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Abstract

Thiolate containing N-heterocyclic amine based ligands; Investigations of

intermediates in O–
2 and O2 reactivity and application towards new ligand design

for modelling the active site of Superoxide Reductase.
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Chair of the Supervisory Committee:

Professor Julia A. Kovacs

Chemistry

Detoxification of superoxide (O2
−) in anaerobic organisms is performed by the

iron (Fe) containing metalloenzyme Superoxide Reductase (SOR) via reduction

to hydrogenperoxide. To understand the mechanism involved and how small

molecular changes affect the properties and reactivity of SOR model complexes

[Fe(II)(SMe2N4(6-H-DPPN))](PF6), [Fe(II)(SMe2N4(2-QuinoEN))](PF6) and

[Co(II)(SMe2N4(6-Me-DPEN))](PF6) were used in an attempt to reproduce the

functionality of SOR and to characterize intermediates of reactivity.

Intermediates of reaction with (O2
−) were investigated through spectroscopic

analysis as well as reactivity with a variety of substrates. Geometric alterations

resulted in the reversible binding of neutral solvent ligands to

[Fe(II)(SMe2N4(6-H-DPPN))](PF6). The thermodynamics of binding were studied.



Based on these observations, new ligand designs incorporating steric bulk or

electron donating substituents were proposed with the goal of stabilizing and

isolating intermediate compounds.
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1 General Introduction

1.1 Metaloenzymes

Metalloenzymes are a vital and common element in biology. Comprising approximately

one-third of all enzymes, metalloenzymes represent the pinnacle of metal based cata-

lysts. Commonly utilizing readily available first-row transition metals they promote a

wide range of chemical transformations under mild conditions and ambient tempera-

tures. Examples of these functions include stereo- and region-selective chemical trans-

formations,1,2 molecular transport,3 electron and proton transfer reactions,4 oxidant

scavenging5 and dioxygen conversions.6 The importance of metals in biology cannot be

understated as they include systems such as the oxygen evolving complex,7,8 responsible

for the production of O2 for all oxygen breathing lifeforms, and Hemeoglobin,3 which

transports oxygen from the lungs to the cells. In the former case oxo-bridged manganese

atoms cluster in a protein framework and produce O2 in a not yet fully elucidated path-

way, while in the latter an iron atom in a porphyrin ring is fine tuned to have an affinity

to bind O2 without activating it.

The protein environment of metalloenzymes significantly direct the reactivity as

is highlighted in comparing the unreactive hemoglobin to other iron enzymes such as

methane monooxygenase (MMO),9 cytochrome P450 (P450)10 or Superoxide Reductase

(SOR).11 MMO involves a diiron core bound by histidine and glutamate residues, which

catalyzes the insertion of one oxygen atom into methane, forming methanol. P450 en-

zymes contain a porphyrin ligated iron with a cysteine coordinated trans to a binding

site for O2, which is activated to hydroxylate a wide variety of organic compounds.

SOR has a similar coordination sphere to P450s but contains 4 histidine residues in

an equatorial plane rather than a porphyrin. SOR reduces superoxide (O–
2) and re-
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leases H2O2, and is a vital means of combating the radical oxygen species in anaerobic

lifeforms where production of O2 would be detrimental if the more classically known

aerobic enzymes, superoxide dismutase (SOD), were utilized.12 The variety of chemical

transformations, diversity of reactivity and importance towards the complexity of life

provides a compelling reason for the investigations of metalloenzymes. Through more

thorough understanding we may be able to harness the incredible chemical and reactive

properties of metalloenzymes to further medical and industrial progress.

One important function of a set of metalloenzymes is the degradation of reactive

oxygen species such as O–
2. Oxygen is a reactive element and the use of oxygen as the

ultimate electron acceptor in aerobic biology results in the adventitious production of

O–
2, a toxic radical species, via the one e− reduction of O2. A common component of

cellular oxidative stress O–
2 is also linked to disease states, such as heart attacks, where

it is produced in high concentration13 and can result in tissue damage or cell death.

Biological countermeasures to O–
2 that are prevalent in aerobic organisms are the SOD

metalloenzymes14 which catalyse the disproportionation O–
2 to O2 and H2O2. However,

in anaerobic organisms transient exposure to O2 is a key component of O–
2 formation.

Reforming O2 would not be beneficial to the anaerobic organism and an alternative

enzyme, SOR, is used to degrade O–
2 by reduction to H2O2.

1.2 Superoxide Reductase

SOR15–24 is a blue, non-heme iron enzyme and has been crystallographically character-

ized in several forms. The structures of SOR obtained from Treponema pallidum23 and

Pyrococcus furiosus15 have SOR as a dimer of homodimers and a homotetramer respec-

tively, each containing a single non-heme iron per subunit. The structure obtained from

sulphate-reducing bacteria D. desulfuricans22 is a homodimer with two iron atoms per
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unit (Figure 1). The second iron atom is part of a [Fe(Cys)4] center originally thought

to be necessary for the reduction of the ferric state of the reactive iron center but its role

is now uncertain as full reactivity is observed in its absence. The active site for SOR

consists of a square-pyramidal high-spin ferrous iron ligated by four histidine nitrogens

in an equatorial plane and one axial cysteine sulphur trans to an exposed coordination

site (Figure 2). In the oxidized FeIII resting state a glutamate carboxylate acts as a

sixth ligand to form an overall octahedral structure.15

Figure 1: X-ray crystal structures (ribbon diagram) of Pyrococcus furiosus
monomer at 1.7Å resolution (right);15 crystal structure of D. desulfuricans ho-
motetramer at 1.9Å resolution. Gold dots (right) and purple dots (left) represent
iron atoms. Green dot (left) represents a calcium atom.

Neighboring amino acids are believed to play a role in orientating O–
2, in acting as

proton donors to facilitate the formation of H2O2, in regulating the electron density of

the sulphur through hydrogen bonding and in affecting the binding strength of substrates

and the redox properties of the iron center.25 The catalytic cycle that occurs at the SOR

active site has been thoroughly studied for over a decade20 and some aspects are well
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Figure 2: Representation of the active site of superoxide reductase.

established. The mechanism involves the formation of two transient intermediates (T1

and T2) upon reaction with O–
2

24 (Figure 3).

The first step is proposed to involve the oxidative addition of O–
2 to the iron

center, which occurs at diffusion controlled rates to form T1, which is proposed to be

an Fe-peroxo species.26 Several SOR enzyme mutants have been studied that yielded

spectroscopic data relevent to T1. An E47A mutant first obtained resonance Raman

parameters of an Fe-peroxo species from reaction with H2O2, that appeared to sup-

port an side on peroxo species.27 However, more recently, when an E114A mutant was

reacted with H2O2 and characterized by both resonance Raman and X-ray crystallo-

graphic techniques it revealed an end-on bound hydroperoxo species.28 At this time no

vibrational data to support either conclusion has been reported for the native enzyme.

The second intermediate, T2, forms less quickly and has been shown to be an

Fe(III)−OH species29 with a pH dependent νFe-O stretch, which shifts with 18OH2 and

D2O. T2 is believed to be formed when T1 is protonated at the proximal oxygen, releas-

ing H2O2, followed by the subsequent binding of OH–. Reduction of T2 in the presence

4



Figure 3: Proposed catalytic cycle for SOR.24

of protons releases H2O and regenerates the catalytically active Fe(II) form. In the ab-

sence of substrate or reductant the Fe(III)-glutamate bound resting state of the enzyme

is observed.

1.3 Biomimetic Modelling

Benchmark spectroscopic parameters for the proposed T1 intermediate are needed to

more fully investigate the enzymes and work in biomimetic chemistry towards synthe-

sizing such species is ongoing. The key means of obtaining these benchmark parameters

is via biomimetic chemistry, which is based on the preparation of small molecules that

mimic the active site of enzymes. Understanding how the local ligand environment of the

active site directs and controls the reactivity of SOR, and of all metalloenzymes, is vital

towards understanding how nature created such effective catalysts. Carefully designed

5



model systems allow for the reproduction of active site geometry, coordination sphere

and ligand environments but in a smaller molecule than the natural enzyme, simplifying

efforts at characterization. The ability to modify custom ligands is far greater than the

modifications that can be performed upon enzymes and through these modifications the

properties governing the desired reactivity can be investigated.

Such investigations led to the first functional model of SOR reported in the litera-

ture,30,31 the [FeII(SMe2N4)(tren)]+ (1) (Figure 4) synthesized in the Kovacs lab. While

not a structural model, as the sulphur is coordinated cis to the binding site as opposed

to trans, 1 was observed to reduce O–
2 to H2O2. In methanol, at -90℃, an intermedi-

ate species was formed upon O–
2 addition, characterized by EXAFS, IR, EAS and EPR

spectroscopies as an end-on hydroperoxo.30 The second functional model synthesized

by the Kovacs lab was the [FeII(cyclam-PrS)]+ (2), which used a 14 member cyclam

ring with a tethered thiolate to place the sulphur trans to the proposed binding site.32

[FeII(cyclam-PrS)]+ reacted with O–
2 and a proton donor at -78℃ to form the first exam-

ple of a thiolate-containing, high-spin iron-hydroperoxo complex. The high-spin state

was in accordance with that proposed for the SOR intermediate and the vibrational

data showed the weakest νFe-O stretch reported for a ferric-peroxo.

Results from comparison of these complexes reveal the significant influence of the

thiolate upon the spectroscopic, magnetic and electronic properties of the complex and

help to understand how alterations to various parameters affect reactivity and stability of

intermediates in regard to alkyl N4S ligated iron complexes. The changes between these

two functional models were large though and a greater understanding of how the prop-

erties of the ligand influence the complex towards reactivity, and affect the hydroperoxo

intermediates, requires ligand models that are more amenable to slight alterations.
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Figure 4: ORTEP diagrams of SOR functional models [FeII(SMe2N4)(tren)]+ 1
(left) and [FeII(cyclam-PrS)]+ 2 (Right). Hydrogen atoms, solvent and counterions
omitted for clarity.

Previous work by Goldberg et al.33,34 with a cyclic N4 ligand and an untethered

aryl-thiolate (Figure 5) has shown the ability to form stable alkylperoxo intermediates

and probe the effects of the trans thiolate upon the νFe-O and νO-O stretches. Work

by Halfen et al.35,36 created structural models for the SOR active site and highlight

how ligand modifications can alter magnetic, spectroscopic and redox properties. How-

ever in all these cases reduction of O–
2 to form an iron hydroperoxo was not reported.

The similar nature yet divergent reactivity of SOR models highlights how much is still

unknown about the influences and governing factors in reactivity.

1.4 DPEN ligand system

In the pursuit of creating a series of model complexes that were amendable to fine-

tuning of the ligand, as to affect desired properties from the metal complex, Santi-

ago Toledo,37 in the Kovacs lab, designed an N4S ligand system utilizing an N,N-di(2-

methylpyridyl)ethylenediamine (DPEN) framework (Figure 6). When complexed to a
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Figure 5: SOR model complex with modified, untethered aryl-thiolates studied by
Goldberg et al..33

metal ion, via the Schiff-base condensation with 3-mercapto-3-methylbutanone, the re-

sultant compound was similar in structure to that of the [FeII(SMe2N4)(tren)]+ system

but with the primary amines replaced with pyridine rings. Modification of the pyridine

rings, through electron dontating, electron withdrawing and sterically congestive sub-

stituents provide a means for the fine-tuning desired to fully investigate how the ligand

properties and environment govern reactivity in SOR model complexes. In comparison

to the [FeII(SMe2N4)(tren)]+ system the DPEN ligands also had handles in the UV-Vis

spectra, simplifying characterization and investigation.

The potential for the DPEN ligand system is well highlighted when compared to

investigations of other pyridine containing non-heme iron complexes, lacking thiolates,

which formed stabilized Fe-peroxo species.38–41 Modifications of the pyridine rings, in

terms of electron donating and withdrawing substituents, had already been reported

and used to investigate the contributions to other model systems.42–45 Several versions

of the DPEN ligand have been synthesized by S. Toledo, including the 6-H and 6-Me

modifications and the replacement of pyridine for quinoline. Preliminary studies of these

compounds provided characterization of the basic electronic, magnetic and structural

properties as well as reactivity in regard to O2 and O–
2. Several compelling leads were

8



Figure 6: [FeII(SMe2N4(DPEN))]+ ligand system and target modification sites.
(n = 0-1)

identified for future study and investigations into these compounds are reported here-

after. Lessons learned from the first series of DPEN ligands are applied towards synthesis

of new DPEN ligand modifications and towards future targets.
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2 [Co(II)(SMe2N4(6-Me-DPEN))]+

Use of a Cobalt Analogue to Stabilize Potential Intermediates of

[Fe(II)(SMe2N4(6-Me-DPEN))]+ + O–
2 Reactivity

2.1 Introduction

Previous work in the Kovacs lab1 showed that a low temperature stabilized intermediate

forms in the reaction between O–
2 and [Fe(II)(SMe2N4(6-Me-DPEN))]+ 3. This interme-

diate, proposed to be a peroxo or hydroperoxo, was proton sensitive and would convert

to a second species with addition of triethylamine and revert with addition of MeOH.

