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Synopsis

The thesis entitled, “Nitric oxide reactivity of Copper(II),  Manganese(II) and Iron(III) 

complexes with N-donor and O-donor ligands.” is divided into five chapters.

Chapter 1: Introduction

Nitric oxide (NO) is known to play key roles in various physiological activities including

blood pressure control, neurotransmission, immune response etc.1,2 Since most of these 

activities of NO is ultimately defined by its reactivity with the metallo-proteins, activation

of NO by transition metal ions has attracted a considerable research interest.3,4 In this

regard iron-nitrosyls have been studied extensively in enzyme and model systems.5

NO is known to induce reduction of Cu(II) centers in laccase, cytochrome c. There are

several reported examples of the reduction of Cu(II) center in various Cu(II)-complexes by

NO. The reduction proceeds either through a de-protonation mechanism or the [CuII-NO]

intermediate formation as observed in case of ferriheme systems.6-8 Ligand frameworks

have a considerable effect in controlling the mechanism of the reduction of a Cu(II) center

by NO.9 Apparently, the stability of the [CuII–NO] intermediate depends on the chelate ring

size and substitution present in the ligand frameworks though has not been studied

extensively.10

On the other hand, Mn(II)-nitrosyls with porphyrin, phthalocyanins have been synthesized

and characterized structurally.11 A few Mn(II) complexes of N-donor ligands having amide

group have been reported to react with NO in acetonitrile solution to afford stable
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Mn(II)-nitrosyl complex.12 The reduction of Mn center in bis--oxo complex by NO

leading to the reductive nitrosylation of the metal ion was exemplified by Mascharak et

al.13 Mn-nitrosyl complexes, though a limited number, have been shown to be useful for

photodynamic therapy.14

This thesis has been focused on the reactivity studies of Cu(II)-, Mn(II)- and

Fe(III)-complexes with NO. Second and third chapters describe the formation and reactivity

of Cu(II)-nitrosyls leading to N-nitrosation and C-nitrosation of the ligand frameworks.

Fourth chapter describes the reactivity of a Mn(II) complex with NO resulting in

corresponding Mn-nitrosyl. In the last chapter, the reductive nitrosylation of non-heme iron

complex leading to the formation of Fe(II)-nitrosyls has been discussed.

Chapter 2: Nitric oxide reactivity of copper(II) complexes of bidentate amine ligands

The stability and formation of [CuII-NO] intermediate are reported to depend on the chelate

ring size and substitution present in the ligand frameworks.10 In continuation to that, Cu(II)

complexes of 1,3-diaminopropane (L1) and N-isopropylpropane-1,3-diamine (L2) were

prepared to study their reactivity with NO. The complexes, 2.1 and 2.2 were characterized

by spectroscopic studies and X-ray crystal structure determination (figure 1). 
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(a)                                                         (b)

Figure 1 ORTEP diagram of complexes 2.1 (a) and 2.2 (b) (50% thermal ellipsoid plots,

H-atoms are omitted for clarity).

In acetonitrile solution, complexes 2.1 and 2.2 displayed d-d bands with λmax at 570 nm (ε,

152 M−1 cm−1) and 579 nm (ε, 156 M−1 cm−1), respectively. Both the complexes

displayed one electron paramagnetism and characteristic signals in X-band EPR

spectroscopy (Figure 2). For complex 2.1, g‖, g┴   and A‖ values are 2.334, 2.013 and

203×10-4 cm-1; whereas for complex 2.2 the values are 2.302, 2.010 and 198×10-4 cm-1,

respectively. Magnetic moment of the complexes 2.1 and 2.2 are 1.60 and 1.67 BM,

respectively.
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                                   (a)                                                                  (b)

Figure 2  X-band EPR spectra of complexes 2.1 (a) and 2.2 (b) at 77 K in acetonitrile.

(a)                                            (b)

Figure 3 UV-visible spectra of complexes 2.1 (a) and 2.2 (b) before (black trace) and after

purging NO showing the formation and decay of [CuII-NO] intermediates in

acetonitrile.

In degassed acetonitrile solution of the complexes, addition of NO was found to result in
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unstable [CuII-NO] intermediate prior to the reduction of Cu(II) to Cu(I). This was

evidenced by UV-visible and solution FT-IR spectroscopy (Figures 3 and 4, respectively).

     (a)                                                                    (b)

Figure 4 Solution FT-IR spectra of complexes 2.1 (a) and 2.2 (b) after purging NO showing

the formation of unstable [CuII-NO] intermediates in acetonitrile.

In case of complex 2.1, the reduction of the Cu(II) center by NO afforded ligand

transformation through diazotization at the primary amine site of ligand L1. 
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Scheme 1

However, selective N-nitrosation at the secondary amine site of ligand L2 was observed in

case of 2.2 (Scheme 1). This is perhaps because of higher nucleophilicity of secondary

amine N- compared to the primary one. The modified ligands, L1/ and L2/ were isolated

and characterized. 

It has been found that in methanol and water solution, complexes 2.1 and 2.2 do not react

with NO. 

Chapter 3: C-nitrosation of a -diketiminate ligand in copper(II) complex 

In this chapter, Cu(II) complex of electron rich -diketiminate ligand has been utilized to

study its reactivity with NO. The Cu(II) complex, 3.1 was prepared by stirring the free

ligand (L3) with equivalent amount of Cu(II) acetate, dihydrate in acetonitrile at room

temperature. Complex 3.1 was characterized by spectroscopic techniques as well as by

single crystal structure determination. The ORTEP diagram of complex 3.1 is shown in

figure 3.1. The crystal structure reveals the mononuclear metal center with a distorted

square planar geometry where the anionic -diketiminate and acetate act as bidentate
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ligands. The bite angle of the diketiminate ligand is 96.30; whereas for acetate, this is

64.22. Complex 3.1 in acetonitrile solution absorbs at 772 nm and 559 nm in the visible

spectrum (Figure 5) along with intra-ligand transitions in UV-region.

L3 in complex 3.1 in acetonitrile solution was found to undergo oxidative degradation to the

corresponding ketone di-imine, L3/ when heated to 50 C for 2 h under aerobic condition.

The modified ketone di-imine ligand, L3/ was isolated quantitatively after removal of Cu(II)

ion using aqueous Na2S. When the crude reaction mixture was kept at room temperature,

dark green crystals of complex 3.2 appeared. The ORTEP diagram of complex 3.2 is shown

in figure 5. The crystal structure reveals the presence of heptanuclear Cu(II) unit with diol

di-imine of L3 which actually dehydrates while demetallated to afford the ketone di-imine.

(a)                                                                   (b)
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Figure 5 ORTEP diagram of complexes 3.1 (a) and 3.2 (b) (50% thermal ellipsoid plot;

H-atoms are removed for clarity).

In comparison, addition of NO to the degassed acetonitrile solution of complex 3.1 resulted

in color change from brown to deep green through a transient intermediate step. The

absorptions at 559 and 772 nm were diminished and a new band at 580 nm appeared (Figure

6) for a short while suggesting the formation of the transient intermediate. This is

presumably due to the formation of Cu(II)-nitrosyl intermediate. The decay of 580 nm

absorption band was associated with the appearance of another band at 640 nm (Figure 6)

which is attributed to the d-d transition of Cu(II) complex of modified oxime di-imine

ligand, L3//. Complex 3.3 was isolated as solid and characterized. Removal of Cu(II) ion

from the solution of complex 3.3 afforded the corresponding modified oxime di-imine

ligand, L3//. The formation of L3// was confirmed by various spectral analyses as well as by

X-ray single crystal structure determination (Figure 6). Presumably, NO first binds to the

metal center to form Cu(II)-nitrosyl intermediate as indicated by UV-visible and EPR

studies. In the next step, nucleophillic attack to N-atom of NO by the diketiminate ligand

takes place with successive loss of proton resulting to the oxime di-imine moiety. 
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(a)                                                                   (b)

Figure 6 (a) UV-visible spectra of complex 3.1 before (black trace) and after (red trace)

purging NO in acetonitrile. Blue represents the final compound (complex 3.3),

(b) ORTEP diagram of oxime di-imine, L3// (50% thermal ellipsoid plot;

H-atoms and solvent molecules are removed for clarity).

Chapter 4: Nitric oxide reactivity of a manganese(II) complex leading to the

nitrosation of the ligand 

In our laboratory, we have been studying the reactivity of NO with Cu(II) complexes and

found the reduction of metal ion by NO leads to the diazotization and N-nitrosation at the

primary and secondary amine centers of ligand frameworks, respectively.  The

N-nitrosation, in cases of Cu(II) complexes, may not necessarily proceeds always through a

Cu(II)-nitrosyl formation. Depending upon the ligand denticity and geometry of the

complex, it may proceeds through a deprotonation mechanism in presence of base. For

example, in case of tetradentate tripodal ligand (Scheme 2), the N-nitrosation takes place

through a Cu(II)-nitrosyl intermediate. In case of tetradentate macrocyclic ligand (Scheme
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3), it proceeds through a deprotonation of the N-H group. This diversity of the mechanistic

pathway actually prompted us to study the NO reactivity of Mn(II) complexes.

Scheme 2

Scheme 3

In this chapter, a tetradentate N-donor ligand, L4 [N,

N/-bis((pyridin-2-yl)methyl)ethane-1,2-diamine] having two pyridine nitrogen and two

aliphatic secondary amine nitrogen has been chosen. Earlier, NO reactivity of Cu(II)
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complex of the same ligand was reported from our laboratory. So the present study also

demonstrates the difference of reactivity towards NO while moving from Cu(II) to Mn(II).

Complex 4.1 was synthesized by dissolving ligand, L4 with MnCl2.4H2O. The complex 4.1

was characterized by spectroscopic techniques as well as X-ray single crystal structure

determination (Figure 7). 

Addition of NO gas in dry and degassed acetonitrile solution of complex 4.1 was not found

to result in any change. This is perhaps because of strong coordination of chloride ion with

Mn(II).

Figure 7 ORTEP diagram of complex 4.1 (50% thermal ellipsoid plot; H-atoms are

removed for clarity).
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To study further, the chloride ions in complex 4.1 were replaced by water to afford complex

4.2.  This was done by treating the acetonitrile solution of complex 4.1 with aqueous silver

nitrate followed by addition of saturated aqueous sodium perchlorate solution. The complex

4.2 can also be prepared by stirring a mixture of manganese(II) perchlorate, hexahydrate

with equivalent amount of ligand, L4 in acetonitrile under argon atmosphere (Scheme 4).

The complex 4.2 exhibited a broad d-d band with λmax at 644 nm (ε, 201 M−1 cm−1).

Scheme 4

Addition of NO gas into the degassed acetonitrile solution of complex 4.2 resulted in the

appearance of a new band at 415 nm (Figure 8). The intensity of this newly appeared band

was found to decay with time and finally diminished indicating the unstable nature of the

intermediate. In solution FT-IR study, the addition of NO to the acetonitrile solution of

complex 4.2 displayed a new strong stretching frequency at 1718 cm-1 (Figure 8)

corresponding to the unstable [MnII-NO] complex.  
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(a)                                                                (b)

Figure 8  (a) UV-visible spectra of complex 4.2 (blue trace), after purging NO (red trace)

and gradual decay of intensity of peaks at 421nm and 644 nm with time in

acetonitrile; (b) FT-IR spectra of complex 4.2 after purging NO (green trace) and

gradual decay of the peak at 1718 cm-1 in acetonitrile.

The frozen intermediate was found to be silent in X-band EPR (Figure 9a) as expected.  The

unstable nature of the intermediate did not allow its isolation of further characterization. The

decomposition of the [MnII-NO] intermediate is resulted in the reduction of Mn(I) and

NO+. The broad 1H-NMR signals of the complex 4.2 became sharp and well resolved after

its reaction with NO (Figure 9b) as a result of the reduction of paramagnetic Mn(II) to

diamagnetic Mn(I). 
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(a)

(b)

Figure 9  (a) X-band EPR spectra of complex 4.2 before (black trace) and after (blue dotted

trace) addition of NO in acetonitrile; (b) 1H-NMR spectrum of complex 4.2 after

purging NO at argon atmosphere in CD3CN.
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Although, there is no direct evidence of formation of NO+ in the reaction mixture, it was

supported by N-nitrosation of the ligand. Nitrosation product, L4/ was isolated from the

reaction mixture and characterized using spectroscopic analyses as well as single crystal

X-ray structure determination. The ORTEP diagram of L4/ is shown in figure 10.

It should be noted that the Cu(II) complex of L4 did not undergo reduction in presence of

NO itself. However, addition of base NaOEt to the solution of the complex followed by NO

resulted in the reduction of Cu(II) center along with N-nitrosation. It was found to follow a

deprotonation pathway. 
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Figure 10 ORTEP diagram of perchlorate salt of L4/ (50% thermal ellipsoid plot; H-atoms

are removed for clarity).

Chapter 5: Reductive nitrosylation of iron(III) complexes of tetradentate ligands 

Complexes 5.1 and 5.2 were synthesized by the reaction of ligands L5

[N, N'- bis(2- hydroxybenzyl) - 1, 2- phenylenediamine] and L6

[N, N'- bis(2- hydroxybenzyl) - 1, 2- ethylenediamine], respectively with stoichiometric amount

of iron(III) chloride, hexahydrate in methanol. The complexes 5.1 and 5.2 exhibited a broad

d-d band with λmax at 532 nm (ε, 236 M−1 cm−1) and at 539 nm (ε, 159 M−1 cm−1),

respectively in methanol. Even after several attempts, we could not grow the X-ray quality

crystals of the complexes. Complexes 5.1 and 5.2 were fully optimized using PBE functional

and DNP basis set in the presence of solvent methanol.  The optimized structures are shown

in figure 11 and their selected geometric parameters are given in table 1. The calculated

metric parameters of the complexes are in good agreement with the experimental data of

similar complexes.
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(a)

(b)

Figure 11 Optimized structures of complexes 5.1 (a) and 5.2 (b).

