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Synopsis
The thesis entitled, “NOy (x=1,2) reactivity of Co(ll) and Ni(ll) complexes with N-donor

and O-donor ligands’ isdivided into five chapters.

Chapter 1: Introduction

Nitric oxide (NO) gained increasing attention since it’s discovery to play the key roles in
many fundamental biochemical and biophysical processes including blood pressure
control, neurotransmission, and immune response etc.?> The Nobel prize (1998) in
Physiology and Medicine was awarded to Furchgott, Ignarro, and Murad for their
discoveries of the role of NO as a signalling molecule in the cardiovascular system.>* It is
also known that NO imbalance causes various disease states and these observations have
stimulated an extensive research activity into the chemistry, biology and pharmacology.®’

Transition metal nitrosyl complexes have attracted considerable interest for (i) the
versatility of metal-NO bonding,®® (ii) their importance to serve as a NO delivery reagent
to biological targets,™ (iii) the ability of certain transition metal complexes in promoting
NO disproportionation to form N,O and metal nitrite via a metal-nitrosyl intermediate™
and (iv) interactions of NO with heme/non-heme proteins resulting in physiologically
relevant M-NO bonds.*? In this direction, the best characterized example is the ferro-heme
enzyme, soluble guanylyl cyclise (SGC).** Formation of a nitrosyl complex with Fe(l1)
leads to labilization of a trans axial (proximal) histidine ligand in the protein backbone,
and the resulting change in the protein conformation is believed to activate the enzyme for
catalytic formation of the secondary messenger cyclic-guanylyl monophosphate (cGMP)
from guanylyl triphosphate (GTP).** In cytochrome c oxidase, the NO mediated reduction
of Cu(ll) to Cu(l) is presumed to play the key role in regulating the electron transport

activity of this protein.’®
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NO is aso known to involve in the generation of powerful secondary nitrating and/or
oxidizing agents, like NO, and peroxynitrite (ONOO).*® As a strong lipophilic oxidant,
NO, can trigger lipid auto-oxidation and oxidative nitration of tyrosine° In various
disease states such as neurodegenerative conditions, cardiovascular disorders, diabetes, and
Alzheimer’s disease, protein tyrosine nitration has been observed and being used as
diagnostic biomarker.?>* In biological systems, NO, can be generated via severa
mechanisms such as oxidation of NO by O,, decomposition of ONOQO’", and oxidation of
nitrite (NO,) by hydrogen peroxide (H»O,) in presence of peroxidases.®* These reactions
are known to be modulated /catalyzed by metallo-proteins, mostly iron or copper. Thus,
transition metal ion induced activation of NO, has become afascinating field of research.

The present thesis originates from our interest to study the binding to and activation of
NOx (x = 1 and 2) by transition metal ions. Amongst the first row transition metal ions, iron
and copper have been studied well towards NO binding and activation. However, nickel
and cobalt have not been studied to that extent, though both of these are known to exhibit
interesting activity towards NO. In this context, as a continuation to our study, first two
chapters of this thesis deal with NO reactivity of Co(Il) and Ni(ll) centers. Successively,
the redox behaviour of the coordinated NO and it’s disproportionation to N,O have been
studied. In the next two chapters, relatively less explored reactivity of NO, with Ni(ll)
complexes have been discussed. In these cases, reduction of Ni(ll) center by NO, and oxo

transfer reactions from NO, to the metal coordinated nitrite (NO,) ion have been observed.
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Chapter 2: Nitric oxide reactivity of Co(l1) complexes: Formation of {CoNO}® and

their reactivity

Reactivity of NO with the complexes of Co(ll) ions have not been studied so extensively
asiron or cooper, perhaps because of its less involvement in biological systems. However,
cobalt-nitrosyls are interesting for its several unique reactions. for instance, cobalt
dinitrosyls nitrosylate akene double bonds to result in corresponding bis-nitroso

compounds; they catalyse the disproportionation of NO which isindustrialy important.

This chapter deals with NO reactivity of two Co(ll) complexes of N,O, type ligands. Two
ligands L1 and L2, were prepared by the general reaction of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde with corresponding amines. Co(ll) complexes, 2.1 and 2.2 were
prepared by the reaction of Co(OAc),"4H,O with the corresponding ligand. These
complexes were characterized by various spectroscopic techniques as well as by single
crystal X-ray structure determination. The ORTEP diagrams are shown in the figure 1. In
both the cases, the central metal ion, Co(ll) is coordinated with two Nimine and two
Ophenoxide donor atoms almost in a square planer geometry, resulting in neutral complexes.
Upon addition of NO to the dry and degassed THF solution of the complexes 2.1 and 2.2, a
distinct color change from red to greenish brown was observed. This was monitored by
UV-visible spectroscopy. The absorption bands at 877 and 716 nm of complexes 2.1 and
2.2, respectively disappeared after addition of NO (Figure 2).

After purging NO, the respective reaction mixtures were kept in freezer for two days to
afford X-ray quality crystals of the corresponding { CONO}® complexes, 2.3 and 2.4. The

ORTEP diagrams are shown in figure 3.

TH-1597_11612210



Synopsis

c16) N cn czjf"‘«'/\\‘ " ) / / \ ‘\\ ‘ Iy
15,5 g \ = ({ :‘J)\J ) jo X \ / I”\
) foin SR / N\ :
/ [ vy 2 el O N \
o e Acis 02 ¥ [ hS) L — ] >
N o 01;? \“\\gn ge \W alr “\ / c \
c34 (]
(C2 ., « (8 () -
“/’uo \ A csrz/“ } C? o Y =
)\ (ch 5,033 St
S s :
e B

(@ (b)

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

H-atoms are removed for clarity).
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Figure 2. (a) UV-visible spectra of complexes 2.1 (black) and 2.3 (red); (b) UV-visible
spectra of complexes 2.2 (black) and 2.4 (red) in dry THF.
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Figure 3. ORTEP diagrams of complexes 2.3 (a) and 2.4 (b) (50% thermal ellipsoid plot;

H-atoms are removed for clarity).
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In both the complexes, the central meta ion isin penta-coordinated in a square pyramidal
geometry with the nitrosyl group in the axial position. In complex 2.3, the Co—Nyo bond
length is 1.871A and N-O bond is 1.079 A. The Co-N-O angle is 125.6°. In the case of
complex 2.4, NO group is coordinated to the metal in a bent fashion with an angle of
126.5°. The Co-Nno bond length is 1.799A. The bent {CoNO}® description can be

envisaged as Co —NO" species. The nitrosyl complexes, 2.3 and 2.4 displayed the

coordinated nitrosyl stretching frequency at 1651 cm™ and 1650 cm™, respectively, in FT-

IR spectra.
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Figure 4. FT-IR spectra of complex 2.3 (a) and 2.4 (b) in KBr.

Complexes 2.3 and 2.4 in THF solution were subjected to react with KO, at -80 °C to
result in the formation of corresponding peroxynitrite (ONOQO) ions as transient
intermediate. Thermal instability and reactive nature of the ONOO' ions precluded their
isolation and spectral characterization. Their formation was supported by the characteristic
oxidative dimerization reaction of 2,4-di-tertbutylphenol to result in 2,2'-dihydroxy-
3,3',5,5'-tetra-tert-butylbiphenol (~30%) (Scheme 1). Further, isolation of corresponding
nitrate complexes, 2.5 and 2.6, respectively, as the isomerization products suggests the
formation of the intermediate (Scheme 1).

The nitrate complexes were characterized by elemental analyses and spectroscopic

\Y
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techniques. Even after severa attempts, X-ray quality crystals were not obtained.

(ONOO)

Rl NI/O Rl
0\(:'0/0 -80 °C, 1(02 /éKO\C ﬁ\
R 7 Ox Dl'v THF > | Ri
\R/

Peroxynitrine intermediate

OH

Isomerisation

OH
HO

N,
R
(~40%)
754
70 - 70
65
63
B
< 60+ -
=<
55 56|
50 4
1384 cm17 ,
49 4 1384 cm’
45 ,
4000 3500 3000 2500 2000 1500 1000 500 ; " : ;
2000 1500 1000 500

Wavenumber (cm’ ) i .
avenumber (¢cm )

(€Y (b)
Figure 5. FT-IR spectra of complex 2.5 (a) and 2.6 (b) in KBr.

It would be worth mentioning here that the { CoNO}® complexes did not react with

dioxygen.

Chapter 3: Nitric oxide reactivity of Ni(ll) complex: Reductive nitrosylation of Ni(ll)

followed by release of nitrous oxide

This chapter describes the NO reactivity of aNi(Il) complex, 3.1 of ligand L3 {L 3 = his(2-
ethyl-4-methylimidazol-5-yl)methane}. The ligand, L3 was synthesized by following an
earlier reported procedure.® The Ni(Il) complex, 3.1 was prepared by stirring a mixture of

Vi
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nickel(11) chloride hexahydrate with two equivalent of ligand, L3 in methanol. It was

characterized by various spectroscopic analyses, as well as by single crysta X-ray

structure determination (Figure 6).

Figure 6. ORTEP diagram of complex 3.1 (50% thermal ellipsoid plot, H-atoms are
omitted for clarity).

Addition of equivaent amount of NO in the degassed methanol solution of complex 3.1 at
-80 °C displayed a shift in the d-d band from 636 nm to 610 nm (Figure 7). The shift in

Amax @nd change in intensity of the d-d band is attributed to the formation of corresponding
Ni(l) intermediate (Scheme 2).
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Figure 7. (a) UV-visible spectra of complex 3.1 (black), after addition of stoichiometric
amount of NO (red), { NiNO} *° intermediate (green) and complex 3.2 (blue) in methanol at
- 80 °C. (b) X-band EPR spectra of complex 3.1(black), Ni(l) species (red) and complex
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3.2 (green) in methanol at 77K.
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The reduction of Ni(ll) center to Ni(l) by NO was also evident from the X-band EPR
studies. The diamagnetic Ni(ll) center, in presence of equivalent amount of NO displayed

EPR signals corresponding to Ni(l) (g, 2.29; 9., 2.17) (Figure 7).

*2 1eq.NO +
’ 3),Nill ] [Ls NiI] + MeONO + H'
(L3), MeOH (L3),
31
1eq. NO
2eq. NO

+ 0 +
2 [(LS)ZNiH- NO,

N
’(Ls)zNiH—NOZ ] .% [(Ls)zNiI- NO
3.2 3.3

N,0

W

-

L3= HN N H
jN 1

Scheme 2

Another equivalent of NO resulted in the corresponding Ni(l)-nitrosyl intermediate having
{NiNO}*° configuration (Scheme 2). This has been monitored by UV-visible, solution FT-
IR and EPR spectroscopic studies. In UV-visible study a shift of the d-d band from 610
nm to 578 nm was observed (Figure 7). In the FT-IR spectrum of the methanol solution of
complex 3.1, addition of two equivalent of NO resulted in the appearance of a new band at
1668 cm', assignable to the vno corresponding { NiNO}° intermediate (Figure 8). The
intermediate was found to be thermally unstable and highly sensitive towards air and
moisture.

In presence of excess NO, the intensity of 578 nm band of { NiNO} '° was found to decay
indicating the decomposition of the intermediate. This finally led to the formation of
corresponding Ni(I1)-nitrito complex (3.2) (Figure 9) and nitrous oxide (N2O) (Scheme 2).

The nitrito complex, 3.2 was isolated and characterized by various spectroscopic

viii
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techniques. Single crystal X-ray structure revealed that Ni(Il) center is coordinated to two
ligand moieties and a (1%*0,0)-nitrito group (Figure 9). The formation of N,O was
confirmed by GC-mass anaysis (Figure 9). This was further supported by the FT-IR
monitoring of the reaction mixture which showed the appearance of a stretching frequency

at 2230 cm™ assignable to N,O (Figure 8).
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Figure 8. FT-IR spectra of complex 3.1(black), after immediate (blue) and 30 minutes

(pink) of addition of excess NO in methanol at room temperature.
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Figure 9. (a) ORTEP diagram of complex 3.2 (50% thermal ellipsoid plot, H-atoms are
omitted for clarity). (b) GC-mass spectra of N,O, gas taken from the head space of the

reaction mixture.
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The { NiNO} *° intermediate was found to decompose to the corresponding nitrato complex
(3.3) in presence of oxygen (Scheme 2). The perspective ORTEP view of complex 3.3 is

shown in figure 10.

Figure 10. ORTEP diagram of complex 3.3 (50% thermal €ellipsoid plot, H-atoms are
omitted for clarity).

It would be worth mentioning here that the NO reactivity of complex 3.1 was found to be
anion dependent. Complexes with non-coordinated anions react with NO leading to the
similar reaction. However, in case of coordinated anions like acetate, benzoate, the
complexes were found unreactive towards NO. This is perhaps because of the relative
change of redox potentials. For complex 3.1 the Ni'/Ni' reduction potentia is -1.05 V
versus Ag/Ag’ reference eectrode; on the other hand, in acetate and benzoate complexes
this potential appeared at -1.52 V and -1.56 V, respectively. The redox potentials for
complexes with acetate or benzoate anions, match well with the NO,/NO," potential. The
next chapter originated from our interest to study the NO, reactivity of Ni(Il) complexes of

ligand L 3 with acetate and benzoate anions.
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Chapter 4: Nitrogen dioxide reactivity of Ni(ll ) complex : Activation of NO, leading

to thereduction of Ni(ll) center

In continuation to the observations of chapter 3, two Ni(ll) complexes 4.1 and 4.2 were
prepared by using ligand L3 having acetate and benzoate as counter anions, respectively.
These complexes were characterized by FT-IR spectroscopy, UV-visible spectroscopy and
elemental analysis. The single crystal X-ray structure determination reveaed that complex
4.2 is in the octahedral geometry, where four N atoms of two ligands (L3) and two O
atoms from the coordinated benzoate moiety (Figure 11) satisfied the coordination
requirements. Even after severa attempts, X-ray quality single crystal for complex 4.1

was not obtained.

Figure 11. ORTEP diagram of complex 4.2 (50% thermal ellipsoid plot, H- atoms are
omitted for clarity).

As mentioned in chapter 3, complexes 4.1 and 4.2 in dry and degassed methanol solution
did not react with NO (Figure 12). However, when NO, was purged to the dry and degased
methanol solution of complex 4.1, a blue shift was observed from 598 nm to 588 nm in
UV-visible spectrum (Figure 13a). This reaction mixture was found to be EPR silent. This

is attributed to the weak coordination of NO, to the central metal ion. In presence of

Xi
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stoichiometric amount of water, the 588 nm band was shifted to 582 nm (Figure 13a). The
resulting reaction mixture became EPR active (Figure 14). These observations are
attributed to the reduction of Ni(ll) to Ni(l) with concomitant formation of nitrato (NO3)

species (Scheme 3). In case of complex 4.2, similar results were observed (Figure 13b).
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Figure 12. UV-visible spectra of complexes 4.1 (a) and 4.2 (b) before (black) and after
(red) purging NO in dry methanol at room temperature.
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Figure 13. UV-visible spectra (a) complex 4.1(black), after purging NO, (red) and after
addition of water (blue); (b) complex 4.2 (black), after purging NO, (red) and after

addition of water (green) in methanol at room temperature.
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Figure 14. X-band EPR spectra (a) complex 4.1 (black), after purging NO, (green) and
after addition of water (red); (b) complex 4.2 (black), after purging NO, (green) and after
addition of water (red) in methanol at 77K.

While both the reaction mixtures were kept in freezer for 3- 4 days, crystals of complex 4.3
were obtained. Structure determination revealed the formation of corresponding Ni(l)-

nitrato complex, 4.3 (Figure 15a). The presence of Ni(l) ion in complex 4.3 was confirmed

by X-band EPR study also (Figure 15b).
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Figure 15. (a) ORTEP diagram of complex 4.3 (50% thermal ellipsoid plot, H- atoms are
omitted for clarity), (b) X-band EPR spectra of complexes 4.1 (red), 4.3 (black) in dry

methanol at room temperature.
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Chapter 5: NO, reactivity of a Ni(ll) complex: Oxo transfer reaction from NO; to

NO,”

The ligand, L4 {L4 = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacycl otetradecane} was
prepared by using the procedure described by Curtis et al.*> Mononuclear complex 5.1, [Ni
(L4)(CH3CO0),], was prepared by refluxing a mixture of nickel(ll) acetate tetrahydrate
with equivalent quantity of L4 in methanol. The formation of the complex was
unambiguously established by various spectroscopic analyses as well as by X-ray single
crystal structure determination. The perspective ORTEP view of complex 5.1 is shown in
figure 16. The crystal structure revealed an octahedral geometry around Ni(Il) center in the
mononuclear unit. The four N-atoms from the ligand are coordinated to the metal ion
forming a square plane. Two acetate anions are coordinated to the metal centre from the
axia positions to balance the charge of the metal ion and to complete the octahedral
geometry around the Ni(ll) center. In methanol, complex 5.1 displayed d-d bands at 960,
574 and 464 nm occurred from three spin-allowed transitions, *Ayg - *Tog(F) , *Agg -
T14(F), and A, - *T14(P), respectively of octahedral Ni**. 362 nm band is assignable to

the ligand to metal (LM CT) charge transfer.*®

Xiv
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Figure 16. The ORTEP diagram of complex 5.1 (30% thermal ellipsoid; H-atoms are
omitted for clarity).

Addition of equivalent amount of NO, to the dry and degassed methanol solution of
complex 5.1 resulted in the shift of 464 nm to 434 nm (Figure 17). EPR study of the frozen
reaction mixture (at 77 K) revealed the presence of Ni(l) species (Figure 17, Eg. 1). The
axial nature of the spectrum indicates the existence of Ni(l) (d°) in a square planar
environment with d,” ground state.*” Calculated values of g, and gy are 222 and 2.03,
respectively.

(L4NiY(0Ac), + NO, ﬂ,‘[a‘@Nﬂ]* + 2AcO"+ H' + MeONO, (Eg. 1)

It should be noted that the electrochemically generated Ni(l) complex of ligand L4 was
aso studied earlier by EPR spectroscopy.®” The spectroscopic evidence obtained in the
present study isin very good agreement with the earlier reported results. Thus, it islogical
to believe that in this step of reaction Ni(ll) center of complex 5.1 has undergone reduction
by NO, to form [(L4)Ni]* complex. GC-mass analyses of the reaction mixture revealed the
formation of methyl nitrate (CH3ONO,) in this step. This is attributed to the formation of
NO," during the reduction of Ni(Il) by NO, followed by its immediate reaction with
methanol to form methyl nitrate. The unstable nature of Ni(l) complex could not allow to

isolate or structurally characterize.

XV
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Upon addition of further equivalent of NO,, the absorption band at 434 nm was shifted to
455 nm (Figure 17). This is attributed to the formation of corresponding [Ni'-NO,]
complex, which can be considered as [Ni"-NO,]. The EPR signa of Ni(l) intermediate
was aso disappeared. When the reaction mixture was alowed to stand at room
temperature for 3-4 days, two types of crystals, violet and purple, appeared almost in equal
proportion (Scheme 4). Structural characterization revealed that the violet crystals are of
complex 5.1 and the purple one is of [(L4)Ni(NO,),], complex 5.2. The ORTEP diagram
of complex 5.2 is shown in figure 18. A n*-O coordination mode of two nitrito moieties to
the Ni'"' center was observed.
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Figure 17. (a) UV-visible spectra of complex 5.1(black), after addition of one (red) and
two (green) equivalent/s of NO, in dry methanol at room temperature, (b) X-band EPR of
complex 5.1 (black), after purging one (red) and two (green) equivaent/s amount of NO,
in methanol at 77 K.
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Figure 18. The ORTEP diagram of complex 5.2 (30% thermal ellipsoid; H-atoms are
omitted for clarity).
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The crystallization of complexes 5.1 and 5.2, from the reaction mixture suggests the
formation of [(L4)Ni(NO;)(CH3COO)], 5.1b, as intermediate upon addition of equivaent
amount of NO, gas in the solution of [(L4)Ni]" species. Allowing it to crystallize out, it
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dissociated into complexes 5.1, [(L4)Ni(CH3COO),] and 5.2, [(L4)Ni(NOy),] owing to the
lesser stability of 5.1b compared to those (Scheme 4).

