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Synopsis

The thesis entitled “Metal nitrosyl and dinitrosyl complexes as small molecule models for

NOD and FNOR?” is divided into five chapters.
Chapter 1: Introduction

Metal Nitrosyls

Nitric oxide (NO) is an essential signalling molecule that is endogenously produced
and plays vital role in vasodilation, neurotransmission and immune response efc.! NO interacts
with transition metal ions to form various coordination compounds, highlighting its versatility.
The chemistry of NO is not only of great biological and biochemical interest but also
emphasizes the importance of its interactions with transition metals, which are significant and

noteworthy.?-3

Activity of many metalloenzymes such as nitric oxide synthases (NOSs), nitric oxide
dioxygenases (NODs), nitric oxide reductases (NORs) and nitrite reductases (NiRs) are
associated with the formation of transition metal nitrosyls.* Therefore, the synthesis and
reactivity study of transition metal nitrosyls is an important area of research for chemists and
biochemists to understand the mechanism of these enzymatic processes.”® In-vivo, NO
formation is catalyzes by NO synthases (NOSs) through a series of redox reactions, with
degradation of L-arginine to L-citrulline.>!® Heme-iron nitrosyl complex catalyses the
transformation of guanosine triphosphate (GTP) into cyclic guanosine monophosphate
(cGMP), which results into smooth muscle relaxation and thus vasodilation.!! ¢cGMP, the
second messenger molecule, activates protein kinase G (PKG), regulates cell processes such as
vasodilation, immune responses, neurotransmission, apoptosis, reproduction, regulation of

gene transcription, mRNA translation, and post-translational modifications of proteins.!>!3
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Reactivity of metal nitrosyls with reactive oxygen species

Nitric oxide (NO) spontaneously reacts with superoxide ions in a diffusion-controlled
rate to result in the formation of the peroxynitrite (ONOQO™) anion.'#!6 This potent anion causes
the nitration of the tyrosine ring in proteins and also leads to the modification of biomolecules,

such as lipids and proteins.!”-!8

On the other hand, the concentration/level of NO in mammalian biology is controlled
by the nitric oxide dioxygenases (NODs) enzyme. In the NOD, a [Fe'-O,7] complex reacts
with NO to produce biologically benign nitrate ion (NO3") (Scheme S1).!°-2! This reaction
proceeds through the formation of a peroxynitrite intermediate that decomposes into a [Fe!V=0]

species and nitrogen dioxide (NO2) via O—O bond cleavage, ultimately forming the NO3™ anion.

o
0 z N—,r 0
N\ N 4y O
N p. \0 7 L
-7 = T — — N,
| 11} | 11 ” v | 11
—— o — o m— e — — o e—

Scheme S1. Proposed mechanism of NOD enzyme.

Peroxynitrite irreversibly oxidizes the Fe(Il) centre to Fe(Ill) in heme-containing
proteins like hemoglobin, myoglobin, and cytochrome c. It also converts carbohydrates into
aldehydes or organic nitrates and nitrites and can oxidize thiols into S-nitrosothiols.!* Protein
tyrosine nitration, a key biomarker for nitrosative stress, significantly affects the protein
structure and function, leading to changes in catalytic activity, cytoskeletal organization, and

cell signal transduction.??

The present thesis originates from our interest in exploring the reactivity of transition
metal nitrosyl complexes with reactive oxygen species (ROS). The second chapter describes

the reactivity of a non-heme iron-nitrosyl with dioxygen leading to the decomposition of the
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ligand through NOD-like activity. The third chapter discusses the syntheses of iron nitrosyls
having spin-states % and %, respectively. The significant role of spin states in controlling the

dioxygen reactivity pathway has been demonstrated. In the fourth chapter, a Cr(I1)-nitrosyl has
been synthesized with a non-heme ligand framework. The reaction of this nitrosyl with H>O»
resulted in the formation of the corresponding Cr(V)-oxo species. Chapter five describes the
synthesis and activity of a small molecule model for the flavodiiron nitric oxide reductases

(FNORs) enzyme. Conclusion gives an overview and scope of this thesis for further studies.

Chapter 2: Reaction of a non-heme iron-nitrosyl with dioxygen:
decomposition of the ligand through NOD-like activity

To explore the activation of NO by a set of non-heme iron complexes, the precursor
complex, 2.1 [Fe''(TPz)(CH3CN)(H20)](ClO4): [TPz = Tris((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)amine] = was  synthesized and  characterized. @~ The complex 2.2,
[Fe(TPz)(NO)(CH3CN)](CIO4)> was prepared by nitrosylation of 2.1 in acetonitrile solution.
FT-IR spectroscopy shows a signal at 1790 cm™! assignable to N-O stretching indicating the
formation of a {Fe(NO)}’ complex {Figure S1(A)}. The X-band EPR spectrum of complex

2.2 displays two sets of signals at g ~ 4.11 and 2.04, respectively, corresponding to the near

axial iron(II) nitrosyl with S = % spin state.?

Single crystal X-ray studies of complex 2.2 revealed that iron centre is coordinated to
four nitrogen atoms from the TPz ligand, one nitrosyl, and one acetonitrile moiety forming a
distorted octahedral complex {Figure S1(B)}. The N-O and Fe—NO bond distances of complex
2.2 are 1.132(1) A and 1.732(4) A, respectively, which are in the range of other reported
analogous iron-nitrosyl complexes such as [(TPz)Fe(NO)(OCIO3)]*, [(TPz)Fe(NO)CI]* etc.

This is an example of linear iron-nitrosyl complex with a Fe-N-O bond angle of 174.2°.
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FigureS1. (A) FT-IR spectrum of complex 2.2 in KBr. (B) ORTEP diagram of complex 2.2
(30% thermal ellipsoid plot, H atoms are omitted for clarity).

In acetonitrile solution of complex 2.2, addition of O» gas at room temperature led to
an immediate color change of the solution leading to the formation of corresponding nitrate
complex 2.3. This is evident from the presence of nitrate stretching frequency in FT-IR
spectroscopy.?* When the same reaction was carried out at —40 °C and the reaction mixture was
kept in freezer for 2 days, it afforded white crystals of modified ligand (L") (Figure S2) and

brown precipitate of complex 2.4, [Fe"'(OH)3].

Figure S2. ORTEP diagram of modified ligand (L") (30 % thermal ellipsoid plot, H atoms are
omitted for clarity).

In an attempt to interpret the mechanism, the reaction was monitored using FT-IR, UV-
visible and X-band EPR spectroscopy. In FT-IR spectroscopic monitoring, the addition of O

iv
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gas into the degassed acetonitrile solution of complex 2.2 at room temperature, resulted in the
disappearance of the N-O stretching frequency at 1799 cm’' (solution phase) with the
appearance of a new band at 1835 cm™! {Figure S3(A)}. The 1835 cm! band can be attributed
to the nitrosyl stretching of an [Fe'(NO)] moiety i.e., {Fe(NO)}® complex, which is formed
upon oxidation of [Fe''(NO)] by 0,.25 A NO labelling experiment further supports the

assignment of this 1835 c¢cm™! peak to the N-O stretch of {Fe(NO)}® intermediate {Figure

S3(B)}.
100,
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Figure S3. (A) FT-IR spectra of the reaction of complex 2.2 with O, in acetonitrile medium.
[Complex 2.2 (black), after O2 addition (red)]. (B) FT-IR spectra of the reaction of 1°NO labeled
complex 2.2 with O in acetonitrile medium. [Complex 2.2 with ’NO (blue), after O, addition

(green)].

Upon addition of O, iron centre gets oxidized by one electron as evident from FT-IR
spectroscopy and O is reduced to Oz™. It is proposed that the reaction of complex 2.2 with O»
initially produces the intermediate {[(TPz)Fe'(NO)]*".(027)} in the reaction cage which
subsequently facilitates the formation of the peroxynitrite species, [(TPz)Fe'(OONO7)]**
(Scheme S2). The peroxynitrite undergoes rapid decomposition yielding an oxo-ferryl species,
[(TPz)Fe!Y=0]*" along with NO,. These recombine very fast during the warm-up process
resulting in the formation of complex 2.3. However, if the reaction mixture is kept in the freezer

Vv
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for 2 days, it undergoes different reaction leading to the formation of L.

To establish the formation of the peroxynitrite intermediate in the course of the reaction,
when 2,4-di-tert-butylphenol (2,4-DTBP) was added to the reaction mixture prior to Oz, about
65% of 2,4-di-tert-butyl-6-nitrophenol and the complex 2.5 [(TPz)Fe(OH)]*" were formed.
When the reaction was carried out in the presence of TEMPO (TEMPO = 2,2,6,6-
tetramethylpiperidin-1-yloxyl) the formation of L’ was not observed. Instead, complex 2.5,
[(TPz)Fe(OH)]** and 2,2.6,6-tetramethylpiperidinium nitrate (tmpH>"™NO3") have been

isolated from the reaction mixture (Scheme S2).
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Scheme S2. Overall reaction

In conclusion, the high spin Fe(Il)-nitrosyl complex 2.2, [(TPz)Fe(NO)], having

{Fe(NO)}’ configuration in acetonitrile solution was found to react with O» to result in the

Vi
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ligand modification to L’ through a presumed peroxynitrite intermediate. In contrast, heme
{Fe(NO)}’ complexes are known to react with Oz leading to the formation of the corresponding
nitrate (NO3") complexes, but no reports are known where the ligand modification takes place.
Although there is no spectroscopic evidence of the formation of the peroxynitrite intermediate,
characteristic phenol ring nitration supports the proposition. Additionally, the trapping of NO»
formed in the reaction also is in agreement with the proposed mechanism. This study, thus,
gives an insight into the mechanism of the reaction of metal-nitrosyls with dioxygen leading to

the NOD activity.

Chapter 3: Spin state dependent reactivity of iron-nitrosyls with dioxygen

A ferrous precursor complex, [Fe''(Pz:Py)(CH3CN)(H20)](C104),, 3.1 was synthesized
and characterized by routine spectroscopic method. The structural study of complex 3.1
suggests a distorted octahedral arrangement around the central metal ion featuring four nitrogen
atoms from the ligand, one acetonitrile molecule, and one water molecule (Figure S4). The

presence of two perchlorate anion confirms the oxidation state of iron is +2.

Figure S4: ORTEP diagram of complex 3.1 (30% thermal ellipsoid plot, H atoms are omitted
for clarity).

Vii
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Bubbling of NO into a dry and degassed methanolic solution of complex 3.1 at room
temperature produces a green complex, 3.2a. In contrast, keeping complex 3.1 in acetonitrile
under NO atmosphere at —40 °C yields a red complex, 3.2b. These complexes display distinctly
different spectral behaviour in FT-IR, UV-vis and X-band EPR spectroscopy. Complex 3.2a
shows N-O stretching band at 1790 cm™, while complex 3.2b shows the N-O stretch at 1711

cm’'. In X-band EPR, the two complexes behave differently. Complex 3.2a shows a strong

signal at g ~ 4.15 and g ~ 2.03, corresponding to spin state S = % which can be attributed to

Fe(III)-NO™, where a high-spin Fe(III) centre (S = g) is coordinated to a triplet NO™ ligand (S
= 1) with the spins being antiferromagnetically coupled {Figure S5(A)}.?® On the other hand,

complex 3.2b exhibits a signal at g ~ 2.03, corresponding to S = % spin state {Figure S5(B)}.?’

2500+
1500 4

750
- z \/\_JJ g~2.03
2 § o
z g
£ g ~4.15

0
-750 T . . -2500 T T 1
0 200 400 600 0 200 400 600

Ficld strength (mT) Field strength (mT)

(A) (B)
Figure S5. X-band EPR spectra of complex 3.2a (A) and 3.2b (B) in acetonitrile at 77 K.

The crystal structure of complex 3.2a shows that the iron unit is coordinated with four
nitrogen atoms from the ligand, one nitrosyl molecule, and one methanol molecule. The N-O
bond length is 1.145(9) A, and the Fe-N-O bond angle is 162.5°, confirming a linear iron
nitrosyl complex {Figure S6(A)}. The DFT-optimized structure of complex 3.2b indicates that
the iron unit is coordinated with the ligand, a nitrosyl molecule, and an acetonitrile molecule
{Figure S6(B)}.

viii
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Figure S6. (A) ORTEP diagram of complex 3.2a (30% thermal ellipsoid plot, H atoms are
omitted for clarity). (B) DFT Optimized structure of complex 3.2b.

Dioxygen reactivity studies

In FT-IR spectral monitoring, the addition of O» gas to the acetonitrile solution of
complex 3.2a resulted in a shift of the N-O stretching frequency from 1790 to 1825 cm’!,
indicating the formation of {Fe(NO)}° species. The intensity of this 1825 cm! band decays
with time and finally disappears and a new band at 1384 cm! appears indicating the presence
of a nitrate (NO37) group {Figure S7(A)}. In UV-visible spectroscopy, complex 3.2a exhibited
characteristic bands at 635 nm and 310 nm. Upon adding O> to a dry and degassed acetonitrile
solution of complex 3.2a at room temperature, the 635 nm band decreases in intensity leading
to the formation of the final complex 3.3a {Figure S7(B)}. This observation is similar to the
one observed where the high-spin iron nitrosyl [Fe(TPz)(NO)]*" reacts with O, to form the
nitrate complex 2.3 through a peroxynitrite intermediate. The phenol ring nitration produces
3,3',5,5-tetra-tert-butyl-(1,1'-biphenyl)-2,2'-diol (~ 65 %), indicating the involvement of a

peroxynitrite intermediate during the reaction (Scheme S3).
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Figure S7. (A) FT-IR spectra of complex 3.2a before (black) and after addition of Oz (red). (B)
UV-visible spectra of complex 3.2a in acetonitrile before (black) and after addition of O (red)

at room temperature.

The low-spin complex 3.2b reacts rapidly with O,. X-band EPR spectroscopy shows a
fast decay of the intensity of the signal at g ~ 2.05 leading to an EPR silent intermediate that
affords the final Fe(Ill) complex (Figure S8). It is interesting to note that in the FT-IR spectrum

of the final complex, no v(NO3") or v(NO2") stretching was present.
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Figure S8. X-band EPR spectra of the reaction of complex 3.2b (black) and after addition of
O; (red) towards formation of complex 3.3b (red, g ~ 4.15) through [Fe™-O,7] intermediate

(green) in acetonitrile at 77 K.

Gas chromatography-mass spectrometry (GC-MS) reveals that the headspace gas of the

reaction mixture contains NO». Analysis of the final product suggest that the low-spin complex
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reacts with O to produce complex 3.3b, [Fe''(Pz,Py)(OH)(CH3CN)]?". This reaction can be
described as a simple ligand substitution, where O substitutes the weakly coordinated nitrosyl

moiety of the low-spin iron-nitrosyl complex 3.2b (Scheme S3).
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Scheme S3. Overall reaction.

Chapter 4: Reaction of a chromium-nitrosyl complex with H20O:: formation
of a [CrY=0] species

To investigate the effect of the metal centre on the oxidation of metal-bound nitrosyls,
chromium was chosen. A chromium(II) precursor complex 4.1, [Cr'(TPz)Cl,] was synthesized

and characterized using both spectroscopic and structural studies. The corresponding nitrosyl

Xi
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complex 4.2, [Cr(TPz)(NO)CI]* was synthesized by bubbling NO gas through a dry and
degassed methanol solution of complex 4.1. Spectroscopic characterization using FT-IR, UV-
visible and X-band EPR spectral studies suggest complex 4.2 as a {Cr(NO)}> system. The FT-
IR spectrum displays a characteristic nitrosyl stretching frequency at 1709 cm™ for complex
4.2. Additionally, the X-band EPR shows a strong signal with a g-value at around 2.00. The X-
ray crystal structure indicates that complex 4.2 adopts a near linear geometry with a Cr-N-O
bond angle of 176° and bond distances of 1.777(6) A for Cr—N and 0.974(6) A for N-O,
respectively (Figure S9). All of these data are in agreement with previously reported {Cr(NO)}>

complexes.30-3!

Figure S9. ORTEP diagram of complex 4.2 (35% thermal ellipsoid plot, H atoms are omitted
for clarity).

When complex 4.2 was made to react with H2O2 at —40 °C in an acetonitrile medium,
the color of the solution changed indicating the formation of the final product, 4.3. Complex
4.3 was identified as the corresponding nitrate product, [Cr!V(TPz)(NOs7)]**.>> NOD-like
activity of complex 4.2 with H,O» was established by its reaction with 2,4-DTBP. The spectral
monitoring using UV-visible and EPR spectroscopy suggest that Cr(V)-oxo is formed in the
course of the reaction (Figure S10).33

Xii

TH-3834_186122115



Synopsis

8000

4000

e
=)
1

]

Absorbance

600
Waveleagtt (am)

Intensity
=)
1

-4000

0.0 1

T T T 1 T T v T T L)
200 300 400 500 300 400 500 600 700 800
Field strength (mT) “’“ztili;gﬂl (nm)

Figure S10. (A) X-band EPR spectrum of intermediate 4a in acetonitrile at 77 K, formed after
the reaction of complex 4.2 with H>O,. (B) UV-visible spectral monitoring of the reaction of

complex 4.2 (blue) and H>O», intermediate 4a (red) in acetonitrile at room temperature.
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In conclusion, a nitrosyl complex of chromium(II), 4.2 in a tripodal ligand framework
reacts with H>O» to result in Cr(IV)-nitrate. The reaction proceeds through [Cr'=0] species and

NO: by the homolytic cleavage of O—O bond of Cr(IV)-peroxynitrite species.

Chapter 5: Nitric oxide reductase activity of a diiron-dinitrosyl complex

through the formation of {Fe(NO)}’ intermediate

In the bacterial denitrification process, nitrate (NO3") is reduced to dinitrogen (N2), with
a critical step involving the conversion of nitric oxide (NO) to nitrous oxide (N2O) through the
action of nitric oxide reductases (NORs) enzymes.>**3 Amongst them, flavodiiron nitric oxide
reductase (FNORs), featuring two non-heme iron centres, also facilitates this reduction
effectively.’® Several mechanistic pathways for FNOR’s reduction of NO to N>O have been
proposed, including semi-reduced and super-reduced pathways, direct coupling with diferrous

dinitrosyl intermediates, and the hyponitrite pathway.>’

Aprecursor complex 5.1, [Fe!l(Pz,Py)Clz] has been synthesized and characterized using
structural and spectroscopic methods. To obtain the diiron-dinitrosyl complex, an equimolar
amount of FeCls was added to the methanol solution of complex 5.1 followed by bubbling
NO(g). The diiron-dinitrosyl complex 5.2 was isolated as solid and characterized both
structurally and spectroscopically. The X-ray crystal structure of 5.2 reveals that one of the iron
center is octahedrally coordinated and another one is tetrahedrally coordinated, resulting in an
unsymmetrical non-heme diiron-dinitrosyl complex {Figure S11(A)}. Complex 5.2 includes a
cationic part, [Fe(PzPy)(NO)CI]*, with a distorted octahedral iron site coordinated to the
ligand Pz;Py, one NO group, and one chlorine atom. Its anionic part, [FeCl3(NO)]", has a

tetrahedral iron centre bonded to three chlorine atoms and one NO group.3?

Xiv
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Complex 5.2 shows two nitrosyl stretching frequencies at 1790 and 1831 cm’,
respectively, as expected for a diiron dinitrosyl complex.?* Complex 5.2 shows two sets of axial

EPR signals with g ~ 4.85 and 2.05 in acetonitrile at 77 K, characteristic of {Fe(NO)}’ systems

with S = % ground state.*°

(A) (B)

Figure S11. ORTEP diagram of complex 5.1 (A) and 5.2 (B) (30% thermal ellipsoid plot, H-

atoms are omitted for clarity).

In acetonitrile solution, complex 5.2 spontaneously decomposes to the corresponding
u-oxo-diferric complex 5.3, [(PzPy)CIFe-O-Fe'Cl3], with simultaneous release of nitrous
oxide (N20). The decomposition product, complex 5.3 was isolated and characterized as a p-
oxo bridged diferric complex and the ORTEP diagram is shown in figure S12(A). The

decomposition process was monitored using UV-visible and X-band EPR spectroscopy.

XV
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44

(B)
Figure S12. (A) ORTEP diagram of complex 5.3 (30% thermal ellipsoid plot, H-atoms are
removed for clarity). (B) GC-mass spectrum of the headspace gas of the acetonitrile solution

of complex 5.3.

Furthermore, complex 5.2 displays two distinct nitrosyl stretching frequencies at 1785
and 1830 cm™ in KBr pellet, respectively, upon dissolution in acetonitrile, these frequencies
shift to 1790 and 1704 cm™' {Figure S13(A)}. These frequencies are attributed to the formation
of the {Fe(NO),}° intermediate (Scheme S5), consistent with the ranges reported for earlier
{Fe(NO),}° complexes of 1670-1790 cm™.*!' The compound [(Pz2Py)Fe(NO):Cl] exhibits
significant instability and decomposes rapidly decposes to N2O and [(Pz,Py)CIFe"'-O-Fe"'Cl].

100 3000 -

_\I’—"’__‘\ n

1704 N e\ J g~2.00

|
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70 : . . . -3000 ; : )
2500 2000 1500 1000 500 U 200 400 600
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Figure S13. (A) FT-IR spectrum of complex 5.2 after immidiately dissolving in acetonitrile

medium. (B) X-band EPR spectrum of complex 5.2 immediately after dissolving in acetonitrile.
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N20O formation in nitric oxide reduction (NOR) is proposed to involve the super-
reduced species {Fe(NO),}°. In this intermediate, the cis configuration of the NO groups brings
them into close proximity, facilitating the formation of an N-N bond and leading to a transient
hyponitrite intermediate. This intermediate then cleaves into N2O and a p-oxo metal complex,

highlighting the intricate dynamics of chemical transformations.

) | | NO NO
N i. Fe€l3 (1 equivalent) iy |IJ/C] |
NPT i 2NO () S IS
|\N g |_) ol e
> CH;0H N “
N 7
[{Fe(NO)}],
5.1 2
( . 5.
A3
NG <
K&y
,N LGN
| N
PZzpy e
{ ’ asy A
NG 4
- Fe]"
Cl
o i I,
\< e<O\Fe{mﬂ|Cl - ( |
1
/
N _) Cl N,O (g) \<
t_N—/
53 {Fe(NO),}’
Intermediate

Scheme S5. Overall reaction.
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Chapter 1

Introduction

1.1 General aspects of transition metal nitrosyl

Transition metal nitrosyls are coordination compounds where nitric oxide (NO) binds
to the metal center as a ligand and it has been recognized since the early development of
coordination and organometallic chemistry. NO has become a subject of interest in biological
research due to its important roles in regulating blood pressure, facilitating neuronal
communication, inducing cytotoxic effects efc.!™ Its interaction with metal ions is of the most
considerable interest, as metal ions can mediate many of these aforementioned biological
processes.’ Furthermore, the binding of NO to metalloproteins has a rich and well-documented
history, largely because NO has been employed as a ‘surrogate’ in investigating O» binding to
hemes, (i.e., iron porphyrins). NO, being a ‘non-innocent’ ligand, can exist in different
oxidation states (e.g., NO*, NO', NO") in transition metal nitrosyls.®’ In addition, the bond
between NO and transition metals is oftentimes very covalent, making it impossible to
determine the electronic distribution in the M-N-O unit without performing detailed
spectroscopic and theoretical studies. For this reason, transition metal nitrosyl complexes are
abbreviated according to Enemark-Feltham notation as {M(NO)x}" [where the index x
indicates the number of coordinated NO ligands to metal, and the exponent » counts the number

of valence electrons, which is the sum of metal (d) and NO (r*) electrons].®

1.2 Bonding of NO with transition metal ions

The molecular orbital (MO) diagram of NO reveals a °I1 ground state with a bond order

of 2.5, resulting in a bond length of 1.154 A, which falls between nitrogen (N2) at 1.06 A and
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oxygen (0Oy) at 1.18 A'9NO displays a stretching frequency of 1875 cm™.!! The highest
occupied molecular orbital (HOMO) of NO exhibits exclusively nitrogen character. As a result,
it tends to bind to metal centers through the nitrogen atom. It can form a bond by either losing

one electron to form the nitrosonium cation (NO") or gaining one electron to form the nitroxyl

Q@ML QN=oi> QN:O
& 0 0

anion (NO").

