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, Abstract

Biomimetic Modeling of Superoxide Reductase

Terutaka Terence Kitagawa

Chairperson of the Supervisory Committee:
Professor Julie A. Kovacs
Department of Chemistry

Dioxygen is a thennodynamically superior oxidam. with the ability to be reduced

to water by a four-electron reduction. During this process, toxic reactive oxygen sPeciCis

(ROS) are also generated. Nature uses metalloenzymes to combat this fonn of oxidative

stress. Of particular interest to us is superoxide reductase (SOR). SOR is a non-heme

thiolate-ligated metalloenzyme, consisting of a ferrous center ligated by four histidines

and a cysteinate residue. It is responsible for superoxide detoxification in anaerobic and

microaerophilic organisms by reducing superoxide to H202.

A novel biomimetic model of. the active site of SOR, [FelIcyclam.PrSY is

described in Chapter 1. This complex reacts with superoxide under protic conditions at

cryogenic temperatures to form (Fell1cyclam.prS(OOH)Y. This is a rare example of a

high-spin FelIl~OOH species, and the first reported example of a high-spin non-heme

Fel1l_O.OH containing a traIlS thiolate. The addition of acetic acid fonns the aceta~­

bound [FeIllcyclam-PrS(OAc)]+, a model of the Felli resting state of SOR. The addition

of cobaltdcene regenerates the FelI species. completing the catalytic reduction of

superoxide to hydrogen peroxide.
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[FeD(NEl1)N.(tren)Cll'. a synthetic analogue of [FeDN.(iren)S""I'. is described

(vide itifro). [FeD(NEa)N.(tren)C!t replaces the apical thiolale ligand found in

[FeDN4(treD)SMe2t with a nitrogen. To our knowledge this is the.fIrst known aliphatic

Fe-N5 complex. [FeD(NEa)N4(tren)ar is a six-roordinate FeU species, lacking an open

site for substrate coordination. This and oilier changes in the structural and electronic

factors induced by the removal of the thiolate moiety most likely plays a key role in

impeding this Fell center from performing superoxide reduction.

[FeuN4(tren)SMdt reacts with KOz under protic conditions, forming a metastabie

FelllROOH species. [FeIIN4(tren)SMt2t also reacts with dioxygen to form

[FemSMe2N4(tren)h~02+, an inert IJ.-Qxo dimer. In an effort to stabilize this Felli-DOH

species and prevent JA.-oxo dimer formation, [FeDSMdN4(bdpa)t and

[FeDSMe2N4(bdea)t are described. These species use alkylated derivatives of tren

containing no protons within the primary coordination sphere of the FeU complex. The

preliminary characterization and reactivity studies with these complexes are described in

this dissertation.

•
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Chapter 1
Introduction.

Background. The advent of oxygen into the earth's atmosphere completely altered the

environment for all living beings, by completely transfonning it from a reducing to an

oxidizing atmosphere. 1 Oxygen inunediately provided benefits to living organisms, as it

allowed them to increase the energy it could obtain from foodstuffs, enabled complex

bio·transformations to be eamed out with ease, and made possible the generation of heat

and light. Oxygen unequivocally changed the evolutionary process of living beings on

earth by changing selection rules and pressures. It is teclmically a radical species, having

two electrons that are not spin-paired. This unique electronic characteristic caused

dioxygen to be a very able oxidant, thermodynamically favored to accept four additional

electrons until \'Illter is ultimately formed. 1,2

However, once dioxygen is activated, the byproducts generated along this

pathway are extremely reactive and have the potential to cause oxidative injury to an

organism.1, These byproducts include superoxide (02'). hydrogen peroxide (H;01) and

the extremely reactive hydroxyl radical (OR·), collectively known as the reactive oxygen

species (ROS).' In particular, superoxide has been frequently linked to a number of often.

fatal disease conditions, namely increased rates of mutagenesis, Parkinson's disease, and

heart disease.4,5 In fact, superoxide is considered to be much more toxic to the health of

an organism because although it is not as reactive as the other ROS, it is much more
•

selective in its reactivity.I-M While the hydroxyl radlcal is much niore promiscuous in

attacking substrates, in many cases it often reacts with substrates which are not vital to an



•

2

organism's health, immediate or long-term. In any case it will "undoubtedly react with

something in its near vicinity upon its generation, perhaps something expendable.

Because of these factors, understanding the chemistry of superoxide is considered

imperative.

In order to combat the toxic threat of the ROS, living organisms developed

enzymatic defense systems.' In particular, non-heme iron-containing enzymes are largely

responsible for the detoxification of the ROS. Living organisms have selected iron to

carry out many complex biological processes, largely because the redox potential of the

Fe2+lFe3+ couple can easily and meticulously be tuned by simple modification of its

-ligand system.s In fact, iron is the most abundant transition metal in the hwnan body,

playing major roles in oxygen transfer and electron transport,2,9 To date, the most

described and understood enzyme for superoxide detoxification is the non·heme iron

enzyme -superoxide dismutase (SOD).10,11 This enzyme is responsible for the

disproportionation of superoxide to dioxygen and hydrogen peroxide via redox catalysis

in aerobic organisms. (Figure 1.01~a) While H:<02 is a ROS and is capable of

performing considerable oxidative damage, many enzymes called peroxidases exist that

easily reduce hydrogen peroxide to water. 12
,13

" .
More recently, it has been sho'Wll that another non·heme iron enzyme, superoxide

reductase (SOR). is responsible for superoxide detoxification in microaerophilic and

anaerobic organisms. 14
-)6 SOR reduces toxic superoxide radicals to hydrogen peroxide

without the evolution of dioxygen, thus differentiating its function from SOD. (Figure
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1.01-b) This wiique capability ofSOR makes it invaluable to the health of the anaerobic.

organism, which is not equipped to handle life under an oxidative atmosphere.

(a)

(b)
SOR2W + e' + 0,- ",•.=~== H2O,

Figure 1.01. The superoxide detoxification reactions of SOD (a) and SOR (b).

SOR is part of a Wlique family of non-heme cysteinate-ligated iron enzymes. The

active site of SOR has been characterized in both the "'active" ferrous and "resting" ferric

forms by x-ray crystallography.IS,17 So far there have been five crystal structures of SOR

reported in the literature.,g.2\ Each of the known species of SOR have a ferrous active

site share a common N4S active site identity, in which a ferrous center is ligated by four

equatorial histidine residues and an apical cysteine residue, which is positioned trans to

an open coordination site. This site is commonly referred to as Center II. 16,22.23 In the

"resting" ferric state, the open site is occupied by a glutainate (47G1u) residue. The

structures of the ferrous and ferric active sites ofSOR are shown in Figure 1.02.

In some species of SOR.. a second iron center is present. 24,25 This ir~ri. center is

commonly referred to as Center I, and tJ.1e SOR species that it is present in are referred to

as 2Fe-SOR. Center I has been characterized by x-ray crystallography as being a ferric

center ligated by. four cysteinate residues in a tetrahedral coordination geometry. There is

a level of uncertainty that still surrounds the exact purpose of Center I. It has been
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proposed to help maintain the structural integrity of Center U. It has also been suggested

to playa role in electron transfer to the active site, providing the necessary electron for

superoxide-reduction. However, it has been recently shown in mutation studies by Kurtz

and coworkers that the removal of this second Fe*center Jrom wild-type SOR does not

affect the ability of the enzyme to perfonn superoxide reduction.26

Catalytically active (Feu) Resting State (Fem-Glu)

FIgure 1.02. The structlU'es of the Fen and FeIIl Conus of the active site of SOR

While the catalytic process of superoxide reduction by SOR has not been

definitively elucidated, until recently a three step ~echanism had been accepted as a

general description of the catalytic process of SOR (Figure 1.03).27 It has been accepted

at this point that the chemistry of SOR requires two protons and an electron to complete

the reduction of superoxide to H202.. In this mechanism, binding of superQ~de to the

"acti~e" feqous fonn of SOR is naturally believed to occur at the open site trans to the

cysteinate sulfur ligand, This is because the open site is not occupied with solvent,

although the site is located at the surface of the protein, fully exposed to solvent. The

"active" species reacts with superoxide in the presence of protons to, form a putative

ferric-(hydro)peroxo species, characterized by an intense absorption band at 590-600'ntn
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-(6 ~ 3500 M 1cm·1).28 The origin of this intense absorption is beiieved to be mostly of11:­

type cysteinate--S' ~ FellI character. The fonnation of this species is fast, occurring at

almost diffusion·controlled rates. The addition of a second proton leads to the release of

Hz02. causing the decomposition of the" transient intermediate. Another non-heme iron­

containing protein called rubrel)'thrin that is specific to anaerobes ,has been shown to

have NADH-dependent peroxidase activity. which can assist the cell in removing H202

before it can aggregate to toxIc levels:29

This process is very fast as well, and is believed to be a first order process that

occurs at a rate of 40·50 5.1•28 A nearby glutamate residue then binds to the same site to

Conn the "resting" form of the active site, which is"8 glutamate-boWld. six-coordinate

ferric complex. The absorption band at 590-600nm is also replaced by a new, less

intense band at 64Snm (~ = 2000 M1cm·I ), representing a considerable red-shift in the

charge t-mnsition band. Like the transient ferric-peroxo species, this band is also

composed of be mostly of tt-type cysteinate.-S· ~ Felll character. To complete the

catalytic cycle of superoxide reduction. the ferric "resting" species is reduced by an

electron donor, releasing the glutamate residue and regenerating the «active" species of

SOR.



•

. 6

Figure 1.03. A proposed three step catalytic mechanism of superoxide reduction by SDR

Recently the presence of a second intennediate has been proposed.30 The two-

intennediate system was initially believed to consist of a deprotonated end-on peroxo

moiety and a protonated hydroperoxo moiety. However. more recently a Felll·OH

species lias been observed, leading to a newly proposed mechanism of SDR. 31 In this

paper, the fonnation of a second intennediate is seen, albeit very slowly, and is

characterized by resonance Raman experiments as having a pH~dependent Fe-O

stretching frequency. This stretch is also isotopically-sensitive, determined from labeling

experiments using H20 and H2 180 as the solvent. The data is consistent with the

formation ofa Fe3+~hydroxide species. The formation of this species is shoWn" in Figure

1.04, which'depicts solvent (water) as the second proton source, leading to the release of

hydrogen peroxide and the binding ofhydroxide ion.'



. ,

7

.-
011

Figure 1.04. The newly proposed SOR catalytic cycle by Niviere.30

The use of exogenous ligands such as azide (N3), cyanide (eN-) and nitric oxide

(NO) to probe the SOR binding site has been reported by Johnson et 81.
32

,33 Johnson has

shoM!. that SOR retains its high-spin (8=512) state with the binding ofN3" and NO, but

becomes low-spin (8=1/2) with the binding of eN". In addition, it was faood that eN"

inhibits SOR, while N3-and NO do not These crystal structures have been reported. The

data obtained from the crystal structures implies tlul,t SOR' Wldergoes an inner-sphere

electron-transfer mechanism during superoxide reduction.

The unknowns of SOa. Many Wlknowns still shroud the- mechanism SOR catalysIs.

and much work needs to be done in order .to understand the chemistry of SOR catalysis.
•

For example. SO.R has been shown to require two protons and one electron to perfonn its

chemistry, yet the source of each have yet to be unambiguously identified. As stated
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earlier. it is believed that the first proton is obtained from solvent. since the active site sits
. - .-

on the edge of the proton, fully exposed to solvent. Identifying the second proton source

has ~en especially elusive. A highly conserved lysine residue (17Lys) near the active site

of all known'SORs has been proposed to play some role in the second protanation step.

either as aproton source or in a dire.cto! role, guiding the second proton from solvent or

another proton source to the active site. 1
?,20 Mutation studies have shown that removing

this 47Lys residue from the active site results in a significant loss of enzyme activity.22

Second, the identification of the electron donor for SOR catalysis has been

proposed to be rubredoxin, a small iron-containing protein. Reduced rubredoxin (Rd) is

believed to be most likely responsible for providing electrons to SOR for the reduction of

superoxide to H202Y. Additionally, rubredoxin has been shown by Adams and

ooworkers to be reduced by NAD(p)H:rubredoxin oxidoreductase (NROR), another
~

nearby protein, during times ofoxidative stress. In vitro studies using recombinant fonns

of the SOR from P. furiosus showed that SOR, Rd and NROR must be present for SOR

catalysis to occur enzymatically.34

Third, the role of the glutamate residue has yet to be detennined. The studies by

Niviere also helped to provide insight into the role" of the glutamate residue as the sixth,

ligand of the "resting" ferric fonn of SOR. Research by Cabelli and coworkers studied
.

the effects of replacing the glutamate residue (E12) of the neelaredoxin ofArchaeoglobus

fulgidus with the neutral glutamine (E12Q) or the non~coordinating valine (E12V)
•

residues. IS; These mutated SORs were chosen to assess the effect of the bound sixth

ligand (glutamate) to the ferric center of SOR. More specifically, they were chosen to
••
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study the influence of the negative charge ofglutamate. and also to test for the capacity

of the glutamate residue to fo~ H~bonds with solvent or the protein.- .Both mutations led

to a decrease in SOR activity and increases in SOD activity of 29% and 47%,

respectiv~ly" Thjs study showed that the negatively charged 4701u residue" plays an

important role in directing the chemistry ofSOR.

Fourth, the identity of the transient intermediate (2) in Figure 1.03 is still a

subject of contention. Also, the binding mode of the peroxo moiety has also been yet to

be determined. A mutation study of SOR was reported by Niviere and coworkers where

the 4701u residue was replaced by a non~coordinating alanine resictue in artier to stabilize

the transient intermediate by preventing binding/displacement of the peroxo moiety by

the glutamate residue.35 When H202 was added to this mutant, resonance Raman studies

identified the resulting intermediate as an iron~peroxo species. Based on the available

vibrational data obtained from biomimetic N~ligated non-heme iron peroxo species, this

intermediate was assigned as ~ side-on 112~peroxo species. However, such a seven­

coordinate side-on peroxo species was predicted to be much less stable then an end-on

(hydro)peroxo species, based on.DFT calculations done by Kurtz and coworkers. 24•36

Kurtz and coworkers have suggested that the peroxo moiety actually coordinates to the

ferric center in a bent, endooOn geometry.

Comparison with Cytochrome P4S0. The active site of SOR and the more well-known

enzyme cytochrQme P450 are strikingly similar. SOR shares the same square pyramidal
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structure as cytochrome P450. with the Same N4S primary coordination environment,

albeit with histidine: residues in lieu of the porphyrin moiety (Figure 1.05).

Cytochrome P450 SOR

F.igure 1.05. The active sites ofSOR and cytochrome P450.

Interestingly, SOR cleaves the Fe-O bond of its Feffi·OOH intermediate to release

H202, rather than cleaving the O~O bond like cytochrome P450. The main reason for the

difference in the chemistry that the two enzymes perfonn is believed to be that the site of

protonation of the second proton in the SOR catalytic cycle is at the proximal oxygen, as

opposed to the distal oxygen in cytochrome P450 chemistry. This would weaken the Fe-

o bond instead of the 0-0 bond of the peroxo species. If the 0-0 bond cleaved, water

would be released and the Fe center would form a high-valent Fe1v=Q or Fev=O species,

commonly referred to as Compound (l7 SOR instead cleaves the Fe-O bond, releases.

H202 and fonns the six-coordinate ferric "resting" species. This disparity in behavior can

be explained-in a couple of ways. First of all, the dinegatively-eharged porphyrin ring

has a highly conjugated structure that is very capable of delocalizing large amounts of
.

positive charge, Which makes it very capable of suppOrting the higher valent Fetv=0 or

Fev=o species. In contrast, the histidine ligands of SOR are not as capable as their
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porphyrin counterpart at compensating for higher valent states of the iron center. SOR

was therefore thought to be less likely to allow the iron center to access higher oxidation

states than the ferric state. However, recently Que and coworkers described the first

crystallographic characterization of a non-heme Ferv-oxo species, proving that a heme

environment was not requisite to a~ess higher oxidation states of iron.38

Secondly, while both enzymes are beHeved to go through a Fe{D-peroxo

intermediate state, the peroxo--intennediate.of cytochrome P450 has a low-spin (8=112)

spin state, while that of SOR is believed to be a high-spin (8-512) species. Based on the

predicted occupation of the bonding and antibonding orbital sets of Fe, it is apparent that

a low~spin state of .the iron center of cytochrome P450 would promote a strong Fe-O

bond and a weakening of the 0-0 bond, favoring 0-0 bond cleavage. In contrast the Fe­

o bond of the high~spin Fe-peroxo intermediate would have a weaker Fe.-O bond and a

stronger a-a bond, which in tum would favor Fe-O bond cleavage and liberation of

H202.

DFT calculations and synthetic modeling of the active site of SOR has suggested

that a low-spin Fe-peroxo intermediate is a possible identity for the transient intennediate

obselVed during the catalytic process,36,39 These-descriptions of the differences in P450 .

and SOR chemistry are only simple explanations proposed to help to explain the differing

behaviors of both enzymes, Obviously much work remains and thus one should be

reticent when tempted to accept these explanations of the differing chemistries of

cytochrome P450 and SOR as indisputable fact.
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Biomimetic modeling. While biochemistry has helped to address the many Wlknowns

that still surround the physical and mechanistic characteristics of this unique enzyme,

techniques in this field have many limitations that either prevent or hinder the ability of

the researcher to address certain issues regarding SOR. The fundamental obstacle to the

direct characterization of reactive intemtediates is that the kinetics of intermediate

formation do not favor the aggregation of the transient intennediate species, precluding

us from its detailed charactenzation. For ,example, the process of superoxide reduction

by SOR occurs on an extremely fast kinetic timescale. The formation of the Fern-peroxo

intennediate OCCW"S at diffusion~controlled rates, and the liberation of hydrogen peroxide­

occurs at an even faster rate.28 To establish kinetic control over such a fast reaction

would naturally require performing the reaction at reduced temperatures, which in turn

would require the use of non-aqueous solvent systems. However, enzymes generally are

not stable in organic solvents, as their proteins quickly denature under nonMaqueous

solvent conditions. This is most likely due to the disruption of the HMbonding interaction

, of the protein backbone. The inability to establish strong kinetic control over the reaction

also limits the ability of the researcher to identify transient intennediate(s) that occur

during the course of the reaction. Biomimetic chemistIy helps to addressJhese issues by .

using small molecule mimics of the active site and its primary coordination sphere. This

approach alloWs the researcher to study ~e chemistry at the active site in a much simpler

manner in non-aqueous solvents, -sans' the complexities described above. Key

relationships betyv'een structure, electronic character ana function of metalloenzyme sites

can also be more readily studied by ,using this approach. .
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Current research in biomimetic modeling. Synthetic biomimetic modeling has been

used extensively in studies of non·heme metalloenzymes and also in studying the

synthetic anticancer reagent bleomycin.4o Que, Girerd, McKenzie and others have

comprehensively characterized vanous senes of nitrogen!Iigated iron-peroxo

complexes.41,42 The work of these groups provided the most complete set of vibrational

and spectroscopic data of synthetic non-heme iron-peroxo complexes. The spectral and

vibrational data from these scientists were paramount to the interpretation of biophysical

metalloenzyme data. However until recently· there has been a paucity of thiolate-ligated

non-heme iron model complexes to facilitate an understanding of how thiolates influence·

enzymatic function. The difficulties of working with thiolates in metal chemistry, such

as its thermodynamic ease to be oxidized to inert disulfides or sulfenato-/sulfinato species,

its propensity to r~uce metals and to oligomerize make their synthesis non-trivial.

Although thiolate-ligated non·heme iron complexes have been reported38
,43-48, there is

still a dearth of data regarding how thiolate ligation affects iron's reactivity and its role in

meta1loenzymes. It should be pointed out to the reader that the majority of these

complexes display limited or no reactivity with dioxygen or the ROS, and none are

considered to be truly biomimetic,

Synthetic m-odeling of the active site of SOR. Our aspiration to synthesize a­

biomimetic SOR model complex stemmed from a desire to understand the larger picture,

i.e. how the-irons. positioning of the thiolate affects the iron center reaction chemistry,

and to understand the structural similarities and reactivity differences with respect to
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cytochrome P4S0. etc.. In order to synthesize a biomimeti.c SOR model complex, a. . .

"checklist", of characteristics of the desired complex was created..· First of all, the
.

complex needed to have an N.S ligand environment. be five-coordinate. and with an open

site to bind substrate. The thiolate moiety must also be tethered to the ligand system in

order to control its promiscuous tendency to react with other metal centers. and prevent it

from de-coordinating. Prior work by our group demonstrated this requirement.4S
•
46

Second, any SOR model complex must have a reversible redox couple between Fe"+lFe3'''',

Finally the complex must be mononuclear, as thiolates can tend to bridge metal centers

into binuclear complexes. 25

Despite these challenges., in 2001, Kovacs and coworkers reported the first

biomimetic model ofSO~ referred to 8S [Feu(SMe2N.tren)(4S,46 [FeD(~lN4tren)r

contains an N..S ligand environment like that of the active site ofwild-type SOR, but with
.

the thiolate cis to the active site instead ofrrans. The structure of this molecule is shown

in Figure 1.06.

.. .

Figare 1.06. The ORTEP of [Fe~S""N.treD)J"

•
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Interestingly, even with this altered positioning of the thiolate ligand with respect

to the open site on the metal, [Fen(SMeJ:N4tren)}+ was still able to reduce superoxide to

hydrogen, peroxide in the presence of a proton donor. The addition of superoxide to

IFeD(SMdN..tren)t in the presence of a proton donor at low temperatures (T S .78°C)

caused the formation of a transient orange intermediate. characterized by an intense

charge transfer band at 452nm (s = 2900). This transient species was identified as the

low~spin hydroperoxide [Fem(SMdN4tren)(OOH)t, which was the first example of a

thialate-ligated non-heme Fe-peroxo complex reported in the literature.4S The addition of

acetic acid to this intermediate resulted in the formation of a blue species and 'a

concurrent red shift in the absorption spectrum to afford a new band at )"=56Srun (s =

2900). This species was identified by its x·ray crystal structure as the acetate~bound

[FeID(SMdN4treo)(OAc)t, which is a model for the glutamate-bOlmd resting state

species of SOR. The formation of H202 was also verified using a catalase assay and by

IH Nl\.1R. Finally [Feu(SMe~4tren)t was shown to catalytically reduce superoxide to

hydrogen peroxide using cobaltocene as a sacrificial electron source.49 Eight ru:movers

have been achieved in this fashion,

Remarkably, [FeD(SMr1N4tren)t shared many similar physicaJ traits with the .

wild·type SOR enzyme. Not only was IFeuCSMe1N4tren)t able to reduce superoxide, it

could do so' 'catalytically in the presence of a sacrificial electron donor. Also, this

reduction of superoxide could only be accomplished in the presence of protons. Under
•

aprotic condition,s, no reaction was observed.so Kovacs' work with [Feu(SMe2N4treo»)+

pioneered the first synthetic analogue of SPR and also showed that the positioning of the
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thiolate ligand (cis. YS. trans) did not alter the e~cacy of the iron center to perform

snperoxide reduction. Most importantly, this work laid benchmark parameters for

studying -thiolate-ligated non~heme iron enzymes, especially for identifying elusive

transient peroxo intermediate in SOR, as well as studying the effect ofthiolate ligation on

metalloenzyme fun~tion. Thiolate-Hgated [FeD(SMe2N4tren)t has been shown to activate

dioxygen as well, in a rare example ofa reversible of Jl·OXO dimer foimation. 51

Kovacs' success demonstrated the feasiblity of using biomimetic chemistry

identitY probable intennediates in the SOR catalytic cycle, and their associated

biophysical parameters. Once a stable, biomimetic functional. model of SOR was

established, other scientists began to work towards a mOfe exacting biomimetic model of

SOR. where the tbiolate was trans to the open site of the iron center, as in wild-type SOR.

