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ABSTRACT 

Reactive oxygen species, such as superoxide, are associated with many diseases 

including cancer, diabetes, and atherosclerosis.  In order to protect against the presence of 

reactive oxygen species, organisms have evolved mechanisms to detoxify superoxide mediated 

by the enzymes superoxide dismutase (SOD) and superoxide reductase (SOR).  SOR is a non-

heme iron enzyme present in anaerobic and microaerophilic biological systems that is utilized for 

the detoxification of superoxide via its one-electron reduction to form hydrogen peroxide.  The 

present work describes the synthetic analogs of the active site of SOR through the utilization of 

neutral, nitrogenous ligands in combination with exogenous thiolate ligands about an iron center 

in order to mimic the histidine and cysteine residues of the enzyme.  The varying nitrogenous 

ligands include pyridine and imidazole substituents as the nitrogen donor.  The synthesis and 

characterization of theses model systems contributes to the understanding of the mechanism of 

SOR. 
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CHAPTER 1 

INTRODUCTION 

Reactive Oxygen Species 

Reactive oxygen species (ROS) are highly reactive small molecules containing oxygen 

and are responsible for oxidative stress on biological organisms including both prokaryotes, such 

as E. coli, and more complex eukaryotic organisms, such as humans.  Such ROS include 

hydrogen peroxide (H2O2), hydroxyl radical (OH·), peroxynitrite (OONO-), and superoxide 

( −•
2O ).  While these ROS are potentially harmful to organisms, they are naturally produced 

through normal metabolic processes.1, 2  Specifically, four enzyme systems have been shown to 

be predominant in the production of ROS: NADPH oxidase, xanthine oxidase, uncoupled NO 

synthase, and the mitochondrial electron transport chain.3, 4  For example, oxygen is reduced to 

−•
2O  using NADPH as the electron donor in NADPH oxidase aiding the defense system against 

microbial infection in leukocytes.5  Since ROS are naturally occurring molecules, organisms 

have developed ways in which to utilize their presence.  For instance, ROS have been shown to 

be employed as secondary messengers for different cytokines and growth factors.6, 7  ROS have 

also been shown to be produced in the signaling pathways of apoptosis regulation.8, 9  However, 

an excess of ROS leads to more detrimental circumstances for an organism.  Oxidative stress 

leads to damage of proteins, lipids, lipoproteins, DNA and other cellular components.10-12  ROS 

have been associated with diseases such as hypertension, diabetes, and atherosclerosis as well as 

aging.13-18  For example, studies have demonstrated that the superoxide anion ( −•
2O ) is 

responsible for endothelial dysfunction by inactivating the vasodilator nitric oxide (NO), the
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endothelium-derived relaxing factor, leading to cardiovascular disease.19  Superoxide reacts with 

NO to form peroxynitrite (OONO-), a powerful cytotoxic oxidant which is capable of causing 

oxidative stress to biological media through protein nitration.20  In addition to being formed 

through natural metabolic processes, superoxide is also generated through the spontaneous one-

electron reduction of free molecular oxygen, and this may take place in aerobic environments.4  

Since superoxide and other ROS are such detrimental small molecules in the biological milieu, 

organisms have devised methods of detoxifying ROS present in the cell and extracellular space 

through the use of metalloenzymes. 

 

Detoxification of ROS 

Organisms have devised defense systems to extract the reactive oxygen species from 

inflicting significant oxidative damage in order to protect the organism.  The detoxification of 

ROS is accomplished with enzymes capable of redox reactions utilizing transition metal centers.  

These enzymes convert ROS to species which are either chemically benign to the organism or 

can be further detoxified.  For instance, the presence of H2O2 causes oxidative stress and is 

counteracted by catalases and peroxidases as shown in equations 1 and 2.  These enzymes 

convert H2O2 to molecular oxygen and water depending upon the requirement of the organism.   

22
catalase

22 OO2HO2H + →       (1) 
 

RO2HRHOH 2
peroxidase

222 + →+       (2) 
 

Other enzymes contain metal ions which assist in the detoxification of superoxide.  Since 

superoxide is a naturally occurring product of aerobic metabolism, aerobic organisms utilize 

superoxide dismutases (SOD) that destroy superoxide by disproportionating it to hydrogen 

peroxide and molecular oxygen (eq 3).21  The corresponding hydrogen peroxide product is 
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further detoxified by catalase enzymes (eq 1).22  SOD catalyzes both the oxidation and the 

reduction of superoxide and operates utilizing both by cycling through the reduced and oxidized 

forms of the catalytic metal center.   

222
SOD

2 OOH2H2O + →+ +−•     (3) 

The dismutation of superoxide occurs at a redox-active metal site.  To date, there are four 

different types of SOD enzymes found in various aerobic organisms. One such enzyme is the 

SOD containing a catalytically-active copper ion as well as a zinc ion that does not contribute to 

catalysis at the active site present in the cytosol of eukaryotic cells.21, 23  Another SOD enzyme 

contains nickel at the active site and is present in certain fungi and bacteria.24  A third type of 

SOD enzyme contains either iron or manganese in structurally similar active sites.25  While these 

enzymes all catalyze the disproportionation reaction, the mechanism whereby this reaction 

occurs is slightly different for each. 

 

Superoxide Reductase 

 While the concentration of molecular oxygen is significantly less in microaerophilic 

environments (2.5-5% O2)
26 and essentially absent in anaerobic environments when compared 

with the atmosphere (21% O2),
25 metabolic processes can continue to produce superoxide with 

the minor amount of oxygen present which could lead to oxidative stress.27, 28  The presence of 

superoxide in microaerophilic and anaerobic organisms requires a mechanism to remove the 

superoxide present without producing molecular oxygen, which would be detrimental to the 

organism.  Such organisms have developed a non-heme iron enzyme, superoxide reductase 

(SOR) which does such a task and selectively reduces superoxide to hydrogen peroxide without 
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the accumulation of dioxygen as shown in equation 4.27, 29-32  The H2O2 product is further 

detoxified by peroxidase enzymes preventing any formation of molecular oxygen (eq 2).22, 33   

22
SOR-

2 OHe2HO  →++ +−•      (4) 

The X-ray crystallographic structure of both the reduced and the oxidized form of SOR 

from Pyrococcus furiosus has been reported by Rees and coworkers.34  SOR is a homotetramer 

(14 kDa) consisting of four subunits with one iron present in each subunit as shown in Figure 

1.1.  The crystal structure of P. furisosus, as well as the 2Fe-SOR (vide infra) crystal structure in 

Desulfovibrio desulfuricans,35 reveals that this iron ion is the site at which the reduction of 

superoxide occurs.  In the reduced form of the enzyme (SORred), the high-spin ferrous ion (S = 2) 

is bound to four histidine residues in the equatorial plane and a cysteine residue resulting in a 

square-pyramidal coordination geometry.  The oxidized form of SOR (SORox) comprises a 

distorted octahedral geometry with the addition of a glutamate-O ligand trans to the cysteine 

ligand about the Fe3+ center.34, 36  SOR contains the necessary structural properties to selectively 

detoxify superoxide via reduction.  The active site is located at the periphery of the protein where 

it is readily exposed to solvent (e.g. potential proton source) and easily accessible for superoxide 

to bind to the iron ion.  In contrast to the 1Fe-SOR present in P. furiosus, there is another type of 

SOR enzyme discovered in Desulfovibrio vulgaris which contains an additional iron site in the 

protein, termed 2Fe-SOR.37  This iron is bound to four cysteine residues similar to rubredoxin, 

and the function of this second iron site is not yet known due to the continuous enzyme activity 

and analogous spectroscopic properties upon mutation of the [Fe(SCys)4] site.38, 39  The 

[Fe(NHis)4(SCys)] site of the 2Fe-SOR is structurally similar to that of the 1Fe-SOR.35 
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Figure 1.1.  The SOR enzyme isolated from P. furiosus. (Left) Ribbon diagram of the 
homotetrameric arrangement of SOR with the spheres depicting the iron atoms. (Right)  The 
oxidized (indicated by orange glutamine residue) and the reduced (dark green) forms of the 
active site of SOR.34 

   

The bond distances of the ligands bound to the iron center in P. furiosus are shown in 

Table 1.1.  The length of the Fe-SCys in the active site of SOR (2.44 Ǻ) is longer than the typical 

iron-sulfur bond which is approximately 2.3 Ǻ when in a similar square-pyramidal geometry 

with nitrogen-containing ligands in the equatorial plane.40  The longer distance of the (Cys)S-Fe 

bond is proposed to be a factor in the cleavage of the Fe-O bond as a result of the high-spin iron 

ion, as opposed to the cleavage of the O-O bond as in heme-containing and structurally similar 

cytochrome P450.41  According to DFT calculations, the hydrogen bonding to the thiolate ligand 

from peptide N-H of nearby isoleucine and asparagine residues in the secondary coordination 

sphere causes this elongation of the Fe-S bond.34, 42  Additionally, the exposure of the iron site to 

solvent allows for more accessible protons to form the hydroperoxo intermediate resulting in the 

release of hydrogen peroxide. 
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Table 1.1. Fe-L distances (in Å) in the oxidized and reduced forms of SOR subunits in P. 

furiosus.  The ranges indicated are the varying bond distances of the different subunits.34 
Ligand Oxidized SOR (Å) Reduced SORa

 (Å) 
His 16 2.09-2.13 1.97-2.7 
His 41 2.17-2.24 2.26-3.1 
His 47 1.99-2.16 1.9-2.13 
His 114 2.16-2.20 2.0-2.2 
Cys 111 2.46-2.68 2.40-2.7 
Glu 14 2.57-2.59                   - 

aThe bond distances reported with lower precision values are less accurate 
due to lower Fe occupancies at the respective sites. 

 

The reaction catalyzed by SOR involves the selective one-electron and proton-assisted 

reduction of superoxide to selectively form hydrogen peroxide at a diffusion-controlled rate 

(Scheme 1.1).43  This reaction is essentially the reducing half-reaction of the SOD mechanism 

and does not form molecular oxygen which would be detrimental to the anaerobic organism.  

The axial glutamate ligand bound to the iron atom in SORox acts as a “gate” for the enzyme.  

