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Synopsis

The thesis entitled, “Formation and reactivity of copper(Il)-nitrosyl complexes” is
divided into five chapters.

Chapter 1: Introduction

Nitric oxide (NO) plays various fundamental roles in biochemical processes.'
Physiological activities of NO are known to include roles in blood pressure control,
neurotransmission, and immune response. Most of the roles played by NO in biology are
attributed to the formation of nitrosyl complexes of the metallo-proteins, mostly iron or
copper. Subsequent reports have identified a number of disease states involving NO
imbalances.” For instance, in bioregulatory purposes, less than 1 uM concentration of NO
has been reported to be generated in endothelium cells for blood pressure control;
however, the NO concentrations produced during immune response to pathogen invasion
are much higher and under these conditions, reactive nitrogen species such as peroxynitrite
anion (OONO) and N,O3; may form which have immense physiological importance.3 Such
observations have stimulated extensive research activity into the chemistry, biology, and
pharmacology of NO.

Several theoretical and matrix-isolation studies on copper nitrosyls have been reported.”
These investigations have found that N-bound nitrosyls are more stable than O-bound
nitrosyls and that the ground-state geometry for [Cu"-NO] is bent while that for [Cu-NO]
is linear.

It has been well documented in literature that NO induces reduction of copper(Il) centre in
various copper(Il)-complexes. This reduction in some cases proceeds through a
deprotonation mechanism as reported by the Ford’s group or through the [Cu"-NO]

. . . . . 5-9
complex formation in others as it happens in case of ferriheme systems.
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This thesis has been focused on the formation, stabilization of copper(Il)-nitrosyls and
their reactivity towards water, hydrogen peroxide etc. Second chapter of this thesis
describes a comparative study to show the roles of ligand frameworks to control the
mechanistic pathway for the reduction of copper(Il) centre by NO. Subsequent chapters

describe the stable [Cu-NO] complex and their reactivity studies.

Chapter 2: Role of ligand to control the mechanism of nitric oxide reduction of
copper(II) complexes and ligand nitrosation

The NO reactivity of two copper(Il) complexes, 2.1 and 2.2 with ligands Ly and L, [L; =
5,5,7,12,12,14-hexamethyl-1,4,8,11 tetraazacyclotetradecane, L, = 5,5,7-trimethyl-[1,4]-
diazepane], respectively, have been studied. The complexes were characterized by various
analytical techniques. The single crystal structures of complexes 2.1 and 2.2 were

determined and the perspective ORTEP views are shown in figure 1.

(a) (b)
Figure 1 ORTEP diagrams of complexes (a) 2.1 and (b) 2.2 (50% thermal ellipsoid plot).

It should be noted that these two ligands have been chosen as they afford analogous
complexes except one is macrocyclic and the other is cyclic amine ligand. The crystal

structures indicate that complexes 2.1 and 2.2 have similar structural parameters. NO

ii
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reactivity of the complexes was studied in acetonitrile and methanol media. Complex 2.1,
in dry and degassed acetonitrile, did not react with NO. Even after purging NO gas into the
acetonitrile solution of complex 2.1 for 2 minutes, no spectral change was observed.
However, in methanol solution, complex 2.1 was found to react with NO in presence of
sodium methoxide to result in a colorless solution indicating the reduction of copper(I) to

copper(l). The reduction was monitored by UV-visible and EPR spectroscopic studies

(Figure 2).
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Figure 2 (a) UV-visible spectra of the reaction of complex 2.1 (black) with NO in presence of
sodium methoxide in methanol solvent at room temperature. Green and blue traces
represent the spectral changes at an intermediate stage and after complete reduction,
respectively. (b) X-band EPR spectra of the complex 2.1 (black) and after its reaction

with NO (red) in presence of sodium methoxide in methanol solvent at room temperature.

Mechanistic studies revealed that in this case the reduction of copper(Il) centre proceeds
through a deprotonation pathway as reported earlier by Ford et al (Scheme 1).

To a dry and degassed acetonitrile solution of complex 2.2 exposure of NO gas resulted in
the formation of a thermally unstable intermediate. In UV-visible spectrum, the
intermediate shows a d-d band centred with A, at 600 nm. The intensity of this band was

found to decay gradually with time indicating the decomposition of the intermediate to a

iii
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colorless solution (Figure 3a) following first order kinetics. The observed rate constant at

298 K is 8.45 x 107 s7!. The intermediate was found to be EPR silent.
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Figure 3 (a) UV-visible spectra of complex 2.2 (black); [Cu"=NO] intermediate (red) and its
decomposition to copper (I) species (blue) in acetonitrile solution. Inset: first order
kinetic trace (A = 600 nm) of decay of [Cu"-NO] intermediate to copper(I) species in
acetonitrile solution. (b) FT-IR spectrum of complex 2.2 and after reaction with NO in
acetonitrile solution at room temperature. Arrow head indicates the gradual decrease of

the band intensity with time.

iv
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In FT-IR spectrum of acetonitrile solution of 2.2 after addition of NO, a new intense and
sharp band was found to appear at ~1635 cm™ corresponding to the vibration of NO
coordinated to the copper(I) centre. This band was found to decrease in intensity with time
(Figure 3b). Thus, the spectral studies support the formation of the [Cu"-NO] intermediate
prior to the reduction of the copper(ll) centre in the case of complex 2.2. Theoretical
studies also suggested the feasibility of formation of [Cu"-NO] intermediate in case of 2.2.

In both the cases, the reduction of copper(Il) centre by NO was found to result in
concomitant N-nitrosation of the ligands.

Thus, in case of complex 2.1, the reduction of copper(Il) to copper(I) takes place in
methanol medium in presence of base; whereas, the same in case of 2.2 was observed to be
very facile in dry acetonitrile through the formation of a [Cu"~NO] intermediate. From the
present study, it has been observed that though the macrocyclic ligands prefer
deprotonation pathway, the nonmacrocyclic one prefers the [Cu"-NO] intermediate

pathway.

Chapter 3: Synthesis of a copper (II)-nitrosyl complex and its reaction with water:
Example of copper (I)-(qz-O, O) nitrite complex derived from copper (II)-nitrosyl
Copper(I) complex, 3.1, was synthesized with the bidentate ligand, L3z [L3 = bis (2-ethyl-
4-methyl-imidazol-5yl) methane], as its perchlorate salt. The single crystal structure of
complex 3.1 was determined. The perspective ORTEP view for 3.1 is shown in figure 4.
Complex 3.1 in acetonitrile solution exhibits a broad d—d band having A .« (<8/M'1 cm_l),
685 nm (120), along with relatively strong intra-ligand absorptions in the UV region.
Addition of NO to a degassed acetonitrile solution of complex 3.1 resulted in the

corresponding [Cu"-NO] complex, 3.2. Micro-analytical data and ESI-mass spectrum also
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supports the formulation (Figure 5). It absorbs at A pax (s/M_1 cm_l), 704 nm (110) (Figure

6a) in acetonitrile solvent. It was found to be EPR silent (Figure 6b).

Figure 4 ORTEP diagram of complex 3.1 (50% thermal ellipsoid plot). Hydrogen atoms and

solvent molecules are not shown for clarity.
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Figure 5 ESI-Mass spectrum of complex 3.2 in methanol.

In the FT-IR spectrum, it exhibits a vibration at 1662 cm™, which is attributed to the
coordinated nitrosyl stretching frequency.10 The frequency of this vibration was found to

shift to 1631 cm™ on ’NO labelling experiment which further confirms its assignment as

Vno- Complex 3.2 is stable at room temperature in the absence of moisture.

vi
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Figure 6 (a) UV-visible spectrum of complex 3.2 in acetonitrile solution at room temperature. (b)

X-band EPR spectra of the complexes 3.1 (black) and 3.2 (red ) in acetonitrile solution at

room temperature.

Complex 3.2 was found to react with water to result into the reduction of the copper (II)

centre to copper(I) with a concomitant oxidation of coordinated NO to nitrite yielding a

copper(I)—nitrite complex, 3.3 (Scheme 2).
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The reduction of copper(ll) to copper(I) has been monitored by the UV-visible

spectroscopic studies (Figure 7a). The reaction mixture after the complete reduction was

found to be EPR silent. In solution FT-IR study in acetonitrile solvent, the stretching

frequency at 1662 cm™ was found to disappear on addition of water (Figure 7b). The

TH-1179 09612202
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formation of complex 3.3 was further authenticated by its single crystal X-ray structure

determination. The ORTEP view of complex 3.3 is shown in figure 8.
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Figure 7 (a) UV-visible spectroscopic monitoring of the reaction of complex 3.2 with water in
acetonitrile. Black and blue traces represent complexes 3.2 and 3.3, respectively;
whereas, red and green ones represent the intermediate steps for the gradual
decomposition of complex 3.2 to 3.3. (b) Solution FT-IR spectroscopic monitoring of
the reaction of complex 3.2 with water in acetonitrile. Only the gradual decay of vyo at

1662 cm’" in presence of water is shown for clarity.
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Figure 8 ORTEP diagram of complex 3.3 (50% thermal ellipsoid plot).

Thus the present chapter demonstrates an example of formation of stable copper(Il)—

nitrosyl from the reaction of copper(Il) complex and NO gas. The copper(Il)-nitrosyl

viii
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complex, in acetonitrile solvent, in the presence of water affords the corresponding
copper(I)—nitrite (O-bound) complex. The sequence of the formation of these complexes,
essentially, is just the reverse of the key steps of the postulated nitrite reduction cycle by

copper containing nitrite reductases.

Chapter 4: Reaction of a copper (II)-nitrosyl complex with hydrogen peroxide:
putative formation of a copper (I)-peroxynitrite intermediate

Stoichiometric addition of pre-cooled hydrogen peroxide to a cold (-20 °C) solution of
complex 3.2 resulted in the formation of a colorless solution. The d—d transition band of
complex 3.2 having A yax at 704 nm was found to decrease in intensity with time upon
addition of H,0, suggesting the formation of copper(l) from copper(Il) (Figure 9a). This
has been formulated as a copper(I)-peroxynitrite complex. The putative formation of

copper(I)-peroxynitrite was confirmed by its characteristic phenol ring nitration reaction.
In solution FT-IR studies at room temperature, the intensity of the Vo band at ~1662 cm™

was found to be diminished upon addition of H,O, with the appearance of NOj stretching
at ~1384 cm™ (Figure 9b).

The reduction of the copper(Il) centre to copper(l), in this case, was further authenticated
by isolation and X-ray single crystal structure determination of the final copper(l) product,
[(L3)2Cu(NOs3)], 4.1. The perspective ORTEP view for 4.1 is shown in figure 10a. The
colorless solution on exposure to air resulted in the corresponding copper(Il) complex,
[(L3)2Cu(NO3)](ClOy4), 4.2. The formation of complex 4.2 was confirmed by various
spectroscopic analyses as well as its X-ray single crystal structure determination. The

ORTEP view of complex 4.2 is shown in figure 10b.

ix
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Figure 9 (a) UV-visible monitoring of the reaction of complex 3.2 with H,O, in acetonitrile at -
20°C (black trace represents the spectrum of complex 3.2 and green represents that of the
colorless intermediate). (b) FT-IR spectra of complexes 3.2(red), 4.1 (green), 4.2 (blue) in
KBr.

e A DRIC
*)m )
@
Figure 10 ORTEP diagrams of complexes (a) 4.1 and (b) 4.2. (Solvent molecules and hydrogen

atoms are removed for clarity; 50% thermal ellipsoid plot).

The formation of complex 4.1 essentially supports the formation of a peroxynitrite
intermediate in the course of the reaction (Scheme 3) as nitrate is the common

decomposition / isomerisation product of peroxynitrite."'
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+ 2H

The present chapter describes a possible decomposition pathway of both H,O, as well as

NO formed in biological systems.

Chapter 5: Reaction of a copper(Il)-nitrosyl complex with hydrogen peroxide:

Mimicking of tyrosine nitration

Copper(Il) complex, 5.1, was synthesized with the tetradentate ligand, L4 [L4 = methyl 2-

(2-hydroxybenzylamino)-3-(1H-imidazol-5-yl)propanoate], as its perchlorate salt. Ligand

L4 was synthesised purposefully to have a phenol ring in the ligand framework itself. In

solid state, complex 5.1 crystallized as a phenoxo bridging dimer. The single crystal

structure of complex 5.1 was determined. The perspective ORTEP view for 5.1 is shown in

figure 11.

TH-1179 09612202
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Figure 11 ORTEP diagram of complex 5.1 (50% thermal ellipsoid plot).

Complex 5.1 in acetonitrile solution exhibits a broad d—d band at A muy (M em™), 660
nm (244), along with relatively strong intra-ligand absorptions in the UV region. Addition
of NO to a degassed acetonitrile solution of complex 5.1 resulted in the corresponding
[Cu"-NO] complex, 5.2. ESI-mass spectrum also supports the formulation (Figure 12).

100+
336.84

%

Figure 12 ESI-mass spectrum of complex 5.2 in acetonitrile.

In the FT-IR spectrum, it exhibits a vibration at 1846 cm'l, which is attributed to the
coordinated nitrosyl stretching frequency. The frequency of this vibration was found to

shift to 1815 cm™ on ’NO labelling experiment which further confirms its assignment as

VNO.

xii
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Stoichiometric addition of pre-cooled H,O, to a cold (- 20 °C) solution of complex 5.2
resulted in the formation of a colorless solution as observed earlier in case of complex 3.2.
The d-d band of complex 5.2 centred at 645 nm was found to decay with time upon
addition of H,0O, suggesting the formation of copper(I) from copper(Il) (Figure 13a). The
reduction of copper(Il) centre in complex 5.2, was accompanied with a simultaneous
nitration of the ligand L4 and release of the modified phenol ring nitration product; L4 was
isolated and characterized (Scheme 4). This is attributed to the formation of an unstable

copper(I)-peroxynitrite intermediate. Solution FT-IR studies at room temperature, also

shows the decay of Vno band at ~1846 cm’! upon addition of H,O, (Figure 13b).
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Figure 13 (a) UV-visible spectra of complex 5.1 (black), complex 5.2 (red) and after reaction of
complex 5.2 with H,O, (blue) in acetonitrile solvent at room temperature. (b) Solution
FT-IR spectra of complex 5.1 (black), complex 5.2 (blue) and after reaction of complex

5.2 with H,0, (red) in acetonitrile solvent.

This chapter discusses the formation of stable [Cu"-NO] complex from the reaction of
copper(Il) complex of a tetradentate ligand, Ly. The [Cu-NO] complex, in presence of
H,0, resulted in corresponding copper(I)-peroxynitrite intermediate which induced the

nitration of the phenol ring present in the ligand framework.
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Chapter 1

Introduction

1.1 General aspects of nitric oxide

Nitric oxide (NO) plays fundamental roles in biochemical processes.1 Natural
physiological activities of NO are now known to include roles in blood pressure control,
neurotransmission and immune response. Subsequent reports have identified a number of
disease states involving NO imbalances and such observations have stimulated extensive
research activity into the chemistry, biology, and pharmacology of NO.>* Most of the role
played by NO in biology is attributed to the formation of nitrosyl complexes of the
metallo-proteins, mostly iron or copper. The best characterized example is the ferro-heme
enzyme soluble guanylyl cyclise (sGC).* Formation of a nitrosyl complex with Fe(II) leads
to labilization of a trans axial (proximal) histidine ligand in the protein backbone, and the
resulting change in the protein conformation is believed to activate the enzyme for
catalytic formation of the secondary messenger cyclic-guanylyl monophosphate (cGMP)
from guanylyl triphosphate (GTP). The enzymatic formation of cGMP leads to relaxation
of smooth muscle tissue of blood vessels, hence lowering blood pressure. For bioregulatory
purposes, NO concentrations generated are low and less than 1 pM have been reported to
be generated in endothelium cells for blood pressure control.”

Another example includes the catalytic cycle of bacterial copper containing nitrite
reductase (Cu-NiRs) where a [CuI—NO+ > CuH—NO] intermediate is known to involve in

the conversion of NO; to NO or, in some cases to N,O (Scheme 1. 1).6'10
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NO E.Cyll route A
-Cu
‘) NO,
route B \ e
[E-Cu’-NO* = E-Cu''NO°®] E-Cu! E-Cu'-NO,
l NO,
.
1,0 E-Cul-NO,

2H*

Scheme 1.1

In a complex with a metal centre, the character of the NO ligand can range from that of a
nitrosyl cation (NO™), which binds to the metal with an M-NO angle of ~180°, to that of a
nitroxyl anion (NO), for which a bond angle of ~120° might be anticipated. The ability to
form a stable NO complex and the structure of that species depend strongly on the
oxidation state of the metal. In this direction, the iron-nitrosyls, both in protein and
synthetic model systems have been studied extensively. In this regard, NO has been found
to interact reversibly with many metal complexes to form stable Fe-NO complexes.11 The
binding in these complexes is similar to the coordination of dioxygen to such metal
centres, although the nitrosyl products are far more stable and easy to characterize than are
their superoxo analogues. The nitroprusside anion, [Fe(CN)s(NO)]* is perhaps the earliest
discovered nitrosyl complex, and it remains the subject of intense research efforts.'"?

