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Synopsis

The thesis entitled, “Nitric oxide reactivity of copper(Il) complexes with N-donor
ligands: Formation of [Cu"-NO"] intermediate” is divided into six chapters.
Chapter 1: Introduction

The coordination of nitric oxide (NO) to the transition metal ions and its activation
have attracted chemists attention as its various biological and physiological reactivity
are attributed to the formation of nitrosyl complexes of metallo-proteins, mostly iron
or copper-proteins. For instance, it is believed that a [Cu-NO* <« Cu'-NO"]
intermediate is involved in the conversion of nitrite to NO or, in some cases to N,O
by nitrite reductase e.g. from Achromobacter cycloclastes. On the other hand, metal-
nitrosyl adducts presumably play important roles in nitrosation reactions of various
thiols to give S-nitrosothiols which are proposed as important carriers of NO
equivalents in cellular systems. 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. These reactions
proceed through two distinct steps: (i) formation of iron(Ill)-nitrosyl adduct; (ii)

' t6 Fe!' with a simultaneous attack of

followed by the pH dependent reduction of Fe
hydroxide ion to the activated nitrosonium group, [Fe"-NO"® <> Fe"-NO*] leading to
the formation of nitrite. NO reductions of Cu" are also known though have not been
studied as extensively as iron-nitrosyls. A few examples of reduction of Cu" by NO
and their use for NO detection are reported in recent years. However, there are hardly
any example which shows the distinct spectral evidence of formation of [Cu-NO’]

intermediate except one reported by Diaz et. at. and recently by Hayton et. al.

Furthermore, there is no report on the coordination of NO in aqueous solution though
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it gives a better approach to in vivo conditions than the organic solvents. Thus, the
study of the formation of [Cu"-NO°] species becomes very important to understand

the complex biological processes.

In this chapter, a general introduction of NO with respect to its structural and
spectroscopic properties followed by a brief account on its coordination and activation

by copper ions has been discussed based on available literature.

Chapter 2: Reduction of copper(Il) complex of tris-(2-isopropyl aminoethyl)amine
by nitric oxide and tri-nitrosation of the ligand

The reaction of copper(Il)perchlorate hexahydrate, [Cu(H,O)6](ClOs4),, with tris-(2-
isopropylaminoethyl)amine (L;) in acetonitrile afforded the mononuclear complex
2.1. It was characterized by various spectroscopic techniques as well as by X-ray
single crystal structure determination. The structure of the complex 2.1 (Figure S.2.1)

indicates its distorted trigonal bipyramidal shape (7~ 0.6) in the solid state.

Figure S.2.1: ORTEP diagram of complex 2.1 (50% thermal ellipsoid plot).

The complex 2.1 exhibited a broad d-d band with A, at 826 nm (g, 340 M'lcm'l)
along with a relatively strong intra-ligand absorption in the UV-region (Amax, 294 nm,
e, 4775 M'em™) in acetonitrile solvent. It displayed one electron paramagnetism and

characteristic signals in X-band EPR spectroscopy.
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To a degassed acetonitrile solution of complex 2.1, bubbling of NO leads to the
reduction of Cu" center to Cu'. The d-d transition for complex 2.1 at 826 nm was
found to shift to 640 nm suggesting the formation of [Cu-NO®] intermediate. The
unstable nature of the intermediate precludes its further characterization. The
absorption intensity of the intermediate was found to decrease with time indicating the
reduction of Cu" center to Cu'. This has been monitored by UV-visible (Figure
S.2.2a), EPR (Figure S.2.2b), and 'H-NMR spectroscopic studies. The rate of
decomposition of [CuH—NO'] intermediate was found to be 5.64 x 107 sec' at 298K.

The reduction of Cu" center was found to be accompanied with the N-nitrosation of
the ligand leading to the formation of L exclusively (yield~30%) (Scheme S.2.1). L,
was isolated from the reaction mixture as its perchlorate salt and was characterized by
X-ray single crystal structure determination, 'H-NMR and "*C-NMR studies. The

ORTEP diagram is shown in figure S.2.3.
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Figure S.2.2: (a) UV-visible spectra of the reaction of complex 2.1 (blue trace) with NO in
acetonitrile solvent at room temperature. Red and green traces represent the
[Cu"-NO"] intermediate and complete reduction of Cu" to Cu', respectively. (b)
X-band EPR spectra of the complex 2.1 (blue trace) and immediately after its
reaction with NO (red trace) in acetonitrile solvent at room temperature.
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Scheme S.2.1

It should be noted that in methanol solution, the reduction of cu' to Cu! by NO was
also observed. The reduction was found to be accompanied with mono- and
dinitrosation (~10% and 20%, respectively) of the terminal amine, but no
trinitrosation. In water medium, the reduction of the Cu" to Cu' took place, but no

modification of the ligand was observed.

Figure S.2.3: ORTEP diagram of Ly~ perchlorate (50% thermal ellipsoid plot).

Thus, this chapter describes the reduction of Cu" to Cu' by NO in acetonitrile through
the formation of an unstable [CuH—NO'] intermediate. Ligand N-nitrosation was

observed in acetonitrile and methanol solvents.

Chapter 3: Nitric oxide reactivity of copper(Il) complexes of tris-[2-
aminethyl]amine and ethylenediamine

In the previous chapter, the formation of [Cu"-NO°] intermediate was observed prior
to the reduction of Cu' to Cul. It is, thus, logical to assume that the N-nitrosation was

a result of attack of NO* formed during the reduction of Cu" to Cu' by NO. To have
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further insight into the mechanistic details and the formation of NO, tren, [tris-(2-
aminoethyl)amine] ligand (L) and ethylenediamine (L3) have been chosen for the
present study. Both the ligands have terminal primary amine center which are

susceptible to diazotization in presence of NO™.

In this chapter, two Cu" complexes, 3.1 and 3.2 with L, and Ls, respectively, were
prepared. These complexes were characterized by various spectroscopic techniques as
well as X-ray single crystal structure determination. Both the complexes were
reported earlier, also. The complex 3.1 exhibited a broad d-d band with Ay.x at 828
nm (g, 158 M"' cm™), along with relatively strong intra-ligand absorptions in the UV-
region at Apax, 274 nm (g, 3600 M! cm'l) in acetonitrile solvent; whereas complex 3.2
shows d-d band at A, at 550 nm (g, 187 M'lcm'l). Both the complexes displayed one

electron paramagnetism and characteristic signals in X-band EPR spectroscopy.

In degassed acetonitrile solution of the complexes, addition of NO was found to
generate unstable intermediate prior to the reduction of Cu" to Cu'. This has been

evidenced by UV-visible, X-band EPR and solution FT-IR spectroscopy.

In the present cases, the reduction of the Cu' centers by NO afforded ligand
transformation through diazotization at the primary amine coordination site (Scheme
S.3.1). The modified ligands, in each case, were isolated and characterized by various

spectroscopic studies.

However, when the reaction was carried out in aqueous solution, along with the

reduction of the Cu" to CuI, formation of NO, /NO53 was observed.
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Figure S.3.1: UV-visible spectra of complexes (a) 3.1 and (b) 3.2 [blue traces for the complex
before purging NO and red trace showing the reduction of Cu" to Cu' after the
reaction with NO].
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Chapter 4: Nitric oxide reactivity of copper(ll) complexes of bidentate amine
ligands

In this chapter, three cu" complexes 4.1, 4.2 and 4.3 with bidentate ligands L4, Ls and
L¢ [La, N,N/—dimethyl ethylenediamine; Ls, N,N/—diethylethylenediamine and L,
N,N-diisobutylethylenediamine], respectively, were synthesized. The complexes
were characterized by various spectroscopic techniques as well as by X-ray single
crystal structure determination (Figure S.4.1). The complexes 4.1, 4.2 and 4.3

exhibited broad d-d band having A,y at 563 nm (g, 100 Mm! cm'l), 575 nm (g, 120 M’
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"em™) and 582 nm (g, 124 M em™), respectively. All the complexes displayed one

electron paramagnetism and characteristic signals in X-band EPR spectroscopy.

The NO reactivity of the complexes was studied in acetonitrile solvent. The formation
of thermally unstable [Cu"-NO"®] intermediate on reaction of the complexes with NO
in acetonitrile solution was confirmed by UV-visible (Figure S.4.2) and EPR
spectroscopic studies. The d-d transition for complex 4.1 was shifted from 563 nm to

605 nm immediately after purging NO.

N3
Co

C7

Cl

Figure S.4.1: ORTEP diagrams of the complexes (a) 4.1, (b) 4.2 and (c) 4.3 (50% thermal
ellipsoid plot; perchlorates and hydrogen atoms are omitted for clarity).

In cases of complexes 4.2 and 4.3, it was shifted to 622 nm and 652 nm, respectively.
The stability of [Cu"-NO®] intermediate was found to decrease as the bulkiness of N-
substitution on the ligand framework increases. The reduction was found to result
with a simultaneous mono- and di-nitrosation at the amine sites of the ligands. All the
nitrosation products were isolated and characterized by using the various
spectroscopic analyses. The relative ratio of the yield of mono- and di-nitrosation

products was found to be dependent on the N-substitution present in the ligand

framework (Scheme S.4.1).
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Figure S.4.1: UV-visible spectra of the reaction of complex 4.3 with NO in acetonitrile
solvent at room temperature (blue trace represents the Cu'-species, black
represents that of the [Cu"-NO°] intermediate which gradually decomposed to
Cu).
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Chapter 5: Nitric oxide reduction of copper(Il) complexes of 2-aminomethyl
pyridine and bis-(2-aminoethyl)amine
In this chapter, two Ccu" complexes, 5.1 and 5.2 with L7 and Lg [L7, 2- aminomethyl

pyridine; Lsg, bis-(2-aminoethyl)amine], respectively, were synthesized and
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characterized. These complexes, in degassed acetonitrile solvent, on exposure to NO
gas, were found to form thermally unstable [Cu"-NO°®] intermediate which then

T centers. The formation of the [Cu-NO°]

resulted into the reduction of the Cu
intermediate was evidenced by UV-visible, solution FT-IR and EPR spectroscopic
studies. The d-d transition for complex 5.1 was found to appear at 582 nm which was
shifted to 660 nm after reaction with NO. In case of complex 5.2, it shifted from 575
nm to 595 nm (Figure S.5.1a). The rate of decomposition of the intermediate at 298K
were found to be 1.3 x 107 sec”! and 2.2 x 107 sec'l, for complexes 5.1 and 5.2,
respectively. The solution FT-IR spectra of the acetonitrile solutions of complexes 5.1
and 5.2 after purging NO were recorded. A new intense and sharp band was found to
appear at ~1642 cm” and 1635 cm' for complexes 5.1 and 5.2, respectively,
corresponding to the vibration of NO coordinated to the Cu" center (Figure S.5.1b).
On NO purging to the degassed solution of complexes 5.1 and 5.2, they became EPR

silent. These can be attributed to the formation of [CuH—NO'] intermediates in both the

cascs.

110
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B3

Absorbance(AU)

0
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Figure S.5.1: (a) UV-visible spectra of the reaction of complex 5.2 with NO in acetonitrile
solvent at room temperature (blue trace represents the Cu" species, green
represents that of the [Cu"-NO®] intermediate and red trace represents that of
the Cu' after complete reduction). (b) Solution FT-IR spectra of complex 5.2 in
acetonitrile (dark blue colored trace is for complex and the other represent that
after addition of NO which disappears with times. Black trace is that of the
colorless solution obtained after full reduction).
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In the present study, the reduction of the Cu' centers by NO afforded ligand
transformation through diazotization at the primary amine coordination site, in both

the cases (Scheme S.5.1). The modified ligands, in each case, were isolated and

characterized.
~ 2+
s Va 1"
_H
N /N\H O—\ M
NO, =N Z
; e CH,CN
H. V/Cu\ =1 \Cu/—I-]EIO 3 o [Cu(CH;CN)J* +N2f + H,0
SN N= H. ~
H SN ON=
L\ TN
L _ AN N &
5.1 + H | |
Intermediate 2N >
L,
2+ — H 7 2+
i N/H D .
N ~H NO N~ TH
( i _ . E PN _CHEN | jcucH,eNylT + Ny 4 4 H0
N N\ N NO
7N \ H \
H
H H o
N
5.2 Intermediate i [ j
N
H
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Scheme S.5.1

Chapter 6: Nitric oxide reactivity of copper(Il) complexes of bidentate amine
ligands having aliphatic and aromatic N-donor sites

In this chapter, two Cu" complexes, 6.1 and 6.2 with Lo and Ly [Le, 2-(2-
aminoethyl)-pyridine; Lo, 2-(N-ethyl-2-aminoethyl)-pyridine], respectively, were
prepared. These complexes were characterized by various spectroscopic techniques.
The complex 6.1 was reported earlier, also. The complexes 6.1 and 6.2 exhibited

broad d-d bands at Amax 576 nm (€, 187 M cm™) and at Amax 598 nm (g, 210 M cm”
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b, respectively, in acetonitrile solvent. Both the complexes displayed one electron

paramagnetism and characteristic signals in X-band EPR spectroscopy.

These complexes, in degassed acetonitrile solvent, on exposure to NO gas, were
found to form thermally unstable [CuH—NO'] intermediate which then resulted into the
reduction of the Cu" centers. The formation of the [CuH—NO°] intermediate was
evidenced by UV-visible (Figure S.6.1), solution FT-IR and EPR spectroscopic
studies. On purging NO gas to a degassed acetonitrile solution of complex 6.1, the d-d
transition was shifted to 650 nm. For complex 6.2, it was shifted from 598 nm to 652
nm. The rate constants of decomposition of [CuH—NO'] intermediates were found to be
1.09 x 10" sec”! and 5.40 x 10 sec™, respectively. The reduction of the Cu" centers
by NO afforded ligand transformation through diazotization at the primary amine
coordination site in case of complex 6.1 and in water it produced alcoholic product
(Scheme S.6.1), as expected. In case of complex 6.2, the reaction of NO afforded
nitrosation at the NH- site (Scheme S.6.2). The modified ligands, in each case, were
isolated and characterized by various spectroscopic studies.

0.25
(a) (b)

0.2+

0.20 4

576nm 598nm

Absorbance(AU)
Absorbance(AU)

0.0

T T T T 1 T T T T T T 1
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Figure S.6.1: UV-visible spectra of the reaction of complexes 6.1(a) and 6.2(b) with NO in
acetonitrile solvent at room temperature. (Blue trace represents the Cu'-

species, green represents that of the [Cu"-NO°] intermediate which gradually
reduced to Cu').
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Chapter 1

Introduction

1.1General aspects of nitric oxide

Nitric oxide (NO) has attracted enormous research attention from chemists and
biochemists since it has been identified as an essential component in many
physiological processes in mammals. Furchgott, Ignarro and Murad were awarded
Nobel Prize in 1998 for the discovery of the multiple roles played by NO in

physiological and pathological functions in human body.'*

The physiological
functions of NO are various; e.g. it acts as killer of invading microorganisms; primary
messenger in regulating blood pressure; neuro-transmitter etc. Dysfunction in NO
metabolism, has been identified to associate with a number of diseases, such as

arthritis, hypertension, septic shock etc.'” Most of these activities are attributed to the

formation of nitrosyl complexes with metallo-proteins, primarily iron or copper-

10-12 13, 14

proteins. For instance, in soluble guanylyl cyclase (sGC), the formation of a
nitrosyl complex with Fe" leads to labilization of a frans 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, results into the relaxation of smooth muscle tissue of

blood vessels, hence lowering blood pressure. NO is also known as an important

biological agent (also referred to as a ‘endothelial derived relaxing factor (EDRF)”)
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Introduction

whose binding to heme and non-heme proteins provides a basis for both sensing and
signalling which leads to vassodialation/muscle relaxation.'™ '® The reduction of Cu"
centres in some proteins, such as cytochrome c¢ oxidase and laccase, to Cu' on
exposure to NO has also been known for a long time.'” '’ In cytochrome ¢ oxidase,
the NO reduction of Cu" to Cu' is believed to regulate the electron transport activity
of this protein.'® It is also known to generate powerful nitrating and/or oxidizing agent

peroxynitrite by its reaction with superoxides.'**!

Thus, a deep knowledge on the
interaction/activation of NO with/by transition metal ions is very important to

understand its biological roles.

1.2 General features of nitric oxide

Nitric oxide (NO) in gaseous state is a stable free radical and it exists in a monomeric
form. It has a boiling point (1 atm) 121K and a melting point 110K."® In air, NO
reacts spontaneously with O, to form nitrogen dioxide (NO;). NO can combine
rapidly with both organic and oxygen-centered radical to yield a variety of highly
active intermediates. At low temperature and high pressure, NO dimerises to produce

N,O,.10

NO is a di-atomic stable free radical. It has eleven valence electrons and two possible

Lewis structures which are shown bellow.

N=Q=—=DN=0Q
Figure 1.1: Lewis structures of NO.

Both of these structures indicate the presence of a double bond, but the actual N-O

bond length is found to 1.154 A which suggests a higher bond order. It can be

TH-1078_07612220



Introduction

explained by the molecular orbital (MO) diagram of NO (Figure 1.2). It has a “II
ground state with a bond order of 2.5, which is consistent with its bond length
between those of N, (1.06 A) and O, (1.18 A).*> The MO diagram depicts that, the 7*
orbital is the singly occupied highest occupied molecular orbital (HOMO), but it is
polarized toward nitrogen in a manner opposing the polarization of the lower energy

7" orbital resulting into a relatively nonpolar diatomic molecule having the NO stretch

Vo, at 1875 cm’! in the infrared spectrum.

7
P * N
7 \
<1 20, N
s \
e K
// N
Paets ITC * \\
P
N 4 = 4 * A
- 7’ Ay
- _— / A
p)\ py ~ Vi \\\
~ AN
1} ,/‘ \\ A
<’ SS AN
-~

Figure 1.2: Molecular orbital diagram of NO.

The HOMO of NO possesses only nitrogen character as greater electronegativity of

the oxygen lowers the energy of O-atom. Hence, NO prefers to bind to the metal

TH-1078_07612220



Introduction

centre via N-atom. NO can bind to metal centre by the loss of one electron forming
nitrosonium cation, NO*, or by gaining one electron forming nitroxyl anion, NO
(Figure 1.3). The nitrosonium cation is isoelectronic to CO, having the lone pair on sp
hybrid orbital; thus, a linear M-N-O moiety is anticipated with an entity which is
formally NO. On the other hand, the NO™ is isoelectronic to dioxygen (O,); N-atom

here is sp’ hybridized for which a M-N-O bond angle of ~120° is expected.16

Qe QO
&/

N—O=-——— ®N:O — > N—/O
NO- NO NO*

Figure 1.3: Schematic presentation of binding of NO.

Binding modes of NO to metal centres can be of three types: (i) linear end on, (ii) bent

end on and (iii) side-on (Figure 1.4).23

I

T Né 0 N \T/ O

M M M
Linear Bent side-on
end-on end-on

Figure 1.4: Different binding modes of NO to metal centres.

1.3 Literature Survey

1.3.1 Copper(II)-Nitrosyl Complexes
The biological and physiological reactivity of NO are mostly attributed to the

formation of nitrosyl complexes of metallo-proteins e.g. iron or copper-proteins. 10-12
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Introduction

In this direction, the iron-nitrosyls, both in protein and synthetic model systems have
been studied extensively and ferriheme proteins are known to undergo reduction in
aqueous media on exposure to NO. These reactions are known to proceed through two
distinct steps: (i) formation of iron(Ill)-nitrosyl adduct; (ii) followed by the pH

Mt Fe"" with a simultaneous attack of hydroxide ion to the

dependent reduction of Fe
activated nitrosonium group [Fe"-NO ¢ Fe-NO'] leading to the formation of
nitrite.”*** NO reductions of Cu" are also known though have not been studied as
extensively as iron-nitrosyls, both in proteins and synthetic model systems. Several
examples of reduction of Cu" by NO and their use for NO detection are reported in
recent years.”’>® However, there are hardly any example which shows the distinct
spectral evidence of formation of [Cu"-NO®] intermediate except two reported by
Diaz et. al. and Hayton et. al, 230 Furthermore, there is no report on the coordination

of NO in aqueous solution though an aqueous solution gives a better approach to in

vivo conditions than the studied organic solvents.

In biological systems, the reactivity of Cu" center with NO, is believed to proceed
through the formation of [CuH—NO'] intermediate.’! For instance, the reduction of
NO; to NO by copper nitrite reductase (CuNiR) is an important component of the
global nitrogen cycle.”™ It is believed that a [Cu'-NO* <> Cu"-NO"] intermediate is
involved in the conversion of nitrite to NO or, in some cases to N,O by nitrite
reductase e.g. from Achromobacter cycloclastes (Scheme 1.1).** This intermediate
can be classified as a {CuNO}10 (9 metal d electrons + 1INO . electrons=10 total

electrons) complex in the Enemark-Feltham notation.*
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route A

NO E-Cu"
R No;
route B \ ¢

[E-Cul-NO™ <—> E-Cu!-NO’] E-Cu! E-Cul'-NO,
NO, .
H,0
E-Cu'-NO,’
2H*

Scheme 1.1: Proposed mechanism for nitrite reduction by Cu-NiR.

Another important aspect of NO interaction with transition metal ion is reductive
nitrosylation which has been observed for several ferriheme proteins, for cupric

10, 17, 41, 42 CU.H

centers in cytochrome ¢ oxidase and laccase. has also been known to

promote the nitrosation of various thiolates (forming S-nitrosothiols) and cu"
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, Cu' 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.*

Cu'l + BSA-SH [Cull + BSA-ST*

+H*

-NO| +NO

BSA-SNO + Cul - (1.1)
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In this direction, only a few literatures are available that deal with the detail kinetic
studies of the Cu'/NO reactions. Tran et al. has reported the reaction of NO with the
Cu" complex, [Cu(dmp),(H,0)]** (dmp, 2,9-dimethyl-1,10-phenanthroline), in
methanol leading to the formation of a tetra-coordinated [Cu(dmp),]* complex along
with methyl nitrite and H,O (Equation 1.2). They have proposed that this reaction

proceeds through the formation of [Cu"-NO"] species.*’

[Cu(dmp),(H,0)]*" + NO + CH;OH ———
[Cu(dmp),]" + CH;ONO + H,0 + HY

It has been found that the reaction does not occur in CH,Cl, unless methanol is added,
and in such solutions the reaction rate is linearly dependent on the concentration of

alcohol added.*®

Ford et. al. has reported another interesting reactivity of NO with the Cu" complex,
[Cu(DAC)]2+ [DAC, 1,8-bis(9-anthracylmethyl)-derivative of the macrocyclic
tetraamine cyclam (1,4,8,11—tetraazacyclotetradecane)].49 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 Cu" center. Introduction
of NO to the methanolic solution of [Cu(DAC)]2+ restores the fluorescence through
the reduction of Cu" to Cu'. The reduction of Cu" center was also found to follow by
nitrosation of the ligand and subsequent demetallation (Equation 1.3). The kinetic
studies suggest that there was a first-order dependence on concentration of NO and

the reaction was accelerated at higher pH.31’ 49
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A few complexes with a {CuNO}'® configuration are known. Alcoholic solutions of

CuX, (X = Cl, Br, F) have been reported to absorb NO, generating deeply colored
solutions that exhibit strong Vyo absorptions in their solution IR spectra, but the

structures of these materials are not known.”>>* Another {CuNO}'® complex reported
18 [Cu(NO)(H2804)n]2+, but they are not properly characterized.”® The lack of
structural data for these complexes highlights the need for new copper nitrosyls to be
isolated and characterized. Cao and coworkers reported the formation of air-stable
copper-nitrosyl and dinitrosyl species in the reaction of copper(Il)dithiocarbamates
with NO in aqueous solution.” This was, perhaps, the first report of formation of air

stable copper(Il) nitrosyl (Scheme 1.2).