When the reaction mixture containing 5.1b was subjected to addition of further equivalent
NO,, there was no appreciable change in the d-d absorption bands in UV-visible spectrum.
However, in FT-IR spectrum (Figure 19), stretching at 1272 cm™ assigned to nitrito group
was disappeared and a new intense stretching band at 1384 cm™ assignable to nitrato
group was appeared. Structural characterization revealed the formation of corresponding
Ni(l1) nitrato complex 5.3 in the reaction. The ORTEP diagram of complex 5.3 is shown in

figure 19.

| 1384 cmi™ .
621 1271 em™

2000 1800 1600 1400 1200 1000 800

N Wavenumber (cm™)

(@ (b)

Figure 19. (a) The ORTEP diagram of complex 5.3 (30% therma ellipsoid; H-atoms are
omitted for clarity), (b) FT-IR spectraof complexes 5.2 (red) and 5. 3 (blue) in KBr pellet.

Second nitrate ion is not coordinated to the metal ion. The formation of complex 5.3 is
perhaps because of the less stability of corresponding [(L4)Ni(NOs)(OAc)]. The peak
observed at m/z 404.215 in mass spectrometry is assignable to [{Ni"(L4)(NO3)}]*.

Expected and observed fragmentations in mass spectroscopy matched well (Figure 20).

Xviii
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Figure 20. ESI mass spectrum of complex 5.3 in methanol (Inset: simulated spectrum).

Thus, addition of NO, in methanol solution of intermediate complex 5.1b afforded an oxo
transfer resulting in the corresponding nitrate complex 5.3. NO is expected to form as side
product in the reaction and was confirmed by GC-MS as well by spin trapping using
iron(11)diethyldithiocarbamato complex.

It would be worth to mention here that purging NO, to the methanol solution of complex
5.2 dso afforded complex 5.3. On the other hand addition of excess NO, in methanol
solution of complex 5.1 resulted in complex 5.3 as the final product with the release of
NO. The reaction of intermediate complex 5.1b with NO, leading to the conversion of O-
nitrito to O-nitrato complex can be envisaged to follow pathway of oxo transfer as was
observed in earlier reports (Scheme 5).%*° ESI-mass experiment studies with scrambled
NO,™®*® was found to result in two equal intensity mass signals for [Ni(L4)(**0.,N*®0)]*
(406.223) and [Ni(L4)(N*°03)]* (404.222) shown in figure 21. On the other hand, addition
of ®NO, to the solution of 5.1b was found to release >NO. These suggest that the oxo
transfer takes place from free NO, to the coordinated nitrito group. In case of earlier

reported examples involving Fe(I1)(TPP), Mn(I1)(TPP) and Cu(ll) complex of 4,6-di-tert-

XiX
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butyl-2-((2-picolyl(isopropyl)amino)methyl)phenol the oxo transfer was found to follow

the similar mechanistic pathway.
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Figure 21. ESI mass spectrum of complex 5.3 with'® ONO, as anion in methanol.
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Chapter 1

Introduction

1.1 General aspectsof nitric oxide

Amongst all other oxides of nitrogen, nitric oxi(O) has attracted enormous attention
after its discovery to play the key roles in maagdamental biochemical and biophysical
process including blood pressure control, neurstrassion, immune response &te.is
also known that NO imbalance causes various disgiases and these observations have
stimulated an extensive research in the chemisiolpgy and pharmacology of NO.
Transition-metal nitrosyl complexes have attractamhsiderable interest for (i) their
versatile bonding properties between metal and Ai@ electronic structurés, (i) the
metal nitrosyl complexes being employed to serva & delivery reagent to biological
targets> (iii) the ability of certain transition-metal coemes promoting NO
disproportionation to form ) and metal nitriteia a metal nitrosyl intermedidtand (iv)
interactions of NO and heme/nonheme proteins riegut physiologically relevant M-NO
bonds’ In this direction, the best characterized exariptée ferro-heme enzyme, soluble
guanylyl cyclise (sGCj. Formation of a nitrosyl complex with Fe(ll) leatdslabilization

of atrans axial (proximal) histidine ligand in the proteiradkbone, and the resulting
change in the protein conformation is believed ttivate the enzyme for catalytic
formation of the secondary messenger cyclic-guangipnophosphate (cGMP) from
guanylyl triphosphate (GTP)In cytochrome c-oxidase, the NO mediated reductibn
Cu(ll) to Cu(l) is presumed to play the key role@gulating the electron transport activity

of this proteint’
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On the other way NO is also known to involve in teneration of powerful secondary
nitrating and/or oxidizing agents, like N@nd peroxynitrit¢® Thus, interaction of NO
with transition metal complexes and their redoxasébur is always an interesting field of

research from coordination as well as bioinorgahiemistry perspective.

Our laboratory has been actively involved in stadyithe binding and activation of
NO/NO, with/by transition metal ions. Biological relevanof copper ion makes it
attractive for those studies. For instance: in meaeports of the reaction of NO with
[CU(TEAEA)(CHCN)]**, and [CU(TIAEA)(CHCN)]?*', {TEAEA = tris(2-

ethylaminoethyl)amine; TIAEA = tris(2-isopropylaminoethyl)amine} complexes,
reduction of copper(ll) center has been reportegrticeed through the formation of a

thermally unstable [C4NO] intermediate (Scheme 1.%).

- Q2+
N/\\N/ R NO H /\\——\ M
/N — ~ N
\\Cl/l"'--ﬁ./ R/N\ / /) N\
N\"\‘“H Acetonitrile (ju______N R
—~H
H,CCN R \R
- = ON

Y

s r\ N/\\N/R + [Cu(CH;CN)y]”
N \*\ R AN \—\ \
K g ¥ Yo \ Yo
¥ E < o

R=-Et, Pr
Scheme 1.1

Spectral evidences of the formation of [@WO] intermediate have been reported in the
reaction of NO with [Cu(TAEA)(CKCN)J?*, 1.1; [Cu(PYMEA)]?**, 1.2 and

[Cu(BAEA)(CHsCN)J?*, 1.3 {TAEA = tris(2- aminoethyl)amine; PYMEA = pyridine-2-
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methylamine and BAEA bis(2-aminoethyl)amine}complexes. In the FT-IR speciréhe

acetonitrile solutions of complexésl, 1.2 and1.3 after addition of NO a new intense and
sharp band was found to appeara650 , 1642 and 1635 chrespectively. These were
assigned as the stretching of N@d) coordinated to the Cu(ll) center. These were foun

to disappear with time, indicating the unstableirabf the intermediaté.

[ 2+ H 2+ 7]
/
N [’\Nq{jl (}(\/N\H N N/\\ H
R \C{ /> R S N7“\N N H/N\C{l /N<H
HSCCN/ \N/ H H“‘*-N\/O
N e = H3CCN
(a) (b) (c)

Figure 1.1. Copper complexes (4)1, (b) 1.2 and (c)1.3.

In another case we have reported a Cu(ll) compfex bi-dentate ligandbis(2-ethyl-4-
methyl-imidazol-5yl)methane upon reaction with N@sgformed the corresponding
Cu(Il)-nitrosyl complex. That nitrosyl complex oreaction with water afforded the

corresponding Cu(l)-nitrite complex. This is thesfiexample of structurally characterized

Cu(l)-(n*0,0) nitrite complex with N-donor ligand (Schema)t*

Scheme 1.2
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In literature, most of the examples of metal ngtesnclude iron and copper owing to their
biological relevance. Other first row transition tadeions have not been explored that
much though some of them show interesting reagtiatwvards NO. For example, cobalt
dinitrosyls nitrosylate alkene double bonds to ledn correspondingbis-nitroso
compounds? they catalyse the disproportionation of NO whisfinidustrially important®
Heme-cobalt systems have been studied more in aisnpao the non-heme systefisA

few representative examples for non-heme are ksl

1.2 Cobalt nitrosyls

Sacconi’s group reported structurally characteri@eeNO complexes using the tripod like
ligands tris(2-diphenylphosphinoethyl)amine, andris(2-diphenylarsinoethyl)amine,
having the donor atom sets NBnd NAs respectively.” The metal nitrosyl complexes
with the formula [Co(NO)L]X; {L = NR, NAsz;; X = |, NO;, BF,;, BPh} had been

characterized by X-ray crystallography. The geoyneif the cobalt complexes are

tetrahedral in nature complé4 ([Co(NO)NRJ]™).

@r\m/@
\>\©

A 7o

Figure 1.2. Cobalt complex.4.

Later Crimminet al. reported a number of four and five coordinatedo@@O),}*°
complexes by salt-metathesis reactions of [(TMED&)DO)][BPhy {TMEDA=

N, N*, N? N?-tetramethylethane-1,2-diamine} with various momisaic ligands, along
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with their reaction with alkenes (Scheme 13Yhese four coordinated complexes are
thermally robust and readily isolable species, ahiive coordinate complexes are
thermally unstable transient intermediates, readfilgtergo dissociation of an NO ligaty.
These latter complexes were trapped by alkenesotm fthe corresponding metal

dinitrosoalkane complexes.

\
N N Toluene Y‘Y
\C _No | - .
¢

BPh, N N
N N 4 days, 80 °C N TN
NO ~ \Li/ ~ Ar Co Ar

N SN
/\ | ON NO
Et,0
Ar = 2, 6-di-iso-propylphenyl
\
N\ L
NO THF N, _-NO
~
Co. BPh, + e Co
[ / N / [z 3M) -78°Ctort L/ ’\NO
N No X
/ \ 10 equiv. 1.2 equiv.

L Il
N N
Co
| N
X

N
Il
o)

([L;X)M] = NaCp, Li(n°~MeCsH,), LiCp’, Li(n’>-'BuCsH,), Li{n’-(Ph,CH)CsH,}, Li(>-Me;SiCsH,),
Li(n>-'‘BuMe,SiCsH,), Li(n>-Pr;SiCsH,), Li{n>-1, 3-(Pr,Si),CsH;}, KTp))

Scheme 1.3

H.DATI-4, {5-(dimethylamino)N-(((E)-7-((4-((E)-7-(((5-(dimethylamino)naphthaldn-
yl)sulfonyl)imino)cyclohepta-1,3,5-trien-1-yl)amijtmutyl)imino)cyclohepta-1,3,5-trien-1-
yl)naphthalene-1-sulfonamide}, was reported as amsition metal based fluorogenic
sensor, showing a positive fluorescent signal spoase to NO through the formation of
transition metal nitrosyl complex. The fluorescené¢he ligand was quenched by'Cin
absence of NO; however, in presence of NO one @onif the fluorescent ligand gets

detached from the quenching environment and tima$lworescence “on”. (Scheme 1%)
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Scheme 1.4

Tropocoronand family of ligands are known to motkdathe physical and chemical
properties of their transition metal ion complexeth the change of the macrocyclic ring
size and flexibility. Lipard’s group showed the lugnce of tetraazamacrocyclic

tropocornand (TC) ligands on the NO reactivity legit Co(ll) complexes. They had found

Chapter 1

hv = 350 nm

“‘—LH_\_L\ \N/
hv =505 nm
0,8 f

g PN
Y

that [Co(TC-3,3)], [Co(TC-4,4)] and [Co(TC-5,5)]ae with NO and preferentially form

{CoNO}® speciesl.5, 1.6 and 1.7 respectively, whereas exposure of [Co(TC-6,6)N®

results in cobalt nitrite complex through the fation of {Co(NOY} '° intermediatel.8.?°

N\ /’_./N

Co b
—_
N’ZJ”C

(©)

(d)

Figure 1.3. Cobalt nitrosyl complexes (&)5, (b) 1.6, (c) 1.7 and (d)1.8.
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The redox chemistry of NO to its reduced analoguesh as nitroxyl (HNO/NQ, has not
been extensively studied, due to its rapid diméonrmaand dehydration of HNO to,® and
H,0O. Recently, Harrogt al reported an example of proton-induced reactivit@®™ from

a {CoNO}® complex with {{(\'E, N’E)-N*,N*-bis((1H-pyrrol-2-yl)methylene)-4,5-dichloro-
benzene-1,2-diaminé}- Reaction of {CoNO%¥ complex of this ligand with Hreported to
generate the HNO donating intermediate towards H&lQets such as Fe(ll)-heme, BRPh
(Scheme 1.5). On the other hand the HNO donatiteyrmediate ultimately leads to the

formation of the Co-dinitrosyl complex in the absemf an HNO target (Scheries)?*

[Fe(TPP)NO]
{Fe(NO)}’

T Fe N (TPP)CI], H'

ONO,
a
No _[FerPR)CI, HY CI:©:N\CL/N _°% C‘:@N;Coql“
Reacti N
action 298 or3l0 K ;O MeCN C1 Nw
N
2 PPh; 111
2 PPh, ?
Ph;P=0 + Ph,P=NH CH;,
+ Rem:tmu
juie
CoL L= Ligand

Scheme 1.5

-+ A=

a N\.CIO/N H' a
N N 01
c L@

— -+
/ \
N
\ T no
N\c cl N~co
— e 12 ﬁ PN
K\j “ / N

Reactive intermediate

= 3+

a N~ N
Co”
112 ﬁ 7 =
cl

Scheme 1.6
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Tomsonet al. reported an example of antiferromagnetically ¢edpCo(ll)-NO species.
They prepared the novel {CoN®}species TECo(NO) {Tp = hydrotris(3,5-Me-

pyrazolyl)borate} by the reaction of [(TMDA)Co(NEBPh,) and KTp(Scheme 1.75°

H
N ] R
. Yo . / \\,\
2N BPh — - \\T | / T//
/ 4
N NO N, N. /N
/N b
bo

Scheme 1.7

Nam’s group recently reported the reaction of Gp(itrosyl complexes with superoxide
ended to yield Co(ll)-nitrite complexegia the putative formation of peroxynitrite

intermediate (Scheme 1.%).

No
Reaction
I||

2
2+ T y 2+ 0\ / / +
~ — N —Co~—
.,-Co-... NO N—Co— o NZ 0 >N
A X 2 KX
£ \N Nq - \N N
N\ /N \R/ ‘\R/
R= (CHjy); for 12 TMC
R=(CH,); for 13 TMC
NO
1,
~
N.fCO—-.N

120, + E 7 K/
N __-N
R

Scheme 1.8
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1.3 Nickel nitrosyls

Example of cationic nickel nitrosyls complexels9( 1.10) with aliphatic triphosphines

have been reported by Meek’s group in early sevénty

() (b)

Figure 1.4. Nickel nitrosyl complexes (d)9 and (b)1.10.

Metalloenzymes of the category [nFe-nS] (n=2 oca) be activated by NO in biological
as well as model systems, being motivated from #gsvation phenomena nickel
complexes of similar category were prepared and tieactivity have studied (Scheme
1.9)® These includes the examples of anionic complexie$l,( 1.12) containing

{Ni(NO)} 2.

P
NO |
@\ | Q s S N
ELN); N~ AN

s\ 8 EN): | oNn S SPh
5
g Ph
(@) (b)

Figure 1.5. Anionic nickel nitrosyl complexes (4)11 and (b)1.12.
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PhS\\ /SPh
(E'IN-)Z Ni NO
NOBF, N o (2)
PLS SPh Ph;CSNO
Ph,S; Et;NBF,
1/2 Ph,S; or RS,
1"11
PhS s SPh
NS N pus P
Ni Ni ~__
172 (EtN), SN N (EtN), /Nl\
ON
‘ o PhS NO
Ph
+Et,NSPh
MeSPh. Et,NBF, Me;OBF,

Scheme 1.9

It would be worth mentioning that most of the nickirosyls are tetrahedral and transition
metal nitrosyls with coordination number of three eare. Warren’s group reported three
coordinateds-diketiminato nickel nitrosyl complexes from Ni(Dtidine and Ni(ll)-alkyl

precursors (Scheme 1.10, 1.19).

N N
“NiT NO (1 atm) \ ,
| T 24w
R 2.4-lut

R=Me or H
Scheme 1.10
S~
o~ RT O~x
[Me,NN|Ni > MeNN NI I
N ratet  20aNO (latm) o~ N
’ ~2,41ut
Scheme 1.11

In continuation of that tri-coordinated N-heterolycarbene nickel nitrosyl complexes

10
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were also reported by same grodyig, 1.14, 1.15 and Scheme 1.125.

ﬁ ipy /=\ Pr ;Q ' ]
GG e e e

O N Pr ! N Pr
‘S—*O =0 Ni i 2: :L__
g \ P
F’$F @ N=o l
F
(a) (b) (c)

Figure 1.6. Tri-coordinated nickel nitrosyl complexes (a3, (b) 1.14 and (c)1.15.

Pri

/ TISCPh; . '
LiPr+ Ni(NO)(THF); > \ — > LPrNi(SCPhy)NO

Pri§ AgOTS
k

L'Pr = N,N -bis(2,6-diisopropylphenyl)imidazole

LPrNi(OTH)NO

Scheme 1.12

A cationic nickel nitrosyl complex [Ni(NO)(CHNO,)]|[PFs] was reported by Hayton's

group (Scheme 1.13y.

O MeNO,
cat. I or Nil, | O,NMe | MeNO,
N+ NOJIPF] —————> Ni + Swi
eNO, ONMe™ /™ [ ] \.,O[PF}
0...0 | PF 0.-- s
N ° OZNMe/ “*N/
OzNMQ‘ | |
Me Me
Scheme 1.13

Nitromethane as a ligand, remains weakly coordth&tethe metal centre, and hence has

easily been displaced by a variety of donors, sischtO, CHCN etc. (.16, 1.17).

11
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— o — + — —+
\f /N‘/“O N//
0.____ / 1\|Ii
Ni
o~ Yo N/ \\N S
= I!T < (g// T\ \CH
o— 3
AN H3C/
L _ L CH, _
€) (b)

Figure 1.7. Cationic-nickel nitrosyl complexes (&)J16 and (b)1.17.

Another report showed the NO release from nickebsyl complex induced by one
electron oxidatio® The reaction of nitrosyl complex with AgpPfr [NOJ[PR] in
acetonitrile results in the formation of Ni(ll) cpex and the release of NO as gas
(Scheme 1.14). The oxidation of the nitrosyl complevith TEMPO (2,2,6,6-
tetramethylpiperridine-1-oxyl) generates NO thiouthe cleavage of NNO bond

(Scheme 1.15).

