from 10 to -90 oC was taken.  As 

the temperature falls, the PAP/CO rotation should stop.  The propane bridge should then 

be free to flip causing the 1H signals to collapse into three peaks.  Because the PAP 

ligand is much larger than the CO ligands of 9a, this was expected to happen before -35 

oC, but did not occur even at -90 oC (figure 4.7).  It was concluded that the distortion of 

the CO ligand in 13a, though slight, was enough to prevent the propane bridge from ring 

flipping. 
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Figure 4.6:  Rotation of the CO and PAP ligands would place a bulky group in close 
proximity to the propane bridge, blocking the ring flip. 
 

 

Figure 4.7:  Variable temperature 1H NMR of 13a from 9.8 to -90 oC.  As the 
temperature decreases, the solution becomes more viscous, causing the peak broadening 
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seen.  The temperature-dependent peak (at !=1.58 in the bottom spectrum) is due to water 
in the sample. 
 
 
Syntheses of 13b and 13c 

 

 The synthesis of 13b and 13c were attempted using the same procedure used for 

13a (scheme 4.2).  After 3 hours of irradiation with 350 nm UV light, the reaction 

mixture of 13b was dark green/black.  The product was purified by silica gel 

chromatography.  13b slowly decomposed on the column, giving a pink product that did 

not move.  The fractions containing 13b were dark emerald green in color.  These 

fractions decomposed over ~ 30 minutes, giving a light mint green colored solution and a 

black precipitate that did not dissolve except in concentrated acid.  Attempts to purify 

using methods of recrystallization failed.  Working quickly under sodium light, it was 

possible to isolate 13b as a dark green powder in 15 % yield.  Unfortunately, 13b was 

also unstable as a solid, and completely decomposed after 3-4 days even when stored in 

the freezer under argon.  13c was even less stable than 13b.  Using the same conditions 

used to isolate 13b, 13c was isolated as a dark purple solid in 7 % yield.  The solid of 13c 

decomposed overnight. 
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Scheme 4.2:  Syntheses of 13b and 13c. 
 
 
 The IR and UV-visible spectra of 13b were taken and compared to 13a.  The IR 

stretches of 13b are very close to those of 13a, indicating that substituents on the ligand 

do not have an effect on the electronics of the Fe2S2 cluster, just like with the quinone and 

phosphine complexes (figure 4.8).  The UV-Vis showed a shift of the long wavelength 

peak from 605 nm in 13a to 619 nm in 13b, as well as the appearance of a new peak at 

455 nm (figure 4.9).  13b decomposed over the course of the UV-visible experiment, 

making it impossible to determine extinction coefficients for these peaks. 
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Figure 4.8:  IR spectra of 13a and 13b. 
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Figure 4.9:  UV-Visible of 13a and 13b in CH3CN. 
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Phosphine substitution onto 13a-c 
 
 
 It was thought that phosphine substitution onto 13b and 13c might help stabilize 

the complexes by adding a bulky group to block the decomposition pathway.  Phosphine 

substitution onto 13a was done first to work out the reaction conditions.  13a was 

refluxed in toluene and THF, irradiated with UV light (350 nm), and reacted with ONMe3 

in an attempt to add triphenylphosphine and make 15a.  All of these reactions resulted in 

decomposition of 13a.  The alternative approach of adding the PAP ligand onto 9b was 

then attempted using the same procedure as was used to make 13a (scheme 4.3).  This 

gave 15a as dark blue-green solid in 8 % yield.  The reaction was repeated with 13a and 

ligands 16b and 16c.  This gave the dark green complex of 15b and the purple complex 

of 15c (figure 4.10).  Unfortunately, 15b and 15c decomposed even faster than their non-

phosphine substituted counterparts 13b and 13c.  All attempts to purify 15b and 15c 

resulted in decomposition.  As a result, no characterization of 15b or 15c was obtained.  
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Scheme 4.3:  Synthesis of 15a. 

 

 

Figure 4.10:  Target compounds 15b and 15c. 
 
 
 
Conclusions 

 

 Compounds 13a and 14a were made.  UV-visible spectra showed that 13a and 

14a were charge transfer complexes.  Time-dependent DFT computations done by 
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Gabriel Hall showed that metal to ligand charge transfer was taking place.  The synthesis 

of 2-arylazopyridine complexes with hydrogen donating groups (complexes 13b and 13c) 

was attempted.  The resulting complexes were very unstable, decomposing over the 

course of minutes in solution, and hours to days as a solid.  The triphenylphosphine-

substituted versions of these complexes (15b and 15c) were made as well, but proved to 

be even less stable, completely decomposing during purification.  Attempts to make 

complexes with ligands 16b and 16c were thus stopped. 
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CHAPTER V: EXPERIMENTAL 

 

 

Instrumentation 

 

 Nuclear magnetic resonance spectra (NMR) were taken on Bruker AM-250, 

Varian Unity-300, Bruker AVIII-400, and Bruker DRX-600 spectrometers.  Chemical 

shifts for 1H and 13C NMR are reported in ppm downfield from tetramethylsilane.  

Chemical shifts for 31P NMR are reported using trimethylphosphate as an internal 

standard with chemical shift of 3.09 ppm.  All coupling constants (J values) are reported 

in Hertz (Hz).  Infrared spectra were recorded on a Nicolet Impact-410 spectrometer.  All 

mass spectra were done at the University of Arizona Mass Spectrometry Facility using a 

JEOL HX110A high resolution mass spectrometer.  All elemental analysis was done by 

Columbia Analytical Services using a Perkin Elmer 2400 Series II CHN Analyzer.  X-ray 

crystal structures were done at the University of Arizona X-Ray Crystallography Facility 

using a Bruker SMART 1000. 