NO NO NO"

Figure 1.1: Lewis-representation of NO, NO" and NO™.

i 0
(0]
T Né N=O ]l\}
\Y L Mt Y b M“J'/ \M“+
Linear end-on Bent end-on Side-on Bridging

Figure 1.2: Schematic presentation of binding mode of NO to metal centers.

The nitrosonium cation (NO") is isoelectronic with carbon monoxide (CO) and
possesses a lone pair of electrons in a sp hybrid orbital, which predicts a linear M-N-O
structure. In contrast, the nitroxide anion (NO7), isoelectronic with dioxygen (O»), features
nitrogen in an sp? hybridization, resulting in a bond angle of approximately 120°.'> Based on
the literature, the binding modes of NO to metal ions can be of three types: (i) end-on (linear

and bent), (ii) side-on, and (iii) bridging."?

1.3 Reactivity of metal nitrosyls with reactive oxygen species

Reactive oxygen species (ROS), such as superoxide (O27) and peroxide (0>%), play a

crucial role in biological systems and can also cause cellular damage and cytotoxicity.'*
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Superoxide dismutase (SOD) plays the key role to convert Oz~ into hydrogen peroxide (H203)
and oxygen (0O2). However, during certain conditions, such as sepsis, inflammation,
excitotoxicity, there can be high levels of Oz and NO inside cells. Then NO can outcompete
SOD, causing Oz~ and NO to react in a diffusion control rate and produce peroxynitrite
(ONOO").!'> Alternatively, another reactive oxygen species such as H»O,, can generate
peroxynitrite through the reaction with nitrite (NO2") in the presence of the peroxidase

enzyme. 6!

This potent and fleeting oxidant peroxynitrite with a half-life of around 10 ms,
(ONOO/ONOOH, pKa, 6.8) once produced in vivo, can react directly with various
biomolecules, causing one-electron or two-electron oxidation.'*! It modifies heme-containing
proteins such as hemoglobin, myoglobin, and cytochrome ¢ by oxidizing heme unit from
ferrous to ferric form.?*?> Additionally, it inactivates inducible nitric oxide synthase (iNOS)
through oxidative modification of its heme group.* It can convert carbohydrates into aldehydes
or oxidize them to organic nitrates or nitrites. Protein tyrosine nitration is an essential
biomarker for detecting peroxynitrite activity in biological systems.!”?* Tyrosine nitration
influences protein structure and function, leading to the formation of antigenic epitopes,
changes in enzyme catalytic activity, alterations in cytoskeletal organization, and disruptions
in cell signal transduction.?> Consequently, it is recognized as a critical factor in peroxynitrite-

mediated cytotoxicity, essential for understanding cellular damage and potential therapies.

Another important function of the peroxynitrite anion is linked to the nitric oxide
dioxygenases (NODs) enzyme.?® The active site structure of NODs enzyme consists of
flavohemoglobins that is basically an iron heme unit in [Fe'"-(0;7)] form.?” This [Fe-(027)]
intermediate species reacts with NO to produce nitrate (NO3™). The proposed mechanistic
pathway involves a [Fe'-(ONOO)] intermediate, which readily decomposes to [Fe!V=0] and
nitrogen dioxide (NO2) (Scheme 1.1).?% The reaction mechanism of NOD is elusive since none

3
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of the intermediates are well characterized owing to their highly unstable nature in biological

systems.
e 02 /O -
/ !Nhis \\\\ o
Nhis Nhls
l NO
NO;3. N .0
(0} |
1l =0
N+ ()
o O o |
I N0 CEemD
O.
\ / Nhis
Nhis
O’
Nhis
Scheme 1.1

The study of metal peroxynitrite chemistry is essential for advancing our understanding
of NOD enzyme mechanisms and their stability. Despite numerous investigations into their

formation and decomposition pathways, definitive spectroscopic evidence remains elusive.

Two main approaches for synthesizing metal-peroxynitrite complexes include (i) the
reaction of a metal-nitrosyl complexes with Oz and reactive oxygen species like O~ and 02”7

and (ii) the reaction of a metal-superoxo or peroxo complexes with NO.
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1.3.1 Synthesis of transition metal-peroxynitrite complexes to bio-mimic NOD enzyme

Basolo and coworkers proposed the formation of a cobalt-peroxynitrite intermediate in
the reaction of a cobalt nitrosyl complex with molecular oxygen, producing the corresponding
nitrite (NO2") product.?’ This is the first instance of a metal-peroxynitrite intermediate being

linked to such a reaction (Scheme 1.2).

L,Co(NO) + B (B)L,Co(NO)
O
(B)L,Co(NO) + O, —> (B)LZCoN\
0—O
(0] (0)
oy / N
(B)L,CoN + (B)L,CONO —> (B)L,CoN NCoL,(B
N N /
0—O0 0—O0
(0] (0)
(B)LzCoN/ >NC0L2(B) S P PL2Co(NO,)
\O—O
L = N,N“ethylenebis-(1-acetonylethylideneiminato)
N,N “ethylenebis-(salicylideneiminato)
B = Nitrogen or phosphorus bases
Scheme 1.2

Later on, the formation of peroxynitrite ion has been proposed in a number of examples
involving reactions of metal-superoxo complexes and NO or metal-nitrosyls with O». For
example, a mixed valent dicopper system, [Cu,(UN-O")]?*, [UN-O~ = 2-(bis(2-(pyridin-2-
yl)ethyl)amino)-6-((bis(2-(pyridin-2-yl)ethyl)amino)methyl)phenolate] reacts with NO at
—80 °C in CH2Cl, to produce the corresponding p-nitrosyl complex [Cub(UN-O7)(NO)]*".
This complex further reacts with O, to produce the intermediate [Cu">2(UN-O7)(02)(NO)]**.

Low-temperature infrared (IR) spectral monitoring revealed the formation of the corresponding
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u-peroxynitrite intermediate (Scheme 1.3).%°

| ‘fj ~
~0_N Py
N N/\I S
/ $ 0, o )\ o 0
(\N VO\CUI—I—"/"’P)’ (\N\ I\CuH//Py —> or
5 SUSNTOTH CH,CL, YN T
Py ] -80°C Py i (|)
0 o N
e NG 0~cﬁ“;"’y
— 11 ~
6 TN
\
Y O0<¢ o
Scheme 1.3

Nam group has reported two cobalt-nitrosyl complexes in N-tetramethylatedcyclam,
[Co(12-TMC)(NO)J** and [Co(13-TMC)(NO)J** (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane and 13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane).
These complexes are stable in the presence of molecular oxygen but react with superoxide,
forming Co(Il)-nitrite complexes and releasing O> (Scheme 1.4). It has been proposed that a

Co(II)-peroxynitrite intermediate is involved in this reaction.’!

NO 2+ ONOO + No, *

awwn
\ll"‘

> &
< N &
z | 111 &
B

\\
: & &

/Co\

DN\<(7/ qu D\ \/ \/ QJ E\ N \/ +120, ()

o R= (CH,), for 12-TMC
2 R= (CH,); for 13-TMC

No reaction

Scheme 1.4

In an alternate study, a cobalt nitrosyl complex [(14-TMC)Co(NO)]** (14-TMC =

1,4,7,10-tetraazacyclododecane) dissociates to form a cage molecule, {(14-TMC)Co--NO}?*
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prior to the reaction with O>. The cage molecule converts to a cobalt(II)-nitrate complex upon
exposure to molecular oxygen, also implicating a cobalt(Il)-peroxynitrite intermediate

formation (Scheme 1.5).3

NO 2+ NO 2 ONOO ¢ +

Scheme 1.5

Nitrosyl complexes, [Co(BPMEN)(NO)]*" and [Cr(BPMEN)(NO)]** [BPMEN = N,
N’-bis(2-pyridylmethyl)-1,2-diaminoethane] upon reaction with the 02>~ anion gives
corresponding NO>~ complexes. The cobalt nitrosyl complex reacts with O2~ to give
[Co"(BPMEN)(NO2"):] with Oz as a product via a [Co"(ONOO)]™ intermediate. In contrast,
the chromium nitrosyl complex generates [Cr'{(BPMEN)(NO>")CI]" complex and O via a
transient [Cr''-(ONOO)] intermediate (Scheme 1.6). In these reactions, phenol ring nitration
test with 2,4-di-tert-butylphenol (2,4-DTBP) were used to establish the involvement of

peroxynitrite intermediate.*?

= -2+

V ! / -
N T 1/202(g)T
0 :
~

O N—-\N{H \E/ 0,
(:/k | NG l |/2+0 ) i
}\1 \) 2 (g

+ +
M=Co, X = Cl %& KA 7
M=Cr, X=C 4
r AR ag s A NO C'\TOZ/ NA
SN—C SN—Cr!
CO | =2 e
— ~ NO reaction Z ~N
Scheme 1.6
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Our research group has been actively studying the metal-peroxynitrite chemistry
since long back. A copper-nitrosyl complex [CuLi(NO)](ClO4)2, [L1 = Bis(2-ethyl-4-
methyl-imidazol-5-yl)methane] was reported which reacts with H>O>, resulting in the
formation of the corresponding Cu(l)-peroxynitrite intermediate. The formation of
peroxynitrite intermediate was confirmed by phenol ring nitration test using 2,4-di-fert-
butylphenol. Peroxynitrite intermediate readily isomerizes and forms [Cu'Li(NOs7)],

which further converts to [Cu"-NO3] via aerial oxidation (Scheme 1.7).%!

#
L(\J‘N

’d
HN . N

) AV o
CH;CN, -20 °C o ]I\II (

_ 2+ OH

/NH

J \/"

1

Cu—NO

\
C
/

m
\
/
2
E

1 H,0, 1 “\ O OH

- -+
— /"~ NH
HNCN N3
\ /o,
Cull :N-O
\)\N/ \>0
SN N=
HN s, NH

Scheme 1.7

A Cu-nitrosyl complex with histidine-derived ligand, methyl-2-(2-
hydroxybenzylamino)-3-(1H-imidazol-5-yl)propanoate in the presence of H>O> results in
the formation of the corresponding [Cu-(ONOO")] intermediate (Scheme 1.8).% This
peroxynitrite intermediate was found to induce nitration at the phenol ring present in the
ligand framework resembling the tyrosine nitration in biological systems. Further, isolation
of NO;™ as the decomposition product from nitrosyl complex at room temperature also

supports the involvement of ONOO™ as an intermediate species.
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l RT
N
u \ T,\ \
i CO,CH N CO:CHy
HN 2% % 1

HN + NO;  + [Cu'(CH;CN),"

d °”©ﬁ
OH OH

Scheme 1.8

A cobalt-nitrosyl complex, [Co(BPI)(NO)(OAc)], [BPI = Bis(pyridylimino)isoindol]
having {Co(NO)}® configuration upon reaction with Oz was reported to yield the nitrite
complex, [Co™(BPI)(NO;7)(OAc)] (Scheme 1.9). A six-coordinated intermediate species,

[Co(BPI)(NO)(O27)(OAc)] has been identified from FT-IR spectral monitoring.>®

N= <N
CH Cl l
(AR\ 2-0 m m
——C —N —Co— —Co—N
< EN . z > < EN X Nz > 120, (g) <\ /E N
N OA
Scheme 1.9

Two cobalt nitrosyl complexes of {Co(NO)}® configurations, [Co(ClsTPP*")(NO)] and
[Co(FsTPP*)(NO)], [CLL,TPP* = 5,10,15,20-tetrakis(4'-chlorophenyl)porphyrinate; FyTPP>~
=5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate] react with H>O» to yield corresponding
Co(Ill) complexes, [Co"™(CL,TPP*)(NO;))] and [Co™(FsTPP?)(NO;s7)], respectively

(Schemes 1.10 and 1.11).>7® Both suggest the formation of a [Co™-(ONOO)™] intermediate,

9
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but in the latter case, the involvement of an oxyl radical species, [Co™-O"], derived from the

homolysis of the O—O bond of the peroxynitrite moiety, has been confirmed through EPR

spectroscopy (Scheme 1.11).

NO ONOO NO,

i) CH;CN/CH,CI
» l) ; 2 2 > » ﬂb » : ]/2 OZ(g)
i) H,0,, -40 °C

Scheme 1.10
NO ONOO NO;

i) CH;CN, -40 °C » RT
“—> ——
ii) H,0, Isomerization
[
0
'

+ NO, (g)

-l

Scheme 1.11
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A Co-nitrosyl complex, [Co(F20TPP?)(NO)], with more electron deficient ligand
framework [F20TPPH2 = 5,10,15,20-tetrakis(pentaflurophenyl)porphyrin] has been reported
which at 40 °C in dichloromethane medium, upon reaction with O2~ resulted into
[Co'(F20TPP*")(NOy")] through a presumed Co(II)-peroxynitrite intermediate (Scheme 1.12).
Analyses using UV-visible and X-band EPR spectroscopy and ESI-mass spectrometry

confirmed the formation of a transient intermediate, [Co(F20TPP?")(NO)(027)].*

NO NO - ONOO -
i) KO,, 18-crown-6 i
> 0 —_—
i) CH,Cl,, -40 °C
l RT

NO,

A

Scheme 1.12

Another nitrosyl complex of Co(Il) porphyrinate, [Co(TTMPP?")(NO)], [TTMPPH, =
5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrin] reacts with H>O, to form a nitrite
complex, [Co(TTMPP?7)(NO,")]. This reaction is proposed to involve a Co(III)-peroxynitrite
intermediate. Spectroscopic studies revealed the formation of a [Co'V=0] species, followed by
the generation of a Co(IlI)-porphyrin radical complex over the course of the reaction (Scheme

1.13).40

11
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NO ONOO NO,

HO
. 1;

=

Scheme 1.13

A manganese nitrosyl complex, [Mn(TMPP?)(NO)], [TMPPH, = 5,10,15,20-
tetrakis(4-methoxyphenyl)porphyrin has been shown to react with O™, producing [Mn'"-OH]
and NO», through the formation of peroxynitrite intermediate (Scheme 1.14). Spectroscopic

analysis suggests the formation of high-valent [Mn'Y=0].4!

NO ONOO OH

i) KO,, 18-crown-6
ii) THF, -80 °C

Scheme 1.14

Manganese nitrosyl, [Mn(F20TPP?")(NO)], reacts with O~ to yield [Mn-(NOs)7]
presumably through [Mn'!-(ONOO)™] intermediate (Scheme 1.15).*?> The formation of a high-

12
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valent [Mn!'V=0] species was observed in UV-visible, X-band EPR spectroscopic and ESI-

mass spectrometric analysis.

ONOO NO;

NO
i) KO,, 18-crown-6 RT
> —_—
ii) THF, -80 °C

Recombination

F

Scheme 1.15

All these results prompted us to study the reactivity of metal nitrosyls with Oz and
reactive oxygen species with an aim to (i) generate the metal peroxynitrite; (ii) identify and
characterize the metal-oxo species formed from the decomposition of metal-peroxynitrite

species.

1.4 General aspects of metal dinitrosyl

Many first-row transition metals (M = Fe, Co, Ni) can bind with two nitrosyl ligands in
their lower oxidation states. Among these, dinitrosyl iron complexes (DNICs) are the most
prominent and widely recognized as some of the most abundant nitrosylated species in cellular

environments.****> DNICs form through the interaction of NO with iron-sulfur proteins,

13
TH-3834_186122115



Chapter 1

specifically from the reactions of [2Fe-2S] and [4Fe-4S] clusters with NO.**7 Roussin's ‘red
salt’ was the first discovered DNIC complex.*® Researchers aim to study and biomimic the
DNIC complexes to understand the correlation between molecular structures and the chemical
reactivity of DNICs. Small molecule models for mononuclear {Fe(NO),}”'* and dinuclear
[{Fe(NO).}”1°], DNICs (Figure 1.3) with biologically relevant S/N/O ligation modes have

been synthesized.

Mononuclear DNIC Dinuclear DNIC
HN P
\ gl \%N\Fe/NO
A N, s TNO B
Fe/NO [ /-,Fe /\NO @[ ON/,,” /S\ “\\\NO 2
/=57 "No 7 NH " >no
S /N\ ON
Ph” SO
{Fe(NO),}’ {Fe(NO),}'° {Fe(NO),}’ [{Fe(NO),}°l,

Figure 1.3: Models for small molecule of DNIC.

1.5 Reactivity of DNIC as a model for Flavodiiron nitric oxide reductases (FNORs)

enzyme
The active site of the flavodiiron nitric oxide reductases (FNORs) enzyme contains a
dinuclear iron unit that protects microbes from nitrosative stress in anaerobic environments by

converting harmful NO into the less harmful nitrous oxide (N2O) (equation 1.1).4-5

- +
2NO+2e7+ 2HT —» 2N0+H,0 Equation 1.1

The catalytically active form has been characterized as a symmetric, magnetically
coupled diferrous-dinitrosyl intermediate of [{Fe(NO)}’]>.3*%> This [hs-{Fe(NO)}].
intermediate efficiently drives N-N coupling and the release of N2O. The flavin
mononucleotide (FMN) cofactor reduces the [hs-{Fe(NO)}’], intermediate by transferring

either one or two electrons, creating highly reactive [hs-{Fe(NO)}’]/ [hs-{Fe(NO)}®], or [hs-

14
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{Fe(NO)®}]» intermediates, which are essential for N-N bond formation. Based on detailed
analysis, four different mechanisms are proposed, including the semi-reduced (mixed valent),
super-reduced, as well as the direct coupling (diferrous dinitrosyl) and hyponitrite pathway
(Scheme 1.16).°° In the semi-reduced mechanism, the [{Fe(NO)}’]. species is reduced by
FMNH,, forming FMNH(¢) and the [{Fe(NO)}’-{Fe(NO)}®] complex, which produces N,O
along with a diferric complex.’” In the super-reduced pathway, [{Fe(NO)}’], is reduced by
FMNH: to generate [{Fe(NO)}®]> and FMN, which subsequently yields N>O and a mixed-
valent Fe'-Fe'' 38 The diferric dinitrosyl intermediate can undergo N—N coupling in the direct
coupling mechanism through the hyponitrite intermediate. N>O is released alongside the

formation of the diferric bis-p-oxo product.>’

NZO H)/O\ 111
F¢_ Fe FMNH, +2 H*
Direct coupling FMN + H,0

NO NO pyNH, FMN NO TO 2H' N,0+H,0

2NO | > :‘ 1

[ lL‘e Fe lL‘e Fe N S R R
N ; N— ~—

[hs-{Fe(NO); ], [hs-{Fe(NO)}®|, FMN
Super reduced
FMNH *
FMNH, NO NO > H* N,0+H,0
| ¥ ‘: { Fam g
FMNH * F e
) —

hs-{Fe(NO)}"/ hs-{Fe(NO)}®
Semi reduced

Scheme 1.16

1.5.1 Functional model of FNOR: Direct coupling mechanism

Lehnert’s group reported a diferric model complex, [Fe''>((Py2PhO2)MP)(OPr),](OTf)
[(Py2PhO2)MP = 2,6-bis{((2-hydroxybenzyl)-(2-pyridylmethyl)amino)methyl}-4-methyl

phenol], which effectively mimics the active site structure of FNOR enzyme.®® This diferric

15
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complex reduced to diferrous unit using CoCp2 (Scheme 1.17). Upon reduction, the diferrous
complex reacted with NO, demonstrating its capability as the model complex to mimic the

direct reduction of NO to N2O at both room temperature and —80 °C.>’
_|+

"LO\ ( L
N ’ //\

lFe“z«Pszhoz )MP)(OPr),](OTH)

TO ]TO Direct coupling (0\
11 - 11 11 NO 1 -
Fe Fé'_¢y Fe' TFe' 3  Fe  Fe Fe Feé
—/ N/ T’
[{Fe(NO)} ] N,O (g)

Scheme 1.17

The diiron dinitrosyl complex, [Fex(Et-HPTB)(O.CPh)(NO):]J(BF4), [Et-HPTB =
N,N,N',N'-tetrakis(2-(1-ethylbenzimidazolyl))-2-hydroxy-1,3-diaminopropane] was shown to
decompose to yield N2O. It was proposed that coupling of the two nitrosyl ligands generates a

transient N0, species having an N-N bond (Scheme 1.18).%!

N/Y\T i T/\|/\T _I

lu__o 1 21NO(2) N Fe—0——Fe o
NeFe— = —FewN EE— € N —> —> N,0(g)
ge\ V2R 7 Noeeo”| N 2
00 N ON NO
. Ph
[{Fe(NO)}7],
Scheme 1.18
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1.5.2 Functional model of FNOR: Semi-reduced mechanism

Lehnert’s group has synthesized and characterized a diiron dinitrosyl complex,
[Fe2(BPMP)(OPr)(NO):](X)2, [X = BPhs, OTf, BFs; H-BPMP = 2,6-bis((bis(2-
pyridylmethyl)amino)methyl)-4-methylphenol] featuring two end-on-coordinated {Fe(NO)}’
units. The coplanar syn/cis configuration between two NO groups is crucial for N-N coupling
and N,O formation.®? Chemical reduction with CoCps results in intramolecular N-N coupling
and quantitative N>O production (Scheme 1.19). The formation of [{Fe(NO)"}2]*
intermediate during reductive pathway compellingly supports the “semi-reduced” mechanism

of NO reduction by FNORs.

[Fe,(BPMP)(OPr)(NO),|**

1 equivalent
N d N | N | N

N CoCp N
\FEEO\ 4 N N \Fc]e"’O\Fe’{I
7\ FeS / /\ /Fe\ N 7\ N/ N\ AN
/0, A\ NN 0w - 0 ]LO_N NO@ NN 00 W

-on &0 no™ “ON

[{Fe(NO)} ], [{Fe(NO)YI[{Fe(NO)}®|

Scheme 1.19

Majumdar’s group reported a mononitrosyl diiron complex [Fex(N-Et-
HPTB)(NO)(DMF);](BF4);  [N-Et-HPTB = anion of  NNN'N'-tetrakis(2-(1-

ethylbenzimidazolyl))-2-hydroxy-1,3-diaminopropane; DMF = Dimethylformamide] which

17
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upon electrochemical as well as chemical reduction generates N>O in a near quantitative yield
via semi-reduction pathway (Scheme 1.20). The mononitrosyl diiron(IT) complex produces
N0 through the interaction between two molecules of the reduced product, [Fe!'{Fe(NO)}®],

which is formed during electrochemical reduction of [Fe!'{Fe(NO)}’].%*

Q —|3+
Q X XTON\ —/
K/Feio/ /7/ /Q
Nn
N

) —

[Fey(N-Et-HPTB)(NO)(DMF)3](BF )3, X = DMF

[Fe''{Fe(NO)} ]

[Fe"{Fe(NO))T] —S— > [Fell{Fe(NO)* ] — > —> N,0 (g)

Scheme 1.20

1.5.3 Functional model of FNOR: Super-reduced mechanism

A diiron dinitrosyl complex similar to the previously discussed mononitrosyl complex,
[Fe2(N-Et-HPTB)(DMF)3(NO)](BF4)3, has been shown to follow a “semi-reduced” pathway
for N2O production. In contrast, the dinitrosyl diiron complex operates through a “super-
reduced” pathway. The diiron dinitrosyl complex, [Fe2(N-Et-HPTB)(NO)2(DMF)2](BF4)3,
mediates the reduction of NO to N>O upon chemical and electrochemical reduction at room

temperature (Scheme 1.21). NO reduction proceeds through the “super-reduced” mechanism.®*
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[Feo(N-Et-HPTB)(NO),(DMF),|(BF 4)3; X = DMF
{Fe(NOY |, — 3o [{Fe(NO)}*|;, — 3 — > N,0 (g)

Scheme 1.21
1.5.4 Functional model of FNOR: Reactivity of a #rans diiron dinitrosyl dimer

Meyer and coworkers reported a model system for non-heme diiron active sites of
FNORs, which is basically a diiron dinitrosyl adduct [L{Fe(NO)}2(u-OOCR)](ClO4) [L=7,7'-
(1H-pyrazole-3,5-diyl)bis(methylene)bis(1,4-dimethyl-1,4,7-triazacyclononane) anion; R =
Me, Ph]. This is a rare example of diiron dinitrosyl compounds with anti-orientation of the NO
ligands, which upon electrochemical reduction of diiron dinitrosyl by one electron produces
diiron tetranitrosyl complex, [L{Fe(NO)2}2](ClO4) and a diacetato-bridged ferrous complex

[LFe'(u-OOCR),](ClO4) as final product along with NoO (Scheme 1.22).9

Scheme 1.22
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1.6 Scope of the thesis

Nitric oxide (NO) is essential for biological processes, but it must be metabolized
efficiently to prevent toxicity. There are two primary pathways for the metabolism of excess
NO: oxidative and reductive. The oxidative pathway is predominantly present in mammals,
that involves the enzymes, nitric oxide dioxygenases (NODs) which converts NO into harmless
nitrate (NO3"). The proposed mechanism is well-defined: it begins with the formation of the
intermediate complex [Fe'-(ONOO)], which subsequently decomposes into an oxo-ferryl
intermediate and nitrogen dioxide (NO2). However, due to the high instability of these
intermediates, explicit spectroscopic characterization has not yet been achieved, making this
mechanism somewhat elusive. The reductive pathway of nitric oxide refers to the conversion
of NO to other nitrogen species e.g., N2O, N2, NH3 typically under anaerobic or low-oxygen
conditions. One of the steps of this reduction process is the NO to N>O formation with the help

of nitric oxide reductase enzyme.