F
F\ll’/F B N
e |\F

ol 1. [X][PFq]

! 2. 2eq. bipy

Ni—NO - [PFsl + nNO

CH,Cl, / MeCN
X=Ag", NO"
Scheme 1.14
F
FF 0 - - ~ _
/TN N * +
| A F IL F /@
X
/Ni—NO — >~ ~N (I’ NO | N ,\N
| SN CH,(Cl Ni_ /Nl/
P NO N NO N
{NiNO}10 | \F | \FA ]
{NiNO}’
Scheme 1.15
12
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The very nitrosyl complex resulted in the formatiwfthe cis-[N-O,]*" as intermediate, in
presence of excess NO, this then releas€3’RiThe plausible reaction pathway and the

involved redox couples were investigated in det&ls

1.4 A brief discussion of nitrogen dioxide and itsreactivity

In contrast to NO, N®is known as a strong lipophilic oxidant and cagger lipid auto-
oxidation and oxidative nitration of aromatic amiaoids, particularly tyrosin&:! In
numerous diseases including neurodegenerative toomgli cardiovascular disorders,

diabetes, Alzheimer’s disease and protein tyrositmation have been observ&d®

In biological system,via several mechanisms NQcan be generated, including the
oxidation of NO by @, the decomposition of ONOQand the oxidation of nitrite (NQ

by hydrogen peroxide (®,) in presence of peroxidas&s>®

Groveset al. had reported that metMb-PN (E©ONO) formed, decomposes to nitrate

and NQ (Scheme 1.16Y

_ H,0 -
0,0 NO y ONOO oH,
NO metMb 0, + NO
o i
o % ONOO" , 21
; NOy
oxyMb o 3 o
>
1 ferryMb
NOz
Scheme 1.16

Recently it has been established that activatioraobus heme peroxidases (MPO/LPO)

13
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by H,O, can promote the oxidation of NQo the formation of N@as intermediate that is

capable of nitrating aromatic substrates and prstéscheme 1.17).

H,0,

H,O0

NO,

NO, o

NO,

NO;

NO,

Scheme 1.17

Grault et al. reported tyrosine nitration catalysed by cupae through a Fenton-like
catalytic pathway which eventually lead to the fation of NQ and tyrosyl radical

(Scheme 1.18Y

H,0,
Lew! =— Lcuool) —» LCu'+0,+H'

H0, l

LCu!'(OH) OH

NO,
Ao D e
Scheme 1.18

Recently, Huangt al. reported the example of metal based highly seledO, sensor.
Ni(Il)-complex of dithiocarbamate ligands derivedrh theortho and para isomers of

14
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sulforhodamine B fluorophores had been exemplifedense N@selectively (Scheme

1.19)%

M)2

S S
< \h 7N NO, \ I /
R,N J Ni NR, —> | )N ' NR,
v / \ -
S S
R,N R,N J\ < y Ni(NO;)
2 S

5=0 cmoH S 0
g -—\ -
$=0 S S
N_Rz S:< S:<
N‘Rz \Rz
‘Where Soz.\
RN = \/\ and O
Et;N
S0y
Scheme 1.19

Recently, our group reported the Ne@activity of Cu(ll) complexe&.18 and1.19, with
ligands  {2,4-ditert-butyl-6-(((2-dimethylamino)ethyl)(isopropyl)aminagthyl)phenol}
and {6,6’-(((2-(dimethylamino)ethyl)azanedigiy(methyleneis(2,4-ditert-butyl
phenol)} respectively. Both the complexes showghenol ring nitration induced by the

unprecendented reduction of Cu(ll) centre by,N&heme 1.20%

Cu—"'N

A

Figure 1.8. Copper complexes (4)18 and (b)1.19.
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N NN

\ ~ NO, ~
Cu—N cul + N
o / AN MeOH OH AN
AcO

Scheme 1.20

Cu(ll) complexes of two fluorophoric ligands, {2&thracene-9-ylmethyl-(2-
dimethylamino-ethyl)-amino]-methyl}-4,6-dert-butyl-phenol} and {5-dimethylamino-
naphthalene-1-sulfonic acid (3,54@r-butyl-2-hydroxy-benzyl)-(2-dimethylamino-ethyl)-
amide}, respectively, had been utilized for fluominic sensing of N@ The quenched
fluorescence of the ligands in the complexes fotmdestore upon reaction with NO

(Scheme 1.21%°

R R
ILT O,N. 1l1
_— NO; 1 /\ ~
/Cu__h\ OReT cul + N + (CHjy);COH
O / OH ~
AcO

R=Anthracenyl/ Dansyl

Scheme 1.21

The NQ reactivity of Cu(ll) complexes of D, type ligands {6,6’-(((pyridin-2-ylmethyl)
azanediyl)bis(methylene)pis(2,4-ditert-butylpheno)} and {2,4-diert-butyl-6-(((3-tert-
butyl)-2-hydroxy-5-methylbenzyl)(pyridin-2-yl-ethjmino)methyl)phenol)} reported to
result nitration at phenol ring. But spectroscogtiedies suggest that the reaction poceeds
through a phenoxyl radical complex formation nabtigh the reduction of Cu(ll) centre

(Scheme 1.22%*
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tBu( tB
ut
O/H Butt
t
| = /\N But NO2 \0 A~ th
—‘..
/N“‘“Cu | + NOy
/ O V"“‘Cuﬁjj@/
t—But tB
ut
tBut— %
2NO,
t]I.’mt
Butt

~
(0) .

| = K\‘N NO,

/N"—-hc{l_h_o +§7N02
/
AcO But
Scheme 1.22

Oxo transfer from N@to coordinated nitrito group in a Cu(ll) complegported recently.
Cu(ll) complex of {4,6-ditert-butyl-2-((2-picolyl(isopropyl) amino) methyl)-pheh
reacted with equivalent amount of BlQeading to the reduction of Cu(ll), with
simultaneous nitration at the phenol ring of thgatid. That resulted in the situ
formation of intermediate Cu(l) complex of the ated ligand. Further addition of NO
Cu(l) center simultiniously oxidised and resulted corresponding Cu(ll)-O-nitrito
complex formation. Subsequent addition of N€ad to an oxo transfer reaction resulting

in the formation of O-nitrato complex, with concaarit release of NO. (Scheme 1.53).

17
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AcO

O/\ tRut
/h_‘*Cu CN[“/'—-—\
MeOH = Cll-.._ :
OA(‘

gyt

[X= Solvent, CHSCOO’]

3NO,
NO,

QS \II\I/ NO2
N— | 1/
= Cu-...__ NO, /N—‘_‘_}:“\O
N
02N0 " OoNO H
But

— 546

Scheme 1.23

The present thesis originates from our interestrtderstand the basic chemistry involved
in the binding to and activation of N@x = 1 and 2) by transition metal ions. Amongst th
first row transition metal ions, iron and coppevédeen studied well towards NO binding
and activation. However, nickel and cobalt have lme¢n studied to that extent, though
both of these are known to exhibit interesting\aigtitowards NO. In this context, as a
continuation of our study, first two chapters ofstlthesis deals with NO reactivity of
Co(ll) and Ni(ll) centers. Successively, the red@haviour of the coordinated NO and its
disproportionation to pO have been studied. In the next two chapterstivelp less

explored reactivity of N@ with Ni(ll) complexes have been discussed. In ¢heases,

reduction of Ni(ll) center by N@and oxo transfer reactions from B@ the metal

coordinated nitrite (N@) ion have been observed.

18
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Chapter 2

Nitric oxide reactivity of Co(II) complexes: Formation of

{CoNOJ and their reactivity

Abstract

Two cobalt complexes, 2.1 and 2.2, of ligandsL1andL2{L1=6,6-((1E,1E)-(((1R,2R)-
cyclohexane-1,2-diyl)bis(azanylylidene))bis(methanyl ylidene))bis(2,4-di-tert-butyl phenol)
: L2 = 6,6'-((1E,1'E)-(ethane-1,2-diyl)bis (azanylylidene))bis(methanylylidene))bis(2,4-di-
tert-butylphenol)}, respectively, have been synthesized and characterized structurally.
Purging of NO gas into the THF solution of complexes 2.1 and 2.2 resulted in the
corresponding nitrosyl complexes, 2.3 and 2.4, respectively, having {CoNO}®
configuration. Structural characterization revealed the presence of bent nitrosyl in both the
complexes. Addition of superoxide, Oy, into the THF solution of 2.3 and 2.4 afforded
nitrato (NO3) complexes, 25 and 2.6, respectively, via putative formation of

corresponding peroxynitrite intermediates.
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2.1 Introduction

Reactivity of nitric oxide (NO) with transition metal ions has been the subject of
continuous research since NO is discovered to play the fundamental roles in various
biophysical processes.' Most of the reactivity of NO in biological systems are attributed to
its interaction with the metallo-proteins, mostly iorn and copper.? NO induces oxidative
damage to DNA, lipids, proteins etc. when produced in higher concentration.® Being
radical in nature, it produces secondary reactive nitrogen species (RNS) such as nitrogen
dioxide (NO,), peroxynitrite (ONOQ) in presence of other oxidants (O,, H,O, or Oy)
and/or transition metal ions.* Tyrosine nitration is known to occur by (ONOO) or NO, and
is used as a diagnostic biomarker for several disease states asit can alter protein functions.
However, there are certain metallo-enzymes, such as nitric oxide deoxygenases (NOD) in
biological systems to control the level of NO. In NODs, the Fe(l11)-superoxide species
reacts with NO to result in the biological benign nitrate (NO3z) ion. This reaction is
believed to proceed through the formation of metal-peroxynitrite intermediate.® Transition
metal ions are known to play important roles in generation, stabilization, activation for
substrate oxidation and thermal isomerization of ONOO'.” Extensive studies have been
done in this direction with heme-proteins and their models® Recently, the examples
involving other transition meta ions in generation and reactivity of ONOO'™ are reported
though limited. For instance, Clarkson and Basolo reported that a Co-nitrosyl complex
reacts with O, to result in corresponding nitrite (NO,) product.® Similarly, Cu-NO
complex reacts with O, to result in Cu-peroxynitrite intermediate which decomposes to
NO,.*° Nam and co-workers reported that the reaction of non-heme Cr(IV)-peroxo and
Cr'"-superoxo complexes with NO lead to the formation of a presumed Cr(lll)-
peroxynitrite intermediate.* We have reported that Cu-NO complexes react with H,0, to

25
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form copper-nitrato complex via the therma decomposition of a presumed Cu-
peroxynitrite as intermediate.”? Recently, Nam and co-workers reported Co(l11)-nitrosyl
complexes of 12 and 13 membered N-tetramethylated cyclam ligands, [(12-
TMC)Co"(NO)]?* and [(13-TMC)Co"'(NO)]?* [ 12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane] react with superoxide ion to result in corresponding Co(ll)-nitrite
and O, via a presumed Co(11)-peroxynitrite intermediate.®* Hence, the transition metal ion
mediated reactions of NO with O, or other reactive oxygen species (0> or O,) is of

potential interest from the NOD point of view.

This chapter describes synthesis and structure of two cobalt-nitrosyl complexes of L1 and
L2 {L1 = 6,6-((1E,1'E)-(((1R,2R)-cyclohexane-1,2-diyl)bis(azanylylidene))bis
(methanylylidene))bis(2,4-di-tert-butylphenol), L2 = 6,6-((1E,1'E)-(ethane-1,2-diyl)bis
(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-butylphenol)}  ligands and their
reactivity with superoxide ion to afford corresponding nitrate complexes via Co(lll)-

peroxynitrite intermediate.

g i VAR
@ ()

a

Figure 2.1. Ligands used for the present study (a) L1 and (b) L 2.
2.2 Results and Discussion

The ligands were prepared by following the earlier literature report.* Corresponding

diamines were alowed to react with 3,5-di-tert-butyl-2-hydroxybenzaldehyde in ethanol.
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They were recrystallized from hot ethanol. Elemental and spectroscopic anayses
confirmed the formation of the ligands (Experimental Section). The complexes, 2.1 and 2.2
were synthesized by stirring a solution of cobalt(Il) acetate tetrahydrate with L1 and L2,
respectively, in methanol ™ Single crystal X-ray structure has been determined for both the
complexes. ORTEP diagrams are shown in figure 2.2. Crystallographic data are given in
table 2.1. Structural characterization revealed that Co(ll) ion is coordinated by two Nimine
and two Ogpheno @0ms from the respective ligands in an overal distorted square planar
geometry. The average Co—Nimine and Co—Opnenoiato distances are 1.856 and 1.847 A,
respectively, in complex 2.1. In the case of complex 2.2, these distances are 1.848 and
1.845 A, respectively. These are within the range found in earlier reported examples.®® The
phenol moieties of the ligands are coordinated to the metal ion as phenolate and thereby

neutralizing the overall charge of the metal ions.

@ (b)

Figure 2.2. ORTEP diagrams of complexes (a) 2.1 and (b) 2.2 (50% thermal ellipsoid plot,
H-atoms are omitted for clarity).
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Table 2.1. Crystallographic data of complexes 2.1, 2.2, 2.3 and 2.4.

2.1 2.2 2.3 2.4
Formule C3sH50CoNsOs | C3oHasCONLO, | Cags Hegs Co N3 Os | Car Hag Co N3 O3
Mol. wt. 603.73 549.64 777.94 579.65
Crystal system orthorhombic | orthorhombic | monoclinic monoclinic
Space group Pccn Pbcn 12/c P2(1)/c
Temperature/ K 296(2) 296(2) 296(2) 296(2)
Wavelength/ A 0.71073 0.71073 0.71073 0.71073
alA 21.0570(16) 26.7490(14) 33.5265(20) 15.141(3)
b/A 26.980(3) 11.0089(4) 10.2466(6) 19.113(3)
c/A 11.8069(10) 10.3143(5) 28.366(2) 11.689(2)
a/deg 90.00 90.00 90.00 90.00
fB/deg 90.00 90.00 115.702(8) 105.886(6)
y/deg 90.00 90.00 90.00 90.00
VIA® 6707.8(10) 3037.3(2) 8780.5(9) 3253.4(10)
Z 8 4 8 4
density/Mg-m™> 1.196 1.202 1.177 1.183
Abs. coeff./mm™ | 0.544 0.594 0.435 0.561
Abs. correction none multi-scan multi-scan multi-scan
F(000) 2600 1180 3360 1240
Total no. of 5626 2670 7936 5610
reflections
Reflections, | > 3140 1994 5247 3783
26(1)
Max. 20/deg 25.00 25.00 25.25 25.00
Ranges (h, k, 1) -13<h<23 |-31<h<?29 —40<h<40 -18<h<16
-30<k<27 |-13<k<12 -12<k<10 —22<k<22
-14<1<12 -12<1<7 —21<1<34 -13<1<13
Complete to 20 95.4 99.9 99.8 98.1
(%)
Refinement full-matrix full-matrix full-matrix full-matrix
method least- |east- least- least-
squareson F> | squareson F> | squares on F? squares on F?
GOF (F?) 1.196 1.044 1.182 1.045
Rindices[l > 0.0758 0.0396 0.0730 0.0550
20(1)]
Rindices (al 0.1270 0.0635 0.1116 0.0903
data)

28
TH-1597_11612210



Chapter 2

Table 2.2. Selected bond lengths (A).

2.1 2.2 23 2.4
Co(1)-0(1) | 1.843(3) 1.845(18) 1.867(3) 1.904(2)
Co(1)-0(2) | 1.851(3) - 1.879(3) 1.878(2)
Co(1)-N(1) | 1.866(3) 1.848(2) 1.879(3) 1.881(3)
Co()-NQ2) | 1847(3) - 1.892(3) 1.879(3)
Co(1)-N(3) - - 1.804(4) 1.799(4)
C(1)-O(1) 1.323(4) 1.315(3) 1.314(5) 1.318(4)
N(D)-C(15) | 1.296(5) 1.293(4) 1.289(5) 1.295(5)
N(1)-C(16) | 1.499(5) 1.481(3) 1.478(5) 1.487(5)

Table 2.3. Selected bond angles (°).

2.1 2.2 23 2.4

O(1)-Co(1)-N(1) | 93.75(13) 93.38(9) 93.80(13) 92.71(12)

O(1)-Co(1)-0(2) | 88.27(12) - 84.92(12) 86.78(10)

N(2)-Co(1)-0(2) | 93.11(13) - 93.15(13) 92.30(12)

O(1)-Co(1)-N(2) | 173.68(13) - 169.64(15) | 167.79(12)

O(3)- N(3)- Co(1) - - 126.3(5) 126.50(4)
N(2)- Co(1)- N(1) | 85.81(15) - 84.78(14) 84.08(13)
O(2)-Co(1)-N(1) | 171.23(13) z 161.41(14) | 160.37(13)

C(1)-O(1)-Co(1) | 130.0(3) | 129.23(17) 128.1(2) 127.50(2)

O(1)-C(1)-C(14) | 121.9(4) 121.7(2) 122.7(3) 122.70(3)

C(1)-C(14)- C(15) | 121.9(4) 121.9(3) 121.4(4) 121.70(3)

Nitric Oxide reactivity

Purging of excess NO into the dry and degassed solutions of complexes 2.1 and 2.2 in THF
at room temperature under Ar atmosphere resulted in the formation of complexes 2.3 and
2.4, respectively. The color of the solutions changed to greenish brown from deep red in
course of the reaction indicating the complete conversion of complexes 2.1 and 2.2 to 2.3
and 2.4, respectively (Scheme 2.1). In UV-visible spectroscopy, the absorption bands at

401 nm (¢/ M™em™, 1980) and 866 nm (e/ M™*cm™, 31) of complex 2.1 were diminished
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upon addition of NO (Figure 2.3). In case of complex 2.2, the bands at 406 nm (¢/ M ‘em™,

1640) and 711 nm (¢/ M*cm™, 45) were found to behave similarly (Figure 2.3).

R;
/@"‘f ’O\Q\ — 0—cu”
Ry Ry =N N= R

Scheme 2.1
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Figure 2.3. UV-visible spectra of complexes (a) 2.1 (black), after addition of NO (red), (b) 2.2
(black), after addition of NO (red) in dry THF at room temperature.

FT-IR studies of the isolated solid complexes 2.3 and 2.4 showed a moderately strong

stretching frequency at 1651 and 1650 cm™, respectively, assignable to the coordinated NO

stretching (Figures 2.4).***" These stretching frequencies were found to shift to ~1618 cm™
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upon labeling by **NO. In case of [(12-TMC)Co(NO)]** and [(13-TMC)Co(NO)]?*, these
nitrosyl stretching frequencies were appeared at 1712 and 1716 cm™ in solution FT-IR
spectroscopy.™ In electron paramagnetic resonance spectroscopy, complexes 2.3 and 2.4
were found to be silent in THF solution at room temperature as well as at 77K (Figure 2.5).
These observations are in well agreement with the existence of trivalent cobalt center and
thus, the nitrosyl complexes can be designated as [Co"'-NO™] or { CONO}® configuration.

In the cases of Co(lll)-nitrosyls with 12- and 13-TMC ligands aso were reported to be

: 3 8 Fr 13,17
EPR silent owing to the { CONO} " descriptions.
80
82.5
754 77.0 4
70 4 71.54
= 65 . 66.0
=X X
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Figure 2.4. FT-IR spectraof complexes (a) 2.3 and (b) 2.4 in KBr.
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Figure 2.5. X-band EPR spectra of complexes (a) 2.1 (black), 2.3 (red) and 2.5 (green);
(b) 2.2 (black), 2.4 (red) and 2.6 (green) in THF at room temperature.
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ESI mass spectra of complexes 2.3 and 2.4 displayed peaks assignable to the [CoL]"
fragments (Figure 2.6 and 2.7). This s attributed to the facile loss of the NO group as axia
ligand under reaction condition. This was observed earlier with cobalt nitrosyls of

porphyrin ligands.*®
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Figure 2.6. ESI-mass spectra of complex 2.3 with isotopic distribution (a) experimental
and (b) simulated [L 1Co] * in methanol.
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Figure 2.7. ESI-mass spectra of complex 2.4 with isotopic distribution (a) experimental
and (b) simulated [L 2Co] * in methanoal.
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Further, these complexes have been characterized by single crystal X-ray structure
determination. ORTEP diagrams of complexes 2.3 and 2.4 are shown in figure 2.8. The
NO group was coordinated to the central metal ion, cobalt from the axial position in both

the cases offering a square pyramid structure.
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Figure 2.8. ORTEP diagrams of complexes (a) 2.3 and (b) 2.4 (50% therma ellipsoid
Hydrogen atoms are omitted for clarity).