In 2003 HaJfe~ reported the synthesis of a series of trans thiolate-ligated Fell complexes,

ligated by a tetradentate LSpY2 non-heme ligand, system and various alkyl and aryl

thiolates bound to Fell in an effort to model the structural properties of the active site of

SOR.4
) These structures are shown in Figure 1.07. However, none of these complexes

showed any reactivity with superoxide. The ferric state of these complexes was not

readily accessible chemically or electrochemically; in fact only one of the complexes.

sho~ed reversible electrochemical behavior, and with an extremely cathodic potential

(E112-+470 mV vs. SeE), explaining its robust nature under aerobic conditions. The

complexes were accurate structural mimics' of SOR but their inability to reduce SOR was

disappointing.
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Figure 1.07. Chemdraw structures of Halren's SOR model complexes. Structure 1 is
[Fen(L'Py,)SPbj+, 2 is [Fen(TMC)SPbMeO)]+, and 3 is [Fen(TMCS)]'.

HaIfen's [FeD(L'pyz)SPht system was found to structurally model the square

pyramidal geometry of SOR quite well, due to its constrained nature which effectively

kept the nitrogens in the equatorial plane. In 2005, Halfen and Que reported a series of

complexes using HaIfen's L8PY2ligand system with different axial ligands occupying one

or the two open axial sites on the iron center.52 These ligands included trifluorosulfonate

(triflate), benzoate, 4·methylbenzenethiolate. and pyridine N-oxide, and were selected to

study the effect of the thiolate and its basicity on the metal ion spin-state, and reactivity.

The reaction of these iron complexes with tBuOOH each afforded high·spin

alkylperoxoiron(III) n:ansient intermediates~ characterized by charge transfer absorption

bands from -SOO-600nm (8 ::::: 2ooo.i700 M1cm-1j. The results were striking; increased .

basicity of the axial ligand increased the stability of the high-spin Fe-OOR intermediate,

which was an effect opposite to that seen for low-spin Fe-OOR intennediates. 53 The

thiolate-bound alkylperoxoiron(III) species was the longest-lived peroxo species of the
•

series, and provided the first rationale for.the presence of the axial thiolate in SOR
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These results reported by Kovacs. HaIren and Que comprised the first generation

ofbiomimetic SOR analogues. The structural, electronic, vibrational-and reactivity data

obtained from these studies provided important parameters and helped to provide insight

into the questions still surrounding SOR. Simultaneously, the pursuit of the next

generation of biomimetic models of SOR had begun, in an effort to design a functional

biomimetic model of SOR with a trans thiolate.

In 2004, Halfen reported the synthesis of a new ligand system that was derived

from the tetraamine l,4,8,1l-tetraazacyclotetradecane, commonly known as cyclam.54

Specifically, the ligand system contained an ethylen~linked thiolate tethered selectively'

to the lone secondary amine of trimethylated cyclam: Halfen also presented a crystal

structure of [NjlI(TMCS)t. showing the complex adopts,a square pyramidal geometry

with the thiolate occupying an axial position, mimicking the structure of SOR's active

site. The'structure of the corresponding FeU complex is shown in Figure 1.08 (complex

3) demonstrating that the thiolate is trans to the open site of the metal center, However,

[FeD(TMCS)t does not react with superoxide. The inability of this complex to'reduce

superoxide is explained by its unusually high redox potentiai' (BIll :>' +500mV vs. SeE),

A transient intennediate assumed to be an Fe-peroxo species was obtained by reacting

(FeD(fMCS)t with H202at low temperatures. M6ssbauer spectroscopy lat~r Identified

this transient'species as an FeN=() species, the first example of a Fe1v""'0 species with a

thiolate bound to the metal center. 38

Very recently, Goldberg and Moenne-Loccoz reported an example of a low-spin

femc-alkylperoxo complex obtained by the addition of t-butylhydroperoxide (tBuOOH)
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and cOmenyl hydroperoxide (CmOOH) to the thiolate-ligated ferrous complex

[FeD([lS]aDeN.)(SPh)t at low temperatures (-78'C)" These complexes are very

similar to HalfeD's but with a larger IS-member macrocycle. These reactions pro~uced

dark red transient intennediates with absorption bands at S26nm (8'- 2150 M' em>!) and

527nm (8 = 1650 M"' em-I) respectively. Both peroxo species exhibited very short

lifetimes and began to decompose within t=lO minutes. They were characterized by EPR

as being low-spin FelII complexes, with g=2.20 and g=1.97, respectively. Resonance

Raman analysis with a 514nm excitation wavelength showed the 0-0 and Fe-O

stretching frequencies for the FeIn.DOtBu species at 803 em'! and 612 em"', respectively:

These assignments were verified using tBu 180 180H. which caused isotopic shifts of these

peaks to 757cm-' and 584cm"'. For the Felll·aaCm species, the 0-0 and Fe-O stretching

frequencies appear at 795crnoj and 615cm-1
• respectively. These frequencies were the

lowest Fe-O and highest 0-0 stretching frequencies reported for low-spin FeUI.OOR

complexes. This study showed the possibility that the transient intermediate in the SOR

catalytic cycle could possibly be low-spin, and also showed the effect that the axial

thiolate has on weakening the Fe-O bond of the alkylperoxo intennediate, promoting Fe­

o bond cleavage instead of 0-0 bond cleavage. The structure of this FeU complex and.

the method by which the FelI[·OOR species is generated is shown in Figure 1~08.
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R"'l-bulyl(l-Bu). cumenyl(Cm)

Figure 1.08. Structure of[Fen([15IaneN~(SPh)t and the reaction with alkylperoxides­
generation of the Fern-OOR intennediates. 9

Recently, our group reported the first example of a structurally relevant-

biomimetic model of the active site ofSOR.~s (Fellcyclam-PrSf" is described in Chapter

2, where its reaction with superoxide affords the high-spin ferric~peroxo species

[FeWcyclam-PrS(OOH)r'". The structure of [FeUcyclam-PrSt is shown in Figure 1.09

and its proposed reaction with superoxide Wider protic conditions is shown in Figure

1.10.

+

Figure 1.09. The structure and ORTEP rendering of [Feucyclam-PrSt.
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[~.~e?>J' + ...:l~):::K:.:O!::..,I:.:18,-.c::-r:-own=.6...
- F • 2) 82 equiv MoOH
HN' N'H
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+

Figure 1.10. The reaction of IFeucyclam.PrSt with superoxide - the formation of the
[Femcyclam-PrS(OOH)t intenncdiate.

This species is the flrSt synthetic example of a thiolate-ligated high-spin Fern_

OOH intermediate. and represents a very rare example of a high-spin ferric-hydroperoxo

in any ligand environment. In fact, only one other example of a high-spin ferric~­

hydroperoxo species in a non-heme iron complex has·been reported. S6 Resonance Raman

vibrational data for [Femcyclam-PrS(OOH)t, obtained in collaboration with the

Solomon group at Stanford University, showed 0-0 and Fe-O vibrational stretches at 891

em'] and 419 em·\ respectively. The 0-0 stretching frequency is the highest reported,

and the 'Fe-O vibrational stretching frequency is the lowest reported, for synthetic DODM

heme Feill.peroxo species. These values ,also correspond well with the vibration'al data

reported for the E47 SOR mutant-peroxo species57
, and are Indicative of an extremely

weakened Fe·Q bond. This species would likely -favor Fe·O bond cleavage over QMO

bond cleavage. In addition, the Fe-S stretching frequency at 351 cm-! pro~~s that the

thiolate -remains coordinated in the ~sient peroxo species, and is the only Fe-S'

vibrational data reported for a nonMheme Fe--peroxo species with a thiolate coordinated to

the iron center.
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The synthesis of a new [Feucyclam-PrSt complex and demonstration of its
.

biomimetic character is a boon for the elucidation of the mechanism of SOR The

extensive characterization of the structure and reactivity ofthis complex will be discussed

in the second and third chapters of this dissertation. The remainder of this dissertation

will be focused on understanding the role that the thiolale plays in SOR chemistry by

replacing the apical thiolate ligand in [FeU(SMdN..trcn)t with a nitrogen. The

characterization of this compIex.lFell(Nit2)Nitren)Clt and its reactivity is discussed in

Chapter 4. Finally; the synthesis and preliminary reactivities of new novel ligands based

on the well-studied tripodal tetraamine tris(2-aminoethyl)amine (tron) wili be described·

in Cheprer 5.

•

•

•
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_ Chapter 2
[FeD(cyclam-PrS)r· De novo design of a biomimetic model of SOR.

Introduction. The design of a multidentate ligand system that could mimic the structure

and N4S composition of the SOR active site is not trivial.. First, the vast majority of Fe"

complexes with multidentate ligands are nitrogen-ligated tetraamine and pentaamine Fell

complexes, frequently with a sixth ligand occupying t.Iie open site. Very few N4S

multidentate ligand systems 'have been characterized, and only one has displayed

biomimetic functionality.l.s Second, working with thiolate-bound Fe" complexes has

proven to be somewhat of a daWlting task, due to its many synthetic obstacles caused by ,

its propensity to oxidize to disulfides, and oligomerize to fann clusters. In addition, work

done by our group and others has shown the need to tether the thiolate to the ligand

system to prevent the thiolate from de-coordinating, particularly when flf'SHow

transition~meta1s are invo!ved.2,61bird. inducing the metal center to adopt the structural

and electronic characteristics of the SOR active site has been shown. by our group and by

others to be arduous. The catalytically active ferrous ofSOR is high spin (S:2), and in a

square pyramidal geometry with the thiolate occupying an axial position, trans to the

open sixth site on the iron center.

Despite these obstacles, synthesizing our target compoWld was still a feasible goal,

once we came up with a ligand design. We hypothesized that using a saturated·

macrocyclic tetraarnine as the basis for the ligand system would provide us with the best
•

opportunity to obtain our target compound. TIle rigid nature of the macrocycle makes it a

relatively weak field ligand, and also would constrain the nitrogens to become planar,
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occupying the entire equatorial plane and forcing the thiolate to bind to one of the axial

sites instead ofan equatorial one. Tethering pendent functional groups to the nitrogens in

a polyaminemacrocycles has been reported previously.7-JO The most recent example of

such a ligand system has been reported by Halfen and coworkers. ll The structure of the

ligand is shown in Figure 2.&1.

Kovacs ~ cycbuP.-PrS

Figure 2.01. The ligands from the HaIfen and Kovacs SOR model complexes. The
Kovacs ligand has a propylene arm tethered to the ring, compared to the ethylene arm in
the Halren ligand. Also, the amin.es of the HaIfen ligand are pennethylated.

One interesting obsetvation about Haifen's complex is that the ligand system

entails peralkylation of the amines. The resulting Fell complex has a highly cathodic

electrochemical potential. Results from our laboratory agree with this as well. For

example, when beau* and bdep (Figure 2.02), tetraalkylated topological derivatives of

tren, are used in the synthesis of our model complex, (FeDN,.'trell)S<Me2Jt. t4~ .resulting

Fell complexes do not react with superoxide under protic or aprotic conditions.12 In

addition, both complexes display notably cathodically-shifted redox potentials (E1I2

(beau·) = +4JO.mV and EIf2(bdep?) = +39OmV vs. Eta({FeUNitreulS(Me1}jj= -100 mY

V$ SeE.) Initially, the inert nature of both complexes was attributed solely to sterics, as

the bulky ethyl groups appear to effectively block the open site on the Fen center~
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However, it appears that peralk:ylation of the li~d system on all three of~

complexes (IMCS. bdep, and bean ligated) has a significant effect on the electronics of

tren bdep

Figure 2.02. The structures of the tripodal ligand tren and the tetraalkylated derivatives
bdep and bean*. The ligands bdep and bean differ by one methylene length in the arm
containing the primary amine. ' -

system. Thus, directly or indirectly. there does appear to be a significant relationship

between the alkylation of the ligand system and the electronic character of the complex.

Such be~vior is ~ounterintuitive to conventional thinking because alkylation of the

amines on each of the ligand systems described above creates an extremely electron-rich

ligand system that should also be a very good cr-donor. The higher electron density at the

Fell center would theoretically decrease its Lewis acidity, and as a result, should make it

more susceptible to a one-electron oxidative process, and thus should have a more

negative electrochemical potential. Instead, the opposite behavior is seett, in each

instance.

Interestingly, it has been shown by Meyerstein and others that the ligand field of

tertiary amines. is considerably lowered by alkylation... compared to those induced by

primary or secondary amines,l3 Also, N-alkylation of amine ligands bas been shown to

cause a cathodic shift in redox potential when they are ligated to a.metal center;
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compared to the behavior of analogous ligands that were not alkylated.6 Based on this

reasoning, it was deemed feasible that a non-alkylated analogue of the HaIfen ligand

would follow the reactivity precedent set by the above examples. The corresponding Fell

complex should then be capable of reducing superoxide.

ExperimentaL

General Methods. All reactions were performed under an atmosphere of dinitrogen in a

glove box or using standard Schlenk techniques, or using a custom-made solution cell

equippe4 with a threaded glass connector sized to fit a dip probe. Reagents purchased -

from commercial vendors were of the highest purity available and used without further

purification. THF. pentane, Et20, and MeCN were rigorously degassed and purified

using solvent purification colUOU1S housed .in a custom stainless steel cabinet, dispensed

via a stainiess steel schlenk·line (GlassContour). Methanol (MeOH) and ethanol (EtOH)

were distilled from magnesium methoxide. lH NMR spectra were recorded on Broker

AV 301, Broker AV 500, or Smker DRX 499 FT-NMR spectrometers and are referenced

to an external standard of TMS (paramagnetic compounds) or to residual protio¥solvem

(diamagnetic compounds). Chemical shifts are reported in ppm and coupling constants

..
(J) are in Hz. EPR spectra were recorded on a Broker EPX CW-EPR spectrometer

operating at X-band frequency at 7 K.. <;rclic voltammograms were recorded in MeCN­

(100 roM n¥BU4N(pF6) solutions) ona PAR 273 potentiostat utilizing a glassy carbon

working electrode. platinum auxiliary electrode, and an SeE reference electrode.

Magnetic moments (solution state) were obtained using the Evans' method as modified
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for superwconducting solenoids.~4.lS Temperatures were obtained using Van Geet's

method. 16 Solid state magnetic measurements were obtained with polycrystalLine

samples ingel-caps using a Quantwn Design :MPMS 85 SQUID magnetometer.

Ambient temperature electronic absorption spectra were recorded on a Hewlett-Packard

Model 8450 spectrometer. interfaced to an IBM PC. Low temperature electronic

absorption spectra were recorded using a Varian Cary 50 spectrophotometer equipped

with a fiber optic cable connected to a "dip" ATR probe (C~technologies), with a

custom-built two--neck solution sample bolder equipped with a threaded glass connector

(sized to fit the dip probe).

1,4,8-Tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecanc (3Boc-<yclam).

The synthesis of 3Boc-cyclam was accomplished using a modified preparation of the

initial synthesis first described by Guitard and coworkers.17 1,4.8,11-

tetraazacyclotetradecane (cycIam) (O.loog. 0.5 mmol) was dissolved in dicWoromethane

(25 ml). Di-terr-butoxy-di-carbonate (Boc) (0.286 ml, 1.25<10"25 m mol) was dissolved

in dichloromethane (6.25 mI) and added dropwise via addition funnel over 30 minutes

and allowed to stir overnight. Solvent was removed in vacuo, affording a white sticky
..

residue. The residue was dissolved in hexane and insolubles were filtered. The solvent

was removed in vacuo, affordiDg a white foam. Column chromatography (ethyl acetate: -

metlumo195:5 on silica gel afforded the desired product as a white foam (0.175 g, 70%).

This solid was stored at _5°C. 'H-NMR (ppm in CDC!,): 1.46 (s, 2711), 1.59 (bID, 211),
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1.70 (bm, 2H), 2.62 (~J=l.23 Hz, 2H), 2.77 (~J 5.20, 2H), 3.29-3.41 (bm, 1211)- ESI­

MS (M+l) caled for CIOII"N,: 200.4; found: 201.0.

3-iodopropylthioac:etate (lPTA). 3-chloropropylthioacetate (lOg. 66mmol) was

dissolved in 300 ml of acetone. The Finkelstein exchange reaction was performed by

adding sodium iodide (30g. 200mmol) and refluxing overnight. The reaction was cooled

to ambient temperature and the insoluble salts were filtered. Solvent was removed in

vacuo, affording a red-orange solid. The solid was re-dissolved in dichloromethane (150

ml), and the insoluble white solid was filtered from the solution. Solvent was removed in'

vacuo, affording a red-orange oil, which was passed over a silica plug (95:5

hexanes/acetone) to afford the desired product as a pale yellow oil (13.65 g, yield'" 85%).

'H-NMR (ppm): 2.1 (m, 2H), 2.34 (', 3H), 2,96 (~J=6.97, 2H), 3.21 (V=6.86, 2H).

3Boc-cyclam-ll-propylthioacetate (3Boe-cyc1am-PrTA). (0.615 g, 1.23 nunol) and

Cs,Co, (0.327 g, 2.46 nunol) were dissolved in DMF (3 mI) at ambient temperature.

IPTA (0.600 g, 2.5 mmol) was added dropwise while stirring." The solution was stirred

for 5 days, until TLC showed product formation to- be complete. Water (-100 mt) was
..

added and the solution was extracted with ethyl acetate (3x30 ml). The organic extracts

were combined and washed with brine (3x30 ml). The organic layer was dried over .

MgS04, filtered, and solvent was removed: in vacuo to afford the erode product as a
'. -.

yellow oil. -Column chromatography on silica gel (CH2Ch:methanol - gradient 0-4%

methanol) afforded the pure product (0.665 g, 1.08 mmol) as a pale yellow sticky residue
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(yield = 88%). IH_NMR (ppm in CDC!'): 1.46 (s, 21H), 1.71 (bill, 4H), 1.80 (~J~1.24,

2H), 2.32 (s, 311), 2.35-2.43 (Ill, 411), 2.86 (bm, 211), 2.83 (~J 1.14, 2H), 3.21-3.35 (bm,

1211). ESI-MS (M+I) calculated for·C,.H,.N.o,S: 616.39. found: 611.1.

l-propylthioacetyl-l,4,8,U-tetraazacyclotetradecane04HCI (cyclam-PrSAc-4HCI).

The hoc groups of 3Boc-cyclam-PTA were removed with 4M HCVdioxane (30 eq.) over

24 hours. The solvent was removed by rotary evapomtion. Co-evaporation with

methanol afforded the pure cyclam-PrSAc·4HCI as an off-white solid of the

tetrabydrochloride salt in quantitative yield. IH NMR (ppm in CDCI3): 1.95-2.01 (bm,"

611),2.30 (s, 311), 2.88 (~J= 1.01 Hz, 211), 3.26-3.31 (bm, 1011), 3.49-3.53 (bill, 811).

ESI-MS (M+1): calculated for CIlH"N,OS: 316.23; found: 311.4.

[Fe"cyciam-PrSJ!PF.. FeCI, (0.055g, 0.433 mmol), cyclam(PrSAc)-4HCI (0.200g,

0.433 mmol), and NaOH (0.104g, 2.66 mmol) were all individually dissolved in -2m! of

•MeOH and cooled to -20 C for ....30-40 min. The methanolie NaOH solution was then

immediately added to the ligand solution dropwise while stining. This solution was

allowed to. stir for 30 minutes at room temperature~ The cold FeC,,:! solution was then

added dropwise to the stirring ligand solution. NaPF6 (O.073g, 4.33xlO...( mol) was then

added and the solution was stirred overnight at room temperature. TIle pale green

solution was .1;iltered through a Celite pad and the filtrate was concentrated in vacuo,

affording a yellow residue. This residue was redissolved in CH2CI2. The solution was

filtered through a Celite pad and the filtrate was concentrated in vacuo, affo:rding (3) as a·
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'pale yeUow residue. This residue was inupediately redissolved in CH2Ch. filtered again

through a Celite pad and concentrated in VQCUQ, ,affording a pale yellow residue.

Coevaporation with pentane and ether afforded a dark yellow-brown solid (O.062g, yield

= 30%). The solid was recrystallized by slow diffusion of ether intO a CH2Clz solution,

yielding colorless prisms that were not suitable for x-ray analysis. Solution magnetic

moment (298 K; MeeN) flclr= 5.03 BM. Solid state magnetic moment (f-5-300 K) ~ff

~4.78BM.

(Fen<:yclam-PrS»)BP~. The synthetic procedure for this salt was repeated as described' ,

for [FeUcyclam-PrS)]PF6above, except that NaBP14 was added in place ofNaPF6. The

solution was filtered through a Celite pad and concentrated, affording a dark yellow

residue. The residue was redissolved in lliF, filtered through a Celite pad and

concentrated to a minimal volume. Crystallization was accomplished by slow diffusion

of pentane to afford colorless prisms suitable for x-ray analysis (O.090g, yield = 32%).

Solid state magnetic moment (T= 5-300 K) flclr ~ 4.91 BM. E,n (DMF) ~ +220 mV ys.

SCE. ESI-MS calculated for FeC13H29N4S: 329.1. found 329~1. Electronic absorption

(MeOI!): 1.."",(E)~299 mn (1280 L-M,"'cm-').

Reaction" of' [FeD(cyelam-PrS»)(pF6) with KOz• Formation of [Fem(eyclam- .

PrS)(OOI!)](PF,) peroxide intermediate; IFe"cyclam-PrS)]PF, (11.1 mg, 0.024

mmol) was dissolved into CHtCh (20 mI). To this solution was added 82 equiv of

MeOH (80 uL. 2.0 mmol). The solution was injected into a custom dip probe cell under
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argon and cooled to -78'C. Addition of Ko, (100 uL of a OJ M solution of 0,'

solubilized in THF as the (l8-crown-6)K+ salt) caused the immediate formation of a

burgundy color (530 om). The formation of this species maximized at t=4 min. The

reaction performed under the conditions described above except without exog~ous

methanol showed no visible sign of any reaction occurring. Electronic absorption

spec1nlm (CH,Ch): A"" (e) - 530 OlD (1350). Vibrational data: 419 em-' (v,o-O), 893

1:1 CH,Ch:2-metbyl-THF glass, 7 K): g, = 7.77, g, ~ 5.36, gj ~ 4.15.