{Fe-NO}’ coordination complexes such as [Fe(NO)(EDTA)] and [Fe(L)(NO)(N3),] (L=
triazacyclononane and derivatives) have been studied in great detail by Solomon and co

workers using diverse spectroscopic and analytical techniques. These studies have shown

the {Fe-NO}’ complexes to be best described as a high-spin ferric ion (S = 5/2)

TH-1179 09612202
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antiferromagnetically coupled to NO™ (S = 1).'** Mossbauer spectroscopic studies on these
complexes also found to be in agreement with this description.’** A series of trigonal
bipyramidal {Fe-NO}’ complexes has been reported by Borovik and co-workers. These
complexes were synthesized with tripodal ligands derived from tris(carbamoylmethyl)
amine by reaction of [Fe(OAc),] with the tripotassium salt of the ligand. Magnetic
moment, Mossbauer and ESR data are all consistent with an electronic configuration of
[Fe-NO.%** Lippard and co-workers have described the diiron dinitrosyl complex [Fe,
(u-Et-HPTB)(u-O,CPh)(NO),][BF4],.3MeCN (Et-HPTB = N,N,N’N'-tetrakis(N-ethyl-2
benzimidazolylmethyl)-2-hydroxy-1,3,diaminopropane) as a model for the binding of O, to
non-heme iron proteins.25 The iron nitrosyl complexes [Fe(NO)X(CH,CH,SCsHy-0-5), ]

(X = NR, S) have also been cited as models for the active sites in nitrogenase enzymes.”*>*

1.2 Copper(I)-nitrosyl

Several theoretical and matrix-isolation studies on copper(Il)-nitrosyl complexes have
been 1rep0rted.29’30 These investigations have found that N-bound nitrosyls are more stable
than O-bound nitrosyls. Copper-containing zeolites have been found to form mono- and
dinitrosyl species when exposed to NO.*!32 Alcoholic solutions of CuX,; (X =Cl, Br, F)
have been reported to absorb NO, generating deeply colored solutions that exhibit strong
Vo in their solution IR spectra, but the structures of these are not known.*** Another
{CuNO}" complex reported is [Cu(NO)(H2SO4),]**, though not properly characterized.*®
The lack of structural data for these complexes highlights the need for new copper(Il)-
nitrosyls to be isolated and characterized. Cao and coworkers reported the formation of air-

stable copper(Il)-nitrosyl and dinitrosyl species in the reaction of copper(Il)-
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dithiocarbamates with NO in aqueous solution.”’ This was, perhaps, the first report of

formation of air stable [Cu'-NO] complex (Schemel.2).
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S. S S ( S

O ™ NO AN ™
éN_Q e CN_< i

" s s s
HOOC HOOC

COOH TO COOH  no

s. | s
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éN{ /C“/\ >¥N éN—< i >—N
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Scheme 1.2

Vagliasindi et al has reported the interaction of NO with a series of copper(Il) complexes
of small peptides coming from the N-terminal prion protein octa-repeat region. In aqueous
solutions of Cu-Ac-HGGG-NH; and Cu-Ac-PHGGGWGQ-NH, systems at ~ pH 7.5,
reduction of copper(Il) centres were observed in presence of NO source.” Spectral studies
suggested that these reductions were probably mediated by the formation of a labile [Cu"-
NO] adduct.®

Copper(II) has also been known to promote the nitrosation of various thiolates (forming S-
nitrosothiols) and copper(Il) reduction was found to correlate with formation of S-nitroso
bovine serum albumin (BSA) and S-nitroso glutathione. Such observations have been used
to fomulate a potential mechanism for the formation of RSNO compounds found in
blood.**" However, copper(I) centres are known to participate in side reactions leading to
RSNO degradation to reform NO (Equation 1.1).*! This pathway have received attention as
a possible route to B-cys-93 S-nitrosylated hemoglobin which is controversial proposal

regarding the NO transport in cardiovascular systems.42

4
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-H*
Cu" . BSA-SH [Cul + BSA-ST*
+H*
-NO (| + NO
BSA-SNO + Cu! eoeeveenne (1.1)

With the greatly increased interest in NO reactions under biologically relevant conditions,
there has been renewed attention to reductive nitrosylation and its mechanisms involving

the reduction of iron(IIT) and copper(Il) centres (Equation 1.2).8

LM™ 4 NO + X == L,M™D* | XNO .. 1.2)

X = nucleophile, M = Fe / Cu

It is notable that not only the reduction of the metal centre but also the formation of the
nitrosated product X-NO may have significance in mammalian physiology, because such
species may have roles in NO transport and in redox sensing and signaling.“’45

In this direction, though the interaction of NO with heme protein have been studied in
details, only a few literatures are available that deal with the detail kinetic studies of the
copper(Il) vs. NO reactions. Tran et al has reported the reaction of NO with the copper(Il)
complex, [Cu(dmp)z(HzO)]2+ (dmp = 2,9-dimethyl-1,10-phenanthroline), in methanol that
leads to formation of a tetra-coordinated [Cu(dmp),]" complex along with methyl nitrite

and H,O (Equation 1.3). They have proposed that this reaction proceeds through the

formation of [CuH-NO] species.46

[Cu(dmp),(H,0)]1** , NO 4+ CH;0H ———>
[Cu(dmp),]* + CH3;0NO + H,0 + H* e 1.3)
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Ford et al has reported another interesting reactivity of NO with the copper(Il) complex,
[Cu(DAC)]2+ [DAC is 1,8-bis(9-anthracylmethyl)-derivative of the macrocyclic tetraamine
cyclam (1,4,8,1 1—tetraazacyclotetradecane)].47 Although the free ligand is fluorescent, the
analogous solution of [Cu(DAC)]** displays no luminescence at room temperature because
of its intramolecular quenching by the copper(Il) centre. Introduction of NO to the
methanolic solution of [Cu(DAC)]2+ restores the fluorescence through the reduction of
copper(Il) to copper(I). The reduction of copper(Ill) centre was also found to follow by
nitrosation of the ligand and subsequent demetalation (Scheme 1.3). The kinetic studies of
this reaction showed that there was a first-order dependence on concentration of NO and

the reaction was accelerated at higher pH.

K\N K\N/j
H—
i / + No— N + Cu’ + W

N—,
/C —<, No
N

Scheme 1.3

In recent reports of reaction of NO with [Cu(TEAEA)(CH3CN)]2+, 1.1 and
[Cu(TIAEA)(CH3CN)]2+ , 1.2 {TEAEA = tris(2-ethylaminoethyl)amine; TIAEA = tris(2-
isopropylaminoethyl)amine }complexes , reduction of copper(Il) entre has been reported to
proceed through the formation of a thermally unstable [Cu-NO] intermediate (Scheme

1.4).8
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Scheme 1.4

The reaction was monitored by UV-visible, EPR and solution FT-IR spectroscopic studies.
Complexes, 1.1 and 1.2 in acetonitrile solvent exhibit broad d-d bands at Ay.x (¢/ M! cm'l),
826 nm (340) and 615 nm (110) (shoulder) for 1.1; 620 nm (200) and 820 nm (150)
(shoulder) for 1.2, along with relatively strong intraligand absorptions in the UV region.
Upon exposure to NO gas, deep-blue solutions of 1.1 and 1.2 in dry, degassed acetonitrile
produced thermally unstable intermediates with shifts of An.x to 640 and 605 nm,
respectively (Figure 1.1). EPR studies of the frozen solutions of the intermediates revealed
that these are EPR silent. Hence, it is logical to believe that in both the cases, [CuH—NO]

intermediates were formed.
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1.3 [Cull(TEAEA)(NO)J3*
/

[Cull(TEAEA)(CH;CN)|**

Absorbance

400 500 600 700 300 200 1000
Wavelength (nm)

Figure 1.1 UV-visible spectroscopic monitoring of the formation of a [Cu"-NO] intermediate and

its gradual decomposition to copper(I) species in the case of complex 1.2

Spectral evidences for the formation [CuH—NO] intermediate has been reported in the
reaction of NO with [Cu(TAEA)CH;CN)]*, 1.3; [Cu(PYMEA),]**, 1.4 and
[Cu(BAEA)(CH5CN)J**, 1.5 {TAEA = tris(2- aminoethyl)amine; PYMEA = pyridine-2-

methylamine and BAEA = bis(2-amino ethyl)amine}complexesf*g’5 g

/—\./ - - :
N\ N~g N\ \/ N
& o R | _H
N (NN Hy JN—Cu—N
NCCH; \ / NCCH;
1.3 1.4 1.5

In the FT-IR spectra of the acetonitrile solutions of complexes 1.3, 1.4 and 1.5 after

addition of NO a new intense and sharp band was found to appear at ~1650 , 1642 and
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1635 cm™, respectively. These were assigned as stretching of NO (VNo) coordinated to the

copper(I) centre.*" These were found to disappear with time, indicating the unstable

nature of the intermediate (Figure 1.2).

100

%T

80 4

T T T T T T Y T L 1
2000 1900 1800 1700 1600 1500
Wavelength(nm)

Figure 1.2 The solvent subtracted FT-IR spectra obtained from the reaction of complex 1.5 with
NO in acetonitrile at room temperature. The top blue trace represents the spectrum of
complex 1.5 in acetonitrile. The bottom dark trace represents the spectrum of the [Cu"-
NO] intermediate after the reaction of complex 1.5 with NO, and the red one represents
the complete conversion of copper(Il) to copper(I) .The gradual decrease of the

intensity of the band is represented by the arrow.

Recently, Hayton et al have reported structurally characterized copper(Il)-nitrosyl
({CuNO}' configuration) complex, [Cu (CH3NO,)s(NO)|[PFsl,, 1.6.>" Here, Cu-N-O
angle is found to be 121.0(3)°. This complex shows Vxo at 1933 cm™ in FT-IR spectrum in

nujol. This complex was reported to react with mesitylene to form [mesitylene, NO][PF¢]

and [Cu(n2—1,3,5—Me3C6H3)2] [PFs] by transfer of NO™ to the mesitylene ring.51
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\\\\\ ( PF6 )2

1.6

These results essentially instigate us to study the reactivity of NO with copper(Il)

complexes with various ligand frameworks with a target to identify, stabilize and

characterize the possible [Cu-NO] intermediate. The works presented in the proceeding

chapters of the thesis will preliminary focus on:

° General introduction on [Cu”-NO] intermediate in reduction of copper(1l)
by NO.

. The study of role of ligands in controlling the mechanism of reduction of
copper(Il) by NO.

. Stabilization of [CuH—NO] intermediate complex and its potential role in
CuNiR cycle.

. Reaction of [Cu"-NO] with H,0, to form peroxynitrite complex as a

possible decomposition pathway for NO and H,O; in biological systems.
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Chapter 2

Role of ligand to control the mechanism of nitric oxide

reduction of copper(II) complexes and ligand nitrosation

Abstract

The NO reactivity of two copper(Il) complexes, 2.1 and 2.2 with ligands L; and Lo,
respectively, [Ly = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, L, =
5,5,7-trimethyl-[1,4]-diazepane] have been studied. The copper(Il) centre in complex 2.1
was found to be unreactive toward NO in pure acetonitrile; however, it displayed reduction
in methanol solvent in presence of base. The copper(Il) centre in 2.2, in acetonitrile
solvent, on exposure to NO has been found to be reduced to copper(I). The same reduction
was observed in methanol, also, in case of complex 2.2. In case of complex 2.1,
presumably, the attack of NO on the deprotonated amine is the first step, followed by
electron transfer to the copper(Il) centre to afford the reduction. Alternatively, first NO
coordination to the copper(Il) followed by NO" migration to the secondary amine is the
most probable in case of complex 2.2. The observation of the transient intermediate in UV-
visible and FT-IR spectroscopy prior to reduction in case of complex 2.2 also supports this
possibility. In both cases, the reduction resulted into N-nitrosation; in 2.1, only
mononitrosation was observed whereas complex 2.2 afforded dinitrosation as major
product along with a minor amount of mononitrosation. Thus, it is evident from the present
study that the macrocyclic ligands prefer the deprotonation pathway leading to
mononitrosation; whereas nonmacrocyclic ones prefer the [Cu"-NO] intermediate

pathway resulting into nitrosation at all the available sites of the ligand as major product.
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2.1 Introduction

Activation of NO by transition metal ions have attracted the chemists' attention as various
biological and physiological reactivities of NO are attributed to the formation of nitrosyl
complexes of metallo-proteins, mostly iron or coppelr—proteins.l_3 In this direction, the
iron-nitrosyls, both in protein and synthetic model systems have been studied extensively.
Ferriheme proteins are known to undergo reduction in aqueous media in the presence of
NO following a two-step process: (i) the formation of iron(IIl)-nitrosyl intermediate; (ii)
followed by pH dependent reduction.*” It is believed that in the next step the hydroxide ion
attacks the activated nitrosonium group to afford nitrite ion and iron(I).* The ferrous
protein then reacts with excess of NO to form stable ferro-heme nitrosyl.”™

The reduction of copper(I) centres in some proteins, such as cytochrome ¢ oxidase and
laccase, to copper(I) on exposure to NO has been known for a long time, though has not
been studied as extensively as in iron systems.g'12 In model systems, this has been
exemplified by a number of copper(Il) complexes in recent years.B_23

The copper(Il) centre in [Cu(dmp),(X)]** (dmp = 2,9- dimethyl-1,10-phenanthroline, X =
solvent) and in analogous complexes is found to undergo reduction in presence of NO, and
the detailed study of the reduction mechanism has been reported by Ford et al.*** Tt is
observed that the reduction was accompanied by the nitrosation of the solvent resulting
into methylnitrite or NO, ™ in case of methanol or water, 1respectively.24’25

The copper(Il) centre in [CuH(DAC)]2+ {DAC = 1,8-bis(9-anthracylmethyl) derivative of
the macrocyclic tetraamine cyclam (1,4,8,11-tetraazacyclotetradecane)} in methanol
solution is reported to undergo reduction by NO with a concomitant nitrosation of the

ligand.26 In contrast, copper(I) complexes with electron rich f-diketiminate ligands are

found to induce reductive cleavage of the N-nitrosoamine bond leading to the release of

17
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NO and the formation of copper(Il)-amide complex.27 It would be worth mentioning here
that [Cu(DAC)]** is reported as fluorescence sensor for NO.*® Lippard’s group used the
same reduction strategy to develop copper complex based NO sensors and reported the
examples of copper(Il) complexes of anthracenyl and dansyl fluorophore ligands in this
regard.”®*’ The quenched fluorescence intensity of the ligand fluorophore was observed to
restore in presence of NO in methanol / dichloromethane solutions of the complexes. In
addition, [Cu(Ds-en);] and [Cu(Ds-AMP),] [Ds-en and Ds-AMP are the conjugate bases of
dansylethylenediamine (Ds-Hen) and dansyl aminomethylpyridine (Ds-HAMP),
respectively], have been found to detect NO in aqueous solution, also.”’ Similar
observations were reported for the reactions of [Cu(Fl,)] (Fl, = a Fluorescine modified
with a functionalized 8-aminoquinoline group) with NO which gave N-nitrosation of the
Fl, ligands.28’29 From detail quantitative and theoretical studies, it has been established that
in case of [Cu(DAC)]*, the reaction proceeds through a pathway analogous to the inner-
sphere mechanism for electron transfer between two metal centres through a bridging
ligand. In this case, NO is the reductant, copper(Il), the oxidant, and the coordinated amido
anion behaves as the bridging ligand. Owing to the preference of copper(I) for tetrahedral
coordination and the decrease in donor ability of the nitrosated ligand, demetalation of the
macrocyclic ring was observed after the reduction.

An example of such a mechanism is reported by Armor et al where the reaction of
[Ru(NH3)6]3 " with NO in alkaline solution results into the Ru(Il)-dinitrogen complex, [Ru-
(NH3)5(N2)]2+.30 Since, Ru(Ill) complexes are substitution inert and the reaction is base
catalyzed, the N, ligand must be originated from one of the ammines. Nitrosation of a

coordinated amide ligand with the concomitant reduction of Ru(IIl) to Ru(Il) leads to the

18
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formation of a coordinated nitroso amine, which on subsequent dehydration results in the
coordinated dinitrogen complex.