Iron-peroxo complexes that convert between the end-on hydroperoxo and the side-on

peroxo with addition of base have been reported previously in the literature.2,3 It was

proposed that a similar reactivity was being observed for 3. However, vibrational and/or

structural characterizations of these 3 derived species have yet to be obtained.

Cobalt peroxo species are known to be more stable than those of related iron

complexes. Octahedral Co(III) is generally low spin d6 and considered to be substitu-

tion inert. This helps stabilize Co(III) compounds to the extent that crystal structures

of Co(III) side-on peroxo,4 bridging µ-peroxo,5 alkylperoxo6 and even a hydroperoxo5,7

are known. Cobalt has the additional stabilizing property of avoiding the formation of

Co=O species as it is to the right of the ’oxo-wall’.8 This is relevant as the Fe inter-

mediate decomposes into [(Fe(III)(SMe2N4(6-Me-DPEN)))2O]2+ which likely involves a

transient Fe=O species. A low-spin d6 octahedral electronic configuration is also dia-

magnetic, enabling the use of NMR as a tool to probe the identity of the proposed

intermediate.
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In order to utilize the potentially enhanced stability and spectroscopic properties an at-

tempt was made to synthesize and isolate a cobalt analogue of the observed intermediate

species 3 using [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4.
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2.2 Experimental

General Methods

All reactions were performed using standard Schlenk techniques under an atmosphere of

dinitrogen in a glove box. Reagents were obtained from commercial sources at the high-

est purity available and were used without further purifications. Acetonitrile (MeCN)

and diethyl ether (Et2O) were dispensed under argon from a solvent delivery sys-

tem. Methanol (MeOH) was refluxed over magnesium and iodine, and dichloromethane

(CH2Cl2) was dried over CaH2. 3-Methyl-3-mercapto-2-butanone was prepared accord-

ing to a published procedure. NMR spectra were recorded on either a Bruker AV 301

or Bruker AV 300 FTNMR spectrometer and referenced to the residual protio solvent.

Electron paramagnetic resonance (EPR) spectra were obtained using a Varian CW-EPR

spectrometer at 4 K equipped with an Oxford helium cryostat. Electronic absorption

spectra (EAS) were recorded using either a Hewlett-Packard 8453 diode array or a Cary

50 spectrometer.

Synthesis of [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4:

3-mercapto-3-methyl-2-butanone (79 mg, 0.67 mmol) was dissolved in a solution of

NaOMe (37 mg, 0.68 mmol) in MeOH (2 mL) and cooled to -30℃ forming a peach col-

ored solution. Separately N,N-Bis(6-methyl-2-pyridylmethyl)-1,2-ethylenediamine (179

mg, 0.66 mmol) ligand precursor was dissolved in MeOH (2 mL) and cooled to -30℃ as

an orange solution. Separately anhydrous CoCl2 (86 mg, 0.66 mmol) was dissolved into

MeOH (2 mL) and cooled to -30℃ as a pink solution. The peach thiol solution was

added dropwise to the pink cobalt solution while stirring causing the color to change to

red/brown. After 5 minutes orange ligand solution was added dropwise to the cobalt

mixture and the color changed to brown/green. After 2 hours NaPF6 (111 mg, 0.66
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mmol) was added to solution and stirring continued for 48 hours. The solvent was re-

moved in vacuo and solids were dissolved in MeCN, filtered to remove insolubles and

layered with ten times the volume of Et2O. After 24 hours the solution was filtered to

obtain green needles. Electronic Absorption Spectrum (MeCN): λmax (ε (M–1cm–1)):

263 (8900), 379 (2200) nm. ESI-MS: 428 m/z. Redox Potential: E1/2(Co(II/III)) = +473

mV (reversible) MeCN vs. SCE, E1/2(Co(II/III)) = 628 mV (reversible) in CH2Cl2 vs.

SCE.

Synthesis of [Co(III)(SMe2N4(6-Me-DPEN))](PF6)2 5:

4 (0.043 g, 0.075 mmol) was dissolved in CH2Cl2 (5 mL). Separately tri(p-tolyl)aminium

hexafluorphosphate ([(p−CH3C6H4)3N](PF6)) was dissolved in CH2Cl2 (5 mL). Both

solutions were cooled to -30℃. In a precooled Schlenk flask was added the solution of

4 followed by dropwise addition of [(p−CH3C6H4)3N](PF6). The color of the reaction

solution changed from green/brown to orange/red as addition progressed. Reaction

mixture was stirred one hour at room temperature then solvent was removed in vacuo.

The solid material was dissolved in minimum CH2Cl2 and layered with ether. After

24 hours the solution was filtered to obtain 5 as a brick-red solid. Yield 37%, EAS:

(MeCN): λmax (ε (M–1cm–1)): 267, 405, 495nm.

17



Table 1: X-ray crystallography data
Bonds/Angles 4 4
Co(1)-S(1) 2.2744(7) MW 573.45
Co(1)-N(1) 2.068(2) T (K) 130(2) K
Co(1)-N(2) 2.179(2) unit cell Monoclinic
Co(1)-N(3) 2.134(4) a (Å) 10.9469(2)
Co(1)-N(4) 2.118(3) b (Å) 18.7705(4)
S(1)-Co(1)-N(1) 84.73(8) c (Å) 16.1331(3)
S(1)-Co(1)-N(2) 157.86(8) α (◦) 90
S(1)-Co(1)-N(3) 102.96(8) β (◦) 132.911(2)
S(1)-Co(1)-N(4) 122.67(8) γ (◦) 90
N(1)-Co(1)-N(2) 78.6(1) V (Å3) 2428.02(10)
N(1)-Co(1)-N(3) 124.2(1) Z 4

N(1)-Co(1)-N(4) 113.5(1) dcalcd 1.569 Mg/m3̂
N(2)-Co(1)-N(3) 75.4(1) space group P21/c
N(2)-Co(1)-N(4) 77.8(1) R1 0.0530
N(3)-Co(1)-N(4) 107.9(1) wR2 0.1243

GOF 1.078
Select bond lengths and angles Crystal data, intensity collections

and structure refinement parameters

Figure 7: ORTEP diagram of [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 with hydrogen
atoms, counterion and solvents of crystallization omitted (50% prob. ellipsoids)
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2.3 Synthesis and Characterization

[Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 forms forest green needles in the solid state and

is green/brown in solution with λmax at 263 (8900), 378 (2200) (Figure 8). 4 was not

observed to react with or decay upon exposure to O2 in solution or in the solid state. 4

did not show affinity for binding anions in solution, shown by the lack of EAS spectral

changes upon the addition of OAc– or N–
3 in excess.

The EPR spectrum has g-values at g1 = 6.84 and g2 = 2.16, consistent with a

high-spin (S = 3/2) Co(II) system.9 The cyclic voltamagram of 4 in MeCN and CH2Cl2

show a single reversible wave with E(1/2) (Co(II/III)) = +473 mV and +628 mV vs. SCE

respectively (Figures 9 and 10). The shift of nearly 150 mV is presumed to be a result

of the polarity of the solvent as addition of MeCN to a CH2Cl2 solution shows no new

waves in the CV to indicate a separate coordinated species.

Figure 8: Electronic absorption spectra of [Co(II)(SMe2N4(6-Me-DPEN))](PF6) in
MeCN 4

Structural Characterization

A crystal suitable for X-ray diffractometry was obtained from an MeCN solution layered

with Et2O. Selected bond lengths and angles for 4 are listed in Table (2.2). The bond

lengths for 4 are similar to those observed for the 3.1 Each bond to the Co(II) metal is

shorter by 0.03-0.07 angstroms, as would be expected for the smaller metal ion.
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Figure 9: Cyclic Voltamagram of [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 in MeCN.
0.1M Ag/AgNO3

Figure 10: Cyclic Voltamagram of [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 in
CH2Cl2. 0.1M Ag/AgNO3
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Figure 11: [Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 + O–
2 in MeCN at -40℃

Formation of 6: Reactivity of 4 with O–
2 and peroxides

Addition of 1 eq of O–
2, from KO2 solubilized in THF by 18-crown-6, to an MeCN so-

lution of 4 at -40℃ showed varied reactivity dependent on solvent conditions. When

4 was reacted with O–
2 at -40℃ in MeCN no reaction was observed unless a proton

donor (350eq MeOH) was present in situ. When MeOH was present addition of O–
2

resulted in the formation of a species with a new absorption in the EAS spectrum at

λmax = 297 nm over the course of 15 minutes, species 6 (Figure 11). The product was

stable at low temperatures but the EAS spectra bleach upon warming to room tempera-

ture. ESI-MS analysis of the reaction solution showed a peak at M + 16, indicating the

incorporation of an oxygen atom, but no evidence of the half-mass of [(Co(III)(SMe2N4(6-

Me-DPEN)))2O]2+ was observed.

Addition of H2O2(aq) 30% dissolved in MeCN 1:2, tert-butylhydroperoxide (t-

BuOOH) or cumene hydroperoxide to a solution of 4 in MeCN at -40℃ resulted in an

EAS spectrum similar to 6 with an absorption at λ = 297 nm.
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Figure 12: [Co(III)(SMe2N4(6-Me-DPEN))](PF6)2 5 in CH2Cl2

[Co(III)(SMe2N4(6-Me-DPEN))](PF6)2

The oxidized compound [Co(III)(SMe2N4(6-Me-DPEN))](PF6)2 5 was synthesized by the

one electron oxidation of 4 in CH2Cl2. Use of the strong oxidant tri(p-tolyl)aminium

hexafluorphosphate [(p−CH3C6H4)3N](PF6) was necessary due to the fairly positive

potential of 4 at 628 mV in CH2Cl2. Stepwise addition of oxidant to a solution of 4 in

the dipprobe showed the growth of new peaks by EAS at 405 and 495 nm (Figure 12).

This same spectrum was observed for the brick-red solid obtained from bulk synthesis

of 5.

In contrast to 4 the anions OAc– and N–
3 were observed to react with 5 in solution.

Upon addition of either anion the absorbances at 405 and 495 nm disappear and a new

band at 325 nm is observed (Figure 13). To a solution of 5 in MeCN at -40℃ was added

O–
2 but no reaction was observed to occur regardless of whether a proton donor was

present. However when peroxides were added to a solution of 5 the growth of a band in

the EAS spectrum as 297nm was observed. This product appeared by EAS and ESI-MS

methods to be the same as 6.
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Figure 13: [Co(III)(SMe2N4(6-Me-DPEN))](PF6)2 5 + NBu4OAc in CH2Cl2

To a solution of 4 in deuterated MeCN in a J-Young tube was added aliquots of

cumene hydroperoxide. Products of reaction were monitored by NMR. After addition of

1 eq cumene hydroperoxide both acetophenone and cumenol were observed in a nearly

equal proportion (Figure 14). With continued additions of cumene hydroperoxide it was

observed that 3 eq were required before unreacted cumene hydroperoxide was observed

by NMR. After 3 eq were added the integration ratio of acetophenone to cumenol was

observed to be 1:2.
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2.4 Discussion

[Co(II)(SMe2N4(6-Me-DPEN))](PF6) 4 was synthesized with the intent of creating a

cobalt analogue of [Fe(II)(SMe2N4(6-Me-DPEN))]+ 3 in the hopes of exploiting the po-

tentially enhanced stability of cobalt towards peroxo intermediates. A comparison of

the cobalt and iron analogues’ spectroscopic and electronic properties shows significant

similarities. Both complexes had simple EAS spectra, primarily containing higher en-

ergy absorptions around 300 nm. The CV in MeCN for the iron complex showed that

the redox potential was more negative than for the cobalt by only 66 mV. This difference

is smaller than the effect solvent was observed to cause upon the redox potential of 4.

Comparison of the crystal structures of both materials reveal that the structures are

geometrically similar. The τ value gives a measure of the complex’s structure relative

to the trigonal bipyramidal (τ = 1.0) or the square pyramidal (τ = 0.0) coordination

geometries. In the case of 4 τ = 0.56 while the iron analogue, 3, has τ = 0.59. Both

complexes are distorted roughly halfway between the two optimum geometries, slightly

favoring trigonal bipyramidal. The bond lengths of each complex are similar with the

cobalt complex having 0.03-0.07Å shorter bonds between the metal and ligand atoms,

which would be expected for the smaller metal ion.