This binding of the glutamate ligand is proposed to be one of the reasons why SOR only 

performs the reductive half-reaction of SOD and not the oxidation of superoxide as the 

coordination sphere becomes saturated, and the Fe3+ center becomes difficult to re-reduce by 

superoxide.33  The proposed mechanism contains a hydroperoxo intermediate.44  The oxidized 

form of the enzyme, termed the “resting ferric” state, is bound to the glutamate ligand in the 

axial position trans to the cysteine residue.  Upon reduction of the iron ion (rubredoxin is the 

proposed electron donor),45 the glutamate residue (pKa= 4.25) no longer acts as the sixth ligand 

and moves away from the active site.  The superoxide molecule (pKa= 4.69) then binds to the 

ferrous ion in an end-on fashion speculated to be guided by a positively charged nearby lysine 

residue.44  This lysine residue (pKa= 10.5) protonates the superoxide to form a Fe3+-hydroperoxo 

(Fe-OOH) species.27, 46  This species, termed the “600-nm” intermediate giving rise to an 

absorption band at 600 nm in the electronic absorption spectrum, is formed at a nearly diffusion-
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controlled rate of 119 sM101.5 −−× .27, 47, 48  In the final step, solvent protons are donated to the 

proximal oxygen of the Fe-OOH intermediate and a lysine residue to form hydrogen peroxide via 

Fe-O bond cleavage and regenerate the resting ferric form of the enzyme.30   

Fe3+

O(Glu)

S(Cys)

N(His)

N(His)

(His)N

(His)N

(Lys)NH3
+

Fe2+

S(Cys)

N(His)

N(His)

(His)N

(His)N

(Lys)NH3
+

O(Glu)

Fe2+

S(Cys)

N(His)

N(His)

(His)N

(His)N

(Lys)NH3
+

O

O

O2

Fe3+

S(Cys)

N(His)

N(His)

(His)N

(His)N

O

HO

O(Glu)O(Glu)(Lys)NH2

2H+

H2O2

 
Scheme 1.1.  The catalytic mechanism initiated by the non-heme iron enzyme SOR.30  

 

The properties of the SOR enzyme are tuned such that the reduction of superoxide is 

achieved.  Clay et al. have characterized the oxidized and reduced forms of SOR from P. 

furiosus using electron paramagnetic resonance (EPR), UV-visible spectroscopy, and variable-

temperature magnetic circular dichroism (VTMCD).49  An EPR redox titration was performed 

and the enzyme exhibited a one-electron redox potential at +250 ± 20 mV (versus NHE, pH 7.5).  

This is an optimum redox potential to catalyze the reduction of superoxide with the potential of 

the general reduction of −•
2O  to H2O2 being +890 mV (versus NHE).50  According to the EPR 

spectrum, the iron center in SORox is high-spin (S = 5/2) in its ground state and remains high-

spin upon coordination of superoxide analogue ligands such as azide (N3
-).  However, upon 
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addition of cyanide (CN-), the iron center transitions into a low-spin (S = 1/2) species.  This 

transition results in the inhibition of the active enzyme and catalytic activity is diminished. 

The UV-visible absorption spectrum as well as the VTMCD spectrum of SORred exhibits 

a transition at 320 nm (31,200 cm-1) arising from the (His)N� Fe2+ charge transfer (CT) 

transition as well as MCD bands centered at 295 nm (33,900 cm-1) and 257 nm (38,900 cm-1) 

arising from the (Cys)S� Fe2+ CT transition.49  In SORox, the (Cys)S� Fe3+ CT transition gives 

rise to a band at 660 nm (15,150 cm-1).  The SOR enzyme was found to be pH dependent, and 

the most stable at pH values between 5.0 and 9.5 determined by UV-visible spectroscopy.51  

Above pH 9.5, the absorption band arising from the (Cys)S- � Fe3+ CT  transition at 660 nm 

(15,150 cm-1) undergoes a blue-shift to 588 nm (17,000 cm-1) and is eventually lost upon 

increasing the pH.49  Additionally, upon coordination of azide to SORox, there is no significant 

effect on the absorption spectrum relative to the spectrum of the enzyme without an exogenous 

ligand; however, upon addition of cyanide, the (Cys)S- � Fe3+ CT  transition red-shifts to an 

energy of 685 nm (14,600 cm-1) due to the high-spin to low-spin transition induced by the strong 

field ligand.  The VTMCD spectra were also obtained for both forms of  P. furiosus SOR.
49  The 

visible VTMCD bands assigned to the (Cys)S� Fe2+/3+ in the reduced and oxidized enzymes, 

respectively, exhibit a striking resemblance to one another.  Each spectrum exhibits two different 

bands associated with the (Cys)S� Fe transition, but the corresponding transitions are shifted to 

higher energy by approximately 15,500 cm-1 in SORred.
49 

The coordination reactions and electronic features of substrate analogues of SOR such as 

nitric oxide (NO) were also studied.52  It was determined by EPR spectroscopy that an {Fe-

NO}7-type nitrosyl53 formed upon reaction of NO with the SORred complex with a spin S = 3/2 

species formulated through coupling of a high-spin Fe3+ (S = 5/2) antiferromagnetically with NO- 
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(S = 1).  The FTIR and resonance Raman (rR) spectrum of the {Fe-NO}7 complex exhibited a 

band at 1,728 cm-1 assigned to the νN-O stretching mode and confirmed with a shift of 32 cm-1 

upon 15NO isotope labeling; this νN-O is observed in previously reported {Fe-NO}7 complexes 

which contain similar geometries about the iron center.54, 55  

 

Synthetic Analogs of Superoxide Reductase 

 In order to better understand the intrinsic properties of the iron center in SOR and obtain 

insight on its catalytic mechanism, synthetic analogs of the active site have been generated.  In 

order to successfully model the active site of SOR, a molecule must meet several requirements: 

(i) a designed planar neutral N4 ligand frame (preferably with imidazole-N donors) containing a 

tethered or exogenous axial thiolate ligand trans to a vacant coordination site (ii) the iron center 

should be high-spin in both the 2+ and 3+ oxidation state, (iii) the quasi-reversible 

electrochemical event should be solely metal-based (e.g. no redox associated with thiolate 

ligand) and the Fe2+/3+ potential of the molecule should be near the reported SOR potential of 250 

mV (NHE), (iv) will bind substrate analogues like N3
-, CN-, or NO to form an {Fe-NO}7 species 

and (v) ideally coordinate and reduce superoxide in a proton-dependent fashion to generate the 

600 nm intermediate and eventually H2O2 product at a catalytic rate.   

A very common system utilized in the synthesis of SOR synthetic molecules is the 

cyclam ligand and derivatives thereof.  The commercial availability and lack of oxygen 

sensitivity make this system a viable option for modeling the tetradentate netural N-donor plane 

of SOR.  Halfen and coworkers synthesized an SOR analog utilizing a cyclam-containing system 

with tertiary amines, namely Me4cyclam (Figure 1.2a).56  The SOR analog was synthesized via 

the reaction of the Me4cyclam with the product of FeCl2 with triflic acid and further reaction 
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with an exogenous, aromatic sodium thiolate salt affording the compound 

[(Me4cyclam)Fe(SC6H4-p-OMe)]OTf (1) as shown in Figure 1.2b. 

 

Figure 1.2. (a) The Me4cyclam ligand. (b) [(Me4cyclam)Fe(SC6H4-p-OMe)]OTf (1), a cyclam-
containing SOR analog synthesized by Halfen and coworkers.56 
 

 The complex was determined to contain a high-spin Fe2+ (S = 2) ground state which is 

similar to SORred and also contains a thiolate ligand trans to a vacant coordination site.  

However, the potential (+812 mV vs SHE, MeCN) of the compound proved to be irreversible 

and significantly more positive than the SOR value.49  According to the X-ray analysis, 

compound 1 is also not purely square-pyramidal with a τ valuea of 0.47 (τ = 0.0 for idealized sp 

and τ = 1.0 for idealized tbp).56-58  The Fe-S bond in compound 1 (2.32 Ǻ) is also shorter than the 

Fe-S(Cys) bond determined in the enzyme (2.40 Ǻ) indicating the structural dissimilarities 

between compound 1 and the enzyme.  While the structural characteristics do not model SOR 

exactly, the UV-visible properties of the S � Fe2+ CT transition of 1 are similar to SORred with 

an absorption band occurring at 32,600 cm-1 (307 nm) (compared to the S � Fe2+ CT transition 

at 31,200 cm-1 (320 nm) in SOR).  Compound 1 reacts with H2O2 to afford a high-valent Fe4+ =O 

moiety similar to what occurs at the active site of the heme-containing enzyme cytochrome 

P450.59  However, the exogenous S-donor ligand in the axial position of the coordination sphere 

dissociates from the iron center in the Fe4+ =O species.  The successful reactivity of 1 with 

                                                 
a τ = (β-α)/60 (τ = 0.0 for idealized sp and τ = 1.0 for idealized tbp)58 
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superoxide is more akin to P450 indicating an electronic perturbation in the model that is likely a 

reason for the lack of SOR activity. 

Another analog synthesized by the same group is very similar to the previously described 

SOR model 1. This compound contains a tethered thiolate donor to a cyclam ligand to complete 

the [Fe(N4)(S)]+ coordination sphere, which would presumably enhance the thermodynamic 

stability of the complex through the chelate effect.  The researchers synthesized the compound 

with the reaction of the cyclam derivative with [Fe(MeCN)2(OTf)2] and exchanging the 

counteranion with PF6
- to afford [LFe]PF6 (2), shown in Figure 1.3.56  

 

Figure 1.3. [LFe]PF6 (2), an SOR analog synthesized by Halfen and coworkers containing a 
tethered thiolate ligand.56 

 

Similarly to 1, complex 2 contains a high-spin (S = 2) Fe2+ ground state similar to SORred 

according to magnetic susceptibility measurements as well as the respective Fe-N bond lengths 

(average Fe-N: 2.201 Å).  The complex is also not purely square-pyramidal with a τ value of 0.5.  

The Fe-S bond in compound 2 (2.30 Ǻ) is shorter than that found in the enzyme further 

indicating the structural impositions of the ligand frame that are absent in the enzyme.  The 

electrochemical properties of compound 2 are also very similar to 1 and dissimilar to the SOR 

enzyme with an irreversible oxidation potential of +772 mV (vs SHE, MeCN).  The absorption 

spectrum of 2 was also very similar to SORred giving rise to a transition at 30,450 cm-1 (328 nm) 

(compared to 31,200 cm-1 for SORred) for the π� π* transition as well as a transition at 38,000 

cm-1 (263 nm) (compared to 38,900 cm-1 (257 nm) for SORred) for the σ� σ* transition.56  This 
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spectral similarity of exhibiting multiple S � Fe2+ transitions makes compound 2 a more similar 

SOR analog than 1.  Compound 2 also reacted with H2O2 to afford a high-valent Fe4+=O species, 

but unlike compound 1, the appended thiolate ligand remained in the coordination sphere of the 

complex as evidenced by the Mössbauer spectrum containing a smaller ∆EQ than the spectrum 

resulting from compound 1.59  Again, this species models the cytochrome P450 enzyme more 

closely than SOR due to formation of the low-spin Fe4+=O species when reacted with H2O2. 

A third cyclam containing SOR model system has been synthesized by Kovacs and 

coworkers.60, 61  Similar to the Halfen complexes, the cyclam contains a tertiary amine tethered 

with a thiolate ligand but slightly differs with three secondary amine nitrogen donors (Figure 

1.4).  This compound was synthesized anaerobically via the reaction of FeCl2 with cyclam-PrS-

Ac·4HCl affording the complex [Fe(cyclam-PrS)](BPh4) (3). 

