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Synopsis

The thesis entitled, “Development of fluorescent sensors for reactive nitrogen species like
nitric oxide and nitrite ion” is divided into five chapters.

Chapter 1: Introduction

Nitric oxide (NO) is produced in biological systems by nitric oxide synthases (NOS)."? It is
now well-established that NO is an important signaling agent in the immune, cardiovascular,
and nervous system.“’6 However, the mechanisms by which NO performs its diverse
biological roles remain elusive. To understand the origin, activities, and biological functions
of NO there have been continuous search for methods and tools that can sensitively and
selectively probe it in biological systems.”"" A NO sensor needs to have several requirements
to be useful in biological systems, e.g. it should be biocompatible, non-toxic, specific, fast
and can detect NO directly. Fluorescence techniques have been found as the most suitable

12-14 -
Since

one for sensing NO because of their sensitivity and high spatiotemporal resolution.
the early examples of fluorescence-based NO sensors such as o-diaminonaphthalene (DAN)
and o-diaminofluoresceins (DAFs), a number of fluorescent probes have been reported till
date.”?® Reduction of Cu(Il) centre by NO has been utilized to develop fluorescent sensors.
The quenched fluorescence intensity of a fluorescent ligand (FL) upon complexation with
paramagnetic Cu(Il), restoring back after the reduction of Cu(Il) to Cu(I) by NO. The facile
and faster reduction of Cu(Il) to Cu(I) is one of the major criteria for this detection process.
Hence the development of suitable Cu(Il) complexes with fluorogenic ligand frameworks are
very important. On the other hand, quantitative NO measurement via fluorimetry is a
challenging task because of the lack of probes that display high specificity. A very high
specificity for NO could be achieved if the chromophore/fluorophore of the probe is not

assembled until the assembly process is triggered by the unique reactivity of NO. Moreover,

an increase in conjugation would be expected to yield an advantageous red-shifted turn on

10
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signal. In this direction second chapter of this thesis, describes a mechanism for NO detection
with a framework, which displays a rapid and linear response to NO with turn on
fluorescence signal from dark background. Chapter 3 describes the fluorescence based NO
detection of a copper(Il) complex of naphthol derivative. The development of a copper(Il)
complex as bio-compatible NO sensor has been described in chapter 4.

On the other hand, nitrite ions are not very well known to reduce Cu(Il) to Cu(l). In Cu(Il)
complexes of ligands having o-/ unsaturated ketone framework, it has been found that Cu(II)
centre undergoes reduction by NO,". This phenomenon may be utilized to develop selective
sensor for NO, like NO. Chapter 5 describes the examples of selective NO, sensors based on

the reduction of Cu(Il) by NO, ion methodology.

Chapter 2: Selective chromogenic and fluorogenic probe for nitric oxide from dark
background

Sodium 5-aminonaphtalene-1-sulfonate (ANS) and Sodium 6-amino-4-hydroxynaphthalene-
2-sulfonate (AHS) were found to undergo very fast reaction with NO in aerobic condition to

produce AZO-ANS and AHS-OH respectively.

SO;Na OH
2@ -
NaO,S

NH,
ANS AHS

Figure 2.1: Fluorophores used for the present study.

In UV-visible spectroscopy upon addition of NO with ANS in an aerobic condition, a new
band around 480 nm slowly developed (Figure 2.2). The new band at 480 nm was attributed

to the formation of new molecule AZO-ANS. The mechanism is shown in scheme 2.1.

11
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Figure 2.2: UV-visible spectra of ANS (dashed line) and after addition of NO (solid lines) in
aerobic condition in methanol medium.

SOaNa 5031\a sog\za SOsNa
HN—\I N—/N
OH
AZO-ANS
Scheme 2.1

ANS has an absorption band with Ay at 335 nm in methanol solution. Upon excitation at
335 nm, it shows significant fluorescence emission centred at 475 nm in methanol at room
temperature. The quantum yield was found to be 0.237 in methanol with respect to quinine
sulphate. The fluorescence emission band of ANS centred at 475 nm was found to disappear
upon addition of NO (Figure 2.3, a). When excited at 480 nm, a significant fluorescence
enhancement of 8 fold at 580 nm was observed from the dark background (Figure 2.3, b).
This was attributed to AZO-ANS. To study the selectivity of the probe with the other
competitive reactive oxygen and nitrogen species, the fluorescence study has been done with
~ 100 fold excess of H,O,, KO,, NO,, NOs however, no detectable fluorescence was
observed in any case suggesting a high selectivity towards NO.

12
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Figure 2.3: (a) Fluorescence spectra of ANS (solid line) (Aex, 335 nm) and after addition of
leq of NO (dashed line) in methanol medium. (b) Fluorescence enhancement (A, 480 nm)
of ANS before (solid line) and after addition of NO (dashed lines) in aerobic condition in
methanol medium.
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On the other hand fluorophore AHS shows an absorption band at 320 nm in the UV-visible
spectroscopy in methanol solution. A color change from light-yellow to deep-red was
immediately observed after addition of NO gas into a solution of AHS in methanol. In UV-
visible spectroscopy addition of NO in aerobic condition, developed a new band at 450 nm in
methanol solution. This band was presumably due to the formation of N-nitrosamine
intermediate. Immediately, the band at 450 nm disappeared and a new band around 530 nm
slowly developed (Figure 2.4). The red shifting of the absorption wavelength was due to the

formation of a new molecule as shown in scheme 2.2.

Absorbance

360 4(‘)0 5(‘10 GlI)O 7;)0 8(‘)0
Wavelength(nm)
Figure 2.4: UV-visible spectra of AHS (dashed line) and after addition of NO in aerobic
condition (solid lines) in methanol medium.
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Scheme 2.2

AHS has an absorption wavelength at 320 nm. Upon excitation at 320 nm, it shows
significant fluorescence emission centred at 410 nm in methanol or water at room
temperature. The quantum yield was found to be 0.207 and 0.254, in methanol and water
respectively. The fluorescence emission band of AHS centred at 410 nm was found to
disappear upon addition of NO (Figure 2.5, a). But immediately fluorescence starts appearing

from a dark background at 350 nm (Figure 2.5, b).
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(a) (b)
Figure 2.5: (a) Fluorescence spectra of AHS (Aex, 320 nm) (red line) and after addition of
leq of NO (black line) in methanol medium. (b) Fluorescence enhancement (Aex, 320 nm) of
AHS before (solid line) and after addition of NO (dashed lines) in aerobic condition in
methanol medium.
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Thus, ANS and AHS selectively detect NO in an aerobic condition to form two new products
which are characterized by different spectroscopic techniques. The fluorescence and UV-

visible absorbance come from a dark background due to the formation of new molecules.

Chapter 3: Fluorescence based nitric oxide detection of a copper(Il) complex of
naphthol derivative

Cu(I) complex of 4-amino-3-hydroxy-1-naphthalene sulphonic acid (AHNS) was
synthesized (Scheme 3.1). The complex was characterized by various spectroscopic analyses

as well as by elemental analysis.

SO,H
SO.H
o
MeOH H,N__ /
2 + Cu(Cl0y,6H,0 ———» Cu—_ + 2HCIO, + G6H,0
OH Reflux (1h) | NH:
” °
SO,H
AHNS
31
Scheme 3.1

Solution conductivity measurement in methanol indicates the neutral nature of the complex
3.1. The absence of perchlorate vibration in the FT-IR spectrum of complex 3.1 is also in
accord with the phenolate binding of the ligand to metal center. Complex 3.1 in methanol
shows an absorption at 480 nm (g, 1016 M cm™) in the UV-visible spectroscopy with strong
intra-ligand transitions in the UV region. This 480 nm band is attributed to the phenolate —
Cu" charge transfer transition.

Addition of NO gas to a degassed methanol solution of complex 3.1 resulted in the shift of
the band at 480 nm to 440 nm with the concomitant formation of other band at 617 nm,
(Figure 3.1, a). The intensity of the band at 617 nm was found to decrease with time,

indicating the presence of an unstable intermediate (Figure 3.1, b). Presumably, the

15
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intermediate corresponds to [Cu-NO] species which decomposes to result in Cu(I) with

simultaneous nitrosation of a substrate (e.g. solvent or ligand).
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Figure 3.1: (a) UV-visible spectra of complex 3.1 before (blue line) and after (black lines)
purging NO in methanol. (b) UV-visible spectra of intermediate [Cu’-NO] species (solid

line) and it’s decay (dashed lines) in methanol.

Wavelength(nm)

The formation of the [Cu"-NO] intermediate was further supported from the solution FT-IR
spectroscopic studies. In FT-IR spectroscopy, upon addition of NO to the methanol solution
of complex 3.1, a new strong frequency at 1650 cm’ appeared which attributed to the

coordinated NO stretching in the corresponding [Cu"-NO] species (Figure 3.2).
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Figure 3.2: Solution FT-IR spectra of complex 3.1 before (magenta) and immediately after
(red) purging NO gas in methanol.
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This band disappeared with time indicating the unstable nature of the intermediate. It should
be noted that NO in methanol gives band at 1610 cm’ in solution FT-IR spectrum. The
reduction was further confirmed by X-band EPR studies.

Removal of copper ion from the reaction mixture followed by isolation and characterization
of the modified ligand suggests the formation of 4-amino-3-hydroxy-1-nitrosonaphthalene

(Scheme 3.2).

i SO.H

OH
HN NH,
| —o SO,;H
_Cu I + + Cul) + soaf
0 + oN
C NH, H,N
OH

Scheme 3.2. Probable mechanism of the reaction

ON

HO,S

The formation of SOj; in the reaction mixture was confirmed by trapping it in BaCl, solution.
The free ligand was found to be fluorescent. Since the free ligand was not highly soluble in
methanol, for fluorescence study the mono-sodium salt of the ligand (NaAHNS) was used.
The fluorescence emission band of NaAHNS centered at 435 nm was found to disappear
upon addition of equivalent amount of Cu(Il) ion (Figure 3.3, a). Addition of NO gas to this
solution restored the emission; however, much less intense. This is because of the formation

of 4-amino-3-hydroxy-1-nitrosonaphthalene (Figure 3.3, b).

17
TH-1432_10612216



1000

800 =

400 4

200 100 4

T T » |
600 650 00 750 800
Wavelength(nm)

T T
T T T T 1
400 450 500 550 600 so0 550

Wavelength(nm)

(a) (b)

Figure 3.3: (a) Fluorescence responses upon excitation at 350 nm for 20 uM solution of free
ligand (black line) and after addition of 10 uM of Cu(ClO,),.6H,0 (blue line) in methanol.
(b) Fluorescence enhancement upon excitation at 440 nm of 20 uM solution of complex 3.1
(solid line) and after addition of 1 equivalent of NO (dashed lines) in methanol with time.

Complex 3.1 reacts with NO in methanol solution to form [CuH—NO] intermediate species.
This intermediate decomposes rapidly to offer Cu(I) and aromatic C-nitrosation reaction

through desulphonation of the ligand. The C-nitroso product is responsible for fluorescence

enhancement. Hence complex 3.1 can be used as a fluorescence based NO sensor.

Chapter 4: Copper(II) complex as a selective turn on fluorosensor for nitric oxide and
its intracellular application

In this chapter a highly water soluble Cu(ll) complex of a fluorophore ligand 4-(2-
hydroxybenzylamino)-5-hydroxynaphthalene-2,7-disulfonic acid (HBNS) was synthesized
and characterized.

The complex 4.1 was characterized by various spectroscopic analyses as well as by elemental

analysis. Complex 4.1 in methanol shows an absorption at 460 nm (g, 2,500 M'em™) in UV-

HO,S l SO,H

I

NH OH
~_-OH
a )

Figure 4.1: Ligand HBNS used for the present study.
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visible spectroscopy with strong intra-ligand charge transfer bands. The 460 nm band is due
to the phenolate-Cu(Il) charge transfer transition. Solution conductivity shows the neutral
nature of the complex. The absence of perchlorate vibration in the FT-IR spectrum also

supports the phenolate binding of the ligand to copper center. The X-band EPR spectrum of

the complex was recorded in methanol at 77 K and the calculated values are, g, 2.402, g,

2.100 and A}, 122 x 10* cm™ . The values confirm that Cu(Il) is in square planar geometry.

Addition of NO was found to induce reduction of Cu(Il) to Cu(I). This has been evidenced by
UV-visible and X-band EPR spectroscopic techniques (Figure 4.2, a and 4.2, b).

2.0
|
1500

i
154 7 1000

5004

Intensity

0

Absorbance

-500

in
1

-1000 4

0.0 -1500

T T T T T T T d T T T 1
400 500 600 700 800 200 1000 1100 250 300 350 400

Wavelength(nm) Field/ mT

(a) (b)
Figure 4.2: (a) UV-visible spectra of complex 4.1 before (solid line) and after addition of NO

(dashed line) in methanol. (b) X-band EPR spectra of complex 4.1 in methanol before (solid
line) and after (dotted line) addition of NO at 298 K.

Ligand HBNS shows fluorescence emission centred at 410 nm upon excitation at 320 nm in
methanol solution at room temperature. The quantum yield was found to be 0.21 in methanol
with respect to quinine sulphate. The fluorescence emission of HBNS centred at 410 nm was
found to quench significantly (90%) upon the addition of equivalent amount of Cu(Il) ion in
methanol medium (Figure 4.3, a). Addition of NO gas to this solution restored the emission
intensity from a dark background (Figure 4.3, b). The blue shifting of the emission wave
length was attributed to the modification of the ligand framework after reaction of the

complex with NO gas. The restored intensity in the complex 4.1 starts appearing within 10

19
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seconds of NO addition and becomes (9+1) fold increment of fluorescence intensity in 10

minutes.
o e
"N NO(g) ON
N. O =N OH
Cu\X —""“ hanol Cu() +

6 Methano OH

X=Methanol 4.1 HBNS-NO
Non- fluorescent Highly fluorescent

Scheme 4.1
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Figure 4.3: (a) Fluorescence responses (Ae, 320 nm) for 20 UM solution of free ligand,
(black line) and after addition of 20 uM of Cu(ClO4),.6H,O in methanol (blue line). (b)
Fluorescence responses (Aex, 320 nm) of deoxygenated methanol solution of complex 4.1 (20
UM) before (solid line) and after (dashed lines) purging of 1 equivalent of NO at 2, 4, 6, 8
and 10 minutes at 298 K.