Amplex Red assay - peroxidase assay for H20: detection. The Amplex Red Assay kit

was obtained from Invitrogen (Probes.com, Kit #A22188). The Amplex Red assay was

prepared following the protocols supplied with the assay kit and published by Haugland

and coworkers,ls Fluorescent spectra were recorded using a Perkin-Elmer LS-50B

Luminescence Spectrophotometer equipped with a pulsed high pressure Xenon source

(perkin Elmer Corporation, Norwalk, Connecticut). Fluorescent samples were contained

and analyzed in 1 em x 1 em quartz cuvettes, 1.4 ml volume from Starna (Stama Inc.,

Atascadero, CAl.

A 30mM solution of (Fencyc1am(pr,S)]PF6 was prepared in a 2m! consisting of

degassed acetone (1806 ~1) and 82 equivalents of MeOH (194~L) and placed under an

argon stream. This solution was cooled to _78°C while stirring. To this was added 1. .

equivalent of K02 'solubilized in an 18-erownM 6ffHF solution. The solution was allowed

to stir for 4Mj minutes, followed by the addition of 1 equivalent of acetic acid from an,
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acetone stock solution. A 93 lil aliquot (2.8xI0-6 mol, assuming 100% reduction ofK.02

has occurred) was taken from the solution and diluted in with 907 ~ .of IX phosphate

buffer. A 25..J.1l aliquot of this solution was added to an assay solution consisting 0£50

f'l of the Ample< Red assay and 1325 1'1 of IX phosphate buffer solution. This 1.4 ml

assay solution was injected into a quartz fluorescence cell, wrapped in alw;ninum foil and

allowed to incubate at room temperature for 30 minutes. The emission at 585 nm was

measured by using an excitation wavelength of 570 tun. The sample was scanned from

400-800 nm at a scan rate 0£200 nmJrnin.

Catalytic turnover in tbe reaction between [Fen(cyclam-PrS)}(pFfi)' KOz, foUowed

by BOAc, and CP2CO, in sequential aliquots. To a stirring solution of [Feu(cyclam­

PrS)JPF, (11.1 mg, 0.024 mmol) at -78 C, in 20 mL CH2Ch (in the presence of activated

4 A molecUlar sieves) was added 100 uL of a 0.3 M solution of0; (solubilized in THF

(as the (18-crown-6)K' salt) under an Ar atmosphere, followed by 82 equiv ofMeOH (80

uL. 2.0 mmol). (Fem(cyciam-PrS)(OO{H))"" (Amax= 530 nm) forms and maximi~.es at

t=4 min as observed by the intense burgundy color. Upon addition of 1equiv of HOAc

(10 uL of a 2.4 M solution in CH2Clz), [Fem(tyclam-PrS)(OO(H)t converts to a

turquoise blue species [Fem(eyclam-PrS)(OAc)r (Amac 604 run). Reduction of

IFem(cydam-PrS)(OA<)r' via the addition of 1 equiv of Cp,Co (100 uL of a 0.24 M .

solution in CHzCh) regenerated [Feu(tyciam-PrS)]PF6 as a pale yellow solution. Using

this procedure, involving the. sequential delivery of reagents, five turnovers were

achieved.
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Resonance Raman Experiments. Resonance Raman (rR) spectra were obtained using

a Princeton Instruments 8T-135 back.~illllminated CeD detector on a Spex 1877 CP triple

monochromator with 1200, 1800, and 2400 groovesfmm holographic spectrograph

. gratings. Excitation was provided by a Dye Laser (Rhodamine 60, Coherent 599) which

was energized by a Coherent Innava Sabre 2Sn Ar+ CW ion laser. The laser line, 571 om

and 600 nm (-70 mW), was chosen to coincide with the absorption of 4 and S,

respectively. The spectral resolution was < 2 em'). Sample concentrations were

approximately 25·30 mM in Fe. The samples were either cooled to 77 K in a quartz

liquid nitrogen finger dewar (Wilmad) and hand SpWl to minimize sample decomposition' .

during scan collection (for obtaining the v().() or cooled to 190·196 K using a flow of

liquid N2 cooled, He gas in a spinner set-up.

Computational Details. All calculations were performed on dual-CPU Pentium Xeon

2.8 GHz work stations using the hybrid B3LyP functional with the Gaussian 03 package.

For optimi71ltion 6-311g* basis set was used for Fe.S,N and 0 atoms while 6-31g* basis

set was used for C and H atoms. Single point calculations were performed using tight

SCF convergence criteria and a 6-311g* basis on all atoms. The Mulliken JX>pulation

analyses were performed using the PYMOLYZE program.

X-ray Crystallographic Stnu:ture Determination for (FeD(cyclam-PrS)]BPh.. A

clear prism cut down 10-0.36 x 0.24 x 0.24 mm of 3 was mounted on a glass capillary

with epoxy. Data was collected at -143-·C. The crystal·to-detector distance was set to 35



nun and exposure time was 45 seconds per degree for all data sets with a scan width of 10
•

The data collection was 97.8% complete to 25° in S.. A total of 59867 partial and

complete reflections were collected covering the indices, h = -14 to 14, k = ~10 to 12, I =

-43 to 42. 7151 reflections were symmetry independent and the R.u., = 0.0643 indicated

that the data was ofslightly less than average quality. Indexing and unit cell refinements

indicated a monoclinic P lattice in the space group P21/c(No. 14). The data for 3 was

integrated and scaled using Denzo-hkl.SCALEPACK, and an absorption correction was

performed using SORTAV. Solution by direct methods (S1R97) produeed a complete

heavy atom phasing model consistent with the proposed structures. lie All non-hydrogen '

atom$ were refined anisotropica1ly by full-matrix least-squares methods, while all

hydrogen atoms were then located using a riding model.

Discussion:

Synthesis of I-propylthioacetate-cyclam (cyciam-PrSAc • 4HCl). Nitrogen-donor

macrocycles with four amines, commonly referred to as tetraaza-macrocycles, are

commonly used in, and are available in, various rfng sizes.19
•n 1,4,8,11­

tetraazacyclotetradecane (cyclam) in particular has been extensively studied.23 Cyclam

has an ideal M-N bond length of 2.07A, and has been shown to be the ideai size for

ligation to· F~l'and FeIR
•
22 The synthesis o.fcyclam has been reported previously4, and is .

also readily available conunerciaJly.

The design.of cydam-PrSH began with tris-protected cyclam compounds. Two

tris-protected cyclam compounds, tris(2-tertbutoxycarbonyl)cyclam, (3Boc-cyclam) an~
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tris(trifluoroaoetyl)cyclam (3TFAc-cyclam) (Figure 2.03) were synthesized in good

yields as described in litcrature.17
,2S These protecting strategies were~ because both

the hoc and TFAc moieties are very readily removed under ambient conditions without

the use ofaggressive reagents and conditions.26

3TFAc-eyclam 3Boc-cydam

Figure 2.03. Structures of tris·protected cyclam compounds - precursor compounds for
ligand synthesis.

Because of the susceptibility of thiols to oxidize to disulfides, a protecting group

strategy was pursued to ensure the preservation of the tWol moiety until completion of

the synthesis. The triphenylmethyl (trityl) group was chosen initially because of its ease

of use as a protecting group and ability to be siniultaneously removed with hoc by

trifluoroacetic acid (TFA).26 Five trityl-protected compounds were syndtesized according

to literature procedures, some with minor, modifications?7.29 These and tWo other

compounds used are shown in Figure 2.04.10 In addition. direct alkylations \\ith

diiodopropane and dibromopropane were attempted in an effort to obtain a tris-protected

'. .
cyclam ligand. alkylated at the free amine with a propyl halide arm. These compounds

were respectively named 3Boc-cyclam·Pr.x where X I or Br. The idea was that the
• •

•
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ierminal halide could be displaoed by potassium' tbioacetate. and then deproteeted to

afford the free tbiol(Figure 1.05).

o-t~I

TRT-5PrI TRT-SEt-OTs TRT-S(Me2)EtCI

••

5-s~I
I-Pr-TA

TRT-SPrBr

e
Cl~SOlNa+

L.r-rS...............Br sodium 2-cbloroetbane
sulfonate

TRT-5Et-OMs

Figure 2.04. The family of baloalkanes to be used to alkylate the Iris-protected cyclam
compounds: Each compound has a protected thiol moiety and a halogen or tosylate
leaving group.

~JQ '(1 X

~bVO ~ '~b ~

3Boc-cyclam- Pr,x
(X- Br,l)

Figure 2.05. General scheme to prepare 3Boc--cyclam-Pr,x series ofcompounds
'. .
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TRT·

TRT-SE,-{)Ts

TRT·SE'-QMs

TRT-SPr-Br

TRT·SPr-I

I-Pr-TA

lL_" Target
compound

Br-Pr-Br I

B = base = Na2C~, KzCO;Jt CllC~ TEA, DIPEA
S = solvent = CH3CN. THF:CB3CN, DMF
T = temperature = 25°C, /}.

Figure 2.06. Parallel synthetic reaction scheme: reagents and conditions. The
compounds used are shown in Figures 2.03, 2.04 and 2.05.

Each reaction was attempted under a combination of different solvent conditions

(fHF/CH,CN, CH,CN, DMF) and using different bases (N'2Co" K,Co" C"Co"
.

triethylamine (rEA), diisopropylethylamine (DIPEA», under ambient temperature or

reflux, in a parallel synthetic fashion (Figure 2.06). After rigorous testing, it was found

that the optimal reaction conditions involved the use of I-Pr·TA as the alkylating agent.

with CszCOJ in DMF at ambient temperature for - 72 hours. This method prodUced the

highest yield (>90'/0) of the 3Boe-cyclam and the 3TFAe-cyclam - propylthioacela'e (pr,

TA) oompounds. While the reaction with.l,3-dibrnmopropane did yield the desired

'. .
monomer with a tenninal halide, it was not as pure or as high.yielding. The reaction with

• •

• •
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1.3-diiodopropane afforded a complex mixture of products, most like~y a mixture of

starting material, the monomeric product and other oligomeric byproducts.

The protected macrocyclic thiol ligand S-3-(1,4,8,Il-tetraazacycloletrade<:an-I­

yl)propylthioacetate tetrahydroch1oride (cYclam-PrS-Ac·4HCl) was synthesized in

excellent yj.eld~. The reaction scheme is shown in Figure 2.07. Once the ligand was

prepared. it was completely stable for months under-a nitrogen atmosphere.

Boc,0
i. ["N HNJ

70% N N
Boc"' '--' Boc

o
Boc,0 ~ ~ II

ii "N N~"""""" ....8...............
89%' [N NJ .

Boc"' '--' Boc

iii
IOOoJo'

i) Boe20, CH2Cb, RT; ii) 3-iodopropylthioacetate, CS2COJ, 72 hrs.; iii) 4M HCUdioxane.

Figure 2.07. Synthesis of cyclam-PrSAc·4HCl.

Synthesis and characterization of {Fe"(cyclam-PrS)t. The synthesis of the Fell

complex derived from our new cyclam-PrSAc ligand is outlined in Figure 2.08. The

initial step involved the simultaneous deprotection of the truol and deprotonation of the

tetraammonium salt in situ using methanolic NaOH, followed by the addition of FeCb.

This was perfonned by initially adding cyclam-PrSAc ··4HCl to methanol, creating a

cloudy solution. Six equivalents of NaOH were added, causing the .solution to go clear
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for a few seconds. The precipitation of a white solid, presumably NaCl, inunediately

followed. The addition of FeCh caused the solution to tum pale greeD. ,The solution was

stirred overnight, affording a pale brown solution. The solution was filtered through a

CeHte bed in a fiitted glass filter, affordirig aclear tannish-tinted solption. The solution

was evaporated to dryness, affording a sticky brown residue, which was redissolved in

CHzCh. The insolubles were filtered' through a- Celite bed, and the solution was

evaporated to dryness. Single crystals of the iron complex [FeD(cydam-PrS)j(BPh4)

were grown via the slow diffusion ofpentane into a THF solution 8t-30 ·C. As shown in

the ORTEP (Figure 2.09), the Feu center is five-coordinate,ligated by four nitrogens and ,.

an apical thialate in a square pyramidal geometry (t= 0.13).

0

""'-sC>
+ +

rl. ~ rs2[NH NrS . ;

[:F~l
cr iii

[:F~~~J
x·• •o .RCl

ii

'--' '--'

i) NaOHIMeOH; ii) FeCI"stir 24 brs.; iii) NaX (X PF" BPI4, BF.).

Figure 2.08. The synthesis of fFeu(eyclam~PrS)t._

. .
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Table 2.01. Bond lengths of IFen(cydam-PrSl)'.

Bond le!!Z!-bs IA) ome"(evclam-PrSlr and SOR

Bond [Feucyclam(pr,8))' SOR (pyr. Fur.)

F. I\.N 1 2.181 <r!:!i 1.97
F. I\.N 2 2.138 2.29
F. II·N 3 2.174 2.13
F. I N 4 2.166 2.08
F. [):S(j 2.2863 2.44

As suggested by the average Fe-N bond length (2.16(2) A), [FeD(cydam-PrSll·

is high--spin (S= 2), like the SOR active site, both in soLution (l'<o(MeCN)=5.03 BM) and

the solid state ("", = 4.91 BM; Figure S·9). The Fe-S bond length (2.286(1) Ai faIls in

the usual range for synthetic FeD-thiolate complexes but is slightly shorter than that (Fe-

S= 2.4 Al ofwiJd·type SOR. (fable 2.01).
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Table 2.02. The compariSon of the M-L bond lengths of [Fen(cyclam-PrS»)' with the
enzyme and other relevant complexes.

Note. SOR bondJengthr are based 011 Subunit A. Pyrfur. SOR has 4 subumts (A.,B,C.D).

Bond le!!.G!.bs fA) ofSOR and cvclam co~lens

Bond [Fencyclam-PrS)]' . [Fe"TMCS)' SOR
(j>yr. Fur.)

Fe I ·N I 2.181 (3'N) 2.225 (3'N) • 1.97
Fe Il-N 2 2.138 2.176 2.29
Fe 1 -N 3 2.174 nI. 2.13
Fe(l -N 4): 2.166 nla 2.08
Fe(l -s 1) 2.2863 2.297 2.44

• •

Reactivity of [Feu(cyclarq_PrS»)+ with superoJ.ide - characterization of

[FelIl(cyclam-PrS)OORj'. [Fell(cyclalIl-PrSl)' react> with KO" solublized with 18-

crown-6 in THF, in CH2Ch at -78 ·C, after the addition of MeOH (82 equivalen~) to

afford a metastable intense burgundy intermediate. The absorption spectrum of this

intermediate is sho\Vl1 in Figure 2.10.
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Fi~e 2.10. The absorption spectrwn of· the burgundy transient intermediate
IFe1D(cyelam-PrS)OOHI'.

The transient intermediate [Few(cyclam-PrS)OOHI' is high-spin (g= 7.72. 5.40,

4.15), displays an abaorption ban~ at~ 530(1350) run, and shows v().<), Vf><), and

Vfo--S stretches at 891 em-I (a Fenni doublet), 419 em-I, and 3si em-I in the resonance

.. Raman spectrum, respectively. The EPR spectrum of [Fe1D(cyclam-PrS)OOH)' is

shown in Figure 2.11. The Vo-<>. and VFo-O peaks shift to 856 em-I and 400 em-I,

..
respectively: upon the introduction of an isotopic label derived from K18~ (500/0

enriched) and the Fermi doublet COllapses upOn the incorporation of 0+ (from MeOD).
• •

The resonance-Raman data is shown in Figure 2.12. These data are consistent with the

fonnation of a thiolatcrligate(j Fcrperoxo species, [Fem(eyciam-PrS)(Oomt. via the . ,
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oxidative addition of superoxide to ..[FeD(cyclam-PrS)t in a proton-dependeilt

mechanism. No reaction occurs without a proton source present. .. Also, UDder the

conditions examined,(-7S·C, 82 equi~ents ofMeOH in a 2-MeTHF glass), 01- does not

convert to ~02 in the absence of IFeD(cydam-PrS)t. This intennediate,

IFem(cyclam-PrS)(OOH)]+, is the first example of a trans thiolate-ligated FeIIl-peroxo

species. AIsp, it is the first example of a high-spin hydroperoxo species in a thiolate-

ligated non·heme iron complex, and is only the second reported example of a high-spin

Fe-bydroperoxo species.31

4000 rl::> +

[lIN. Im.NJ
3000

Fe,
HNINH
'-.'~

HO~~

2000

1000

00 20001000 1200 1400
o~~~---r---,------,jl-===::::::
6 0 800

-1000

-2000

Figure 2.11. The EPR of [Fem(eyelom-PrS)OOHr in 2-MeTHF glass at -78'C. This
is the high spin region. There is also an inherent small amount ofa low-spin component,
the identity ofwhich will be discussed later in this chapter.

• •



· -
48

Because of the inherent appearance of a low-spin component in each reaction that

was monitored by' EPR. we sought to minimize the contribution by this 'component, by

determining the optimal reaction conditions. This was done by varying the temperature,

incubation time, equivalents of MeOH as a proton source, solvent medium, and

concentration of (Fen(cyclam-PrS)]+' and monitoring the reaction by both EPR and

resonance Raman. First, although the reagent concentration for EPR experiments is

typically 6~8mM, because of 'the low extinction coefficient of the [Fem(~clam­

PrS)(OOH))+ intennediate, we were forced to use concentrations of 30mM for the

resonance Raman experiments. Thus, because a direct correlation between the spin state

and the Fe-O and 0-0 stretching frequencies of the IFem(cyclam-PrS)(OOHjt

intennediate was imperative to have, as a result the EPR experiments were also

perfonned at 30mM concentrations of IFen(cyclam~PcS)t. Based on this concentration..

various experiments that varied the amount of MeOH to be used as a proton source were

performed. Excessive use of MeOH led to increased amounts of the low-spin component

being fonned. However, if the amount ofMeOH equivalents was limited excessively, the

reaction would either take too long to complete, or the formation of (Fem(tydam-

PrS)(OOH))+ would ultimately stall and thus not be able to aggregate at acceptable

amounts for analysis. It was ultimately found that 82 equivalents of MeOH Was the

optimal amount- of MeOH to maximize the formation of [Fem(tyciam-PrS)(OOH)t

while keeping the lUp-ount of the low-spin component formed during this reaction to a

- .
1DllU1Ilwn.
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The reaction time was also varied between 55-60 minutes. This set of control

reactions was perfonned because when this reaction was monitored by u:v-vis absorption

spectroscopy. :the band at 530run associated with the fonnation of [Fem(cyclam­

PrS)(OOH)t showed implicit broadening, which was thought to coincide with the

formation of a second species during the reaction, possibly the low-spin component seen

when the reaction was monitored by EPR, By optimizjng the incubation time during

which the reaction was allowed to proceed, prior to freezing the reaction tube, a balance

between maximum aggregation of the IFem(cyciam-PrS)(OOH»)+ and minimum

formation of the low-spin component was hoped to be achieved. Select EPR spectra '.

from this set of time control reactions are shown in Figure 2.12. From these experiments

it was concluded that with these reagent amounts, the optimum incubation time was 19

minutes.

It should be noted here that subtle precautions such as running each set of control

experiments from a common stock solution of {FeR(cyclam-PrS)t, precooling the EPR

tubes containing (Feu(cyciam-PrS)t to a temperature of _78°C, and using a minimal

vohune of the reaction medium. (250pl) each played invaluable roles in determining the

optimal conditions for this reaction to be studied by EPR and resonance Raman.

. .
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Figure 2.12. Monitoring the formation of the high-spin component (Few-QOH) by EPR
- determination of incubation time. Select plots are shown here. The incubation time is
noted in~ upper right comer ofeach plol
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Fi~re 2.13. Monitoring the disappearance of the isotropic K02 signal in the absence of
{FeD(cydam-PrS)t. Select plots are shown here at t=5 and 10 minutes. .



,

,

-,
-~~ .
-,.~,,\\'t

",. :.,..... ~~'"'~~'" ~~~\ $\""'"'\\ ,,'t'l"~~''''. ~'« \~ \\\'1+ ~ :" ,\tAA ,,~
,,-.1. IN ;.'\\ m\,'\\~ ,~'\\ \\*~ "'~,~"'" ~ -..\ ~~ ~,*,'W<~"t. ,~,*,Vk.."It. ..."\~,, -~~

\ "",~)



52

SOR plays a role in the reduction of superoxide to HZOl. by tuning the properties of the

iron center to favor Fe-O bond cleavage over 0-0 bond cleavage.

Geometry optimized OFT calculations, performed by the SoJomon Lab at

Stanf~ University (palo Alto, California). were used to estimate the most probable

structure of [Fem(cyclam-PrS)(OO(H))' (Figure US). These ca1culatioos estimated

the Fe..s, Fe-O and 0-0 vibrations to be at 345 cm-t, 400 em·1 and 933 em·" respectively.

These values were found to be in good agreement with the experimental data The

corresponding caiculated Fe~O and 0·0 frequencies for a high spin Feln·OOH complex

with no thiolate ligand were predieted using [Fem(NH.,),(OH)(OOH)t as a model for ..

the complex [Fem(6.Me,TPA)(OH)(OORl)." The Fe-O and 0-0 streteblng

Iioqueneies for (Fe~).(OH)(OOH)tWere found to be 495 em-I and 923 em-I, thus

reproducing the above mentioned experimental trend (mvolving 8 decrease in VFe-Q and

an increase in VQ-() upon thiolate coordination). These calculations also suggest that

although the Fe-O 0" lxmd is weakened significantly due to strong cr donation from the

trans thiolate, the 'It-bonding between the 0-0 11:* orbital and the Felli center remains the

same in both the trans-thiolate and trans-oxygen· complexes. While both of these trans­

positioned ligands compete for the same Fe di orbital for 0" bonding, they fonn 1t bonds

with different 12 orbitals (the 3 half-occupied 12 orbitals available in high~spin Felli). 11lis

would lead to an overall weakening of the Fe-O bond. Also. the weakening of the Fe-O <1

bond leaves mQ!'C.electron density in the donor 0-0 bonding orbital which strengthens

the 0-0 bond. Thus. our experimental observations are in good agreement with those

predicted by the DFT calculations.
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Figure 2.15. DFT geometry-optimized structure of [FelU(eyciam-PrS)(OO(H)J·.
Relevant distances (A): Fe-S= 2.36, Fe-O= 1.95, Fe-N.",~ 2.18 aod 0-0= 1.44. The
DFT calculations were perfonned by Abblshek Dey and Edward Solomon (Solomon ..
Group, Stanford University.)

EXAFS of IFeD(eyeIAm-PrS)]' aod [FelU(eyclam-PrS)(OOH)]'. The reactiOD of

[Feu(cydam:..PcS)J+ with K02 in the presence of MeOH fonned an intermediate which

we have identified as (F~m(cyclam-prS)(OOH)t. However, because we were not able

to isolate a solid ct)'stalline stample of [Felll(cydam-PrS)(OOH)t for x-cay

crystallographic analysis, we attempted to gain physical characterization of this

intermediate by using EXAFS, in a collaboration with Elena Sionkina and Britt Hedman

(Stanford University). Comparisons with the [FeD(cyclam-PrS)t complex will
...

hopefully lend insight into the electronic properties of this highly-reactive complex as

related to SOR Cheutistry.