 

Materials 

 

 Thin layer chromatography (TLC) was performed on Analtech Uniplate 250 

micron silica gel plates with fluorescent indicator.  Column chromatography was 

performed using Dynamic Absorbents 32-63 micron flash silica gel. 

 All solvents were reagent grade and purchased from EMD chemicals.  

Tetrahydrofuran (THF) and toluene were purified and dried by distillation from sodium 
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and benzophenone.  Tetramethylethylenediamine (TMEDA) was purified and dried by 

distillation from calcium hydride. 

 Unless otherwise stated, all other reagents were purchased from Aldrich Chemical 

Co. and were used without further purification. 

 

Diironnonacarbonyl 

 A 400 mL quartz Hanovian immersion glassware apparatus was purged and the 

atmosphere replaced with N2.  Acetic acid (200 mL) was degassed and added, followed 

by 15 mL of acetic anhydride and 40 mL (296 mmol) of Fe(CO)5.  The reaction was 

cooled to 0 oC and irradiated with 254 nm UV light for 20 hours.  After this time, bright 

orange plate-like crystals were suspended in solution.  The reaction mixture was filtered 

and the filtrate set aside for reuse.  The crystals were washed with water, methanol, and 

finally diethyl ether.  Fe2(CO)9 (15.52 g, 42.7 mmol) was obtained as bright orange flakes 

in 29 % yield.  IR was consistent with literature values.62 

 

Hexacarbonyldiirondisulfide (1) 

 A 3-neck, 2-L round-bottomed flask, fitted with a N2-inlet adapter and a septum 

connected to a bubbler, was flushed with N2. To the flask was added 20 mL (0.149 mol) 

of Fe(CO)5, followed by 100 mL of MeOH, and finally 60 mL of freshly prepared 

aqueous KOH (50% w/v).  After stirring for 20 min under N2, the homogeneous solution 

was cooled to 0 oC and 26.13 g of S8 was added over the course of 5 minutes.  The turbid 

black mixture was allowed to stir for 30 min before the addition of 250 mL of H2O, 500 
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mL of pentane.  HCl (1M, 150 mL) was added via an addition funnel over 2 hours.  The 

ice bath was then removed, and the reaction mixture was stirred at room temperature for 

an additional hour.  The resulting reaction mixture consisted of a dark red pentane layer 

and a black oily aqueous phase. Working in air, the pentane layer was filtered by vacuum 

filtration. The aqueous phase was rinsed with ca. 200-300 mL of pentane, which was 

filtered again to optimize the extraction. The deep red pentane fractions were combined, 

dried over Na2SO4, and evaporated to dryness using a rotary evaporator.  The solid bright 

red residue was then transferred to a 150 mL Schlenk flask fitted with a cold-water 

vacuum sublimation apparatus and sublimed at room temperature and ca. 0.01 mm Hg.  

Once the cold finger is fully encrusted, the crystalline red product was removed and the 

sublimation repeated until no more material was collected.  If the solid residue was 

brown, then this was purified by silica gel chromatography, eluting with hexanes.  This 

gave 7.52 g of bright red crystals in 29 % yield. IR in hexane: $CO = 2083, 2043, 2007, 

1991 cm-1; weak bands are observed at 1965 and 1955 cm-1. 

 
 
2-Methyl-1,4-benzoquinone (2b) 

 
 To a 100 mL round bottom flask, 0.986 g (7.94 mmol) of t-butylhydroquinone 

and 9.374 g (17.1 mmol) of Ce(NH4)2(NO3)6 were added.  This was dissolved in 30 mL 

of water, giving an orange solution with a brown solid that slowly dissolved.  After 

stirring for an hour, the solution was pale orange/yellow with a bright yellow floating 

precipitate.  Brine was added to the reaction (25 mL) and was then extracted with 25 mL 

of diethyl ether 4 times.  The yellow ether fractions were combined, dried with MgSO4, 
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and the ether removed to give 0.918 g (7.52 mmol) of 2b in 95% yield.  1H NMR was 

consistent with literature values.68 

 
 
2-tert-Butyl-1,4-benzoquinone (2c) 
 
 The compound was prepared in the same manner as 2b from 2-tert-butyl-1,4-

benzohydroquinone.  The product was isolated as a yellow solid in 96 % yield.  1H NMR 

was consistent with literature values.69 

 
 
2-Methoxy-1,4-benzoquinone (2d) 

 

 To a 250 mL round bottom flask, 2.519 g (18.0 mmol) of methoxyhydroquinone 

and 19.879 g (36.3 mmol) of Ce(NH4)2(NO3)6 were added.  This was dissolved in 100 

mL of water, giving an orange solution with a brown solid that slowly dissolved.  The 

solution was stirred until the brown solid almost completely disappeared (about 15 

minutes).  A bright yellow floating precipitate slowly appeared during this time.  Brine 

was added to the reaction (50 mL) and was then extracted with 50 mL of diethyl ether 4 

times.  The yellow ether fractions were combined, dried with MgSO4, and the ether 

removed to give 1.973 g (14.3 mmol) of 2d in 79% yield.  1H NMR was consistent with 

literature values.70 
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2-Chloro-1,4-benzoquinone (2e) 
 