 
Figure 1.4.  [Fe(cyclam-PrS)](BPh4) (3), a cyclam SOR analog containing secondary amines and 
an appended thiolate synthesized by Kovacs and coworkers.61 
 
 Compound 3 shows a more square-pyramidal geometry than the previously discussed 

cyclam systems with a τ value of 0.13 similar to SORred.
61  This complex is high spin Fe2+ (S = 2) 

according to magnetic susceptibility measurements.  However, the Fe-S bond length of 

compound 3 (2.29 Å) is shorter than the enzyme (2.40 Å).  The reactivity of compound 3 has 

been studied with superoxide, and it has been shown to form a metastable Fe-hydroperoxo 

intermediate upon the addition of a proton donor (MeOH).  The Fe-O stretch at 419 cm-1 in the 

resonance Raman (rR) spectrum of the intermediate formed via the reaction of 3 and superoxide 

(18-crown-6-K+ salt) is lower in energy than previously reported iron peroxides62 but similar to 
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that of the enzyme (438 cm-1).27  Additionally, the O-O stretch at 891 cm-1 is higher than the 

reported range (820-860 cm-1)62  indicating that the release of hydrogen peroxide is highly 

favored over O-O bond cleavage observed in the previously discussed cyclam systems.  Upon 

the addition of acetic acid as a proton donor, the complex releases hydrogen peroxide as 

monitored by an amplex red assay and the formation of [Fe3+(cyclam-PrS)(OAc)]+ occurs 

modeling the glutamate-bound SORox.  Compound 3 shows an electrochemical event at E1/2 = 

+220 (vs SCE, DMF) that is very similar to the enzyme value.  To date, 3 is the only known 

functional SOR model. 

 Goldberg and coworkers have also utilized a cyclam derivative, namely 1,4,8,12-

tetraazacyclopentadecane that contains four secondary amines (Figure 1.5).  Additionally, a 

thiolate donor is added exogenously and was varied in order to probe the electronic properties 

upon variation of the axial S-donor.63  The complex was formed via the reaction of 

[Fe(H2O)](BF4)2 with the tetraamine donor ([15]aneN4) followed by the addition of the sodium 

thiolate to afford the complex of [Fe([15]aneN4)(SR)]BF4 (4) (where R = aromatic entity) 

(Figure 1.5). 

 
Figure 1.5. [Fe([15]aneN4)(SR)]BF4 (4), a derivative of the cyclam system varying the thiolate 
ligand produced by Goldberg and coworkers.64 
 

While all of the compounds exhibit a five-coordinate Fe2+ complex with one vacant 
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coordination site trans to the thiolate ligand, the most square-pyramidal coordination geometry 

contained the p-NO2 thiolate ligand (4e) (τ value of 0.27) while the remaining complexes (4a-4d) 

have a τ value of approximately 0.5.  Additionally, the Fe-S bond distances are shorter in 4 

(range: 2.32-2.34 Å) than the Fe-S bond distance exhibited in the enzyme.  The electrochemical 

properties of compound 4 were investigated resulting in irreversible oxidation events that differ 

depending on the nature of the para substituent on the aromatic thiolate.  As expected the general 

trend is an increase in the oxidation potential as the thiolate ligand is varied from more electron-

donating to electron-withdrawing.63  However, all of these compounds contain a higher potential 

than the enzyme ranging from 651 mV to 1018 mV (vs Ag/AgCl, CH2Cl2).  Compounds 4a-4e 

were reacted with alkylhydroperoxides (tBuOOH and cumenylOOH), and the absorption 

spectrum of the resulting low-spin complexes was obtained.63  The spectrum of each alkyl-

peroxo complex exhibited a band ranging from 508 to 526 nm higher in energy than the 

proposed 600 nm Fe-hydroperoxo intermediate present in the enzyme.65  While the Fe-O bond is 

weaker (600-650 cm-1) than those previously reported for the low-spin Fe3+-OOR species,66 the 

researchers also determined the Fe-O bond strength to be highly affected by the identity of the 

thiolate with an increase in the stretching frequency of the Fe-O upon increasing the electron-

withdrawing capability of the thiolate ligand.  It was also determined that the O-O stretching 

frequency (approximately 800 cm-1) was not affected by the thiolate donor and was comparable 

to that of previously reported O-O bond lengths in low-spin Fe3+-OOR species.66  Compound 4 

confirms the low-spin Fe-OOH species is supported in a FeN4S coordination sphere.  Because 

the spin state of the intermediates are not similar to that found for SOR, it is difficult to treat 

compound 4 as a direct functional analog of the enzyme; therefore, the SOR ligand is preventing 

the iron center from becoming low-spin during the catalytic cycle.  This system does, however, 
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provide evidence for the strong effect of the thiolate donor on the Fe3+/Fe2+ potential of the iron 

center required to selectively reduce superoxide to hydrogen peroxide.   

 There is another class of SOR synthetic models that does not contain the cyclam entity.  

Halfen and coworkers have devised one such model with a tetradentate neutral nitrogenous 

system containing two pyridine moieties.41  These aromatic ligands are more similar to the 

imidazole ligands of SORred than the previously discussed cyclam systems.  The pyridyl-

appended diazacyclooctance ligand, L8py2, was combined with [Fe(H2O)6](BF4)2 to form the Fe-

N4 entity which is further reacted with an aromatic sodium thiolate salt in MeOH to form the 

square-pyramidal complex [L8py2Fe(SR)]+ (5) as shown in Figure 1.6.  Compound 5 contains a 

thiolate ligand trans to a vacant coordination site in predominantly square-pyramidal geometry (τ 

= 0.15).56  Unlike most of the cyclam systems (1-4), compound 5 is more structurally similar to 

the active site of SORred but electronically different.  The proposed CT transition is blue-shifted 

9,000 cm-1 (approximately 250 nm) relative to the enzyme.33  Additionally, the Fe-S bond 

present in 5 was determined to be 2.259 Å which is shorter than the reported Fe-S(Cys) bond 

distance of SORred.  The potential of the Fe2+/Fe3+ couple for compound 5 was determined to be 

irreversible at +857 mV (vs SHE, MeCN) which, like the previous systems, is too positive to 

catalytically reduce superoxide.40  The reaction of 5 with tBuOOH in CH2Cl2 afforded high-spin 

alkylperoxo-Fe3+ intermediates as evidenced by absorption spectroscopy and exhibited νFe-O and 

νO-O bands at 624 cm-1 and 832 cm-1 in the resonance Raman spectrum, resepectively.67 
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Figure 1.6.  [L8py2Fe(SR)]+ (5), pyridyl-appended SOR analog synthesized by Halfen and 
coworkers.40 
  Another non-cyclam SOR model was synthesized by Kovacs and coworkers with the 

designed N4S-pentadentate ligand resulting in a trigonal bipyramidal Fe2+ complex.68, 69  

However, this compound contains a thiolate ligand cis to an available coordination site which is 

not observed in the enzyme and with previously discussed SOR models.  The compound was 

synthesized via the reaction of 3-mercapto-3-methyl-2-butanone and tris(2-aminothyl)amine with 

FeCl2 affording the compound [Fe(SMe2N4(tren))]PF6 (6) (Figure 1.7).  The trigonal bipyramidal 

complex consists of a low-spin Fe3+ species which is unlike the enzyme.  Despite the structural 

dissimilarity to the enzyme, 6 appears to reduce superoxide to hydrogen peroxide through a 

transient hydroperoxo intermediate.70  The electronic absorption spectrum exhibits a transition 

arising from the presence of a proposed Fe3+-hydroperoxo intermediate at 582 nm in MeCN.  

This spectrum is similar to the proposed hydroperoxo intermediate observed at 600 nm for the 

enzyme.65  The reported Fe-S bond length in 6 is 2.14 Å, though the role of the thiolate ligand cis 

to the vacant coordination site is unclear making the relative Fe-S bond distance irrelevant.  

Similar to compound 4, the O-O bond stretching frequency for the low-spin Fe-hydroperoxo 

species derived from 6 is 784 cm-1.  This is weaker than the determined O-O bond of the 

intermediate on the catalytic cycle of SOR (850 cm-1).33  Extensive spectroscopic 

characterization of 6 as compared to SOR is not reported; therefore, it is difficult to establish 

compound 6 as an accurate analog of the active site of SOR due to its structural differences. 
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Figure 1.7.  [Fe(SMe2N4(tren))]PF6 (6), a reported SOR analog with a thiolate cis to a vacant 
coordination site synthesized by Kovacs and coworkers.68 
 
 The synthetic analogs of the active site of SOR have brought about new insights into the 

mechanism by which SOR catalyzes the reduction of superoxide and their general properties are 

presented in Table 1.2.  As has been determined through these modeling efforts, the role of the 

thiolate ligand trans to the vacant coordination apparently affects the strength of the Fe-O bond 

formed in the Fe-OOR (R = H or alkyl) intermediates.  However, the length of the Fe-S bonds in 

the models presented is not comparable to the very long Fe-S bond in SOR (2.44 Å).  This 

discrepancy could be due to the lack of hydrogen bonds to the thiolate ligand as found in the 

enzyme.  In order to achieve optimum structural modeling of the active site, a model must 

successfully recreate the square-pyramidal coordination environment as well as the unusually 

long Fe-S bond length trans to the vacant coordination site, which appears to be crucial in the 

release of hydrogen peroxide from the iron center and also the high-spin nature of iron.  

Although several models employ cyclam-N4 derived ligand frames, there appears to be drastic 

differences in terms of spin-state upon minor differences in this ligand and thus affords deviation 

in SOR chemistry.  While the current synthetic analogs of the active site in SOR presented here 

have brought about important information regarding the properties of non-heme Fe/S systems, 

further research is required to shed more insight on the catalytic intermediates traversed along 

the reaction path and the overall mechanism of SOR. These findings could allow researchers to 

define and control properties that make iron perform specific and selective oxidation chemistry. 
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Table 1.2.  The general properties of each SOR analog discussed. 

Compound Fe-Navg 
(Å) 

Fe-Savg 
(Å) 

Spin 
State 

E1/2 (mV)  
(vs. SHE) 

O Int.a Int. Spin 
State 

O-O 
(cm-1) 

Fe-O  

1 2.221 2.322 hs +812 Fe4+=O ls NA 1.65 Å 
2 2.201 2.297 hs +772 Fe4+=O ls NA 1.70 Å 
3 2.171 2.286 hs +464 Fe3+-OOH hs 891 419 cm-1 

4 2.170 2.330 ls +651-+1018 Fe3+-OOtBu ls 801 614 cm-1 
5 2.206 2.291 hs +857 Fe3+-OOtBu hs 832 624 cm-1 
6 2.152 2.329 ls +21 Fe3+(η1-OOH) ls 784 1.86 Å 

a Note: the experimental setup with oxygen was inconsistent between compounds 
 

Intent of the Present Research 

 Our long-term goal is to further understand the role of iron in biology. The overall 

objective of this research, which is a step toward attainment of our long-term goal, is to 

determine the factors required to make iron a participant in biological redox reactions, 

specifically in the regulation of ROS.  It is our central hypothesis that iron plays a role in the 

detoxification of reactive oxygen species in Fe-SOR because of the unique spatial disposition 

and electronic features of the N4S coordination sphere promotes such reactions. 