Despite these similarities the two complexes showed markedly different reactivity

(vide infra). Notably 4 was not reactive to O2 either in solution or in the solid state

whereas the iron analogue reacted readily with O2 to form the oxo-bridged dimer species

[(Fe(III)(SMe2N4(6-Me-DPEN)))2O]2+. One possible reason for this change in reactivity

may be the shorter bond lengths between the ligand and metal. It has been observed for

the DPEN series that the 6-Me substituent causes significant steric hinderance with the

geminal methyls protecting the sulphur atom, as evidenced by increased bond lengths

for the M-Npy bonds observed in the crystal structures of the Fe(III) oxo-bridged dimers.1

If O2 were to coordinate and oxidize the Co(II) to Co(III) the metal ion radius would
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decrease even further causing additional steric strain upon the ligand. O2 may not be a

sufficiently powerful oxidant to overcome the ligand steric effects.

To investigate the ability of 4 to form stabilized peroxo species, akin to those

proposed to be the intermediates of the iron analogue, 4 was reacted in solution with

O–
2 both in the presence and the absence of the proton donor MeOH. In MeCN, when a

proton donor was present in solution, 4 was observed to react with O–
2 over the course

of 15 minutes to form 6. Complex 6 was characterized by the formation of an EAS

absorption at 297nm (Figure 11). ESI-MS of 6 solutions showed no indication of a

[(Co(III)(SMe2N4(6-Me-DPEN)))2O]2+ oxo-bridged dimer but did indicate the addition

of an oxygen atom to the complex with a signal at m/z = 444.

Often, in the literature, peroxo containing complexes are formed by addition of

excess hydrogen peroxide or alkylperoxide compounds10–12 rather than O–
2. When 4 was

reacted with various peroxides, H2O2, t-BuOOH and cumene hydroperoxide, the spectra

obtained were very similar to that of 6, with the 297nm band appearing as a shoulder

rather than a distinct peak. It appeared that the same species was being formed. ESI-

MS data supported this conclusion, containing the same primary peaks observed upon

reaction of 4 with O–
2.

To better characterize complex 6, cold aliquots of the reaction mixtures were sub-

jected to ESI-MS analysis. Both the 4 + O–
2 and 4 + peroxide reactions show similar sets

of m/z peaks. 428, 444 m/z are prominent and consistent in both reactions. 428 m/z

corresponds to the starting material, while 444 m/z indicates the addition of an oxygen

atom. The similar ESI-MS strongly indicates that the product of O–
2 and peroxide re-

action with 4 are the same. No peak suggesting [(Co(III)(SMe2N4(6-Me-DPEN)))2O]2+

is observed and no evidence of peroxide bound material is observed.
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To test that 6 was not simply the product of metal centered oxidation of 4 a direct

synthesis of [Co(III)SMe2N46-Me-DPen](PF6)2 5 was undertaken. [(p−CH3C6H4)3N](PF6)

had a sufficiently positive potential to achieve this transformation13,14 and was used to

perform the one electron oxidation of 4 to form 5, which was collected as a brick-red

powder. The EAS spectrum was distinctly different from that of 6, indicating that

6 was not simply oxidized 4. 5 had λmax at 405 and 495 nm in CH2Cl2 and MeCN,

was stable towards O2 and O–
2 but decomposed in solution over a few days. The EPR

spectrum was featureless, as would be expected for a d6 metal ion. Attempts to ob-

serve an NMR spectrum were unsuccessful, no diamagnetic signals were observed for

the compound. 5 reacted upon addition of anions (OAc– and N–
3) to solution and had

been formed in non-coordinating CH2Cl2 from the 5-coordinate 4. This suggests that 5

was not octahedral and remained 5-coordinate until anionic ligands were present. This

could explain the lack of diamagnetic NMR signals as a trigonal bipyramidal or square

pyramidal compound may more easily achieve higher spin states than the S = 0 ex-

pected for octahedral Co(III). Attempts to obtain an X-ray quality crystal were thus

far unsuccessful but due to the rarity of 5-coordinate Co(III)15,16 may warrant further

investigation.

In one possible reaction scenario when O–
2 is reacted with 4 the expected products

would be a peroxide and an oxidized cobalt complex. The newly formed peroxide could

continue to react with 4 or the oxidized cobalt species. Reactions of 5 with peroxides

resulted in similar spectra to those observed in the reaction of 4 with O–
2, though it was

clearly shown that 5 did not react with O–
2. This evidence suggested that the 297 nm

species, 6, was formed in a secondary reaction from the byproducts of 4 oxidation by O–
2.

4 would be oxidized to 5 by O–
2 which is reduced to a peroxide and then reacts with 5 to
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form 6. As was observed, proton donor availability would greatly enhance reactivity by

providing the hydrogen atoms necessary to stabilize the negative charge on the peroxide.

The likely reaction of 5 with hydrogen peroxide would be the oxidation of the

ligand sulphur atom. Ligand sulphur oxidation has been observed in the Kovacs lab

previously in various cases of thiolate ligated cobalt complexes.16,17 If the sulphur of

6 were oxidized it would explain the observed peak at 444 m/z in the ESI-MS which

indicated addition of an oxygen to the complex.

S=O stretches would appear in the IR spectra in the range of 1225-980 cm−1.

However IR spectra for the solutions of 6 or of solids precipitated from solution with

Et2O were not sufficiently resolved to characterize. An alternate method to probe for

the occurrence of sulphur oxidation was undertaken utilizing cumene hydroperoxide.18,19

Reaction of cumene hydroperoxide in one or two electron oxidation processes result in

different organic by-products. In one electron reactions, such as oxidizing the Co(II), the

O-O bond breaks homolytically producing a radical organic compound that converts

into the easily identifiable acetophenone. In a two electron process, such as oxygenating

a sulphur atom, the O-O bond breaks heterolytically forming cumenol. Both products

can be monitored easily by NMR.

Stepwise additions of cumene hydroperoxide to a solution of 4 in deuterated MeCN

showed that both acetophenone and cumenol were observed to grow in in roughly equal

proportions for the first full equivalent of cumene hydroperoxide added (Figure 14). As

addition was continued it was observed that 3 eq were required before the complex had

fully reacted. Beyond 3 eq unreacted cumene hydroperoxide was observed by NMR with

no further acetophenone nor cumenol formation. This suggested that both oxidation of

4 to 5 and oxidation of the sulphur atom were occurring at the same time in solution.
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As additional cumene hydroperoxide is added a second oxidation of sulphur may become

favorable leading to the final 3 eq requirement for complete reaction and the 1:2 ending

ratio of acetophenone to cumenol observed by NMR. ESI-MS analysis of the reaction

solution has not been able to clearly identify the final product from 3 eq of cumene

hydroperoxide addition.

At this time it does not appear that use of cobalt in the DPEN ligands leads to

good analogues for the reactivity of the equivalent iron complexes. It may be that steric

problems arising from the substituents on the pyridine rings interfere with reactivity and

use of cobalt in non-sterically crowded complexes may still be of use in future investiga-

tions. Comparison of structural data for 6-coordinate FeIIIDPEN compounds1 shows a

trend where modifications to the 6-position of the pyridine ring results in elongation of

the M-Npy bond by 0.2Å-0.3Å. The X-ray structures suggest that intramolecular steric

interactions with the geminal methyls protecting the thiolate contribute to the observed

elongation, destabilizing the complex in comparison to DPEN ligands with unmodified

6-positions.

In the case of 4 the CoII is a smaller metal ion than FeII to begin with, having

0.03-0.07Å shorter bonds between the metal and ligand atoms than observed for 3. In

a 6-coordinate CoIII the smaller metal ion radius would result in comparatively greater

steric interactions than the FeIII complex. The result may be that the desired oxidative

addition of O–
2 is unfavorable due to the destabilized 6-coordinate structure and instead

the observed reactivity occurs, which leads to a less sterically congested 5-coordinate

compound.
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Figure 15: Proposed stepwise reaction of Compound 4 plus first equivalent of
cumene hydroperoxide

2.5 Conclusions

In conclusion we have synthesized and characterized [Co(II)(SMe2N4(6-Me-DPEN))](PF6)

4, a cobalt analogue to the [Fe(II)(SMe2N4(6-Me-DPEN))](PF6) previously synthesized

in the Kovacs lab. 4 was electronically, spectroscopically and structurally similar to

the original iron compound however it displayed markedly different reactive properties.

No potential peroxo intermediates were observed and reactions with O–
2 and peroxides

appear to result in metal and ligand oxidation.

At this time it does not appear that use of cobalt in the DPEN ligands leads to

good analogues for the reactivity of the equivalent iron complexes. It may be that steric

problems arising from the substituents on the pyridine rings interfere with reactivity

and use of cobalt in non-sterically crowded complexes may still be of use in future

investigations.
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3 [Fe(II)(SMe2N4(6-H-DPPN))](PF6)

Temperature Dependent O2 Reaction Products and Thermodynam-

ics of Neutral Ligand Binding

3.1 Introduction

Small structural modifications to ligands, as simple as the expansion of backbone alkyl

linkers, has been shown previously to promote significant reactivity changes in known

complexes.1 Modified ligands with the expansion of the ethyl-backbone linker to a

propyl-backbone linker were synthesized for the DPEN series. This change resulted in

different geometric and reactive properties for several of the DPEN compounds as com-

pared to the ethyl version.2 The [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 was of particular

interest. 7 was the first of the DPEN series to display reversible solvent coordination as

well as solvent and temperature dependent O2 reaction products. Understanding how

the changes in the ligand environment led to such divergent behavior, as compared to

the ethyl linker compound, is a crucial part of the synthetic strategy of biomimetic chem-

istry. Studies into the properties of 7 were undertaken to expand on the understanding

of the DPEN ligand system.

While some molecules, N–
3 and CN–,3 have been shown to inhibit SOR activity

through competitive binding, the active site of SOR in the Fe(II) state appears to be

5-coordinate despite being exposed on the surface of the enzyme. Understanding how

ligand lability is controlled in an SOR-like environment could enhance understanding

of the specificity of reaction towards O–
2. Investigations into the thermodynamics of

ligand binding to 7 were undertaken for comparison in future DPEN compounds that

may share this property.
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Additionally, the reaction of 7 with O2 at low temperatures in MeOH appeared

to form an intermediate that was stable for several hours. The biological relevance of

intermediates of O2 reactivity with iron systems are of interest to modern chemistry.4

While work in the field has been able to characterize examples of many species, such

as the iron-oxo5–7 -(hydro)peroxo8–11 and -superoxo12 compounds, more examples are

needed to fill in our knowledge of such compounds and the possibility of 7 forming such

an intermediate was further investigated.
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3.2 Experimental

General Methods

All reactions were performed using standard Schlenk techniques under an atmosphere of

dinitrogen in a glove box. Reagents were obtained from commercial sources at the high-

est purity available and were used without further purifications. Acetonitrile (MeCN),

Tetrahydrofuran (THF) and Diethyl ether (Et2O) were dispensed under argon from a sol-

vent delivery system. Methanol (MeOH) was refluxed over magnesium and iodine, and

dichloromethane (CH2Cl2) was dried over CaH2. 3-Methyl-3-mercapto-2-butanone was

prepared according to a published procedure. Electron paramagnetic resonance (EPR)

spectra were obtained using a Bruker E580 CW/FT X-Band EPR Spectrometer at 4

K. Electronic absorption spectra (EAS) were recorded using either a Hewlett-Packard

8453 diode array, a Cary 50 spectrometer or a Unisoku Unispeks USP-203-A liquid ni-

trogen cooled spectrophotometer cell. Elemental analyses were performed by Atlantic

Microlab, Inc. (Norcross, GA).

Solvent-dependent (EAS) were recorded in MeCN, THF, CH2Cl2 and MeOH at

various temperatures. EAS and extinction coefficients for fully bound adducts (Figure

17) of THF and MeCN were obtained by cooling a solution of 7 in pure THF or MeCN

to 203 K or 233 K respectively. Extinction coefficients for fully MeOH bound adduct

were determined by preparation of a solution of 7 in CH2Cl2 containing 1.65 M MeOH

cooled to 193 K. Cooling of this solution below 193 K resulted in a negligible change in

extinction coefficient values.

Synthesis of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7.

3-methyl-3-mercapto-2-butanone (0.158 g, 1.3 mmol) was dissolved in MeOH (3 mL).