It would be worth mentioning here that Vagliasindi et al has reported a series of the
interaction of NO with Cu" 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 Cu" centers were observed

in presence of NO source.”® Spectral studies suggested that these reductions were
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probably mediated by the formation of a labile [Cu"-NO"] adduct.”* However, for an

analogous dinuclear system, Cu,-Ac-(PHGGGWGQ),-NH,, the NO interaction

COOH COOH

OO

) f*@

HOOC HOOC
COOH  ~o COOH 1\'
Eé%/c“\ ;j ‘lo:é /\>—;j
HOOC . &0l
Scheme 1.2

study in aqueous solutions at physiological pH suggested that the reduction of Cu"

proceeds through a complicated pathway involving two different intermediate species
and a positive cooperativity between two copper centers was observed.”
Recently, Hayton et. al. have reported structurally characterised copper(Il)-nitrosyl

({CuNO}' configuration) complex, [Cu(CH3NO,)s(NO)][PFsl,, 1.1.%° Here, Cu-N-O

angle is found to be 121.0(3)°. This complex shows Vyo at 1933cm™ in FT-IR

spectrum. This complex was reported to react with mesitylene to form [mesitylene,
NO][PFs] and [Cu(n2—1,3,5—M63C6H3)2][PF6] by transfer of NO" to the mesitylene

ring.30

u [PFgl,
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The process of reductive nitrosylation is used to develop fluorescence-based NO
sensors by using Cu" complexes. Lippard’s group have reported three strategies for

fluorescence based NO detection of transition metals (Scheme 1.3).5 6-71

(a) Fluorescence displacement

NO
Off On
(b) Metal reduction

FL-M®™D*@) + NO*
On

NO

FL-M"™(L)

/N

Off
NO FL-(L)M®™D*.NO

On
(c) Metal reduction and ligand nitrosation
FL-M@) — NO o meDr 4 g No

Off On
FL=Fluorescent Ligand
Scheme 1.3

For this detection of NO, Lippard et. al. have used various anthracenyl and dansyl

flurophore ligands (Figure 1.5).

10
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S N N

NS0

S HzN\/’ ’

NH; ~ /
H;CO. \N \N
oslR et ap
N

Figure 1.5: Ligands used for fluorescence detection of NO using Cu"-complexes.

1.3.2 Copper(I)-Nitrosyl Complexes

The formation of stable copper(I)nitrosyl compounds at room temperature are
exemplified in a few reports.”> " The first Cu(I)-nitrosyl was synthesized in 1983 as a
hetero-bimetallic nitrosyl bridging copper-iridium complex,
[IrC1(PPh3),(dppn)(NO)CuCl][PF¢]> [dppn, 3,6-bis(2’-pyridyl)pyridazine] 1.2."* The
first homometallic copper(I)-nitrosyl complex, [Cuy(XYL-O)(#-NO)](PFe),, 1.3,
[XYL-O, 2,6-bis{bis(2-pyridylethyl)aminomethyl }phenolate] was structurally
characterized in 1990 by Zubeita et. al.”> This complex reacts with [NO,] to form the
bridging oxo species [Cuy(XYL-O)(u-O)]*, N,O, and 0,.”° This conversion is

important since it is thought to mimic reactivity of nitrite reductase.”’

o ol

<> @/o\/

N N~ —N —Cu u—"{p¥
o= ey, SN
l Py py
PPh; ) S B
1.2 1.3
11
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Further progress in copper(I)-nitrosyl chemistry occurred when the first terminal

nitrosyl complex, [Cu{HB('Bu-pz);}(NO)], 1.4 was fully characterized by Tolman et.

al.”® This Cu(I)-NO complex have the Cu-N-O angle 163.4° and exhibits Vyo at 1712

cm™ in FT-IR spectrum. This immediately reacts with O, to produce nitrate derivative
of 1.4.”® Based on electronic spectra, ESR studies, and theoretical calculations, this
was believed to have Cu(I)-NO® electronic configuration rather than Cu(II)-NO™ or
Cu(0)-NO". The NO ligand was found to be displaced by MeCN or CO, and it can
also be removed by applying vacuum. A series of such type of complexes including
1.5 and their reactivity with carbon monoxide and oxygen have been reported as a
model for possible intermediate in nitrite reduction by the copper nitrite reductase

(Cu-NiR) from Achromobacter cycloclastes.79

NO

14 1.5
In continuation, complex 1.6 with tris-(3, 5-dimethylpyrazol-1-yl)hydroborate, in the
presence of excess NO, was reported to undergo disproportionation to yield N,O and
Cu(HB(Me»-pz)3)(NO,), 1.7.% This disproportionation is proposed to proceed via a

cis-dinitrosyl/hyponitrite intermediate (Scheme 1.4).5 %2

12
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Scheme 1.4

Later on, Tolman’s group have reported a new series of copper(I)-nitrosyl complexes,
1.8 and 1.9 with tris-(3-(trifluoromethyl)-5-methylpyrazol-1-yl)hydroborate and tris-
(3-mesitylpyrazol-1-yl)hydroborate, ligands respectively. Crystal structures of these
complexes were not reported, but these complexes were well characterized by spectral

. . 1
and chemical studies.®

H H
| |
B,
i,
o \6%?
N NN
&
F 7 / F o/ F
F Clu‘ F" %
NO
1.8 1.9

Fujisawa et. al. has reported another important aspect of copper(I)-nitrosyl
compound.23 They have structurally characterized two mononuclear Cu(I)-nitrosyl
complexes, 1.10 and 1.11, with the related co-ligands hydro tris-(3-tert-butyl-5-

isopropyl-1-pyrazolyl)borate and tris-(3-tert-butyl-5-isopropyl-1-pyrazolyl)methane

13
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respectively. These complexes exhibit nearly linear nitrosyl ligands and are also

considered to have a [CuI—NO°] electronic configuration.78’ »

1.10 1.11

Interestingly, X-ray crystallographic studies revealed an unusual side-on interaction
between NO and the copper center.” * In a recent study by Murphy and co-workers,
a [Cu-NO"] intermediate of Cu-NiR, which was generated by exposing crystals of
fully reduced Cu-NiR to NO saturated buffer, has been structurally characterized.®* %

This exhibits an unexpected side-on coordination of NO to Cu' which corresponds to

a new intermediate in the biological chemistry of NO.

Complex [(iPr3—tacn)Cu(N—N02)], [iPrg—tacn, 1,4,7-triisopropyl-1,4,7-
tiazacyclononane], in presence of two equivalent of acid (HX) was found to result in
the production of one equivalent of NO(g) and concomitant formation of (‘Prs-
tacn)Cu(X), and H,O. They proposed that this reaction involve a copper-nitrosyl

. . 5,86
intermediate.®>

In addition, copper nitrosyl intermediates were reported in the reactivity studies of
peroxynitrite. Peroxynitrite (OON=0) is a reactive agent generated by the near
diffusion controlled combination of NO and the superoxide anion (0,).*” In recent

times, Karlin and co-workers has reported the formation of new peroxynitrite

14
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complexes from the reaction of [Cu-NO®] complex with dioxygen which affords

corresponding copper(IDnitrite on warming at room temperature (Scheme 1.5).%°

Pk
(\ 'ﬂ/j THF, -80 °C : i
du > [ Cul(ANNO))

/T T\

NO

A
[(AN)Cu(O=NOO")|—— [(AN)Cu(NOy)[* +1/2 0,

H
C™)
where AN =
/T T\

[(AN)Cu(NO)]" —

Scheme 1.5

These results essentially instigate us to study the reactivity of NO with Cu"
complexes with various ligand frameworks. The works presented in the proceeding
chapters of the thesis will preliminary focus on the following aspects:

a) Cu" complex with a tripodal tetradentate ligand, tris-[2-(isopropylamino)-
ethyl]amine (L;) had been synthesised and it’s reactivity with NO in acetonitrile,
water and methanol were studied. These studies suggest the formation of a [Cu"-
NO°] intermediate, {Cu-NO}'" complex and also trinitrosation at the amine site
was observed.

b) The NO reactivity of Cu" complexes with a tripodal tetradentate ligand, rris-[2-
aminoethyl]amine (L;) and a bidentate ligand, ethylenediamine (L3) were studied
in acetonitrile and water medium. These studies support the formation of NO* in
the reaction medium.

¢) A series of three Cu' complexes with bidentate N,N’-dimethyl ethylenediamine
(Ly), N,N/ -diethylethylenediamine (Ls) and N,N/ -diisobutylethylenediamine (Lg)

were prepared to study their reactivity with NO in acetonitrile. The effect of

15
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substitution at the amine site on the stability of [Cu-NO°] species and also on
ligand nitrosation are discussed.

d) Cu" complexes with a bidentate ligand, having one aliphatic and one aromatic N-
donor site ligand, 2-aminomethyl pyridine (L;) and a tridentate ligand, bis[2-
aminoethyl]amine (Lg) were synthesised and their reactivity with NO in
acetonitrile was studied. These studies also suggested the formation of [Cu"-NO"]
species.

e) The NO reactivity of Cu' complexes with two bidentate ligands, 2-(2-
aminoethyl)-pyridine (Lg¢) and 2-(N-ethyl-2-aminoethyl)-pyridine (L) were
studied in acetonitrile and water. The effect of chelate ring size on the stability of
[CuH—NO'] species have been discussed.

All these chapters will present a brief idea of reactivity of Cu" complexes with NO to

result into the formation of transient [CuH—NO°] intermediate as well as ligand

nitrosation/modification through diazotisation.
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Chapter 2

Reduction of copper(II) complex of tris-(2-isopropyl
aminoethyl)amine by nitric oxide and tri-nitrosation of the

ligand

Abstract

Copper(Il) complex, 2.1 of a tetradented tripodal ligand, L; [Ly, tris-(2-
isopropylaminoethyl)amine] has been synthesized and characterized. The Cu" center
in complex 2.1 in acetonitrile solvent, on exposure to nitric oxide has been found to
be reduced to Cu'. This reduction resulted into the concomitant tri-nitrosation of the
ligand at terminal amine centers and the release of the modified ligand, Ly. L{’ was
found to be crystallized out from the reaction mixture as its perchlorate salt. The
formation of Ll/ -perchlorate was authenticated by FT-IR, 1H—NMR, 3C NMR and X-
ray single crystal structure determination. Addition of NO to the methanol solution of
complex 2.1 resulted in the reduction of Cu" center with a simultaneous mono- and
dinitrosation of the ligand. In water, the reduction of Cu" center by NO was found to

afford NO,’, but not ligand nitrosation.
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2.1 Introduction

Nitric oxide (NO) plays the key roles in mammalian biology such as in vascular
regulation, neurotransmission, and immuno-cytotoxicity and some of these activities
are attributed to the formation of nitrosyl complexes of metallo-proteins." ? Hence, the
interaction of NO with metal centers has long been of interest to chemists and
biochemists.” The reduction of Cu" centers in some proteins, such as cytochrome ¢
oxidase and laccase, to Cu' on exposure to NO has also been known for a long time.*
In cytochrome ¢ oxidase, the NO reduction of Cu" to Cu' is believed to play the role
in regulating the electron transport activity of this protein.4’ > In presence of NO, Cu"
is also known to facilitate the nitrosation of various thiolates, and this reduction was
found to correlate with formation of S-nitroso bovine serum albumin and S-nitroso
glutathione.6 These observations have been used to suggest a mechanism for the
formation of RSNO compounds in blood.’ Although, the auto-reduction of ferriheme
proteins such as methemoglobin and ferricytochrome ¢ (Cyt™) by NO has been

studied extensively, the Cu" reduction has not been studied to that extent.>*

In this context, the NO reactivity of a Cu" complex of a tripodal ligand was studied
and the ligand was found to undergo nitrosation to the corresponding N-nitroso

amines in the process of reduction of Cu" to Cu' by NO.

2.2 Results and discussions
The complex 2.1 was prepared by the reaction of [Cu(H,O)s](ClO4), in acetonitrile
solution with equivalent amount of the ligand. It was isolated from the reaction

mixture as blue crystalline solid (Scheme 2.1).
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Scheme 2.1

The complex 2.1 exibited satisfactory elemental analyses (experimental section) and it
behaved as 1:2 electrolyte [Am (Q'lcmzmol'l), 228] in acetonitrile solution. The
complex was characterized by various spectroscopic techniques. The single crystal X-
ray structure of complex 2.1 was determined. The single crystal structure of 2.1
revealed that Cu" is surrounded by five nitrogen donor atoms (four from L; and one
from coordinated acetonitrile) in a distorted trigonal bipyramidal geometry (Figure
2.1). The structural index parameter, 7, has been found to be ~ 0.6. The three terminal
nitrogen atoms of L; occupied the equatorial positions; whereas the central nitrogen
of Ly and the nitrogen from coordinated acetonitrile occupied the axial positions. The

crystallographic table and selected bond lengths and angles are given in Appendix I

(Table Al.1, A1.2 and A1.3).

Figure 2.1: ORTEP diagram of complex 2.1(30% thermal ellipsoid plot).
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The complex 2.1, in acetonitrile solvent, exhibited broad d-d band with Ap.x(e/ M lem
1), 826 nm (340), 615 nm (110) (shoulder) (Figure 2.2). In room temperature magnetic
moment measurement, it showed one electron paramagnetism (Lobs, 1.56 BM). It
displayed four line X-band EPR at room temperature in acetonitrile (gawe= 2.0845)

(Figure 2.3)8

2.0~

Absorbance(AU)

0.5+

0.0

T T T T T T T T T T T T T 1
400 500 600 700 800 900 1000 1100
Wavelength(nm)

Figure 2.2: UV-visible spectrum of complex 2.1 in acetonitrile.
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Figure 2.3: X-Band EPR spectrum of complex 2.1 in acetonitrile at room temperature.

2.2.1 Nitric oxide reactivity of complex 2.1 in acetonitrile
The NO reactivity of the complex 2.1 was studied in acetonitrile solution and the

spectral changes were monitored by UV-visible and X-Band EPR spectroscopy. The
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d-d transition for complex 2.1 was found to appear at 826 nm. On purging NO gas to
a degassed acetonitrile solution of complex 2.1, the position of the d-d transition
shifted to 640 nm (Figure 2.4). It is presumably because of the formation of the
thermally unstable [Cu"-NO®] intermediate. This intermediate was found to
decompose gradually to afford colorless solution following pseudo first order kinetics
and the spectral changes were monitored by UV-visible spectroscopy (Figure 2.4,
inset). The rate constant for the decomposition of the intermediate was found to be

5.64x1072 sec! at 298K.

2.0 -

e
=

Absorbance

826nm

2

1.5+

100 200 300
Time(sec)

<=

Absorbance

400 500 600 700 800 900 1000 1100

Wavelength(nm)

Figure 2.4: UV-visible spectroscopic monitoring of the gradual decay of [L,;Cu"-NO]** to Cu'
in acetonitrile at 298K. (Blue trace represents the spectrum of the complex 2.1
before the reaction with NO). Inset: Time scan plot of the gradual decay of
[L;Cu™NOJ* (Amax, 640 nm) to Cu' in acetonitrile at 298K.

Though, the complex 2.1 in acetonitrile displayed characteristic four line EPR
spectrum, the intermediate formed was found to be EPR silent at room temperature
(Figure 2.5). It should be noted that the final colorless solution was also observed to
be EPR silent owing to the formation of Cu'. This is consistent with the reduction of
Cu"to Cu'. In the present case thus, presumably, an unstable [Cu"-NO"] intermediate

was formed, prior to the reduction of Cu' to Cul.
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Figure 2.5: X-band EPR spectra of the complex 2.1 (blue trace) and after its reaction with
NO (red trace) in acetonitrile at room temperature.

It would be worth mentioning here that Cao et. al. reported the reduction of a series of
copper(Il) dithiocarbamates with NO in aqueous solution which resulted into the
formation of an air-stable copper-nitrosyl and dinitrosyl species.9 Detailed kinetics
studies of the Cu'/NO reactions are not much.> '° In this regard, Tran et. al. studied
the NO reduction of the Cu" complex, [Cu(dmp)z(HzO)]2+ (dmp, 2,9-dimethyl-1,10-

. . . . 4
phenanthroline), in water and various mixed solvents.

It is interesting to note that the NO reduction of Cu" center in complex 2.1, in
acetonitrile, was accompanied with concomitant nitrosation of the ligand and release
of the modified nitrosoamine, Ly (yield ~30%)(Scheme 2.2). L, was found to be
precipitated out from the reaction mixture as its perchlorate salt. The formation of L-
perchlorate was confirmed by its single crystal X-ray structure determination (Figure
2.6) and other spectroscopic studies. The crystallographic table, the tables of selected
bond lengths and angles are listed in Appendix I (Table Al1.4 and Al.5). The 'H-
NMR spectrum of Ly’-perchlorate indicated the terminal amine nitrogen as nitrosation

site (Appendix I, Figure Al.1). The ?C-NMR spectrum was also in well agreement
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(Appendix I, Figure A1.2). The 1446 cm™ band in FT-IR spectrum of Ly-perchlorate

was consistent with the expected Vyo of nitrosoamine (Appendix I, Figure A1.3)."" It

is important to note that the free ligands did not react with NO at the reaction

condition.

2+

) N N~< N N—<
)\1(\ T/_\\,}\\\H (i) cxcess NO(y) <\ \LN/O g\ Il-{
— = N\L -
T (ii) Dry/degassed \< NO N(-No + \( H  N(-H + [Cu(NCCHy),I"
/A CIL,CN /K /K

S H

where S = CH;CN ~30% ~65%

Scheme 2.2

Figure 2.6: ORTEP diagram of Ly-perchlorate (30% thermal ellipsoid plot).

Ford et. al. reported their observations with [CuH(DAC)]2+ {DAC, 1,8-bis-(9-
anthracyl methyl) derivative of the macrocyclic tetraamine cyclam(1,4,8,11-
tetraazacyclo tetradecane)} in methanol solution.'> However, the marked difference to
that result is in the present case, the nitrosation took place in all the three terminal

nitrogen whereas in DAC ligand, at one nitrogen only.

In case of [CuH(DAC)]2+, after reduction and nitrosation, the release of modified
ligand was attributed to the fact that the Cu' favors tetrahedral geometry; whereas the
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DAC ligand favors square planer one. At the same time, the nitrosation also weakens
the binding ability of the amine nitrogen.12 Though, in the present case both the Cu'
and the ligand favor tetrahedral coordination, the release of L1/—perch10rate can be
attributed to the weakening of amine binding to the Cu' due to nitrosation; this
weakening is further enhanced by the protonation of the central nitrogen which results

into the LI/ -perchlorate salt.

The mechanism of ligand nitrosation is not very clear. One mechanism could be the
attack of NO on the deprotonated amine site followed by electron transfer to the
copper center as reported in case of [Cu'(DAC)]**."> Alternatively, the key step
would be first NO coordination to the copper ion followed by NO* migration to the
secondary amine.'> The observation of the transient intermediates in UV-visible and
EPR spectroscopy prior to reduction supports the second possibility. However, the
reason for tri-nitrosation in the present case is not very clear. Comparing to the other
reported results, one could think of the tri-nitrosation as a result of the combined
effect of geometry of the complex, presence of electron donor groups at the terminal
amine positions and the difference in mechanistic pathways. However, the presence of
some other disproportionation processes facilitated by the metal center can also not be

ruled out.

2.2.2 Nitric oxide reactivity of complex 2.1 in methanol

In methanol, NO reactivity of 2.1 was studied and the reduction of Cu" to Cu' was
observed. This was confirmed by UV-visible and EPR spectroscopic studies
(Appendix I, Figures Al1.4, and Al.5). The reduction was found to be accompanied
with di- and mono-nitrosation of the ligand; (Scheme 2.3) in contrast, exclusively
trinitrosation was observed in acetonitrile.
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Scheme 2.3

The dinitrosated, LI// and mononitrosated, Ll”/ ligands were characterized by

elemental analysis (experimental section), FT-IR, lH—NMR, BC.NMR and ESI-mass

spectroscopy (Experimental section, Appendix I, Figures A1.6-A1.13). The Vyxo

stretching frequency in L, and L," appeared at 1461 and 1448 cm™ in FT-IR

spectrum.

2.2.3 Nitric oxide reactivity of complex 2.1 in water

The reaction of NO with the complex 2.1 was also studied in water medium. In water,
Cu" center was observed to undergo reduction to Cu'. This was studied by UV-visible
and 'H-NMR spectroscopy (Appendix I, Figures Al.14 and Al.15). Further, the
reduction of complex 2.1 in water was confirmed by 'H-NMR studies in D,O. The
complex displayed broad "H-NMR signal in DO due to the presence of paramagnetic
Cu" centre (Figure 2.10a). After the reduction of Cu" to Cu', the solution showed well

resolved signals in "H-NMR spectrum (Figure 2.10b).

In water, the reduction of Cu" centre by NO was not found to afford any ligand
nitrosation. On the other hand, the formation of NO, in solution was evidenced by
Greiss’s test (Scheme 2.4). This can be attributed to the higher reactivity of NO* with

water than N-H group.
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Figure 2.10: 'H-NMR spectra of complex 2.1(a) before and (b) after the reaction with NO.

2.3 Conclusion

The NO reduction of the Cu' center in complex 2.1 was found proceed through
unstable [CuH—NO'] intermediate in acetonitrile. The reduction was resulted into the
concomitant tri-nitrosation of the ligand. In methanol, the reduction afforded only
mono- and di-nitrosation. In water, it was accompanied with the formation of NO;’;

but no ligand nitrosation was found.
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2.4 Experimental Section

2.4.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of
reagent grade. Ligand, L; was purchased from Sigma-Aldrich and used as received.
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,Os column. UV-
visible spectra were recorded on a Perkin Elmer Lambda 25 UV-visible
spectrophotometer. FT-IR spectra of the solid samples were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets. 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 (MesSi) or to the residual solvent peaks.
The X-band Electron Paramagnetic Resonance (EPR) spectra were recorded on a JES-
FA200 ESR spectrometer, at room temperature. Elemental analyses were obtained
from a Perkin Elmer Series II Analyzer. The magnetic moment of complexes was

measured on a Cambridge Magnetic Balance.

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 MoKy, radiation (A =
0.71073 A) at 273(3) K, with increasing ® (width of 0.3° per frame) at a scan speed of
3 s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software.”” Structures were

solved by direct methods using SHELXS-97 and refined with full-matrix least squares
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on F* using SHELXL-97."* ' All non-hydrogen atoms were refined anisotropically.

Structural illustrations have been drawn with ORTEP-3 for Windows.'®

2.4.2 Synthesis of complex 2.1, [Cu(L1)(NCCH3)](ClO4)»

Copper(Il)hexahydrate perchlorate, [Cu(H,0)s](ClOy4), [0.740 g (2.0 mmol)] was
dissolved in 10 ml distilled acetonitrile. To this solution, 0.544 g (2.0 mmol) of the
ligand L; was added slowly with constant stirring. The color of the solution turned
into deep blue from light blue. The stirring was continued for 1h at room temperature.
The volume of the solution then reduced to ~2 ml. To this, 10 ml of benzene was
added to make a layer on it and kept it overnight on freezer. This resulted into blue
crystals of complex 2.1. Yield: 0.975 g (85%). Elemental Analyses: Calcd. for
C17H36N505CL,Cu: C, 35.60; H, 6.28; N, 12.21. Found (%): C, 35.66; H, 6.29; N,
12.25. Molar conductivity: [Am(Q'ecm’mol™), 228]. FT-IR: 2977, 1085, 625 cm™;

magnetic moment, 1.56 BM.