The research presented herein describes the synthesis and characterization of synthetic 

models of the active site of SOR containing a common neutral N4 system where we add an 

exogenous thiolate ligand to complete the coordination sphere. The objective of such modeling 

studies is to understand the intrinsic properties that the ligands impart on the metal site in order 

to provide information on the catalytic mechanism at work in SOR.  The utilization of neutral N4 

ligands (containing pyridine-N and for the first time imidazole-N donors) allows us to control the 

type of axial thiolate ligand we add to the corresponding Fe2+ precursor and provides strict and 

rigid planarity of the N-donors to prevent the formation of different Fe2+ coordination 

conformers.  The effects of different substituents on the N4 ligand and the different thiolate 

ligand and the unusual formation of eight-coordinate Fe complexes will be presented.  It is 
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expected that the systems described herein will provide a convenient and fast synthetic route 

towards five-coordinate Fe2+ complexes in an N4S coordination sphere with one free axial 

position readily available to study the binding and reactivity of small molecules like superoxide 

and NO. 
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CHAPTER 2 

SYNTHETIC MODEL CONTAINING PYRIDINE RINGS 

Introduction 

 In the present study, we have synthesized and characterized models of the primary 

coordination sphere of the active site of SOR.  In order to understand the effects of this basal 

place His4 environment about the iron center, a planar non-macrocyclic N4 nitrogenous ligand 

containing two pyridine rings and two imine-N nitrogens was employed as our ligand of choice.  

Although the histidine ligands of the enzyme contain imidazole-N donors, the pyridine ligands 

are utilized as the initial nitrogen donors due to the relative commercial availability of pyridine 

derivatives and the aromatic character of the pyridine ring compared with the imidazole ring.  

Pyridine rings have been utilized sparingly in previously reported SOR model systems,40 and 

extensive studies on strictly planar ligand frames to impart a strictly square-pyramidal geometry 

about iron has not yet been employed. 

 

Synthesis of Ligand (L1) 

 In this study, we chose to utilize the N4 ligand 1,2-bis(2’-pyridylmethyleneimino)benzene 

(L1) as the nitrogenous donor set in our SOR model system.  This ligand is predicted to closely 

mimic the properties of the four histidine ligands in the basal plane of the enzyme and should 

remain more rigid when coordinates than previously reported cyclam-derivitized models used in 

other SOR models.56, 61, 63  Furthermore, the N4 ligand is readily obtained in one step and allows 

for synthetic flexibility in the thiolate donor used at the one axial site.  This affords an axial site 

trans to the thiolate that will be open or weakly bound to a coordinating solvent that should be 
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available for reactivity studies.  The synthesis of the pyridine-based ligand was performed via the 

Schiff base reaction of phenylene diamine and the corresponding carboxaldehyde.  The synthesis 

of the ligand was attempted using previously reported methods in both MeOH and n-PrOH as 

reaction solvents; however, theses procedures failed to produce consistent results and the desired 

product was obtained in small yield (~15 %).71-74  Therefore, a new procedure for the synthesis 

of L1 was formulated in our laboratory taking advantage of the insolubility of the product in 

acetonitrile (MeCN) to afford the product in good yield (Scheme 2.1).  Two molar equivalents of 

2-pyridine-carboxaldehyde were added dropwise at room temperature (RT) to 1,2-

phenylenediamine in MeCN and then allowed to reflux for 4 h.  There was no notable change to 

the orange solution when heated.  Upon cooling to RT, a pale yellow precipitate formed, which 

was collected and washed with cold MeCN.  The yellow filtrate was concentrated via rotary 

evaporation and allowed to stir at RT.  An additional batch of the pale yellow solid formed and 

was worked up in a similar manner.  Yield: 40 %.  1H NMR (298 K, CDCl3, 400 MHz, ppm from 

TMS): 11.57 (s, 1H), 8.62 (d, 2H), 8.39 (d, 2H), 7.85 (t, 2H), 7.62 (s, 1H), 7.39 (t, 2H), 7.30-7.24 

(m, 4H).  Selected IR bands (diamond ATR, cm-1) 1592 (w, νC=N), 1439 (m), 1314 (m), 1278 

(m), 740 (s), 701 (m).  The characterization of L1 was consistent with previously reported data 

on this ligand.72      

 
Scheme 2.1.  Synthesis of N4 ligand 1,2-bis(2’-pyridylmethyleneimino)benzene (L1). 
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 The infrared spectrum of L1 (Figure 2.1) displayed characteristic peaks that enabled 

characterization of the iron complexes.  The absorption spectrum displayed a prominent π � π* 

transition at 308 nm (32,500 cm-1, ε = 41,000 M-1cm-1) in the UV region with shoulders at 320 

nm (31,250 cm-1, ε = 31,000 M-1cm-1) and 239 nm (41,800 cm-1, ε = 17,200 M-1cm-1) (Figure 

2.2).   

Energy (cm-1)

100015002000250030003500

%
 T

ra
ns

m
itt

an
ce

60

70

80

90

100

14
40

13
98 13

14 12
79

74
0

70
1

 
Figure 2.1. The infrared spectrum of L1 with the characteristic peaks labeled (cm-1). 
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Figure 2.2. UV-visible absorption spectrum of L1 in MeOH. λ = 308 nm (ε = 31,000 M-1 cm-1) 
with shoulders at 320 nm and 240 nm resulting from a π � π* transition. 
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Preparation and Characterization of Fe Complexes 

 The first iron complexation reactions with L1 was performed with the FeIII precursor, 

(Et4N)[FeCl4], in hopes of forming the [FeIII(L1)Cl2]
+ complex initially, which would then be 

followed by Cl displacement through thiolate addition to form [FeIII(L1)(SR)]2+ complexes.  The 

FeIII reactions served as our starting point due to the fact that this chemistry could be undertaken 

without the need for anaerobic conditions.  The complex was synthesized by adding a methanolic 

(MeOH) solution of the FeIII salt to an MeOH solution of L1 to generate the red-colored 

[Fe(L1)Cl2]
+ (1) complex.  The electronic absorption spectrum in MeCN displayed a band at 308 

nm (ε = 50,000 M-1cm-1) and a shoulder at 370 nm.  To complete the coordination geometry 

observed in SOR, an MeOH solution of 4-chlorobenzenethiolate (-SPh-p-Cl) (prepared from the 

addition of Na(s) to HSPh-p-Cl in MeOH) was added via cannula and stirred for 1 h resulting in 

a dark red/purple solution.  The compound was precipitated with diethyl ether (Et2O), and the 

proposed [Fe(L1)(SPh-p-Cl)(Cl)](Cl) complex (2) dark red solid was characterized via UV-vis 

and FT-IR.   

 Since the active form of SOR is in the FeII state we also prepared the corresponding FeII 

complexes.  To achieve this result, we reacted an MeCN solution of L1 with [Fe(H2O)6](BF4)2 to 

generate a pale red colored solution that we tentatively assign as [Fe(L1)(MeCN)2](BF4)2 (3) as 

shown in scheme 2.2.  Although the complex is proposed to be in an octahedral geometry, the 

identity of the substituents located in the axial positions has yet to be determined.  The likely 

scenario is the presence of solvent in these positions due to the change in color from red to 

yellow when 3 stirred in Et2O as a result of a slow exchange of the MeCN axial ligands for the 

bulk (Et2O) solvent.  Upon adding the [Fe(L1)(Et2O)2](BF4)2 solid to MeCN, the solution returns 

to its original red color.   
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Scheme 2.2.  Synthesis of the N4-coordination complex [FeII(L1)](BF4)2 (3) with solvent in the 
axial positions.   
 

The properties of compound 3 were analyzed with electrochemistry and FTIR 

spectroscopy.  Electrochemical studies reveal a quasi-reversible feature at E1/2 = 1.25 V (vs 

Ag/AgCl, MeCN) (Figure 2.3) indicating some breakdown of the coordination sphere during 

oxidation to FeIII.  The FTIR spectrum of 3 displayed a prominent peak at 1049 cm-1 attributing 

to the BF4
- counteranion in addition to the ligand peaks as shown in Figure 2.4.   
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Figure 2.3.  The cyclic voltammogram of [Fe(L1)(MeCN)2](BF4)2  3. E1/2 = 1.25 V (vs Ag/AgCl 
in MeCN with 0.1 M tBu4NPF6 supporting electrolyte, glassy carbon working electrode, Pt-wire 
auxiliary electrode, scan rate 50 mV/s, RT) 
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Figure 2.4.  Solid state FT-IR spectrum of the compound [Fe(L1)](BF4)2 (3) with a prominent 
peak at 1048.8 cm-1 arising from the BF4

- counteranion (ATR). 
 

To achieve FeN4S-type complexes, we reacted thiolate donors with 3 in order to closely 

resemble the coordination of SOR.  In order to achieve the FeN4S SOR models, two different 

thiolate ligands were employed in this study: -SPh-p-Cl and -SCPh3 to afford the complexes 

[Fe(L1)(SPh-p-Cl)]+ (4) and [Fe(L1)(SCPh3)
+ (5), respectively.  These particular thiolate ligands 

were chosen to probe the affects of the electronic nature of the sulfur donor (alkyl vs aryl) and 

because of the large steric bulk, which prevent formation of six-coordinate FeN4S2 complexes 

and autoredox reactions.  The basicity of the NaSPh-p-Cl thiolate is less electron-donating than 

the alkyl-NaSCPh3 thiolate due to the relative electron density occupied by the benzene ring.  

Similarly to previously reported complexes utilizing exogenous thiolate donors,63 sodium thiolate 

salts were synthesized from the reaction of the corresponding thiol with sodium hydride in 

tetrahydrofuran (THF) producing hydrogen gas and NaSR.  The product was then added as an 

MeCN slurry to 3 also in MeCN to generate a dark red/purple solution.  Compounds 4 and 5 

were formed with both [Fe(H2O)](BF4)2 (a) and [Fe(H2O)](ClO4)2 (b) as the original iron salt 

starting material in order to observe the effects of the counteranion on the complexes. 
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Scheme 2.3.  Synthetic route to form the thiolate ligated SOR model complexes 
[Fe(L1)(SPhCl)]+ (4) and [Fe(L1)(SCPh3)]

+ (5).   
 

 The electrochemical properties of compound 4a were studied (Figure 2.5).  The cyclic 

voltammogram exhibited a broad feature at E1/2 = 1.00 V (vs Ag/AgCl, MeCN).  This feature is 

present in the cyclic voltammogram for the compound without a thiolate ligand in the axial 

position.  This feature is most likely attributed to the Fe2+/Fe3+ couple.  The depression of the 

potential by 250 mV is due to the coordination of the thiolate ligand to the iron center. 

