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Abstract

Biomimetic Models of the Active Site of the Metalloenzyme Nitrile Hydratase

by Dirk Schweitzer

Chairperson of the Supervisory Committee

Professor Julia A. Kovacs

Department of Chemistry

An Fe(III)-NO-bound model compound, [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6

(1-NO), is prepared.  Its electronic properties are nearly identical to those of the

active site in NO-inactivated NHase.  Therefore, the assignment of the active site in

NO-inactivated NHase as being {FeNO}6 is supported.  The stability of 1-NO

demonstrates that the ‘claw’ structure observed in NHase is not necessary to

stabilize an Fe(III)-NO species.

To examine how small structural changes influence the reactivity of metal

complexes, a series of related Fe(III) thiolate complexes was synthesized and

characterized.  A hexacoordinated Fe(III) complex containing an !2-coordinated

persulfide is described, [Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4).  It is the first

structurally characterized, first row transition metal-!2-persulfide complex.  This

complex is a model for the possible interaction between cysteine persulfide

(thiocysteine, cysteine perthiolate) and Fe(III) in biological systems.  The extra



persulfide sulfur can be removed to afford a pentacoordinated compound,

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5), which possesses a more open binding site than the

previously reported, pentacoordinated model compound [Fe(III)S2
Me2N3(Pr,Pr)]PF6

(1).  A comparison of the reaction of 1 and 5 with azide provides a model system

for the concept of entatic state.

Further, the Fe(III) coordination chemistry of N,N’-1,2-ethanediylbis[2-

mercapto-2-methyl-propanamide] was investigated.  Thereby, two compounds,

(NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) and (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)]

(7), were isolated that contain deprotonated carboxamide nitrogens coordinated to

Fe(III).  The deprotonated carboxamide nitrogens provide significant stabilization to

the + 3 oxidation state of the Fe(III) ion, as indicated by the reduction potential.  A

comparison of pentacoordinated, carboxamide nitrogen-coordinated 7 with another

pentacoordinated, imine nitrogen-coordinated model compound provides evidence

that an imine group is a valid structural and electronic model for a carboxamide.  
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Chapter I: Introduction

Bioinorganic Chemistry

Bioinorganic chemistry is a discipline of chemistry that investigates the

functions and roles of 'non-organic' elements within biological systems.  This

discipline emerged in the 1960's.  It was the rapid development of analytical

methods which enabled scientists to recognize that metal ions play significant roles

in biological systems.  For example, it was found that many proteins require one or

more metal ions to exercise their biological activity.  This includes such essential

functions as the charge separation in chlorophyll, the oxidation of water by the

oxygen-evolving complex, the transport of oxygen by hemoglobin and myoglobin,

and several steps in the mitochondrial electron transport chain.1,2  Consequently,

an important aspect of bioinorganic chemistry involves the study of how a metal

ion influences the biological activity of an enzyme.  The research described herein

attempts to contribute to an understanding of some aspects of this question.  

The influence of a metal ion on the biological activity of an enzyme can be

investigated in two possible ways.  Either the enzyme, its mutants, and forms of

the enzyme in which the naturally occurring metal ion has been replaced by another

metal ion can be studied, or model compounds can be studied.  The study of low

molecular mass model compounds is referred to as the ‘synthetic analogue

approach.’  It involves the synthesis and characterization of small compounds that

model the spectroscopic, structural, and ultimately reactivity properties of an

enzyme.  This is the approach utilized in this dissertation.  By systematically

altering the structure of the low molecular mass model compounds, a deeper

understanding of the structure-reactivity relationship in the enzyme is gained.
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Scientists want to understand important structural features and requirements for the

functionality of the metal site, and they want to estimate the influence of the

protein environment on the intrinsic nature of the incorporated metal ions.

Ultimately, it is hoped that this knowledge will enable scientists to design novel

catalysts which can perform reactions that are not found in biological systems.

One of the metals most commonly present in the active centers/sites of

enzymes is iron.  Iron can occur in an active site as a heme unit (e. g., cytochrome

P450), as a diiron-carboxylate unit (e. g., hemerythrin), as an iron-sulfur cluster (e.

g., ferredoxins and nitrogenase), or as a mononuclear iron center.1,2  Only a small

number of mononuclear iron centers are known to contain iron in a mixed

nitrogen/oxygen/sulfur coordination environment.  They include nitrile

hydratase,3,4 center II of desulfoferrodoxin (dfx/rbo),5 and neelaredoxin.6  Nitrile

hydratase is the focus of this dissertation.

The active site of neelaredoxin and center II of desulfoferrodoxin is an

octahedral FeN4S1X1 site, with the cysteine being opposite to the open

coordination site.  The symbol X is used to denote an open coordination site, which

might be occupied by a water molecule or by a substrate molecule.  The iron ions in

desulfoferrodoxin and neelaredoxin are always high-spin.  Desulfoferrodoxin and

neelaredoxin have superoxide reductase activity.7-9  They reduce the reactive, and

therefore toxic, superoxide ion (O2
-) to peroxide ion (O2

2-).  Peroxide is then

converted to oxygen and water by the action of catalase or it is used by a

peroxidase.1,2  Another enzyme, thiocyanate hydrolase, exhibits a high sequence

homology to nitrile hydratase,10,11 and thus might also contain a mononuclear iron

or cobalt site in a mixed nitrogen/sulfur coordination environment.
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Nitrile Hydratase - Its Physiological Role

Nitrile hydratase (NHase) is a bacterial enzyme.3,4,12  Its physiological

role is to catalyze the hydration of nitriles to the corresponding terminal amides.

This is necessary to remove toxic nitriles,13 to use nitriles as a source of carbon and

nitrogen,14 and to synthesize plant hormones.15  Nitriles are potentially toxic since

they can be hydroxylated in the ! position by P450 to form cyanhydrins.16

Cyanhydrins are known to decompose to form HCN and aldehydes.17

Cyanhydrins also occur naturally in the form of cyanogenic glycosides.13,17  The

production of plant hormones by bacteria seems to be essential for symbiosis

between bacteria and plants.  Most NHases exhibit a large substrate variability.

R C N
R NH2

O

R OH

O
Nitrile 
Hydratase

Nitrilase

Amidase

Figure 1-1: Biological pathways to convert nitriles to carboxylic acids.

Related chemical transformations are catalyzed by nitrilase18 and

amidase.19  Nitrilase hydrolyzes nitriles to their corresponding acids and ammonia.

Amidase hydrolyzes amides to their corresponding acids and ammonia.  Cysteine is

the catalytically active residue in nitrilase,18 while it is either cysteine19 or

serine20 in amidase.  In contrast to NHase, neither nitrilase nor amidase require any

metal ion to exercise their catalytic activity.

NHase is used in a variety of applications.  Immobilized Rhodococcus

rhodochrous J1 cells, which contain NHase, are used in an industrial 30,000 t/y
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production process to hydrate acrylonitrile to acrylamide.21  NHase was shown to

be effective in the removal of nitriles from waste22 and in the degradation of nitrile-

containing herbicides.23  Because the nitrile hydration reaction occurs under very

mild conditions, NHase has the potential to be employed in many industrial and

laboratory scale chemical processes.24  NHase has also been used in the

regioselective25 and enantiospecific26-28 synthesis of amides.17

NHase is known to occur either as an Fe- or as a Co-containing enzyme.

Fe-containing NHases have been isolated from a number of bacterial species.  They

include Rhodococcus sp. N-771,29 Rhodococcus sp. R312 (= Brevibacterium

R312),30 Comamonas testosteroni NI1,31 and Pseudomonas chlororaphis B23.32

Organisms that are known to express the Co-containing enzyme are Rhodococcus

rhodochrous J1,33 Pseudomonas putida NRRL-18668,34 and Agrobacterium

tumefaciens.15  An organism can express both the Fe- and the Co-containing

enzyme simultaneously.15  The investigated Co-containing NHases have a higher

activity and a higher stability than the investigated Fe-containing NHases.35,36

For completeness, it should be mentioned that there are also mutant37,38 and Zn-

containing39 enzymes that display NHase activity.  It is also known that nitriles

which are activated by electron withdrawing groups are catalytically hydrated to

the corresponding amides using 2-mercaptoethanol in an aqueous phosphate buffer

at pH = 9.40

Nitrile Hydratase - Structure of the Active Site

Studies on NHase from Rhodococcus N-771 indicate that NHase is an !"

heterodimer, with the ! and " subunit each having approximately a molecular mass
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of 27.5 and 28 kDa, respectively.29  In NHase from Rhodococcus N-774, the !

subunit is comprised of 207 amino acids and the " subunit is comprised of 212

amino acids.41  The Fe-containing center is located on the ! subunit.42  Sequence

alignment indicates that the ! subunit of NHase contains a conserved sequence: -

Cys-Thr/Ser-Leu-Cys-Ser-Cys-Tyr/Thr-.26,34,43,44  This sequence is conserved

in both Fe- and Co-containing NHases.  In the crystal structure of NHase from

Rhodococcus sp. R312, one iron ion was located in the active center.41

NHase contains in its active center either a low-spin (S = 1/2) Fe(III)45 or a

low-spin (S = 0) Co(III).34  The assignment of a low-spin Fe(III) in the active site

of active Fe-containing NHase is based upon the EPR spectrum (gmax = 2.284, gmid

= 2.140, gmin = 1.971).45  To date, NHase is the only non-heme enzyme known to

contain a low-spin Fe(III).  It is remarkable that NHase, which catalyzes a reaction

in which water attacks a substrate, contains Fe(III) or Co(III) in its active site,

instead of Zn(II) as do most hydrolytic enzymes.1,2  

Fe-containing NHase has a maximum activity at about pH = 7.8, and above

50 % activity between pH = 6.5 and 9.0.29  However, below pH = 5.5 and above

pH = 8.5 activity is gradually lost.29  In comparison, Co-containing NHase has a

maximum activity at around pH = 7.5, and above 50 % activity between pH = 6.0

and 8.5.34

The visible absorption spectrum of active Fe-containing NHase is

characterized by a shoulder at around 400 nm and an intense band with sulfur to

iron charge transfer46 character at around 700 nm (# ~ 1100 MFe
-1cm-1).43,47  The

absorption at 700 nm causes the green color.  NO-inactivated Fe-containing NHase

displays an absorption maximum at 370 nm, which has also sulfur to iron charge
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transfer character.48  In comparison, active Co-containing NHase appears pink

with an absorption maximum at 410 nm and broad absorption between 400 and 600

nm.49  

Figure 1-2: Absorption spectrum of active (---) and NO-inactivated (-)

NHase.29  Permission was granted by Academic Press (Orlando, FL) to use this

Figure (Christine Smith, February 8th, 2001).

An immense number of articles have been published in which studies of the

active center of NHase were reported.  Among the techniques that were used to gain

information about the active center of NHase are UV/Vis, FTIR, EPR, XAS,

EXAFS, ENDOR, resonance Raman, Mößbauer, mass spectrometry, X-ray

crystallography, light irradiation, and mutagenesis studies.  
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Fe

Cys-S

His-N N-His

N-His

OH2

S-Cys

III

Figure 1-3: Proposed structure of the active site of NHase prior to the 

publication of the first crystal structure in 1997.

Before X-ray crystallography was performed, the spectroscopic data was

interpreted in such a way that the metal ion in NHase was assigned to a mixed

histidine-cysteine coordination environment.  This coordination environment was

proposed to contain two cysteine-sulfurs, three histidine-imidazole-nitrogens, and

an open coordination site, which is occupied by a water molecule or, depending

upon the pH, a hydroxide ion.43,45,47,50-53  It was with this knowledge about the

active center of NHase that the projects described in Chapters II and III were

initiated.  In contrast to the interpretation of the spectroscopic data, the X-ray

structures, vide infra, show the iron in the active center to be coordinated by three

sulfurs and two amide nitrogens.41,54

When Fe-containing NHases were studied, it was found that they exist in an

active and in an inactive form.  The NHase activity in cells decreased over time, but

was restored upon exposure of the cells to white light.  In addition, the purified

inactive enzyme could be activated upon exposure to white light.  In contrast to

this, the purified active enzyme did not lose activity over time.
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whole cells
- active NHase -

whole cells
- inactive NHase -

purified
- active NHase -

purified
- inactive NHase -

dark

h!

h!

X

Figure 1-4: Activity dependence of Fe-containing NHase.29

Natural Fe-containing NHase (14N (natural abundance)) has an IR

absorption maximum at 1855 cm-1 while 15N labeled NHase has an IR absorption

maximum at 1820 cm-1.  Based upon the energy of this IR absorption, and its

response to 15N-labeling, it was proposed that NO (nitric oxide, nitrogen monoxide)

is bound to the active site iron in the inactive form of NHase.55  Subsequently, it

was shown that light irradiation of inactive NHase produces NO and active NHase.

The released NO was trapped by a spin trap that upon NO binding becomes EPR

active.56  In further studies active NHase was deactivated by the addition of NO

gas.48,56  A detailed study showed that active NHase can be inactivated by the

addition of an NO solution or by NO produced in situ by NO synthase.31  An iron

K-edge X-ray absorption (XAS) study confirmed the 1:1 stoichiometry of NO

bound to low-spin Fe(III) in NO-inactivated NHase.57  The bound NO was also

detected in the crystal structure of the NO-inactivated form of NHase.54  Recently,

as discussed in Chapter II of this dissertation, an NO-bound Fe(III)-containing

model compound, [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO), was reported that

models the spectroscopic properties of NO-inactivated Fe-containing NHase.57,58
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In comparison, no interaction between NO and Co-containing NHase is known to

date.

Two crystal structures of NHase were solved by X-ray diffraction.41,54  In

the first structure,41 data up to a resolution of 2.65 Å was included in the

refinement.  The final model had R = 26.4 % and Rfree = 28.9 %.  The enzyme

crystallized as an !" heterodimer with an extensive interface between two

heterodimers, suggesting that in solution an !2"2 tetramer might be in equilibrium

with the !" heterodimer.  The active center is located within the conserved

sequence26,34,43,44 -Cys-Thr/Ser-Leu-Cys-Ser-Cys-Tyr/Thr- on the ! subunit.

The active site is situated in a cavity that is located at the interface between the !

and " subunit.  The donor atoms to the iron ion are the sulfurs of three cysteines

and two peptide amide (carboxamide) nitrogens.  The three sulfur donor atoms are

in a facial (fac) arrangement.  The five donor atoms are located at five corners of an

octahedron, while the sixth position is unoccupied.  Given the relatively low

resolution of the crystal structure, it is understandable that no electron density

corresponding to oxidized cysteines, as found in the second crystal structure, and a

metal-coordinated water molecule or hydroxide ion was detected.
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Figure 1-5: Schematic representation of the structure of the active site of Fe-

containing NHase (active form: X = OH-/H2O; NO-inactivated form: X = NO).

The second crystal structure54 was solved at a better resolution of 1.7 Å.

The final model had R = 17.9 % and Rfree = 22.8 %.  Like expected, it revealed the

iron ion in the active site of NO-inactivated NHase to be coordinated by two amide

nitrogens and one NO ligand.  The NO is coordinated via the nitrogen, as it is the

case in [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO), see Chapter II for complete

details.  Unexpectedly, two of the three cysteine thiolate ligands were found to be

modified to a sulfone (sulfinato) (-S(O2)-) and a sulfoxide (sulfenato) (-S(O)-)!  The

two modified cysteines are the equatorial cysteines; they are accessible to solvent.

The sulfone and sulfoxide oxygens participate in extensive hydrogen bonding to two

of the arginine residues in the ! subunit.  A mutation of any one of these arginine

residues results in the loss of activity.4,59  Mass spectrometric studies confirmed

the presence of the sulfone modification in the active enzyme, while proof for the

sulfoxide modification remains elusive.54,60-63  It has been shown that the sulfone

modification is posttranslational and essential for catalytic activity.62,63  It is
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possible that the sulfoxide modification observed in the crystal structure was

generated by a reaction with NO, since it has been shown that NO can react with

cysteine to form cysteine-sulfenic acid (R-S-OH) and N2O.64

No crystal structure of Co-containing NHase has been reported.  However,

since both Fe- and Co-containing NHase contain the same active site

sequence,26,34,43,44 it can be assumed that the active site structure of Co-

containing NHase is very similar to that of Fe-containing NHase.  This is supported

by EXAFS data.65  Additionally, it was found that the substitution of cobalt into

Fe-containing NHase affords an enzyme with properties similar to native Co-

containing NHase.4,62

Table 1-1: Selected bond distances and angles of the active site of Fe-containing 

NO-inactivated nitrile hydratase.54

bond distance (Å) angle (°)

Fe-S (Cys 109) 2.30 Fe-N-O 158.6

Fe-S(O)2 (Cys 112) 2.26 S(114)-Fe-N(113) 171.1

Fe-S(O) (Cys 114) 2.33 S(112)-Fe-N(114) 175.6

Fe-N (Ser 113) 2.09 S(109)-Fe-N(NO) 172.3

Fe-N (Cys 114) 2.05

Fe-N (NO) 1.65

S-O 1.41 - 1.51

NHase is the second enzyme in which the coordination of an amide

(carboxamide) nitrogen to a metal ion has been observed.  The other example occurs

in the P-cluster of nitrogenase.66  Based upon the crystal structure, it cannot be
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said whether or not the amide nitrogens are deprotonated.  However, studies on

model compounds show that the coordination of a deprotonated carboxamide

nitrogen, which is negatively charged, to an Fe(III)67-74 or a Co(III)68,75-78 ion

forms a stable structure.  This is described in more detail in Chapter IV.  Such a

coordination mode significantly stabilizes the +3 oxidation state.  That means, the

reduction potential is shifted to more negative values.

Nitrile Hydratase - Possible Mechanisms of Nitrile Hydration

M OH2 M OH M OH

N C R

M OH2 M N C R N C RM

O H

H

- H+ + RCN

+ RCN

- H2O

+ H2O

B

Figure 1-6: Reasonable mechanisms for the hydration of nitriles by NHase (M =

Fe(III) or Co(III)).41

There are two plausible mechanisms according to which NHase could

catalyze the hydration of nitriles to amides.  The attack on the nitrile could be

performed by a metal-bound hydroxide ion as it is usually the case in Zn-containing

hydrolytic enzymes.1,2,41,79  A hydroxide ion bound to a transition metal ion

with a completely or partly filled d shell (LnM-(OH)q+) is expected to have a higher
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nucleophilicity than a proton-bound hydroxide ion (H-OH).80  A NHase model

compound in which a Co(III)-bound hydroxide ion (pKa(H2O-M) = 8.3) catalyzes

the hydration of nitriles is known, vide infra.75  ENDOR has shown that a

competitive inhibitor, butyric acid, binds in a well defined geometry close to the

metal-bound hydroxide ion.81  After the slowly reacting substrate i-butyronitrile

was added, no butyric acid remained near the active site.  “This suggests that i-

butyronitrile is capable of displacing butyric acid without binding to the ferric

ion.”81  There i-butyronitrile is either attacked by the metal-bound hydroxide ion or

it has to undergo a positional change so that it is bound to the active site iron.  

The other reasonable mechanism involves a base-assisted attack of a water

molecule on a metal-bound nitrile.41,82,83  For example, it was observed that the

hydration under basic conditions of a nitrile to form an amide is accelerated by a

factor of 106 upon coordination of the nitrile to Co(NH3)5
3+.82  This mechanism

seems probable considering the fact that NHase contains Fe(III) or Co(III) in its

active site instead of Zn(II) as do most hydrolytic enzymes.1,2  A possible

explanation for this might be that iron and cobalt are the only readily biologically

accessible metals that can form a +3 oxidation state in aqueous solution.  If one

assumes that the nitrile substrate must be polarized prior to the nucleophilic attack

upon the nitrile carbon, then it is understandable that a metal ion in a +3 oxidation

state is required for NHase to exercise its catalytic function.  A metal ion with a +3

oxidation state is a much stronger Lewis acid than a metal ion with a +2 oxidation

state.  It would be interesting to measure the activity of NHase when the Fe(III) or

Co(III) ion is replaced by divalent metal ions.  To the best of the author's

knowledge, this kind of experiment has not been reported.
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Figure 1-7: Other model compounds of NHase: [Fe(III)(ADIT)2]
+,84 

[Co(III)(PyPS)(OH)]2-,75 and [Fe(III)(PyPS)(OH)]2-.74

Other Model Compounds of Nitrile Hydratase

There are a number of Fe(III) complexes that contain two cis thiolate donors

perpendicular to two trans imine or amide nitrogen donors in a N4S2 donor set (the

Fe(S)2 plane is perpendicular to the Fe(Nimine/amide)2 plane).58,67,74,84-91  Some of

them, including [Fe(III)(ADIT)2]
+, which was first reported by the Kovacs group in

1995, and [Fe(III)(PyPS)(OH)]2-, see Figure 1-7, model the spectroscopic and

electronic properties (UV/Vis, EPR, spin state) of the active site of NHase

surprisingly well.  For example, [Fe(III)(ADIT)2]
+84 has g values of 2.19, 2.13,

2.01 and a low energy electronic absorption maximum at 718 nm with an ! of 1400

M-1cm-1 while the corresponding parameters of [Fe(III)(PyPS)(OH)]2-74 are g =

2.31, 2.12, 1.93 and 790(700).  The visible absorption spectrum of

[Fe(III)(ADIT)2]
+, see Figure 1-9, has a striking resemblance to that of active Fe-

containing NHase, see Figures 1-2 and 1-8.  [Fe(III)(ADIT)2]
+ has an absorption

maximum at 438 nm, while the spectrum of NHase contains a shoulder at ~ 400 nm.
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Both [Fe(III)(ADIT)2]
+ and active Fe-containing NHase are green since they have a

broad absorption maximum at about 700 nm.  Interestingly, the replacement of the

terminal NH2 group in [Fe(III)(ADIT)2]
+ with pyridine or imidazole yields also

hexacoordinated compounds with very similar physical properties.90

Figure 1-8: Visible absorption spectrum of active, Fe-containing NHase.  The 

spectrum was provided by Dr. Mark Nelson.