This thesis focuses on the mimicking of enzymatic processes through small molecule
models, utilizing first-row transition metal complexes. Both oxidative and reductive pathways
were examined, and the intermediates involved were identified and characterized as much as
possible. This involves the synthesis of iron and chromium nitrosyls in different tripodal N4
type ligand frameworks. Furthermore, their reactivity toward reactive oxygen species was
examined, leading to the formation of metal-peroxynitrite intermediates and their
decomposition in pursuit of a well-characterized high-valent metal-oxo species along the

mechanistic pathways.

To examine the reductive pathways, a diiron dinitrosyl complex was synthesized and

its reactivity was also explored.
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In chapters 2, 3, and 4, the oxidative pathway of NO metabolism was studied. Chapter
2 includes an iron-nitrosyl complex of {Fe(NO)}’ configuration and its reactivity towards
molecular Oz. In chapter 3, iron nitrosyl complexes with two different spin states in the same
ligand framework were synthesized and their reactivity towards oxygen was also explored. In
chapter 4, moving towards more oxophilic metal, a chromium nitrosyl complex was
synthesized, and its reactivity towards reactive oxygen species was studied. In chapter 5, a

diiron dinitrosyl complex as a model of FNOR was synthesized and studied.
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Chapter 2

Reaction of a non-heme iron-nitrosyl with dioxygen:

decomposition of the ligand through NOD-like activity
Abstract

A high-spin iron(Il) nitrosyl, [Fe(TPz)(NO)](ClO4)2, 2.2 [TPz = Tris((3,5-dimethyl-
1H-pyrazol-1-yl)methyl)amine] of {Fe(NO)}’ configuration was synthesized and
characterized structurally. Dioxygen reactivity of complex 2.2 in acetonitrile solution results
in the oxidation of the ligand. Chemical evidence suggest the involvement of a peroxynitrite
intermediate in this reaction. Trapping experiment shows the formation of NO» during the
reaction, which supports the proposition of the involvement of the peroxynitrite intermediate.
This study gives an insight into an alternate possibility of the dioxygen reactivity of metal-

nitrosyl leading to nitric oxide dioxygenase (NOD) activity.
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2.1 Introduction

Nitric oxide (NO), being an important molecule in mammalian biology, has attracted a
huge research activity since it’s discovery as a signaling molecule.!” The overproduction of
NO can be lethal due to the formation of secondary reactive nitrogen species (RNS) such as
nitrogen dioxide (NO2) and peroxynitrite (OONO™).*> The concentration of NO in vivo is
regulated by the enzyme nitric oxide dioxygenase (NODs). It is known that in NOD activity,
the oxy-heme (i.e., iron(Ill)-superoxo) species of the NOD reacts with NO and forms the
biologically benign nitrate (NOs3~) ion.°’ This reaction presumably proceeds through a
peroxynitrite intermediate, [Fe''-(OONO™)]. It is proposed that an oxo-ferryl, [Fe'Y=0] species
is formed in the reaction via the homolytic cleavage of O—O bond of the [Fe''-(OONO")]

intermediate (Scheme 2.1).7

Scheme 2.1

Such an oxo-ferryl species has been evidenced spectroscopically in the reaction of
myoglobin with OONO™ ion.® Though, in literature, the involvement of a proposed metal-
peroxynitrite species was exemplified in the reactions of NO with metal-oxygen adduct or in
the reactions of metal-nitrosyls with reactive oxygen species (02, O2~, 0,>), the direct evidence

is still elusive.’'® This is because of the very short life-time of metal-peroxynitrite. In addition,
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the evidence of formation of high valent metal-oxo species from the homolytic O—O bond
cleavage of metal-peroxynitrite intermediate is also in scarce because of very fast

recombination of the metal-oxo species with NO: in the reaction cage to result in NO3™.

Peroxynitrite, being strong oxidizing/nitrating agent, catalyzes the oxidation and/or
nitration of various biological substrates like lipid, protein (specifically tyrosine) etc. The
tyrosine nitration by peroxynitrite is, in fact, used as a marker for NO metabolism in biological
systems. In small molecule model studies, the existence of short-lived peroxynitrite
intermediate is authenticated using this tyrosine (phenol ring) nitration test. However, in no
case having heme group, the nitration of the porphyrin ring has been reported.!?!4-16(-¢)
Similarly, the oxidation/nitration of the ligand framework is also not known in the reaction of
non-heme models where a putative peroxynitrite is presumed. As such, no metal nitrosyl is

known, which itself undergoes ring/ligand nitration/oxidation in the presence of dioxygen.

This chapter describes the dioxygen reactivity of a non-heme iron-nitrosyl complex,
which presumably results in the formation of a metal peroxynitrite intermediate. This has been
authenticated by the characteristic ring nitration of externally added phenolic substrate. In the
absence of the phenolic substrate, the ligand modification has been observed, which is a rare
event in the chemistry of dioxygen reactivity of metal nitrosyl. Trapping experiment suggests
the formation of NO; in the reaction, which is expected from the decomposition of a metal-

peroxynitrite intermediate (Scheme 2.2).

2.2 Results and Discussion

Ligand TPz [TPz = Tris((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amine] was
synthesized following an earlier report (Appendix I, Figures A1.1-A1.7).!7 The metal complex,
[Fe''(TPz)(CH3CN)(H20)](ClOs4)2, 2.1 was prepared by stirring an equimolar mixture of TPz
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and [Fe''(CH3CN)4(ClO4),] in dry acetonitrile under Ar atmosphere (Experimental Section).
The precursor complex 2.1 was characterized spectroscopically as well as X-ray single crystal
structure determination (Appendix I, Figures A1.8-A1.12). Addition of NO gas to the dry and
degassed acetonitrile solution of complex 2.1 leads to the formation of green colored complex
2.2, [Fe(TPz)(NO)(CH3CN)](ClOs4): (Experimental Section). Complex 2.2, having {Fe(NO)}’
configuration, was isolated as a solid and structurally characterized (Appendix I, Figures
A1.13-A1.15). ORTEP diagram of complex 2.2 is shown in figure 2.1. The crystal structure
shows that the iron center is coordinated with four N atoms from TPz ligand, one acetonitrile,
and one NO group in a distorted octahedral geometry. It would be worth mentioning here that
analogous nitrosyl complexes of Fe with the same ligand framework, [Fe(TPz)(NO)(OClO3)]*
and [Fe(TPz)(NO)CI]* were reported earlier.'® In both cases, the iron center was coordinated

with a counter anion along with the ligand and NO group.

Figure 2.1. ORTEP diagram of complex 2.2 (30% thermal ellipsoid plot, H atoms are omitted

for clarity).

In complex 2.2, the Fe—Nno distance is 1.732(4) A. The N-O distance and Fe-N-O bond
angle are 1.132(1) A and 174.2°, respectively. The parameters are slightly different from the

perchlorate anion coordinated nitrosyl complexes reported earlier (Table 2.1).!® For instance,

in complexes, [Fe(TPz)(NO)(OCIO3)]"/[ Fe(TPz)(NO)CI]" the Fe-Nno distance is 1.767/1.735
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A, N-O distance is 1.103/1.15 A and Fe-N-O angle is 162.5°/157.1°."% In
[Fe(TPA)(NO)(BenzFor)]" [TPA = Tris(2-pyridylmethyl)amine, BenzFor = Benzoylformate],
the Fe-Nno distance is 1.70 A, and N-O distance is 1.15 A and Fe-N-O angle is 162°.1% It is
evident that the Fe-N-O is more linear in case of complex 2.2 than those reported earlier. The
nitrosyl stretching frequency for complex 2.2 appeared at 1790 cm™ (Appendix I, Figure

A1.13), which is within the range of reported ones.'®!”

Table 2.1. List of bond lengths, angles and stretching frequency for reported analogous iron-

nitrosyls
Compound Fe-Nno N-O Fe-N-O | v(NO) Ref
length (A) | length (A) | angle (°) | in cm™!
[(TPZ)Fe(NO)(OCIO3)]" 1.767 1.103 162.5 ~ 18 (b)
[(TPZ)Fe(NO)CI]" 1.735 1.15 157.1 | 1796 18 (b)
[Fe(TPA)(NO)(BenzFor)]* 1.722 1.152 1592 | 1794 19 (a)
[Fe(TPAYNO)OTH](OTH) |  1.755 1.144 170 1806 19(b)
[Fe(TPZ)(NO)(CH3CN)?* 1.732 1.132 1742 | 1790 | This work

The X-band EPR spectrum of complex 2.2 displays two sets of signals at g ~4.11 and
2.04 corresponding to the near axial high-spin (S = g) iron(Il) nitrosyl (Appendix I, Figure
A1.15).%° In cases of [Fe(TPA)(NO)(BenzFor)]" and [Fe(°TLA)NO)(BenzFor)]* [*TLA =

Tris((6-methyl-2-pyridyl)methyl)amine] these resonances appear at g ~ 4.05, 3.87, 1.99 and g

~4.02,3.93, 1.95, respectively.'”
Dioxygen reactivity of complex 2.2

In the UV-visible spectrum, complex 2.2 exhibited characteristic absorption bands at
610 nm (¢/M'em™!, 586), 351 nm (¢/M'cm!, 4899) and 249 nm (/M lcm!, 20833). Addition
of O3 gas to the degassed acetonitrile solution of complex 2.2 at room temperature resulted in

the increase of intensity of 351 nm band with a simultaneous decrease of intensity of 610 nm
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band with respect to time and resulted in the final product within 5 min (Figure 2.2). The final
product was isolated as a solid and characterized spectroscopically as the corresponding nitrate
(NO3") complex, 2.3 (Experimental Section and Appendix I, Figures A1.17-A1.20). The 1384
cm’! band in FT-IR spectrum of complex 2.3 suggested the presence of NO3~ group (Appendix

I, Figure A1.17).%!

2.8
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Figure 2.2. UV-visible spectra of the reaction of complex 2.2 (black) with O; and formation of
complex 2.3 (red) in acetonitrile at room temperature [Inset: complex 2.2 (black), after O

addition (red)].

In FT-IR spectroscopic monitoring, addition of O> gas into the degassed acetonitrile
solution of complex 2.2, resulted in the disappearance of the NO stretching frequency at 1799
cm™! while a new band simultaneously appeared at 1835 cm™ (Figure 2.3). The intensity of this
stretching frequency was found to decay with time and finally disappeared suggesting the
formation of an unstable intermediate. Fe(Il) complexes in both the heme and non-heme
frameworks are known to react with O, leading to the formation of corresponding [Fe!!-(027)]
species where the metal center is oxidized by one unit.”® In general, metal-superoxide type
adducts exhibit v(O2) in the range of 1200-1070 cm™! and metal-peroxo adducts display the O—

O stretching in the range of 930-740 cm™'.?>?* However, no such characteristic stretching was
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observed in this case except weak stretching at 1018 cm™. This 1018 cm™! is a bit lower for
metal-superoxide and on the higher side for metal-peroxo adducts. In addition, when the
reaction was carried out with '80», the nitrosyl stretching frequency was found to shift to 1835
cm’!, as expected, but no change was observed for the stretching at 1018 cm™' suggesting the
non O—O nature of it. On the other hand, in literature, the nitrosyl stretching frequency in
{Fe(NO)}° is reported to appear at ~1830 cm™'.* Thus, the 1835 cm! band can be attributed to
the nitrosyl stretching of [Fe'"'(NO)] moiety, which is formed upon reaction of [Fe"(NO)] with
O>. This was further confirmed by the '’NO labelling experiment where the band was found to
appear at 1801 cm™ (Appendix I, Figures A1.38-A1.40). It would be worth mentioning here
that structurally characterized non-heme {Fe(NO)}°® complex, [Fe(TMGstren)(NO)J**
[TMGstren = 1,1,1-tris {2-(N2-(1,1,3,3-tetramethylguanidino)ethyl }amine] displays nitrosyl
stretching at 1879 cm™.2%® Spectroscopic and theoretical studies suggest the electronic structure
can be best explained by a high-spin Fe(IV) coordinated to a triplet NO™ unit.?*® Considering
the spectral evidence, it is logical to assume that the reaction of complex 2.2 with O> results in
the formation of [Fe"™(NO)]** and O,~, which are present in the reaction cage, but the Oy is
not coordinated to the metal center (Scheme 2.2).

100
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Figure 2.3. FT-IR spectra of the reaction of complex 2.2 with O2 in acetonitrile [complex 2.2

(black), after O; addition (red)].
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When the reaction was carried out at —40 °C, the same spectral changes were observed.
Upon keeping the reaction mixture in the freezer for 2 days, white crystals of modified ligand
(L") and brown precipitate of complex 2.4, [Fe"(OH);], were obtained. They were
characterized using various spectroscopic methods (Appendix I, Figures A1.21-A1.28) as well
as by single crystal structure determination. The perspective ORTEP view of L' is shown in

figure 2.4.

Figure 2.4. ORTEP diagram of modified ligand (L") (30 % thermal ellipsoid plot, H atoms are

omitted for clarity).

Interestingly, when the reaction mixture was warmed up to room temperature quickly,
[Fe(TPz)(NO37)](ClO4)2, complex 2.3 was obtained as a final product.

NO and O™ ions are believed to react to result in peroxynitrite (OONQO") intermediate.
We propose that the reaction of complex 2.2 with Oz leads to the initial formation of
{[Fe"'(TPz)(NO)]*".(027)} in the reaction cage as an intermediate, which subsequently forms
the corresponding peroxynitrite intermediate [Fe!'(TPz)(OONO7)]** (Scheme 2.2). The
peroxynitrite intermediate decomposes leading to the corresponding oxo-ferryl,
[(TPz)Fe'V=0J*" species and NO». They recombine very fast in a quick warm up process and
result in complex 2.3. However, when the reaction mixture was kept in freezer for couple of

days, L' is formed.

It was reported earlier that the methylene group in a pyrazolyl moiety, in the presence
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of a radical initiator, results in the corresponding radical.?®> In the present case, the
[(TPz)Fe'V=0J*" abstracts a H* from the methylene carbon of the pyrazolyl group and the
corresponding radical is formed. This radical then reacts with NO> to result in the L'. To
support this, a few control experiments have been carried out. When 2,4-ditertiarybutylphenol
was added in the reaction mixture as external substrate, 2,4-ditertiarybutyl-6-nitrophenol (~ 65
%) was obtained along with [Fe''(TPz)(OH)]**, 2.5 (Appendix I, Figures A1.29-A1.35). This
is because, in the presence of an external electron rich phenolic substrate, the oxo-ferryl moiety
reacts with the substrate to form phenoxyl radical and [Fe'(TPz)(OH)]**, 2.5. The phenoxyl
radical then combines with NO> to afford the nitrophenol product as expected (Scheme 2.2).
This experiment, in turn, supports the proposition of the formation of a peroxynitrite
intermediate. If the reaction proceeds through the proposed pathway as shown in scheme 2.2,
the presence of a substrate that can react with NO; is expected to inhibit the formation of L’.
When the reaction was carried out in the presence of TEMPO (TEMPO = 2.2.6,6-
tetramethylpiperidin-1-yloxyl), the formation of L’ was not observed. Complex 2.5 and
2,2,6,6-tetramethylpiperidin-1-ium nitrate (tmpH,")(NOs;) were isolated from the reaction
mixture. Spectroscopic characterization and single crystal X-ray structure determination
confirm the formulation of (tmpH,")(NOs") (Appendix I, Figures A1.36-A1.37). The ORTEP

diagram is shown in figure 2.5.

Figure 2.5. ORTEP diagram of (tmpH,")(NOs") (30% thermal ellipsoid plot, H-atoms are

omitted for clarity).
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Thus, while we do not have any spectroscopic evidence for the formation of

peroxynitrite intermediate, based on the control experiments, the formation of a peroxynitrite

intermediate in the reaction is presumed.

— 2+ 2 #
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Scheme 2.2. Overall reaction.

2.3 Experimental Section

2.3.1 Materials and methods
All chemicals and solvents were of commercially available quality and used without
further purification, unless otherwise mentioned. The anhydrous [Fe''(CH3;CN)4(ClO4)2] was

prepared using a previously reported procedure.?® Acetonitrile was distilled over phosphorus
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pentoxide under Ar. Diethyl ether was distilled with sodium metal and benzophenone. All the
dry solvents were stored over 4 A molecular sieves under inert condition. Deoxygenation of
the solvent and solutions was effected by repeated vacuum/Ar purge cycles or bubbling with
Ar for 30 min. All the reactions were performed under inert conditions unless specified. UV-
visible spectra were recorded on an Agilent Technologies Cary 8454 UV-visible
spectrophotometer by preparing a known concentration of the samples in acetonitrile solution
at room temperature (25 °C) using a quartz cuvette of 1 cm path length. FT-IR spectra of the
samples were taken on a PerkinElmer spectrophotometer at room temperature with samples
prepared either as KBr pellets by grinding the sample with KBr (IR-grade) or in acetonitrile
solution in a KBr cell. 'H and '*C NMR spectra were collected in 400 MHz Bruker AVANCE
400 or 500 MHz Bruker AVANCE NEO 500 FT-NMR spectrometer. Chemical shifts were
reported as & (ppm) values relative to an internal standard (tetramethylsilane) or the residual
solvent peaks. The X-band Electron Paramagnetic resonance (EPR) spectra were recorded on
a JEOL JES-FA200 ESR spectrometer, at 77 K with microwave power, 0.998 mW; microwave
frequency, 9.14 GHz. High-resolution Mass spectra were measured in HPLC grade acetonitrile
solution by Ultra-High-Performance Liquid Chromatography Quadruple Time of Flight High-
resolution Mass Spectrometer (UHPLC-QTOF-HRMS, Agilent G6546A). Mass spectra were

measured in HPLC grade acetonitrile and methanol solution.

Single crystals of all complexes suitable for X-ray crystallographic analysis were
obtained by layering of diethyl ether into the acetonitrile solution. The intensity data were
collected using a Bruker SMART APEX-II CCD diffractometer, equipped with a fine focus
1.75 kW sealed tube MoK radiation (A = 0.71073 A) at 293(3) K, with increasing o (width of
0.3° per frame) at a scan speed of 3 s/frame. The SMART software was used for data
acquisition. Data integration and reduction were undertaken with SAINT and XPREP

software.?’” Multi-scan empirical absorption corrections were employed to the data using the
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program SADABS.?® Structures were solved by direct methods using SHELXS-2016 and
refined with full-matrix least squares on F? using SHELXL-2016/6.%° Structural illustrations

have been drawn with ORTEP-3 for Windows.>°

2.3.2 Syntheses

Tris((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amine, TPz

The ligand TPz was synthesized following a previously reported procedure.!’
Elemental analyses for Ci1sH27N7, caled. (%): C, 63.32; H, 7.97; N, 28.71, found (%): C, 63.56;
H, 7.81; N, 28.34. FT-IR (in KBr): 2922, 1555, 1461, 1313, 1186, 1103, 1029 and 779 cm™.
"H NMR (CDCl3, 400 MHz): 8ppm, 5.76 (s, 3H), 4.96 (s, 6H), 2.18 (s, 9H), 1.82 (s, 9H). 1*C
NMR (CDCI3,100 MHz): 6ppm, 147.6, 140.1, 105.9, 62.4, 13.3, 9.9. ESI-mass (m/Z): calcd.:

341.46; found: 342.24 (M+1), 364.23 (M+Na)".

[Fe''(TPz)(CH3;CN)(H20)](C104), 2.1

[Fe''(CH3CN)4(ClO4)2] (0.210 g, 0.5 mmol) was dissolved in dry and degassed
acetonitrile.?® The solution of the ligand TPz (0.170 g, 0.5 mmol) in acetonitrile medium was
also degassed under Ar atmosphere. After that, two solutions were mixed and the color of the
solution became pale yellow. The solution was stirred for 30 min under Ar atmosphere. After
that the solution was layered with diethyl ether and kept in the fridge. After 1 day, white
crystalline precipitate of complex 2.1 was formed. Yield: 0.21 g, ~ 62 %. Elemental analyses
for C20H32NsO9CloFe, caled. (%): C, 52.64; H, 7.07; N, 24.55. found (%): C, 52.35; H, 7.28;
N, 24.82. FT-IR (in KBr): 1637, 1555, 1464, 1423, 1395, 1313, 1274, 1145, 1117, 1084, 886,
806, 636 and 626 cm™'. UV-visible (in acetonitrile): 836 nm (/M 'cm™!, 462) and 328 nm (&/
Mlem!, 4850). ESI-mass (m/Z): calcd.: 198.58 (for [Fe(TPz)]*" unit); found: 198.61. X-band

EPR (in acetonitrile): silent at 77 K.
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[Fe(TPz)(NO)(CH3CN)](ClO4)2, 2.2

Complex 2.1 (0.65 g, 1 mmol) was dissolved in 10 mL dry and degassed acetonitrile.
To this solution, NO gas was purged for 3 min until the color changed to dark green. Next day,
excess NO gas was removed by applying several cycles of vacuum/Ar purging. Then the
solution was layered with diethyl ether and after few days green crystals of complex 2.2 were
obtained. Same procedure has been used for the formation of 15-Nitrogen labelled complex
2.2. Yield: 0.48 g, ~ 73 %. Elemental analysis for C20H30N9oO9ClyFe, calcd. (%): C, 36.00; H,
4.53; N, 18.89. found (%): C, 36.35; H, 4.20; N, 18.09. FT-IR (in KBr): 1790, 1617, 1554,
1465, 1421, 1391, 1313, 1274, 1248, 1140, 1113, 1088, 940, 887, 805 and 626 cm™.. [Solution
FT-IR for vno, 1799 cm™! and labelled '°N vno, 1765 cm™']. UV-visible (in acetonitrile): 610
nm (¢/M'em™, 586), 351 nm (¢/M'em™, 4899) and 249 nm (s /M 'cm!, 20833). X-band EPR

(in methanol): g ~4.11 and 2.04 at 77 K.

Reaction of complex 2.2 with Oz

Complex 2.2 (0.66 g, 1 mmol) was dissolved in 5 mL of dry and degassed acetonitrile.
To this solution, O> gas was bubbled for 2 min. After sometime, the color of the solution
changes from green to brown. This brown colored solution was immediately precipitated out
after being layered with diethyl ether and isolated as a solid of complex
[Fe'(TPz)(NO37)](ClO4)2, 2.3. Reaction of complex 2.2 with O, was monitored by FT-IR,

UV-visible and X-band EPR spectroscopy.

Complex 2.3

Yield: 0.49 g, ~ 75 %. FT-IR (in KBr):1632, 1556, 1466, 1422, 1384, 1309, 1252, 1144,
1119, 1087, 833 and 636 cm™'. UV-visible (in acetonitrile): 359 nm (¢/M'cm™, 6288) and 910
nm (/M em™, 198). ESI-mass (m/Z) calcd.: 558.104 (for [Fe"(TPz)(NO3")(ClO4)]" unit);

found: 558.289. X-band EPR (in DMSO): g ~ 5.05 at 77 K.
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Fe!''(OH)3, 2.4 and modified ligand (L")

The brown colored solution obtained from the reaction of complex 2.2 (0.66 g, 1 mmol)
with Oz was layered with diethyl ether and kept in the freezer. After that white crystal of

modified ligand (L') was obtained along with complex 2.4.