-12

-10

-8

-6

-4

-2

0

2

4

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Potential (V)

C
ur

re
nt

 (
uA

)

 
Figure 2.5.  The cyclic voltammogram of compound 4a with a neutral N4 ligand. E1/2 = 1.00 V 
(versus Ag/AgCl in MeCN with 0.1 M tBu4NPF6 supporting electrolyte, glassy carbon working 
electrode, Pt-wire auxiliary electrode, scan rate 50 mV/s, RT) 
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The FT-IR spectrum of compound 4a shows the B-F stretch of the counteranion BF4

- at ν 

= 1054 cm-1 as well as the bands corresponding to the ligand. The presence of one counteranion, 

as opposed to two as in compound 3, is observable due to the relative intensities of the BF4
- 

stretch which is more intense in the FT-IR spectrum of 3 (see Figure 2.4 and 2.6).  The presence 

of the thiolate ligands is difficult to distinguish in the FT-IR spectrum.  The bands associated 

with the two different thiolate ligands either coincide with the counteranion stretch or the ligand 

bands and are consequently “hidden” or are too weak to distinguish in the spectrum.  Therefore, 

the FT-IR spectrum for compound 5 is very similar to that of compound 4.  The absorption 

spectrum of 4 in methanol displays a prominent band at 325 nm (30,700 cm-1, ε = 40,000 M-1cm-

1) most likely π � π* in origin since the same transition is present in the absorption spectrum of 

L1.  Additionally, the expanded region of the lower energy region reveals a band centered at 520 

nm (19,200 cm-1, ε = 1,350 M-1cm-1) that may be due to a d-to-d transition.  Compound 4 was 

determined to be air-sensitive according to the electronic absorption spectrum after air exposure 

which exhibited a shift of the transition at 325 nm to 313 nm; additionally, the lower energy 

transition at 520 nm decreased in intensity.  
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Figure 2.6. Solid state FT-IR spectrum of [Fe(L1)(SPh-p-Cl)](BF4) 4a (ATR). 
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Figure 2.7.  UV-vis spectrum of [Fe(L1)(SPhCl)](BF4) 4 in MeOH (0.1 mM) at 298 K. Inset: 
The lower energy band at 520 nm (19,200 cm-1, ε = 1,350 M-1cm-1). 
 

Reactivity of Fe Complexes 

The ultimate goal of this study is to mimic the structure and ultimately the function of 

SOR via a synthetic analogue approach in order to understand the mechanism of superoxide 

reduction in the enzyme.  In order to gain more insight on the mechanism of superoxide 

reduction, the reactivity of complexes 4 and 5 were probed with nitric oxide (NO).  NO is a 

gaseous free-radical with many biological implications and is commonly used as a substrate 

analog of dioxygen derivatives like superoxide because of the structural similarity, radical 

character and non-innocent character of the diatom.  The NO· donor utilized in this study, 

Ph3CSNO, releases NO in the presence of transition metals and forms ½ mol equiv of trityl 

disulfide (Ph3CSSCPh3) as a benign byproduct that is readily separated from the Fe-NO 

complex.  The reactivity of NO was probed with both complexes 4 and 5 (Scheme 2.4). 
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Scheme 2.4.  General synthetic scheme for the formation of the Fe-NO complexes 
[Fe(L1)(SPhCl)(NO)](BF4) (6a), [Fe(L1)(SPhCl)(NO)](ClO4) (6b), [Fe(L1)(SCPh3)(NO)](BF4) 
(7a), and [Fe(L1)(SCPh3)(NO)](ClO4) (7b).   
  

Upon reactivity with the NO donor, the [Fe(L1)(SR)]+ compounds give rise to the 

presumably six-coordinate [Fe(L1)(SR)(NO)]+ complexes that have been assigned as {Fe-NO}7 

type nitrosyls according to the Enemark-Feltham notation.53  The absorption, FT-IR, and EPR 

spectra were obtained for each of the {Fe-NO}7 products resulting from the reactivity of the 

model compound with NO.  The complexes with BF4
- counteranion (6a and 7a) gave rise to an 

N-O stretch at νNO=1740 cm-1 as well as a prominent peak at νBF4=1053 cm-1 in addition to the 

signature L1 bands (Figure 2.8).  This band is strikingly similar to the FTIR νNO stretching mode 

observed in the enzyme at 1,728 cm-1.75  The 4.3 K X-band EPR spectrum of the {Fe-NO}7 

complex 6 reveals the presence of a complex giving rise to an S=3/2 species with g-values at  

4.01, 3.79, and 2.01 (Figure 2.9).75   This formulism results from a high-spin FeIII center (S = 5/2) 

antiferromagnetically coupled to an NO- ligand (S = 1).  This is similar to previously reported 

inorganic {FeNO}7 complexes which exhibit S = 3/2 systems.54, 55, 76  Additionally, the resonance 

Raman data for these complexes also exhibit bands at 1712 cm-1 and 1776 cm-1 which were 

assigned as νNO stretching modes.54, 55   



 

 30 

Energy (cm-1)

100015002000250030003500

%
 T

ra
ns

m
itt

an
ce

70

75

80

85

90

95

100

ννννBF4-= 1053

ννννNO= 1741

N N

NN
Fe

S

NO
+

Cl

 
Figure 2.8.  Solid-state FTIR spectrum of the {FeNO}7 compound 6a (ATR). 
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Figure 2.9.  X-band EPR spectrum of {Fe-NO}7 compound 6a in toluene:MeCN (1:1) glass at 
4.3 K. The spectrum was recorded at 9.60 GHz; modulation amplitude, 6.48 G; microwave 
power, 2.02 mW  

 

The Mössbauer spectrum was also obtained for the {Fe-NO}7 complex 6a (Figure 2.10).  

This spectrum also exhibited a signal consistent with high-spin Fe3+ with an isomer shift (δ) of 

0.48 mm/s.77, 78  This supports the assignment of the EPR spectrum as an S = 3/2 signal.  The 

electronic absorption spectrum of 6a was analyzed upon exposure to air (Figure 2.11).  The 
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spectrum displayed a blue-shift in the energy of the transitions associated with the coordinated 

ligand from 329 nm to 307 nm upon exposure to air for 1 min.  This peak also increased in 

intensity and is likely due to the oxidation of the FeII center to an FeIII species ({FeNO}7 to 

{FeNO}6).  Unlike the reactivity analyzed with cyanide and azide (vide infra), a peak appears at 

239 nm arising from the Fe-NO compound which increases upon oxidation.  The characterization 

of 6a presented here indicates that NO is bound to the iron center analogous to the position at 

which it binds to the iron center in SOR.  This suggests that 4a is similar to the active site in 

SORred. 

 
Figure 2.10. Mössbauer spectrum of the {Fe-NO}7 complex 6a.  The spectrum was collected at 
4.2 K in a weak magnetic field of 50 mT parallel to the γ-raditaion.  The cyan line shown is the 
simulated spectrum of 85 % of Fe species with ∆EQ = 0.38 mm/s and δ = 0.48 mm/s. 
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Figure 2.11.  Changes in the electronic absorption spectrum of a 0.2 mM MeOH solution of {Fe-
NO}7 compound 6a exposed to air.  The spectrum was recorded every 12 seconds at 298 K. 
 

 Similarly to 4a and 5a, the compounds utilizing ClO4
- as the counteranion, compounds 

4b and 5b, were also reacted with NO· to afford complexes 6b and 7b, respectively.  The FTIR 

spectra of both complexes exhibited a band associated with the NO complexes at ν = 1740 cm-1 

in addition to the band arising from the ClO4
- anion near 1100 cm-1 (Figure 2.12).  The X-band 

EPR spectral analysis of 6b and 7b was recorded and is displayed in Figure 2.13.  Complex 6b 

gave rise to a low-spin Fe3+ rhombic species indicated in the X-band EPR spectrum at g = 2.47, 

2.27, and 1.85. The rhombic signal is resultant of a low-spin Fe3+ species.  An S = 3/2 species is 

also present in the sample indicated by the g-values 3.97 and 2.03.  The spectrum indicates that 

there are multiple species present in the sample.   
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Figure 2.12.  Solid-state FTIR spectra of 6b and 7b using ClO4

- as the counteranion (ATR).  
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Figure 2.13.  X-band EPR spectrum of 6b in toluene:MeCN (1:1) glass recorded at 3.8 K.  The 
spectrum was recorded at 9.60 GHz; modulation amplitude of 6.48 G; microwave power of 2.0 
mW. 

 
 The X-band EPR spectra shown in Figure 2.14 for complex 7b also gave rise to a 

rhombic species (g = 2.46, 2.26, 1.85).  However, the g value at 2.03 is significantly more 

prominent resulting in the increase in the gain in order to observe the full signal.  Again, there is 

a mixture in the sample, one being a six-coordinate low-spin Fe3+ species with an absence of NO 

(S = 1/2) and the other (arising from the more intense signal) is possibly the displaced trityl 

thiolate radical.  Since both complexes utilizing ClO4
- as the counteranion gave rise to a rhombic 
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species in the EPR spectrum, it is possible that the perchlorate is oxidizing the Fe center making 

a [Fe3+(L1)(SR)]2+ species with possibly solvent bound in the axial position trans to the thiolate 

ligand.  It has been reported that the oxidation of metals is possible in the presence of a 

perchlorate anion.79-81  The reported iron oxidation occurs in an N4-porphyrin system; therefore, 

it is very possible that the perchlorate anion is oxidizing the iron center resulting in a rhombic 

species absent of coordinated NO.  Other evidence has been collected that possibly indicates the 

oxidation of the Fe center.  The variation of the counteranion appears to alter the properties of 

the complexes (i.e. solubility and color).  Though the preliminary data suggests that the oxidation 

of the iron species is possible, it is a tentative analysis since the structure of the complexes have 

not been acquired. 
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Figure 2.14.  X-band EPR spectrum of 7b in toluene:MeCN (1:1) glass at 3.8 K.  (a) The 
receiver gain set at 1x104 to fully view the g value at 2.03 (b) The receiver gain set at 2x105 to 
amplify the rhombic signal at g = 2.47, 2.27, 1.85.  The spectrum was recorded at 9.60 GHz; 
modulation amplitude, 6.48 G; microwave power, 2.0 mW. 
 

 The crystals resulting from the [Fe(L1)(SR)(NO)]+ reactions were obtained after brief 

exposure to air and approximately one month of diffusing Et2O into an MeCN solution affording 

dark red, rhombic crystals.  The X-ray analysis for both compounds 6a and 7a were determined 

affording the six-coordinate product of the rearranged ligand [Fe(L1’)3]
2+

 (3a) as shown in 
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Figure 2.15.  The rearrangement of L1 in the presence if ruthenium has been previously 

reported;72 however, this is the first compound containing iron as the metal center in this 

complex.  The result of the rearranged ligand in the determined structure is possibly due to the 

time in which the solutions unmoved.  Upon exposure to air, the exogenous thiolate ligand must 

have been displaced resulting in the formation of disulfide, which has not been confirmed, and 

over time, the planar N4 ligand rearranged resulting in the formation of 3a.  

   
Figure 2.15. (Left) Schematic of rearranged L1’. (Right) ORTEP diagram of complex 3a 
showing 30% thermal ellipsoids and atom numbering scheme for metal and heteroatoms.   
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Table 2.1.  Summary of crystal data and intensity collection and structure refinement parameters 
for [Fe(L1’)3](ClO4)2•H2O (3a•H2O). 