To begin with, a solid sample of [FeD(cydam-PrS»)+ was isolated and
.. .

crystallized three times from CH:zCl)!EtzO. The data set for this sample was found to be
.

",-ell fit to a two-component first shell containing 4N and IS.
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Fipre 2.16. The EXAFS fits of the edge and pre-edge data collected from
IF.u(cydam-PrS)1' (black) and [F."(cydam-Pr5)(OOB)1' (red). The edge and pre­
edge fits for both complexes are shown here as overlay plots for ease of comparison
between the FeU and Few-DOH species, in order to illustrate the differences in
coordination number and oxidation states between the two complexes. Data collected
and provided by Elena Slonkina and Britt Hedman (Hedman Group, Stanford
University.)

This intermediate in this case was generated in MeOHlEtOH (9:1), forming a

purple solution. This purple intennediate had an obviously less intense pre-edge .feature,

indicatiog anin~ in coordination number. This corresponds with the appearance of

an additional atom in the first shell of this FellI intermediate's coordination sphere. Also,

the pre-edge features are shifted to higher energies than those seen in the sample of

[Feo(cyclam-PrS))+, which indicates an increase in the oxidation state of the sample.

However, the distal oxygen was not observed. It was later concluded that this species

•
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was actually the MeO'-bound [Fem(cyclam--PrS)](OMe)J', which was found to be

generated when the reaction with KOz was done in neat MeO~ as· opposed to the

conditions where (Fe~cyclam--PrS)(OOH)J' formed in ~H,CI, with MeOH added as a

reagent (vide iJifro), The EXAFS data and fits are shown in Figure 2.16,

Characterization of [Fem(cyclam-PrS)OAct - Modeling tbe resting state of SOIt

The addition of acetic acid (HOAc) to the metastabie [Fem(cyclam-PrS)(OOIl)J'

species at -78"C releases H2~ and cleanly fanns a new aqua blue species with an

absorption band at 604 ~ (e=- 1350 M'!cm-1) (Figure 2.17). When this r~ction is

monitored by EPR, tP,e high-spin signal at g= 7.72, 5.40, 4.15 is replaced with a new

low-spin signal at g'" 237, 2,30, 1.89. The resonance Raman spectrum also changes
.

dmmatically: the Vo-o and Vk-O stretches disappear and new stretches are observed at
.

339, 409, and 421 em-I. (Figure 2.18) Additionally, !he peaks associatad with lhis

species did not shift upon using KI'Ch or l'O-labeled acetic acid. This new low-spin

species proved too unstable to isolate. However, this species was unambiguously

identified as the acetate-bound [Fem(cyclam-PrS)(OAc)t using ESI mass spectrometry

(M+1 = 387.3).35 This species serves as a model for the glutamate-bound SOR resting

state.

,

,
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Figure 2.17. The absorption spectrum of the aqua blue species [FeJn(cyclam­
PrS)OAc}+, formed by the addition of HOAc to the metastable IFelD(cyc:lam­
PrS)(OO(H))' spe<ies at -7S·C.
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F!gun 2.18. The resonance Raman spec.a of (Fem(cytiam-PrS)(OOHJ)' ~lack) and
decay product [Fem(cyeIam-PrS)(OMe»)' (dotted black). The data for (Fe (eytlam­
~OOH)I· was collected using 511 om excitation @193 K.. and the data for the
[Fe (cyclam-PrS)(OAe»)' lIPeen) was collected using 600nm excitation@77K.
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Catalytic tumover of [Fen(eydam-:-PrS)t. In order to demonstrate the ability of

[F.!I(cyclam-PrS)t to act as a biomimetic catalyst, a sacrificial reductant, cobaltocene

(Cp,Co), was added to [F.m(ey.lam-PrS)(OA.>r at low temperatures (-7S'C) in order

to regenerate reduced (Fenley.lam-PeS)!'. Subsequent addition of another

stoichiometric equivalent of 02- regenerates the peroxide intennediate, which releases

HzOz upon the addition of another stoichiometric equivalent of HOAc. thereby

completing the catalytic turnover, and demonstrating that reduction of 02- by

(Fem(cyclam-PrS)(OOH)r is catalytic. Five clean turnovers have been achieved in this

biomimetic cycle. The data for the catalytic cycle is shown in Figure 2.19.36
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Figure 2.19. 1b,e catalytic twnover of [FeD(cyclam-PrS)t. Cobaltocene was used as a
sacrificial redu¢mg agent, providing the electron used to complete the cycle.

, .
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Detection of H,Oz. In order to tes.t. for the formation of Hz<h during the reaction of

[Fell(cyclam-PrS)t with Oi, Amplex Redo, a colorimetric peroxidase assay. was wed.

Amplex Red is an assay that uses a reagent, lo-acetyl~3.7-dihydroxyphenoxazineas a

colorimetric indicator. In the presence of horseradish peroxidase. the Amplex Red

reagent reacts with H101 with a 1:1 stoichiometry to produce ~e resorufin molecule.II

This reaction is shown in Figure 2.17. The resorufin molecule is higbly fluorescent, and

can be detected and quantified by its emissioo wavelength at A.",- 585 om (1.u= 570 om).

Alternatively. resorufin formation can also be monitored by tN-vis absorption
••

spectLOSCOpy by measuring its absorption band at Am.x = 570 nm.

FluorescentColorless

Amp'": Red Resondl.a

OH H20 z H,O H 0 0
\,. /' •

HRP "'- # #"
N

CAexe=563om, lclll-587nm)

Figure 2.20. Fonnation of fluorescent resorufin indicator by the reaction of Amplex Red
and H20z.

A cavea~ to using enzymatic assays is that they are usually only effective in water.

Non..aquoous solvents do not necessarily destroy the enzyme per se, but often denature"

the protein H-b:onding backbone of the enzyine. causing the loss of most. if not aU,

enzymatic activity, rendering the enzyme and assay useless.37.33 This was tested and

shown independently in our l.ab. using solvents such as methanol, THF. DMF, acetonitrile,' .

• •
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and isopropanol. However, [Fem(eyclam-PrSj(OOHlt is a very thermodynamically.

unstable intermediate, and the reactions with this complex must be done in solvents that

can be cooled- to eXbemely reduced temperatures, ideally <:.78°C, in order to slow the

decomposition.process of [Fem(cydam-PrS)(OOH)t. Additionally, under aqueous

conditions, superoxide ion will undergo spontaneous disproportionation to Conn ~02

and 0 1 as the ultimate products.39 Since HzOz is also a product of this reaction, a number

ofcontrol experiments are required in order to determine if the source of HZ02 formed

during the reaction was from the spontaneous disproportionation of superoxide ion, or if

its Connation was metal-mediated.

However, it was found that dichloromethane and acetone could be used in

conjunction with the Amplex Red peroxidase assay, provided that the ultimate

concentration of the organic solvent in the assay was kept to a minimum.

Dichloromethane was the Hrst solvent tried of the two and swprisingly showed promise.

despite its nature as one of the more aggressive organic solvents. It was reasoned that

because the dichloromethanelwater mixture in the assay was biphasic, the H2<h fanned

during the reaction was extracted into the aqueous layer as soon as the reaction aliquot

. .
was added to the assay mixture, while simultaneously keeping the assay free of any

dichloromethane, due to its hydrophobic nature. However, the efficacy of the enzyme

was still lowered substantially. leading to the desire for a solvent that was less aggressive

towards the enzyme. Acetone has also surprisingly been shown in several instances to

co-exist with· peroxidase enzymes in assays. with minjmal denaturing of the enzyme.

provided the concentration of acetone in the assay was kept to a minjmwn.40 1be ..



. -

reaction between (FeD(t)'cl;am-PrS»)+ and superoxide was then pc;rformed under an

argon atmosphere in acetone at ·78°C (acetone/C02), and MeOH was uSoo as the proton

source. After the intermediate formation was complete (monitored by UV-vis

absorption), 1 equivalent of acetic acid was added, fanning the [Fem(cyclam­

PrS)(OAc)t species and completing the reduction of 02" to H20:z. Art aliquot of this

sample was then extracted and injected into ·a quartz fluorescence Cell containing a

standardized amount 9f the Amplex Red assay. It should be noted that the Amplex Red

assay is extremely photosensitive, so the reaction was carefully perfonned in the dark,

and the reaction celt and the fluorescence cell was generously covered with aluminum

foil. The fonnation of the resorufin product was seen in the fluorescence spectrum, and

was in~cative offhO:z formation during this reaction. (Figure 2.21) .

• •

•
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Figure 2.21. Amplex Red Assay and relevant control experiments. The control
experiments consist of the IX phosphate buffer, the assay, KOz + MeOH + assay with no
metal. and 1 equiv ofH20z + assay_

In order to verify that the H2O:2 fonned during this reaction was indeed metalM

mediated and not a result of spontaneous disproportiooatioD of superoxide, several

control experiments were performed. First, the reaction was repeated, sans the

IFeu(cyciam-PrS)r complex. The Amplex Red assay activity~ also analyzed in a

.sample containing the identical amount of acetone, in order to roughly estimate the

denaturing effect that the requisite amount of acetone had on the enzyme. Isolated

samples of the asSay and the IX phosphate buffer solution used in the assay were also

analyzed. The results clearly show that the majority of the activity seen by the Amplex

Red assay was due to the metal-mediated reduction ofsuperoxide to ~O:l. (Figure 2.21)

This shows qualitatively that the [FeD(cydam-PrS»)+ complex is able to perform SOR
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chemistry. The reaction was estimated to have an efficacy of roughly 300A. An exact

quantification of the amount of HzOz produced by' this reaction haS not yet been

established, and should be the target of future work.

Identifying the low-.spin component formed during the formation of IFem(cyclam-

prS)ooat. In the EPR spectrum of each sample of (FeIDcyclam-PrS(OOH)t

perfonned in aprotic solvents (Le. 2-MeTHF, DeM. etc.), there was noticeably always a

small amount of low.spin component present. along with the high spin component that

we identified initially as the IFemcyclam-PrS(OOIl:>t species (Figure 2.22). This low~

spin component was characterized as having g·values ofg=226, 2.11, 1.91..
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Figure 2.22. -The EPR of [Fem(eyclam-PrS)OOH)+ in 2-MeTHF glass. This is the full
spectrum of the experiment shown in Figure 2.11, showing both the low-spin and high.
spin components that~ fanned during the reaction. ' ,
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2+

2+

figure 2.23. Possible identities of the low-spin component seen in the reaction of
IFeu(cydam-PrS)!+ with KO, and MeOH.

Our working hypothesis led us to three possible identities for this low-spin species.

These possibilities arc shown in Figure 2.23, and included IFemcydam-PrS(OMe»)+,

generated after the release of HzOz from {Femcydam~PrS(OOH)t. {Femcydam-PrSj2+,

also formed after the release of HZ02 from the IFemcyclam~PrS(OOH)t intermediate,

or {FeIDcyciam-PrS(MeOH)]2"", also be formed after the release of H2~ from the

(Femcyclam-PrS(OOH)t intermediate.

In order to test for the presence of these specIes, preliminary absorption

experiments were done, in an effort to generate and identify these species in situ based on

their l."",. To generate these oxidized species. ferrocenium hexaf]uorophosphate

• •
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(FcCpzPF6). a common chemical .oxidant, was used. Ferroceilium was added to

IFemeyclam-PrSt both in the absence and presence of MeOH, and bOth in the absence

and presence of base, in order to generate five-coordinate, methanol- and methoxide--

bound species.

The first experiment led to the formation of a blue speci~ with a lmax=S58nm,

shown in Figure 2.24. Notably, the reaction required a second equivalent ofF~F6tO

push it to completion. After no further change in the absorbance was observed, the

reaction was deemed complete. This species was preliminarily identified as the

methanol-bound [Femcyclam-PrS(MeOH))2+ species.

800700600500400

0.6
1.66 eq+DIPEA

1.66 eq FeCp,PF,

• 0.4
• 1.0 eq FeCp,PF,c
«
'"k 0.66 eq FeCp,PF, .c
~

'"-< 0.33 eq FeCp,PF,
0.2

Fe(1l)

Wavelength (um)

Figure 2.24. 1Jle reaction of [Fencyclam~Prstand FeCP2PF6 in MeOH. The reaction
was followed.by the addition ofDIPEA (HOnig's Base). .

..
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One equivalent ofH~g's base (diisopropylethyJamine - DIPEA) was then added.,

leading to the immediate formation ofa maroon species and a corresponding blue shift of

200m to a DeW ~ - 538nm. The formation of both species with the respective

observed blue shift is shown in Figure 2.24. This species was preliminarily identified as

the methoxide.bound [Femc:ydam.PrS(OMe)t species.

•

1
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Figure 2.25. The reaction of [Fen.yclam(Pr-S)t and FeCp,pF. in DCM@-80'C.

This reaction was repeated in CH2Ch (Fi~re 2.25), but no reaction was observed,

even with the addition ofexcess FeCpzPF6. In order to explain this, it was reasoned that

going from a fiv~oordinate. monocationic Fe" species ~ a five-coordinate, dicationic

Felli species was not thermodynamically favorable, and would probably require the

presence of a stronger oxidant CH2Ch is also a nonwcoordinating solvent, which left the

•

-
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reaction completely absent of a ~.ble sixth ligand. There are relatively few examples

of five-coordinate Fellf spec"ies, as the Fern center prefers to be six-c06rdioate.41 Thus,

this species co\lld not be generated under these conditions.

These reactions were also studied by EPR. [FemcytlampPrS(OMe)t, generated

from the addition ofFeCp,pF, and DIPEA to [Fencyclam-PrS]' in McOH (Figure 2.26),

was found to yield a low-spin species (&=2.25. g=2.14, g=1.89), which corresponded

nicely with that of the low-spin component seen during the reduction of superoxide by

IFe"cyc:lam-PrSI+-. From this, it was concluded that the low-spin component was due to

(Fewcyclam-PrS(OMe)t. This was a significant result because it showed the extreme

lability of the Fe-O bond and the higher pKa of the proximal peroxo oxygen compared to

other peroxos, as well as the distal peroxo oxygen. Most likely, the trans positioning of

the thiolatc is responsible. The high-spin stale of the (FelUcyciam-PrS(OOHJ]' species
.

Wldoubtedly contributes to the weakening of the Fe-O bond. This is undoubtedly

influenced by the trans positioning of the thiolate as well. because while this reaction

occurs with [FemN4(tren)SMt(OOHit, it does so on a much slower timescale. liS

opposed to the first four minutes of the reaction with IFefflcydam-PrS(OOH)t".
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Figure 2.26. The EPR spectrum of the reaction between IFeDcyclam-PrS)·, Honig's
base and FcCp,PF, in MeOllIEtOH (9:1).

Alternative proton sources. The use of alternative proton sources in the reduction of

O{ by IFeDcyeiam-Prst was explored. This was done because when this reaction was

studied by EPR, there was always a small amount of a low-spin component, presmnably

the methoxide-bound [Femcyclam-PrS(OMe)lt, in each experiment, the formation of

which was discussed earlier. The inherent problem- with using methanol as a proton

source is that its conjugate base is the methoxide ion (MeO"), which is strongly

nucleophilic. The presence ofMeO" could possibly displace the peroxo moiety from the

metal, forming the more thermodynamically favorable MeO'-bound Fern species.

Undoubtedly. the use of methanol has some destabilizing effect on the transient

•
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(Femeyclam-PrS(OOH)t species. Thus, we sought to use alternative proton sources

that could possibly avert this issue.

The reactive and highly unstabie nature oflhe (Femeycl2m-PrS(OOB)1' requires

the Use of aprotic organic solvents that can be cooled to cryogenic temperatures (<-7S°C).

Low temperatures are necessary in order to aggregate a significant amount of the

hydroperoxo intermediate for characterization. In addition, solubility issues also govern

the solvent choice for these reactions. Avoiding the use of solvents tlijlt do not fit these

criteria limits the solvent choices to acetonitrile. dich1oromethane and THF, which are

readily available in our lab and rigorously dried.

Another drawback caused by working in solvents such as acetonitrile,

dicbJoromethane and THF is that measured pKas of acids are natwaJly reported in water,

and the pKas reported in organic solvents is limited to DMSO and OMF. The acids were

thus initially chosen based. on having neutral, weakly or non-coordinating conjugated

bases. Diisopropylethylammonium tetrafluoroborate (DIPEA • HBF4). ammonium

bexafluorophosphate (NH.JlF6), hexafluoroisopropyl alcohol (HFI), and phenol were

chosen based on these criteria 1D.e structures of these acids are shown in Figure 2.27.

H

hexafluoroisopropanol
.. .

Diisopropylethylammonium
tetrafluoroborate

phenol ammonium
hexafluorophosphate

,

Figure 2.27. Ahemative proton sources to use in the SOR catalytic cycle.
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Dlisopropylethylammonium tetrafluoroborate (DIPEA • IlBF.) was synthesized

by first dissolving diisopropylethylamine (DIPEA - HOnig's base) in'ilry ether. The

addition ofHBF, caused the immediate deposition·ofthe ammonium sal~ which was then

fIltered out of solution and dried under vaeuwn. The aQ:dition of 1 equivalent ofDIPEA •

HBF. to [FeDcyclam.PrSt + KOz in CH.lCN caused the formation of a purple species.

wi1h an broad absorption band at 1.,,- ~ 54Onm. The spectrum is shown in Figure 2.28.

The addition of a second equivalent of DIPEA • HBF.. caused this band to maximize.

However. this band was very broad and not as well-defined as that seen when methanol

was used as the proton source and the equivalents were controlled. The lack of a distinct

sharp band led to the assumption that a mixture ofspecies was present

••
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Figure 2.28. The reaction of [Fencyclam-PrS,' wi1h Ko, in CH,CN using DIPEA •
HBF.. as a proton soutee. The reaction was perfonned at -4lfC.

•
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The above reaction VI8S repeated in methanol (prior to the observation of the low-

spin methoxide-bound component in the EPR.) The addition of 1 equivalent of DIPEA •

HBF" to [Fencyclam.-PrSl*' +K~ in CI-hCN caused the fonnation of a pUrple species.

with a broad absorption band at >..nax = 543nm. The spectrum is shown in Figure 2.29.

Due to the broad character of this band and its estimated Amu = 540 nm, it was asswned

that this species was not purely the peroxo-.bound [Femcyclam-PrS(OOH)t species, and

that that the methoxide-bound species was also present The reaction was not pursued

beyond this point

1.0 •

800700600500

O.2L~~~
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Figure 2.29. The reaction of IFeDcyclam-PrSt with K02 in MeOH using DIPEA •
HBF" as a proton source. The reaction was performed at -7SoC.

..
NHJ>F6 was' the next acid tested.. Due to solubility issues, the reaction was

performed in 'IJG' at -'SOC. The addition of 1 equivalent of Nl!4PF6 caused the slow'
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fonnation of a very faint sky blue solution, with a very weak band at 613nm. The

addition of2 equivalentsofNlf.cPF,caused this band to intensify and blue shift to a new

broad~ at -S83nm. This data is shown in Figure 2.30. The spectrum was not clearly

that of a siDgle species in solution. so the use of NH.J>F, was not pursued beyond this

point

I
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Figure 2.30. The reaction of IFeDcyclam-PrSr with KOz in CH2Ch using NH.4PF6 as a
. proton source. The reaction was performed at _78°C.

Hexafluoroisopropanol (HFI) was then tested as a proton source in

dichloromethane and acetonitrile. The results were interesting, as too presence of at least

three distinct species was observed. The addition of 1 equivalent of HFI in
'. .

dichloromethane caused the initial formation of a band at 530 run. The addition of

another equivalent of HFI caused the red shift of this band to S61nm, accompanied by a ..

•



72

strong increase in intensity of the band. Upon warming, this band red shifted to 571mn

and began to lose its intensity. After 30 minutes the band lost much of its intensity and

red shifted again to 607nm. 1005 data is shown in Figure 2.31.

1 rlQ . ...-s,,'..,
"'" -""C

0.8

•• 0.6 56lnm -•« ••
of 2.Ceq 11Ft
0

S300m -~ S710Rl -&> 0.4<: l.Ceq IIFI after wanning

0.2 607nffi -
after warming

800700600500400
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Wavelength (om)

Figure 2.31. The reaction of IFellcyclam~Prstwith K~ in CH2CI2 using HFJ as a
proton source. The reaction was performed at ~78°C.

lbis experiment was repeated in acetonitrile at -40°C. TIle addition of 1

equivalent of HFI to this solution caused the slow growth of a weak absorption band at

500 nm. The addition ofanother equivalent of HFI caused the growth and subsequellt red

shift of this band to 561 nm. Upon warmi.i:lg, this band red shifted to an ultimate

wavelength of577 nnl, and also lost much of its intensity.
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The experiment using phenol as the proton source was done in CH2Ch at ·nfc.

The addition of,0.2 equivalents of phenol 'caused the immediate color change of the

colorless [FeI.!cyelam-PrSI+ + 02- solution to a purple color, synonymous with the

appearance of an absorption band at 522 om. After the addition of 0.6 equivalents of

phenol, the absorption band gradually red shifted to 527 om and became much broader

and asymmetric. After 1 equivalent of phenol was added, the solution attained a very

intense purpl~ color and also fanned a new absorption band at 560nm, notably extremely

broad and intense. Excess phenol was then added, but no further change was observed.

The spectrum oftbis experiment is shown in Figure 2.32.

800. 700600
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Figure 2.32. The reaction of [F~eye1aID-PrSl·with K<h in CH1Clz using phenol as a
proton source. The reaction was performed at -?SoC. .
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Based on these results, methanol has smprisingly thus far been shown to pr.ovide

the cleanest absorption data for the foonation of the [Femcyclam-PrS(OOH)t

intennediate. One explanation for these results is the possible formation ofa Dew species,

a five-coordinate [Femc;yclam-PrSJ2+ complex, in the absence of a coordinating anion.

Becau:se of the weakly or non-coordinating nature ofeach of the conjugate bases of these

acids; this is indeed a distinct possibility. Although five~coordinate non-heme Felli

complexes exist, they are not co~only found.41 They have been shown to be generally

unstable and thermodynamically favor binding a sixth ligand due to its dicationic state

and increased Lewis acidity. The broad absorption bands seen in each experimental

spectrum also possibly indicates the presence of multiple species in solution, possibly

from the [FeWcyt::lam-PrS(OOH)t species, and the five-coordinate (Fellicyclam-PrSJ2+

species. Further experiments, especially EPR, should be perfOmled in an effort to isolate

clean [Fem~clam"PrS(OOH)rand [FemCYclam_PrSj2+ samples.

Exogenous ligand binding. The binding of exogenous ligands such as azide (N3") and

cyanide (eN) to SOR has been studied extensively.42,43 eN- has been shown to

deactivate the active site of SOR, preventing it from completing its catalytic cycle. CN"

is a strong-field ligand, and changes the SOR active site to a low~spin state. The stability

of the Jow-spin state and the strength of the~ ligand as a 1t~acceP19r ligand trans to the

thiolate ligand, which is a strong x-donor ligand, greatly stabilizes this fOml of the

enzyme once bound_ Additionally, exogenous ligand binding studies with CN" and N3­

have been important to establishing that the catalysis of SOR proceeds via an inner
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sphere mechanism. Kovacs' [FeOSMt1N.lralt complex also has been shown to bind the
. . .

eN, N)- and acetate (OAc) ligands when oxidized to the FcfD Conn.' replicating the

behavior seen with SOR. Additionally, the (FeDIsMe2N4tml(OAc)J+ complex provides a

structurally relevant model complex of the glutaInate-bound "resting" state of SOR.