The ability of complex 4.1 to detect NO encourages to study in vitro. SK-N-SH human
neuroblastoma cell line was used for the present study as in this cell line ¢cNOS can be
activated by estrogen to produce NO. 17-f estradiol activated SK-N-SH cells were incubated
with 10 UM complex 4.1. On excitation at 320 nm, the activated cells without complex 4.1
did not show any fluorescence (Figure 4.4, A bottom); whereas the complex 4.1 incubated
cells, after washing with cold PBS for three times, displayed significant fluorescence (Figures

4.4, B and 4.4, C).

20
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Time(min) 0Min SMin 10Min

3

Figure 4.4: NO detection produced by cNOS. NO detection in SK-N- SH cells by complex
4.1. Left to right, 10-min incubation of complex 4.1 (10 uM) and 0, 5, 10 min after co-
treatment of complex 4.1 (10 pM) and 17-f estradiol (100 nM). Images were taken with a
fluorescent microscope (Axio, HBU 50/ AC; Zeiss, Gottingen, Germany). (Top, phase
contrast images; bottom, fluorescence images).

Thus complex 4.1 can be used as a fluorescence based NO sensor in methanol and water
medium. The NO-triggered fluorescence enhancement of complex 4.1 arises by reduction of
Cu(I) to Cu(I) with subsequent dissociation of the N-nitrosated fluorophore ligand from
copper. The selective turn on fluorogenic nature of the complex is used to visualize

endogenously produced NO in living cells.

Chapter 5: Copper(Il) complex as selective turn-on fluorescent probe for nitrite ion

In this chapter Cu(Il) complex, 5.1 with 3-(pyren-8-yl)-1-(pyridine-2-yl)prop-2-en-1-one
(PYAC) was synthesized. The ligand PYAC was prepared by stirring a mixture of acetyl
pyridine with 1-pyrenecarbaldehyde in presence of sodium hydroxide in ethanol. It was
characterized by various spectral and elemental analyses. The X-ray single crystal structure

of PYAC was determined (Figure 5.1).

21
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Figure 5.1: ORTEP diagram of ligand PYAC (50% thermal ellipsoid plot).

Complex 5.1 was prepared by stirring copper(Il) perchlorate hexahydrate with equivalent
amount of the ligand PYAC in acetonitrile (Scheme 5.1). The complex was characterized by
spectroscopic and elemental analyses. Even after several attempts the X-ray quality crystals

were not obtained.

(C10y),
CH;CN
+ Cu (Cl1Oy),. 6H,0
Stirring for 1 hr

Scheme 5.1

Complex 5.1, in acetonitrile solution displays absorption at 555 nm due to MLCT transition
from the filled up d-orbital of the metal ion to the low lying 7* orbital of the ligand. The
absorptions at 425 and 377 nm were attributed to ligand based charge transfer transitions
which were clear from the spectrum of the free ligand. In methanol, the MLCT band
appeared at 530 nm. In FT-IR spectrum of complex 5.1, the stretching frequency for C=0

group appeared at 1596 cm’ indicating that the C=0 group is bonded to the metal ion. In X-

22
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band EPR spectroscopy, the complex 5.1 displays signals at 77 K which are characteristic of
square planar Cu(Il). The calculated parameters are g;, 2.2555, g,, 2.0842 and A, 124 x 10
cm’. Addition of aqueous nitrite solution to the acetonitrile solution of complex 5.1 was
found to result in the immediate decrease of the intensity of 555 nm band in UV-visible

spectrum (Figure 5.2).

Absorbance

VTR0
‘ili;-.‘=i.

0.0

T T Y 7 T T d
300 400 500 600 700 800 900 1000
Wavelength(nm)

Figure 5.2: UV-visible spectra of complex 5.1 (solid line) and after addition of 0.5 equivalent
of aqueous NaNO, (dashed lines) at 0-10 minutes time interval in acetonitrile.

In the FT-IR spectrum of complex 5.1, a new stretching band at ~1384 cm™ appeared after

addition of nitrite (Figure 5.3). This has been assigned as the nitrate stretching frequency.

%T

80

75 4,
Vo =1384 cm

70 A

65 T T T T T T T
4000 3500 3000 2500 20010 1500 1000 500

Wave number(cm_)
Figure 5.3: FT-IR spectrum of the crude product from the reaction of complex 5.1 with
NaNO, in KBr pellet.
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During the reaction Cu(Il) is reduced to Cu(I) and nitrite ion (NO,") ion is oxidized to nitrate
(NO3"). Analysis of the reaction mixture revealed the formation of NOj;™ ion as the oxidation
product. It should be noted that the reduction of Cu(Il) to Cu(l) is one electron transfer
process, whereas the oxidation of NO, to NOj3 involves two electron transfer. Thus, only
0.5 equivalent of nitrite ion is required for the reduction of Cu(Il) center (eq. 5.1). This has

been confirmed by titrating the solution of complex 5.1 with sodium nitrite (Figure 5.4).

2 [LCu™(CH3CN)y[* + NOy+ H;0 —————» 2 [LCul(CH;CN),]* + NO;y + 2H' ...... eq (5.1)

0.40 4
0.35
0.30 4
0.25 4

0.20

Absorbance

0.15

0.10

0.05

0.00 E T T T T T
0.0 0.5 L0 L5 2.0 25 3.0

No of eq of nitrite ion
Figure 5.4: UV-visible titration plot for complex 5.1 with NaNO; in acetonitrile (considering
the band at 555 nm).

Fluorescence spectroscopic study at 298 K suggested the significant quenching (> 90%) of
fluorescence intensity of PYAC in presence of equivalent amount of Cu(Il) owing to
paramagnetic effect in acetonitrile or methanol solution (Figure 5.5, a).

Addition of 0.5 equivalent of NO,™ solution to the complex was found to restore the quenched
intensity instanteneously (Figure 5.5, b). This is attributed to the reduction of Cu(Il) center by

NO;.

24
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Figure 5.5: (a) Fluorescence responses (Aex. 425 nm) for 20 uM solution of PYAC (black
line) and after addition of 20 uM Cu(ClOy),.6H,0 (red line) in acetonitrile. (b) Fluorescence
enhancement (Aex, 425 nm) by addition of NaNO, (0.5eq) with 10 uM complex 5.1 in
acetonitrile.

Thus Cu(Il) centre in the complex of 5.1 was found to be reduced by aqueous nitrite solution
in acetonitrile solution. Simultaneous oxidation of the nitrite to nitrate was observed and
water was found as the source of oxygen. This reduction methodology was utilized to

develop fluorescence based selective sensor for nitrite ion.
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Chapter 1

Introduction

Nitric oxide (NO) has attracted enormous interest from chemists and biochemists since it has
been discovered as a signalling agent in humans.' It is also known that NO plays diverse
roles in biological processes, for instance, when produced in low concentration it regulates
vasodilatation, defence against pathogens and long-lasting enhancement in signal
transmission, however in micro molar concentration, it stimulates the reactive nitrogen
species (RNS) and causes carcinogenesis and neurodegenerative disorders.’

Most of these activities are attributed to the formation of nitrosyl complexes with metallo-
proteins, primarily iron or copper-proteins.” For example, in soluble guanylyl cyclase (sGC),"
the formation of a nitrosyl complex with Fe"" leads to labialization 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 reduction of Cu(II)
centres in some proteins, such as cytochrome ¢ oxidase and laccase, to Cu(I) on exposure to
NO has also been known for a long time.** In cytochrome c¢ oxidase, the NO mediated
reduction of Cu(Il) to Cu(l) is believed to regulate the electron transport activity of this
protein.” These essentially inspired a wide range of research to identify the precise roles of
nitric oxide in biology. Since NO is a reactive free radical and easily diffuses through most
cells and tissues, it is difficult to have methods to follow NO immediately after production.
Such methods can enhance the understanding of the various biological pathways of NO in
vivo. Thus, a selective probe to detect the formation and migration of nitric oxide with
spatiotemporal resolution directly from living cells is highly desirable compare to other

methods such as spectroscopy, chemoluminscence, EPR and amperometry.6'8
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In this aspect, the fluorescence-based detection technique is found to satisfy almost all the
requirements.7’9 Starting from the early examples of fluorescence-based sensors such as o-
diaminonaphthalene (DAN) and o-diaminofluoresceins (DAFs), a number of fluorescent
probes have been reported to date.'” However, they are unable to detect or monitor NO itself
as their fluorescence response depends on the formation of a triazole species by oxidized NO
products such as N,Os. Thus, the NO related bio-events would not be detected in real time.
Recently, a highly selective fluorescent imaging agent, NOsso, for NO has been reported

which displays a rapid and linear response with a red-shifted turn-on signal."'

NH, ‘
_.CH
-Dl; 3
CH;

CN
Figure 1.1: Structure of NOss

1.1 Early fluorometric imaging of NO
The first fluorescence-based NO sensors were originally prepared for the measurement of
nitrite (NO;) ion in solution. The sensor molecule, 2, 3-diaminonaphthalene (DAN)
undergoes diazotization at one of the amines under acidic conditions in the presence of
nitrite. Following the diazotization, 2, 3-naphthotriazole is formed (Scheme 1.1).

N

2N
H,N NH, N NH

5 e 8

Scheme 1.1

It was also observed that formation of 2, 3-naphthotriazole is pH dependent, presumably a
result of the pH dependence for the formation of the nitrosamine intermediate.'* Hirobe

proposed mechanism for triazole formation with N,O3; and N,O4, formed by the reaction of

NO with O (Scheme 1.2)."
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Accordingly a number of fluorescent probes for NO have been reported, examples using

fluoresceins (such as DAF-2 DA, Scheme 1.3), anthraquinones, rhodamines, BODIPYs and

cyanines. 117
AcoillOAC Hololo
1) NO, O,
H;N 0 > coor
2) Esterase
H,N o
2. :N\\
N-NH
DAF-2-DA DAFAT
Scheme 1.3

But there are some limitations. In the presence of H,O./peroxidase, OONO’, OH or NO,, the
intrinsically electron-rich diamino benzene moiety is oxidized to an arylaminyl radical, which
combines with NO and leads to triazole."®*° In addition dehydroascorbic acid (DHA)
condenses with ortho diamino aromatics and turns on the fluorescence of such probes.?' Eric
V. Anslyn et al sought to overcome the limitations of the ortho diamino aromatics by creating
a chemical mechanism for NO detection that eliminates the possibility of interferences. They
designed a highly selective NO responsive fluorescent probe based on this new strategy and
demonstrated its application in cellular imaging. The increase in conjugation of the probe was
to yield an advantageous red-shifted turn on signal. They avoided the highly electron rich o-
diamino aromatics in order to impede general oxidation by other reactive oxygen/nitrogen
species. Their strategy involves a cascade of reactions that commence from air oxidation of
NO. Their first embodiment of the strategy was the probe NOssy, which upon reaction with
NO was predicted to generate a diazo ring system (AZOssy, Scheme 1.4). The dimethyl
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amino and cyano groups were judiciously positioned to allow internal charge transfer upon

photo excitation.

N NOs,
NO, 0, O
-2
2 iy
o "
_CH
Y O T h
e —
|
CH, CH,
N CN

Scheme 1.4

Recently, Yun-Ming Wang and his group synthesized some NO fluorescent sensors based on
deamination of aromatic primary monoamines.*” The water soluble and nonfluorescent FA-
OMe can sense NO and form the intensely fluorescent product dA-FA-OMe via reductive
deamination of the aromatic primary mono amine (Scheme 1.5). The turn on fluorescence

signals were performed by suppression of photoinduced electron transfer (PeT).

NO/O,
oe®
0o (0] OH
FA-OMe dA-FA-OMe
Scheme 1.5
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There are several requirements for fluorescent NO sensors to be useful in biology. Probes
should be nontoxic and afford direct, fast, reversible, specific and selective NO detection. It is
preferable that they contain fluorophores that excite and emit in the visible or near infrared
region in order to avoid interference or cellular damage by UV- light. Real time imaging with
spatial resolution is desirable. The exploration of the reaction between NO and transition-
metal complexes to devise metal-based fluorescent sensors that satisfy the aforementioned

criteria.

1.2 Strategies for metal-based fluorescent NO sensors

First example of metal based fluorescent sensor was an iron complex showing the diminished
fluorescence intensity when interact with NO.*> There is another iron dithiocarbamate
complex of acridine-TEMPO ligand which also showed decrease in the fluorescence intensity
when allowed to come in contact with NO.** In both examples there is a decrease in the
fluorescence intensity but in biological systems enhancement in the fluorescence intensity
always preferred over quenching of fluorescence intensity. This approaches to develop metal-

based fluorescent NO sensors which can be categorized into the following classes:
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a) Fluorophore Displacement without Metal Reduction

FL-M™ (L) FL +  M™(L)NO)

"OFF" "ON"

b) Metal Reduction without Fluorophore Displacement
FL-M™(L) ——— FLM®D'L) + RONO + H*
HOFF“ flON"

c¢) Metal Reduction with Fluorophore Displacement

1 FL-M™(L) ———>  FL(or FLN-NO) + M®DHL)NO)
"OFF" HON”

HFL-M"() —— FLN-NO + M®D*

HOFFIF HONTF
Scheme 1.6 Strategies adopted for fluorescent NO sensing.