Addition of NO gas into the dry and degassed methanol solution of complexes 5.1 and 5.2

resulted in the complexes 5.3 and 5.4, respectively. The reaction was monitored by

UV-visible spectroscopy (Figure 12). 

(a)                                                                            (b)
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Figure 12 UV-visible spectra of complexes 5.1 (a) and 5.2 (b) before (black trace) and after

addition of NO in methanol.

The complexes 5.3 and 5.4 were isolated and characterized using various spectroscopic

techniques. In FT-IR study, complexes 5.3 and 5.4 displayed strong stretching frequency at

1648 cm-1 and 1657 cm-1, respectively (Figure 13) which are attributed to the

corresponding [FeII-NO] moiety.

(a)                                                                     (b)

Figure 13 FT-IR spectra of complexes 5.3 (a) and 5.4 (b), shown by red traces in KBr

pellet.

The structures of complexes 5.3 and 5.4 were also fully optimized using PBE functional and

DNP basis set in the presence of solvent methanol. 

Table 1 Selected metric parameters of the complexes optimized at PBE/DNP level of

calculation.
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Complex 5.1 Complex 5.2 Complex 5.3 Complex 5. 4
Fe1-O1 2.031 2.038 2.352 2.294
Fe1-O2 1.894 1.899 1.938 1.953
Fe1-O3 1.890 1.899 1.919 1.934
Fe1-O5 2.047 2.039 - -
Fe1-N1 2.066 2.021 2.026 2.025
Fe1-N2 2.069 2.033 2.035 2.024
Fe1-N3 - - 1.710 1.713
N3-O4 - - 1.199 1.199

The optimized structures of the complexes are shown in figure 14 and their selected

geometric parameters are given in table 1. These are in good agreement with the

experimental data of similar complexes.                 

        (a)                                                            

                                                                             (b)

Figure 14  Optimized structures of complexes 5.3 (a) and 5.4 (b).
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Chapter 1

Introduction
1.1 General aspects of nitric oxide

Nitric oxide (NO) is an omnipresent intercellular messenger in all vertebrates which modulates

blood pressure, neurotransmission and immune response. The biological role for NO as the

endothelium derived relaxation factor (EDRF) was identified nearly 30 years ago.1 Furchgott,

Ignarro and Murad got Nobel Prize in 1998 due to their discovery of multiple roles that NO

plays in physiological and pathological functions in human body.2 NO easily diffuses through

the plasma membranes to reach target proteins within the cell due to its lipophilic nature. Being

a free radical, NO  reacts rapidly with other free radicals; for example, the reaction with

superoxide ion O2– to form peroxynitrite ion ONOO– (equation 1.1) occurs with a nearly

diffusion-limited rate constant (k2 ~ 1010 M–1 s–1).3

------------ (eq. 1.1)

Some of its activities are attributed to the formation of nitrosyl complexes of metallo-proteins

primarily, iron and copper proteins.4 The best characterized examples include its reactivity with

ferroheme enzyme, soluble guanylyl cyclase (sGC).5 In sGC, the formation of the nitrosyl

complex with Fe(II) leads to labilization of a trans axial (proximal) histidine ligand in the

protein backbone, and the resulting change in the protein conformation is believed to activate
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the enzyme for catalytic formation of the secondary messenger cyclic-guanylyl monophosphate

(cGMP) from guanylyl triphosphate (GTP). The enzymatic formation of cGMP results into the

relaxation of smooth muscle tissue of blood vessels, hence lowering blood pressure.5

The interaction of NO with metal centers has been of interest because of its flexibility to act

either as an electron donor or acceptor during metal-NO binding.6 NO reacts with the oxygen

adduct of ferrous heme proteins (e.g. oxyhaemoglobin) to generate nitrate and ferri-heme; this

reaction is responsible for the majority of NO metabolism in the vasculature. NO can also

interact with iron-sulphur enzymes (e.g. aconitase, NADH dehydrogenase).7 The reduction of

Cu(II) centers in some proteins, such as cytochrome c oxidase (cCO) and laccase, to CuI on

exposure to NO has been known since long back.8,15 In cCO, the NO reduction of Cu(II) to

Cu(I) is believed to play the role in regulating the electron transport activity of this protein.8

NO is also known to involve in the generation of powerful secondary nitrating and/or oxidizing

agents, like NO2 and peroxynitrite.9

1.2 Metal-nitrosyl bonding

Since the biological roles of NO are ultimately defined by its reactivity with metallo-proteins,

the interaction of NO with transition metal ions has been a subject of interest for chemists and

biochemists. The formation of nitrosyls of metallo-proteins are  believed to be the key step for

most of the biochemical activities of NO in mammalian biology.10-14 The molecular orbital

(MO) diagram of NO is shown in figure 1.1. It has a 2Π ground state.15 From the molecular
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orbital theory, its bond order is 2.5, consistent with its bond length (1.154 Å) between those of

N2 (1.06 Å) and O2 (1.18 Å). The singly occupied MO is a π* orbital, but polarized toward

nitrogen in a manner opposing the polarization of the lower energy bonding π orbitals resulting

in a relatively nonpolar diatomic molecule. Consequently, NO shows stretching frequency at

1875 cm-1 with low intensity in the infrared absorption spectrum.

The highest occupied molecular orbital (HOMO) possesses only nitrogen character as greater

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

metal via N-atom. It can bind to metal by the loss of one electron forming NO+, nitrosonium

cation or by gaining one electron forming nitroxyl anion (NO-).

The NO+ is isoelectronic with carbon monoxide (CO), and it behaves as a two-electron donor

to the metal and accepts electrons from the metal via back-bonding.
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Figure 1.1  Molecular orbital diagram of nitric oxide (NO).

Trends in structure and bonding of metal-nitrosyls are usually described by using the

Enemark-Feltham approach.16

Based on the literature, the binding modes of NO to metal ion can be of three types: (i) linear

end on, (ii) bent end on and (iii) side-on.

Figure 1.2  Different binding modes of NO to metal centers.

Linear and bent NO ligands can be distinguished using infrared spectroscopy. In case of linear,

NO appears in the range of 1650–1900 cm−1, whereas for bent nitrosyls the range is

1525–1690 cm−1. 

1.3 Objective of the present work
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For metal ion, the ability to form a stable nitrosyl complex and the structure of that depends

strongly on the oxidation state of the metal ion. In this regard, the iron-nitrosyls, both in protein

and synthetic model systems have been studied extensively. NO has been shown to interact

reversibly with iron complexes to form iron-nitrosyls. The binding in these complexes is similar

to the coordination of dioxygen to such metal centers, although the nitrosyl products are

comparatively more stable and easy to characterize than their superoxo analogues. The

nitroprusside anion, [Fe(CN)5(NO)]2- is, perhaps, the earliest discovered nitrosyl complex, and

it remains the subject of intense research efforts.17  A series of trigonal bipyramidal {Fe ࡳ NO}7

complexes has been reported by Borovik and co-workers.18 These complexes were synthesized

with tripodal ligands derived from tris-(carbamoylmethyl) amine by reaction of [FeII(OAc)2]

with the tri-potassium salt of the ligand. Magnetic moment, Mossbauer, and ESR data are all

consistent with an electronic configuration of [FeIII-NO̅].19 {Fe-NO}7coordination complexes

such as [Fe(NO)(EDTA)] and [Fe(L)(NO)(N3)2] (L = triazacyclononane and derivatives) have

been studied in great detail by Solomon and co workers using diverse spectroscopic and

analytical techniques. These studies have shown the {Fe-NO}7complexes to be best described

as a high-spin ferric ion (S = 5/2) antiferromagnetically coupled to NO̅ (S = 1).20-23 Mossbauer

spectroscopic studies on these complexes also found to be in agreement with this description

.24 The iron nitrosyl complexes [Fe(NO)X(CH2CH2SC6H4-o-S)2 ] (X = NR, S) have also

been cited as models for the active sites in nitrogenase enzymes. Lippard and co-workers have
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described the diiron dinitrosyl complex [Fe2(µ-Et-HPTB)(µ-O2CPh)(NO)2][BF4]2.3MeCN

(Et-HPTB = N,N,N/,N/-tetrakis(N-ethyl-2

benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane) as a model for the binding of O2 to

non-heme iron proteins .25

Other reports describe roles of NO as an inhibitor for metalloenzymes such as cytochrome

P450, cytochrome oxidase,26 nitrile hydratase,27 and catalase,28 as a substrate for mammalian

peroxidases, and as the vasodilator carried by a salivary ferri-heme protein of blood-sucking

insects.29 Heme centers are also involved in the in vivo generation of NO by oxidation of

arginine catalyzed by nitric oxide synthase (NOS) enzymes. 30 Ferri-heme proteins are known

to undergo reduction to ferroheme in aqueous solution on exposure to NO. These reactions

proceed through two distinct steps: (i) formation of iron(III)-nitrosyl adduct; (ii) followed by

the pH dependent reduction of Fe(III) to Fe(II) with a simultaneous attack of hydroxide ion to

the activated nitrosonium group [FeIII ࡳ NO  FeII ࡳ NO+] leading to the formation of nitrate

(NO3-).

Recently, the reactivity of several iron(III) porphyrinates containing silanethiolate ligands with

NO is reported by Tonzetich group.31 In the complex [Fe(OMe)(TPP)] and

[Fe(OH)(H2O)(TMP)] (TPP = dianion of mesotetraphenylporphine; TMP = dianion of

meso-tetramesitylporphine), Fe(III) centre undergoes reductive nitrosylation to afford the

FeII-NO complex when treated with NO (Scheme 1.1).
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Scheme 1.1

It is reported that NO binds reversibly to the Fe(III) complex of a tetra-amido macrocyclic

ligand.32 Upon reaction with NO, the corresponding iron(III) complex results in Fe(II)-nitrosyl

which is labile and dissociates readily upon purging N2 (Scheme 1.2). 

Scheme 1.2
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Reduction of Cu(II) centers by NO have been demonstrated in cytochrome c oxidase and

laccase.6,8,15 Tran et al has reported the reaction of NO with the Cu(II) complex,

[Cu(dmp)2(X)]2+ (dmp = 2,9-dimethyl-1,10-phenanthroline, X= solvent)  in methanol that

leads to formation of a tetra-coordinated [CuI(dmp)2] complex along with methyl nitrite and

H2O (equation 1.2). This reaction was proposed to proceed through the formation of [CuII-NO]

species.33

                                                                                                                                 ------- (eq.1.2)

The detailed mechanism of this reaction was studied by Ford et al. In methanol, the product of

the [Cu(dmp)2(H2O)]2+ oxidation of NO is CH3ONO; in water, it is NO2-.The reaction did

not occur in CH2Cl2 unless methanol was added, and in such solutions the reaction rate was

linearly dependent on the concentration of alcohol added.34

In recent years there are  number of examples from our group which demonstrated the reduction

of Cu(II) center by NO which proceed through the [CuII-NO] intermediate and afforded

N-nitrosation in the ligand frameworks. For example: 

Cu(II) complex of tris-(2-isopropyl aminoethyl)amine on reaction with NO affords reduction of

Cu(II) centre with simultaneous tri-nitrosation of the ligand (Scheme 1.3).35
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Scheme 1.3 

Cu(II) complexes of ethylenediamine and its substituted derivatives react with NO to result in

the reduction of Cu(II) and mono- and di -nitrosation of the ligand (Scheme 1.4).36

R = Methyl, ethyl and iso-butyl

Scheme 1.4

NO reactivity of Cu(II) complexes of bidentate and tridentate amine ligands, lead to the

reduction of Cu(II) centers and nitrosation and diazotization of the ligands (Scheme 1.5).37

TH-1388_09612203



Chapter 1

11

Scheme 1.5

NO reactivity of Cu(II) complexes of bidentate amine ligands having aliphatic and aromatic

N-donor sites lead to the reduction of Cu(II) centers and concomitant nitrosation of the ligand

(Scheme 1.6).38
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Scheme 1.6

In an other example, Ford et al reported the reduction of Cu(II) center in [Cu(DAC)]+ (DAC =

1,8-bis(9-anthracylmethyl)cyclam) by NO with simultaneous N-nitrosation of the ligand.39 The

reduction was found to take place in presence of a base and a mechanistic pathway involving

the deprotonation of the ligand was proposed.

TH-1388_09612203



Chapter 1

13

R= anthracene

Scheme 1.7

Although the free ligand is strongly fluorescent, the analogous solution of [Cu(DAC)]2+

displays no luminescence at room temperature, because of paramagnetic quenching by the
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Cu(II) center. Addition of NO to the methanol solution of [Cu(DAC)]2+ displays

anthracene-type fluorescence (Scheme 1.7).40,41

Similarly, in case of tetra dentate macrocyclic ligand (Scheme 1.8), the reduction of Cu(II)

center was found to proceed through a deprotonation of the N-H group.42

Scheme 1.8

However, in Cu(II)-complexes of tetradentate non-macrocyclic ligands (Scheme 1.9), the

reduction of Cu(II) centers were found to  proceed  through a deprotonation of the N-H

group.43
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Scheme 1.9

On the basis of these observations, two pathways have been proposed in the context of the

mechanism of the reduction of Cu(II) centre by NO.40 In one case, NO initially reacts with the

Cu(II) to form a [CuII-NO] (or CuI-NO+) intermediate complex. Alternatively, the initial step

involves a reversible deprotonation of the coordinated secondary amine followed by addition of

NO at the amide site with concomitant electron transfer to reduce the Cu(II) center.40

Mn-nitrosyl complexes have not been studied extensively compared to iron or copper nitrosyls.