Complex 2.4

Yield: 0.06 g, ~ 60 %. FT-IR (in KBr): 1633, 1557, 1423,1253, 1144, 1121, 1084, 1028
and 626 cm™'. UV-visible (in acetonitrile): 345 nm (¢/M'em!, 8452) and 910 nm (¢/M'cm™,

230). X-band EPR (in DMSO): g ~ 5.04 at 77 K.

Modified ligand (L)

Yield: 0.32 g, ~ 65 %. FT-IR (in KBr): 1655, 1557, 1456, 1426, 1385, 1368, 1338,
1264, 1252, 1152, 1116, 1083, 1040, 995, 918, 829, 735, 678 and 626 cm™'. 'H NMR (CDsCN,
400 MHz,): Sppm, 5.78 (s, 2H), 5.29 (s, 2H), 4.98 (s, 4H), 2.20 (s, 6H), 1.84 (s, 6H).3C NMR

(CDsCN, 100 MHz): 6ppm, 207.7, 149.1, 110.3, 78.1, 68.2, 31, 12.8.

[Fe"'(TPz)(OH)](C104)2, 2.5 and 2,4-di-tert-butyl-6-nitrophenol

To the dry and degassed acetonitrile solution of complex 2.2 (0.66 g, 1 mmol), degassed
solution of 2,4-di-tert-butylphenol (0.51 g, 5 mmol) in acetonitrile was added, followed by the
addition of Oz gas at room temperature. The reaction mixture was washed several times with
hexane. 2,4-di-tert-butyl-6-nitrophenol was separated by preparative TLC of the hexane

solution and complex 2.5 was obtained from the acetonitrile part of the reaction mixture.

Complex 2.5

Yield: 0.45 g, ~ 73 %. FT-IR (in KBr): 1633, 1555, 1465, 1423, 1384, 1260, 1275,

1141, 1120, 1088 and 627 cm™'. UV-visible (in acetonitrile): 915 nm (¢/M'em™, 315) and 320
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nm (¢/M'em, 7208). ESI-mass (m/Z): calcd.: 613.075; found: 613.176 (M+1). X-band EPR

(in DMSO): g ~5.06 at 77 K.

2,4-di-tert-butyl-6-nitrophenol

Yield: 0.16 g, ~ 65 %. "H NMR (CDCls, 400 MHz): 8ypm, 11.44 (s, 1H), 7.96 (s, 1H),
7.65 (s, 1H), 1.45 (s, 9H), 1.32 (s, 9H). '3C NMR (CDCls, 100 MHz,): 8ypm, 153, 142, 139.9,
133.7, 132.5, 118.9, 35.7, 34.5, 31.1, 29.4. ESI-mass (m/Z): calcd.: 251.15; found: 250.23 (M-

1).
Reaction of complex 2.2 with O2 and 2,2,6,6-feframethylpiperidin-1-yloxyl (TEMPO):

Complex 2.2 (0.66 g, 1 mmol) and TEMPO (0.8 g, 5 mmol) were dissolved in 10 mL
dry and degassed acetonitrile solution followed by addition of O». After completion the reaction
mixture was extracted with hexane solution. The hexane part contains 2,2,6,6-
tetramethylpiperidin-1-ium nitrate (tmpH2")(NO3~) and unreacted TEMPO whereas the

acetonitrile part contains complex 2.5.

2,2,6,6-tetramethylpiperidin-1-ium nitrate (tmpH2")(NO3")

Yield: 0.76 g, ~ 60 %."H NMR (CDCls, 500 MHz): 8ppm, 1.74 (s, 6H), 1.48 (s, 12H).

13C NMR (CDCls, 125 MHz): §ppm, 56.8, 35.0, 27.5, 16.3.

Reaction of complex 2.2 with AgClO4

Complex 2.2 (0.33 g, 0.5 mmol) was dissolved in 3 mL dry and degassed acetonitrile
solution. The solution FT-IR spectrum of complex 2.2 was taken. AgClO4 (0.153 g, 0.75 mmol)
was dissolved in 0.01 mL dry and degassed acetonitrile solution. After the immediate addition

of AgClO4 solution, FT-IR spectrum (solution phase) were taken. In solution FT-IR spectra,
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the band at 1799 cm! shifted to 1835 cm™!, which confirms the oxidation of complex 2.2 to the

corresponding {Fe(NO)}° complex.

2.4 Conclusion

Thus, the high spin Fe(II)-nitrosyl, [Fe(TPz)(NO)], having {Fe(NO)}’ configuration in
acetonitrile solution, was found to react with O3 to result in the ligand modification to L’
through a presumed peroxynitrite intermediate. In contrast, heme {Fe(NO)}’ complexes are
known to react with O», leading to the formation of corresponding nitrate (NO3~) complexes;
but no reports are known where the ligand modification takes place. Though, there is no
spectroscopic evidence of formation of the peroxynitrite intermediate, the characteristic phenol
ring nitration supports the proposition. Additionally, the trapping of NO formed in the reaction
is also in agreement with the proposed mechanism. This study, thus, gives an insight into the

mechanism of the reaction of metal-nitrosyls with dioxygen leading to the NOD activity.
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Spin state dependent reactivity of iron-nitrosyls with dioxygen

Abstract

Two iron nitrosyls having {Fe(NO)}’ configuration but with different spin states have
been synthesized in PzPy [PzPy = Bis(di(3,5-dimethyl-1H-pyrazolyl)methyl)-(2-
pyridylmethyl)amine] ligand and have been characterized spectroscopically. In addition, the
high-spin nitrosyl complex, 3.2a was also studied structurally. FT-IR studies show that the
nitrosyl stretching appears at 1790 and 1711 cm™ for high-spin and low-spin analogues,
respectively. The dioxygen reactivity of complexes 3.2a and 3.2b have been explored. The
high-spin complex, 3.2a was found to react with O, leading to the formation of the
corresponding nitrate product, 3.3a through a presumed peroxynitrite intermediate. In contrast,
O substitutes the NO group from complex 3.2b, owing to the weaker Fe—Nno bond, resulting
in the formation of [Fe'!(Pz2Py)(OH)(CH3CN)](ClO4),, 3.3b. The release of NO by Oz, in this
case, was evident from the presence of NO> in the GC-Mass of the headspace gas from the

reaction vessel.
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3.1 Introduction

Metal-nitrosyl complexes specially iron-nitrosyls have attracted a considerable research
interest for their biological relevance and it is implicated by the huge volume of literature on
iron nitrosyls, both in heme and non-heme ligand frameworks.!** Coordination compounds of
iron(I) are known to exhibit spin state transition depending upon various factors like nature of
the coordinating ligands, temperature, application of pressure or magnetic field, irradiation of
light etc.> The change of spin state is found to be associated with a change of electronic
structure of the metal ion and thus, the complex as a whole.>* This results in a considerable
change of the physical and chemical properties of the molecule.

Iron(I)-nitrosyls in heme systems having {Fe(NO)}’ configuration are more
commonly found in low-spin state, whereas the non-heme counterparts can exist both in high-
spin or low-spin state.”” For example, five coordinated square pyramidal [Fe(NO)(salen)]
[salen = N,N’-ethylenebis(salicylideneiminato)] was reported long back to exists in high-spin
state at 23 °C and it becomes low-spin on decreasing the temperature to —135 °C. Interestingly,
the complex in both the spin state has been structurally characterized.'® There are many such
results of spin crossover in cases of iron(Il)-nitrosyls. As expected, high-spin {Fe(NO)}’
complexes have different electronic structure compared to their low spin analogues. Based on

a variety of spectroscopic analyses and theoretical calculations, it has been reported that the

N | W

high-spin {Fe(NO)}’ complexes have an S = = ground state, which arises from the

antiferromagnetically coupled high-spin iron(IIl) (S = g) to a triplet nitroxyl (NO™) group.!!"!

However, recent theoretical studies on the iron(Il)-nitrosyls having {Fe(NO)}’ configuration
have shown them to exist preferentially in Fe"-NO" resonance form.!'® Nevertheless, the Fe—

Nno distances and N-O stretching frequencies for the complexes are found to be directly
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related to the effective nuclear charge of the metal center and thus, to the spin state.!” This, in

turn, results in a difference in reactivity of the iron(Il)-nitrosyls depending on their spin state.

This chapter describes the synthesis of a {Fe(NO)}’ complex in two different spin
states, i.e., high-spin and low-spin, depending on the reaction condition and their spectral
characterization. The dioxygen reactivity of these two counter parts has been studied with an
aim to understand how the spin state of an iron(Il)-nitrosyl controls the overall reaction,
including the pathway and electron transfer. It is observed that in case of the high-spin complex,
the oxidation of the NO group takes place leading to the corresponding nitrate complex. On
contrary, in the case of the low-spin analogue, the NO group was found to be substituted by

Os.

3.2 Results and Discussion

The ligand, Bis(di(3,5-dimethyl-1H-pyrazolyl)methyl)-(2-pyridylmethyl)amine, Pz>Py
has been synthesized from the reaction of 1-(Hydroxymethyl)-3,5-dimethyl-1-pyrazole and
picolylamine following an earlier reported procedure.'® The isolated ligand was characterized
using spectroscopic techniques such as FT-IR, 'H and '3C NMR, and ESI-Mass spectrometry
(Experimental Section and Appendix II, Figures A2.1-A2.6). The precursor complex 3.1,
[Fe''(Pz2Py)(CH3CN)(H20)](ClO4)2, was prepared by the reaction of [Fe(CH3CN)4(ClO4)2]
and the ligand Pz>Py in degassed acetonitrile solution (Experimental Section and Appendix I,
Figures A2.7-A2.9). The compound was isolated as solid crystals and spectroscopic as well as
structural characterization was carried out to confirm the formulation (Experimental Section).
The perspective ORTEP view is shown in figure 3.1. The structural studies reveal that the metal
ion, Fe(Il) is coordinated by four N atoms from the tripodal ligand along with a water and

acetonitrile molecule in a distorted octahedral geometry. The water molecule perhaps came
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from moisture during the crystallization process or may be from the traces of water present in

the solvent.

Figure 3.1. ORTEP diagram of complex 3.1 (30% thermal ellipsoid plot, H-atoms are omitted
for clarity).

The Fe(I)-nitrosyl complex [Fe'(Pz:Py)(CH30H)(NO)](ClO4)2, 3.2a, was prepared by
bubbling of NO(g) into the degassed methanol solution of complex 3.1 followed by allowing
the reaction mixture to stand for 24 hr under NO pressure at room temperature (Experimental
Section). On the other hand, the complex [Fe'(PzPy)(CH3CN)(NO)](ClO4), 3.2b was
obtained from the similar reaction protocol in acetonitrile solvent and at —40 °C (Experimental
Section). The complex 3.2a was isolated as needle-shaped crystals and subjected to
spectroscopic and structural characterization (Experimental Section and Appendix II, Figures
A2.10-A2.12). Complex 3.2b was isolated as a solid, however, even after several attempts, we
could not grow X-ray quality crystals for complex 3.2b. Spectroscopic data confirms that both

the nitrosyls are having {Fe(NO)}’ configuration.

The figure 3.2 shows the ORTEP view of complex 3.2a. It suggests that the Fe(Il)
center is ligated with the ligand Pz>Py as well as one NO group and MeOH as solvent to fulfill

the octahedral coordination though distorted. The crystal data, important bond angles and

48
TH-3834_186122115



Chapter 3

distances are listed in tables A2.1-A2.3. The Fe—N~o and N-O distances are 1.760(6) and
1.145(9) A, respectively. It would be worth mentioning that for other reported high-spin iron-
nitrosyls having {Fe(NO)}’ configuration; for example, [Fe(TPz)(NO)(CH3CN)]**, [Fe(TPz)
(NO)CI]", [Fe(TPA)NO)(OTH)]", [Fe(TPA)(NO)(BenzFor)]" [TPz = Tris(3,5-dimethyl-1H-
pyrazol-1-yl)methyl)amine; TPA = Tris(2-pyridylmethyl)amine and BenzFor =
Benzoylformate], the Fe-Nno/N-O distances are 1.732/1.132, 1.735/1.150, 1.755/1.144,
1.722/1.152 A, respectively.'®?? The measured Fe-N-O angle for complex 3.2a is 162.5°.
Whereas for the analogous reported complexes mentioned above, the Fe-N-O angle falls within

the range of 157.1°-174.2°.

Figure 3.2. ORTEP diagram of complex 3.2a (30% thermal ellipsoid plot, H-atoms are omitted
for clarity).

In FT-IR spectroscopy, the N-O stretching frequency for complexes 3.2a and 3.2b
appear at 1790 and 1711 cm™ in KBr pellet (Appendix II, Figures A2.10 and A2.23). The
stretching frequency is well within the range of the same for earlier reported high-spin iron
nitrosyls having {Fe(NO)}’ configuration. For instance, [Fe(TPz)(NO)(CH3CN)]** shows this
stretching at 1790 cm™ (Appendix I, A1.13)." Similarly, in cases of [Fe(TPz)(NO)CI]" and

[Fe(TPA)(NO)(BenzFor)]", the NO stretching frequencies appear at 1794 and 1796 cm,
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respectively.?®?? On the other hand, for complex 3.2b, the NO stretching is found to appear at
1711 em™ (Appendix II, Figure A2.23). Such a large difference in stretching frequency of
complexes 3.2a and 3.2b could be due to the change of oxidation states of the central metal
ion. It is known that oxidation state of the central metal ion of metal nitrosyls can shift the NO
stretching frequency by 40-100 cm™.? The structural study reveals that in complex 3.2a the
central metal ion, iron is in +2 oxidation state. Since the nitrosyl stretching of complex 3.2b is
approximately 80 cm™! lower than that of complex 3.2a, iron center has to be in +1 oxidation
state, leading to {Fe(NO)}® configuration, if at all this shift has to happen. Now, the earlier
reported 6 and 5 coordinated {Fe(NO)}® systems in non-heme ligand framework, in general,
show NO stretching in the range of 1588-1618 cm™.2*?’ Thus, the nitrosyl stretching frequency
of 3.2b apparently suggests that it is not a {Fe(NO)}® system. In addition, the conductance
measurement also suggests compound 3.2b as a 1:2 electrolyte. In contrary, iron nitrosyls with
{Fe(NO)}’ configuration which show the stretching frequency at around 1690-1710 cm™, are
reported to be low-spin in nature. For example, Lenhert’s group reported two iron-nitrosyl

complexes, [Fe(TPA)(NO)(CH3CN)](BF4)2, where the characteristic N-O stretching band of a

hs-{Fe(NO)}’ complex with S = % appears at 1795 cm!, the low-spin complex with S =

N | =

shows at 1701 ¢cm™'.2® Other illustrative examples in this regard are hs-{Fe(NO)}’ and Is-
{Fe(NO)}’ complexes of [Fe(salen)(NO)], which distinctly demonstrate two different N-O
stretching frequencies for the two spin states.'® Hence, FT-IR spectroscopic studies and
conductance measurement suggest both the complexes having different spin states; i.e.,
complex 3.2a is high-spin and 3.2b is low-spin iron nitrosyl, where both of them having

{Fe(NO)}’ configuration.

Further support of the difference of spin states in complexes 3.2a and 3.2b came from
X-band EPR studies. Figures 3.3(A) and (B) represent the X-band EPR spectrum displayed by

complexes 3.2a and 3.2b in frozen acetonitrile solution at 77 K.
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Figure 3.3. X-band EPR spectrum of complexes (A) 3.2a and (B) 3.2b in acetonitrile at 77 K.

Complex 3.2a shows two sets of signals at g ~4.15 and 2.03 corresponding to the near
axial high-spin (S = ;) ground state resulting from the antiferromagnetic coupling of high-spin

Fe(Il) to a triplet NO™ in {Fe(NO)}’ configuration.>!? Similar spectrum was reported earlier
in case of high-spin {Fe(NO)}’ complex of peralkylguanidine ligand,
[Fe(TMGadien)(NO)(OTf)]" [TMGzdien = 27,2°-(2,2'-(methylazanediyl)bis(ethane-1,2-
diyl))bis(1,1,3,3-tetramethylguanidine)] with g values at ~ 4 and 2, respectively.?” In cases of
[Fe(TPA)(NO)(BenzFor)]" and [Fe(°TLA)(NO)(BenzFor)]" these resonances appear at g ~
4.05, 3.87, 1.99 and g ~ 4.02, 3.93, 1.95, respectively [*TLA = Tris((6-methyl-2-

pyridyl)methyl)amine].?? Similar complex, [Fe(TPz)(NO)(CH3CN)J*" in frozen acetonitrile at
77 K was found to show signals at g ~ 4.11 and 2.04 corresponding to the high-spin (S = %)

{(Fe(NO)}"." Whereas complex 3.2b, under similar experimental condition shows sharp

signal at g ~ 2.03 characteristic to the {Fe(NO)}’ complexes having S = % spin state,>10:28-30

Thus, physical measurements, FT-IR and X-band spectral studies collectively establish
complexes 3.2a and 3.2b as high-spin and low-spin iron nitrosyls with {Fe(NO)}’

configuration, respectively.
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Dioxygen reactivity of high-spin complex, 3.2a

Complex 3.2a in acetonitrile solution exhibits absorption bands at 635 nm (¢/Mcm™,
780), 360 nm (¢/M'cm™!, 6810) in UV-visible spectrum (Appendix II, Figure A2.11). When
O gas was added through a gas-tight Hamilton syringe to the degassed acetonitrile solution of
complex 3.2a at room temperature, the increase in intensity of the absorption band having Amax
at 360 nm band was observed (Figure 3.4). It was associated with a simultaneous decrease of
the band intensity of the 635 nm band with respect to time, leading to the stable final product
within 5-10 min (Appendix II, Figure A2.14). The final product was isolated as a solid and
characterized spectroscopically as the corresponding nitrate complex, 3.3a (Experimental
Section and Appendix II, Figures A2.13-A2.15). It shows a stretching frequency at 1384 cm!
in the FT-IR spectrum, suggesting the presence of a nitrate (NO3~) group (Appendix II, Figure

A2.13)3!

Absorbance

950

0 775
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Figure 3.4. UV-visible spectra of the reaction of complex 3.2a (black) and after the addition
of Oz (red) in acetonitrile at room temperature [Inset: complex 3.2a (black), after O> addition

(red) corresponds to the final product].

The reaction of O> gas with the degassed acetonitrile solution of complex 3.2a was
monitored using FT-IR spectroscopy. It shows that the NO stretching frequency at 1790 cm™!
disappeared upon addition of O into the degassed acetonitrile solution of complex 3.2a with

the simultaneous appearance of a new stretching at 1825 cm™! (Figure 3.5).
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Figure 3.5. FT-IR spectra of the reaction of complex 3.2a (black) and after addition of O (red)

in acetonitrile medium at room temperature.

The intensity of 1825 cm! stretching frequency decays with time and finally disappears,
which suggests that this band is associated with an unstable intermediate. Both heme and non-
heme Fe(Il) complexes, result in the corresponding [Fe'-(027)] species in the presence of O,
with the oxidation of the metal by one unit.? Metal-superoxides are reported to exhibit v(O2)
in the range of 1200-1070 cm!; whereas, for metal-peroxo species the O—O stretching appears
in the range of 930-740 cm™' 3334 However, no such characteristic stretching was observed in
this case. In addition, Fe(Ill)-nitrosyls are reported to exhibit nitrosyl stretching frequency at ~
1830 cm™'.3%36 Hence, the 1825 cm™! band is assigned to the nitrosyl stretching of {Fe(NO)}¢
species formed in the reaction of complex 3.2a with O,. This was further confirmed by the
SNO labelling experiment, where the band was found to appear at 1805 cm™'. It is to be noted
that for the structurally characterized [Fe(TMGstren)(NO)]** complex, [TMGstren = 1,1,1-
tris{2-[N*-(1,1,3,3-tetramethylguanidino)]ethyl } amine] nitrosyl stretching frequency appears
at 1879 cm™.3® Thus, the spectral evidence suggests the formation of [Fe'(NO)]*" in the
reaction of complex 3.2a with O>. No spectral evidence was observed in support of the
formation of Oz coordinated to the metal center, perhaps because they are present in the

reaction cage, as seen earlier.'
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The formation of complex 3.3a in the reaction of complex 3.2a with O is presumably
proceed through a peroxynitrite (OONQO") intermediate as reported earlier. We propose that the
reaction of complex 3.2a with O> initially results in the formation of
{[Fe(PzoPy)(NO)]**.(027)} in the reaction cage, which subsequently leads to the
corresponding peroxynitrite intermediate [Fe'(Pz,Py)(OONO")]*>" (Scheme 3.1). This
intermediate, as expected, decomposes leading to the formation of complex 3.3a. Since the
very short lifetime of the peroxynitrite intermediate did not allow its spectral characterization,
we sought chemical evidence. When the reaction of complex 3.2a with O; was carried out in
the presence of 2,4-di-tertiarybutylphenol, it resulted in ~ 30 % of nitrophenol along with the
dimerised product, bisphenol (~ 50 %) and complex 3.4a (Experimental Section and Appendix
II, Figures A2.16-A2.22).3” Phenol nitration/oxidative coupling has been extensively used as
evidence to establish the presence of metal-peroxynitrite species.’® Thus, the dioxygen
reactivity of complex 3.2a proceeds through the peroxynitrite pathway to afford the
corresponding nitrate product, complex 3.3a. This is quite well-established for high-spin iron

nitrosyls of {Fe(NO)}’ configuration in both the heme and non-heme ligand framework. '’

Dioxygen reactivity of low-spin complex, 3.2b

When Oz was added to the degassed acetonitrile solution of complex 3.2b, no
significant visual change was observed in the UV-visible spectrum except an increase in the
intensity of band having Amax at 560 nm (Figure 3.6). Isolation and characterization reveal the
final compound as the corresponding hydroxide complex, 3.3b with [Fe''(Pz,Py)(OH)](ClO4)2
formulation (Experimental Section and Appendix II, Figures A2.26-A2.29).

The addition of O2 gas to the degassed acetonitrile solution of complex 3.2b showed
immediate disappearance of the nitrosyl stretching frequency at 1711 cm™ in FT-IR

spectroscopic studies, resulting in a spectrum similar to that of the isolated complex 3.3b. This

54
TH-3834 186122115



Chapter 3

suggests that the metal center gets oxidised from Fe(Il) to Fe(Ill). The oxidation of the metal

center is also evident from the X-band EPR studies (Figure 3.7).
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Figure 3.6. UV-visible spectra of the reaction of complex 3.2b (black) and after addition of O»

(red) towards the formation of complex 3.3b in acetonitrile at room temperature.
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Figure 3.7. X-band EPR spectra of the reaction of complex 3.2b (black, g ~ 2.03) with O»
towards the formation of complex 3.3b (red, g ~ 4.15) through [Fe'-(0,7)] intermediate (green)

in acetonitrile solution at 77 K.

It would be noted that the spectrum of complex 3.3b does not show any stretching
which can be assigned to the oxidized product of NO unit such as NO3™ or NO;™ efc. as observed
in the case of complex 3.2a. In addition, when the head-space gas from the reaction vessel was
subjected to GC-Mass analysis, the presence of NO» was observed in a near-quantitative
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amount (~ 55 %) (Experimental Section and Appendix II, Figure A2.30). These observations
suggest that the reaction of Oz with complex 3.2b leads to the substitution of the NO group by
02, resulting in the formation of the corresponding [(Pz2Py)Fe"(027)]*" moiety (Scheme 3.1).
NO group, thus released, reacts with the excess O present in the reaction vessel to form NO»,
which was evident from the GC-Mass studies. Owing to the unstable nature, the Fe(III)-
superoxide decomposes very fast to the corresponding hydroxo product, 3.3b. This has been

observed earlier also.>?
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Thus, these results suggest the Fe—Nno bond is relatively stronger in case of high-spin

complex, 3.2a compared to that of low-spin one, 3.2b which is in accordance with the earlier
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observation that the Fe-Nno bond becomes weaker moving from high-spin to low-spin
analogue. For instance, in case of structurally characterized [Fe(NO)(salen)], the Fe-Nno

distances for the high- and low-spin complexes are 1.783 and 1.810 A, respectively.!’