The Co-Nyo distances are 1.803 and 1.799A in cases of complexes 2.3 and 2.4
respectively. The average N-O distance of coordinated NO moiety is 1.119 A. In cases of
[(12-TMC)Co(NO)]?* and [(13-TMC)Co(NO)]?**, the N-O bond lengths were 1.155 and
1.159 A respectively.’®* The Co-N-O angles are 126.3° and 126.5° respectively in
complexes 2.3 and 2.4 suggest a large bending of the meta nitrosyl unit. For [(12-
TMC)Co(NO)]?* and [(13-TMC)Co(NO)]**, the Co-N-O angles were reported as 128.50°
and 124.4° respectively. The values in the present cases are very much in agreement with
the earlier reported Co(l11)-nitrosyl complexes. The bending nature is also consistent with

the NO™ description.*®
Reactivity of {CoNO}® with superoxide (O5)

It was reported earlier that cobalt-nitrosyls react with molecular O, leading to formation of
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corresponding nitrite complexes.® However, complexes 2.3 and 2.4 were found to be not
reactive towards O,. Similar observation was reported with Co(lll)-nitrosyls, [(12-
TMC)Co(NO)]?* and [(13-TMC)Co(NO)]**.23 In those cases it was speculated that NO did
not undergo dissociation in the complexes which is required for the dioxygen reactivity.*
However, addition of potassium superoxide in presence of 18-crown-6 in dry THF solution
of complexes 2.3 and 2.4 afforded a change in color. In the UV-visible spectroscopy, a
new absorption band at 675 nm (¢/ M*cm™, 115) and 665 nm (¢/ M*cm™, 95) for

complexes 2.3 and 2.4, respectively, was observed (Figure 2.9).
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Figure 2.9. UV-visible spectra of complexes (a) 2.3 (black), after addition of KO, (red)
(2.5) and (b) 2.4 (black), after addition of KO, (red) (2.6) in dry THF at room temperature.

These are attributed to the formation of corresponding Co(lll)-nitrato complexes, 2.5 and
2.6, respectively. These complexes were isolated and characterized by various spectral
anayses and microanalysis (Experimental Section and Figure 2.10). However, even after
several attempts X-ray quality crystals were not obtained. When the reaction were carried
out in presence of external substrate like 2,4-di-tert-butylphenol, formation of

corresponding bisphenol as product (~ 40% yield) was observed (Scheme 2.2 and
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Experimental Section). This is also in accord with the formation of presumed Co-

peroxynitrite intermediate.™®
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Figure 2.10. FT-IR spectrum of complexes (a) 2.5 and (b) 2.6 in KBr.
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2.3 Experimental Section
2.3.1 Materialsand Methods

All reagents and solvents of reagent grade were purchased from commercial sources and
used as received except specified. >NO was purchased from Icon Isotopes. Deoxygenation
of the solvent and solutions was effected by repeated vacuum/purge cycles or bubbling
with nitrogen or argon for 30 minutes. NO gas was used from a cylinder after purification
using standard procedure. The dilution of NO was effected with argon gas using
Environics Series 4040 computerized gas dilution system. UV-visible spectra were
recorded on Agilent HP 8454 dioad arrey 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 and **C-NMR spectra were recorded respectively in 400
MHz and 100MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either
with an internal standard (Me;Si) 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 or at 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 Il Anayzer. The magnetic moment of complexes was measured on a
Cambridge Magnetic Balance. Single crystals were grown by slow diffusion followed by
slow evaporation technique. The intensity data were collected using a Bruker SMART
APEX-II CCD diffractometer, equipped with a fine focus 1.75 kW sealed tube MoK,
radiation (A = 0.71073 A) at 273(3) K, with increasing o (width of 0.3° per frame) at a
scan speed of 3 s/frame. The SMART software was used for data acquisition.® Data

integration and reduction were undertaken with SAINT and X PREP software.® Structures
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were solved by direct methods using SHELXS-97 and refined with full-matrix least
squares on F? using SHELXL-97.% Structural illustrations have been drawn with ORTEP-

3 for Windows.?
2.3.2 Syntheses
(@ Ligand L1

The imine ligand, L 1 was reported earlier.** L 1 was synthesized by condensation of trans-
1,2-cyclohexanediamine (1.14 g, 10 mmoal) in the presence of 2 equivaent of 2,4-di-tert-
butyl salicylaldehyde (4.68 g, 20 mmol) in 20 ml ethanol solution at room temperature.
The reaction mixture was allowed to stir for 4 h. A yellow colored solid was precipitated
out. It was filtered off and washed with cold ethanol. After washing the solid was dried in
air and kept in desiccators for overnight. Yield: 4.81 g (88%). Elemental analyses for
CasHsaN20,, Caled(%): C, 79.07; H, 9.95; N, 5.12. Found (%): C, 78.95; H, 9.98; N, 5.24.
FT-IR (in KBr): 3436, 2961, 1630, 1468, 1438, 1270, 1173, 878, 828, 772, 644 cmt. *H-
NMR (400 MHz, CDCls): 8pom, 13.68 (2H), 8.29 (2H), 7.30 (2H), 6.97 (2H), 3.35 (2H),
1.96 (2H), 1.89 (2H), 1.71 (2H), 1.45 (2H), 1.41 (18H), 1.23 (18H). *C-NMR (100 MHz,
CDCl3): dppm, 166.0, 158.2, 140.1, 136.5, 126.9, 126.2, 118.0, 72.6, 35.1, 34.2, 33.5, 31.6,

29.6, 24.6.
(b) Ligand L2

The reported imine ligand L 2 was also prepared following the same procedure as for L 1.
To the solution of ethylenediamine (0.6 g, 10 mmol) in 10 ml ethanol, 20 ml ethanol
solution of 2,4-di-tert-butyl salicylaldehyde (4.68 g, 20 mmol) was added drop wise at
room temperature. The reaction mixture was alowed to stir for 4 h till yellow colored
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precipitate formed. It was filtered off and washed with cold ethanol. After washing the
solid was dried in air and kept in desiccators for overnight. Yield: 4.1g (83%). Elemental
analyses for C3oHagN20,,.Calced. (%): C, 78.00; H, 9.82; N, 5.69. Found (%): C, 77.95; H,
9.79; N, 5.78. FT-IR (in KBr): 2961, 2869, 1629, 1481, 1466, 1439, 1361, 1270, 1253,
1041, 879, 839, 830, 773, 729, 710, 645 cm™. *H-NMR (400 MHz, CDCl3): 13.62 (1H),
8.38 (1H), 7.36 (1H), 7.06 (1H), 3.92 (1H), 1.41 (9H), 1.23 (9H). *C-NMR (100 MHz,

CDCl3): dppm, 167.8, 158.2, 140.3, 136.8, 127.2, 126.3, 118.0, 59.8, 34.3, 31.7, 29.6.
(c) Complex 2.1

Complex 2.1 was prepared by following the reported procedure with some
modifications.®> Cobalt(ll) acetate tetrahydrate (1.25 g, 5 mmol) was taken in a 50 ml
round bottom flask, dissolved in 10 ml of MeOH. To this, a solution of ligand L1 (2.73 g,
5 mmol) in hot methanol (25 ml) was added and stirred for 3 h. A red colored precipitate
was formed, it was filtered off and washed severa time by cold methanol. After washing
the solid was dried in air and then kept in desiccators for overnight. Finaly it was
recrystallized from THF solution to obtain red crystals. Yield: 2.11 g (70%). Elemental
analyses for CzsHs,N20,Co, Calcd(%): C, 71.62; H, 8.68; N, 4.64. Found (%): C, 71.67; H,
8.69; N, 4.71. FT-IR(in KBr): 3435, 2950, 1595, 1526, 1462, 1423, 1320, 1254, 1175, 870,
786, 543 cm™t. UV-visible (THF): 401 nm (¢/ M™*cm™, 1980) and 866 nm (¢/ M*cm™, 31).

Molar conductance: 40 S cm?mol™ (in THF), observed magnetic moment: 1.52 BM.
(d) Complex 2.2

Complex 2.2 was prepared following the same procedure as complex 2.1, with cobalt(I1)
acetate tetrahydrate (1.25 g, 5 mmol) and ligand L2 (2.46 g, 5 mmol) dissolved in 20 ml

hot methanol. The solid complex 2.2 was recrystallized from THF solution at room

38
TH-1597_11612210



Chapter 2

temperature. Yield: 1.77g (72%). Elemental analyses for CsoHssN2O,Co, Calcd(%): C,
69.92; H, 8.44; N, 5.10. Found (%): C, 69.80; H, 8.41; N, 5.16. FT-IR (in KBr): 3433,
2952, 1598, 1528, 1462, 1439, 1254, 1175, 872, 786 cm™. UV-visible (THF): 406 nm (&/
M tem™, 1640) and 711 nm (¢/ M™cm™, 45). Molar conductance: 38 S cm?mol™ (in THF),

observed magnetic moment: 1.55 BM.
(e) Complex 2.3

In 20 ml of dry and degassed THF solution of complex 2.1 (201 mg), freshly purified NO
was bubbled in excess till the deep red color of the solution became greenish brown. The
reaction mixture was kept at room temperature for crystallization. Yield: 180 mg (85%).
Elemental analyses for CzsHspN3O3Co, Calcd(%): C, 68.23; H, 8.27; N, 6.63. Found (%):
C, 68.18; H, 8.25; N, 6.82. FT-IR (in KBr): 2952, 1651, 1610, 1430, 1324, 1255, 1170,

785, 541 cm™. Molar conductance: 45 S cm?mol™ (in THF).

(f) Complex 2.4

In 20 ml of dry and degassed THF solution of complex 2.2 (250 mg), freshly purified NO
was bubbled till greenish brown color was appeared. The reaction mixture was kept at
room temperature for crystallization. Yield: 230 mg (88%). Elementa anayses for
Ca2Ha6N305Co, Calcd(%): C, 66.31; H, 8.00; N, 7.25. Found (%): C, 66.24; H, 8.02; N,
7.34. FT-IR (in KBr): 2955, 1649, 1620, 1529, 1430, 1313, 1172, 1090, 744, 530 cm™.

Molar conductance: 42 S cm?mol™ (in THF).
(g) Complex 2.5

Complex 2.5 was prepared by the reaction of freshly prepared nitrosyl complex 2.3 and

KO,. The freshly prepared complex 2.3 was obtained by purging NO in 20 ml of dry and
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degassed THF solution of complex 2.1 (180 mg). After that the excess NO was removed
by vaccum/purging Ar. Then the nitrosyl complex 2.3 was reacted with 2 equivaent of
KO, in presence of 18-crown-6 (5 equivalent) in dry THF at -80 °C. A color change was
observed to deep brown due to the formation of complex 2.5. The volume of the reaction
mixture was reduced to 5ml using vaccum and layered with hexane. The whole mixture
was kept in freezer for 24 h. A dark brown precipitate was obtained; it was filtered off and
washed with hexane for several times. The solid mass was kept at desiccators for
overnight. Yield: 114 mg (~ 61%). Elemental analyses for C3sHs,N3OsCo, Calcd(%): C,
64.95; H, 7.87; N, 6.31. Found (%): C, 64.89; H, 7.88; N, 6.46. FT-IR (in KBr): 3432,
2951, 1631, 1612, 1433, 1384, 1255, 1169, 1045, 570 cm™. UV-visible (THF): 675 nm (¢/

M™em™?, 115). Molar conductance: 32 S cm?mol™ (in THF).
(h) Complex 2.6

Complex 2.6 was prepared from freshly prepared complex 2.4, (150 mg) and 2 equivaent
of KO, in presence of 18-crown-6 (5 equivalent) in dry THF at -80°C. The volume of the
reaction mixture was reduced to 5 ml using vaccum and layered with hexane. The reaction
mixture was kept in freeze for 24 h. The dark brown precipitate was filtered off and
washed with hexane for several times. The solid mass was kept at desiccators for
overnight. Yield: 102 mg (~ 64%). Elemental analyses for Cs,H4sN305Co, Calcd(%0): C,
62.84; H, 7.58; N, 6.87. Found (%): C, 62.77; H, 7.69; N, 6.88. FT-IR (in KBr): 1630,
1613, 1434, 1384, 1359, 1321, 1255, 1170, 1046, 834, 784, 540 cm™. UV-visible: 665 nm

(e/ M™'em™, 95). Molar conductance: 35 S cm?mol™ (in THF).
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(i) Reaction of complex 2.3 and 2.4 with superoxide in presence of 24-di-tert-

butylphenal : Isolation 2,2’-dihydroxy-3,3',5,5'-tetr a-tert-butylbiphenol

In 20 ml THF solution of freshly prepared complex 2.3 (0.633 g, 1 mmol), a solution of 2,
4-di-tert-butyl phenol (DTBP) (1.24 g, 6 mmol in 5 ml dry THF), was added and the
mixture was cooled to -80 °C. To that KO,/18-crown-6 (~1 eg.) was added, and the
mixture was stirred for 20 min. After that, it was warmed to room temperature and dried
under reduce pressure. The solid mass was then subjected to column chromatography using
silica gel column to obtain pure 2,2'-dihydroxy-3,3',5,5"-tetra-tert-butylbiphenol. Yield:
0.164 g (~40%). 'H-NMR (400 MHz, CDCls) dppm: 7.39 (2H), 7.12 (2H), 5.23 (2H),
1.45(18H) and 1.32 (18H). *C-NMR (100 MHz, CDCl3) 8ppm: 150.0, 143.2, 136.5, 1255,

125.0, 122.6, 35.4, 34.7, 31.9 and 29.9. Mass (m/z): Calcd: 410.32, Found: 409.32 (M-1).

Using same procedure 2,2'-dihydroxy-3,3',5,5'-tetra-tert-butylbiphenol was aso obtained
from freshly prepared complex 2.4, and it was also characterized by *H-NMR, *C-NMR

aswell as by ESI- mass spectrometry.
2.4 Conclusion

Two cobalt(Il) complexes, 2.1 and 2.2, of tetradentate N,O-donor ligands have been
synthesized. Reactions of these complexes with NO gasin THF afforded the corresponding
Co(I11)-nitrosyls having { CONO}® configuration. These complexes were found unreactive
towards dioxygen. However, their reaction with superoxide ion resulted in the formation of
corresponding cobalt(l11)-nitrate complexes through the presumed formation of cobalt-
peroxynitrite intermediates. The intermediates led to the oxidative formation of
corresponding bis-phenol in presence of 2,4-di-tert-butylphenol. This also suggests the

formation of peroxynitrite intermediate.
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Chapter 3

Nitric oxide reactivity of Ni(II) complex: Reductive
nitrosylation of nickel(II) followed by release of nitrous

oxide

Abstract

Ni(ll) complex of ligand L3 (L3 = bis(2-ethyl-4-methylimidazol-5-yl)methane) in
methanol solution reacts with equivalent amount of NO to result in corresponding Ni(l)
complex. Addition of further equivalent of NO affords Ni(l)-nitrosyl intermediate with
{NiNO}*® configuration. This nitrosyl intermediate on subsequent reactions with
additional NO, results in the release of N,O and formation of Ni(ll)-nitrito complex.
Crystallographic characterization of the nitrito complex reveals a symmetric 77°-O,0-nitrito
bonding to the metal ion. This study demonstrates the reductive nitrosylation of a Ni(ll)

center followed by the release of N2O in presence of excess NO.
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3.1 Introduction

Transition metal ions induced activation of nitric oxide (NO), has attracted enormous
research interest as various biological and physiological reactivity which are attributed to
the formation of nitrosyl complexes of metallo-proteins, mostly iron or copper-proteins.
In this regard, the iron-nitrosyls have been studied extensively, both in protein and model
systems.® Ferriheme proteins are reported to undergo reduction in agueous media in the
presence of NO.** The corresponding ferrous protein then reacts with excess of NO to

form stable ferroheme nitrosyl.%®

The reduction of Cu(ll) centers in cytochrome c-oxidase and laccase, to Cu(l) by NO is
known for along time.* In model systems, it has been exemplified by a number of Cu(ll)

complexesin recent years.’*%

Mn(l11) complex [Mn(PaPy.Q)(OH)]CIO, (PaPy-QH = N,N-bis(2-pyridylmethyl)amine-
N-ethyl-2-quinoline-2-carboxamide) was found to react with excess NO to afford the
nitrosyl complex [Mn(PaPy»Q)(NO)]ClO, via reductive nitrosylation.”* Another example
demonstrated that addition of NO to the acetonitrile solution of [(Mn(PaPys)) (-
0)](ClOy), (PaPys; = the anion of the designed ligand N,N-bis(2-pyridylmethyl)amine-N-
ethyl-2-pyridine-2-carboxamide) results in the { MnNO} ® nitrosyl [Mn(PaPys)(NO)](ClO.)

via reductive nitrosylation.

Ni(l1) in different ligand environment are known to undergo reduction to Ni(l) either by
electrochemical procedure or by reducing agents.?>?® However, reduction of Ni(ll) center
by NO leading to subsequent nitrosylation to form {NiNO}*° complexes have not been
explored extensively. Hayton's group reported the examples of {NiNO}* and their

reactivity; but, in all the examples nickel(1)-nitrosyl complexes have been utilized. 2%
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This chapter describes a Ni(ll) complex, 3.1 of ligand L3 {L3 = bis(2-ethyl-4-
methylimidazol-5-yl)methane}. The ligand framework has been chosen as it offers
structural flexibility and an accessible reduction potential for the transition metal ions due
to its m-acceptor property. In methanol solution of complex 3.1 upon addition of NO
undergoes reductive nitrosylation to result in {NiNO}*° complex. This, in presence of

excess NO releases N,O with the formation of corresponding Ni(I1)-nitrito complex, 3.2.

3.2 Results and Discussion

The ligand, L3 was synthesized by following an earlier reported procedure.® The Ni(ll)
complex, 3.1 was prepared by stirring a mixture of nickel(l1) chloride hexahydrate with
two equivalent of ligand, L3 in methanol. The microanalytical data of complex 3.1 shows
good agreement with the calculated values (Experimental Section). It was characterized by
various spectroscopic analyses, as well (Experimental Section). The single crystal X-ray
structure of complex 3.1 was determined. The crystallographic data, important bond angles
and distances are listed in tables 3.1, 3.2 and 3.3, respectively. The ORTEP view of the
complex 3.1 is shown in figure 3.1. The crystal structure reveals that Ni(ll) center is
coordinated by two ligand units in a distorted square planar geometry. The average Ni-N
distance is found 1.893 A, which is within the range of analogous reported complexes.*

The average N-Ni-N bite angleis ~ 90.0°.

The complex 3.1 in dry methanol solution displays absorption bands at 636 nm (¢/ Mcm’
1 25) and 398 nm (¢/ M™cm, 240) in the UV-visible spectrum aong with other intra-
ligand transitions in lower wavelengths (Figure 3.2) (Appendix I1). The band centred at

636 nm is assigned to the d-d transition for Ni(I1) center.

48
TH-1597_11612210



Chapter 3

Figure 3.1. ORTEP diagram of complex 3.1 (50% thermal ellipsoid plot, H-atoms are
omitted for clarity).

The cyclic voltammogram of complex 3.1 was recorded in methanol using TBAP
supporting €electrolyte in a three electrode configuration with a saturated Ag/Ag+
reference, glassy carbon working and Pt auxiliary electrodes. A quasi-reversible reduction
at —1.05 V was observed in the voltammogram (Appendix I1). These are attributed to the
Ni(I)/Ni(l) reduction. In the same setup, the NO/NO® couple appeared at 1.15 V

(Appendix I1).