 The compound was prepared in the same manner as 2b from 2-chloro-1,4-

benzohydroquinone.  The product was isolated as a yellow solid in 97 % yield.  1H NMR 

was consistent with literature values.71 

 
 
2-Bromo-1,4-benzoquinone (2f) 
 
 The compound was prepared in the same manner as 2b from 2-bromo-1,4-

benzohydroquinone.  The product was isolated as a yellow solid in 96 % yield.  1H NMR 

was consistent with literature values.72 

 
 
[µ-2,3-(Benzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3a) 

 
 To a 200 mL Schlenk flask, 0.2565 g of 1 (0.746 mmol) and 0.1691 g of 1,4-

benzoquinone (1.56 mmol) were added.  The Schlenk flask was then purged and the 

atmosphere replaced with N2.  Freshly distilled THF (100 mL) was added, resulting in a 

bright red solution. The resulting solution was cooled to -78 oC and irradiated for 3.0 

hours in a Srinivasan-Griffith Rayonet Photochemical reactor equipped with 350 nm 

lamps. The solvent was removed and the residue was separated by column over silica gel 

eluting with CH2Cl2.  3a was isolated as 0.087 g (0.192 mmol) of red powder in 26 % 

yield.  1H NMR and IR were consistent with literature values.61 
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[µ-2,3-(-5-Methylbenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3b) 
 
 The compound was prepared in the same manner as 3a from 1 and 2b.  The 

product was isolated as a red solid in 26 % yield.  1H NMR and IR were consistent with 

literature values.61 

 
 
[µ-2,3-(-5-tert-Butylbenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3c) 
 
 The compound was prepared in the same manner as 3a from 1 and 2c.  The 

product was isolated as a red solid in 20 % yield.  1H NMR and IR were consistent with 

literature values.61 

 
 
[µ-2,3-(-5-Methoxybenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3d) 
 
 The compound was prepared in the same manner as 3a from 1 and 2d.  The 

product was isolated as a red solid in 14 % yield.  1H NMR and IR were consistent with 

literature values.61 

 
 
[µ-2,3-(-5-Chlorobenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3e) 
 
 The compound was prepared in the same manner as 3a from 1 and 2e.  The 

product was isolated as a red solid in 25 % yield.  1H NMR and IR were consistent with 

literature values.61 
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[µ-2,3-(-5-Bromobenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (3f) 

 The compound was prepared in the same manner as 3a from 1 and 2f.  The 

product was isolated as a red solid in 23 % yield.  1H NMR and IR were consistent with 

literature values.61 

 
 
[µ-2,3-(Naphthalene-1,4-diol)dithiolato]bis(tricarbonyliron) (3g) 
 
 The compound was prepared in the same manner as 3a from 1 and 2g.  The 

product was isolated as a red solid in 22 % yield.  1H NMR and IR were consistent with 

literature values.61 

 
 
[µ-2,3-(-5-Methyl-1,4-quinone)dithiolato]bis(tricarbonyliron) (4b) 

 
 To a dry 25 mL Schlenk flask with stir bar and serum cap was added [µ-2,3-(-5-

methylbenzene-1,4-diol)dithiolato]bis(tricarbonyliron) (65 mg, 0.140 mmol) and 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (38 mg, 0.168 mmol).  The Schlenk tube was 

then flushed with nitrogen.  Dichloromethane (3 mL) was added to the reaction, and the 

resulting brown/red solution was stirred for 90 minutes at room temperature.  The 

reaction mixture was purified using silica gel chromatography.  A dark brown band was 

recovered eluting with 50:50 dichloromethane:hexanes, giving [µ-2,3-(-5-chloro-1,4-

quinone)dithiolato]bis(tricarbonyliron) as dark brown colored crystals (62 mg, 0.134 

mmol, 95%).  1H NMR (CDCl3, 23 oC, 400 MHz) % 6.37 (q, J=1.6 Hz, 1H), 1.99 (d, J=1.6 

Hz, 3H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 206.26 (Cq, Fe(CO)3), 179.95 and 179.32 
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(Cq, C=O), 167.78 and 164.81 (Cq, C-SFe), 146.21 (Cq, C-CH3), 132.67 (CH), 15.78 

(CH3); IR (KBr, cm-1) 2084, 2043, 2002 (# (CO)), 1656 (# (C=O)), 1568 (# (C=C)); 

Elemental Analysis C: 33.82 (calc. 33.65) H: 1.70 (calc. 0.87) 

 
 
[µ-2,3-(-5-tert-Butyl-1,4-quinone)dithiolato]bis(tricarbonyliron) (4c) 

 

 The compound was prepared in the same manner as 4b from 3c.  The product was 

isolated as a brown solid in 77 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 6.36 (s, 

1H), 1.21(s, 9H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 206.27 (Cq, Fe(CO)3), 179.84 

and 179.69 (Cq, C=O), 166.46 and 162.74 (Cq, C-SFe), 156.40 (Cq, C-C4H9), 131.22 

(CH), 35.71 (Cq, C-(CH3)3), 29.11 ((CH3)3); IR (KBr, cm-1) 2085, 2046, 2005 (# (CO)), 

1654 (# (C=O)), 1576 (# (C=C)); Elemental Analysis  C: 37.54 (calc. 37.97)  H: 2.81 

(calc. 2.00) 

 
 
[µ-2,3-(-5-Methoxy-1,4-quinone)dithiolato]bis(tricarbonyliron) (4d) 

 

 The compound was prepared in the same manner as 4b from 3d.  The product was 

isolated as a brown solid in 81 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 3.77 (s, 

OCH3, 3H), 5.67 (s, 1H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 206.17 (Cq, Fe(CO)3), 

178.68 and 174.12 (Cq, C=O), 167.07 (Cq, C-OMe), 161.76 and 158.90 (Cq, C-SFe), 

106.43 (CH), 57.13 (OCH3); IR (KBr, cm-1) 2085, 2044, 2004 (# (CO)), 1674, 1641 (# 

(C=O)), 1615, 1575 (# (C=C)); Elemental Analysis C: 32.91 (calc. 32.53) H: 2.14 (calc. 