Figure 1-9: Visible absorption spectrum of [Fe(III)(ADIT)2]
+ in MeCN.

The sulfone coordination mode found in the active site of NHase is not

unprecedented.  Several Fe(III),68 Co(III),68,76,78,92-95 Pd(II),96 and Ni(II)96-98

sulfone (sulfinato, M-S(O)2-R) complexes are known.  Metal sulfoxide (sulfenato,
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M-S(O)-R) complexes are also known.93,95,96,99  Furthermore, a Co(III) complex,

[Co(III)((!2-SMe2O)(SMe2(O)2)N3(Pr,Pr))]PF6 (2-O3), containing an !2-coordinated

sulfoxide and a sulfone was recently described by Kung and co-workers.100  The !2

coordination mode of the sulfoxide has only been observed once before.101

Figure 1-10: Thermal ellipsoid plot (50 % probability level) of the cation of 2-O3.

H atoms, except for the H-Namine, are omitted for clarity.  Selected bond lengths (Å)

and angles (°): Co-N1, 1.957(3); Co-N2, 1.943(3); Co-N3, 1.993(3); Co-O1,

2.042(2); Co-S1, 2.132(1); Co-S2, 2.118(1); S1-O1, 1.548(3); S2-O2, 1.454(3); S2-

O3, 1.464(3); N1=C(imine), 1.281(5); N2=C(imine), 1.279(5); N1-Co-N2,

173.6(1); N1-Co-N3, 95.2(1); N1-Co-O1, 89.7(1); N1-Co-S1, 87.0(1); N1-Co-S2,

90.8(1); N2-Co-N3, 89.0(1); N2-Co-O1, 94.5(1); N2-Co-S1, 92.6(1); N2-Co-S2,



17

83.5(1); N3-Co-O1, 99.7(1); N3-Co-S1, 143.2(1); N3-Co-S2, 102.3(1); O1-Co-S1,

43.5(8); O1-Co-S2, 157.8(9); S1-Co-S2, 114.4(5).100

Compound 2-O3 can be prepared in either of two ways.  When a solution of

[Co(III)(S2
Me2N3(Pr,Pr))]PF6 (2) is stirred on air for three days,

[Co(III)(SMe2(SMe2(O)2)N3(Pr,Pr))]PF6 (2-O2) is formed in a clean reaction.

Complex 2-O2 contains a coordinated sulfone and a coordinated thiolate.  Upon

treatment of a solution of 2-O2 with 30 % H2O2, 2-O3 is formed in a clean reaction.

Alternatively, 2-O3 can be synthesized in a clean reaction by the treatment of a

solution of 2 with 30 % H2O2.

This reactivity of 2 provides a model for how the active site of NHase could

be assembled.  After transcription and translation, the protein is folded.  Then an

auxiliary protein inserts the metal ion.61,62  By reaction with air, one of the

thiolate ligands is oxidized to a sulfone thereby generating the active enzyme.62,63

In the presence of an oxidizing agent (NHase: NO; 2-O2: H2O2), the other solvent

accessible thiolate can be oxidized to a sulfoxide.  It is known that NO can react

with thiols to form a sulfenic acid (R-S-OH) and N2O.64  Compound 2-O2 did not

react with NO under the conditions investigated.

Recently, Noveron et al. reported a Co(III)-containing model compound,

[Co(III)(PyPS)(OH)]2- in Figure 1-7, of NHase that displays NHase

activity.75,102  This is the first example of an Fe(III) or Co(III) complex in a mixed

nitrogen/sulfur coordination environment displaying NHase activity.  The reported

Co(III) complex contains one pyridine nitrogen, two carboxamide nitrogens, and

two thiolate sulfurs as donor atoms.  There is also a coordinated H2O molecule with

a pKa of 8.3.  The bound H2O/OH
- is trans to a thiolate donor.  At pH = 9.5, the
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complex catalyzes 15 turnovers of the hydration of acetonitrile within 2 hours via a

mechanism that is proposed to involve the attack of the metal-bound hydroxide ion

onto the nitrile.  This model compound and NHase hydrate nitriles under much

milder conditions than typical laboratory procedures.  In a typical laboratory

procedure, the nitrile is either refluxed with acid or base.103  In most cases, the

hydrolysis product, that is, the corresponding acid, is isolated from these reactions.

Challenges of Fe(III)/Co(III)-Thiolate Chemistry

The synthesis of compounds containing Fe(III) or Co(III) in a thiolate sulfur

coordination environment provides several challenges.  Firstly, the combination of

Fe(III) or Co(III) and thiolates is usually thermodynamically unstable with respect

to the formation of the divalent metal ion and disulfide.104-109  This reaction

proceeds via a rate-determining intramolecular electron transfer, that is, a redox

reaction, followed by a radical recombination.107,110  In agreement with this, it has

been observed that in the synthesis of the model compounds reported herein a

relatively large amount of side-products is formed.111  The compounds should,

whenever possible, be stored at a low temperature, preferably as a solid, since they

are unstable in solution.112

Secondly, compounds containing thiolates (RS-) are susceptible to oxidation

by oxygen present in the air.  This could, for example, result in the formation of

disulfide (RS-SR)113 and iron oxide.  Also, a sulfoxide (-S(O)-) and/or a sulfone    

(-S(O)2-) could be formed.  Therefore, metal thiolate compounds have to be handled

in a glovebox or on a Schlenk line under an atmosphere of nitrogen or argon to

exclude oxygen.
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Thirdly, coordinatively unsaturated compounds containing thiolates can be

unstable with respect to oligomerization via thiolate bridges.114  In addition, a

single multidentate ligand can coordinate to a metal ion in a variety of coordination

modes.  For example, by varying the anion and the reaction conditions, Brand and

Vahrenkamp have isolated six different zinc complexes of a single tridentate

ligand!115
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Chapter II: A Model Compound of the Active Site of the NO-

Inactivated Form of Nitrile Hydratase58

Introduction

As it was mentioned above, NHase exists in an active and in an inactive

form.  The inactive form was found to be formed by the binding of NO (nitric oxide,

nitrogen monoxide) to the active center of active NHase.  NO binding and release,

thus, regulate the activity of NHase.  

Within the last several years a constantly increasing number of biological

functions of NO have been found.116,117  They include the regulation of blood

pressure by NO.  NO binds to the iron in the heme group of guanylate cyclase, thus

causing a conformational change which activates guanylate cyclase.  Guanylate

cyclase is then converting GTP (guanosine triphosphate) into cGMP (guanosine

3',5'-monophosphate).  cGMP acts as a secondary messenger molecule to activate

protein kinases which ultimately results in the relaxation of smooth muscle, thus

widening the blood vessel.  NO acts further as a neurotransmitter and is produced

as a part of the immune response mediated by macrophages.  Here, the function of

NO is to inhibit enzymes of the antigen (e. g., invading bacteria) and to cause

destructive radical reactions.

NO is produced in biological systems by the enzyme NO synthase, a heme

protein.  It converts arginine to citrulline and NO in a five electron oxidation

process that requires O2 and NAPDH (reduced nicotinamide adenine dinucleotide

phosphate).

The NO-inactivated form of NHase is X-band EPR silent.  Therefore, it

does not possess an odd number of unpaired electrons.  It has an absorption
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maximum at 370 nm, see Figure 1-2.  As discussed in Chapter I, the crystal struc-

ture of the NO-inactivated form of NHase was solved.54  Relevant bond lengths

and angles of the active site of it are given in Table 1-1.  Before the crystal structure

was solved, EXAFS analysis indicated the bond lengths shown in Table 2-1.

Table 2-1: EXAFS parameters of NO-inactivated NHase and of 1-NO.57

NO-inactivated NHase 1-NO

nNO/nN/nS

r(Fe-NO) (Å)

r(av. Fe-N) (Å)

r(av. Fe-S) (Å)

!Fe-N-O (°)

1/2/3

1.680(27)

1.968(25)

2.265(11)

163(13)

1/3/2

1.684(27)

1.977(20)

2.267(11)

166(12)

1/3/2

1.680(23)

1.998(34)

2.267(20)

165(12)

Fe

N

N

N
S

S

H

Fe

N

N

N
S

S

H

NO

   + 1.15 eq. NO

1 1-NO

Figure 2-1: Synthesis of 1-NO from 1.

Synthesis of Model Compound

The addition of a small excess of NO gas to a solution of pentacoordinated

[Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1), see Chapter III for more details about 1, results in
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the formation of hexacoordinated [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO) in a clean

reaction.  This reaction is performed by adding 1.15 equivalents of NO gas on a

Schlenk line to a frozen MeCN solution of 1.  Upon warming to room temperature,

the NO dissolves in the solution and 1-NO is formed.  In the glovebox, the solution

is then overlayered with Et2O.  After standing for several days at - 35 °C, crystals

of 1-NO can be isolated.  In comparison, it was not possible to obtain clean 1-NO

by bubbling NO gas through an MeCN solution of 1.  It is not possible to use

MeOH as the solvent since 1 decomposes in MeOH under N2 with an estimated

rate of 15 % / 24 h in the dark at room temperature.

Properties of the Model Compound and Relevance to the Active Site of

Nitrile Hydratase

It was hoped that NO would bind to the iron in 1 in a fashion which

resembles the binding mode of NO to the active site iron of NHase.  If this is the

case then the electronic and structural properties of 1-NO should match those of

the NO-inactivated form of NHase.  One can then investigate the electronic and

structural properties of 1-NO, the analogue of NO-inactivated NHase, at a level of

detail which is impossible to achieve in the enzyme.  Such a detailed investigation is

difficult to achieve in the enzyme since the properties of the large ‘protein ligand’

mask the properties of the active site metal ion and its immediate coordination

sphere.
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Figure 2-2: Absorption spectrum of [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO).

The visible absorption spectrum of 1-NO is characterized by a single

maximum at 422 nm, see Figure 2-2.  A comparison of the absorption spectra

shows that the absorption spectrum of 1-NO, see Figure 2-2, matches the one of

NO-inactivated Fe-containing NHase, see Figure 1-2, very closely.  Within the

range of 320 - 800 nm, NO-inactivated NHase and 1-NO each have a single

absorption maximum at 370 and 422 nm, respectively.  The electronic absorption

band at 370 nm in NO-inactivated NHase has sulfur to iron charge transfer

character.48  An explanation for the disappearance of the absorption band at 700

nm, when going from active to NO-inactivated NHase, is given below.

Compound 1-NO is formed by the reaction between Fe(III) and NO•.

Therefore, it is an {FeNO}6 complex according to the nomenclature of Enemark and

Feltham.118,119  {FeNO}6 means that a total number of six electrons are

associated with the iron d and the NO !* orbitals.  An {FeNO}6 complex is
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formally composed of the three resonance structures 'Fe(II) and NO+', 'Fe(III) and

NO•', and 'Fe(IV) and NO-'.  "The bonding in the M(NO)x moieties of metal

nitrosyl complexes is largely of a covalent nature, and ... the electron distribution in

the M-NO unit is more or less evenly distributed in this group.  As a result, it is

unreasonable to assign formal oxidation states to the metal and the nitrosyl ligand in

M-NO complexes."119  The IR data for both 1-NO and NO-inactivated NHase fall

into the range expected for an {FeNO}6 system.119-121  A comparison of the data

in Table 2-2 suggests that the dominant resonance structure in both NO-inactivated

NHase and 1-NO is 'Fe(III)-NO•'.

Table 2-2: Comparison of 'NO' parameters.119-121

NO+ NO• NO- 'NO'-inactivated NHase 'NO' in 1-NO

r(N-O) (Å) 1.06 1.15 1.26 N/A 1.161(4)

!N-O (cm
-1) 2377 1875 1470 1853 1823

[Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO) is diamagnetic (S = 0) as shown in

the NMR Figures in Chapter V.  Since NO• and 1, at temperatures below 100 K,

see Figure 3-10, each have a spin of 1/2, an electron pairing must be occurring in

addition to the " bond formation between the filled lone pair orbital on the nitrogen

and an empty orbital of the iron.  Therefore, the Fe-NO bond must have a double

bond character.  This double bond character is expressed in the considerably shorter

Fe-NO bond length (1.676(3) Å) as compared to the other Fe-N bonds (mean:

2.0(1) Å) in 1-NO.  Also, the Fe-NO distance in NO-inactivated NHase is shorter

than the other Fe-N distances, see Tables 2-1 and 1-1.  The Fe-NO distance in 1-

NO falls within the range (1.62 - 1.68 Å) expected for {FeNO}6 systems.122  An



25

MO explanation for the spin pairing is given below.  The MO in which this newly

formed electron pair is located is distributed throughout the molecule.  

Figure 2-3: Thermal ellipsoid plot (50 % probability level) of the cation of

1-NO.  H atoms, except for the H-Namine, are omitted for clarity.

As shown by the X-ray crystallographic analysis, the iron ion in 1-NO is in

a near ideal octahedral coordination environment.  Trans angles vary from 165.9(1)°

to 174.29(8)° and cis angles vary from 83.0(1)° to 102.5(1)°.  The NO ligand in 1-

NO is bound trans to one of the thiolate sulfurs (S2) and it is inserted into the

wider N-Fe-S angle (N2-Fe-S1 = 132.3(1)°) of 1 on the site opposite to the amine

nitrogen hydrogen.  The binding of NO causes the N2-Fe-S1 angle to open from

132.3(1)° in 1 to 174.29(8)° in 1-NO.  The Fe-NO distance (Fe-N4 = 1.676(3) Å)

is short, which indicates a double bond character.  The Fe-N-O angle is nearly linear
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(172.3(3)°), which is expected for an {FeNO}6 system.118,121  A comparison of

the structural parameters of 1-NO as determined by EXAFS,57 see Table 2-1, and

by X-ray crystallography, see Table 2-3, shows that both are very similar.  This

shows that EXAFS can provide accurate structural information.  In addition, a

comparison of the structural parameters of 1-NO, see Tables 2-1 and 2-3, and of

NO-inactivated NHase, see Tables 2-1 and 1-1, shows that they are very similar.

This is the case even though 1-NO does not contain oxidized sulfurs and amide

nitrogens as does NO-inactivated NHase.
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Table 2-3: Selected bond distances and angles of 1-NO.

bond distance (Å) angle (°)

Fe-S1 2.2603(9) Fe-N4-O1 172.3(3)

Fe-S2 2.2604(9) N1-Fe-N2 101.0(1)

Fe-N1 (imine) 1.993(3) N1-Fe-N3 165.9(1)

Fe-N2 (amine) 2.108(3) N1-Fe-N4 91.1(1)

Fe-N3 (imine) 1.979(3) N1-Fe-S1 84.68(8)

Fe-N4 (NO) 1.676(3) N1-Fe-S2 83.57(8)

N4-O1 1.161(4) N2-Fe-N3 83.0(1)

N1=C (imine) 1.281(4) N2-Fe-N4 88.9(1)

N3=C (imine) 1.289(4) N2-Fe-S1 174.29(8)

N2-Fe-S2 89.02(7)

N3-Fe-N4 102.5(1)

N3-Fe-S1 91.35(8)

N3-Fe-S2 83.01(8)

N4-Fe-S1 91.6(1)

N4-Fe-S2 173.8(1)

S1-Fe-S2 91.09(3)

Another hexacoordinated derivative of 1 has been synthesized.  It is

[Fe(III)S2
Me2N3(Pr,Pr)(N3)] (1-N3),89 see Chapter III for more details, in which

azide instead of NO is bound to the iron center through the N2-Fe-S1 angle.  The

iron in 1-N3 is in the low-spin (S = 1/2) state.  A comparison of corresponding bond

lengths in 1-NO, see Table 2-3, and 1-N3, see Table 3-3, shows the Fe-S bonds in

1-NO to be slightly (0.06 Å) elongated and the Fe-Namine bond in 1-NO to be
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slightly shortened (0.05 Å).  This can be explained if one assumes, like it is done in

the discussion below, that the orbital 'yz', which contains the unpaired electron in 1,

which pairs with the unpaired NO !* electron, has "* Fe-S character.  The resulting

doubly occupied MO would thus be bonding with respect to Fe-NO, but slightly

antibonding with respect to Fe-S and N-O.  The weaker interaction between sulfur

and iron would decrease the sulfur's trans influence which would result in a stronger

interaction between Namine and iron, and thus a shorter Fe-Namine bond.  Note that

the Fe-Nimine distances in 1-NO and 1-N3 are very similar.   

NHase binds NO reversibly.  In NO-inactivated NHase, all NO is

completely dissociated after photolysis with white light (500 W) for 15 minutes.56

Also, in the case of 1-NO, a photolytic cleavage of the Fe-NO bond to form 1 and

NO occurs.  However, the reaction is not reversible owing to the subsequent

photodecomposition of 1.

The Mößbauer parameters of 1-NO,123 # = 0.0924 mm/s and $Eo = 1.0078

mm/s, are similar to those of NO-inactivated NHase,124,125 # = 0.02 mm/s and

$Eo = 1.49 mm/s.  They fall in the range expected for a low-spin Fe(III), which is in

a very unsymmetrical electron environment.126  

Based upon the fact that NO-inactivated NHase is formed by the reaction

between NHase (Fe(III)) and NO, and based upon the similarities (UV/Vis, IR,

magnetism, EXAFS, and Mößbauer) between 1-NO and NO-inactivated NHase,

the Fe-NO moiety in NO-inactivated NHase is assigned as being {FeNO}6.  The

fact that 1-NO, which contains two unmodified cis thiolates perpendicular to two

imine nitrogens (the Fe(S)2 plane is perpendicular to the Fe(Nimine)2 plane), is a very

good spectroscopic model of the active site of NO-inactivated NHase suggests that

NHase only contains one posttranslationally modified thiolate.  If only the sulfone



29

modification is present, as indicated by mass spectrometric measurements,54,60-63

then the remaining two unmodified cis thiolates are perpendicular to the two amide

nitrogens (the Fe(S)2 plane is perpendicular to the Fe(Namide)2 plane).  This

characteristic structural motif of two cis thiolates perpendicular to two trans imine

or amide nitrogens is also present in a number of good spectroscopic model

compounds of active Fe-containing NHase.67,74,84-91  As discussed in Chapter

IV, the imine group models one of the tautomeric forms of an amide group.

Electronic Structure of Model Compounds

In order to be able to give a molecular orbital (MO) description, a coordinate

system has to be defined.  The coordinate system which was chosen for the cation

of 1, [Fe(III)S2Me2N3(Pr,Pr)]
+ (1+), is shown in Figure 2-4.  For the cation of 1-NO,

[Fe(III)S2
Me2N3(Pr,Pr)(NO)]

+ (1-NO+), a coordinate system was constructed in

which the NO ligand binds along the y axis.  By using the y axis for the NO ligand,

the coordinate systems of 1+ and 1-NO+ are as similar as possible.  Note that both

ions are of C1 symmetry.

Fe

Nim

Na m

Nim

z

x

y

S

S

  

Fe

Nim

Na m

Nim

z

x

y

S

S

ON

Figure 2-4: Coordinate systems for the cation of 1, [Fe(III)S2
Me2N3(Pr,Pr)]

+ 

(1+), and the cation of 1-NO, [Fe(III)S2
Me2N3(Pr,Pr)(NO)]

+ (1-NO+).



30

Herein, an abbreviated qualitative molecular orbital description will be

presented.  Since both imine nitrogens and both sulfurs are in an identical chemical

environment, it cannot be assumed that only one metal orbital interacts with only

one ligand orbital.  In a detailed qualitative molecular orbital diagram, one would

have to construct mixed metal orbitals so that both metal-imineN and both metal-S

interactions are equivalent.  The level of approximation chosen for the MO

diagrams is sufficient to explain the spin state of 1/2 at temperatures below 100 K,

see Figure 3-10, of the cation of 1, [Fe(III)S2
Me2N3(Pr,Pr)]

+ (1+), and the spin-

pairing upon binding NO.  Density function calculations, which will provide a

quantitative description of the shapes and energies of the molecular orbitals of the

cation of 1, are currently in progress in the research group of Professor Solomon at

Stanford University.127

Abbreviated Qualitative MO Diagram of the [Fe(III)S2Me2N3(Pr,Pr)]+ (1+) Ion

In the molecular orbital diagram of the cation of 1, [Fe(III)S2
Me2N3(Pr,Pr)]

+

(1+), only ! interactions are considered.  Also, only the higher energy orbitals that

are involved in bonding are considered.  The atomic orbitals of iron, which are

involved in bonding, are higher in energy than the atomic orbitals of the ligands,

which are involved in bonding.46  Therefore, one can assume that the ! molecular

orbitals have mainly ligand character, while the !* and non-bonding (n) molecular

orbitals have mainly metal character.  Thus, the molecular orbitals are denoted as,

for example, d 'yz', indicating that the molecular orbital d 'yz' has approximately the

same shape (angular dependence function) as the atomic orbital d yz.  In other

words, the contributions of other atomic orbitals to the molecular orbital d 'yz' are

close to zero.  
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Figure 2-5: General qualitative MO diagram of a metal complex.46

If one considers the orientations of the metal-based 3d and 4p orbitals

within the coordinate system of the cation of 1, one can conclude that the d 'xy', d

'xz', and p 'y' molecular orbitals are non-bonding.  This is the case since they are not

directly pointing at any donor atom.  Likewise, since they are pointing at at least

one donor atom, one can conclude that the d 'yz', d 'z2', d 'x2-y2', p 'z', and p 'x'

molecular orbitals are anti-bonding (!*).  Crystal field arguments indicate that the d

'xz' orbital is higher in energy than the d 'xy' orbital because the d 'xz' orbital

interacts in its plane with three donor atoms, while the d 'xy' orbital interacts in its

plane with only two donor atoms.  Crystal field arguments further indicate the

following order according to increasing energy: d 'yz' < d 'z2' < d 'x2-y2'.  The d 'x2-

y2' MO is higher in energy than the d 'z2' MO, since d 'x2-y2' points directly at two

donor atoms, while d 'z2' points directly at only one donor atom.  The d 'yz' MO is
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lower in energy since it only points indirectly at the two sulfur donor atoms.