Parameters 3a•H2O 
Formula C36H29Cl2FeN9O9 

Formula weight 858.43 
Crystal system Triclinic 
Space group P-1 

Crystal color, habit Red rectangle 
a, Å 12.105(5) 
b, Å 12.253(5) 
c, Å 14.960(5) 

α, deg 88.735(5) 
β, deg 72.152(5) 
γ, deg 73.108(5) 
V, Å3 2015.5(14) 

Z 2 
ρcalcd, g/cm-3 1.414 

T, K 293(2) 
abs coeff, µ (Mo Kα), mm-1 0.570 

θ limits, deg 2.13-28.26 
total no. of data 27824 

no. of unique data 9912 
no. of parameters 514 

GOF on F2 1.022 
R1,

[a] % 9.07 
wR2,

[b]  % 27.23 
max, min peaks, e/Å3 -0.450, 1.132 

a R1 = Σ Fo - Fc / Σ Fo; b wR2 = {Σ[w(Fo
2 - Fc

2)2]/ 
Σ[w(Fo

2)2]}1/2. 

Table 2.2. Selected bond distances (Å) and bond angles (deg) for [Fe(L1’)3](ClO4)2•H2O 
(3a•H2O).  

Fe(1)-N(1) 2.092(4) N(1)-Fe(1)-N(9) 91.51(17) 
Fe(1)-N(3) 2.139(5) N(3)-Fe(1)-N(4) 94.85(17) 
Fe(1)-N(4) 2.090(4) N(3)-Fe(1)-N(6) 91.82(18) 
Fe(1)-N(6) 2.142(5) N(3)-Fe(1)-N(7) 173.25(16) 
Fe(1)-N(7) 2.154(5) N(3)-Fe(1)-N(9) 98.38(18) 
Fe(1)-N(9) 2.067(5) N(4)-Fe(1)-N(6) 77.66(18) 
N(1)-Fe(1)-N(3) 78.15(17) N(4)-Fe(1)-N(7) 91.61(17) 
N(1)-Fe(1)-N(4) 169.02(18) N(4)-Fe(1)-N(9) 97.93(18) 
N(1)-Fe(1)-N(5) 158.14(8) N(6)-Fe(1)-N(7) 91.4(2) 
N(1)-Fe(1)-N(6) 93.97(18) N(6)-Fe(1)-N(9) 169.22(18) 
N(1)-Fe(1)-N(7) 95.74(17) N(7)-Fe(1)-N(9) 78.8(2) 
Fe(1)-N(1) 2.092(4) N(1)-Fe(1)-N(9) 91.51(17) 

 

Since both cyanide and azide are known to bind to the active site of SOR, and cyanide is 

a known inhibitor,49 we probed the reactivity of these two small molecules with compound 4.  

Both molecules are proposed to bind in the axial coordination site trans to the thiolate ligand 
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affording the neutral compounds [FeII(L1)(SPh-p-Cl)(CN)] (8) and [FeII(L1)(SPh-p-Cl)(N3)] (9) 

as shown in Scheme 2.5. 

 
Scheme 2.5. Reactivity of model compounds with cyanide (top) and azide (bottom), which are 
both known to bind to the active site of SOR. 
 
 The reaction of the Fe2+ model compound 4 under anaerobic conditions with (Et4N)(CN) 

resulted in a dark purple solid formulated to be the air-sensitive compound 6.  The FTIR 

spectrum of this solid exhibited one strong band at ν = 2074 cm-1 supporting the formation of a 

linear mono-cyano species (Figure 2.17).82  The O2 sensitivity of this compound was revealed by 

monitoring its absorption spectrum upon exposure of a MeOH solution of the compound to air.  

The electronic absorption spectrum displayed a blue-shift of the high energy band associated 

with ligand π � π* transitions from 322 nm to 308 nm as well as a red shift in the visible band 

from 550 nm to 556 nm similar to CN-bound SOR (Figure 2.16).49  Confirmation of metal-

centered Fe2+-to-Fe3+ oxidation are from the corresponding X-band EPR spectrum of the 

chemically oxidized (with FcPF6) complex run at 4 K that exhibits g-values near 2.0 consistent 

with low-spin Fe3+, also similar to CN-bound SOR.49   
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Figure 2.16. Changes in the electronic absorption spectrum of a 0.1 mM MeOH solution of 
compound 8 after exposure to air.  Inset: Higher concentration (1.4 mM) experiment to show the 
changes in the visible transitions. Spectra were recorded every 12 seconds at 298 K.   
 

Energy (cm
-1

)

1000200030004000

%
 T

ra
n

s
m

it
ta

n
c
e

60

70

80

90

100

ν
CN

- = 2074.2 cm
-1

 
Figure 2.17. Solid-state FTIR spectrum of CN-bound SOR analog compound 8 (ATR). 
 
 Analogous to the reaction of [Fe(L1)(SPhCl)]+ with CN–, mixing one molar equivalent of 

(nBu4N)(N3) with compound 4 resulted in a light purple solid formulated as 

[FeII(L1)(SPhCl)(N3)] (9). The corresponding FTIR spectrum of the azide species confirmed the 

formalism proposed above with one strong νN3 peak at 2042 cm-1 (Figure 2.19).83  Similar to the 

CN– compound, 9 also displayed air-sensitivity changing to a more red-colored compound after 

air exposure. The strong νN3 peak in the FTIR spectrum shifted 5 cm-1 to 2047 cm-1 after 
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exposure of the compound to air.  Additionally, monitoring this change by UV-vis resulted in a 

blue-shift of the ligand charge transfer bands from 324 to 307 nm after the compound was 

exposed to air for approximately 1 minute (Figure 2.18). The visible transition at 495 nm also 

decreased in intensity and red-shifted to 580 nm.  The isobestic points observed in the spectra 

also indicate a clean transition from the Fe2+ to the Fe3+ species with no observable 

intermediates. 

 
Figure 2.18.  Changes in the electronic absorption spectrum of a 0.1 mM MeOH solution of 
compound 9 after exposure to air.  An increase in absorption at 307 nm indicates the formation 
of an Fe3+ species. Inset: Higher concentration (0.8 mM) experiment to show the changes in the 
visible transitions. The spectra were recorded every 12 seconds at 298 K. 
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Figure 2.19. Solid-state FTIR spectrum of N3-bound SOR analog compound 9 (ATR). 
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Conclusion 

 The neutral, pyridine-containing N4 ligand presented here shows promising results for 

modeling the active site of SOR.  The pyridine substituents of the ligand mimic the aromatic 

nitrogen donor ligands of SOR, and the exogenous thiolate ligand models the cysteine present in 

the enzyme.  The reactivity of the FeN4S compound was studied and resulted in similar reactivity 

to the enzyme consistent with an inner-sphere mechanism through direct electron transfer from 

FeII to superoxide.  The presence of L1 with a thiolate ligand about an iron center exhibits a 

high-spin iron center analogous to that of SOR when reacted with nitric oxide.  Additionally, 

both azide and cyanide bind to the iron center of the FeN4S compound similarly to the enzyme.   

However, the compound of interest was not successfully crystallized affording a rearranged 

ligand bound to the iron ion upon crystallization after months of Et2O diffusion.   

 

Experimental Section 

General Procedures. Manipulations for air- and moisture-sensitive materials were carried out 

under anaerobic an atmosphere of nitrogen using standard Schlenk techniques or in an MBraun 

glovebox under an atmosphere of purified nitrogen.  All reagents were purchased from 

commercial suppliers and used as received unless otherwise noted. Diethyl ether, 

dichloromethane, and acetonitrile were purified by passage through activated alumina columns 

using an MBraun Solvent Purification System.  Methanol was freshly distilled from Mg(OMe)2 

under N2 prior to use.  All solvents were stored over 3 Å molecular sieves in an anaerobic 

glovebox or under N2 in a Schlenk flask prior to use. The nitrosothiol, Ph3CSNO was 

synthesized following a published procedure. For reactions involving NO, care was taken to 
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prevent light exposure by covering reaction glassware in aluminum foil or by performing 

experiments in a darkened room. 

Physical Methods.  Electronic absorption spectra were recorded on a Varian Cary 50 

spectrophotometer at 25° C in air-tight Teflon-capped quartz cells.  FTIR spectra were obtained 

using a Nicolet 6700 FT-IR from Thermo Fisher Scientific Inc., on a diamond ATR crystal 

running the OMNIC software.  NMR spectra were recorded at on a Varian 300 MHz NMR 

spectrometer with chemical shifts referenced to TMS. Elemental analyses were performed by 

Quantitative Technologies Inc., Whitehouse, NJ.  X-band EPR spectra were recorded on a 

Bruker ESP-300E EPR spectrometer (9.60 GHz) equipped with an Oxford Instruments ESR-9 

flow cryostat.  Spectra were recorded in 4 mm o.d. quartz EPR tubes capped with tight-fitting 

Teflon seals. 

Synthesis of 1,2-bis(2’-pyridylmethyleneimino)benzene (L1). The synthesis of L1 was 

attempted using previously reported methods in both MeOH and n-PrOH but herein we report a 

different procedure.  To a solution of 1,2-phenylenediamine (1.0 g, 9.2 mmol) in MeCN (20 mL) 

was added a solution of 2-pyridine-carboxaldehyde (1.99 g, 18.6 mmol) in MeCN (5 mL) 

dropwise at room temperature and then refluxed for 4-5 hours with no notable changes.  Upon 

cooling to room temperature (RT), a pale yellow solid formed.  This solid was filtered off and 

washed with cold MeCN. The yellow filtrate was concentrated via a rotary evaporation and 

allowed to stir at RT.  Additional pale yellow solid formed and was collected via filtration and 

washed with cold MeCN.  Again, the filtrate was collected and concentrated resulting in more 

pale yellow solid.  Yield: 0.6833 g (30.7%). 1H NMR (298 K, CDCl3, 400 MHz, ppm from 

TMS): 11.57 (s, 1H), 8.62 (d, 2H), 8.39 (d, 2H), 7.85 (t, 2H), 7.62 (s, 1H), 7.39 (t, 2H), 7.30-7.24 

(m, 4H).  Selected IR bands (diamond ATR, cm-1) 1592 (w, νC=N), 1439 (m), 1314 (m), 1278 
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(m), 740 (s), 701 (m).  The characterization of L1 was consistent with previously reported data 

on this ligand.72 

Synthesis of [FeIII(L1)(Cl2)]Cl (1). To a solution of L1 (104.6 mg, 0.36 mmol) in dry MeOH 

(15 mL) was added a solution of [Et4N][FeCl4] (118.6 mg, 0.36 mmol) in MeOH (10 mL) and 

stirred.  The MeOH was removed and CH2Cl2 was added to precipitate Et4NCl and filtered.  The 

resulting solution was set up for crystallization by diffusion of Et2O into an MeCN solution of 

the complex, but no distinguishable crystals resulted.  Selected IR bands (diamond ATR, cm-1): 

1603 (w, νC=N). Electronic absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 308 (~50,000), 

370 (sh). 

Synthesis of [FeIII(L1)(SPhCl)]Cl2 (2). To a solution of [FeIII(L1)(Cl2)]Cl(0.0996 g, 0.22 mmol) 

in MeOH (15 mL) was added a methanolic solution of NaSC6H4-p-Cl (0.0297 g, 0.21 mmol) 

(prepared from the addition of 1.2 mol eq of Na to 4-chlorobenzenthiol in methanol) via cannula 

and stirred for one hour resulting in a dark red solution.  The compound was precipitated with 

Et2O. 