The alternative mechanism, which is more close to that of ferriheme reduction, for the
nitrosation would be the one involving the initial NO coordination to the copper(Il) centre
to form [Cu"-NO « Cu'-NO*].>! In the successive steps, amine deprotonation and
migration of NO" to the coordinated amide would result into the nitrosoamine.
Subsequently, demetalation from the ligand will occur. This, indeed, has been suggested
earlier by Wayland and others.*™°

In our recent studies, with [Cu(TAEA)(CH;CN)**, [Cu(TEAEA)(CH;CN)J*,
[Cu(TIAEA)(CH;CN)I*, [Cu(PYMEA),]*", and [Cu(BAEA)(CH;CN)]** [TAEA = tris(2-
aminoethyl)amine; TEAEA = tris(2-ethylaminoethyl)amine; TIAEA = tris(2-
isopropylaminoethyl)amine; PYMEA = pyridine-2-methylamine and BAEA = bis(2-
aminoethyl)amine], the reduction was found to proceed through the formation of a
thermally unstable [Cu"~NO] intermediate.”” This difference in mechanistic pathway is,
perhaps, because of the difference in ligand environment. Hence, it is logical to believe
that the ligand frameworks have a significant role in controlling the mechanistic pathway
for the reduction of copper(Il).

To study the role of ligand on the reactivity of the complex toward NO, this chapter
describes the examples of copper(Il) complexes with a cyclam derivative (1) and cyclic
amine (L) ligands (Figure 2.1). Both the ligands have been known for a long time for their
coordination chemistry with various transition metal ions.®®* The similar structural
feature (Results and discussion section) of the corresponding complexes derived from

these ligands essentially prompted to choose them for the present study.

19
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Figure 2.1 Ligands used for the present study.

2.2 Results and discussion

Two copper(Il) complexes, 2.1 and 2.2, were synthesized with ligands, L; and L, [L; =
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, L, = 5,5,7-trimethyl-[1,4]
diazepane], respectively, as their perchlorate salts. The complexes were characterized by
various analytical techniques (Experimental section). Elemental analyses were found to be
satisfactory for both the complexes (Experimental section). The single crystal structure of
complex 2.1 was reported earlier.*® The single crystal structures of both complexes were
determined. The perspective ORTEP view for 2.2 is shown in figure 2.2. In 2.1, copper(Il)
is found to be surrounded by four nitrogen donor atoms from L in a distorted square-
planar geometry. In 2.2, the copper(Il) centre is coordinated with two L; in square-planar
fashion (Figure 2.2). The crystallographic table and important bond lengths and angles are

given in appendix I (Tables Al.1, A1.2 and A1.3, respectively).
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Figure 2.2 ORTEP diagram of complex 2.2 (50% thermal ellipsoid plot).

The Cu(1)-N(1) and Cu(1) —N(2) distances in complexes 2.1/ 2.2 are found to be 2.046(1)
/1.999(2) A and 2.027(2) / 2.010(3) A, respectively, which are within comparable ranges.
The other bond lengths of the coordinated ligands in both complexes are very similar. For
instance, the N(1)-C(1), C(1)-C(4), C(4)—C(5), and C(5)-N(2) distances in 2.1 / 2.2 are
1.504(3) / 1.509(4)A, 1.536(3) / 1.534(5)A, 1.515(3) / 1.525(5) A, and 1.496(2) / 1.518(4)
A, respectively. The N(1)-C(8), N(2)—-C(7), and C(7)—C(8) distances in 2.1/2.2 are found
to be 1.480(3) / 1.498(4) A, 1.476(2) / 1.484(5) A, and 1.516(3) / 1.537(5) A, respectively.
From the structural parameters, it is evident that both complexes have similar ligand
environment and geometry around the copper centre. The only difference is in complex 2.1
where the ligand is a tetradentate macrocycle and in complex 2.2 the ligand is a bidentate
cyclic amine. The complexes 2.1 and 2.2, in acetonitrile solvent, exhibit broad d-d bands at

Amax (s/M_1 cm'l), 523 nm (120) and 454 nm (275), along with relatively strong intraligand

absorptions in the UV region (Figure 2.3).
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Figure 2.3 UV-visible spectra of complexes 2.1(dashed line) and 2.2(solid line) in acetonitrile

solution at room temperature.

The acetonitrile solutions of the complexes displayed characteristic four line axial spectra

in X-band EPR studies at 77 K (Figure 2.4).*’
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Figure 2.4 X-Band EPR spectra of complexes 2.1 (black) and 2.2 (blue) in acetonitrile at 77 K.
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The calculated spectral parameters, gy, g1, and Ay are 2.152, 2.040, and 192 x 107* cm™
for complex 2.1 and 2.118, 2.011, and 190 x 10~ cm™" for complex 2.2, respectively. Both
the complexes exhibit one electron paramagnetism at room temperature, as expected.

The cyclic voltammetirc studies of the pure complexes have been carried out in acetonitrile
solvent. Complex 2.1 exhibited one irreversible couple at —1.15 V versus Ag/Ag", and this
has been attributed to the Cu'/Cu' couple (Appendix I, Figure A1.25). Earlier, Olson et al
also reported this couple to appear at —1.161 V versus Ag/Ag" electrode.”® The Cu'/Cu'
couple was also observed to appear in this range for analogous reported compounds.49 On
the other hand, for complex 2.2, irreversible reduction was observed at —0.91 V versus
Ag/Ag" (Appendix I, Figure A1.26).The difference in reduction potential for the two
complexes is attributed to the difference in ligand framework.”® The cyclic
voltammograms of complex 2.1 in presence of sodium methoxide was also recorded
(Appendix I, Figure A1.27). However, the voltammogram becomes progressively ill-
defined with the increasing amount of sodium methoxide which essentially precluded its

further studies.

2.3 Nitric oxide reactivity

NO reactivity of the complexes was studied in acetonitrile and methanol media. Complex
2.1, in dry and degassed acetonitrile, did not react with NO. Even after purging NO gas
into the acetonitrile solution of complex 2.1 for 2 minutes, no spectral change has been
observed. However, in methanol solution, complex 2.1 was found to react with NO in
presence of base to result in a colorless solution indicating the reduction of copper(Il)

centre to copper(I) (Scheme 2.1).
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The reduction was monitored by UV-visible spectroscopic studies. The intensity of the d-d
band was found to decrease with time and finally diminished suggesting the complete
reduction of copper(Il) centre to copper(l) (Figure 2.5).”'The reaction was found to be very
slow in absence of base. The decrease of intensity of the d-d band was found to be retarded
considerably upon addition of acids. Similar behaviour was reported for the NO reactivity
of [Cu(DAC)]2+ complex.5 "In case of [Cu(DAC)]2+, the spectral changed were found to be
strongly dependent on conditions. In this case, in unbufferred methanol / water mixture,
the spectroscopic changes appeared to show an induction period which was no longer
apparent in the buffered medium. This is, presumably, because of the shift in effective pH
in the course of the reaction. In the present study, we have also observed an induction
period in methanol / water (8:2, v/v) medium in unbufferred condition. When the
absorbance of a single wavelength (at 523 nm) was plotted versus time, however, there
was no indication of the presence of an induction period in neutral medium (Figure 2.6).
This plot fits well with the exponential decay curve from which the observed pseudo first

order rate constant with 10 equivalent of base has been calculated and found to be 5.49 x

24
TH-1179 09612202



Chapter 2

107" s7' at 298 K. The rate of the reaction was observed to be dependent on the base

concentration (Appendix I, Figure A1.6).
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Figure 2.5 UV-visible spectra of the reaction of complex 2.1 (black) with NO in methanol solvent
and in presence of sodium methoxide, at room temperature. Green and red traces
represent the spectral change at an intermediate stage and after complete reduction of

copper(Il) to copper(I), respectively.

The reduction of the copper (II) centre by NO further has been authenticated by the X-band
EPR spectroscopic studies. The square planar complex 2.1 was found to display a
characteristic spectrum in EPR at room temperature. The colorless solution resulting from
the reaction of complex 2.1 in presence of base and NO was observed to be EPR inactive.
This is attributed to the formation of diamagnetic copper(l) species from the reduction of
copper(Il) by NO (Figure 2.7). It would be worth mentioning here that the [Cu"-NO]
intermediate is also expected to be EPR inactive; however, the bleached color (i.e., the
absence of d-d transition band after reaction of copper(Il) and NO ) of the solution clearly

ruled out this option.
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Figure 2.6 Time scan plot of complex 2.1 (An., 523 nm) generated after reaction with NO in

methanol in presence of base at 298K.
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Figure 2.7 X-band EPR spectra of the complex 2.1 (black) and after its reaction with NO (red) in

methanol in presence of base at room temperature.

The reduction of copper(Il) centre, in case of complex 2.1, was observed to afford a

concomitant nitrosation of Ly resulting in the formation of L, (Scheme 2.1). The
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nitrosation product, L1/ , has been isolated and characterized (Experimental section). In case
of the analogous [Cu(DAC)] > complex, similar results were exemplified by Ford et al.’

The copper(Il) centre in complex 2.2, on the other hand, was observed to undergo
reduction by NO in pure acetonitrile solvent (Scheme 2.2). The reddish solution of 2.2, in

dry and degassed acetonitrile, on exposure to NO gas resulted in a thermally unstable blue

_I 2+
H
- -
Mg N
H ”@’A\\v Dry CH;CN +
Cu — > Ccum + X o H
YA _u NO, H ™ m—
AN N (L2)(50%)
LK
an \{/\( \\/Y
_No * _NO
_N N _N N
O . B —
(L) (40%) @,") (10%)
Scheme 2.2

intermediate with a shift of Ana to 600 nm. The intermediate was found to be EPR
silent.’”> The intermediate was decomposed gradually to afford a colorless solution
following first order kinetics, and the spectral changes were monitored by UV-visible

spectroscopic studies (Figure 2.8). The observed rate constant at 298 K is 8.45 x 10757
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Figure 2.8 UV-visible spectra of complex 2.2 (black); [Cu"-NO] intermediate (red) and its
decomposition to copper(I) species (blue) in acetonitrile. Inset: first order kinetic trace

(4 =600 nm) of decay of [Cu"-NO] intermediate to copper(l) species in acetonitrile.

The FT-IR spectra of the acetonitrile solutions of complex 2.2 before and after purging NO
were recorded. A new intense and sharp band was found to appear at ~1635 cm™,
corresponding to the vibration of NO coordinated to the copper(Il) centre. This band was
found to decrease in intensity with time (Figure 2.9).

The appearance of the thermally unstable band at ~1635 cm™ supports the formation of

the [CuH—NO] intermediate prior to the reduction of the copper(Il) centre in the cases of

complex 2.2. In case of [Cu(TAEA)(CH;CN)** complex, the Vno of [Cu"-NO] was found

to appear at 1650 cm™.* It would be worth mentioning here that for the air-stable solid

copper(Il)-nitrosyl of copper(Il)-dithiocarbamate, the vno for the NO coordinated to

copper appears at 1682 cm™.>?
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Figure 2.9 Solution FT-IR spectra of complex 2.2 and after reaction with NO in acetonitrile
solvent at room temperature. Arrow head indicates the gradual decrease of the band

intensity with time. Only o frequency is shown for clarity.

The colorless solution was also observed to be EPR silent (Figure 2.10) which is consistent
with the reduction of copper(Il) to copper(I).”’* Thus, in the case of complex 2.2,
presumably a unstable copper(Il)-nitrosyl intermediate was formed, prior to the reduction
of copper(Il) to copper(I). Since both [Cu'-NO*] and [Cu"=NO] are EPR silent, it is hard
to assign the electronic nature of the intermediate precisely. However, in the UV-visible
spectrum of the intermediate, the presence of the d-d band supports the existence of the
copper(Il) state rather copper(I). The same result was observed in methanol solution also
(Appendix I, Figure A1.14).

With [Cu(TEAEA)(CH;CN)]** and [Cu(TIAEA)(CH;CN)J*, the formation of [Cu"-NO]
intermediates were observed earlier.”” In the reduction of copper(Il)- dithiocarbamates with
NO in aqueous solution, the formation of air-stable copper-nitrosyl and dinitrosyl species

were reported by Cao et al.”® Detailed kinetics studies of the copper (IT) / NO reactions are
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Figure 2.10 X-band EPR spectra of the complex 2.2 (black) and after its reaction with NO (red) in

acetonitrile solvent at room temperature.

still limited. It would be worth mentioning here that in the NO reduction of the copper(Il)
complexes, [Cu(dmp),(H,0)]** and [Cu(dpp).]** (dmp = 2,9-dimethyl-1,10-
phenanthroline; dpp = 2,9-diphenyl-1,10- phenanthroline), in aqueous solution and in
various mixed solvents, though a putative inner sphere complex [Cu(dmp),(NO)]** was

d.** Even in the early stage of spectral

proposed to form, no spectral evidence was observe
changes when the reactive aqueous solutions were mixed in the stopped-flow kinetics
spectrophotometer, there was no obvious indication of the formation of the [Cu"-NO]
intermediate, in case of [Cu(dmp)z(NO)]%.Mel

The NO reduction of copper(Il) centre in complex 2.2, in acetonitrile, was accompanied
with a simultaneous nitrosation of the ligand and release of the modified nitrosoamines;
L, (~ 40%) and L," (~10%) were isolated and characterized (Scheme 2.2). The single
crystal X-ray structure of L, has been determined. The perspective ORTEP view of L, is
shown in figure 2.11. The crystallographic table and important bond lengths and angles are

given in appendix I (Tables Al.1, Al1.2 and Al.3, respectively). The 1440 cm™, 1478
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cm_l, and 1475 cm™' bands in the FT-IR spectra of L1/ , L2/ , and LZ” , respectively, were
consistent with the expected Vno of nitrosoamine.” Tt is important to note that the free

ligands do not react with NO at the reaction condition.

—C6

Figure 2.11 ORTEP diagram of L, (Hydrogen atoms are removed for clarity; 50% thermal
ellipsoid plot).

The reactivity pathway, thus, depends on the ligand environment which is also playing a
key role in controlling the degree of ligand nitrosation. With macrocyclic ligands, both Ly
and DAC, the copper(I) centres were found to react with NO in presence of base through a
plausible copper(Il)-amide complex formation, whereas in complex 2.2, it has been found
that the copper(Il) centre reacts with NO leading to the formation of a [Cu"-NO]
intermediate prior to the reduction of copper(Il) to coppper(I). The similar observation was
reported for [Cu(TEAEA)(CH;CN)|**, [Cu(TIAEA)(CH3;CN)*, and
[Cu(TAEA)(CH3CN)]2+.37 Thus, the proposed mechanism of the attack of NO on the
deprotonated amine site followed by electron transfer to the copper centre as reported in
case of [Cu(DAC)]** is true for macrocyclic ligands only. Alternatively, first NO
coordination to the copper(Il) followed by NO* migration to the secondary amine is true in
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case of other amine ligands. The observation of the transient intermediates in UV-visible
and EPR spectroscopy prior to reduction also supports this possibility. This is, perhaps,
because of the extra stability of the complex imparted by the macrocycle compared to the
others.”® Since long ago, it is well documented in the literature that the copper(Il)
complexes of macrocyclic tetraammine ligands are kinetically and electrochemically more
inert compared to the nonmacrocyclic analogues.50 This perhaps prevents the formation of
an inner-sphere [CuH—NO] complex prior to the reduction of the copper(Il) centre as
observed in case of nonmacrocyclic ligands. It should be noted that though the N-
nitrosation was reported in cases of [Cu(Fl,)] complexes (Fl, = fluorophore ligands), the
mechanism was not very clear.” It was proposed that N-nitrosation of Fl, might happen
through initial NO coordination to copper(I) followed by internal electron transfer and
migration of NO" from copper(I) centre to the secondary amine group with loss of proton
or through an alternative deprotonation mechanism as observed in case of [Cu(DAC)]**.*

DFT calculations were performed to have some insight into the likelihood of the formation
of the [Cu"-NO] intermediates in the reaction sequences for both the complexes. The
calculated structures for the cationic part of complexes 2.1 and 2.2 in gas phase are in good
agreement with the crystal structures (Appendix I, Figures A1.30 and A1.31). In the
vibrational frequency calculations, no imaginary frequency was found for the complexes
suggesting their stable structures (local minima) in the potential energy surface. Similar
calculations were performed for complexes 2.1 and 2.2 after NO coordination (i.e., for
respective [Cu"’-NO] species). It is interesting to note that no negative vibrational
frequency (imaginary frequency) was observed for these, also. Thus, on the basis of
vibrational frequency calculations, [Cu"-NO] species for both complexes 2.1 and 2.2 are

possible. To have more insight on the stability of these [Cu'-NO] species for both the
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complexes, the HOMO-LUMO gaps were calculated. The calculated HOMO-LUMO gap
of [Cu"-NO] species for complexes 2.1 and 2.2 are 0.206 and 1.020 eV, respectively. This
suggests that complex 2.2 is more likely to form [Cu"~NO] upon reaction with NO and the
same for complex 2.1 is somewhat unfavorable. The higher chemical hardness value of
[Cu"-NO] species for the complex 2.2 (0.510 eV) compared to that for 2.1 (0.103 eV) also
supports this.™* It would be worth mentioning here that for [Cu(DAC)]** also, the
formation of an NO coordinated intermediate was reported to be unfavorable.”' From the
theoretical studies, it has been found that for complex 2.1, the calculated geometry of the
[Cu"-NO] species is square pyramidal with the NO group in the axial position (Appendix
I, Figure A1.32), whereas for complex 2.2, it is trigonal bipyramidal with NO coordinated
to the copper at an equatorial site (Appendix I, Figure A1.33). It should be noted that for
the structurally characterized copper(Il)-nitrosyl complex, [Cu(CH3NO,)s(NO)][PF¢]», the
NO group was reported to be coordinated to the copper centre in a bent geometry
[Cu-N-0O, 121.0(3)°] at an equatorial site.’? In the case of complex 2.2, the calculated
geometry of [Cu"—-NO] also suggests a bent geometry for NO coordination to the copper
centre with an angle of 125.78°. Hence, presumably, the geometry of the [Cu"-NO]
species might be crucial in controlling the observed reactivity pathways of the respective
complexes. Further, the NBO calculations support the [Cu"-NO] electronic distribution
rather than [CuI—NO+] for the intermediate. This, indeed, is in agreement with the

experimentally observed data.