Because the 4p atomic orbitals are higher in energy than the 3d atomic orbitals, the

'p' molecular orbitals must also be higher in energy than the 'd' molecular orbitals.

Since the molecular orbital p 'y' is non-bonding, it must be lower in energy than the

p 'x' and p 'z' molecular orbitals.  The five ! molecular orbitals are completely filled

using the ten electrons which are contributed by the donor atoms of the ligand to

the formation of bonds (two imine nitrogens with two electrons each, one amine

nitrogen with two electrons, and two sulfurs with two electrons each).  Therefore,

all five 3d electrons of Fe(III) are used to fill the 'd' molecular orbitals.  This MO

diagram explains the fact that the cation of 1, [Fe(III)S2
Me2N3(Pr,Pr)]

+ (1+), has a

spin of S = 1/2, if one assumes that the energy difference between the d 'xz' orbital

and the d 'z2' orbital is larger than the spin pairing energy.  Only the

HOMO/LUMO region is shown in the MO diagram.
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Figure 2-6: Abbreviated qualitative MO diagram of the cation of 1.

Abbreviated Qualitative Molecular Orbital Diagram of the 1-NO+ Ion

For NO to bind to pentacoordinated [Fe(III)S2
Me2N3(Pr,Pr)]

+ (1+), an empty

non-bonding orbital must point in the direction of the incoming NO ligand.  This

condition is satisfied by the presence of the non-bonding p 'y' orbital.  The p ‘y’

orbital of iron interacts with the filled lone pair orbital !2 on the nitrogen of the NO

ligand to form a ! bond.  Since the cation of 1-NO, 1-NO+, is diamagnetic, S = 0, a

spin pairing between the unpaired electron spin of 1+ and NO must occur.  This can

be achieved either if the orbitals of 1+ and NO that contain the unpaired electron

interact to form two molecular orbitals, that is a bond, or if antiferromagnetic

coupling occurs.  Since iron and NO are directly interacting and the orbitals are

properly aligned, it is assumed that a ! interaction between the 1+ d 'yz' !* orbital
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and the NO !* orbital containing the unpaired electron occurs.  This ! interaction

results in the formation of a new bonding and a new anti-bonding orbital between

iron and NO.  The ! and ! interactions are shown in the following MO diagram.

Only the HOMO/LUMO region and the molecular orbitals of NO that are involved

in Fe-NO binding are shown.  The MO diagram of NO is shown in Figure 2-9.

About 60 % of the spin density of the unpaired electron in NO is located on the

nitrogen atom in a " symmetry orbital.119  In a more detailed description of the

cation of 1-NO, [Fe(III)S2
Me2N3(Pr,Pr)(NO)]

+ (1-NO+), one also would have to

consider a " interaction between the filled d 'xy' orbital and the empty NO !*

orbital.  This would be called a ! "back-bonding" or a ! "back-donation".46  A

graphical representation of the formation of the ! and ! bond between Fe and NO

is shown in Figure 2-8.
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Figure 2-8: Graphical representation of the formation of a ! and ! bond 

between Fe and NO.
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Figure 2-9: MO diagram of NO.119

The energy of the newly formed !* orbital in Fe-NO complexes is below

that of the unfilled metal d ‘z2’ and d ‘x2-y2’ orbitals.128  It is this orbital which in

{Fe-NO}7 complexes contains the extra electron.  Since this orbital is mainly N-

based, {Fe-NO}7 complexes contain a bent Fe-NO unit.  In comparison, in CO
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compounds this !* orbital is always higher in energy than the 'd' orbitals, therefore

one never worries about it.  

It has been observed that hexacoordinated compounds, such as

[Fe(III)S2
Me2N3(Pr,Pr)(N3)] (1-N3)89 or [Fe(III)S2

Me2N3(Et,Pr)(N3)] (5-N3), see

Chapter III for more details, containing two cis thiolate donors perpendicular to

two trans imine or amide nitrogen donors give rise to intense absorption bands at

about 400 and 700 nm (the Fe(S)2 plane is perpendicular to the Fe(Nimine/amide)2

plane).67,74,84-91  In NHase, these absorption bands have sulfur to iron charge

transfer character.43,47,48  In comparison, in [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-

NO) only the absorption band at around 400 nm is present.  A likely explanation

for this is that the d ‘yz’ orbital, which contains the electron that undergoes spin

pairing with the unpaired electron on the NO ligand, that is, ! bond formation, is

the orbital into which the sulfur lone pair electron is promoted in the 700 nm

electron transition.  After binding NO, this orbital is filled because of the

accompanying spin pairing.  Therefore, the 700 nm electron transition can no longer

occur.
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Chapter III: The Influence of a Small Structural Change on 

the Reactivity of Metal Complexes91

Introduction

Previous research in the Kovacs group resulted in the isolation of a

pentacoordinated compound, [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1).89  It possesses a

Pr,Pr ligand backbone derived from N-(3-aminopropyl)-1,3-propanediamine (Pr,Pr-

amine).  Azide89 and, as it was discussed in the previous Chapter, NO58 bind at

the open binding site of 1.  Thereby hexacoordinated Fe(III) complexes are

generated that are good spectroscopic models (spin states and electronic absorption

spectra) of the active site in Fe-containing NHase.

The open binding site of 1 is within the angle S1-Fe-Namine = 132.3(1)°.  To

study how the length of the ligand backbone influences the reactivity of the result-

ing metal complexes, N-(2-aminoethyl)-1,3-propanediamine (Et,Pr-amine) was used

instead of Pr,Pr-amine in a reaction analogous to the synthesis of 1.  This change of

the amine results in the shortening of the ligand backbone by one methylene unit.  It

is expected that the different ligand backbone will result in a distortion of the

coordination sphere relative to 1 and hence also a different reactivity.

Synthesis and Characterization of 4

Previous research in the Kovacs group has shown that a Schiff base

condensation of Pr,Pr-amine with two equivalents of the sodium salt of 3-

mercapto-3-methyl-2-butanone on an Fe(II) template, followed by oxidation,

results in the formation of pentacoordinated [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1), see

Figure 3-1.89  Interestingly, it was found in the present research that the removal of
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a methylene unit from the amine source in this Schiff base condensation, after

oxidation, results in the formation of a hexacoordinated persulfide-containing

complex, 4, instead of the expected pentacoordinated complex.  That is, a very

stable Fe(III)-thiolate complex, [Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4), which

contains an !2-coordinated alkyl persulfide ligand, can be isolated, after oxidation,

from the Fe(II)-templated Schiff base condensation of Et,Pr-amine with the sodium

salt of 3-mercapto-3-methyl-2-butanone, see Figure 3-1.  Alternatively, 4 can be

prepared by the reaction between Fe(III), the sodium salt of 3-mercapto-3-methyl-

2-butanone, and Et,Pr-amine.  

There are only a small number of metal complexes known that contain an

!2-coordinated alkyl persulfide (R-S2
-) ligand.129-136  Most of them were

prepared by alkylation of the disulfido ligand (S2
2-).129,130,133-135  Of the known

!2-alkyl persulfide complexes, only three were stable enough to be isolated in

crystalline form so that their crystal structure could be determined.129,136,137

Those three complexes contain 2nd (Mo) or 3rd (W, Os) row transition metals.

In comparison, if two methylene units are removed from the amine source,

that is, Et,Et-amine is used, then only a hexacoordinated complex can be isolated

which contains two meridional (mer) tridentate ligands.138  Each one of the

tridentate ligands contains as donor groups one thiolate, one imine, and one

secondary amine.  The ligand also contains an unbound primary amine; in other

words, only one of the primary amine units of Et,Et-amine participated in a Schiff

base condensation.
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Figure 3-1: Syntheses of 1 and 4.

During the formation of the alkyl persulfide containing 4, a C-S bond

cleavage must occur. The mechanism of this reaction in the present system is

currently not understood. However, it is known that C-S bond cleavage can occur

on low-valent metal complexes,139,140 on metal surfaces,141 or during

hydrodesulfurization.142  C-S bond cleavage during reduction is well

documented.143,144  It is interesting to note that in the present case C-S bond

cleavage, that is the formation of 4, was observed both in the reaction starting from

Fe(II) as well as in the reaction starting from Fe(III).  In the reaction starting from
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Fe(II) a somewhat higher yield is observed.  This is attributed to the formation of

[Fe(II)S2
Me2N3(Et,Pr)] (3) at the Fe(II) stage, which is then oxidized to the Fe(III)

form.  Presumably, in the reaction starting from Fe(III), some of the substance is

lost due to the formation of Fe(II) and disulfide.  Conducting the reaction in the

presence of excess thiol or thiolate did not result in a significant increase in yield.

Figure 3-2: Thermal ellipsoid plot (50 % probability level) of 3.  H atoms, 

except for the H-Namine, are omitted for clarity.

When the reaction to synthesize 4 while starting on Fe(II) was worked up

before adding the oxidizing agent, it was possible to isolate a small amount of

crystals of the pentacoordinated Fe(II) analogue [Fe(II)S2
Me2N3(Et,Pr)] (3), see

Figure 3-2 and Table 3-2.  However, due to its high oxygen sensitivity, it was not

possible to isolate sufficient quantities of this substance that could have permitted a

full characterization.  This compound is mentioned here, since its existence suggests
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that the persulfide formation, that is C-S bond cleavage, occurs at the Fe(III) stage

and not at the Fe(II) stage.  However, it should also be noted that in another system

C-S bond cleavage was proposed to occur at the Fe(II) stage.145

The present Fe(III)-containing, !2-alkyl persulfide coordinated compound

[Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4) may represent a model for an intermediate in

the assembly of Fe-S clusters.  Cysteine persulfide (thiocysteine, cysteine

perthiolate) is found in biological systems.  It has been shown that NifS catalyzes

the desulfurization of cysteine to form alanine and a NifS-bound cysteine

persulfide.146  This cysteine persulfide-containing enzyme may then interact with

Fe(II) or Fe(III) to form Fe-S clusters.147  Also, a NifS homolog enzyme148 and a

cystine lyase149 are able to direct Fe-S cluster assembly.  A cysteine persulfide,

which is coordinated end-on to an iron (Fe-S = 2.48 Å), was found in the prismane

protein.150  The intermediate enzyme-sulfur complex of rhodanese also contains

the extra sulfur bound to cysteine in the form of a persulfide.151  It should also be

noted that cystine lyases are able to cleave one of the C-S bonds in cystine to

produce cysteine persulfide.149,152  Cysteine persulfide has also been found as an

unexpected result of mutagenesis studies153,154 and of the purification

procedure.155
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Figure 3-3: Thermal ellipsoid plot (50 % probability level) of the cation of 4.  H 

atoms, except for the H-Namine, are omitted for clarity.

The Fe-S1,2 distances (average = 2.20(3) Å) in 4 are similar to those

observed in other hexacoordinated low-spin (S = 1/2) Fe(III) complexes with

nitrogen and sulfur donor atoms.67,74,84-91,156  In comparison, a typical high-

spin (S = 5/2) Fe(III)-thiolate distance is about 2.3 Å.157  The S-S distance within

the !2-coordinated alkyl persulfide (S1-S3 2.011(1) Å) is similar to those (mean =

2.021(6) Å) observed in the other three structurally characterized !2-alkyl

persulfide-containing complexes.129,136,137  It is, however, slightly shorter than

the average S-S distance (2.05(1) Å) in "-S8.104  The extra persulfide sulfur is

bound at the site that in the pentacoordinated compound 5, see below, is the open

binding site.  Compound 4 contains its iron ion in a highly distorted octahedral

coordination environment.  Trans angles vary from 149.86(9)° to 175.6(1)° and cis
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angles vary from 51.85(3)° to 108.25(9)°.  The structure of 4 is illustrated in Figure

3-3 and important bond lengths and angles are provided in Table 3-1.

Table 3-1: Selected bond distances and angles of [Fe(III)(S2
Me2N3(Et,Pr))-

Spers]PF6 (4).

bond distance (Å) angle (°)

Fe-S1 2.2209(9) N1-Fe-N2 85.2(1)

Fe-S2 2.1694(8) N1-Fe-N3 175.6(1)

Fe-S3 2.3687(9) N1-Fe-S1 84.99(8)

Fe-N1 (imine) 1.944(2) N1-Fe-S2 92.35(8)

Fe-N2 (amine) 1.993(3) N1-Fe-S3 87.13(8)

Fe-N3 (imine) 1.971(2) N2-Fe-N3 92.1(1)

S1-S3 2.011(1) N2-Fe-S1 149.86(9)

N1=C (imine) 1.285(4) N2-Fe-S2 108.25(9)

N3=C (imine) 1.290(4) N2-Fe-S3 99.23(9)

N3-Fe-S1 99.07(8)

N3-Fe-S2 85.13(8)

N3-Fe-S3 96.80(8)

S1-Fe-S2 100.57(3)

S1-Fe-S3 51.85(3)

S2-Fe-S3 152.38(4)

Fe-S1-S3 67.87(3)

Fe-S3-S1 60.29(3)
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Figure 3-4: Solid state effective paramagnetic magnetic moment of 

[Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4).

Based upon solid state effective paramagnetic magnetic moment

measurements, see Figure 3-4, complex 4 is in the low-spin state (S = 1/2) in the

temperature range of 2 - 300 K.  An EPR spectrum of 4, see Figure 3-5, confirms

this assignment.  Hexacoordinated 4 gives rise to a characteristic Fe(III) low-spin

rhombic EPR signal with g-values of 2.165, 2.106, and 1.994.  This spin state is

consistent with earlier findings that hexacoordinated Fe(III) complexes containing

two cis thiolate donors perpendicular to two trans imine nitrogens donors are in the

low-spin state in the temperature range of 2 - 300 K.84,89,90
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Figure 3-5: EPR spectrum (MeOH/EtOH 9/1; 141 K) of 4.

0

5000

10000

15000

200 400 600 800 1000

! 
(M

"
1
cm

"
1
)

# (nm)

Figure 3-6: UV/Vis absorption spectrum of [Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 

(4) in MeOH.
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Complex 4 dissolves in solvents such as CH2Cl2, MeOH, and MeCN to give

an intensely pink colored solution.  This is due to the absorption of green light.

The extinction coefficient of the absorption band at 553 nm (! = 1950 M-1cm-1) is

characteristic of a charge transfer electron excitation.  The reduction potential (Eirrev.

Red. = - 790 mV (vs. SCE)) of hexacoordinated 4 compares well with that of other

hexacoordinated Fe(III)-containing compounds.69,90  The fact that the reduction of

4 is irreversible suggests the corresponding Fe(II) persulfide compound decomposes

within the time frame of one cyclic voltammetry scan (~ 5 s).
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5

   + P(Et)3
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4

Figure 3-7: Synthesis of 5 from 4.

Synthesis and Characterization of 5

Using P(Et)3 to abstract the extra persulfide sulfur, it was possible to

convert hexacoordinated [Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4) into

pentacoordinated [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) in a clean reaction.  Evaporation of

the ether from the extraction yielded a white solid that was identified as SP(Et)3 by

mass spectrometry and NMR.  The same reaction was observed when P(Ph)3 was

used.  However, it was found that 4 is stable in the presence of (Me)3SiSi(Me)3 and

EtMgBr.  Surprisingly, pentacoordinated 5 is stable in solution.  In MeCN and
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CH2Cl2 as the solvent it is stable for days, while in a MeOH solution about 10 %

decomposition is observed within 40 hours.  It was not possible to convert 5 back

into 4 by the addition of thiols or sodium thiolates to a solution of 5.

Figure 3-8: Thermal ellipsoid plot (50 % probability level) of the cation of 1.  H 

atoms, except for the H-Namine, are omitted for clarity.89
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Figure 3-9: Thermal ellipsoid plot (50 % probability level) of the cation of 5.  H 

atoms, except for the H-Namine, are omitted for clarity.

The bond distances in pentacoordinated [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5), see

Figure 3-9 and Table 3-2, are slightly shorter than those in pentacoordinated

[Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1), see Figure 3-8 and Table 3-2.89  Specifically, the

mean Fe-S bond distance shortens by 0.030 Å, the mean Fe-Nimine bond distance

shortens by 0.037 Å, and the Fe-Namine bond distance shortens by 0.039 Å.  The

bond distances in 1 are slightly longer than those in 5 since at the temperature (183

K) of the structure determination of 1 higher spin states are partially occupied, see

Figure 3-10.  In comparison, 5 is low-spin (S = 1/2) at the temperature (161 K) of

its structure determination.  In most cases, higher spin states cause an increase of

the metal-ligand bond distances since antibonding orbitals are occupied.  The most
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significant difference between the structures of 1 and 5 is the increase of the S1/2’-

Fe-N2 angle from 132.3(1)° in 1 (! S1-Fe-N2) to 141.8(1)° in 5 (! S2’-Fe-N2).  It

is at this open binding site where 1 binds azide and NO.58,89  This opening of the

binding site can also be characterized by the change in "; " is defined as the

difference between the largest and the second largest angle divided by 60°: " = (# -

$)/60° = 0 for ideal C4v, and " = 1 for ideal D3h.158  The parameter " is 0.763 in the

case of 1 and 0.538 in the case of 5.  This indicates that the removal of a methylene

unit from the ligand backbone of 1 causes a significant distortion: 5 is more square

pyramidal than 1, thereby the reactive site is more open.  As it is discussed below,

azide binds to the iron at this site.  Preliminary results indicate that even nitriles and

MeOH can bind through this site.159

Table 3-2: Selected bond distances (Å) and angles (°) of [Fe(II)S2
Me2N3(Et,Pr)] 

(3), [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5),# and [Fe(III)S2

Me2N3(Pr,Pr)]PF6 (1).89

3 • MeCN 5# 1

Fe-S1 2.342(1) 2.117(1) 2.133(2)

Fe-S2 2.317(1) 2.117(1) 2.161(2)

Fe-N1 (imine) 2.123(4) 1.924(2) 1.967(4)

Fe-N2 (amine) 2.216(4) 2.010(4) 2.049(4)

Fe-N3 (imine) 2.116(4) 1.924(2) 1.954(4)

N1=C (imine) 1.271(6) 1.271(3) 1.279(9)

N3=C (imine) 1.270(6) 1.271(3) 1.279(9)

N1-Fe-N2 77.0(1) 86.4(1) 94.2(2)

N1-Fe-N3 157.8(1) 174.1(1) 178.1(2)
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N1-Fe-S1 81.6(1) 86.69(7) 86.7(1)

N1-Fe-S2 108.4(1) 96.90(7) 95.2(1)

N2-Fe-N3 81.0(1) 87.9(1) 86.2(2)

N2-Fe-S1 123.0(1) 141.8(1) 132.3(1)

N2-Fe-S2 114.0(1) 112.5(1) 106.5(1)

N3-Fe-S1 108.5(1) 96.90(7) 91.6(1)

N3-Fe-S2 83.1(1) 86.68(7) 86.4(1)

S1-Fe-S2 122.84(5) 105.67(5) 121.0(1)

! 0.580 0.538 0.763

# Due to the crystallographically imposed two-fold axis, see Chapter V for more

details, S2’ and N3’ in 5 correspond to S1 and N1 in the other compounds.

The bond distances in pentacoordinated [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5), as

compared to those of pentacoordinated [Fe(II)S2
Me2N3(Et,Pr)] (3), show a clear

trend that one would expect when replacing Fe(II) by Fe(III) in an identical

coordination environment.  Because of the higher charge at the central metal ion,

shorter metal-ligand distances are observed.  In this case, the mean Fe-S distance

shortens by 0.213 Å, the mean Fe-Nimine distance shortens by 0.196 Å, while the

Fe-Namine distance shortens by 0.206 Å.  
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Figure 3-10: Solid state effective paramagnetic magnetic moment of [Fe(III) 

S2
Me2N3(Pr,Pr)]PF6 (1) (!) and [Fe(III)S2

Me2N3(Et,Pr)]PF6 (5) (").

Solid state effective paramagnetic magnetic moment data, see Figure 3-10,

indicates that in the temperature range of 2 - 300 K complex

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) is in the spin state S = 1/2 (low-spin).  Its magnetic

behavior is different from that of [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1).89  Higher spin

states become partially populated in 1 at temperatures above 100 K.  Figure 3-11

shows the EPR spectra of pentacoordinated 1 and 5.  Complexes 1 and 5 are

characterized by pseudo-rhombic Fe(III) S = 1/2 EPR signals with g-values of 2.14,

2.07, and 2.01 (1) and 2.12, 2.07, and 2.02 (5).  The additional feature with a g value

maximum of 2.20 (1) or 2.17 (5) is presumably caused by an intermolecular

interaction since it becomes less intense if a less concentrated solution is measured.  
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Figure 3-11: EPR spectra of [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1) (...) and

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) (-) in CH2Cl2/Toluene 1/1 (1: 125 K, 5: 150 K).
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Figure 3-12: UV/Vis absorption spectra of 1 (...) and 5 (-) in CH2Cl2.
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Complex 5 is soluble in solvents such as CH2Cl2, MeOH, and MeCN to

give an intensely pink colored solution.  This is due to the absorption of green light.