N,N-Bis(2-pyridylmethyl)-1,3-propanediamine (0.297 g, 1.2 mmol) ligand precursor was

dissolved in MeOH (3 mL). Both solutions were combined in a 50 mL Schlenk flask.
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Fe(OAc)2 (0.202 g, 1.2 mmol) was suspended in MeOH (3 mL). NaOMe (0.055 g, 1

mmol) was dissolved in MeOH (3 mL). All solutions were cooled to -30℃. FeII(OAc)2

suspension was added dropwise to a stirring ligand mixture over 5 min followed by

NaOMe solution added dropwise to ligand mixture over 5 min. The yellow/orange

solution was allowed to stir at room temperature for 24 hours. NaPF6 (0.199 g, 1.2

mmol) was dissolved in MeOH (3 mL) and added to solution and the reaction mixture

was stirred for 6 hours. Solvent was removed by vacuum and the residue was dissolved

in MeCN (5 mL)and stirred for 1 hour. The Solution was filtered over a sintered glass

frit to remove insolubles. Solvent was removed by vacuum and residue was redissolved in

minimum MeCN (2 mL), layered with Et2O (10 mL) and cooled to -30℃. Orange/brown

crystalline solids were collected by filtration after 2 days, rinsed with Et2O and dissolved

in minimum THF (2 mL), layered with Et2O (10 mL) and cooled to -30℃. Orange solids

were collected by filtration after 2 days. Solids were triturated with Et2O multiple

times until a yellow color persisted, affording 0.260 g of powdered [Fe(II)(SMe2N4(6-H-

DPPN))](PF6). Yield: 40%. Yellow X-ray quality crystals were grown by vapor diffusion

of Et2O to a saturated solution of 7 in THF. Electronic Absorption Spectrum (CH2Cl2,

-70℃) λmax (ε (M–1cm–1)) 341 (1900), 390 (sh) nm; (MeOH, -70℃) λmax (ε (M–1cm–1))

302 (2000), 446 (1900) nm; (MeCN, -40℃) λmax (ε (M–1cm–1)) 321 (1600), 444 (920)

nm; (THF, -70℃) λmax (ε (M–1cm–1)) 320 (2600), 464 (2800) nm. Magnetic moment

µeff = 5.2 (MeCN, 298 K, Evans method). Anal. Calcd for C20H27F6N4P1S1Fe1: C,

43.18; H, 4.89; N, 10.07. Found: C, 39.32; H, 4.37; N, 8.97.
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X-ray crystallography

Bonds (Å) / Angles 7 7
Fe(1)-S(1) 2.3186(10) MW 556.35
Fe(1)-N(1) 2.077(3) T (K) 130(2) K
Fe(1)-N(2) 2.299(3) unit cell Orthorombic
Fe(1)-N(3) 2.092(3) a (Å) 13.8216(14)
Fe(1)-N(4) 2.094(3) b (Å) 12.5289(5)
S(1)-Fe(1)-N(1) 84.00(8) c (Å) 26.989(2)
S(1)-Fe(1)-N(2) 174.86(8) α (◦) 90
S(1)-Fe(1)-N(3) 106.18(9) β (◦) 90
S(1)-Fe(1)-N(4) 105.73(8) γ (◦) 90
N(1)-Fe(1)-N(2) 90.96(11) V (Å3) 4673.7)6)
N(1)-Fe(1)-N(3) 114.29(12) Z 8

N(1)-Fe(1)-N(4) 126.22(12) dcalcd 1.581 Mg/m3̂
N(2)-Fe(1)-N(3) 76.79(11) space group P b c a
N(2)-Fe(1)-N(4) 76.49(11) R1 0.0565
N(3)-Fe(1)-N(4) 113.12(12) wR2 0.1055

GOF 0.923
Select bond lengths and angles Crystal data, intensity collections

and structure refinement parameters
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3.3 Synthesis and Characterization

Solvent-dependent Electronic absorption spectra (EAS) were recorded in MeCN, THF,

CH2Cl2 and MeOH at various temperatures.

Figure 17: EAS of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 in THF (Blue), MeCN
(Red), MeOH (Green) and CH2Cl2 (Purple)

Thermodynamics of neutral ligand binding

Neutral ligands were found to bind reversibly to 7 and result in changes in the electronic

absorption spectra (Figure 19, 20 and 21). Equilibrium constants (Keq) for the binding

of neutral ligands to 7 were determined by monitoring electronic absorption spectra

of known concentrations of 7 and neutral solvent ligand in CH2Cl2. Keq values were

calculated for each neutral ligand by standard methods1 over the temperature range of

193 - 303 K. Concentrations for all low temperature measurements were corrected for

changes in volume of CH2Cl2. To an aliquot of a standard solution of 7 in CH2Cl2 was

placed an appropriate quantity of neutral ligand to result in final concentrations of 7
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Keq =
[LX]

([L]0 − [LX])([X]0 − [LX])
(1)

ln(Keq) =
∆H

RT
+

∆S

R
(2)

Figure 18: Van’t Hoff Expression

(0.68 mM), MeCN (0.957 M), THF (0.616 M), or MeOH (0.165 M).

Keq is related to ∆H and ∆S through the Van’t Hoff equation (Figure 18 equation

2). Use of a Van’t Hoff plot (Figure 22, 23, 24), ln(Keq) vs 1/T, yields a linear graph

with a slope of -∆H/R and an intercept equal to ∆S/R where R is the gas constant.

The parameters calculated for THF (∆H = -3.14 ± 0.03 kcal/mol, ∆S = -14.5 ± 0.1

cal/mol • K) and MeCN (∆H = -3.2 ± 0.15 kcal/mol, ∆S = -16.4 ± 2 cal/mol • K)

are similar, however the parameters for MeOH are relatively larger (∆H = -6.7 ± 0.5

kcal/mol, ∆S = -25 ± 2 cal/mol • K) indicating a more favorable binding.
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Figure 22: Van’t Hoff plot of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 + MeCN

Figure 23: Van’t Hoff plot of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 + MeOH

Figure 24: Van’t Hoff plot of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 + THF
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O–
2 and O2 Reactivity

The reactivity of 7 with KO2 was investigated by Electronic Absorption Spectroscopy

(EAS) on a dipprobe instrument. Regardless of solvent, temperature or proton donor,

the reactivity observed remained consistent with the growth of a band in the EAS

at 512 nm. This species had been previously shown2 to be the µ-oxo dimer product

[(Fe(III)(SMe2N4(6-H-DPPN)))2O](PF6)2 8.

5-coordinate 7 was observed to be highly reactive to O2. O2 levels above 2ppm

would result in slow conversion of the solid material to 8. Extreme care was necessary to

ensure air-free conditions of all equipment and testing apparatus. When 7 was exposed

to O2 in MeCN, THF, CH2Cl2 and MeOH at room temp 8 was observed in quantitative

yield. Similar results were observed at low temperature in each solvent, except for

MeOH. When a solution of DPPN in MeOH at -78℃ was exposed to O2 immediate

formation of 8 was not observed.

Over the course of 25 min the growth of a band in the EAS at 532 nm was

observed (Figure 25). This product (Intermediate A) did not decay into 8 and was

reasonably stable to warming, decaying over several hours at room temperature. Initially

Intermediate A was thought to be a product of O2 inner-sphere reactivity, however,

subsequent investigations showed that addition of the one electron oxidant ferricinium

hexafluorophosphate ([FeCp2](PF6)) to a MeOH solution of 7 at room temperature

resulted in an EAS spectrum identical to Intermediate A (Figure 26). Identical EPR

spectra (X-band, 4 K) were obtained from preparation of Intermediate A from O2 (Figure

27) in MeOH or from chemical oxidation with [FeCp2](PF6) (Figure 28). The rhombic

EPR spectra (g1 = 2.24, g2 = 2.17, g3 = 1.98) are consistent with a low-spin Fe(III)

product.
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Figure 25: A solution of [Fe(II)(SMe2N4(6-H-DPPN))](PF6) 7 in MeOH at -78℃ ex-
posed to O2

Figure 26: Titration of (FeCp2)(PF6) to a MeOH solution of [Fe(II)(SMe2N4(6-H-
DPPN))](PF6) 7 at room temperature.
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Figure 27: EPR spectrum of Intermediate A formed via O2 addition

Figure 28: EPR spectrum of Intermediate A formed via [FeCp2](PF6)oxidation
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3.4 Discussion

The original crystal structure obtained for 7 was that of the 6-coordinate [Fe(II)(SMe2N4(6-

H-DPPN)(MeOH))](PF6) compound.2 The EAS spectra was shown to be solvent de-

pendent suggesting 7 was dissociating the 6th ligand in solution. This hypothesis was

validated when attempts to isolate the 5-coordinate complex for further study and char-

acterization were successful (Figure 16).

The crystal structure of 7 (Figure 16) shows the complex to have a τ value of

τ=0.82, making it nearly trigonal bipyramidal. In contrast the majority of the ethyl

linker DPEN series have values of between τ = 0.54 and 0.6, placing them midway be-

tween trigonal-bipyramidal and square pyramidal. The lengthened backbone linker of 7

allows for a greater degree of flexibility of the ligand, enabling an optimized geometry

around the metal center.

7 was the first DPEN complex to exhibit reversible binding of neutral solvent

ligands. This may be the result of the increased ligand flexibility, reducing the energy

of rearrangement, as compared to the ethyl linker DPEN series. Obtaining parameters

relevant to the binding of neutral ligands to 7 would provide a baseline for comparison

to future DPEN ligands in development. To this end the thermodynamics of binding

for the three solvents commonly used to study 7 were investigated as described (vida

supra). Keq, ∆S and ∆H values were obtained for MeCN, THF and MeOH binding.

MeOH shows a greater ∆H and ∆S than either THF or MeCN. The greater ∆S of

MeOH may be explained by possible H-bonding to the thiolate resulting in a more or-

dered 6-coordinate complex. What is not readily apparent is why THF and MeCN have

similar ∆S and ∆H values as MeCN would be expected to be a better ligand than THF.

Comparison to future complexes may be required to more fully understand the binding

properties of 7.
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The binding properties observed for 7 may explain the curious O2 reactivity ob-

served. In reactivity similar to the rest of the DPEN series, 7 forms 8 readily upon

exposure to O2 at room temperature in MeCN, THF, MeOH and CH2Cl2. At low tem-

peratures, in MeCN, THF or CH2Cl2, 8 is also observed to form with no observable

intermediate. However, when a solution of 7 in MeOH at -78℃ is exposed to O2 8 is

not formed. Rather [Fe(III)(SMe2N4(6-H-DPPN)(MeOH))]2+ is observed to form. This

has been confirmed by direct oxidation of 7 in MeOH by [FeCp2](PF6). The resulting

products give the same EAS and EPR signals, strongly supporting that addition of O2

is resulting in the oxidation of 7 in solution at low temperature. The tighter binding of

MeOH may explain the divergent reactivity observed with O2 compared to the less favor-

ably bound ligands. At -78℃ in MeOH coordinative saturation may reduce the availabil-

ity of 5-coordinate product necessary to undergo the inner-sphere reaction to produce

compound 8. Commonly µ-oxo bridged dimers require that 5-coordinate material must

first react with O2 to form an FeIII-superoxo, then react with another 5-coordinate com-

plex to form FeIII-O-O-FeIII, followed by homolytic O-O bond cleavage to form FeIV=O

which can react with another 5-coordinate complex to form 8. If 5-coordinate complex

concentration is significantly reduced due to forming the 6-coordinate complex then the

monomeric FeIII-superoxo may persist long enough to undergo alternate reactivity, such

as accepting a proton and acting as an oxidant to 6-coordinate material to yield FeIII-

OOH and FeIII-MeOH. Protonation of the proximal oxygen would then release H2O2

followed by coordination of MeOH to the 5-coordinate FeIII to form the observed MeOH

bound product. In the aprotic solvents no sidereactions of this type could occur and the

FeIII-superoxo could persist long enough react with another 5-coordinate complex.
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3.5 Conclusion

We have isolated and structurally characterized the first DPEN complex that has shown

reversible coordination of solvent. Thermodynamic data of ligand coordination was

obtained for MeCN, THF and MeOH as a reference to compare future DPEN complexes

that exhibit similar coordination behavior, which show that MeOH binds tighter than

MeCN or THF. Additionally we have shown that the reaction product of 7 formed upon

addition of O2 in MeOH at -78℃ is identical to the chemically oxidized product. We

have yet to identify the product formed by O2 through this oxidation reaction.
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4 [Fe(II)(SMe2N4(2-QuinoEN))](PF6)

Investigations into an intermediate of KO2 reactivity

4.1 Introduction

Figure 29: [Fe(II)(SMe2N4(2-QuinoEN))]+

[Fe(II)(SMe2N4(2-QuinoEN))]+ (9) (Figure 29) was synthesized previously in the

Kovacs lab1 as part of the first series of DPEN ligands, and had displayed reactiv-

ity with O–
2 in MeOH at -78℃. Further investigations (vida infra) showed that the

observed product was in fact the Fe(III) oxo-bridged dimer species [(Fe(III)(SMe2N4(2-

QuinoEN)))2-µ-O]2+ (10), which formed with no observable intermediate. However,

during recent investigations it was discovered that at -40℃ in MeCN, with t-BuOH (300

eq) present as a proton donor, an intermediate species, (11), of reaction with O–
2 was

observed to form and subsequently convert to 10. It was proposed that the observed

intermediate was a transient peroxo/hydroperoxo species.