2.4.3 Isolation of L1/ -perchlorate

To 10 ml of degassed acetonitrile solution of complex 2.1 (250 mg), freshly prepared
NO was bubbled for 1 minute. The deep blue color of the solution turned colorless.
This solution was allowed to stand for 10 minutes at room temperature. Then the
excess of NO was removed and 10 ml of degassed benzene was added to this under
dinitrogen atmosphere. The reaction mixture was kept in freezer for two days. The
L, -perchlorate was found to be crystallized out. Yield: 60 mg (~30%). Elemental
Analyses: Calcd. for C;5H3aN;O,Cl: C, 39.13; H, 7.39; N, 21.30. Found (%): C,
39.17; H, 7.40; N, 21.28. FT-IR: 2946, 1446, 1101, 625 cm™; "H-NMR (400 MHz,
CDCl3): Oppm. 4.58(3H) 3.54(6H), 3.08(6H), 1.27(18H). BC.NMR (100 MHz,
CDCl3): 8ppm, 58.12, 54.02, 40.08, 22.07.

34

TH-1078_07612220



Chapter 2

2.4.4 Isolation of L1/ " and L1/ "

In a 100 ml Schlenk flask, complex 2.1 (574 mg, 1.0 mmol) was dissolved in 50 ml
degassed methanol. To this, NO gas was purged through a needle for one minute and
the mixture was then allowed to stand for 10 minutes. The excess NO was then
removed from the system by purging vacuum/nitrogen for several cycles. The
colorless solution was then open to air and stirred for 1h to ensure complete oxidation
of Cu' center to Cu'. The solution was dried in rotavapour. To this, 5 ml saturated
aqueous solution of Na,S was added and stirred for Y2 h. The black precipitate of Cu,S
thus obtained was filtered off and the filtrate was diluted with 50 ml of distilled water.
The organic part was then extracted from the mixture using CHCI; (3 portions X 25
ml). The collected organic layer was then dried under reduced pressure and the

residual oil was subjected to column chromatography using silica gel to yield L, and

L1/// )

L,": Yield: 66 mg (~20%). Elemental Analyses: Calcd. for C;sHsNcO,: C, 54.52;
H, 10.37; N, 25.43. Found (%): C, 54.42; H, 10.40; N, 25.28. FT-IR: 2977, 1466,
1441, 1360, 1111 cm™; '"H-NMR (400 MHz, CDCl3): &,pm, 4.68(m, 1H) 3.54(t, 4H),
2.79(m, 1H), 2.68(s, 4H), 2.54(t, 4H), 1.44(d, 12H), 1.07(d, 16 H). *C-NMR (100
MHz, CDCly): 8ypm, 55.64, 54.46, 49.86, 49.12, 45.08, 41.25, 22.92, 21.57. ESI-Mass:

(m+1)/z, 331.19.

L,"”: Yield: 36 mg (~10%). Elemental Analyses: Calcd. for C;sH3sNsO: C, 59.76; H,
11.70; N, 23.23. Found (%): C, 59.70; H, 11.70; N, 23.28. FT-IR: 2974, 1466, 1440,
1169, 1122 cm™; "H-NMR (400 MHz, CDCl): 8;pm, 4.66(m, 1H) 3.53(m, 2H), 2.78(t,

2H), 2.63(m, 8H), 2.51(t, 2H), 1.41(d, 6H), 1.04(d, 12 H). "C-NMR (100 MHz,
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CDCl3): 8ppm, 55.61, 54.35, 49.18, 45.22, 41.25, 22.96, 21.68. ESI-Mass: (m+1)/z,

302.23.
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Nitric oxide reactivity of copper(Il) complexes of tris-(2-

aminoethyl)amine and ethylenediamine

Abstract

Two copper(Il) complexes, 3.1 and 3.2 with L, and L3 [L,, tris-(2-aminoethyl)-
amine; L3 ethylenediamine] respectively, in degassed acetonitrile solvent, on
exposure to NO gas, were found to undergo reduction to Cu'. The process of reduction
was evidenced by UV-visible and EPR spectroscopic studies. The reduction of the
Cu" centers by nitric oxide afforded ligand transformation through diazotization at the
primary amine coordination site, in case of both the complexes. This suggests the
formation of NO" in the reaction medium which indirectly indicates the formation of
[CuH—NO'] intermediate prior to the reduction. The modified ligands, in each case,

were isolated and characterized by various spectroscopic studies.
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3.1 Introduction

Nitric oxide (NO) is known to play key role in many biochemical processes such as in
vascular regulation, neuro transmission and immuno-cytotoxicity and some of these
activities are attributed to the formation of nitrosyl complexes of metalloproteins,
primarily iron proteins.” The best characterized example is the ferroheme enzyme,

soluble guanylyl cyclase (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
results into the relaxation of smooth muscle tissue of blood vessels, hence lowering
blood pressure. On the other hand, the reduction of Cu® centre in cytochrome ¢
oxidase and laccase, to cu' by NO has been known for a long time.'”® In
cytochrome ¢ oxidase, the NO reduction of Cu" to Cu' is believed to play the role in
regulating the electron transport activity of this protein.16 Cu" is also known to
facilitate the nitrosation of various thiolates and this reduction was found to correlate
with formation of S-nitroso bovine serum albumin and S-nitroso glutathione.17 These
observations can be used to suggest a mechanism for the formation of RSNO
compounds in blood. However, to understand the mechanisms of these
biochemical/medical processes, a high degree of understanding of the fundamental
chemistry of NO with metal centers under the conditions relevant to its biological

formation and decay is essential. However, the cu'yNO chemistry has not been

explored yet to that extent.'®
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In continuation, to study the effect of primary amine site on ligand framework, we
have chosen the following two primary amine site containing ligands (Figure 3.1) to

prepare their Cu" complexes.

i ﬁ* !
N N H
H~ \/\N/\/ ~H \N/\/N\H
|
H H
N
u’ CH
L2 L3

Figure 3.1: List of the ligands used for the present study.

3.2 Results and discussions

The complex 3.1 was prepared by the reaction of an acetonitrile solution of
[Cu(H20)6](C104), with one equivalent of the ligand, L, at room temperature. ¥ For
complex 3.2, two equivalents of ligand, L3 were used (Scheme 3.1) (Experimental

section).

The complexes, 3.1 and 3.2 exibited satisfactory elemental analyses (Experiment
section) and showed 1:2 conductivity [Aym (Q"lcmzmol'l), 239 and 229, respectively]
in acetonitrile solution. The formation of the complexes 3.1 and 3.2 was further
supported by various spectroscopic analyses. The single crystal X-ray structures of
both the complexes were determined. The ORTEP diagrams of the complexes are
shown in figure 3.2. The crystal structures of complexes 3.1 and 3.2 reported earlier

1
also."
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Fugure 3.2: ORTEP diagrams of complexes (a) 3.1 and (b) 3.2 (50% thermal ellipsoid plot).

The room temperature magnetic moment measurement showed one electron
paramagnetism for complexes 3.1 and 3.2 (1.69 BM and 1.56 BM, respectively). The
complex 3.1, in acetonitrile solvent, exhibited broad d-d bands having A, at 812 nm
(e, 158 M'em™), along with relatively strong intra-ligand absorptions in the UV-
region at Am,y, 274 nm (g, 3600 M'lcm'l) (Figure 3.3a). For complex 3.2 the d-d band

appeared with Anax at 550 nm (g, 187M'cm™) (Figure 3.3b).
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Figure 3.3: UV-visible spectra of complexes (a) 3.1 and (b) 3.2 in acetonitrile.

Both the complexes displayed four line X-band EPR spectra at room temperature in

acetonitrile solvent having the g,y. values 2.105 and 2.05 (Figure 3.4).
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Figure 3.4: X-Band EPR spectra of complexes (a) 3.1 and (b) 3.2 in acetonitrile at room
temperature.

3.2.1 Nitric oxide reactivity in acetonitrile

The NO reactivity of the complexes 3.1 and 3.2 were studied in acetonitrile. The
spectral changes were monitored by UV-visible and X-Band EPR spectroscopy. In
acetonitrile solution, the complexes, 3.1 and 3.2, exhibited d-d transition at Ay, 812
nm and 550 nm respectively. The deep blue solutions of the both the complexes, in
dry and degassed acetonitrile, changed into transient green on exposure to NO gas and
finally became colorless. The change was monitored by UV-visible spectroscopy
(Figure 3.5). It was found that though there were no significant changes in the d-d
transition band, the higher energy band was shifted from 274 nm to 291 nm
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immediately after purging NO to the acetonitrilic solution of complex 3.1. In case of
complex 3.2, also, there were no significant change in the d-d transition band, but
change was observed in the UV region, only. The green intermediates were thermally
unstable and we were unable to isolate or characterize it properly. This transient

intermediate was found to be EPR silent in frozen state at 77 K. In FT-IR spectrum,
the green intermediate, in case of 3.1, exhibited a sharp and strong Vy, frequency at

1650 cm™, in acetonitrile (Figure 3.6).°° This frequency was found to diminish
gradually and finally disappeared. Presumably, it was a [Cu"-NO®] complex which

was formed prior to the reduction of Cu".'*"> ¥

The intensity of d-d band of the green intermediate was found to decrease with time
and finally the disappearance of the d-d band indicated the complete reduction of Cu"
center of complex 3.1 to Cu' by NO (Figure 3.7). The reduction process was
monitored with stoichiometric amount of NO and it had been found that the reaction
was 1:1 with respect to Cu' and NO (Figure 3.7, inset). In case of complex 3.2, also,
the reduction was confirmed by the disappearance of the d-d transition band at 550

nm (Figure 3.8).

The complexes 3.1 and 3.2 showed four line EPR spectra in acetonitrile solution.
After NO purging, the signals were found to be disappeared (Figures 3.9a and 3.9b for
3.1 and 3.2, respectively). This is, again, consistent with the reduction of Cu" to Cu'

by NO 21,22

The reduction of Cu" centre had been further authenticated in case of complexes 3.1
and 3.2 by the single crystal structure determination of the reduced complex,

[Cu(CH3CN),4]CIOy (Figure 3.10).°
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Figure 3.5: UV-visible spectra of complexes (a) 3.1 and (b) 3.2 in acetonitrile. (Blue trace
represents the spectrum before purging NO and the red trace represents that
immediately after purging NO).
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Figure 3.6: Solution FT-IR spectrum of the green intermediate formed in the case of 3.1 in
acetonitrile solvent.
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Figure 3.7: UV-visible spectra of (a) complex 3.1 and (b) after reaction with NO in
acetonitrile solvent. Inset: The enlarged visible region showing the gradual
decrease in intensity of the d-d band with increasing NO concentration: (i)
complex 3.1; (ii) with 0.1 equivalent; (iii) with 0.2 equivalent; (iv) with 0.3
equivalent; (v) with 0.4 equivalent ; (vi) with 0.5 equivalent; (vii) with 0.6
equivalent; (viii) with 0.7 equivalent and (ix) with 1.1 equivalent NO.
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Figure 3.8: UV-visible spectra of complex 3.2 (blue trace) and after purging NO (red trace)
showing the reduction of Cu" to Cu'.
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Figure 3.9: X-band EPR spectra of the complexes (a) 3.1 and (b) 3.2 (blue trace represents
EPR spectrum of the complex and red trace represents that of the complex after
it’s reaction with NO).

Figure 3.10: ORTEP diagram of [Cu(CH;CN)4]C10, (50% thermal ellipsoid plot).
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Cao et. al. reported the reduction of a series of copper(Il) dithiocarbamates with NO
in aqueous solution which resulted into the formation of air stable copper nitrosyl and
dinitrosyl species.” Detailed kinetics studies of the Cu"/NO reactions are not much.
121518 23 1y this regard, Tran et. al. studied the NO reduction of the cut complex,
[Cu(dmp)z(HZO)]2+ (dmp, 2,9-dimethyl-1,10-phenanthroline), in aqueous solution and
various mixed solvents.'*" In methanol, the product of the [Cu(dmp)z(HzO)]2+
oxidation of NO was CH;ONO; in water, it was NO, . The reaction did not occur in
CH,Cl, unless methanol was added, and in such solutions the reaction rate was

linearly dependent on the concentration of alcohol added.

It is interesting to note that the reduction of Cu" ion in complex 3.1 by NO in dry and
degassed acetonitrile was accompanied with a concomitant nitrosation followed by
diazotization at the terminal primary amine group of the ligand, L, which resulted into
the cyclization product, L, along with tri-protonated ligand, L," as its perchlorate salt
(Scheme 3.2). This can be attributed to the fact that the NO* formed in the reduction
process, reacted with the primary amine center of the ligand which resulted into

diazotization followed by ring formation.

NH,

N\
N/\\\\N‘H

3+
(\] & (i) NO 0N
- S ® H
H/N\C’u‘N\H AT H [ j + (\ NﬁN 3 4+ [Cu(NCCH,),I*

H H (11) Dry CHyCN

NH,  NH,
i "' | (~ 60%) (~30%)
3.1 LZ/ LZ//
Scheme 3.2
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The formation of L2/ was characterized by its microanalytical data, FT-IR, "H-NMR,
BC-NMR and ESI-Mass spectroscopy. All the spectroscopic data were in well

agreement with its structure (Appendix II, Figure A2.1- A2.4).

The formation of L,” -perchlorate was further been confirmed by the X-ray single
crystal structure determination. The X-ray quality crystals were obtained from the
reaction mixture itself on keeping it in freezer for two days. The ORTEP diagram of
L, -perchlorate is shown in figure 3.11. The crystallographic data is listed in appendix
I, table A2.1. In the tri-protonated symmetrical L, -perchlorate, central nitrogen is in
tetrahedral geometry with a C-N-C bond angle of 109.2(3)° and N1-C1 bond length of
1.476(5) A. The tables of selected bond angles and distances are given in appendix II
(Table A2.2). The formation of L," -perchlorate was confirmed by various

spectroscopic studies, also (Appendix II, Figure A2.5- A2.7).

Figure 3.11: ORTEP diagram of L,"-perchlorate (50% thermal ellipsoid plot, hydrogen atoms
are removed for clarity).

In case of complex 3.2, the reaction of NO afforded similar diazotization at the amine

site resulting into the formation of product, L3 (Scheme 3.3).
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] 2+
N o2 (1) NOg, L
PN > H,NTSNH, 4 CuNCCHY)
H,N NIT, (ii) Dry CH;CN Ly
3.2
Scheme 3.3

The formation of L3 was confirmed by the FT-IR, '"H-NMR, "*C-NMR, and ESI-

Mass spectra (Appendix II, Figure A2.8- A2.11).

3.2.2 Nitric oxide reactivity in water

The reactivity study of complexes 3.1 and 3.2 with NO was also studied in water. The
reduction process was studied by UV-visible and 'H-NMR spectroscopy. In water, d-
d transition band of 3.1 appeared with Ap.x at 860 nm. In presence of NO, this d-d

transition was found to decrease with time owing to reduction of Cu" to Cu' (Figure

3.12).

Absorbance(au)

0.0

T T T T T T T T T T T T T T 1
400 500 600 700 800 900 1000 1100
Wavelength(nm)

Figure 3.12: UV-visible spectra of the reaction of complex 3.1 with NO in water at room
temperature. (Blue trace represents the Cu'-complex which gradually reduced
to Cu' represented by down headed arrow).
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The reduction process was also characterized by '"H-NMR study. The complex 3.1 did
not show well resolved 'H-NMR spectrum as expected due to its paramagnetic nature

(Figure 3.13a); but after reaction with NO, it showed well resolved '"H.NMR spectrum

(Figure 3.13b)

(a)
3 12 1n 1 9 8§ 7 6 5 & 3 3771 ppm
(b)
PEEHH
11 0 e T8 7 6 s a 3 21 ppm

Figure 3.13: "H-NMR spectra of complex 3.1 (a) before and (b) after reaction with NO in
D,O0.

Along with the reduction of the Cu" center in complex 3.1, the formation of Lzl/ -

perchlorate was obseved. This was attributed to the higher reactivity of NO* with
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water to result into NO,” and H" (Scheme 3.4). The formation of NO, was confirmed

by the Greiss’s test.

H 2

/ N/ 3+

N N— .. N\

T N H (1)) NO(g, { NNH,

| | ~ J-H L 1 -

]\\Cu‘N / + Cu' + N02
é | “H (i) TT,O/CI;CN(10:1 v/v) NH; NH;

N (~90%)

Il
LZ//

31
Scheme 3.4

In case of complex 3.2, also, the reduction process was confirmed by UV-visible and
"H-NMR studies. The intensity of the d-d transition band with Ayax at 555 nm in water
was found to diminish immediately after purging NO gas to result into colorless

solution suggesting the formation of Cu' (Figure 3.14).

I
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Figure 3.14: UV-visible spectra of the reaction of complex 3.2 with NO in water at
room temperature. (Blue trace represents the Cu" complex which
gradually reduced to Cu', represented by the red trace).

The complex 3.2 displayed broad signals in "H-NMR spectrum as expected due to the
presence of paramagnetic center (Figure 3.15a); however, after the reaction with NO,

it exhibited well resolved '"H-NMR spectrum (Figure 3.15b).
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Figure 3.15: 'H-NMR spectra of complex 3.2 (a) before and (b) after reaction of NO in D,O.

In water, complex 3.2 undergo reduction with simultaneous formation of L3 (Scheme

3.5)
] 2+
H,N. NH
2 g (i) NO,, :
N ONH, (i) Distilled H,0 {H3N/\/NH3] (NOg) + Cu
2 2 11) Distille
\ ; ( 2 L
3.2
Scheme 3.5

The formation of the ligand L;y" was confirmed by various spectroscopic studies e.g.

FT-IR, '"H-NMR and “C-NMR (Appendix II, Figure A2.12- A2.14). Ls" was also
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characterized by its X-ray single crystal structure (Figure 3.16). The crystallographic
data and tables for selected bond angles and distances are listed in appendix II (Tables

A2.3 and A2.4).

(413
= 'A\
“‘E;LF»_-5 =)
. N4
a0 !
vl TR
(gl o4 &)

Figure 3.16: ORTEP diagram of L;” (50% thermal ellipsoid plot).

3.3 Conclusion

In conclusion, the present work demonstrated the examples of the reactivity of NO
with Cu" centers in organic solvent as well as in water. In this regard, Cu" complexes,
3.1 and 3.2 with well-known tripodal ligand, L, and bidentate ligand L3 have been
prepared. The Cu" centers in 3.1 and 3.2, in acetonitrile solution, have been found to
undergo reduction to Cu' in presence of NO. This reduction has been supported by
UV-visible, '"H-NMR and X-band EPR techniques. The formation of unstable [CuH—
NO°] intermediate was observed prior to the reduction of Cu" to Cu' in acetonitrile
solution, in both cases. The reduction has been found to be accompanied with a
concomitant diazotization of the terminal amine group of ligand which results into the
modified ligands L2/ and L2” -perchlorate in case of 3.1 and L3/ and L3” in case of 3.2,

respectively.

3.4 Experimental Section
3.4.1 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
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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 Lambda-25
spectrophotometer. FT-IR spectra of the solid samples were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets and for solutions, Varian
660-IR FT-IR spectrometer and NaCl cell of 2 mm path length were used and the
spectra shown are the solvent subtracted ones. 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 with
residual solvent peaks. The X-Band Electron Paramagnetic Resonance (EPR) spectra
of complexes and of the reaction mixture were recorded on a JES-FA 200 ESR
spectrometer, at room temperature. Elemental analyses were obtained from a Perkin
Elmer Series II Analyzer. The magnetic moment of complexes is measured on a
Cambridge Magnetic Balance.

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 MoK, radiation (A =
0.71073 A) at 273K, with increasing ® (width of 0.3° per frame) at a scan speed of 3
s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software.”’ Structures were
solved by direct methods using SHELXS-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.>’
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3.4.2 Synthesis of complex 3.1, [Cu(L;)(NCCH3)](ClOy4),

[Cu(H20)6](Cl04),, 0.740 g (2.0 mmol) was dissolved in 10 ml distilled acetonitrile.
To this solution, 0.292 g (2.0 mmol) of L, was added slowly with constant stirring.
The color of the solution turned into deep blue from light blue. The stirring was
continued for 1h at room temperature. The volume of the solution then reduced to ~2
ml. To this, 10 ml of benzene was added to make a layer on it and kept it overnight on
freezer. This resulted into blue color crystals of complex 3.1. Yield: 0.765 g (83%).
Elemental Analyses: Calcd. for CgH,NsOsCl,Cu: C, 21.37; H, 4.71; N, 15.57. Found
(%): C, 21.26; H, 4.64; N, 15.25. Molar conductivity: [Am(Q'cm’mol "), 239]. FT-IR:

3253, 1081, 625cm'1; magnetic moment, 1.69 BM.

3.4.3 Synthesis of complex 3.2, [Cu(L3)2](ClOy4),

[Cu(H20)6](Cl104),, 0.740 g (2.0 mmol) was dissolved in 10 ml distilled acetonitrile.
To this solution, 0.240 g (4.0 mmol) of L3 was added slowly with constant stirring.
The color of the solution turned into violet from light blue. The stirring was continued
for 1h at room temperature. The volume of the solution then reduced to ~2 ml. To
this, 10 ml of benzene was added to make a layer on it and kept it overnight on
freezer. This resulted into violet color crystals of complex 3.2. Yield: 0.645 g (84%).
Elemental Analyses: Calcd. for C4H;sN4OsCl,Cu: C, 12.56; H, 4.21; N, 14.64. Found
(%): C, 12.46; H, 4.29; N, 14.55. Molar conductivity: [Am(Q 'cm?mol ™), 229]. FT-IR:

2964, 1583, 1089, 1041, 625 cm'l; magnetic moment, 1.56 BM.

3.4.4 Isolation of [Cu'(CH3CN),41C10;4
The isolation of [Cu(CH3;CN)4]ClO,4 from the reaction of the respective complexes
with NO has been done using the same general procedure. The detail is given for

complex 3.1.
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In a 50 ml Schlenk flask, complex 3.1 (224 mg, 0.5 mmol) was dissolved in 10 ml
degassed acetonitrile. To this deep blue solution, NO gas was purged through a needle
for one minute and allowed to stand for 10 minutes. To the resulting colorless
solution, 15 ml of degassed benzene was added through a syringe to make a layer.
The layered solution was then kept overnight in freezer. The white crystals of
[Cu(CH3CN)4]CIO4 were filtered out from the colorless solution under nitrogen
atmosphere using a Schlenk frit. Yield, 105 mg, ~55%.

Same procedure was followed to isolate the [Cu(CH3;CN)4]ClO,4 from the reaction of
complex 3.2 (190 mg, 0.5 mmol) with NO in acetonitrile solution. Yield: 118 mg,

~62%.