The extinction coefficients (~ 1500 M-1cm-1) of the absorption bands at 493 and

532 nm are characteristic of a charge transfer electron excitation.  In comparison, 1

gives rise to absorption bands at around 319 and 420 nm.  The Fe(III) oxidation

state in pentacoordinated 5 is stabilized, that is, its redox potential is more negative,

by 55 mV as compared to the Fe(III) oxidation state in pentacoordinated 1.58

Fe

N

N

N
S

S

H
Fe

N

N

N
S

S N3

H

5 5-N3

+ N3
-

Figure 3-13: Synthesis of 5-N3 from 5.

Synthesis and Characterization of 5-N3

The addition of soluble azide salts, such as tetra(n-butyl)ammonium azide

or tetramethylammonium azide, to pentacoordinated [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5)

results in the binding of azide to the iron at the open binding site of 5 to form

hexacoordinated [Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-N3), see Figure 3-13.  Azide

coordination to 5 causes the absorption band at 532 nm to disappear, the

absorption band at 493 nm to shift to 475 nm, and the appearance of the absorption

band at 760 nm, see Figure 3-19.  In solvents such as MeCN and CH2Cl2, the

addition of 1.5 equivalents of azide at room temperature results in complete azide
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binding.  In comparison to this, it was found that when MeOH is used as the

solvent the equilibrium is shifted so that significant amounts of both

pentacoordinated 5 and azide-bound 5-N3 are present.  Besides azide, a number of

other ‘substrates’ bind to 5.  They include SCN- (!max, low energy absorption = 800 nm,

MeCN RT), cyclohexylisonitrile (888 nm, CH2Cl2 RT), MeCN (830 nm, CH2Cl2 -

90 °C), Cl- (744 nm, CH2Cl2 - 90 °C), CN
- (818 nm, CH2Cl2 RT), and MeOH (758

nm,  CH2Cl2 - 90 °C).  In comparison, 1 also binds N3
- (720 nm, CH2Cl2 RT), SCN

-

(778 nm, CH2Cl2 RT), cyclohexylisonitrile (739 nm, CH2Cl2 RT), and CN
- (760

nm, CH2Cl2 RT).  But no binding of Cl
-, MeCN, and MeOH to 1 was observed

under the conditions investigated.  Furthermore, it was found that the addition of

H2O and of N[(CH2)3CH3]4OH • 30 H2O in CH2Cl2 to 1 or 5 results in

decomposition of the metal-containing complexes.
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Figure 3-14: Thermal ellipsoid plot (50 % probability level) of 1-N3.  H atoms, 

except for the H-Namine, are omitted for clarity.89
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Figure 3-15: Thermal ellipsoid plot (50 % probability level) of 5-N3.  H atoms, 

except for the H-Namine, are omitted for clarity.

The Fe(III) ion in both azide-ligated 1-N3, see Figure 3-14 and Table 3-3,

and azide-ligated 5-N3, see Figure 3-15 and Table 3-3, is in a near ideal octahedral

coordination environment.  In 1-N3, trans angles vary from 172.5(1)° to 174.9(1)°

and cis angles vary from 82.2(1)° to 99.7(1)°, while in 5-N3, trans angles vary from

167.85(5)° to 175.62(6)° and cis angles vary from 82.38(7)° to 99.15(6)°.  As it

was observed for azide-bound 1-N3,89 the azide ligand in 5-N3 is bound trans to

one of the thiolate sulfurs (S2).  Azide is inserted into the wider N-Fe-S angle (!

S2’-Fe-N2 = 141.8(1)°) of 5 on the side opposite to the amine nitrogen hydrogen.

The binding of azide causes the N2-Fe-S2’ angle to open from 141.8(1)° in 5 to

167.85(5)° in 5-N3 ("! = 26.05°).  This structural rearrangement is less than that
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which occurs upon azide binding to 1.  In the case of 1, the N2-Fe-S1 angle opens

from 132.3(1)° in 1 to 172.5(1)° in 1-N3 (!" = 40.20°).  As shown in Table 3-3,

the angles in 1-N3 and 5-N3 are nearly identical.  All angles are within 6.5° of each

other, except for the N1-Fe-N2 angle.  This angle changes from 99.7(1)° in 1-N3 to

86.28(7)° in 5-N3.  This change is caused by the replacement of a six-membered ring

by a five-membered ring due to the shortening of the ligand backbone from

propylene to ethylene.  As expected, the azide ligand in both 1-N3 and 5-N3 is

bound with an Fe-N3 angle of about 120° and it is nearly linear.  

Table 3-3: Selected bond distances (Å) and angles (°) of [Fe(III)S2
Me2 

N3(Pr,Pr)(N3)] (1-N3)89 and [Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-N3).

1-N3 5-N3

Fe-S1 2.196(1) 2.2226(7)

Fe-S2 2.209(1) 2.1994(6)

Fe-N1 (imine) 1.978(3) 1.916(2)

Fe-N2 (amine) 2.157(3) 2.061(2)

Fe-N3 (imine) 1.970(3) 1.963(2)

Fe-N4 (azide) 2.061(4) 2.093(2)

N4-N5 1.189(5) 1.197(3)

N5-N6 1.162(5) 1.164(3)

N1=C (imine) 1.289(1) 1.284(3)

N3=C (imine) 1.289(1) 1.277(3)

N1-Fe-N2 99.7(1) 86.28(7)

N1-Fe-N3 174.9(1) 173.20(8)

N1-Fe-N4 88.8(1) 89.14(7)
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N1-Fe-S1 84.8(1) 86.57(6)

N1-Fe-S2 90.8(1) 90.97(5)

N2-Fe-N3 82.2(1) 88.69(7)

N2-Fe-N4 82.9(1) 82.38(7)

N2-Fe-S1 172.5(1) 167.85(5)

N2-Fe-S2 90.6(1) 93.25(5)

N3-Fe-N4 96.2(1) 94.73(8)

N3-Fe-S1 93.7(1) 99.15(6)

N3-Fe-S2 84.4(1) 84.74(6)

N4-Fe-S1 91.3(1) 87.70(6)

N4-Fe-S2 173.3(1) 175.62(6)

S1-Fe-S2 95.3(1) 96.68(3)

Fe-N4-N5 118.5(3) 119.5(2)

N4-N5-N6 179.7(5) 179.1(2)
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Figure 3-16: Solid state effective paramagnetic magnetic moment of

[Fe(III)S2
Me2N3(Pr,Pr)(N3)] (1-N3) (!) and [Fe(III)S2

Me2N3(Et,Pr)(N3)] (5-N3) (").

Solid state effective paramagnetic magnetic moment data shows that in the

temperature range of 30 - 300 K both azide-bound complexes are in the spin state S

= 1/2 (low-spin).  A similar spin state behavior was observed in other

hexacoordinated Fe(III) complexes containing two cis thiolate donors perpendicular

to two trans imine nitrogen donors.84,89,90
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Figure 3-17: EPR spectra of [Fe(III)S2
Me2N3(Pr,Pr)(N3)] (1-N3) (...) and 

[Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-N3) (-) in CH2Cl2/Toluene 1/1 at 131 K.

The S = 1/2 spin state of 1-N3 and 5-N3 is supported by the X-band EPR

spectra shown in Figure 3-17.  Both compounds give rise to characteristic Fe(III)

low-spin rhombic EPR signals with g-values of 2.226, 2.155, and 1.987 (1-N3) and

2.190, 2.162, and 1.989 (5-N3).
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Figure 3-18: UV/Vis absorption spectra of 1-N3 (
...) and 5-N3 (-) in CH2Cl2.

Complex 5-N3 dissolves in solvents such as CH2Cl2, MeCN, THF, and even

Et2O to give an intensely orange-brown colored solution.  This is due to intense

absorption bands at 475 and 760 nm.  In comparison, 1-N3 gives rise to intense

absorption bands at 470 and 720 nm.  Since the absorption band at around 700 nm

in active Fe-containing NHase has substantial sulfur to iron charge transfer

character,43,47 it is reasonable to assume that the absorption bands at 720 and 760

nm in 1-N3 and 5-N3, respectively, also have substantial sulfur to iron charge

transfer character.  This assignment is supported by their high extinction

coefficients (~ 1000 M-1cm-1).  The reduction potential of azide-bound 5-N3

(E(irrev. Red.) = - 590 mV (vs. SCE)) compares well with that of azide-bound 1-N3

(E1/2(reversible) = - 545 mV (vs. SCE)).  The fact that the reduction of 5-N3 is

irreversible suggests that the corresponding Fe(II)-containing compound

decomposes within the time frame of one cyclic voltammetry scan (~ 5 s).
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Figure 3-19: UV/Vis absorption spectra showing the temperature dependent

equilibrium [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) + N3

- = [Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-

N3) + PF6
- in MeOH ([c5]0 = 1.0 10-3 mol/l, [cN3

-]0 = 5.0 10
-3 mol/l, I = 0.06 mol/l).

As the solution is cooled, azide binds to 5 to form 5-N3 (22 °C, 34 %; 0 °C, 49 %;

- 15 °C, 67 %; - 23 °C, 75 %; and - 46 °C, 95 % bound).  The increasing amount of

5-N3 is indicated by the appearance of an absorption band at 470 nm, the

disappearance of the shoulder at 550 nm, and by the appearance of an absorption

band at 760 nm.

Thermodynamic Equilibrium Study of Azide Binding

Azide binds reversibly to 1 and 5 in MeOH.  To quantify the influence that

ligand constraints, in this case the length of the ligand backbone, have on the

reactivity of pentacoordinated 1 and 5, a study was undertaken to determine the
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thermodynamic parameters of azide binding to [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) and

compare them to those of azide binding to [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1).  The

thermodynamic parameters of azide binding to 1, !H = - 5.2 ± 0.5 kcal/mol = - 21.9

± 2.2 kJ/mol and !S = - 12.4 ± 2.2 cal/(mol K) = - 51.8 ± 9.4 J/(mol K), were

measured in a previous study.89

To ensure that the equilibrium constants for azide binding to 5 are

comparable to those for the reaction of 1 with azide, the equilibrium constants for

azide binding to 5 were measured at the same ionic strength (I = 0.06 mol/l) and in

the same solvent (MeOH) as for 1.  This was done spectrophotometrically.

Equilibrium constants were determined at five different temperatures, see Figure 3-

19 and Table 3-4.  The enthalpy change (!H = - 7.5 ± 0.6 kcal/mol = - 31.5 ± 2.7

kJ/mol) and entropy change (!S = - 16.6 ± 2.5 cal/(mol K) = - 69.6 ± 10.4 J/(mol

K)) associated with azide binding to 5 were calculated from a van’t Hoff plot (ln

Keq = -!H/R (1/T) + !S/R), see Figure 3-20.
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Table 3-4: Equilibrium constants for the reaction of 189 and 5 with azide in 

MeOH at I = 0.06 mol/l.

Temperature (°C) Keq (M
-1): 1 + N3- = 1-N3 Keq (M

-1): 5 + N3- = 5-N3

    22 ND 110 ± 20

     0 23 ± 3 210 ± 40

 - 15 66 ± 7 470 ± 90

 - 23 ND 720 ± 140

 - 41 200 ± 20 ND

 - 46 ND 4950 ± 990

 - 77 1200 ± 120 ND*

ND = not determined; * Compound 5 significantly (> 10 %) binds MeOH at

temperatures below - 46 °C,159 therefore Keq at - 77 °C could not be determined.
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Figure 3-20: Van’t Hoff plot for the binding of azide to 1 (!)89 and 5 (") in 

MeOH at I = 0.06 mol/l.

The Concept of Entatic State

Generally, according to transition state theory, it is assumed that enzymes

catalyze reactions by lowering the energy of the transition state, that is, the

transition state is stabilized; this is illustrated by case B in Figure 3-21.104

Thereby, the energy needed to reach the transition state is reduced and the reaction

proceeds faster.  Conceptually, the energy needed to reach the transition state can

also be reduced if the reactant is forced by the enzyme into a conformation that is

close to the transition state of the reaction to be catalyzed.  The concept of

destabilizing the ground state of a reactant in an enzymatic reaction is known as

entatic (entasis) or rack state.160-163  A more general term is energised state.161
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The reactant, which is forced by the protein into an entatic state, can be the active

site of an enzyme or the substrate of the enzymatic reaction while being bound to

the catalytically active site, that is, the enzyme-substrate complex.  “In all cases

when structure is obviously deviant from expectation based on simple models, the

energisation can be called entatic.”161  Putting the reactant into an unstable

conformation causes its energy to increase, that is, the ground state is destabilized.

Besides a reduction of the energy needed to reach the transition state, the

destabilization of the reactant also results in a larger energy difference between the

enzyme-bound reactant and the unbound product, as it is illustrated by case C in

Figure 3-21.  This larger energy difference between enzyme-bound reactant and

unbound product is reflected by an increase of Keq (Keq
# versus Keq).

E

reaction coordinate

A B C

Transition State

Reactants

Products
Keq

Keq
#

Figure 3-21: Reaction coordinate of a single-step chemical reaction: uncatalyzed 

case (A), traditional enzymatic catalysis by lowering the energy of 

the transition state (B), and catalysis by entasis (C).  
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The classic example of a metalloenzyme in an entatic state is that of blue

copper proteins.164  In blue copper proteins the metal ion is held by the protein in

a constrained and distorted conformation that lowers the reorganization energy

required upon electron transfer.  Another example in which entasis may play a role

is that of lysozyme.165  It is discussed that protein constraints in lysozyme force

the substrate to adopt a half-chair conformation which lowers the activation energy

to the formation of the carbocation intermediate.

Low molecular mass compounds that encompass a metal ion in a distorted

and destabilized geometry are inherently unstable.  Therefore, only a few model

compounds are known to contain a metal ion in a highly distorted coordination

geometry which models the entatic state of a metalloenzyme.166-172  However,

there are numerous examples in the literature of ligand constraints influencing the

structure, electronic properties, and/or reactivity of the resulting metal

complexes.173-191

Comparing the Reactivity of 1 and 5 - a Model for the Entatic State

For the reaction of [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1) and

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) with azide in MeOH, a large difference in Keq was

observed.  It was found, see Table 3-4, that at each temperature the equilibrium

constant of the reaction of 5 with azide is shifted by approximately one order of

magnitude to the product side as compared to the reaction of 1 with azide.  For

example, at 0 °C, a five-fold excess of azide causes 49 % of Et,Pr-containing 5 to

convert to the azide-bound 5-N3, but only 10 % of Pr,Pr-containing 1 to be azide-

bound.  At 0 °C, the Keq for the reaction of 5 with azide is 210 ± 40 M-1, while it is

only 23 ± 3 M-1 for the reaction of 1 with azide.
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Table 3-5: Thermodynamic parameters of azide binding to 189 and 5 in MeOH 

at I = 0.06 mol/l.

!H (kcal/mol) !S (cal/(mol K))

(Pr,Pr) 1 + N3
- = 1-N3 - 5.2 ± 0.5 - 12.4 ± 2.2

(Et,Pr) 5 + N3
- = 5-N3 - 7.5 ± 0.6 - 16.6 ± 2.5

Utilizing a van’t Hoff plot, see Figure 3-20 and Table 3-5, the

thermodynamic parameters for the binding of azide to 1 and 5 in MeOH at I = 0.06

mol/l were determined.  As expected, the entropy changes associated with azide

binding to 1 and 5 are identical within the error limits.  This is not surprising since

both reactions involve a similarly associative process, which is combined with a

similar change in the solvent sphere around the reacting molecules.   

A comparison of the enthalpy change associated with azide binding to 1 and

5 shows that 2.3 kcal/mol more are released by the azide binding to 5.  This change

in enthalpy corresponds to a change in the equilibrium constant, at any given

temperature, of more than one order of magnitude.192  The experimentally

observed equilibrium constants, see Table 3-4, confirm this prediction.  This

significant difference in !H provides a quantitative measure of the change of

reactivity that is associated with the removal of just one methylene unit from the

ligand backbone when going from [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1) to

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5).

The larger released enthalpy in the case of 5 could be a consequence of an

increase of the enthalpy of 5 relative to 1, a decrease of the enthalpy of 5-N3

relative to 1-N3, or some combination of both.  It was found that 1-N3 and 5-N3
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have a very similar electronic absorption spectrum, see Figure 3-18, a very similar

magnetic behavior, see Figure 3-16, and very similar structural parameters, see

Table 3-3.  In contrast, it was found that the electronic absorption spectrum, see

Figure 3-12, the magnetic behavior, see Figure 3-10, and the structural parameters,

see Table 3-2, of 1 are very different from those of 5.  Therefore, it is assumed that

the enthalpy difference between 1-N3 and 5-N3 is much smaller than the enthalpy

difference between 1 and 5.  This means that the increase in released enthalpy is

primarily due to a destabilization of 5 relative to 1.  In other words, 5 is higher in

enthalpy, by about 2.3 kcal/mol, as compared to 1.  

In this sense, compound 5 is a model for the entatic state of a reactant.  The

removal of only one methylene unit from the ligand backbone when going from

Pr,Pr-ligated 1 to Et,Pr-ligated 5 results in a significant structural distortion as it is

indicated by the opening of the S1/2’-Fe-N2 angle from 132.3(1)° in 1 to 141.8(1)°

in 5.  This structural distortion causes 5 to increase in enthalpy relative to 1.

Therefore, the relationship between 1 and 5 can be seen as a model for the

relationship between an unbound reactant and its enzyme-bound form during an

entatic enzyme catalysis, see Figure 3-21.  Structural distortions cause the enzyme-

bound form, which is represented by 5, to be higher in enthalpy than the unbound

reactant or ground state, which is represented by 1.  Alternatively, the reactivity

difference between 1 and 5 shows that ligand constraints (= protein constraints), in

the present case represented by the shorter ligand backbone, can force a metal ion

(= active site) into a more reactive state (= entatic state).

The difference in enthalpy between the reactions of

[Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) and [Fe(III)S2

Me2N3(Pr,Pr)]PF6 (1) with azide can

also be explained by another line of reasoning.  In both systems, energy is released

owing to the formation of the new Fe-N bond.  It is reasonable to assume that this



71

energy is nearly identical in both cases.  Energy is needed in both reactions to

desolvate the pentacoordinated cation and the azide anion as well as for the

structural rearrangement of the ligand backbone upon converting the

pentacoordinated complex (cation of 5 or 1) to the hexacoordinated azide-bound

complex.  The desolvation energy is approximately equal since both reactions

involve a similarly associative process; this is supported by the nearly identical

entropy change.  However, the energy needed for rearrangement is not identical in

both systems.  In the reaction of azide binding to 5, there is less conformational

change required as compared to the reaction of azide binding to 1.  In the Pr,Pr case

(1 / 1-N3) a structural rearrangement of the S1/2’-Fe-N2 angle by 40.20° (132.3° to

172.5°) has to occur while it is only 26.05° (141.80° to 167.85°) in the Et,Pr case

(5 / 5-N3).  Hence, in the Et,Pr system, more of the energy from the Fe-azide bond

formation is released to the environment, that is, a more negative !H is observed.  It

has been observed that both 5 and 1 bind azide quantitatively in MeCN and

CH2Cl2.  This behavior can be explained by the fact that ions in such solvents are

not solvated very much.  Therefore, very little energy is needed for desolvation.
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Chapter IV: Fe(III) Complexes of an (Namide)2(Sthiolate)2 

Ligand193

Introduction

As it was discussed in the introduction, NHase is only the second enzyme

in which the coordination of an amide (carboxamide) nitrogen to a metal ion has

been observed.3,4  The other example occurs in the P-cluster of nitrogenase.66  To

gain an understanding of the nature of the metal-amide bond, and its significance

with respect to the active site of NHase, metal complexes with amide donor ligands

have to be prepared and studied.  Several other researchers have studied metal

complexes containing an Fe(III)67-74 or a Co(III)68,75-78 ion bound to an amide

nitrogen donor atom.  To study how Fe(III) behaves in a coordination environment

close to that of NHase, the Fe(III) coordination chemistry of the known ligand

N,N’-1,2-ethanediylbis[2-mercapto-2-methyl-propanamide]189 was investigated.

N,N’-1,2-ethanediylbis[2-mercapto-2-methyl-propanamide] serves as a first

generation amide/thiolate-containing ligand, since it provides two amide nitrogen

donor atoms and two thiolate sulfur donor atoms.  In comparison, the metal ion

(Fe(III) or Co(III)) in NHase is coordinated by two amide nitrogen donor atoms and

three sulfur donor atoms derived from cysteine thiolate.3,4
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Figure 4-1: Synthesis of dimeric 6.

Synthesis and Crystal Structure of Dimeric 6

The addition of a MeOH solution containing four equivalents of base and

one equivalent of the ligand N,N’-1,2-ethanediylbis[2-mercapto-2-methyl-

propanamide] to a MeOH solution of one equivalent of Fe(III) resulted in the

immediate formation of a brown color.  After filtration and crystallization,

crystalline (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) was obtained.  Four equivalents

of base are needed, since both of the amides and both of the thiolates need to be

deprotonated.  NMe4FeCl4 proved to be a convenient starting material.  It is a

nonhygroscopic source of Fe(III) as compared to FeCl3.  Furthermore, it provides a

stoichiometric amount of a tetraalkylammonium cation which is needed to increase

the solubility of the dimeric dianion of 6.  
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Figure 4-2: Thermal ellipsoid plot (50 % probability level) of the anion of 6.  H 

atoms are omitted for clarity.