Based on these precedents. similar binding studies were performed with the

[Fe"cyclam-PrSt complex. in an effort to replicate the substrate binding of SOR. The

CN". N3- and OAc' ligands were used in conjunction with a chemical oxidant, FeCpzPF6,

in an effort to isolate and study these oxidized Fern species.

The use of tetraethylanunonium cyanide (NE1:4CN) as a cyanide source to test for ..

substrate bindi"ng to the metal center of the oxidi~d derivative of [FeDcyclam.PrSr was

studied in dichlorometh.ane at -7SoC. The results are shown, in Figure 2.33. The addition

of 1 equivalent ofFeCP2PF6. followed by the addition of 1 equivalent ofNE4CN.led to

the formation ofan aqua blue species, characterized by a new absorption band at 623 om

and a weaker feanu-e at 483 nm. Upon wanning, the band at 623 om increased in

intensity slightly, while the band at 483 om has broadened slightly.
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Figure 2.33. The reaction of {FeDcyclsm.-prSr with FeCpPF6 in CH1Ch, followed by
the addition ofNE4CN as a cyanide source. The reaction was performed at -7SOC.

Because the color of the solution of [Femcyclam-PrS(CN)t kept its intensity at

ambient temperature, an attempt to isolate the complex: as a stable FeD! complex was

made. 1be solution was dried in vacuo and triturated with ether and pentane, affording a

dark blue solid. Attempts to obtain an x·ray quality crystal were not successful. The

solid obtained was analyzed by lR spectroscopy. The spectrum is shown bere in Figure

2.34.

•
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Figure 2.34. The lR spectrum of [Femeyclam.PrS(CNJI+. The sample was analyzed as . ,
a KBr pellet.

The reaction with tetramethylammonium acetate (NMe.aOAc), FeCP2PF6 and

lFeDcydsm-PrSJ+ was studied under th~ same experimental conditions. 1be importance

of this study"was two-fold; not only was exogenous ligand binding being tested, but the

independent synthesis of the (Femcyciam-PrS(OAc)t complex. was necessary in ~rder

to verify that it was indeed the fmal product of the reduction of superoxide by

(FencYdam~PrSI+' followed by the addition of acetic acid. The formation of the aqua

t. blue species with an absorption band at 600nm confirmed that this was indeed the species

being formed during the catalytic cycle of [FeDcyclam-PrSt. The results are" shown

here in Figure 2.35.

,

,
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Figure 2.35. The reactiOQ of [FeQcyelam.PrSt with FeCpPF, in CH,CI" followed by
the addition ofNE40Ac as an acetate source. The reaction was performed at _78°C.

Finally, the reaction was repeated with tetra-n-butylammonium azide (NBU4N,) to

see if N3· could bind to the open site of the oxidized Fern center as well. Upon the

addition of NBuiNJ to the reaction" the color became a deep green color and showed a

new absorption band at 608run. The absorption spectrum of ·this species is shown in

. Figure 2.36.

• •
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Figure 2.36. The reaction of [FeDcydam.PrS)' with FeCpPF, in CH,C1,. followed by
the addition ofNBU4N], The reaction was perfonned at -?SoC.

To test if NO Could bind to the Fe center, 1 equivalent of NO gas was vacuum

transferred to a frozen solution of lFeucycl2m~PrSt in CH)CN. The solution was

slowly warmed to ambient temperature Wlder a nitrogen atmosphere and allowed to stir

overnight. The solution immediately turned from colorless to a dark red-brown color.

The solution was then filtered through a eeHte bed, evaporated to dJyness, and

redissolved in ClhCh. The resulting solution was filtered again, and the solution was

concentrated in vacuo. The concentrated solution was layered with pentane. causing the

deposition of dark brown crystals suitable for x-ray analysis. The resulting crystal

structure is shown in Figure 2.37.

•
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Figure 2.38. The reaction of [Fen(cycl.m-PrS»)' with NO(g) in CH,CN. The reaction
was initialized at 4OOC. and the peak at 518 om. Was allowed to maximize. After the band
maximiwJ in intensity, the solution was gradually warmed to room temperature.

The reason for doing these experiments was to probe if there was an intennediate

species initially formed after the addition of NO to {FeD(cycJam-PrS)J\ prior to

rearrangement.' It was believed that the NO molecule initially bound trans to the thiolate

. moiety on the Fern center, but that because of the significant trans effect of the thiolate,

the macrocycle eventually underwent rearrangement to the cis configuration. In. other

words, there is a. kinetically favored product, and a thennodyoamically favored product

that are both fonned during the course of this reaction. TIlls observation emphasizes the

strong influence that the trans thiolate plays in SOR chemistry. particularly during

substrate release.
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Contlwion. The synthesis and physical characterization of [FeD
( cyclam-PrS)]+, a novel

biomimetic analogue of SaR bas been described. This complex is a fi~rdjDate Fe"

species that reacts with Oz- in the presence of protons to fonn a metastable FeIU-OOH

species. This transient intermediate, [Fem(cydam-Pr-S)(OOH»)+, is an extremely rare

example of a high-spin Few-hydroperoxo species, and is the first reported example of a .

non-heme fmie peroxo intermediate with a thiolate ligated trans to the peroxo moiety.

[Fem(cyciam-PrS)(OOH)t gives valuable synthetic insight into the identity of the

transient Fe-peroxo intermediate seen during the catalytic reduction of superoxide by

SOR. Additionally, the vibrational dala collected from [Fem(eyciam-PrS)(OOH)r

shows extremely weak Fe-O bond stretching frequencies, and strong O~O stretching

frequencies, both of which were uncharacteristic of reported synthetic non-heme Fe­

peroxo species. 1his helps to explain the preference of SOR to cleave the bond between

the Fe center and the proximal oxygen, rather than cleaving the 0-0 bond, thus favoring

release of H10:z over formation ofhigh-vaJeot FeN=o or FeV=O species. a la cytochrome

P450 chemistry. Thus, dc:ispite the structural similarities between .the heme-eontaining

cytochrome P450 and the active site of the non-heme metalloenzyme SOR., we have

. gained significant insight "into the effects that the subtle physical and electronic

differences between the two active sites have on their respective. chenllstries.

Additionally, from a synthetic standpoint, we have shown that the simple topological

:ranation of an additional methylene group in the tethered alkyl arm containing the

thiolate moietY. "as well as the avoidance of peIDlethylatio·n of the macrocyclic amines.

causes significant change in the chemistry of the metal center by possibly playing a role
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in altering the electronic (redox potential) and physical nature (sterics) of the metal center,

allowing it to reduce superoxide, and thus mimicking SOR chemistry.

The binding of exogenous ligands to the Felli center of [FeD(cyclam-PrS)I+ upon

oxidation bas unequivocally sho'ND the ability o:f the Fem center to bind a sixth ligand,

implying an inner-sphere' mechanism of superoxide reduction by (Fem(cyclam.

PrS)(OOH)I'. Additionally, it bas been shown that while the positioning of the thiolate

moiety (cis versus trans) does not prevent the reduction of superoxide by the Fe center

from occurring, it does indeed play a role in dictating the thermodynamic and kinetic

stability of the [Fem(cyclam.PrS)(OOH)1' speei;'" as opposed to that of the ci,·thiolate

SOR model [FeDN.lttn)S(Mt2~+ by favoring fast dissociation of H1Ch by the Fe center,

even at cryogenic temperatures. Kinetic studies of the catalytic reduction of superoxide

by the trans-thiolate model (FeD(cydam.PrS)t aimed at determining the reaction

mechanism is now Possible and would provide valuable insight into the effect of the

thiolate positioning versus the peroxo moiety. Additionally, the rare example of

[FeD(tydam-PrS)t as a truly bioroimetic synthetic model complex is a marvel and will

undoubtedly help to illustrate the truly rich chemistry that the cysieinate residue provides

.' in nature.

•

•
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Chapter 3
ExploriJig the behavior of IFeD(cyclam.PrS)t

Introduction. -The successful synthesis of (Fen(cyclam~PrS)I+ as a biomimetic model

of the active site of SOR was a significant result. Because 'of its structural similarities

with impqrtant enzymes such as cytochrome P450, it was desireable to fully explore its

reactivity. Specifically, we sought to see if it could activate dioxygeh and hydrogen

peroxide (H202) and mimic the reactivity of cytochrome P450 by modeling the

intermediate FelU-peroxo species known as Compound 1, either through the dioxygen

pathway, or through reaction with H202. also known as the "shuilt" pathway. In addition,

we desired to use exogenous ligand binding as a means to understand if there was a direct

trans effect that the thiolate has on the ligand bound opposite to it along the apical axis,

as well as to try and find stable Fell( analogues of (Fell(cyclam-PrS»)+.

Dioxygen. Current research involving the mechanisms of heme and non-heme Fe·

containing monoxygenase enzymes suggests that the interaction of dioxygen and iron is

actually very diverse and multiple mechanisms are most lik~ly involved. Indeed, oxygen

atom transfer, oxidative dehydrogenation and non~radica1 hydroxylations are only a few
,

of many possible reaction pathways that these Fe-peroxo species can proceed through.
.

Understanding these interactions, their res~tive oxidation mechanisms, and how nature

tunes the iron centers of these enzymes to perfonn their specific chemistry remains a

highly desired -goal of both biologists and chemists. Enzymes such as bacterial catechol

dioxygenases, lipoxygenases, isopenicillin N-synthase (IPNS), and various other
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enzymes have non-heme Fe centers that activate dioxygen, fonning reactive intermediate

Fe-peroxo species that are able to perfonn specific and complex biotransformations.'

Many of these .complexes described also are powerful oxidants, showing the ability to

specll'ically oxidize substrates such as oletins and hydrocarbons by means of

epoxida~ons. hydroxyla.tioDS. and H-atom abstraction? Synthetic bioinspired iron-

containing complexes and the natural antitumor drug bleomycin, among others, have also

been extensively studied. A.mazIDgly. it was shown recently by Nam. el af that a simpl~

non-heme Felicomplex, (Fe"erMC)(CF3S03):Z] reacts with dioxygen, activating the 0-0

bond to produce a transient FeIV=O species, providing the fIrst example ofa non-heme Fe

complex activating dioxygen. and directly accessing the FeN oxidation state.' Of

particular interest to our group is the heme--comaining enzyme cytocluome P450, because

of its structural similarities with SOR.

Cytochrome P450 is known to react with dioxygen to form a transient Few-peroxo

intermediate. commonly known as Compound 1) The major difference between

. .
cytochrome P450 and SOR lies in the highly conjugated heme environment that exists in

cytochrome P450. SQR is ligated by a more flexible nitrogen ligaild system composed of

. histidine residues, but its ligand environment does not possess the level ofconjugation as

that of the heme moiety. These subtle differences between the two enzymes are proPosed

to play· a major "role in governing the type of chemistry done by each enzyme (i.e. 0-0

bond cleavage vs. Fe-O bond cleavage).
. .

•
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Hydrogen peroxide (JI2OJ:). The reaction of Fe-containing complexes with HzOz has

been studied to a gre:at extent The reaction offerrous centers with ~02 ,has been shown

to lead to the formation of hydroxyl radicals (Fenton chemistry) and a ferryl (FeIV
)

species.4 The reaction of Felli porphyrins leads to the formation pf Fe-axo species

(FeIV=o and Fev=O). The use of H202 in heme chemistry as an alte:mative to oxidative

pathways involving di.oxygen is commonly known as the "shunt pathway". It has been

frequently used to generate the FeIll-peroxo species of cytochrome P450 in order to study

substrate hydroxylation. It provides a simple pathway to study th~ reactivity of the

intermediate peroxo species without requiring NADP(H) regeneration, additional proteins,

or rate-limiting electron-transfer pathways.

Thus, from a synthetic standpoint, HzOz is often used favorably as an exogenous

oxidant. The complex Felll-EDTA is the most studied complex of the non·heme

complexes that react with H20 z. It has been shown to act as a catalase at elevated pH

levels, and at physiological pH levels, it has been shown to catalyze the Haber·Weiss

reaction.oS More recently Que, Girerd, McKenzie and others have extensively

characterized a series of non~hemeFe-peroxo complexes, which have also been shown to

- bind in different modes (Le. end·on versus side.-on).6,7rn each case, the reaction ofexcess

H20 2 with Fell and Fe lU centers has led to the formation of transient colored intermediates,

identified as low"spin Fem~OOH species. The addition of base to these hydroperoxo

species led to the formation of a new high-spin FeIIl·OO species, bound in a side-on,,2

configuration. ""The presence of both species is implicit in the mechanisms of bleomycin

and cytochrome P450,
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The use of H10~ in these studies has produced an invaluable set of benchmark

parameters, consisting of vibrational, mass spectrometry. and spectroscopic data, used to

characterize identify the different binding modes of the peroxo moiety to an Fe center and

allowing for the identification of the peroxo-to-iron charge transition band in the

absorption spectnun. Probing these bands with resonance Raman allowed for the

identification of the 0-0 and Fe-O stretches that are present in the Fe~peroxo species.

Studying these species led to the' observation that 0-0 bond weakening occurs in low­

spin Fe-OOH complexes, as well as strong Fe-O bonds, which explains why low~spinFe­

OOH species such as those in cytochrome P450 prefer to cleave at the 0-0 bond and

form high-valent Fe--oxo species, rather than at the Fe-O bond. Many of these complexes

describ<;d are also powerful oxidants, showing the ability to specifically oxidize

substrates such as olefms and hydrocarbons by means of epoxidations. hydroxylations,

and Ii-atom abstraction.

H202 has also been used in shunt pathways involving biological systems to model

reactivities of iron-containing metalloenzymes. The E47·mutant of SOR reported by

Niviere and coworkers has been shovm to react with H2Ch to fann the side-on Fe~peroxo

. species that they report as the putative intennediate in the SOR-catalyzed reduction of

superoxide to H202.

Two-electron oxidants. More recently, non-heme iron complexes have been shown to

form stable FeN::Q complexes when reacted with two-electrOn oxidants such as MCPBA,

iodosylbeozene and peracetic acid. It was originally thought that only heme-containing
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iron complexes could support oxida;tion states higher than Fern. Revolutionary work by

Que allowed for the crystallographic characterization of the first non-heme FeIV;;:::Q

species, providing tho first direct structural evidence of these species.6 Non-heme

FeIV-o species have also been shown to be potent, non-promiscuous oxidants, capable of

performing alefrn epoxidation, hydroxylation and H-atom abstractions, in mechanisms

similar to cytochrom~ P450,8.IO Que bas also recently reported the fllSt FeIV~ species

with a thiolate coordinated to the Fe cent~.ll

Thiolates have been shown to play an important role in tuning the redox potential

of the mets,! center, lowering it into a range where it can activate the 0-0 bond of

dioxygen. 11 Recently our [FeOSMt1N/,ut complex has been shown to react with

dioxygen. forming the thennodynamically favorable Il-oxo dimer complex

(FeDISMclNli2Ui-Q).13 It has been proposed that dioxygen can also oxidize a synthetic

model to a bfgh-valent perferryl (Fe1v=o) state.14 Remarkably, Que and Halfen recently

published the first synthetic example of a thiolate-tigated FelV~ complex, providing the

first direct correlation between both P450 and SOR enzymes.JJ However. generating this

complex required the use of mCPBA, a two-electroIl, single oxygen donor. The complex

- [FeJI.rMCSr was inert to 02 and required the use ofan exogenous oxidant in order to

aCcess higher oxidation states. Because of these structural similarities, we decided .to

examine the reactivity of [Feu(cyclam-PrS)t with dioxygen. The ability to somewhat

control the kinetic and thennodynamic aspects of the reactions with (Feo(eyclam.PrS)t
. .

should allow the closer analysis of the oxidative chemistry, as well as a direct synthetic

correlation between structure and function of the two enzymes P450 and SOR Stable
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thiolate-bound Fe coIt\plexes are not trivial to synthesize, and preliminary reactivity

studies indicate that the reactivity of [FeD
(cyclam-PrS)t is very diverse. In conjunction

with [FeuSMeZN-4mat, much can be leamed about the effect of thiolates on Fe oxidation

chemistry.

The reactivity of {FeD(cyclam_PrS)}-t with dioxygen. The reaction of [FeD(cyclamw

PrS)t with dioxygen was studied in various solvents in order to determine the optimal

conditions for experimentation, and to study the effect of coordinating vs non~

coordinating solvent and the different reactivities under protic and aprotic conditions.

First, the reaction between (FeD(eyciam-PrS)t and dioxygen was studied in

dichloromethane at _78°C and is shown in Figure 3.01. A dry source of dioxygen from

an oxygen tank was streamed into a pre-cooled solution of the- [Fell(cyclam-PrS)t in

dichloromethane. The immediate fonnation of a band at 530 run (e "" 1210 M-1cm-1) was

observed, in ~onjunction with a color change to a pink-purple color. The reaction

appeared to be complete at this point. When this reaction was performed at ambi(mt

temperature, the deep pink-purple color of the solution lasted for -about a minute before

--the color began to bleach, indicating that this species. had a noticeably longer lifetime

than the [Few(cydam-PrS)(Oomt intermediate formed from the reaction' 'with

superoxide..
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Figure 3.01. The reaction between [Fen(cydam~PrS)t and dioxygen m
dichloromethane nt-78"C.

This reaction was then monitored by EPR. Using a CH:£hl2-MelHF glass (1 :1),

the reaction was ran at [Fell] - 30mM, in ordcr to have a direct correlation with the EPR

data gathered for the reaction between [Feu(cyclam-PrS)t" and superoxide (vide supra).

. The results are shown here in Figure 3.02. The addition of dry dioxygen to a pre-cooled

solution of [FeD(cydam-PrS)t in CH2Ch/2-MeTHF led to the fannatian of high-spin

and low-spin components. Interestingly, the signal intensities of these compOnents are

much lower than those obtained from the .reaction of (Fe"(cyclam-PrS)t and K0:2,

under the same conditions.

•

•
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Figure 3.02. The EPR spectrum of the reaction between [FeD(cydam-PrS))' and
dioxygeD under aprotic conditions (CH,c!,: 2-MeTHF). The left plot is scaled
identically to that of [Few(cyc:lam-PrSXOOH)t (Figure 2.19, vide supra) in order to
compare the relative signal intensities between the two experiments. The right plot is
scaled to enhance the signal. ..

The reaction with [FeJI(cyc:lam-PrS)r with dioxygen was then studied in

acetonitrile by electronic absorption spectroscopy. Upon the injection of dry dioxygen

into a pre-eooled solution of [FeD(c:nlam-PtS)t in acetonitrile, the immediate

fonnatioD of a band at 532 DIU (£ == 1410 M"lcmol) was observed, in conjunction with a

color change to maroon. The reaction was complete within the first 5 minutes after (he

injection ofdioxygen into the system, The color began to bleach soon after, and the color

was bleached within 15 minutes even at low temperatures. The absorption spectrum is

shown in Figure 3.03.

•
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Figure 3.03. The reaction between [FeD(cyc.lam-PrS)t and dioxygen in ~onitrile at
-!lite.

Finally the reaction between [FeR(cydam4 PrS)]-t and dioxygen was studied in

methanol, in order to characterize its behavior in Jm?tic solvents. Upon the injection of

dry dioxygen into a pre-<:ooled solution of (FeD(cydam-PrS)t in MeOH. the immediate

formation of a band at 542 nm (e = 620 M-1cm- l ) was observed, in conjunction with a

•

color change to a deep purple color. The reaction was Complete within the ftrst minute

after the injection of dioxygen into the system. The color lingered for a couple of

minutes at low temperatures before it began to bleach. The decomposition of the colored

solution was complete within 15 minutes. The absorption spectrum is shown in Figure
. .

3.04.

•
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Figure 3.04. The reaction between (Fe"(cywm-PrS)J+ and dioxygen in methanol at
·80"e.

-
This reaction was then monitored by EPR. Using a CH2Cl~-MeTHF glass (1:1), lhe

reaction was perfonned with [Feu] =30mM, in order to have a direct correlation with the

EPR data gathered for the reaction between [FeD(cyclam-PrS)t and K02 (vide supra).

The results are shown here in Figure 3.05. The addition ofdry dioxygen to a precooled

'solution of [FeD(tyciam-PrS»)' in MeOHIEtOH (9:1) illso led to the formation of high-

spin and low-spin components, characterized by their respective g-values, (g "'" 6.81, 5.53,

4.30 (high-spin) and g - 2.26, 2.13, 1.90 (lo'-V-spin». Remarkably the signal intensities

of these components are even lower than' those obtained from the reaction of
'. .

[FeD(cyclam-PrS)]+ and dioxygen under aprotic conditions. Based on the intensity of

the high-spin signal, the amoWlt of the high-spin component generated under these

•
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conditions is approximately 10% of the [Fein(cyelam-PrSXOOH)t species. It is

tempting to label· both of the species generated from the addition of dioxygen to

Weu(cyclam-PrS)rt" as possibly being BPR silent, and the generation of an FeIV:O or

bis-J.1~xolperoxo species remains a possibility. However. preliminary resonance Raman

experiments did not show obvious Fe.O or 0·0 stretching bands, eveD with isotopic

labeling studies using 1102_ Unfortunately at this point these experiments are far from

conclusive, and no speculation can be made as to the identity of these species without

further investigation.

• •
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Figure 3.05. The EPR spectrum of the reaction between [Fell(cydam-PrS)t and
dioxygen under protic conditions (MeOH:EtOH). The left plot is scaled identically to
that of (Fem(cyclam-PrS)(OOH»)+ (Figure.2.19, vide supra) in order to compare the
relative signal intensities between the two experiments. The "ght plot is scaled to
enhance the sigpal.

H20] chemistry. In order to probe the reactivity of [Feu(cydam-PrS))'" with "H202.

experiments were run under aprotic and protic conditions. Generating the [Fem(cyclam~

prS)(Oomt' species by the addition of H202 instead of K0:2. via the "shunt" pathway,

would allow for an easier, faster and cleaner method of generating and studying this

intermediate. The issues that arise With the use of K0:2 such as solubility and secondary
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disproportionation reactions in the presence of protons would be avoided. The ftrst

reaction was performed in THF at ·78°C. The addition of 2.0 equivalents of HZ02 to a

cooled solution of [FeD(cyclam-PrS)t caused the inunediate formation of a transient

purple intennediate species, with a Amax 52Onm. The absorption spectrwn is shown

below in Figure 3.06.

1
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;Figure 3.06. The reaction between lFell(cyclam-PrS)f and HzOz in THF at _78°C.
~52Onm).