Addition of equivaent amount of NO in the degassed methanol solution of complex 3.1 at
-80 °C displays a shift in the d-d band from 636 nm to 578 nm (Figure 3.2). The shift in
Amax @nd change in intensity of the d-d band is attributed to the formation of corresponding
Ni(l)-complex (Scheme 3.1). The reduction of Ni(ll) center to Ni(I) by NO was also

suggested from the X-band EPR studies. The diamagnetic Ni(Il) center, upon addition of
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equivalent amount of NO displays EPR signals corresponding to Ni(l) (gy, 2.29; 9., 2.17)
(Figure 3.3).%

0.4

0.3 4

0.1 &/\—.
425 59§ 680 850

Wavelength (nm)

Absorbance
[—]
N
|

Figure 3.2. UV-visible spectra of complex 3.1 (black), after addition of stoichiometric
amount of NO (red), { NiNO}*° intermediate (green) and complex 3.2 (blue) in methanol

at - 80 °C.

¥ 1eq.NO +
’(L3)2Niu ] Mun- [(L3)2Nil] + MeONO + H'
€

31
1 eq. NO

2 eq. NO

+ + +
I 4] I
[(Ls)zwi“_ NO, ] 4% [(L3)21\1[-1\0 ] _Z,I(Ls)zh.ﬂ_hos
3.2 33
N,O

MH
Scheme 3.1
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The EPR spectra of electrochemically generated Ni(l) complexes reported earlier. For
instance, Ni(l) complex of 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane
aso displayed axia EPR spectrum.®** Double integration using Cu(ll) sulphate
pentahydrate as a standard for d° electronic configuration revealed the presence of ~ 80%
Ni(l) in solution (Appendix I1). On the other hand, the appearance of methyl nitrite in the
GC-mass spectrum of the reaction mixture also suggested the formation of NO™ ion during
the reaction (Appendix 11). That was found to be thermally unstable and highly sensitive
towards air and moisture which preclude it's isolation and further characterization.
Addition of one more equivalent of NO resulted in the corresponding Ni(l)-nitrosyl
intermediate with {NiNO}*° configuration (Scheme 3.1). That was monitored by UV-
visible, solution FT-IR, NMR and EPR spectroscopic studies. The intermediate is found to

be thermally unstable and highly sensitive towards air and moisture, too.
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Figure 3.3. X-band EPR spectra of complex 3.1 (black), Ni(l) species (red) and complex
3.2 (green) in methanol at 77 K.

It isto be noted that though there was not much change in the position of d-d absorption
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band of Ni(l) species and { NiNO}*°, the shoul der observed near ~460 nm on case of Ni(l)
intermediate was found to disappear after addition of NO (Figure 3.2). In the FT-IR
spectrum of the methanol solution of complex 3.1, addition of two equivalent of NO
resulted in the appearance of a new band at 1668 cm™ (Figure 3.4), assignable to the Vo
of corresponding {NiNO}*° intermediate. *>NO labelling showed a shift of this frequency
to 1636 cm™ (Appendix I1). This frequency is actually at the low end of values reported for
nickel nitrosyl complexes (ranging from 1568 cm™ to 1915 cm™).3*** The nitrosyl
stretching frequency was reported to appear a 1869 and 1868 cm™ in cases of
[Ni(NO)(bpy)](PFs) and [Ni(NO)(bpy)(u-S:Phy)](PFe), respectively, in dichloromethane

solution. %°

90

804
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60

50 T T T T T T T
2800 2600 2400 2200 2000 1800 1600

‘Wavenumber ( cm’ )

Figure 3.4. FT-IR spectra of complex 3.1 (black), after immediate addition of NO (blue);
and after 30 minutes of addition of excess NO (pink; formation of N,O is indicated by

2230 cm™) in methanol at room temperature.

It is known that the geometry around the central metal ion also dictates the IR stretching
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frequency of metal nitrosyls. For instance, [Ni(NO)(bpy)](PFe), the nitrosyl stretching
appears at 1869 cm™ in CH,Cl,, whereas at 1567 cm™ in case of [Ni(NO)(bpy),] (PFs); on
the other hand, for [Ni(NO)(bpy)](PFe) in acetonitrile solution, it appears at 1828 cm™
owing to the solvent coordination to the metal ion.* In addition, linear nitrosyls are known

to have higher stretching frequency compared to that in bent geometry.*

ESI mass spectra studies showed peak at 584.28 suggesting the formation of
[(L3)2Ni(NO)(MeOH)]" (Figure 3.5). The fragmentation pattern matches very well with
the simulated spectrum suggesting a correct assignment (Figure 3.5). In X-band EPR
studies, the { NiNO} *° intermediate appeared to be silent owing to the anti-ferromagnetic

coupling of spins of the paramagnetic Ni(l) and NO resulting in S = 0 spin state (Figure

3.3).
584.285
100 -
100 584297
2
c 586.287 = 586.297
585.291 7 585.297
587.287 ] 587.207
] 588.301 588.297
1 L
589.300 590 276 589207 -
0 T T T T T T T v _l_'_l_'_l_'_-| 0 L T T T T T T T T T
584 546 588 500 502 584 586 588 590 592
m/z m/Z
(@) (b)

Figure 3.5. ESl-mass spectra of [(L3),Ni(NO)(CH30H)]" with isotopic distribution (a)
experimental and (b) ssimulated in methanol.

In 'H-NMR study, the broad signas of Ni(l) species became sharp and well resolved

suggesting the formation of diamagnetic {NiNO}*° (Figure 3.6 and appendix II). The
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proposed {NiNO}*° intermediate shown in scheme 3.1 was also investigated through
guantum chemical calculations employing density functional theory (DFT). The
calculations were carried out using the Turbomole 6.0 suite of programs. >’ Geometry
optimizations were performed using the Perdew, Burke, and Ernzerhof density functional
(PBE). *® The electronic configuration of the atoms was described by a triple-{ basis set
augmented by a polarization function (Turbomole basis set TZVP).* The resolution of
identity (ri), along with the multipole accelerated resolution of identity (mari)
approximations were employed for an accurate and efficient treatment of the electronic
Coulomb term in the density functional calculations.***" Furthermore, the solvent effects
were incorporated in the COSMO model, with ¢ = 32.7 for methanol. > The DFT
optimized structure of the proposed intermediate (Scheme 3.1) is shown in figure 3.7

below.

Ljul I o

(b)

S -

0.8 0.4 0.0 PpPm

1.6 1.2

4.0 3.6 3.2 2.8 2. .0

Figure 3.6. *H-NMR spectra of complex 3.1 (a), after purging one (b) and two (c)
equivaent of NO in complex 3.1 in CD30D.
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As shown in figure 3.7, the { NiNO} ° intermediate has a square based pyramidal geometry
where the NO is coordinated to nickel. It was observed that methanol does not bind to the
nickel centre but remainsin close proximity by forming a hydrogen bond with the nitrogen
of NO, as shown in figure 3.7; the NO stretching frequency calculated with PBE/TZVP
was found to be 1534.3 cm™, which is lower by 135 cm™ with respect to the
experimentally observed frequency for the NO stretch. It is to be noted that the stretching
frequencies obtained from DFT calculations normally differ with experiments by 150-200
cm?, as has been seen from previous reports.*“*® Hence, the value can be deemed to be

acceptable.

Figure 3.7. The optimized structure corresponding to the proposed intermediate; the color
scheme is as follows. nickel: green, carbon: black, oxygen: red, nitrogen: blue and
hydrogen: white; only the methanol hydrogen is shown in the structure, the rest of the

hydrogen atoms have been removed for the purpose of clarity.

In this regard, it is aso noted that several other possible structures for the intermediate
have been looked into computationally. This includes octahedral complexes having
chlorine coordinated to the nickel centre, square planar complexes where one of the ligand
is mono coordinated, and a trigona geometry where both the ligands are mono

coordinated. These possible structures have been shown in the appendix Il. It was found
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that none of the other structures were (@) optimizing to form stable minima or (b)
comparable in stability (i.e. they were found to be energetically less stable) to the proposed
intermediate structure. This provides further indication of the validity of the proposed

intermediate complex.

Furthermore, the UV-visible spectrum for the intermediate { NiNO} *° complex in methanol
has been calculated with TD-DFT calculations at PBE/TZVP level of theory, with solvent
corrections included. The intermediate complex shows three absorption bands: (i) at 428
nm with oscillator strength of 0.0035, (ii) at 521 nm with oscillator strength of 0.0036 and
at 580 nm with oscillator strength of 0.0055. Therefore, the calculations indicate that the
strong absorption band at 580 nm which is in agreement with the experimentally observed
Amax Of 578 nm (Figure 3.2). Thus, the current computational investigations suggest that the
intermediate formed is indeed the square based pyramidal geometry where the NO is
coordinated to Ni(l) center, with a methanol solvent molecule hydrogen bonded to the

nitrosyl nitrogen, as shown in the optimized structure in figure 3.7.

In presence of excess NO, the intensity of 578 nm band of {NiNO}'° was found to decay
indicating the decomposition of the intermediate (Figure 3.2). This finaly lead to the
formation of corresponding Ni(Il)-nitrito complex (3.2) and nitrous oxide (N2O) (Scheme
3.1). Thefinal nitrito complex, 3.2 was isolated and characterized by various spectroscopic
techniques (Experimental Section). It behaves as 1:1 electrolyte in solution (Experimental
Section). Single crystal X-ray structure reveals that a Ni(ll) center is coordinated to two
ligand moieties and a (m*-O,0)-nitrito group (Figure 3.8). The crystallographic data,

selected bond distances and angles are listed in tables 3.1, 3.2 and 3.3, respectively.
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Figure 3.8. ORTEP diagram of complex 3.2 (50% thermal ellipsoid plot, H-atoms are
omitted for clarity).

The average Ni—N distances (2.078 A) are found to bit longer compared to that in complex
3.1, perhaps because of difference in geometry. The average N-O distance of the

coordinated nitrito group is 1.268 A and the Ni—O distanceis 2.124 A.

Table 3.1. Crystallographic data for complexes 3.1, 3.2 and 3.3

31 3.2 3.3
Formulae Cos Hao C|2 Ng Ni O, | Cys Hao Cl Ng Ni O4 Cs Hep C|2 Nig N|20
Mol. wt. 626.25 636.81 1259.68
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2/c P21
Temperature /K 296(2) 296(2) 296(2)
Wavelength /A 0.71073 0.71073 0.71073
alA 10.8432(9) 9.4536(3) 9.7243(4)
b/A 11.2496(10) 9.3089(3) 33.0698(17)
c/A 14.2270(12) 18.4419(7) 9.7619(5)
al® 85.227(4) 90.00 90.00
p/° 77.009(4) 91.025(2) 97.492(3)
v/° 73.307(4) 90.00 90.00
VI A3 1619.4(2) 1622.68(10) 3112.4(3)
Z 2 2 2

TH-1597_11612210

57



Chapter 3

Density/Mgm™ 1.284 1.303 1.342
Abs. Coeff. /mm™ | 0.799 0.725 0.753
Abs. correction None None None
F(000) 660 672 1328
Total no. of 7786 2828 9833
reflections
Reflections, | > 6432 2406 6257
25(1)
Max. 20/° 28.25 25.00 25.00
Ranges (h, k, 1) -14<h<14 -11<h<10 -11<h<11
-14<k <13 -11<k <10 -37<k <39
-18<1<17 21<1<21 -11<1<11
Completeto 20 97.2 99.0 98.3
(%)
Refinement Full-matrix |east- Full-matrix least- | Full-matrix |least-
method squares on F? squares on F? squares on F2
Goof (F?) 1.062 1.076 1.047
Rindices[l > 0.0482 0.0615 0.0761
25(1)]
Rindices (al data) | 0.1510 0.0679 0.1294
Table 3.2. Selected bond lengths (A).
3.1 3.2 3.3
Ni(1)-N(2) 1.895(3) 2.077(4) 2.050(1)
Ni(1)-N(3) 1.890(3) 2.079(4) 2.070(1)
Ni(1)-O(2) - 2.214(4) 2.290(1)
0O(1)-N(9) - 1.268(5) 1.220(2)
N(1)-C(3) 1.337(5) 1.326(6) 1.360(2)
N(1)-C(6) 1.397(6) 1.392(6) 1.410(2)
N(2)-C(3) 1.351(7) 1.343(7) 1.340(2)
N(2)-C(4) 1.378(7) 1.374(7) 1.430(2)
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Table 3.3. Selected bond angles (°).

3.1 3.2 3.3
N(1)-Ni(1)-N(3) 86.70 (1) 89.10(1) 90.90(4)
N(1)-Ni(1)-N(1A) 180.00(1) 171.30(2) -
N(1)-Ni(1)-N(3A) 93.30(1) 96.80(2) -
N(3)-Ni(1)-N(3A) 180.00(1) 94.20(2) -
N(D)-Ni(1)-N(7) - - 98.50(4)
O(1)-Ni(1)-N(D) - 86.20(1) 158.70(4)
O(1)-Ni(1)-N(3) - 104.50(1) 86.60(4)
Ni(1)-O(1)-N(9) - 95.40(4) 89.40(8)
O(1)-N(9)-O(1A) - 112.40(5) -

The formation of N,O in the reaction was confirmed by GC-mass spectra anaysis of the
head space gas of the reaction vessel (Appendix I1). This was further confirmed by the FT-
IR monitoring of the reaction mixture which shows the appearance of a stretching
frequency at 2230 cm™ assignable to N,O (Figure 3.4). Recently, Hayton et al. reported the
isolation of a nickel nitrosyl, [Ni(NO)(bipy).](PFs), which forms N>O on standing via a

cis[N,O,)* intermediate. For that case the N,O stretching frequency appears at 2228 cm™.

29,30

The formation of N,O from NO can occur either by HNO disproportionation or by
hyponitrite intermediate formation.*” One proposed mechanism involves the initial
formation of a cis-dinitrosyl complex followed by the coupling of the two nitrosyl groups
and subsequent reduction to form hyponitrite, (N,O,)* intermediate.**® This on reaction
with H* results H,O and N,O. Solid state thermal decomposition study of various metal-
nitrosyls reveal that [M(NO),;] motif actually plays an important role in homogeneous

solution phase reduction of NO to N,O for transition metal ions like Rh, Ir, Ru, Fe and

49,50
Pt.
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On the other hand, the bent nitrosyl ligands are known to be the subject of electrophilic
attack at the nitrogen lone pair.**' There are several examples reported on the
electrophilic attack of free NO on a metal bound nitrosyl ligand.*"** For instance,
[Co(NO)(NHa3)s]?* is known to react with free NO to generate asymmetric hyponitrie
bridged dimer.>'® Troggler et al. also has suggested that the electrophilic attack of the free
NO on that coordinated to the transition metal will result in a hyponitrite complex. * This
decomposes to yield N,O and water. The proposed mechanistic cycle of nitric oxide
reductase activity of cytochrome c-oxidase, it is believed that initial binding of NO to the
reduced heme centre results a bent nitrosyl (vno, 1610 cm™).>* In subsequent steps,
nitrogen-nitrogen bond formation was suggested through the reaction of a second nitrosyl

group bound to the copper centre of CcO.>

It would be worth to mention that mononuclear copper(l)-nitrosyl complexes were found
to promote NO disproportionation with the formation of Cu(l1)-nitrito complexes.> For
instance, Cu(l) complexes of bis-(phenyl) substituted tris-(pyrazole)-hydroborate and 1,4-
diisopropyl-7,2-pyridylmethyl-1,4,7-triazacyclononane were reported to catayze the
disproportionation under excess NO condition to result in N,O and corresponding Cu(ll)-
NO, complexes® Notably, the X-ray crystallography characterization of the
corresponding nitrito complexes revealed a symmetric nz-0,0-nitrite binding to the metal
ions. Mechanistic studies suggested an electrophilic attack of a second NO molecule to the
initially formed Cu-NO complex to result in Cu(NO), species; which in subsequent N-N

coupling and O-atom transfer gives N,O and nitrito complex of Cu(ll) ion.

The {NiNO}*° intermediate was found to decompose to the corresponding nitrato complex

(3.3) in presence of oxygen (Scheme 3.1). Iron-nitrosyls in heme models and copper-
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nitrosyls are known to react with oxygen to afford peroxynitrite (ONOQO’) which then
isomerise to the corresponding nitrato complexes.>® The decomposition product, complex
3.3 has been isolated as solid and characterized structurally. The perspective ORTEP view

of complex 3.3 isshown in figure 3.9.

Figure 3.9. ORTEP diagram of complex 3.3 (50% thermal ellipsoid plot, H-atoms is
omitted for clarity).

Single crystal X-ray structure suggests that the Ni(ll) center is coordinated to two ligand
moieties and a (n%0,0)-nitrato group (Figure 3.9). The crystallographic data, selected
bond distances and angles are listed in tables 3.1, 3.2 and 3.3, respectively. The average
Ni—N distances (2.06 A) are shorter in comparison to complex 3.2 but longer with respect
to complex 3.1. The average N—O distance of the coordinated nitrato group is 1.22 A and

the Ni—-O distanceis 2.29 A.
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3.3 Experimental Section
3.3.1 Materialsand Methods

All reagents and solvents were purchased from commercial sources and were of reagent
grade. HPLC grade methanol was used and dried using standard protocol. *°NO was
purchased from Icon Isotopes. Deoxygenation of the solvent and solutions were effected
by repeated vacuum/purge cycles or bubbling with nitrogen or argon for 30 minutes. NO
was used from cylinder after purification by passing through KOH and P,Os column. Further
purification was done following reported methods of fractional distillation. Stoichiometric
amount of NO was added to the sample using a Hamilton gas tight syringe after diluting
with argon gas. The required dilution of NO was effected with argon gas using Environics
Series 4040 computerized gas dilution system. UV-visible spectra were recorded on
Agilent HP 8453 UV-visible spectrophotometer. FT-IR spectra were taken on a Perkin-
Elmer spectrophotometer with either sample prepared as KBr pellets or in solution in a
potassium bromide cell. Solution electrical conductivity was checked using a Systronic
305 conductivity bridge. *H-NMR and **C-NMR spectra were obtained with a 400 MHz
Varian FT spectrometer. Chemical shifts (ppm) were referenced either with an internal
standard (Me,Si) 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 77K with microwave power, 0.998 mWwi,
microwave frequency, 9.14 GHz and modulation amplitude, 2. The magnetic moment of
complexes are measured on a Cambridge Magnetic Balance. Mass spectra of the
compounds were recorded in a Waters Q-Tof Premier and Aquity instrument. Elemental

analyses were obtained from a Perkin Elmer Series || Analyzer.
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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 afine focus 1.75 kW sealed tube MoK a radiation (1 = 0.71073 A) at 273(3)
K, with increasing o (width of 0.3° per frame) at a scan speed of 3s/frame. The SMART
software was used for data acquisition.”® Data integration and reduction was undertaken
with SAINT and XPREP software.®” Structures were solved by direct methods using
SHELXS-97 and refined with full-matrix least squares on F? using SHELXL-97.%

Structural illustrations have been drawn with ORTEP-3 for Windows.>
3.3.2 Syntheses
(@ Ligand L3

2-ethyl-4-methyl imidazole (2.2 g; 20 mmol) was taken in a round bottom flask with 50 ml
of methanol; to this 0.45 g of (15 mmol) formaldehyde and agueous solution of 5.1 g (91
mmol) potassium hydroxide was added drop wise. The reaction mixture was stirred for 24
h. at room temperature. A white coloured solid was obtained. It was filtered off and
washed with water. After washing the solid was dried in air and then kept in desiccators for
overnight. Yield: 1.97g (85%). Elemental analyses for C,3H20N4, Calcd(%): C, 67.21; H,
8.68; N, 24.12. Found (%): C, 67.19; H, 8.68; N, 24.02. FT-IR (in KBr): 2964, 2842, 1614,
1529, 1455, 1071 cm™; *H-NMR (400 MHz, CDCl3): 8pom, 3.53 (2H), 2.44 (4H), 1.87
(6H), 1.08 (6H). > C-NMR (100 MHz, CDCla): 8ppm, 149.2, 129.1, 127.2, 23.3, 22.6, 13.7,