An ORTEP of the dianion of 6 is shown in Figure 4-2.  The dianion contains

two Fe(III) ions.  Each Fe(III) ion is coordinated by two deprotonated amide

nitrogens and three thiolates.  One (N2, N4) of the coordinated amides is bound to a

terminal thiolate (S2, S4), while the other (N1, N3) coordinated amide is bound to a

bridging thiolate (S1, S3).  There are also two molecules of MeOH in the crystal

structure which are H-bonded to the oxygens of the amides that are bound to the

bridging thiolates.  One (S2, S4) of the coordinated thiolates is terminal, that means

it is only bound to one Fe(III).  The other thiolate (S1, S3) of the ligand is bridging

the two iron ions of the dianion.  Therefore, each Fe(III) is coordinated by not only

the two thiolates of its own ligand, but also by a bridging thiolate provided by the

ligand of the other Fe(III).  Hence, each Fe(III) is pentacoordinated.  The !

parameters of the irons are 0.0167 (Fe1) and 0.0050 (Fe2).  This indicates a near
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ideal square pyramidal coordination environment about each Fe(III) ion.  The plane

of the square pyramid is formed by the two deprotonated amide nitrogens and the

two thiolates of the iron’s own ligand, while the apex is being provided by the

bridging thiolate of the other iron’s ligand.  The iron ions are displaced from the

plane of the square pyramid towards the apex by about 0.448(2) Å.  The angle

between the two square pyramidal planes is 4.7(2)°.  The Fe(III)-Namide distances

are 1.91(2) Å, while the Fe(III)-Sterminal distances are 2.207(6) Å, the Fe(III)-Sbridging

own ligand distances are 2.253(4) Å, and the Fe(III)-Sbridging other ligand distances are

2.449(3) Å.  Hence, the thiolate bridges are very unsymmetrical.

Table 4-1: Selected bond distances (Å) and angles (°) of (NMe4)2

[(Fe(III)S2
Me2N2

amide(Et))2] (6) and (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7).

6 7

Fe1-S1 2.252(3) 2.203(1)

Fe1-S2 2.204(3) 2.215(1)

Fe1-S3 2.449(3) N/A

Fe2-S1 2.449(3) N/A

Fe2-S3 2.253(3) N/A

Fe2-S4 2.210(3) N/A

Fe1-N1 1.912(7) (amide) 1.900(3) (amide)

Fe1-N2 1.917(7) (amide) 1.919(3) (amide)

Fe1-N3 N/A 2.165(3) (pyridine)

Fe2-N3 1.920(7) (amide) N/A

Fe2-N4 1.894(7) (amide) N/A

N1-C(O) (amide) 1.332(12) 1.335(5)
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N2-C(O) (amide) 1.306(12) 1.331(5)

N3-C(O) (amide) 1.340(12) N/A

N4-C(O) (amide) 1.324(11) N/A

Fe1....Fe2 (within dimer) 2.997 N/A

Fe....Fe (shortest between anions) 8.974 7.798

N1-Fe1-N2 83.3(3) 83.0(1)

N1-Fe1-N3 N/A 99.1(1)

N1-Fe1-S1 85.2(2) 86.3(1)

N1-Fe1-S2 153.7(3) 159.2(1)

N1-Fe1-S3 113.1(3) N/A

N2-Fe1-N3 N/A 102.3(1)

N2-Fe1-S1 154.7(2) 153.8(1)

N2-Fe1-S2 85.7(2) 87.0(1)

N2-Fe1-S3 106.1(2) N/A

N3-Fe1-S1 N/A 102.97(9)

N3-Fe1-S2 N/A 100.8(1)

S1-Fe1-S2 95.0(1) 94.86(4)

S1-Fe1-S3 99.10(9) N/A

S2-Fe1-S3 92.9(1) N/A

N3-Fe2-N4 82.9(3) N/A

N3-Fe2-S1 112.1(2) N/A

N3-Fe2-S3 85.3(2) N/A

N3-Fe2-S4 154.3(2) N/A

N4-Fe2-S1 106.8(2) N/A

N4-Fe2-S3 154.0(2) N/A
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N4-Fe2-S4 85.6(2) N/A

S1-Fe2-S3 99.05(9) N/A

S1-Fe2-S4 93.3(1) N/A

S3-Fe2-S4 95.46(9) N/A

Fe1-S1-Fe2 79.08(9) N/A

Fe1-S3-Fe2 79.06(9) N/A

Fe1-(plane of N1, N2, S1, S2) 0.4486(13) 0.4043(13)

Fe2-(plane of N3, N4, S3, S4) 0.4470(13) N/A

! between plane of N1, N2, S1,

S2 and plane of N3, N4, S3, S4

4.66 (18) N/A

" 0.0167 (Fe1) &

0.0050 (Fe2)

0.0900

Reactivity Studies of Dimeric 6

Since the two iron ions of 6 are connected via a weak bridge, it was reasoned

that it should be possible to cleave the dimer using a strong ligand.  Thereby,

dimeric 6 should be converted into monomeric complexes.  For this purpose, a

number of cleaving experiments have been performed.  They are summarized in

Table 4-2.  In the cleaving experiments, 6 was treated with various

anions/molecules.  The progress of the reaction was judged by observing the

electronic absorption spectrum.  If no change occurred, that is only the absorption

bands of 6 (MeOH: 208, 301, 420, 467 nm and MeCN: 197, 306, 497 nm) were

present, it was concluded that no reaction occurred.
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Table 4-2: Summary of (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) reactivity 

studies.

dimeric 6 + what reagent RT, 1 h 55 °C, 1 h

100 % MeOH !max = 208, 301, 420, and 467 nm

100 % MeCN !max = 197, 306, and 497 nm

NaS-tertButyl / MeOH N.R. not tried

NaOH / MeOH N.R. N.R.

NaN3 / MeOH N.R. decomposition

NMe4S-tertButyl / MeOH N.R. N.R.

KSCN / MeOH N.R. N.R.

NaCN / MeOH N.R. N.R.

NaSEt / MeOH N.R. N.R.

H2O2 (3 %) / MeOH decomposition (formation of gas and insoluble

precipitate)

air / MeOH decomposition (formation of insoluble

precipitate within days)

Cyclohexylisonitrile / MeOH N.R. not tried

Cyclohexylisonitrile / MeCN N.R. not tried

Pyridine (100 %) or

Pyridine / MeOH (1/2, v/v)

Only shift of highest wavelength maximum from

467 to 487 nm.  Upon pumping to dryness and

redissolving in MeOH the 467 nm absorption

band is restored.

air / (Pyridine (100 %) or

Pyridine / MeOH (1/2, v/v))

Only shift of highest wavelength maximum from

467 to 487 nm.  No further reaction within two

weeks at RT.
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H2O2 (3 %) / Pyridine decomposition (formation of gas and insoluble

precipitate)

NaSPh / MeOH N.R. N.R.

NaOPh / MeOH N.R. N.R.

NB4SCN / MeCN N.R. N.R.

NMe4Cl / MeOH N.R. N.R.

NMe4Cl / MeCN N.R. N.R.

NB4N3 / MeCN N.R. N.R.

NB4CN / MeCN

(NB4SCN + excess NaCN)

N.R. N.R.

S=C(NH2)2 / MeOH N.R. N.R.

Pyridine N-oxide / MeOH N.R. N.R.

P(Ph)3 / MeOH N.R. N.R.

P(Ph)3 / MeCN N.R. decomposition

N.R. = no reaction.

As can be seen in the cleaving experiments table, in most cases dimeric 6

remains unchanged.  In a number of cases, decomposition is observed as judged by

the disappearance of the absorption bands of 6 and the formation of insoluble

precipitate.  An attempt was also made to trap an intermediate in the formation of 6

by performing the synthesis of 6 in the presence of an excess of several potentially

binding anions (-SEt, -OPh, -SPh, and -Cl).  These experiments only resulted in the

formation of 6.  It was further attempted to prepare the Fe(II) complex of N,N’-

1,2-ethanediylbis[2-mercapto-2-methyl-propanamide] and then oxidize it with air

to obtain a µ-oxo bridged dimer194 and/or an oxidized sulfur derivative.  As judged
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by UV/Vis absorption spectroscopy, only 6 was formed in this reaction.  In other

reactions, a dimer splitting was attempted by using the alkylating agents

iodoacetamide,195,196 benzylbromide,197 and iodoacetic acid.198  In all of those

reactions decomposition was observed.  A reaction between 6 and NO was also

attempted.  The addition of 2.3 equivalents of NO to an MeCN solution of 6

resulted in the formation of a greenish-brown color.  However, during the attempted

crystallization, decomposition was observed.  In comparison, no reaction was

observed when 7 (6 in Pyridine / MeOH (1/2, v/v)) was treated with NO.
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Figure 4-3: Synthesis of 7 from 6.

Synthesis and Crystal Structure of Monomeric Pyridine-Bound 7

Since a small change in the absorption spectrum was observed when dimeric

6 was dissolved in solutions containing pyridine, it was decided to crystallize 6

from a MeOH/pyridine mixture.  To do this, 6 was dissolved in 2/1 (v/v)

MeOH/pyridine and the solution was overlayered with Et2O.  After standing for

several days at - 35 °C, the inside of the flask was covered with well formed red

crystals.  An X-ray structure analysis showed the crystals to be a new compound.
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It is the monomeric Fe(III) complex (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7).

Based upon electronic absorption spectroscopy measurements, it was determined

that a MeOH solution containing at least 25 % pyridine contains only monomeric

7.  An attempt was also made to crystallize 6 from MeCN.  However, thereby only

an amorphous powder was obtained.
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Figure 4-4: Titration of a solution of 6 in CH2Cl2 with pyridine.

A titration experiment, see Figure 4-4, was performed to learn how many

equivalents of pyridine are needed to convert dimeric 6 in CH2Cl2 into monomeric

pyridine-bound 7.  To do this a cation exchange was performed to obtain the

N[(CH2)3CH3]4
+ salt of 6.  This was dissolved in CH2Cl2, and a solution of

pyridine in CH2Cl2 was titrated into it.  As shown in Figure 4-5, about six

equivalents of pyridine are needed to completely convert dimeric 6 into monomeric

pyridine-bound 7.  This means three moles of pyridine are necessary per mole of

iron in 6.  
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Figure 4-5: Diagram showing the absorbance at 487 nm as a function of the ratio 

pyridine/dimer (6).

As shown by the crystal structure analysis, compound 7 contains the

Fe(III) as part of an anion, which is shown in Figure 4-6.  Each anion contains one

Fe(III) ion.  The Fe(III) ion is coordinated by two deprotonated amide nitrogens,

two thiolates, and one pyridine-based nitrogen.  This shows, see also Figure 4-4,

that 7 is produced by the cleavage of the dimer 6 with pyridine.  Each Fe(III) is

pentacoordinated.  The ! parameter of the iron is 0.0900.  This indicates a near ideal

square pyramidal coordination environment about the Fe(III) ion.  The plane of the

square pyramid is formed by the two deprotonated amide nitrogens and the two

thiolates of the ligand N,N’-1,2-ethanediylbis[2-mercapto-2-methyl-propanamide],

while the apex is provided by the nitrogen of the pyridine ligand.  The iron ion is

displaced from the plane of the square pyramid towards the apex by about 0.404(1)
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Å.  The Fe(III)-Namide distances are 1.91(1) Å, the Fe(III)-thiolate distances are

2.21(1) Å, and the Fe(III)-Npyridine distance is 2.165(3) Å.

Figure 4-6: Thermal ellipsoid plot (50 % probability level) of the anion of 7.  H 

atoms are omitted for clarity.

Comparison of Physical Properties of Dimeric 6 and Monomeric Pyridine-

Bound 7

Solid state magnetic susceptibility measurements of compounds 6 and 7

show that both compounds contain Fe(III) in the S = 3/2 spin state in the

temperature range of 5 - 300 K.  Figure 4-7 shows plots of the effective

paramagnetic magnetic moment of 6 and 7 as a function of temperature.  For both

compounds, the high temperature value is characteristic of an S = 3/2 system.  In

the case of 6, the effective paramagnetic magnetic moment at 300 K is 5.94 µB.  The

expected spin-only value for two non-interacting S = 3/2 centers in one molecule is
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5.48 µB (µeff = g * (3/2 * (3/2 + 1) + 3/2 * (3/2 + 1))
1/2 with g = 2).  When the

temperature dependence of the effective paramagnetic magnetic moment of 6 is fit

to a spin system containing two interacting S = 3/2 spins, equation 1,199 the

following parameters are obtained: J = - 1.14(3) cm-1 and g = 2.192(4) with r =

0.958.
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Figure 4-7: Solid state effective paramagnetic magnetic moment of 

(NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) (") and 

(NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7) (#).
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The low J value indicates that the Fe(III) ions in the dianion of 6 are nearly

independent of each other.  At temperatures above 50 K, they are in an S = 3/2 spin

state.  Only at low temperatures do they experience weak antiferromagnetic

coupling and zero-field splitting as indicated by the decrease of µeff.  The low

antiferromagnetic coupling via two -S(alkyl)- bridges in 6 is not unexpected.  It has

been observed that the protonation of an oxo bridge reduces the antiferromagnetic

coupling between two S = 5/2 Fe(III) ions by one order of magnitude (-O- bridge: J

= - 121 cm-1; -O(H)- bridge: J = - 17 cm-1 (for both complexes: g = 2.0)).200  In this

system, the protonation of the oxo bridge causes the average Fe-Obridge bond

distance to increase by 0.172 Å.200  Other researchers described an alkoxy-bridged

dimeric Fe(III) complex in which the two S = 5/2 Fe(III) ions are

antiferromagnetically coupled with J = - 12 cm-1.201  In 6, the Fe-S-Fe angles are

close to 90° (79.1 (1)°) and the Fe(III)-Sbridging other ligand distances are fairly long

(2.449(3) Å).  Therefore, there is little overlap and hence the electron spins of the

two Fe(III) ions do not couple very much.  Also, the Fe...Fe distance (2.997 Å)

within the dimer of 6 is too long for a direct bond.  In the case of 7, the effective

paramagnetic magnetic moment at 300 K is 4.34 µB.  The expected spin-only value

for one S = 3/2 center is 3.87 µB (µeff = g * (3/2 * (3/2 + 1))
1/2 with g = 2).  The

decrease of µeff of 7 at temperatures below 20 K is caused by zero-field splitting as

commonly observed in compounds containing an Fe(III) ion in an S = 3/2 spin

state.202  Based upon an analysis of the EPR spectrum, with gmid/gmin ~ 2.2, the

axial zero-field splitting parameter D of 7 is estimated to be about + 0.077 cm-1 (!E

= g"H + 2D; # = 9.365 GHz, g = 2.2, H for g = 4.35).
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Figure 4-8: EPR spectra of (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) (-) and 

(NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7) (...) in MeOH/EtOH 9/1 at 130 K.

The similar spin state of both compounds, and the fact that 6 contains two

nearly independent S = 3/2 centers, is confirmed by EPR measurements.  Both

compounds give rise to a gmax in the EPR, see Figure 4-8, characteristic202 of an S =

3/2 system (6: gmax = 4.28 and 7: gmax = 4.35).

Both compounds, see Figure 4-9, give rise to a very similar electronic

absorption spectrum.  In MeOH as the solvent, 6 exhibits absorption maxima at

301 (16400), 420 (5700), and 465 (6000) nm, while 7 exhibits absorption maxima at

307 (8000), 425 (2600), and 487 (4800) nm in pyridine as the solvent.  This again

shows that the Fe(III) ions in 6 and 7 are in a similar electronic environment.  The

molar extinction coefficients of 6 are about twice as large as those of 7, since 6

contains two moles of Fe(III) ions per mole of substance, whereas 7 only contains

one mole of Fe(III) ion per mole of substance.
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Figure 4-9: Electronic absorption spectra of (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] 

(6) (-, MeOH) and (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7) (..., pyridine).

A comparison of the Fe-Namide and Fe-Sterminal distances of 6 and 7, see

Table 4-1, shows that they are identical within the error limits.  This is the case

since both compounds contain an Fe(III) ion with an S = 3/2 spin state.  

A comparison of the Fe-S distances (2.21(1) Å) in 7 with those (2.21(2) Å)

in 1-N3 and 5-N3 shows that they are very similar, although the compounds have

different spin states.  Surprisingly, the Fe-Namide distances (1.91(1) Å) in 7 are

shorter than those (1.954(2) Å) in [Fe(III)(PyPepS)2]
-, PyPepSH2 = N-2-

mercaptophenyl-2’-pyridinecarboxamide, which has an S = 1/2 spin state!67

However, as expected since a higher spin state causes the population of antibonding

orbitals, the Fe(III)-Npyridine distance (2.165(3) Å) in 7 is longer than those (2.02(4)

Å) in model compounds with an S = 1/2 spin state.67,85,90  These observations

can be explained if 7 is placed into a coordinate system so that the z axis is aligned
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along the Fe-Npyridine vector and the x and y axes point towards the sulfur and Namide

donor atoms.  Thereby, the abbreviated qualitative molecular orbital diagram shown

in Figure 4-10 is obtained.

[Fe(III)S2
Me2N2

amide(Et)(Py)]- (7 -)

 molecular orbitals

- HOMO/LUMO region -

!*

n

'xy '

' yz '

'z2'

' x2- y2 '

'xz '

energy

Figure 4-10: Abbreviated qualitative MO diagram of the anion of 7 (7-).

According to this abbreviated qualitative molecular orbital diagram, the

antibonding d ‘x2-y2’ orbital does not contain any electrons.  Therefore, shorter than

expected Fe-S and Fe-Namide bond distances are observed in 7.  Since the

antibonding d ‘z2’ orbital is half populated, a longer Fe-Npyridine bond distance is

present in 7.  On the one hand, compound 7 is not in an S = 1/2 spin state since the

energy difference between the d ‘xz’ or d ’yz’ orbital and the d ‘z2’ orbital is

smaller than the spin pairing energy.  On the other hand, compound 7 is not in an S

= 5/2 spin state since the energy difference between the d ‘yz’ or d ’xz’ orbital and

the d ‘x2-y2’ orbital is larger than the spin pairing energy.  It is interesting to note

that another pentacoordinated complex, the pentacoordinated precursor of

[Fe(III)(PyPS)(OH)]2- in Figure 1-7, with the same donor atoms as 7, but a
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different spacial arrangement, ! = 0.401167, is in the high spin state, S = 5/2, even

at 4 K!74  This shows how sensitive the energies of the orbitals are to the spacial

arrangement of the donor atoms.  In addition, two other pentacoordinated

complexes with two carboxamide nitrogens and two thiolate sulfurs forming the

plane of a square pyramid, that means ! is close to zero, have been described.  As it

is the case for 7, they are in an S = 3/2 spin state at all investigated temperatures

even though they contain a chlorine70 or an oxygen71 donor atom at the apex

instead of a Npyridine as does 7.

N N O
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Fe

S
S

N
N

N
Fe

S
S

NH2

7- [Fe(III)(N3(tame)S2
Me2)]+

Figure 4-11: Structures of the anion of 7 (7-) and its Nimine-containing analogue.

An interesting comparison can be made between 7 and the structurally

related compound [Fe(III)(N3(tame)S2
Me2)]+.203  This compound also contains

Fe(III) and it is pentacoordinated with a ! of 0.0117.203  It contains two imine

nitrogens as donor atoms instead of two amide nitrogen donor atoms.  The plane of

the square pyramid is formed by two cis imine nitrogens and by two cis thiolate

sulfurs, while the apex is being provided by an NH2 group.  In comparison, the

plane of the square pyramid in 7 is formed by two cis deprotonated carboxamido

nitrogens and by two cis thiolate sulfurs, while the apex is being provided by the



90

nitrogen of the pyridine ligand.  Both Namide-containing 7, see Figure 4-7, and Nimine-

containing [Fe(III)(N3(tame)S2
Me2)]+ are in an S = 3/2 spin state over the entire

temperature range of 5 to 300 K.  This shows that a coordinated Nimine is a good

structural and electronic model of a deprotonated, coordinated Namide.  A

coordinated Nimine models the ‘imine’ resonance form, B in Figure 4-12, of a

deprotonated, coordinated Namide.

R N
R'

O

M

R N
R'

O

MA B

Figure 4-12: Diagram showing the two possible resonance structures of a

deprotonated, N-coordinated carboxamido group (A: ‘amide’ form; B: ‘imine’ form).

Recent calculations support the finding that N-coordinated imines and N-

coordinated carboxamides are electronically very similar.204  The C-N bond orders

and partial charge distributions calculated for several N-coordinated carboxamide

Fe(III) model compounds show a considerable contribution of the ‘imine’ resonance

structure.  For N-coordinated carboxamide, it was found that the C-N bond has

substantial double character and that there is negative charge delocalized onto the

oxygen atom.

A comparison of the carboxamido carbonyl stretching frequency (!CO) in the

free ligand with that of the metal complexes provides further evidence for a

participation of the ‘imine’ resonance structure B.  Upon complexation, !CO shifts

from 1641 cm-1 in the free ligand to 1576 cm-1 in 7 and 1583 cm-1 (terminal) and
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1550 cm-1 (bridging) in 6.  This shift to lower energies is indicative of a contribution

of resonance structure B in the metal complexes.  A similar bathochromic shift was

observed in other Fe(III)67,72,74 and Cu(II)174 coordination complexes.

It is interesting to note that the active site of NHase, which holds an Fe(III)

ion in an S = 1/2 spin state, contains as the donor atoms two carboxamido nitrogens

perpendicular to two cis thiolate sulfurs, provided that only the sulfone

modification is present (the Fe(S)2 plane is perpendicular to the Fe(Namide)2

plane).41,54,60-63  As it was discussed above, the coordination of two cis

imine/amide nitrogens and two cis thiolate sulfurs to an Fe(III) ion in the same plane

affords an S = 3/2 as opposed to an S = 1/2 spin state.  In comparison to this, the

arrangement of two cis thiolate sulfur donor atoms perpendicular to two trans imine

nitrogens,74,84-91 e. g., 1-N3 and 5-N3, or two trans amide nitrogens67 as donor

atoms gives rise to an S = 1/2 spin state of the coordinated Fe(III) ion (the Fe(S)2

plane is perpendicular to the Fe(Nimine/amide)2 plane).  This similarity in the

coordination environment between the model compounds and the active site of

NHase can be seen as additional evidence to support the notion that only the

sulfone modification, but not the sulfoxide modification, is present in active NHase.