2.4 Conclusion

In conclusion, in case of complex 2.1, the reduction of copper(Il) to copper(l) takes place
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in methanol medium in presence of base; whereas, the same in case of 2.2 was observed to
be very facile in dry acetonitrile. The copper(Il) to copper(I) reduction in 2.2 was found to
proceed through a [Cu"-NO] intermediate. In both cases, the reduction resulted into N-
nitrosation; in 2.1, only mono-nitrosation was observed whereas complex 2.2 afforded di-
nitrosation as major product along with a minor amount of mono-nitrosation. Hence, in the
present study, it has been observed that though the macrocyclic ligands prefer
deprotonation pathway, the nonmacrocyclic one prefers the [Cu"-NO] intermediate
pathway resulting in nitrosation at all the available sites of the ligand as major product.
DFT calculations also suggest the facile formation of [Cu"-NO] intermediate for complex

2.2 which is in good agreement with the experimental observations.

2.5 Experimental section

2.5.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. Acetonitrile was distilled from calcium hydride. Deoxygenation of the solvent and
solutions was effected by repeated vacuum/purge cycles or bubbling with nitrogen for 30
minutes. NO gas was purified by passing through KOH and P,0Os column. UV-visible
spectra were recorded on a Perkin-Elmer lambda 25 UV-visible spectrophotometer. FT-IR
spectra were taken on a Perkin-Elmer spectrophotometer with either sample prepared as
KBr pellets or in solution in a potassium bromide cell. Solution electrical conductivity was
checked using a Systronic 305 conductivity bridge. 'H- NMR spectra were obtained with a
400 MHz Varian FT-spectrometer. Chemical shifts (ppm) were referenced either with an
internal standard (Me4Si) for organic compounds or to the residual solvent peaks. The X-

band Electron Paramagnetic Resonance (EPR) spectra of the complexes and of the reaction
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mixtures were recorded on a JES-FA200 ESR spectrometer. Electrochemical
measurements were made using a CH Instruments 660A potentiostat. A Pt working
electrode, Pt wire auxiliary electrode, and a Ag/Ag® reference electrode were used in a
three-electrode configuration. All electrochemical measurements were done at 298 K under
nitrogen atmosphere in acetonitrile solvent containing tetra-butyl ammonium perchlorate
(TBAP) as supporting electrolyte. The scan rate used was 50 mV/s. The half-wave
potential E® 503 was set equal to 0.5(Epa + Epc), where Ep, and E, are anodic and cathodic
cyclic voltammetric peak potentials, respectively. All the electrochemical data are
uncorrected for junction potential. Elemental analyses were obtained from a Perkin-Elmer
Series II Analyzer. The magnetic moment of complexes were measured on a Cambridge
Magnetic Balance. Mass spectra of the compounds in methanol were recorded in a Waters
Q-Tof Premier and Aquity instrument.

Single crystals were grown by slow diffusion followed by slow evaporation technique. The
intensity data were collected using a Bruker SMART APEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube MoKa radiation (A = 0.71073 A) at 273(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 the SAINT and XPREP software.” Structures were solved by direct methods using
SHELXS-97 and refined with full-matrix least-squares on F using SHELXL-97.°° All
non-hydrogen atoms were refined anisotropically. Structural illustrations have been drawn
with ORTEP-3 for Windows.”” The disorder present in the crystal structure has been tried
to be minimized by use of SHELXL.

Density functional theory (DFT) calculations were done for complexes 2.1, 2.2, and their

respective [Cu"-NO] complexes. The complexes 2.1 and 2.2 were generated from their X-
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ray crystallographic data. Both the complexes were fully optimized using the BP functional
and DNP basis sets as implemented in the program DMol’.”® The BP model was chosen as
the use of other DFT models like BLYP or B3LYP results in larger error to the bond
lengths for copper complexes.” The geometry of [Cu"—-NO] species obtained from
complexes 2.1 and 2.2 were also optimized at the BP/DNP level. Finally to confirm the
stability of the complexes the vibrational frequencies calculations were done at the
optimized structures. The relative stabilities of the [CuH—NO] for complexes 2.1 and 2.2
are compared by calculating the value of the gap between their highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and chemical hardness

values.

2.5.2 Synthesis of ligand L,

The macrocyclic ligand (1) was prepared by using the procedure described by Curtis et
al.”® It is characterized by elemental analyses, FT-IR, IH—NMR, and *C-NMR
spectroscopy. Elemental analyses: Caled. (%) for CigH3N4: C, 67.55; H, 12.75; N, 19.69.
Found (%): C, 67.53; H, 12.79; N, 19.67. FT-IR (in KBr): 753, 1177, 1372, 1465, 2832,
2923, 2965, 3275 cm™'; '"H-NMR (400 MHz, CDCl;): Oppm, 2.96(m, 2H), 2.66(t, 8H),
2.24(s, 4H), 1.79(d, 4H), 1.13(s, 12H), 1.09(d, 6H). *C-NMR (100 MHz, CDCl3): &pm,

53.9,48.3, 46.5, 45.6, 45.2, 29.7, 28.2, 24.5.

2.5.3 Synthesis of ligand L,
The synthesis of ligand L, was carried out by a method adapted from Curtis.” It is
characterized by microanalysis, FT-IR, '"H-NMR and C-NMR spectroscopy. Elemental

analyses: Calcd. (%) for CgH;sN,: C, 67.55; H, 12.75; N, 19.69. Found (%): C, 67.53; H,
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12.78; N, 19.68. FT-IR: 1014, 1329, 1397, 1622, 2979 cm™"; "H-NMR (400 MHz, CDCl5):
Sopm: 3.01(m, 1H), 2.58(t, 4H), 1.56(d, 2H), 1.03(s, 9H). °*C- NMR (100 MHz, CDCl3):

dppm, 52.7,49.3,47.2, 44.5, 44.4, 29.6, 28.2, 22.8.

2.5.4 Synthesis of complex 2.1, [Cu (L1)](C1Oy4),

The complex was reported earlier.”! Copper(Il) perchlorate hexahydrate (2 g, 5.4 mmol)
was dissolved in 20 ml of freshly distilled acetonitrile, and to this blue solution, the ligand
L (1.53 g, 5.4 mmol), was added dropwise. The color of the solution changed to red. The
resulting mixture was stirred for 1 h. Then the volume of the solution was reduced to ~5
ml and layered with benzene. It was then kept in a freezer for overnight which resulted in a
red crystalline compound. Yield: 2.51 g (~85%). Elemental analyses: Calcd. (%) for
CuC;6H3sN4OsCla: C, 35.19; H, 6.64; N, 10.26. Found (%): C, 35.23; H, 6.66; N, 10.31.
FT-IR (KBr pellet): 1082, 627, 2970, 1448, 2812 cm™l. Molar conductance, 247 S cm?

mol™'. Magnetic moment, 1.65 BM.

2.5.5 Synthesis of complex 2.2, [Cu (L,),](C10y4),

Copper(Il) perchlorate hexahydrate (2 g, 5.4 mmol), was dissolved in 20 ml of freshly
distilled acetonitrile, and to this blue solution, the ligand L, (1.53 g, 10.8 mmol), was
added dropwise. The color of the solution changed to red. The resulting mixture was
stirred for 1 h. Then the volume of the solution was reduced to ~5 ml and layered with
benzene. The mixture was then kept in freezer for overnight which resulted in a red
crystalline compound. Yield: 2.55 g (~85%). Elemental analyses: Calcd. (%) for

CuCi6H3sN4OsCL: C, 35.19; H, 6.64; N, 10.26. Found (%): C, 35.15; H, 6.64; N, 10.21.
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FT-IR (KBr pellet): 1082, 627, 2959, 3077, 3178 cm™!.Molar conductance, 224 S cm?

mol ™. Magnetic moment, 1.60 BM.

2.5.6 Isolation of Ly

To 10 ml of degassed, distilled methanolic solution of complex 2.1 (0.546 g, 1 mmol), NO
was bubbled for 1 minute in presence of one equivalent sodium methoxide. The solution
turned colorless. The excess NO was removed by vacuum and purging nitrogen gas for
several cycles. The colorless solution was then opened to air and stirred at room
temperature for 2 h to ensure the complete conversion of copper(l) to copper(Il). Then the
solvent was removed under reduced pressure using rotavapor. Water (5 ml) was added to
the dried mass followed by the addition of 5 ml of saturated Na,S solution. The black
precipitate of CuS was filtered out. The crude organic part was then extracted from the
aqueous layer using CHCI3 (25 ml x 4 portions). The crude product, obtained after removal
of solvent, was then purified by column chromatography using neutral alumina column and
hexane / ethyl acetate solvent mixture to get the pure modified ligand L. Yield: 0.265 g
(~85%). Elemental analyses: Calcd. (%) for C;¢H3sNsO: C, 61.30; H, 11.25; N, 22.34.
Found (%): C, 61.27; H, 11.26; N, 22.37. FT-IR (KBr pellet): 1440, 1385, 1177, 2925,
2858 cm™'; 'H-NMR (400 MHz, CDCl5): Oppms 4.43, 2.79, 2.62, 1.84, 1.43, 1.21. Mass:

(m+H")/z: Calcd. 314.49; Found, 314.42.

2.5.7 Isolation of L, and L,”
To 10 ml of degassed, distilled acetonitrile solution of complex 2.2 (0.546 g, lmmol), NO
was bubbled for 1 minute. The red color of the solution became blue and finally colorless.

The excess NO was removed by vacuum and purging nitrogen gas for several cycles. The
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colorless solution was then opened to air and stirred at room temperature for 2 h to ensure
the complete conversion of copper(I) to copper(Il). Then the solvent was removed under
reduced pressure using rotavapor. Water (5 ml) was added to the dried mass followed by
the addition of 5 ml of saturated Na,S solution. The black precipitate of CuS was filtered
out. It would be worth to mention here that direct addition of aqueous saturated Na,S
solution to copper(I) solution affords the precipitation of Cu,S leading to the same result.
The crude organic part was then extracted from the aqueous layer using CHCl3 (25 ml x 4
portions). The crude product, obtained after removal of solvent, was then purified by
column chromatography using neutral alumina column and hexane/ethyl acetate solvent
mixture to get the pure L, and L,”. Unreacted L, was recovered from the column by using
pure methanol solvent. LZ/ : Yield: 0.155 g (~ 40%). Characterization of LZ/: Elemental
analyses: Calcd.(%) for CgH;sN4O,: C, 47.99; H, 8.05; N, 27.98. Found (%): C, 47.97; H,
8.06; N, 28.03. FT-IR (KBr pellet): 1475, 1135, 1363, 1138, 2975 cm™'; 'H- NMR (400
MHz, CDCl3): 8ppm, 4.53, 3.85, 2.12, 1.56, 1.31. Mass: (m+Na")/z: Calcd. 223.24; Found,
223.21. LZ” : Yield: 0.028 g (~ 10%). Characterization of LZ//: Elemental analyses:
Calcd.(%) for CgH7N30: C, 56.11; H, 10.01; N, 24.54. Found (%): C, 56.08; H, 10.01; N,
24.56. FT-IR (KBr pellet): 1478, 1138, 1363, 1361, 2987, 3021 cm™; 'H- NMR (400 MHz,

CDCl3): 8ppm, 4.68, 3.57, 1.97, 1.64, 1.48. Mass: (m+Na")/z: Calcd. 194.24; Found, 194.26.
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Chapter 3

Synthesis of a copper(II)-nitrosyl complex and its reaction
with water: Example of copper(I)-(n2-O, O)nitrite complex

derived from copper(II)-nitrosyl

Abstract

Copper(Il) complex, 3.1, of a bidentate ligand, L3 [L3 = bis(2-ethyl-4-methyl-imidazol-5-
yl) methane] has been synthesized and structurally characterized. Addition of NO to a
degassed acetonitrile solution of 3.1 yielded the corresponding copper(Il)-nitrosyl
complex, 3.2. In acetonitrile, complex 3.2, on reaction with water afforded corresponding
copper(I)-nitrite complex, 3.3. Single crystal structure of complex 3.3 reveals the bidentate
nitrite (n°-O, O) bonding. This is the first example of structurally characterized copper(I)-
(nZ—O, O) nitrite complex with N-donor ligand. The sequence of the formation of these
complexes is just the reverse of the key steps of the postulated nitrite reduction cycle by

CuNiRs.
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3.1 Introduction

Most of the roles played by NO in biological systems are attributed to the formation of
nitrosyl complexes of metallo-proteins, mainly iron or copper.l_3 For instance, in bacterial
denitrification by copper containing nitrite reductases (Cu-NiRs), copper(Il)-nitrosyl and
copper(l) nitrite are postulated as the key intermediate based on the results of biochemical

and spectroscopic studies (Scheme 3. 1).'° However, these intermediate have not been

NO E.Cyll route A
-Cu
‘) NO,
route B \ e
[E-Cu’-NO* = E-Cu''NO°®] E-Cu! E-Cu'-NO,
l NO,
.
1,0 E-Cul-NO,

2H*

Scheme 3.1

detected in the catalytic cycle because of their high reactivity. Solomon et al, based on
density functional theory calculations, reported that binding (O-bound) to copper(l) is
found to play the key role in activating the nitrite bond."" Hence, the isolation and
characterization of these intermediates, even with small molecule models, might be the key
to understand the reaction mechanism of the nitrite reductases.

Since the first report of the structurally characterized copper(I) nitrite complex,
[(iPr3tacn)CuI(N02)] (iPr3tacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane), as the model

for CuNiR by Tolman et al, a number of complexes have been reported.lz’16 However, the
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examples of monomeric copper(I)-nitrite (O-bound) complexes are rare and known
examples are with typical soft-base phosphine ligarlds.16’17
This chapter describes a copper(Il) complex with ligand L3 (Figure 3.1) which affords

corresponding stable copper(Il)-nitrosyl on reaction with NO. The copper(Il)-nitrosyl

complex in the presence of water results in copper(I)—nitrite (O-bound).

(L3)

Figure 3.1 Ligand used for the present study.

3.2 Results and discussion

Copper(I) complex, 3.1, was synthesized with the bidentate ligand, L3z [L3 = bis (2-ethyl-
4-methyl-imidazol-5yl) methane], as its perchlorate salt. The single crystal structure of
complex 3.1 was determined. The perspective ORTEP view for 3.1 is shown in figure 3.2.
The single crystal structure of 3.1 revealed that the copper(Il) centre is coordinated by four
nitrogen donor atoms from two L3 in a distorted square-planar geometry. The
crystallographic table and important bond lengths and angles are given in appendix II
(Tables A2.1, A2.2 and A2.3, respectively). Complex 3.1 in acetonitrile solvent exhibits a
broad d—d band at Ay (a/M_1 cm'l), 685 nm (120), along with relatively strong intra-
ligand absorptions in the UV region (Figure 3.3). It shows magnetic moment
corresponding to one unpaired electron (U,ps, 1.60 BM). It exhibits a characteristic EPR

spectrum in acetonitrile at 77 K (Figure 3.4).
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Figure 3.2 ORTEP diagram of complex 3.1 (50% thermal ellipsoid plot). Hydrogen atoms and

solvent molecules are not shown for clarity.
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Figure 3.3 UV-visible spectrum of complex 3.1 in acetonitrile at room temperature.
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Figure 3.4 X-Band EPR spectrum of complex 3.1 in acetonitrile at 77 K.