3.4.5 Isolation of Lz/

In a 50 ml Schlenk flask, complex 3.1 (449 mg, 1.0 mmol) was dissolved in 30 ml
degassed acetonitrile. To this, NO gas was purged through a needle for one minute
and the mixture was then allowed to stand for 10 minutes. To the colorless solution,
thus obtained, 20 ml of degassed benzene was added through a syringe to make a
layer. The layered solution was then kept overnight in freezer. The white crystals of
[Cu(CH3CN)4]CIO4 were filtered out from the colorless solution under nitrogen
atmosphere using a Schlenk frit. The volume of the filtrate was then reduced to 5 ml
and stirred for 1h in open air in order to allow the residual Cu' center to oxidise to
cu. To this, 5 ml saturated aqueous solution of Na,S was added and stirred for ¥2 h.
The black precipitate of Na,S, thus obtained was filtered off and the filtrate was
diluted with 50 ml of distilled water. The organic part was then extracted from the
mixture using CHCI; (3 portions X 25 ml). The collected organic layer was then dried

under reduced pressure and the residual oil was subjected to column chromatography
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using silica gel to yield L, Yield, 78 mg (~ 60%). Elemental Analyses: Calcd.(%) for
CeH 5Ns: C, 55.78; H, 11.70; N, 32.52. Found (%) C, 55.67; H, 11.47; N, 32.82. 'H-
NMR (400 MHz, CDCl3), 8ppm, 2.80(t, 4H), 2.70 (t, 2H), 2.31(m, 6H), 1.41(NH). Be-
NMR(100 MHz, CDCls), Sypm, 61.93, 54.80, 46.25, 38.75. FT-IR in KBr pellet:

2938(m), 1384 (s), 1369(s). ESI-Mass: (m+1)/z, 130.14.

3.4.6 Isolation of Lzl / -perchlorate

To 10 ml of degassed acetonitrile solution of complex 3.1 (449 mg, 1.0 mmol),
freshly prepared NO was bubbled for 1 minute. The deep blue color of the solution
turned colorless. This solution was allowed to stir for 10 minutes at room temperature.
Then the excess of NO was removed and 10 ml of degassed benzene was added to this
under dinitrogen atmosphere. The reaction mixture was kept in freezer for two days.
The L, -perchlorate was found to be crystallized out. Yield: 134 mg (30%). Elemental
Analyses: Calcd. for CegHy1N4O12Cl3: C, 16.10; H, 4.73; N, 12.52. Found (%): C,
16.17; H, 4.70; N, 12.52. FT-IR: 2949, 1590, 1508, 1079, 625 cm™; '"H-NMR (400
MHz, CDCl3): &ppm, 3.12(t, 6H) 2.86(t, 6H). BC-NMR (100 MHz, CDCls): Sppms

49.23,35.82.

3.4.7 Isolation of Ly’

Same procedure (as in case of L, of complex 3.1) was adopted for the isolation of L.
Yield, 72 mg (~ 70%). Elemental Analyses: Calcd.(%) for C4H3N3: C, 46.57; H,
12.70; N, 40.73. Found (%) C, 46.60; H, 12.67; N, 40.89. 'H-NMR(400 MHz,
CDClL3), Sppm, 2.01(t, 4H), 1.89 (t, 4H). C-NMR(100 MHz, CDCl3), 8,pm, 51.85,
44.09. FT-IR in KBr pellet: 1556(s), 1472 (m), 1310(m) cm. ESI-Mass: (m+1)/z,

104.17.
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3.4.8 Isolation of L;"

Same procedure (as in case of L," -perchlorate of complex 3.1) was adopted for the
isolation of Li”. Yield, 61 mg (~32%). Elemental Analyses: Calcd.(%) for
C,H3N,06: C, 12.91; H, 5.42; N, 51.58. Found (%) C, 12.90; H, 5.41; N, 50.89. 'H-
NMR (400 MHz, CDCl3), 8,pm, 3.36 (t, 4H). C-NMR(100 MHz, CDCl5), 8,pm, 55.98.

FT-IR in KBr pellet: 3193(m), 2928(m), 1509(m), 1384 (s), 1033(m) cm™.
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SThe crystal structure of [Cu(CH3CN),]ClOy is already known. We were sucessful
to grow the crystals for this compound which supports the reduction of complex
3.1 by nitric oxide unambiguishly. However, the crystal quality is not very good.
Since this was already reported, we have not tried again to grow good quality

crystals.
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Nitric oxide reactivity of copper(Il) complexes of bidentate

amine ligands

Abstract

Three copper(Il) complexes, 4.1, 4.2 and 4.3 with bidentate ligands, L4, Ls and Lg [
L4, N,N/ -dimethyl ethylenediamine; Ls, N,N/ -diethylethylenediamine and L, N,N/ -
diisobutylethylenediamine], respectively, were synthesized as their perchlorate salts.
The single crystal structures for all the complexes were determined. The nitric oxide
reactivity of the complexes was studied in acetonitrile solvent. The formation of
thermally unstable [Cu"-NO°] intermediate on reaction of the complexes with nitric
oxide in acetonitrile solution was observed prior to the reduction of Cu" centre to Cu'.
The reduction was found to result with a simultaneous mono- and di-nitrosation at the
secondary amine sites of the ligands. All the nitrosation products were isolated and
characterized. The ratio of the yield of mono- and di-nitrosation products was found

to be dependent on the N-substitution present in the ligand framework.
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4.1 Introduction

The interaction of nitric oxide (NO) with metallo-proteins leading to the formation of
their nitrosyls are believed to be the key step for most of the biochemical activities of
nitric oxide in mammalian biology."® Thus, the NO reactivity of the metal ions,
specially iron and copper, are of immense interest for the chemists and biochemists.
NO induced reduction Cu" centers to Cu' in some metallo-proteins has been reported
long back.” This reduction is known to facilitate the nitrosation of various thiolates to
form S-nitrosothiols, e.g. S-nitroso bovine serum albumin and S-nitroso glutathione.®
10 Hence, in small molecules, the interaction of Cu" center with NO is also an
emerging field of research.''™* In this direction, Ford’s group have reported the detail
studies of N-nitrosation during the reduction of Cu" by NO." Recently, in our
laboratory, we have observed tri-nitrosation of the ligand during the reduction of Cu"
to Cu' by NO in the cases of [Cu(tiaea)(CH;CN)]** and [Cu(teaea)(CH;CN)]** [tiaea,
tris-(2-isopropylaminoethyl)amine and teaea, tris-(2-ethylaminoethyl)amine].'® In
continuation, to study the role of the ligand framework and denticity to control the
degree of N-nitrosation of the ligand, we have chosen the following three bidentate

secondary amine ligands (Figure 4.1) to prepare their Cu' complexes and studied their

reactivity with NO.
1 1 1
\N/\/N\ /\N/\/N\/ N/\/N\)\
|
" H IL
Ly Ls L

Figure 4.1: List of the ligands used for the present study.
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4.2 Results and discussions

Ligands Ls and L¢ were synthesized following the general procedure for mono-
alkylation of primary amines (Apendix III)."” The elemental analyses of the
synthesized ligands were found to be in good agreement with the expected values
(Apendix III). They were characterized by FT-IR, 'H-NMR, "*C-NMR, Mass
spectroscopy (Apendix III). All the complexes were synthesized by the reaction of

hexaaquacopper(Il) perchlorate with the respective ligands (Scheme 4.1) and isolated

H\N L
H Acetonitrile RN R
[ClLOWICI0, 43 NN R ———— ci (C10,),
R ﬁ Stirring for 1 h R\N/ \N/R
H —/ n
Complex 4.1 when R=CHj, L -

Complex 4.2 when R=CH;CH,
Complex 4.3 when R=(CH;),CHCH,

Scheme 4.1

Figure 4.2: ORTEP diagram of complexes (a) 4.1, (b) 4.2 [a (2-X, 2-y, 2-z) symmetry
transformation is implied by each additional atom level] and (c¢) 4.3. (50%
Thermal ellipsoid plot; Hydrogen and perchlorate are removed for clarity).

as solid. All the complexes displayed satisfactory elemental analyses (experimental

section). They were characterized by various spectroscopic methods (experimental
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section) as well as by single crystal X-ray structure determination. It should be noted
that the crystal structure of complex 4.1 was reported earlier with slightly different
parameters.'® The perspective ORTEP view of complexes 4.1, 4.2 and 4.3 are shown
in figure 4.2. It should be noted that complex 4.2 had crystallographically imposed
inversion symmetry with Cul on an inversion centre. The crystallographic data and
important bond angles and distances are listed in tables A3.2, A3.3 and A3.4
respectively in appendix III. The central metal ions Cu", in all the complexes were
coordinated with four N-donor atoms in a distorted square planar geometry. The
average Cu-N distances were within the range observed in other reported analogous

1
complexes. K

The d-d transition for complexes 4.1, 4.2 and 4.3 appeared at 563, 575 and 582 nm,
respectively, in acetonitrile solvent (Figure 4.3). This shift in A.x attributed to the
increasing order of covalent character of the 6-bond on moving from methyl to ethyl
to isobutyl group at the N-substitution.” All the complexes displayed axial EPR

spectra at 77 K characteristic for the square planar Cu" complexes having di-y

0.15

582nm

0.10 -
//563nm

Absorbance(au)

0.05

0.00

T T T T T T 1
450 500 550 600 650 700 750 800

Wavelength(nm})

Figure 4.3: UV-visible spectra of 4.1 (black trace), 4.2 (red trace), 4.3 (blue trace) in
acetonitrile solution.
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Figure 4.4: X-band EPR spectra of (a) 4.1, (b) 4.2 and (c) 4.3 in CH;CN/CH;0H (50%) at
77K.
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ground state. 2' The calculated values g > g, . A; were in the range of other reported
analogous Cu'' complexes (Figure 4.4).>' The complexes were found to exhibit one
electron paramagnetism at room temperature. They behaved as 1:2 electrolytes in

acetonitrile solvent (experimental section).

4.2.1 Nitric oxide reactivity in acetonitrile

In acetonitrile solvent, in presence of NO, the Cu" center of all the complexes were
found to undergo reduction to Cu' and it was studied by UV-visible, EPR and solution
FT-IR spectroscopy. In case of complex 4.1, the d-d transition band at 563 nm shifted
to 605 nm immediately after purging NO owing to the formation of thermally
unstable green [Cu"-NO°] intermediate complex (Figure 4.5a). [Cu"-NO®]
intermediates were observed to form in the reaction of [Cu(tialeal)(CH3CN)]2+ and
[Cu(teaea)(CH3CN)]2+ [tiaea, tris-(2-isopropylaminoethyl)amine and teaea, tris-(2-
ethylaminoethyl)amine], with NO and were reported to exhibit the d-d transition at
640 nm and 605 nm, respectively.16 The intensity of the band corresponding to the
[CuH—NO'] intermediate were observed to decrease with time indicating the formation
of the Cu' species following pseudo-first order kinetics (Figure 4.5a, inset). The rate
constant was calculated to be 4.48 x 10" min! at 298 K. Similarly, the d-d band for
complexes 4.2 and 4.3 were observed to be shifted from 575 and 582 nm to 622 and
652 nm, respectively, on purging NO in acetonitrile solution indicating the formation
of [Cu"-NO"] intermediates (Figures 4.5b and 4.5¢). The decomposition rate constants
were found to be 9.30 x 10" min” and 36.67 x 10" min" at 298 K, in cases of
complexes 4.2 and 4.3, respectively. Thus, the order of the rate of decomposition of
the [CuH—NO'] intermediate in cases of the complexes 4.1, 4.2 and 4.3 was 4.3 > 4.2 >

4.1. This can be attributed to the effect of bulk of alkyl substitution on the ligand
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framework. For [Cu(tiaea)(CH3CN)]2Jr and [Cu(teaea)(CH3CN)]ZJr also, the order of

rate constants was [Cu(tiaea)(CH3CN)]2Jr > [Cu(teaea)(CH3CN)]ZJr at 298 K indicating

the effect of bulk of N-alkyl group on the ligand framework.

Though complexes 4.1, 4.2 and 4.3 were found to be EPR active in acetonitrile
solvent, the green intermediates obtained after their reaction with NO were found to
be EPR silent at 298 K (Figures 4.6a, 4.6b and 4.6¢). This can be attributed to the
formation of diamagnetic [Cu"-NO"] intermediate in all the cases. It should be noted
that the complete reduction of Cu" center by NO would also result into EPR silent Cu'
species. However, in the present cases, the presence of the d-d band of the
intermediate complexes clearly indicates the existence of [Cu"-NO"] rather than Cu'".
Similar  observations were  reported  for [Cu(tiaea)(CH3CN)]2+ and
[Cu(teaea)(CH3CN)]2+.16 It would be worth mentioning here that the structurally
characterized [CuH—NO'] complex, [Cu(CH3NO,)s(NO)][PF¢]», was also found to be
EPR silent owing to the antiferromagnetic coupling between the paramagnetic centers

present in the molecule.”

In solution FT-IR spectroscopic studies of the acetonitrile solutions of the complexes
after purging NO, a new band was found to appear at 1632, 1630 and 1634 cm™ in

cases of complexes 4.1, 4.2 and 4.3, respectively, corresponding to the vibration of
NO coordinated to the Cu" center (Figures 4.7a, 4.7b and 4.7c). These Vyo of [Cu"-
NO®] were found to disappear with time indicating the unstable nature of the

intermediates. Thus, the appearance of the band at ~1632 cm™, supports the formation

of the [Cu"-NO"] prior to the reduction of Cu" centers in the present cases. In case of
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Figure 4.5: UV-visible spectra of the reaction of complexes, (a) 4.1, (b) 4.2 and (c) 4.3 with
NO in acetonitrile solvent at room temperature. (Blue trace represents the Cu'-
species, black represents that of the [Cu"-NO°] intermediate which gradually
reduced to Cu'-species represented by down headed arrow). Inset: Time-scan
plot for the decomposition of [Cu"-NO"] at room temperature.
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Figure 4.6: X-Band EPR spectra of complexes (a) 4.1 (b) 4.2 and (c) 4.3 in acetonitrile before
(blue trace) and immediately after (red trace) purging NO at room temperature.

TH-1078_07612220

70



Chapter 4

1 (@)
=
90
\
89
88
S
=S
87 1632 cm”
86 —
85 . . i . ; : : ; . .
2000 1900 1800 1700 1600 1500
Wavenumber(cm™)
(b)
=
B
1630cm’
86
L T u T ; T L T T 1
2000 1900 1800 1700 1600 1500
Wavenumber(cm™)
86 -
(c)
L —————————
84 -
= 82
B
80
78 . . . . ' . . T . .
2000 1900 1800 1700 1600 1500

Wavenumber(cm™)

Figure 4.7: Solution FT-IR spectra complexes(a) 4.1 (b) 4.2 and (c) 4.3 in acetonitrile (blue
trace represents IR spectra of complexes, red represents that immediately after

purging NO which shows sharp peak at~1630 cm™ and green represents that after
5 minutes).
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[Cu(tren)(CH5CN)]**, the vno of [Cu"-NO®] was found to appeared at 1650 cm™ in
acetonitrile.'® Tt should be noted that for the air-stable solid copper-nitrosyl of

copper(Il)-dithiocarbamate, the vno for the NO coordinated to copper appears at 1682

cm.? In contrary, for [Cu(CH3NO,)s(NO)][PFs],, the Vyo frequency was reported to

appear at 1933 cm” in nujol mull. The higher Vyo frequency in case of

[Cu(CH3NO,)s(NO)][PFs], might be resulted from the bent geometry [Cul-N1-O1 )

121.0(3)°] of the nitrosyl ligand at an equatorial site.”

The reduction of Cu” centers in the present study was further authenticated by the
isolation of the reduced complex, [Cu(CH3CN)4]ClO,. Since the crystal structure of
[Cu(CH3CN)4]CIO4 had already been reported by Soregh et. al., attempt was not made

to determine the single crystal structure of [Cu(CH3CN)4](ClO4).24

It would be worth mentioning here that Vagliasindi et. al. has reported a series of the
interaction of NO with Cu" 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, the reduction of Cu® centers were
observed in presence of NO source.” Spectral studies suggested that these reductions
were probably mediated by the formation of a labile Cu(I[)-NO adduct.”” However,
for an analogous dinuclear system, Cu,-Ac-(PHGGGWGQ),-NH,, the NO interaction
study in aqueous solutions at physiological pH suggested that the reduction of Cu"
proceeds through a complicated pathway involving two different intermediate species

and a positive cooperativity between two copper centers was observed.*®

The reduction of the Cu" centers, by NO, in the present set of complexes was found to

be accompanied with N-nitrosation at the ligand frameworks. Ford et. al. reported
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earlier that the Cu" center in [Cu"(DAC)]** {DAC = 1,8-bis(9-anthracylmethyl)
derivative of the macrocyclic tetraamine cyclam (1,4,8,11-tetraazacyclotetradecane)}
in methanol solution, in presence of a base, undergo reduction by NO with
concomitant mono-N-nitrosation of the ligand. Similar observations were reported for
[Cu(Ds-AMP),] and [Cu(Ds-en);] [where Ds-en and Ds-AMP are the conjugate bases
of dansylethylenediamine (Ds-Hen) and dansyl aminomethylpyridine (Ds-HAMP),
respectively] which gave mono-N-nitrosation of the DS-en and DS-AMP ligands.27
On the other hand, the reaction of [Cu(tiaea)(CH3CN)]2+ and [Cu(tealeal)(CH3CN)]2+
with NO were found to afford tri-N-nitrosation of the ligand.'® From detail
quantitative and theoretical studies of [CuH(DAC)]2+, it has been established that the
reaction proceeds through a pathway analogous to the inner-sphere mechanism for
electron transfer between two metal centers through a bridging ligand. In this case,
NO behaves as the reductant, CuH, the oxidant and the coordinated amido anion
behaves as the bridging ligand. The preference of Cu' for tetrahedral coordination and
the decreased donor ability of the nitrosated ligand resulted in the demetallation of the
macrocyclic ring after the reduction. An example of such a mechanism was found in
the reaction of [Ru(NH3)6]3+ with NO in alkaline solution to yield the Ru(Il)-

dinitrogen complex, [RU(NH3)5(N2)]2+.28

In contrary, with [Cu(tialeal)(CH3CN)]2+ and [Cu(teaea)(CH3CN)]2+, the reduction was
found to proceed through the formation of a thermally unstable [Cu"-NO®]
intermediate and tri-nitrosation at the ligand was observed.'® This mechanism, in fact,
1s more close to that of ferriheme reduction, where the nitrosation would be the one
involving the initial NO coordination to the Cu" center to form [Cu"-NO® < Cu'-

NO*] followed by amine deprotonation and migration of NO" to the coordinated
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amide to result into the nitrosoamine.”>> Subsequently, demetallation from the ligand
will take place. This, indeed, has been suggested earlier by Wayland and others.* In
the present cases also, the formation of the thermally unstable [Cu"’-NO®] was

observed spectroscopically prior to the reduction.

It is interesting to note that though in cases of [Cu(tiaea)(CH3CN)]2Jr and
[Cu(teaea)(CH3CN)]2+, exclusively tri-nitrosation of the ligand was observed; in the
present study, both the mono- and di-nitrosation of the ligand were found with almost
65% of unreacted ligand in each cases (Scheme 4.2). All the nitrosation products were
isolated and characterized completely [Experimental section and Appendix III,
Figures A3.21- A3.43]. The formation of di-nitrosation product (L4") in case of
complex 4.1 was further confirmed by its X-ray single crystal structure determination.
The ORTEP diagram of L4 is shown in figure 4.8. It has crystallographically
imposed two fold symmetry. Crystalographic parameters, selected bond lengths and
selected bond angles are shown in table A3.5 and A3.6 in appendix III. It should be
noted that the free ligands did not react with NO in the experimental condition to

afford the N-nitrosation products.

—‘ 2+
H / \
\V /H NO
RN N—r NOy, |
Cu ————————» [cu(CHON) T+
R\/N/ \N\/R Acetonitrile R/N\/\N/R
H / H TO H
N R H
+ ~ \/\ ~ + N R
R N A
| R \/\E/
NO
Scheme 4.2
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NO TO
R R/IL\/\N/R R/N\/\T/R
H NO
Me L4, 16% L, 17%
Et Ls, 8% L5, 24%
Bu L¢, 5% L, 30%

Ola

Figure 4.8: ORTEP diagram of ligand L’ [a (-x, y, 1/2-z) symmetry transformation is
implied by each additional atom level] (50% thermal ellipsoid plot).
It is interesting to note that the yield of mono and di-nitrosation products obtained in
cases of complexes 4.1, 4.2 and 4.3 were in the order of 4.1 > 4.2 = 4.3 and 4.3 > 4.2
> 4.1, respectively. Hence, it is evident that the yield of di-nitrosation product
increases on moving from methyl, ethyl to isobutyl group on N-substitution of the
ligand. Perhaps, the better electron donor ability of the group at N-substitution,
facilitates more than one nitrosation at the secondary amine centers of the ligand. The
formation of the [CuH—NO'] intermediate prior to the reduction of Cu" to Cu' might

also have some role to control the degree of nitrosation.

4.3 Conclusion
The NO reactivity of three Cu' complexes of bidentate amine ligands was studied in

acetonitrile solvent. All the complexes afforded thermally unstable [Cu"-NO’]
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intermediate on reaction with NO in acetonitrile solution followed by the reduction of
Cu" centers to Cu'. The reduction was resulted with a simultaneous mono- and di-
nitrosation at the secondary amine sites of the ligand. Similar N-nitrosation was
observed with [Cu(tiaea)(CH;CN)]** and [Cu(teaea)(CH;CN)]**; however, in those
cases exclusive tri-nitrosation was observed. On the other hand, in cases of
[CuH(DAC)]2+, Cu(Ds-AMP), and Cu(Ds-en);, where the reduction took place
through deprotonation in presence of base, exclusive mono-nitrosation was found.
The ratio of the yield of mono- and di-nitrosation product, in the present case, is

found to be dependent on the N-substitution present in the ligand framework.

4.4 Experimental Section

4.4.1 Materials and methods

All reagents and solvents were purchased from commercial sources and were of
reagent grade. Ligand, L4 was purchased from Sigma-Aldrich and used as received.
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,Os column. UV-
visible spectra were recorded on a Perkin Elmer Lambda-25 UV-visible
spectrophotometer. FT-IR spectra of the solid samples were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets and for solutions, Varian
660-IR FT-IR spectrometer and NaCl cell of 2 mm path length were used and the
spectra shown are the solvent subtracted ones. 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) or to the residual solvent peaks. The X-band
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Electron Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR
spectrometer, at room temperature and 77K with microwave power, 0.998 mW;
microwave frequency, 9.14 GHz and modulation amplitude, 2. Elemental analyses
were obtained from a Perkin Elmer Series II Analyzer. The magnetic moment of

complexes was measured on a Cambridge Magnetic Balance.

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 MoK, radiation (A =
0.71073 A) at 273(3) K, with increasing ® (width of 0.3° per frame) at a scan speed of
3 s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software and structures were
solved by direct methods using SHELXS-97 and refined with full-matrix least squares
on F* using SHELXL-97.°7%% All non-hydrogen atoms were refined anisotropically.

Structural illustrations have been drawn with ORTEP-3 for Windows.*

4.4.2 Synthesis of the complexes
All the complexes were synthesized using a general procedure of the reaction of
hexaaquacopper(Il) perchlorate with respective ligands. The details are given for

complex 4.1.

Complex 4.1, [Cu(LL4)2](Cl10y4);

Copper(Il) perchlorate hexahydrate, [Cu(H,0)s](ClO4), (370 mg, 1.0 mmol) was
dissolved in 10 ml of freshly distilled acetonitrile and to this light blue solution, the
ligand Ly, N,N/ -dimethyl ethylenediamine (176 mg, 2.0 mmol), was added drop wise.
The color of the solution changed to violet. The resulting mixture was stirred for 1 h.

Then the volume of the solution was reduced to ~2 ml and layered with benzene.
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Storage of this at ~ -20 °C overnight resulted in the precipitation of blue crystalline
compound. Yield: 385 mg (~87%). Elemental Analyses: Calcd.(%) for
CsH2uN4O5ClCu: C, 21.90; H, 5.51; N, 12.77. Found (%) C, 21.94; H, 5.52; N,
12.71. UV-vis. (acetonitrile): Ama, 563 nm (g, 100 M ecm™). FT-IR (KBr pellet):
Ucios, 1113, 1088, 625 cm™. X-band EPR data: g;. 2.280; g1, 2.096; A, 91x10™* cm™.