Furthermore, the arrangement of two cis thiolate donors perpendicular to two

imine/amide nitrogen donors (the Fe(S)2 plane is perpendicular to the

Fe(Nimine/amide)2 plane) seems to be essential for the S = 1/2 spin state of a

coordinated Fe(III) and the low energy absorption maximum at around 700 nm.  

NHase is the second enzyme in which the coordination of an amide

(carboxamide) nitrogen to a metal ion has been observed.  The other example occurs

in the P-cluster of nitrogenase.66  Based upon the crystal structure, it cannot be

said whether or not the amide nitrogens are deprotonated.  However, the present
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study, as well as work by other authors,67-74 shows that the coordination of a

deprotonated amide nitrogen, which is negatively charged, to an Fe(III) ion forms a

stable structure.  This is the case even though at the pH required to deprotonate an

uncoordinated carboxamide nitrogen, the insoluble “iron(III) hydroxide” is the most

stable form of Fe(III) in an aqueous environment.72,104  The coordination of a

deprotonated carboxamide nitrogen to Fe(III) significantly stabilizes the +3

oxidation state, as it is indicated by the shift of the reduction potential to more

negative potentials (6: Eirr.(MeOH, vs. SCE) = - 1.10 V and 7: E1/2(py, vs. SCE) = -

1.34 V).  A similarly negative reduction potential was found in other Fe(III) amide

coordination compounds.67-74  
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Chapter V: Experimental Section

General Methods

All reactions involving oxygen and/or water sensitive compounds were

performed in a Vacuum Atmospheres glove box or on a high vacuum line using

Schlenk techniques under dry nitrogen at room temperature.  In the glove box, it

proved to be useful to add solids to a flask via a funnel that fits through the joint

into the flask.  The balance boat and the funnel were thereafter washed with the

appropriate solvent.  Generally in the glove box, liquid reactants were weighted out

on the balance into a glass container.  This glass container was then filled with

approximately 1 ml of the appropriate solvent.  The solution was mixed with a

pipette and added to the flask.  Then the glass vial was washed with 2 ml of

solvent.  In synthetic procedures, this will be listed as "a g of b were added

employing 3 ml of c".  All solvent ratios are in v/v.  Stirring was always achieved by

means of a magnetic stirring bar.  Customary, in reactions using metal complexes,

the solvents were removed by evaporation under vacuum on a Schlenk line.  All

chemicals, except when stated otherwise, were used as received from commercial

suppliers.  Solvents were dried before use.  Sodium was added to methanol, and it

was then distilled under nitrogen.  Acetonitrile was distilled from calcium hydride

under nitrogen.  Dichloromethane, toluene, and tetrahydrofuran were dried by

standing over MgSO4.  Pyridine was dried by standing over KOH.

Infrared (4400 - 400 cm-1) spectra were recorded as KBr pellets on a Perkin-

Elmer 1600 FTIR spectrometer.  Electronic (190 - 1100 nm) spectra were recorded

on a Hewlett-Packard 8450 spectrometer.  1H NMR spectra were recorded on

either an AC200 or an AF300 spectrometer at room temperature.  Chemical shifts
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are reported in ppm relative to TMS.  31P NMR spectra were recorded on an

AF300 spectrometer at room temperature. Chemical shifts are cited relative to 85 %

H3PO4 (
31P, external, coaxial capillary).  For Mößbauer measurements (natural

abundance, ~ 2.25 % 57Fe) approximately 35 mg of substance were ground with 15

mg of BN in a mortar and placed into a Mößbauer sample holder.  The sample was

then shipped to Prof. Huynh at Emory University for analysis.  Elemental analyses

were performed by Atlantic Microlab, Norcross, GA.

Cyclic voltammetry data in MeCN for 1-NO was collected in a cell using a

0.01 M AgNO3 (containing 0.1 M electrolyte)/Ag electrode as the reference

electrode, a platinum disc working electrode, and a platinum wire auxiliary

electrode.  As the internal reference, the redox couple Fe(Cp)2
+/0 (0.003 M, + 0.1 M

electrolyte) was used.  N[(CH2)3CH3]4(PF6) was used as the electrolyte.  A

Bioanalytical Systems electrochemical analyzer was used in the measurements.  All

reported potentials were obtained with a scan rate of 100 mV/s.  For Fe(Cp)2
+/0 in

MeCN, it was found that E1/2 = + 86 mV versus 0.01 M AgNO3/Ag.  Cyclic

voltammetry for all other compounds was performed by using a EG&G Princeton

Applied Research 273 potentiostat with a glassy carbon working electrode, a

platinum wire auxiliary electrode, and a saturated KCl calomel reference electrode

(SCE) (E1/2 = + 0.2412 V versus NHE).205  A 0.1 M solution of

N[(CH2)3CH3]4(PF6) supporting electrolyte was used.  In MeCN as the solvent,

the Fe(Cp)2
+/0 couple was + 400 mV.  Thus, the following equations have to be

used to convert the redox potentials into each other: E1/2(SCE) = E1/2(Ag
+/Ag) + 314

mV; E1/2° (E1/2 versus NHE) = E1/2(Ag
+/Ag) + 555 mV; and E1/2° (E1/2 versus NHE)

= E1/2(SCE) + 0.241 mV.  It was recommended by IUPAC to report redox

potentials obtained in non-aqueous solvents versus the Fe(Cp)2
+/0 redox couple.206
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To do this, the potential of the Fe(Cp)2
+/0 redox couple is set to zero.  The E1/2

versus Fe(Cp)2
+/0 (E1/2(Fc)) in MeCN is calculated by E1/2(Fc) = E1/2(Ag

+/Ag) - 86

mV and E1/2(Fc) = E1/2(SCE) - 400 mV.

In MeOH as the solvent, the Fe(Cp)2
+/0 couple was + 360 mV.  Thus, the

following equations have to be used to convert the redox potentials into each other:

E1/2° (E1/2 versus NHE) = E1/2(SCE) + 0.241 mV and E1/2(Fc) = E1/2(SCE) - 360 mV.

In pyridine as the solvent, the Fe(Cp)2
+/0 couple was + 520 mV.  Thus, the

following equations have to be used to convert the redox potentials into each other:

E1/2° (E1/2 versus NHE) = E1/2(SCE) + 0.241 mV and E1/2(Fc) = E1/2(SCE) - 520 mV.

X-ray Data Collection and Structure Solution and Refinement

Suitable crystals were immersed in Paratone 8277 oil (Exxon).  After

examination under a microscope, a crystal was mounted onto a glass fiber and

immediately placed into a low-temperature N2(g) stream.  X-ray data for 1-NO, 4,

5, 5-N3, and 6 was collected at 161 K and X-ray data for 7 was collected at 130 K

using a Nonius Kappa CCD diffractometer (Mo K!, " = 0.71070 Å).  The

structures were solved by direct methods (SIR 92)207 and refined with

SHELXL97.208  H atoms were placed with idealized geometry and refined with a

riding model.  A short discussion of each crystal structure that was obtained by the

author of this dissertation is included with the synthesis of each compound.

Relevant crystallographic information is summarized in Tables.

Magnetic Measurements209,210

Magnetic susceptibility measurements in the solid state (polycrystalline

sample) were performed using a Quantum Design MPMS SQUID susceptometer
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(B = 1000 G) at Michigan State University (East Lansing, MI) or in the Chemistry

Department at the University of Washington.  Data was manipulated with either

MS Excel or KaleidaGraph.  Firstly, the measured magnetic moment (A) has to be

divided by the employed magnetic field (B) to obtain the raw susceptibility (C)  [C

= A / B].  Secondly, the diamagnetic contribution (~ - 5.06 10-10 / mg(of gelcap)) of the

gelcap (D) has to be subtracted [E = C - D].  Thirdly, the molar paramagnetic

susceptibility of the measured compound (!M,para) is calculated [!M,para = E " (MM

/ m(of complex used)) - !M,dia].  The values for the diamagnetic susceptibilities (!M,dia) of

the complexes (1: - 291.26 10-6 emu/mol; 1-N3: - 238.09 10-6; 4: - 294.40 10-6; 5: -

279.40 10-6; 5-N3: - 226.23 10-6; 6: - 447.48 10-6; 7: - 293.79 10-6) were calculated

based on Pascal’s constants.211  The effective paramagnetic magnetic moment

(µeff,para) can then be calculated [µeff,para = 2.8279 " (!M,para " T)
1/2].  All magnetic

moments reported in this thesis are effective paramagnetic magnetic moments.

Solution magnetic moments were determined on an AF300 NMR

spectrometer using the Evans method, as modified for superconducting

solenoids.212,213  Van Geet’s method was used to determine the temperature of

the measurement (spin # 20 min; NMR of 1 ml D3COD + 1 drop regular MeOH; T

~ $%).214  For the Evans method, a stock solution of ~ 3 ml D3CCN and 2 drops

TMS was prepared (solution A).  This solution was used to dissolve an exact

amount, ~ 5 mg, of the compound to be investigated in a 2 ml volumetric flask

(solution B; m = concentration of compound in g/ml).  As shown in Figure 5-1, a

capillary containing solution A was then placed within an NMR tube containing

solution B.  The white plastic holder for the capillary was obtained from VWR.  A

similar setup was used for 31P NMR.  After spinning for # 20 min, an NMR

spectrum was recorded.  The mass susceptibility (!g (emu/g)) of the dissolved
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substance is given by: !g = ((- 3 "#)/(4 $ # m)) + !0 + (!0 (%0 - %s)/m).212  After

correction, the molar susceptibility (!M (emu/mol)) of the dissolved substance is

calculated: !M = !g & MM.213  It consists of a paramagnetic and a diamagnetic

part: !M = !M,para + !M,dia.  The paramagnetic part is used to calculate the effective

paramagnetic magnetic moment (µeff,para) [µeff,para = 2.8279 & (!M,para & T)
1/2].

Solution A

Solution B

Figure 5-1: Setup for Evans method.

EPR spectra were recorded on an EPX Bruker using the following glasses

and temperatures: 1: CH2Cl2/toluene (1/1), 125 K; 5: CH2Cl2/toluene (1/1), 150 K;

1-N3 and 5-N3: CH2Cl2/toluene (1/1), 130 K; 4: MeOH/EtOH (9/1), 141 K.  The

following parameters were utilized: microwave frequency: 9.395 GHz for 1, 9.380

GHz for 1-N3, 9.404 GHz for 4, 9.390 GHz for 5, 9.375 GHz for 5-N3, 9.355 GHz

for 6, 9.365 GHz for 7; microwave power: 6.331 mW for 1, 1-N3, and 5, 12.631

mW for 4, 0.633 mW for 5-N3, 25.20 mW for 6, 31.73 mW for 7; modulation

amplitude: 5.00 G for 1, 1-N3, 5, and 5-N3, 3.00 G for 4, 1.00 G for 6 and 7;
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modulation frequency: 10.00 kHz for 1, 1-N3, 5, 5-N3, 6, and 7, 100.00 kHz for 4;

receiver gain: 1.59 105 for 1 and 5, 1.26 105 for 1-N3 and 5-N3, 1.00 10
5 for 4, 7.096

105 for 6 and 7.

Azide Binding Studies

Azide binding studies were performed using freshly prepared solutions in

MeOH.  Typically, about a 1 mM solution of 5 in MeOH was prepared.  This

solution was used to dissolve and transfer a known amount of tetra(n-

butyl)ammonium azide into a volumetric flask containing an appropriate amount of

tetra(n-butyl)ammonium nitrate.  Tetra(n-butyl)ammonium nitrate was used to

achieve a constant ionic strength of I = 0.06 M.  After mixing, the solution was then

transferred into a custom-designed low-temperature quartz optical Dewar.  The

Dewar was similar to the ones available from HSMARTIN.  Equilibrium constants

were determined at five different temperatures (22 °C, 0 °C, -15 °C, -23 °C, and -46

°C).  After recording the spectrum at room temperature, the Dewar was cooled

stepwise using the appropriate cooling bath (ice water (0 °C), ethylene glycol/CO2

(-15 °C), CCl4/CO2 (-23 °C), and MeCN/CO2 (-46 °C)).  The spectrum was

recorded at each of those temperatures.  Concentrations for all low-temperature

measurements were corrected for changes in the density of MeOH upon

cooling.215  The following concentration correction factors were used: c(0 °C) =

c(22 °C) ! 1.0261285; c(- 15 °C) = c(22 °C) ! 1.0438974; c(- 23 °C) = c(22 °C) !

1.053415; c(- 46 °C) = c(22 °C) ! 1.0811576.  To minimize error, electronic

spectral data at the wavelength (551 nm) which displays the greatest difference in

absorbance for the two complexes of interest, 5 and 5-N3, was used in the

calculations.  The amount of tetra(n-butyl)ammonium azide was chosen so that 20
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% to 80 % of the iron complex was azide bound.  This range gave the least amount

of error.  The 551 nm extinction coefficient of 5 at I = 0.06 mol/l was found to be

1590 ± 35 M-1cm-1 at 22 °C, 0 °C, and - 15 °C. It was 1567 ± 30 M-1cm-1 at - 23

°C and 1475 ± 45 M-1cm-1 at - 46 °C.  The 551 nm extinction coefficient of 5-N3

was determined by using 60 equivalents of tetra(n-butyl)ammonium azide, that is I

= 0.06 mol/l.  At - 46 °C, - 23 °C, and - 15 °C complete azide binding was

observed.  The value at these temperatures, 693 ± 25 M-1cm-1, was used at all

temperatures.  Equilibrium constants were calculated using equations 2 and 3,126

and determined to be Keq(22 °C) = 110 ± 20 M
-1, Keq(0 °C) = 210 ± 40 M

-1,    

Keq(- 15 °C) = 470 ± 90 M
-1, Keq(- 23 °C) = 720 ± 140 M

-1, and Keq(- 46 °C) =

4950 ± 990 M-1. Thermodynamic parameters, !H = - 7.5 ± 0.6 kcal/mol  = - 31.5 ±

2.7 kJ/mol and !S = - 16.6 ± 2.5 cal/(mol K) = - 69.6 ± 10.4 J/(mol K), were

determined from a van’t Hoff plot.  
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Titration of 6 with Pyridine

Since the NMe4
+ salt of 6 is insoluble in CH2Cl2 a cation exchange had to be

performed.  To do this, 100 mg of (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6) (0.118

mmol) and 100 mg of N[(CH2)3CH3]4(PF6) (0.258 mmol) were dissolved in 20 ml of

MeCN in a 100 ml sidearm flask.  After stirring for 30 min, 20 ml of Et2O were

added.  The mixture was stirred for another 30 min and then filtered through Celite

into a 100 ml sidearm flask.  An additional 30 ml of MeCN/Et2O (1/1) were used to
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wet the Celite and for washing.  Upon pumping to dryness, a red, CH2Cl2 soluble

powder, (N[(CH2)3CH3]4)2[(Fe(III)S2
Me2N2

amide(Et))2], was obtained.  The ! of 6 in

CH2Cl2 was estimated by measuring the electronic absorption spectrum of a

solution of 6 in CH2Cl2 before and after the addition of an excess of pyridine (20 µl

for 5 ml of solution).  Since the ! of pyridine-bound 7 was known, the ! of 6 in

CH2Cl2 could be calculated.  

Five ml of a solution of 6 in CH2Cl2 were transferred into an UV/Vis cell

equipped with a Kontes joint.  Based upon the absorption at 488 nm, the

concentration of 6 was calculated to be 1.13855 10-4 mol/l (n6 = 5.69275 10-7 mol).

Thereafter, a solution of 200 µl of pyridine in 200 ml of CH2Cl2 was prepared in

the glove box (cpy = 1.23964 10
-2 mol/l).  Now the pyridine solution was added in

20 µl aliquots (npy = 2.47929 10
-7 mol) to the solution of 6 in the UV/Vis cell.

After each addition, the solution was mixed ‘by going up and down in a pipette,’

and the electronic absorption spectrum was recorded.

Synthesis and Characterization of 3-chloro-3-methyl-2-butanone216

Under nitrogen and cooling with ice/rock salt, predistilled SO2Cl2 (0.6 mol)

was added dropwise using a pressure equalized dropping funnel to a 500 ml three-

necked flack containing stirred 3-methyl-2-butanone (0.6 mol).  After the addition

was completed, the reaction was stirred for 12 h at room temperature.  Upon

distillation of the crude reaction mixture, a clear, colorless liquid was obtained (Tb =

24 °C / p = ~ 7 Torr).  1H NMR spectroscopy indicated that less than 5 %

impurities were present.  The starting material 3-methyl-2-butanone accounted for

most of the impurities; if a small excess, 10 %, of SO2Cl2 was used, then no 3-

methyl-2-butanone was present in the product.  The 1H NMR spectrum (CDCl3)
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of 3-chloro-3-methyl-2-butanone contains two peaks: 1.675 ppm

[CH3COCCl(CH3)2] and 2.374 ppm [CH3COCCl(CH3)2].  The reaction performed

on a 0.6 mol scale gave an isolated yield of 75 %.

Synthesis and Characterization of 3-mercapto-3-methyl-2-butanone217

A with ice/rock salt cooled magnetically stirred solution of 2.15 equivalents

of NaOH in 260 ml of H2O was saturated with H2S.  It was essential for the

success of the reaction that throughout the entire course of the reaction the contents

of the flask were held at ice/rock salt temperature.  While H2S was continued to be

introduced into the solution, one equivalent of 3-chloro-3-methyl-2-butanone was

added dropwise.  The addition funnel was washed with 5 ml of MeOH.  The

solution was then stirred for 2 h at low temperature without H2S being introduced.

Using diluted H2SO4, the pH of the solution was adjusted to 4.  The system was

extracted twice using 70 ml of CH2Cl2 each time.  The combined CH2Cl2 phase was

washed with saturated NaHCO3, washed with water, and then dried over Na2SO4.

The drying agent was removed by filtration, and the CH2Cl2 was destilled off at

normal pressure.  1H NMR spectroscopy of the remaining colorless liquid indicated

that less than 5 % impurities were present.  Dichloromethane and 3-methyl-2-

butanone accounted for most of the impurities.  In many cases the product was

sufficiently pure at this stage, if not it was destilled (Tb = 100 °C / p = ~ 20 Torr).

Typically, the reaction gave an isolated yield of 85 %.  Equally well, the reaction

can also be performed using NaSH • 2 H2O in H2O.  The 
1H NMR spectrum

(CDCl3) of 3-mercapto-3-methyl-2-butanone contains 3 peaks: 1.517 ppm

[CH3COCSH(CH3)2], 2.040 ppm [CH3COCSH(CH3)2], and 2.326 ppm

[CH3COCSH(CH3)2].
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Synthesis and Characterization of [Fe(III)S2
Me2N3(Pr,Pr)]PF6 (1)89

The purification of this substance proved to be an extreme challenge.  A

gray powder with an absorption maximum at around 210 nm, but no other features,

possesses very similar solubility properties as the desired product.  It was found

that the desired product could only be separated from this impurity by mechanical

means as described below.  The exact identity of this impurity is not known.  It is

speculated that this gray powder is an 'Fe-S-containing' compound since it gives rise

to an absorption in Mößbauer spectroscopy.  Earlier Mößbauer measurements of

an unclean sample of 1 indicated the presence of three Fe-containing impurities:

0.86/3.39, 0.47/1.32, and 0.65/1.96 (!/"EQ in mm/s).  Those impurities are not

pyrite whose Mößbauer parameters are ! = 0.314 mm/s and "EQ = 0.614 mm/s.218

The following procedure, provided that the purification is successful, yields a

reasonably clean compound.  All steps were performed in a glove box.  In a 50 ml

sidearm flask, 400 mg of NaOH (10 mmol) were dissolved in 10 ml of MeOH under

stirring.  The 3-mercapto-3-methyl-2-butanone (1.182 g, 10 mmol) was added

dropwise employing 3 ml of MeOH.  This solution was stirred for 30 min.  In an

100 ml sidearm flask, 634 mg (5 mmol) of FeCl2 were dissolved in 10 ml of MeOH.

The sodium thiolate solution was then added dropwise to the stirring FeCl2

solution.  Initially, the solution is green-brown, after approximately two thirds of

the sodium thiolate solution were added, suddenly, an orange solid began to

precipitate.  After 20 min stirring, 656 mg (5 mmol) of N-(3-aminopropyl)-1,3-

propanediamine were added dropwise employing 3 ml of MeOH.  After 10 min

stirring, the solution turned green-brown.  After stirring overnight at room

temperature, 1.820 g (5.5 mmol) of Fe(Cp)2PF6 were added as a solid to the stirring
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solution.  The balance boat and funnel were washed with 10 ml of MeCN.  The

solution was stirred for 10 min at room temperature.  The flask with the reaction

mixture was then stored at - 35 °C for 4 h.  The reaction mixture was then filtered

through Celite (wet with MeCN) on a C-frit into a 200 ml flask without washing.