The general strategy for NO sensing is to coordinate a fluorophore ligand to a metal ion to
quench the fluorescence, which is restored by the interaction of NO with the metal center,
sometimes with the release of the fluorophore and concomitant emission turn on. During
metal reduction by NO, a species with NO* character can react with an amine functionality to
produce an N-nitrosamine. If the fluorophore contains a coordinated amine, it can become N-
nitrosated by an intramolecular pathway with concomitant dissociation and fluorescence
enhancement. Utilizing this strategy, Lippard and his group constructed fluorescent probe
families for imaging endogenous NO in live cells and tissue; these sensors employ Cu(Il) to

modulate NO reactivity. 2529
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FL + Cul) ——» Cu@)FL Cuf) + FLNO

Fluorescent

Non Fluorescent

X=anion
FL Cu(Il) FLL FL-NO

Scheme 1.7

To appreciate the diverse biological actions of NO, it is essential to understand not only the
biosynthesis but also the metabolism of NO and the chemistry of NO in aqueous solution. NO

in aqueous solution containing oxygen is oxidized primarily to Nitrite.

4NO + 0, + 2H,0 = 4NO;y + 4H' ......eq (L.1)

While nitrite (NO,) was for decades considered to be physiologically inert, it is now
accepted that NO, represents a stable reservoir that can be reduced to bioactive NO and other
reactive nitrogen species during hypoxia to mediate physiological signalling.30
Concentrations of the anion are maintained at low micromolar levels in tissues (1-20 uM) and

nanomolar levels in blood (100-200 nM).
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Figure 1.2: The nitrite-NO cycle.

In normoxia, NOS is functional and generates NO, which is oxidized by Mb and Hb to NO5
and by cytochrome c oxidase and ceruloplasmin to NO,. NO;™ is also derived from the diet.
In hypoxia, nitrate is reduced to nitrite by anaerobic commensal bacteria and nitrite is
reduced to bioactive NO by a number of mammalian nitrite reductase enzymes including Hb,
Mb, neuroglobin (Ngb), xanthine oxidoreductase (XOR), aldehyde oxidase (AQO), sulfite
oxidase (SO), components of the mitochondrial electron transport chain (ETC) and NOS.

Nitrite is harmful to health because of possible carcinogenic effects,” its detection and

quantification have become crucial in diverse fields,32’35

including food, environmental,
medicinal and biological analytes. While colorimetric and fluorometric detection methods
play a pivotal role in modern sensing 3637 because they often allow for a rapid qualitative and
quantitative assessment, few reports deal with nitrite sensing. The most common colorimetric
method for nitrite detection still involves the reaction of nitrite with aromatic amines to yield

an azo dye via the intermediate diazonium salt, *>* but the intricacy of the approach

precludes a fast and easy quantification. Very recently, (2-arylethynyl) anilines were shown
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to react with nitrite in aqueous acidic media to produce yellow 4(1H)-cinnolones, thus setting

up arapid (5 min) chemodosimeter.*

Ar O

=
@\/ NaNOz dr Ar
_ |
NH, HC1 NN
H

Scheme 1.8

. . ; . 4142
In literature, a number of electrochemical and colorimetric sensors have been reported.

However, all these processes have some drawbacks and one method which satisfies almost all

the requirement is a fluoremetric one.
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Chapter 2

Selective chromogenic and fluorogenic probe for nitric oxide

from dark background

Abstract

Sodium 5-aminonaphthalene-1-sulfonate (ANS) and sodium 6-amino-4-hydroxynaphthalene-
2-sulfonate (AHS) undergo very fast reaction with NO in aerobic condition to produce
sodium benzo [cd] indazole-5-sulfonate (AZO-ANS) and sodium 4, 6-dihydroxynaphthalene-
2-sulfonate (AHS-OH) respectively. The fluorescence and UV-visible absorbance appear
from a dark background due to the formation of new molecules. Excellent selectivity was

observed against other reactive oxygen/nitrogen species.
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2.1 Introduction

Nitric oxide (NO), produced by nitric oxide synthases in the biological systems, is known as
a ubiquitous signalling molecule. NO is involved in diverse physiological and pathological
pathways.1 Also studies have shown that its down-regulation is closely linked with various
pathophysiological conditions including the endothelial dysfunction, cancer and
neurodegenerative diseases.” Although NO is a key biological messenger, the mechanisms by
which it performs its diverse biological roles remain elusive. Thus, for better understanding
of NOrs origins, activities, and biological functions, it is very important to search for methods
and tools that can sensitively and selectively probe NO in biological systems. Several
techniques such as colorimetry, electron paramagnetic resonance, electrochemistry and
chemiluminescence have been developed.3 Fluorescence techniques is considered ideal for
sensing NO because of their sensitivity and high spatiotemporal resolution.*® The most
common NO detection techniques involve the use of o-diamino aromatics under aerobic
conditions.” ! They react with the oxidized products, i.e. NO" or N,O; to yield the
corresponding triazole species which are fluorescent.”""! Examples involving fluoresceines,
rhodamines, cyanines, BODIPYSs, anthraquinones as fluorescent probes for NO sensing have
been reported.”'? However, their sensitivity towards H,O,, peroxynitrite, hydroxyl radical
etc. actually complicate their practical use. Thus, the NO-related bio-events would not be
detected in real time. Recently, a highly selective fluorescent imaging agent, NOsso, for NO
has been reported which displays rapid and linear response with a red-shifted turn-on signal."
In the present study sodium S-aminonaphthalene-1-sulfonate (ANS) and sodium 6-amino-4-
hydroxynaphthalene-2-sulfonate (AHS) have been used as fluorescent sensor for selective

detection of NO.
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Figure 2.1: Fluorophores used for the present study.

2.2 Results and discussion

Both the fluorophores were purchased from commercial source. Sodium 5-
aminonaphthalene-1-sulfonate (ANS) is a brown solid compound. It is highly soluble in

methanol and water. It shows an absorption band at 335 nm in the UV-visible spectroscopy in

methanol solution (Figure 2.2).

1.5
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Figure 2.2: UV-visible spectrum of ANS in methanol medium.

Sodium 6-amino-4-hydroxynaphthalene-2-sulfonate (AHS) is a reddish brown solid
compound. It shows an absorption band at 320 nm in the UV-visible spectroscopy in
methanol solution (Figure 2.3). In both the fluorophores the reactive site is the primary amino

group, which reacts with NO in aerobic condition.
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Figure 2.3: UV-visible spectrum of AHS in methanol medium.
2.3 Nitric oxide reactivity
After addition of NO gas into the methanol solution of ANS, a colour change from light-
yellow to deep-red was immediately observed. In UV-visible spectroscopy; upon addition of
NO in methanol solution of ANS under aerobic condition, a new band around 480 nm slowly

developed (Figure 2.4). The red shifting of the absorption wavelength is due to the formation

of a new molecule as shown in scheme 2.1.

SO;Na S0O,Na
e
Methanol o
NH, N—N
ANS AZO-ANS
Scheme 2.1
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Figure 2.4: UV-visible spectra of ANS (dashed line) and after addition of NO (solid lines) in
aerobic condition in methanol medium.
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Scheme 2.2

The primary amino group of ANS in an aerobic condition is believed to react with NO to
produce the corresponding N-nitrosamine intermediate. The nitrogen atom of the nitrosamine
group is electrophilic in nature. In successive steps, the electrophilic aromatic substitution on
the electron deficient nitrosamine occurs resulting a hydroxyl hydrazine derivative and
finally, elimination of water leads to the formation of sodium benzo [cd] indazole-5-sulfonate
(AZO-ANS) (Scheme 2.2). The formation of AZO-ANS was unambiguously established by
'H-NMR, "“C-NMR, ESI-mass and FT-IR spectroscopy and elemental analyses
(Experimental section). Similar reaction was found to take place in aqueous medium also.

On the other hand 6-amino-4-hydroxynaphthalene-2-sulfonate (AHS) shows an absorption
band at 320 nm in the UV-visible spectroscopy in methanol solution. After addition of NO to
the methanolic solution of AHS, immediately the color changed from light-red to dark-red. In
UV-visible spectroscopy upon addition of NO with AHS in an aerobic condition, a new band
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around 450 nm developed in methanol medium. This band was presumably due to the
formation of N-nitrosamine intermediate. The band at 450 nm disappeared and a new band
around 530 nm slowly developed (Figure 2.5). The red shifting of the absorption wavelength

was due to the formation of AHS-OH as shown in scheme 2.3.

OH OH

//llliilllliil(’jq}iz NO/O, //IIIIIIIIIIII/’(]II
Naoss Methanol Naoss
AHS AHS-OH

Scheme 2.3

Absorbance

T T T T T T
300 400 500 600 700 800

Wavelength(nm)

Figure 2.5: UV-visible spectra of AHS (dashed line) and after addition of NO in aerobic
condition (solid lines) in methanol medium.

The proposed reaction mechanism of AHS with NO is shown in scheme 2.4. First, the amino
group of AHS is nitrosylated by NO in aerobic condition to produce the N-nitrosamine
intermediate.” The diazonium compound formed then results in 4, 6-dihydroxynaphthalene-2-

sulfonate (AHS-OH).
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The formation of hydroxyl product AHS-OH was confirmed by FT-IR, 'H-NMR, "C-NMR,

ESI-mass and elemental analyses.

2.4 Fluorescence study

ANS absorbs at 335 nm. Upon excitation at 335 nm, it shows significant fluorescence

emission centred at 475 nm in methanol at room temperature. The quantum yield was found

to be 0.237 in methanol with respect to quinine sulphate. The fluorescence emission band of

ANS centred at 475 nm was found to disappear upon addition of NO (Figure 2.6).
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Figure 2.6: Fluorescence spectra of ANS (solid line) (Aex, 335 nm) and after addition of NO
(dashed line) in methanol medium.

TH-1432_10612216

46



But when it was excited at 480 nm, a significant fluorescence enhancement of 8 fold at 580
nm was observed from a dark background (Figure 2.7). This was attributed to AZO-ANS.
The spectra were identical to the purified AZO-ANS. To study the selectivity of the probe
with the other competitive reactive oxygen and nitrogen species, the fluorescence study has
been done with ~ 100 fold excess of H,O,, KO,, NO,, NOs however, no detectable
fluorescence was observed in any case suggesting a high selectivity towards NO. It should be
noted that diazotization occurs in acidic media to form diazonium salts from nitrosamines. In
contrast, the reaction between ANS and NO occurs rapidly under neutral (pH, 7.4) or even
basic (pH, 10) aqueous conditions. It has been found to display significant fluorescence

intensity at InM NO concentration.
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Figure 2.7: Fluorescence enhancement (Aex, 480 nm) of ANS before (solid line) and after
addition of NO (dashed lines) in aerobic condition in methanol medium.

6-amino-4-hydroxynaphthalene-2-sulfonate (AHS) absorbs at 320 nm. Upon excitation at
320 nm, it shows significant fluorescence emission centred at 410 nm in methanol or water at
room temperature. The quantum yield was found to be 0.207 and 0.254 respectively in

methanol and water with respect to quinine sulphate. The fluorescence emission band of AHS

47
TH-1432_10612216



centred at 410 nm was found to disappear immediately upon addition of NO (Figure 2.8). But
slowly the fluorescence starts appearing from a dark back ground at 350 nm (Figure 2.9). The
new emission was due to the formation of AHS-OH, which was confirmed from the
fluorescence spectra of the isolated compound. The selectivity of the NO probe was checked
by doing the experiment in the presence of other anions (CH;COO", NO,", NOj, CI, ClO4

and H>0,) and it was found that there was no enhancement of fluorescence after addition of

these anions. This confirmed the selectivity of AHS towards NO.
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Figure 2.8: Fluorescence spectra of AHS (Aex, 320 nm) (red line) and after addition of NO
(black line) in methanol medium.
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Figure 2.9: Fluorescence enhancement (Aex, 320 nm) of AHS before (solid line) and after
addition of NO (dashed lines) in aerobic condition in methanol medium.
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The fluorescence intensity of the AHS solution under optimized condition was found to be
nearly proportional to NO concentration. It has been found to display significant fluorescence

intensity at InM NO concentration.

2.5 Conclusion

Sodium 5-aminonaphthalene-1-sulfonate (ANS) and Sodium 6-amino-4-hydroxynaphthalene-
2-sulfonate (AHS) undergo very fast reaction with NO in aerobic condition to produce
sodium benzo [cd] indazole-5-sulfonate (AZO-ANS) and sodium 4,6-dihydroxynaphthalene-
2-sulfonate (AHS-OH) respectively. The fluorescence and UV-visible absorbance appear
from dark background due to the formation of new molecules. Excellent selectivity was

observed against other reactive oxygen/nitrogen species.

2.6 Experimental Section

2.6.1 General Methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. Deoxygenation, wherever necessary, of the solvents and solutions were done by
repeated vacuum/purge cycles or bubbling with nitrogen for 30 minutes. NO gas was purified
by passing through KOH and P,0Os column. UV-visible spectra were recorded on a Perkin
Elmer Lamda 25 UV-visible spectrophotometer. FT-IR spectra were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets. The fluorescence spectra were
recorded in solution in VARIAN Cary Eclipse Fluorescence Spectrophotometer at room
temperature. Quinine sulfate in acidic medium was used as the reference compound for the
determination of fluorescence quantum yield. 'H- NMR spectra were obtained with a 400
MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either with an internal

standard (Me4Si) for organic compounds or to the residual solvent peaks.
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2.6.2 Isolation of AZO-ANS

Sodium 5-aminonaphthalene-1-sulfonate (ANS) (1.225 g, 5 mmol) was dissolved in 20 ml of
distilled and degassed methanol. To this solution, NO gas was bubbled through a needle for 5
minutes. The light yellow color of the solution turned deep red. Then the excess of NO gas
was removed and the solution mixture was dried under reduce pressure. The combined
organic extracts was washed with brine (80 ml), dried over anhydrous sodium sulphate;
filtered and concentrated under reduced pressure. The crude product was purified by column
chromatography on neutral alumina to afford of sodium benzo [cd] indazole-5-sulfonate
(AZO-ANS). Yield: 0.83 g (~ 65%). Elemental analyses for C;oHsN,O3;SNa: Calcd.(%): C,
46.88; H, 1.97; N, 10.93; found(%): C, 46.82; H, 1.90; N, 10.98. FT-IR (in KBr pellet):
2923, 1640, 1608, 1563, 1412, 1368, 1187, 1041, 785, 661, 628 cm™. "H-NMR (400 MHz,
D>0) 8ppm: 8.66 (d, 1H), 8.48 (d, 1H), 7.93 (m, 2H), 7.81 (d, 1H), 7.63 (d, 3H), 7.21 (m, 2H).
BC-NMR: (100 MHz, D,0) Oppm: 141.9, 137.3, 128.2, 127.5, 125.6, 125.0, 124.0, 122.8,

115.9, 111.2. ESI-mass (m+1) Calcd. 234.22; found, 234.11.