3.3 Nitric oxide reactivity
Addition of NO to a degassed acetonitrile solution of complex 3.1 resulted in the

corresponding [Cu"-NO] complex, 3.2 (Scheme 3.2). Micro-analytical data and ESI-mass
spectroscopy also support the formulation (Figure 3.5). It absorbs at Ayax (e/M ' cm™), 704

nm (110) (Figure 3.6) in acetonitrile solvent. It is found to be EPR silent (Figure 3.7). In
the FT-IR spectrum, it exhibits a vibration at 1662 cm’, which is attributed to the

coordinated nitrosyl stretching flrequency.18

. - 2+ . - 2+

o e
o ”Q} oo |
1}\_/ \N/ Acetonitrile RN/ \
HNMNH 1 Nﬁ{\

3.1 3.2

Scheme 3.2
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Figure 3.5 ESI-Mass spectrum of complex 3.2 in methanol.
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Figure 3.6 UV-visible spectrum of complex 3.2 in acetonitrile solvent at room temperature.

The frequency of this vibration was found to shift to 1631 cm” on °NO labelling
experiment which further confirms its assignment as Vno (Figure 3.8). In the case of the
[Cu(TREN)(CH3CN)]2+ [TREN = N,N-bis(2-aminoethyl)ethane-1,2-diamine] complex, the
Vno of [Cu"-NO] was found to appear at 1650 cm™."® It would be worth mentioning here
that for the air-stable solid copper—nitrosyl of copper(Il)-dithiocarbamate, the Vxo appears
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at 1682 cm™.'® Recently, Hayton et al reported the appearance of Vxo band at 1933 cm’” for

structurally characterized copper(IT)—nitrosyl complex.'®
5000 -
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Figure 3.7 X-band EPR spectra of the complex 3.1 (black trace), complex 3.2 (red trace) in

acetonitrile at room temperature.
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Figure 3.8 FT-IR spectra of complex 3.2 derived from “NO (black) and "NO (blue) in acetonitrile

solution. Only Vo frequency is shown for clarity.

The '"H-NMR spectrum of complex 3.2 in CDs;CN displayed the expected number of

signals (Figure 3.9). Complex 3.2 is stable at room temperature in the absence of moisture

53
TH-1179 09612202



Chapter 3

and has been isolated as a solid. It should be noted that application of vacuum to the
acetonitrile solution of complex 3.2 resulted in the decrease of the Vno band intensity in the
FT-IR spectrum indicating the loss of NO ligand from the complex (Appendix II, Figure
A2.10)."® However, we have not succeeded to grow X-ray quality crystals. It is important
to note that in all earlier examples, the [CuH—NO] complexes were found to be unstable,

except the two reported by Diaz and Hayton et al.'®
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Figure 3.9 '"H-NMR spectrum of complex 3.2 in CD;CN.

From the DFT calculations, it has been found that for complex 3.2, the calculated geometry
is square pyramidal with the NO group coordinated to the copper at an equatorial site. It
should be noted that for the structurally characterized copper(Il)-nitrosyl complex, [Cu
(CH3NO,)s(NO)][PF¢],, the NO group was reported to be coordinated to the copper centre
in a bent geometry [Cu—N—0, 121.0(3)°] at an equatorial site.'® In the case of complex 3.2,
the calculated geometry also suggests a bent geometry for NO coordination to the copper
centre with an angle of 119.64°. The Cu-No) and N-O distances are calculated to be
2.055 A and 1.146 A, respectively. These distances are little longer than the structurally

reported one.'® It would be interesting to note that the DFT analysis suggests that the Cu—

NO bond is formed by the overlapping of the d,2 orbital of Cu and n* orbital of NO ligand
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and is purely sigma in nature (Figure 3.10). The HOMO and LUMO energy values were
also calculated in the presence of solvent. It has been observed that both HOMO and
LUMO orbitals are localized on the imidazole ring of the ligand (Appendix II, Figures
A2.12, and A2.13). The NBO calculations suggested the [Cu"-NO] electronic distribution

rather than [Cu'-NO™] for complex 3.2.

Figure 3.10 HOMO-2 orbital of complex 3.2 that represents the Cu-NO bond.

Complex 3.2 was found to react with water to result into the reduction of the copper(Il)
centre to copper(I) with a concomitant oxidation of coordinated NO to nitrite yielding a

copper(I)—nitrite complex, 3.3 (Scheme 3.3).
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The reduction of copper(Il) to copper(I) has been monitored by the UV-visible
spectroscopic studies (Figure 3.11). The reaction mixture after the complete reduction was
found to be EPR silent, as expected (Appendix II, Figure A2.20). In solution FT-IR study
in acetonitrile solvent, the stretching frequency at 1662 cm™ was found to disappear on
addition of water (Figure 3.12). The formation of complex 3.3 was further authenticated by
its single crystal X-ray structure determination. The ORTEP view of complex 3.3 is shown
in figure 3.13. It would be worth mentioning here that in complex 3.3, a bidentate nitrite
binding (O-bound) to copper(l) is observed as suggested by Solomon et al for CuNiR."
The crystallographic table and important bond lengths and angles are given in appendix II
(Tables A2.1, A2.2 and A2.3, respectively). UV-visible and 'H-NMR studies also suggest

the formation of complex 3.3 (Appendix II, Figures A2.15, and A2.19).
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Figure 3.11 UV-visible spectroscopic monitoring of the reaction of complex 3.2 with water in
acetonitrile. Black and blue traces represent complexes 3.2 and 3.3, respectively;
whereas, red and green ones represent the intermediate steps for the gradual

decomposition of complex 3.2 to 3.3.

The release of proton during the formation of complex 3.3 was qualitatively established by

the decrease of pH of the reaction mixture. In the ESI-mass spectroscopy, the molecular
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ion peak of complex 3.3 was found to appear at 573.26 (Appendix II, Figure A1.17). This
peak was found to shift to 575.21, as expected, when 80-labeled water was used

(Appendix II, Figure A1.18) suggesting that water is involved in the reaction.
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Figure 3.12 Solution FT-IR spectroscopic monitoring of the reaction of complex 3.2 with water in
acetonitrile. Only the gradual decay of vxo at 1662 cm™ in presence of water is

shown for clarity.
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Figure 3.13 ORTEP diagram of complex 3.3 (50% thermal ellipsoid plot).
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3.4 Conclusion

The present work demonstrates an example of formation of stable copper(I)-nitrosyl from
the reaction of copper(Il) complex and NO. The copper(Il)-nitrosyl complex, in
acetonitrile solvent, in the presence of water affords the corresponding copper(I)-nitrite
(O-bound) complex. The sequence of the formation of these complexes, essentially, is just
the reverse of the key steps of the postulated nitrite reduction cycle by copper containing
nitrite reductases. Furthermore, though it has been observed that copper(I)-nitrite
complexes with aliphatic or aromatic nitrogen donor prefer to have an N-bound bonding
mode, the present study demonstrates the first example of a copper(I)-nitrite (O-bound)

complex with N-donor ligand.

3.5 Experimental section

3.5.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. Acetonitrile was distilled from calcium hydride. Deoxygenation of the solvent and
solutions was effected by repeated vacuum/purge cycles or bubbling with nitrogen for 30
minutes. NO gas was purified by passing through KOH and P,Os column. UV-visible
spectra were recorded on a Perkin-Elmer lambda 25 UV—-visible spectrophotometer. FT-IR
spectra were taken on a Perkin-Elmer spectrophotometer with either sample prepared as
KBr pellets or in solution in a potassium bromide cell. Solution electrical conductivity was
checked using a Systronic 305 conductivity bridge. 'H- NMR spectra were obtained with a
400 MHz Varian FT-spectrometer. Chemical shifts (ppm) were referenced either with an
internal standard (Me4Si) for organic compounds or to the residual solvent peaks. The X-

band Electron Paramagnetic Resonance (EPR) spectra of the complexes and of the reaction
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mixtures were recorded on a JES-FA200 ESR spectrometer. Elemental analyses were
obtained from a Perkin-Elmer Series Il Analyzer. The magnetic moment of complexes
were measured on a Cambridge Magnetic Balance. Mass spectra of the compounds in
methanol were recorded in a Waters Q-Tof Premier and Aquity instrument.

Single crystals were grown by slow diffusion followed by slow evaporation technique. The
intensity data were collected using a Bruker SMART APEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube MoKa radiation (4 = 0.71073 A) at 273(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 the SAINT and XPREP software."® Structures were solved by direct methods using
SHELXS-97 and refined with full matrix least-squares on F' g using SHELXL-97.2°All non-
hydrogen atoms were refined anisotropically. Structural illustrations have been drawn with
ORTEP-3 for Windows.?' The disorder present in the crystal structure has been tried to be
minimized by use of SHELXL.

DFT calculations were performed on complex 3.2. The complex was fully optimized using
PWOI1 functional and DNP basis sets in the presence of solvent acetonitrile. The
Conductor-like Screening Model (COSMO) as incorporated into the DMol’ program with
dielectric constant of 37.5 was adopted to study the solvent effect. NBO calculations were

performed on the optimized cluster to identify the electronic distribution on the complex.

3.5.2 Synthesis of ligand L3
The ligand L3 was synthesized by a method adapted from Morteza Shiri.”? A 100 ml, two-
necked, round-bottomed flask equipped with a magnetic stirring bar, and a rubber septum

was charged with 2.20g (20 mmol) of 2-ethyl-4-methyl-imidazole, and 30 ml of methanol.
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To the stirred solution 0.45g (15 mmol) of formaldehyde was added over a period of 5
minutes and the resulting mixture was made alkaline (pH ~14) by adding KOH. The
reaction mixture was then allowed to stirr at room temperature. After 3-4 h ligand L3
precipitated out from the reaction mixture as white solid. The white precipitate was washed
with water, dried in vacuum. Yield: 1.97 g (85%). It was characterized by elemental
analysis, FT-IR, 'H- NMR and "C-NMR spectroscopy. Elemental analyses: Calcd. (%) for
Ci3HooN4: C, 67.21; H, 8.68; N, 24.12. Found (%): C, 67.19; H, 8.68; N, 24.02. FT-IR (in
KBr): 2964, 2842, 1614, 1529, 1455, 1071 cm™; 'H-NMR (400 MHz, CDCls): Oppms
3.53(2H), 2.44(4H), 1.87(6H), 1.08(6H). *C-NMR (100 MHz, CDCls): Oppm, 149.2, 129.1,

127.2,23.3, 22.6, 13.7, 10.6. Mass: (m+H")/z: Calcd. 233.16; Found, 233.17.

3.5.3 Synthesis of complex 3.1, [Cu (L3);](ClOy),

Copper(Il) perchlorate hexahydrate (0.740 g, 2 mmol) was dissolved in 20 ml distilled
methanol. To this solution, 0.928 g (4 mmol) of the ligand L3 was added slowly with
constant stirring. The color of the solution turned into dark brown from light blue. The
stirring was continued for lh at room temperature. The volume of the solution then
reduced to ~5 ml. To this, 10 ml of diethylether was added to make a layer on it and kept
overnight on freezer. This resulted into microcrystalline complex 3.1. Yield: 1.25 g (85%).
Elemental Analyses: Calcd. For CycHsoCl,CuNgOs: C, 42.95; H, 5.55; N, 15.41. Found
(%): C, 42.91; H, 5.54; N, 15.36. FT-IR: 2976, 1633, 1455, 1150, 1114, 625 cm™;

magnetic moment, 1.60 BM. ESI-Mass: Calcd. 527.19; Found, 527.24.

3.5.4 Synthesis of complex 3.2, [Cu (L3)2(NO)](ClOy),

To 20 ml of distilled and degassed acetonitrile solution of complex 3.1 (0.5 g), freshly
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prepared NO was bubbled for 1 minute. The color of the solution turned dark green. The
excess of NO was removed by vacuum and purging nitrogen gas and 10 ml of degassed
benzene was added to this under nitrogen atmosphere. The reaction mixture was kept in
freezer for two days. This resulted into the precipitate of complex 3.2 as green powder.
Yield: 0.364 g (70%). Elemental Analyses: Calcd. for CycHyoCl,CuNgQOg: C, 41.25; H,
5.32; N, 16.65. Found (%): C, 41.28; H, 5.30; N, 16.70. FT-IR (KBr pellet): 2921, 1662,

1620, 1475, 1384, 1242, 1108, 625 cm™'. ESI-Mass: Calcd. 557.20; Found, 557.46.

3.5.5 Synthesis of complex 3.3, [Cu (L3)>(NO,)]

To 15 ml of distilled and degassed acetonitrile solution of complex 3.2 (0.5 g) quantitative
amount of distilled water was added at room temperature with constant stirring under
nitrogen environment. The green color of the solution turned colorless. It was kept on
freezer. After three days, yellow color crystals of complex 3.3 were obtained. Yield: 0.265
g (63%). Elemental analyses for CsHsoCulNgO,, Calcd.(%): C, 54.38; H, 7.02; N, 21.95.
Found (%): C, 54.36; H, 7.04; N, 21.91. FT-IR (KBr pellet): 2976, 1639, 1535, 1455,
1377, 1322, 1267, 1175, 967, 789 cm™'. ESI-Mass: Calcd. 573.24; Found, 573.26 (when

normal water used to prepare the complex) and 575.21 (when '80-lebeled water was used).
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Reaction of a copper(II)-nitrosyl complex with hydrogen
peroxide: putative formation of a copper(I)-peroxynitrite

intermediate

Abstract

The reaction of a copper(Il)-nitrosyl complex, 3.2 with hydrogen peroxide at - 20 °C in
acetonitrile results in the formation of the corresponding copper(I)-peroxynitrite
intermediate. The reduction of the copper(Il) centre was monitored by UV-visible
spectroscopic studies. Formation of the peroxynitrite intermediate has been confirmed by
its characteristic phenol ring nitration reaction as well as isolation of corresponding
copper(I)-nitrate, 4.1. On air oxidation, 4.1 resulted in the corresponding copper(Il)-
nitrate, 4.2. Thus, these results demonstrate a possible decomposition pathway for H,O,

and NO through the formation of a peroxynitrite intermediate in biological systems.
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4.1 Introduction

NO has attracted enormous research interest since it has been identified to play the key
roles in many physiological processes like neurotransmission, vasodilation etc."” It has
been found that NO can also behave as a cytotoxic effector and/or a pathogenic mediator
when produced at high rates.” The cytotoxicity of NO is believed to be related to the
formation of some secondary intermediates like peroxynitrite or nitrogen dioxide. The
formation of these secondary intermediates from NO requires the presence of oxidants like
superoxide radicals, hydrogen peroxide and transition metal centres.’ Peroxynitrite is a
strong oxidizing/nitrating agent generated by the near diffusion controlled reactions of NO
with superoxide anions and is considered as the mediator for oxidative/nitrative stress
injury.* It has been found that transition metal ions are also important for generation,
stabilization, activation for substrate oxidation and thermal isomerization of peroxynitrite.’
Heme proteins have been well studied in this regard. However, the role of copper ions in
peroxynitrite generation and reactivity is not studied so extensively.”” Only a few
examples of kinetic studies of interactions of peroxynitrite with copper salts and copper
complex mediated decomposition of peroxynitrite are known.’ The examples of discrete
metal-peroxynitrite complexes are rare; only a cobalt—peroxynitrite complex is known to
be discretely characterized.® However, they are proposed to form as transient intermediates
in the reaction of metal-nitrosyl and oxygen or metal superoxide and NO.*?

In our recent study of the interaction of NO with copper(Il) ions, we have observed the
formation of copper(Il)-nitrosyl intermediates.'”  All  these copper(I)-nitrosyl
intermediates are proposed to have {CuNO}'" electronic configuration with an
electrophilic NO coordinated to the metal centre.'” Anbar and Taube suggested that

reaction of NO* with H,O, leads to the formation of peroxynitrite.11 Hence, it would be
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logical to think that the reaction of {CuNO}" species with H,O, may afford a metal—
peroxynitrite complex. In this context, this chapter describes the reaction of a copper(Il)—-
nitrosyl complex with hydrogen peroxide to induce reduction of the copper(Il) centre with

simultaneous formation of a peroxynitrite intermediate.

4.2 Results and discussion

The copper(I)-nitrosyl complex, 3.2 absorbs at Amux (g/M'1 cm_l), 704 nm (110) (Figure
4.1) in acetonitrile solution. It is found to be EPR silent. In the FT-IR spectroscopy, it
exhibits a vibration at 1662 cm™, which is assigned as the coordinated nitrosyl stretching

frequency.'”
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Figure 4.1 UV-visible spectrum of complex 3.2 in acetonitrile solvent at room temperature.

Stoichiometric addition of pre-cooled hydrogen peroxide to a cold (- 20 °C) solution of
complex 3.2 resulted in the formation of a colorless solution. This has been formulated as a

copper(I)—peroxynitrite complex. The d—d transition band of complex 3.2 having Amax at
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704 nm was found to decrease in intensity with time upon addition of H,O, suggesting the

formation of copper(I) from copper(Il) (Figure 4.2).
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Figure 4.2 UV-visible monitoring of the reaction of complex 3.2 with hydrogen peroxide in
acetonitrile at - 20 °C (black trace represents the spectrum of complex 3.2 and green

represents that of the colorless intermediate).