Synthesis of [FeII(L1)(SPh-p-Cl)]BF4 (4a).  This procedure was completed in the same manner 

as SOR models previously reported.  The following procedure is a variation: To a solution of 

Fe(BF4)2·6H2O (58.6 mg, 0.17 mmol) in MeCN (3 mL) was added a solution  of L1 (50.0 mg, 

0.17 mmol) in MeCN (4 mL) and stirred.  This addition resulted in a red homogenous solution.  

To this solution was added a solution of NaSC6H4-p-Cl in MeCN (prepared from the addition of 

NaH to HSC6H4-p-Cl in THF) and allowed to stir resulting in a dark red solution.  The solution 

was concentrated, and CH2Cl2 was added to precipitate the NaBF4 salt.  The solution was filtered 

through Celite yielding a dark red filtrate.  The compound was precipitated and the red solid was 

isolated.  This synthesis was also completed through forming the tetraethylammonium thiolate 
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salt added to the FeII solution resulting in the precipitation of (NEt4)(BF4) with addition of 

CH2Cl2. Selected IR bands (diamond ATR, cm-1): 1603 (w, νC=N), 738 (m, νSC). Electronic 

absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 309 (~50,000).  

Synthesis of [FeII(L1)(SPh-p-Cl)]ClO4 (4b).  This procedure was completed in the same 

manner as SOR models previously reported.  The following procedure is a variation.  To a 

solution of Fe(ClO4)·6H2O (42.0 mg, 0.165 mmol) in MeCN (5 mL) was added a solution of L1 

(54.6 mg, 0.19 mmol) in MeCN (5 mL) and stirred resulting in a dark red solution.  Next, a 

solution of NaSC6H4-p-Cl in MeCN (formed from the addition of NaH to HSC6H4-p-Cl in THF 

and H2 gas allowed to fully evolve) was added to the [FeII(L1)][ClO4]2 and stirred resulting in a 

purple solution.  The solvent was concentrated, and CH2Cl2 was added to the reaction to 

facilitate the precipitation of NaClO4.  After filtering the solution through Celite, the filtrate was 

collected, concentrated, and the compound was precipitated with Et2O and the dark purple solid 

was isolated. 

Synthesis of [FeII(L1)(SPh-p-Cl)(NO)]BF4 (6a).  A solution of Ph3CSNO29 (35.2 mg, 0.12 

mmol) in CH2Cl2 (5 mL) was added to a solution of [FeII(L1)(SPhCl)][BF4] (72.0 mg, 0.13 

mmol) in CH2Cl2 (7 mL) and stirred resulting in a dark red solution.  Et2O was added to the 

solution to precipitate the compound and separate the disulfide (which is soluble in Et2O), 

filtered and the dark red precipitate was isolated.  Selected IR bands (diamond ATR, cm-1): 2042 

(w, νN3), 740 (m, νSC).  Electronic absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 329 

(~45,000), 530 (~1000). 

Synthesis of [FeII(L1)(SPh-p-Cl)(NO)]ClO4 (6b).  To a solution of isolated 

[FeII(L1)(SPhCl)][ClO4] (46.3 mg, 0.079 mmol) in MeCN (5 mL) was added a solution of 

Ph3CSNO (21.4 mg, 0.070 mmol) in MeCN and allowed to stir.  The dark purple solution was 
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concentrated and Et2O was added to the solution to precipitate the compound as well as to 

separate the compound from the formed disulfide (which is soluble in Et2O). Selected IR bands 

(diamond ATR, cm-1): 1094 (s, νClO4) 741 (m, νSC).   

Synthesis of [FeII(L1)(SCPh3)(NO)]BF4 (7a).  To a solution of Fe(BF4)2·6H2O (53.7 mg, 0.16 

mmol) in MeOH (2 mL) was added a solution of L1 (47.0 mg, 0.16 mmol) in MeOH (3 mL)  and 

stirred resulting in a red solution.  To this was added a methanolic solution of NaSC(C6H5)3 

(formed from the combination of NaH and HSC(C6H5)3  in a THF solution and isolated) and 

stirred resulting in a dark red solution.  The solution was concentrated and CH2Cl2 was added to 

the reaction to facilitate the precipitation of NaBF4.  The solution was filtered with Celite, and 

the filtrate was collected and concentrated.  Et2O was added to the solution to precipitate the 

compound and isolated.  This solid (43.6 mg, 0.062 mmol) was dissolved in MeCN (5 mL) and a 

solution of Ph3CSNO (18.6 mg, 0.061 mmol) was added to it and stirred resulting in a dark red 

solution.  Et2O was added to the solution to precipitate the compound, filtered, and the orange 

solid was collected. Selected IR bands (diamond ATR, cm-1): 1054 (w, νBF4), 745 (m, νSCPh3). 

Synthesis of [FeII(L1)(SCPh3)(NO)]ClO4 (7b).  To a solution of L1 (46.3 mg, 0.16 mmol) in 

MeOH (3 mL) was added a solution of Fe(ClO4)2·6H2O (40.1 mg, 0.16 mmol) in MeOH (3 mL) 

and stirred resulting in a dark red solution.  To this solution was added a methanolic solution of 

NaSCPh3 (0.20 mmol) (prepared from the addition of HSCPh3 to NaH in THF and isolated) and 

stirred resulting in a dark purple solution and an orange precipitate.  This solid was isolated 

through filtration and analyzed.  The filtrate was concentrated and CH2Cl2 was added to facilitate 

the precipitation of NaClO4.  This suspension was filtered through Celite, and the purple filtrate 

was concentrated and Et2O was added to precipitate the compound.  The dark purple solid was 

collected via filtration.  This solid (39.3 mg, 0.055 mmol) was dissolved in MeCN, and a 
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solution of Ph3CSNO (15.0 mg, 0.049 mmol) in MeCN (3 mL) was added and stirred resulting in 

a dark purple solution. Et2O was added to the solution, and the purple solid was isolated through 

filtration.  Selected IR bands (diamond ATR, cm-1): 1738 (w, νNO), 1095 (s, νClO4), 741 (s, 

νSCPh3).  Electronic absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 309 (~50,000) , 495 

(~1500). 

Synthesis of [FeII(L1)(SPhCl)(CN)].  A solution of (Et4N)(CN) (20.3 mg, 0.13 mmol) in 

CH2Cl2 (5 mL) was added to a solution of [FeII(L1)(SPhCl)][BF4] ( 0.17 mmol) in CH2Cl2 (7 

mL) and stirred resulting in a dark purple solution depositing a purple precipitate.  This 

precipitate was isolated and characterized.  Selected IR bands (diamond ATR, cm-1): 2074 (w, 

νCN), 743 (m, νSC).  Electronic absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 322 

(~45,000), 530 (~1000). 

Synthesis of [FeII(L1)(SPhCl)(N3)].  A solution of [nBu4N][N3] (2.7 mg, 9.5 µmol) in MeCN (5 

mL) was added to a solution of  [FeII(L1)(SPhCl)][BF4] (5.7 mg, 10.0 µmol) in MeCN (7 mL) 

and stirred.  Immediately following the addition of the azide, a purple precipitate formed.  This 

solid was isolated and characterized. Selected IR bands (diamond ATR, cm-1): 2042 (w, νN3), 740 

(m, νSC).  Electronic absorption spectrum in MeCN, λmax nm (ε, M-1 cm-1) : 329 (~45,000), 530 

(~1000). 
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CHAPTER 3 

SYNTHETIC ANALOGS CONTAINING IMIDAZOLE RINGS 

Introduction 

 In the study presented herein, we have synthesized and characterized a synthetic analog 

more closely mimicking the planar geometry present in the active site of SOR than the 

previously discussed N4 system in Chapter 2.  The active site of SOR contains four histidine 

ligands in the equatorial plane about the iron ion.  The planar imidazole N-donor geometry 

ligated to the iron ion in SOR contributes to its catalytic cycle, and we attempt to recreate this 

imidazole ligation by incorporating two imidazole rings into the planar N4 ligand system.  This 

ligand will promote a rigidly planar environment about the iron center. 

 

Synthesis of Ligand (L2 and L3) 

 The synthesis of 1,2-bis(2’-imidazole-methyleneimino)benzene (L2), the neutral N4 

ligand containing imidazole donors, was attempted in order to more closely mimic the histidine 

ligands present in the enzyme (Scheme 3.1).  The attempted synthesis was similar to the 

previously discussed ligand L1 in chapter 2.  However, the 2-imidazole-carboxaldehyde starting 

material was highly insoluble in commonly used solvents at room temperature.  Upon heating the 

suspension of the starting material, the starting material partially dissolved, and the suspension 

was refluxed for four hours affording a light yellow precipitate.  The collected precipitate was 

highly insoluble in all available solvents; therefore, the 1H NMR, 13C NMR, and UV-visible 

characterization were unobtainable, and the formation of L2 could not be confirmed.   
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Scheme 3.1. The attempted synthesis of 1,2-bis(2’-imidazole-methyleneimino)benzene (L2) in 
MeOH. 
 

The synthesis of (N1E,N2
E)-4,5-dimethyl-N1,N2-bis((1-methyl-1H-imidazol-2-

yl)methylene)benzene-1,2-diamine (L3) involved a Schiff base reaction with one molar 

equivalent of 4,5-dimethyl-1,2-phenylenediamine and two molar equivalents of 1-methyl-2-

imidazolecarboxaldehyde in ethanol (EtOH) similar to the synthesis of L1 as shown in scheme 

3.2.  The methyl substituents on the imidazole ring allowed for increased solubility when 

compared to the attempted synthesis of L2.  The synthesis included refluxing the ethanolic 

solution for 16 h., and the solvent was removed in vacuo resulting in a dark orange oil which was 

dissolved in CH2Cl2. A 5% NaOH (aq) solution was then added to the solution and allowed to 

stir for 1 h.  The CH2Cl2 layer was then separated and washed with saturated NaCl solution, 

dried over anhydrous MgSO4, filtered, and the solvent was evaporated to afford a yellow oil.  A 

10 mL portion of MeCN was added to the oil and the mixture stirred for ~ 1 h resulting in the 

precipitation of a light yellow solid. This solid was collected and an additional base wash as 

described earlier was performed resulting in a solid that was stored under an N2 atmosphere 

before being used. The formation of L3 was confirmed by 1H NMR, and the solid-state FTIR 

spectrum of L3 was obtained (Figure 3.1). 
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Scheme 3.2.  The synthesis of the neutral imidazole(N)-donor ligand L3. 
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Figure 3.1. Solid-state FTIR of L3 (ATR). 
 

Preparation and Characterization of Fe Complexes 

 The synthesis of [FeII(L3)](BF4)2 (10) was attempted by following a procedure similar to 

the synthesis of compound 3 discussed previously in chapter 2.  One molar equivalent of 

[Fe(H2O)](BF4)2 in MeCN was added to a suspension of L3 in MeCN resulting in a dark green 

solution (Scheme 3.3).  Upon taking the ESI-MS of this reaction mixture, the m/z corresponding 

to the compound 10 was present as well as an additional m/z corresponding to [Fe(L3)2]
2+ (11).  