2.6.3 Isolation of AHS-OH

Sodium 6-amino-4-hydroxynaphthalene-2-sulfonate (AHS) (1.31 g, 5 mmol) was dissolved
in 20 ml of distilled and degassed methanol. To this solution, NO gas was bubbled through a
needle for 1 minute. The light red color of the solution turned dark red. Then the excess of
NO gas was removed and the solution mixture was dried under reduce pressure. The solid
compound obtained was washed with diethyl ether to get the pure compound 4,6-
dihydroxynaphthalene-2-sulfonate (AHS-OH). Yield: 1.08 g (~ 80%). Elemental analyses
for CioH;0O5sSNa: Calcd.(%): C, 45.80; H, 2.69; found (%): C, 45.76; H, 2.74. FT-IR (in KBr
pellet): 2086, 1609, 1571, 1217, 1060, 749, 648 cm™. "H-NMR (400 MHz, D,0) Oppm: 8.29

(t, 1H), 7.47 (m, 1H), 7.34 (¢, 1H), 7.19 (m, 1H), 6.99 (m, 1H). *C-NMR: (100 MHz, D,0)
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Sppm: 149.9, 144.3, 135.4, 129.3, 127.0, 126.0, 119.3, 117.2, 103.8, 103.3. ESI-mass (m+Na"):

Calcd. 262.21; found, 262.47.
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Chapter 3

Fluorescence based nitric oxide detection of a copper(1I)

complex of naphthol derivative

Abstract

Copper(I) complex, 3.1 with 4-amino-3-hydroxy- 1-naphthalene sulphonic acid (AHNS) was
synthesized and characterized. Upon addition of NO, the Cu(Il) center of the complex 3.1 in
methanol medium was found to undergo reduction through unstable [Cu"-NO] intermediate.
The formation of the intermediate was evidenced by UV-visible and FT-IR spectroscopy. The
reduction of the Cu(Il) center was accompanied with simultaneous C-nitrosation of the
aromatic ring of the ligand. The C-nitroso product was responsible for fluorescence
enhancement for the complex 3.1 after its reaction with NO. Hence complex 3.1 can be used

as a fluorescence based NO sensor.
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3.1 Introduction

Nitric oxide (NO) is produced by inducible and constitutive nitric oxide synthases (iNOS and
cNOs), resulting in a wide range of concentration in biological systems.l'3 Depnding on its
concentration and location, NO can have diverse biological functions. At low concentrations,
NO regulates vasodilation in the circulatory system and long term potentiation in the brain. In
contrast, micromolar concentration of NO can trigger the formation of reactive nitrogen
species (RNS), leading to carginogenesis and neurodegenerative disorders but also providing
a defense against pathogens. These essentially inspired a wide range of research to identify
the precise roles of NO in biology. To study the NO induced reactions in cellular systems,
most challenging aim is to detect the location of its formation. Thus, a selective probe to
detect the formation and migration of NO with spatiotemporal resolution is highly desirable.
In this aspect, the fluorescence-based detection technique is found to satisfy almost all the
requirements.‘*’5 A number of metal complex-based fluorescence sensors for NO are reported
recently based on fluorophore displacement strategy.6'11

In aqueous medium, since the replacement of the fluorophore ligand from the metal can also
be achieved by water, the turn-on fluorescence may also be possible in absence of NO.
Hence, the reduction of metal center by NO has been found to be a more effective strategy.
The fluorescence intensity of a ligand comprising a fluorophore is expected to be quenched
on its complexation with paramagnetic Cu(Il) center and the reduction of Cu(Il) center to
diamagnetic Cu(I) by NO will restore the quenched fluorescence intensity of the fluorescent
ligand.lz'18

In continuation to our study of the reduction of Cu(Il) complexes by NO and ligand
nitrosation, we report here the NO reactivity of Cu(Il) complex of a naphthol derivative and

utilizing this complex as NO sensor.
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Figure 3.1: Ligand (AHNS) used for the present study.

3.2 Results and discussion

The ligand, 4-amino-3-hydroxy-1-naphthalene sulphonic acid (AHNS) was purchased from
commercial source. Cu(Il) complex, 3.1, was synthesized by refluxing a mixture of
copper(Il) perchlorate hexahydrate and two equivalent of the ligand, AHNS in methanol

(Scheme 3.1).

SO,H
so.m 90
(0]
MeOH H,N__ /
2 + Cu(ClO,),.6H,0 ———» Cu-_ + 2HCIO, + 6H;0
OH Reflux (1h) | NH,
" TC
SOH
AHNS
3.1
Scheme 3.1

The complex was characterized by various spectroscopic analyses as well as by elemental
analysis (Experimental section). Complex 3.1 in methanol shows an absorption at 480 nm (g,
1016 M cm™) in the UV-visible spectroscopy with strong intra-ligand transitions in the UV
region (Figure 3.2). This is attributed to the phenolate — Cu" charge transfer transition.
Phenolate — Cu'' charge transfer transition is reported to appear in this range in other
examples.19 Solution conductivity measurement in methanol indicates the neutral nature of
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the complex. The absence of perchlorate vibration in the FT-IR spectrum of complex 3.1 is

also in accord with the phenolate binding of the ligand to copper center (Appendix II).
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Figure 3.2: UV-visible spectrum of complex 3.1 in methanol.

The X-band EPR spectrum of the complex was recorded in methanol at 77 K and was found
to be anisotropic with g, 2.382, g;, 2.101 and A = 123 x 10*cm™. The spectrum is axial in
nature having g;> g1> 2.0023, indicating dxz_y2 ground state which is characteristic of square

planar geometry (Figure 3.3).%
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Figure 3.3: X-band EPR spectrum of complex 3.1 in methanol at 77 K.

Cyclic voltammetry studies of complex 3.1 were carried out in methanol. A single quasi-
reversible couple at —0.17 V versus Ag/Ag* was observed and this has been attributed to the
Cu"/Cu' couple (Appendix IT). The Cu"/Cu' couple was observed to appear varyingly in the
range from —-0.84 to —0.66 V against SCE in the cases of Cu(Il) complexes of alkyl
substituted N,N'-ethylenediamine ligands and analogous reported compounds.”’ The
difference in potential is attributed to the presence of an electron rich ligand framework in the
present case. On the positive side of Ag/Ag”, in the potential range of up to 1.8 V, no

characteristic couple was observed.

3.3 Nitric oxide reactivity

Addition of nitric oxide (NO) gas to a degassed methanol solution of complex 3.1 resulted in
the shift of the band at 480 nm to 440 nm with the concomitant formation of other band at
617 nm (Figure 3.4). The intensity of the band at 617 nm was found to decrease with time

indicating the presence of an unstable intermediate (Figure 3.5).
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Presumably, the intermediate is the corresponding [Cu"-NO] species which decomposes to
result in Cu(I) with simultaneous nitrosation of a substrate (e.g. solvent or ligand). In other

reported examples, the [Cu"-NO] species absorbs in the range of 610 - 640 nm in acetonitrile

solvent.”>?
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Figure 3.4: UV-visible spectra of complex 3.1 before (blue line) and after (black lines)
purging NO in methanol.
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Figure 3.5: UV-visible spectra of intermediate [CuH—NO] species (solid line) and it’s decay
(dashed lines) in methanol at room temperature.
Thermal instability and moisture sensitivity precluded the isolation and further
characterization of the [CuH—NO] intermediate. Though, a number of examples of [CuH—NO]
intermediate have been reported recently in the reaction of Cu(Ill) complexes with NO, the
examples of stable [CuH—NO] are still very limited. In case of [Cu(bemim)g]2+ {bemim = bis-

(2-ethyl-4-methylimidazole-5-yl)methane}, in acetonitrile solution, addition of NO resulted
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in the corresponding [Cu"-NO] complex which has been isolated as solid.** The only
structurally characterized [Cu"-NO] complex was prepared by the reaction of corresponding
Cu(I) complex with NOBF,.”

The formation of the [Cu"-NO] intermediate was further supported from the solution FT-IR
spectroscopic studies. In FT-IR spectroscopy, upon addition of NO to the methanol solution
of complex 3.1, a new strong frequency at 1650 cm’” appeared which is attributed to the
coordinated NO stretching in the corresponding [Cu"-NO] species (Figure 3.6). The intensity
of the band was found to decay with time (Appendix II) and finally disappeared indicating

the unstable nature of the intermediate complex.
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Figure 3.6: Solution FT-IR spectra of complex 3.1 before (magenta) and immediately after
(red) purging NO gas in methanol at room temperature.

In case of the isolated copper(Il)-nitrosyl from the reaction of [Cu(bemim),] > and NO, it was

observed at 1662 cm™.** For air-stable solid copper-nitrosyl of copper(Il)-dithiocarbamate,

the Vo appears at 1682 cm™ %

Hayton et al reported the appearance of Vno band at 1933 cm’ for structurally characterized

1.”° The stretching frequency of the nitrosyl group in metal nitrosyls are

copper(Il)-nitrosy
known to vary depending upon various factors like (i) charge on the metal ion, (ii)

coordination geometry around the central metal, (iii) nature of the ancillary ligands present
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and (iv) mode of binding of the NO to the metal. In case of Hayton’s compound, the ancillary
ligands were methyl nitrite and the complex was distorted octahedral with bent NO at an
equatorial position. In the present case, the FT-IR of the nitrosyl complex was recorded in
methanol solution. The copper(Il) ion is coordinated to the chelating ligand, AHNS through
electron rich phenolate moiety. These might have caused such a large variation of the nitrosyl
stretching frequency. The intermediate species, as expected was EPR silent (Appendix II).
The decay of the 617 nm band in UV-visible spectroscopy is attributed to the reduction of the
Cu(II) center with concomitant formation of NO*. The reduction was further supported by the
EPR silent nature of the colorless reaction mixture.

Removal of copper ion from the reaction mixture followed by isolation and characterization
of the modified ligand suggests the formation of 4-amino-3-hydroxy-1-nitrosonaphthalene

(AHNN) (Experimental section) (Scheme 3.2).

H,N H,;N
\ _O ON—~\ O
/Cun/ + NO [E— . \\,Cu
o }\'H ? \\m
2 4 1
@ -
HO.S O HO,S O
3.1
‘ SO,H
O OH
H,N NH,
| 0 SO;H
O/Cu - + O + Cu(l) + SO;T
Crm,* ON O H,N
2z 20
ON OH
HO,S AHNN AHNS

Scheme 3.2 Probable mechanism of the reaction.

Nitrosation of arenes was achieved mostly by using nitrosonium salt such as nitrosonium

tetrafluoroborate in acetonitrile under inert atmosphere:.27’28 Degassed trifluoroacetic acid
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under NO atmosphere has also been used for successful nitrosation of some arenes like
toluene, 1,2-dimethyl benzene and 1,3-dimethyl benzene etc.’”?® In these cases also the
reaction was reported to proceed through the formation of nitrosonium ion. In case of phenols
and naphthols nitrous acid, sodium nitrite/trifluoroacetic acid, nitrosonium tetrafluoroborate,
nitrosyl sulphuric acid, sulphuric acid under NO atmosphere etc. are common and successful
agent for nitrosation reactions.”’ On the other hand, aromatic amines undergo direct
nitrosation by nitrous acid or sodium nitrite and HCl mixture.”* For aromatic secondary
amines, nitrosation initially occurs at nitrogen resulting in N-nitrosoamine which then
undergoes Fischer-Hepp rearrangement in acidic medium to yield para-nitrosoamine
product.***" In majority of the cases, the nitrosation occurs through nitrosonium ion. In case
of primary aromatic amines, the presence of NO™ may lead to the diazotization rather than
nitrosation.” C-nitroso arenes are also reported to form through nitrosative decarboxylation
in presence of NO*. ¥ [1,3,5-Me;CcH3NO]PF; is also reported to induce arene nitrosation.>*%
On the other hand, C-nitrosation at the active methylene position of A-diketiminate ligand
framework by NO is also known though not explored much.*

In the present study, though there is no direct evidence of formation of NOT, it is now
established that the reduction of Cu(Il) by NO leads to the formation of NO*. The NO*
formed during the reduction of Cu(Il) by NO presumably attacks the naphthalene ring at
sulphonic acid position to yield the modified ligand through an intramolecular pathway. To
check this, the same reaction was carried out in presence of p-toluene sulphonic acid. The
formation of p-nitroso toluene was not observed. This suggests the involvement of an
intramolecular mechanism in the present case (Scheme 3.2). The presence of SOs™ stretching
frequency in the FT-IR spectrum of the intermediate complex indicates the release of
sulphonate group after the decomposition of the copper(Il)-nitrosyl complex. The liberated

SO; was trapped by passing through an 80% isopropanol/water mixture. Quantification has
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been done by titrating SO; trapped in 80% isopropanol/water solution using BaCl, in
presence of thorin indicator (Experimental section). This confirms the release of ~70% SO;
from the reaction. The desulphonation of aromatic rings are known with H*, Br* or NO{'.3 *In
all the cases, it takes place through the initial attack by the electrophile at the C-center
attached with the —~SO3H group. However, desulphonation of aromatic ring by NO" is not
known. On the other hand, nitrosative decarboxylation of arenes are well known in literature.
In this case also, initially NO™ attacks the C-center attached to the -CO,H group prior to
decarboxylation.**

The role of NO" in the reaction was further confirmed by the addition of NOCIOy, in the free
ligand (Experimental section). This results in the formation of AHNN.