In order to identify this transient intermediate, this species was generated in 2~

MeTHF and studied by EPR. The results indicate the fo~ation of a new high·spin

species with g=7.68, 5.37. and 4.13. These values are almost identical to those obtained

•
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from the high-spin species generated from the r<action of [Fen(cyclam-PrSJt and KQ,

(g-7.72. 5.40. 4.15). The EPR spectnun is shown in Figure 3.07.
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F-igure 3.07. The reaction between IFeu(cydam-prS)r and H2Ch in 2-MeTIiF glass,
monitored by EPR. The experiment was initiated at _78°C and allowed to develop for
approximately 30 seconds before quenching at 77 K.

The reaction was then performed in MeoH (at .7SOC), to study the effect of

perfonning the shunt reaction under protic conditions. The addition of 2.0 equivalents of

H20 2 to a cooled solution of IFeD(cyelam-PrS)t caused the immediate fannalian of a..

different transient purple intermediate species, with a "-.x=544nm. The absorption

spectrum ofwbicb js.sbown below in Figure 3.08.
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.Figure 3.08. The reaction between IFeD(cyclam.PrS)r and HZ0 2 in MeOH at _78°C.

It appe~ based on the absorption data that this species could be the FelU·OMe

bound species seen when the reaction with KOz is perfonned in MeOH. However. a

clean EPR spectrum of this species could not be obtained and should be the target of

future work.

Aqueous chemistry. The reactivity of the vast majority ofnon-heme iron complexes are

.
studied in organic solvents. While there are examples of metalloporphyrin chemistry

perfonned under aqueous conditions. the study of analogous non-heme iron complexes

under similar conditions has not been pursued extensively. IS Aqueous chemistry is

desirable because it is green and biologically relevant. This is especially important when
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studying SOR. because the chemistry of this enzymes is pH-dependent. Studying the

chemistry of our model complexes in water would allow us to buffer the solutions that

the experiments are performed in, providing direct insight into the relationship between

pH and SOR chemistry.

However, because our intermediates are extremely thennodynamically unstable,

controlling the fonnation of the intermediate lFeDl(cyclam-PrS)(OOH)r·by cooling the

reaction to subzero temperatures becomes a necessity. This becomes a liability when

working with water. Based on this. a mixture of isopropanol and water (H20:iPrOH =

70:30) waS used for each reaction, allowing the solution to be cooled to a minimum of w

300C without freezing. This mixture also can allow for accurate pH buffering to be

performed as well. which is similar to conditions adapted by Nam and coworkers (H20:

CH,CN=3:l)."

Preliminary reactions were performed to study the reactions of lFell(cyclam~

PrS)t and K02, 02 and H20 2 at - ~15°C to -20°C in aqueous solutions. Because the

solvent mixture was very viscous at reduced temperatures, solubility because an issue

when working with K02 and O2• However, a transient purple intermediate immediately

fonned when H20 2 was added to IFeu(cyclam-PrS)t. TIlls species has an absorption

band at 523 om and the absorption spectrum is shown here in Figure 3.09. This speCies

is very similar iti -appearance to the species generated -during the reaction between

[Feu(cyclam-PrS)t and H202 in THF. EPR data: needs to be acquired in order to assist

in the identificati~n of th.is species.
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Figure 3.09. The reaction between [Fen(cyebm-PrS)t and H,o, in H,O-iPrOH (70:30)
at -lSoC.

Reaction witb mCPBA. High valent Fe1v=o species have been implicated as the main

Qxidizing species in the mechanisms of heme- and non-heme iron enzymes which are

capable of perfonning complex biotransformations. 16 Recently, FeIV==O species have

been physically and speetroscopicaJly characterized.. and much has been reported about

the reactivities of metalloenzymes and biomimetic models. II•
17 In particular, the

[FelVTMCS(O)t complex has been characterized via EXAFS, providing the flrst insight
..

into a thiolate-containing. non·heme FeIV complex.1l Additionally, this species was

shown to undergo hydrogen-atom abstraction (one-electron oxidation) as opposed to
• •

oxygen-atom transfer to PPb3 (two-electron oxidation), which its non-UUolate containing

counterpan (Few(TMC)(OT())1+ is capable of doing, providing important insight into
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the effect that introducing a thiolate ligand into the coordination ~phere of an Fe
lV

complex has on its ability to perform specific chemical transfonnations.
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Figure 3.10. The reaction between [FeD(cyciam-PrS)tand mCPBA in CH3CN at -400C.

The reaction of 0.5 equivalents of mCPBA With [Fen(cyclam-PrS)r at -40oC in

CH3CN caused the instantaneous fOlllUltion of an aqua. blue transient intermediate,

characterized by an absorption band at 619 om. It was found that additional mCPBA

beyond 0.5 equivalents cause4 the decomposition of this species, and the bleaching of the. .

color. lhis species: was stable for about 20 minutes at this temperature before the

intensity of the absorption band began to lower, most likely due to decomposition The

absorption spectnlm of this reaction is shown below in Figure 3.10. The identity of this

•
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complex remains to be seen. It is possible that this is an FeN=o species, but we also

cannot role out the possibility of this aqua-eoJored intermediate being an Felli species

either, produced· via an FeIV intermediate. Obtaining MOssbauer and EPR data is

imperative to identifying this complex and its mechanism of formation, and should be

collected on this reaction in the future.

Exogenous ligand biDding - studying the effect of the trans tbiolate. The binding of

exogenous ligands such as azide (N3j and cyanide (eN) to SOR has been studied

extensively. Previously in Chapter 2, the experimental binding of Ni. eN" and the

acetate (OAc') ligand to the IFeD(cytlam-PrS)t complex in the presence of the one­

electIOn oxidant FeCJl2,PF6 was described in detail. The difference in the energies of the

respective charge transfer bands in the absorption spectra appeared to follow a trend; the

"harder" the ligand, the higher the energy of its respective charge transition. Resonance

Raman studies have shown that the origin of the charge transfer band at 608 om for the

[Few(cyeiam-PrS)(OAc)t complex stems almost completely from the Fe-S interaction,

most likely from S(:lt)~Fe(1t) charge transfer. By observing the extreme blue shift of the

absorption band of from 608 nm (OAc--bound) to 564 (CN--bound). it can be postulated

that the positioning ofa 1t-acceptor CN' ligand trans to the 1t-donor Fe-S has a syner~stic

effect. increasing the energy of the transition between the FeJII center and the thiolate

ligand. To probe this effect, a series ofbinding experiments with several halides (X-= F-.

1-) were pe.rformed. These halides have similar electronic character, all of them being

aniODie--ligands with the same valence electron count, but differ in the context of hard-
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soft ligands. The increase in the atomic size of each of the halogens and the respective

differences in their eleetronegativities' provides different levels' of interaction with the

'Fell center which woUld lead to a direct probe of the trans effect they have on the FelU, .

, center and the trans-ligated thiolate ligand.

1.--------'----------,

0.8

j 0.6

~
~ 0.4

0.2

618nm

800700600

Wavelength (nm)

500

o~--~--~-~-=:::"",_J
400

figure 3.11. The binding reaction between (FeD(qclam-PrS)r and NE141 in the
presence ofFeCP2PF6 in CHzCh at -7P:C.

The reactions were perfonned in rigorously dried dichloromethane at ·78°C, The
.

solution of [Fe~eyclam-PrS)twas pre-cooled to _78°C and 1 equivalent of FeCpZPF6

was added to the while stining. The frrst experiment involved the binding of r, which

was accomplished by adding 1 equivalent ofNE41 from a pre-made stock solution. The

solution immediately turned green-blue and the UV-vis analysis showed the appearance
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ofan intense absorption band in the visible region at 618 nm. This species was stable for

about 30 minutes at -7SOC before the color began to bleach. The absorption spectrwn is

shown in Figaro 3.11.

The next reaction was between (FeD(cyclam-PrS)J+ and NBU4F in the presence of

FeCP2PF, in CH2Ch at -7SOC. The immediate formation ofa deep violet species was

observed, characterized by an intens.e absorption band at 543 nm. This species was much

less stable than that obtained by the addition ofNE14I, as it began to decompose after 10

minutes. The absorption spectrum is shown here in Figure 3.12. . ,

1

O.S

SOO700600500400

0.2

w
u 0.6• 543 om•.Q
u
0•.Q 0.4-<

Wavelength (Dm)

Figure 3.12. The reaction between [Fea(eyelam.PrSlt and NB",F ia CH,Ch aI-7S'C.
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.
CODclJuiol1. (FeD(cyclamaPrS)t has shown diverse reactivity with biorelevant oxidants

such as dioxygen and HzOz, forming transient intennediates reminiscent of the

[FeUXcyc1am-PrS){oomt species obtained via reaction with K(h in the presence of

protons. It appears that based on the absorption data and the g-values obtained by EPR,

the species obtained in the reaction between (FeD(cydam-PrS»)+ apd 'H20z in THF or

Me·THF is also [F~m(cyelam-PrS)(OOH)I+' identical to the species obtained in the

SOR reaction. This successfully mimics the "shunt" mechanism that is often used by

synthetic chemists to generate FeDl-OOH species. 'Ibis method has also been used

successfully by Niviere e/ al to model the Fem-OOH intermediate in SOR. It provides an

alternative method to generating our (FenI(cyclam-PrS)(OOH)t without the issues of

solubility or secondary disproportionation reactions seen with KOz., This will

Wldoubtedly allow for easier generation and characterization of (Fem(cyclam-

PrS)(OOHlr lind should be pursued in future ""periments.

Becallse of its structural similarity with cytochrome P450, the reactivity between

[Feo(cyclam-PrS)t and mCPBA has also been explored, in an effort to access the high­

valent Fe1v:E{) species and to see if a synthetic model of Compound I in the cytochrome

P450 catalytic cycle can be produced. The addition of mCPBA to {FeB(cycJam·PrS)t

caused the formation of an. aqua blue species, weakly colored with an absorption~ at

619 nIn. It is not yet understood~ this species is. M6ssbauer spectroscopy and

resonance Raman, along with EPR spectroscopy, would help to identify the nature of this

speC1es.
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Finally, because almost all of the exogenous ligands tested for binding to the

oxidized FeJn form (generated in siffl) have very similar characteristic intensities and a

single absorption-band in the visible region, a pragmatic comparison can be made based

on the Amax positioning. In order of increasing energy of the major absorption bands, the

exogenous ligands follow the order: r < OAc- < NJ- < :r< OMe- < OOIr< NO-. In

general, it appears that smaller, harder ligands have increasing a-interaction with the Fe

center, a direct result of the presenCe of the trans thiolate being present across from the

open site of the Fe center.

. . .
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Chapter 4
[FeD(NI:4)N,.(tren)Clt: a l1oD-tbiobte containing analogue of IFenN..(treu.)SMt2t

Introduction. ~e interest in studying Fe complexes with such nitrogen-rich ligand

systems also stems from structural similarities with many histidine-ligated iron­

containing enzymes, such as the intradiol-cleaving catechol dioxygenases. Rieske

dioxygenases. and isopenicillin N-synthase, among vario~ other enzymes containing

nitrogen-rich ligand environments.' Bleomycin (BLM), a natural product used in

antitumor the.rapy, chelates via five nitrogens to an Fe" center. The interesting

characteristic that each of these species share is that they react with dioxygen to form a

highly reactive Fem-(hydro)peroxo species.

Biomimetic modeling has played a large role in understanding the chemistry of

each of the histidine-ligated metalloenzymes. Que, Girerd and McKenzie have reported

the most comprehensive set of data pertaining to Fe-N, complexes.2-10 The respective

Fe" complexes have been shown to react with Hz0I to fonn Fem-oOH intermediates.

These systems have been used successfully to model BLM and the activated bleomycin

species (aBLM), which has been characterized as a low-spin FeIn-hydroperoxo

intermediate. interestingly> each has shown the abitity.ofthe hydroperoxo moiety to be

deprotonated by mild bases to fonn a side~on FellI-peroxo species. The addition 'of a

proton donor causes the regeneration of the end-on FeIJI·OOH species. The work of these

groups has Jed to the· direct observation of these metastable intennediates, allowing for

very detailed ch8taCterization of each binding mode and providing the most detailed and

complete set of benchmark parameters to study the mechanism of H2O:! activation by a

••
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non-heme iron center. The ability to observe these peroxo intermediates also

demonstrated the different possible coordination modes of the peroxo moiety to the iron

center, i.e. tl-side-on peroxo versus '111-end-on hydroperoxo. An example of this'

reversible protonation is shown here in Figure 4.01.

1. 1.

Figure 4.01. The acid-base interconversion between end-on bound [Fe(N4Py)OOH]2+
(Ia) and [Fe(N4Py)O,t (Ib). Figure is adapted from Que el ai, reference 19.

More recently, nitrogen-ligated non-heme Fell complexes have shown the ability

to be oxidized to higher-valent Ferv""O and Fev==O species. I! Oxoiron(N) and

Qxoiron(V) species are invoked as reactive intennediates in the chemistries of both the

heme-containing enzyme cytochrome P450 and non~heme iron enzymes.!2 Que and

coworkers have been successful in stabilizing and isolating these metastable species and

have reported solid state parameters of these species from x-ray crystallography. I I These

complexes each share a nitrogen-rich ligand envirorunent, meticulously tuned to support

and stabilize the higher oxidation states.

Recently a new class ofnon~heme iron enzymes ligated by cysteinate residues has

emerged. 11le$e enzymes consist of nitrile hydratase, peptide deformylase and

superoxide reductase (SOR).U In particular, SOR has become a very important research
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target because of its structural similarity with the heme-containing iron enzyme

cytochrome P450. The active sites of both enzymes are very similarly s~ctured, but

perfonn drastically different chemistry (vide infra).

Biomimetic modeling has also played an invaluable role in understanding the

effect of the thiolate ligand with respect to its presence and positioning. The thiolate·

containing Kovacs SOR model complexes, IFeDN..{tren)SMc2r and [FeDcyclam(prS)t

have been shown to activate superoxide. I
4-l9 Additionally. they have been shown to

activate dioxygen, leading to 0-0 bond cleavage in the former complex. Kovacs and

Mascharak have also characterized an extensive set of thiolate--Hgared non-berne iron

I sho be
. .. 1-418camp exes, vm. to very lill-SenSJttve. .

Understanding how each ligand environment participates in substrate activation,

and the effect that the Jro1JS-cysteinate residue has on the metal-mediated chemistry are

currently the focus of many scientists. In particular, a unique property of these

cysteinate-ligated Fe complexes is that they possess drastically different spectroscopic

properties relative to other enzymes containing only histidines. For example, the charge

transfer transition from the sulfur to the Few center causes the [onnation of intensely

colored species. 'Ibis unique property allows for easier and better spectroscopic analysis

of the complexes relative to their histidine-.only containing counterparts.

Studying the--effeets of thiolate ligation. The chemistry of non-heme iroooo(;()ntaining

enzymes containing an N~-ligaIid system is well-documented in the literature and

provides a plethora of benchmark parameters allow the assignment of spectroscopically
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observed intermediates. Additionally, the structure and chemistry·of the thiolate-ligated

Kovacs (FeDN.<trenjS""t model baS' also been thoroughly describedl~I' Thus, au

obvious research target would be to synthesize a structurally analogous model of

[FenN4(tren)SMe2r", containing an apical nitrogen ligand in lieu of the thialate ligand. In

order to do so, the thioketone reagent was replaced by dietbylaminoacetone (DRAA).

'The use of this reagent' would allow us to follow the synthetic pathway for the

[FeDN4(tren)S"te2t model, while providing us with an analogous nitrogen-containing

analogue ofthethiol8te-ligated [FeIIN.<tren)SMdt model. This complex, referred to as

[FeD(NEd)N4(tren)CIt. is. to the best ofoW' knowledge, the first aliphatic non-heme N~­

ligated complex characterized. By having a direct analog to the welt-studied thiolate­

ligated [FeuN4(tren)SMe2t model, detennining the" effect of thiolate·ligation to the Fell

center is Iilore direct.

Experimental Section.

General Methods. Unless othenvise noted, all reactions were performed under an inert

atmosphere of dinitrogen or argon in a drybox or using standard Schlenk techniques.

Reagents purchased from commercial vendors were of the highest purity available and

were used without further pwification. Acetonitrile and dichloromethane were dried over

CaHz. Me~ol was dried over NalCaHz/12. Pentane and letrahydrofuran were dried

over sodium benzophenone ketyl. Tetnl-n-butyl (PF,) was recrystallized three times in

ethanol and dried under reduced pressure for 48 homs. KCl was recrystallized three
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~ in deionized water/acetone and dried under reduced pressure for 48 hours. Water

was purifie:d using a MilliQ purlfication system..

Physical Methods. NMR spectra were recorded using Broker DRX-499, DPX·200, AF­

301, or AC-200 spectrometers. lH_NMR spectra were referenced to either TMS or

residual proton peaks in the deuterated solvent and chemical shifts are reported in ppm.

Cyclic- voltammogramS were recorded on a Princeton Applied Research Model 273

potentiostat with a glassy carbon working electrode. a platinum wire counter electrode,

and a saturated calomel electrode (SeE) reference electrode. Electrochemical

experiroents were performed in acetonitrile and methanol (lOOmM tetra~Jl-butyl (PF6)

solutions) and water (lOOmM KCI solutions). IR spectra were recorded on a Perkin­

Elmer 1720 FT-IR spectrometer as KBr pellets. Electronic absorption spectra were

recorded on a l:Iewlen·Pac.kard model 8452A diode array spectrophotometer and a Var4m

Cary 50 spectrophotometer. ElectTospray mass spectra were recorded on a Broker

Esquire Liquid Chromatograph - Ion Trap Mass Spectrometer.

[Fe"(NEU)N,.(tren)CIJPF6' A solution oftren (0.584 g. 0.004 mol) was dissolved in 10

ml of dry methanol, followed by the addition of diethylaminoacetone (0.532 g, 0.,004

mol). This solutiQD was allowed to stir for 10 minutes. FellCh (0.504 g, 0.004 mol) was

dissolved in 5 ml ofdry methanol and added to the ligand mixture dropwise, immediately

producing a yellow precipitate. NaPF6 (1.34 g. 0.008 mol) was added and the reaction

mixtw'e was allowed to stir overnight. The precipitate was filtered and washed with
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methanol to yield 0.612 g (31%) of [Fen(NEu)N,(tren)CI)pF. as a pale yellow solid.

Yellow needle-like crystals were obtaitied by slow diffusion of diethyl ether into an

acetonitrile solution.

1) Preparation of [Fem(NEt2)N4(tren)]{pF6)2' The oxidized Felli complex was

prepared by two methods. The first method was done using ferrocenium

hexafluorophosphate in order to chemically oxidize the Fell intennediate to the Fel[[

fonn. The second method invo~ved the direct preparation from FeCh.

a) IFe"(NEu)N,(tren)ClJPF. (0,400 g, 6.63<104 mol) was dissolved in 20

rol of acetonitrile. To this solution was added ferrocenium

hexafluorophosphate (0.220 g, 6.63x1O'4 mol). Solution was allowed to

stir overnight, yielding a deep purple solution. The solvent was removed

and the solid was washed with diethyl ether until the solvent ran clear,

indicating the removal of the ferrocene byproduct. The solid was then

dissolved in a minimal amount of acetonitrile and precipitated with diethyl
"

ether, affording 0.250 g (62.6%) of a dark purple solid. Electronic

Absorption Amax run (& cm-1Nfl): 564 (2129) in ace~nitrile, 570 (2100) in

methanol.

b) The ligand mixture was prepared as previously described. A solution of

tren (0.584 g, 0.004 mol) was dissolved in 10 ml of dry methanol,

followed by the addition of diethylaminoacetone (0.532 g, 0.004 mol).

This solution was allowed to stir for 10 minutes. Feel) (0.649 g, 0.004

mol) was dissolved in 10 m1 ofmethanol and added dropwise to the ligand



117

-mixn.tre. The solution was al1o\\'ed to stir overnight, yielding a purple

solution. The solution Was filtered through bed. of Celite in a glass frit.

The solvent was removed under reduced pressure, yielding 0.987 g (50010)

of.8 deep purple solid (0.987 g, 0.002 mol) with identical absorption

properties.

X-ray Crys~op'apbicStructu~Determination.

[FeD(NEa)N.(treD)CI)PF.. A birefringent yellow crystal pnsm of

[FeD(NEO)N..(treo)C1}PF6was cut down to 0.24 x 0.12 x 0.12 nun., submerged in oil and

mounted on a glass capillary. Data was collected at ambient temperature (23°C). The

crystal·to-detector distance was 30mm and the exposure time was 15 seconds per degree

for all sets with.a scan width of 1.8°, Data collection was 98.6% complete to 24,710 in S.

A total of20Sl8 partial and complete reflections were collected covering the indices. h =

-15 to 16, k = -21 to 21,1 = -10 to 10. 3472 reflections were symmetry independent and

the Rint:::: 0.116 indicating that the data was ofless than average quality. Indexing and

unit cell refmemeot ·indicated an orthorhombic P lattice in the s~ce group Pna2I. The

.data was integrated and scaled using hkl~SCALEPACK. Solutions by direct methods

(SIR97) produced a complete heavy atom phasing model consistent with the proposed

structure. All hY4rogen atoms were located using a riding model, and all non-hydrogen

atoms were refined anisotTOpically by full·matrix least-squares.
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(F.~Ul)N,(lreIl)No,lNOJoA light-purple prism, size 0.40 x 0.34 x 0.05 mm was

mounted on a glass capillaryWtth oil. Data was collected at _143°C with one set of

exposure. Crystal-to-deteclor distance was 30 mm and exposure time was 40 seconds per

degree for all sets. The scan width was 1.°. Data collection was 85.5 % complete to

20,8° in S. A total of 25078 partial and complete reflections were collected covering the

indices, h "'" -10 to 10, k = -24 to 25, 1"" -7 to 7. 1781 reflections were symmetry

independent and the Ruu = 0.1000 indicated that the data was ofslightly less than average

quality (0.07). Indexing and unit cell refinement indicated a monoclinic C lattice. The

space group was found to be C c (non-centrosymmemc). The data was integrated and

scaled using hkl-SCALEPACK. Solution by direct methods (SIR97) produced a

complete heavy atom 'phasing model consistent with the proposed structure. AU hydrogen

atoms were. located using a riding modeL All non-hydrogen atoms were refined

anisotropicaUy_by full~matrix least-squares.

Synthesis and characterization of [FeD(NEl:2)N"'(tren)CII.... The preparation of this

complex involves a modified procedwe based OD general methods used in the Kovacs

·group to prepare a variety of Schiff-base complexes.16 The reaction scheme is shown in

Figure 4.02.

• •
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2 NaPF6
•

MeOH
•

• •

The preparation of the metal· complex involved the nuxmg of tris-{2-

aminoethyl)arnine (tren) with DEAA in methanol and allowing the reaction mixture to

stir at ambient,temperature. The Schiff-base condensation between tren and DEAA leads

to the fannation of a pentadentate ligand system. FeCh was then dissolved in methanol

and addP1'l dropwise to the ligand solution while stirring. Immediately. a pale yellow

solid precipitated from the solution. The addition ofNaPF6 causes. the further deposition

~f a pale yellow solid, which was crystallographically characterized as the monocationic

six-coordinate species [Fe°(NEt2)N4(tren)Cl)"'". 'This complex was found to be

.completely solub!e in acetonitrile, slightly less soluble in methanol, and sparingly soluble

in dichloromethane. Additionally, it was found to be fairly robust under aerobic

conditions. As a. solid, it was stable for 24 hours under aI.1 aerobic atmosphere before

•
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slow decomposition to a brown solid began to be observed, most likely rust and other

iron-eontaining and ligand decomposition byproduets.