Molar conductance: Ay (Q'lcm2mol'1), 247 in acetonitrile. feg: 1.76 BM.

Complex 4.2, [Cu(LL5)2](Cl10y4);

Yield: 421 mg (~ 85%). Elemental Analyses: Calcd.(%) for C;,H3,N4OgCl,Cu: C,
29.12; H, 6.51; N, 11.32. Found (%) C, 29.07; H, 6.50; N, 11.26. UV-vis.
(acetonitrile): Amax, 575 nm (g, 120 m! cm'l). FT-IR (KBr pellet): vcios’, 1111, 1089,
627 cm”. X-band EPR data: g 2.262: g, 2.082; A, 90x10” cm™. Molar

conductance: Ay (Q'lcmzmol'l), 232 in acetonitrile. tf: 1.69 BM.

Complex 4.3, [Cu(Lg):](C104),

Yield: 519 mg (~ 86%). Elemental Analyses: Calcd.(%) for Cy0H4sN4OgCl,Cu: C,
39.56; H, 7.97; N, 9.22. Found (%) C, 39.50; H, 7.98; N, 9.14. UV-vis. (acetonitrile):
Amaxs 382 nm (g, 124 M em™). FT-IR (KBr pellet): vcios, 1111, 1089, 625 cm™. X-
band EPR data g 2.282; g, 2.098; A;, 92x10™* cm™'. Molar conductance: Ay (Q

1cmzmol'l), 241 in acetonitrile. fg: 1.65 BM.

4.4.3 Isolation of [Cu'(CH3CN),4]ClO;
The isolation of [Cu(CH3;CN)4]ClO,4 from the reaction of the respective complexes

with NO were done using the same general procedure. The detail is given for complex

4.1.
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In a 50 ml Schlenk flask, complex 4.1 (219 mg, 0.5 mmol) was dissolved in 10 ml
degassed acetonitrile. To this solution, NO gas was purged through a needle for one
minute and allowed to stand for 10 minutes. To the resulting colorless solution, 15 ml
of degassed benzene was added through a syringe to make a layer. The layered
solution was then kept overnight in freezer. The white crystals of [Cu(CH3CN)4]CIO4
were filtered out from the colorless solution under nitrogen atmosphere using a

Schlenk frit. Yield, 110 mg, ~65%.

Same procedure was followed to isolate the [Cu(CH3CN)4]ClO,4 from the reaction of
complex 4.2 (247 mg, 0.5 mmol) and complex 4.3 (303 mg, 0.5 mmol) with NO in
acetonitrile solution. Yield: 118 mg, ~72% (Complex 4.2) and 105 mg ~ 64%

(Complex 4.3).

4.4.4 Isolation of L4/ and L4”

In a 50 ml Schlenk flask, complex 4.1 (438 mg, 1.0 mmol) was dissolved in 30 ml
degassed acetonitrile. To this, NO gas was purged through a needle for one minute
and the mixture was then allowed to stand for 10 minutes. To the colorless solution,
thus obtained, 20 ml of degassed benzene was added through a syringe to make a
layer. The layered solution was then kept overnight in freezer. The white crystals of
[Cu(CH3CN)4]CIO4 were filtered out from the colorless solution under nitrogen
atmosphere using a Schlenk frit. The volume of the filtrate was then reduced to 5 ml
and stirred for 1 h in open air in order to allow the residual Cu' center to oxidise to
cul. To this, 5 ml saturated aqueous solution of Na,S was added and stirred for Y2 h.
The black precipitate thus obtained was filtered off and the filtrate was diluted with 50
ml of distilled water. The organic part was then extracted from the mixture using

CHCI; (3 portions X 25 ml). The collected organic layer was then dried under reduced
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pressure and the residual oil was subjected to column chromatography using silica gel
to yield L4/ and L4” .

For L4/ : Yield, 20 mg (~ 16%). Elemental Analyses: Calcd.(%) for C4H;1N3O: C,
41.01; H, 9.46; N, 35.87. Found (%) C, 41.07; H, 9.47; N, 35.82. "H-NMR (400 MHz,
CDCl3), 8ppm, 2.42(s, 3H), 2.70 (t, 2H), 3.04(s, 3H), 4.20(t, 2H). BC-NMR(100 MHz,
CDCl3), Sppm, 53.17, 49.37, 36.00, 31.98. FT-IR in KBr pellet: 1456(s), 1384 (s),

1329(s), 1049(m) cm™'. ESI-Mass: (m+1)/z, Calcd. 118.15; Found, 118.14.

For L4": Yield, 25 mg (~ 17%). Elemental Analyses: Caled.(%) for C4H;oN4O,: C,
32.87; H, 6.90; N, 38.34. Found (%) C, 32.83; H, 6.92; N, 38.30. '"H-NMR (400 MHz,
CDCl3), Sppm, 3.00(s, 3H), 3.03 (s, 6H), 3.67(s, 4H), 3.72(s, 6H), 3.76(s, 3H), 3.93(t,
2H,), 4.24(t, 2H,), 4.51(s, 4H). "C-NMR(100 MHz, CDCL3), S,pm, 51.08, 49.31,
42.59,41.27, 39.78, 39.38, 32.06, 31.62. The presence of extra signals in 'H- and *C-
NMR spectra are due to isomeric impurities.41 FT-IR in KBr pellet: 1449(s), 1421 (s),

1316(s), 1050(s), 1027(s) cm’'. ESI-Mass: (m+1)/z, Calcd. 147.15; Found, 147.20.

4.4.5 Isolation of L5/ and L5/ !
Same procedure (as in case of complex 4.1) was adopted for the isolation of Ls and

L5

For L5/ : Yield, 24 mg (~ 8%). Elemental Analyses: Calcd.(%) for CcH;sN3O: C,
49.63; H, 10.41; N, 28.94. Found (%) C, 49.60; H, 10.41; N, 28.89. 'H-NMR(400
MHz, CDCl), 8ppm, 1.03(m, 6H), 1.34 (t, 2H), 3.59(q, 2H), 3.63(t, 2H), 4.14(m,
2H)."”C-NMR(100 MHz, CDCl3), Sppm, 51.85, 47.61, 43.94, 39.49, 14.13, 11.31. FT-
IR in KBr pellet: 1456(s), 1382 (m), 1233(m) cm'. ESI-Mass: (m+1)/z, Calcd.

146.20; Found, 146.12.
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For Ls”: Yield, 88 mg (~ 24%). Elemental Analyses: Caled.(%) for CeH14N4O,: C,
41.37; H, 8.10; N, 32.16. Found (%) C, 41.33; H, 8.11; N, 32.10. 'H-NMR(400 MHz,
CDCl3), 8ypm, 1.06 (m, 6H), 1.22(s, 3H), 1.39(m, 8H), 2.14(s, 2H), 3.59(m, 8H),
3.80(t, 4H), 4.13(m, 8H), 4.46(s, 2H). "C-NMR(100 MHz, CDCl3), 8,pm, 49.78,
48.41, 48.10, 47.35, 42.53, 40.44, 39.67, 39.31, 29.87, 14.19, 14.13, 11.34. The
presence of extra signals in 'H- and >C- NMR spectra are due to isomeric impurities
*FT-IR in KBr pellet: 1456(s), 1375 (s), 1309(s), 1071(s), 1027(s) cm™'. ESI-Mass:

(m+Na")/z, Calcd. 197.20; Found, 197.19.

4.4.6 Isolation of L6/ and L6”
Same procedure (as in case of complex 4.1) was adopted for the isolation of L¢ and

L.

For L6/ : Yield, 21 mg (~ 5%). Elemental Analyses: Calcd.(%) for C;oH23N30: C,
59.66; H, 11.52; N, 20.87. Found (%) C, 59.63; H, 11.51; N, 20.84. 'H-NMR(400
MHz, CDCL), Sppm, 4.15(t), 3.92 (d), 3.63 (t), 3.43(d), 2.97(t), 2.68(t), 2.42(d),
2.36(d), 2.36(d), 2.09(m), 1.99(m), 1.65(m), 1.22(s), 0.94(d), 0.87(d),0.86(d), 0.83(d).
PC-NMR(100 MHz, CDCl3), 8,pm, 60.45, 57.85, 57.72, 52.71, 51.29, 49.72, 48.12,
45.99, 44.60, 29.84, 28.52, 27.35, 26.58. The presence of extra signals in 'H- and C-
NMR spectra are due to isomeric impurities.41 FT-IR in KBr pellet: 1960, 2962, 2858,

1465, 1375, 1096, 669 cm™". ESI-Mass: (m+1)/z, Calcd. 202.31; Found, 202.16.

For L6”: Yield, 140 mg (~ 30%). Elemental Analyses: Calcd.(%) for C;oH2,N4O;: C,
52.15; H, 9.63; N, 24.33. Found (%) C, 52.12; H, 9.63; N, 24.29. 1H—NMR(400 MHz,
CDCl3), dppm, 4.46(s), 4.14(t), 3.90(d), 3.87(d), 3.57(s), 3.38(t), 2.07(m), 1.95(m),

1.22(s), 0.95(s), 0.93(d), 0.84(s), 0.82(d). C-NMR(100 MHz, CDCl5), Sppm, 60.61,
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40.87, 27.44, 20.05. FT-IR in KBr pellet: 2962, 2927, 1458, 1374, 1290, 1025, 657

cm™. ESI-Mass: (m+Na")/z, Calcd. 253.31; Found, 253.17.
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Chapter 5

Nitric oxide reduction of copper(Il) complexes of 2-

aminomethyl pyridine and bis-(2-aminoethyl)amine

Abstract

Two copper(Il) complexes, 5.1 and 5.2 with L7 and Lg [L7, 2-aminomethyl pyridine;
Lg, bis-(2-aminoethyl)amine], respectively, in degassed acetonitrile solvent, on
exposure to NO gas, were found to form thermally unstable [Cu"-NO®] intermediate
which then resulted into the reduction of the Cu" center. The formation of the [CuH—
NO°] intermediate was evidenced by UV-visible, solution FT-IR, EPR spectroscopic
studies. The reduction of the Cu" centers by nitric oxide afforded ligand
transformation through diazotization at the primary amine coordination site, in both

the cases. The modified ligands, in each case, were isolated and characterized.
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5.1 Introduction

The coordination of nitric oxide (NO) to the transition metal ions and its activation
have attracted the chemists attention as various biological and physiological reactivity
of NO are attributed to the formation of nitrosyl complexes of metallo-proteins,
mostly iron or copper-proteins. '3 For instance, it is believed that a [Cu-NO* <> Cu"-
NO°] intermediate is involved in the conversion of nitrite to NO or, in some cases to
N,O by nitrite reductase e.g. from Achromobacter cycloclastes.*® Here, nitrite
binding and dehydration to form the nitrosyl intermediate is believed to take place at a
copper site in the protein which is coordinated to three histidines and a water (or
hydroxide) as ligand in a pseudo tetrahedral geometry.” On the other hand, metal-
nitrosyl adducts presumably play important roles in nitrosation reactions of various
thiols to give S-nitrosothiols which are proposed as important carriers of NO
equivalents in cellular systems.®'® In this direction, the iron-nitrosyls, both in protein
and synthetic model systems have been studied extensively and ferriheme proteins are
known to undergo reduction in aqueous media in the presence of NO.'"""* These
reactions proceed through two distinct steps: (i) formation of iron(IIl)-nitrosyl adduct;

o Fe!" with a simultaneous attack

(i1) followed by the pH dependent reduction of Fe
of hydroxide ion to the activated nitrosonium group [Fe"-NO «> Fe'-NO"] leading to
the formation of nitrite."””"” NO reduction of Cu" are also known though have not
been studied as extensively as iron-nitrosyls, both in proteins and synthetic model

systems.lg'21

The groups of Lippard and Ford have reported several examples of
reduction of Cu" by NO and their use for NO detection.”*® Ford group has reported

the detailed studies on ligand nitrosation observed during the reduction processes.”

However, there are hardly any example which shows the distinct spectral evidence of
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formation of [Cu"™-NO’] intermediate except the very recent ones.”® In this context,
here we report the interaction of NO with Cu" complexes of two N-donor ligands

(Figure 5.1) in acetonitrile solvent.

Figure 5.1: List of the ligands used for the present study.

5.2 Results and discussions

The complex 5.1 was prepared by the reaction of an acetonitrile solution of
[Cu(H20)6](C104), with two equivalents of the ligand, L; at room temperature for 1 h
(experimental section).”’ On cooling, blue crystals of the complex were obtained from
the mixture (Scheme 5.1). The complex 5.2 was synthesized following the same

procedure except only one equivalent of the ligand, Lg was used (experimental

section).
/N
~ 1 _N N\.
|Cu(H0))(C10,); + 2(\’\ _Acctonitrile N/ H | oy,
=N NH, Stirring for 1 h H. /(,u\
CN O N=
R
5.1
H
H_ /—\N,
H 1{{ H Acctonitrile N\ ~ TH
! . —_— C
|Cu(H20)61(C10,); + T/\/ \/\T’ Stirring for 1 h SN |€10g,
N
H H H™ N\
H
52
Scheme 5.1
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All the complexes exhibited satisfactory elemental analyses (experimental section).
The formation of the complex 5.1 had been further supported by X-ray single crystal
structure (Figure 5.2) and various spectroscopic analyses such as UV-visible (Figure
5.3), FT-IR (Appendix IV, Figure A4.1) and EPR (Figure 5.4) spectroscopy.’> Both
the complexes showed vibrational bands at 1081 cm™ and 625 cm™ which confirmed
the presence of perchlorate anions. The crystallographic table and the table for bond
lengths and bond angles are given in Appendix IV (Table A4.1and A4.2). The room
temperature magnetic moment measurement showed one electron paramagnetism for
both the complexes (1.77 and 1.56 BM for complexes 5.1 and 5.2, respectively). The
complexes 5.1 and 5.2 displayed characteristic spectra in X-band EPR at room
temperature in acetonitrile (gu., 2.07 and 2.14 for complexes S.1 and 5.2,
respectively).”> Both the complexes were found to behave as 1:2 electrolyte in
acetonitrile solution [Am (Q"lcmzmol'l), 247 and 259 for complexes 5.1 and 5.2,

respectively] 3

Figure 5.2: ORTEP diagram of complex S.1[a (-x, -y, -z) symmetry transformation is implied
by each additional atom level] (50% Thermal ellipsoid plot).
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Figure 5.3: UV-visible spectra of complexes 5.1 (blue trace) and 5.2 (green trace) in
acetonitrile solution.
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Figure 5.4: X-band EPR spectra of complexes (a) 5.1 and (b) 5.2 in acetonitrile solution at
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5.2.1 Nitric oxide reactivity in acetonitrile

The nitric oxide (NO) reactivity of both the complexes was studied in acetonitrile
solution and the spectral changes were monitored by UV-visible spectroscopy. The d-
d transition for complex 5.1 was found to appear at Apy,x, 582 nm. On purging nitric
oxide gas to a degassed acetonitrile solution of complex 5.1, the position of the d-d
transition shifted to 660 nm (Figure 5.5a). [Cu"-NO"] intermediates observed in the

reaction of [Cu(tiaea)(CH3CN)]2+ and [Cu(teaea)(CH3CN)]2+ [tiaea, tris-(2-isopropyl-
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Figure 5.5: UV-visible spectra of the reaction of complexes (a) 5.1 and (b) 5.2 with
NO in acetonitrile solvent at room temperature. (Blue trace represents the
Cu'-species, green represents that of the [Cu"-NO"®] intermediate and red
trace represents the spectrum of fully reduced Cu'-species){Insets are the
corresponding time scan plots at 660 and 595 nm, for complexes 5.1 and
5.2, respectively}.
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aminoethyl)amine and teaea, tris-(2-ethylaminoethyl)amine], with NO were reported
to display the d-d transition at 640 and 605 nm, respectively.35 The intensity of the
transition at 660 nm was found to diminish gradually with time indicating the
reduction of Cu" center to Cu' (Figure 5.5a). It is presumably because of the
formation of the thermally unstable [CuH—NO'] intermediate prior to reduction of Ccu"
center. The same reduction was observed with complex 5.2, also. The d-d transition
for complex 5.2 at 575 nm, was found to shift to 595 nm immediately after purging
NO gas and found to disappear with time (Figure 5.5b) following a pseudo first order
rate law with respect to complex concentration. The calculated rate constants at 298 K

were 1.3 x 107 sec™ and 2.2 x 107 sec™ for complexes 5.1 and 5.2, respectively.

On purging NO to the degassed acetonitrile solution of complexes 5.1 and 5.2, they
became EPR silent. This can be attributed to the formation of [CuH—NO']
intermediates (Figure 5.6).”° With [Cu(tiaca)(CH3CN)]** and [Cu(teaca)(CH;CN)]**

complexes, also, the [CuH—NO'] species were observed to be EPR silent.*®

The solution FT-IR spectra in acetonitrile solutions of complexes 5.1 and 5.2 after
purging NO were recorded. A new intense and sharp band was found to appear at
~1642 cm™ and 1635 cm™ for complexes 5.1 and 5.2, respectively, corresponding to
the vibration of NO coordinated to the Cu" center (Figure 5.7).3’6 It would be worth
mentioning here that the addition of nitrosyl perchlorate to acetonitrile solution of the

free ligands did not give rise to these vibrations which, in turn, supports their

assignment. These Vyo of [Cu"-NO"] were found to disappear with time indicating the

unstable nature of the intermediate (Figure 5.7). Hence, the appearance of the band at

~1642 cm™ and 1635 cm™ for complexes 5.1 and 5.2, respectively, supports the
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formation of the [Cu"-NO"] prior to the reduction of Cu" centers in both the cases. In
case of [Cu(tren)(CH3CN)]2+ [tren = N,N-bis-(2-aminoethyl)ethane-1,2-diamine]
complex, the vno of [CuH—NO'] was found to appear at1650 cm’. % It would be worth

mentioning here that for the air-stable solid copper-nitrosyl of copper(Il)

dithiocarbamate, the wo for the NO coordinated to copper appears at 1682 cm™. ¥

Recently, Hayton et. al. reported the appearance of Vo band at 1933 cm™ for

structurally characterized copper(H)—nitrosyl.3 Y
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Figure 5.6: X-band EPR spectra of complexes (a) 5.1 and (b) 5.2 after reaction with NO in
acetonitrile solvent at room temperature. (Black traces correspond to the
respective complexes and red traces represent the spectra of [Cu"-NO°]
intermediates).
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Figure 5.7: The solvent subtracted FT-IR spectra obtained from the reaction of complexes (a)
5.1 and (b) 5.2 with NO in acetonitrile at room temperature. The top blue trace
represents the spectra of complexes befor purging NO in acetonitrile; red trace
represents the spectra of [Cu-NO'] intermediate after the reaction of complexes
with NO and black trace represents the spectra of the colorless species obtained
after complete reduction.

The reduction of Cu" centre was further authenticated in case of complex 5.2 by the
single crystal structure determination of the reduced complex, [Cu(CH3;CN)4]ClOs.

Since the crystal structure of [Cu(CH3CN)4]ClO4 has already been reported by Soregh
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et. al., attempt were not made to grow better quality crystals of

[Cu(CH3CN)4](C10,).*"

There are not much report on the detailed studies of the Cu'/NO reactions. Tran et. al.
studied the NO reduction of the Cu" complex, [Cu(dmp)z(HzO)]2+ (dmp, 2.,9-
dimethyl-1,10-phenanthroline), in aqueous solution and in various mixed solvents.*
In methanol, the product of the [Cu(dmp)z(HzO)]2+ oxidation of NO is CH;0NO; in
water, it is NO;". They observed that the reaction did not occur in pure acetonitrile or
CH,Cl, unless a protic reactant such as methanol or water was added, and in such
solutions the reaction rate was linearly dependent on the concentration of
alcohol/water added.™ In comparison, complexes 5.1 and 5.2 exhibited facile

reduction of Cu" center in neat acetonitrile without the presence of any protic solvent.

In the present cases, on the basis of spectral evidence of formation of the [Cu-NO’]
intermediate, the NO reduction process can be rationalized in terms of an inner sphere
mechanism as illustrated in scheme 5.2. It is believed that in the first step NO
coordinates to the Cu” center to form an inner sphere complex, [Cu"-NO"], which is
susceptible toward nucleophilic attack by the amine center of the ligands owing to
charge transfer from NO to the metal center [Cu'-NO® <> Cu'-NO"]. The presence of
terminal primary amine groups in the ligand frameworks might provide a facile site
for the attack of the generated NO™ resulting into the ligand modification through
diazotization. The dissociation of the modified ligand from the metal center would be
rapid step owing to higher stability of [Cu'(CH3;CN)4]* and preferential tetrahedral
coordination. It would be worth mentioning here that in case of [Cu(dmp)z(HzO)]2+,
reported by Tran et. al., though a putative inner sphere complex, [Cu(dmp)z(NO)]2+

was proposed to form, no spectral evidence was observed.* Even in the early stage of
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spectral 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),(NO)]**.*

B 2+

/N ; S
_ M / N\
N\ /N‘H _H
NOy, —N ~ .
: CH,CN o
no SN _ \Cu/—l;() CEEN L cuen,eNylt +sz + H,0
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H _N N—
L - = N F
a1 £ ‘ H L |
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— H H —\ 2+
H\N N ) §
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E /C“\N — B Pan RN Cu(CHEN)G 4 N, 4+ HO
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H/N\ \ H/ \
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N
5.2 Intermediate ! [ j
N
H
Ly
Scheme 5.2

To evaluate the viability of both the two potential mechanisms, Ford et. al. studied the
NO reduction of [Cu(dpp)2]2+ (dpp, 2,9-diphenyl-1,10-phenanthroline) in methanol
solution.®®  Since [Cu(dpp)2]2+ has higher reduction potential compared to
[Cu(dmp)z(HzO)]2+ and 2, 9-di-phenyl groups in dpp are more bulky than methyl

* would be more

groups in the same site in dmp, it is expected that [Cu(dpp)2]2
reactive compared to [Cu(dmp)z(HzO)]2+ via outer sphere mechanism but less so via
inner sphere one. It has been found that the latter one appears to be the case.

However, there were no direct spectral evidence of formation of the [CuH—NO']

intermediate complex. This inner sphere mechanism scheme involving the NO
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coordination to the metal center before reduction, is consistent for the reductive

nitrosylation of various ferrihemes and ferrihemoproteins reported by Wayland and

15, 39, 40 I

Hoshino et al It would be worth mentioning here that for the reduction of Cu
center by NO in [Cu(DAC)2]2+ (DAC, 1,8-bis(9-anthracylmethyl)-derivative of the
macrocyclic tetraamine cyclam), a somewhat different mechanism have been
proposed.”> The initial step is proposed to be the reversible deprotonation of the

coordinated secondary amine followed by the addition of NO at the amide site with a

simultaneous electron transfer to reduce the Cu" center.