It should be noted that [Cu"-NO] complexes are known to afford methyl nitrite upon reaction
with methanol.”® In the present reaction case, we have observed the formation of methyl
nitrite in a negligible (~5%) quantity. This is also in accord with the intramolecular/concerted
mechanism of the reaction.

NO itself, under degassed condition was not found to react with the free ligand, AHNS.
However, under aerobic condition, it reacts with the ligand and results in the formation of
sodium naphtho[1,2-d][1,2,3]oxadiazole-5-sulfonate (NODS) (Scheme 3.3). This reaction
perhaps takes place through a cascade of reactions that starts with the air oxidation of NO to

NO,. It somewhat similar to that observed in cases of the reaction of NO with o-diamines.*°

SO;Na

SO;Na
-~ O,
_—
OH Methanol 0
NH, o
N=y
AHNS NODs

Scheme 3.3
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Though, it resembles to the synthesis of azo compounds via diazaotization or coupling
reactions, a significant difference was observed. Diazotization are known to take place in
acidic medium; however, here the reaction occurs readily in neutral (pH, ~ 7.2) and even in
basic condition (pH, ~9). Analogous example was reported in case of NOssy where
electrophilic aromatic substitution on the electron deficient nitroso-amine was observed
yielding a hydroxyl hydrazine derivative; which on subsequent water elimination results in

the formation of AZOsso (Appendix II). 3

3.4 Fluorescence study

Since the free ligand is not highly soluble in methanol, for fluorescence study the mono
sodium salt of the ligand (NaAHNS) was used. It shows absorption band with Ap,, at 350
nm (&/lit mol'lcm'l, 1020) in methanol. Upon excitation at 350 nm, significant fluorescence
emission was observed centered at 435 nm in methanol or water at room temperature. The
quantum yield was found to be 0.207 in methanol with respect to quinine sulfate.

The fluorescence emission band of NaAHNS centered at 435 nm was found to disappear
upon addition of equivalent amount of Cu(Il) ion (Figure 3.7). Addition of NO gas to this
solution restores the emission. This is because of the formation of AHNN, which is
evidenced from the shift of UV-visible absorption band from 480 nm (in case of complex 3.1)

to 440 nm (after purging NO to the solution of complex 3.1).
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Figure 3.7: Fluorescence responses upon excitation at 350 nm for 20 pM solution of
NaAHNS (black line) and after addition of 10 uM of Cu(ClO4),.6H,O (blue line) in
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Figure 3.8: Fluorescence enhancement upon excitation at 440 nm of 20 uM solution of
complex 3.1 (solid line) and after addition of 1 equivalent of NO (dashed lines) in methanol

with time.

The change in excitation wavelength from 350 nm to 440 nm results in a strong emission

centered at 580 nm from the dark background. This is attributed to the emission of AHNN

and has been confirmed with free AHNN, also. Similar result was observed upon addition of

equivalent amount of NOCIOy as a source of NO" in methanol solution of NaAHNS which in

turn confirms the involvement of NO* .

3.5 Conclusion
Copper(Il) complex, 3.1 with 4-amino-3-hydroxy-1-naphthalene sulphonic acid (AHNS) was

synthesized and characterized. Upon addition of NO, the Cu(II) center of the complex 3.1 in
64
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methanol was found to undergo reduction through unstable [Cu"-NO] intermediate. The
reduction of the Cu(Il) center was accompanied with simultaneous C-nitrosation of the
aromatic ring of the ligand. The C-nitroso product was responsible for fluorescence
enhancement for the complex 3.1. Hence complex 3.1 can be used as a fluorescence-based

NO sensor.

3.6 Experimental Section

3.6.1 General Methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. Deoxygenation, wherever necessary, of the solvents and solutions were done by
repeated vacuum/purge cycles or bubbling with argon for 30 minutes. NO gas was purified
by passing through KOH and P,Os column. UV-visible spectra were recorded on a Perkin
Elmer Lamda 25 UV-visible spectrophotometer. FT-IR spectra were taken on a Perkin Elmer
spectrophotometer with samples prepared as KBr pellets. The fluorescence spectra were
recorded in solution in VARIAN Cary Eclipse Fluorescence Spectrophotometer at room
temperature. Quinine sulphate in acidic medium was used as the reference compound for the
determination of fluorescence quantum yield. 'H- NMR spectra were obtained with a 400
MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either with an internal
standard (Me4Si) for organic compounds or to the residual solvent peaks. The X-band
Electron Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR
spectrometer, at room temperature and 77 K 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. The electrical conductivity of the complex in solution was
measured using a Sytronic 305 conductivity bridge.
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For the electrochemical studies, a Pt working electrode, Pt wire auxiliary electrode and a
Ag/Ag" reference electrode were used in a three-electrode configuration. All electrochemical
measurements were performed at 298 K under a nitrogen atmosphere in acetonitrile
containing tetra-butyl ammonium perchlorate (TBAP) as a supporting electrolyte. The scan
rate used was 50 mV s~'. The half-wave potential E%05 was set equal to 0.5 (Ep, + Epc), where
Ep, and E, are the anodic and cathodic cyclic voltammetric peak potentials, respectively. All

the electrochemical data are uncorrected for a junction potential.

3.6.2 Synthesis of complex 3.1

Copper(Il) perchlorate hexahydrate (0.370 g, 1 mmol) was dissolved in 10 ml distilled
methanol. To this solution, 0.478 g (2 mmol) of the ligand AHNS, was added slowly with
constant stirring. The color of the solution turned into reddish brown from light blue. The
reaction mixture was stirred and refluxed for 1 h. The volume of the solution was then
reduced to ~2 ml. To this, 5 ml of diethyl ether was added to make a layer on it and kept it
overnight on freezer. This resulted into the precipitation of complex 3.1 as deep brown solid.
Yield: 0.680 g (~ 80%). Elemental analyses for C;Hp0N2O9S,Cu: Caled (%): C, 44.09; H,
3.52; N, 4.90. Found (%): C, 44.13; H, 3.51; N, 4.99. UV-visible (methanol): Amax, 480 nm (g,
1016 M cm™). X-band EPR: g|, 2.382, g,, 2.101 and A; = 123 x 10™* cm™. FT-IR (in KBr

pellet): 1621, 1541, 1183, 1049, 766, 656 cm™. sy, 1.53 BM.

3.6.3 Isolation of AHNN

Complex 3.1 (0.538 g, 1 mmol) was dissolved in 20 ml of dry methanol. The solution was
degassed by bubbling Ar for 30 minutes. To this solution NO(,) was purged for ~ 1-2 minute
and the mixture was then kept at room temperature for 4 h while the color of the solution
turned yellowish. The excess NO was removed then by applying several cycles of vacuum

and Ar purge. The reaction mixture was then opened to air and stirred for 2 h to ensure
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complete oxidation of the Cu(I) to Cu(Il). The volume of the solution was then reduced to 5
ml and 25 ml of water was added. To this 5 ml saturated aqueous solution of Na,S was added
and stirred for ¥2 h while black precipitate of CuS appeared. The precipitate was filtered off.
The organic part was extracted from the solution using CHCI3 (30 ml x 3 portions). After
removal of the solvent under reduced pressure, the crude organic mass was subjected to
column chromatography on neutral alumina to get the unreacted ligand, AHNS and modified
ligand AHNN as yellowish oil. Yield of AHNN: 150 mg (~ 40%). Elemental analyses for
AHNN, C;oHgN,O,: Calcd (%): C, 63.82; H, 4.28; N, 14.89; found (%): C, 63.85; H, 4.27; N,
14.80. FT-IR (in KBr pellet): 2924, 1685, 1607, 1243, 1043, 722 cm™'. 'H-NMR (400 MHz,
CDCl3) dppm: 8.12 (m, 2H), 7.67 (m, 2H), 6.16 (s, 1H). BC-NMR: (100 MHz, CDCls) dppm:
185.0, 180.3, 160.6, 134.5, 133.5, 132.2, 131.2, 126.9, 126.4, 110.1. ESI-mass (m+Na"):
Calcd. 211.06; found, 211.02.

Yield of unreacted AHNS, ~40%.

3.6.4 Isolation of AHNN from the reaction of AHNS with NOCIO;4

Sodium 4-amino-3-hydroxynaphthalene-1-sulfonate (NaAHNS) (0.65 g, 2.5 mmol) was
dissolved in 20 ml dried methanol under Ar atmosphere in a 50 ml round bottom flask fitted
with a stirring bar. To this solid NOCIO4 (~3 mmol) was added under Ar flow. The reaction
mixture was stirred for 1h at room temperature. The solvent was then dried under reduced
pressure. To the solid mass thus obtained, 30 ml of distilled water was added. The organic
part was extracted with chloroform (25 ml x 3 portions). Removal of solvent followed by

chromatographic purification afforded pure AHNN. Yield: 155 mg (~ 82%).

3.6.5 Isolation of NODS
Sodium 4-amino-3-hydroxynaphthalene-1-sulfonate (NaAHNS) (1.31 g, 5 mmol) was

dissolved in 20 ml distilled methanol. To this solution, NO gas was bubbled through a needle
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for 1-2 minute and then oxygen gas was bubbled for 1 minute. The dark red color of the
solution turned pink. Then the excess of gases were removed by vacuum and Ar purging and
the solution mixture was dried under reduce pressure. The solid compound obtained was
washed with diethyl ether to get the pure compound NODS. Yield: 1.08 g (~80%). Elemental
analyses for C;(HsN,O4SNa: Calcd(%): C, 44.12; H, 1.85; N, 10.29; found (%): C, 44.17; H,
1.86; N, 10.22. FT-IR (in KBr pellet): 2086, 1609, 1571, 1217, 1060, 749, 648 cm™. 'H-
NMR (400 MHz, D,0) 8ppm: 8.25 (t, 1H), 7.47 (m, 1H), 7.30 (t, 1H), 7.19 (m, 1H), 6.99 (m,
1H). "*C-NMR: (100 MHz, DMSO-ds) dppm: 134.9, 132.1, 131.4, 130.9, 128.0, 127.4, 126.5,

126.3, 118.1. ESI-mass (m+2K"): Calcd. 327.15; found, 327.26.

3.6.6 Estimation of SOj; released during reaction

Complex 3.1 (500 mg) was dissolved in 20 ml dry methanol in a 50 ml Schlenk flask
connected with another flask containing 20 ml of degassed isopropanol-water mixture (4:1)
by a rubber tubing. The stopper of both the flask kept closed and NO gas was purged through
the solution of complex 3.1 for 30 sec. The excess of NO gas was removed by applying
several cycles of vacuum and Ar purge. The reaction was allowed to stir at room temperature.
The stoppers of both the flask were released and Ar gas was allowed to bubble though the
reaction mixture by a long needle. This ensures the flushing out of all SOz produced from the
reaction vessel through the isopropanol solution. It was continued for 2 h. Then 5 drops of
10% thorin solution was added to it and titrated against 0.005 N BaCl, till the pink end point.

Observed yield of SO3 is ~70%.
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Chapter 4

Copper(II) complex as a selective turn on fluorosensor for

nitric oxide and its intracellular application

Abstract

A highly water soluble copper(Il) complex, 4.1 of a fluorophore ligand 4-(2-
hydroxybenzylamino)-5-hydroxynaphthalene-2,7-disulfonic acid (HBNS) was synthesized
and characterized. The nitric oxide (NO) induced fluorescence enhancement of complex 4.1
occurred by reduction of Cu(Il) to Cu(I) with subsequent dissociation of the N-nitrosated
fluorophore ligand from copper ion. The selective turn on fluorogenic nature of the complex

4.1 was used to study the endogenously produced NO in living cells.
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4.1 Introduction

Nitric oxide (NO) is produced in biological systems by nitric oxide synthases (NOS)."” It has
been identified as an important signalling agent in the immune response, cardiovascular, and
nervous system.“’6 In order to understand the precise roles of NO in biological systems,
different strategies have been developed to sense it i Amongst the strategies used to detect
NO directly or indirectly, the fluorescent probes are found to offer some distinct advantages
over the others. Water solubility, cell-membrane permeability, visible excitation and emission
wavelengths are amongst the basic requirements necessary to design a biologically useful
fluorescent NO probe.lz’13 In addition, these sensors must have the ability for direct, specific,
and rapid detection of NO. For imaging in biological systems, the most preferred sensors are
those that enhance the fluorescence upon reaction with NO. The general strategy for NO
sensing is to coordinate a fluorophore ligand to a metal ion to quench the fluorescence, which
is restored by the interaction of NO with the metal center.'>'*

This chapter describes a highly water soluble Cu(Il) complex of a fluorophore ligand,4-(2-
hydroxybenzylamino)-5-hydroxynaphthalene-2,7-disulfonic acid (HBNS) which detects NO
in methanol and aqueous media. This complex exhibits turn-on fluorescence emission via NO

induced nitrosation of the fluorophore. This probe has been utilized for the detection of NO in

living cells.

11033\”/l D SO;H

NH OH

éOH

Figure 4.1: Ligand used for the present study.
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4.2 Results and discussion

The ligand, HBNS was prepared by reduction of azomethine—H monosodium salt hydrate
with sodium borohydride in methanol medium (Experimental section). Microanalyses, FT-IR,
'H and "C-NMR and ESI-mass spectral analyses confirmed the formation of the ligand
unambiguously (Experimental section). Cu(Il) complex, 4.1, was synthesized by reacting
copper(Il) perchlorate hexahydrate with equivalent amount of ligand HBNS in methanol

medium (Scheme 4.1).