0.842) 
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[µ-2,3-(-5-Chloro-1,4-quinone)dithiolato]bis(tricarbonyliron) (4e) 

 

 The compound was prepared in the same manner as 4b from 3e.  The product was 

isolated as bronze crystals in 90 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 6.76 (s, 

1H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 205.96 (Cq, Fe(CO)3), 176.81 and 172.14 

(Cq, C=O), 166.35 and 164.73 (Cq, C-SFe), 143.58 (Cq, C-Cl), 132.79 (CH); IR (KBr, 

cm-1) 2086, 2046, 2006 (# (CO)), 1671, 1652 (# (C=O)), 1565 (# (C=C)); Elemental 

Analysis  C: 29.86 (calc. 29.75), H: 0.43 (calc. 0.21) 

 
 
[µ-2,3-(-5-Bromo-1,4-quinone)dithiolato]bis(tricarbonyliron) (4f) 

 

 The compound was prepared in the same manner as 4b from 3f.  The product was 

isolated as bronze crystals in 81 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 7.04 (s, 

1H) 

 
 
[µ-2,3-(Naphthalene-1,4-quinone)dithiolato]bis(tricarbonyliron) (4g) 

 

 The compound was prepared in the same manner as 4b from 3g.  The product was 

isolated as a bronze crystals in 83 % yield.  1H NMR (CDCl3, 23 °C, 500 MHz) ! 8.00 

and 7.72 (s each, 1:1 H); 13C NMR (CDCl3, 23 °C, 125 MHz) ! 206.2 (s, Cq, Fe(CO)3), 

177.6 (C=O), 167.1 (s, Cq, C-SFe), 134.3 and 127.1 (s, CH), 131.5 (s, Cq); IR (KBr) cm-1 

2086 (100), 2039 (100), 2023 (100), 1980 (100) [" (C#O)], 1663 (90) [" (C=O)]. Mass 

spectrum (EI): m/z (relative intensity) 500 (M+, 1), 472 (M+ - CO, 14), 444 (M+ - 2 CO, 

20), 416 (M+ - 3 CO, 2), 388 (M+ - 4 CO, 12), 360 (M+ - 5 CO, 22), 332 (M+ - 6 CO, 36), 
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288 (3), 276 (18), 244 (5), 232 (7), 176 (Fe2S2
+, 24), 166 (7), 56 (Fe+, 1); Anal. Calc. for 

C16H4Fe2O8S2: C, 38.43; H, 0.81. Found: C, 38.37; H, 0.99. 

 
 
[µ-2,3-(Naphthalene-1,4-quinone)dithiolato]bis(dicarbonyltriphenylphosphineiron) 

(7) 

 

 Me3NO$2H2O (133 mg, 1.20 mmol) was added to a solution of 4g (100 mg, 0.20 

mmol) and PPh3 (315 mg, 1.20 mmol) in CH3CN solvent (40 mL). The solution was 

stirred at room temperature for 12 h. The solvent was then removed in vacuum and the 

residue was separated by flash silica gel column chromatography eluting with 2:3 

hexanes:CH2Cl2.  Complex 7 was isolated as dark brown crystals (37 mg, 19%).  1H 

NMR (CDCl3, 23 °C, 500 MHz) ! 7.49 and 7.18 (s each, 1:1 H); 13C NMR (CDCl3, 23 

°C, 125 MHz) ! 214.7 (t, Cq, Fe(CO)2), 177.0 (C=O), 165.4 (s, Cq, C-SFe), 135.6 and 

135.3 (d, CP of PPh3), 133.3 and 128.5 (t each, CH of PPh3), 132.5 and 125.6 (s, CH), 

131.8 (s, Cq), 129.7 (s, CH of PPh3); IR (KBr) cm-1 2004 (100), 1960 (80), 1940 (90) [" 

(C#O)], 1662 (10) [" (C=O)]; Anal. Calcd for C50H34Fe2O6P2S2: C, 62.00; H, 3.54. 

Found: C, 61.65; H, 3.76. 

 

 

o-Diphenylphosphinothiophenol (8c) 

 
 A 2-neck round bottom flask was purged and the atmosphere replaced with N2.  

Dry Solve hexanes (50 mL) was added to the flask, and then cooled to -78 oC.  TMEDA, 

freshly distilled from sodium hydride, (1.5 mL, 10 mmol) and 15 mL of 1.6 M n-butyl 

lithium (24 mmol) were added to the round bottom flask.  Thiophenol (1.0 mL, 9.8 
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mmol) was then added to the reaction dropwise over 30 minutes, the reaction hissing 

during the addition.  The solution became cloudy and cream colored.  The reaction was 

allowed to warm to room temperature and sit for 12 hours.  The reaction was cooled back 

down to -78 oC and 1.2 mL (6.6 mmol) Chlorodiphenylphosphine was added dropwise 

over 30 minutes.  The solution remained cloudy, but turned darker yellow in color.  The 

reaction was allowed to warm to room temperature and stir for 16 hours.  The reaction 

was extracted with 50 mL of water 3 times, and the aqueous fractions were collected.  