To get better insight, theoretical calculation has been done. Optimization and calculated
FT-IR NO stretching for both the complexes was done using Gaussian 16 suit of program.>’
Optimization was done at M06-2X/def2-TZVP***! and harmonic vibrational frequency
calculations were also performed at the same level. All the structures were characterized to be
at their local minimum with all real values of the Hessian matrix. All energies were zero-point
and thermally corrected. Figure 3.8 shows the energetics (AG, kcal/mol) of the formation of
3.3a and 3.3b. Complex 3.1 in presence of NO(g) produces a high-spin complex 3.2a in an
exergonic reaction (AG = —3.4 kcal/mol). The unscaled NO stretching frequency in complex
3.2a is found to be 1806 cm™ which is very close to the experimentally observed vno of 1792
cm’!. Complex 3.1, on the other hand, forms a low-spin complex 3.2b following an exergonic
pathway (AG = —4.6 kcal/mol). The calculated NO stretching frequency in 3.2b is found to be
1723 ecm™!, very close to the experimentally observed vno of 1711 cm™'. Complex 3.2a then
upon reaction with O converts to 3.3a via the corresponding Fe(IIl) intermediate (Int-I) and
the process is found to be exergonic. Similarly, complex 3.2b converts to complex 3.3b upon

reaction with Oz through the formation of a superoxide bound intermediate [(Pz2Py)Fe(O27)],

(Int-ITI). Here also the process is exergonic.
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AG (keal /mol)

Figure 3.8. Energetics (AG, kcal/mol) for the formation of complex 3.3a and 3.3b from

complex 3.1. Optimized geometries of the molecules are also shown.

3.3 Experimental Section

3.3.1 Materials and methods

All chemicals and solvents were of commercially available quality and used without
further purification, unless otherwise mentioned. Acetonitrile was distilled over phosphorus
pentoxide under Ar. Diethyl ether was distilled with sodium metal and benzophenone. All the

dry solvents were stored over 4A molecular sieves under inert condition. Deoxygenation of the
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solvent and solutions was done by repeated vacuum/Ar purge cycles or bubbling with argon
for 30 min. All the reactions were performed under inert conditions unless specified. UV-
visible spectra were recorded on an Agilent Technologies Cary 8454 UV-visible
spectrophotometer by preparing a known concentration of the samples in acetonitrile solution
at room temperature (25 °C) using a quartz cuvette of 1 cm width. FT-IR spectra of the samples
were taken on a PerkinElmer spectrophotometer at room temperature with samples prepared
either as KBr pellets by grinding the sample with KBr (IR-grade) or in dichloromethane
solution in a KBr cell. 'H and '3C NMR spectra were collected in 400 MHz Bruker AVANCE
400 or 500 MHz Bruker AVANCE NEO 500 FT-NMR spectrometers. Chemical shifts were
reported as & (ppm) values relative to an internal standard (tetramethylsilane) and the residual
solvent peaks. The X-band Electron Paramagnetic Resonance (EPR) spectra were recorded on
a JEOL JES-FA200 ESR spectrometer, at 77 K with microwave power, 0.998 mW; microwave

frequency, 9.14 GHz. Mass spectra were measured in HPLC grade acetonitrile solution.

Single crystals of all complexes suitable for X-ray crystallographic analysis were
obtained by layering of diethyl ether into the acetonitrile solution. The intensity data were
collected using a Bruker SMART APEX-II CCD diffractometer, equipped with a fine focus
1.75 kW sealed tube MoK, radiation (A = 0.71073 A) at 293(3) K, with increasing o (width of
0.3° per frame) at a scan speed of 3 s/frame. The SMART software was used for data
acquisition. Data integration and reduction were undertaken with SAINT and XPREP
software.*? Multi-scan empirical absorption corrections were employed to the data using the
program SADABS. Structures were solved by direct methods using SHELXS-2016 and refined
with full-matrix least squares on /2 using SHELXL-2016/6.* Structural illustrations have been

drawn with ORTEP-3 for Windows.**

Computational Details

The formation of complexes 3.3a and 3.3b from 3.1 has been studied computationally
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and all these calculations were performed using Gaussian 16 suite of program.®® All the
molecules were fully optimized at M06-2X/def2-TZVP**! and harmonic vibrational
frequency calculations were also performed at the same level. All the structures were
characterized to be at their local minimum with all real values of the Hessian matrix. All

energies were zero-point and thermally corrected.

3.3.2 Syntheses

1-(Hydroxymethyl)-3, 5-dimethyl-1-pyrazole, S

In a round bottom flask 3,5-dimethyl-1-pyrazole (3.27 g, 34 mmol) was dissolved in 30
mL of 1:2 (V/V) water/ethanol mixture. 37 % solution of formaldehyde (3.0 mL, 39 mmol) in
20 mL water was added to this solution. The reaction mixture was stirred for 2 days at room
temperature. It was then extracted with 3 x 25 mL chloroform. Solvent was removed under
reduced pressure and a white crystalline residue of 1-(Hydroxymethyl)-3, 5-dimethyl-1-
pyrazole was formed. This compound was recrystallized from dichloromethane/toluene (1:3).
Yield: 2.57 g, ~ 60%. FT-IR (in KBr): 3146, 1555, 1460, 1395, 1307, 1226, 1068, 1037 and
807 cm™'. "TH NMR (CDCl3, 400 MHz): §ppm 5.83, 5.40, 2.33, 2.19. 1*C NMR (in CDCl3, 100

MHz): dppm 148.3, 139.8, 106, 69.9, 12.9, 10.5

Bis(di(3,5-dimethyl-1H-pyrazolyl)methyl)-(2-pyridylmethyl)amine], Pz:Py

The ligand Pz;Py was synthesized and purified according to previously reported
literature.'® 2-Picolylamine (0.541 g, 5 mmol) and glacial acetic acid (0.60 g, 10 mmol) to the
acetonitrile solution of 1-(Hydroxymethyl)-3, 5-dimethyl-1-pyrazole (1.26 g, 10 mmol) and the
reaction mixture was stirred at room temperature for 3 days. After that the solvent was removed
by rotary evaporator and it was treated with 10% NaOH solution until pH reaches 4. Solvent

extraction was done by CH2Cl (3 x 25 mL). Organic layer was washed with water and dried
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with anhydrous Na>SOj4. Solvent was dried under rotary evaporator and yellow liquid of ligand
was obtained. Yield: 1.1 g, ~ 67 %. FT-IR (in KBr): 3400, 2922, 2867, 1590, 1556, 1459, 1434,
1380, 1313, 1246, 1147, 1031, 978, 765, 630 and 402 cm™". '"H NMR (CDCls, 400 MHz): ppm
2.02 (s, 6H); 2.18 (s, 6H); 3.87(s, 2H); 4.98 (s, 4H); 5.76 (s, 2H); 7.12-7.14 (m, 1H); 7.16 (d,
1H); 7.57 (m, 1H); 8.47 (d, 1H). *C NMR (CDCl3, 100 MHz): Sppm 10.5, 13.3,54.6, 64.9, 105.6,

122,123, 136.3, 139.8, 147.6, 148.6, 158.5.

[Fe!(Pz2Py)(CH3CN)(H20)](C104)2, 3.1

[Fe''(CH3CN)4(Cl0O4)2] (0.42 g, 1 mmol) and the ligand Pz>Py (0.32 g, 1 mmol) were
dissolved in dry and degassed acetonitrile and the color of the solution became red. The solution
was stirred for 30 min under Ar atmosphere. After that the solution was layered with diethyl
ether and kept into freezer. After 4 days block shaped orange-red crystals of complex 3.1 was
formed. Yield: 0.46 g, ~ 73 %. Elemental analyses for C20H20N709CloFe. Calcd. (%): C, 44.59;
H, 5.43; N, 6.58. found (%): C, 44.54; H, 5.47; N, 6.62. FT-IR (in KBr): 3424, 2998, 2283,
1638, 1606, 1555, 1467, 1425, 1392, 1327, 1096, 776 and 626 cm™. UV-visible (in
acetonitrile): 340 nm (¢ /M ecm™!, 6610) and 560 nm (¢ /M em’, 610). X-band EPR (in

acetonitrile): Silent at 77 K.

High-spin [Fe!'(Pz:Py)(CH3:OH)(NO)](C104)2, 3.22a

Complex 3.1 (0.65 g, 1 mmol) was dissolved in dry and degassed 5 mL methanol. This
solution was kept under NO(g) atmosphere at room temperature for 1 day until the color
changes to dark green. Next day excess NO gas was removed by applying several cycles of
vacuum/Ar purged. Then the solution was layered with diethyl ether and after 1 day needle
shaped green crystals of complex 3.2a were obtained. Yield: 0.52 g, ~ 80 %. Elemental analysis
for C19H2sN7010CIzFe. Caled. (%): C, 35.63; H, 4.37; N, 15.24. found (%): C, 34.85; H, 4.04;

N, 14.42. FT-IR (in KBr): 1792, 1605, 1551, 1467, 1421, 1392, 1274, 1141, 1089, 941 and 626
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cm™. UV-visible (in acetonitrile): 360 nm (s /M cm™, 6810) and 635 nm (e /M~ cm™!, 780).
ESI-mass (m/Z): Calcd.: 205.069 (for [Fe(Pz2Py)(NO)J*" unit); found: 205.338. X-band EPR

(in acetonitrile): g ~4.15 and 2.03 at 77 K.

Reaction of complex 3.2a with Oz

Complex 3.2a (0.64 g, 1 mmol) was dissolved in 5 mL of dry and degassed acetonitrile.
To this solution O gas was bubbled for 5 min. After lhr, color of the solution changes from
green to brown. This brown colored solution was immediately precipitated out after layered
with ether and isolated as solid of complex 3.3a. Reaction of complex 3.2a with O2 was

monitored by UV-visible, EPR and solution phase FT-IR spectroscopy.
[Fe''(Pz2Py)(CH3CN)(NO3)](ClO4)2, 3.3a

Yield: 0.48 g, ~ 72 %. FT-IR (in KBr):1632, 1556, 1466, 1422, 1384, 1309, 1252,
1144, 1119, 1087, 833 and 636 cm™. UV-visible (in acetonitrile): 305 nm (¢ /M! ecm™, 7195).

X-band EPR (in acetonitrile): g ~5.19 at 77 K.

Reaction of complex 3.2a with Oz in presence of 2,4-di-zert-butylphenol

To the dry and degasses acetonitrile solution of complex 3.2a (0.33 g, 0.5 mmol),
degassed solution of 2,4 di-tert-butyl phenol (0.51 g, 5 mmol) was added followed by addition
of Oz at room temperature. The reaction mixture was washed with hexane by several times.
(bisphenol) was separated by preparative TLC of the hexane solution and complex 3.4a was

obtained from the acetonitrile part of the reaction mixture.

3,3',5,5'-tetra-tert-butyl-(1,1'-biphenyl)-2,2'-diol, (bisphenol)

Yield: 0.12 g, ~ 60 %. "H NMR (CDCls, 500 MHz): 8ppm: 1.32 (s, 9H); 1.45 (s, 9H);

5.23 (S, 1H); 7.12 (s, 1H); 7.39 (s, 1H). 3C NMR (CDCls, 125 MHz): Sppm: 150.0, 143.2, 136.5,
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125.5, 125, 122.6, 35.4, 34.7, 31.9, 29.9. ESI-mass (m/Z): Calcd.: 410.32, found: 409.31 (M-
1.
[Fe'(Pz:Py)(OH)(CH3;O0H)](ClOx4)2, 3.4a

Yield: 0.18 g, ~ 58 %. Elemental analysis for C19H23N7010Cl2Fe. Caled. (%): C, 36.27;
H, 4.62; N, 13.46. found (%) C, 35.85; H, 4.14; N, 14.02. FT-IR (in KBr): 3400, 2945, 1633,
1555, 1465, 1423, 1384, 1260, 1275, 1141, 1120, 1088 and 627 cm™. UV- visible (in
acetonitrile): 345 nm (¢ /M cm’!, 5240). ESI-mass (m/Z): Calcd.: 496.092 (for

[Fe(Pz2Py)(OH)(C104]" unit); found: 496.368. X-band EPR (in acetonitrile): g ~ 5.23 at 77 K.

Low-spin [Fe''(Pz:Py)(CH:CN)(NO)|(C104)z, 3.2b

The solution of complex 3.1 (0.65 g, 1 mmol) in 5 mL dry and degassed acetonitrile
was stored under NO atmosphere for 2 days at —40 °C and color changes to dark red. After that
the solution was layered with diethyl ether to precipitate out the complex 3.2b. Yield: 0.41 g,
~ 63 %. FT-IR (in KBr):1711, 1606, 1553, 1423, 1367, 1089, 940 and 626 cm™'. UV-visible
(in acetonitrile): 350 nm (g /M™! em™, 6450) and 565 nm (g /M™! em™!, 340). ESI-mass (m/Z):
caled.: 509.092 (for [Fe(Pz2Py)(NO)(ClO4)] unit); found: 508.712. X-band EPR (in

acetonitrile): g~ 2.03 at 77 K.

Reaction of complex 3.2b with O2

Due to the very unstable nature of the low-spin iron nitrosyl, the O gas was purging
through the acetonitrile solution of complex 3.2b (0.64 g, 1 mmol) at —20 °C, the NO moiety
became labile and it immediately gives brown colored complex 3.3b. Reaction of complex 3.2b

with O was monitored by UV-visible, EPR and solution phase FT-IR spectroscopy.
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[Fe"'(Pz:Py)(OH)(CH3CN)](ClO4)2, 3.3b

Yield: 0.41 g, ~ 63 %. Elemental analysis for C19H28N7010Cl2Fe. Calcd. (%): C, 36.36;
H, 4.60; N, 13.32. found (%): C, 35.85; H, 4.14; N, 14.02. FT-IR (in KBr): 3400, 2945, 1605,
1552, 1468, 1442, 1380, 1271, 1275, 1142, 1111, 1088, 940, 768, 636 and 627 cm™'. UV-
visible (in acetonitrile): 250 nm (¢ /M cm!, 8495) and 345 nm (¢ /M cm™!, 4960). ESI-mass
(m/Z): calcd.: 496.092 (for [Fe(Pz2Py)(OH)(CH3CN)(ClO4]" unit); found: 496.368. X-band

EPR (in acetonitrile): g ~ 5.21 at 77 K.

3.4 Conclusion

In conclusion, two iron nitrosyls having {Fe(NO)}’ configuration but with different
spin states have been synthesized in same ligand framework. The different solvent and reaction
temperature were found to be key for the formation of the two complexes having different spin
states. Both the complexes have been characterized using different spectroscopic studies. In
addition, the high-spin nitrosyl complex, 3.2a was also studied structurally. FT-IR studies
display an appreciable difference in nitrosyl stretching frequency for these complexes, as
expected. The dioxygen reactivity of complexes 3.2a and 3.2b have been explored. The high-
spin iron-nitrosyl, 3.2a reacts with O; leading to the formation of the corresponding nitrate
product, 3.3a. This reaction proceeds through the initial oxidation of the iron center leading to
the formation of corresponding iron(II)-nitrosyl and superoxide anion. Subsequently, the
nitrate analogue is formed via the formation of a peroxynitrite intermediate which was
confirmed by its characteristic reaction with phenol. In contrary, O, substitutes the NO group
from complex 3.2b (low-spin iron-nitrosyl), perhaps because of the weaker Fe—Nno bond,
resulting in the formation of [Fe''(Pz:Py)(OH)](C104)2, 3.3b. The release of NO by Oy, in this

case was evident from the presence of NO; in the GC-Mass of the head space gas from the
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reaction vessel. Thus, these results depict the difference in reactivity of iron nitrosyls having

{Fe(NO)}’ configuration towards dioxygen based on their spin state.
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Chapter 4

Reaction of a chromium-nitrosyl complex with H>0O:: formation of

a [CrY=0] species
Abstract

A precursor complex of chromium(Il), [Cr'(TPz)Cl:], 4.1 [TPz = Tris((3,5-dimethyl-
1H-pyrazol-1-yl)methyl)amine] in a tripodal N4 type ligand framework was made to react with
nitric oxide (NO) gas to yield corresponding nitrosyl complex, [Cr(TPz)(NO)CI]CL, 4.2 having
{Cr(NO)}’ configuration. Complex 4.2 upon reaction with H>O, yields the nitrate product, 4.3
[CrY(TPz)(NOs")CI]. The reaction is believed to proceed through the formation of a
putative Cr(IV)-peroxynitrite intermediate, 4a. It was supported by the characteristic
phenol ring nitration reaction. Spectroscopic studies suggest the involvement of a [Cr¥=0]

intermediate in this reaction.

TH-3834_186122115



Chapter 4

4.1 Introduction

Nitric oxide (NO) is a ubiquitous gaseous molecule having an ability to freely diffuse
across the cell membranes.! Endogenous NO serves as an important effector and signal
transduction molecule in numerous cellular processes involved in physiological states such as
vasodilation, immune responses, neurotransmission, apoptosis, regulation of gene
transcription, mRNA translation, and post-translational modifications of proteins.?” These
physiological functions of NO are modulated at extremely low concentrations ranging from
picomolar to nanomolar.® On the contrary, higher concentrations of NO promote oxidative
stress leading to cytotoxicity. The concentration of NO in biological systems is exceptionally
regulated by nitric oxide dioxygenases (NODs) enzymes.”!? In this process, an [Fe'-(0;7)]
complex reacts with NO to generate a beneficial nitrate ion (NO37).'*!* This transformation
involves with a fleeting intermediate, called peroxynitrite (ONOO)™.!! It is believed that the
peroxynitrite intermediate decomposes into an oxo-ferryl species, [Fe'Y=0], and nitrogen
dioxide (NOz) through the homolytic cleavage of the O—O bond, followed by a recombination
that ultimately results in the formation of nitrate (NO57).>!* The significant instability of the
peroxynitrite intermediate renders it challenging to trace or substantiate this proposition with
spectroscopic evidence. In almost every instance where the involvement of peroxynitrite
intermediate is involved, the well-established phenol ring nitration test is the only reliable
method, which is employed as a marker for the intermediate.'> Though the proposed homolytic
cleavage of the O—O bond in peroxynitrite is expected to generate a high-valent metal oxo
intermediate, the identification of such intermediates has been limited to just a few examples
due to their rapid recombination with NO within the reaction cage, resulting in the formation

of the NOs™ ion.'*"°

Since the initial study by Basolo, several examples have been reported that implicate

the involvement of a metal-peroxynitrite intermediate. The reactions involving NO with

70
TH-3834_186122115



Chapter 4

superoxo and peroxo complexes of iron, cobalt, and chromium reveal the formation of a metal-
peroxynitrite intermediate.’’? A Cr(IV)-peroxo complex of N-tetramethylated cyclam,
designated as [CrlV(12-TMC)(02)CI]", (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane) reacts with NO to produce a Cr(Ill)-nitrate complex, [Cr(12-
TMC)(NOs7)CI]*.2! In contrast, the Cr(IIl)-superoxo analogue, [Cr'{(14-TMC)(O2")CI]*, (14-
TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane) interacts with NO to form a
Cr(IV)-oxo complex, [Cr'V(14-TMC)(O)CI]", along with nitrogen dioxide (NO2). In both

instances, the formation of a [Cr'!'-(ONOO)~] intermediate has been proposed.*?

In addition, the reactions of metal nitrosyl complexes with reactive oxygen species,
such as 027, 0> are also known to result in the corresponding NOs~ or NO;~ through the
formation of a peroxynitrite intermediate. For example, a chromium nitrosyl complex,
[Cr(BPMEN)(NO)CI]" [BPMEN = N,N"-bis(2-pyridylmethyl)-1,2-diaminoethane] reacted
with O™, generating an oxidized Cr(IlI)-nitrite complex, [Cr'}(BPMEN)(NO;")CI]* and Oz via

a putative [Cr''-(ONOO)]" intermediate.**

This chapter describes a chromium nitrosyl complex, [Cr(TPz)CI(NO)]", 4.2 which in
acetonitrile solution at —40 °C upon reaction with H,O, resulted in the corresponding Cr(IV)-
peroxynitrite intermediate. This intermediate finally decomposes to the corresponding Cr(IV)-
nitrate complex, 4.3. Chemical evidence using 2,4-di-tert-butylphenol (2,4-DTBP) suggests
the involvement of a peroxynitrite species in this reaction. Spectroscopic evidence indicates

the formation of a [Cr¥Y=0] species in the course of the reaction.

4.2 Results and Discussion

The ligand TPz was prepared following the literature method.?® Treatment of anhydrous

CrCl; with one equivalent of the ligand TPz in methanol, followed by recrystallization from
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diethyl ether diffusion, resulted in the initial complex 4.1, [Cr'(TPz)Cl>] (Experimental
Section). Figure 4.1 illustrates the ORTEP diagram of complex 4.1, as determined by X-ray
crystallography. This analysis revealed a tetragonally elongated octahedral geometry around
the Cr(II) centre, featuring cis-disposed chloride ligands. Selected bond distances and angles,
are summarized in the appendix (Appendix III, Tables A3.1-A3.3). The room-temperature
magnetic moment of complex 4.1 is calculated to be ues~ 4.76 B.M., confirming its high-spin
(S = 2) configuration.?® Complex 4.1 was also characterized by using other spectroscopic

methods such as FT-IR, UV-visible and X-band EPR (Appendix III, Figures A3.1-A3.4).

Figure 4.1. ORTEP diagram of complex 4.1 (30% thermal ellipsoid plot, H atoms are omitted
for clarity).

Upon addition of NO(g) to the methanol solution of complex 4.1, a green colored
complex 4.2, [Cr(TPz)CI(NO)]Cl was obtained. Complex 4.2 was isolated as a solid and
characterized using FT-IR, UV-visible and X-band EPR spectroscopic methods, as well as ESI-
mass spectrometry (Experimental Section and Appendix III, Figures A3.5-A3.7). The FT-IR
spectrum suggests the presence of nitrosyl stretching frequency at 1709 cm™, affirming the
{Cr(NO)}° configuration.?” The magnetic moments of this {Cr(NO)}? species in the solid-state
at room temperature is calculated to be ey~ 1.69 B.M., indicating the presence of one unpaired

electron.?® The X-band EPR spectral analysis of frozen acetonitrile solution of complex 4.2
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shows a sharp isotropic signal at g ~ 2.01, as expected.?*~*! Complex 4.2 behaves as a low spin

d’(S= %) species and the odd electron is in the ba(xy) orbital of the MO diagram of the nitrosyl

complexes having {Cr(NO)}? configuration.’? The electronic absorption spectrum of complex

4.2 displays two absorption bands at 435 nm and 600 nm, which can be categorically assigned

to the 2B, — 2By [i.e., ba(xy) — bi(x*y?)] and *B, — ’E, [i.e., e(xz, yz) — ba(xy)] transitions,

respectively (Figure 4.2).%
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Figure 4.2. UV-visible spectrum of complex 4.2 in acetonitrile at room temperature.

Table 4.1. List of selected Cr-nitrosyls, having {Cr(NO)}° configuration with their respective

nitrosyl stretching frequencies (cm™) and their UV-visible absorption band

Cr-nitrosyl complexes Vro (cm™) Absorption band Reference
(Amax)
[(BPMEN)Cr(NO)CI]* 1690 600 27
[Cr(Mez[ 14]tetraenatoN4)(NO)] 1620 653,450 29 (a)
[Cr(TPP)(NO)] 1700 550, 600, 420 29 (b)
[Cr(NO)(H20)s]* 1733 564, 452 29 (c)

[BPMEN = N,N’-bis(2-pyridylmethyl)-1,2-diaminoethane], [TPP = Tetra-phenylporphyrin]

Structural characterization was done by growing single crystals of complex 4.2 from

TH-3834_186122115
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methanol solution by a slow diffusion of diethyl ether. The ORTEP diagram of complex 4.2 is
shown in figure 4.3 and the matric parameters are listed in the appendix (Appendix III, Tables
A3.1-A3.3). The Cr-N and N-O bond distances in complex 4.2 are 1.777(6) and 0.974(6) A,
respectively. The Cr-N-O bond angle is 176°, indicating a linear structure. The crystal structure
shows the disorder in the NO ligand, which we could not fixed even after growing the crystals

for several times in different sets.?’