The recent discovery of the crystal structure for the η:1:η:1 peroxo-bridged dimer

[(Mn(III)(SMe2N4(6-Me-DPEN))2-µ-O2)]
2+ and the low resolution structure of the analo-

gous [(Mn(III)(SMe2N4(2-QuinoEN))2-µ-O2)]
2+ complex (unpublished results) show that

the DPEN ligand system is indeed capable of supporting metal-peroxo species. While
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the manganese DPEN compounds were observed to form stable peroxo complexes at

low temperatures 11 was only transiently stable and decayed even at low temperature

to 10. Investigations into the nature and properties of 11 were undertaken and are

outlined below.
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4.2 Reactivity

General Methods

All reactions were performed using standard Schlenk techniques under an atmosphere of

dinitrogen in a glove box. Reagents were obtained from commercial sources at the high-

est purity available and were used without further purifications. Acetonitrile (MeCN)

and diethyl ether (Et2O) were dispensed under argon from a solvent delivery system.

Methanol (MeOH) was refluxed over magnesium and iodine. Propionitrile (EtCN) and

dichloromethane (CH2Cl2) were dried over CaH2. 3-Methyl-3-mercapto-2-butanone was

prepared according to a published procedure. Electron paramagnetic resonance (EPR)

spectra were obtained using a Bruker E580 CW/FT X-Band EPR Spectrometer at 4

K. Electronic absorption spectra (EAS) were recorded using either a Hewlett-Packard

8453 diode array, a Cary 50 spectrometer. Standard reactions for formation of 11 were

maintained for comparison between all reagents. Solutions of 9 (0.4 mM) (5 mL) were

injected into a custom glass adapter dip probe cell attached to a Cary 50 spectrometer

and cooled to -40℃ in a dry ice/MeCN bath. tert-BuOH (60 µL) (300 eq) was added

to the solution of 9. 100 µL of KO2 (0.02 M) (1 eq) (solubilized by 18-crown-6 in THF)

solution was added to the solution of 9 and the electronic absorption spectrum acquired

once per minute at a scan rate of 600 nm/min.

O2 Reactivity Review: Formation of 10.

9 was characterized by UV/Vis absorbance features at λmax(ε)= 479 nm (620)

and 377 nm (740) in MeCN. Upon exposure of an MeCN solution of 9 to O2 a rapid

conversion of the EAS spectrum characterized by the growth of an absorption band at

566 nm (2700) is observed. This transformation proceeds regardless of the solvent or

the temperature of the reaction. This species has been characterized as 10 by x-ray

crystallography, as previously reported.1 To date no intermediates have been detected
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along the reaction path from starting material to 10 in the reaction with O2.

O–
2 reactivity. Formation of Intermediate 11

At low temperatures upon addition of O–
2 (from KO2 solubilized with 18-crown-6

in THF) to a solution of 9 in MeOH or MeCN the formation of 10 is observed by EAS

with no indication of an intermediate. The amount of 10 formed by this reaction is

only half that obtained when formed by O2, as evidenced by the intensity of 566 nm

absorbance in the EAS spectrum. In the case of EtCN, CH2Cl2 or THF being used as

the reaction solvent the formation of 10 is very slow or is not observed over the course

of several hours.

If a solution of 9 in MeCN at -40℃ was spiked with the proton donor t−BuOH

(300eq) and then reacted with O–
2 what was observed was the initial formation of a band

at 544 nm which cleanly converts to a new species with a 566nm band over the course of

50 min. The isosbestic conversion strongly indicated the formation of an intermediate

prior to formation of 10. The amount of 10 formed by this reaction is only half that

obtained when formed by O2, as evidenced by the intensity of the 566 nm absorbance

in the EAS spectrum.

544 nm Intermediate 11: EPR, rR and FT-IR characterization

Species 11 was formed in MeCN at -40℃ in an N2 atmosphere glove box. The

solution was diluted 1:1 with pre-cooled toluene and frozen in an EPR tube in liquid N2.

Attempts to observe species 11 by EPR obtained a weak, broad signal with a value of

geff = 2.16. To obtain resonance Raman samples 11 was formed in MeCN at -40℃ in

an N2 atmosphere glove box and EPR tubes of the solution were frozen in liquid N2.

Both 16O and 18O samples were prepared from appropriately labelled KO2 samples.

Samples of 10 from both 16O2 and 18O2 were also prepared. All samples were observed
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by rR with an excitation wavelength of 514 nm. Comparison of the isotopically labeled

samples did not reveal any observable isotopically sensitive signals.

To obtain IR spectra, 11 was formed in MeCN at -40℃ in an N2 atmosphere glove

box. Cold Et2O was added to precipitate solids out of solution rapidly. The solution

was filtered to collect the solids. Cold nujol mulls of the isolated intermediate were

prepared and placed between KBr salt plates. IR spectra of 11 derived from K16O2

and K18O2, as well as spectra of 9 and 10, were obtained and compared. No isotope

sensitive stretches were observed.

Reactivity of 11 with select reagents

Attempts were made to react 11 with a variety of substrates to better characterize

the compound.

To a solution of 11, in MeCN at -40℃, was added tetracyanoethylene (TCNE)

(2 eq) dissolved in MeCN. Upon addition of TCNE to the solution 11 was observed to

convert to 10 over the course of 3 minutes. Peaks corresponding to reduced product

TCNE− were also observed in the EAS.2 ESI-MS and GC-MS analysis of the reaction

solution did not reveal any epoxide or glycol type products of reaction.

To a solution of 11, in MeCN at -40℃, was added PPh3 (20 eq) dissolved in

MeCN. No effect upon the conversion to 10 was observed as compared to the control

reaction. ESI-MS did not show an observable triphenylphosphineoxide peak.

To a solution of 11, in MeCN at -40℃, was added 2,4,6-tritertbutylphenol (10

eq) dissolved in MeCN. No effect upon the conversion to 10 was observed as compared

to the control reaction. EPR analysis of the reaction solution did not reveal any signal

supporting an organic radical species expected from hydrogen atom abstraction.

To a solution of 11, in MeCN at -40℃, was added 2,4-ditertbutylphenol (10 eq)

dissolved in MeCN. No effect upon the conversion to 10 was observed as compared to
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the control reaction. ESI-MS did not show indications of the organic dimer product

expected to form upon hydrogen atom abstraction.

To a solution of 11, in MeCN at -40℃, was added 9,10-dihydroanthracene (10 eq)

dissolved in MeCN. No effect upon the conversion to 10 was observed as compared to

the control reaction.

Intermediate 11 was formed as normal in a -40℃ solution of MeCN, which had

previously been rigorously dried over CaH2, and t-BuOH dried over 4Å molecular sieves.

This solvent was then spiked with H2
18O (1.2 mM) prior to reaction. Isosbestic conver-

sion from 11 to 10 was observed to occur in the same fashion as the control reaction.

ESI-MS analysis of the reaction solution did not indicated that any 18O incorporation

into 10 had occurred.

To a solution of 11, in MeCN at -40℃, was added [Fe(II)(SMe2N4)(tren)]+ (1)

dissolved in MeCN. Both 10 and [Fe(III)(SMe2N4)(tren)(OOH)]+ were observed by EAS

to form as the reaction progressed. Upon ESI-MS analysis the only 9 derived species

detected was 10. No heterobimetalic oxo-bridged dimer complex was observed.

To a solution of 11, in MeCN at -40℃, was added [Mn(II)(SMe2N4)(6-Me-DPEN)]+

(12) dissolved in MeCN. No effect upon the conversion to 10 was observed as compared

to the control reaction. Upon ESI-MS analysis the only 9 derived species detected was

10. No heterobimetalic mixed oxo-bridged dimer complex was observed.

To a solution of 9 in EtCN, with t-BuOH (300 eq) present in situ, at -78℃ was

added O–
2. Over the course of several hours no discernible reaction was observed.

To a solution of 9 in EtCN at -40℃ was added O–
2. Over the course of an hour

no discernible reaction was observed. If a proton donor, MeOH or t-BuOH, is added

to solution then the gradual formation of 10 is observed. In the case of MeOH full

formation of 10, equivalent to that observed by O2, results in 5 min. In the case of

t-BuOH full formation of 10, equivalent to that observed by O2, results in 2 hours. No

57



intermediate species was observed during these conversions.

The amount of 10 formed was observed to differ depending on the nature of the

dioxygen species added. O2, KO2 and H2O2 each have a different ratio of reagent to

formation of 10. When a solution of 9 was reacted with excess O2 in MeCN, at room

temperature or -40℃, full formation of 10 was observed, as evidenced by the known

molar absorptivity of 10.1

When a solution of 9 was reacted at -40℃ with O–
2 (1 eq) in MeCN with t-BuOH

(300 eq) present in situ it was observed to react in a 1:1 fashion but only produce 50%

of the possible 10. Excess O–
2 or exposure to O2 did not increase the yield of 10. If only

half an equivalent of O–
2 was added to solution 25% of the possible 10 was observed to

form. Upon exposure to O2 the amount of 10 increased to 75% of the possible yield,

indicating only half of 9 had reacted with half an equivalent of O–
2.

When a solution of 9 was reacted in MeCN at -40℃ with urea hydrogen peroxide

it was observed that 2 eq were required to fully react with starting material and only

produced 50% of the possible 10. Exposure of this product to O2 did not result in an

increase of 10.

Attempts at characterization of 11 by spectroscopic and reactivity properties

have to-date not yielded suitable evidence to confirm the proposition that 11 is a per-

oxo/hydroperoxo intermediate. Discussion of work-to-date is provided below.
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4.3 Discussion

The thiolate containing, non-heme iron complex [Fe(II)(SMe2N4(2-QuinoEN))]+ 9 has

been found to react with O–
2 to form µ-oxo dimer 10 at ambient temperatures. When

this reaction is performed at -40℃ in MeCN, with t-BuOH (300 eq) present as a proton

donor, an intermediate, 11, is observed, characterized by an absorption band with a

λmax of 544 nm. This species converts to 10 over the course of 50 min (Figure 30) with

an isosbestic point maintained during the conversion. When this reaction is attempted

with alternate proton donors, such as MeOH, the 544 nm species is not clearly formed

and there is no isosbestic conversion to 10. In each of these cases the yield of 10 is only

50% of what would be expected for full conversion of starting material.

The possibility that 11 was a peroxo/hydroperoxo species was investigated. At-

tempts to characterize 11 via spectroscopic methods have been undertaken. The EPR

spectra of 11 showed a weak, broad signal centred at geff = 2.16 (Figure 31), however,

this signal was too weak to be clearly identified as the species 11. Attempts to form

[Fe(III)(SMe2N4(2-QuinoEN))]2+ for comparison by one electron chemical oxidation were

unsuccessful due to the instability of the Fe(III) species in solution.1

Lacking a strong and clear EPR signal, spectroscopic observation of 11 was un-

dertaken by resonance Raman spectroscopy, in collaboration with the Spiro group, with

the assistance of Dr. Mohammed Ibrahim. For an S = 1/2 system the ν(Fe-O) stretch

for a peroxo/hydroperoxo would be expected to fall in the range of 600-700 cm−1 and

the ν(O-O) would be in the 700-800 cm-1 range.3,4 In the S = 5/2 state these val-

ues shift and expand to ν(Fe-O) between 400-650 cm-1 and ν(O-O) between 800-900

cm-1. Intermediate 11, formed from both 16O and 18O isotopically labeled reagents,

was investigated (Figure 32). The closest available excitation at 514 nm was used and

the rR spectra analyzed, however, no isotopically-sensitive peaks were observed. It is

possible that the 514 nm excitation wavelength used may be too far from the interme-
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Figure 31: EPR spectrum of 11 in MeCN/Toluene glass

diate absorption maximum but a more closely targeted laser was unavailable during our

enquiry.

Since rR spectroscopy was unsuccessful in observing isotopically-sensitive features,

measurements of the ν(Fe-O) and ν(O-O) were attempted by IR spectroscopy. Towards

this goal 11 was precipitated from solution with cold Et2O and the solids were collected.