The aqueous fractions were combined and acidified with 1M HCl.  This was then 

extracted with 30 mL of toluene 3 times.  The toluene fractions were combined and dried 

with MgSO4.  The solvent was removed to give a peach colored oil, which later solidified 

into 1.1372 g (3.86 mmol) of off white powder (59% yield).  1H NMR and 31P NMR 

matched reference.54 

 

o-Diphenylphosphinobenzoic acid (8e) 

 
 1.0906g (4.40 mmol) of 2-Iodobenzoic acid was added to a Schlenk tube, purged 

of air, and charged with N2.  20 mL of drysolve diethylether was added and the solution 

was cooled to -95 oC using a hexanes/ liquid N2 bath.  6 mL of 1.6M nBuLi (9.60 mmol) 

was added to the reaction dropwise over 30 minutes.  After the addition, the reaction was 

allowed to stir at -95 oC for an additional 2 hours.  0.90 mL (4.87 mmol) of 

chlorodiphenylphosphine were then added to the reaction dropwise over 30 minutes at -

95 oC.  Dry ice was added and the reaction was allowed to stir at -78 oC for 30 minutes.  

This bath was then removed, and the pale yellow solution was allowed to warm to room 
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temperature and stir for 12 hour.  The reaction mixture was extracted with 10 mL of 

water 3 times.  The aqueous fractions were combined and, acidified to pH 3 using 1M 

HCl, and extracted with 10 mL of toluene 3 times.  These organic fractions were then 

combined, dried with MgSO4, and the solvent was removed to give a yellow oil.  

Obtained 0.7790g of product (58% yield).  1H NMR and 31P NMR matched reference.56 

 

[µ-1,3-Propanedithiolato]bis(tricarbonyliron) (9a) 

 
 A Schlenk flask equipped with a reflux condenser was purged and the atmosphere 

replaced with N2.  Distilled toluene (100 ml) was added, followed by 2.0 mL (2.95 g, 

19.9 mmol) of 1,3-propanedithiol and 6.0 ml (8.74g, 44.6 mmol) of iron pentacarbonyl.  

The reaction solution was bright orange.  The reaction was refluxed for 40 hours, giving a 

brown/black turbid solution.  The solvent was removed and the resulting brown/black oil 

was purified by silica gel chromatography, eluting with hexanes.  The product was 

isolated as a red solid (4.74 g, 12.3 mmol) in 62% yield. 

 

Alternate procedure for 9a 

 
 To a Schlenk flask, 0.2152 g (0.626 mmol) of Fe2S2(CO)6 was added.  The 

Schlenk flask was purged and the atmosphere replaced with N2.  Freshly distilled THF 

(10 mL) was added, resulting in a bright red solution.  This was then cooled to -78 oC and 

1.3 mL (1.3 mmol) of a 1M solution of LiHBEt3 was added dropwise to the reaction over 

10 minutes.  Upon addition, the reaction turned dark red/brown, then green.  The reaction 

bubbled as H2 gas was formed about halfway through the addition.  1,3-dichloropropane 
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(0.05 mL, 0.059 g, 0.53 mmol) was then added to the reaction dropwise over 30 minutes 

while stirring.  The reaction turned back to red from green.  The reaction was allowed to 

warm to room temperature and stir an additional hour.  The solvent was then removed 

and the resulting red oil was purified by column chromatography, eluting with hexanes.  

This gave 0.1446 g (0.375 mmol) of the product as a red solid in 71 % yield.  1H NMR 

and IR matched reference.65 

 

PDT PPh3 Cat (9b) 

 
 To a Schlenk flask, 0.0964g (0.250 mmol) of PDT and 0.0238g (0.317 mmol) of 

trimethylamine-N-oxide were added.  The Schlenk flask was then purged and the 

atmosphere replaced with N2.  Distilled THF (10 mL) was then added to the reaction, 

which turned from dark red to brown over the course of 30 seconds.  The reaction was 

stirred for 10 minutes, then 0.1443g (0.550 mmol) of the triphenylphosphine was added.  

The reaction was left at room temperature for 12 hours.  The solvent was then removed 

from the red/brown reaction mixture.  The resulting solid was purified by silica gel 

chromatography, eluting with 85:15 hexanes : ethyl acetate to give 0.1013g (0.163 mmol) 

of the product as a red solid in 65% yield.  1H NMR, 31P NMR, and IR matched 

reference.47 
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PDT PPh2Py Cat (9f) 

 The compound was prepared in the same manner as 9b from 9a and 8f.  The 

product was isolated as a red solid in 67 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 

7.83 (m, 4H), 7.56 (m, 1H), 7.41 (m, 6H), 7.28 (m, 1H), 7.23 (m, 2H), 1.73 (m, 2H), 1.51, 

(m, 1H), 1.41 (m, 2H), 1.35 (s, 9H), 1.22 (m, 1H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 

213.21, 213.11, 209.76, 135.91, 135.84, 135.25, 134.87, 134.30, 134.19, 130.13, 130.11, 

128.22, 128.13, 124.41, 124.21, 118.83, 38.14, 30.12, 30.04, 22.02; 31P NMR (CDCl3,  

23 oC, 160 MHz) % 66.82; IR (KBr, cm-1), 2042, 1985, 1960, 1940 (# (CO)) 