Once the solvent was evaporated off, the solid was washed several times with Et2O

until the Et2O remained nearly colorless.  This removed most of the Fe(Cp)2.  The

solid was then dissolved in 15 ml of MeCN.  To this stirring solution 7.5 ml of

Et2O were added dropwise.  This mixture was filtered after 5 min stirring through

Celite (wet with 1/1 MeCN/Et2O) on a C-frit into a 100 ml flask.  By doing this a

brown impurity was separated from the desired product.  This step can be repeated

using 15 ml of MeCN and 10 ml of Et2O to ensure that all of this impurity has been

separated.  After all of the solvent was evaporated off, the solid was dissolved in 7

ml of MeCN and overlayered with 18 ml of Et2O.  After 2 d at - 35 °C, the mother

liquid was decanted while the flask was still cold.  The black crystals that remained

in the flask where washed several times with Et2O in the following way.  All of the

solid in the flask was suspended in Et2O.  Since the black crystals had a higher

density they sunk to the ground of the flask.  In the Et2O layer a gray solid

remained suspended.  Using a pipette the Et2O containing the suspended gray solid

was then separated from the desired product.  This mechanical separation was the

crucial step in the purification process.  The black crystals were then poured into

another flask and the last recrystallization and the Et2O suspension purification

were repeated to increase the purity of the product.  By following this procedure, 1

was obtained (250 mg, 9 % yield) in 95 % purity as estimated by Mößbauer

spectroscopy.

Alternatively, 1 can be prepared using FeSO4 • 7 H2O as the iron source.  In

this case, 440 mg of NaOH (11 mmol) were dissolved in 10 ml of MeOH under
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stirring in a 50 ml sidearm flask.  The 3-mercapto-3-methyl-2-butanone (1.182 g, 10

mmol) was added dropwise employing 3 ml of MeOH.  After stirring for 20 min,

the sodium thiolate solution was added dropwise to a suspension of FeSO4 • 7 H2O

(1.390 g, 5 mmol) in 10 ml of MeOH in a 100 ml sidearm flask.  After 40 min

stirring, 656 mg (5 mmol) of N-(3-aminopropyl)-1,3-propanediamine were added

dropwise employing 3 ml of MeOH.  After stirring overnight at room temperature,

1.820 g (5.5 mmol) of Fe(Cp)2PF6 were added as a solid to the stirring solution.

The balance boat and funnel were washed with 10 ml of MeCN.  The solution was

stirred for 10 min at room temperature.  The flask with the reaction mixture was

then stored at - 35 °C for 4 h.  The reaction mixture was then filtered through Celite

(wet with MeCN) on a C-frit into a 200 ml flask without washing.  Once the

solvent was evaporated off, the solid was washed several times with Et2O until the

Et2O remained nearly colorless.  This removed most of the Fe(Cp)2.  The solid was

then filtered without pulling vacuum through Celite into a 200 ml sidearm flask

using about 100 ml of 100 % CH2Cl2.  Thereafter, a gray-brown solid remained on

the frit.  After evaporation to dryness, the residue was washed portionwise with

Et2O and again filtered using CH2Cl2 without applying vacuum.  The solvent was

then removed, the residue washed with Et2O and dissolved in 15 ml of MeCN.  To

this stirring solution 10 ml of Et2O were added dropwise.  This mixture was filtered

after 5 min stirring through Celite (wet with 1/1 MeCN/Et2O) on a C-frit into a 200

ml flask.  About 30 ml of 1/1 MeCN/Et2O were used for washing.  After all of the

solvent was evaporated off, the residue was washed again with Et2O.  Using 15 ml

of MeCN, it was then transferred into a 100 ml sidearm flask and overlayered with

95 ml of Et2O.  After standing at room temperature for 4 d, the mother liquid was

decanted.  The black crystalline solid was washed several times with Et2O.  To do

this, all of the solid in the flask was made loose using a spatula.  The crystalline
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solid was suspended in Et2O and the Et2O layer was removed using a pipette.

After pumping vacuum for 15 min, clean 1 was obtained.

Electronic absorption spectrum in MeCN, see Figure 5-2, !max, nm (", M-1

cm-1): 230 (9900), 316 (6040), 418 (4140), 770 (300).  Electronic absorption

spectrum in CH2Cl2, see Figure 3-12, !max, nm (", M-1 cm-1): 231 (10200), 319

(6100), 420 (3400), 770 (300).

Figure 5-2: UV/Vis absorption spectrum of 1 in MeCN.

The reduction potential of [Fe(III)S2
Me2N3(Pr,Pr)]

+/0 (1+/0) in MeCN, which

is attributed to a change of the iron oxidation state from +3 to +2, is E1/2(Ag
+/Ag) =

- 714 mV, E1/2(SCE) = - 400 mV, E1/2° = - 159 mV, and E1/2(Fc) = - 800 mV.58  To

evaluate the influence of the #-methyl groups upon the stability of 1, one has to

compare the reduction potential of 1 with the oxidation potential of

[Fe(II)S2N3(Pr,Pr)].  The oxidation potential of [Fe(II)S2N3(Pr,Pr)]
0/+ in MeCN,

which is attributed to a change of the iron oxidation state from +2 to +3, is

E1/2(SCE) = - 260 mV, E1/2° = - 19 mV, and E1/2(Fc) = - 660 mV.219  Those results

show that the #-methyl groups donate electron density (+I effect) via the sulfurs to
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the iron.  Thus, the equilibrium Fe(III) + e- = Fe(II) is shifted by 140 mV to the left

side in [Fe(III)S2
Me2N3(Pr,Pr)]

+ (1+) as compared to [Fe(II)S2N3(Pr,Pr)] [Nernst

equation: E = E° - (RT/nF) ln (aright/aleft), therefore E° = (RT/nF) ln (aright/aleft)].  In

other words, because of the increased electron density at the iron in 1, it becomes

more difficult to add another electron to Fe(III).  One can say that the Fe(III) in 1 is

stabilized by the presence of the !-methyl groups.  Note that the more negative the

reduction potential, the more the equilibrium Fe(III) + e- = Fe(II) is shifted to the

left side (Fe(II) becomes a stronger reducing agent and Fe(III) becomes a weaker

oxidizing agent).  

In summary, it can be said that the !-methyl groups provide two

mechanisms to stabilize [Fe(III)S2
Me2N3(Pr,Pr)]

+ (1+) as compared to

[Fe(II)S2N3(Pr,Pr)].  Firstly, they provide a steric protection against oxidation by

O2 at the sulfur and against disulfide formation.  Secondly, they donate electron

density to the iron.  Thereby, they cause an electronic stabilization of the +3

oxidation state of iron.

Magnetic moment: 3.00 µB (300 K, solid state, see Figure 3-10).  The

paramagnetism of 1 is confirmed by its 1H NMR spectrum, see Figures 5-3 and 5-4.

EPR (CH2Cl2/Toluene 1/1; 125 K): g = 2.14, 2.07, 2.01 (see Figure 3-11).

Mößbauer parameters: " = 0.21 mm/s and #EQ = 3.01 mm/s.  The other

characterization data is identical to that reported in the literature.89
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Figure 5-3: 1H NMR spectrum of 1 in MeCN at RT.

Figure 5-4: Details of 1H NMR spectrum of 1 in MeCN at RT.
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Synthesis and Characterization of [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO)58

Approximately 75 mg of 1 were dissolved in 10 ml of MeCN to give a red

solution.  On a high vacuum line using a constant volume bulb, 1.15 equivalents of

NO were added.  The NO was allowed to condense in the liquid nitrogen cooled

reaction vessel for 1 h.  After this the reaction vessel was allowed to warm to room

temperature under stirring.  The reaction system was then taken into a glove box.

There, the green-brown solution was poured into a 100 ml flask that did not contain

a magnetic stirring bar.  The solution was overlayered with 90 ml of Et2O and

stored at - 35 °C for 2 d.  The mother liquid was decanted and the remaining black

crystals were washed with Et2O several times.  The solid was dried by applying

high vacuum for 20 min.  The crystals obtained in this way were of X-ray quality.

Before some of the solid was dissolved in D6-MeCN to prepare an NMR sample,

the solid was dried for an additional 40 min under high vacuum.  To measure the

extinction coefficients the reaction was performed in a vessel to which a UV/Vis cell

was attached.  1-NO is stable as a solid in the dark under nitrogen at - 35 °C for

weeks.  

1-NO is diamagnetic as proven by 1H NMR, see Figures 5-5 and 5-6.  If the

NMR is taken using a wider window, see Figure 5-5, also signals corresponding to

paramagnetic 1 can be detected.
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Figure 5-5: 1H NMR spectrum of 1-NO in MeCN at RT.
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Figure 5-6: Details of 1H NMR spectrum of 1-NO in MeCN at RT.

EXAFS parameters of 1-NO are given in Table 2-1.  In the range ! = 320 -

820 nm, 1-NO has a single absorption maximum which is located at !max = 422 nm

(" = 1710 l/(mol cm)), for details see Figure 2-2.  IR spectroscopy of 1-NO crystals

showed the #NO to be at 1823 cm
-1 and the #C=N to be at 1610 cm

-1, see Figure 5-7.

It should be noted that two additional peaks at 1770 and 1721 cm-1 were observed

when the IR spectrum was recorded of the residue that was obtained when the

MeCN solvent was evaporated under vacuum immediately after completion of the

reaction with NO gas.  These two additional absorptions could be caused by an O-

bound ($1-O) and a side-on-bound ($2-N,O) linkage isomer of the NO ligand as it

was observed in other {MNO}6 systems.220,221  Compound 1-NO was found to

be crystallized in the centrosymmetric space group P21/n (No. 14) (R = 5.68 %).

Both the molecule and its mirror image are present in a 1:1 ratio in the crystal
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lattice.  The asymmetric unit contains one complete molecule.  When the structure

was refined using an Fe-O-N arrangement, the R factor was about 5 units higher.

Therefore, it was decided that the NO is coordinated to the iron via its nitrogen as

opposed to via its oxygen.  The ORTEP, selected structural parameters, and

relevant crystallographic information of 1-NO are shown in Figure 2-3, Table 2-3,

and Table 5-1, respectively.

The reduction potential of 1-NO+/0 in MeCN, which is attributed to a

change of the iron oxidation state from +3 to +2, is E1/2(Ag
+/Ag) = - 769 mV,

E1/2(SCE) = - 455 mV, E1/2° = - 214 mV, and E1/2(Fc) = - 855 mV.  From these

reduction potentials one can conclude that the Fe(III) in 1-NO is stabilized by 55

mV as compared to the Fe(III) in 1.  Mößbauer parameters: ! = 0.0924 mm/s and

"EQ = 1.0078 mm/s.  The other characterization data was identical to that reported

in the literature.58

Figure 5-7: IR spectrum (KBr pellet) of 1-NO.

The photolytic behavior of 1-NO was also studied.  It was not possible to

observe any formation of 1 when 1-NO was exposed to light and/or stored at room
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temperature for several days.  The following experiments, all, except for the EPR

study, at room temperature, have been performed.  When solid 1-NO was exposed

to light, no formation of 1 or decomposition of 1-NO was observed by EPR.123

An unidentified diamagnetic 1H NMR spectrum was observed in a sample of 1-NO,

which was stored as a CD3CN solution in the dark for two weeks in a closed NMR

tube.  Irradiation (UV/Vis) of a CD3CN solution of 1-NO in a closed NMR tube for

two hours resulted in the presence of another unidentified diamagnetic 1H NMR

spectrum.  Compound 1-NO, in an MeCN solution under a N2 atmosphere in the

dark, showed considerable decomposition after 4 hours, as judged by UV/Vis

spectroscopy.  Irradiation (UV/Vis) of an MeCN solution of 1-NO under a N2

atmosphere showed decomposition of 1-NO within 3 hours, as judged by UV/Vis

spectroscopy.  Further, it was shown that 1 in an MeCN solution does not

significantly decompose within two weeks if stored in the dark.  However,

exposure of an MeCN solution of 1 to UV/Vis radiation causes considerable

decomposition within 4 hours.  Mass spectrometric analysis of headspace gases

after photolysis (6 h, 25 °C, Hg lamp) of an MeCN solution of 1-NO show the

presence of NO.  From these results it must be concluded that the photolytic

cleavage of 1-NO in solution to form 1 and NO does occur, however the reaction is

not reversible owing to the subsequent photodecomposition of 1.

Synthesis and Characterization of [Fe(III)S2
Me2N3(Pr,Pr)(N3)] (1-N3)89

Compound 1 (486 mg, 0.92 mmol) was weighted out into a 20 ml vial.  Into

another vial N[(CH2)3CH3]4N3 (391 mg, 1.38 mmol) was weighted out.  MeCN (1.5

ml; 1 pipette = 1.5 ml) was used to dissolve the N[(CH2)3CH3]4N3.  This MeCN

solution was then added to the solid 1 in the 20 ml vial.  After that, an additional 3
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ml of MeCN were used to wash the vial in which the N[(CH2)3CH3]4N3 was

originally.  This solution was also added to the vial with 1.  To ensure that all 1 was

dissolved the solution was mixed ‘by going up and down in a pipette.’  The

solution was then overlayered with 9 ml of Et2O and carefully placed into a

refrigerator (T = - 35 °C).  After 3 d, the mother liquid was decanted and the

remaining black crystalline solid was washed repeatedly by suspending it in Et2O.

The solid was dried by inserting a needle that was connected to vacuum through a

rubber septum that was placed headover onto the vial.  Yield: 183 mg (0.59 mmol,

65 %).  Electronic absorption spectrum in CH2Cl2, see Figure 3-18, !max, nm (", M-

1 cm-1): 244 (15000), 287 (12000), 336 (8700), 470 (1900), 720 (1200).  Reduction

potential in MeCN: E1/2(SCE) = - 545 mV, E1/2° = - 304 mV, and E1/2(Fc) = - 945

mV.  Magnetic moment: 2.32 µB (297 K, solid state).  EPR (CH2Cl2/Toluene 1/1;

131 K): g = 2.226, 2.155, 1.987 (see Figure 3-17).  The other characterization data

was identical to that reported in the literature.89

Synthesis and Characterization of [Co(III)(S2
Me2N3(Pr,Pr))]PF6 (2)100

Even though the reaction was performed in the glove box, the flask had to be

closed with a rubber septum whenever possible since the Co(II) compound is

extremely O2 sensitive.  NaOH (440 mg, 11 mmol) was dissolved in a 50 ml sidearm

flask in 15 ml of MeOH.  Using ~ 3 ml of MeOH, 1.182 g (10 mmol) of 3-

mercapto-3-methyl-2-butanone were added.  CoCl2 • 6 H2O (1.190 g, 5 mmol) was

dissolved in 15 ml of MeOH in a 100 ml sidearm flask.  After the Co(II) solution

was stirred for 15 min the sodium thiolate solution was added pipettewise to it.

The 50 ml flask was washed with MeOH.  After stirring for another 15 min, 656

mg of N-(3-aminopropyl)-1,3-propanediamine (5 mmol) were added using 3 ml of
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MeOH.  The flask was closed with a rubber septum and stirred for 24 h at RT.

Fe(Cp)2PF6 (1.738 g, 5.25 mmol) was then added using 10 ml of MeCN.  The flask

was closed with a rubber septum and stirred for an additional 24 h at RT.

Thereafter, the solution was filtered through Celite (wet with MeCN) on a C frit

into a 200 ml sidearm flask.  Washing was performed using MeCN.  The solution

was then pumped to dryness under the hood.  The flask was then taken into the

glove box, and the solid in it was extracted portionwise with about 120 ml of Et2O.

Between each extraction, the Et2O was allowed to sit over the solid for at least a

few minutes.  The solid was dissolved in 20 ml of MeCN and 10 ml of Et2O were

added to the stirring solution.  After stirring for 5 min the mixture was filtered

through Celite (wet with 2/1 MeCN/Et2O) on a C frit into a 100 ml sidearm flask.

Washing was performed using 2/1 MeCN/Et2O.  The solution was pumped to

dryness, and the remaining solid was extracted portionwise with about 50 ml of

Et2O.  The remaining solid was dissolved in 12 ml of MeCN, transferred into a 50

ml pearshaped flask, and overlayered with 40 ml of Et2O.  The flask was put into

the refrigerator (- 35 °C) for crystallization.  After several days the mother liquid

was decanted and the remaining black crystalline solid was washed with Et2O.

Yield: 1.28 g (2.4 mmol, 48 %).  Electronic absorption spectrum in MeCN, !max,

nm (", M-1 cm-1): 239 (7600), 358 (5200), 445 (2200), 522 (2100), 797 (50).

Elemental analysis, calculated for C16H31N3CoF6PS2: C, 36.02; H, 5.86; N, 7.88.

Found: C, 35.96; H, 5.72; N, 8.03.  The other characterization data was identical to

that reported in the literature.100
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Synthesis and Characterization of

[Co(III)(SMe2(SMe2(O)2)N3(Pr,Pr))]PF6 (2-O2)100

All operations were performed on the benchtop.  An MeCN (25 ml)

solution of 2 was stirred for 3 d exposed to air.  Each day the side of the glass was

washed to ensure that nothing is above the liquid level and does not react.  Upon

pumping to dryness, it formed a foam.  The remaining residue was dissolved in

MeCN (10 ml), transferred into a 50 ml pear-shaped flask, and then overlayered

with Et2O (40 ml).  The flask was allowed to stand at RT for crystallization.  After

several days the mother liquid was decanted.  There were black crystals and a red

powder.  Washing with Et2O was performed several times so that the red powder

was suspended and could be decanted while the black crystals remained in the flask.

Visible electronic absorption spectrum in MeCN, !max, nm (", M-1 cm-1): 414

(2700), 805 (290).  The other characterization data was identical to that reported in

the literature.100

Synthesis and Characterization of

[Co(III)((####2-SMe2O)(SMe2(O)2)N3(Pr,Pr))]PF6 (2-O3)100

All operations were performed on the benchtop.

Method A.  2-O2 was dissolved in Me2CO (15 ml).  After H2O (10 ml) was added,

30 % H2O2 (25 ml) was added, and the solution was stirred at RT for 2 h.

Thereafter, the solution was poured into culture dishes so that they were half filled.

Besides the red solution, there was also a red powder-like solid.  This red powder

was dissolved in a minimum amount of Me2CO and added to the culture dishes.

Also, any red powder present in the culture dishes was dissolved by using a

minimal amount of Me2CO.  It was efficiently dissolved by ‘going up and down
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with a pipette.’  The culture dishes were left to stand in the lab (not under the

hood, evaporation is too fast there) for at least 24 h.  There were red crystals in a

red mother liquid.  The mother liquid was decanted, the crystals were washed with

H2O, and then dried under high vacuum.  Electronic absorption spectrum in MeCN,

!max, nm (", M-1 cm-1): 226 (12500), 281 (7100), 338 (9800), 480 (450).  Elemental

analysis, calculated for C16H31N3CoF6O3PS2: C, 33.05; H, 5.37; N, 7.23. Found: C,

33.18; H, 5.19; N, 7.24.  The solubility in MeOH is ~ 15 mg/25 ml.  The other

characterization data was identical to that reported in the literature.100

Method B.  Alternatively, 2-O3 can be prepared if 2 is used instead of 2-O2 in a

reaction under identical conditions.  The product of this reaction is

spectroscopically identical to the product of method A.

Table 5-1: Crystallographic data for [Fe(III)S2
Me2N3(Pr,Pr)(NO)]PF6 (1-NO)58

and [Fe(III)(S2
Me2N3(Et,Pr))-S

pers]PF6 (4).91

1-NO 4

formula C16H31F6FeN4OPS2 C15H29F6FeN3PS3

molecular mass 560.39 548.42

crystal color, habit red, cube red, plate

T (K) 161(2) 161(2)

crystal system monoclinic monoclinic

space group P21/n (No. 14) Cc (No. 9)

a (Å) 12.863(1) 17.9869(6)

b (Å) 14.149(1) 11.8622(2)

c (Å) 13.621(1) 11.3417(4)

# (°) 90 90
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! (°) 109.379(1) 110.444(1)

" (°) 90 90

V (Å3) 2338.6(3) 2267.5(1)

Z 4 4

#calc. (g cm
-3) 1.586 1.606

µ(Mo K$) (mm-1) 0.955 1.068

% range (°) 3 - 28 2 - 31

collected reflections 32521 24625

unique reflections 5011 6001

number of parameters 280 263

GOFa on F2 1.088 1.079

R1
b (wR2

c) (%) 5.68 (16.56) 3.92 (10.51)

absolu. struc. param. N/A 0.491(14)

a GOF = {&[w(Fo
2 - Fc

2)2]/(M - N)}1/2 (M = number of reflections, N = number of

parameters refined).  b R1 = &||Fo| - |Fc||/&|Fo| for I > 2'(I).  
c wR2 = {&[w(Fo

2 -

Fc
2)2]/&[w(Fo

2)2]}1/2 using all data.

Synthesis and Characterization of [Fe(III)(S2
Me2N3(Et,Pr))-Spers]PF6 (4)91

Method A.  A MeOH solution (30 ml) of NaOH (800 mg, 20 mmol) and 3-

mercapto-3-methyl-2-butanone (2.364 g, 20 mmol) was added dropwise to a

MeOH solution (40 ml) of FeCl2 (1.266 g, 10 mmol). N-(2-aminoethyl)-1,3-

propanediamine (1.172 g, 10 mmol) was added after 15 min of stirring.  After the

mixture was stirred for 5 h, Fe(Cp)2PF6 (3.476 g, 10.5 mmol) was added using

MeCN (~ 20 ml).  After stirring for ~ 60 h, the mixture was evaporated to dryness

under vacuum.  The residue was extracted with a solution containing Et2O/MeOH
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in a ratio of 2/1 until the liquid phase was weakly red.  The residue was dissolved in

MeCN and filtered through Celite.  After the solution was evaporated to dryness

under vacuum, the residue was again extracted with 2/1 Et2O/MeOH.  The

remaining residue was dissolved in a solution containing Et2O/MeCN in a ratio of

1/1 and then filtered through Celite.  The solution was again evaporated to dryness

and extracted with 2/1 Et2O/MeOH.  The residue was then dissolved in CH2Cl2 and

filtered through Celite.  After the evaporation of the solvent, crystals of 4 were

grown by slow diffusion of Et2O (105 ml) into an MeCN (15 ml) solution at room

temperature.  The obtained crystals were washed by suspending them several times

in Et2O and dried under vacuum.  The crystals obtained in this way were of X-ray

quality.  Yield: 0.990 g (1.8 mmol, 27 % based on S).  Electronic absorption

spectrum in MeOH, see Figure 3-6, !max, nm (", M-1 cm-1): 211 (15500), 300

(9400), 553 (1950).  Elemental analysis, calculated for C15H29N3F6FePS3: C, 32.85;

H, 5.33; N, 7.66. Found: C, 32.91; H, 5.13; N, 7.62.  Reduction potential in MeCN:

E(vs. SCE)(irreversible reduction) = - 790 mV,  E° = - 549 mV, E(Fc) = - 1190 mV.