Stable Mn-nitrosyls are reported with porphyrin44, phthalocyanine45 ligands.

TH-1388_09612203



Chapter 1

16

Figure 1.3 Some Mn-nitrosyl complexes containing porphyrin moiety. 
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A few examples of Mn-nitrosyls with pentadentate ligand N,

N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide (PaPy3H; H is the dissociable

carboxamide hydrogen), namely, [Mn(PaPy3)(H2O)]ClO4 and [Mn(PaPy3)(Cl)]ClO4, with

bound carboxamido nitrogen are reported in connection to the photo dynamic therapy.46

Figure 1.4 Pentadentate amido and imine ligands

 [Mn(PaPy3)(H2O)]ClO4 upon reaction with NO affords the diamagnetic {Mn-NO}6,

[Mn(PaPy3)(NO)]ClO4 (Scheme 1.10). It should be noted that complexes with non-bonded

carboxamido nitrogen such as [Mn(SBPy3)Cl]ClO4 and [Mn(PaPy3H)(Cl)2], do not react with

NO. Collectively, these reactions indicate that NO reacts only with the Mn(II) center ligated to

at least one carboxamido nitrogen. 
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Scheme 1.10

 Dimanganese(III) (-oxo) complex [(Mn(PaPy3))2(-O)](ClO4)2 upon reaction with NO in

acetonitrile produces the {Mn-NO}6, [Mn(PaPy3)-(NO)](ClO4) via reductive nitrosylation

(Scheme 1.11).47
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Scheme 1.11

The diamagnetic {Mn-NO}6, [Mn(PaPy3)(NO)]ClO4 was characterized structurally and

exhibits the photolability of NO.

All these examples actually instigate us to study the NO reactivity of various transition metal

complexes in solution.

This thesis has been focused on the formation of Cu(II), Mn(II) and Fe(III)-nitrosyls and their

reactivity studies. Second and third chapters describe the formation and reactivity of

Cu(II)-nitrosyls leading to N-nitrosation and C-nitrosation of the ligand frameworks. Fourth
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chapter describes the reactivity of a Mn(II) complex with NO resulting in corresponding

Mn-nitrosyl. In the last chapter, the formation of non-heme iron-nitrosyls by the reaction of NO

with Fe(III)-complexes of salen type of ligands has been described.

(a) Chapter 2: Nitric oxide reactivity of copper(II) complexes of bidentate amine ligand: Two

Cu(II) complexes of 1,3-diaminopropane (L1) and N-isopropylpropane-1,3-diamine (L2) were

prepared to study their reactivity with NO. The complexes, 2.1 and 2.2 were characterized by

spectroscopic techniques as well as X-ray single crystal structure determination. The reduction

of the Cu(II)-centers in both the complexes by NO leads to the modification of the ligands.

Complexes 2.1 and 2.2 do not react with NO in methanol and water medium.

b) Chapter 3: C-nitrosation of a -diketiminate ligand in copper(II) complex: A Cu(II)

complex, 3.1 of a -diketiminate ligand {L3 =

(4-(2,6-dimethylphenylimino)pentane-2-ylidene)-2,6-dimethylbenzeneamine} has been

synthesized and characterized. In acetonitrile solution of the complex, the -diketiminate ligand

undergoes oxidative degradation to the corresponding ketone di-imine under aerobic condition.

Addition of NO to the acetonitrile solution of complex 3.1 affords the corresponding oxime

di-imine ligand. All the modified ligands have been isolated and characterized.

c) Chapter 4: Nitric oxide reactivity of a manganese(II) complex leading to nitrosation of the

ligand: Mn(II) complex, 4.2, in acetonitrile solution was found to react with NO to afford

unstable Mn(II)-nitrosyl intermediate. Subsequently, Mn(II) center in complex 4.2 was found to
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undergo reduction to Mn(I) with a simultaneous N-nitrosation of the ligand. The N-nitrosated

ligand was isolated and characterized. The corresponding Cu(II)  complex of the same ligand in

presence of NO was not found to yield Cu(II)-nitrosyl.

d) Chapter 5: Reductive nitrosylation of iron(III) complexes of tetradentate ligands: In this

chapter, we have synthesized two Fe(III) complexes with  salen type of tetradentate ligands,

having O-donor and N-donor sites (L5 and L6) and characterized by spectroscopic techniques.

The NO reactivity of those complexes have been studied in methanol medium. The reductive

nitrosylation of the Fe(III) centers was observed to form the Fe(II)-nitrosyl complexes. It was

monitored by UV-visible, FT-IR and EPR spectroscopic studies. Geometries of all the

complexes have been optimized by DFT calculations. 
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Chapter 2

Abstract

Two Cu(II) complexes, 2.1 and 2.2 with L1 and L2 [L1 = propane-1, 3-diamine ; L2 =

N-isopropylpropane-1,3-diamine], respectively, were synthesized and characterized structurally.

In acetonitrile solution of the complexes, the Cu(II) center was found to reduce in presence of

NO gas. The formation of [CuII-NO] intermediate prior to the reduction of Cu(II) center was

evidenced by UV-visible, solution FT-IR, X-band EPR studies. This reduction led to the ligand

transformation through diazotization at primary amine site in complex 2.1; whereas,

N-nitrosation at the secondary amine site of the ligand was observed in 2.2. The final organic

products were isolated and characterized by spectroscopic studies.
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2.1 Introduction

Activation of nitric oxide (NO) by transition metal ions has been a subject of interest since the

discovery of its bioregulatory roles in mammalian biology.1-6 Much of these activities are

attributed to the interactions of NO with metal ions leading to the formation of nitrosyl

complexes of metallo-proteins.1-3 In this context, iron-nitrosyls have been studied

extensively.7-13 The reduction of Cu(II) centers in cytochrome c oxidase and laccase by NO is

known for a long time.14-17 A number of Cu(II) complexes have been utilized recently to

exemplify the reduction of Cu(II) by NO. For example, in [Cu(dmp)2(X)]2+ (dmp =

2,9-dimethyl-1,10-phenanthroline, X = solvent) and analogous complexes, Cu(II) undergoes

reduction by NO. Detailed mechanistic study revealed that the reduction proceeds through an

inner-sphere pathway.18, 19  The reduction was resulted in the nitrosation of the solvent

resulting into methylnitrite or NO2- in case of methanol or water, respectively (equation

2.1).18, 19

-----(2.1)

In contrast, in methanol solution, [CuII(DAC)]2+ {DAC = 1,8-bis(9-anthracylmethyl)

derivative of the macrocyclic tetraamine cyclam (1,4,8,11-tetraazacyclotetradecane)} in

presence of NaOEt was found to react with NO leading to the reduction of Cu(II) center with a
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simultaneous nitrosation of the ligand.20 From detail quantitative and theoretical studies, a

pathway analogous to the inner-sphere mechanism for electron transfer was suggested where

NO is the reductant, Cu(II), the oxidant and the coordinated amido anion behaves as the

bridging ligand (Scheme 1.7, Chapter 1). 

The reaction of [Ru(NH3)6]3+ with NO in alkaline solution resulting in the Ru(II)-dinitrogen

complex, [Ru(NH3)5(N2)]2+ was reported to proceed through a similar pathway.21 Nitrosation

of a coordinated amide ligand with simultaneous reduction of Ru(III) to Ru(II) results into a

coordinated nitroso amine, which upon subsequent dehydration afforded the coordinated

dinitrogen complex. A mechanism, more close to that of ferriheme reduction, involving the

initial NO coordination to the Cu(II) center to form [CuII-NO  CuI-NO+] was suggested by

Wayland.22 Subsequent amine deprotonation and migration of NO+ to the coordinated amide

would result into the nitrosoamine. 

Recently, with [CuII(tren)(CH3CN)]2+, [CuII(taea)(CH3CN)]2+, [CuII(tiaea)(CH3CN)]2+,

[Cu(pymea)2]2+ and [Cu(baea)(CH3CN)]2+ [tren = tris-(2-aminoethyl)amine; taea =

tris-(2-ethylaminoethyl)amine; tiaea = tris-(2-isopropylaminoethyl)amine; pymea =

pyridine-2-methylamine  and baea = bis-(2-aminoethyl)amine], the reduction of Cu(II) center by

NO was found to proceed through the formation of a thermally unstable [CuII-NO]

intermediate.23 However, in the reaction of Cu(II) complexes of ppmea and mimpea [ppmea,

2-(pyridin-2-yl)-N-((pyridin-2-yl)methyl)ethaneamine; mimpea,
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N-((methyl-1H-imidazol-2-yl)methyl)-2-(pyridine-2-yl)ethanamine], with NO, the formation of

an [CuII–NO] complex has not been observed prior to the reduction.24 This is attributed to the

much lower values of the equilibrium constants, KNO (equation 2.2) as reported earlier in case

of [Cu(dmp)2(X)]2+.19

                        --------- (2.2)

In addition, in case of [Cu(mtad)]2+ [mtad =

5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane], the reduction takes place in

methanol medium in presence of NaOMe through a deprotonation pathway as reported earlier

in case of [Cu(DAC)]2+.25 However, [Cu(tmd)2]2+, tmd = 5,5,7-trimethyl-[1,4]-diazepane],

facile reduction was observed in dry acetonitrile through a [CuII-NO] intermediate. Hence, the

ligand frameworks definitely have a significant role in controlling the mechanistic pathway for

the reduction of Cu(II) by NO. In this context, two Cu(II) complexes with ligands L1 and L2

[L1 = propane-1,3-diamine ; L2 = N-isopropylpropane-1,3-diamine] (Figure 2.1) have been

prepared and their interactions with NO have been studied. 
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Figure 2.1 Ligands used for the present study.

2.2 Experimental Section

2.2.1 General

All reagents and solvents of reagent grade were purchased from commercial sources and used

as received except specified. Acetonitrile was distilled from calcium hydride. Deoxygenation of

the solvent and solutions was effected by repeated vacuum/purge cycles or bubbling with

nitrogen for 30 minutes. NO gas was purified by passing it through a KOH and P2O5 column.

UV-visible spectra were recorded on a Perkin Elmer Lambda 25 UV-visible spectrophotometer.

 FT-IR spectra of the solid samples were taken on a Perkin Elmer spectrophotometer with

samples either prepared as KBr pellets or in solution in sodium chloride cell. Solution electrical

conductivity was measured using a Systronic 305 conductivity bridge. 1H-NMR spectra were

recorded in a 400 MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either

with an internal standard (Me4Si) or to the residual solvent peaks. The X-band Electron

Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR spectrometer, at

room temperature and 77 K with microwave power, 0.998 mW; microwave frequency, 9.14
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GHz and modulation amplitude, 2.  Elemental analyses were obtained from a Perkin Elmer

Series II Analyzer. The magnetic moment of complexes was measured on a Cambridge

Magnetic Balance. Single crystals were grown by slow diffusion followed by slow evaporation

technique. The intensity data were collected using a Bruker SMART APEX-II CCD

Difractometer, equipped with a fine focus 1.75 kW sealed tube MoK radiation ( = 0.71073

Å) at 273(3) K, with increasing  (width of 0.3° per frame) at a scan speed of 3 s/frame. The

SMART software was used for data acquisition. Data integration and reduction were

undertaken with SAINT and XPREP software.26 Multi-scan empirical absorption corrections

were applied to the data using the program SADABS.27 Structures were solved by direct

methods using SHELXS-97 and refined with full-matrix least squares on F2 using

SHELXL-97.28 All non-hydrogen atoms were refined anisotropically. Structural illustrations

have been drawn with ORTEP-3 for Windows.29

2.2.2 Synthesis of L1

Propane-1, 3-diamine (L1) was purchased from commercial source.

2.2.3 Synthesis of L2

Propane-1, 3-diamine (740 mg) was allowed to react with acetone (580 mg) at - 40 C for 5 h

and then temperature was elevated to room temperature to result in the formation of
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corresponding imine. It was then reduced by using 2.1 equivalent of NaBH4 in methanol

(Scheme 2.1). Yield: 986 mg (~85%). Elemental analyses: calcd. (%): C, 62.01; H, 13.88; N,

24.11; found (%): C, 62.11; H, 13.78; N, 24.14. FT-IR (in KBr): 3420, 2829, 1648, 1568, 1474,

1325 and 1037 cm-1. 1H-NMR: (400 MHz, CDCl3): δppm: 2.59-2.52 (3H, m), 2.45 (2H, t),

1.81 (2H, s), 1.44 (2H, m) and 0.85 (6H, d). 13C-NMR: (100 MHz, CDCl3) δppm: 48.6, 45.0,

40.2, 33.7 and 22.6. Mass (M+H+)/z: calcd: 117.1313; found: 117.1445.