(87]

Figure 4.3. ORTEP diagram of complex 4.2 (30% thermal ellipsoid plot, H atoms are omitted
for clarity).

Complex 4.2 is stable in open air even after several days. Therefore, the reactivity of
complex 4.2 is checked with more reactive oxygen species, H2O». The color of the acetonitrile
solution of complex 4.2 changes from green to brown upon addition of 2 equivalent of H,O».
Addition of equivalent amount of H>O> to the complex 4.2 was monitored by using FT-IR
spectroscopy. The addition of 1 equivalent of H2Oz to the acetonitrile solution of complex 4.2
changes its stretching frequency from 1710 to 1770 cm™! (Figure 4.4). It is known that oxidation
of metal center changes the stretching frequency ~ 40-100 cm™'.>* Therefore, it is logical to
assume that the one equivalent of H,O»> is causing the oxidation of metal center from Cr(II) to
Cr(1ID).
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Figure 4.4. FT-IR spectral monitoring of the reaction of complex 4.2 (blue) with 1 equivalent

H>0: in acetonitrile medium at room temperature.

Addition of another equivalent of H>O; to this reaction mixture leads to the formation
of a new yellowish green colored intermediate, 4a (Experimental Section), that persists for a
day at —20 °C. The greater thermal stability of the intermediate helps to characterize it by using
spectroscopic methods and further reactivity studies. In UV-visible spectral monitoring, it
shows intense band at 360 nm (¢/M"! cm!, 3500), which suggests the formation of [Cr¥Y=0]
species (Figure 4.5).3544
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Figure 4.5. UV-visible spectral monitoring of the reaction of complex 4.2 (blue) and H20>,

intermediate 4a (red) in acetonitrile at room temperature.
Similarly, the formation of the intermediate, 4a was corroborated by X-band EPR
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spectral monitoring at 77 K, which revealed a sharp signal at g ~ 2.00 with maximum to
minimum separation of 6 mT, typical for Cr(V) species (S = %) (Figure 4.6).%
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Figure 4.6. X-band EPR spectrum of intermediate 4a at 77 K, formed after the reaction of

complex 4.2 with H>O in acetonitrile (g ~ 2.00).

When the acetonitrile solution of complex 4.2 are made to react with 2 equivalents of
H>07 at-20 °C followed by warm up at room temperature, it yielded a brown colored complex,
4.3. The complex 4.3 was isolated as a solid and characterized spectroscopically as the
corresponding nitrate (NO3™) complex (Experimental Section and Appendix III, Figures A3.8-
A3.11). The FT-IR spectrum displays a strong band at 1384 cm!, attributing to the presence of
a nitrate (NO3") group. The formation of complex 4.3 suggests the involvement of a putative
peroxynitrite intermediate in the course of the reaction. The reaction between NO and O2%" ions
generate a peroxynitrite (OONO)™ intermediate, which subsequently isomerizes to nitrate
(NO5"), as evidenced by the final decomposition product, complex 4.3.*>* Thus, it is logical
to assume that the first equivalent of H>O» oxidizes the Cr(Il)-nitrosyl to Cr(IIl)-nitrosyl and
the next equivalent reacts with Cr''nitrosyl to afford [Cr'V-(ONOO)] intermediate.

While direct spectral evidence for the peroxynitrite intermediate remained elusive due

to its instability, we pursued chemical evidence instead. After the addition of 2,4-di-tert-
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butylphenol to the precooled dry and degassed acetonitrile solution of complex 4.2 prior to
the addition of H>O; at —20 °C, 2,4-di-fert-butyl-6-nitrophenol was obtained in significant
quantity (~ 65 %) along with Cr(IV)-hydroxo product, 4.4 (Scheme 4.1). Both were purified by
column chromatography and characterized spectroscopically (Experimental Section and
Appendix III, Figures A3.12-A3.18). Formation of 2,4-di-tert-butyl-6-nitrophenol

unequivocally confirms the involvement of peroxynitrite intermediate.

+ 2+

ONOO )—\B\
H,0, \ | 1 /

\ /Cr (2 equlvalent) \ N —C | \ /
/’ N E CH CN N—""")
\/N

N03>_>\ 2+

”Y/>_\>\ Cl\|IVN’ \
C \N/

NN S Noy| — | N,

&' ]L_Jl‘,l : >

NN

Intermediate 4a 4.3

Scheme 4.1. Overall reaction.

The reactivity of the [Cr¥=0] species was rigorously examined in the context of C-H
bond activation. Previous literature has highlighted the ability of [Cr'=0] species in the
activation of C—H bonds.** To test it, fluorene was introduced into the reaction mixture. The

subsequent formation of 9-fluorenone along with Cr(IV)-hydroxide species was confirmed by
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various spectroscopic techniques (Experimental Section and Appendix III, Figures A3.12-
A3.15 and Figures A3.19-A3.22). Notably, fluorene cannot be oxidized by H>O> alone to yield
9-fluorenone.'” This reaction further confirmed that [Cr¥=0] is involved in the course of the
reaction, which facilitates the C—H bond activation through H atom abstraction mechanism.
The investigation of NOD reactivity in heme-iron complexes suggests that nitration or
oxidation mediated by metal-peroxynitrite ions occurs through the formation of an Fe'V-oxo
intermediate alongside the release of NO». Phenolic substrates rapidly reduce this Fe'V-oxo
species to its Fe(Ill) state, generating a phenoxyl radical that can either combine with NO> to
form nitrophenol or couple with another phenoxyl radical to create a bisphenol product.*’ In
the present case, the spectral evidence suggests the formation of Cr¥=0 species in the reaction
of complex 4.2 with H>O». Notably, the Cr(Ill)-superoxo complex of a tetramethylated cyclam
ligand reacts with NO in acetonitrile at —20 °C, leading to the formation of [Cr'¥=0] species
through O-O bond cleavage of a presumed Cr(IV)-peroxynitrite intermediate.?”> A Co-nitrosyl,
[Co(FsTPP*)(NO)], [FsTPP*™ = 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate)] in
heme system was found to display NOD reactivity in presence of H>O through the formation

1. Complexes of Cu, Cr were also reported in the literature to

of a transient [Co'™-O*] radica
show NOD activity.***® This finding highlights an example of a chromium-nitrosyl complex

that shows NOD reactivity in the presence of H>O». The spectral evidence suggests the

involvement of a [Cr¥=0] intermediate in the NOD reactivity of complex 4.2.

4.3 Experimental Section

4.3.1 Materials and methods

Unless otherwise stated, all reactions were carried out in an Ar-filled glovebox or using
standard Schlenk techniques. Methanol, diethyl ether, and acetonitrile were purified by
standard drying procedures and distilled under Ar prior to use. Furthermore, all solvents were
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stored over activated molecular sieves (4 A) in the glovebox. Solvents and solutions were
subjected to vacuum and Ar purge through a series of cycles to ensure thorough deoxygenation.
Anhydrous chromium(II) chloride was purchased from Aldrich and used as received. UV-
visible spectra were taken on an Agilent Cary 8454 spectrophotometer. FT-IR spectra were
recorded as KBr pellets or with ATR probe using a PerkinElmer spectrophotometer. 'H and '*C
NMR studies were done using 400 or 500 MHz Varian FT-NMR spectrophotometers. X-band
EPR spectra were recorded on a JES-FA200 EPR spectrophotometer with microwave power,
0.998 mW; microwave frequency, 9.14 GHz; and modulation amplitude, 2. High-resolution
Mass spectra were measured in HPLC grade acetonitrile solution by Ultra-High-Performance
Liquid Chromatography Quadruple Time of Flight High-resolution Mass Spectrometer
(UHPLC-QTOF-HRMS, Agilent G6546A). Mass spectra were measured in HPLC grade

acetonitrile, THF and methanol solvent.

Single crystals were grown from dichloromethane-methanol solutions using the slow
evaporation technique. The intensity data were collected using a Bruker SMART APEX-IV
CCD diffractometer, equipped with a fine focus 1.75 kW sealed tube MoKa radiation (A =
0.71073 A), with increasing o (width of 0.3° per frame) at a scan speed of 3 s/frame. The
SMART software was used for data acquisition. Data integration and reduction were
undertaken with SAINT and XPREP software.* Structures were solved by direct methods
using SHELXS-2016 and refined with full-matrix least-squares on F2 using SHELXL-

2016/6.%° Structural illustrations were drawn with ORTEP-3 for Windows.>!

4.3.2 Syntheses

Tris((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amine, TPz

The ligand was synthesized using procedures described in the literature.?® All spectral

characterization data are already mentioned in chapter 2 (Appendix I, Figures A2.1-A2.8).
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[(TPZ)CrCl], 4.1

A mixture of anhydrous CrClz (0.122 g, 1 mmol) was dissolved in dry and degassed
methanol (3 mL) solution. To this, previously degassed methanolic solution of ligand TPz
(0.341 g, 1 mmol) in 2 mL was added and stirred for 3 hr maintaining the inert condition using
Ar gas. The color of the solution turned into teal blue. The block shaped crystals of complex
4.1 were obtained by diffusion of diethyl ether into the reaction mixture. Yield: 0.314 g, ~ 70
%. Elemental analyses for CigH3sN704Cl>Cr. Caled. (%): C, 40.30; H, 6.58; N, 18.28; found
(%): C, 40.21; H, 6.55; N, 18.37. FT-IR (using ATR probe): 1627, 1550, 1464, 1416, 1387,
1311, 1268, 1232, 1187, 1121, 1103, 1058, 1029, 897, 806, 785, and 534 cm™'. UV-visible (in
acetonitrile): 251 nm (¢/ M! em’!, 4100), 445 nm (¢/M™!' cm™!, 380) and 623 nm (¢/M! cm’!,
280). X-band EPR (in acetonitrile): g ~ 2.03 at 77 K. ESI-mass (m/Z): Caled.: 463.111 (for

[CrY(TPz)(Cl,)] unit); found: 463.115.

[(TPZ)CrCI(NO)|CI, 4.2

Complex 4.1 (0.231 g, 0.05 mmol) was dissolved in 4 mL of dry and degassed
methanol. Subsequently, purified NO gas was bubbled through this solution, resulting in the
formation of a new complex 4.2. When the reaction mixture with a layer of 10 mL diethyl ether
was allowed to stand for 2 days complex 4.2 was crystallized out. Yield: 0.370 g, ~ 75 %.
Elemental analyses for C1gH27NsCl,OCr. Caled. (%): C, 43.73; H, 5.51; N, 22.67; found (%):
C, 43.78; H, 5.55; N, 22.72. FT-IR (using ATR probe): 2919, 2850, 1709, 1550, 1463, 1420,
1373, 1269, 1125, 1121, 1029, 897, 806, and 563 cm™!. UV-visible (in acetonitrile): 262 nm
(e/M1' ecm™, 3850), 435 nm (¢/M! cm™!, 260) and 600 nm (¢/M™! cm™', 130). X-band EPR (in
acetonitrile): g ~ 2.01 at 77 K. ESI-mass (m/Z): Calcd.: 458.14 (for [Cr(TPz)(NO)CI]" unit),

found: 458.125 and 428.142 (for [Ct'(TPz)CI]" unit); found: 428.174.
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Reaction of complex 4.2 with H20:

Complex 4.2 (0.570 g, 1 mmol) was dissolved in dry and degassed acetonitrile (5 mL)
and kept at —20 °C. Precooled 2 mole equivalent of H202 (37% v/v, 1.4 mL) was added to this
solution and stirred for 3 hr. After warm up to room temperature, this mixture was dried using

rotary evaporator to obtained complex 4.3 as a solid product.

[Cr'V(TPz)(NO3)CI|Cl, 4.3

Yield: 0.295 g, ~ 60 %. Elemental analyses for C1sH27NsO3Cl3Cr. Calced. (%): C, 38.48;
H, 4.84; N, 19.95; found (%): C, 38.44; H, 4.88; N, 20.05. FT-IR (using ATR probe): 3300,
2923, 1553, 1418, 1384, 1310, 1251, 1100, 976, 787, 627 and 449 cm™'. UV-visible (in THF):
380 nm (¢/M"! cm™, 480) and 570 nm (¢/M™! em™!, 140). ESI-mass (m/Z): Calcd.: 245.065 (for
[Cr(TPz)(NO3)CI]*" unit at m/2); found: 245.142. X-band EPR (in methanol): g ~ 2.04 at 77

K.

Reaction of complex 4.2 with H20: in the presence of 2,4-di-zert-butylphenol

Dry and degassed acetonitrile solution (5 mL) of complex 4.2 (0.566 g, 1 mmol) was
kept at —20 °C for 2 hr. To this solution, 2 mL of precooled dry and degassed acetonitrile
solution containing 2,4-di-tert-butylphenol (1.03 g, 5 mmol) followed by precooled 2 mole
equivalent H>O2 (37% v/v, 1.2 mL) was added. The reaction mixture was allowed to stir for 30
min at —20 °C and warmed up to room temperature. 2,4-di-fert-butyl-6-nitrophenol and

complex 4.4 were isolated using column chromatography.

2,4-di-tert-butyl-6-nitrophenol

Yield: 0.15 g, ~ 60 %. Elemental analyses for C14H21NOs. Caled. (%): C, 66.91; H,
8.42; N, 5.57; found (%): C, 66.85; H, 8.38; N, 5.68. FT-IR (using ATR probe): 1542, 1481,
1463, 1407, 1363,1315, 1276, 1259, 1238, 1203, 1180, 1139, 1112, 1097, 1022, 923, 887, 865,
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852, 819, 806, 773, 748 and 723 cm™'. '"H NMR (CDCls, 500 MHZ): Sppm, 11.45 (s, 1H), 7.96
(d, 1H), 7.65-7.64 (d, 1H), 1.45 (s, 9H), 1.32 (s, 9H). 1*C NMR (CDCls,125 MHz): 8ppm, 153.2,
142.2, 140.1, 133.9, 132.8, 119.1, 35.9, 34.7, 31.3, 29.6. ESI-mass (m/Z): Calcd.: 251.15,

Found: 250.16 (M-1).

[Cr'V(TPz)(OH)CI|Cl, 4.4

Yield: 0.302 g, ~ 55 %. Elemental analyses for C1gH2sN7CI30Cr. Calcd. (%): C, 41.83;
H, 5.46; N, 18.97; found (%): C, 41.78; H, 5.44; N, 19.07. FT-IR (using ATR probe): 3300,
2923, 1553, 1418, 1378, 1310, 1251, 1100, 976, 787, 627 and 449 cm™'. UV-visible (in THF):
422 nm (/M cm™, 310) and 592 nm (¢/M! cm!, 180). ESI-mass (m/Z): Calcd.: 480.113 (for

[Cr!Y(TPz)Clo(OH)]" unit); found: 480.382. X-band EPR (in THF): g ~2.16 at 77 K.

Reaction of complex 4.2 with H20: in presence of fluorene

Complex 4.2 (0.566 g, 1 mmol) and fluorene (0.33 g, 2 mmol) were dissolved in 5 mL
acetonitrile and cooled to —20 °C. Pre-cooled H.O, was then added to it and stirred for 5 hr
maintaining the temperature. The reaction mixture was then brought to room temperature and
solvent was removed in vacuo. The reaction mixture was extracted with hexane (3 x 20 mL)
which contained 9-fluorenone along with unreacted fluorene. 9-fluorenone was eluted by

hexane in column-chromatography.

9-fluorenone

Yield: 0.027 g, ~ 30 %. FT-IR (ATR): 2917, 2849, 1713, 1610, 1598, 1449, 1297, 1186,
1150, 1097, 917, 812, 784, 732, 669, 649, 506 and 441 cm'. "H NMR (CDCl3,500 MHz) Sppm:
7.67-7.66 (d, 2H), 7.53-7.50 (m, 2H), 7.48-7.47 (m, 2H), 7.31-7.28 (m, 2H). '*C NMR
(CDCl5,125 MHz) Sppm: 193.9, 144.5, 134.7, 134.2, 129.1, 124.3, 120.3. ESI-mass (m/Z):

Calcd.: 180.057; found: 181.065 (M+1).
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4.4 Conclusion

A chromium-nitrosyl complex, 4.2 of a tripodal tetradentate ligand framework, [TPz =
Tris((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amine] has been synthesized and characterized
using spectroscopic techniques as well as structure determination. Upon reaction with 2
equivalents of H,O, in acetonitrile medium, it gives to the corresponding Cr(IV)-nitrate
complex, 4.3. The reaction is proposed to proceed through a putative [Cr'V-(ONOO)T]
intermediate. UV-visible, X-band EPR spectroscopy confirm the involvement of a [Cr¥=0]
intermediate, resulting from the homolytic cleavage of the O—O bond in the peroxynitrite

moiety.
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Chapter 5

Nitric oxide reductase activity of a diiron-dinitrosyl complex

through the formation of {Fe(NO):}’ intermediate
Abstract

An unsymmetrical non-heme diiron-dinitrosyl complex 5.2, [Fe(Pz:Py)(NO)CI]
[FeCl3(NO)], [PzPy = Bis(di(3,5-dimethyl-1H-pyrazolyl)methyl)-(2-pyridinyl)-methyl
amine] has been synthesized and characterized. In FT-IR study, the nitrosyl stretching
frequencies appeared at 1785 and 1830 cm™ in KBr pellet. In acetonitrile solution, complex 5.2
spontaneously decomposes to the corresponding p-oxo-diferric complex 5.3, [(Pz2Py)CIFe!!-
O-Fe'''Cl3], with simultaneous release of nitrous oxide (N20O). Spectroscopic studies suggest
the formation of [(Pz2Py)Fe(NO),Cl] having {Fe(NO).}° configuration as intermediate. The
close proximity of the NO groups in {Fe(NO):}’ intermediate promotes the N-N bond
formation leading to a transient hyponitrite species, which results in the release of N2O. The

formation of complex 5.3 has been confirmed by its structural characterization.
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5.1 Introduction

In the bacterial denitrification process, nitrate (NO3") gets reduced to dinitrogen (N>).
In this sequential event, an essential step is reduction of nitric oxide (NO) to nitrous oxide
(N20).! Nitric oxide reductases (NORs) enzymes catalyse this 2e” reduction.® Its active site
consists of a diiron core having a histidine coordinated heme center and a tri-imidazole
coordinated non-heme center.” N>O is formed from two equivalent of NO through a two
electron and two proton transfer process.® Though, there have been a number of enzymatic
studies to elucidate the reaction mechanism, the catalytic cycle is still not completely
understood. In addition, flavodiiron nitric oxide reductases (FNORs) enzyme, which consists
of two non-heme iron centers, reduces NO to N20.>'® A number of different mechanistic
pathways for the reduction of NO to N2O by FNORs have been proposed, such as mixed valent
or semi-reduced, super-reduced, direct coupling pathways involving diferrous-dinitrosyl
intermediates and lastly, hyponitrite pathway.!! Though, some reports suggest the formation of
a mononitrosyl intermediate in the catalytic cycle, recently it has been demonstrated that the
reduction of NO to NO proceeds via the successive formation of mononitrosyl,
[Fe'{Fe(NO)}] species and dinitrosyl, [{Fe(NO)}’], species.!? However, dinitrosyl species,
[{Fe(NO)}]> is found to be involved in the N-N bond formation and thereby reduces NO to
N20. In this two electron transfer process, the catalytically active diferrous intermediate
converts to diferric species.'® In the mixed valent or semi-reduced mechanism, it has been
shown that the diferrous-dinitrosyl intermediate, [ {Fe(NO)}]» gets reduced by one electron to
result in {Fe(NO)}’-{Fe(NO)}® which then affords N,O and a Fe'-Fe!' complex.!* Upon
reduction, the mixed valent Fe''-Fe'! complex gives back the diferrous species which again
takes part in the catalytic process.!* On the other hand, in super-reduced pathway, the diferrous-
dinitrosyl intermediate undergoes two electron reduction to [{Fe(NO)}*]» species which

subsequently results in the formation of N>O and diferrous complex.!>!¢ The direct coupling
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pathway involves the direct N-N bond formation in the [{Fe(NO)}’]> species leading to the
formation of N>O and Fe™-O-Fe' complex.!” In the next step, Fe-O-Fe!' undergoes two
electron reduction to form diferrous species. In a detailed spectroscopic study, Kurtz, Jr. and
co-workers shown the involvement of a diferrous-dinitrosyl, [ {Fe(NO)} ], intermediate in the

process of generation of N2O in a deflavinated flavo-diiron protein.'?

This chapter deals with the spontaneous conversion of an asymmetric diferrous-
dinitrosyl complex in acetonitrile to N>O and the corresponding Fe-O-Fe'! complex.
Spectroscopic studies suggest that the reaction proceeds through the conversion of diferrous-
dinitrosyl to a Fe(I)-dinitrosyl complex, having {Fe(NO),}° configuration. It would be noted
that the example of N-N coupling of two NO unit in a monometallic system leading to the
formation of N2O is quite rare as the parallel alignment of the unpaired spins makes the

coupling spin-forbidden.'®

5.2 Results and Discussion

The ligand PzPy was prepared by following the reported literature procedure.'
Complex 5.1 was synthesized by the reaction of anhydrous iron(Il) chloride with the ligand in
degassed acetonitrile solution (Experimental Section). The isolated complex 5.1 was
characterized using routine spectroscopic techniques (Experimental Section and Appendix 1V,
Figures A4.1-A4.4). The structure of the complex 5.1 was reported earlier (Appendix IV, Figure

A4.5)2

In a dry and degassed acetonitrile solution of complex 5.1 and anhydrous FeCls (1:1
mole ratio), bubbling of NO gas resulted in the formation of diferrous-dinitrosyl complex 5.2

(Scheme 5.1) (Experimental Section and Appendix IV, Figures A4.6-A4.7).
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Scheme 5.1. Formation of diiron-dinitrosyl complex 5.2.

It was isolated as solid and structurally characterized (Experimental Section). The
ORTEP diagram is shown in figure 5.1 and the matric parameters are listed in appendix
(Appendix 1V, Tables A4.1-A4.3). The crystal structure reveals the presence of two Fe-nitrosyl
units with a formulation of [(Pz2Py)Fe(NO)CI|[FeCI3(NO)] and both of them are having
{Fe(NO)}’ configuration. The Fe-N and N-O bond distances in [(Pz:Py)Fe(NO)CI]" and
[FeCl3(NO)]™ units are 1.737(5), 1.724(6) and 1.143(6), 1.109(6) A, respectively. These are

well within the range for the reported {Fe(NO)}’ complexes.?!-2®

Figure 5.1. ORTEP diagram of complex 5.2 (30% thermal ellipsoid plot, H atoms are omitted
for clarity).

In FT-IR spectroscopic studies, complex 5.2 in KBr pellet shows two distinctly different
stretching frequencies for NO moieties at 1785 and 1830 cm™, respectively (Figure 5.2).

Separately synthesized and isolated [(PzoPy)Fe(NO)(MeOH)](ClO4)2  and
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[N(CH3)4][FeCl3(NO)] show NO stretching frequencies at 1793 and 1818 cm™!, respectively
(Experimental Section and Appendix IV, Figures A4.8-A4.9). Hence, it is logical to attribute

the 1785 and 1830 cm! stretching frequency of complex 5.2 to the [(Pz:Py)Fe(NO)CI]" and
[FeCl3(NO)]™ units, respectively.
100

90 |
1830

% Transmittance

80

1785

T T T T
2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5.2. FT-IR spectrum of complex 5.2 in KBr.

The individual complexes, [(Pz2Py)Fe(NO)(MeOH)](ClO4)2 and
[N(CHz3)4][FeCl3(NO)] in acetonitrile solution under Ar atmosphere are stable for several days.
However, when complex 5.2 was dissolved in dry and degassed acetonitrile, it started

decomposing which was monitored using UV-visible (Figure 5.3) and X-band EPR

spectroscopy (Appendix IV, Figure A4.12).

1.5+

Absorbance

054 L

0.0 4

T 1
800 1000
Wavelength (nm)

Figure 5.3. UV-visible spectral monitoring of decomposition of complex 5.2 (black) to

complex 5.3 (red) in acetonitrile under Ar atmosphere at room temperature.
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The decomposition product, complex 5.3 was isolated and characterized as a p-oxo
bridged diferric complex (Experimental Section and Appendix IV, Figures A4.13-A4.15).
Single crystal X-ray structure of complex 5.3 was determined and the perspective ORTEP view
is shown in figure 5.4. The bond lengths, angles and other parameters are listed in the tables in

appendix (Appendix IV, Tables A4.1-A4.3).