HOssSOSH HO;S O O SO;H

i) Methanol H,
NH OH ¢, (C10,),6H,0 - Nei® + 2mO0O, | §H0
OH i) stirred for 1h 6 X
X=Methanol
HBNS 4.1

Scheme 4.1

Complex 4.1 was characterized by various spectroscopic analyses as well as by elemental
analyses (Experimental section). Even after several attempts we could not grow the X-ray
quality single crystals. Complex 4.1 in methanol shows absorption at 460 nm (g, 2500 M
cm™) in UV-visible spectroscopy (Figure 4.2). The band is assigned to the phenolate-Cu(II)
charge transfer transition. This transition is reported to appear in this range in other

examples.15 The bands at 762 nm and 850 nm is due to the d-d transition of the Cu(II) ion.
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Figure 4.2: UV-visible spectrum of complex 4.1 in methanol.
Solution conductivity in methanol shows the neutral nature of the complex 4.1. The absence

of perchlorate vibration in the FT-IR spectrum supports the phenolate binding of the ligand to

copper center. The X-band EPR spectrum of the complex 4.1 was recorded in methanol at 77
K and the calculated values are, gj, 2.402, g; 2.100 and Ay, 122.089%x10™* cm™ (Figure 4.3).

The values suggest a square planar geometry around the Cu(Il) center with dxz.y2 ground

state.'®
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Field(mT)

Figure 4.3: X-band EPR spectrum of complex 4.1 in methanol at 77 K.
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4.3 Nitric oxide reactivity

Addition of NO gas in the degassed methanol solution of complex 4.1 resulted in the
reduction of Cu(Ill) center to Cu(l). The reduction was monitored by UV-visible
spectroscopy. The d-d band of complex 4.1 disappeared in presence of NO suggesting the
formation of Cu(l) (Figure 4.4). In X-band EPR spectroscopy, the characteristic signals of
Cu(Il) disappeared upon addition of NO in the methanol solution of complex 4.1 and the
reaction mixture became EPR silent (Figure 4.5). This is attributed to reduction of
paramagnetic Cu(Il) to diamagnetic Cu(I). Further, in 'H-NMR spectroscopy, the broad
signals from complex 4.1 became sharp and well resolved after addition of NO. This also
supports the reduction of Cu(Il) (Appendix III). Earlier, it was noticed that the reduction of
Cu(II) center by NO leads to the nitrosation of the secondary amine of the ligand framework.
In the present case, isolation and characterization of the ligand after the reaction of the

complex with NO, reveals N-nitrosation. The stretching band at ~1450 cm™ in FT-IR

2.0 4

1.5 1

Absorbance
-
=
1

o
tn
1

0'0 T T T T T T T 1
400 500 600 700 800 900 1000 1100

Wavelength(nm)
Figure 4.4: UV-visible spectra of complex 4.1 before (solid line) and after addition of NO
(dashed line) in methanol.
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Figure 4.5: X-band EPR spectra of complex 4.1 in methanol before (solid line) and after

addition of NO (dotted line) at 298 K.

spectroscopy indicates the presence of N-NO in the modified ligand (Appendix III). Other
characterization including mass, 'H-NMR and "*C-NMR spectroscopy, suggest N-nitrosation
unambiguously (Experimental section). The reaction of complex 4.1 with NO was also
studied in aqueous medium buffered at pH, 7.2. NO induced reduction of the Cu(Il) center
was observed in this case also. However, N-nitrosation of the ligand was not observed owing
to the faster reaction of NO* with water. This was confirmed by the presence of NO,
stretching frequency in the FT-IR spectrum of the crude reaction mixture. On the other hand,
by Greiss test with the crude reaction mixture, the presence of NO, was authenticated.'” NO,
formation in the reduction of Cu(Il) by NO in water was reported earlier in cases of Cu(Il)
complexes of tren, mimpea and pepma [tren = tris(2-aminoethyl)amine; mimpea = 1-methyl-
1H-imidazol-2-ylmethyl)-(2-pyridin-2-yl-ethyl)amine; pepma = (2-pyridin-2-yl-ethyl)-

pyridin-2 ylmethylamine] 18,

4.4 Fluorescence study
Ligand HBNS shows significant fluorescence emission upon excitation at 320 nm in

methanol solution at room temperature. The quantum yield was found to be 0.21 with respect
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to quinine sulfate in methanol. The fluorescence emission of HBNS centered at 410 nm was
found to disappear upon the addition of equivalent amount of Cu(II) ion in methanol medium.
In this case fluorescence displayed a significant (>90%) quenching of the ligand fluorescence

(Figure 4.6).

1000
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Figure 4.6: Fluorescence responses (Aex, 320 nm) of 20 uM solution of free ligand HBNS
(black line) and after addition of 20 uM of Cu(ClO4),.6H,0 (blue line) in methanol medium.
Addition of NO gas to this solution was found to restore the emission intensity significantly
at 350 nm and 375 nm (Figure 4.7). The blue shifting of the emission wave length was
probably due to the modification of the ligand framework after reaction of the complex 4.1
with NO gas. The restored intensity in the complex 4.1 starts appearing within 10 seconds of
NO addition and becomes (9+1) fold increment of fluorescence intensity in 10 minutes.

For earlier reported complexes such as [Cu(Ds-en);] and [Cu(Ds-AMP);], the quenching of
the ligand fluorescence intensity upon addition of Cu(Ill) were 31(£2) and 23(£0.5)-fold
relative to free ligands, Ds-Hen and Ds-HAMP (40 uM), respectively.19 Addition of 100
equivalent of NO to the methanol or buffered aqueous solution of the complexes [Cu(Ds-
en);] and [Cu(Ds-AMP),], restored the emission intensity significantly with 6.1 (£0.2) and
8.8 (£0.1) fold, enhancements respectively.”” In the present case the restored emission

intensity was found to be 9 (£1) fold in methanol.
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Figure 4.7: Fluorescence responses (Aex, 320 nm) of deoxygenated methanol solution of
complex 4.1 (20 uM) before (solid line) and after addition of equivalent amount of NO
(dashed lines) at 2, 4, 6, 8, and 10 minutes at 298 K (lines I- V, respectively).

Addition of NO gas in degassed buffered aqueous solution of complex 4.1 was found to

restore the emission intensity (Figure 4.8). The enhancement of the restored emission was

less (3.3£0.3) fold in aqueous medium buffered at pH 7.2, compared to that in methanol. It

should be noted that no ligand modification occurs in aqueous medium. In the present study

the complex 4.1 was found to display fluorescence enhancement for as low as 1nM NO.
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Figure 4.8: Fluorescence responses (Aex, 320 nm) of complex 4.1 (20 uM) before (solid line)
and after addition of equivalent amount of NO (dashed lines) in aqueous medium.
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The enhancement of fluorescence in methanol was attributed to the formation of Cu(l)
species after reduction of Cu(Il) by NO and the formation of N-nitrosamine, HBNS-NO, as
shown in scheme 4.2. The quantum yield of HBNS-NO was higher than HBNS. To confirm
the mechanism, equivalent amount of HBNS was added with [Cu(CH3CN)4]ClO, in
methanol medium under argon atmosphere. The mixture of HBNS and [Cu(CH;CN),]Cl1O,
has the same fluorescence intensity as HBNS and there was no blue shifting of the emission
wavelength. This proves that Cu(I)HBNS is not the species responsible for fluorescence

enhancement in the reaction of NO with complex 4.1 in methanol medium.

HO,S OO SO,H H038803H

H .
SN NO(2) ON—
N 0
N cu@® ¢ N OH
3 X Methanol OH
X=Methanol 4.1 HBNS-NO
Non- fluorescent Highly fluorescent

Scheme 4.2

The selectivity of the NO probe was checked with other anions like CH3;COO’, NO,’, NO;~
CI, ClO4 and H,0O, and it was found that there was no enhancement of fluorescence after

addition of these anions (Figure 4.9).

500 <
400 4
3004

200 4

Fluorescence intensity

100 4

NOjy CH3CO0" Cl0} Noy  cr H,0; NO

Anions

Figure 4.9: Fluorescence responses after addition of different anions to the solution of
complex 4.1 in methanol.
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4.5 Fluorescence cell imaging

The ability of complex 4.1 to detect NO directly, rapidly and specifically encouraged us to
study it inside living cells. For this purpose SK-N-SH human neuroblastoma cell line was
used. Because in this cell line cNOS can be activated by estrogen to produce NO. 2 The NO
production is induced by 17-f estradiol in cells of neuronal origin. 17-f estradiol activated
SK-N-SH cells were incubated with 10 uM complex 4.1. On excitation at 320 nm, the
activated cells without complex 4.1 did not show any fluorescence (Figure 4.10, A bottom);
whereas the complex 4.1 incubated cells, after washing with cold phosphate-buffered saline
(PBS) for three times, displayed significant fluorescence (Figures 4.10, B and 4.10, C).
Images were taken with a fluorescent microscope (Axio, HBU 50/ AC; Zeiss, Gottingen,
Germany) after removing the DMEM media and washing the cells with PBS. Longer
incubation time (>15 minutes) did not lead to further enhancement of the fluorescence
intensity indicating that the probe reached the diffusive equilibrium in the cell. Incubation of
10 uM complex with quiescent SK-N-SH cells (with no 17-4 estradiol) for 12 h served as a
negative control. To test the cytotoxicity of complex 4.1 we conducted an MTT assay on SK-
N-SH cells, which showed 92.53% cell viability. This result indicates that the probe is non

toxic to SK-N-SH cells under the condition of NO imaging.
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Figure 4.10: NO detection produced by cNOS. NO detection in SK-N-SH cells by complex
4.1. Left to right, 10-min incubation of complex 4.1 (10 uM) and 0, 5, 10 min after co-
treatment of complex 4.1 (10 uM) and 17p-estradiol (100 nM). Images were taken with a
fluorescent microscope (Axio, HBU 50/ AC; Zeiss, Gottingen, Germany).Top, phase contrast
images; bottom, fluorescence images.

4.6 Conclusion

A highly water soluble Cu(Il) complex, 4.1 of a fluorophore ligand 4-(2-
hydroxybenzylamino)-5-hydroxynaphthalene-2,7-disulfonic acid (HBNS) was synthesized.
The NO-triggered fluorescence enhancement of the complex 4.1 occurred by reduction of
Cu(I) to Cu(I) with subsequent dissociation of the N-nitrosated fluorophore ligand from
copper. The selective turn on fluorogenic nature of the complex was used to sense

endogenously produced NO in living cells.

82
TH-1432_10612216



4.7 Experimental Section

4.7.1 General Methods

All reagents and solvents of reagent grade were purchased from commercial sources and used
as received except specified. Methanol was dried by heating over iodine activated magnesium
with a magnesium loading of 5 gm/lit. Then the dried methanol was kept over 20% m/v 3A
molecular sieves for 4-5 days before using. Acetonitrile was dried over calcium hydride.
Deoxygenation of the solvent and solutions was effected either by repeated vacum/purge
cycles or bubbling with argon for 30 minutes or using freeze-pump-thaw cycles. 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 measured using a Systronic 305
conductivity bridge. 'H-NMR spectra were recorded in a 400 MHz Varian FT spectrometer.
Chemical shifts (ppm) were referenced either with an internal standard (MesSi) or to the
residual solvent peaks. The fluorescence spectra were recorded in solution in VARIAN Cary
Eclipse Fluorescence Spectrophotometer at room temperature. Quinine sulphate in acidic
medium was used as the reference compound for the determination of fluorescence quantum
yield. The X-band Electron Paramagnetic Resonance (EPR) spectra were recorded on a JES-
FA200 ESR spectrometer, at room temperature and 77 K 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.

4.7.2 Synthesis of HBNS

Azomethine-H monosodium salt hydrate (0.445g) was taken in methanol medium. 2.5
equivalent of NaBH4 was added slowly and the reaction mixture was stirred for 2 h at room
temperature. The color of the solution changed from dark yellow to light red. The volume
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was reduced by using rotavapor. The solution was acidified by using dilute HCI and dried
under reduced pressure. The brown solid thus obtained was subjected to chromatographic
purification using silica gel column to yield the pure ligand HBNS as brown dark solid.
Yield: 0.340 g (~ 80%). Elemental analyses for C;7H;sNOgS,: Calcd (%): C, 47.99; H, 3.55;
N, 3.29. Found (%): C, 47.95; H, 3.56; N, 3.25. FT-IR (in KBr pellet): 1601, 1483, 1374,
1227, 1039, 755, 677 and 627cm’". "H-NMR: (400 MHz, D,0): dppm: 8.23 (1H, d), 7.81 (1H,
s), 7.21 (1H, s), 7.04 (1H, 1), 6.82 (1H, d), 6.60 (3H, m), 4.47 (2H, s). "C-NMR: (100 MHz,
D,0) 0ppm: 155.2, 152.8, 151.9, 142.4, 134.5, 132.2, 131.7, 130.5, 128.3, 127.9, 120.2, 118.9,

118.7, 115.8, 115.2, 108.7, and 52.8. ESI-mass (m+1) Calcd. 426.02; found, 425.99.

HO;3S \”/i ' SO; Na* Hogs SO;H

N~. OH Methanol HN OH

2.5eqNaBH,
on 1) 2.5 eq NaBH, ox

I0) Acidfied (HCI)

Scheme 4.3

4.7.3 Synthesis of complex 4.1

0.370 g (1 mmol) of Cu(ClO4),.6H,O was dissolved in 10 ml distilled methanol. To this
solution, 0.425 g (1 mmol) of the ligand HBNS was added slowly with constant stirring. The
color of the solution turned into reddish brown from light blue. The stirring was continued for
1h at room temperature. The volume of the solution then reduced to ~2 ml. To this, 5 ml of
diethyl ether was added to make a layer on it and kept it overnight on freezer. This resulted
into deep brown color solid of complex 4.1. Yield: 0.680 g (~ 85%). Elemental analyses for
Ci3H17NOyS,Cu: Caled (%): C, 41.66; H, 3.30; N, 2.70. Found (%): C, 41.50; H, 3.32; N,

2.81. UV-visible (Methanol): Ama, 460 nm (g, 2500 M 'cm™). X-band EPR data: gj,2.402, g,
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2.100 and A, 122.089x10* cm™. FT-IR (KBr pellet): 2962, 1633, 1504, 1088, 879, 663 and

625 cm™. oy is 1.62 BM.