Scheme 2.1

2.2.4 Synthesis of complex 2.1

To a stirring solution of copper(II) perchlorate, hexahydrate; Cu(ClO4)2·6H2O (0.741 g, 2 

mmol) in 15 ml methanol, solution of ligand L1 (0.296 g, 4 mmol) in 10 ml methanol was

added drop wise. The reaction mixture was allowed to stir for 2 h at room temperature. The

blue solid precipitate of complex 2.1 was filtered and dried in vacuum. Yield: 0.660 g (~80%).
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UV-vis. (methanol): max, 552 nm (ε, 245 M−1 cm−1), (acetonitrile): max, 570 nm (ε, 152

M−1 cm−1). FT-IR (KBr pellet): 3211, 1587, 1141, 1112, 1087 and 496 cm-1. EPR data (in

acetonitrile at 77 K): g‖, 2.334, g⊥ , 2.013 and A‖, 203×10-4 cm-1. The complex 2.1 behaves as

1:2 electrolyte in methanol solution [M (S cm-1), 270]. The observed magnetic moment is

1.64 BM. 

2.2.5 Synthesis of complex 2.2

To a stirred solution of Cu(ClO4)2·6H2O (0.741 g, 2  mmol) in 15 ml methanol was added a

solution of ligand L2 (0.464 g, 4 mmol) in 10 ml methanol. The reaction mixture was allowed

to stirr for 2 h at room temperature. Complex 2.2 appears as a shining blue solid precipitate

after which it was filtered and dried. Yield: 0.690 g (~70%). UV-vis. (methanol): max, 598

nm (ε, 248 M−1 cm−1), (acetonitrile): max, 579 nm (ε, 156 M−1 cm−1). FT-IR (KBr pellet):

3307, 3263, 1590, 1092, 1045, 1014 and 623 cm-1. EPR data (in acetonitrile at 77 K): g‖,

2.302, g⊥ , 2.010 and A‖, 198×10-4 cm-1 The complex 2.2 behaves as 1:2 electrolyte in

methanol solution [M (S cm-1), 265]. The observed magnetic moment is found to be 1.60

BM.

2.2.6 Isolation of modified ligand L1/
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To 30 ml of degassed acetonitrile solution of complex 2.1 (410 mg), freshly prepared NO was

bubbled. The blue color of the solution turned green and finally becomes colorless. The reaction

mixture was opened to air and stirred for 2 h. The volume was reduced to 5 ml and a saturated

solution of Na2S was added to ensure complete precipitation of copper ions. The precipitate

was filtered and 50 ml of water was added. The organic part was extracted using chloroform

(25 ml × 3 portions). The collected organic solution was dried over vacuum and subjected to

column chromatography using silica gel to get the pure L1/. Yield: 70 mg (~55%). Elemental

analyses: calcd. (%) C, 54.92; H, 13.06; N, 32.02; found (%): C, 54.91; H, 13.09; N, 32.07.

FT-IR (in KBr pellet): 3427, 2943, 1641, 1493, 1492 and 694 cm-1. 1H-NMR: (400 MHz,

CDCl3):   δppm: 4.26 (4H, b s), 2.54-2.51 (4H, t), 2.45-2.42 (4H, t), 1.45-1.38 (4H, m) and

0.914 (1H, b s). 13C-NMR: (100 MHz, CDCl3): δppm: 47.6, 40.1 and 33.4. Mass (M+H+)/z:

calcd: 132.1422, found: 132.0756.

2.2.7 Isolation of modified ligand L2/

Complex 2.2 (495 mg) was dissolved in degassed acetonitrile (20 ml). To this NO gas was

purged till the blue color of the solution changed to colorless through an intermediate green

color. The solution was allowed to stand for ½ h. The excess NO was removed by applying

vacuum and purging argon. The volume of the solution was reduced to ~ 2 ml. To this saturated

aqueous solution of Na2S was added and the mixture was stirred for ½ h. The black precipitate

thus appeared was filtered out. To the filtrate 20 ml of water was added. Few drops of acetic
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acid were added to neutralize the solution and then the organic part was extracted with

chloroform (3 portions × 25 ml). Extracted organic portion was dried under vacuum and

purified by column chromatography to obtain pure L2/. Yield: 95 mg (~80%). Elemental

analyses: calcd. (%) C, 49.63; H, 10.41; N, 28.94; found (%): C, 49.61; H, 10.39; N, 28.95.

FT-IR (in KBr pellet): 3418, 2930, 1564, 1386, 910 and 734 cm-1. 1H-NMR: (400 MHz,

CDCl3):   δppm: 4.63-4.58 (1H, m), 3.56-3.53 (2H, t), 2.67-2.64 (2H, t), 2.12 (2H, b s),

1.66-1.59 (2H, m) and 1.44-1.42 (6H, d). 13C-NMR: (100 MHz, CDCl3): δppm: 55.5, 40.3,

39.6, 30.3 and 21.7. Mass (M+H+)/z: calcd: 146.1215, found: 146.1279.

2.3 Results and discussion

Ligand L1 was procured from Sigma Aldrich and used as received. L2 was synthesized from

the reaction of L1 with acetone followed by the reduction with NaBH4 (experimental section).

The elemental analyses of L2 showed good agreement with the calculated values (experimental

section). It was further characterized by 1H-NMR, 13C-NMR, Mass spectroscopy

(experimental section). Complexes 2.1 and 2.2 were synthesized by the reaction of copper(II)

perchlorate hexahydrate with the respective ligands in 1:2 ratio (experimental section and

scheme 2.2). Both the complexes were isolated as solid. They displayed satisfactory elemental

analyses (experimental section). Further characterization of the complexes has been done using

various spectroscopic methods (experimental section and appendix I). The formation of the

complexes is authenticated by their X-ray single crystal structure determination. Perspective
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ORTEP views are shown in figure 2.2. Crystallographic data, important bond angles and

distances are listed in tables 2.1, 2.2 and 2.3, respectively.

Scheme 2.2 
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(a)                                                                   (b)

Figure 2.2 ORTEP diagram of complexes (a) 2.1 and (b) 2.2 (50% thermal ellipsoid plot,

hydrogen atoms are omitted for clarity).

Table 2.1 Crystallographic data for complexes 2.1 and 2.2

Complex 2.1 Complex 2.2
Formulae C6 H22 Cl2 Cu N4

O9

C12 H32 Cl2 Cu N4
O8

Mol. wt. 428.72 494.86
Crystal system Monoclinic Monoclinic
Space group P2(1)/c P2(1)/c
Temperature /K 296(2) 296(2)
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Wavelength /Å 0.71073 0.71073
a /Å 7.8579(5) 11.0304(4)
b /Å 14.3068(8) 15.0381(6)
c /Å 14.8942(9) 12.5819(6)
α/° 90.00 90.00
β/° 99.841(3) 104.402(5)
/° 90.00 90.00
V/ Å3 1649.79(17) 2021.45(15)
Z 4 4
Density/Mgm-3 1.726 1.626

Abs. co-eff. /mm-1 1.695 1.392
Abs. correction none multi-scan
F(000) 884 1036
Total no. of reflections 2840 3550
Reflections, I > 2σ(I) 2114 2983
Max. 2θ/° 25.00 24.99
Ranges (h, k, l) -8≤h ≤8

-17≤ k ≤16
-17≤ l ≤ 17

-13≤h ≤10
-16≤ k ≤17
-12≤ l ≤ 14

Complete to 2θ (%) 97.7 99.9
Refinement method Full-matrix

least-squares on F2
Full-matrix

least-squares on F2

Goof (F2) 1.097 0.667
R indices [I > 2σ(I)] 0.0798 0.0335
R indices (all data) 0.0936 0.0439

Table 2.2 Selected bond length (Å) of complexes 2.1 and 2.2

Complex 2.1 Bond length (Å) Complex 2.2 Bond length (Å)
Cu1 -  N3 2.020(6) Cu1 - O1 2.398(2)
Cu1 -  N1 1.995(6) Cu1 - N1 2.036(3)
Cu1 -  N2 2.020(5) Cu1 - N3 2.047(2)
Cu1 -  N4 2.005(7) Cu1 - N4 2.052(2)
Cu1 -  O9 2.576(8) Cu1 - N2 2.050(2)
Cu1 -  O4 2.640(1) N1 - C1 1.491(4)
N3 - C4 1.410(1) N3 - C7 1.491(5)
N1 - C1 1.497(9) N4 - C10 1.503(4)
N2 - C3 1.484(8) N4 - C9 1.504(5)
C2 - C1 1.460(1) N2 - C4 1.506(4)
C2 - C3 1.490(1) N2 - C3 1.496(4)
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C4 - C5 1.440(1) C4 - C6 1.523(4)
C6 - C5 1.460(1) C4 - C5 1.521(5)
C6 - N4 1.430(1) C8 - C7 1.515(4)

Table 2.3 Selected bond angles (o) of complexes 2.1 and 2.2

Complex 2.1 Bond angle (o) Complex 2.2 Bond angle (o)
N3 - Cu1 - N1 88.4(3) O1- Cu1-N1 84.8(1)
N3 - Cu1 - N2 161.9(3) O1- Cu1-N3 93.37(9)
N3 - Cu1 - N4 92.5(3) O1- Cu1-N4 93.50(9)
N3 - Cu1 - O9 77.3(3) O1- Cu1-N2 103.99(9)
N3 - Cu1 - O4 106.5(4) N1- Cu1-N3 178.1(1)
N1 - Cu1 - N2 92.7(2) N1- Cu1-N4 90.4(1)
N1 - Cu1 - N4 167.3(3) N1- Cu1-N2 89.3(1)
N1 - Cu1 - O9 98.7(3) N3- Cu1-N4 89.6(1)
N1 - Cu1 - O4 84.9(4) N3- Cu1-N2 91.2(1)
N2 - Cu1 - N4 90.4(2) N4- Cu1-N2 162.4(1)
N2 - Cu1 - O9 84.7(2) O2- Cl1-O3 109.0(1)
N4 - Cu1 - O4 82.7(4) Cu1-N1- C1 119.3(2)
O9 - Cu1 - O4 174.9(4) Cu1-N4-C10 111.3(2)
Cu1 - N4 - C6 124.1(5) Cu1-N4-C9 112.9(2)
N2 - Cu1 - O4 91.6(4) Cu1-N2-C4 111.9(2)
N4 - Cu1 - O9 93.8(3) Cu1-N2- C3 113.5(2)

In both the complexes, Cu(II) center is surrounded by four N-atoms, two from each of the

ligand unit in an overall distorted square planar geometry. The Cu-O(perchlorate) distances are

2.642 Å and 2.398 Å, respectively for complexes 2.1 and 2.2; which are little more than the

bonding distances.23, 30 Average Cu-N distances in complexes 2.1 and 2.2 are 2.020 Å and

2.050 Å, respectively. These are within the range in other reported complexes. 23, 30

In acetonitrile solution, complexes 2.1 and 2.2 displayed absorption at 570 nm and 579 nm in

the visible region which are attributed to the d-d transitions. The small shift in λmax in case of
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complex 2.2 compared to 2.1 is attributed to the increasing covalent character of σ-bond on

moving from H to isopropyl group at N-substitution.31 Both the complexes exhibited axial

EPR spectra at 77 K corresponding to the square planar Cu(II) complexes with   (experimental

section and appendix I).32

2.3.1 Nitric oxide reactivity 

To a dry and degassed acetonitrile solution of complex 2.1, addition of NO gas resulted in a

green intermediate. In UV-visible study, a shift of λmax of the d-d transition from 570 nm to

615 nm was observed immediately after purging NO in acetonitrile solution of complex 2.1

(Figure 2.3). This new band is assigned as the d-d band of corresponding [CuII-NO]

intermediate complex. In acetonitrile solution, [CuII-NO] intermediate of

[Cu(tiaea)(CH3CN)]2+ and [Cu(teaea)(CH3CN)]2+ [tiaea = tris(2-isopropylaminoethyl)amine

and teaea = tris(2-ethylaminoethyl)amine], displayed d-d transition at 640 nm and 605 nm,

respectively.23 In cases of [Cu(amepy)2]2+ and [Cu(aeta)2]2+ [amepy = 2-aminomethyl

pyridine; aeta = bis-(2-aminoethyl)amine], the d-d band appeared at 660 nm and 595 nm,

respectively.23 The intensity of this absorption band diminished with time suggesting the

reduction of Cu(II) center to Cu(I) following pseudo-first order kinetics (Figure 2.3, inset). The

rate constant was calculated to be 1.028×10-2 s-1at 298 K. The λmax of the d-d transition of

complex 2.2 was shifted from 579 nm to 608 nm in presence of NO in acetonitrile solvent
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suggesting the formation of [CuII-NO] intermediate (Figure 2.4). The rate constant for the

reduction of Cu(II) to Cu(I) in this case was 1.099×10-3 s-1at 298 K (Figure 2.4, inset).

Figure 2.3 UV-visible spectra of complex 2.1 before (black trace) and after purging NO in

acetonitrile.
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Figure 2.4 UV-visible spectra of complex 2.2 before (black trace) and after purging NO in

acetonitrile.

The faster rate of decomposition of the intermediate in case of complex 2.2 compared to 2.1 is

attributed to the presence of electron donating isopropyl group in L2. In case of 

[Cu(tiaea)(CH3CN)]2+ and [Cu(teaea)(CH3CN)]2+, the order of rate constants was
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[Cu(tiaea)(CH3CN)]2+ > [Cu(teaea)(CH3CN)]2+ at 298 K indicating the effect of bulk of

N-alkyl group on the ligand framework.23

The d-d transition for corresponding [CuII-NO] intermediate in case of [Cu(amepy)2]2+,

[Cu(aeta)2]2+, [Cu(tiaea)-(CH3CN)]2+ and [Cu(teaea)(CH3CN)]2+ appeared at 660, 595, 640

and 605 nm.23  The difference in absorption band in the visible region of [CuII-NO] for

complexes 2.1 and 2.2 compared to [Cu(amepy)2]2+ is, presumably, because of the greater

chelate ring size. 