X-ray quality pale yellow needles of [FeD(N"")N,(treD)Cl)' were obtained after

slow diffusion of ether/acetonitrile (-10:1) over a three week period. The ORTEP is

shown in Figure 4.03.

Fignre 4.03.. The ORTEP diagram of crystallographically cbaracteri=!
[FeD(NIt2)N4(tren)Clt. The large ellipsoids on the bis-ethylated apical amine denote a
high amoWlt ofdisorder at the site.

Notably, the ferrous species is a six-coordinate monocationic complex In a

distorted octahedral geometry, with chloride bound to the inner sphere. Comparatively,

the {FeDSMe2N4(tren)t model complex is five~coordinate in a distorted trigonal

bipyramidal geometry. The presence of the sixth ligand can be attributed to the 'lower

electron donating ability and the increased 'ele<:tIonegativity of the apical nitrogen, as

opposed to the apical thiolate ligand. This would increase the Lewis acidity of the iron

center, thus explaining its higher afftnity for a sixth ligand: This is not unexpected, as

Feu-N5 complexes characterized thus far in the literature also have a sixth ligand in the

. .
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open site, which is either a charged counterion or neutral solvent molecule.S,1l,2I),21

Finally the large ellipsoids of the ethyl" groups attached to the apical nitrogen indicate a

large degree of disorder, caused by collecting the data at ambient, as opposed to low

temperatures. A phase change observed upon cooling precluded the collection of X-ray

data at the preferred lower temperatures. Table 4.01 shows significant bond lengths and

bond angles for this complex.

Table 4.01. Selected bond lengthS and bond angles of [FeU(NEQ)N4(tren)CI]PF6. The
ORTEP is shown in Figure 4.03 for reference.

Dond length, (A)
Fe-N(1) 2.131
Fe-N(2) 2.267
Fe-N(3) 2.215
Fe-N(4) 2.232
Fe-N(5) 2.293
N(l)-C(7) (C N) 1.234

Dond .ngles (deg)
N(I)-Fe(I)-N(3) 97.8
N(1)-Fe(I)-N(4) 92.5
N(3)-Fe(I)-N(4) 148.2
N(I)-Fe(I)-N(2) 77.2
N(3)-Fe(I)-N(2) 76.7
N(4)-Fe(I)-N(I) 76.4
N(I)-Fe(I)-N(5) 75.1
N(3)-Fe(1)-N(5) 107.0
N(4)-Fe(I)-N(5) 104.7
N(2)-Fe(I)-N(5) 152.3

The Fe-N(5) bond length is 2.293A, which is slightly shorter than the Fe~S bond

length of [Fe"SMt2N,.(tren)t (2.329 A). This makes sense based on the differences in N

versus S covalent radii. The Fe-N(l) bond length is 2.131 A. which is slightly longer

than the nonnal range for Fen-imine bond lengths.16,22 The trans effect of the bound

anionic chloride, l~gand most likely causes this bond elongation. The average Fe-N bond

length is 2.23 A. which is indicative of a high spin Fell complex.to The presence of the
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anionic chloride ligand and the weak ligand field are most likely responsible for the spin

state being high spin (M),20)r The O'N bond of the ligand backbone at the site of the

Schiff base condensation has a bond length of 1.234 A, and will be the subject of

discussion (vide supra).

Electrochemical studies on this complex were performed in dry acetonitrile, using

tetra-n-butylammonium hexafluorophosphate (NBU4PF6) as the supporting electrolyte. A

reversible one-electron oxidation wave was observed, with EI /2 = +303 mV vs. seE,

shown here in Figure 4.04.

+245mV

- -'. -

+360mV

1?igure 4.04. Cyclic voltammogram of [Feu(NEt2)N4(tren)Clt PF6". The experiment
was perfonned using a Pt electrode in CH3CN, with NB114PF as the supporting
electrolyte.

Replacement of the thiolate sulfur with an amine causes the redox potential to

shift cathodically by +403 mV vs. SeE. This indicates that, in contrast to the thiolate­

ligated comple~" the Fe
IIl

state is not readily accessible Wlder aerobic or other mild

oxidative conditions in an aliphatic nitrogen environment. This result helps to clarify the

necessity of the thiolate ligand of SOR.. because it appears that the lack of a thiolate

ligand is placing the complex out of the range where superoxide reduction can occur.
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The anodic shift in the redox potential also corresponds nicely with the data from the

characterization of other selected nonRheme Fe·Ns systems in literature. The redox

potentWs of these selected non~beme Fe-N5 complexes are shown in Table 4.02.

Table 4.02. The electrochemical data for selected pentadentate Ns systems and
comparison with the pH-dependent redox potentials of superoxide reduction.

Complex Solvent ElIz(mV) vs SeE

[(N4Py)fe(CH,CNl](CI04n20 CH,CN +1010

[Fe(Py5)CH,CN]](C104n CH,CN +1210

[Fe"(tpmen)CI}PF6 CH,CN +670

[LlFeIlCl] PF6 CH,CN +605

[Fen(NEU)N4(lren)CW CH,CN +303

0z-+2W +e-
pH= 14

H20 2
•

H2O ·40

H02 +e-+H+
pH=O

H20 2
•

• H2O +1127

H02 +e-+H+
pH=7

• H20 2• H2O +860

All of the ligand systems of the other complexes mentioned in Table 4.02 above

are pyridine-based, which help to stabilize the ferrous species.20•24 These results clearly

show that the use of an aliphatic Ns ligand system instead of a pyridine-based ligand

system allows f~r the Felli state to be somewhat more acassible. Also, the reversibility

ofthe FenlFe
lll

redox couple allows for redox chemistry to occur, as in the wild-type SQR
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enzyme. The occupation of the open site by a chloride ligand in the Feu complex most

likely causes strong inhibition ·of inner-sphere oxidative addition of substrates, such as

dioxygen, superoxide. and H2<h?1

The increased Lewis acidity of th.e apical amine in IFen(NE~N.(tren)Clt most

likely plays a large role in causing the chloride ligand to occupy the open coordination

site. The it1<lrease in Lewis acidity is caused by the higher etectronegativity of nitrogen

compared to sulfur.

Synthesis or oxidized (Fem(N"')N.(treo)]". (Feill(N,o)N.(treo)j'· was prepared via

the chemical oxidation of IFeD(NE~N.(treD)cIJ'" using ferroceniwn

hexafluorophosphate (Figure 4.05).

Cp,FePF,
PF, '\ '

W(?)

4.06.
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Nf-.--. \ 0 ( MeOR\ kiJ + FeCI, + /v-N,-"", •

Figure 4.06. The synthesis of [Fem(NE~N4(tren)tvia FeCb·

(Fem(NI'.t2)N4(tren»)+ was found to be completely soluble in acetonitrile, slightly

less soluble in methanol, and sparingly soluble in dichloromethane. It is intensely

colored purple and displays an intense absorption band at 564 ron in acetonitrile (E ""

2129 M·I cm-1). as shown in Figure 4.07. It is swprising to see such an intense low·

energy charge nansfer band in the visible region for [FeW{NEI2)N.(tren)]+, because ferric

amine complexes typically tend to be fairly weakly colored. Because the origin of this

intense color was unknown and unique for this complex, we began to speculate about the

nature of this species.

•

• •
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Figore 4.07. Absorption spectnun of IFem(NEa)N.(tren»'.

Four possible identities of the intensely colored FeD! complex were proposed,
••

shown in Figure 4.08. The first possibility would be the fonnation of a solvent-boWld

tricationic Felli species (A). However, there are very few examples of tricationic feme

complexes in litentture, and those that exist are also very short-lived. Thus. the

probability of. our complex being tricationic is not supported strongly by literature

precedence.

A n

-{';.vR 3.

PF$'

~~
2PF6'

C D

The second possibility would be a chloride-bound dicationic species (B). The

third and fourth possibilities are the spontaneous loss of a proton from the tren ligand
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upon oxidation to the ferric species to afford the cWoride-bound (C) or,the solvent-bmmd

(D). This can be rationalized by the fact'that the higher electron afftnity ofthe ferric state

draws electron density .away from the ligand system, thereby decreasing the pKa of the

protons, leading to the facile loss of a proton, which would then provide electrons for 1t-

backhonding to the Felll center. There is precedence for such a mechanism in the

literature.2S Wieghardt prepared a bis(1.4,7-triazacyclononane) FeIII comple;" which also

displayed an intense deep blue,LMCT at pH>10.2s In the pHrange 2~10, a dramatic color

change to from deep blue to orange was witnessed, This color change was found to be

completely reversible with the systematic addition of base and acid. This reaction is

shown in Figure 4.09.

Colored: Amax = 542 nm

2+

Acid

Base

Colorless

3+

,Fi~re 4.09. The reversible protonationldeprotonation of Wieghardt's amido complex
[FeID(tacn)2IN3t• '

A similar qualitative study was perfonned to see if the systematic addition ofacid

and base to (FeID(NE~N..(tren)t would lead to the observation of a similar reversible

color change... Using tetrafluoroboric acid (HBF4) and sodium metho:dde in

dichloromethane, approximate stoichiometric amounts of the respective acid and base
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were added and the electronic absorption spectra were recorded, shown -here in Figure

4.10. The reversibility of the color change by the addition of base and acid is apparent.

Thus the qualitative analysis of this complex indicates a dependence on the pH of the

solution.

1

0.8
w
u• 0.6•..,
u•• 0.4..,
-<

0.2

0
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--No AcidfBase -112 eq. OfHBF4

In eq. OfNaOMc -1 cq.OfNaOMe

700 800
1 eq. OfliBF4

900 1000

Figure 4.10. Absorption spectnun of reversible protonation-depromnation of
[Felll(NEt1)N.(tren»)+12+.

These results led us to favor the ronnation of complex (C) or (D) from the

oxidation of [Fem(NEa)N4(tren)t. A breakthrough in the elucidation of the identity of

the ferric species occurred when the x-ray structure of the nitrate-boWld salt

[Fem(NEd)N4(tren)NOJ)NOJ was obtained, via slow diffusion of ether into a methanolic
.

solution of[Fem(N~)N.(tren)NOJJNOj. The x-ray crystal structure is shown in Figure

4.11, and selected bond lengths are shown in Table 4.03.
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0(2)

Figure 4.11. ORTEP of (FelD(NEa)N.(tren)(NO,)t.

Tatile 4.03. Selected bond lengths [FelD(NEa)N,(tren)NO,INO,. The ORTEP is shown
in Figure 4.11 for reference.

Bond lengths (A) BODd angles (deg)

Fe-N(I) 2.124 N(l}-Fe(I}-N(3) 100.2

Fe-N(2) 2.27 N(1}-Fe(1}-N(4) 101.2

Fe-NO) 2.089 N(3)-Fe(I}-N(4) . 145.0

Fe-N(4) 2.1 N(1)-Fe(I)·N(2) 80.8

Fe-N(5) 2.334 N(3)-Fe(1)-N(2) 81.8

N(I)-C(7) (C N) 2.189 N(4)-Fe(l)-N(I) 101.2

1.35 N(1}-Fe(I}-N(5) 76.6

N(3)-Fe(1}-N(5) 111.1

N(4)-Fe(1}-N(5) 100.7• • .
N(2)-Fe(1}-N(5) 155.6

• •



130

Interestingly, this is a dicationic salt, with one nitrate ion bound to the inner

sphere, E!Dd ~ second nitrate ion present as an outer sphere COWlteriOn. Additionally, the

bond length of the Fe-N(l) bond, which is the Fe-imine bond, showed considerable

contraction, coincident with the C=N bond length being lengthened to 1.35 A. This

seems to imply that deprotonation has occurred at the P-carbon of the imine bond. The

electron density formed by this deprotonation can then be delocalized into the imine

bond, which can .then 1t-backbond into the 1t*-antibonding orbitals of the Felll center.

resulting in an intense color. This explanation is more feasible when considering the

difference in relative pKas of a neutral primary amine versus a p-carbon of an imine

bond. In fact, examples of spontaneous deprotonations occurring at a neutral amine

bound to a metal-center are not common (Wieghardt's system being of course an

exception).

It shovld also be noted that the apical nitrogens are tertiary and also maintain

exhemely long bond lengths for Fe-N bonds (Fe(1)-N(2): 2.27A. Fe(I)-N(5): 2.334A).

These effects are most likely due to the stericaUy hindered nature of the tertiary amines.

Finally, from the Fe-N bond lengths of this species, it appears that this is a high-spin

. (8 512) ferric species.

In order to determine the spin-state of the ferric complex, SQUID analysis was

perfonned on .8 solid sample of [Few(NE~N..(treD)CIIPF6' The SQUID data was

collected from 300K-4K. The Jlctf(B) versUs temperature (K) plot is shown in Figure

4.12. The data· shows that at temperatures bigher than 50~ this species is intenned.iate

spin, with the lJd=3.68. Arotmd 50K, this species undergoes a spin crossover to a lower
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spin state. This data is in direct tontrast with the dais. obtained from the x-ray crystal

data, as the longer Fe-N bond lengths are more typical of a high·spin FellI species. Since

these results are contradictory. this experiment should be repeated in future work.

- - • •• _0' ..
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Figure 4.12. SQUID analysis of [FeDI(N,o)N,(tren)CIJPF,. This is the f'<.(B) versus
temperature (K) plot. The SQUID data was collected frODI 300K-4K.

Infrared (lR) specuoscopy of the [Fen(N,o)N,(tren)Cl( and the

[Few(NF.a)N..{treo)Clt salts were taken in order to oonfinn the presence of the C=N

imine stretches, and to also oompare them with each other to monitor a possible

weakening of the O=N bond due to the proposed deprotonation that could be occurring at

the ~-C of the C....N bond. The Fe-N stretching frequencies occur at less than 400 em-I, so

IR can not be used to identify possible changes in the Fe--N(t) bond strength if one of the

primary amines is being spontaneously deprotonated upon oxidation of the metal center.

From the analysis of the data, it appean that the C N bond in

[Feu(NE'1N.(tren)ClJ+ is present at 1601 em"l. However, in the [Fem(NEa)N4(treD)Clt .
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sp<CtrIlDl, this peak bas completely disappeared. A possible peak for the <>N stretcb

could be at .1444cm-J• AlthOugh this' is out of the- reported range of 0=N bonds in

inorganic complcxes,26 because the e-N bond should theoretically be weakened due to

electron delocalization from the deprotonated p.-carbon.of the imine, this is not an

unreasonable location for the C:cN stretch. Both spectra are shown here in Figure 4.13

and Figure 4.14 respectively.
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Figure 4.13. The 1R spectrum of [Fen(NE<')N,(lren)CIJ'PFi.
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Figure 4.14. The lR spectnnn of [FeDI(N"')N.(tren)Cl,'PF,".

show any obvious reactivity with substrates such as O2, K01, HZ02, and NaDel. Most

likely the cause of this is the chloride ligand, which occupies the open site of the Fe"

center. The redox potential (+303mV ys. SeE) and the reversibility of the redox process

suggests that [Feu(NE12)N4(tren)Clt should at least be in the range of oxidation by

NaOel and H20 z. The lack of reactivity suggests that the chloride ion. bound to the Fe

center is inhibiting this reaction. In order to abstract the chloride ion from the Fe center,
•

AgPF6 was added in "8 stoichiometric amount. AgPF6 is often used to remove a chloride

ion from a metal center, causing the precipitation of Agel. The addition of AgPF6 to a '
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MeCN solution containing [Fen(Nta)N4(tfen)Clf caused the immediate deposition of a

white solid, presumably the AgCl sail However. the pale yellow solution immediately

turned purple, and after a few minutes. the solution bleached. It appears that Ag'" ion

could be oxidizing the Feu center in a secondary reaction. causing the formation of an

unstable solvent-bound Fern species. Because a stable five-coordinatc or solvent-bound

six-coordinate Feu species. was unable to be isolated via this method, no further

experimentation was performed..

Conclusion. Nitrogen-ligated Fell, complexes •are common m nature. Biomimetic

modeling have shown these complexes to have very anodic redox potentials, stabilizing

them in the Feu state. However, more recently they have been shown to fonn relatively

stable species in both the FenI and FeN oxidation states, appearing to contradict this.

These oxidized species have the ability to perform oxidative chemistry ofsubstrates, such

as olefins and hydrocarbons. These Fe centers are activated by oxygen, H20z. or two-­

electron oxidants such as iodosylbenzene and mCPBA, forming reactive Felll-peroxo or

FeN~oxo species which are potent oxidants that are capable of. functionalizing alkanes

and olefins. -These nitrogen-ligated enzymes, however, are not capable of perfonning

superoxide reduction. The main difference between SOR and these nitrogen~ligated

<::omplexes is the presence ofa <::ysteinate sulfur bound to the Fe site of SOR.

Replacing the thiolate ligand of [FeDN,,(tren}(S1\td)J-+ with an amine led to the

formation of a" new six~coordinate species [FeD(NEc;N4(tren)CIJ+. The six-coordinate

nature of this complex is not unexpected, as other Fe-Ns complexes in literature are also
•
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six-coordinate. This effect can be explained by the following effects. First, the thiolate

ligand is a strong a-donor and also is electron-rich in its filled n-orbitals. In contrast, the

tertiary amine .ligand is a poor cr-donor, mostly due to sterie effects. It does not have 1t

electrons availaPle for bonding either. Also, nitrogen is more of a 14hard" ligand than

sulfur, and is more electronegative. The combination of these effects leads to an overall

electron deficiency at the -Pe center. -Consequently, the increased Lewis acidity of the Fe

center favors the binding of a sixth ligand to compensate for this. These observations

also are in good agreement with the electrochemistry of [FeR(NEa)N41tren)Clt. The

substitution ofthe thiolate ligand with the amine ligand causes a significant anodic shift '

in the redox potential, from -lOOrnV to +303mV (versus SeE). These observations are

consistent with other Fe[l_N~ biomimetic model complexes in the Iiterature.',10,20,21,23,24 In

general these complexes also prefer to be high-spin, with extremely cathodic redox

potentials. However, it is not yet understood why these complexes can form stable FeN _

oxo species, which is unexpected with respect to their highly cathodic redox potentials.

Recently Que has shown that a thiolate-ligated Fe-eomplex in an N4S ligand

environment, similar to SOR., can fonn a transient FeN·oxo species, capable of substrate

oxidation.27 However, at this point this result is more of the exception than the role. In

general, this type ofhigh-valent non-heme Fe chemistry appears to be more favorable and

controlled .by Fe-Ns complexes without a thiolate in the coordination sphere.

All in all, it is clear that the thiolate ligand plays an important role in tuning the

electrocbemicaJ.'pi'operties of the Fe center. The presence of the thiolate enables the Fe

center to remain five-coordinate, keeping an open site for substrate binding. It also plays
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a noticeable role in tuning the redox potential of the Fe center into range where it can

. . .
perform the one--electron reduction of superoxide to H2<h. The removal of the tbiolate

from the coordjnation sphere of [FcD'(SMe1)N4(tren)l+ causes significant changes to occur

. in the electronic and structural characteristics of the metal complex. This most likely. . .

contributes to altering the biological purpose of non-heme Fe enzymes with similar

reactive sites.

•

• •
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Cbapter 5
To.wardt the-Design ofAsymmetric Tripodal Polyamine Ligands

Introduetioq.. The effort to create novel bulky aliphatic lreD~erivatiVes 'WaS undertaken

in order to determine the proton source during the SOR catalytic cycle, to stabilize the

Felll.peroxo $pecies, and also to prevent J.l.-oXO climer formation. Sterle bulk is commonly

used as a dimerization deterrent.1,,2 Additionally, protons on the ligand system have been

known to ca\J.se decomposition of peroxo/hydroperoxo species.J The pentadentate ligand

system employed in our IFenSM~1N.f(tren)t model complex relies on imine fonnation

via a Schiff base condensation between tris-2-aminoethyl-amine (treo) and the

thioketone. Upon imine [onnation, there are two remaining free amines that bind to the

metal center. These free amines could possibly be a source of protons needed during the

reduction of superoxide or dioxygen for SORor cytochrome P450 chemistry.

•

Previous work by Theisen et al described the formation of the ~-oxo dimer

(Figure 5.01).4 In an attempt to stabilize the mononuclear species and prevent J!-Oxo

climer formation, a bulkier tren-derived ligand, N-(Z-aminoethyl)-N-(Z·

diethylaminoethyl)-N', N'-(diethylethane-I,2-diamine) (teen·) was synthesized by

Sbearer (Figure 5.01).

•
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Figure 5.01. The x-ray cryslal"strueture of IFell!g""N.(lnn)],ll-Q'+.

This tren· ligand incorporates ethyl groups on two of the amine nitrogens of tren; .

effectively protecting two of the amines and removing these amines from consideration

as a possible prolon source. Use of this ligand afforded the ferrous cOJDplex

[FeuSMt1:N4(tren*)]+. shown in Figure 5.02.

Figure 5.02. ·Th~ x-ray crystal structure of [Fe"S""N.(tren·)]'. N(3) and N(4) are the
tetraethylated tertiary amines.4

•

• •

•
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Surprisingly. this complex did not react readily with~. Attempts to produce the

ferric version of [FelIg~4(treD*)tusing various Few sources and chemical oxidants

repeatedly failed, yie1dlltg only unidentifiable products, most likely rust compounds and

disulfides formed from dissociated ligand. Electrochemical studies showed that the

oxidation of this complex is irreversible, with an oxidation potential of +410 mV vs.

SeE, supponmg indications that the ferric state is not readily accessible. Additionally.

the ORTEP of the ferrous complex shows atypically elongated Fe-N bond lengths for a

high-spin FeU amine complex.5 The tertiary amines oftren* are much more electron-rich

than their primary amine counterparts, so it was initially expected that this would lead to' .

stronger a-bonding interactions between the ligand and metal. However, it appears that

the sterically hindered ethyl groups are actually responsible for the Fe-N bond elongation.

This is most likely due to the highly bulky and contiguous character of the ethyl groups

on the equatorial amines. Such an effect from sterics has been observed many times and

is not completely unexpected.'

These results led to the design of three novel ligand systems, each varying by

stenc or topological factors, shown below in Figure 5.03. By Using these ligands, we are

hoping to prevent IJ.-oXO dimer fonnation, while simultaneously stabilizing the FenJ·OOH

speCles.
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Experimental Section

General Methods. Unless otherwise noted, all reactions were perfo~ed under an inert

atmosphere of dinitrogen or argon in a drybox or using standard Schlenk: techniques.

Reagents purchased from commercial vendors were of the highest purity available and

were used without further purification. Acetonitrile and dichloromethane were dried over

CaH2. Methanol was dried over NalCaH2Ih. Pentane and tetrahydrofuran were dried

over sodium benzophenone ketyL Tetra-n-butyl (PF6) was recrystallized three times in

ethanol and dried under reduced pressure for 48 hours. KCl was recrystallized three

times in deionized water/acetone and dried under reduced pressure for 48 hours. Water.

was purified using a MilliQ purification system.