Magnetic moment: 2.02 µB (301 K, MeCN solution) and 2.15 µB (300 K, solid

state).  EPR (MeOH/EtOH 9/1; 141 K): g = 2.165, 2.106, 1.994 (see Figure 3-5).

Compound 4 was found to be crystallized in a non-centrosymmetric space group

(Cc, No. 9) (R = 3.92 %).  However, its absolute structure parameter is 0.491(14),

which indicates racemic twinning.  This means the lattices of both enantiomers are

grown into each other.   The asymmetric unit contains one complete molecule.  The

ORTEP, selected structural parameters, and relevant crystallographic information

of 4 are shown in Figure 3-3, Table 3-1, and Table 5-1, respectively.

Method B.  A MeOH solution (30 ml) of NaOH (800 mg, 20 mmol) and 3-

mercapto-3-methyl-2-butanone (2.364 g, 20 mmol) was added dropwise to a
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MeOH solution (40 ml) of FeCl3 (1.622 g, 10 mmol).  N-(2-aminoethyl)-1,3-

propanediamine (1.172 g, 10 mmol) was added after 15 min of stirring.  Thereafter,

KPF6 (2.1 g, 11.4 mmol) was added.  After the mixture was stirred for ~ 90 h, it

was evaporated to dryness under vacuum and worked up as described in method A.

Yield: 0.680 g (1.24 mmol, 19 % based on S).  This material is spectroscopically

identical to the product of method A.
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Figure 5-8: IR spectrum (KBr pellet) of 4.

Synthesis and Characterization of [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5)91

Four equivalents of P(Et)3 (8.0 mmol, 8 ml of a 1.0 M solution in THF)

were added to a solution of 4 (1.1 g, 2.0 mmol) in MeCN (~ 25 ml).  After the

mixture was stirred for 24 h, it was evaporated to dryness under vacuum.  The

residue was extracted with Et2O.  To remove all of the remaining SP(Et)3, the solid

was dissolved in MeCN (~ 10 ml) and added dropwise to the rapidly stirring Et2O

(~ 150 ml).  The precipitate was filtered off and washed with Et2O.  Thereafter, the
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precipitate was dissolved in CH2Cl2 and filtered.  After the evaporation of the

solvent, crystals of 5 were grown by slow diffusion of Et2O (105 ml) into a CH2Cl2

(15 ml) solution at room temperature.  The obtained crystals were washed by

suspending them several times in Et2O and dried under vacuum.  Yield: 0.730 g (1.4

mmol, 70 %).  31P NMR was used to verify the absence of any SP(Et)3 [
31P{1H}

NMR (MeCN): !(SP(Et)3) 57 (s), !(PF6
-) -142 ppm (m)].  Electronic absorption

spectrum in MeOH, "max, nm (#, M-1 cm-1): 207 (15400), 316 (7300), 493 (1530),

532 (1520).  The absorptions bands at 316, 493, and 532 nm have the same "max

and # in MeOH, MeCN, and CH2Cl2 as the solvent.  Elemental analysis, calculated

for C15H29N3F6FePS2: C, 34.89; H, 5.66; N, 8.14. Found: C, 34.72; H, 5.50; N,

8.00.  Reduction potential in MeCN: E1/2(vs. SCE)(reversible) = - 455 mV, E1/2° = -

214 mV, E1/2(Fc) = - 855 mV.  Magnetic moment: 2.19 µB (301 K, MeCN solution)

and 2.07 µB (300 K, solid state).  EPR (CH2Cl2/Toluene 1/1; 150 K): g = 2.12, 2.07,

2.02 (see Figure 3-11).  Crystals for X-ray analysis were obtained by slow

diffusion of Et2O into an MeCN solution at room temperature.  Compound 5 was

found to be crystallized in a centrosymmetric space group (Pccn, No. 56) (R = 4.44

%).  Therefore, both enantiomers are present in a 1:1 ratio.  In the case of this

compound, see Figure 5-9, the cation was located on a two-fold axis going through

Fe1 and a point halfway between N2 and N2’.  Therefore, the cation was found to

be disordered in a way that the ethyl and propyl groups in the ligand backbone

occupy the same region of space 50 % of the time.  Thus, the cation and its

symmetry equivalent molecule are superimposed onto each other in the refinement.

Disordered atoms N2, C7, C14, and C15 as well as Fe1 on the two-fold axis were

given 0.5 occupancy factors, while atoms C1 - C6, N3, and S2 were given site

occupancies of 1.  The remaining atoms of the cation are related to these by two-
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fold symmetry.  One of the symmetry equivalent molecules contains the ligand

backbone: C6, C14, C15, N2, C7’, and C6’.  In this molecule, the H on N2 points

towards the reader.  The open angle is S2’-Fe1-N2 = 141.8(1)°, while the angle S2-

Fe1-N2 is 112.5(1)°.  This is the molecule shown in Figure 3-9.  In the other

symmetry equivalent molecule, the ligand backbone is: C6, C7, N2’, C15’, C14’,

and C6’.  In this molecule, the H on N2’ points away from the reader.  The open

angle is S2-Fe1-N2’ = 141.8(1)°, while the angle S2’-Fe1-N2’ is 112.5(1)°.  Owing

to the imposed two-fold axis, there is half a molecule in the asymmetric unit.  The

ORTEP, selected structural parameters, and relevant crystallographic information

of 5 are shown in Figure 3-9, Table 3-2, and Table 5-2, respectively.

Figure 5-9: Thermal ellipsoid plot (50 % probability level) of the cation of 5.  H 

atoms, except for the H-Namine, are omitted for clarity.  The disorder about 

the imposed two-fold axis is shown.
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Figure 5-10: IR spectrum (KBr pellet) of 5.

Table 5-2: Crystallographic data for [Fe(III)S2
Me2N3(Et,Pr)]PF6 (5) and 

[Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-N3).91

5 5-N3

formula C15H29F6FeN3PS2 C15H29FeN6S2

molecular mass 516.36 413.42

crystal color, habit red, plate red, prism

T (K) 161(2) 161(2)

crystal system orthorhombic orthorhombic

space group Pccn (No. 56) Pbca (No. 61)

a (Å) 8.8920(4) 11.0237(2)

b (Å) 13.4838(3) 11.5374(3)

c (Å) 18.3463(8) 30.8031(7)

! (°) 90 90
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! (°) 90 90

" (°) 90 90

V (Å3) 2199.7(2) 3917.7(2)

Z 4 8

#calc. (g cm
-3) 1.559 1.402

µ(Mo K$) (mm-1) 1.004 0.993

% range (°) 3 - 30 3 - 31

collected reflections 42328 64961

unique reflections 3269 5959

number of parameters 182 219

GOFa on F2 0.937 0.954

R1
b (wR2

c) (%) 4.44 (12.68) 4.27 (10.86)

a GOF = {&[w(Fo
2 - Fc

2)2]/(M - N)}1/2 (M = number of reflections, N = number of

parameters refined).  b R1 = &||Fo| - |Fc||/&|Fo| for I > 2'(I).  
c wR2 = {&[w(Fo

2 -

Fc
2)2]/&[w(Fo

2)2]}1/2 using all data.

Synthesis and Characterization of [Fe(III)S2
Me2N3(Et,Pr)(N3)] (5-N3)91

An MeCN solution (25 ml) containing 5 (506 mg, 0.98 mmol) and

N(Me)4N3 (179 mg, 1.54 mmol) was stirred for 30 min.  Thereafter, Et2O (25 ml)

was added and the mixture was stirred for another 30 min.  Using Et2O (20 ml), the

mixture was then filtered through Celite.  After evaporation to dryness, the residue

was extracted with THF (20 ml).  The THF solution was filtered and overlayered

with Et2O (105 ml).  After standing for 4 d at - 35 °C, the mother liquid was

decanted.  The black crystalline solid was washed several times by suspending it in

Et2O and dried under vacuum.  Yield: 0.150 g (0.36 mmol, 37 %).  Electronic
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absorption spectrum in CH2Cl2, see Figure 3-18, !max, nm (", M-1 cm-1): 243

(13000), 285 (10000), 335 (7100), 475 (1600), 760 (1000).  Elemental analysis,

calculated for C15H29N6FeS2 • 1/3 THF: C, 44.85; H, 7.30; N, 19.21. Found: C,

44.72; H, 7.55; N, 18.98.  Reduction potential in MeCN: E(vs. SCE)(irreversible

reduction) = - 590 mV,  E° = - 349 mV, E(Fc) = - 990 mV.  Magnetic moment: 2.46

µB (300 K, MeCN solution) and 2.26 µB (300 K, solid state).  EPR

(CH2Cl2/Toluene 1/1; 131 K): g = 2.190, 2.162, 1.989 (see Figure 3-17).  IR (KBr):

#a(N3
-) = 2031 cm-1.  Crystals for X-ray analysis were obtained by slow diffusion

at room temperature of Et2O into an MeCN solution that contained 5 and an excess

of N[(CH2)3CH3]4N3.  Compound 5-N3 was found to be crystallized in the

centrosymmetric space group Pbca (No. 61) (R = 4.27 %).  Both the molecule and

its mirror image are present in a 1:1 ratio in the crystal lattice.  The asymmetric unit

contains one complete molecule.  The ORTEP, selected structural parameters, and

relevant crystallographic information of 5-N3 are shown in Figure 3-15, Table 3-3,

and Table 5-2, respectively.
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Figure 5-11: IR spectrum (KBr pellet) of 5-N3.

Synthesis and Characterization of

N,N’-1,2-Ethanediylbis[2-mercapto-2-methyl-propanamide]193

Into a 250 ml flask equipped with a gas inlet, a 14/20 joint on top, and a

24/40 joint were weighted out 2.6 g (5.85 mmol) of N,N’-1,2-ethanediylbis[2-

methyl-2-(phenylmethyl)thio-propanamide].189  Using the gas inlet, the flask was

then flushed with an inert atmosphere (N2).  Then, using an NH3 condensing

apparatus connected to the 14/20 joint, ~ 40 ml of NH3 were condensed into the

flask.  During this step a wet piece of Unitest paper was held occasionally to the

gas inlet to test for NH3.  During the entire course of the reaction, both the NH3

condensing apparatus and the 250 ml flask were cooled with acetone/dry ice.  Then

~ 0.7 g (30 mmol) of Na were added portionwise through the 24/40 joint, which was

otherwise closed with a rubber septum.  The mixture was stirred for ~ 45 min while

NH3 was still condensing.  During this time a permanent blue color was present.
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The NH3 condensing was stopped and ~ 40 g of powered NH4Cl were added.

Immediately, it became a white suspension.  The mixture was stirred under a N2

stream and open to the atmosphere overnight, during which time all of the NH3

evaporated.  Using ~ 200 ml of acidified H2O (9/1 H2O/concentrated HCl) and ~

100 ml of CH2Cl2, all of the white solid was dissolved and transferred into an

extraction funnel.  After shaking, the phases were separated and the aqueous phase

was extracted two more times with each ~ 50 ml of CH2Cl2.  The combined organic

phase was dried over MgSO4 and evaporated to dryness to yield a white powder.

Yield: 1.36 g (5.14 mmol, 88 %).  Melting point: 133 °C.  The 1H NMR spectrum

(CDCl3) of N,N’-1,2-Ethanediylbis[2-mercapto-2-methyl-propanamide] contains

the following peaks: 1.60 ppm (s) [CH2NHCOCSH(CH3)2]2, 2.27 ppm (s)

[CH2NHCOCSH(CH3)2]2, 3.44 ppm (t) [CH2NHCOCSH(CH3)2]2, and 7.35 ppm

(s) [CH2NHCOCSH(CH3)2]2.  IR (KBr): !(CO) = 1641 cm
-1.
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Figure 5-12: IR spectrum (KBr pellet) of N,N’-1,2-ethanediylbis[2-mercapto-2-

methyl-propanamide].
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Synthesis and Characterization of (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] (6)193

N,N’-1,2-Ethanediylbis[2-mercapto-2-methyl-propanamide] (400 mg, 1.513

mmol) was dissolved in ~ 10 ml of MeOH in a 50 ml sidearm flask.  NaOH (242

mg, 6.052 mmol) was then added using ~ 10 ml of MeOH.  While the NaOH was

dissolving, a solution of NMe4FeCl4 (411 mg, 1.513 mmol) in ~ 15 ml of MeOH in

a 100 ml sidearm flask was prepared.  Once all NaOH was dissolved, the

NaOH/ligand solution was poured all at once into the Fe(III) solution.  Washing

was performed with MeOH.  The color changed immediately to brown.  After

stirring for 3 h at room temperature, the solution was evaporated to dryness.  The

residue was extracted with Et2O.  Using ~ 60 ml of MeOH/Et2O (1/1), the residue

was dissolved and filtered through Celite on a C frit into a 100 ml sidearm flask.

After evaporation to dryness, the residue was dissolved in MeOH and filtered again

through Celite.  After removal of the solvent under vacuum, the residue was

dissolved and transferred into a 100 ml sidearm flask using 10 ml of MeOH.  The

solution was overlayered with 110 ml of Et2O and stored at - 35 °C for several d.

After the mother liquid was decanted, the remaining black crystalline solid was

washed by suspending it several times in Et2O and dried under high vacuum.  Yield:

0.440 g (0.521 mmol, 69 %).  Electronic absorption spectrum in MeOH, see Figure

4-9, !max, nm (", M-1 cm-1): 208 (38000), 301 (16400), 420 (5700), 465 (6000).

Electronic absorption spectrum in CH2Cl2 {N[(CH2)3CH3]4
+ salt generated by ion

exchange with N[(CH2)3CH3]4(PF6)}, !max, nm (", M-1 cm-1): 232 (22000), 322

(12000), 488 (6500).  Elemental analysis, calculated for C28H56N6Fe2O4S4 • 3

MeOH: C, 42.46; H, 7.82; N, 9.58. Found: C, 42.09; H, 7.65; N, 9.51.  Reduction

potential in MeOH: E(vs. SCE)(irreversible reduction) = - 1.10 V, E1/2° = - 0.86 V,
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E(Fc) = - 1.46 V.  Magnetic moment: 5.94 µB (300 K, solid state).  EPR

(MeOH/EtOH 9/1; 130 K): gmax = 4.28 (see Figure 4-8).  IR (KBr): !(CO) = 1550,

1583 cm-1.  Crystals for X-ray analysis were obtained by slow diffusion at room

temperature of Et2O into a MeOH solution.  Compound 6 was found to be

crystallized in the centrosymmetric space group P21/c (No. 14) (R = 6.80 %).  Both

the molecule and its mirror image are present in a 1:1 ratio in the crystal lattice.  The

asymmetric unit contains one complete molecule.  Also, 2 molecules of MeOH are

present in the asymmetric unit.  They are H-bonded to the oxygens of the bridging

amides.  The ORTEP, selected structural parameters, and relevant crystallographic

information of 6 are shown in Figure 4-2, Table 4-1, and Table 5-3, respectively.
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Figure 5-13: IR spectrum (KBr pellet) of 6.
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Table 5-3: Crystallographic data for (NMe4)2[(Fe(III)S2
Me2N2

amide(Et))2] • 2

MeOH (6 • 2 MeOH) and (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] • 2 MeOH

(7 • 2 MeOH).193

6 • 2 MeOH 7 • 2 MeOH

formula C30H64Fe2N6O6S4 C21H41FeN4O4S2

molecular mass 844.83 533.56

crystal color, habit red, prism brown, prism

T (K) 161(2) 130(2)

crystal system monoclinic monoclinic

space group P21/c (No. 14) P21/c (No. 14)

a (Å) 15.6210(5) 9.0629(3)

b (Å) 11.8659(6) 11.0976(3)

c (Å) 22.8715(10) 26.0129(9)

! (°) 90 90

" (°) 92.556(2) 93.4992(18)

# (°) 90 90

V (Å3) 4235.2(3) 2611.4(1)

Z 4 4

$calc. (g cm
-3) 1.237 1.357

µ(Mo K!) (mm-1) 0.596 0.770

% range (°) 3 - 21 2 - 25

collected reflections 46010 8596

unique reflections 4412 4448

number of parameters 435 293

GOFa on F2 1.233 0.984
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R1
b (wR2

c) (%) 6.80 (20.96) 4.90 (12.76)

a GOF = {![w(Fo
2 - Fc

2)2]/(M - N)}1/2 (M = number of reflections, N = number of

parameters refined).  b R1 = !||Fo| - |Fc||/!|Fo| for I > 2"(I).  
c wR2 = {![w(Fo

2 -

Fc
2)2]/![w(Fo

2)2]}1/2 using all data.

Synthesis and Characterization of (NMe4)[Fe(III)S2
Me2N2

amide(Et)(Py)] (7)193

In the glove box, 140 mg of 6 (0.1657 mmol) were dissolved in 15 ml of a

2/1 MeOH/pyridine mixture in a 100 ml sidearm flask.  The solution was

overlayered with 100 ml of Et2O and placed into a refrigerator.  After standing for

several d at - 35 °C, the mother liquid was decanted and the remaining red crystals

were washed by suspending them several times in Et2O and dried under high

vacuum.  Yield: 0.090 g (0.1687 mmol, 51 %).  Electronic absorption spectrum in

pyridine in region 300 - 1100 nm, see Figure 4-9, #max, nm ($, M-1 cm-1): 307

(8000), 425 (2600), 487 (4800).  Elemental analysis, calculated for C19H33FeN4O2S2

• 1/2 MeOH: C, 48.24; H, 7.27; N, 11.54. Found: C, 47.87; H, 7.15; N, 11.82.

Reduction potential in pyridine: E1/2(vs. SCE) = - 1.34 V, E1/2° = - 1.10 V, E1/2(Fc)

= - 1.86 V.  Magnetic moment: 4.34 µB (300 K, solid state).  EPR (MeOH/EtOH

9/1; 130 K): gmax = 4.35 (see Figure 4-8).  IR (KBr): %(CO) = 1576 cm
-1.  The

crystals obtained from the crystallization were of X-ray quality.  Compound 7 was

found to be crystallized in the centrosymmetric space group P21/c (No. 14) (R =

4.90 %).  Both the molecule and its mirror image are present in a 1:1 ratio in the

crystal lattice.  The asymmetric unit contains one complete molecule.  Also, 2

molecules of MeOH are present in the asymmetric unit.  They are H-bonded to the

oxygens of the amides.  The ORTEP, selected structural parameters, and relevant
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crystallographic information of 7 are shown in Figure 4-6, Table 4-1, and Table 5-3,

respectively.
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Figure 5-14: IR spectrum (KBr pellet) of 7.



132

Chapter VI: Summary and Conclusions

Firstly, it was shown in the present dissertation that small metal complexes

with organic ligands can provide valuable insight towards understanding the

properties of the active site of a metalloenzyme.  The research discussed in Chapter

II describes an NO-containing model compound.  The striking similarities between

the spectroscopic properties of this model compound and the active site of NO-

inactivated NHase support the assignment of the active site in NO-inactivated

NHase as being {FeNO}6.  It further shows that a claw arrangement of oxygens is

not necessary to stabilize an Fe(III)-NO bond.

Secondly, in Chapter III, it was shown that a small change of the ligand

backbone, that is, removal of a methylene unit, can significantly alter the reactivity

of the resulting metal complex.  A compound was isolated that contains a persulfide

ligand coordinated in an !2 mode to an Fe(III) ion.  This compound is the first

structurally characterized, first row transition metal !2-persulfide complex.  The

Fe(III)-containing, !2-alkyl persulfide coordinated compound may represent a

model for an intermediate in the assembly of Fe-S clusters, since it has been

proposed that a cysteine persulfide (thiocysteine, cysteine perthiolate) is involved

in their assembly.  Upon the removal of the extra persulfide sulfur, a

pentacoordinated model compound was generated.  A comparison between the

reactivity with azide of this pentacoordinated model compound and its analogue

containing one more methylene unit in its ligand backbone provides a model system

of how a protein might increase reactivity by holding a metal ion in an entatic state,

that is, a distorted geometry.  Thereby, it is shown that multidentate ligands can

enforce a less stable, distorted coordination geometry.  Such a coordination
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geometry might not be attainable with monodentate ligands, since they allow the

metal ion to arrange the ligands in its preferred coordination geometry.

Thirdly, in Chapter IV, it was shown that the coordination of a

deprotonated carboxamide nitrogen to Fe(III) forms a stable structure.  The

coordinated, deprotonated carboxamide nitrogens provide significant stabilization to

the + 3 oxidation state as it is indicated by the reduction potential.  A comparison

of a pentacoordinated, carboxamide nitrogen-coordinated model compound with a

pentacoordinated, imine nitrogen-coordinated model compound provides evidence

that an imine group is a valid structural and electronic model for a carboxamide.  

Fourthly, it was demonstrated that only Fe(III)-containing model

compounds with two cis thiolate sulfur donor atoms in a plane perpendicular to

two trans imine nitrogen donor atoms model the electronic properties of Fe-

containing NHase well.  This similarity can be seen as additional evidence to

support the notion that only the sulfone, but not the sulfoxide, modification is

present in the active form of NHase.  
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