Although complexes 2.1 and 2.2 exhibit characteristic EPR signals in acetonitrile solvent; the

respective intermediates formed in their reaction with NO were EPR silent at 298 K owing to

the  anti-ferromagnetic coupling of the paramagnetic Cu(II) center with NO (Figure 2.5 and

appendix I). Further, complete reduction of Cu(II) center by NO also results in EPR silent Cu(I)

solution; however, the presence of the d-d band of the intermediate complexes indicates the

existence of [CuII-NO] rather than Cu(I). It should be noted that structurally characterized

[Cu(CH3NO2)5(NO)][PF6]2 complex was reported as EPR silent.33

Further support of the formation of the [CuII-NO] intermediate came from the solution FT-IR

studies. Complexes 2.1 and 2.2 in acetonitrile solution displayed the formation of new

stretching bands at ~1638 and 1635 cm-1, respectively, after their reaction with NO (Figure 2.6

and appendix I). These are attributed to the stretching frequencies of NO coordinated to Cu(II)
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centers. The intensity of these bands diminished with time indicating unstable nature of the

intermediates. For [Cu(tren)(CH3CN)]2+ [tren = N,N-bis(2-aminoethyl)ethane-1,2-diamine], 

NO stretching appeared at 1650 cm-1 in acetonitrile.23 On the other hand, the NO frequency 

appears at 1642 and 1635 cm-1 in cases of [Cu(amepy)2]2+ and [Cu(aeta)2]2+, respectively, in

acetonitrile.23
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(a)                                                                   (b)

Figure 2.5 X-Band EPR spectra of complexes 2.1 (a) and 2.2 (b) before (black trace) and after

purging NO (red trace) in acetonitrile at room temperature.

Figure 2.6  FT-IR spectra of complex 2.1 after purging NO (pink trace) and gradual decay of

the intensity of the peak at 1638 cm-1 in acetonitrile at room temperature.

For [Cu(CH3NO2)5(NO)][PF6]2, it appear at 1933 cm-1 in nujol mull. This higher NO

frequency in case of [Cu(CH3NO2)5(NO)][PF6]2 can be attribute to the combined effect of
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nature of ancillary ligands attached to the metal center and bent geometry [Cu1-N1-O1 ~

121.0(3)°] of the nitrosyl ligand at an equatorial site.33

The reduction of Cu(II) center by NO in complex 2.1 was associated with concomitant

diazotization of the primary amine center of the ligand which resulted into the formation of L1/

(Scheme 2.3). The diazotization of primary amines during the reduction of Cu(II) by NO was

observed earlier also.23, 30 

However, N-nitrosation at the ligand framework was observed in case of complex 2 under

similar reaction condition (Scheme 2.4). This is attributed to the better nucleophilic character of

secondary amine compared to the primary one.

Scheme 2.3
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Scheme 2.4

The organic products were isolated and characterized by the regular spectroscopic studies.

2.4 Conclusion

In conclusion, the reactivity of NO with two Cu(II) complexes in acetonitrile has been studied.

The formation of unstable [CuII-NO] intermediate prior to the reduction of Cu(II) was observed

upon addition of NO in acetonitrile solution of the complexes. The stability of the [CuII-NO]

intermediate formed depends on the chelate ring size and substitution present in the ligand

frameworks. The reduction resulted into modification of the ligand through diazotization or

N-nitrosation of the ligand frame works. 
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Chapter 3

Abstract

A Cu(II) complex, 3.1 of a -diketiminate ligand, L3 {L3 =

(4-(2,6-dimethylphenylimino)pentane-2ylidene)-2,6-dimethylbenzeneamine} has been

synthesized and characterized. Single crystal X-ray structure reveals the presence of

mononuclear Cu(II) unit with a distorted square planar geometry. In acetonitrile solution of the

complex, the -diketiminate ligand undergoes oxidative degradation to form the corresponding

ketone di-imine under aerobic condition. Addition of NO to the acetonitrile solution of complex

3.1 affords the corresponding oxime di-imine ligand. All the modified ligands have been

isolated and characterized.
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3.1 Introduction

-diketiminate derivatives with bulky aromatic group as N-substituents have attracted

considerable research interest from coordination chemists.1-3 These mono-anionic bidentate

ligands are isoelectronic to cyclopentadienyl anions; their steric and electronic properties can

easily be altered by switching to appropriate amine and diketone derivatives for synthesis.4,5

They afford coordinatively unsaturated and stable mono-/ binuclear complexes of transition and

lanthanide metal ions.6,7 These complexes find extensive applications as catalysts as well as

models for active sites of metallo-enzymes.8-10

In general, -diketiminate frameworks, obtained from the reaction of acetylacetone with

appropriate aniline derivative, are stable and allow the synthesis and characterization of a wide

range of metal complexes.11 However, examples of ligand modification during catalysis

reactions are also known in some cases.12-13 Itoh and coworkers demonstrated that

-diketiminate ligand with mesityl substituents at N-atom in Cu(II) complex in methanol

solution undergoes easy oxidative transformation to the corresponding keto-diimine under

aerobic condition.14 When the reaction mixture was allowed to stand for few days, the crystals

of Cu(II) complex of the corresponding hemiacetal derivative of the ketone diimine were

obtained. However, the demetallation of this complex was reported to afford the corresponding

ketone diimine. The similar reaction was reported with complexes of Zn(II), also.15  In

anaerobic condition, the reaction does not occur. The labelling experiment with 18O2
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confirmed the involvement of molecular oxygen. The reaction was proposed to proceed through

the formation of bridged peroxo intermediate.14 In spite, there has not been much study on the

degradation of -diketiminate ligand frameworks in presence of metal ions.

This reaction instigates to study the reactivity of Cu(II) complex of a -diketiminate ligand,

(L3), with molecular oxygen and NO (Figure 3.1). The ligand undergoes oxidative degradation

to the corresponding ketone di-imine, L3/ in case of reaction with molecular oxygen and

C-nitrosation during reaction with NO to afford corresponding oxime di-imine, L3//.

Figure 3.1 Ligand, L3, used for the present study.

3.2 Experimental Section

3.2.1 General:

All reagents and solvents were purchased from commercial sources and were of reagent grade.

Acetonitrile was distilled from calcium hydride. Deoxygenation of the solvent and solutions

were effected by repeated vacuum/purge cycles or bubbling with Ar for 30 minutes. NO gas

was purified by passing through KOH and P2O5 column. UV-visible spectra were recorded on

a Perkin Elmer lamda 25 UV-visible spectrophotometer. FT-IR spectra were taken on a Perkin
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Elmer spectrophotometer with either sample prepared as KBr pellets or in solution in a sodium

chloride cell. Solution electrical conductivity was checked using a Systronic 305 conductivity

bridge. 1H-NMR spectra were obtained with a 400 MHz Varian FT- spectrometer. Chemical

shifts (ppm) were referenced either with an internal standard (Me4Si) for organic compounds or

to the residual solvent peaks. The X-band Electron Paramagnetic Resonance (EPR) spectra of

the complexes and of the reaction mixtures were recorded on a JES-FA200 ESR spectrometer.

Elemental analyses were obtained from a Perkin Elmer Series II Analyzer. The magnetic

moment of complexes are 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 MoKα radiation (λ = 0.71073 Å) at 273(3) K, with

increasing (width of 0.3° per frame) at a scan speed of 3 s/frame. The SMART software was

used for data acquisition. Data integration and reduction were undertaken with SAINT and

XPREP software.15 Multi-scan empirical absorption corrections were applied to the data using

the program SADABS.16 Structures were solved by direct methods using SHELXS-97 and

refined with full-matrix least squares on F2 using SHELXL-97.17 All non-hydrogen atoms

were refined anisotropically. Structural illustrations have been drawn with ORTEP-3 for

Windows.18

3.2.2 Synthesis of ligand L3
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The ligand L3 was synthesized by a reported procedure.19 A mixture of 20.3 ml 2,

6-dimethylaniline (20 g, 0.17 mol), 8.5 ml 2, 4-pentanedione (8.25 g, 0.08 mol) and 14.2 g

p-toluenesulphonic acid in 250 ml of dry toluene was refluxed for 24 h. The toluene was

decanted, and to the solid residue, 200 ml diethyl ether, 150 ml water and 36 g Na2CO3.10

H2O was added. After stirring for 25 min, the ether layer was separated, dried with MgSO4,

and the solvent was removed in vacuum. The residue was dried in vacuum at 100 C for 6 h to

remove any remaining free 2, 6-dimethylaniline, giving crystalline solid of L3. Yield: 18.8 g

(~74%). FT-IR (KBr pellet): 3009, 2918, 2852, 1625, 1551, 1487, 1465, 1432, 1376, 1278,

1181, 1090, 1024 and 767 cm-1. 1H-NMR: (600 MHz, CDCl3): δppm: 1.80 (6H, s), 2.28 (12H,

s), 4.99 (1H, s), 7.04-7.06 (2H, t), 7.13-7.15 (4H, d) and 12.32 (1H, s). 13C-NMR: (150 MHz,

CDCl3): δppm: 18.5, 20.4, 93.6, 124.4, 127.9, 132.2, 143.9 and 160.9.

3.2.3 Synthesis of complex 3.1

 Copper(II) acetate, dihydrate (0.997 g, 5 mmol) was dissolved in 10 ml of acetonitrile. To this

chloroform solution (10 ml) of L3 (1.53 g, 5 mmol) was added slowly with constant stirring.

The color of the solution turned into brown from green. The stirring was continued for 2 h at

room temperature. The solution was dried in rotary evaporator to obtain a brown solid. The

solid was then washed with distilled water and dried to get crystalline solid of complex 3.1.

Yield: 2.02 g (~80%). UV-vis. (acetonitrile): λmax, 772 nm (ε, 55 M−1 cm−1). X-band EPR (in

TH-1388_09612203



Chapter 3

45

acetonitrile at 77 K): g||, 2.189; g⊥ , 2.056 and A‖, 128×10-4 cm-1. FT-IR (KBr pellet): 3016,

2975, 2919, 1556, 1529, 1470, 1393, 1261, 1182, 1024, 945, 859, 761, 692 and 609 cm-1.

Complex 3.1 behaves as non-electrolyte in acetonitrile solution. The calculated magnetic

moment is found to be 1.57 BM.

3.2.4 Synthesis of complex 3.2

Complex 3.1 (100 mg) was dissolved in 20 ml acetonitrile in a round bottom flask. The solution

was heated to 50 C with constant stirring for 2 h under aerobic condition while the color of the

solution changed to dark green. The reaction mixture was then cooled to room temperature and

allowed to stand for 24 h to obtain green crystals of complex 3.2. The crystals were filtered out

and characterized. Yield, 53 mg (~80%). UV-vis. (acetonitrile): λmax, 725 nm (ε, 158 M−1

cm−1). FT-IR (KBr pellet): 3419, 2921, 1647, 1590, 1469, 1440, 1092, 1036 and 766 cm-1.

3.2.5 Synthesis of complex 3.3

 To a degassed acetonitrile (10 ml) solution of complex 3.1 (100 mg), NO was purged till the

color of the solution changed to deep green from light brown. The solution was allowed to

stand at room temperature for ½ h. The excess NO was removed by applying several cycles of

vacuum followed by purging Ar. The volume of the solution was reduced to 2 ml and benzene

(10 ml) was added to make a layer and kept in freezer for overnight. The complex 3.3 was

obtained as green precipitate. It was filtered off and washed with diethylether. Yield, 80 mg
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(~74%). UV-vis. (acetonitrile): λmax, 640 nm (ε, 189 M−1 cm−1). FT-IR (KBr pellet): 3444,

2921, 1627, 1566, 1470, 1439, 1335, 1198, 1094 and 768 cm-1.

3.2.6 Isolation of ligand L3/

Complex 3.1 (300 mg) was dissolved in 20 ml acetonitrile in a round bottom flask. The solution

was heated to 50 C with constant stirring for 2 h under aerobic condition while the color of the

solution changed to dark green. After cooling down to room temperature, the volume of the

solution was reduced to 2 ml. To this, 5 ml saturated aqueous solution of Na2S was added with

constant stirring for ½ h. The black precipitate thus appeared was filtered off and the filtrate

was diluted with 25 ml water. Then the organic part was extracted with chloroform (3 portions

× 20 ml). The combined chloroform layer was dried and subjected to column chromatography

to get L3/. Yield, 135 mg (~60%). FT-IR (KBr pellet): 3419, 2922, 1705, 1675, 1593, 1471,

1440, 1366, 1208, 110, 1092 and 764 cm-1. 1H-NMR: (400 MHz, CDCl3): δppm: 1.94 (6H, s),

2.02 (12H, s), 5.00 (1H, s), 6.92-6.95 (2H, t) and 7.01-7.05 (4H, d). ESI-Mass (M+H+)/z: calcd:

321.1889; found: 321.1934.