 

PDT PPh2Im Cat (9g) 

 The compound was prepared in the same manner as 9b from 9a and 8g.  The 

product was isolated as a red solid in 67 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 

7.91 (m, 4H), 7.41 (m, 6H), 6.78 (s, 1H), 3.33 (s, 3H), 1.77 (m, 2H), 1.48 (m, 1H), 1.40 

(m, 2H), 1.23 (s, 9H), 1.16 (m, 1H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 213.59, 

209.63, 135.90, 135.48, 132.93, 132.82, 130.26, 130.24, 128.55, 128.45, 119.47, 35.26, 

32.00, 30.09, 20.58; 31P NMR (CDCl3,  23 oC, 160 MHz) % 49.78; IR (KBr, cm-1) 2044, 

1981, 1958, 1932 (# (CO)) 

 

[µ-1,2-Benzenedithiolato]bis(tricarbonyliron) (10a) 

 To a Schlenk flask, 2.6820 g (7.37 mmol) of Fe2(CO)9 and 0.5305 g (3.73 mmol) 

of 1,2-benzendithiol were added.  The Schlenk flask was then purged and the atmosphere 

replaced with N2 gas.  Freshly distilled THF (100 mL) was added and the reaction was 
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allowed to run at room temperature for 3 hours.  The resulting solution was dark 

red/black.  The solvent was removed and the resulting red oil was purified by silica gel 

chromatography, eluting with hexanes.  The dark red fraction was collected, which gave 

1.328 g (3.16 mmol) of BDT in 85% yield.  1H NMR and IR matched reference.64 

 

 

BDT PPh2C6H4o-COOH Cat (10e) 

 To a Schlenk tube, 0.0993g (0.236 mmol) of 10a and 0.0119g (0.158 mmol) of 

ONMe3 were added.  The Schlenk tube was then purged and the atmosphere replaced 

with N2.  Freshly distilled THF (10 mL) was added to the reaction.  The reaction started  

bright orange and clear, but became red/brown after several seconds.  The reaction was 

allowed to stir at room temperature for 20 minutes, then 0.0231g (0.0754 mmol) of 2-

diphenylphosphinobenzoic acid was added.  After 12 hours, the solvent was removed and 

the resulting red/brown powder was purified by silica gel chromatography.  The 10a 

starting material was recovered by eluting with hexanes.  The polarity of the eluting 

solvent was then increased to 30:70 ethylacetate : hexanes and spiked with 2% acetic 

acid.  10e was isolated as 0.0154g (0.0231 mmol) of red powder in 31% yield.  1H NMR 

(CDCl3, 23 oC, 400 MHz) % 7.67 (m, 4H), 7.38 (m, 6H), 7.22 (m, 1H), 6.55 (m 2H), 6.48 

(m, 2H), 6.16 (m, 2H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 147.71, 134.59, 133.34, 

133.23, 130.06, 128.57, 128.47, 127.30, 125.24; 31P NMR (CDCl3, 23 oC, 160 MHz) % 

55.01, 54.94 (1:4 ratio); IR (KBr, cm-1) 2048, 1994, 1977, 1939 (# (CO)) 
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BDT PPh2Im Cat (10g) 

 The compound was prepared in the same manner as 9b from 9a and 8g.  The 

product was isolated as a red solid in 67 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 

7.41 (m, 4H), 7.31 (m, 6H), 6.74 (s, 1H), 6.58 (m, 2H), 6.30 (m, 2H), 3.01 (s, 3H), 1.33 

(s, 9H); 13C NMR (CDCl3, 23 oC, 100 MHz) %  ; 31P NMR (CDCl3,  23 oC, 160 MHz) % 

48.32; IR (KBr, cm-1) 2050, 1995, 1978, 1942(# (CO)) 

 
 
 
PPh2C6H4o-SBoc (11c) 

 
 To a Schlenk tube, 0.0254g (0.0863 mmol) of 8c was added.  The Schlenk tube 

was then purged and the atmosphere replaced with N2.  The Schlenk tube was cooled to 0 

oC and 5 mL of distilled THF was added.  To the resulting clear, colorless solution, 0.10 

mL (0.10 mmol) of 1M lithium triethylborohydride was added dropwise.  The reaction 

fizzed during this addition, as a result of H2 gas being formed.  The reaction was left for 

15 minutes, then 0.0302 g (0.138 mmol) of Boc anhydride was added.  The reaction was 

allowed to warm to room temperature and stir for 2 hours.  Ether was added and the 

reaction mixture was extracted with 2 mL of a saturated sodium carbonate solution 3 

times.  The organic phase was then dried with MgSO4 and the solvent removed to give 

0.0224g (0.0568 mmol) of the product as a white solid in 66% yield.  1H NMR (CDCl3, 

23 oC, 400 MHz) % 7.66 (m, 1H), 7.60 (m, 1H), 7.37 (m, 1H), 7.32 (m, 6H), 7.27 (m, 4H), 

6.86 (m, 1H), 1.38 (s, 9H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 166.80, 143.26, 143.15, 

137.19, 137.17, 136.61, 136.49, 134.19, 134.10, 133.90, 133.78, 132.05, 131.95, 131.71, 
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129.67, 129.37, 128.76, 128.56, 128.53, 128.49, 128.41, 85.41, 28.07; 31P NMR (CDCl3,  

23 oC, 160 MHz) % -10.30 

 