In solution FT-IR studies at room temperature, the intensity of the Vo band at ~1662 cm™

was found to be diminished upon addition of H,O, with the appearance of NO;" stretching
at ~1384 cm™ (Figure 4.3). The reduction of the copper(II) centre to copper(I), in this case
was further authenticated by isolation and X-ray single crystal structure determination of
the final copper(I) product, [(L3),Cu(NO3)], 4.1. The perspective ORTEP view for 4.1 is
shown in figure 4.4. The crystallographic table and important bond lengths and angles are
given in appendix III (Tables A3.1, A3.2 and A3.3, respectively). The 'H-NMR spectrum
of complex 4.1 in methanol-d4 displayed the expected number of signals (Figure 4.5). The
colorless solution on exposure to air resulted in the corresponding copper(Il) complex,

[(L3)2Cu(NO3)](ClOy), 4.2. The formation of complex 4.2 was confirmed by various
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Figure 4.3 FT-IR spectra of complexes 3.2(red), 4.1(green), 4.2(blue) in KBr.

Figure 4.4 ORTEP diagram of complex 4.1 (solvent molecules and hydrogen are removed for

clarity; 50% thermal ellipsoid plot).

spectroscopic analyses as well as by determination of its X-ray single crystal structure. The
ORTEP view of complex 4.2 is shown in figure 4.5. The crystallographic table and
important bond lengths and angles are given in appendix III (Tables A3.1, A3.2 and A3.3,
respectively).
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Figure 4.5 ORTEP diagram of complex 4.2 (50% thermal ellipsoid plot).

The formation of complex 4.1 essentially suggests the formation of a peroxynitrite
intermediate in the course of the reaction (Scheme 4.1) as nitrate is the common
decomposition/ isomerisation product of peroxynitrite.” On the other hand, addition of 2,4-
di-tertiarybutyl phenol in the above mentioned colorless solution was observed to afford
phenol ring nitration (yield, ~65%), which is a characteristic reaction of the peroxynitrite
complexes.3 © Thus, the isolation of complex 4.1 and phenol ring nitrosation indicate the
presence of a copper(I)—peroxynitrite complex in the colorless solution formed in the
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reaction of complex 3.2 with hydrogen peroxide. It should be noted that addition of H,O,
to the parent copper(Il) complex, 3.1, followed by NO purging was not observed to result
in the same reaction (Appendix III, Figure A3.6). By contrast, in a recent report,
Cu®*/H,0, was found to catalyze tyrosine nitration induced by NO with molecular
oxygen.3 There, NO was oxidized by O, to form NO,, and the role of Cu2+/H202 was to

generate *OH/Cu”**~*OH topromote Tyr® formation then leading to nitrated tyrosine.

— - 2+ — -

HN
B . o
’)/N\n/ Acetonitrile , -20 °C jN\ I//K{ +

Cu—NO - Cu \ + 2H

/ 1,0, /N
1?‘ \hﬁ/\ 11\ \N§(\

3.2 (Intermediate)

| RT

,); N\nu/ %v—o Air jN\ '//h:
/

4.2 4.1

Scheme 4.1

It would be worth mentioning that NO is reported to react with alkaline H,O, in the
absence of oxygen to give peroxynitrite.12 However, Blough and Zafiriou have not
evidenced the formation of peroxynitrite in direct addition of NO to degassed alkaline
solutions of H202.13 In addition, it has been found that a thermal reaction between NO and
H,0O; occurs at room temperature but the rate is so slow in neutral solutions; on the other
hand, it was quite fast at pH 12." Tt has been observed that since NO is not a nitrosating
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agent, the formation of peroxynitrite by the reaction of NO and H,0, probably requires
oxygen, and proceeds through nitrosating intermediates that are formed during the
autoxidation of NO; for instance, they observed the formation of peroxynitrite in the
reaction of N,Os and hydroperoxo anions.'*

It is not very clear (i) whether the reaction of H,O, is taking place directly in the
electrophilic NO centre or (ii) first it reacts with the copper(Il) centre followed by NO.
However, since addition of H,O, to the precursor copper(Il) complex followed by NO
purging resulted in neither reduction of copper(ll) nor peroxynitrite formation, it is
assumed that the first option is most likely to take place. It should be noted that when
stoichiometric amount of potassium superoxide was added into the pre-cooled solution of
complex 3.2, no reduction of the copper(Il) centre was observed (Appendix III, Figure
A3.5), though the formation of the peroxynitrite intermediate complex was evidenced from
the phenol ring nitration reaction as well as by the X-ray single crystal structure

determination of the end product, [(L3),Cu(NO3)](ClO,), 4.2.

4.3 Conclusion

The present chapter demonstrates a possible pathway of decomposition of both hydrogen
peroxide as well as NO formed in biological systems. The reaction of a copper(Il)-nitrosyl
complex, 3.2, with hydrogen peroxide was found to result in the reduction of the copper(Il)

centre to copper(l) leading to the formation of a copper(I)—peroxynitrite intermediate.

4.4 Experimental section

4.4.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of reagent
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grade. Acetonitrile was distilled from calcium hydride. Deoxygenation of the solvent and
solutions was effected by repeated vacuum/purge cycles or bubbling with nitrogen for 30
minutes. NO gas was purified by passing through KOH and P,0Os column. UV-visible
spectra were recorded on a Perkin Elmer lambda 25 UV-visible spectrophotometer. FT-IR
spectra were taken on a Perkin Elmer spectrophotometer with either sample prepared as
KBr pellets or in solution in a potassium bromide cell. Solution electrical conductivity was
checked using a Systronic 305 conductivity bridge. 'H- NMR spectra were obtained with a
400 MHz Varian FT-spectrometer. Chemical shifts (ppm) were referenced either with an
internal standard (Me4Si) for organic compounds or to the residual solvent peaks. The X-
band Electron Paramagnetic Resonance (EPR) spectra of the complexes and of the reaction
mixtures were recorded on a JES-FA200 ESR spectrometer. Elemental analyses were
obtained from a Perkin-Elmer Series II Analyzer. The magnetic moment of complexes
were measured on a Cambridge Magnetic Balance. Mass spectra of the compounds in
methanol were recorded in a Waters Q-Tof Premier and Aquity instrument.

Single crystals were grown by slow diffusion followed by slow evaporation technique. The
intensity data were collected using a Bruker SMART APEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube MoKa radiation (4 = 0.71073 A) at 273(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 the SAINT and XPREP software."” Structures were solved by direct methods using
SHELXS-97 and refined with fullmatrix least-squares on F using SHELXL-97.'® All non-
hydrogen atoms were refined anisotropically. Structural illustrations have been drawn with
ORTEP-3 for Windows.'” The disorder present in the crystal structure has been tried to be

minimized by use of SHELXL.
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4.4.2 Synthesis of complex 4.1, [Cu(L3)>(NO3)]

Complex 3.2 (1.514 g, 2 mmol) was dissolved in 20 ml of degassed acetonitrile and the
solution was cooled to -20 °C. To this cold solution, pre-cooled hydrogen peroxide (70%
v/v; 4 ml) was added and the solution turned colorless. It was then stirred at room
temperature for 1h; layered with degassed benzene (20 ml) and kept in freezer. Colorless
crystals of complex 4.1 were obtained from this solution after 2 days. Yield: 0.827 g
(~70%). FT-IR (KBr pellet): 2976, 1630, 1535, 1384 cm”. ESI-Mass: Caled. 589.25;

Found, 527.28.

4.4.3 Synthesis of complex 4.2, [Cu(L3)>(NO3)](Cl1Oy)

Complex 3.2 (1.514 g; 2 mmol) was dissolved in 20 ml of degassed acetonitrile and the
solution was cooled to -20 °C. To this cold solution, pre-cooled hydrogen peroxide (70%
v/v; 4 ml) was added and the solution turned colorless. It was then opened to air and stirred
at room temperature for 2h to ensure the complete conversion of copper(I) to copper(Il).
Then the volume of the solution was reduced to 10 ml and layered with benzene. The
mixture was then kept in freezer for overnight which resulted in green crystalline complex
4.2. Yield: 1.172 g (~85%). UV-visible (acetonitrile): Anax (& / M! cm'l) 720 nm (108) and
391 nm (340). FT-IR (KBr pellet): 2982, 1630, 1466, 1384, 1089, 625 cm™'. Molar

conductance: 244 S cm” mol™; magnetic moment, 1.64 BM.

4.4.4 Isolation of 2, 4-di-tertiary-butyl-6-nitrophenol
Complex 3.2 (1.514 g; 2 mmol) was dissolved in 20 ml of degassed acetonitrile and the
solution was cooled to -20 °C. To this cold solution, pre-cooled hydrogen peroxide (70%

v/v; 4 ml) was added and the solution turned colorless. To this, a pre-cooled solution (5
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ml) of 2, 4-di-tertiary-butyl phenol (0.8 molar) was added and stirred for 1 h at -20 °C. The

reaction mixture was then warmed to room temperature and dried under reduce pressure.

The solid mass was then subjected to column chromatography using silica gel column to

obtain pure 2,4-di-tertiary-butyl-6-nitrophenol. Yield: 0.326 g (~65%). 'H-NMR (400

MHz, CDCls): 8ppm, 7.88, 7.56, 4.85, 1.41, 1.29. Mass: (m+H")/z: Calcd. 251.15; Found,

251.32.
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Chapter 5

Reaction of a copper(II)-nitrosyl complex with hydrogen

peroxide: Mimicking of tyrosine nitration

Abstract

Copper(Il) complex, 5.1, with the histidine-derived ligand L4 have been synthesized and
characterized. The single crystal structure determination reveals a di-phenolato bridged di-
copper(ll) core in 5.1. Addition of NO to the acetonitrile solution of 5.1 afforded
corresponding mono-nuclear copper(Il)-nitrosyl complex, 5.2. In presence of H,O,, 5.2
results in the formation of corresponding copper(I)-peroxynitrite. The formation of
peroxynitrite intermediate is evident from its characteristic phenol ring nitration reaction
which resembles the tyrosine nitration in biological systems. Further, formation of nitrate
as the decomposition product from 5.2 at room temperature also supports the involvement

of peroxynitrite intermediate.
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5.1 Introduction

Reactive nitrogen species (RNS) constitute a major class of intermediates involved in
oxidative reactions in biological systems.1 When produced at low or moderate
concentrations, they stimulate signal transduction; but a higher concentration, they can
induce oxidative damage of DNA, lipids and proteins.” Tyrosine nitration by RNS has
attracted a considerable research interest as it can alter protein functions and can be useful
as a diagnostic biomarker for cardiovascular, Alzheimer and Perkinson’s diseases.” It is
well known that tyrosine nitration occurs either by peroxynitrite (OONQO) or by NO,.*
Peroxynitrite is known to generate in vivo by a diffusion control reaction between NO and
superoxide (O2) anion.” The presence of 3-nitrotyrosine in biological fluids indicates that
peroxynitrite is capable of nitrating tyrosin in presence of Lewis acid like Cu** or Fe™* and
metalloproteins such as SOD.

The general idea of endogeneous generation of peroxynitrite and its cytotoxicity though an
attractive and well-supported hypothesis, it should be noted that the evidence of the
presence of peroxynitrite in biological systems is indirect and potentially ambiguous. For
instance, it has been found that NO derived from activated macrophages can be
quantitatively converted to peroxynitrite in SOD catalyzed nitration of phenolic
substrates.® Nathan et al reported the enhancement of cytotoxicity associated with the
activated macrophages upon addition of SOD and blocked by the addition of H,0,
scavenging enzyme.’

Recently, in small molecule models we have shown that copper(Il)-nitrosyl complex can
react with H,O, to generate peroxynitrite intermediate.® In the present study, we would like

to explore this idea of the reaction of copper(Il)-nitrosyl complex/intermediate with H,O,
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to afford phenol ring nitration which is a part of the ligand framework. For the present

study we have prepared a histidin based ligand, L4, with a phenolic group (Figure 5.1).

]

N
H

HN COOCH;

OH

(L)

Figure 5.1 Ligand used for the present study.

5.2 Results and discussion

Ligand L4 was synthesized from the reaction of L-histidine methyl ester dihydrochloride
and salicylaldehyde in presence of lithium hydroxide as base followed by the reduction of
intermediate imine by NaBH. (Experimental section). The ligand was characterized by
various spectroscopic techniques (Experimental section). The copper(Il) complex, 5.1, was
synthesized from the reaction of copper (II) perchlorate hexahydrate with ligand, L4. It was
characterized by various analytical techniques (Experimental section). The single crystal
structure of the complex was determined. The perspective ORTEP view is shown in figure
5.2. The crystallographic table and important bond lengths and angles are given in
appendix IV (Tables A4.1, A4.2 and A4.3, respectively). The crystal structure revealed that
complex 5.1 is a di-phenolato bridged dicopper(Il) system. Two nitrogen donor atoms
from the ligand and two oxygen atoms from two bridging phenolato groups resulted in a
distorted square planar coordination geometry around each copper(Il) centre. The fifth
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coordination site is occupied by carbonyl oxygen from the ester group present in the ligand
framework. The octahedral coordination of each copper(Il) centre is completed by the
solvent water molecule. The Cu-Ocarbonyy and Cu-O(wagery distances, 2.530(2) and 2.546(2)
A, respectively, are within the range of reported distances.” The average Cu-N distances in
complex 5.1, (Cu-N1/Cu-N2), 2.027(2)/ 1.956(2)A are also in the range observed in the
reported complexes.” The phenolato oxygen atoms are coordinated to the copper(Il) centre
through the equatorial position at an average distance of 1.963(1) A which is in the range
observed for other equatorial Cu-Ophenolato) distances.'” The Cu-Ophenolato)-Cu angle is ~
100.5 °. It should be noted that in earlier reported compounds, this was observed in the
range of 91°-104°. The two copper (II) centres are separated by 3.03 A. This is comparable
to the values for other reported complexes by Thompson et al (e.g. ranging from 2.997 to
3.1184 A) and Ray et al.'! The C-O(phenolato) distance, 1.354(3) A is very close to the C-O
single bond distance, indicating the phenolato character of the bridging oxygen centres.'
Complex 5.1 in acetonitrile solvent, exhibited broad d-d band at A.(e/ M'lcm'l), 660 nm
(244), along with relatively strong intra-ligand absorptions in the UV region (Figure 5.3).
The phenolato-copper(Il) charge transfer transition was found to appear at 421 nm.

The acetonitrile solution of complex 5.1 was found to be silent in X-band EPR studies
(Appendix 1V, Figure A4.6). This has been attributed to the antiferromagnetic coupling of
the two paramagnetic copper(Il) centres through phenlato bridges. It is further supported

by very low resultant magnetic moment of the solid complex 5.1
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Figure 5.2 ORTEP diagram of complex 5.1 (Solvent molecules and perchlorate are removed for

clarity; 50% thermal ellipsoid plot).
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Figure 5.3 UV-visible spectrum of complex 5.1 in acetonitrile solution at room temperature.

5.3 Nitric oxide reactivity
Purging of NO to a degassed acetonitrile solution of complex 5.1 resulted into the
darkening in color. In UV-visible spectroscopy, the d-d band (Apax, 660 nm) of complex

5.1 was found to be blue shifted with A, at 645 nm (Figure 5.4). This has been attributed
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to the formation of corresponding mononuclear [Cu’-NO] complex, 5.2. Because of
thermal instability and moisture sensitivity, complex 5.2 could not be isolated as solid
unlike complex 3.2 (Chapter 3).8 However, studies on solution FT-IR, X-band EPR and
ESI-mass spectroscopy support its formulation as corresponding mononuclear [Cu"-NO]

intermediate complex. It is found to be EPR silent (Appendix IV, Figure A4.9).
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Figure 5.4 UV-visible spectrum of complex 5.2 in acetonitrile solution at room temperature.