Upon removing the solvent and dissolving the remaining material in DMF, Et2O was diffused 



 

 49 

into the solution and blue-green crystals formed. When the crystal structure was solved via X-ray 

analysis, it was determined that the crystals formed were the eight-coordinate species 

[Fe(L3)2](BF4)2 with four imine nitrogen atoms and four imidazole nitrogen atoms bound to the 

ferrous center in a square-anitprism coordination geometry (Figure 3.5).  The electron-donating 

effects of this compound were investigated through the variation of the substituents on the 

benzene ring.84  Since L3 contain methyl groups as the substituents, this ligand was used as the 

electron-donating ligand among the chelating ligands utilized.  The effects of the electron-

donating ability were observed via electrochemical analysis as well as electronic absorption 

spectroscopy.  The cyclic voltammetry revealed the relative effects of the different ligand 

substituents with compound 11 having a reversible Fe2+/Fe3+ couple at E1/2
 = 0.395 V (vs 

Ag/AgCl, MeCN) (Figure 3.2) that was the least positive when compared to ligands containing H 

and Cl- as the substituents on the benzene ring.  This is to be expected since the methyl 

substituents on the benzene ring would be provide the most electron density to the iron center 

resulting in the relative ease of oxidation.  The compound containing hydrogen as its substituent 

was found to be unaffected by air as well as other chemical oxidizing agents and strong field 

ligands, but similar experiments were not analyzed with 11.  The electronic absorption spectrum 

of 11 in an MeCN solution exhibits two indicative peaks for the 8-coordinate systems at 319 nm 

(ε = 26300 M-1cm-1) and 387 nm (ε = 13,900 M-1cm-1) with a shoulder at 333 nm (ε = 20900    

M-1cm-1) (Figure 3.3).  The higher concentration spectrum at 170 µM solution shows a peak at 

546 nm (ε 380 M-1cm-1) with a shoulder at 661 nm (ε 280 M-1cm-1) likely arising from a d-d 

transition. The FTIR spectrum of the 8-coordinate compound 11 was acquired and exhibits a B-F 

stretch attributing to the presence of two BF4
- counteranions (Figure 3.4).  Although 11 is a novel 

compound, it proves to be very stable and not useful for the purposes of modeling SOR.  
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However, 11 demonstrates the rigidity of L3 which is useful to maintain the necessary SOR 

modeling square-pyramidal geometry when the [Fe(L3)]2+ is successfully isolated. 

 
Scheme 3.3. The reaction of L3 with [Fe(H2O)](BF4)2 resulting in [Fe(L3)]2+ (10) and 
[Fe(L3)2]

2+ (11). 
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Figure 3.2.  Cyclic voltammogram of 11. E1/2 = 0.395 V (versus Ag/AgCl in MeCN with 0.1 M 
tBu4NPF6 supporting electrolyte, glassy carbon working electrode, Pt-wire auxiliary electrode, 
scan rate 50 mV/s, RT) 
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Figure 3.3. UV-vis spectrum of the 8-coordinate species [Fe(L3)2](BF4)2 (11) in MeCN at 298 
K.   
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Figure 3.4. Solid-state FTIR spectrum of compound 11 with BF4

- band present (ATR). 
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Figure 3.5. ORTEP diagrams of the cationic complex [Fe(L2)2](BF4)2 (11) showing 30% 
thermal ellipsoids for all non-hydrogen atoms. 
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Table 3.1.  Summary of crystal data and intensity collection and structure refinement parameters 
for [Fe(L3)2](BF4)2•DMF (11•DMF).  

Parameters 11•DMF 

Formula C39H47N13OB2F8Fe 

Formula weight 943.37 

Crystal system Triclinic 

Space group P-1 

Crystal color, habit green rhombic 

a, Å 12.322(5) 

b, Å 12.468(5) 

c, Å 16.367(5) 

α, deg 77.860(5) 

β, deg 86.532(5) 

γ, deg 88.057(5) 

V, Å3 2453.2(16) 

Z 2 

ρcalcd, g/cm-3 1.277 

T, K 293(2) 

abs coeff, µ (Mo Kα), mm-1 0.382 

θ limits, deg 2.30-28.29 

total no. of data 33446 

no. of unique data 12053 

no. of parameters 577 

GOF on F2 0.967 

R1,
[a] % 6.79 

wR2,
[b] % 19.34 

max, min peaks, e/Å3 0.938, -0.600 

a R1 = Σ Fo - Fc / Σ Fo; b wR2 = {Σ[w(Fo
2 - Fc

2)2]/ 
Σ[w(Fo

2)2]}1/2. 
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Table 3.2. Selected bond distances (Å) and bond angles (deg) for [Fe(L3)2](BF4)2•DMF 
(11•DMF). 

Fe(1)-N(1) 2.236(2) N(1)-Fe(1)-N(4) 132.29(7) N(3)-Fe(1)-N(9) 134.26(7) 

Fe(1)-N(3) 2.505(2) N(1)-Fe(1)-N(5) 158.14(8) N(3)-Fe(1)-N(10) 137.70(7) 

Fe(1)-N(4) 2.483(2) N(1)-Fe(1)-N(7) 92.81(8) N(3)-Fe(1)-N(11) 77.45(8) 

Fe(1)-N(5) 2.241(2) N(1)-Fe(1)-N(9) 79.84(8) N(4)-Fe(1)-N(5) 69.53(7) 

Fe(1)-N(7) 2.225(2) N(1)-Fe(1)-N(10) 82.52(7) N(4)-Fe(1)-N(7) 79.00(7) 

Fe(1)-N(9) 2.428(2) N(1)-Fe(1)-N(11) 88.09(8) N(4)-Fe(1)-N(9) 136.81(7) 

Fe(1)-N(10) 2.398(2) N(3)-Fe(1)-N(4) 63.10(7) N(4)-Fe(1)-N(10) 134.51(7) 

Fe(1)-N(11) 2.214(2) N(3)-Fe(1)-N(5) 132.55(7) N(4)-Fe(1)-N(11) 81.04(7) 

N(1)-Fe(1)-N(3) 69.20(7) N(3)-Fe(1)-N(7) 78.36(7) N(5)-Fe(1)-N(7) 90.50(8) 

N(5)-Fe(1)-N(9) 80.98(8) N(7)-Fe(1)-N(9) 70.20(8) N(9)-Fe(1)-N(10) 65.45(7) 

N(5)-Fe(1)-N(10) 80.03(7) N(7)-Fe(1)-N(10) 135.54(8) N(9)-Fe(1)-N(11) 135.50(8) 

N(5)-Fe(1)-N(11) 98.36(8) N(7)-Fe(1)-N(11) 153.73(8) N(10)-Fe(1)-N(11) 70.61(7) 

 

Conclusion 

 The synthesis of L3 afforded a ligand similar to the histidine equatorial plane of the 

active site of SOR.  The reaction of L3 with [Fe(H2O)6](BF4)2 produced novel results affording 

an eight-coordinate system with two nitrogenous ligands about an Fe2+ ion.  Although 

preliminary data has only been obtained with this system, the electron-donating effects of this 

ligand have been determined and may be useful in tuning the electronic characteristics of an 

SOR analog by varying the N-donor strength of the N4 ligand.  The rigidly planar ligand frame 

provides evidence for the utilization of L3 as the planar N4 system in an SOR model will be an 

optimum ligand mimicking the structural properties of SOR.  Further studies of the reaction of 

L3 with a different iron salt, such as FeCl2, will elucidate the formation of [Fe(L3)]2+. 
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Experimental Section 

The general procedures and physical methods used are analogous to those presented in 

Chapter 2. 

(N1E,N2
E)-4,5-dimethyl-N1,N2-bis((1-methyl-1H-imidazol-2-yl)methylene)benzene-1,2-

diamine (L3). To a solution of 4,5-dimethyl-1,2-phenylenediamine (0.520 g, 3.82 mmol) in 10 

mL EtOH was added a solution of 1-methyl-2-imidazolecarboxaldehyde (0.860 g, 7.81 mmol) in 

5 mL of EtOH and the solution was refluxed for 16 h.  The solvent was removed in vacuo 

resulting in a dark orange oil which was dissolved in CH2Cl2. A 5% NaOH (aq) solution was 

then added to the solution and allowed to stir for 1 h.  The CH2Cl2 layer was then separated, 

washed with saturated NaCl solution, dried over anhydrous MgSO4, filtered and the solvent was 

evaporated to afford a yellow oil.  A 10 mL portion of MeCN was added to the oil and the 

mixture stirred for ~ 1 h resulting in the precipitation of a light yellow solid. This solid was 

collected and an additional base wash analogous to the previous was performed on the solid in 

order to extract the carboxaldehyde starting material. The CH2Cl2 was removed and the solid was 

collected to afford a yellow solid.  1H NMR (400 MHz, CDCl3, δ from TMS, 298 K): 8.53 (s, 

2H), 7.30 (s, 2H), 7.16 (d, 2H), 6.94 (d, 2H), 3.90 (s, 6H), 2.35 (s, 6H). 13C NMR (100.6 MHz, 

CDCl3, δ): 153 (CH=N), 141.45 (Ar-C), 126.41 (Ar-C), 125.72 (Ar-C), 122.19 (Ar-C), 120.44 

(Ar-C), 117.92 (Ar-C), 109.95 (Ar-C), 41.03 (N-CH3), 18.43 (Ar-CH3). FTIR (ATR-diamond, 

powder) νmax (cm-1): 1605 (w, νC=N), 1469 (m), 1445 (m), 1268 (m), 1157 (m), 952 (m), 843 (s), 

646 (w), 616 (s). LRMS-ESI (m/z): [M + H]+ calcd. for C18H21N6, 321.2; found, 321.0. 

[Fe(L3)2](BF4)2 (11). To a suspension of L3 (0.534 g, 1.67 mmol) in MeCN was added a 

solution of [Fe(H2O)6](BF4)2 (0.561 g, 1.66 mmol) in MeCN resulting in a dark green solution.  

The solvent was removed in vacuo and the solvent was redissolved in 5 mL of DMF. Vapor 
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diffusion of Et2O into this solution at RT resulted in the formation of dark blue-green crystalline 

material after approximately 18 h. This crystal was determined to be the eight-coordinate 

species, [Fe(L3)2](BF4)2 (11). Upon further vapor diffusion of Et2O into the DMF solution more 

microcrystalline material formed (0.20 g, 0.29 mmol, 28%) FTIR (ATR-diamond, solid), νmax 

(cm-1): 1606 (w, νC=N), 1659 (s), 1444 (m), 1291 (w), 1030 (vs, BF4
-), 953 (m), 821 (w), 769 (m), 

658 (w), 599 (m). UV-vis (MeCN), λmax, nm (ε, M-1 cm-1): 319 (26,300), 333sh (20,900), 387 

(13,900), 546 (390), 647 (280). LRMS-ESI (m/z): [M – 2 BF4]
2+

 calcd for C36H40FeN12, 348.1; 

found, 348.2. µeff = 4.45 µB (in MeCN). E1/2 (FeII/III, MeCN): 0.395 V. Anal. Calcd for 

C36H40B2F8FeN12: C, 49.69; H, 4.63; N, 19.31. Found: C, 47.93; H, 4.91; N, 18.00. 
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