The reduction of Cu" ion by NO in the present set of complexes were accompanied
with concomitant diazotization of the primary amine center of the ligands which
resulted into the modification of the respective ligand frameworks (Scheme 5.2) and a
putative mechanism of the formation of L7/ is illustrated in scheme 5.3. The

diazotization of primary amines by copper-nitrosyls has been observed earlier also.*’

In case of [Cu(tren)(CH3CN)]2+ (Complex 3.1, Chapter 3), in pure acetonitrile, the
formation of 2-piperazin-l-ylethanamine was reported to be because of the
diazotization of the primary amine center of tren by the in-situ generated NO* from
the reduction of Cu" center by NO.%¢ However, the same reaction, in
acetonitrile:water (10:1) mixture, did not found to result the diazotization product.
This is because of the higher reactivity of NO* towards water to afford NO,".*® On the
other hand, [Cu(tiaea)(CH3CN)]** and [Cu(teaea)(CH3;CN)]** were reported to afford

tri-N-nitrosoamine concomitant to the reduction of Cu" center.*
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Ford et. al. reported that the reduction of Cu" center by NO in [Cu"(DAC)]** complex
in methanol solution was accompanied by N-nitrosation of the ligand.**® In case of
[CuII(DAC)]2+, after reduction and nitrosation, the release of modified ligand was
attributed to the fact that the Cu' favors tetrahedral geometry; whereas the DAC
ligand favors square planar one. At the same time the nitrosation also weakens the
binding ability of the amine nitrogen.”” In the present case, the release of L,/ and Lg
can be attributed to the weakening of amine binding to the Cu' due to the planar
structure of the modified ligand in case of complex S.1 and the ring structure in case

of complex 5.2.

The modified ligand, L, was characterized by various spectroscopic techniques
(Experimental section and Appendix IV, Figures A4.2-A4.5). The formation of Lg
was confirmed by comparing its spectral data such as '"H NMR, *C-NMR, FT-IR and
ESI-mass spectra with that of the authentic sample of piperazine (Experimental

section and Appendix IV, Figures A4.6-A4.9). It was observed that the free ligands, in
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degassed acetonitrile, on bubbling with NO did not result into the same ligand

transformation.

5.3 Conclusion

The reduction of Cu' centres in complexes, 5.1 and 5.2, by NO was studied in
acetonitrile. Both the complexes resulted into the formation of thermally unstable
[CuH—NO'] intermediate prior to the reduction. The intermediate has been
characterized by UV-visible, solution FT-IR and EPR spectroscopy. The
decomposition of the intermediate resulting in the completely reduced [Cu'(CH3;CN),]
was found to follow the pseudo-first order kinetics. A detailed study of the NO
reduction kinetics of [Cu"(dmp),(H,0)]** and [Cu(dpp),]** were reported earlier
where the involvement of the [Cu-NO°] intermediate was speculated without any
spectral evidence. A completely different mechanism was proposed for the similar
reduction of Cu" center by NO in [Cu(DAC),]**. The present study, demonstrates the
formation of well characterized [CuH—NO°] intermediate as seen in case of reductive
nitrosylation of ferriheme proteins. The reduction of Cu" centers in complexes 5.1 and
5.2, were observed to result in the ligand modification. The modified ligands were

isolated and completely characterized.

5.4 Experimental Section

5.4.1 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
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column. UV-visible spectra were recorded on a Perkin Elmer Lambda-25, UV-visible
spectrophotometer. FT-IR spectra of the solid samples were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets and for solutions, Varian
660-IR FT-IR spectrometer and NaCl cell of 2 mm path length were used and the
spectra shown are the solvent subtracted ones. 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) or to the residual solvent peaks. The X-band
Electron Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR
spectrometer, at room temperature. Elemental analyses were obtained from a Perkin
Elmer Series II Analyzer. The magnetic moment of complexes is measured on a

Cambridge Magnetic Balance.

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 MoK, radiation (A =
0.71073 A) at 273(3) K, with increasing ® (width of 0.3° per frame) at a scan speed of
3 s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software.’" ** Structures were
solved by direct methods using SHELXS-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.**

5.4.2 Synthesis of complex 5.1, [Cu(L7)2](ClOy4),
Copper(Il) perchlorate hexahydrate, [Cu(H,0)s](ClO4), (370 mg, 1.0 mmol) was

dissolved in 10 ml of freshly distilled acetonitrile and to this blue solution, the ligand
101

TH-1078_07612220



Chapter 5

L7 , 2-aminomethyl pyridine (216 mg, 2.0 mmol), was added drop wise. The color of
the solution changed to violet. The resulting mixture was stirred for 1 h. Then the
volume of the solution was reduced to ~2 ml and layered with benzene. Storage of
this at ~ -20°C overnight resulted in the precipitation of blue crystalline compound.
Yield: 410 mg (~ 85%). Elemental Analyses: Calcd.(%) for Ci4HsN4OgCl,Cu: C,
21.36; H, 4.67; N, 15.57. Found (%) C, 21.33; H, 4.67; N, 15.55. UV-vis.
(acetonitrile): Amax, 582 nm (g, 138 M cm™) and 302 nm (g, 4120 M cm™). FT-IR
(KBr pellet): vcios, 1081 cm”, 625 cm™. X-band EPR data: g, 2.07. Molar

conductance: Ay (Q'lcmzmol'l), 247 in acetonitrile. ff: 1.77 BM.

5.4.3 Synthesis of complex 5.2, [Cu(Lg)(CH3CN)](ClOy4),

[Cu"(H,0)6](Cl04), (370 mg, 1.0 mmol) was dissolved in 10 ml freshly distilled
acetonitrile. To this solution, 103 mg (1.0 mmol) of the ligand Ls, bis-(2-
aminoethyl)amine was added slowly with constant stirring. The color of the solution
turned into deep blue. The stirring was continued for 1h at room temperature. The
volume of the solution then reduced to ~2 ml. Benzene (5 ml) was layered onto this
solution and storage at ~ -20 °C overnight resulted in the precipitation of blue
microcrystals of complex 5.2. Yield: 0.350 g (85%). Elemental Analyses: Calcd.(%)
for C¢H 16sIN4OgCl,Cu: C, 19.20; H, 5.24; N, 16.79. Found (%): C, 19.22; H, 5.25; N,
16.75. UV-vis. (acetonitrile): Amax, 575 nm (g, 140 M ecm™). FT-IR (KBr pellet):
Ucios’, 1095 cm'l, 627 cm™'. The X-band EPR data: gav, 2.14. Molar conductance: Ay

(Q'em’mol™), 259 in acetonitrile. fg: 1.56 BM.
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5.4.4 Isolation of [Cu'(CH3CN)4]C104

In a 50 ml Schlenk flask, complex 5.1 (240 mg, 0.5 mmol) was dissolved in 10 ml
degassed acetonitrile. To this solution, NO gas was purged through a needle for one
minute and allowed to stand for 10 minutes. To the resulting colorless solution, 15 ml
of degassed benzene was added through a syringe to make a layer. The layered
solution was then kept overnight in freezer. The white crystals of [Cu(CH3CN)4]CIO4
were filtered out from the colorless solution under nitrogen atmosphere using a

Schlenk frit. Yield, 115 mg, ~70%.

Same procedure was followed to isolate the [Cu(CH3CN)4]ClO;4 from the reaction of
complex 5.2 (204 mg, 0.5 mmol) and NO in acetonitrile solution. Yield: 100 mg,

~60%.

5.4.5 Isolation of L7/

In a 50 ml Schlenk flask, complex 5.1 (240 mg, 0.5 mmol) was dissolved in 15 ml
degassed acetonitrile. To this, NO gas was purged through a needle for one minute
and the mixture was then allowed to stand for 10 minutes. To the colorless solution,
thus obtained, 20 ml of degassed benzene was added through a syringe to make a
layer. The layered solution was then kept overnight in freezer. The white crystals of
[Cu(CH3CN)4]CIO4 were filtered out from the colorless solution under nitrogen
atmosphere using a Schlenk frit. The volume of the filtrate was then reduced to 5 ml
and stirred for 1 h in open air in order to allow the residual Cu' center to oxidise to
cul. To this, 5 ml saturated aqueous solution of Na,S was added and stirred for ¥2 h.
The black precipitate thus obtained was filtered off and the filtrate was diluted with 50
ml of distilled water. The organic part was then extracted from the mixture using

CHCI; (3 portions X 25 ml). The collected organic layer was then dried under reduced
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pressure and the residual oil was subjected to column chromatography using silica gel
to yield Ly (60 mg, ~ 60%). "H-NMR(400 MHz, CDCly), Sppm» 1.54 (s, 4H), 7.00 (t,
2H), 7.41(t, 2H), 7.94(d, 2H), 8.36(d, 2H). *C-NMR(100 MHz, CDCls), 8,pm, 158.92,
149.01, 136.32, 124.66, 120.51, 49.02. FT-IR in KBr pellet: 1035(m), 1069 (s),
1241(s), 1262(m), 1361(s), 1430(w), 1498(w), 1540(w), 1635(w) cm™'. ESI-Mass:

(m+1)/z, 200.02.

5.4.6 Isolation of Lg/

Lg was isolated from the reaction of complex 5.2 with NO in acetonitrile following
the same procedure for le. Yield: 30 mg, ~ 70%. 1H—NMR(4OO MHz, CDCl3), 8ppm,
2.79 (CHy), 1.90 (NH). "“C-NMR(100 MHz, CDCl3), Sppm, 47.64. FT-IR in KBr
pellet, 1551(s), 1434(s), 1274(s), 1129(w), 1000(m), 854(w) cm™'. ESI-Mass: (m+1)/z,

87.08. All data are found to be in agreement with that of piperazine.
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Chapter 6

Nitric oxide reactivity of copper(II) complexes of bidentate

amine ligands having aliphatic and aromatic N-donor sites

Abstract

Two copper(Il) complexes, 6.1 and 6.2 with Lg and Lj¢ [ Le, 2-(2-aminoethyl)-pyridine;
Lo, 2-(N-ethyl-2-aminoethyl)-pyridine], respectively, were synthesized and
characterized. Addition of nitric oxide gas to the degassed acetonitrile solution of the
complexes were found to result in unstable [Cu"-NO°] intermediates followed by the
reduction of the Cu" center to Cu'. The formation of the [CuH—NO'] intermediate was
evidenced by UV-visible, solution FT-IR and X-band EPR spectroscopic studies. The
reduction of Cu" centers to Cu' was monitored by various spectroscopic techniques. In
case of complex 6.1, the reduction of the Cu" center by NO afforded ligand
transformation through diazotization at the primary amine site in acetonitrile solution;
whereas, in acetonitrile-water mixture, it resulted in 2-(pyridine-2-yl)ethanol. On the
other hand, reduction of Cu" center by NO in complex 6.2 was found to yield N-
nitrosation at the secondary amine site in the ligand framework. The final organic

products, in each case, were isolated and characterized by various spectroscopic studies.
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6.1. Introduction

Activation of NO by transition metal ions has been a subject of interest for chemists and
biochemists since its discovery as signaling agent in mammalian biology.l'3 It has also
been found to be responsible for immuno-cytotoxicity in mammals.” Some of these
activities are attributed to the formation of nitrosyl complexes of metallo-proteins,
mostly of iron and copper.4 Iron-nitrosyls, both in protein and synthetic model systems,
thus, have been studied extensively.*® The reduction of Cu" centres in some proteins,
such as cytochrome ¢ oxidase and laccase, to Cu' by NO is known for a long time, has
not been studied as extensively as iron.> ” In recent years, however, this has been
exemplified by a number of model Cu" complexes. For instance, Cu" centers in
[Cu(dmp)z(X)]2+ (dmp = 2,9-dimethyl-1,10-phenanthroline, X = solvent) and analogous
complexes were reported to undergo reduction by NO. From the detailed mechanistic
study, reduction was proposed to proceed through a inner-sphere pathway though the

9, 10

formation of [Cu"-NO°] was not observed even in the early stage of reaction.” '* It was

observed that the reduction was accompanied by the nitrosation of the solvent resulting

into methylnitrite or NO; ™ in case of methanol or water respectively (Equation 6. 1.2

[Cu(dmp)>(X)]** + NO + CH;0H ——> [Cu(dmp),]* + CH;ONO + H*

In methanol solution, the Cu" center of [CuH(DAC)]2+ {DAC, 1,8-bis(9-
anthracylmethyl) derivative of the macrocyclic tetraamine cyclam (1,4,8,11-
tetraazacyclotetradecane)} was reported to be reduced by NO accompanied with a
concomitant nitrosation of the ligand.“’ 12 Detail quantitative and theoretical studies
suggested that the reaction proceeds through a pathway analogous to the inner-sphere

mechanism for electron transfer between two metal centers through a bridging ligand
111
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where NO is the reductant, CuH, the oxidant and the coordinated amido anion behaves
as the bridging ligand. Coordination preference of Cu' and the decreased donor ability
of the nitrosated ligand resulted in the demetallation of the macrocyclic ring after the
reduction. Similar mechanistic pathway was reported by Armor et al. in the reaction of
[Ru(NH3)6]3+ with NO in alkaline solution resulting into the Ru(II)-dinitrogen complex,
[Ru(NH3)5(N2)]2+.13 Nitrosation of a coordinated amide ligand with the concomitant

111

reduction of Ru'™ to Ru" leads to the formation of a coordinated nitroso amine, which

on subsequent dehydration results in the coordinated dinitrogen complex.

Wayland and others suggested an alternative mechanism, more close to that of
ferriheme reduction, which involves the initial NO coordination to the Cu" center to
form [Cu’-NO < Cu-NO*]." It was proposed that in the successive steps, amine
deprotonation and migration of NO" to the coordinated amide would result into the

nitrosoamine. Subsequently, demetalation from the ligand may occur.

In our recent studies, with [Cu"(tren)(CH;CN)**, [Cu''(taea)(CH;CN)]*,
[Cu'(tieae)(CH;CN)]**, [Cu(pymea),]** and [Cu(baea)(CH;CN)]** [tren, rris-(2-
aminoethyl)amine; taea, tris-(2-ethylaminoethyl)amine; tieae, tris-(2-isopropyl
aminoethyl)amine; pymea, pyridine-2-methylamine and baea, bis-(2-
aminoethyl)amine], the reduction was found to proceed through the formation of a

=171t should be noted that in case of Cu®

thermally unstable [CuH—NO°] intermediate.
complexes of ppmea and mimpea [ppmea, 2-(pyridin-2-yl)-N-((pyridin-2-
yl)methyl)ethaneamine; mimpea, N-((methyl-1H-imidazol-2-yl)methyl)-2-(pyridine-2-
yl)ethanamine], any indication of the formation of an [CuH—NO'] inner-sphere complex
have not been observed prior to the reduction.'® This is attributed to the much lower

values of the equilibrium constants, Kno. This difference in mechanistic pathway is,

112
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mostly, because of the difference in ligand environment. This has been exemplified in
cases of [Cu(mtad)]’* and [Cu(tmd),]** [mtad, 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane; tmd, 5,5,7—trimethy1—[1,4]—diazepane].19 It was found that in
case of [Cu(mtad)]2+, the reduction takes place in methanol medium in presence of
sodium methoxide through a deprotonation pathway as reported earlier in case of
[Cu(DAC)]**. On the other hand, the reduction was observed to be very facile in dry
acetonitrile in case of [Cu(mtd)2]2+ and proceeds through a [CuH—NO°] intermediate.
Thus, it was noticed that though the macrocyclic ligands prefer deprotonation pathway,
non-macrocyclic one prefers [Cu"-NO°] intermediate pathway which is similar to that
observed in the ferriheme reduction. DFT calculations also suggested the facile
formation of [CuH—NO°] intermediate for [Cu(mtad)]2+. Hence, it is logical to believe
that the ligand frameworks have a significant role to control the mechanistic pathway

for the reduction of Cu™.

In this direction, as a continuation of our earlier work, two Cu" complexes with ligands
Lo and Ljo [Lo, 2-(2-aminoethyl)-pyridine; Ljg, 2-(N-ethyl-2-aminoethyl)-pyridine]

(Figure 6.1) were prepared and their NO reactivity were studied.

Figure 6.1: Ligands used for the present study.

6.2 Results and discussions

Ligand, Lj9 was synthesized following general procedure for the mono-alkylation of

primary amines (Appendix V). The elemental analyses of the synthesized ligand was
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found to be in good agreement with the calculated values. It was further characterized
by FT-IR, 'H-NMR, BC-NMR and ESI-Mass spectroscopy (Appendix V, Figures AS5.1-
AS5.12). The complexes 6.1 and 6.2 were synthesized by the reaction of
hexaaquacopper(Il)perchlorate with the respective ligands in 1:2 molar equivalence and

isolated as solid (Scheme 6.1).

‘ S
NH
AN 2 . N NH
Acetonitril & 2
2 | + |Cu(H,0)6)(C10,), T s o (CIO,),
N Stirring for 1 h /N
H,N N |
Lo =
6.1
AN
: L
AN ~ Acetonitrile AN /N\/
2 X +  [Cu(H0)6](CI104), ﬁ’ Ca (C10y),
= Stirring for 1 /l?m
Lio ~
6.2
Scheme 6.1

All the complexes displayed satisfactory elemental analyses (experimental section). The
formation of complex 6.1 was further confirmed by its X-ray single crystal structure
determination. The crystal structure of complex 6.1 was reported earlier.”’ The
crystallographic data was given in appendix V (Table AS5.1). The ORTEP diagram of
complex 6.1 is shown in figure 6.2.

The d-d transition for complexes 6.1 and 6.2 appears at 576 and 596 nm, respectively, in
acetonitrile solvent (Figure 6.3). This shift in Ay can be attributed to the increasing
order of covalent character of the 6-bond on moving from H to ethyl group at the N-

substitution.*?
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TH-1078_07612220



Chapter 6

Figure 6.2: ORTEP diagram of complex 6.1 (50% thermal ellipsoid plot).
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Figure 6.3: UV-visible spectra of complexes 6.1 (red trace) and 6.2 (black trace) in acetonitrile
solution.

Both the complexes displayed axial EPR spectra at 77 K characteristic for the square
planar Cu" complexes having d,’-y” ground state (Experimental section and Figure 6.4).
The complexes were found to exhibit one electron paramagnetism at room temperature.

They behaved as 1:2 electrolytes in acetonitrile solvent (Experimental section).
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Figure 6.4: X-Band EPR spectra of complexes 6.1 (a) and 6.2 (b) in acetonitrile solution at
77K.

6.2.1 Nitric oxide reactivity in acetonitrile and water

Addition of NO gas to a dry and degassed acetonitrile solution of complex 6.1 resulted
into the formation of an unstable green intermediate which has been formulated as the
[CuH—NO'] complex. This had been studied by UV-visible, EPR and solution FT-IR
spectroscopy. In UV-visible spectrum, the d-d transition band of complex 6.1 at 576 nm
was shifted to 650 nm immediately after purging NO owing to the formation of [Cu'-

NO°] intermediate (Figure 6.5a). Similar [CuH—NO°] intermediates were reported to

form in the reaction of [Cu(tiaca)(CH;CN)]** and [Cu(teaea)(CH;CN)]** [tiaea, tris-(2-
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isopropylaminoethyl)amine and teaea, tris-(2-ethylaminoethyl)amine], with NO and
they displayed the d-d transition at 640 nm and 605 nm, respectively.'® The d-d
transitions for the [Cu"-NO’] intermediates were reported to appear at 660 nm and 595
nm in cases of [Cu(amepy),]** and [Cu(aeta),]** [amepy, 2-aminomethyl pyridine; aeta,
bis-(2-aminoethyl)amine], respectively.'” The intensity of the band corresponding to the
[Cu"-NO°] intermediate was found to diminish with time suggesting the reduction of
Cu" center to Cu' following pseudo-first order kinetics (Figure 6.5a, inset). The rate
constant was calculated to be 5.40x10” sec” at 298 K. The d-d transition of the
complex 6.2 was shifted from 596 nm to 652 nm in presence of NO in acetonitrile
solvent indicating the formation of [Cu"™-NO°] intermediate (Figure 6.5b). The rate
constant for the reduction of Cu" to Cu' in this case was 1.09 x 10" sec” at 298 K
(Figure 6.5b, inset). Thus, the order of the rate of decomposition of the [CuH—NO']
intermediate in case of complex 6.2 is found to be greater than that of complex 6.1. This
can be attributed to the effect of the ethyl substitution on the ligand framework in case
of complex 6.2. For [Cu(tiaca)(CH3CN)]** and [Cu(teaea)(CH3;CN)]**, the order of rate
constants was [Cu(tiaea)(CH3CN)]2Jr > [Cu(teaea)(CH3CN)]2Jr at 298 K indicating the
effect of bulk of N-alkyl group on the ligand framework.'® It should be noted that d-d
transition for [Cu(amepy),]** appears at 582 nm; whereas the corresponding [Cu"-NO']
absorbs in the visible region at 660 nm.'” In this case, the calculated rate constant for
the decay of [CuH—NO'] to Cu' was 1.3 x 107 s™! at 298 K. The difference in absorption
band in the visible region and the rate constant for the decomposition of [Cu"-NO*] for
complex 6.1 compared to [Cu(amepy)2]2+ is, presumably, because of the greater chelate
ring size in case of complex 6.1. It is evident that in the present case, the increase in the

chelate ring from five to six membered one, destabilizes the [CuH—NO'] intermediate. It
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would be worth mentioning here that for complex with cyclic amine ligands,

[Cu(tmd)2]2+, the decomposition of [CuH—NO'] was found to follow a pseudo-first order

. . . -3 -119
kinetics with a rate constant of 8.45 x 107 s™.
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Figure 6.5: UV-visible spectra of the reaction of complexes (a) 6.1 and (b) 6.2 with NO in
acetonitrile solvent at room temperature. (Blue trace represents the Cu'-species,
green represents that of the [Cu"-NO"] intermediate which gradually reduced to Cu'
represented by down headed arrow). Inset: Time-scan plot for the decomposition of
[Cu"-NO] at room temperature.
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Complexes 6.1 and 6.2 were found to exhibit characteristic EPR signals in acetonitrile
solvent; whereas, the respective green intermediates obtained after their reaction with
NO were found to be EPR silent at 298 K (Figures 6.6a and 6.6b). This is attributed to
the anti-ferromagnetic coupling of the paramagnetic Cu" centers with NO, in both the
cases. The complete reduction of Cu" center by NO to the diamagnetic Cu' would also
result into EPR silent solution. The presence of the d-d band of the intermediates,
however, indicates the existence of [CuH—NO'] rather than Cu'. In earlier reports of
[Cu(tiaea)(CH3CN)]*, [Cu(teaea)(CH3CN)]**, [Cu(amepy),]** and [Cu(aeta),]**, the
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Figure 6.6: X-Band EPR spectrum of complexes (a) 6.1 and (b) 6.2 in acetonitrile before (blue
trace) and after (red trace) purging NO at room temperature.
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[CuH—NO'] intermediates also were found to be EPR silent.!® 7 Structurally

characterized [Cu(CH3;NO,)s(NO)][PFs], complex was reported as EPR silent.”

In solution FT-IR spectrum of the acetonitrile solutions of the complexes 6.1 and 6.2,
after purging NO, a new band was found to appear at ~1630 and 1634 cm™ respectively
and were found to disappear with time indicating unstable nature of the intermediates

(Figures 6.7a and 6.7b, respectively). These are attributed to the vibration of NO

100
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Figure 6.7: Solution FT-IR spectra complexes (a) 6.1 and (b) 6.2 in acetonitrile (blue trace
represents solution IR of complexes, red represents that immediately after purging
NO which shows sharp peak at ~ 1630 cm™ and green represents that after 5
minutes).
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coordinated to the Cu" center. Thus the appearance of these bands essentially supports
the formation of the [CuH— NO°] prior to the reduction of Cu" centers. For

[Cu(tren)(CHgCN)]2+ this vibration was found to appear at 1650 cm’! in acetonitrile.'®

On the other hand, the Vyo frequency appears at 1642 and 1635 cm™ in the cases of

[Cu(amepy),]** and [Cu(aeta),]**, respectively, in acetonitrile."’. It was reported to
appear at 1682 cm”' for the air-stable solid copper-nitrosyl of copper(Il)-

dithiocarbamate.** However, for [Cu(CH3NO,)s(NO)][PFsl,, it appears at 1933 cm™ in

nujol mull. This higher Vyo frequency in case of [Cu(CH3NO,)s(NO)][PFgs], can be

attribute to the bent geometry [Cul-N1-O1 ) 121.0(3)°] of the nitrosyl ligand at an

5 . 23
equatorial site.