Kept cool with dry ice, the solids were prepared in a nujol mull and placed between KBr

salt plates. Comparison of 9, 10 and 11 indicate that 11 is a separate species with

unique stretches at 882, 822 and 749 cm−1 and is clearly not a mixture of 9 and 10

(Figure 33).

Comparison of the IR spectra of 11 derived from 16O–
2 and 18O–

2 did not provide

spectroscopic evidence of an iron peroxo/hydroperoxo species. While stretches in the IR

spectra fall within the expected range of an νO-O they did not shift with isotopically

labelled KO2. The broad signals in the region of interest, as well as the difficulty of

removing the noise from the nujol mull, may have resulted in any spectral changes being

unobserved by IR spectroscopy.

Attempts at characterizing 11 by EPR, rR and IR spectroscopy were unsuccessful
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Figure 34: Proposed heterolytic O-O bond cleavage pathway for monomeric
FeOOH decay

is determining the identity of the intermediate and alternative methods of investigation

were undertaken. Attempts to characterize 11 via the reactivity of various reagents

in situ were undertaken. Several possible pathways for formation of 10 via a per-

oxo/hydroperoxo intermediate were considered. Both side-on and end-on peroxo species

were a possibility, most likely being electrophilic or nucleophilic respectively. The pos-

sibility that a mixed valent Fe(II)−O−O−Fe(III) was being formed in solution was also

considered.

In the monomeric cases a side-on peroxo species would be converted to an end-on

hydroperoxo by protonation. From this point, whether the intermediate species started

side-on or end-on, reactivity would follow the same path. Further protonation of the

distal oxygen followed by heterolytic cleavage of the O-O bond would result in the

formation of water and an Fe(IV)=O species with a thiyl radical (Figure 34). In the case

of the mixed valent Fe(II)-O-O-Fe(III) dimer homolytic and heterolytic cleavage of the

O-O bond would result in the same products, an Fe(III)-O− and an Fe(IV)=O species.

The reactivity of Fe(IV)=O species has been well documented for both heme and

non-heme compounds.5–7 Both heme and non-heme Fe=O species can perform similar

oxidation reactions upon a wide variety of substrates5,6 (Figure 35). These include, but

are not limited to, phosphines, olefins, aromatic compounds and alkanes. In catalytic

reactions the non-heme species tend to follow an Fe(II)/Fe(IV)=O reaction that results
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Figure 35: Comparison of reactions of heme and non-heme iron-oxo systems and
possible reactivity for 9.

in the reformation of the starting Fe(II) material after oxidizing substrate. In the case of

heme compounds an Fe(III)/[Fe(IV)−−O L+] reaction is invoked where the heme-porphyrin

ligand is oxidized by one electron. After oxidation of substrate the Fe(III) is reformed to

complete the cycle. In the case of 9 the O–
2 would oxidize the Fe(II) to Fe(III) before the

heterolytic O-O bond cleavage step, resulting in a formally Fe(III)/Fe(V) couple. While

this would not be expected for most other non-heme compounds it is a reasonable pos-

sibility in the case of 9 as the thiyl could fill the role as the oxidized radical ligand.8

If 11 were to follow similar heme type reactivity the next step after Fe(IV)=O

thiyl radical cation formation would be hydrogen atom abstraction to most likely form

Fe(IV)-OH. This then could follow several paths, such as oxygen rebound or electrophilic

aromatic substitution to hydroxylate another species in solution. The result would be

reduction and conversion to an Fe(III) thiolate species. The Fe(III) could then condense

with water in solution to form the observed 10 species.

For this type of reactivity to be occurring a source of hydrogen atoms is required

65



to be present in solution. Often solvent molecules may play this role but experiments

involving the intermediate species took place in acetonitrile, which have C-H bonds that

are likely stronger than those of the ligand of complex 9.9 It is perhaps more likely

that the required hydrogen abstractions come from the ligand of a species derived from

complex 9. Both alkane and aromatic bonds are present in the 9 derived complexes,

providing suitable targets for the proposed hydrogen atom abstraction pathways. The

result of this would be that for each abstraction there would be a sacrificial equivalent

of complex, resulting in less than 100% conversion of the initial complex 9 to 10.

The expected formation of 10 can be found for each of the proposed pathways. For end-

on peroxos the hydrogen atom abstraction pathway would result in only a 50% maximum

formation of 10, provided each sacrificial equivalent was abstracted from only once. In

the case of a mixed valent pathway a 75% maximum yield of 10 could be expected. In

comparison, the formation of 10 by O2 would be expected to result in 100% conversion

of complex 9.

Metal-peroxo species are known to act as oxidants10,11 and a selection of sub-

strates have been added to solutions of 11 to test for this type of reactivity. An elec-

trophilic peroxo would be expected to react with triphenylphosphine (PPh3) to form

triphenylphosphineoxide OPPh3. Upon addition of PPh3, (20 eq) in MeCN, to a solu-

tion of the intermediate 11, in MeCN at -40℃, no reaction was observed to take place.

The intermediate decayed to 10 in the same fashion and in the same time frame as

when no substrate was present. ESI-MS analysis of the reaction mixture observed a

peak corresponding to PPh3 but not to OPPh3.

A nucleophilic peroxo species would be expected to react with malononitrile and

tetracyanoethylene to form epoxide or glycol type products, or with 2-phenylpropanal

via deformylation. Addition of an excess of 2-phenylpropanal or malononitrile, in MeCN,

to a solution of 11, in MeCN at -40℃, resulted in no observable reaction. Upon addition
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of the very electron deficient olefin tetracyanoethylene (TCNE), (2 eq) in MeCN, to a

solution of 11, it was observed that the conversion to 10 proceeded to completion in less

than three minutes, compared to 50 minutes when no substrate was present. Signals

corresponding to the reduced product TCNE− were also observed in the EAS spectrum,2

however, these signals represent sub-stochiometric amounts of TCNE−. Exploration of

reaction mixture by GC-MS did not reveal the expected epoxide or glycol-type products.

The products of TCNE reaction has not yet been definitively characterized. It has been

shown that TCNE reacts with 9 and KO2, forming TCNE−. The presence of TCNE−

as a product of reaction suggests that residual starting materials may remain when the

EAS signal for 11 maximizes.

Attempts to characterize 11 by its reactivity were not successful in illuminating

if the proposed peroxo species was present.

Investigations into the possible hydrogen atom abstraction step were undertaken

using 2,4,6-tri-tert-butylphenol, 2,4-di-tert-butylphenol and dihydroanthracene (DHA).5,12

Separately each substrate was placed into a solution of 11 and the amount of 10 formed

was compared to reactions lacking the donor substrate. Additional spectroscopy to ob-

serve the abstracted substrate product was also performed in a manner unique to each

substrate (vida infra).

Upon addition of 2,4,6-tri-tert-butylphenol, 2,4-di-tert-butylphenol or DHA, (10

eq) in MeCN, to a solution of 11 no effect upon the yield of 10 was observed. In the case

of 2,4,6-tri-tert-butylphenol an EPR sample of the reaction solution was prepared and a

spectrum taken (4K, MeCN/Toluene). No EPR signal was detected corresponding to the

organic radical expected for hydrogen atom abstraction from 2,4,6-tri-tert-butylphenol.

The ESI-MS spectrum for reaction performed in the presence of 2,4-di-tert-butylphenol

did not reveal a signal for the dimer expected to form from hydrogen atom abstraction.
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ESI-MS and EAS spectra of reactions performed in the presence of DHA did not reveal

any anthracene product expected if hydrogen atom abstraction from DHA had occurred.

The tested hydrogen atom donors were unsuccessful in preventing the loss of com-

plex which results in the diminished formation of 10 observed by EAS. Since the loss of

an equivalent of 9 couldn’t be prevented during formation of 10 attempts at trapping

or identifying a possible Fe(IV)=O species via reactivity were undertaken.

It has been shown that Fe(IV)=O species can exchange with H2O in solution.13,14

Allowing 11 to form and decay to 10 in MeCN spiked with 18O labelled water would

result in a detectable increase in the mass of 10 if exchange were occurring. 11 was

formed in a solution spiked with 18O water (1.2 mM) and allowed to decay to 10. ESI-

MS analysis of the reaction solution showed no detectable labelled 10.

An Fe(IV)=O can react with M(II) species to undergo incomplete atom transfer

and form heterobimetalic Fe(III)−O−M(III) products.15 To investigate this possibility

[Fe(II)(SMe2N4)(tren)]+ 1 and [Mn(II)(SMe2N4)(6-Me-DPEN)]+ 12, in MeCN, were added

to solutions of 11 at -40℃. In both cases the absorbance of 11, at 544 nm, was unaffected

upon addition and continued to convert to 10.

The reaction solutions were investigated by ESI-MS, however, the only 9 contain-

ing species observed was the known 10. No oxo-bridged heterobimetalic species were ob-

served. The [(Fe(III)(SMe2N4)(2-QuinoEN))-O-(Mn(III)(SMe2N4)(6-Me-DPEN))]2+ prod-

uct is known to form and has been observed from the addition of 9 to the intermediate

of 12 + O2 reactivity. The absence of this product from addition of 12 to a solution of

11 suggests that no Fe(IV)=O species is present in solution.
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An alternate method of forming the proposed Fe(III)-OOH intermediate using

H2O2 was attempted. Upon addition of urea:H2O2 to a solution of 9, in MeCN at

-40℃, 10 was observed to form immediately. However, it took 2 eq of H2O2 to fully

react with starting material and formed only half the maximum 10, the same final 10

observed for reactivity with O–
2.

Comparison of the yields of 10 from the various dioxygen reagents O2, O–
2 and

H2O2 revealed a curious trend. When 10 was formed by O2, 9 was converted to 10

completely.

When the one electron reduced species O–
2 is used 11 forms and then decays to

form only 50% of the possible 10. Further addition of O–
2 does not result in any further

formation of 10, nor does exposing the reaction to O2 after completion. In the case of

addition of only 0.5 eq O–
2, 25% of the 10 is observed to form. When this solution is

then exposed to O2 an increase in the 566 nm signal of 10 to 75% is observed. This

strongly indicated that O–
2 is reacting in a 1:1 ratio with 9 to yield only one half an

equivalent of 10.

When H2O2 is used the formation of 10 occurs with no observable intermediate

species. The intensity of the 566 nm absorbance for 10 continues to grow in until 2 eq

of reagent are added. The amount of 10 formed at that point is only 50% of the 10

possible. When this solution is exposed to O2 no increase in the 566 nm absorbance

is observed, indicating all 9 had been consumed. Attempts to identify products, other

than 10, by ESI-MS formed have been unsuccessful thus far for both O–
2 and H2O2

reactions.

An experiment to form 11 at 10X normal concentration and let it decay was

undertaken to observe if the yield of 10 was dependent on concentration. Compound 9

and O–
2 were added to 1/10 the volume of MeCN and t-BuOH at -40℃. This reaction
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was allowed to progress for an hour before being diluted with additional solvent to a

concentration of 0.4 mM. The intensity of the 544 nm peak of 10 was then observed to

be the same as when the reaction was run at normal concentrations, indicating that the

yield of 10 was not dependent on the concentration of the reaction.

Attempts at elucidating the nature of 11 by exploring its reactivity towards vari-

ous reagents were unsuccessful. No hydrogen atom abstractions were observed upon the

reagents 2,4,6-tri-tert-butylpheonl, 2,4-di-tert-butylpheonl or DHA. No evidence for an

Fe(IV)=O species was found through attempted exchange with 18O water in solution, nor

from formation of heterobimetalic oxo-bridged dimers with 1 or 12. The lack of reac-

tivity with reagents known to react with electrophilic and neucleophilic peroxos; PPh3,

TCNE, maleonitrile and 2-phenylpropanal, suggest that no iron peroxo species is being

formed. While the possible Fe(II)-O-O-Fe(III) mixed valent species could be expected to

display a lack of reactivity, due to the peroxo being buried inside the dimer, the 1:1

ratio of 9 to O–
2 is not consistent with such a product. it appears from the preceding

data that 11 is not an iron-peroxo/hydroperoxo species.

4.4 Conclusion

We have shown the clear isosbestic conversion of the intermediate 11, resulting from

addition of O–
2 to 9, to form 10. Spectroscopic investigations by EPR, rR and IR were

undertaken on 11 and while IR has show that 11 is a distinct species EPR and rR have

not been able to further elucidate the nature of 11. Specific signals characteristic of

iron peroxos have not yet been observed. 11 has shown a significant lack of reactivity

towards reagents expected to react with iron-peroxo compounds. Further reactivity

experiments targeted at interrupting the conversion of 11 to 10, or to increase the yield

of 10 were found to not impact the decay of 11. This preponderance of data would

suggest that the observed intermediate is likely not a peroxo compound, however the
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spectroscopic and reactivity data observed do not illuminate what alternative species

may have formed upon the addition of O–
2 to 9.