In the FT-IR spectrum, it exhibits a vibration at 1846 cm’™, which is attributed to the
coordinated nitrosyl stretching frequency (Figure 5.5)."° The frequency of this vibration

was found to shift to 1815 cm™ on '°NO labelling experiment which further confirms its
assignment as VNO.8 It should be noted that in case of the solid isolated [CuH—NO], this
frequency was reported to appear at 1662 cm’(Chapter 3, complex 3.2).® For
[Cu(TAEA)(CH3CN)]** [TAEA = rris(2- aminoethyl)amine] complex, the Vno of [Cu"-
NO] was found to appear at 1650 em™.P In early report on the air-stable solid copper-

nitrosyl of copper(Il)-dithiocarbamate, the Vo for the NO coordinated to copper appears at
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1682 cm™."* Hayton et al reported the appearance of Vo band at 1933 cm™ for copper(II)-

nitrosyl."> Application of vacuum to the acetonitrile solution of complex 5.2 was found to
result in the decrease of the Vno band intensity in FT-IR spectrum indicating the loss of NO

ligand from the complex (Appendix IV, Figure A4.10)."° This intermediate complex 5.2
was found to be stable in solution under nitrogen atmosphere for few hours. It is important
to note that in all earlier examples, the [Cu-NO] complexes were found to be very
unstable, except the examples reported by Diaz and Hayton et al"® and the very recent one

from our laboratory.

s
20-
10-
0 T T T 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber ( em’ )

Figure 5.5 Solution FT-IR spectra of complexes 5.1 (black) and 5.2 (blue) in acetonitrile solvent at

room temperature.

The mononuclear nature of complex 5.2 was further confirmed from the ESI-mass spectral
studies. The observed mass of complex 5.2 in acetonitrile solution was found to
corroborate with the mononuclear unit, rather than the dinuclear dinitrosyl (Figure 5.6).

In our study on copper(I)-nitrosyl intermediates having {CuNO}'’ electronic

configuration, it has been observed the reaction of copper(Il)-nitrosyl complex with
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hydrogen peroxide induces the reduction of copper(ll) centre with a simultaneous

formation of peroxynitrite intermediate (Chapter 4).
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Figure 5.6 ESI-mass spectrum of complex 5.2 in acetonitrile

From a freshly generated complex 5.2, excess of NO was removed by purging argon gas
and the solution was cooled to -20 °C. To this cold solution, stoichiometric addition of pre-
cooled hydrogen peroxide was found to turn it into a colorless solution. This has been
attributed to the formation of corresponding copper(I)-peroxynitrite complex. The intensity
of the d-d transition band of complex 5.2 having An.x at 645 nm was found to decrease

with time upon addition of H,O, suggesting the reduction of copper(Il) (Figure 5.7).
The Vno band at ~1846 cm’! in solution FT-IR of complex 5.2, was found to diminish upon

addition of H,O, with the appearance of NOs stretching at ~1384 cm’! (Appendix 1V,
Figure A4.11). In chapter 4, similar observation was noticed with complex 3.2. The
colorless solution, when allowed to stay in presence of air, it became green. FT-IR spectral
analysis of the crude product indicates the presence of nitrate (NOj). It should be noted
that the ligand L4, was found to be undergo phenol ring nitration to yield Ly (yield, ~40%).
These essentially suggest the formation of peroxynitrite intermediate in course of the

reaction (Scheme 5.1).°
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Figure 5.7 UV-visible spectra of complex 5.2 (black) and after reaction with H,O, (blue) in

acetonitrile solvent.
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Scheme 5.1
It should be noted that addition of H,O, to the parent copper(Il) complex, 5.1 followed by
NO purging was not observed to result to the same reaction. Thus, the appearance of NOs3
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stretching frequency in FT-IR spectrum and phenol ring nitrosation indicate the presence
of copper(I)-peroxynitrite complex in the colorless solution formed in the reaction of
complex 5.2 with H,O,. It would be worth mentioning that NO is reported to react with
alkaline H,O; in absence of oxygen to give peroxynitrite.14

However, Blough and Zafiriou have not evidenced the formation of peroxynitrite in direct
addition of NO to degassed alkaline solutions of H202.15 In addition, it has been found that
a thermal reaction between NO and H,0O, occurs at room temperature but the rate is so
slow in neutral solutions; on the other hand, it was quite fast at pH 12."° 1t was observed
that since NO is not a nitrosating agent, the formation of peroxynitrite by the reaction of
NO and H,0O, probably requires oxygen, and proceeds through nitrosating intermediates
that are formed during the autoxidation of NO; for instance, they observed the formation of
peroxynitrite in the reaction of N,Oj3 and hydroperoxo anion.'®

Recently both copper(Il) and copper(ll)-peptide complexes were reported to catalyze the
tyrosine nitration in the presence of nitrite and hydrogen peroxide.17 This copper-mediated
tyrosine nitration has been explained by a mechanism considering the generation of
hydroxyl radicals (*OH) and/or copper(Il)-bound *OH (Cu®*- *OH) from Cu** and H,0,
through a Fenton-like reaction. These radicals may be scavenged by both NO, to form
*NO; and tyrosine to form tyrosine radicals (Tyre), resulting in tyrosine nitration.
Cu”**/H,0, was also found to catalyze the tyrosine nitration induced by NO and oxygen.
*NO was oxidized by O, to form *NO,, and the role of Cu2+/H202 was to generate
*OH/Cu**-*OH to promote Tyre formation."’

It is not very clear that (i) whether the reaction of H,O; is taking place directly to the
electrophillic NO centre or (ii) first it reacts with copper(Il) centre followed by NO.

However, since addition of H,O, to the precursor copper(Il) complex followed by NO
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purging did not result neither reduction of copper(Il) nor peroxynitrite formation, it is
assumed that the first option is most likely to take place. It should be noted that when
stoichiometric amount of potassium superoxide is added into the pre-cooled solution of
complex 5.2, no reduction of copper(Il) centre was observed; though the formation of the
peroxynitrite intermediate complex was evidenced from the phenol ring nitrosation of the

ligand.

5.4 Conclusion

Thus, the present chapter describes the formation of copper(I)-peroxynitrite through the
reaction of [CuH—NO] complex and H;0,. This mechanism is clearly different than what
was proposed by Girault et al for the Cu”*/H,0, mediated tyrosine nitration in presence of
NO;. The peroxynitrite intermediate was found to induce nitration at the phenol ring
present in the ligand framework which resembles the tyrosine nitration in biological
systems. Thus, this work supports the possibility of the occurrence of decomposition of
both hydrogen peroxide as well as NO formed in the biological systems which has been

proposed in chapter 4.

5.5 Experimental section

5.5.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. Acetonitrile was distilled from calcium hydride. Deoxygenation of the solvent and
solutions were effected by repeated vacuum/purge cycles or bubbling with nitrogen for 30
minutes. NO gas was purified by passing through KOH and P,0Os; column. UV-visible

spectra were recorded on a Perkin Elmer Lamda 25 UV-visible spectrophotometer. FT-IR
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spectra were taken on a Perkin-Elmer spectrophotometer with either sample prepared as
KBr pellets or in solution in a potassium bromide cell. Solution electrical conductivity was
checked using a Systronic 305 conductivity bridge. "H-NMR spectra were obtained with a
400 MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either with an
internal standard (Me4Si) for organic compounds or to the residual solvent peaks. The X-
band Electron Paramagnetic Resonance (EPR) spectra of the complexes and of the reaction
mixtures were recorded on a JES-FA200 ESR spectrometer. The magnetic moment of
complexes are measured on a Cambridge Magnetic Balance. Mass spectra of the
compounds were recorded in a Waters Q-Tof Premier and Aquity instrument. Single
crystals were grown by slow diffusion followed by slow evaporation technique. The
intensity data were collected using a Bruker SMART APEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube MoKa radiation (4 = 0.71073 A) at 273(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 was undertaken
with SAINT and XPREP software. Structures were solved by direct methods using
SHELXS-97 and refined with full-matrix least squares on F using SHELXL-97." All
non-hydrogen atoms were refined anisotropically. Structural illustrations have been drawn

with ORTEP-3 for Windows.>°

5.5.2 Synthesis of ligand L4

To a solution of L-histidine methyl ester dihydrochloride (2.421 g, 10 mmol) in 50 ml
methanol was added lithium hydroxide monohydrate (0.84 g, 20 mmol) into a 100 ml
round bottom flask equipped with a magnetic stirring bar. To this solution salicylaldehyde

(1.22 g, 10 mmol) was added drop wise with constant stirring. The reaction mixture was
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then allowed to stir at room temperature for 5 h. The resulting reddish-yellow solution was
then reduced by NaBH,4 (0.95 g, 25 mmol). Removal of solvent under reduced pressure
affords a crude mass. It was dissolved in water (50 ml) and neutralized by addition of

dilute acetic acid and then extracted with chloroform (50 m x 4 portions).

N
¢
COOCH, N
CHO H
_ NH, OH MeOH N7 ~coocH,
NH 2HC  + —_ |
N LiOH

H

0]
MeOH l NaBH,

N
Q
N
H
HN COOCH,

OH

(Ly)

Scheme 5.2

Chloroform extract was dried under reduced pressure and the reddish yellow oil thus
obtained was subjected to chromatographic purification using silica gel column to yield the
pure ligand, L4 as yellow oil. Yield: 2.21 g (80%). Elemental Analyses: Calcd. for
CisHi7N30;: C, 61.08; H, 6.22; N, 15.26. Found (%): C, 61.03; H, 6.27; N, 15.21. FT-IR
(in KBr): 1730, 1654, 1455, 12154, 754 cm™. "H-NMR (400 MHz, CDCl3) dppm: 7.50 (s,
1H), 7.13-7.09 (t, 1H), 6.94-6.92 (d, 1H), 6.78 (s, 4H), 6.76-6.73 (t, 1H), 6.71 (d, 1H),
3.98-3.95 (d, 2H), 3.68 (s, 4H), 3.04-2.86 (d, 2H). C-NMR (100 MHz, CDCl3) Sypm:
30.61, 50.75, 52.35, 60.24, 116.47, 116.84, 119.49, 123.01, 129.12, 133.84, 135.49, 157.54

and 174. ESI-Mass (m+1), Calcd. 276.13; Found: 276.12.
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5.5.3 Synthesis of complex 5.1, [Cu, (L4)2(H>0)2](ClOy)

N

{ |

HN COOCH;4

Acetonitrile
+ [Cu(H,0)6](C10,) —————>
RT

OH

L,

Scheme 5.3

Copper(Il) perchlorate hexahydrate (1.482 g, 4 mmol) was dissolved in 20 ml acetonitrile.
To this solution, 1.101 g (4 mmol) of the ligand L4 was added slowly with constant
stirring. The color of the solution turned into green from light blue. The stirring was
continued for 1h at room temperature. The volume of the solution then reduced to ~5 ml.
To this, 10 ml of benzene was added to make a layer on it and kept it overnight on freezer.
This resulted into microcrystalline complex 5.1. Yield: 1.55 g (~85%). FT-IR (in KBr):
2936, 1721, 1630, 1599, 1485, 1263, 1118, 625 cm’l; magnetic moment, 0.38 BM /Cu™,

Molar conductivity, 275 S mol™! ecm™.

5.5.4 Isolation of L4/

To 20 ml of distilled and degassed acetonitrile solution of complex 5.1 (0.5 g), freshly
prepared NO was bubbled for 1 minute. The color of the solution turned dark green. The
excess of NO was removed by purging argon gas and the solution was cooled to -20 °C. To

this cold solution, pre-cooled hydrogen peroxide (70% v/v; 0.05ml) was added and the
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solution turned colorless. The reaction mixture was then warmed to room temperature and
dried under reduce pressure. Water (5 ml) was added to the dried mass followed by the
addition of 5 ml of saturated Na,S solution. The black precipitate of CuS was filtered out.
The crude organic part was then extracted from the aqueous layer using CHCl3 (25 ml x 4
portions). The crude product, obtained after removal of solvent, was then purified by
column chromatography using neutral alumina column and hexane / ethyl acetate solvent
mixture to get the pure modified ligand L. Yield: 0.14 g (~40%). Elemental Analyses:
Calcd. (%) for C14H6N4Os: C, 52.50; H, 5.03; N, 17.49. Found (%): C, 52.48; H, 5.08; N,
17.44. FT-IR (in KBr): 2967, 1630, 1545, 1510, 1431, 1340, 1269, 1203, 853 cm™. 'H-
NMR (400 MHz, CDCl3) 6ppm: 7.68-66 (d, 1H), 7.45 (s, 1H), 6.96-6.95 (d, 1H), 6.86 (s,
1H), 6.05 (s, 1H), 3.98-3.95 (d, 2H), 3.72 (s, 4H), 3.05-2.89 (d, 2H). "C-NMR (100 MHz,
CDCl3) dppm: 174.87, 162.18, 141.81, 135.71, 134.01, 125.02, 120.76, 120.26, 116.82,

60.72, 52.81, 50.94, 30.78. ESI-Mass (m+H")/z: Calcd. 321.11; Found: 321.13.
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Appendix 1

Table Al.1 Crystallographic data for complexes 2.1, 2.2 and L.

Complex 2.1 Complex 2.2 L,
Formulae Ci6 H3sCl, Cu Ny Cis H3s Cl, CuNy | Cg Hig Ny O,
08 Og
Mol. wt. 546.94 546.94 200.25
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/mn P2i/n P2,/c
Temperature /K 296(2) 296(2) 296(2)
Wavelength /A 0.71073 0.71073 0.71073
a/A 8.4581(4) 9.9191(4) 5.9207(7)
b /A 9.1705(4) 10.4189(4) 15.3528(17)
c/A 15.5388(7) 11.9274(4) 12.8203(15)
o/° 90.00 90.00 90.00
pre 98.063(2) 97.283(2) 114.452(8)
y/° 90.00 90.00 90.00
v/ A’ 1193.35(9) 1222.71(8) 1060.8(2)
Z 2 2 4
Density/Mgm™ 1.522 1.475 1.254
Abs. Coeff. /mm™ 1.187 1.158 0.093
Abs. correction None None None
F(000) 574.0 566.0 432
Total no. of 2956 3411 2563
reflections
Reflections, I > 20(1) | 2466 2360 817
Max. 20/° 28.35 30.01 28.42
Ranges (h, k, 1) -9<h <11 -13<h <12 -7<h <7
-11£k <12 -14<k <14 -20<k <20
-20<1<20 -14<1 <16 -17<1<15
Complete to 20 (%) 99.3 95.5 96.4

Refinement method

Full-matrix least-
squares on F?

Full-matrix least-
squares on F?

Full-matrix least-
squares on F*

Goof (F°) 0.999 1.030 1.626
R indices [I > 26(1)] | 0.0366 0.0457 0.0969
R indices (all data) 0.0430 0.0639 0.2077
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Table A1.2 Selected bond lengths (A) for complexes 2.1, 2.2 and L2/ .

Appendix 1

Complex 2.1 Complex 2.2 L,
Cu(1)-N(1) 2.046(1) 1.999(2) -
Cu(1)-N(2) 2.027(2) 2.010(3) -
C(1)-N(1) 1.504(3) 1.509(4) 1.477(6)
C(5)-N(2) 1.496(2) 1.518(4) -
C(5)-N(3) - - 1.450(7)
N(1)-N(2) - - 1.318(7)
N(2)-0(1) - - 1.226(6)
Table A1.3 Selected bond angles (°) for complexes 2.1, 2.2 and L,
Complex 2.1 Complex 2.2 L,
N(1)-Cu(1)-N(2) 94.24(6) 79.41(9) -
N(1)-Cu(1)-N(1) 180.00(6) 180.00(9) -
Cu(1)-N(1)-C(1) 122.7(1) 110.2(2) -
N(1)-C(1)-C(4) 108.2(2) 109.9(3) 108.7(4)
N(1)-N(2)-0(1) - - 114.2(5)
N(1)-C(8)-C(7) - - 111.8(5)
N(2)-C(7)-C(8) 107.7(2) 110.1(3) -
C(4)- C(5)-C(6) 109.5(2) 110.5(3) 111.9(5)

Figure A1.1 ORTEP diagram of complex 2.1. (50% thermal ellipsoid plot).

TH-1179 09612202
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Figure A1.2 FT-IR spectrum of L; in KBr.
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Figure A1.4 "C-NMR spectrum of L, in CDCl;.
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Figure A1.5 FT-IR spectrum of complex 2.1 in KBr.
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Figure A1.6 Plot of kg, vs. equivalent of base added to a methanol/water (4:1) solution of complex

2.1 at 298K.

100
TH-1179 09612202



80

70

60

%T

50

40 —

30

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

T
500

Appendix 1

Wavenumber (cm’)
Figure A1.7 FT-IR spectrum of L, in KBr.
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Figure A1.9 ESI-mass spectrum of L, in methanol.
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Figure A1.10 FT-IR spectrum of L, in KBr.
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Figure A1.12 BC.NMR spectrum of L, in CDClj;.
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Figure A1.13 FT-IR spectrum of complex 2.2 in KBr.
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Figure A1.14 Solution FT-IR spectra of complex 2.2(blue line) and after reaction with NO (green

line) in acetonitrile solution at room temperature.
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Figure A1.15 UV-visible spectra of the reaction of complex 2.2 (blue line) with NO in methanol

solution at room temperature. Red and green line represent the [Cu'-NO]

intermediate and complete reduction to copper(I), respectively.