 

BDT PPh2C6H4o-SBoc Cat (12c) 

 The compound was prepared in the same manner as 9b from 10a and 11c.  The 

product was isolated as a red solid in 48 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 

7.72 (m, 4H), 7.62 (m, 1H), 7.42 (4, 6H), 6.67 (m, 1H), 6.51 (M, 2H), 6.23 (m, 1H), 6.14 

(m 2H), 1.40 (s, 9H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 213.51, 166.11, 138.36, 

133.74, 133.62, 132.88, 130.14, 129.37, 128.78, 128.66, 128.01, 127.30, 125.19, 85.66, 

28.21; 31P NMR (CDCl3, 23 oC, 160 MHz) % 63.22; IR (KBr, cm-1) 2052, 1995, 1983, 

1940 (# (CO)) 

 

 

 

Methoxymethyl phenyl ether 

 
 0.4075g (0.0170 mol) of NaH was added to a Schlenk tube, which was then 

charged with N2.  30 mL of distilled THF was added and the reaction allowed to stir for 5 

minutes.  The resulting solution was milky white.  The reaction was cooled to 0 oC and 

1.0422g (0.0111 mol) of phenol was added dropwise over 5 minutes.  The reaction was 

left to stir at 0 oC for 30 minutes.  1.2 mL (0.0158 mol) of chloromethyl methyl ether was 

added dropwise over 5 minutes.  The reaction was then allowed to warm to room 

temperature, and stir for an additional 1.5 hours.  The solution was extracted with 20 mL 
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of water 3 times, the water fractions were then combined and extracted with 20 mL of 

ether.  The ether fraction was combined with the organic layer, dried with MgSO4, and 

the solvent removed to give 1.3938g (0.0101 mol) of a colorless oil (90.9% yield).  1H 

NMR matched reference.55 

 

Methoxymethyl o-Diphenylphosphinophenyl ether (11d) 

 
 A Schlenk tube was purged of air, charged with N2, and cooled to 0 oC with an ice 

bath.  20 mL of petroleum ether was added, followed by 1 mL (0.0066 mol) of TMEDA, 

and 1.35 mL (0.0034 mol) of 2.5M nBuLi in hexanes solution.  The resulting reaction 

mixture was clear and colorless.  To this, 0.2449 g (0.0018 mol) of Methoxymethyl 

phenyl ether was added.  The reaction became yellow and a white precipitate appeared, 

but dissolved after less than 1 minute of stirring.  The ice bath was removed, the reaction 

was allowed to warm to room temperature, and then left to stir for 5.5 hours.  The 

resulting solution was a turbid yellow/brown.  0.33 mL (0.0018 mol) of 

chlorodiphenylphosphine was then added to the reaction dropwise over 5 minutes, during 

which the solution lightened to a cream color.  After stirring for 24 hours, the solvent in 

the reaction was removed, and the resulting cream colored solid was purified by silica gel 

column chromatography eluting with 100% dichloromethane.  Obtained 0.406 g (0.00126 

mol) of white solid as product (70% yield).  1H NMR (CDCl3, 23 oC, 400 MHz) % 7.32 

(m, 11H), 7.10 (dd, J= 8Hz, 4.4 Hz, 1H), 6.90 (t, 7.6 Hz, 1H), 6.70 (t, 7.2 Hz), 5.07 (s, 

2H), 3.18 (s, 3H); 13C NMR (CDCl3, 23 oC, 100 MHz) % 158.67, 158.53, 136.42, 134.07, 
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133.87, 133.51, 133.49, 130.27, 128.68, 128.41, 128.34, 122.04, 113.42, 113.41, 94.07, 

55.96; 31P NMR (CDCl3, 23 oC, MHz) % -15.35 

 

BDT PPh2C6H4o-OMOM Cat (12d) 

 The compound was prepared in the same manner as 9b from 10a and 11d.  The 

product was isolated as a red solid in 27 % yield.  1H NMR (CDCl3, 23 oC, 400 MHz) % 

7.68 (m, 4H), 7.37 (m, 6H), 7.22 (m, 2H), 6.49 (t, 1H, J= 7.6 Hz), 6.45 (m, 2H), 6.27 (t, 

1H, 9.6 Hz), 6.16 (m, 2H), 5.00 (s, 2H), 3.17 (s, 3H); 13C NMR (CDCl3, 23 oC, 100 MHz) 

% 214.31, 214.22, 158.35, 147.87, 135.43, 135.00, 133.56, 133.45, 132.59, 132.54, 

131.64, 129.89, 128.37, 128.27, 127.21, 125.18, 121.38, 121.30, 113.90,113.86, 94.86, 

56.49; 31P NMR (CDCl3, 23 oC, 160 MHz) % 56.65; IR (KBr, cm-1) 2049, 1992, 1980, 

1936 (# (CO)) 

 

BDT PPh2C6H4o-OH Cat (10d) 

 10 mL of methanol was added to a Schlenk tube and degassed with N2 for 20 

minutes.  To this 0.0798 g (0.107 mmol) of 12d was added.  Solution was cloudy red, due 

to low solubility.  1 mL of 12 M HCl was added to the solution, and the reaction was 

brought to reflux under N2 for 12 hours.  The resulting solution was dark red and clear.  