To authenticate the reduction of Cu" centers in the present cases, the reduced complex,
[Cu(CH3CN)4]CIO4 was isolated and characterized by its X-ray single crystal structure
determination. Since the crystal structure of [Cu(CH3CN)4]ClO4 was reported earlier by

Soregh et. al., it is not been included.”

The NO reactivity of complexes 6.1 and 6.2 were also studied in water. In water the d-d
band of the complexes 6.1 and 6.2 appears at Ay.x 600 and 645 nm respectively.
Immediately after purging NO, the band sifted to ~650 nm in both the cases and finaly

diminished due to reduction of Cu" to Cu' (Figure 6.8a and 6.8b, respectively).
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Figure 6.8: UV-visible spectra of the reaction of complexes (a) 6.1 and (b) 6.2 with NO in
water at room temperature (blue trace represents that of the un-reacted complexes,
red represents that immediately after purging NO which which decreases with

time).

Further, the reduction of complexes, 6.1 and 6.2 in water, were confirmed by '"H NMR
studies in D,0. The complexes did not show well resolved 'H-NMR in D,O due to the

paramagnetic nature of Cu'" center (Figure 6.9a and 6.9b for complexes 6.1 and 6.2

respectively).
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Figure 6.9: 'H-NMR spectra of complexes (a) 6.1 and (b) 6.2 in D,0.

As NO reacts with the complexes, the reduction of Cu" to Cu' takes place because of
which the complexes shows well resolved 'H-NMR spectra (Figures 6.10a and 6.10b).

This proves the reduction process.

In case of complex 6.1, in dry and distilled acetonitrile solution, the reduction was
found to accompany with concomitant diazotization of the primary amine centers of the
ligands which resulted into the modification of the ligand framework, L9/ (Scheme 6.2).
It is interesting to note that in acetonitrile:water (9:1) mixture, the reduction afforded L9/
along with the alcoholic derivative, L9” . However, in water medium, no ligand
modification was observed owing to the higher reactivity of NO* (formed during the

reduction of Cu" to CuI) with water (Scheme 6.2). This, rather, resulted into the

formation of NO," which was confirmed qualitatively by Greiss’s test.
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Figure 6.10: '"H-NMR spectra of complexes (a) 6.1 and (b) 6.2 in D,0 after the reaction with

NO.
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In case of complex 6.2, along with the reduction of the Cu" centre, N-nitrosation at the
ligand framework was observed in acetonitrile solution (Scheme 6.3). However, in

water, the reduction resulted into the formation of NO,", only.

ITIO
N
NO
2+ — o + [Cu(CH3CN)|"
AN .
| ~ dry CH,CN 2N ,
N L
AN N~u 10
Cu -
/:N/ N7 | H
H
Y NO(g) | AN N\/
e 1 N
6.2 IIQO /N + Cu + N02
Lio
Scheme 6.3

All these organic products, L9/ , L9” and Llol were characterized by FT-IR, 1H—NMR,
BC-MNR and ESI-Mass spectroscopy (Experimental section, Appendix V, Figures

A5.13-A5.24).

6.3 Conclusion

In conclusion, the present work demonstrates a set of examples of the reactivity of NO
with Cu" centers in acetonitrile and in water media. Both the complexes afforded
unstable [Cu-NO"] intermediate on reaction with NO, in acetonitrile solution, followed
by the reduction of Cu" centers to Cu'. In water, though NO results in the reduction of
Cu" to Cu' the formation of [CuH—NO°] was not observed. The stability of the [CuH—
NO°] intermediate formed was found to be dependent on the chelate ring size and
substituents present in the ligand frameworks. The reduction resulted into modification
of the ligand through diazotization of the primary amine site or N-nitrosation at the

secondary amine site of the ligand frameworks.
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6.4 Experimental Section

6.4.1 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 Lambda 25 spectrophotometer. FT-IR
spectra of the solid samples were taken on a Perkin Elmer spectrophotometer with
samples prepared as KBr pellets and for solutions, Varian 660-IR FT-IR spectrometer
and NaCl cell of 2 mm path length were used and the spectra shown are the solvent
subtracted ones. 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 with residual solvent peaks. The
X-Band Electron Paramagnetic Resonance (EPR) spectra of complexes and of the
reaction mixture were recorded on a JES-FA 200 ESR spectrometer, at room
temperature. Elemental analyses were obtained from a Perkin Elmer Series II Analyzer.

The magnetic moment of complexes is measured on a Cambridge Magnetic Balance.

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 MoK, radiation (A =
0.71073 A) at 273K, with increasing ® (width of 0.3° per frame) at a scan speed of 3
s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software.” Multi-scan empirical

absorption corrections were applied to the data using the program SADABS.*
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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

. 2
Windows.”

6.4.2 Synthesis of complex 6.1, [Cu(Ly),[(Cl1O4),

[Cu(H20)6](ClO4),, 0.740 g (2.0 mmol) was dissolved in 10 ml distilled acetonitrile. To
this solution, 0.488 g (4.0 mmol) of the ligand L¢ was added slowly with constant
stirring. The color of the solution turned dark blue from light blue. The stirring was
continued for 1h at room temperature. The volume of the solution was then reduced to
~2 ml. To this, 10 ml of benzene was added to make a layer on it and kept it overnight
on freezer. This resulted into dark crystals of complex 6.1. Yield: 0.880 g (85%).
Elemental Analyses: Calcd. for C;4Hy0N4OsCl,Cu: C, 33.18; H, 3.98; N, 11.06; Found
(%): C, 33.14; H, 3.97; N, 10.99. Molar conductivity: [Am(Q'cm’mol™), 230]. FT-IR:
3232, 2936, 1614, 1079, 625 cm'l; magnetic moment, 1.62 BM. EPR data: g;, 2.268, g,

2.015and A, 174.56 cm™".

6.4.3 Synthesis of complex 6.2, [Cu(L19)2](ClOy4),

The complex 6.2 was synthesised following the similar procedure as complex 6.1
except for the use of Ljp in place of Lg. Yield: 0.950 g (85%). Elemental Analyses:
Calcd. for CigHsN4OsCl,Cu: C, 38.41; H, 5.01; N, 9.95; Found (%): C, 38.46; H, 5.01;
N, 9.92. Molar conductivity: [Am(Q'em®mol™), 217]. FT-IR: 2969, 2019, 1610, 1449,
1085 cm'l; magnetic moment, 1.67 BM. EPR data: g, 2.257, g, 2.026 and A, 174.59

cm.
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6.4.4 Isolation of [Cu'(CH3CN)4]C10,4
The isolation of [Cu(CH3CN)4]ClO4 from the reactions of the respective complexes
with NO has been done using the same general procedure. The detail is given for

complex 6.1.

In a 100 ml Schlenk flask, complex 6.1 (253 mg, 0.5 mmol) was dissolved in 50 ml
degassed acetonitrile. To this deep blue solution, NO gas was purged through a needle
for one minute and allowed to stand for 10 minutes. To the resulting colorless solution,
15 ml of degassed benzene was added through a syringe to make a layer. The layered
solution was then kept overnight in freezer. The white crystals of [Cu(CH3;CN)4]ClO4
were filtered out from the colourless solution under nitrogen atmosphere using a
Schlenk frit. Yield, 115 mg, ~61%.

Same procedure was followed to isolate the [Cu(CH3;CN)4]ClO4 from the reaction of
complex 6.2 (281 mg, 0.5 mmol) with NO in acetonitrile solution. Yield: 105 mg,

~56%.

6.4.5 Isolation of L9/ and L9”

In a 100 ml Schlenk flask, complex 6.1 (506 mg, 1.0 mmol) was dissolved in 50 ml
degassed acetonitrile. To this, NO gas was purged through a needle for one minute and
the mixture was then allowed to stand for 10 minutes. To the colorless solution, thus
obtained, 20 ml of degassed benzene was added through a syringe to make a layer. The
layered solution was then kept overnight in freezer. The white crystals of
[Cu(CH3CN)4]CIO4 were filtered out from the colorless solution under nitrogen
atmosphere using a Schlenk frit. The volume of the filtrate was then reduced to 5 ml and
stirred for 1 h in open air in order to allow the residual Cu' center to oxidise to Cu". To
this, 5 ml saturated aqueous solution of Na,S was added and stirred for 2 h. The black
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precipitate of Cu,S thus obtained was filtered off and the filtrate was diluted with 50 ml
of water. The organic part was then extracted from the mixture using CHCI; (3 portions
X 25 ml). The collected organic layer was then dried under reduced pressure and the
residual oil was subjected to column chromatography using silica gel to yield L¢ and

Lo, In case of dry and distilled acetonitrile, we are yield up with only L.

For L9/ : Yield, 190 mg (~ 84%). Elemental Analyses: Calcd.(%) for C14sH;7N3: C,
73.98; H, 7.54; N, 18.49. Found (%) C, 73.57; H, 7.44; N, 18.29. 'H-NMR(400 MHz,
CDCl3), dppm, 8.48(d, 2H), 7.58(t, 2H), 7.12(m, 4H), 3.61(t, 4H), 2.94(t, 4H). Be-
NMR(100 MHz, CDCl3), 8ppm, 160.87, 149.22, 136.87, 123.64, 121.76, 38.95, 37.84.
FT-IR in KBr pellet: 2927(m), 1644 (s), 1566(s), 1384(s), 1053(m). ESI-Mass:

(m+23)/z, Calcd. 250.14; Found, 250.01.

For L9// : Yield, 39 mg (~ 32%). Elemental Analyses: Calcd.(%) for C;HyNO: C, 68.27;
H, 7.37; N, 11.37. Found (%) C, 68.83; H, 6.92; N, 11.30. '"H-NMR(400 MHz, CDCl;),
Sppms 8.45(d, 1H), 7.59(t, 1H), 7.12(m, 2H), 3.98(t, 2H), 2.98(t, 2H). *C-NMR(100
MHz, CDCl3), 8ppm, 161.95, 148.34, 136.89, 129.63, 121.76, 61.95,39.24. FT-IR in KBr
pellet: 2923(m), 1636(m), 1384(s), 1053(s) cm’'. ESI-Mass: (m+23)/z, Calcd. 146.07;

Found, 146.04.

6.4.6 Isolation of Ly’

Same procedure (as in case of complex 6.1) was adopted for the isolation of Ly

Yield, 128 mg(71%). Elemental Analyses: Calcd.(%) for CoH;3N30: C, 60.32; H, 7.31;
N, 23.45. Found (%) C, 60.07; H, 7.47; N, 23.12. 'H-NMR(400 MHz, CDCl3), Sppms
8.51(t), 7.58(m), 7.13(m), 4.46(t), 3.97(q), 3.90(q), 3.54(q), 3.22(t), 2.94(t), 1.27(t),

1.05(t). *C-NMR(100 MHz, CDCly), Sppm, 157.87, 157.40, 149.36, 149.22, 136.63,
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123.43, 121.82, 121.73, 51.26, 47.71, 43.54, 39.12, 37.10, 34.03, 13.77, 10.97. FT-IR in
KBr pellet: 2940(m), 1594 (m), 1148(m), 1436(s), 1071(m), 771(m) cm’!. ESI-Mass:

(m+23)/z, Calcd. 202.11; Found, 202.09.
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Table A1.1. Crystallographic data for complex 2.1

Complex 2.1
Formulae C7 Hs6 Cp, Cu N5 Og
Mol. wt. 572.95
Crystal system Monoclinic
Space group P2(1)/n
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 10.0634(2)
b/A 16.7202(3)
c/A 15.7994(3)
o/° 90.00
pre 91.7180(10)
y/° 90.00
v/ A 2657.24(9)
Z 4
Density/Mgm 1.432
Abs. Coeff. /mm’ 1.071
Abs. correction None
F(000) 1200
Total no.of reflections 9865
Reflections, I > 20(1) 2257
Max. 26/° 28.27
-13<=h<=13
Ranges (h, k, I) 20<=k<=22
-18<=1<=21
Complete to 20 (%) 95.4%
Refinement method Full-matrix least-squares on F*
Goof (F°) 1.089
R indices [I > 20(1)] 0.0532
R indices (all data) 0.0725

Table A1.2: Selected bond lengths (A) for complex 2.1.

TH-1078_07612220

Complex 2.1
Cu(1)-N(1) 2.040(2)
Cu(1)-N(2) 2.040(2)
Cu(1)-N(3) 2.179(2
Cu(1)-N4) 2.113(2)
Cu(1)-N(5) 1.984(3)
N(1)-C(2) 1.496(4)
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N(1)-C(3) 1.493(4)
N(1)-C(6) 1.488(4)
N(2)-C(1) 1.495(5)
N(2)-C(12) 1.501(4)
N(@3)-C(5) 1.476(4)
N(3)-C(9) 1.493(4)
N4)-C4) 1.496(4)
N(4)-C(15) 1.493(4)
N(5)-C(7) 1.139(4)

Table A1.3. Selected bond angles (°) for complex 2.1.

Complex 2.1

N(1)-Cu(1)-N(2) 84.82(10)
N(1)-Cu(1)-N(3) 84.43(10)
N(1)-Cu(1)-N(4) 83.73(10)
N(2)-Cu(1)-N(3) 116.39(10)
N(4)-Cu(1)-N(2) 128.37(10
N(4)-Cu(1)-N(3) 112.31(9)
N(5)-Cu(1)-N(1) 175.61(10)
N(5)-Cu(1)-N(2) 95.42(11)
N(5)-Cu(1)-N(3) 99.35(10)
N(5)-Cu(1)-N(4) 92.72(11
C(7)-N(5)-Cu(1) 173.3(3)

Table A1.4. Crystallographic data for L, -perchlorate.

TH-1078_07612220

L/-ClO,

Formulae C;s Hss N7 O, Cl
Mol. wt. 459.94
Crystal system Orthorhombic
Space group Pna2(1)
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 11.6744(3)
b /A 18.4324(4)
c/A 10.8887(2)
o/° 90.00
pre 90.00
v/° 90.00
v/ A 2343.11(9)
Z 4
Density/Mgm 1.304
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Abs. Coeff. /mm’ 0.211

Abs. correction None

F(000) 984

Total no.of reflections 9410

Reflections, I > 20(1) 2149

Max. 20/° 28.34
-15<=h<=15

Ranges (h, k, 1) 21 <=k <=24
-l4<=1<=14

Complete to 20 (%) 99.8%

Refinement method Full-matrix least-squares on F~

Goof (F°) 1.042

R indices [I > 20(1)] 0.0537

R indices (all data) 0.0692

Table A1.5: Selected bond lengths(A) and bond angles(°) for L i -perchlorate.

Bond length(A) Bond angles (°)
N(1)-C(1) 1.508(4) N(1)-C(1)-C(2) 115.6(2)
N(1)-C(6) 1.517(3) N(2)-C(2)-C(1) 115.5(2)
N(1)-C(11) 1.522(3) N(2)-C(3)-C(4) 109.9(3)
N(2)-C(3) 1.481(5) N(2)-C(3)-C(5) 111.4(4)
N(2)-C(6) 1.314(4) N(3)-C(7)-C(6) 116.0(2)
N(3)-C(7) 1.285(4) N(4)-C(12)-C(11) | 115.32(19)
N(4)-C(5) 1.301(3) N(4)-C(13)-C(15) | 111.2(3)
N(4)-C(13) 1.479(4) C(1)-N(1)-C(11) 110.6(2)
N(2)-N(6) 1.314(4) C(2)-N(2)-C(3) 123.2(3)
N(@3)-N(7) 1.285(4) C(6)-N(1)-C(11) 109.5(2)
N(4)-N(5) 1.301(3) C(7)-N(3)-C(8) 119.8(3)
C(2)-N(2) 1.463(4) N(5)-N(4)-C(12) 121.3(2)
C(7)-N(@3) 1.453(4) N(5)-N(4)-C(13) 115.3(2)
C(8)-N(3) 1.497(4) N(7)-N(3)-C(7) 123.1(2
C(12)-N4) 1.461(3) O(1)-N(5)-N(4) 115.7(2)
N(5)-0(1) 1.232(3) 0O(2)-N(6)-N(2) 113.7(3)
N(6)-O(2) 1.235(4) O(3)-N(5)-N4) 114.8(3)
N(7)-0(3) 1.256(3)
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Figure Al.1: '"H-NMR spectrum of L,-perchlorate in CD;CN at room temperature.
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Figure A1.2: >C-NMR spectrum of Ly-perchlorate in CD;CN at room temperature.
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Figure A1.3: FT-IR spectrum of L, -perchlorate in KBr pellete.
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Figure A1.4: UV-visible spectra of complex 2.1 in methanol (blue trace is for complex 2.1

TH-1078_07612220

before and red represents that after addition of NO. Bottom most dark trace
represents the spectrum of colorless solution). Inset: Time scan plot of the
gradual decay of [L;Cu"™-NOJ** (Ap.y, 845 nm) to Cu' in methanol at 298K.
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Figure A1.5: X-band EPR spectra of the complex 2.1 (blue trace) and immediately after its

reaction with NO (red trace) in methanol at room temperature.
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Figure A1.6: FT-IR spectrum of L,”in KBr pellet.
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Figure A1.7: FT-IR spectrum of L,” in KBr pellet.
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Figure A1.9: "H-NMR spectrum of Ll”’ in CD;Cl.

138
TH-1078_07612220



Appendix I

a2

e d ¢ b a
S bz
N. N
f(\ \L_\fo‘< -*-fl ‘-'IH-—--»L_} L—' - —«....._erm_..
h\g(“* " B i T Saiadan:
a
bgc d h
fe
L ILLL
....... T s e e g e .
220 200 180 160 140 120 100 80 60 40 20 0 ppm
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Figure A1.12: ESI-Mass spectrum of L1” in methanol.
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Figure A1.13: ESI-Mass spectrum of L,” in methanol.
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Figure A1.14: UV-visible spectra of the reaction of complex 2.1 with NO in water at room
temperature. (Blue trace represents the Cu" complex, red represents that of the
[Cu"-NO'] intermediate which gradually reduced to Cu').
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Figure A1.15: Time scan plot of the gradual decay of [L,Cu"-NOJ* (Anaxs 845 nm) to Cu' in

water at 298K.
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Table A2.1. Crystallographic Data for L,"-perchlorate

Formulae CeH;» CIsN,; Oy,

Mol. wt. 447.62

Crystal system Cubic

Space group P213

Temperature /K 293(2)

Wavelength /A 0.71073

a/A 11.7511(12)

b /A 11.7511(0)

c/A 11.7511(0)

o/° 90.000(0)

p/e 90.000(0)

v/° 90.000(0)

v/ A 1622.69(10)

Z 4

F(000) 928

Total no.of reflections 16288

Reflections, I > 20(1) 3462

Max. 20/° 28.25
-15<=h<=15

Ranges (h, k, 1) -15 <=k <=14
-15<=1<=15

Complete to 20 (%) 100%

Refinement method Full-matrix least-squares on F~

Goof (F%) 1.168

R indices [I > 20(1)] 0.0813

R indices (all data) 0.0849

Table A2.2. Selected bond lengths (A) and bond angles (°) of L, -perchlorate

TH-1078_07612220

Bond length (A) Bond angle (°)
N(1)-C(1) 1.476(5) N(1)-C(1)-C(2) 111.1(4)
N(Q2)-C(2) 1.485(8) N(2)-C(2)-C(1) 111.4(5)
C(1)-C(2) 1.526(8) C(1)-N(1)-C(1) 109.2(3)
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Table A2.3. Crystallographic Data for L’

Formulae C, Hjg Ny Og
Mol. wt. 186.14
Crystal system Triclinic
Space group P1
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 5.046(4)
b/A 5.521(4)
c/A 7.207(5)
o/° 105.11(5)
p/e 90.12(6)
v/° 93.74(6)
v/ A 193.4(3)
Z 1
F(000) 98
Total no.of reflections 1284
Reflections, I > 20(1) 897
Max. 20/° 28.28
-6 <=h <=6
Ranges (h, k, ) -6 <=k<=7
9<=1<=9
Complete to 20 (%) 83.20%
Refinement method Full-matrix least-squares on F°
Goof (F°) 1.038
R indices [/ > 20(1)] 0.0449
R indices (all data) 0.0746

Table A2.4. Selected bond lengths (A) and bond angles (°) of Ly”

TH-1078_07612220

Bond length (A) Bond angle (°)
N(1)-C(1) 1.478(9) N(1)-C(1)-C(2) 109.5(6)
N(2)-C(2) 1.476(9) N(2)-C(2)-C(1) 112.2(6)
C(1)-C(2) 1.512(9) - -
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Figure A2.4: ESI-Mass spectrum of L,’ in methanol.
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Figure A2.5: FT-IR spectrum of L,"-perchlorate in KBr pellet.
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Figure A2.7: BC-NMR spectrum of Lz”-perchlorate in D,O (a drop of CD;CN is added as

standard).
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Figure A2.8: FT-IR spectrum of Ly in KBr pellet.
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Figure A2.10: BC.NMR spectrum of L3’ in CDCl;.
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Figure A2.11: ESI-Mass spectrum of L3/ in methanol.
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The ligands Ls and L were synthesized in the laboratory from ethylenediamine. The detail

procedure of synthesis of the ligands and their characterizations are shown in this section.

Synthesis of ligands L
Ligand Ls was synthesized in three steps (Scheme A3.1):

O 20
S
Cl H
NH Pyridine, KOH, 50°C, 2 hr Ts N
HNT O 2 - N7 N
H
Trosylate
T-1
TsCl

Ethyl lodide, KOH,
DMF, 5 hr

g

Ts N
80% H>S0,/H,0, 160°C SN

H
NN = o
H

Ls

Scheme A3.1

Step 1. Tosylation of ethylenediamine:

A 250-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser and a rubber septum was charged with ethylenediamine (0.360 g; 6.0 mmol),
pyridine (20 ml) and potassium hydroxide (1.01 g; 18.0 mmol). The mixture was stirred and
cooled in an ice bath while 3.43 g (18.0 mmol) of tosyl chloride was added over a period of 5
min. After 5 min, the ice bath was removed and the reaction mixture was heated to 50 °C in
an oil bath for 2 h with constant stirring. The reaction mixture was allowed to cool to room
temperature was then poured into 20 ml ice-cold water. The crude tosylated product was
obtained as whitish precipitate. The precipitate was purified by column chromatography using
hexane to give 1.9 g (~ 85%) of N, N'-p-methylbenzenesulfonamide ethylenediamine(T-1).
FT-IR: 1408, 1335, 1158 cm™. "H-NMR (400 MHz, CDCls): §,,m, 7.69(d, 4H) 7.28(d, 4H),

TH-1078_07612220
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3.02(t, 4H), 2.40(s, 6H). "C-NMR (100 MHz, CDCl,): Sppms 140.09, 137.58, 127.63, 125.67,
49.01, 21.80. (m+1)/z: 369.21.

Step II: Ethylation of T-1:

A 250-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser and a rubber septum was charged with 1.1 g ( 3.0 mmol) of T-1, 1.1 g (21.0 mmol)
of potassium hydroxide, and 20 ml of anhydrous dimethylformamide (DMF). To this 2 g
(12.0 mmol) ethyl iodide was added over a period of 5 min and the resulting mixture was
heated at 60 °C in an oil bath for 4h. The reaction mixture was then allowed to cool to room
temperature, diluted with 250 ml of water, and extracted with CHCI; (100 ml X 3 portions).
The combined organic extracts were washed with brine (100 ml), dried over anhydrous
sodium sulphate and concentrated under reduced pressure to give pale yellow oil. The oil was
purified by column chromatography on neutral alumina to give 0.85 g (~65%) of T-2 as a
viscous pale yellow liquid FT-IR: 1408, 1335, 1158 cm™”. "H-NMR (400 MHz, CDCly): 6ppm,
7.66(d, 4H) 7.29(d, 4H), 3.25(s, 4H). 3.20(q, 4H), 2.40(s, 6H), 1.143(s, 6H). *C-NMR (100
MHz, CDCls): S,pm 143.62, 136.34, 129.96, 127.32, 48.21, 44.76, 21.69, 14.31. (m+1)/z:
425.71.