4.7.4 Isolation of modified ligand HBNS-NO

0.520 g (1 mmol) of the complex 4.1 was dissolved in 20 ml of degassed methanol. To this
excess NO gas was purged and the solution was kept for 30 minutes. Then the solvent was
removed under reduced pressure using rotavapor. 5 ml of water was added to the dried mass
followed by the addition of 5 ml of saturated Na,S solution. The black precipitate of CuS was
filtered out. The crude organic part was then acidified by using dilute HCI. The product,
obtained after removal of solvent, was then purified by column chromatography using silica
gel column and chloroform/ethyl acetate solvent mixture to get the pure modified ligand.
Yield: 0.295g (~ 65%). Elemental analyses for C17H;4N,OgS;: Caled (%): C, 44.93; H, 3.11;
N, 6.16. Found (%): C, 44.82; H, 3.12; N, 6.25. FT-IR (in KBr pellet): 1640, 1628, 1523,
1450, 1384, 1227, 1050 and 732cm™. '"H-NMR: (400 MHz, D,0): 8,pm: 7.99 (1H, s), 7.55
(1H, s), 7.00 (1H, m), 6.80 (1H, m), 6.57 (1H, d), 6.36 (1H, d), 4.21 (2H, s). *C-NMR: (100
MHz, D,0) 6,pm: 155.2, 151.8, 142.4, 140.5, 134.6, 132.2, 131.7, 130.5, 128.4, 120.2, 118.9,

118.8, 115.8, 115.2, 108.8, and 52.9. ESI-mass (m+Na") Calcd. 477.42; found, 477.43.

4.7.5 Cell cultures and imaging methods

SK-N-SH cells were purchased from the National centre for cell science, Pune India. Cells
were cultured in DMEM supplemented with 10% fetal bovine serum (FBS, HyClone), 1%
penicillin-streptomycin, 1% sodium pyruvate, and 1% MEM nonessential amino acids
(Sigma) and maintained at 37 °C with 10% CO; in a humidified incubator. For imaging
studies, cells grown to confluence were passed and plated into poly-D-lysine coated plates
(Mat Tek) containing 2 ml of DMEM. After incubation at 37° C with 10% CO, for at least 4

h, the media was removed, the cells were washed with 2 ml of PBS buffer and 2 ml of fresh
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DMEM along with the complex 4.1 and cNOS stimulants. For imaging, cells were incubated

for 12-14 h.

4.7.6 Cell cytotoxicity studies

The cytotoxicity of Complex 4.1 was investigated by incubating various concentrations of
Complex with SK-N-SH cells. After 24 h, cell viability was examined by the MTT dye. The
cells were plated at a density of 5 x 10* per well in a 96-well culture plate, and cultured for
72 hours at 37 °C. The cells were subsequently exposed to complex 4.1 using a concentration
range of (0.01-100 uM). The plates were incubated for 48 hours, and cell proliferation was
measured by adding 20 pL of MTT dye (5 mg/mL in phosphate-buffered saline) per well.
The plates were incubated for a further 4 hours at 37 °C in a humidified chamber containing
5% CO,. The intracellular Formazan crystals formed were dissolved in 150 pL dimethyl
sulfoxide, and absorbance at 570 nm was read using a SpectraMax M2 plate reader
(Molecular Devices, San Jose, CA). Results were expressed as absorbance relative to the
plain gold particles used as the control. The results demonstrated that complex 4.1 displayed

low cytotoxicity to SK-N-SH cells.
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Chapter 5

Copper(II) complex as selective turn-on fluorescent probe for

nitrite ion

Abstract

The Cu(Il) complex, 5.1 with 3-(pyren-8-yl)-1-(pyridine-2-yl)prop-2-en-1-one (PYAC) was
synthesized. Addition of aqueous nitrite (NO,") solution to the acetonitrile solution of the
complex 5.1 resulted in reduction of Cu(Il) center. The NO, ion was found to be oxidized to
NOs™ during the reaction. Labeling studies suggested water as the source of oxygen atom. The
reduction of Cu(Il) center restored the quenched fluorescence intensity of the ligand in the

complex and thus can be utilized as turn-on fluorescent sensor for NO, ion .
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5.1 Introduction

The nitrite ion (NO;"), an inorganic contaminant, is found in drinking water and is a threat to
human health. When present in high concentration in human blood, it can oxidize
hemoglobin and myoglobin to methemoglobin and metmyoglobin, 1respectively.1 Upon
interaction with protein, it leads to the formation of carcinogenic N-nitrosoamines.> Thus, a
selective probe to detect NO, ion would be important from various angles. Several methods
for NO;™ sensing have been reported including chemical, optical, ion chromatography and
electrochemical methods.>* The well known Griess reagent is a chemical and optical method
of sensing NO, ion which involves the diazotization of sulphanilamide by nitrous acid under
acidic conditions followed by the coupling of the in situ generated diazonium ion with N-(1-
naphthyl)ethylenediamine to afford azochromophore.5 In literature, a number of
electrochemical and colorimetric sensors have been reported.6’7 However, all these processes
have some drawbacks and one method which satisfies almost all the requirement is a
fluorometric one. Interestingly, the fluorescence based nitric oxide (NO) sensor, 2,3-
diaminonaphthalene (DAN) was prepared for NO, ion detection in solution.® The sensor
molecule, DAN, undergoes diazotization at one amine center in acidic medium in presence of
NO; leading to the formation of fluorophore, 2,3-naphthatriazole. The reaction was found to
proceed through the formation of corresponding nitrosoamine intermediate.

Chalcones, naturally occurring flavonoids, are bichromophoric molecules separated by a
ketovinyl chain and exhibiting a wide range of biological activities.” They find various
optical applications including fluorescent probes for sensing of metal jons. "

This chapter describes the development of highly selective fluorescent sensor for NO,  ion

based on Cu(Il) complex of chalcone ligand with pyrene fluorophore.
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5.2 Results and discussion

The ligand,PYAC [PYAC=3-(pyren-8-yl)-1-(pyridine-2-yl)prop-2-en-1-one], was prepared by
stirring a mixture of acetyl pyridine with 1-pyrenecarbaldehyde in presence of sodium
hydroxide in ethanol."! Precipitated ligand was filtered off, washed with cold ethanol and
recrystallized from hot ethanol. It was characterized by various spectroscopic techniques
(Experimental section). The single crystal X-ray structure of PYAC was determined. The
perspective ORTEP view is shown in figure 5.1. Crystallographic data are given in appendix
IV. The complex 5.1 was prepared by stirring copper(Il) perchlorate hexahydrate with
equivalent amount of the ligand in acetonitrile (Scheme 5.1). It was characterized by
spectroscopic analyses (Experimental section). Even after several attempts the X-ray quality

crystals were not obtained.
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Figure 5.1: ORTEP diagram of ligand PYAC (50% thermal ellipsoid plot).
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5.1
Scheme 5.1 Synthesis of complex 5.1 (R=Pyrene).

Complex 5.1, in acetonitrile solution displays absorption at 555 nm due to MLCT transition
from the filled up d-orbital of the metal ion to the low lying 7+ orbital of the ligand.12 The
absorptions at 425 and 377 nm are attributed to ligand based charge transfer transitions which
are clear from the spectrum of the free ligand (Appendix IV). In methanol, the MLCT band
appears at 530 nm (Appendix IV). In FT-IR spectrum of complex 5.1, the stretching
frequency for C=0 group appears at 1596 cm’ indicating that the C=0 group is bonded to

the metal ion (Figure 5.2).
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Figure 5.2: FT-IR spectrum of complex 5.1 in KBr pellet.

The theoretical studies on similar framework with Cu(Il) showed that the ligand binds
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through Ny, and Oc-o in a bidentate fashion." However, Reedijk et al earlier reported that
ligand PYAC can bind in both cis and trans form.'"* While bonded through cis form to Pt(II)
ion, it binds only through N,y. On the other hand, trans form binds the Pt(Il) through Ny as
well as C=C unit. In X-band EPR spectroscopy, the complex 5.1 displays signals at 77 K
which are characteristic of square planar Cu(Il). The calculated parameters for complex 5.1

are g, 2.2555, g, 2.0842 and A, 124 x 10* cm™ (Figure 5.3)."
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Figure 5.3: X-band EPR spectrum of complex 5.1 in methanol at 77 K.
5.3 Reactivity of nitrite ion
Addition of aqueous NO; solution to the acetonitrile solution of complex 5.1 was found to
result in the immediate decrease of the intensity of 555 nm band in UV-visible spectrum

(Figure 5.4).
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Figure 5.4: UV-visible spectra of complex 5.1 (solid line) and after addition of aqueous
NaNO; (dashed lines) at 0-10 minutes time interval in acetonitrile.

In methanol, the band at 530 nm was found to diminish (Appendix IV). This is attributed to
the reduction of Cu(Il) center to Cu(I). To confirm this, the UV-visible spectra of PYAC was
recorded in presence of equivalent amount of Cu(I) (Appendix IV). X-band EPR studies also
suggested the reduction. The characteristic signal of Cu(Il) was found to disappear upon

addition of NO," (Figure 5.5).
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Figure 5.5: X-Band EPR spectra of complex 5.1 before (solid line) and after (dotted line)
addition of 0.5eq of NaNO; in acetonitrile medium at room temperature.
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'H-NMR studies also suggested the reduction of Cu(Il) center. The broad signals of proton in
paramagnetic complex 5.1 in CD3CN appeared as well-resolved and sharp after addition of
NO; solution (Figure 5.6). The shift in peak positions compared to the free ligand was due to

the presence of ligand coordinated Cu(I).

-
== - 3 El . E} P

Figure 5.6: 1H—NMR sf)ectrum "onf éompiex 5.1 (in CD3CN) after its reaction with NaNO, (in
D,0).
In the FT-IR spectrum of complex 5.1, a new stretching band at ~1384 cm’ appeared after

addition of NO," (Figure 5.7). This has been assigned as the NOj’ stretching frequency.16
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Figure 5.7: FT-IR spectrum of the crude product from the reaction of complex 5.1 with
NaNO; in KBr pellet.

During the reaction, Cu(Il) is reduced to Cu(I) and NO;" is oxidized to NO;3". Analysis of the

94
TH-1432_10612216



reaction mixture revealed the formation of NOj3™ ion as the oxidation product. It should be
noted that the reduction of Cu(Il) to Cu(l) is one electron transfer process, whereas the
oxidation of NO, to NOs involves two electron transfer. Thus, only 0.5 equivalent of nitrite
ion is required for the reduction of Cu(Il) center (eq. 5.1). This was confirmed by titrating the
solution of complex 5.1 with sodium nitrite (Figure 5.8 and 5.9). On the other hand, when the
equivalent amount of NO, was added to the solution of complex 5.1, the appearance of both

the NO3™ and NO; stretching frequencies were observed (Appendix IV).

2 [LCu(CH CN);) 2+ NO;y+ HO —————» 2 [LCul(CH;CN),]* + NOy + 2H" ...... eq (5.1)
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Figure 5.8: UV-visible titration of complex 5.1 with NaNO; in acetonitrile.
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Figure 5.9: UV-visible titration plot for complex 5.1 with NaNO, in acetonitrile (considering
the band at 555 nm).

Labeling experiment with H,0'® afforded the '*O-labelled NOs. In FT-IR spectrum, the
nitrate stretching frequency at ~1384 cm” was found to shift at ~1320 cm™' (Appendix IV).
While the reaction was carried out in presence of 1802, incorporation of %0 into the NO3 was
not observed. This suggests the involvement of water in the reaction. The release of H" was
qualitatively confirmed from the change of pH of the reaction medium.

The reaction was not found with nitrate, acetate, phosphate, sulphate, carbonate, perchlorate
and bicarbonate ions. Addition of NO in the dry and degassed methanol or acetonitrile

solution of complex, did not result in the reduction of Cu(Il) center.

5.4 Fluorescence study

Several Cu(Il) complexes were reported as fluorescent sensors for NO based on the strategy
involving the reduction of a metal center by NO."'"® A fluorescence intensity of a ligand is
expected to be quenched on coordination to the paramagnetic Cu(Il) center. NO reduction of
a paramagnetic Cu(Il) to a diamagnetic Cu(I) will restore the quenched fluorescence of a
ligand fluorophore.'”"® Since, in the present case NO, selectively reduces Cu(Il) center to

Cu(l), the same strategy of restoring the quenched fluorescence intensity of the ligand in the
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complex was adopted. Fluorescence spectroscopic study at 298 K suggested the significant
quenching (> 90%) of fluorescence intensity of ligands in presence of equivalent amount of

Cu(II) owing to paramagnetic effect in methanol or acetonitrile solution (Figure 5.10).
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Figure 5.10: Fluorescence responses (Aex, 425 nm) for 20 uM solution of free PYAC (black
line) and after addition of 20 uM Cu(ClQO,),.6H,0 (red line) in acetonitrile.

Addition of 0.5 equivalent of NO, solution to the complex 5.1 was found to restore the
quenched intensity instanteneously (Figure 5.11). This was attributed to the reduction of
Cu(II) center by NO,". The enhancement was found in methanol solution also (Appendix IV).
It should be noted that conjugated enones are known to react with NO,™ in presence of acid to
result in the corresponding B-nitroketones.'” In the present case, any ligand modification was
not observed. It should be noted that presence of NO in a degassed solution of complex 5.1

did not restore the quenched fluorescence intensity of the ligands.
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Figure 5.11: Fluorescence enhancement (Acx, 425 nm) of 20 uM complex 5.1 (solid line) and
after addition of NaNO, (0.5eq) (dashed lines) in acetonitrile.