Figure 5.4. ORTEP diagram of complex 5.3 (30% thermal ellipsoid plot, solvent molecules

and H atoms are omitted for clarity).

In addition, when the headspace gas was subjected to GC-Mass spectrometry, it shows
the presence of N>O (Appendix IV, Figures A4.16-4.19). Thus, it is logical to assume that
complex 5.2 in acetonitrile solution decomposes to yield N>O and the corresponding p-oxo
diiron complex, 5.3.

Furthermore, though complex 5.2 displays two distinct nitrosyl stretching frequencies
at 1785 and 1830 cm™' in KBr pellet, upon dissolution in acetonitrile, it shows nitrosyl
stretching frequencies at 1790 and 1704 cm™ (Appendix IV, Figure A4.20), which gradually
diminish. This gradual decrease of the intensity suggests decomposition leading to the
formation of complex 5.3 (Appendix IV, Figure A4.21). These two stretching frequencies are
attributed to the formation of {Fe(NO),}° intermediate (Scheme 5.2). Earlier reported

{Fe(NO),}’ complexes are also found to exhibit nitrosyl stretching in the range of 1670-1790
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cm™.?” For example, {Fe(NO),}° complexes [Na-18-Crown-6-ether][(NO).Fe(C3H3N),] the
nitrosyl stretching frequencies were observed at 1774 and 1712 cm™! respectively.?® However,
in case of [(NO).Fe(TPA)], it appeared at 1720 and 1619 cm™', which was attributed to the
better electron donating nature of TPA compound to imidazolate moiety.?’

Earlier, it has been reported that [N(CH3)4][FeCI3(NO)] acts as a NO™ donor to suitable
acceptors.’® To check this, separately prepared [N(CHs)s][FeCl3(NO)] was treated with
[Fe(dtc)s] (dtc = diethyldithiocarbamate anion). FT-IR and X-band EPR studies suggest the
formation of [Fe(dtc)2(NO)] (Appendix IV, Figures A4.24-A4.25), confirming the NO™ transfer
from [FeCl3(NO)]™ to the acceptor. However, similar experiment with separately prepared
[(Pz2Py)Fe(MeOH)(NO)]** does not show any such transfer. Hence, it is logical to assume that
in acetonitrile solution of complex 5.2, [FeCl3(NO)]™ transfers NO™ to [(Pz2Py)FeCI(NO)]" unit

resulting in the formation of a {Fe(NO)>}’ system, [(PzzPy)FeCI(NO)2] (Scheme 5.2).

CH;CN
[Fe(Pz,Py)(NO)CI][FeClz;(NO)] ———3» [Fe(Pz,Py)(NO),Cl| + FeCl;
[{Fe(NO)}"], {Fe(NO),}’

5.2

Scheme 5.2. Formation of the {Fe(NO),}’ intermediate.

The formation of the intermediate having {Fe(NO),}° configuration along with FeCls
in acetonitrile solution was also evidenced from X-band EPR studies (Appendix 1V, Figure
A4.22). With time, it changes to the EPR spectrum which matches well with that of isolated
complex 5.3. All these evidences suggest that in acetonitrile solution of complex 5.2,
[FeCl3(NO)]™ moiety transfers NO™ to [(Pz2Py)FeCI(NO)]" to form [(Pz2Py)FeCI(NO),], a
{Fe(NO),}’ system and FeCls. It is proposed that NO™ transfer to [(Pz:Py)FeCI(NO)]" is

accompanied by the dissociation of one Pz (Pz = pyrazole) from metal center allowing it to
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maintain the coordination number. Such ligand dissociation was proposed in the formation of
N2O from NO in bacterial cNOR and gNOR.*!

The [(Pz2Py)FeCl(NO):] is unstable in nature and decomposes fast to release N>O with
a concomitant formation of [(Pz2Py)CIFe™-O-Fe"'Cl3], complex 5.3. It is to be noted that one
of the most probable mechanisms of formation of N2O in NOR proposes the involvement of
the super reduced {Fe(NO),}° species. The cis configuration of the NO groups in the
{Fe(NO),}’ intermediate brings them to the close proximity to promote N-N bond formation,
resulting a transient hyponitrite intermediate.'* In the next step, the hyponitrite intermediate

cleaves down to N2O and p-oxo metal complex (Scheme 5.3).

cl
Cl_5,Cl
F|e CL
Cl % A
NO \i;eIII

N
N o
N\Fe 11
[/ N\
N \N,N Cl
\_/ )\__/7/
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Scheme 5.3. Decomposition pathway of complex 5.2 in acetonitrile.
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In biological system, the reduction of {Fe(NO)}’ unit takes place by electron transfer
from flavo protein. In the present case, one component, [FeCl3(NO)]~, of the complex 5.2 is
transferring NO™ group to the other unit, [(Pz2Py)FeCI(NO)]" to form a {Fe(NO),}° system
leading to the release of N2O. To the best of our knowledge, this is perhaps the first example

showing such a unique behavior.

5.3 Experimental Section

5.3.1 Materials and methods

Preparation and handling of air sensitive materials were done under inert conditions (Ar
gas) using standard Schlenk techniques, or in glovebox, equipped with O2 and moisture
concentrations less than 1 ppm. All solvents were dried using standard techniques, freeze-
pump-thaw to remove O> and stored over activated molecular sieves (4 A). Deoxygenation of
the solvent and solutions were effected by repeated vacuum/Ar purge cycles or bubbling with
Ar gas for 30 min. All chemicals and solvents were of commercially available quality and used
without further purification, unless otherwise mentioned. Infrared spectra of the samples were
obtained using PerkinElmer spectrophotometer at room temperature. Samples were prepared
either as KBr pellets by grinding the sample with KBr (IR-grade) or in ATR probe. Solution
FT-IR were recorded in KBr cells. UV-visible spectra were recorded on an Agilent
Technologies Cary 8454 UV-visible spectrophotometer by preparing a known concentration of
the samples at room temperature (25 °C) using a quartz cuvette of 1 cm width. "H and '*C NMR
spectra were collected in 400 MHz Bruker AVANCE 400 or 500 MHz Bruker AVANCE NEO
500 FT-NMR spectrometers. Chemical shifts were reported as 6 (ppm) values relative to an
internal standard (tetramethylsilane) or the residual solvent peaks. X-band Electron
Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR spectrometer.

Spectra were taken at 77 K, with 0.998 mW microwave power, 9.14 GHz microwave frequency
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and 10 G modulation amplitude. High-resolution Mass spectra were measured in HPLC grade
acetonitrile solution by Ultra-High-Performance Liquid Chromatography Quadruple Time of
Flight High-resolution Mass Spectrometer (UHPLC-QTOF-HRMS, Agilent G6546A). Gas
chromatograms were obtained on PerkinElmer Clarus® 590. Mass spectra were measured in

HPLC grade acetonitrile and methanol solvent.

Single crystals of all complexes suitable for X-ray crystallographic analysis were
obtained from methanol/diethyl ether solution in refrigerator. The intensity data were collected
using a Bruker SMART APEX-II CCD diffractometer, equipped with a fine focus 1.75 kW
sealed tube MoK, radiation (. = 0.71073 A) at 293(3) K, with increasing o (width of 0.3° per
frame) at a scan speed of 3 s/frame. The SMART software was used for data acquisition. Data
integration and reduction were undertaken with SAINT and XPREP software.*? Multi-scan
empirical absorption corrections were employed to the data using the program SADABS.
Structures were solved by direct methods using SHELXS-2019 and refined with full-matrix
least squares on FZ using SHELXL-2019/1.3%34 Structural illustrations have been drawn with

ORTEP-3 for Windows.??

5.3.2 Syntheses

[Fe''(Pz:Py)CL], 5.1

In the glovebox, anhydrous FeCl> (0.126 g, 1 mmol) and ligand Pz;Py (0.324 g, 1
mmol) were dissolved in dry and degassed methanol (3 mL) and the reaction mixture was
stirred for 2 hr. The color of the solution became yellow. This yellow colored solution was then
layered with dry and degassed diethyl ether (7 mL) and after 2 days yellow block type crystal
of complex 5.1 was obtained. Yield: 0.29 g, ~ 65 %. All characterized data are matches well
with previously reported one.?’ Elemental analyses for C1sH24NgCLFe. Calcd. (%): C, 47.92;
H, 5.36; N, 18.63. found (%): C, 47.82; H, 5.34; N, 18.79. FT-IR (using ATR probe): 2962,
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1603, 1554, 1465, 1421, 1392, 1261, 1153, 1101, 1021, 895, 801, 771, 627 and 463 cm™'. UV-
visible (in acetonitrile): 320 nm (¢/M ! em!, 1850) and 385 nm (¢/M™! cm!, 1500). ESI-mass
(m/Z): Calced.: 415.11 (for [Fe''(Pz2Py)CI]" unit); found: 415.07. X-band EPR (in methanol):

silent at 77 K.

[Fe''(Pz:Py)CI(NO)][FeCl:(NO)], 5.2

Complex 5.1 (0.46 g, 1 mmol) was dissolved in dry and degassed methanol (5 mL).
After that, 1 mole equivalent of anhydrous FeCls (0.16 g,1 mmol) in dry and degassed
methanolic solution was added to it. Then, NO gas was bubbled into this solution for 5 min
until the color changed to dark green. The reaction mixture was kept overnight in NO
atmosphere to result in the green crystals of complex 5.2. Excess NO gas was removed by
applying several cycles of vacuum/Ar purge and the crystals were isolated by filtration using
Schlenk frit. Yield: 0.44 g, ~ 70 %. Elemental analyses for C18H24NgO2ClsFe;. Caled. (%): C,
33.89; H, 3.79; N, 17.57. found (%): C, 33.82; H, 3.75; N, 17.72. FT-IR (using ATR probe):
1818, 1785, 1602, 1553, 1465, 1418, 1380, 1274, 1152, 1117, 1053, 1021, 940, 823, 770, 624,
569 and 420 cm™'. UV-visible (in acetonitrile): 360 nm (¢/M™' cm™, 1660), 475 nm (e/M"'
cm’!, 610) and 655 nm (¢/M™! cm !, 480). X-band EPR (in acetonitrile): g ~ 4.85 and 2.05 at

77 K.

[Fe!'(Pz:Py)Cl(u-O)Fe''CL3], 5.3

Complex 5.2 (0.637 g, 1 mmol) was dissolved in dry and degassed acetonitrile solution
and kept at room temperature. Upon keeping the solution under Ar atmosphere for 3 days,
complex 5.3 was precipitated out from the solution as red crystals and was isolated by filtration.
Yield: 0.48 g, ~ 80 %. Elemental analyses for C20H27N7Cl4OFe,. Calcd. (%): C, 37.83; H, 4.29;

N, 15.44. found (%): C, 37.76; H, 4.26; N, 15.52. FT-IR (using ATR probe): 1601, 1550, 1466,
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1388, 1275, 1054, 1020, 855, 816, 772, 646, 660 and 470 cm™'. UV-visible (in DMF): 320 nm

(/M ecm™!, 2750) and 495 nm (¢/M™! cm™!, 160). X-band EPR (in DMF): g ~ 5.13 at 77 K.

[Fe(Pz2Py)(NO)(CH3OH)](C104):

The equivalent mixture of [Fe(CH3CN)4(Cl0O4)2] (0.419 g, 1 mmol) and PzPy (0.326
g, | mmol) was dissolved in dry and degassed acetonitrile solution. NO gas was bubbled to this
reaction mixture and the color changed to dark green. The green colored solution was layered
with diethyl ether to obtain the [Fe(Pz2Py)(NO)(CH3OH)](Cl04)> complex as green block
shaped crystal. Yield: 0.39 g, ~ 60 %. FT-IR (in KBr): 3421, 2926, 1793, 1605, 1551, 1468,

1422, 1392, 1273, 1109, 1089, 896, 818, 626 and 420 cm™".

[N(CH3)4][FeCl3(NO)]

The complex, [N(CH3)4][FeCl3(NO)] was prepared using a previously described
procedure with slight modification.?” In the glovebox, FeCl,.4H,O (0.99 g, 0.5 mmol) and
tetramethylammonium chloride (0.054 g, 0.5 mmol) was dissolved in deoxygenate methanol
to obtain yellow colored solution. After that, NO gas was bubbled through this solution and it
was kept for 3 days in refrigerator. The needle shaped green colored crystals of complex of
[N(CH3)4][FeCl3(NO)] was obtained. Yield: 0.63 g, ~ 48 %. FT-IR (in KBr): 3396, 1818, 1634,

1482, 1415, 1285 and 948 cm™.

Determination of yield of N20

Different amounts of N-hydroxybenzenesulfonamide were taken in four 25 mL round
bottom flask and degassed with vacuum/Ar purge. Each flask was then treated with 10 mL 0.1
M NaOH solution under sealed condition. At the end of the reaction 1 mL of headspace gas

was subjected to GC. From there, a calibration curve between concentration of N-
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hydroxybenzenesulfonamide and peak intensity at 2.73 min (corresponding to N2O) was

generated (Appendix IV, Figures A4.16-A4.17).
Complex 5.2 (0.669 g, 0.437 mmol) dissolved in 5 mL dry and degassed acetonitrile

was taken in a 25 mL round bottom flask in three different sets. After 1, 4 and 24 hr the
headspace gas of three different sets was subjected to GC and it was found that after 24 hr of
the reaction the amount of released N>O was highest. The amount of N>O was measured from

the calibration curve (Appendix IV, Figure A4.18). Yield: ~ 65%.

[Fe(dtc)s] (dtc = Diethyldithiocarbamate anion)

[Fe(dtc)s] was prepared according to previously reported procedure.>’

Reaction of [N(CH3)4][FeCl3(NO)] with [Fe(dtc)s]

[N(CH3)4][FeCl3(NO)] (0.002 g, 0.001 mmol) and Fe(dtc)s (0.004 g, 0.001 mmol) was
taken in 5 mL round bottom flask then acetonitrile solution (3 mL) was added to it. The reaction
mixture was stirred under Ar atmosphere for 30 min. After that, the reaction mixture was
subjected to FT-IR and X-band EPR spectroscopic studies. FT-IR (ATR probe): v(NO), 1683

cm’!. X-band EPR (in acetonitrile): g ~ 2.02 at 77 K.

5.4 Conclusion

In conclusion, an unsymmetrical diiron-dinitrosyl complex, 5.2 has been synthesized
and characterized structurally. Although the complex is stable in solid state, in acetonitrile
solution it releases N>O spontaneously with the formation of the corresponding p-oxo bridged
diiron complex 5.3. GC-Mass analysis suggests a near quantitative conversion of N>O.

Spectroscopic studies indicate the formation of {Fe(NO),}’ intermediate via NO™ transfer from
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[FeCl3(NO)]™ unit to [(Pz2Py)FeCI(NO)]" unit. The close proximity of the NO groups in
{Fe(NO),}° unit promotes the N-N bond formation leading to a transient hyponitrite
intermediate. Successively, this intermediate decomposes to release N2O with a concomitant

formation of p-oxo diferric complex 5.3.
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Conclusion

This thesis broadly covers our endeavor to comprehend some interesting reactivity of a
series of nitrosyl complexes. All these nitrosyl complexes were synthesized using a non-heme
ligand framework with first row transition metal ions, iron and chromium. Our findings
demonstrate that under NO atmosphere, solvent and temperature significantly affect the spin
state of iron(Il)-nitrosyl complexes of non-heme ligands. The reactivity of these metal nitrosyls
with Oz and H>O; was explored with an attempt to mimic the mechanism of the nitric oxide
dioxygenase (NOD) enzyme, as discussed in chapters 2 to 4. In every instance formation of a
putative peroxynitrite intermediate was observed. Tedious efforts to identify and characterize
the associated intermediates that form during its formation and decomposition led to some
significant findings. For instance, in chapter 2, the formation of Fe(IIl)-peroxynitrite
intermediate was observed, which decomposes to [Fe!Y=0] and NO,, leading to modify the
ligand itself. In chapter 3, study of the dioxygen reactivity of two analogous iron-nitrosyls with
different spin-states suggest an interesting difference in the reaction pathway. In chapter 4, a
[Cr'=0] intermediate was observed in the reaction of chromium nitrosyl complex with H>O».
However, despite our best efforts, the characterization of the peroxynitrite itself was not
successful because of its highly unstable nature. These findings will significantly enhance our
current understanding of NOD chemistry and make a substantial contribution to the field of

metalloenzyme chemistry.

On the other hand, in chapter 5, a diiron dinitrosyl complex was synthesized as a model
complex of flavodiiron nitric oxide reductase (FNOR). This diiron dinitrosyl complex
promotes N-N bond formation leading to transient hyponitrite species to result in the

spontaneous release of N>O. This is reactivity for such complexes definitely needs more
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Conclusion

investigation in future. The mechanism of the process needs further experimental support with

fine tuning of the ligand framework.
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Figure Al1.1: '"H NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCls.
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Figure A1.2: *C NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCls.
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Figure A1.3: FT-IR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in KBr.
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Figure A1.4: FT-IR spectrum of TPz in KBr.
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Figure A1.5: '"H NMR spectrum of TPz in CDCls.
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Figure A1.6: 3*C NMR spectrum of TPz in CDCl;.
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Figure A1.7: ESI-mass spectrum of ligand TPz in acetonitrile.

60 -
240
=
ﬁ
€
£
E
=
J
=20
T T T T T T T 1
2500 2000 1500 1000 500

Wavenumber(cm™)

Figure A1.8: FT-IR spectrum of complex 2.1 in KBr.
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Figure A1.9: UV-visible spectrum of complex 2.1 in acetonitrile at room temperature.
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Figure A1.10: X-band EPR spectrum of complex 2.1 in acetonitrile at 77 K.
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Figure A1.11: ESI-mass spectrum of complex 2.1 in acetonitrile [Inset: (a) experimental and
(b) simulated isotopic distribution pattern].

Figure A1.12: ORTEP diagram of complex 2.1 (30% thermal ellipsoid plot, H atoms are
omitted for clarity).
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Figure A1.13: FT-IR spectrum of complex 2.2 in KBr pellet.
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Figure A1.14: UV-visible spectrum of complex 2.2 in acetonitrile at room temperature.
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Figure A1.15: X-band EPR spectrum of complex 2.2 in methanol at 77 K (g ~ 4.11, 2.04)
[Note: a very small amount impurity (< 0.5%) accounting for the isotropic signal near g ~ 2 in

the EPR spectrum].

110
TH-3834_186122115



Appendix 1

Intensity

-400 -

T ¥ T ¥ T . T
100 200 300 400
Field strength (mT)

Figure A1.16: X-band EPR Spectra of reaction of complex 2.2 with Oz at 77 K in methanol
[Complex 2.2 (black) at g ~4.11 and 2.04, after O, addition final product (red) at g ~ 5.05].
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Figure A1.17: FT-IR spectrum of complex 2.3 in KBr.
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Figure A1.18: UV-visible spectrum of complex 2.3 in DMSO at room temperature.
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Figure A1.19: X-band EPR spectrum of complex 2.3 in DMSO at 77 K (g ~ 5.05).
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Figure A1.20: ESI-mass spectrum of complex 2.3 in acetonitrile [Inset: (a) experimental and
(b) simulated isotopic distribution pattern].
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Figure A1.21: FT-IR spectrum of L” in KBr.
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Figure A1.22: ESI-mass spectrum of L' in acetonitrile.
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Figure A1.23: 'H NMR spectrum of L” in CDCls (* for solvent).
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Figure A1.24: *C NMR spectrum of L’ in CD3CN.
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Figure A1.25: COSY NMR spectrum of L’ in CD3;CN.
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Figure A1.26: FT-IR spectrum of complex 2.4 in ATR.
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Figure A1.27: UV-visible spectrum of complex 2.4 in DMSO at room temperature.
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Figure A1.28: X-band EPR spectrum of complex 2.4 in DMSO at 77 K (g ~ 5.04).
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Figure A1.29: 'H NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCls.
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Figure A1.30: '*C NMR spectrum of 2, 4-di-tert-butyl-6-nitrophenol in CDCl;.
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Figure A1.31: ESI-mass spectrum of 2, 4-di-tert-butyl-6-nitrophenol in methanol.
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Figure A1.32: FT-IR spectrum of complex 2.5 in KBr.
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Figure A1.33: UV-visible spectrum of complex 2.5 in DMSO at room temperature.
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Figure A1.34: X-band EPR spectrum of complex 2.5 in DMSO at 77 K (g ~5.06).
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Figure A1.35: ESI-mass spectrum of complex 2.5 in acetonitrile [Inset: (a) experimental and

(b) simulated isotopic distribution pattern].
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Figure A1.36: '"H NMR spectrum of (tmpH,")(NOs™) in CDCls.
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Figure A1.37: 3C NMR spectrum of (tmpH,")(NO;7) in CDCls.
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Figure A1.38: FT-IR spectra of reaction of complex 2.1 with natural abundance isotopes NO
gas (black) and '’NO gas (blue) in acetonitrile medium at room temperature.
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Figure A1.39: FT-IR spectra of O, reactivity of complex 2.2 [Fe!(TPz)(NO)(CH3CN)]** (red)
and "N labeled complex 2.2 [Fe''(TPz)('>NO)(CH3CN)J** (green) in acetonitrile medium at

room temperature.
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Figure A1.40: FT-IR spectra of the reaction of '’N labeled complex 2.2 with O, in acetonitrile
medium ['°N labeled complex 2.2 (blue), after O, addition (green)].
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Figure A1.41: FT-IR spectra of the reaction complex 2.2 with AgClO4 in acetonitrile-
dichloromethane mixture (1:1 v/v).
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Figure A1.42: FT-IR decomposition spectra of {Fe(NO)}°intermediate in acetonitrile medium.
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Table Al.1: Crystallographic data for complexes 2.1, 2.2, L' and (tmpH2")(NO3")

2.1 2.2 L’ (tmpH2")(NO3")

Formulae Ca0H34CLINgO1oFe | C20H30C12N9OoFe | C15H23CLN7O10 | CoH20N203
Mol. wt. 673.30 667.28 532.30 204.27
Crystal Triclinic Monoclinic Monoclinic Orthorhombic
system
Space group | P-1 P21/n P21 Pca21
Temperature | 296(2) 101(2) 293(2) 293(2)
/K
Wavelength 0.71073 0.71073 0.71073 0.71073
/A
a/d 11.9018(6) 10.4501(6) 8.3825(5) 15.56(4)
b/A 11.9774(6) 19.7521(12) 9.5056(5) 9.90(2)
c/A 12.2326(6) 15.8247(9) 15.3798(8) 15.75(4)
a/° 84.555(3) 90 90 90
p/e 74.331(3) 91.422(4) 94.911(5) 90
v/° 68.652(2) 90 90 90
v/ A3 1563.78(14) 3265.4(3) 1220.97(12) 2426(10)
z 2 4 2 8
Density/Mgm- | 1.430 1.357 1.448 1.118
3
Abs. Coeff. 0.714 0.682 0.328 0.083
/mm’!
Abs. none none multi-scan none
correction
F(000) 700 1380 552 896
Total no. of 5502 5764 3475 4258
reflections
Reflections, / | 4355 3822 2853 2392
> 26(1)
Max. 20/° 25.000 24.999 24.993 24.990
Ranges (h,k, |-14<h<14 -12<h<12 9<h<7 -18<h<18
1) -14<k<14 -23<k<23 -10<k<11 -11<k<1l

-14<1<14 -18<1<18 -17<1<18 -18<1<18
Complete to 1.000 1.000 1.000 0.999
20 (%)
Refinement Full-matrix least- | Full-matrix least- | Full-matrix Full-matrix
method squares on F? squares on F? least-squares on | least-squares on

F? F?
Goof (F?) 1.012 1.024 1.026 1.023
122
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R indices [/ > | 0.0564 0.0770 0.0641 0.0725
26()]
R indices (all | 0.0723 0.1158 0.0780 0.1360
data)

Table A1.2: Selected bond lengths (A) of complexes 2.1, 2.2, L’ and (tmpH2")(NO3")

Atoms 2.1 2.2 L’ (tmpH2*")(NO3))
Fel-N1 | 2.161(4) | 2.101(5)