While the nature of species 11 remains unknown the evidence of a clear and

repeatable isosbestic convertion between 11 and 10, as well as a curious stochiometry

in reactions with O2, O–
2 and H2O2 suggests that 11 holds the promise of intriguing

discovery.
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Pierrette Battioni, Olivier Horner, Sophie Bourcier, and Jean-Jacques Girerd. In-

org. Chem., 44:9592–9596, 2005.

[15] L. Keith Woo. Chem. Rev., 93:1125–1136, 1993.

72



5 New DPEN Ligand Design and Synthesis

5.1 Introduction

Previous work in the Kovacs lab by Jason Shearer with the [Fe(II)(SMe2N4)(tren)]+ com-

plex, 1, resulted in the first spectroscopically characterized Fe(III)OOH complex with a

coordinated thiolate ligand.1 Functionally modelling SOR 1 was observed to form a

stable iron-peroxo compound at low temperature upon reaction with O–
2 in MeOH. The

ligand incorporated a thiolate cis- to the binding site rather than trans- as found in the

SOR active site, however release of H2O2 was still observed. A second thiolate contain-

ing iron-hydroperoxo complex was developed in the Kovacs group, [Fe(II)(cyclam-PrS)]+

2, which contained a tethered thiolate in the trans- position to the binding site.2 2 was

found to be both a structural and a functional model for SOR, releasing H2O2 upon

addition of AcOH to the Fe(III)OOH. The rR spectra of 2 suggests that the trans-

thiolate significantly weakens the Fe−O bond. These two compounds shows that the

trans-thiolate promotes the weakening of the Fe-O bond but H2O2 release is not depen-

dent on the trans positioned sulphur. To better understand what properties govern the

release of H2O2 and the reactivity of the SOR models, variations of the ligands needed

to be explored.

Replacement of the primary amines of 1 with pyridines provided an opportunity

for extensive modification of the ligand framework. Modifications to the ortho-, meta-

and para- substituents with donating, withdrawing and/or sterically congestive groups

would provide a wide range of modified ligand properties to investigate.

The first of the DPEN series of ligands synthesized by Toledo were the 6-H, 6-Me

pyridine derivatives and the change of the pyridine ring for a quinoline ring.3 In

the case of the ethyl backbone based ligands the [Fe(II)(SMe2N4)(6-Me-DPEN)]+ 13
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and [Fe(II)(SMe2N4)(2-QuinoEN)]+ 9 were isolated and characterized. In the case of

the propyl backbone based [Fe(II)(SMe2N4)(6-Me-DPPN)]+ 14 and [Fe(II)(SMe2N4)(6-H-

DPPN)]+ 15 were isolated and characterized. However, these compounds were unsuc-

cessful in the goal of forming stable and characterizable intermediates of O2 and O–
2

reactivity. The formation of an Fe(III) oxo-bridged dimer was the most common result

of these reactions. Comparison of the primary amines of 1 to the pyridine rings of the

DPEN series reveals that the pyridine rings are more electron withdrawing ligands. This

is clearly seen in the change in the potentials of the Fe(II)/Fe(III) redox couple from -150

mV vs SCE for 1 to +407 mV for 13, +401 mV for 9 and +433 mV for 14. Decreasing

the electron density around the metal could result in strengthening the Fe−O bond and

subsequently favoring O−O bond cleavage over Fe−O cleavage observed for the more

donating primary amines. The next series of proposed DPEN ligands have been de-

signed with the intention of disfavoring the Fe(III) oxo-bridged dimer formation, either

by adjusting the substituents on the pyridine rings to be more donating or to create

enough steric bulk as to prevent dimer formation and potentially trap reactive interme-

diates. Sterically bulky ligands were devised for the meta substituted -phenyl DPEN

ligands. Planned electron-donating substituents include the para substituted -methoxy,

-amino, -dimethylamino and the 3,5-dimethyl-4-methoxy groups to compensate for the

withdrawing capacity of the pyridine ring. The electron withdrawing substitutions para

-nitro and -chloro could also be readily synthesized and would serve as an excellent

comparison against the electron-donating ligands.

These substitutions of the pyridine ring have been synthesized previously4–7 and in

some cases it has been shown that the more donating pyridine systems tend to counter

productively result in slightly weaker O-O bonds in low-spin Fe(III). However 1 con-

tained donating primary amines but still formed a low temperature stable peroxo com-

plex. Likewise the trans-arylthiolate containing compounds synthesized by Goldberg et.
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al.8 saw a weakening of the Fe-O bond of iron alkylperoxo species with more donating

substituents on the aryl ring. It is clear from the range of observations that greater

understanding of the effects of the ligand in such systems is required.
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5.2 Experimental

General Methods

All reactions were performed using standard Schlenk techniques under an atmo-

sphere of dinitrogen. Reagents were obtained from commercial sources at the high-

est purity available and were used without further purifications. Acetonitrile (MeCN),

Tetrahydrofuran (THF) and Diethyl ether (Et2O) were dispensed under argon from a

solvent delivery system. Methanol (MeOH) was refluxed over magnesium and iodine,

dimethylformamide (DMF) was dried over 4Å molecular sieves and dichloromethane

(CH2Cl2) was dried over CaH2. Solvent removal was performed on a Buchi rotary

evaporator. 3-Methyl-3-mercapto-2-butanone was prepared according to a published

procedure. NMR spectra were recorded on a Bruker AV 301, Bruker AV 300, Bruker

AVX 500 or Bruker DVR 499 FTNMR spectrometer and referenced to the residual

protio solvent.

Synthesis of 2-[Bis-(4-methoxy-3,5-dimethyl-pyridin-2-ylmethyl)-amino]-ethyl-carbamic

acid tert-butyl ester 16: (Figure 36)

2-chloromethyl-3,5-dimethyl-4-methoxypyridine hydrochloride (1.66 g, 7.47 mmol) and

(3-amino-propyl)-carbamic acid tert-butyl ester (0.8 g, 4.99 mmol) were dissolved in 5

M NaOH (2.5 mL). Solution turned pink after stirring for 1 minute. After 48 hours the

brown/orange solution was diluted with H2O (20 mL) and extracted with CH2Cl2 (3 x

20 mL). Organic layers were combined and dried over Na2SO4. Solvent was removed by

vacuum to obtain 16 (1.42 g, 82% yield) as an orange/brown oil. 1H NMR (301 MHz,

CDCl3) δ 8.15 (s, 2 H), 6.31 (s, 1 H), 3.77 (s, 4 H), 3.69 (s, 6 H), 3.12 (m, 2 H), 2.69

(m, 2 H), 2.20 (s, 6 H), 2.11 (s, 6 H), 1.42 (s, 9 H)

Synthesis of N,N-Bis-(4-methoxy-3,5-dimethyl-pyridine-2-ylmethyl)-1,2-diaminoethane

76



Figure 36: NMR spectra of 2-[Bis-(4-methoxy-3,5-dimethyl-pyridin-2-ylmethyl)-
amino]-ethyl-carbamic acid tert-butyl ester 16

17: (Figure 37)

2-[Bis-(4-methoxy-3,5-dimethyl-pyridin-2-ylmethyl)-amino]-ethyl-carbamic acid tert-butyl

ester 16 (1.42 g, 3.10 mmol) was dissolved in CH2Cl2 (10 mL) and TFA (2 mL) was

added dropwise over 5 min. The mixture was allowed to stir at room temperature for

2 hours. Volatiles were removed by rotary evaporation. Residue was dissolved in 2 M

NaOH (30 mL) and extracted with CH2Cl2 (2 x 20 mL). Combined organic layers were

dried over Na2SO4 and solvent removed by vacuum to obtain 17 (0.8 g, 72% yield) as

an orange/brown oil. 1H NMR (301 MHz, CDCl3) δ 8.18 (s, 2 H), 3.74 (s, 4 H), 3.71 (s,

6 H), 2.20 (m, 2 H), 2.65 (m, 2 H), 2.22 (s, 6 H), 2.11 (s, 6 H)

Synthesis of 5-Bromo-2-formylpyridine 18: (Figure 38)

2,5-Dibromopyridine (10 g, 42.2 mmol) was dissolved in Et2O (150 ml) and cooled to

-78℃. Care was taken to prevent any material plating out on the flask wall when cooled.

A solution of 2.5 M n-BuLi in hexanes (16.88 mL, 42.2 mmol) was added via syringe
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Figure 37: NMR spectra of N,N-Bis-(4-methoxy-3,5-dimethyl-pyridine-2-
ylmethyl)-1,2-diaminoethane 17

over 15 min to the Et2O solution. The solution was warmed to -40℃ and stirred for 20

min then cooled to -78℃ and 4.84 M DMF in Et2O (9.6 mL, 46.5 mmol) was added via

syringe over 10 min. After 2 h solution was warmed to room temperature and 6 M HCl

(30 mL) was added to solution. The Et2O layer was collected and the aqueous layer

was extracted with further Et2O (3 x 50 mL). Organic layers were combined to obtain

a light yellow solution. Activated charcoal was added to the Et2O solution and filtered

to obtain a colorless solution. Organics were dried over anhydrous Na2SO4. Et2O was

removed by vacuum to obtain 18 as a white crystaline solid (5.42 g, 70% yield) as a

white solid. Rf = 0.2 (6:1 Hexane/Acetone). 1H NMR (301 MHz, CDCl3) δ 10.09 (s, 1

H), 8.83 (d, J = 2.2 Hz, 1 H), 8.02 (dd, J = 2.37 Hz, 8.21 Hz, 1 H), 7.68 (d, J = 8.21

Hz, 1 H)

Synthesis of 5-phenyl-2-formylpyridine 19: (Figure 39)

5-Bromo-2-formylpyridine 18 (5.4 g, 29.0 mmol) and Pd(PPh3)4 (1 g, 0.86 mmol) were
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Figure 38: NMR spectra of 5-Bromo-2-formylpyridine 18

added to degassed toluene (60 mL) under nitrogen. PhB(OH)2 (4.4 g, 36.1 mmol)

was dissolved in degassed MeOH (20 mL) and added to toluene solution. Degassed 2 M

Na2CO3(aq) (30 mL) was added to toluene solution and a reflux condenser was attached.

Reaction was refluxed under N2 for 8 hours then removed from heat. CH2Cl2 (100 mL)

was added to solution and organics were washed with 2 M Na2CO3 (50 mL). Organics

were dried over Na2SO4. Solvent was removed by vacuum to obtain orange oil. The

residue was purified by a short plug silica gel chromatography using CH2Cl2 to obtain

19 (4.0 g, 75% yield) as a yellow solid. Rf = 0.2 (100% CH2Cl2).
1H NMR (301 MHz,

CDCl3) δ 10.14 (s, 1 H), 9.13 (d, 1 H), 8.23 (dd, 1 H), 8.09 (m, 2 H), 7.91 (d, 1 H), 7.52

(m, 3 H)

Synthesis of 5-phenyl-2-pyridinemethanol 20: (Figure 40)

5-Phenyl-2-formylpyridine 19 (4.0 g, 21.8 mmol) was dissolved into MeOH (40 mL).

Separately NaBH4 (1.12 g, 29.6 mmol) was dissolved in H2O (20 mL). Aqueous solution
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Figure 39: NMR spectra of 2-formyl-5-phenylpyridine 19

was added dropwise to MeOH solution over 10 min. After addition the mixture was

refluxed for 1.5 h. Solution was removed from heat and 6 M HCl was added until pH

= 1. The solution was stirred for 10 min then 4 M NaOH was added until pH = 12.