In the reaction condition, the influence of various other anions like nitrate, acetate, carbonate,
sulphate, phosphate, and halides have been studied (Appendix IV). The quenched
fluorescence intensity of the ligand in the complex 5.1 was not found to be restored upon
addition of these anions in the solution of complex. Further, these anions did not find to
interfere the detection of the NO,™ using the present complex.
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Figure 5.12: Fluorescence responses after addition of different anions to the solution of

complex 5.1 in acetonitrile.

5.5 Conclusions
The Cu(Il) complex, 5.1 with 3-(pyren-8-yl)-1-(pyridine-2-yl)prop-2-en-1-one (PYAC) was

prepared. Addition of aqueous NO, solution to the acetonitrile solution of the complex
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resulted in reduction of Cu(Il) center. The NO; ion was found to be oxidized to NO3 during
the reaction. Labeling studies suggested water as the source of oxygen atom. The reduction of
Cu(II) center restored the quenched fluorescence intensity of the ligand in the complex and

thus can be utilized as turn-on fluorescent sensor for NO,™ ion .

5.6 Experimental Section

5.6.1 General Methods

All reagents and solvents of reagent grade were purchased from commercial sources and used
as received except specified. Methanol was dried by heating over iodine activated magnesium
with a magnesium loading of 5 gm/lit. Then the dried methanol was kept over 20% m/v 3A
molecular sieves for 4-5 days before using. Acetonitrile was dried over calcium hydride.
Deoxygenation of the solvent and solutions was effected either by repeated vacuum/purge
cycles or bubbling with argon for 30 minutes or using freeze-pump-thaw cycles. 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 measured using a Systronic 305
conductivity bridge. 'H-NMR spectra were recorded in 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 and 77 K 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 MoKa radiation (1 = 0.71073 A) at 273(3) K, with
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increasing w (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

. 2
Windows.

5.6.2 Synthesis of ligand PYAC

Aqueous NaOH (10 ml of a 1.5M solution) was added to a stirred solution of 2-acetyl
pyridine (1.20 g, 10 mmol) and 1-pyrenecarbaldehyde (2.30 g, 10 mmol) in ethanol (20 ml).
After stirring for 4 h at room temperature, the resultant precipitate was isolated by filtration
and re-crystallized from ethanol to give PYAC as yellow needles. Yield: 3.00 g (~ 90%).
Elemental analyses for C,4H;sNO: Calcd (%): C, 86.46; H, 4.54; N, 4.20. Found (%): C,
86.55; H, 4.55; N, 4.29. FT-IR (in KBr pellet): 1661, 1589, 1576, 1432, 1321, 1217, 1029,
846 and 713 cm™. "TH-NMR: (400 MHz, CDCls): dppm: 9.10 (1H, d), 8.78 (1H, s), 8.56 (3H,
m), 8.18 (5H, m), 8.02 (2H, m), 7.90 (1H, s), 8.69 (1H, d), 7.51 (1H, s). "C-NMR: (100
MHz, CDCl3) 6ppm: 189.4, 154.6, 149.4, 149.1, 141.3, 137.2, 137.1, 133.2, 131.4, 130.8,

130.7, 129, 128.8, 128.8, 127.5, 127, 126.4, 126.2, 126.1, 125.2, 125.1, 124.8, 124 and 123.2.

OO | = 1) Aqueous NaOH %‘e
+ N >

O Z 2) Ethanol

o]

CHO

=
N.
= o
=

PYAC

Scheme 5.2: Synthesis of PYAC
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5.6.3 Synthesis of complex 5.1

Copper(Il) perchlorate hexahydrate (0.370 g, 1 mmol) was dissolved in 10 ml distilled
acetonitrile. To this solution, PYAC (0.333 g, 1 mmol) was added slowly with constant
stirring. The color of the solution turned into dark 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, 5 ml of benzene was added to make a layer on it and kept it overnight on freezer. This
resulted into deep color solid of complex 5.1. Yield: 0.542 g (~ 80%). Elemental analyses for
Ca3H21N309C1LCu: Caled (%): C, 49.61; H, 3.12; N, 6.20. Found (%): C, 49.55; H, 3.22; N,
6.18. UV-visible (acetonitrile): Amax, 555 nm (g, 16,093 M'ecm™). X-band EPR data: g,
2.2555, g, 2.0842 and A, 124 x 10* cm™. FT-IR (in KBr pellet): 2922, 1590, 1515, 1496,
1316, 1224, 1119, 1077, 1029 and 620 cm™. The complex 5.1 behaves as 1:2 electrolyte in

acetonitrile solution [Ay (S cm'l), 270]. Hobs is 1.62 BM.
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Appendix I
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Figure A1.1: FT-IR spectrum of AZO-ANS in KBr pellet.
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Figure A1.2: "H-NMR spectrum of AZO-ANS in D,0.
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Figure A1.3: BC-NMR spectrum of AZO-ANS in D,0.
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Figure A1.4: ESI-mass spectrum of AZO-ANS in methanol.
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Figure A1.5: Fluorescence spectrum (Aex, 335 nm) of ANS in methanol medium.
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Figure A1.6: UV-visible spectra of ANS (red line) and after addition of NO (black lines) in

aerobic condition in methanol medium.
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Figure A1.7: Fluorescence enhancement (Aex, 480 nm) of ANS before (solid line) and after

addition of NO (dashed lines) in aerobic condition in aqueous medium.
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Figure A1.8: Fluorescence emission spectrum (Aex, 480 nm) of isolated AZO-ANS (20 uM)

in methanol at 298 K.
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Figure A1.9: FT-IR spectrum of AHS-OH in KBr pellet.
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Figure A1.11: BC.NMR spectrum of AHS-OH in D,0.
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Figure A1.12: ESI-mass spectrum of AHS-OH in methanol.
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Figure A1.13: UV-visible spectra of AHS (red line) and after addition of NO (black lines) in

aerobic condition in aqueous medium.
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Figure A2.1: FT-IR spectrum of AHNN in KBr pellet.
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Figure A2.3: ESI-mass spectrum of AHNN in methanol.
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Figure A2.4: °C- NMR spectrum of AHNN in CDCl;,
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Figure A2.5: FT-IR spectrum of NODS in KBr pellet.
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Figure A2.6: "H-NMR spectrum of NODS in D,0.
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Figure A2.7: ESI-mass spectrum of NODS in methanol.
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Figure A2.8: UV-visible spectrum of NODS in methanol.
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Figure A2.9: FT-IR spectrum of complex 3.1 in KBr pallet.
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Figure A2.10: Cyclic voltammogram of the complex 3.1 in methanol with glassy carbon
working electrode, Ag/Ag" reference electrode, tetrabutyl ammonium perchlorate (TBAP)
supporting electrolyte, scan rate; 05 v/s.
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Figure A2.11: X-band EPR spectra of complex 3.1 before (solid line) and after purging NO
(dotted line) in methanol.
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Figure A2.12: Solution FT-IR of [Cu"-NO] complex. The band ~1650 cm’ decays gradually
with time indicating the unstable nature of the intermediate.
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Figure A2.13: UV-visible spectra of intermediate [Cu"-NO] intermediate (solid line) and it’s

decay (dashed lines) in methanol.

Figure A2.14: Structure of AZOss.
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Figure A2.15: GC-mass spectrum of MeNO,.
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Figure A3.1: FT-IR spectrum of HBNS in KBr pellet.

|
|

[ '|

T S |
“ah ama TR
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Figure A3.3: BC.NMR spectrum of HBNS in D,0.
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Figure A3.4: ESI-mass spectrum of HBNS in methanol.
100 4
9% 1
9%
941
F 92 4
%4
581
56 1
J0HH) J\.‘IINI J-DTﬂﬂ !5:"' 201011 |5:.N.| 1I:|HI SITII
Wave Numberiem™)
Figure A3.5: FT-IR spectrum of HBNS-NO in I|(Br pellet.
|
|
|
i
|
o
' / // ' 1 / } i
MJJLLJUU SN

Figure A3.6: "H-NMR spectrum of HBNS-NO in D;O.
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Figure A3.8: ESI-mass spectrum of HBNS-NO in methanol.
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Figure A3.9: FT-IR spectrum of the complex 4.1 in KBr pellet.

118
TH-1432_10612216



— ] NN

L] [] [ 7 ® H 4 z 1 T -;-n-

Figure A3.10: 'H-NMR spectrum of Complex 4.1 in CD;0D.
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Figure A3.11: '"H-NMR spectrum of Complex 4.1 after addition of NO in CD;0D.

1000
900 4
800 4
700 4
600 4
500 4

400 4

Intensity

300
200

A~

T T T T T 1
350 400 450 500 550 600

0

Wavelength(nm)

Figure A3.12: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1(20
UM) before (red line) and after (black line) adding 5 equivalent of H,O,.
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Figure A3.13: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1(20
UM) before (black line) and after (blue line) adding 5 equivalent of NaNQO,.
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Figure A3.14: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1(20
uM) before (black line) and after (blue line) adding 5 equivalent of NaNOs.
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Figure A3.15: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1(20
uM) before (black line) and after (blue line) adding 5 equivalent of NaOAc.
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Figure A3.16: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1 (20
uM) before (black line) and after (blue line) adding 5 equivalent of NaCl.
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Figure A3.17: Fluorescence responses (Aex, 320 nm) of methanol solution of complex 4.1
(20uM) before (black line) and after (blue line) adding 5 equivalent of NaClO,.
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Appendix IV

Table S1: Crystallographic data of PYAC.

Table S2: Selected bond lengths (A) and bond angles (°) of PYAC.

PYAC
Formulae CHisNO
Mol. wt. 333.37
Crystal system Orthorhombic
Space group P22, 2
Temperature /K 293(2)
Wavelength /A 0.71073
a/A 23.5140(17)
b /A 16.1378(17)
c/A 4.3631(3)
o/° 90.00
p/e 90.00
v/° 90.00
v/ A’ 1655.64
V4 4
Density/Mgm™ 1.337
Abs. Coeff. /mm”’ 0.082
Abs. correction Multi-scan
F(000) 696
Total no. of reflections 2898
Reflections, I > 2o(I) 1864
Max. 26/° 28.73
Ranges (h, k, 1) -18<h< 27
-19<k <19
-4<1<5
Complete to 20 (%) 0.9608

Refinement method

Full-matrix least-squares on F~

Goof (F°) 1.096
R indices [I > 20(I)] 0.0619
R indices (all data) 0. 0995

Bond length (A) Bond angles (°)
C1-C17 1.448(5) C(14)-C(1)-C(2) 118.2(3)
C17-C18 1.341(6) C(1)-C(17)-C(18) 127.1(4)
C18-C19 1.459(6) O(1)- C(19)- C(18) 122.5(4)
C19-01 1.233(5) C(22)-C(21)-C(20) 118.3(4)
C20-N1 1.341(6) C(20)-N(1)-C(24) 117.3(4)
N1-C24 1.333(6) C(24)-C(23)-C(22) 119.8(4)

TH-1432_10612216

122




100 —W

90 +
80

70+

%T

60

50+
40

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

Wavenumber(cm-1)

Figure A4.1: FT-IR spectrum of PYAC in KBr pellet.
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Figure A4.3: "C-NMR spectrum of PYAC in CDCls.
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Figure A4.4: ESI-mass spectrum of PYAC in methanol.
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Figure A4.5: UV-visible spectrum of PYAC in acetonitrile.
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Figure A4.6: UV-visible spectrum of complex 5.1 in acetonitrile.
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Figure A4.7: UV-visible spectra of complex S.1(black line) and after addition of 0.5
equivalent of NaNO, (red line) in acetonitrile.
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Figure A4.8: UV-visible spectra of complex 5.1 (solid line) and after addition of 0.5
equivalent of NaNO, (dashed line) in methanol/water.

3.0
2.5
2.0

1.54

Absorbance

1.0 4

0.5+

e
300 400 500 600 700 800 900 1000 1100
Wavelength(nm)

Figure A4.9: UV-visible spectra of PYAC (black line) and after addition of lequivalent of
[Cu(CH3CN)4]CIOy (red line) in acetonitrile.
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Figure A4.10: FT-IR spectrum of complex 5.1 after reaction with lequivalent of NaNO; in
acetonitrile in KBr pellet.
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Figure A4.11: FT-IR spectrum of complex 5.1 after reaction with NaNO in (H,0") in KBr
pellet.
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Figure A4.12: Fluorescence responses (Aex, 425 nm) for 20 uM solution of free PYAC (black
line) and after addition of 20 uM Cu(ClO4),.6H,0 (red line) in acetonitrile.
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Figure A4.13: Fluorescence enhancement (Aex, 425 nm) by addition of NaNO, (0.5eq) with
10 uM complex 5.1 in acetonitrile.
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Figure A4.14: Fluorescence enhancement (A.x 425 nm) by addition of NaNO, (0.5eq) with
10 uM complex 5.1 in methanol/water.
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Figure A4.15: UV-visible spectra of complex 5.1 with addition of 1 equivalent of NaNOj in
acetonitrile.
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Figure A4.16: Fluorescence enhancement of the complex 5.1 after addition of 1 equivalent
NaNOs in acetonitrile (Aex 425nm).
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Figure A4.17: UV-visible spectra of complex 5.1 after addition of 1 equivalent of Na,SOy in
acetonitrile.
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Figure A4.18: Fluorescence enhancement of complex 5.1 after addition of 1 equivalent
Na,SOy in acetonitrile (Aex 425nm).
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Figure A4.19: UV-visible spectra of complex 5.1 after addition of 1 equivalent of KH,POy in
acetonitrile.
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Figure A4.20: Fluorescence enhancement of complex 5.1 after addition of 1 equivalent
KH,POy in acetonitrile (Aex 425nm).
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Figure A4.21: UV-visible spectra of complex 5.1 after addition of 1 equivalent of Na,COj in
acetonitrile.
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Figure A4.22: Fluorescence enhancement of the complex 5.1 after addition of Na,COsin
acetonitrile (Aex 425nm).
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