The solvent was removed and the residue was purified by silica gel chromatography, 

eluting with 85:15 hexanes : ethyl acetate.  10d was isolated as a red solid weighing 

0.0246g (0.037 mmol) (34.3% yield).  1H NMR (CDCl3, 23 oC, 400 MHz) % 7.67 (m, 

4H), 7.49 (m, 1H), 7.38 (m, 6H), 7.22 (m, 1H), 6.55 (m, 2H), 6.48 (m, 2H), 6.16 (m, 2H); 
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13C NMR (CDCl3, 23 oC, 100 MHz) % 147.71, 134.59, 133.34, 133.23, 130.05, 128.57, 

128.47, 127.30, 125.24; 31P NMR (CDCl3, 23 oC, 160 MHz) % 55.01, 54.94; IR (KBr, cm-

1) 2050, 1994, 1979, 1938 (# (CO)) 

 

1-3-Propanedithiolato-2-(phenylazo)pyridinediirontetracarbonyl (13a) 

 To a Schlenk flask, 100 mg (0.2591 mmol) of 9a and 47 mg (0.2591 mmol) of 2-

phenylazopyridine were added.  The Schlenk flask was then purged with N2 and 20 mL 

of freshly distilled THF was added.  The resulting red solution was then cooled to -78 °C 

with an acetone/dry ice bath and irradiated for 75 minutes inside a Rayonet Srinivasan-

Griffin photochemical reactor.  TLC of the dark green reaction mixture after 75 minutes 

indicated that all of the 2-phenylazopyridine had been consumed, but unreacted 9a still 

remained.  An additional 47 mg (0.2591 mmol) of 2-phenylazopyridine was added under 

nitrogen.  The reaction mixture was then cooled to  -78 °C and irradiated inside the 

Rayonet for an additional 50 minutes.  The solvent was then removed and the green/black 

residue was purified by column chromatography, eluting with toluene.  This resulted in 

the isolation of 58.5 mg (0.1140 mmol; 44.0 % yield) of product as a dark blue powder. 

Recrystallization from Pentane (dark blue solution) gave 36.6 mg (0.0713 mmol; 27.5 % 

yield) of small, dark blue cubic crystals.  1H NMR (CDCl3, 23 oC, 500 MHz) % 8.77 (C15-

H, d, J=6 Hz, 1H), 8.23 (C18-H, d, J=8.5 Hz, 1H), 7.85 (C10,12-H, m, 2H), 7.68 (C17-H, t, 

J=8 Hz, 1H), 7.45 (C9,11.13-H, m, 3H), 7.12 (C16-H, t, J=6.5 Hz, 1H), 2.54 (C1,3-Heq, dt, 

J1=13 Hz J2=4 Hz, 1H), 2.15 (C1,3-Heq and C2-Heq, dt, J1=12.5 Hz, J2=5 Hz, 2H), 1.93 

(C1,3-Hax, dt, J1=3 Hz, J2=13 Hz, 1H), 1.57 (C1,3-Hax, dt, J1=1.5 Hz, J2=12.5 Hz, 1H), 0.96 
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(C2-Hax, m, 1H); 13C NMR (CDCl3, 23 oC, 125 MHz) % 217.34 (C4), 208.66 (C5,6,7), 

164.66 (C14), 157.06 (C8), 147.53 (C18), 133.59 (C16), 128.59 (C17), 127.89 (C10,12), 

125.12 (C9,13), 124.70 (C11), 117.62 (C15), 30.22 (C2), 24.67 and 24.83 (C1,3); IR (in 

mineral oil, cm-1) 2024, 1972, 1957, 1946 (# (CO)), 1461 (# (C=C)), 1377 (# (N=N)); 

High Resolution Mass Spectrometry: [H PDT-Blue]+ 513.9281 m/z (calculated); 

513.9274 m/z (found), [H PDT-Blue - CO]+ 485.9332 m/z (calculated); 485.9329 m/z 

(found) 

 

 

Benzenedithiolato-2-(phenylazo)pyridinediirontetracarbonyl (14a) 

 The compound was prepared in the same manner as 13a from 10a and 2-

phenylazopyridine.  The product was isolated as a blue solid in 24 % yield.  1H NMR 

(CDCl3, 23 oC, 500 MHz) % 8.49 (C14-H, d, J=6 Hz, 1H), 8.28 (C17-H, d, J=8 Hz, 1H), 

7.93 (C9,11-H, m, 2H), 7.69 (C15-H, t, J=7.5 Hz, 1H), 7.44 (C8,10,12-H, m, 3H), 7.26 and 

7.05 (C2,5-H, d, J=7 Hz, buried under CHCl3 and 1H), 7.10 (C16-H, t, J=7.5 Hz, 1H), 6.63 

and 5.89 (C3,4-H, t, J=7 Hz, 1H and 1H); 13C NMR (CDCl3, 23 oC, 125 MHz) % 217.78 

(C18), 208.24 (C19, C20, and C21), 164.66 (C13), 157.40 (C7), 150.47 and 149.93 (C1 and 

C6), 148.98 (C14), 133.81 (C16), 128.88 (C15), 128.05 (C9 and C11), 127.10 and 127.02 (C2 

and C5), 125.71 (C3 and C4), 125.18 (C8 and C12), 124.65 (C10), 118.39 (C17); IR (cell 

with hexanes, cm-1) 2026, 1974, 1964, 1947 (# (CO)), 1461 (# (C=C)), 1377 (# (N=N)); 

High Resolution Mass Spectrometry: [H Benz-Blue - CO]+ 519.9176 m/z (calculated); 

519.9171 m/z (actual) 
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APPENDIX: SPECTROSCOPIC DATA
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