Solution was extracted with CH2Cl2 (50 mL) and the organic layer was filtered to remove

insolubles. Organics were dried over Na2SO4 and solvent was removed by vacuum to

obtain 20 (4.0 g, 99% yield) as a brown oil. 1H NMR (301 MHz, CDCl3) δ 8.67 (d,

1 H), 7.99 (d, 2 H), 7.80 (dd, 1 H), 7.74 (dd, 1 H), 7.46 (m, 3 H), 4.78 (d, 2 H), 1.83

(t, 1 H)

Synthesis of 2-Chloromethyl-5-phenylpyridine Hydrochloride 21: (Figure 41)

5-Phenyl-2-pyridinemethanol 20 (4.0 g, 21.6 mmol) was dissolved in CH2Cl2 (40 mL)

and thionylchloride (2 mL) was added dropwise over 5 min. Solution was refluxed for

1 h then all volatiles were removed by vacuum to obtain 21 (4.1 g, 80% yield) as a

brown/grey powder. 1H NMR (301 MHz, CDCl3) δ 9.03 (s, 1 H), 8.44 (d, 1 H), 8.22
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Figure 40: NMR spectra of 5-phenyl-2-pyridinemethanol 20

(m, 2 H), 8.12 (d, 1 H), 7.66 (m, 3 H), 4.74 (s, 2 H)

Synthesis of {3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-carbamic acid

tert-butyl ester 22: (Figure 42)

(3-Amino-propyl)-carbamic acid tert-butyl ester (0.508 g, 2.92 mmol) was dissolved in

2 M NaOH (20 mL). 2-Chloromethyl-5-phenylpyridine hydrochloride 21 (1.128 g, 4.70

mmol) was added to aqueous solution and CH2Cl2 (5 mL) was added to dissolve solid

material that remained. Biphasic mixture was allowed to stir 3 weeks. H2O (20 mL)

was added to solution and mixture was extracted with CH2Cl2 (3 x 50 mL). Organic

layers were combined and washed with brine. Dried organics over Na2SO4 and removed

solvent by vacuum to obtain 22 (0.9 g, 75% yield) as an orange/brown oil. 1H NMR(499

MHz, CDCl3) δ 8.63 (s, 2 H), 7.98 (d, 4 H), 7.77 (dd, 2 H), 7.71 (d, 2 H), 7.47 (t, 4 H),

7.41 (t, 2 H), 3.63 (s, 4 H), 3.15 (m, 2 H), 2.56 (t, 2 H), 1.75 (t, 2 H), 1.41 (s, 9 H)
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Figure 41: NMR spectra of 2-Chloromethyl-5-phenylpyridine Hydrochloride 21

Figure 42: NMR spectra of {3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-
carbamic acid tert-butyl ester 22
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Figure 43: NMR spectra of N,N-Bis-(5-phenyl-pyridin-2-ylmethyl)-1,3-
diaminopropane 23

Synthesis of N,N-Bis-(5-phenyl-pyridin-2-ylmethyl)-1,3-diaminopropane 23: (Fig-

ure 43)

{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-carbamic acid tert-butyl ester 22

(0.9 g, 1.77 mmol) was dissolved in CH2Cl2 (10 mL) and TFA (3 mL) was added drop-

wise to solution over 5 min. After 1.5 h all volatiles were removed by vacuum. CH2Cl2

(20 mL) and 2 M NaOH (20 mL) were added to residue. Organic layer was collected and

washed with brine. Organic layer was dried over Na2SO4 and organics were removed by

vacuum to obtain 23 (0.662 g, 85% yield) as an orange/brown oil. 1H NMR (301 MHz,

CDCl3) δ 8.65 (s, 2 H), 7.98 (d, 4 H), 7.72 (m, 4 H), 7.46 (m, 6 H), 3.64 (s, 4 H), 2.74

(t, 2 H), 2.56 (t, 2 H), 1.71 (m, 2 H), 1.25 (bs, 2 H)

Synthesis of N-{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-2-bromo-2-methyl-

propionamide 24: (Figure 44)

N,N-Bis-(5-phenyl-pyridin-2-ylmethyl)-1,3-diaminopropane 23 (0.3 g, 0.734 mmol) was
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Figure 44: NMR spectra of N-{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-
propyl}-2-bromo-2-methyl-propionamide 24

dissolved in CH2Cl2 (5 mL) and DIPEA (0.177 g, 1.01 mmol) was added to solution

followed by 2-Bromo-2-methylpropionyl bromide (0.26 g, 1.13 mmol). Reaction was al-

lowed to stir overnight. Added CH2Cl2 (10 mL) and washed with conc. NH4Cl(aq) (2 x

10 mL) and 2 M NaOH (2x10 mL). Dried organics over Na2SO4 and removed solvent

by vacuum to obtain 24 (0.302 g, 74%) as an orange/brown oil. 1H NMR (499 MHz,

CDCl3) δ 8.65 (s, 2 H), 7.99 (d, 4 H), 7.78 (dd, 2 H), 7.72 (d, 2 H), 7.47 (t, 4 H), 7.41

(m, 2 H), 6.73 (bs, 1 H), 3.67 (s, 4 H), 3.31 (m, 2 H), 2.56 (t, 2 H), 1.85 (s, 6 H), 1.81

(m, 2 H); ESI-MS: 557 m/z, 559 m/z.

Synthesis of N-{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-2-thioacetyl-

2-methyl-propionamide 25: (Figure 45)

N-{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-propyl}-2-bromo-2-methyl-propionamide

24 (0.208 g, 0.373 mmol) was dissolved in DMF (2.5 mL) and solution was degassed and

exchanged with N2(g). Under a stream of N2(g) excess potassium thioacetate (0.162 g,
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Figure 45: NMR spectra of N-{3-[Bis-(5-phenyl-pyridin-2-ylmethyl)-amino]-
propyl}-2-thioacetyl-2-methyl-propionamide 25

1.42 mmol) was added to solution followed by a catalytic amount of potassium iododide

(0.038 g, 0.23 mmol). Reaction was allowed to stir overnight. After 36 hours ESI-MS

showed no starting material and a prominent peak at 591 m/z corresponding to the

product plus potassium. Et2O (10 mL) was added to solution and organic layer was

washed with H2O (4 x 10 mL) then brine (1x10 mL) to remove DMF and salts. Dried

Et2O over Na2SO4 and removed solvent by vacuum to obtain 25 as a light brown oil.

1H NMR (500 MHz, CDCl3) δ 8.61 (s, 2 H), 7.94 (d, 4 H), 7.73 (dd, 2 H), 7.68 (d, 2 H),

7.43 (t, 4 H), 7.37 (m, 2 H), 6.51 (bs, 1 H), 3.61 (s, 4 H), 3.25 (q, 2 H), 2.49 (t, 2 H),

2.17 (s, 3 H), 1.73 (t, 2 H), 1.44 (s, 6 H); ESI-MS: 553 m/z
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5.3 Discussion

Investigations into the products of reaction of O2 or O–
2 with the first series of DPEN

ligands yielded several compounds of interest, but few intermediates that were well

behaved and fully characterized. Low stablility, spectroscopic ambiguity and a propen-

sity to form the Fe(III) oxo-bridged dimer products were characteristic of the original

DPEN ligands. Changes to the ligand framework needed to be employed to adjust the

strength of the Fe-O and O-O bonds of potential iron-peroxo species. The importance

of the strength of the Fe-O and O-O bonds towards reactivity is nicely illustrated by

comparing the resonance Raman (RR) data for the hydroperoxo species of the high-spin

E114A SOR mutant9 and the low-spin P450 (CYP101) enzyme.10 Both systems contain

the N4S1 coordination sphere and are presumed to form Fe(III)-O-OH species but P450

cleaves the O-O bond while SOR forms H2O2. In P450 (CYP101) the ν(Fe−O) and

ν(O−O) are 559 and 799 cm−1 respectively while in the E114A SOR mutant 567 and

838 cm−1 are observed. SOR actually possesses a slightly stronger ν(Fe-O) by 8 cm−1

but the ν(O-O) is 39 cm−1 stronger. DFT calculations by Hall (ref HallIC10a) have

suggested that SOR release of H2O2 is strongly promoted by weakening the Fe-O bond

but is realized not just through the coordination sphere but by the surrounding envi-

ronment as well. Changing solvents can effect environmental influences but stabilizing

the O-O bond while weakening the Fe-O bond must be carefully pursued through ligand

design to overcome the Fe(III) oxo-bridged dimer formation common to first generation

DPEN ligands.

Two methods were devised to overcome the observed instability of intermediates

prior to µ-oxo dimer formation. The first would be introduction of donating groups to

the pyridine ring which could counter the electron withdrawing effect, directing greater

electron density towards the metal center. This would potentially result in weakening
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the M-O bond sufficiently to favor peroxide release over O-O bond cleavage, as seen

in 1 by creating a less Lewis acidic metal center. The second method was to prevent

the formation of Fe(III) oxo-bridged dimers by incorporation of steric bulk to create a

protective pocket around the 6th coordination site.

Only one ligand with donating groups has been completely synthesized as of this

writing. The 2-hydroxymethyl-3,5-dimethyl-4-methoxypyridine starting material was

available commercially and so compound 17 was readily formed by methods used for

previous DPEN ligands. The ligand underwent the metal-templated Schiff-base con-

densation with 3-mercapto-3-methylbutanone and Fe(OAc)2 and was observed to form

complex by ESI-MS. The complex, however, was not amenable to crystallization and

appeared to dissociate from the metal during crystalization attempts as the oily product

obtained showed only free condensed ligand when investigated by ESI-MS. Attempts to

isolate the complex by rapidly crashing out of solution can obtain crude complex but

recrystalization is required to obtain usable purity.

Modified pyridine rings containing para-substituted donating groups are favored

for future synthesis. The increasingly donating series of para-methoxy, -amino and

-dimethylamino modified pyridines are known5,11,12 and are ideal targets for incorpora-

tion into future complex syntheses. By placing the donating group in the para position

intramolecular steric interactions can be minimized in regard to the geminal methyls

adjacent to the sulphur atom. The necessity of reduced intramolecular sterics has been

shown in the crystal structures of previous DPEN complexes where the 6-Me substituent

resulted in exceptionally long bond N(py)-Fe bonds in the 6-coordinate Fe(III) oxo-bridged

dimers.3

An alternate means of preventing Fe(III) oxo-bridged dimers was investigated
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Figure 46: Molecular mechanics model of [Fe(II)(SMe2N4)(5-Ph-DPPN)]+ 23 with
proposed hydroperoxo:

through the use of stericly bulky substituents. A single phenyl ring in the 5-position

was shown by molecular mechanics modelling (Figure 46) to provide a sufficiently deep

protective pocket around the sixth coordination site to likely prevent the oxo-bridged

dimer formation. A modified synthetic scheme developed from literature preps for the

6-phenyl pyridine derivative13–15 was undertaken to synthesize the 5-phenyl pyridine

component (Figure 47).

Standard complexation methods for the DPEN series involving the metal tem-

plated Schiff-base condensation of 3-methyl-3-mercaptobutanone to the primary amine

of compound 23 in the presence of Fe(OAc)2 were unsuccessful. Neither condensed lig-

and nor complex was observed by the ESI-MS. Despite various conditions success was

not achieved towards the desired product. The lack of free condensed ligand raised the

possibility that the ligand, prior too condensation, was too bulky to allow the metal tem-

plated Schiff-base condensation. In an attempt to alleviate the problem of condensing

the thiol onto the ligand an alternate synthesis was devised which incorporated the thiol

into a complete 5-coordinate ligand prior to addition of a metal. The primary amine of
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Figure 47: Synthetic scheme of 5-Ph-DPEN ligand 23

23 was alkylated with 2-Bromo-2-methylpropionyl bromide to form an amide. Reaction

with potassium thioacetate in dry DMF displaced the bromide to yield the final -acetyl

protected thiol ligand 25. When reacted with Fe(OAc)2 and base the ligand failed to

form the desired complex as monitored and determined by ESI-MS. Deprotected ligand

was observed by ESI-MS at (511 m/z) but no peak corresponding to metal and ligand

was observed. To ensure that the lack of complex formation was not due to incom-

plete amide deprotonation dry DMA was used as the solvent in place of methanol. By

removing alternate proton sources the amide could be reliably deprotonated prior to

coordination to the metal. To prevent the possibility that the base was reacting with

the metal preferentially the non-coordinating base potassium bis(trimethylsilyl)amine

was used. Despite these efforts no evidence of a metal-ligand complex was observed.

The target ligands 25 and 43 may simply be too large and bulky to complex first

row transition metals. In this case a smaller functional group may achieve the desired

balance between protection of the reactive product and the ability to form the desired

metal complex. The use of isopropyl substituents in place of a phenyl may achieve these
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goals. Future work with the next series of DPEN ligand should focus on the synthesis

of the para substituted donating groups; -OMe, -NH2, -NMe2 and on less bulky meta

substituents.

5.4 Conclusion

In conclusion, we have reported the syntheses and characterization of three new DPEN

series ligands. Addition of significant steric bulk as well as significantly donating sub-

stituents, on the pyridine ring have been shown to inhibit complex formation. Less

bulky and only single donating substituents on the pyridine rings should be focused

on for future ligand synthesis. The para-position series of modifications offers excellent

capacity to fine-tune the electronic donating capacity while avoiding the problems with

intramolecular steric interactions and should be aggressively pursued in the near future.

The 5-iPr ligand offers a synthetic route to continue attempting to utilize ligand bulk

as a protective element while reducing the quantity of bulk to a lesser degree than the

phenyl rings provided. Investigations of bulky ligands would be well served to target

this modification next.
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