10.6.
(b) Complex 3.1

Nickel(I1) chloride hexahydrate (2.38 g) was taken in a 50 ml round bottom flask,
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dissolved in 20 ml of MeOH. To this, a solution of 4.64 g of ligand L 3 in methanol (5 ml)
was added and stirred for 1 h. A deep green solution was dried in rotary evaporator to
obtain a green solid which upon crystallization gives yellow crystals. Yield: 5.26 g (84%).
Elemental analyses for CysH40Cl2NgNi, Calcd(%): C, 52.55; H, 6.78; N, 18.86. Found (%):
C, 52.61; H, 6.77; N, 18.95. FT-IR(in KBr): 3435, 2980, 1643, 1468, 1432, 1319, 1287,
1089, 816, 591 cm™. UV-visible (methanol): 398 nm (e/ M*cm™, 240) and 636 nm (¢/ M~

lem®, 25). Molar conductance: 239 S cm? mol (in methanol).
(c) Complex 3.2

In 20 ml of dry and degassed methanol solution of complex 3.1 (180 mg), freshly purified
NO was bubbled in excess till the deep color of the solution becomes fade. The reaction
mixture was kept at room temperature for crystallization. Yield: 138.5 mg (72%).
Elemental analyses for CosH40CINgO4Ni, Calcd(%): C, 49.04; H, 6.33; N, 19.79. Found
(%): C, 49.11; H, 6.36; N, 19.92. FT-IR (in KBr): 3390, 3174, 3126, 1627, 1530, 1464,
1429, 1322, 1197, 1048, 776 cm™. UV—-visible (methanol): 621 nm (¢/ M*cm’?, 31), 979
nm (¢/ MYecm®, 12). Molar conductance: 160 S cm? mol™ (in methanol), observed

magnetic moment: 1.93 BM.
(d) Complex 3.3

To a degassed methanol solution of complex 3.1 (240 mg) at -80 °C, freshly purified NO
was bubbled for 30 s. Then the excess of NO gas was removed by using four cycles of
vacuum and Ar purging. To this, an excess of dioxygen was added through a gas tight
syringe. The reaction mixture was warmed up to room temperature and kept for two days

while complex 3.3 was crystallized out. Yield: 128 mg (~52%). Elemental analyses for
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C26H40CINgOsNi, Calcd(%): C, 47.84; H, 6.17; N, 19.31. Found(%): C, 47.91; H, 6.16; N,
19.40. FT-IR (in KBr): 3168, 3127, 3126, 1625, 1531, 1464, 1429, 1384, 1333, 1222,
1053, 839, 752, 620 cm>. UV-visible (methanol): 600 nm (¢/ M™*cm™, 41), 987 nm (¢/ M~
lem?, 15). Molar conductance: 176 S cm? mol™ (in methanol), observed magnetic

moment: 1.84 BM.
(e) In-situ generation of Ni(l) and Ni(l)-NO intermediates:

Complex 3.1 (200 mg) was dissolved in 20 ml of dry methanol in a 50 ml Schlenk flask
and then the solution was degassed by bubbling argon for 1 h. The solution was then
cooled to -80 °C and equivalent amount of NO gas was purged into the solution using a
gas tight Hamilton syringe. The color of the solution became light indicating the formation
of Ni(l) intermediate. The reaction mixture was transferred into EPR and NMR tube using

gas tight Hamilton syringe and the spectra were recorded.

Similar procedure was followed for generating { NiNO} *° where two equivalent of NO was

added to result in a blue solution.
3.4 Conclusion

In conclusion, the Ni(ll) complex of bis(2-ethyl-4-methylimidazol-5-yl)methane, 3.1 in
methanol solution reacts with NO to result in reductive nitrosylation leading to the
formation of corresponding {NiNO}!° intermediate. This intermediate on subsequent
reactions with additional NO, results in the release of N,O and formation of Ni(ll)-nitrito
complex. The crystallographic characterization of the nitrito complex reveals a symmetric
n?-0,0-nitrito bonding to the metal ion as observed in cases of iron, manganese and

copper complexes.
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Nitrogen dioxide reactivity of Ni(Il ) complex: Activation of
NO:leading to the reduction of Ni-center

Abstract

Ni(ll) complexes, 4.1 and 4.2, of ligand L3 {L3 = bis(2-ethyl-4-methylimidazol-5-
yl)methane} having acetate and benzoate counter anions, respectively, have been prepared.
Complex 4.2 has been characterized structurally. The complexes in methanol solution did
not react with NO. However, addition of NO, gas into the methanol solution of the
complexes followed by stoichiometric amount of water resulted in the formation of
corresponding Ni(l)-nitrate complex, 4.3. The reduction was evidenced by UV-visible and
EPR spectroscopic analyses. Finaly, formation of complex 4.3 was confirmed by its single

crystal structure determination.
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4.1 Introduction

Reactive nitrogen species (RNS) constitute a major class of oxidizing agent in biological
systems.! At low or moderate concentration, they behave as messenger for signal
transduction; whereas at high concentration they induce oxidative stress.? Tyrosine
nitration induced by RNS has attracted a considerable interest of chemists and biochemists
as it can ater the protein function as well as can be used as a biomarker of severa disease
states such as Alzheimar's and Perkinson’s diseases.® In biosystems, tyrosine nitration
occurs either through peroxynitrite (ONOO") or nitrogen dioxide (NO,).* ONOO™ formsin
diffusion controlled reaction between superoxide and nitric oxide (NO).> NO, can be
generated by the reaction of NO with oxygen, decomposition of peroxynitrite or by the

oxidation of nitrite (NO,") by hydrogen peroxide (H»O5) in presence of peroxidases.®

Transition metal ions are known to favor the generation of radicals and thus causing the
oxidative damage of proteins, lipids and nucleic acids. For example, known examples of
tyrosine nitration involving Cu(ll) ion have been shown to promote the oxidation of NO,’
to NO, in addition to the principal role of scavenging superoxide to form H,O, and
oxygen.”® On the other hand, NO,, a widely accepted nitrating agent for tyrosine, induces
nitration through radical mechanism.® Nitronium ion (NO,") is known as the key nitrating
agent in nitration reaction generally produced at pH < 0 in concentrated mixture of nitric
and sulphuric acid.’® Transition metal ions like iron and copper can aso catalyze two
electron oxidation of ONOO™ leading to a heterolytic O-O bond cleavage and thus
generating a species with similar reactivity like NO,". *° The formation of NO," from NO,
in its reaction with Cu(ll) is reported recently from our group.™ In agueous medium at pH
7, the NO,"/NO, potential was found to be 1.6 (+0.2)V relative to NHE.*? A little lower

value (1.51V) for the same couple was reported based on the concentration of NO," in the
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mixture of concentrated nitric and sulphuric acid.**

On the other hand, Ni(ll) in different ligand environment are known to undergo reduction
to Ni(l) either by electrochemical procedure or by reducing agents.***® In previous chapter
NO induced reduction of Ni(ll) chloride complex of bis(2-ethyl-4-methylimidazol-5-
yl)methane ligand leading to the reductive nitrosylation to yield {NiNO}° complex was
reported recently. In this case, it has been observed that the counter anion plays an
important role (Chapter 3). The complex with chloride anion reacts with NO, whereas the
same with acetate or benzoate does not. However, they react with NO, and lead to the

reduction of Ni(ll) center which has not been explored yet.

Thus, in continuation to our study of NOy reactivity of transition metal ions, specialy to
understand the role of counter anion in controlling the overall behaviour of the metal ions
towards NOy, Ni(ll) complexes of ligand L3 (L3 = bis(2-ethyl-4-methylimidazol-5-

yl)methane) having acetate and benzoate counter anions have been prepared.

4.2 Results and Discussion

The preparation of the ligand, L 3 was done by following earlier reported procedure and is
described in chapter 3.2° The Ni(l1) complex, 4.1 was synthesized by stirring a mixture of
nickel(11) acetate tetrahydrate with two equivalent of ligand, L3 in methanol. Micro-
analyses of complex 4.1 showed good agreement with the cal culated values (Experimental
Section). UV-Visible, FT-IR, ESI-mass studies confirm the formation of the complex un-
ambiguously. Even after several attempts we could not grow the X-ray quality single
crystals of complex 4.1. Then the counter anion was changed to benzoate to prepare
complex 4.2. Same experimental protocol was used to prepare complex 4.2 as in the case

of 4.1. The formation of the complex was authenticated by various spectroscopic analyses
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as well as by single crystal X-ray structure determination (Experimental Section). The
crystallographic data, important bond angles and distances are listed in tables 4.1, 4.2 and
4.3, respectively. The ORTEP diagram of complex 4.2 is shown in figure 4.1. Ni(ll) center
is coordinated by two ligand units and a benzoate moiety in a n’fashion resulting in a
distorted octahedral geometry. The average Ni—N distance is found 2.094 A, which is
within the range of analogous reported complexes.'” The average N-Ni-N bite angle is ~
88.65°. It should be noted that Ni(Il) complex of the same ligand with chloride anion is

square planar with Ni—N distances of 1.893 A and N-Ni-N angle of ~ 90.00° (Chapter 3).

o P
04 C34 C39

C10

Figure4.1. ORTEP diagram of complex 4.2 (50% thermal ellipsoid plot, H atoms are
omitted for clarity).
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Table 4.1. Crystallographic data for complexes 4.2 and 4.3.

Chapter 4

4.2 4.3
Formulae C41H54Ni NgOs C26H40Ni NoOy
Mol. wt. 797.63 649.38
Crystal system orthorhombic monoclinic
Space group P212121 P2/c
Temperature/ K 296(2) 296(2)
Wavelength/ A 0.71073 0.71073
alA 9.7388(4) 9.4763(12)
b/A 17.4592(7) 9.3789(11)
c/A 24.3745(10) 18.4290(2)
a/deg 90.00 90.00
B/deg 90.00 91.087(6)
y/deg 90.00 90.00
VIAZ 4144 .4(3) 1637.60(3)
Z 4 2
density/Mg-m™ 1.278 1.317
Abs. coeff./mm™ 0.521 0.647
Abs. correction multi-scan none
F(000) 1696 686
Total no. of reflections 6396 2787
Reflections, | > 24(1) 4763 2431
Max. 20/deg 25.00 25.00
Ranges (h, k, 1) -11<h<8 -11<h<10
-16<k<20 -10<k<10
—28<1<24 —21<1<19
Complete to 20 (%) 99.5 96.8
Refinement method full-matrix least- | full-matrix least-
squares on F? squares on F?
GOF (F?) 0.951 0.924
Rindices[l > 25(1)] 0.0623 0.0539
Rindices (all data) 0.1018 0.0578

TH-1597_11612210
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Table 4.2. Selected bond lengths (A).

4.2 4.3
Ni(2)-N(2) 2.097(7) 2.076(3)
Ni(1)-N(3) 2.090(7) 2.079(3)
Ni(2)-O(2) 2.062(5) 2.216(3)
Ni(2)- O(2) 2.488(7) -
0O(1)-N(5) - 1.249(4)
N(1)-C(3) 1.320(2) 1.328(4)
N(1)-C(6) 1.370(2) 1.390(4)
N(2)-C(3) 1.3615) 1.337(4)
N(2)-C(4) 1.380(1) 1.377(5)
Table 4.3. Selected bond angles (°).
4.2 4.3
N(1)-Ni(2)-N(3) 89.20(2) 89.30(8)
N(21)-Ni(1)-N(3A) - 96.95(10)
N(2)-Ni(1)-N(5) 88.10(3) -
O(1)-Ni(1)-N(2) 86.90(3) 86.10(7)
0O(1)-Ni(1)-N(3) 97.00(3) 160.80(8)
Ni(21)-O(1)-N(5) - 93.90(2)
O(1)-N(5)-O(1A) - 115.30(4)

Chapter 4

Complex 4.1 in dry methanol solution absorbs at 595 nm (e/mol™*cm™, 22) and 371 nm

(e/mol™cm™, 198) nm in the UV-visible spectrum (Figure 4.2 and Appendix I11). In case of

complex 4.2, these absorption bands appear at 600 nm (¢/mol™*cm™, 25) and 368 nm

(e/molecm™, 178) nm (Figure 4.2 and Appendix II1). Intraligand transitions were

observed in the lower wavelengths. The bands at 595 and 600 nm for complexes 4.1 and

4.2, respectively, assigned as the d-d transitions. Similar spectral features of complexes 4.1

and 4.2 suggested that they have similar coordination environment around the central metal

ion. In contrast, complex 3.1 displayed d-d transition at 636 nm (Figure 3.2, Chapter 3).

TH-1597_11612210
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The cyclic volatmmograms of complexes 4.1 and 4.2 were recorded in methanol using
TBAP supporting electrolyte in a three electrode configuration with saturated Ag/Ag*
reference, glassy carbon working and Pt auxiliary electrodes. An irreversible reduction at
-1.52 V and -1.56 V was observed in the voltammograms of complexes 4.1 and 4.2,
respectively (Appendix I11). These are assignable to the Ni(I1)/Ni(1) reduction potential. In
the same setup, the NO/NO" couple appeared at 1.15 V (Appendix 11, Chapter 3).*2

0.5
0.30 +

0.4 -
0.25 4

0.3

Absorbance

0.20 +

Absorbance

0.15 0.2 4
0.10 0.1
T T T T T T T T
500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(@ (b)

Figure 4.2. UV-visible spectra (a) complex 4.1(black), after purging NO, (red) and after
addition of water (blue); (b) complex 4.2 (black), after purging NO, (red) and after addition

of water (green) in methanol at room temperature.

Interestingly, for complex 3.1, the Ni(11)/Ni(l) reduction potential appeared at -1.05V in
the same condition (Chapter 3). The difference in reduction potential is attributed to the
counter anion present in the complexes. In case of complex 3.1, the single crystal X-ray
structure revealed that the ClI™ ion is not coordinated to the central metal ion whereas in
case of complex 4.2, the benzoate unit is coordinated to the Ni(ll) center in an? fashion
resulting a distorted octahedral geometry around the metal ion. This resulted in the shift of

reduction potential to ~0.50 V.
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Addition of equivalent amount of NO in the degassed methanol solution of complex 3.1 at
-80 °C resulted in a shift of the d-d band from 636 nm to 578 nm (Chapter 3, Figure 3.2)
which is attributed to the formation of corresponding Ni(l)- complex (Chapter 3, Scheme
3.1). As mentioned earlier, complexes 4.1 and 4.2 in dry and degassed methanol solution
did not react with NO. However, when NO, was purged to the dry and degassed methanol
solution of complex 4.1, a blue shift was observed from 598 nm to 588 nm in UV-visible
spectrum (Figure 4.2). This reaction mixture was found to be EPR silent. Thisis attributed
to the weak coordination of NO, to the central metal ion. In presence of stoichiometric
amount of water, the 588 nm band was shifted to 582 nm (Figure 4.2). In case of complex
4.2, the d-d band was shifted to 590 nm after addition of NO, which was further moved to
581 nm upon addition of stoichiometric amount of H,O (Figure 4.2). The resulting reaction
mixtures became EPR active (Figure 4.3). These observations are attributed to the
reduction of Ni(ll) to Ni(l) with concomitant formation of nitrato (NO3’) species (Scheme
4.1). The existence of Ni(l) (d° configuration; 9. 2.18; 91, 2.27) was aso suggested by the
axial nature of the EPR spectrum (Figure 4.3).2%%° The EPR spectra of electrochemically
generated Ni(l) complex of 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane

also reported to display axial EPR spectrum.®

While both the reaction mixtures were kept in freezer for 3- 4 days, microcrystals of
complex 4.3 were obtained. FT-IR studies revealed the presence of nitrato (~1380 cm™)
group in complex, 4.3 (Figure 4.3).** X-band EPR study in dry methanol solution at room

temperature suggested the presence of Ni(l) center in the complex (Appendix I11).
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Figure 4.3. (@) FT-IR spectrum of complex 4.3 in KBr, (b) X-band EPR spectra of
complexes 4.2 (black), after addition of NO, and stoichiometric amount of H,O (red) in
dry methanol at 77 K.
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Scheme 4.1

Further, single crystal X-ray structure determination confirmed the formulation of complex
4.3 as a Ni(l)-nitrato complex of the ligand L 3. The ORTEP diagram is shown in figure
4.4. The crystallographic data important bond lengths and angles are listed in tables 4.1,

4.2 and 4.3, respectively.
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Figure 4.4. ORTEP diagram of complex 4.3 (50% thermal €llipsoid plot, H atoms are
omitted for clarity)

Structure determination revealed that the Ni(l) center is coordinated with four N-donor
atoms from two ligand units and two O-atoms from the nitrate moiety in n? fashion. This
resulted in a distorted octahedral geometry around the central metal ion. The Ni-N bond
lengths are in the order of ~2.076 A and the average N-Ni-N angle is 93.12°. The

difference in bond length from complex 4.2 is attributed to the change of oxidation number

of the central metal ion.
4.3 Experimental Section
4.3.1 Materialsand Methods

All reagents and solvents of reagent grade were purchased from commercia sources and
used as received except specified. Deoxygenation of the solvent and solutions was effected
by repeated vacuum/purge cycles or bubbling with nitrogen or argon for 30 min. NO, was
used from cylinder after purification using reported methods.? The dilution of NO, was
effected with argon gas using Environics Series 4040 computerized gas dilution system.

UV-visible spectra were recorded on a PerkinElmer Lambda 25 UV-visible
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spectrophotometer. FT-IR spectra of the solid samples were taken on a PerkinElmer
spectrophotometer with samples prepared as KBr pellets. Solution electrical conductivity
was measured using a Systronic 305 conductivity bridge. *H NMR spectra were recorded
in 2400 MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either with
an internal standard (MesSi) or to the residua solvent peaks. The X-band EPR spectra
were recorded on a JES-FA200 ESR spectrometer, at room temperature or at 77 K with
microwave power of 0.998 mW, microwave frequency of 9.14 GHz, and modulation
amplitude of 2. Elemental analyses were obtained from a PerkinElmer Series || Anayzer.

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 Mo Ko radiation (A = 0.71073 A) at
273(3) K, with increasing o (width of 0.3° per frame) at a scan speed of three seconds per
frame. The SMART software was used for data acquisition.”® Data integration and
reduction were undertaken with SAINT and X PREP software.?* Structures were solved by
direct methods using SHELXS-97 and refined with full-matrix |east-squares on F? using

SHELXL-97.% Structural illustrations were drawn with ORTEP-3 for Windows.?
4.3.2 Syntheses
(a) Complex 4.1

Nickel(l1) acetate tetrahydrate (2.48 g, 10 mmol) was taken in a 50 ml round bottom flask,
dissolved in 20 ml of methanol. To this, a solution of 4.64 g (20 mmol) of ligand L3 in
methanol (10 ml) was added and stirred for 1 h. to result in a bluish solution. The solution
was layered with diethyl ether and kept in freezer for overnight to get blue precipitate of
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complex 4.1. Yield: 5.13 g (80%). Elemental analyses for CzoHssNsOsNi, Calcd(%): C,
56.17; H, 7.23; N, 17.47. Found(%): C, 56.22; H, 7.19; N, 17.43. FT-IR (in KBr): 2978,
1633, 1569, 1463, 1422, 1328, 1293, 1047, 932, 665, 620 cm™*. UV-visible (methanol):
595 nm (¢/ M™cm™, 22). Molar conductance: 148 S cm? mol™ (in methanol), observed

magnetic moment: 1.98 BM.
(b) Complex 4.2

In 20 ml methanol solution of complex 4.1 (3.2 g, 5 mmol), 1.58 g (11 mmol) of sodium
benzoate in water (5 ml) was added and stirred for 2 h. Color of the solution changed from
a light blue to a dark blue. After removing the solvent in rotary evaporator, the solid was
washed with cold water to remove excess sodium benzoate and sodium acetate. Then it
was dissolved in methanol, and kept at room temperature; after ten days blue crystals were
obtained. Yield: 2.8 g (75%). Elemental analyses for C4oHsoNgO4Ni, Calcd(%): C, 62.75;
H, 6.58; N, 14.74. Found(%): C, 62.70; H, 6.62; N, 14.68. FT-IR (in KBr): 3192, 2969,
1632, 1593, 1544, 1460, 1407, 1365, 1048, 853, 720, 678 cm*. UV-visible (methanol):
600 nm (¢/ M™*em™, 25). Molar conductance: 139 S cm? mol™ (in methanol), observed

magnetic moment: 2.11 BM.