3.2.7 Isolation of modified ligand, L3//

Complex 3.1 (300 mg) was dissolved in acetonitrile (10 ml). To this, NO gas was purged till the

color of the solution changed to deep green. The solution was allowed to stand for ½ h. The
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excess NO was removed by applying vacuum and purging argon. The volume of the solution

was reduced to ~ 1 ml. To this saturated aqueous solution of Na2S was added and the mixture

was stirred for ½ h. The black precipitate thus appeared was filtered out. To the filtrate 20 ml of

water was added. Few drops of acetic acid were added to neutralize the solution and then the

organic part was extracted with chloroform (3 portions × 25 ml). Extracted organic portion was

dried under vacuum and pure L3// was obtained. Yield, 52 mg (~ 65%). FT-IR (KBr pellet):

3144, 3017, 2852, 1666, 1625, 1591, 1470, 1368, 1337, 1206, 1092, 1069, 1001, 830, 817, 771

and 764 cm-1. 1H-NMR: (600 MHz, CDCl3): δppm: 1.92 (3H, s), 1.96 (3H, s), 2.01(6H, s),

2.13 (6H, s), 6.90-6.95 (2H, m), 7.02-7.04 (4H, t) and 10.93 (1H, s). 13C-NMR: (150 MHz,

CDCl3): δppm: 16.2, 18.1, 18.5, 20.7, 123.3, 124.1, 125.2, 128.0 and 164.6. The X-ray quality

single crystals were grown from the chloroform solution of the modified ligand, L3//.

3.3 Results and discussion

The ligand L3 has been prepared by reacting acetylacetone with 2, 6-dimethyl aniline using a

reported procedure.19 The Cu(II) complex, 3.1 used for the present study has been prepared by

stirring the free ligand with equivalent amount of Cu(II) acetate, dihydrate in acetonitrile at

room temperature. Complex 3.1 was characterized by various spectroscopic techniques as well

as by single crystal structure determination. The ORTEP diagram is shown in figure 3.2.  The

crystal structure reveals the mononuclear metal center with a distorted square planar geometry

where the anionic -diketiminate and acetate act as bidentate ligands. The crystallographic data,
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important bond angles and distances are listed in tables 3.1, 3.2 and 3.3, respectively. The

average Cu-N distance is 1.900 Å. C-N and C-C distances of the diketiminate framework are

1.340 Å and 1.387 Å, respectively. Average Cu-Oacetate distance is 2.018 Å. In acetate, the

C-O distance is 1.255 Å. The bite angle of the diketiminate ligand is 96.30; whereas for

acetate, this is 64.22. For Cu(II) complex of the -diketiminate ligand having mesityl

substituents at N atom, the average Cu-N and Cu-O distances are 1.915 and 2.028 Å,

respectively.18

Figure 3.2 ORTEP diagram of complex 3.1 (50% thermal ellipsoid plot; H-atoms are removed

for clarity).
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Figure 3.3 UV-visible spectrum of complex 3.1 in acetonitrile. 

Complex 3.1 in acetonitrile solution absorbs at 772 nm and 559 nm in the visible spectrum

(Figure 3.3) along with intra-ligand transitions in UV-range. In X-band EPR spectra, complex

3.1 displays four line spectrum characteristics to the square planar Cu(II) complexes with

ground state (Figure 3.4).20
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Figure 3.4  X-band EPR spectrum of complex 3.1 in acetonitrile at 77 K.

Complex 3.1 in acetonitrile solution when heated to 50 C for 2 h under aerobic condition, the

color of the solution changes to green from brown. The modified ketone di-imine ligand, L3/

was isolated quantitatively from the reaction mixture after removal of Cu(II) ion using aqueous
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Na2S (experimental section). L3/ was characterized using various spectral analyses. We could

not grow the X-ray quality crystals of it. However, when the crude reaction mixture was kept at

room temperature, dark green crystals of complex 3.2 appeared. The ORTEP diagram of

complex 3.2 is shown in figure 3.5. The crystal data and bond angles and distances are shown in

tables 3.1, 3.2 and 3.3, respectively. The crystal structure reveals the heptanuclear structure of

complex 3.2 and the formation of corresponding diol di-imine which actually dehydrates while

demetallated to afford the ketone di-imine. PLATON/SQUEEZE was performed to refine the

framework for complex 3.2 along with the water molecules in the crystal by excluding the

disordered solvent electron densities.21 These calculations amount to 601 electrons may be

attributed to the water molecules.

Table 3.1 Crystallographic data for complexes 3.1, 3.2 and L3//.

Complex 3.1 Complex  3.2 L3//

formulas C23 H28 Cu 1 N2
O2

C77 H129 Cu7 N7
O38

C21 H25 N3
O1

mol. wt. 428.01 2205.65 335.44
crystal system Triclinic Cubic Mononclinic
space group P-1 P 21 3 I2/c
temperature/K 296(2) 296(2) 296(2)
wavelength /Å 0.71073 0.71073 0.71073
a/Å 7.0615(3) 22.7589(3) 21.2119(14)
b/Å 12.4388(6) 22.7589(3) 7.8518(4)
c/Å 13.4851(8) 22.7589(3) 23.5414(15)
α/° 70.511(5) 90.00 90.00
β/° 83.469(4) 90.00 95.420(6)
γ/° 76.344(4) 90.00 90.00
V/Å3 1084.26(10) 11788.3(2) 3903.3(4)
Z 2 4 8
density/Mg m–3 1.311 1.243 1.142
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abs. coeff /mm–1 1.027 1.310 0.071
abs. correction multi-scan multi-scan none
F(000) 450 4588 1440
total no. of
reflections

3822 6992 3442

reflections, I >2σ(I) 3330 5668 2194
Max. 2θ/deg 25.00 25.24 25.00
ranges (h, k, l) –8≤ h ≤ 8

–14 ≤ k ≤ 8
–16≤ l ≤ 15

–14≤ h ≤ 21
–10 ≤ k ≤ 27
–18≤ l ≤ 22

–24≤ h ≤ 25
–9 ≤ k ≤ 9

–27≤ l ≤ 27

Complete to 2θ (%) 99.9 99.7 99.8
refinement method full-matrix

least-squares on
F2

full-matrix
least-squares on F2

full-matrix
least-squares on

F2

GoF (F2) 0.966 1.065 1.011
R indices [I >2σ(I)] 0.0478 0.0648 0.0573
R indices (all data) 0.1357 0.1303 0.1615
Flack parameter  - -0.010(19) -

Table 3.2 Selected bond length (Å) of complexes 3.1, 3.2 and L3//.

Complex 3.1
Bond

length (Å) Complex 3.2
Bond

length (Å) L3//
Bond

length (Å)
Cu1-O2 2.015(2) Cu2-O5 2.102(3) O1-H1 0.819(2)
Cu1-O1 2.022(2) Cu2-O6 2.108(4) O1-N3 1.381(3)
Cu1-N1 1.899(3) Cu1-O5 1.937(3) N1-C9 1.267(3)
Cu1-N2 1.910(3) Cu1-N1 2.001(4) N1-C8 1.442(3)
O2-C22 1.254(5) Cu1-O4 2.009(2) N2-C12 1.281(3)
O1-C22 1.257(4) Cu1-O2 1.964(4) N2-C14 1.426(3)
N1-C8 1.443(5) Cu1-O3 2.326(4) N3-C11 1.279(3)
N1-C9 1.340(4) Cu3-O6 1.945(3) C9-C11 1.502(3)
N2-C14 1.434(3) Cu3-N2 1.993(4) C9-C10 1.492(4)
N2-C12 1.336(4) Cu3-O7 1.977(2) C11-C12 1.477(3)
C11-C12 1.394(5) Cu3-O8 2.345(6) C12-C13 1.495(4)

Table 3.3 Selected bond angles (o) of complexes 3.1, 3.2 and L3//.
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Complex 3.1

Bond
angles

(o) Complex 3.2
Bond

angles (o) L3//
Bond

angles (o)
O2- Cu1-O1 64.2(1) O6- Cu2-O5 154.6(1) H1-O1-N3 109.5(2)
O2- Cu1-N1 164.0(1) O5- Cu2-O6 65.8(1) C9-N1-C8 120.6(2)
O2- Cu1-N2 99.7(1) O5- Cu1-N1 82.7(2) C12-N2-C14 120.3(2)
O1- Cu1-N1 99.7(1) O5- Cu1-O4 92.1(1) O1-N3-C11 112.4(2)
O1- Cu1-N2 163.8(1) O5- Cu1-O2 170.1(2) N1-C9-C11 117.1(2)
N1- Cu1-N2 96.3(1) O5- Cu1-O3 94.6(2) N1-C9-C10 126.7(2)
Cu1-O2-C22 89.3(2) N1- Cu1-O4 158.7(1) N3-C11-C9 124.4(2)
Cu1-O1-C22 89.0(2) N1- Cu1-O2 93.0(2) N3-C11-C12 117.2(2)
Cu1-N1-C8 116.7(2) N1- Cu1-O3 103.0(2) N2-C12-C11 115.4(2)
Cu1-N1-C9 123.8(2) O4- Cu1-O2 88.8(1) N2-C12-C13 125.8(2)
C8-N1-C9 119.5(3) O4- Cu1-O3 98.0(1) N1-C8-C6 121.4(2)

Cu1-N2-C14 116.9(2) O2- Cu1-O3 95.0(2) N1-C8-C2 116.8(2)
Cu1-N2-C12 123.4(2) Cu2-O6- Cu3 108.8(2) N2-C14-C20 119.7(2)
C14-N2-C12 119.7(2) Cu2-O5- Cu1 110.3(2) N2-C14-C15 118.6(2)

This oxidative transformation is similar to what Itoh et al was reported earlier with mesityl

substuted -diketiminate. The crystal structure of the Cu(II) complex with intermediate

hemiacetal of the corresponding diketiminate was reported from methanol solution.

Demetallation of this complex using aqueous ammonia afforded the ketone diimine. A similar

ligand oxygenation reaction was reported in Co(II) complexes of tetraaza macrocyclic

dibenzotetramethyltetraaza-[14]annulene dianion.22
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Figure 3.5 ORTEP diagram of complex 3.2 (50% thermal ellipsoid plot; H-atoms and solvent

molecules are removed for clarity).

Addition of NO to the degassed acetonitrile solution of complex 3.1 resulted in color change
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from brown to deep green through a transient intermediate step. The absorptions 559 nm and

772 nm are diminished and a new band at 580 nm appeared (Figure 3.6) for a short while

suggesting the formation of the transient intermediate. This is presumably due to the formation

of [CuII-NO] intermediate. The frozen reaction mixture appeared silent in X-band EPR as

expected for a [CuII-NO] intermediate. FT-IR spectrum of the intermediate could not be

recorded owing to its very less stability. The 580 nm absorption band diminished within few

seconds and resulted in the appearance of an absorption band at 640 nm (Figure 3.6) which is

attributed to the d-d transition of Cu(II) complex of modified oxime di-imine ligand, L3//. 
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Figure 3.6 UV-visible spectra of complex 3.1 before (black trace) and after (red trace) purging

NO in acetonitrile. Blue trace represents the final compound (complex 3.3).

Complex 3.3 has been isolated as solid and characterized (experimental section and appendix

II).
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In FT-IR spectroscopy, complex 3.3 exhibits new stretching frequency at 1627 cm-1. This band

is assigned as the coordinated oxime stretching frequency (appendix II).23

Removal of Cu(II) ion from the solution of complex 3.3 afforded the corresponding modified

oxime diimine ligand, L3//. The formation of L3// has been confirmed by various spectral

analyses as well as by X-ray single crystal structure determination.  The ORTEP diagram of

L3// is shown in figure 3.7. Crystallographic data, important bond distances and angles are

listed in tables 3.1, 3.2 and 3.3, respectively. The C-Nimine distances are 1.267 and 1.281 Å.

C-Noxime distance is 1.279 Å and N-Ooxime is 1.381 Å. 
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Figure 3.7 ORTEP diagram of the oxime di-imine, L3// (50% thermal ellipsoid plot; H-atoms

are removed for clarity).