Physical Methods. NMR spectra were recorded using Broker DRX-499, DPX-200, AF-

301, or AC-200 spectrometers. IH_NMR spectra were referenced to either TMS or

residual proton peaks in the deuterated solvent and chemical shifts are reported in ppm.

Cyclic vol~ograms were recorded on a Princeton Applied Research Model 273

potentiostat with a glassy carbon working electrode, a platinwn wire counter electrode,

and 8 satu.-ated calomel electrode (SeE) reference electrode. Electrochemical

experiments were performed in acetonitrile and methanol (IOOmM tetra-n-butyl (PF6)

solutions) and water (IOOmM KCl solutions). -IR spectra were recorded on a Perkin- .

Elmer 1720 IT-IR spectrometer as KBr pellets. Electronic absorption spectra were

recorded on a Hewlett-Packard model 8452A diode may.spectrophotometer and a VBrian
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Cary 50 spectrophotometer. Electrospray mass .peena were recorded on a Broker

Esquire Liquid Chromatograph - Ion Trap Mass Specnometer.

Preparation oftris(2-dimetbylammoetbyl)amine (M~-treD). Formic acid (90010) (53.5

ml, 1.05 mol) was cooled to 0 °C. To this solution was added tris(2-aminoethylamine)

(!ren) (10.5 g, 0.070 mol) dropwise. Fonnaldehyde (37%) (37.4 mI, 0.46 mol) was added

and solution was allowed to warm to room temperature. Solution was then allowed to

reflux ovemighL The next day the solution was cooled to room temperature and made

alkaline with saturated NaOH. Product was extracted with dicbloromethane (3x2S mI)• .

Extract was dried over MgSO. and solvent was removed via rotary evaporation, affording

a musky-smelling, dark onmge oil (13.74g, 85.7%). 301 MHz 1H NMR (CDC!,): 2.60­

2.50 (~6H, (CH,),NCH,CH,N), 2.38 - 2.28 (t, 6H, (CH,hNCH,cH,NJ, 2.15 (s, 18H,

(CH,hN)·

Preparation of N, N, N', N'-tetramethyldiethylenetriamine (l'MDA). MC6-treIi (6.88

g, 0.030 mol) was solubilized in pentane (120 ml) and cooled to -78'C. To this was

added n-BuLi (1.6 M in hexanes) (18.7 mI, 0.030 mol) dropwise. Upon completion of

addition, the solution was stirred at aoe for 1 hour, followed by 3 hours at ambient

teInperatl;Jre."· The reaction was quenched with saturated NaOH (150 ml) and organic

Layer was separated. Residual product was extracted with dichloromethane (3x25 ml).

Organic layers were combined, dried over MgSO.. and solvent was removed via rotary

evaporation, affording a yellow oil (3.1 g, 65%). 30 I MHz IH NMR (CDC!,): 2.75 - 2.65

•
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(~ 4H. (CH,j,NCH,cH,N). 2.45 - 2.35 (~ 4H, (CH,j,NCH,cH,N). 2.25 (s. 12H.

(CHj),N).

Preparation of bis-(2-dimetbylamino-etbyl)-<yanamide (TMDA-CN). TMDA (3.98g,

0.Q25 mol) dissolved in THF was cooled to O'C. To this was added HCI(aq) (37%)

(2.Sml. 0.025 mol) dropwise. Vigorous fuming was immediately seen. Upon completion

of Hel addition, the solution. was allowed to stir for several minutes until fuming

subsided. Subsequently an aqueous solution of KCN (1.63 g. 0.Q25 mol) in 10 ml of

water was added dropwise. Formaldehyde (37%) (0.025 mol, 2.03 ml) was then added, .

dropwise. The reaction mixture was then warmed to ambient temperature and allowed to

stir overnight. 1be next day the reaction mixture was extracted with dichloromethane

(3x25 mt) and the combined extracts were dried over MgS04 and solvent was removed

via rotary evaporation, yielding 3.47g (70%) of a yellow oil 301 MHz 'H NMR

(CDC!,): 3.85 (s. 2H, NCH,cN). 2.75 - 2.70 (~4H. (CH,hNCH,CH,N). 2.50 - 2.45 (~

4H, (CH,hNCH, CH,Nj. 2.25 (s. 12H, (CH,j,NCH,CH,Nj.

Preparation of Bis-(2-dimetbylamino-ethyl)amine (fMDA). Lithium aluminum

hydride (0.600g , 0.016 mol) was suspended under argon in 20 ml of dry THF. The

suspension was cooled to -S·C. To this suspension was added dropwise H2S04 (0.815g,

0.008 mol) l\lld the solution was stirred at O·C for 1 hour. The reaction mixture was

allowed to warm·to ambient temperature. TMDA-eN (O.950g, 0.005 mol) was dissolved

. in 5 ml of dry TIfF and added dropwise with an addition funnel at a rate such that the
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solvent did not start to boil. The reaction mixture stirred at ambient temperature

overnight. The next day. the residual lithium aluminum hydride was hydrolyzed with an

exceSs of isopropanol, followed by an excess ofcold water. The reaction was filtered and

the solid residue was washed several times With methanol. The solvent was removed and

the residue was washed with 30 m1 of 25% NaOH and extracted with dicWoromethane

(3x25 ml). The extracts were combined. dried over MgS04 and solvent was removed via

rotary evaporation, affording 0.465 g (46%) of a pale yellow oil. 301 MHz 'H NMR

(CDC!,): 2.85 - 2.75 (4 2H, NCH,CH,NH,j, 2.70 - 2.60 (4 4H, (CH,),NCH,CH,N»,

2.60-2.50 (4 2H, NCH,cH,NH,), 2.45-2.35 (1, 4H, (CH,),NCH,CH,N), 2.25 (s, 12M, .

(CH,nNCH,cH,N). Electrospray Mass Spec. (ES1-MS): Calculated: 203. Found: 204

(positive ion ~ode).

Preparation of Bis-{2-dimethylamino'propyl)amme (bdpa). To a flask was added n­

(3-bromopropyl)phtha1imide (8.45 g. 0.031 mol). The flask was then placed under

nitrogen and heated to 180"C. A needle was added to vent To Ibis was added TMDA

(5.0 g, 0.031 mol) dropwise. The solution immediately turned dark brown and gas was

seen evolvin~. 1be reaction mixture was allowed to, stir for 2 hours and was then cooled

to ambient temperature. Upon cooling, the solution formed a dark brown solid with a

black oil yisible on the surface. 50 ml ofRei (37%) was added and the solution refluxed

overnight. The next day a dark brown liquid was seen, along with a precipitate. The

reaction mixtUre·was filtered and the solvent was removed under reduced pressure. The

compound was redissolved in CHzCl2 and was washed with satw'ated NaOH. The
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compound was extracted with dichloromethane (3x25 mI). The extracts were combined•
.

dried over 11'gSO" and solvent was removed via rotary evaporation. ~ording 1.468 g

(21.9%) of a dark brown oil. 301 MHz·'H NMR (CDC},): 2.95 - 2.85 (I, 2H,

NCH,CH,CH,NHil, 2.80 - 2.65(m, 2H, NCH,CH,cH,NH,), 2.5 - 2.50 (I, 2H,

NCH,cH,cH,NH,), 2.5 - 2.38 (I, 4H, (CH,),NCH,CH,N), 2.20 - 2.10 (I, 4H,

(CH,),NCH,cH,N), 2.08 (s, 12H, (CH,),NCH,CH,N), 1.85 - 1.70 (broad peak, 2H,

NCH,CH,cH,NH,~

Preparation of Bi.s..(2-diethylaminoethyI)-3~aminopropylphthalimide. This is a .

modified preparation derived from Spiccia el. 01. To a flask charged with 120 ml ofdry

acetonitrile was added sodium carbonate (3.29 g, 7.71xIO·) mol). To this suspension

was added N, N, N', N'-tetraethyldiethylenetriamioe (EkDTA) (0.600 ml, 2.32><10·'

mol.) While stirring, n-(3-bromopropyl)phthalimide (0.622 g, 2.32xl0·' mol) was added.

The reaction mixture was placed under nitrogen and allowed to reflux for 3 days. The

reaction mixture was then cooled to ambient temperature and solvent was removed via

rotary evaporation. affording an oJ!Ulge oil. The oil was dissolved into 1M Hel and

excess n·(3·bromopropyl)phthalimide was filtered. _The solution was made alkaline by

the addition of 1M KOH and the product was extracted with ethyl acetate (6x25 ml).

KOH w~ added in between extractions in order to keep the solution alkaline. The.

combined extracts were dried over MgS04 and solvent was removed via rotary

evaporatioo, ·affording 0.6078 (65%) of an orange oil. 301 MHz 'H NMR (CDC!,):
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.Electrospray Mass Spec. (ESI-MS): Calculated: 402.5. Found: 403.5 (positive ioo

mode):

Preparation or bis-(2-dietbylamioo-etbyl)(3-ammopropyl)amme (bdea). Bis-(2­

diethylaminoethyl}-3-ammopropylpbtbalimide (0.607 g. 1.5IxlO.) mol) was dissolved

in SO ml of 5M HCI. The reaction mixture was .allowed to reflux for 72 boW'S and

allowed to cool to ambient temperature. The reaction mixtw"e was then placed in the

freq:er for 24 hours in order to precipitate the phthalic acid byproduct. The reaction

mixtwe was then filtered and made alkaline by the addition of KOH. The product was. .

extracted with ethyl acetate (6x25 mI). The combined extracts were dried over MgS04

and the solvent was removed via rotary evaporatio~ yielding 0.308g (75%) of a yellow

oil. 301 MHz 'H NMR (CDC!,): 3.90 - 3.60 (broad peak. 2H.NCH,CH,CH,NH,). 3.10

- 2.95 (~211. NCH,CH,CH,NH,). 2.85-2.75 (m. 8H. NCH,CH,cH,NH,J. 2.70 -2.50 (t.

2H. NCH,cH,CH,NH,J. 2.65 - 2.45 (m, -N(CH,cH,),l. 1.75 - 1.65 (t. 4H.

(CH,CH,hNCH,CH,N). 1.30-1.20 (~4H. (CH,CH,j,NCH,cH,N). 1.15-0.95 (~ 12H,

CH,CH,hNCH,CH,N). Electrospray Mass Spec. (ESI-MS): Calculated: 272.5. Found:

273.5 (positive ion mode).

Preparation. of IFeDSMt2N4(bdpa)](pF6h. This method is a modified version of a

previously d~scribed method. by Kovacs. 3-mercapto-3-methyl-2·butanone (0.043 g,

3.68xI0--4 mol) and bdpa (0.100 g, 3.68xI0--4 mol) were dissolved in 10 ml ofmetbanol.

To this was added NaOMe (0.02Og, 3.68xI0-4 mol) and the solution was cooted to -30 ·C.
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FeCI, (0.047 g, 3.68xlO~ mol) was dissolved in 5 ml or methanol and cooled to ·30 ·C.

o The FeCh solution was then added dropwise to the ligand. mixture and allowed to stir

overnight at ambient temperature. NaPF, (0.062 g, 3.68xI0~ mol) was added to the

reaction mixture and allowed to stir for 1 hour and the resulting precipitate was filtered

through a bed of Celite. The solvent was removed under reduced pressure and the brown

pre<:ipitate was redissolved in acetonitrile, filtered through a bed of Celite and

concentrated to -Sml. Diethyl ether (30 mI) was layered on lOp ofWs solution and was

allowed to sit for 7 days, yielding 0.030 g of a pale yellow precipitate. X-ray quality pale

yellow cry~swere obtained from the same reaction flask.

Preparation of (FeIUSllldN4(bdea») (2PF,). This method is a modified version of a

previously desc"ribed method by Kovacs. 3-mercapto-3-methyl-2-butanone (0.029 g.

2.47xI0~ mol) and bdea (0.050 g, 2.47xlO~ mol) were dissolved in 10 ml or methanol.

To this was added NaOMe (0.064 g. 2.47xl0~ mol) and the solution was cooled to ·30oC.

FeCl2 (0.031 g. 2.47xlO~ mol) was dissolved in 5 ml of methanol and cooled to ·300C.

The FeCh solution was then added dropwise to the ligand mixture and allowed to stir

overnight at ambient temperature. Ferrocenium hexafluorophosphate (0.082 g. 2.47xlO-4

mol) was added to the reaction mixture and allowed to stir overnight. An insoluble

precipitate formed, preswnably the disulfide byproduct that was seen previously with the

tren* complex.4

•

•
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Figure 5.03. The ligand strIICtUleS of the tetnlalkylaled tren-derived ligands. The ligand
bdep is a topological variant of treD·, containing a propylene arm attached to tbe· ,
primary amine as opposed to the ethylene arm oftren*.

Discussion. The ligand bdep is a topological variant oftreo"', varying by one methylene

unit in the arm attached to the free amine. The methylated ligands bdea and bdpa also

vary from one another by one methylene length in the ann possessing the free amine.

Because of the structural similarities between these ligands, a parallel synthetic pathway

was deve1o~d to synthesize these ligands from CODUnan intermediates. The synthetic

route to bdep is shown in Figure 5.•04. bdeF is synthesized Using a modified Gabriel

synthetic pathway adapted from Spiccia et. al7• followed by base workup to yield the free

amine. Tetraethyldiethylenetriamine reacts with the phthalimide compound in 'an SN2M

type alkyl~tion reaction. Although this appears to be a simple SN2 addition, the addition

of base and heat to drive the reaction forward was found to be an integral part of driving

the reaction to Completion. There was also no observed alkylation at the tertiary amine

positions. Using n-(3·bromopropyl)phthaHmide or n-(2-bromoethyl}phthalimide to

•
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synthesize bdep and treo* provides a simplified way to introduce an alkyl ann
. . . .

containing an amino moiety to the tren-based ligand without the use.of toxic cyanide

reagents in~ presence offuming acid (fhS04)'

b
• •

bdep

a) n-(3-bromopropyl)phtba1imide, K,Co" CH,CN,/\; b) 5M HCl, 6, KOH workup

Figure 5.04. The synthesis ofthe tetraethylated tren derivative bdep.

The pathway to the methylated bdea and bdpa ligands (Figure 5.05) begins with

the Connie acid/formaldehyde methylation of trell, affording the hexamethylated iren.a

One equivalent of buryllithiurn is then added to remove an ann from the hexamethylated

tren, affording tbe intennediate TMDA.9 From here. bdpa is synthesized using a

modified Gabriel synthesis under neat conditions (Figure 5.05, Path C).IO 'bdea is

synthesiz.c;d via cyanomethylation of TMDA, followed by reduction with lithium

aluminum hydride (Figure 5.05, Path d-e).ll Both products are musky-smelling oils that

were stored in'1i drybox for extended time periods (2-3 months) without decomposition.

•

•
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TMDA

TMDA _.::..-_.

TMDA _~d_
(""''-N

'N~N"""""""'N/
I I

"---.:e,--_, ~~)
I I'

belea

a) lonnie acid, formaldehyde, Ai b) BuLi, pentane, _78°C (I hr), O'C (I hr), NaOH
workup; c) Q-(3-bromopropyl)phthalimide; 10M HC1; d) HC1, KCN, CH,O; e) LiA1H..

Figure 5.05. The parallel synthesis of bdea and bdpa.

Discussion. The synthesis of (FeDSMtZN4(bdea)f is shown in Figure 5.06.

[FeDSMe2N..(bdea)t is a pale yellow solid with a featureless absorption spectnun. When

this species was exposed to air. no visible reaction was observed, meaning that either it is

completely stable under aerobic conditions, or the oxidation of the Fell species leads to

ligand dis~iation and ultimately complex decomposition. Attempts to oxidize this

complex via chemical oxidation using FeCP2,PF6 were unsuccessful. only. producing an
..

insoluble organic compound. similar to observations made by Theisen.· No reaction was

observed when K~ was added to a solution of (FeUSMelN4(bdea)]+, under protic or

. aprotic conditions. Because this complex did not display any visible reactivity, no further

characterization was pursued beyond this point

•
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Figure 5.06. The synthesis of IFe"s"·'N,(bdealt. The general synthesis of all the
metal complexes in this chapter fonaw this preparatory scheme. For simplicity, only the
bdea.-derived complex is shown in this figure.

lFenSMt2N..(bdpa)f" is also a pale yellow solid, but it appeared to readily oxidize

to the FeU! state when FeCPzPF6 was added as a chemical oxidant, yielding a burgundy

solid with two bands in the absorption spectrum at 415nm and 550nm. The absor:ption

spectrum of [FeDSMt2N,,(bdpa)t is shown below in Figure 5.07. It appears from their

intensity that the two bands at 415 nm and 550 nm can possibly be assigned to S~Fe

charge transfer transitions. However, in order to defInitively assign these absorptions, the
••

extinction coefficients need to 'be detennined and resonance Raman studies need to be

pursued.

• •
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Figure 5.07. The absorption spectrum of the oxidized product when FeCpzPF6 is added
to a solution of [FenSMt2N4(bdpa)t in acetonitrile. This is proposed to be the spectrum· .
of [F.IDSM"I'l.(bdpa)t.

The synthesis of (FenslUt1N4(bdep»)+ yielded pale green crystals which appeared

to be quite stable. under aerobic conditions for days. Attempts to oxidize this complex via

chemical oxidation using FeCJ>lPF6 also were unsuccessfuL However, preliminary

eJeetrochemi~ studies showed a reversible one-electron redox wave at Bin"" 405 mV

YS. SeE, indicating that the ferric state is indeed accessible, perhaps with a stronger

chemical oxi9-ant such as NOBF4.

An x-ray structure of [FeDSMt2N4(bdep)t was obtained. The ORTEP is shown

below in Figure 5.08. Significant bond lengths and angles are listed in Table 5.01'.

• •
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Figur< 5.08. The x-ray cryStal structure of (Fellg""N;(bdpa)t.

• •

Bond lengths (A)
Fe-S(I) 2305
Fe-N(I) 2.136
Fe-N(2) 2.236
Fe-N(3) 2.265
Fe-N(4) 2211

Bond .ngles (dog)
S(I)-Fe-N(I) 84.9
S(1)-Fe-N(2) 179.5
S(1)-Fe-N(3) 99.1
N(3)-Fe-N(4) 121.4
N(I)-Fe-N(4) 113.2
N(1)-Fe-N(3) 123.4

Table 5.01. Selected bond lengths and bond angles of{FeDSMdN4(bdpa)]'".

Synthesis of bis-alkylated analogues of tren-based ligands. Although these

tetraalkylated tren-derived ligands displayed interesting properties and reactivities, they

were relatively inert to oxidizing substrates. In addition, they did not react with

superoxide. and thus were not effective as SOR models. Because of this, designing tren-

based ligand systems that were bis-alkylated rather than tetraalkylated became a series of

target compoWlds (Figure 5.09). The synthesis of these.ligands' would also provide an

interesting comparison between the effect that the level of alkylation of coordinAting
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amines and the electronic and reactive properties of the metal center of the respective

complexes. Another reason for pursuing these target ligands was .because there is

up.doubtedly ~ relationship between redox potential of the respective Fell complexes and

the level ofalkylation that the coordinathlg amines possess; incre.ased levels ofalkylation

correspood with cathodic shifts in redox potentials. This also corresponds with similar

reported studies of the alkylation ofamfue ligand systems.l ,12

tren R,2.tren
bis-alkylated

·tten derivatives

R4-tren
tetraalkylated

tren derivatives

Figure 5.09. The general structures of tren and the desired bis· and tetraalkylated
derivatives of tren. These ligands are to be used to stabilize the Felll-OOH intermediate
in the SOR model {FeDgMdN"Ctren)t.

In developing a synthesis for these compounds, several pathways were initiated.

The ideal synthesis would involve common intermediates with varied sizes of the alkyl

group changed by simply adding a ·single reagent. Initially, starting with a polyamine

such as diethylenetriamine was attempted. Because of the high level of d~fficuJty in

synthesizing asymmetric polyamine compounds, ~ protecting group strategy was initia!ly

chosen. However, selectively protecting secondary amines in the presence of primaty

amines, while being a widely reported method, proved to be very arduous, as separating
• •

the multiple byproducls became a significant challenge. Ultimately, the yield obtained

for each step was too low to justify continuing in this fashioD. Thus, another .

• •
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methodology was attempted. This new synthetic pathway is shown in Figure 5.10.
. .

Iminodiacetonitrile was chosen as the starting material because of the difficulty

encountered in selectivelY protecting different amine groups when a polyamine was

chosen as the starting material. Using this starting material, the secondary amine could

be protected in almost quantitative yields, without the need of complicated purification

methods to s@al3te the target compound. FoJIowing this, the nitrile arms can easily be

reduced using BHJ:THF to afford the respective primary amines easily and efficiently.

Following the reduction of the nitriles to primary anUncs. the primary amines are

then protected with ethyl trifluoroacetate. The trifluoroacetate (TFAc) groups are base-.

deprotected. as opposed to the refluxing HBrlHOAc deprotection of the tosyl protecting

group.< This allows for selective deprotection of the central secondary amine without

deproteetion of the tenninal amines. The 1FAe-protected compound was isolated as a

pale yellow solid. The following alkylation step shown in Figure 5.10 has not been

accomplisheq yet, and the remainder of the synthesis should be completed in the future.

The importance of completing this ligand synthesis would be that it provides a simple

pathway in g~nerating numerous novel asymmetric tren derivatives. These ligands would

be very usefbl in determining the effect of alkylation OD the reactivity of our SOR

models. Asynunetric alkylated derivatives oftren are vel:}' uncommon in the literature, as

the synthesis ofsuch compounds is very arduous and not trivial by any means.
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Figure S.10. The proposed synthesis of bis-a1kyla1ed tren-derived ligands. In the
scheme, R:-,illcyl group, i.e. -eH3. CH2CH3. etc.

Conclusion. Three new asymmetric tetraalkylated derivatives of the tripodal amine tren

have been synthesized using readily available reagents and simple reaction pathways. In

addition, preliminary physical and spectroscopic properties of. their corresponding Fe­

complexes have been obtained and described. It appears that the physical and reactive

properties of these alkylated Fe-complexes is significantly altered by the introdl.:l~tion of

tertiary amines into the coordination sphere in lieu of the primary amines fO\U1d in our

SOR model [FeDsMC1N,,(tren)t. The preliininary characterization of the new complexes,

[FeDSMt2N.(b.d.p,>tt [FeDS&ft2N4(bdea)]\ and [FeDSM~.N4(bdep)]+, has been reported

and.corresponds nicely with the reported data for the [FeDSMt2N4(tren*)t complex.

• •

•
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To explain the different reactivies seen with these complexes containing the
. . . -

propylene backbone, as oppeS¢ to the ethylene.backbone, the additional space and larger

bite angle afforded by the larger six-membered chelate from the ligand backbone may

allow for the more faci.le rearrangement of the ethyl groups during oxidation to the ferric

state. There is precedence in the literature showing that a slight topological variation·

e:aused by stepwise ~OD of a CH:1 group into each ligand arm of treD causes

significairt changes in the chemistry ofthe ligand.. 12

. ,

•
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