(c) Complex 4.3

In 20 ml of dry and degassed methanol solution of complex 4.1 (160 mg), NO, was
bubbled and few drops of water was added, the color of the solution became fade. The
capped reaction mixture was kept at —40°C for crystallization for severa days to get blue
color crystal of complex 4.3. Yield: 1024 mg (70%). Elemental analyses for
CasH40NgO3Ni, Calcd(%): C, 53.35; H, 6.89; N, 21.54. Found(%): C, 53.38; H, 6.85; N,

21.65. FT-IR (in KBr): 3424, 3224, 2923, 1632, 1530, 1458, 1427, 1384, 1322, 1196, 788
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cm™. UV—visible (methanol): 582 nm (¢/ M™*cm™, 36). Molar conductance: 70 S cm? mol ™
(in methanol), observed magnetic moment: 1.26 BM. X-band EPR: gy, 2.16, gL, 2.27

Using same procedure complex 4.3 was also prepared from complex 4.2.

4.4 Conclusion

In conclusion, Ni(Il) complexes, 4.1 and 4.2, of ligand L3 having acetate and benzoate
counter anions, respectively, were found to be unreactive towards NO. However, addition
of NO, gas into the methanol solution of the complexes resulted in a blue shift of the
visible band in UV-visible spectrum. This is attributed to the weak interaction of the NO,
with the metal ion. Addition of stoichiometric amount of water into the reaction mixture
resulted in the reduction of Ni(ll) center to Ni(l) with ssmultaneous oxidation of NO, to
NOs". The reduction was evidenced by UV-visible and EPR spectroscopic anayses. This
was further confirmed by isolation and structural characterization of corresponding Ni(l)-

nitrate complex, 4.3.
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Chapter 5

Nitrogen dioxide reactivity of a Ni(II) complex: Oxo transfer

reaction from NO; to NO;~

Abstract

Reaction of a Ni(ll) complex of ligand4 {L4 = 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecaned.) in methanol with equivalent amount of N€é@sulted in the
reduction of Ni(ll) to Ni(l). The reduction was dommed by UV-visible, and EPR
spectroscopic studies. The intermediate Ni(l) cempeacted with additional equivalent
of NO, to form corresponding O-nitrito Ni(ll) complex, [NL4)(n*-ONO),] (5.2).
Structural characterization confirmed the formatwin(5.2). Subsequent equivalent of
NO, resulted in the oxo transfer from M@ the metal bound nitrito group yielding
corresponding O-nitrato complex, [NiL4)(n?>-ONO,)]" (5.3) with simultaneous release of
NO. The release of NO in the reaction was evidenogdspin trapping experiment.
Complex 5.3 was isolated and characterized by single crystatayX structure

determination.
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5.1 Introduction

The chemistry of NQ such as nitric oxide (NO), nitrogen dioxide (N(has been the
subject of research interest because of their wgwoént in diverse biological processes.
Activation of NG by transition metal ions has attracted speciarest with the aim of
understanding the redox transformations betweeiowsNG, complexe<: For instance,
it has been found that the reaction of small am®ohtNG with sublimed thin layers of
the [Fe(ll)-(Por)] complex [Por smeso-tetraphenylporphyrinato dianion, TPP, roeso-
tetrap-tolylporphyrinato dianion, TTP] resulted in therrmation of the five-coordinate
nitrito complexes [Fe(Pomt-ONO)].* Further addition of N@led to the nitrato complex
[Fe(Por)q*0,NO)]. Another study demonstrated the reaction of,N@h amorphous
layers of Mn(TPP) afforded the corresponding nitrabmplex, [Mn(TPP){(*-ONG,)].°
This reaction was shown to proceed through twoirdiststeps: (i) initially low NQ
pressure results in the corresponding O-nitrito lexy (i) additional NQ affords the
nitrato analogue with the release of NO. Receitl@u(ll) complex was found to undergo
reduction by N@ subsequent addition of NQesulted in corresponding Cu(ll)-nitrito
intermediate compleX.The corresponding intermediate nitrito complex \isaated and
structurally characterized. Addition of further @guent of NQ to the methanol solution
of the intermediate Cu(ll)-nitrito complex leaddro transfer from N@to the coordinated

nitrito group with a concomitant release of NO.

Nickel(ll) centers in various ligand environmentee aexemplified to be reduced to
corresponding Ni(l) by electrochemical reductionilorpresence of a reducing agént.
However, the reduction of Ni(ll) center by N@ not yet reported. To understand the

activation of NQ by transition metal ions, the reactivity of a Ni(tomplex of a macro-
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cyclic ligandL4 (L4 = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazatgtriadecane) with

NO- has been studied.
5.2 Results and Discussion

The ligand,L4 (L4 = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazatgtitadecane) was
prepared by using the procedure described eaHeperimental Sectiorf) Complex5.1,
[Ni"(L4)(CHsCOO)], was prepared by refluxing a mixture of nickel(lacetate
tetrahydrate with equivalent quantity @4 in methanol (Experimental Section). The
formation of the complex was unambiguously esthblis by various spectroscopic
analyses as well as by X-ray single crystal stmectdetermination. The perspective
ORTEP view of comple®.1 is shown in figure 5.1. The crystallographic data given in
table 5.1 and other metric parameters are listaddhbie 5.2 and 5.3. The crystal structure
revealed that the four N-atoms of the ligand arerdinated to the metal ion forming a
square plane; two acetate anions from the axiaitipos to completed the octahedral

geometry around the Ni(ll) center.

Figure 5.1. The ORTEP diagram of compléxl (50% thermal ellipsoid; H-atoms are

omitted for clarity.
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The average NiN distance was 2.088 A. The longer—Wbac distance (2.144 A)
suggested that the axial elongation prevails is 8tructure. Both the acetate ions were

bonded in monodentate fashion.

In methanol, complexs.1 absorbs at 960, 574, 464 and 362 nm along withngtr
intraligand transitions (Appendix 1V). The band<980, 574 and 464 nm were assigned as
the d-d bands occurred from three spin-allowed transitidAs, - *Too(F) , *Azg - *Tag(F),

and A, - *T14(P), respectively of octahedral Mi 362 nm band was assignable to the

ligand to metal (LMCT) charge transfer.

Addition of equivalent amount of NOto the dry and degassed methanol solution of
complex 5.1 resulted in the change of color from violet tolgel In the UV-visible
spectrum, 464 nm band was shifted to 434 nm gigisgoulder like band (Figure 5.2). X-
band EPR study of the frozen reaction mixture (atky revealed the presence of Ni(l)
species (Eq. 5.1). The axial nature of the speciriimdicating the existence of Ni(l)9d

in a square planar environment wit}f dround state. Calculated values ofand g are
2.22 and 2.03, respectively. The EPR spectral stualy repeated in other solvents like

acetonitrile and chloroform, also.

MeOH

(L4)Ni'l(0OAc), + NO, [L4Ni]" + 24c0 + H' + MeONO,

In all the cases, same axial spectrum was obsefedelectrochemically generated Ni(l)
complex of ligand_4 was also studied earlier by EPR spectroscdpiHowever, in those
cases, solvent and the counter anion,(BWwere different. The spectroscopic evidence
obtained in the present study was in very goodeageait with the earlier reported results.
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Thus, it is logical to believe that in this stepre&ction Ni(ll) center of comple&.1 has
undergone reduction by N@o form square planar [L4Nicomplex. GC-mass analyses of
the reaction mixture revealed the formation of rgkethitrate (CHONO,) in this step
(Appendix 1V). This was attributed to the formatiohNO," during the reduction of Ni(ll)
by NGO, followed by its immediate reaction with methanol form methyl nitrate. The

unstable nature of Ni(l) complex did not allow $oliate or structurally characterize.

0.75
o (.50 1
4
=
3
=]
£
2
=
<
0.25
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400 600 800 1000

Wavelength (nm)

Figure 5.2. UV-visible spectra of complek.1 (black), after addition of one equivalent

NO, (red) and after addition of another equivaleni@¥, (green).

Upon addition of further equivalent of NCthe absorption band at 434 nm was shifted to
455 nm (Figure 5.2). Indicating the formation ofresponding [NiNO,] complex, which
can be considered as [NNO,]. The EPR signal of Ni(l) intermediate was also
disappeared. When the reaction mixture was allowestand at room temperature for 3-4
days, two types of crystals, violet and purple, egspd almost in equal proportion.
Structural characterization revealed that the viglgstals are of complek.1 and the
purple one is of [(L4)Ni(N®_], complex5.2. The ORTEP diagram of compléx2 is

shown in figure 5.4. A]l-O coordination mode of two nitrito moiety to the(IN center
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was observed. The average-Ni and Ni-O bond distances were 2.099 and 2.138 A,

respectively. The NO bond distances in coordinated nitrite were 1.308 1.110 A

suggesting it's localized natufe.
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Figure 5.3. X-band EPR of comple’.1 (black), after purging of equivalent amount of

NO, (red) and after purging another equivalent of,Ngeen) in acetonitrile at 77 K.

02

Figure 5.4. The ORTEP diagram of compléx2 (50% thermal ellipsoid; H-atoms are
omitted for clarity).
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Tableb5.1. Crystallographic data for complexg4, 5.2 and5.3.

5.1 5.2 5.3

Formulae GcH42NiN4OG C]_engNiNeO4 ClengNiNGOG
Mol. wt. 489.25 435.22 467.22
Crystal system triclinic monaoclinic monoclinic
Space group P-1 C2/c P21/c
Temperature/ K 296(2) 296(2) 296(2)
Wavelength/ A 0.71073 0.7113 0.71073
alA 8.3991(8) 12.8596(4) 8.980(2)
b/A 9.3496(6) 11.6454(4) 18.693(5)
c/A 9.4079(7) 15.2598(5) 15.499(4)
a/deg 73.619(6) 90.00 90.00
B/deg 81.717(7) 112.077(2) 120.013(14)
y/deg 68.498(7) 90.00 90.00
VIA® 658.78(9) 2117.68(12) 2252.9(10)
Z 1 4 4
density/Mg-m° 1.233 1.365 1.378
Abs. coeff./mm" 0.774 0.949 0.904
Abs. correction multi-scan none none
F(000) 262 936 1000
Total no. of reflections| 2300 1873 3851
Reflections] > 2o(1) 2118 1538 3064
Max. D/deg 25.00 24.99 25.00
Rangesl, k, 1) —-9<h<7 -15<h<15 —-9<h<10

—-11<k<10 —-13< k<13 —22<k<21

-11<1<11 -18<1<18 —-18<1<18
Complete to 2 (%) 99.8 100.0 97.1
Refinement method full-matrix least- | full-matrix least- | full-matrix least-

squares off* squares offr* squares off’
GOF F) 1.113 1.056 1.165
Rindices [ > 25(1)] 0.0488 0.0496 0.0326
Rindices (all data) 0.0444 0.0576 0.0430
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Table5.2. Selected bond lengths (A).

51 52 5.3
Ni1l-N1 2.101(3) 2.099(2) 2.081(2)
Nil-N2 2.081(2) 2.071(3) 2.133(2)
Ni1-N3 - - 2.092(2)
Ni1—N4 c - 2.119(3)
Ni1-O1 2.144(3) 2.138(3) 2.196(2)
Ni1—02 - - 2.132(1)
N1-C2 1.500(4) 1.505(4) 1.494(3)
N3-O1 - 1.305(8) -
N3-02 3 1.110(1) .
N5-0O1 a - 1.272(3)
N5-02 L - 1.266(3)
N5-03 - - 1.226(3)
C9-01 1.245(5) - -
C9-02 1.241(4) - -

Table5.3. Selected bond angles (°).
5.1 5.2 5.3

N1-Nil-N2 85.50(1) 94.20(1) 90.86(7)
N1-Nil-N3 - - 102.94(8)
N2-Ni1-N3 - - 85.06(8)
N3-Ni1—N4 - - 90.31(8)
N2—-Ni1-N4 - - 173.64(8)
N1-Ni1-O1 88.80(1) 90.00(1) 153.79(7)
N2-Ni1-O1 91.90(1) 89.10(1) 88.55(7)
01-N5-02 - - 115.90(2)
01-N5-03 - - 122.60(2)
01-N3-02 - 112.50(6) -
01-C9-C10 115.80(3) - -

TH-1597_11612210
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Schemeb5.1

The crystallization of complexeS.1 and 5.2, from the reaction mixture suggests the
formation of [(L4)Ni(NGQ)(CHsCOO)], 5.1b, as intermediate complex which during
crystallization dissociated into complexe$.1, [(L4)Ni(CH3;COO)] and 5.2,
[(L4)Ni(NO>),] owing to the lesser stability &.1b compared to those. This was further
confirmed by carrying out control reactions. In heetol solution of complek.1, addition

of equivalent amount of aqueous NaN@sulted in the formation of complexgé4 and
5.2, roughly in equal proportion. While an excess cdND, was used, exclusively
complex5.2 was obtained. On the other hand, stirring of ahamsdl solution of complex
5.2 with equivalent amount of Na(GBOO), resulted in the formation of almost equal

amounts of complexes1l and5.2; but excess Na(Gi€OO) afforded only complek.1.
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Complex5.1b was never isolated as intermediate in these doetperiments presumably

because of its less stability compared to complé&xieand5.2.

When the reaction mixture containiriglb was subjected to the addition of further
equivalent NQ, there was no appreciable change incduieabsorption bands in UV-visible
spectrum. However, in FT-IR spectrum, stretching2#2 cm® assigned to nitrito group
was disappeared and a new intense stretching bad884 cm® assignable to nitrato
group was appeared. Structural characterizatiopated the formation of corresponding
Ni(Il) nitrato complex,5.3 in the reaction. The ORTEP diagram of compbeX is shown

in figure 5.5. In comple.3, one of the nitrate ions is O-coordinated in?dashion with

an average NiO distance of 2.164 A.

Figure 5.5. The ORTEP diagram of compléx3 (50% thermal ellipsoid; H-atoms are

omitted for clarity).

Second nitrate ion was not coordinated to the metalThe formation of complex3 was
attributed to the less stability of correspondifigd)Ni(NO3)(OAc)]. The peak observed at
m/z 404.215 in mass spectrometry was assignable td)N{NOs]*. Simulated and
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observed isotopic distribution in mass spectroscopyched well (Appendix V). Thus,
addition of NQ in methanol solution of intermediate compketb afforded oxo transfer
resulting in the corresponding nitrate comp&8. NO was expected to form as side
product in the reaction and was confirmed by GCaras well by spin trapping using

iron(ll)diethyldithiocarbamato complex (Appendix)IV*

(0]

N - Y -
s p /
0\\( \ 0“5{\:? ot
[t P o
—(_ 11 — NIxg
 NH NO, “Ni i
€H‘,Ni>\ N —— NH' | ">Sng” [ NO; + NO
Ny R |
&
5.2

Scheme5.2

It would be worth to mention here that purging N© the methanol solution of complex
5.2 also afforded comple®.3. On the other hand addition of excess ,N@ methanol

solution of comple.1 resulted in comple%.3 as the final product with release of NO.

Recently, the N@ reactivity of a Cu(ll) complex of 4,6-dert-butyl-2-((2-
picolyl(isopropyl)amino)methyl)phenol ligand waported The Cu(ll) center was found
to undergo reduction by NQwith simultaneous nitration of the phenol ringtbé ligand
and Cu(l) complex of the nitrated ligand was resiltThe Cu(l) complex in presence of
one equivalent of N©gave corresponding Cu(ll)-nitrito complex whichsa@haracterized
structurally. Reaction of the Cu(ll)-nitrito complevith NO, resulted in the oxo transfer
from NGO, to the coordinated nitrito group to afford corresging Cu(ll)-nitrate and NO.
Earlier Kurtikyanet al. reported that the reaction of 'f&PP) and MK(TPP) [TPP =
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meso-tetrap-tolylporphyrinato dianion) with N@ lead to the corresponding nitrato
complex®® The reaction was proposed to proceed in two steps. NO, pressure and

short reaction time resulted in the M@oordination to the metal ion to afford
corresponding O-nitrito complex in the first st&uslick and Watson also reported this
earlier'? In the presence of additional MOoxo transfer reaction occured to afford the

corresponding?>-ONO, complexes with presumably formation of N©®.

The present study involving the coordination of N@th Ni(l) intermediate to form [N
NO, <> Ni"NO,] followed by its reaction with additional NQo afford corresponding
Ni(Il)-nitrate was also in good agreement with greposition made by Kurtikyagt al. It
is to be noted that unlike the examples df(F€P) and Mi\(TPP), the intermediate Ni(ll)-

nitrite was isolated and structurally characterized

The reaction of intermediate compl&4b with NO, leading to the conversion of O-nitrito
to O- nitrato complex can be envisaged to followhpeay of oxo transfer as was observed

in earlier reporté:®(Scheme 5.3).

ESI-mass experiment studies with scrambled,’R& was found to result in two equal
intensity mass signals for [Ni(L4JO.N*®0)]" and [Ni(L4)(N°03)]* (Appendix 1V). On
the other hand, addition 6INO; to the solution 06.1b was found to releaséNO. Hence
an oxo transfer from free NQo the coordinated nitrito group was suggestectase of
earlier reported examples the oxo transfer was dawnfollow the similar mechanistic

pathway.
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Scheme 5.3
It would be interesting to note that in all the exdes including the present work, the NO

binds to the metal ion in mono-dentate fashionh&es, the nitrito binding mode to the

metal center is the key in such oxo transfer reasti

5.3 Experimental Section

5.3.1 Materialsand Methods
All reagents and solvents of reagent grade werehased from commercial sources and

used as received except specifif, was purchased from Icon Isotopes. Deoxygenation

101

TH-1597_11612210



Chapter 5

of the solvent and solutions was effected by regmbaiacuum/purge cycles or bubbling
with nitrogen or argon for 30 min. NQvas used from cylinder after purification using
reported methods®> *®*ONO gas was prepared by the reaction of purifiedwith °0, in

an airtight glass chamber fitted with a stopperatled at room temperature followed by
removal of excess £by passing through Qrap. Further purification was done following
earlier reported methods of fractional distillatiohThe isotopic enrichment ofO in
16189,N is 50% as measured by GC-mass. The dilution of &5 effected with argon
gas using Environics Series 4040 computerized gasoth system. UV-visible spectra
were recorded on Agilent HP 8454 dioad arrey U\bles spectrophotometer. FT-IR
spectra of the solid samples were taken on a Felrkier spectrophotometer with samples
prepared as KBr pellets. Solution electrical conigity was measured using a Systronic
305 conductivity bridge'H NMR and**C-NMR spectra were recorded in 400 MHz and
100MHz Varian FT spectrometer respectively Chemglafts (ppm) were referenced
either with an internal standard (M) or to the residual solvent peaks. The X-ban® EP
spectra were recorded on a JES-FA200 ESR specegnaétroom temperature or at 77 K
with microwave power of 0.998 mW, microwave freqognf 9.14 GHz, and modulation
amplitude of 2. Elemental analyses were obtainechfa PerkinElmer Series Il Analyzer.