It should be noted that C-nitrosation does not occur while NO is purged to the acetonitrile

solution of the free ligand. Though the detail mechanism of the C-nitrosation in the present case

is not yet fully understood, presumably NO first binds to the metal center to form [CuII-NO]

intermediate as indicated by UV-visible and EPR studies. In the next step, nucleophillic attack

to N-atom of NO by the diketiminate ligand takes place with successive loss of proton resulting

to the oxime di-imine moiety (Scheme 3.1).
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Scheme 3.1

3.4 Conclusion

In the Cu(II) complex, the -diketiminate ligand, L3 undergoes oxidative degradation in

acetonitrile solution under aerobic condition to afford corresponding ketone di-imine. The

reaction possibly proceeds through a peroxo intermediate. On the other hand, addition of NO to

the acetonitrile solution of complex 3.1 results in the C-nitrosation of the ligand framework and

affords corresponding oxime di-imine. The modified ligands are isolated and characterized. The

formation of the oxime di-imine is further supported by X-ray singe crystal structure

determination. The reaction, presumably, proceeds through the formation of [CuII-NO]

intermediate.
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Chapter 4

Abstract

Manganese(II) complexes, [Mn(L4)Cl2], 4.1 and [Mn(L4)(H2O)2](ClO4)2, 4.2 { L4 = 

N1,N2-bis ((pyridine-2-yl)methyl)ethane-1,2-diamine} were prepared and characterized. In

acetonitrile solution, complex 4.1 did not react with nitric oxide. However, addition of nitric

oxide gas to the acetonitrile solution of complex 4.2 results an unstable Mn(II)-nitrosyl

intermediate. The formation of nitrosyl intermediate was evidenced by UV-visible, solution

FT-IR, 1H-NMR spectral studies. Subsequently, Mn(II) center in the complex 4.2 undergoes

reduction to Mn(I) with a simultaneous N-nitrosation of the ligand. The N-nitrosated ligand was

isolated and characterized. In contrast, the corresponding Cu(II) complex of the same ligand in

presence of nitric oxide was not found to yield Cu(II)-nitrosyl. 
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4.1 Introduction

The reactions of nitric oxide (NO) with transition metal ions and formation of metal-nitrosyls

have long been of interest because of their relevance and importance in biological systems.1,2

Many of the physiological events of NO are attributed to the formation of nitrosyls of

metalloproteins.3 For instance, metal-nitrosyl adducts are believed to play important roles in

nitrosation reactions of various thiols to result in S-nitrosothiols which are proposed as carriers

of NO equivalents in cellular systems.4 On the other hand, the reduction of metal ion by NO

has been known for a long time. For example, ferriheme proteins are known to undergo

reduction to ferroheme in presence of NO through Fe(III)-nitrosyl intermediate. In this

direction, iron-nitrosyls, both in protein and synthetic model systems have been studied

extensively.5-8 The reduction of Cu(II) centers in some proteins, such as cytochrome c oxidase

and laccase, by NO is known for a long time.9,10 In recent years this has been exemplified by a

number of model Cu(II) complexes.11,12

On the other hand, though the examples of manganese-nitrosyls in organometallic, porphyrin

and thalocyanine complexes are reported, the detail reactivity of manganese complexes with

NO has not been studied to that extent.13,14 A few Mn(II)-nitrosyls have been reported

recently with an aim to develop NO releasing material for photo dynamic therapy.15 Other than

those, Mascharak et. al. have reported the reaction of a -oxo bridged Mn(III) complex with
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NO resulting in the reductive nitrosylation of the metal ion and it leads to the formation of

Mn(II)-nitrosyl complex in presence of excess NO.16

In our laboratory, we have been studying the reactivity of NO with Cu(II) complexes and found

the reduction of metal ion by NO which leads to the N-nitrosation and diazotization at the

secondary and primary amine centers, respectively,  of ligand frameworks.12 Interestingly, the

N-nitrosation, in cases of Cu(II) complexes, may not necessarily always proceeds through

Cu(II)-nitrosyl formation. Depending upon the ligand denticity and geometry of the complex, it

may proceeds through a deprotonation mechanism in presence of base. For example, in case of

tetradentate tripodal ligand, the N-nitrosation takes place through a Cu(II)-nitrosyl

intermediate.17 In case of tetradentate macrocyclic ligand, it proceeds through a deprotonation

of the N-H group.18 This diversity of the mechanistic pathway actually prompted us to study

the NO reactivity of Mn(II) complexes. 

For the present study, a tetradentate N-donor ligand, L4 {L4 = N1, N2-bis

((pyridine-2-yl)methyl)ethane-1,2-diamine} having two pyridine nitrogen and two aliphatic

amine nitrogen is chosen (Figure 4.1). Earlier, the NO reactivity of Cu(II) complex of the same

ligand has been reported from our laboratory. So the present study will also demonstrate the

difference of reactivity towards NO while moving from Cu(II) to Mn(II).
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Figure 4.1 Ligand (L4) used for the present study.

4.2 Experimental Section

4.2.1 General

All reagents and solvents of reagent grade were purchased from commercial sources and used

as received except specified. Acetonitrile was distilled from calcium hydride. Deoxygenation of

the solvent and solutions was effected by repeated vacuum/purge cycles or bubbling with argon

for 30 minutes. NO gas was purified by passing it through a KOH and P2O5 column.

UV-visible spectra were recorded on a Perkin-Elmer Lambda 25 UV-visible spectrophotometer.

 FT-IR spectra of samples were taken on a Perkin Elmer spectrophotometer either with samples

prepared as KBr pellets or in solution in a NaCl cell. Solution electrical conductivity was

measured using a Systronic 305 conductivity bridge. 1H-NMR spectra were recorded in a 400

MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either with an internal

standard (Me4Si) or to the residual solvent peaks. The X-band Electron Paramagnetic

Resonance (EPR) spectra were recorded on a JES-FA200 ESR spectrometer, at room

temperature and 77 K with microwave power, 0.998 mW; microwave frequency, 9.14 GHz and
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modulation amplitude, 2.  Elemental analyses were obtained from a Perkin Elmer Series II

Analyzer. The magnetic moment of complex 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 ( = 0.71073 Å) at 273(3) K, with

increasing  (width of 0.3° per frame) at a scan speed of 3 s/frame. The SMART software was

used for data acquisition.19 Data integration and reduction were undertaken with SAINT and

XPREP software.20 Structures were solved by direct methods using SHELXS-97 and refined

with full-matrix least squares on F2 using SHELXL-97.21 Structural illustrations have been

drawn with ORTEP-3 for Windows.22

4.2.2 Synthesis of L4

The ligand L4 was prepared by a reported procedure.23 To a solution of

pyridine-2-carboxaldehyde (2.14 g, 20 mmol) in 20 ml methanol, ethylenediamine (0.60 g, 10

mmol) was added into a 50 ml round bottom flask equipped with a stirring bar. The solution

was refluxed for 5 h. The resulting reddish-yellow solution was then reduced by NaBH4 (1.52

g, 40 mmol). Removal of the solvent under reduced pressure affords a crude mass. It was

dissolved in water (50 ml) and extracted with chloroform (4 portions × 50 ml). The organic part

was dried under reduced pressure and the reddish yellow oil thus obtained was subjected to

chromatographic purification using a silica gel column to yield the pure ligand, L4 as yellow
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oil. Yield: 1.96 g (~ 80%). FT-IR in KBr: 2791, 1591, 1475, 1431 and 767 cm−1. 1H-NMR

(400 MHz, CDCl3): δppm: 2.81 (s, 4H), 3.91 (s, 4H), 7.12-7.15 (t, 2H), 7.30 (d, 4H), 7.60-7.64

(t, 2H) and 8.52-8.53 (d, 2H). 13C-NMR (100 MHz, CDCl3) δppm: 46.9, 53.1, 120.5, 120.8,

134.4, 147.5 and 157.8. ESI-Mass (m + 1)/z, calcd 243.32; found: 243.04.

4.2.3 Synthesis of complex 4.1

Manganese chloride, tetrahydrate (0.989 g, 5 mmol) was dissolved in 10 ml of distilled

methanol. To this solution, L4 (1.21 g, 5 mmol), dissolved in distilled methanol, was added

slowly with constant stirring. The color of the solution turned into pale-yellow. The stirring was

continued for 2 h at room temperature. The volume of the solution was then reduced to ~ 2 ml.

To this, diethyl ether (10 ml) was added to layer on it and kept overnight in a freezer. This

resulted into yellow colored precipitate of complex 4.1. Yield: 1.58 g (~ 85%) and UV-vis.

(acetonitrile): λmax, , 474 nm (ε, 380 M−1 cm−1), 595 nm (ε, 201 M−1 cm−1). X-band EPR

(in acetonitrile at RT) gav, 2.025. FT-IR (KBr pellet): 3429, 3270, 3232, 2884, 1604, 1569,

1481, 1431, 1264, 1095, 1008, 775 and 637 cm-1. 1H-NMR (400 MHz, CD3OD) δppm: 1.33

(s, 4H), 2.52 (s, 4H), 8.67 (s, 4H), 9.10 (s, 2H) and 9.86 (s, 2H). μobs, 5.82 BM. 

4.2.4 Synthesis of complex 4.2
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Complex 4.1 (0.736 g, 2 mmol) was dissolved in minimum volume of acetonitrile. To this,

aqueous solution of silver nitrate (0.680 g, 4 mmol; 2 ml) was added with constant stirring. The

precipitate of AgCl was removed by filtration through a frit. To the filtrate, aqueous solution of

sodium perchlorate (20%, 2 ml) was added dropwise and the mixture was kept in freezer for 12

h which afforded the precipitate of complex 4.2. Yield, 595 mg (~ 60%). 

The complex 4.2 can also be prepared from manganese(II) perchlorate, hexahydrate.

Mn(ClO4)2.6H2O (1.81 g, 5 mmol) was dissolved in 10 ml of distilled acetonitrile. To this

solution, L4 (1.21 g, 5 mmol) was added slowly with constant stirring. The color of the solution

turned into brown from colorless. The stirring was continued for 2 h at room temperature. The

volume of the solution was then reduced to 2 ml. To this, benzene (5 ml) was added to layer on

it and kept overnight in a freezer. This resulted in dark brown colored precipitate of complex

4.2. Yield: 2.44 g (~82%) and UV-vis. (acetonitrile): λmax, 246 nm (ε, 7108 M−1 cm−1), 296

nm (ε, 8345 M−1 cm−1), 421 nm (ε, 1620 M−1 cm−1), 644 nm (ε, 210 M−1 cm−1). X-band

EPR (in acetonitrile at RT): gav, 2.02155. FT-IR (KBr pellet): 3314, 3234, 2885, 1612, 1440,

1314, 1148, 1091, 930, 770 and 626 cm-1. 1H-NMR (400 MHz, CD3CN) δppm: 0.65(s, 4H),

4.43 (s, 4H), 7.35 (d, 4H) and 4.92 (s, 4H). Molar conductivity in acetonitrile, ΛM (S cm−1),

224. μobs, 5.76 BM. ESI Mass [Mn(L4)(H2O)2]2+, calcd: 166.5561; found: 166.5469.

4.2.5 Isolation of modified ligand L4/

TH-1388_09612203



Chapter 4

64

Complex 4.2 (0.992 g, 2.0 mmol) was dissolved in 10 ml of distilled and degassed acetonitrile.

To this solution NO gas was purged for 1 minute. After removing the excess NO by several

cycles of vacuum purge, the resulting yellowish solution was allowed to stand at room

temperature for 1 h. A light pink colored precipitate was formed which was then separated by

filtration under argon and the filtrate was dried over vacuum. The crude mixture was then

purified by column chromatography to get pure ligand L4 as yellow oil and L4/-perchlorate as

light yellow solid. Yield: L4: 95 mg (30%) and L4/-perchlorate: 146 mg (40%). FT-IR (KBr

pellet): 3408, 2928, 1668, 1592, 1571, 1457, 1436, 1355, 1151, 1118, 1093, 998, 758 and 614

cm-1. ESI-Mass (m+1)/z, calcd. 301.1335; found: 301.1287. 1H-NMR (400 MHz, CDCl3)

δppm: 4.19-4.21 (t, 1H), 4.56-4.58 (t, 1H), 5.00 (s, 2H), 5.05 (s, 1H), 5.14 (s, 2H), 5.82 (s, 1H),

7.81–7.83 (d, 1H), 7.91-7.98 (m, 3H), 8.47-8.51 (m, 3H) and 8.73–8.75 (d, 1H). 13C-NMR

(100 MHz, CDCl3) δppm: 46.0, 50.5, 124.9, 125.4, 142.3, 145.7 and 156.1.

4.3 Results and discussion

The ligand, L4 was prepared using a reported protocol from the reaction of ethylenediamine

with two equivalents of pyridine-2-carboxaldehyde followed by reduction of the corresponding

imine using NaBH4 (experimental section).23 The ligand was characterized by various

spectroscopic techniques (experimental section). Complex 4.1 was prepared from the reaction
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of manganese(II) chloride, tetrahydrate with equivalent amount of ligand, L4 in methanol

(Scheme 4.1). 

Scheme 4.1

The complex was characterized by various spectroscopic methods as well as single crystal X-

ray structure determination. The ORTEP view of complex 4.1 is shown in figure 4.2.

Crystallographic data, important bond angles and distances are listed in tables 4.1, 4.2 and 4.3,

respectively. The crystal structure reveals a distorted octahedral geometry around the central

metal ion. Four nitrogen atoms from the ligand and two chlorine atoms are coordinated to the

Mn(II) center. The Cl atoms are coordinated in cis-geometry. The Mn-Npy and Mn-Namine

distances are 2.271 and 2.328 Å respectively. The average Mn-Cl distance is 2.471 Å. These are

within the range of reported complexes.15 Complex 4.1 displays characteristic signal in X-band

EPR spectroscopy (Appendix III).
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Figure 4.2 ORTEP diagram of complex 4.1 (50% thermal ellipsoid plot; H-atoms are removed
for clarity).

In acetonitrile solution, it shows d-d transition at 595 nm along with intra ligand transitions in

UV-region (Appendix III).