NI-N2 | 1.365(6) | 1.354(6) | 1.370(8)

Fel-N3 | 2.293(4) | 2.330(4)

Fel-N8 | 2.118(5) | 1.732(6)

N8-O1 1.13(1)

Fel-N9 2.195(5)

Fel-O1 | 2.100(3)

C1-C2 | 1.48(1) | 1.476(9) | 1.49(1) 1.549(1)
C2-C3 | 1.40(1) | 1.395(9) | 1.36(1)

C3-C4 | 1.358(9) | 1.379(9) | 1.36(1)

NI-C2 | 1.332(6) | 1.343(8)

N2-C2 1.357(9)

Cl1-03 | 1.417(7) | 1.424(9) | 1.36(1)

C2-07 | 1.412(5) | 1.378(8) | 1.372(7)

N2-01 1.50(1) 1.226(8)
N3-01 1.442(9)

NI-Cl 1.552(1)
C1-C2 1.549(1)
C4-C5 1.563(13)
C5-C6 1.533(14)
C6-C7 1.511(11)
N2-02 1.250(9)

Table A1.3: Selected bond angles (*) of complexes 2.1, 2.2, L and (tmpH2*")(NO3")

TH-3834_186122115

Atoms 2.1 2.2 L’ (tmpH2*")(NO3)
NI-Fel-N3 | 76.8(1) | 76.02)
N3-Fel-N5 | 76.4(1) | 75.3(2)
N3-Fel-N7 | 77.6(1) | 77.12)
NI-Fel-N8 | 103.9(2) | 104.3(2)
Fel-N8-Ol 174.2(6)
N1-Fel-N9 86.2(2)
NI-Fel-O1 | 87.4(1)
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TH-3834_186122115

03-Cl11-04 | 106.6(4) | 96.6(6) | 109.2(7)
07-C12-08 | 112.6(4) | 116.5(7) | 112.2(5)
01-N3-02 117.9(6)
N3-C7-N6 113.9(6)
C6-N6-C8 118.3(6)
N1-C1-C4 107.8(7)
C1-C4-C5 112.8(8)
C4-C5-C6 109.9(8)
01-N2-02 124.0(9)
01-N2-03 119.0(9)
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Figure A2.1: 'H NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCl;.
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Figure A2.2: '>*C NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCls.
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Figure A2.3: FT-IR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in ATR probe.
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Figure A2.4: FT-IR spectrum of Pz2Py in ATR probe.
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Figure A2.5: 'H NMR spectrum of PzzPy in CDCls.
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Figure A2.6: '°C NMR spectrum of Pz2Py in CDCls.
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Figure A2.7: FT-IR spectrum of complex 3.1 in ATR probe.
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Figure A2.8: UV-visible spectrum of complex 3.1 in acetonitrile at room temperature.
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Figure A2.9: X-band EPR spectrum of complex 3.1 in acetonitrile at 77 K.
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Figure A2.10: FT-IR spectrum of complex 3.2a in KBr.
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Figure A2.11: UV-visible spectrum of complex 3.2a in acetonitrile at room temperature.
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Figure A2.12: ESI-mass spectrum of complex 3.2a in acetonitrile. [Inset: (a) experimental and

(b) simulated isotopic distribution pattern].
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Figure A2.13: FT-IR spectrum of complex 3.3a in KBr.
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Figure A2.14: UV-visible spectrum of complex 3.3a in acetonitrile at room temperature.
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Figure A2.15: X-band EPR spectrum of complex 3.3a in acetonitrile at 77 K (g ~ 5.19).
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Figure A2.16: 'H NMR spectrum of bisphenol in CDCls.
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Figure A2.17: *C NMR spectrum of bisphenol in CDCls.
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Figure A2.18: ESI-mass spectrum of bisphenol in acetonitrile.
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Figure A2.19: FT-IR spectrum of complex 3.4a in KBr.
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Figure A2.20: UV-visible spectrum of complex 3.4a in acetonitrile at room temperature.
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Figure A2.21: X-band EPR spectrum of complex 3.4a in methanol at 77 K (g ~ 5.23).
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Figure A2.22: ESI-mass spectrum of complex 3.4a in methanol. [Inset: (a) experimental and

(b) simulated isotopic distribution pattern].
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Figure A2.23: FT-IR spectrum of complex 3.2b in KBr.
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Figure A2.24: UV-visible spectrum of complex 3.2b in acetonitrile at room temperature.
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Figure A2.25. ESI-mass spectrum of complex 3.2b in acetonitrile. [Inset: (a) experimental and

(b) simulated isotopic distribution pattern].
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Figure A2.26: FT-IR spectrum of complex 3.3b in KBr.
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Figure A2.27: UV-visible spectrum of complex 3.3b in acetonitrile at room temperature.

D

T T T
0 200 400 600
Field strength (mT)

1500

Intensity
e
1

-1500

Figure A2.28: X-band EPR spectrum of complex 3.3b in acetonitrile at 77 K (g ~ 5.21).
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Figure A2.29: ESI-mass spectrum of complex 3.3b in acetonitrile [Inset: (a) experimental and

(b) simulated isotopic distribution pattern].
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User Spectrum Plot Report

i Agilent

Sample Name RG4
Inj Vol (ul) 0
Data File RG4.D

Rack Position
Plate Position
Acq Method

Instrument
IRM Status

N20.M Comment

Acq Operator
Acq Time (Local)

RISHA

5/20/2025 6:17:36 PM
(UTC+05:30)
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Figure A2.30: GC-Mass of the headspace gas obtained from the reaction of complex 3.2b with

O> in acetonitrile medium after 2 hr.

Table A2.1: Crystallographic data for complexes 3.1 and 3.2a

TH-3834_186122115

Complex 3.1 3.2a
Formulae C20H29 CIbN7O9Fe Ci9H28FeN;02
Mol. Wt. 638.25 641.23
Crystal system Monoclinic Orthorhombic
Space group P2(1)/n Pca2l
Temperature /K 107(2) 158.00
Wavelength /A 0.71073 0.71073
a/d 11.8219(15) 21.375(4)
b /A 19.265(3) 8.7062(15)
c/A 12.0754(16) 15.495(3)
a/° 90.00 90
p/e 95.723(3) 90
y/° 90.00 90
v/ A3 2736.5(6) 2883.6(9)
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z 35 4

Density/Mgm™ 4287 1.477

Abs. Coeff. /mm! 6.961 0.769

Abs. correction none None

F(000) 3430 1324

Total no. of reflections | 4772 4921

Reflections, 1 > 2o(1) 4270 4258

Max. 26/° 24.99 24.827
-14<h<14 -25<h<25

Ranges (h, k, 1) -22<k<22 -10<k<10
-14<1<14 -17<1<18

Complete to 26 (%) 1.000 99.4

réinenollmcthod Full-matrix least- Full-matrix least-
squares on F? squares on F?

Goof (F?) 1.075 1.045

R indices [/ > 2o(1)] 0.0356 0.0523

R indices (all data) 0.0418 0.0663

Table A2.2: Selected bond lengths (A) of complexes 3.1 and 3.2a

TH-3834_186122115

Atoms 3.1 3.2a
Fel-N1 2.161(2) 1.760(6)
Fel-N2 2.265(19) 2.089(7)
Fel-N4 2.143(2) 2.292(6)
Fel-N6 2.116(2) 2.112(7)
Fel-N7 2.091(2) 2.091(2)
Fel-O1 2.195(2) 1.13(1)
Fel O2 2.132(7)
N1-01 1.147(10)
N5-C9 1.351(10)
CI2-07 1.429(2) 1.436(15)
N3-C4 1.331(11)
C4-C3 1.380(4) 1.378(11)
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C2-C1 1.383(4) 1.482(10)
N3-C4 1.331(11)
N4-C7 1.461(10)
N2-C2 1.345(10)
Table A2.3: Selected bond angles (*) of complexes 3.1 and 3.2a
Atoms 3.1 3.2a
N1-Fel-N4 85.36(8) 175.6(4)
N4-Fel-N2 79.22(7) 75.9(2)
Nb6-Fel-N4 76.9(2)
N2-Fel-N7 93.6(3)
N6-Fel-N2 76.59(8) 152.1(2)
N7 Fel N1 100.38(8) 97.6(4)
O1-Fel-N1 162.55(8)
0O2-Fel-N4 88.6(3)
138
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Figure A3.1: FT-IR spectrum of complex 4.1 in ATR probe.
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Figure A3.2: UV-visible spectrum of complex 4.1 in acetonitrile at room temperature.
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Figure A3.3: X-band EPR spectrum of complex 4.1 in acetonitrile at 77 K (g ~ 2.03).
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Figure A3.4: ESI-mass spectrum of complex 4.1 in acetonitrile. [Inset: (a) experimental and
(b) simulated isotopic distribution pattern].
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Figure A3.5: FT-IR spectrum of complex 4.2 using ATR probe.

4000+

2000 -

Intensity
>

-2000

T T T T X 1
0 200 400 600
Field strength (mT)

Figure A3.6: X-band EPR spectrum of complex 4.2 in acetonitrile at 77 K (g ~ 2.012).
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Figure A3.7: ESI-mass spectrum of complex 4.2 in methanol [Inset: (a) experimental and (b)

simulated isotopic distribution pattern].
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Figure A3.8. FT-IR spectrum of complexes 4.3 in ATR probe.
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Figure A3.9: UV-visible spectrum of complex 4.3 in methanol at room temperature.
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Figure A3.10: X-band EPR spectrum of complex 4.3 in methanol at 77 K (g ~ 2.04).
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Figure A3.11: ESI-mass spectrum of complex 4.3 in methanol [Inset: (a) experimental and (b)

simulated isotopic distribution pattern].
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Figure A3.12: FT-IR spectrum of complex 4.4 in ATR probe.
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Figure A3.13: UV-visible spectrum of complex 4.4 in THF at room temperature.
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Figure A3.14: X-band EPR spectrum of complex 4.4 in THF at 77 K (g ~ 2.16).
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Figure A3.15: ESI-mass spectrum of complex 4.4 in methanol [Inset: (a) experimental and (b)

simulated isotopic distribution pattern].
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Figure A3.16: 'H NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDClIs.
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Figure A3.17: '3C NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl;.
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Figure A3.18: ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in methanol.
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Figure A3.19: FT-IR spectrum of 9-fluorenone using ATR probe.
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Figure A3.20: ESI-Mass spectrum of 9-fluorenone in acetonitrile.
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Figure A3.21: 'H NMR spectrum of 9-fluorenone in CDCl;.
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Figure A3.22: 3C NMR spectrum of 9-fluorenone in CDCl;.
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Table A3.1: Crystallographic data for complexes 4.1 and 4.2

4.1 4.2
Formulae CisH27CLCrN7 Ci1sH33C1CrNgO4
Mol. wt. 464.36 548.42
Crystal system Triclinic Triclinic
Space group P-1 P-1
Temperature /K 293(2) 293(2)
Wavelength /A 0.71073 0.71073
a/Ad 8.7834(6) 8.7614(8)
b/A 11.6945(9) 11.6683(10)
c /A 13.4850(11) 13.5200(12)
o/° 80.812(7) 80.645(7)
pB/e 73.265(7) 73.626(8)
v/° 73.571(6) 74.039(8)
v/ A3 1267.70(18) 1269.6(2)
Z 2 2
Density/Mgm 1.217 1.435
Abs. Coeff. /mm’! 0.678 0.701
Abs. correction multi-scan multi-scan
F(000) 484 574
Total no. of reflections | 4457 4457
Reflections, I > 26(1) 3465 3144
Max. 26/° 24.990 25.4270
Ranges (h, k, 1) -10<h<9 -10<h<10
-10<k<13 -13<k<13
-l6<1<14 -16<1<10
Complete to 26 (%) 0.999 0.998
Refinement method Full-matrix least- | Full-matrix  least-
squares on F? squares on F?
Goof (F?) 1.048 1.039
R indices [/ > 20(1)] 0.0505 0.1018
R indices (all data) 0.0654 0.0754

Table A3.2: Selected bond lengths (A) of complexes 4.1 and 4.2

Atoms 4.1 4.2

Crl-N1 2.067(3) 2.051(4)

Crl1-N3 2.138(3) 2.168(4)

Crl-N7 2.067(3) 2.062(4)

Crl-N5 2.074(3) 2.054(4)
147
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Crl-Cll [23136(11) | 2.3475(15)
Crl-C2 | 2.2430(10)

NI-N2 | 1.368(4) 1.365(5)
NI1-C2 1.352(4) 1.356(6)
N2-C4 1.338(5) 1.342(6)
N2-C6 1.445(4) 1.437(6)
N3-C13 | 1.484(4) 1.481(6)
N3-C7 1.471(5) 1.476(6)
N4-C9 1.339(5) 1.362(7)
N4-C7 1.448(5) 1.444(7)
C1-C2 1.486(5) 1.476(7)
C4-C3 1.365(5) 1.379(8)
Crl-N8 1.777(6)
N8 Ol 0.974(6)

Table A3.3: Selected bond angles (°) of complexes 4.1 and 4.2

TH-3834_186122115

Atoms 4.1 4.2
N1-Crl-N7 158.06(11) 156.59(16)
N3-Crl-N7 79.67(10) 79.09(15)
N5-Crl1-N7 85.53(11) 86.06(16)
N8-Crl1-N7 102.08(19)
Cl1-Crl1-CI2 91.46(4)
N3-Crl1-CI2 177.32(8)
N3-Cr1-CI1 90.49(8) 90.00(12)
N7-Cr1-CI2 102.20(8)
N7-Cr1-Cl1 88.92(9) 88.50(12)
N5-Cr1-CI1 170.68(8) 169.61(12)
N5-Cr1-N3 81.16(11)
C7-N3-C6 110.1(3) 109.3(4)
C17-N7-Crl 141.5(2) 140.3(4)
CI1-Cr1-N1 92.06(6) 91.95(12)
N1-Cr1-N5 89.54(16)
O1-N8-Crl 176.0(6)
148



Appendix IV

% Transmittance
~1
h
L

55 T T T T
2500 2000 1500 1000 500

W'avenumber(cm")

Figure A4.1: FT-IR spectrum of complex 5.1 in KBr.
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Figure A4.2: UV-visible spectrum of complex 5.1 in methanol at room temperature.
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Figure A4.3: X-band EPR spectrum of complex 5.1 in methanol at 77 K.
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Figure A4.4: ESI-mass spectrum of complex 5.1 in methanol. [Inset: (a) experimental and (b)

simulated isotopic distribution pattern].

Figure A4.5: ORTEP diagram of complex 5.1 (30% thermal ellipsoid plot, H-atoms are omitted

for clarity).
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Figure A4.6: UV-visible spectrum of complex 5.2 in acetonitrile at room temperature.
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Figure A4.7: ESI-mass spectrum of complex 5.2 in methanol. [Inset:(a) experimental and (b)

simulated isotopic distribution pattern].
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Figure A4.8: FT-IR spectrum of [Fe(PzPy)(NO)(MeOH)](ClO4), complex (solid state) in

KBr.
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Figure A4.9: FT-IR spectrum of [N(CHz3)4][Fe(CI)3(NO)] complex (solid state) in KBr.
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Figure A4.10: X-band EPR spectrum of [Fe(Pz:Py)(NO)(MeOH)](ClO4)> complex

acetonitrile /toluene (2:1) mixture at 77 K.
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Figure A4.11: X-band EPR spectrum of [N(CH3)4][Fe(C1)3(NO)] complex acetonitrile/toluene

(2:1) mixture at 77 K.
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Figure A4.12: X-band EPR spectral monitoring decomposition of complex 5.2 to complex 5.3

in acetonitrile/toluene (2:1) mixture at 77 K.
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Figure A4.13: FT-IR spectrum of complex 5.3 using ATR probe.
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Figure A4.14: UV-visible spectrum of complex 5.3 in DMF at room temperature.
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Figure A4.15: X-band EPR spectrum of complex 5.3 in DMF at 77 K.

Result File : D:\GC Data\BM\Riya\27-06-23 - Copy\N20 standard.rst
Sequence File : D:\GC Data\6.seq

300—5
gzooé
woo—i ‘
o = J\L
IIlY[IIH]HH[lHIMIHUHIIHHUHT[THI'HI'ITI'I'l'HITIHUIH[HH“HI]HWW
0.5 1.0 15 20 25 3.0 35 40 45 5.0 55 6.0 65 7.0 75 8.0
Time [min]
IIT Guwahati Chemistry Dept.
Peak Component Time Area Height Area
# Name [min] [uV*sec] [uv] [%]
1 2.725 504816.32 316303.89 100.00

504816.32 316303.89 100.00

Figure A4.16: Gas chromatogram of standard N>O (retention time = 2.73 min).
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Result File : d:\gc data\bm\riya\27-06-23 - copy\fepz2py-no-1h.rst
Sequence File : D:\GC Data\FEPZ2PY-NO-1.seq

ZBDt 7
£ 0]
Zﬁ‘ 3
fwd
=
= A
L L L L L AL UL L AL LA LA LA UL AL LA
o5 fo 45 20 25 30 35 4o 45 5o 55 G0 65 0 75 90
IIT Guwahati Chemistry Dept.
Peak Component Time Area Height Area
Name [min]  [uV*sec] [uV] [%]
1 2.719]294026.57| 201013.87 100.00

294026.57 201013.87 100.00

(A)

Result File : d:\gc data\bm\riya\27-06-23 - copy\fepz2py-no-4h.rst
Sequence File : DAGC Data\FEPZ2PY-NO-4.seq

Response (V]
2
lLlLJHTl“‘.AlllTL

lTHILMJT
-

T T T [T TIT]TTT T T
05 1 15 20 25 30 35 40 45 S0 S5 60 65 70 7S 80

Time fein]

IIT Guwahati Chemistry Dept.

Peak Component Time Area Height Arca
# Name [min]  [uV*sec] V] %]

1 2768 323189.62 100.00

415203.03 323189.62 100.00

(B)

-23 - copy 24h.rst

Result File : d:\gc iya\27-06-
Sequence File : D:\GC Data\5.seq

271

mm.,[mw
#

10 20 30 40 50 60 70 80
Time (min]

IIT Guwahati Chemistry Dept.
Peak Component Time Area Height Area
Name [min]  [uV*sec] [uv] [%]

1 2708 |;1348401.86| 495309.68 100.00

1348401.86 495309.68 100.00

(C)

Figure A4.17: Gas chromatograms of headspace gas of the acetonitrile solution of complex
5.2 with respect to time. [after 1hr (A), 4 hr (B) and 24 hr (C)]
(retention time for (A), (B) and (C) are 2.72 min, 2.77 min and 2.71 min respectively)
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Figure A4.18: GC calibration curve for determination of amount of N>O. [red dot corresponds

to the acetonitrile solution (5 mL) of complex 5.2 (0.669 g, 0.437 mmol)]

44

Figure A4.19: GC-mass spectrum of the headspace gas of the acetonitrile solution of

complex 5.2 (after 24 hr).
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Figure A4.20: FT-IR spectrum of complex 5.2 after immidiately dissolving in acetonitrile

solution.
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Figure A4.21: FT-IR spectral monitoring decomposition of complex 5.2 (black) to complex

5.3 (red) in acetonitrile medium under Ar atmosphere.
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Figure A4.22: X-band EPR spectrum of complex 5.2 immediately after dissolving in
acetonitrile at 77 K (g ~ 2.00).
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Figure A4.23: UV-visible spectrum of complex 5.2 immediately after dissolving in acetonitrile

at room temperature.
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Figure A4.24: FT-IR spectra of [N(CH3)4][FeCI3NO] complex (black), reaction mixture of
[N(CH3)4][FeCIsNO] complex + Fe(dtc)s in acetonitrile (red) in ATR Probe.
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Figure A4.25: X-band EPR spectra of [N(CH3)4][FeCl3(NO)] complex (black), reaction
mixture of [N(CH3)4][FeCI3sNO] complex + Fe(dtc)s in acetonitrile (red) at 77 K (g ~ 2.02).
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Table A4.1. Crystallographic data for complexes 5.1, 5.2 and 5.3.

5.1 5.2 53
Formulae CisH2aFe N¢Clo | C1sH24ClsNgO2Fez | C20H27ClsN7OFe2
Mol. wt. 451.18 637.95 634.98
Crystal system Triclinic Triclinic Monoclinic
Space group Cmc2(1) P-1 P2(1)n
Temperature /K 120 293(2) 298(2)
Wavelength /A 0.71073 0.71073 0.71073
a/A 14.9471(11) 9.0385(7) 10.602(8)
b /A 9.0306(7) 13.4837(12) 17.299(13)
c/A 15.2638(11) 13.7543(14) 15.541(12)
a/° 90.00 111.275(9) 90
pre 90.00 93.259(7) 90.28(3)
v/° 90.00 99.813(7) 90
v/ A3 2060.3(3) 1526.3(3) 2850(4)
V4 4 2 4
Density/Mgm-3 1.455 1.388 1.480
Abs. Coeff. /mm | 1.007 1.328 1.419
Abs. correction none multi-scan none
F(000) 936.0 648 1296
Total no. of 2362 5349 6665
reflections
Reflections, [ > 2313 3376 4464
25(1)
Max. 26/° 27.129 24.995 24.993
Ranges (h, k, 1) -19<h<19 -10<h<10 -12<h<12
-11<k<1l -14<k<16 -220<k<20
-19<1<19 -l6<1<16 -18<1<18
Complete to 28 (%) | 0.995 0.997 0.997

Refinement method

Full-matrix least-

squares on F?

Full-matrix least-

squares on 2

Full-matrix least-

squares on F?

Goof (F?)

1.116

0.996

1.043
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R indices [/>20(1)] | 0.0225 0.0570 0.0346
R indices (all data) | 0.0235 0.0870 0.0399
Table A4.2. Selected bond lengths (A) of complexes 5.1, 5.2 and 5.3.
Atoms 5.1 5.2 53
Fel-N1 2.222(2) 2.145(4) 2.132(3)
Fel-N3 2.342(3) 2.303(3) 2.327(3)
Fel-N4 2.205(3) 2.190(4) 2.196(3)
Fel-N6 2.129(3)
Fel-N5 2.141(2)
Fel-Cl1 2.4138(10) 2.3378(13) | 2.3252(18)
Fel-O1 1.766(2)
Fe2-O1 1.745(2)
Fe2-CI2 2.2410(17) | 2.2245(15)
Fe2-CI3 2.2295(16) | 2.2222(14)
Fe2-Cl4 2.1952(19) | 2.2108(19)
Fel-CI2 2.3514(10)
NI1-N2 1.372(3) 1.372(5) 1.360(3)
N1-C2 1.333(3) 1.342(5) 1.328(4)
N2-C4 1.357(3) 1.361(6) 1.348(4)
N2-C6 1.446(3) 1.462(5) 1.435(4)
N3-C6 1.463(3) 1.465(5) 1.468(3)
N3-C7 1.477(5) 1.463(5) 1.494(4)
N4-C8 1.342(5) 1.334(6) 1.333(3)
N4-C12 1.347(5) 1.323(6) 1.332(4)
Cl1-C2 1.499(4) 1.495(8) 1.461(5)
C7-C8 1.520(5) 1.515(6) 1.484(4)
N7-01 1.143(6)
N8-02 1.109(6)
Fel-N7 1.737(5)
Fe2-N8 1.724(6)
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Table A4.3. Selected bond angles (°) of complexes 5.1, 5.2 and 5.3.

TH-3834_186122115

Atoms 5.1 5.2 5.3
N1-Fel-N3 74.65(5) 74.87(13) 74.43(8)
N3-Fel-N5 73.54(7)
N1-Fel-N4 84.63(6) 84.81(14) 82.91(9)
N6-Fel-N4 84.12(13)

N4-Fel-N5 85.68(9)
N3-Fel-Ol 168.57(9)
N1-Fel-N9
N1-Fel-Ol 104.46(9)
C6-N3-C7 112.96(18) 112.3(3) 112.8(2)
Fel-O1-Fe2 166.04(13)
Cl1-Fel-N1 92.06(6) 90.25(11) 93.71(8)
N1-Fel-N5 147.80(9)
Cl1-Fel-Ol 101.33(8)
CI2-Fe2-0O1 112.27(7)
Fel-N7-0O1 161.6(5)
Fe2-N8-0O2 171.4(7)
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