Step II1. Hydrolysis of T-2:

A 100-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser, and a rubber septum was charged with 4.24 (10.0 mmol) of T-2, 17 ml of 80%
H,S0,, and the resulting mixture was heated at 160 °C in an oil bath with constant stirring till
solid goes into solution. The reaction mixture was then allowed to cool to room temperature,
diluted with 30 ml of water and neutralized with 20% NaOH solution. The resulting amine
was then extracted with 3 X 50 ml portions of dichloromethane. The combined organic
extracts were washed with brine (100 ml), dried over anhydrous sodium sulphate and
concentrated under reduced pressure. The residue was purified by column chromatography on
neutral alumina to give 0.75 g (~65%) of the desired amine Ls. FT-IR: 1561, 1484, 1307,
1121, 719 cm™. '"H-NMR (400 MHz, CDCls): §,,m, 2.70 (s, 4H), 2.63 (q, 4H), 1.60(s, 1H),
1.08(t, 6H). "C-NMR (100 MHz, CDCI3): &, 49.26, 44.23, 15.30; (m+1)/z: 117.21.
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Figure A3.1: FT-IR spectrum of T-1 in KBr pellet.
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Figure A3.9: FT-IR spectrum of Ls in KBr pellet.
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Figure A3.12: ESI-Mass spectrum of Lsin methanol.
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Synthesis of ligands L

Ligand Lg was synthesized in three steps (scheme A3.2):

O\\S 20
a”
H
NH, Pyridine, KOH, 50°C, 2 hr Ts N
HZN/\/ + 2 » \N/\/ ST
H
Trosylate
TsCl T-1

Isobutyl Bromide,
KOH,
DMF, 5 hr

Ts N
0% H,SO,/1,0, 160°C N7 ">
2 hr

N
N/\/ e
H
L T-3

Scheme A3.2

Step 1. Tosylation of ethylenediamine:

Same as in the case of synthesis of Ls

Step II: Isobutylation of T-1:

The experimental procedure preparation of T-3 is similar as the Step II in the case of Ls. Only
the difference is instead of ethyle iodide we have used here isobutyl bromide.

Yield: 2.65g (72%) of T-3 as a colorless crystalline solid. Its structure was also determined by
the X-ray single structure. FT-IR: 1344, 1157, 1005,725, 654 cm’. '"H-NMR (400 MHz,
CDCl): 8pm, 7.65(d, 4H) 7.30(d, 4H), 3.18(s, 4H). 2.83(d, 4H), 2.41(s, 6H), 1.86(m, 2H)
0.917d, 6H). "C-NMR (100 MHz, CDCI3): Oppm, 143.67, 135.71, 129.93, 127.45, 58.24,
49.38, 27.45, 20.191.

Hydrolysis of T-3:
Yield: 0.56 g (32%) of the desired amine L¢. FT-IR: 2957, 2923, 2853, 1465, 1089 cm’', 'H-
NMR (400 MHz, CDCls): §,pm, 2.65 (s, 4H), 2.37 (d, 4H, J =8.0 Hz), 1.69(m, 2H), 0.85(d,
12H, J =8.0 Hz). "C-NMR (100 MHz, CDCI3): §,,m, 58.08, 49.47, 28.42, 20.80; (m+1)/z:
173.21.
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Figure A3.16: ORTEP diagram of T-3 [a (-X, 1-y, -z) symmetry transformation is implied by

Table AS5.1: Crystallographic Data for T-3.

TH-1078_07612220

each additional atom level] (50% thermal ellipsoid plot).

T-3
Formulae Cy4H36N-S,0,
Mol. wt. 480.67
Crystal system Triclinic
Space group P-1
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 5.3633(2)
b/A 9.9606(5)
c/A 12.5886(5)
o/° 91.902(3)
p/e 98.241(3)
v/° 97.192(3)
v/ A’ 659.43(5)
Z 1
Density/Mgm 1.210
Abs. Coeff. /mm’"' 0.232
Abs. correction None
F(000) 258
Total no.of reflections 2151
Reflections, I > 20(1) 1545
Max. 26/° 25.00
-6 <=h <=6
Ranges (h, k, 1) -10<=k <=11
-ld<=1<=14
Complete to 20 (%) 92.5%
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Figure A3.17: FT-IR spectrum of Lg in KBr pellet.
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Figure A3.20: ESI-Mass spectrum of Lgin methanol.

Table A3.2. Crystallographic data for complexes 4.1, 4.2 and 4.3.

TH-1078_07612220

Complex 4.1 Complex 4.2 Complex 4.3
Formulae Cg H24C12 Cu N4 Og C12H36C12C11 N4O]0 C20 H4g Clz Cu N4 Og
Mol. wt. 438.75 530.89 607.06
Crystal system | Monoclinic Monoclinic Orthorhombic
Space group Cc P2(1)/c Pbca
/lemperat“re 296(2) 296(2) 296(2)
Wavelength /A | 0.71073 0.71073 0.71073
a/A 8.6311(3) 7.3704(5) 14.8346(5)
b/A 13.7336(3) 9.9384(7) 16.8936(6)
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c/A 15.1029(5) 16.4246(10) 24.3560(8)
o/° 90.00 90.00 90.00
/e 95.7460(10) 107.915(4) 90.00
v/° 90.00 90.00 90.00
v/ A’ 1781.24(9) 1144.77(13) 6103.9(4)
Z 4 2 8
Density/Mgm™ | 1.636 1.540 1.321
Abs. Coeff. 1.568 1.240 0.935
/mm
Abs. ) None None None
correction
F(000) 908 558 1992
Totalno.of e 2846 7590
reflections
Reflections,

. 2734 2491 7
> 20(1) 73 9 356
Max. 20/° 25.49 28.36 28.31
Ranges (h, k -10 <=h <=8 -9<=h<=9 -19<=h<=19
D & "l -16<=k <=16 -13<=k <=13 22 <=k <=22

-17<=1<=18 2l <=1<=21 3l<=1<=32
Complete to
20 (%) 97.2% 99.4% 99.9%
Refinement Full-matrix least- Full-matrix least- Full-matrix least-
method squares on F 2 squares on FZ squares on F z
Goof (F%) 0.935 1.064 1.006
Rin 0.0381 0.0225 0.0686
R indices [/ >
.032 .0397 y

20(1)] 0.0329 0.039 0.0560
Rindices @ll 1 ; 1335 0.0446 0.1379
data)

Table A3.3. Selected bond lengths (A) for complexes 4.1, 4.2 and 4.3.

TH-1078_07612220

Complex 4.1 Complex 4.2 Complex 4.3
Cul-N1 2.042(4) 2.069(2) 2.046(3)
Cul-N2 2.045(4) 2.026(2) 2.055(3)
Cul-N3 2.043(4) - 2.058(3)
Cul-N4 2.036(3) - 2.056(3)
N1-C1 1.468(9) - -
NI1-C2 1.505(8) - -
N1-C3 - 1.485(3) -
N1-C5 - - 1.479(5)
N2-C3 1.469(7) - -
160
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N2-C4 1.483(8) 1.489(3) -
N2-C6 - - 1.479(4)
N3-C5 1.475(7) - -
N3-C6 1.501(6) - -
N3-Cl15 - - 1.490(5)
N4-C7 1.477(6) - -
N4-C8 1.466(6) - -
N4-C16 - - 1.471(4)
C2-C3 1.49(1) - -
C3-C4 - 1.501(4) -
C5-C6 - - 1.493(6)
C6-C7 1.479(7) : _
CI5-Cl6 - - 1.480(6)

Table A3.4. Selected bond angles for complexes 4.1, 4.2 and 4.3.

Complex 4.1 Complex 4.2 Complex 4.3
N1-Cul-N2 84.9(2) 85.6(7) 85.1(1)
N1-Cul-N4 95.1(1) - -
N1-Cul-N3 - - 97.5(1)
N2-Cul-N3 94.3(1) - -
N2-Cul-N4 - - 93.4(1)
N3-Cul-N4 85.7(1) - 85.3(1)
Cul-N1-C2 105.5(3) - -
Cul-N1-C3 - 105.6(2) -
Cul-N1-C5 - - 105.9(2)
Cul-N2-C3 107.8(3) - -
Cul-N2-C4 - 107.0(1) -
Cul-N2-C6 - - 107.2(2)
Cul-N3-C6 106.3(3) - -
Cul-N3-C15 - - 104.8(2)
Cul-N4-C7 105.8(3) - -
Cul-N4-C16 - - 107.2(2)
N1-C2-C3 108.2(5) - -
N1-C3-C4 - 108.6(2) -
N1-C5-C6 - - 108.9(3)
N2-C3-C2 108.1(5) - -
N2-C4-C3 - 108.7(2) -
N2-C6-C5 - - 109.4(3)
N3-C6-C7 108.9(4) - -
N3-C15-C16 - - 109.9(3)
N4-C7-C6 108.8(4) - -
N4-C16-C15 - - 109.2(3)
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Table A3.5. Crystallographic data for L.

L,
Formulae C;HigN; O,
Mol. wt. 146.16
Crystal system Monoclinic
Space group 2/c
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 5.7944(6)
b/A 10.0079(6)
c/A 13.3326(11)
o/° 90.00
p/e 97.710(6)
v/° 90.00
v/ A’ 766.16(11)
Z 4
Density/Mgm 1.267
Abs. Coeff. /mm” 0.102
Abs. correction None
F(000) 312
Total no.of reflections 879
Reflections, I > 20(I) 482
Max. 26/° 27.43
-5<=h<=7
Ranges (h, k, 1) -12<=k <=7
17 <=1<=17
Complete to 20 (%) 99.8%
Refinement method Full-matrix 2 foast-
squares on F°
Goof (F°) 1.145
R indices [1 > 20(I)] 0.0638
R indices (all data) 0.0984
Table A3.6: Selected bond length (A) and angle (°) of L/
Bond lengths(A) Bond angles (°)
NI1-N2 1.323(3) N1-N2-O1 112.8(3)
N2-0O1 1.220(4) N2-N1-C1 115.2(2)
N1-C1 1.442(3) N2-N1-C2 122.1(2)
NI1-C2 1.442(3) - -

TH-1078_07612220

162



Appendix 11

84 -

%T

" e

76 -
/N\/\N/ 1449 cm™
H
74 r T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm)
Figure A3.21: FT-IR spectrum of L, in KBr pellet.
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Figure A3.22: '"H-NMR spectrum of L, of in CDCl.
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Figure A3.23: BC-NMR spectrum of L4’ of in CDCls;.
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Figure A3.24: ESI-mass spectrum of L, in methanol.
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Figure A3.25: FT-IR spectrum of L,” in KBr pellet.
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Figure A3.26: "H-NMR spectrum of Lg’ of in CDCls. The presence of extra signals in 'H-
and ">C- NMR spectra are due to isomeric impurities."
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Figure A3.27: "C-NMR spectrum of L;” of in CDCl;. The presence of extra signals in 'H-

and °C- NMR spectra are due to isomeric impurities.'
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Figure A3.28: FT-IR spectrum of Ls in KBr pellet.
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Figure A3.29: 'H-NMR spectrum of Ls' of in CDCl;.
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Figure A3.30: BC-NMR spectrum of L5’ of in CDCls;.
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Figure A3.31: ESI-mass spectrum of Ls' in methanol.
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Figure A3.32: FT-IR spectrum of Ls” in KBr pellet.
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Figure A3.33: "H-NMR spectrum of Ls” of in CDCl;. The presence
and ’C- NMR spectra are due to isomeric impurities.'
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Figure A3.34: *C-NMR spectrum of Ls” of in CDCl;. The presence of extra signals in 'H-

and °C- NMR spectra are due to isomeric impurities.'
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Figure A3.35: ESI-Mass spectrum of Ls” in methanol.
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Figure A3.36: FT-IR spectrum of L¢ in KBr pellet.
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Figure A3.37: "H-NMR spectrum of L¢ of in CDCl;. The presence of extra signals in 'H- and
C- NMR spectra are due to isomeric impurities.'
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Figure A3.38: "C-NMR spectrum of L¢ of in CDCl;. The presence of extra signals in 'H-

and "°C- NMR spectra are due to isomeric impurities."
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Figure A3.39: ESI-Mass spectrum of Lg' in methanol.
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Figure A3.40: FT-IR spectrum of L in KBr pellet.
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Figure A3.41: '"H-NMR spectrum of L¢’ of in CDCl;. The presence of extra signals in 'H-
and °C- NMR spectra are due to isomeric impurities.'
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Figure A3.42: BC-NMR spectrum of L6” of in CDCls;.
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Figure A3.43: ESI-Mass spectrum of L’ in methanol.

Reference:

1. Harris, R. K.; Spragg, R. A. J. Mol. Spect. 1969, 30, 77.
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Table A4.1. Crystallographic data for complex 5.1

Complex 5.1
Formulae Ci, Hi6 Cl, Cu Ny Og
Mol. wt. 478.78
Crystal system Triclinic
Space group P-1
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 7.6342(6)
b /A 7.9821(6)
c/A 7.9904(7)
o/° 106.742(4)
p/e 95.757(4)
v/° 108.833(3)
v/ A’ 431.15(6)
Z 1
Density/Mgm 1.844
Abs. Coeff. /mm” 1.629
Abs. correction None
F(000) 243
Total no.of reflections 1265
Reflections, I > 20(1) 1155
Max. 26/° 25.00
-7<=h<=9
Ranges (h, k, 1) O<=k <=8
-6<=1<=9
Complete to 20 (%) 82.8%

Refinement method

Full-matrix least-
squares on F

Goof (F°) 1.274
R indices [I > 20(I)] 0.0607
R indices (all data) 0.0642
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Table A4.2: Selected bond length (A) and angle (°) of complex 5.1

Bond lengths(A) Bond angles (°)
Cul-N1 2.000(8) N1-Cul-2N 81.0(3)
Cul-N2 2.022(8) Cul-N1-C5 115.0(6)
N1-C5 1.333(9) Cul-N2-C6 109.5(7)
N2-C6 1.46(1) N1-C5-C6 115.4(8)
C5-C6 1.50(2) N2-C6-C5 109.6(8)
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Figure A4.1: FT-IR spectra of complexes (a) 5.1 and (b) 5.2 in KBr pellet.
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Figure A4.2: FT-IR spectrum of L, in KBr pellet.
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Figure A4.3: '"H-NMR spectrum of L7’ in CDCl;.
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Figure A4.5: ESI-Mass spectrum of L, in Methanol.
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Figure A4.6: FT-IR spectrum of Lg in KBr pellet.
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Figure A4.8: BC-NMR spectrum of Ls’ in CDCl;.
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Figure A4.9: ESI-Mass spectrum of L' in methanol.
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Synthesis of ligand L:

The ligand L;y was synthesized using the following procedure.

Ligand L9 was synthesized in three steps (scheme AS5.1):

cl
Ox¢=0
HO
NH, NI
~ Pyridine, KOIT, 50°C, 2 hr | A S

N _N 0o

Trosylate

T-4

Ethyl Iodide,
KOIL,
DMF, 5 hr

L

==
=Q

72}

AN N~ 80%HS04/H0, 160°C O/\/N\
N 2 hr N

Ly T-5
Scheme A5.1

A

@)

Step 1. Tosylation of 2-(2-aminoethyl)-pyridine:

A 250-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser and a rubber septum was charged with 2-(2-aminoethyl)-pyridine (0.736 g; 6.0
mmol), pyridine (20 ml) and potassium hydroxide (1.01 g; 18.0 mmol). The mixture was
stirred and cooled in an ice bath while 3.43 g (18.0 mmol) of tosyl chloride was added over a
period of 5 min. After 5 min, the ice bath was removed and the reaction mixture was heated to
50 °C in an oil bath for 2 h with constant stirring. The reaction mixture was allowed to cool to
room temperature was then poured into 20 ml ice-cold water. The crude tosylated product was
obtained as whitish precipitate. The precipitate was purified by column chromatography using
hexane to give 1.45 g (~ 87%) of 2-(N-p-methylbenzenesulfonamide-2-aminoethyl)-pyridine
(T-4). FT-IR: 3064(m), 1597(m), 1325(s), 1156(m), 1082(s), 550(s) cm”. 'H-NMR (400
MHz, CDCly): O,pm 8.43(d, 1H), 7.70(d, 2H), 7.55(t, 1H), 7.24(d, 2H), 7.11(t, 1H),
7.05(d,1H), 3.32(q, 2H), 2.90(t, 2H), 2.37(s, 3H) . "C-NMR (100 MHz, CDCL): 8, 159.04,
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149.19, 143.30, 137.32, 136.93, 129.79, 127.22, 123,72, 121.92, 42.43, 36.42, 21.65.
(m+23)/z: calculated 299.07; found 299.14.

Step II: Ethylation of T-4:

A 250-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser and a rubber septum was charged with 0.829 g (3.0 mmol) of T-4, 1.1 g (21.0
mmol) of potassium hydroxide, and 20 ml of anhydrous dimethylformamide (DMF). To this 2
g (12.0 mmol) ethyl iodide was added over a period of 5 min and the resulting mixture was
heated at 60 °C in an oil bath for 4h. The reaction mixture was then allowed to cool to room
temperature, diluted with 250 ml of water, and extracted with CHCl; (100 ml x 3 portions).
The combined organic extracts were washed with brine (100 ml), dried over anhydrous
sodium sulphate and concentrated under reduced pressure to give pale yellow oil. The oil was
purified by column chromatography on neutral alumina to give 0.69 g (~86%) of T-S as a
viscous pale yellow liquid. FT-IR: 2925(m), 1594(m), 1336(s), 1156(s), 550(s) cm™. '"H-NMR
(400 MHz, CDCl;): 8,pm. 8.46(d, 1H), 7.65(d, 2H), 7.56(t, 1H), 7.24(d, 2H), 7.16(d, 1H),
7.08(t, 1H), 3.47(t, 2H), 3.16(q, 2H), 3.02(t, 2H), 2.12(s. 2H), 0.99(t, 3H). "C-NMR (100
MHz, CDCl5): 8,pm, 156.65, 149.30, 143.19, 136.98, 136.58, 129.65, 127.11, 123.76, 121.64,
47.50, 43.421, 38.07, 21.48, 13.91. (m+1)/z: calculated 305.12; found 305.18.

Step I11. Hydrolysis of T-5:

A 100-ml two-necked round-bottomed flask equipped with a magnetic stirring bar, reflux
condenser, and a rubber septum was charged with 3.04g (10.0 mmol) of T-5, 17 ml of 80%
H,S0,, and the resulting mixture was heated at 160 °C in an oil bath with constant stirring till
solid goes into solution. The reaction mixture was then allowed to cool to room temperature,
diluted with 30 ml of water and neutralized with 20% NaOH solution. The resulting amine
was then extracted with 3 X 50 ml portions of dichloromethane. The combined organic
extracts were washed with brine (100 ml), dried over anhydrous sodium sulphate and
concentrated under reduced pressure. The residue was purified by column chromatography on
neutral alumina to give 0.65 g (~43%) of the desired amine Ly9. FT-IR: 2971(m), 1595(m),
1382(s) cm™. '"H-NMR (400 MHz, CDCly): §,,, 8.48(d, 1H), 7.56(t, 1H), 7.15(d, 1H), 7.08(t,
1H), 3.02(t, 2H), 2.99(t, 2H), 2.70(q, 2H), 1.09(t, 2H). "C-NMR (100 MHz, CDCI3): §,,m,
159.75, 148.75, 135.81, 122.73, 120.56, 48.69, 43.42, 37.92, 14.71; (m+1)/z: calculated
151.12; found 151.11.
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Figure AS.1: FT-IR spectrum of T-4 in KBr pellet.
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Figure AS5.2: "H-NMR spectrum of T-4 in CDCls.
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Figure AS5.3: BC-NMR spectrum of T-4 in CDCls.
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Figure AS5.4: ESI-Mass spectrum of T-4 in methanol.
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Figure AS.5: FT-IR spectrum of T-5 in KBr pellet.
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Figure AS.6: "H-NMR spectrum of T-5 in CDCls.
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Figure A5.7: "C-NMR spectrum of T-5 in CDCl.

100+

30518
124.10
ls08.10
25.11 32718
27818 5.8
pe 7l
I | ok

00

||||||

600 €50 | 70D | 750 800 850 900 960 1000

Figure AS5.8: ESI-Mass spectrum of T-5 in methanol.
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Figure AS5.9: FT-IR spectrum of L;o in KBr pellet.
[
f & H a
g TR \//
| d b
h =N H
1 ]
ly
- -
M 3.0 25
d [+
: S — S .
7.6 7.4 7.2 7.0 b
f\ 14 t
f
i h E |
. \ ,
JL _J _J ]
L B S B s m e B B S S L T - v

13 12 11 10 9 '8 1 6 s

Figure A5.10: 'H-NMR spectrum of Ly in CDCls.
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Figure A5.11: BC-NMR spectrum of Ly in CDCls.
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Figure AS5.12: ESI-Mass spectrum of L;4in methanol.

Table AS.1. Crystallographic data for complex 6.1

TH-1078_07612220

Complex 6.1

Formulae Ci4 Hig Cl, Cu Ny Og
Mol. wt. 502.76
Crystal system Triclinic
Space group P1
Temperature /K 296(2)
Wavelength /A 0.71073
a/A 7.9150(11)
b /A 8.1101(13)
c/A 8.3258(15)
o/° 107.969(11)
pre 97.906(11)
v/° 104.422(10)
v/ A 478.84(14)
Z 1
Density/Mgm"™ 1.743
Abs. Coeff. /mm 1.303
Abs. correction None
F(000) 206
Total no.of reflections 2541
Reflections, I > 20(1) 1956
Max. 26/° 28.57
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-10<=h<=10
Ranges (h, k, I) -8<=k <=10
O<=1<=8
Complete to 20 (%) 72.6%
Refinement method l;lll—matrlx least-squares on
Goof (F°) 1.102
R indices [I > 20(1)] 0.0579
R indices (all data) 0.0819
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Figure A5.1: FT-IR spectrum of Ly in KBr pellet.
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Figure AS.2: '"H-NMR spectrum of Lg’ in CD;Cl.
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Figure A5.3: "C-NMR spectrum of Ly in CD;Cl.

250.012 (m+23) peak

100
‘ S | =
| /N N P
228.047) (m+1) peak
217.037
185,048
o 'L"M".“.‘.‘.“.‘_.....................m
100 300 500 700 9200

Figure A5.4: ESI-Mass spectrum of L' in methanol.
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Figure A5.5: FT-IR spectrum of Ly” in KBr pellet.
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Figure AS.6: '"H-NMR spectrum of Lg” in CD;Cl.
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Figure AS.7: BC-NMR spectrum of L9” in CD;Cl.
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Figure AS5.8: ESI-Mass spectrum of Lg” in methanol.
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Figure A5.9: FT-IR spectrum of L,y in KBr pellet.
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Figure A5.10: '"H-NMR spectrum of L,o in CD,CL
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Figure AS5.11: BC-NMR spectrum of Llo’ in CD;CI.
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Figure AS5.12: ESI-Mass spectrum of L10’ in methanol.
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