The magnetic moment of complexes were measured3andridge Magnetic Balance.

Single crystals were grown by slow diffusion follesvby slow evaporation technique. The
intensity data were collected using a Bruker SMARPEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube Mo ridiation { = 0.71073 A) at
273(3) K, with increasing (width of 0.3° per frame) at a scan speed of tlsemnds per
frame. The SMART software was used for data actioist® Data integration and

reduction were undertaken with SAINT and XPREPwsafe’* Structures were solved by
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direct methods using SHELXS-97 and refined with-foétrix least-squares o’ using

SHELXL-97* Structural illustrations were drawn with ORTEPe8 ¥Windows®
5.3.2 Synthesis
(@ Ligand L4

The macrocyclic ligand.4 was prepared by using the procedure describeiieatl was
characterized by elemental analyses, FT-IR;NMR, and *C-NMR spectroscopy.
Elemental analyses for;§H3gN4, Calcd(%): C, 67.55; H, 12.75; N, 19.69. Found: (%)
67.59; H, 12.75; N, 19.76. FT-IR (in KBr): 753, 7171372, 1465, 2832, 2923, 2965, 3275
cm ™. 'H NMR (400 MHz, CDGJ): 8ppm 2.96 (2H), 2.66 (8H), 2.24 (4H), 1.79 (4H), 1.13
(12H), 1.09 (6H)*C NMR (100 MHz, CDGJ): 8ppm 53.9, 48.2, 46.4, 45.5, 45.2, 29.7,

28.2,24.4.
(b) Complex 5.1

To a stirred solution of nickel(ll) acetate tetrdgte, (0.488 g, 2 mmol) in methanol (20
ml) was added a solution @f4 (0.564 g, 2 mmol) in methanol (20 ml). The reattio
mixture was refluxed for 2 h. and then the volunesweduced under vacuum~6 ml. A
layer of ether (10 m;) was made, and the mixture kept in freezer over night to obtain
the metal comple%.1 as violet crystalline solid. Yield: 0.84 g (85%)lemental analysis
for CyoH42NIN4O,4, Calcd(%): C, 52.08; H, 9.18; N, 12.15; Found(%)52.16; H, 9.17; N,
12.27. FT-IR (in KBr): 3424, 1633, 1562, 1457, 140967, 1033, 963, 941, 677, 654 cm
1 UV-visible (methanol): 362 nne/(M*cm’®, 24), 464 nmg/ M™cm?, 28), 574 nmgl M’

lem?, 18) and 960 nme( M cm®, 12). The comple.1 behaved as non-electrolyte in
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methanol solutionfy (S cm?), 64]. The observed magnetic moment is found t@ K&

BM.
(c) Complex 5.2

Complex5.1 (461 mg, 1.0 mmol) was dissolved in dry metha0lifl) in a schlenk flask
fitted with a rubber septum and degassed usingnaggs. To this, two equivalent of
NO./Ar (1:25 v/v) were added through a gastight syeirfiited in a Schlenk line, and the
mixture was stirred for 1/2 h. The volume of th&uon was reduced under vacuunm~b
mL, and a layer of diethyl ether{0 ml) was made. The mixture was kept in freezer ov
night to afford complexs.2 as pink colored solid. Yield: 0.218 g%0%). Elemental
analysis for GH3zeNiNgO,4, Calcd(%): C, 44.16; H, 8.34; N, 19.31; Found(%)44.29; H,
8.33; N, 19.42. FT-IR (in KBr): 3421, 2967, 156@7Y, 1271, 1208, 1044, 852, 821¢m
UV-visible (methanol): 355 nmeA M cm™, 57), 462 nmg/ M*cm™, 32), 567 nmg/ M
em?, 19) and 948 nme( M™cm™®, 14). The comple’.2 behaved as non-electrolyte in

methanol pw (S cm?), 40]. The observed magnetic moment is found t@.84 BM.
(d) Complex 5.3

To a degassed solution of complga (218 mg, 0.5 mmol) in dry methanol (10 ml),
excess N@gas was purged for 1 min. The resulting bluistk @alution was dried under
vacuum to reduce its volume t©5 ml. Ether (20 ml) was then added to give blue
precipitate of comple®.3. Product was further crystallized from methandi/sot. Yield:
168 mg (72%). Elemental analysis foge3sNiNgOs, Calcd(%): C, 41.13; H, 7.77; N,
17.99; Found(%): C, 41.18; H, 7.78; N, 18.06. FT{R KBr): 3421, 3232, 2969, 1406,

1384, 1318, 1306, 1161, 1024, 821 tnV-visible (methanol): 358 nne/(M™*cm*, 50),
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459 nm ¢ Mlcm?, 41), 571 nmg M'cm?, 26) and 953 nme( Mlcm?, 16). The
observed magnetic moment is found to be 2.20 BNkrAatively comple6.3 can also be

prepared by purging NOnto the methanol solution of compl&x2.

(e) Spin-Trapping experiment to establish the for mation of NO

Complex5.2 (300 mg) was dissolved in dry and degassed adetenn a Schlenk flask
attached through a rubber tubing to another flaskaining a solution of [Fédtc),] [dtc=
diethyldithiocarbamato] (100 mg in 20 mL of acetalg). Equivalent amount of N{Ogas
(diluted using Ar gas; N@Ar, 1:25 v/v) was purged in the solution of compte? using a
gastight syringe. The mixture was stirred for 1h.mAr gas was bubbled for 5 min
through the reaction mixture to push the gas méxtnto the flask containing [Eetc),).

X-band EPR spectrum of this solution was then @@edito establish the presence of NO.
5.4 Conclusion

Complex5.1 [Ni(L4)(O,CCHg),] reacted with equivalent amount of D@ result in the
reduction of Ni(ll) to Ni(l). Than situ generated Ni(l) intermediate complex reacted with
additional equivalent of NDto form corresponding;’-O-nitrito Ni(ll) complex, 5.2.
Subsequent addition of NQead to the corresponding Ni(If)>O-nitrato complex5.3
with concomitant formation of NO. ComplexB2® and5.3 were isolated and structurally
characterized. Isotopic labelling experiment regddhat the oxo transfer took place from
NO, to the coordinatedi-ONO group. Thus, the present study demonstrated\ifil)

complex induced conversion of N@ NG,, NO and NQ.
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Figure A1.1. FT-IR spectrum of ligand L1 in KBr.
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Figure A1.2. *H-NMR spectrum of ligand L 1 in CDCls.
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Figure A1.3. *C-NMR spectrum of ligand L 1 in CDCl3
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Figure A1.4. FT-IR spectrum of ligand L2 in KBr.
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Figure A1.5. *H-NMR spectrum of ligand L 2 in CDCl.
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Figure A1.6. *C-NMR spectrum of ligand L 2 in CDCl3
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Figure A1.7. FT-IR spectrum of complex 2.1 in KBr.
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Figure A1.8. UV-visible spectrum of complex 2.1 indry THF.
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Figure A1.9. FT-IR spectrum of Complex 2.2 in KBr.
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Figure A1.10. UV-visible spectrum of complex 2.2 indry THF.
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Figure A1.11. UV-visible spectrum of complex 2.3 in dry THF.
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Figure A1.12. UV-visible spectrum of complex 2.4 in dry THF.
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Figure A1.13. UV-visible spectrum of complex 2.5in dry THF.
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Figure A1.14. ESI-mass spectra of complex 2.5 with isotopic distribution () experimental
(b) simulated in methanol [(L 1CoNO3)+Na]".
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Figure A1.15. UV-visible spectrum of complex 2.6 in dry THF.
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Figure A1.16. ESI-mass spectra of complex 2.6 with isotopic distribution () experimental
(b) simulated in methanol [(L 2CoNO3)+Na]".
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Figure A1.17. *H-NMR spectrum of 2,2'-dihydroxy-3,3',5,5-tetra-tert-butyl biphenol in
CDCls.
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Figure A1.18. *C-NMR spectrum of 2,2'-dihydroxy-3,3',5,5'-tetra-tert-butyl biphenol in
CDCls.
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Figure A1.19. ESI-mass spectrum of 2,2'-dihydroxy-3,3',5,5'-tetra-tert-butylbiphenol in
methanol. (Negative mode).
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Figure A1.20. *H-NMR spectrum of ligand complex 2.3 in CDCl5
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Figure A1.21. *H-NMR spectrum of ligand complex 2.4 in CDCl3
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Figure A2.1. FT-IR spectrum of L3 in KBr.
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Figure A2.2. *H-NMR spectrum of L3 in CD;0D.
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Figure A2.3. *C-NMR spectrum of L3 in CD3OD.
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Figure A2.4. FT-IR spectrum of complex 3.1in KBr.
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Figure A2.5. UV-visible Spectrum of complex 3.1 in dry methanol.
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Figure A2.6. GC-mass spectra of methyl nitrite.
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Figure A2.7. GC-mass spectra of N,O, gas taken from the head space of the reaction

mixture.
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Figure A2.8. GC-mass spectrum of the head space gas taken from the round bottom flask
containing dry MeOH and NO, purged into it (This suggests that N,O does not form in

the absence of the metal complex).
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Figure A2.9. FT-IR spectrum of complex 3.2 in KBr.
1.5
0.025
1.2
g . 1I.II2I)—I
g 0.9+
2 '. /ﬂ\
5 AN
I 0.015 M,
< 0.6 N\ \hu_’_h P
o1 T T T - 3 7
0.3 500 (] T00 ROO 200 1000 1100
"-0 T T T T T T T 1
200 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure A2.10. UV-visible spectrum of complex 3.2 in dry methanol.
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Figure A2.11. ESI-mass spectrum of [(L3)2Ni(1)-NO(CHsOH)]* in methanol (isotopic
distribution pattern is shown inset).
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Figure A2.12. FT-IR spectrum of complex 3.3 in KBr.
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Figure A2.13. UV-visible Spectrum of complex 3.3 in dry methanol.
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Figure A2.14. The possible structures corresponding to the proposed intermediate; the
color scheme s as follows: nickel: green, chlorine: light green, carbon: black, oxygen: red,
nitrogen: blue and hydrogen: white; the hydrogens have been removed for the purpose of

clarity.
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Cartesian coordinatesfor DFT optimized structure

Appendix |1

C -1.827 13.900 4.460 C -1.552 11.407 0.081 H 0346 7.981 0.944
C -2.206 12.606 4.180 C 1236 10.468 -2.105 H 1790 8.652 0.163
N -1.310 12.035 3.286 C 0952 8.898 0.830 H 3.919 8816 0.922
C -0.390 12.963 3.013 C 1479 9329 2.166 H 4.641 8377 2488
N -0.680 14.099 3.711 N 0.609 9.754 3.162 H 4.726 10.059 1.910
C -3.343 11.808 4.738 C 1.356 10.151 4.191 H 1.335 11.748 5.588
C -2.848 10.537 5.349 N 2674 9.969 3.885 H -0.195 10.887 5.394
N -2.142 9.630 4.575 C 2780 9457 2.601 H 0.785 8.893 6.628
C -1820 8.600 5.359 C -2.783 12.190 0.375 H 0.857 10.372 7.620
N -2.303 8834 6.612 C -2567 13.711 0.365 H 2325 9.769 6.813
C -2.958 10.055 6.634 C 0.887 10.745 5.476 H -4.428 9.947 8.202
Ni -1.455 9.999 2.697 C 1.236 9.892 6.706 H -4.049 11.588 7.625
N -2.367 8556 2.150 C 4.085 9.163 1.951 H -2.900 10.727 8.678
O -2.245 7.988 1.087 O -4.808 7.733 3.269 H -4.060 11.563 3.931
C -3.616 10.604 7.850 C -5158 8202 4.574 H -3.887 12.402 5.486
C -1.089 7.366 4.959 H -1.844 14.005 1.139 H -3.297 14546 5.858
C 0.775 12.863 2.089 H -3.517 14.228 0.564 H -2.708 15.839 4.785
C 2077 13405 2.696 H -2.191 14.055 -0.610 H -1.685 15.259 6.123
C -2406 14.942 5351 H -3.130 11.856 1.363 H 0895 11.812 1.813
N -0.998 10.481 0.863 H -3.563 11.923 -0.358 H 0546 13411 1.157
C 0.105 9961 0.199 H 0.765 10.161 -3.052 H 1997 14473 2.952
C 0.236 10.601 -1.012 H 1982 9.708 -1.835 H 2902 13.294 1978
N -0.818 11.501 -1.061 H 1766 11.418 -2.284 H 2340 12.851 3.610
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Figure A2.15. *H-NMR spectrum of complex 3.1 in CDsOD.
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Figure A2.16. “*C-NMR spectrum of complex 3.1 in CD;OD.
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Figure A2.17. Double integration of EPR spectrum of Ni(l) species (concentration, 0.7

mmol) in methanol at 77K.

[t24.0 5

p37.088

321.04:

1023.0
00,000 GRLCT

Calculated spins

signal mieg

731414

Marker mizg

00.000 [m1] div—20.000 T L T 400,000

Signal area

237.988~321 743

Figure A2.18. Double integration of standard CuSO,5H,O (concentration, 0.7 mmol)

solution in methanol at 77K.
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Figure A2.19. Plot of Oscillator strength vs Wavelength for intermediate {NiNO}™
complex in methanol (ten excitations has been considered) using TD-DFT calculations at
PBE/TZVP level of theory.
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Figure A2.20. Solution FT-IR spectrum of [(L3),Ni(NO)(CH30H)]" in methanol (with
NO; only 2200 — 1600 cm™ range is shown for clarity).
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Figure A2.21. ESI-mass spectrum of [(L3),Ni(NO)(CHsOH)]* in methanol (with *NO)
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Figure A2.22. 'H-NMR spectra of ligand, complex 3.1, after purging 1 equivalent of NO
in complex 3.1 and after purging 2 equivalent of NO in complex 3.1 are respectively (a),

(b), (c) and (d) in CD30D.
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Figure A2.23. *H-NMR spectrum of complex 3.1 after purging 2 equivalent of NO, in

CD30D.
- -
= = ahqiﬁwa =N
= £ e FSSFIFTSEF S S
L i]l _L_"_J-_ ll.-. J_I ‘ b
180 160 140 120 100 80 &0 40 20 0 -10 ppm

Figure A2.24. *C-NMR spectrum of complex 3.1 after purging 2 equivalent of NO, in
CD30D.
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Figure A2.25. *H-NMR spectra of complex 3.2 in CD3OD.
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Figure A2.26. *H-NMR spectra of complex 3.3 in CD3OD.
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Figure A2.27. Cyclic voltammogram of complex 3.1 in methanol solvent. Working

electrode, Glassy-carbon; Reference electrode, Ag/AgCl; TBAP supporting electrolyte;
scan rate 50 mV/s.
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Figure A2.28. Cyclic voltammogram of complex 3.1 in methanol solvent. Working

electrode, Glassy-carbon; Reference electrode, Ag/AgCl; TBAP supporting electrolyte;
scan rate 50 mV/s.
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Figure A2.29. Cyclic voltammogram of NO in methanol solvent; Working electrode,

Glassycarbon; Reference electrode, Ag/AgCl; TBAP supporting electrolyte; scan rate 50
mV/s.
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Figure A3.1. FT-IR spectrum of complex 4.1 in KBr.
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Figure A3.2. UV-visible spectrum of complex 4.1 in dry methanol.
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Figure A3.3. ESI- mass spectrum of complex 4.1 ([(L3).Ni(OAc)]") with isotopic
distribution (a) experimental, (b) smulated in methanol.
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Figure A3.4. FT-IR spectrum of complex 4.2 in KBr.
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Figure A3.5. UV-visible spectrum of complex 4.2 in dry methanol.
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Figure A3.6. FT-IR spectrum of complex 4.3 in KBr.
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Figure A3.7. UV-visible Spectrum of complex 4.3 in dry methanol.
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Figure A3.8. UV-visible spectra of complex 4.1(black), after purging of NO (red) in dry

methanol at room temperature.
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Figure A3.9. UV-visible spectra of complex 4.2(black), after purging of NO (purple) in

dry methanol at room temperature.
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Figure A3.10. X-band EPR spectra of complex 4.1(black), complex 4.3(red, (g;, 2.168, 9.,
2.269) in dry methanol at room temperature.
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Figure A3.11. Cyclic voltammogram of complex 4.1 in methanol solvent. Working

electrode, Glassy-carbon; Reference electrode, Ag/AgCl; TBAP supporting electrolyte;
scan rate 50 mV/s.
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Figure A3.12. Cyclic voltammogram of complex 4.2 in methanol solvent. Working

electrode, Glassy-carbon; Reference electrode, Ag/AQCl; TBAP supporting electrolyte;
scan rate 50 mV/s.
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Figure A3.13. Double integration of EPR spectrum of Ni(l) species obtained from
complex 4.1 (concentration, 0.3 mmol) in methanol at 77K.
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Figure A3.14. Double integration of EPR spectrum of Ni(l) species obtained from
complex 4.2 (concentration, 0.3 mmol) in methanol at 77K.
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Figure A3.15. Double integration of standard Cu(ClQOg).'6H,0O (concentration, 0.3 mmol)

solution in methanol at 77K.
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Figure A4.1. FT-IR spectrum of ligand L4 in KBr.
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Figure A4.2. *H-NMR spectrum of ligand L4 in CDCls.
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Figure A4.3. *C-NMR spectrum of ligand L4 in CDCls.
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Figure A4.4. FT-IR spectrum of complex 5.1 in KBr.
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Figure A4.5. UV-visible spectrum of complex 5.1 in methanol at room temperature.
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Figure A4.6. X-band EPR of complex 5.1 (black line), after purging of equivalent amount
of NO; (red line) and further addition of equivaent of NO, (green line) in methanol at 77
K.
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Figure A4.7. FT-IR spectrum of complex 5.2 in KBr.
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Figure A4.8. UV-visible spectrum of complex 5.2 in methanol at room temperature.
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Figure A4.9. UV-visible spectrum of complex 5.2 (black), after purging NO, in complex

5.2 (red) in methanol at room temperature.
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Figure A4.10. FT-IR spectrum of complex 5.3 in KBr.
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Figure A4.11. Comparison FT-IR spectra of complex 5.2 (red) and complex 5.3 (blue) in
KBr.
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Figure A4.12. UV-visible spectrum of complex 5.3 in methanol at room temperature.
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Figure A4.13. ESI- mass spectrum of complex 5.3 with isotopic distribution in methanol

(Inset shows the simulated spectra).
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Figure A4.14. ESI- mass spectrum of complex 5.3 with isotopic distribution (**ONO, as
anion) in methanol.
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Figure A4.15. ESI-mass spectrum of complex 5.3 with **ONO; as anion (a) experimental

and (b) simulated in methanol.
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Figure A4.16. X-band EPR spectrum of [(DTC),Fe'"] after reaction with NO in acetonitrile

at room temperature.
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Figure A4.17. GC-mass spectrum of the head space gas from the reaction of complex 5.2
with NO- in acetonitrile.
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Figure A4.18. GC-mass spectrum of CH30ONO, obtained by injecting the reaction mixture
of complex 5.1 after purging one equivalent of NO,.
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Figure A4.19. Double integration of EPR spectrum of Ni(l) species obtained from
complex 5.1 (concentration, 0.3 mmol) in methanol at 77K.
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Figure A4.20. Double integration of standard Cu(ClQOg),'6H,0 (concentration, 0.3 mmol)
solution in methanol at 77K.
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