Figure A1.16 '"H-NMR spectrum of complex 2.2 in CD;CN.
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Figure A1.17 "H-NMR spectrum of complex 2.2 after purging NO in CD;CN.
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Figure A1.18 '"H-NMR spectrum of the reaction mixture obtained from the reaction of

complex 2.2 with NO in methanol.
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Figure A1.19 FT-IR spectrum of L,’ in KBr.
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Figure A1.23 "H-NMR spectrum of L,”in CDCl;.
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Figure A1.24 ESI-mass spectrum of L,” in methanol.
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Figure A1.25 Cyclic voltammogram (multiple scan) of complex 2.1 in acetonitrile solvent.

Working electrode, Pt; Reference electrode, Ag/Ag"; TBAP supporting electrolyte;

scan rate 50 mV/s.
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Figure A1.26 Cyclic voltammogram (multiple scan) of complex 2.2 in acetonitrile solvent.

Working electrode, Pt; Reference electrode, Ag/Ag*; TBAP supporting electrolyte;

scan rate 50 mV/s.

0.00003 -
0.00002

0.00001 4

Current / A

0.00000

-0.00001

T T T T T T g 1

00 02 04 06 08 10 12 14
Potential / V
Figure A1.27 Cyclic voltammogram (multiple scan) of complex 2.1 after addition of one
equivalent of sodium methoxide in acetonitrile solvent. Working electrode, Pt;

Reference electrode, Ag/Ag"; TBAP supporting electrolyte; scan rate 50 mV/s.
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Figure A1.28 Cyclic voltammograms of complex 2.1 in acetonitrile at (i) 20 mV/s (green), (ii) 30

mV/s (red); (iii) 40 mV/s (blue) and (iv) 50 mV/s scan rates. Working electrode, Pt;

Reference electrode, Ag/Ag™; TB
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Figure A1.29 Cyclic voltammograms of complex 2.2 in acetonitrile at (i) 20 mV/s (green), (ii) 30

TH-1179 09612202

mV/s (red); (iii) 40 mV/s (blue) and (iv) 50 mV/s scan rates. Working electrode,
Pt; Reference lectrode, SCE; TBAP supporting electrolyte.
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Figure A1.30 DFT optimized structure of complex 2.1.

Figure A1.31 DFT optimized structure of complex 2.2.
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Figure A1.32 DFT optimized structure of [Cu"-NO] from complex 2.1.

Figure A1.33 DFT optimized structure of [Cu"-NO] from complex 2.2.
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Table A2.1 Crystallographic data for complexes 3.1 and 3.3.

Complex 3.1 Complex 3.3
Formulae C3() H42 Clz Cu N10 Og C26 H36 Cu N9 06
Mol. wt. 805.19 634.19
Crystal system Triclinic Monoclinic
Space group P-1 P2/c
Temperature /K 296(2) 293(2)
Wavelength /A 0.71073 0.71073
a/A 9.3488(6) 9.4710(2)
b/A 11.1223(7) 9.4545(2)
c/A 18.8929(11) 18.3295(5)
o/° 77.839(3) 90.00
p/e 86.532(3) 90.0540(10)
v/° 82.881(3) 90.00
v/ A’ 1904.4(2) 1641.29(7)
Z 2 2
Density/Mgm™ 1.404 1.283
Abs. Coeff. /mm™ 0.773 0.716
Abs. correction None None
F(000) 838 664.0
Total no. of 9262 4113
reflections
Reflections, I > 26(I) | 6429 3330
Max. 26/° 28.32 28.38
Ranges (h, k, 1) -12<h <12 -12<h <12
-14<k <14 -12<k <12
-24< 124 24<1<24
Complete to 20 (%) 97.5 99.8

Refinement method

Full-matrix least-
squares on P

Full-matrix least-
squares on F

Goof (F%) 1.039 1.100
R indices [I > 20(1)] 0.0576 0.0582
R indices (all data) 0.0847 0.0674
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Table A2.2 Selected bond lengths (A) for complexes 3.1 and 3.2.

Complex 3.1 | Complex 3.3
Cu(1)-N(1) 2.035(2) 1.984(2)
Cu(1)-N(3) 1.995(3) 2.148(2)
Cu(1)-0(1) - 2.353(3)
C(2)-C(1) 1.484(7) 1.530(5)
C(2)-C(3) 1.495(5) 1.488(4)
C(3)-N(1) 1.328(4) 1.329(3)
C(3)-N(2) 1.351(4) 1.353(4)
C(4)-N(2) 1.379(4) 1.380(4)
C(6)-N(1) 1.397(4) 1.401(3)
C4)-C(5) 1.490(4) 1.507(5)
C4)-C(6) 1.358(4) 1.340(4)
C(7)-C(6) 1.489(5) 1.486(4)
C(1-C®) 1.490(5) 1.501(4)
N(9)-0(1) - 1.263(4)
C(9)-C(10) 1.493(5) 1.482(5)
C(11)-C(12) 1.489(5) 1.500(4)
C(12)-C(13) 1.49(1) 1.514(6)

Table A2.3 Selected bond angles (°) for complexes 3.1 and 3.2.

TH-1179 09612202

Complex 3.1 | Complex 3.3
N(1)-Cu(1)-N(3) 86.7(1) 89.15(9)
Cu(1)-N(1)- C(3) 133.4(2) 129.4(2)
Cu(1)-N(1)- C(6) 119.7(2) 124.5(2)
Cu(1)-N(3)- C(8) 121.0(2) 120.0(2)
Cu(1)-N(3)- C(11) 131.5(2) 132.0(2)
C(1)-C(2)-C(3) 114.1(4) 113.5(3)
N(2)-C(3)-N(1) 109.2(3) 110.1(2)
C(3)-N(2)-C4) 109.3(3) 107.9(3)
C(3)-N(1)-C(6) 106.9(3) 106.0(2)
C(5)- C(4)-C(6) 132.4(3) 132.3(3)
C(4)-C(6)-C(7) 130.8(3) 130.8(2)
C(6)-C(7)-C(8) 109.3(3) 111.9(2)
C(8)-C(9)-C(10) 132.0(3) 132.2(3)
C(8)-N(3)-C(11) 107.0(3) 106.0(2)
C(12)-C(11)-N(3) 128.3(3) 127.4(3)
C(11)-C(12)-C(13) 113.8(4) 114.6(3)
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Figure A2.1 FT-IR spectrum of L3 in KBr.
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Figure A2.3 "C-NMR spectrum of L; in methanol-d,.
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Figure A2.4 ESI-mass spectrum of L3 in methanol.
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Figure A2.6 'H-NMR spectrum of complex 3.1 in CD;CN.
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Figure A2.7 ESI-Mass spectrum of complex 3.1 in methanol.

70+
60
50

40

%T

304

201

104

0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure A2.8 FT-IR spectrum of complex 3.2 in KBr.

100+
233.16
Z
‘&
= N
2
= 527.22
558.35
0+ e ‘1| - T T T T T T 1
100 200 300 400 500 600 700 800 900 1000
m/Z

Figure A2.9 ESI-Mass spectrum of "NO labeled complex 3.2 in methanol.
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Figure A2.10 FT-IR spectra of complex 3.2 in acetonitrile solution before (black) and after

applying vacuum [at 5 minutes (red) and 15 minutes (green)].

Figure A2.11 DFT optimized structure of complex 3.2.
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Figure A2.12 HOMO of complex 3.2.

Figure A2.13 LUMO of complex 3.2.
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Figure A2.14 FT-IR spectrum of complex 3.3 in KBr.
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Figure A2.15 UV-visible spectrum of complex 3.3 in acetonitrile solvent at room temperature.
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Figure A2.16 Solution FT-IR spectra of complex 3.2 (red line) and after reaction with water in

acetonitrile solvent at room temperature.
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Figure A2.17 ESI-mass spectrum of complex 3.3 obtained from the reaction of complex 3.2 and

water in acetonitrile.
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Figure A2.18 ESI-mass spectrum of complex 3.3 obtained from the reaction of complex 3.2 and

water ("*O-lebeled) in acetonitrile.
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Figure A2.19 'H-NMR spectrum of complex 3.3 in CD;CN.
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Figure A2.20 X-band EPR spectra of the complex 3.1 (black trace), complex 3.2 (red trace) and

after reaction with water (green trace) in acetonitrile at room temperature.
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Table A3.1 Crystallographic data for complexes 4.1 and 4.2.

Complex 4.1 Complex 4.2
Formulae C26 H36 Cu Ng 07 C26 H36 CI Cu N9 O7
Mol. wt. 650.19 685.64
Crystal system Monoclinic Monoclinic
Space group P2/c P21/c
Temperature /K 296(2) 293(2)
Wavelength /A 0.71073 0.71073
a/A 9.3665(10) 19.5792(16)
b /A 9.6913(11) 9.3484(8)
c/A 18.1622(18) 18.7219(16)
o/° 90.00 90.00
p/e 90.203(5) 102.510(5)
v /° 90.00 90.00
V/ A’ 1648.6(3) 3345.4(5)
Z 2 4
Density/Mgm™ 1.310 1.361
Abs. Coeff. /mm” 0.716 0.787
Abs. correction None None
F(000) 680.0 1428
Total no. of reflections | 7344 8345
Reflections, I > 2o(1) 5057 3561
Max. 26/° 35.54 28.44
Ranges (h, k, 1) -14<h <15 -26<h <23
-15<k <14 -12<k <12
-29<1<29 -25<1<20
Complete to 20 (%) 97.3 98.9

Refinement method

Full-matrix least-
squares on F’ Z

Full-matrix least-
squares on F 2

Goof (F%) 1.071 1.055
R indices [I > 20(1)] 0.0664 0.0847
R indices (all data) 0.0838 0.1617

TH-1179 09612202




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

Complex 4.1 Complex 4.2
Cu(1)-N(1) 2.122(2) 1.985(5)
Cu(1)-N(3) 1.984(2) 2.052(6)
Cu(1)-0(1) 2.386(3) 2.208(6)
Cu(1)-0(2) - 2.637(8)
C(2)-C(1) 1.509(5) 1.49(1)
C(2)-C(3) 1.494(3) 1.49(1)
C(3)-N(1) 1.322(3) 1.332(8)
C(3)-N(2) 1.354(3) 1.333(8)
C(4)-N(2) 1.384(3) 1.386(9)
C(6)-N(1) 1.395(3) 1.401(8)
C(4)-C(5) 1.485(4) 1.47(1)
C(4)-C(6) 1.358(3) 1.35(1)
C(7)-C(6) 1.496(3) 1.494(9)
C(7)-C(8) 1.486(3) 1.49(1)
N(9)-O(1) - 1.24(1)
C(9)-C(10) 1.497(3) 1.48(1)
C(11)-C(12) 1.490(3) 1.50(1)
C(12)-C(13) 1.504(4) 1.44(3)

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

TH-1179 09612202

Complex 4.1 Complex 4.2

N(1)-Cu(1)-N(3) 90.24(7) 90.2(2)

Cu(1)-N(1)- C(3) 130.4(1) 130.7(4)
Cu(1)-N(1)- C(6) 120.0(1) 123.7(4)
Cu(1)-N(3)- C(8) 124.2(1) 123.3(5)
Cu(1)-N(3)- C(11) | 129.3(1) 130.4(5)
N(1)-Cu(1)-O(1) 104.87(7) 87.5(2)

N(3)-Cu(1)-O(1) 84.71(7) 161.3(2)
C(1)-C(2)-C(3) 114.2(2) 115.3(7)
N(2)-C(3)-N(1) 110.0(2) 110.5(6)
C(3)-N(2)-C4) 108.5(2) 109.0(6)
C(3)-N(1)-C(6) 106.7(2) 105.5(6)
C(5)- C(4)-C(6) 131.6(2) 133.2(7)
C(4)-C(6)-C(7) 130.3(2) 130.7(7)
C(6)-C(7)-C(8) 111.7(2) 114.2(6)
C(8)-C(9)-C(10) 132.5(2) 132.2(7)
C(8)-N(3)-C(11) 106.5(2) 105.9(6)
C(12)-C(11)-N(3) | 127.4(2) 127.4(8)
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Figure A3.1 FT-IR spectrum of complex 4.1 in KBr.
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Figure A3.2 FT-IR spectrum of complex 4.2 in KBr.
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Figure A3.3 UV-visible spectrum of complex 4.2 in acetonitrile.
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Figure A3.4 X-band EPR spectra of the complex 4.2 in acetonitrile solvent at room temperature.

125
TH-1179 09612202



Appendix IT1

0.4

0.34 |

Absorbance

0.2

0.1+

U.U T T - T T I. "I - I _l
300 400 500 600 F00 800 900 1000 1100

Wavelength (nm)

Figure A3.5 UV-visible spectra of complex 3.2 (blue) and after addition of one equivalent of KO,

(green) in acetonitrile.
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Figure A3.6 UV-visible spectra of complex 3.1 (black), after addition of one equivalent of H,O,

(blue) and after addition of NO to the above mixture (pink) in acetonitrile.
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Figure A3.7 'H-NMR spectrum of 2, 4-di-tertiary-butyl-6-nitrophenol in CDCl;.
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Figure A3.8 ESI-Mass spectrum of 2, 4-di-tertiary-butyl-6-nitrophenol in methanol.
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Table A4.1 Crystallographic data for complex 5.1.

TH-1179 09612202

Complex 5.1

Formulae C17 H23 Cl Cu N4 09
Mol. wt. 526.39
Crystal system Triclinic
Space group P-1
Temperature /K 293(2)
Wavelength /A 0.71073
a/A 9.8228(2)
b/A 10.2640(2)
c/A 11.3496(2)
o/° 89.6260(10)
p/e 82.1540(10)
v/° 76.9530(10)
v/ A’ 1103.96(4)
Z 2
Density/Mgm™ 1.584
Abs. Coeff. /mm™ 1.166
Abs. correction None
F(000) 542
Total no. of reflections 5436
Reflections, I > 2o(I) 4770
Max. 20/° 28.37
Ranges (h, k, 1) -13< h<13

-13< k<13

-15< 1<15
Complete to 20 (%) 98.3

Refinement method

Full-matrix least-squares on F"

Goof (F%) 1.086
R indices [I > 26(1)] 0.0454
R indices (all data) 0.0500




Table A4.2 Selected bond lengths (A) for complex 5.1.

Complex 5.1
Cu(1)-N(1) 2.027(2)
Cu(1)-N(2) 1.956(2)
Cu(1)-O(1) 1.963(1)
Cu(1)-0(2) 2.546(2)
Cu(1)-0(3) 2.530(2)
C(2)-C(1) 1.394(3)
C4)-C(5) 1.388(4)
C(6)-C(7) 1.498(3)
C(1)-0(1) 1.354(3)
C(7)-N(1) 1.491(3)
C(8)-N(1) 1.477(2)
C(9)-0(3) 1.209(3)
C(9)-0(4) 1.322(3)
C(10)-0(4) 1.447(5)
C(12)-N(2) 1.394(3)
C(13)-N(3) 1.363(3)

Table A4.3 Selected bond angles (°) for complex S.1.

TH-1179 09612202

Complex 5.1
N(1)-Cu(1)-N(2) 90.53(7)
N(1)-Cu(1)-0O(1) 93.33(7)
N(1)-Cu(1)-0(2) 104.14(7)
N(1)-Cu(1)-O(3) 73.35(7)
0(2)-Cu(1)-0(3) 177.07(6)
O(1)-Cu(1)-N(2) 171.10(7)
C(1)-C(2)-C(3) 120.1(2)
C(1)-C(6)-C(7) 119.0(2)
C(7)-N(1)-C(8) 111.0(2)
C(11)- C(12)-C(13) | 127.9(2)
Cu(1)-N(2)-C(14) | 125.9(2)
Cu(1)-0(1)-C(7) 111.7(1)
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Figure A4.1 FT-IR spectrum of L4 in KBr.
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Figure A4.2 'H-NMR spectrum of L4 in CDCL.
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Figure A4.4 ESI-mass spectrum of L4 in methanol.
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Figure A4.5 FT-IR spectrum of complex 5.1 in KBr.
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Figure A4.6 X-band EPR spectrum of the complex 5.1 in acetonitrile at room temperature.
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Figure A4.7 'H-NMR spectrum of complex 5.1 in CD;CN.
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Figure A4.8 ESI-mass spectrum of complex 5.1 in acetonitrile.
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Figure A4.9 X-band EPR spectrum of complex 5.2 in acetonitrile at room temperature.
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Figure A4.10 FT-IR spectra of complex 5.2 in acetonitrile solution before (red) and after applying

vacuum [at 5 minutes (green), 10 minutes (blue) and 15 minutes (black)].
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Figure A4.11 FT-IR spectra of complexes 5.1 (black), 5.2 (blue) and after reaction of 5.2 with

H,0, in acetonitrile solvent.
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Figure A4.12 FT-IR spectrum of L4 in KBr.
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Figure A4.15 ESI-mass spectrum of L, in methanol.
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