Table 4.1 Crystallographic data for complex 4.1

Complex 4.1
formulas C14 H16 Mn1 N4 Cl2
mol. wt. 366.15
crystal system Orthorhombic
space group Aba2
temperature/K 296(2)
wavelength /Å 0.71073
a/Å 15.6763(17)
b/Å 12.2746(12)
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c/Å 8.5407(12)
α/° 90.00
β/° 90.00
γ/° 90.00
V/Å3 1643.4(3)
Z 4
density/Mg m–3 1.480

abs. coeff /mm–1 1.126
abs. correction none
F(000) 748
total no. of reflections 1122
reflections, I > 2σ(I) 934
Max. 2θ/deg 25.24
ranges (h, k, l) –18≤ h ≤17

–14 ≤ k ≤ 13
–10≤ l ≤ 5

Complete to 2θ (%) 98.7
refinement method full-matrix least-squares on F2

GoF (F2) 0.999
R indices [I >2σ(I)] 0.0354
R indices (all data) 0.1014

Table 4.2 Selected bond lengths (Å) of complex 4.1

Bond length (Å) Bond length (Å)
Mn1-Cl1 2.471(2) N2-C7 1.441(9)
Mn1-N1 2.271(5) C1-C2 1.384(9)
Mn1-N2 2.328(4) C2-C3 1.37(1)
N1-C1 1.338(7) C3-C4 1.37(1)
N1-C5 1.339(7) C4-C5 1.370(9)
N2-C6 1.455(8) C5-C6 1.529(8)

Table 4.3 Selected bond angles (o) of complex 4.1

Bond angle (˚) Bond angle (˚)
Cl1- Mn1-N1 96.1(1) Mn1-N1-C1 124.3(3)
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Cl1- Mn1-N2 91.3(1) Mn1-N1-C5 117.2(3)
N1- Mn1-N2 73.2(1) C1-N1-C5 118.2(4)
N1- Mn1- Cl1 96.1(1) Mn1-N2- C6 110.6(3)
N2- Mn1- Cl1 91.3(1) Mn1-N2- C7 108.3(4)

Addition of NO gas in dry and degassed acetonitrile solution of complex 4.1 did not result in

any change. It has been monitored by UV-visible spectroscopy (Figure 4.3). This is perhaps

because of strong coordination of chloride ion with Mn(II).
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Figure 4.3 UV-visible spectra of complex 4.1 (black trace), after purging NO (red trace) in
acetonitrile.

To study further, the chloride ions in complex 4.1 are replaced by water to afford complex 4.2.

It has been done by treating the acetonitrile solution of complex 4.1 with aqueous silver nitrate

followed by addition of saturated aqueous sodium perchlorate solution (experimental section).

The complex 4.2 can also be prepared by stirring a mixture of manganese(II) perchlorate,
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hexahydrate with equivalent amount of ligand in acetonitrile under argon atmosphere

(experimental section). It was characterized by spectral analyses and microanalysis

(experimental section). Even after several attempts, an X-ray quality single crystal of the

complex has not been grown. Complex 4.2 in acetonitrile solution absorbs at 644 nm in the

UV-visible spectrum (Figure 4.4). Addition of NO gas into the degassed acetonitrile solution of

complex 4.2 resulted in the appearance of a new band at 421 nm (Figure 4.4). The intensity of

this newly appeared band was found to decay with time and finally diminished indicating the

unstable nature of the intermediate. The decay was found to follow a pseudo first order kinetics

with a rate constant 4.3  10-3 s-1 at 298 K.
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Figure 4.4 UV-visible spectrum of complex 4.2 before (blue trace) and after (red trace) purging

NO. Inset shows the decay of the intensity of peaks at 421 nm and 644 nm with

time in acetonitrile. 

In solution FT-IR study, the addition of NO gas to the acetonitrile solution of complex 4.2

displayed a new strong stretching frequency at ~1718 cm-1(Figure 4.5).  The intensity of this
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band was found to diminish with time suggesting this stretching from an unstable intermediate.

This has been assigned as the coordinated nitrosyl stretching. In EPR study, the intermediate

was found to be silent (Figure 4.6).  Thus, intermediate is presumably Mn(II)-mononitrosyl.

This has been further supported from the ESI mass spectrum of the intermediate. The peak at

327.112 corresponds to Mn(II)-mononitrosyl (Appendix III). The unstable nature of the

intermediate did not allow its isolation for further characterization. It should be noted that the

correct assignment of the formal oxidation states of the metal in metal nitrosyls is difficult

because of non-innocent nature of NO ligands. NO can exist as NO+, NO (radical) or NO- in

metal nitrosyl complexes. The observed intermediate is diamagnetic complex of Mn(II) with

NO having {MnNO}6 configuration according to Enemark-Feltham notation. Thus, it may have

Mn(I)-NO+, Mn(II)-NO or Mn(III)-NO- configuration. Since the crystal structure is not

available, direct comparison of the metric parameters with other reported results to assign the

configuration is not possible. On the other hand, the nitrosyl stretching frequency in the

intermediate complex appears at 1718 cm-1 in solution FT-IR spectroscopy. This is comparable

with the other reported Mn(II)-nitrosyls having Mn(I)-NO+ configuration.24

The decomposition of the [MnII-NO] intermediate is resulted in the reduction of Mn(I) and

NO+. The reduction was confirmed by the disappearance of the EPR signal of Mn(II) (Figure

4.6). 
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Figure 4.5 FT-IR spectra of complex 4.2 after purging NO (green trace) and gradual decay of

the intensity of the peak at 1718 cm-1 in acetonitrile.
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Figure 4.6 X-band EPR spectra of complex 4.2 before (black trace) and after (blue trace) the

reaction with NO in acetonitrile at room temperature.

In addition, the broad 1H-NMR signals of the complex 4.2 became sharp and well resolved

after its reaction with NO (Figure 4.7). This has been attributed to the reduction of

paramagnetic Mn(II) to diamagnetic Mn(I) by NO (Scheme 4.2).

TH-1388_09612203



Chapter 4

75

Figure 4.7 1H-NMR spectrum of complex 4.2 after the reaction of NO under argon atmosphere

in CD3CN showing the formation of L4/ along with L4.
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Scheme 4.2

Although, there is no direct evidence of formation of NO+ in the reaction mixture, this has been

supported by N-nitrosation of the ligand. Nitrosation product, L4/(ClO4)2 was isolated from

the reaction mixture (experimental section) and characterized using various spectroscopic

analyses as well as single crystal X-ray structure determination. The ORTEP diagram of

L4/(ClO4)2 is shown in figure 4.8. The crystallographic data, selected bond angles and

distances are listed in tables 4.4, 4.5 and 4.6, respectively. In FT-IR spectrum the N-NO

stretching frequency appeared at 1457 cm-1 which is in the range of other reported examples.12
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Figure 4.8 ORTEP diagram of L4/(ClO4)2 (50% thermal ellipsoid plot; H-atoms are removed

for clarity).

It should be noted that in cases of Cu(II) complexes of various N-donor ligands, the addition of

NO gas was found to result in [CuII-NO] intermediate prior to the reduction of metal center.

This reduction resulted in the N-nitrosation of the ligand framework. It was observed that while

more than one nitrosation sites are available, the nitrosation takes place to all the sites. 
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Table 4.4 Crystallographic data for modified ligand L4/(ClO4)2

L4/(ClO4)2
formulas C14 H18 N6 O10 Cl2
mol. wt. 501.24
crystal system Monoclinic
space group C2/c
temperature/K 296(2)
wavelength /Å 0.71073
a/Å 22.837(6)
b/Å 14.466(6)
c/Å 13.121(4)
α/° 90.00
β/° 103.89(3)
γ/° 90.00
V/Å3 4208(2)
Z 8
density/Mg m–3 1.582

abs. coeff /mm–1 0.375
abs. correction none
F(000) 2064
total no. of reflections 1412
reflections, I > 2σ(I) 1119
Max. 2θ/deg 25.50
ranges (h, k, l) –127≤ h ≤26

–17 ≤ k ≤ 16
–15≤ l ≤ 15

Complete to 2θ (%) 98.6
refinement method full-matrix least-squares on F2

GoF (F2) 0.999
R indices [I >2σ(I)] 0.1057
R indices (all data) 0.2977
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Table 4.5 Selected bond lengths (Å) of L4/(ClO4)2

Bond length (Å) Bond length (Å)
Cl1-O5 1.42(1) Cl2-O10 1.41(2)
Cl1-O4 1.40(1) C6-N2 1.45(2)
Cl1-O3 1.40(1) N2-N3 1.41(2)
Cl1-O6 1.42(2) N2-C7 1.45(2)
Cl2-O9 1.14(2) N3-O1 1.25(2)
Cl2-O8 1.36(2) C13-N5 1.44(2)

Table 4.6 Selected bond angles (o) of L4/(ClO4)2

Bond angles (o) Bond angles (o)
O5- Cl1-O4 109.5(7) O8- Cl2-O10 124(1)
O5- Cl1-O3 114.5(8) O7- Cl2-O10 96(1)
O5- Cl1-O6 105.2(8) C6- N2-N3 131(1)
O4- Cl1-O3 109.5(7) C6- N2-C7 121(1)
O4- Cl1-O6 110.6(8) N3- N2-C7 108(1)
O3- Cl1-O6 107.4(8) N2-N3-O1 102(1)
O9- Cl2-O8 114(2) N4- C12-C11 118(2)
O9- Cl2-O7 124(1) N4- C12-C13 123(1)
O9- Cl2-O10 106(1) O2-N6-N5 109(1)
O8- Cl2-O7 92(1) N6-N5-C14 110(1)

Some Cu(II) complexes, depending upon the ligand framework, did not undergo reduction in

presence of NO itself. However, addition of base NaOEt to the solution of those complexes

followed by addition of NO resulted in the reduction of Cu(II) center along with N-nitrosation.

In these cases, only mono-nitrosation was observed. For instance, the same ligand was used to

prepare Cu(II) complex for NO reactivity study. Although the Cu(II) complexes did not react in

degassed methanol solution, but in presence of sodium ethoxide as base the reduction was

observed with simultaneous N-nitrosation.   
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Mn(II)-nitrosyls, having d6 configuration according to Enemerk and Feltham notation, have

been synthesized with porphyrin, thalocyanins. They were stable and structurally characterized.

A series of Mn(II) complexes of N-donor ligands having amide group have been reported to

react with NO in acetonitrile solution to afford stable Mn(II)-nitrosyl complexes. They were

also characterized structurally. The reduction of Mn center in bis--oxo complex by NO was

exemplified earlier. This leads to the reductive nitrosylation of the metal ion. However, there is

no example of reduction of Mn(II) by NO leading to simultaneous ligand nitrosation.   

4.4 Conclusions

Mn(II) complex, 4.2, in acetonitrile solution was found to react with NO to afford an unstable

Mn(II)-nitrosyl intermediate. The formation of nitrosyl intermediate was evidenced by

UV-visible, solution FT-IR, 1H-NMR spectral studies. Subsequently, Mn(II) center in complex

4.2 was found to undergo reduction to Mn(I) with simultaneous N-nitrosation of the ligand. The

N-nitrosated ligand was isolated and characterized. It should be noted that the corresponding

Cu(II) complex of the same ligand in presence of NO was not found to yield Cu(II)-nitrosyl. 
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Chapter 5

Abstract

Two iron(III) complexes, 5.1 and 5.2 with L5 and L6 [ L5 =

N, N'- bis(2- hydroxybenzyl) - 1, 2- diaminobenzene; L6 =

N, N'- bis(2- hydroxybenzyl) ethylenediamine], respectively, were synthesized and characterized.

In methanol solution of the complexes, the Fe(III) centre was found to reduce in presence of

NO gas. The formation of [FeIII-NO] intermediate prior to the reduction of Fe(III)  center was

evidenced by UV-visible, solution FT-IR, X-band EPR studies. The presence of excess NO gas

leads to the reductive nitrosylation of the complexes leading to the formation of corresponding

Fe(II)-nitrosyl complexes, 5.3 and 5.4, respectively. The Fe(II)-nitrosyls were isolated as solid

and characterized spectroscopically. DFT calculations were performed to optimize the

structures of all the complexes.
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5.1 Introduction

Nitric oxide (NO) is known to play significant roles in mammalian biology as an intracellular

signaling agent and in cytotoxic immune response.1 Under bioregulatory conditions, NO

interacts with metal centers, primarily iron and copper.2 The ferro-heme enzyme, sGC is the

best-characterized example which becomes activated by the formation of iron(II) nitrosyl

complex.3 Concentrations of NO generated for bioregulation are low. For instance,

submicromolar concentrations were reported in endothelium cells for blood pressure control.4-5

In addition, catalase inhibition also apparently involves coordination of NO at a heme iron

center.4-5 The biological relevance of the formation and decay of metal-nitrosyls has become a

subject of continuing research interest. In fact, the understanding of the interaction between NO

and metal centers is very important to understand the biological activity of NO. 

On the other hand, salen ligands are well known for their versatility with respect to steric and

electronic modifications.6 Many salen metal complexes have found important applications in

homogeneous catalysis such as alkene epoxidation, ring-opening polymerization of epoxides

with CO2 etc.7 Iron-based salen complexes have found to mimic for the active site in

oxygenases for the oxidation of alkenes and alkanes with dioxygen.8
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The reduced analogues, salan or tetrahydrosalen ligands, have received relatively less

attention.9 Perhaps, because of their less straight forward synthetic procedures.  However,

increased flexibility and stronger nitrogen donors make them attractive ligands.10 Various iron

complexes containing salan ligands were reported following the early works by Borer and

co-workers.11

In the context of studying the reaction of NO with non-heme iron centers, the present set of

salan ligands (Figure 5.1) has been chosen.

Figure 5.1 Ligands (L5 and L6) used for the present study.

5.2 Experimental Section

5.2.1 General

All reagents and solvents of reagent grade were purchased from commercial sources and used

as received except specified. Acetonitrile was distilled from calcium hydride. Deoxygenation of
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the solvent and solutions was effected by repeated vacuum/purge cycles or bubbling with argon

for 30 minutes. NO gas was purified by passing it through a KOH and P2O5 column.

UV-visible spectra were recorded on a Perkin-Elmer LAMBDA 25 UV-visible

spectrophotometer.  FT-IR spectra were taken on a Perkin Elmer spectrophotometer with

samples prepared either KBr pellets or in solution in sodium chloride cell. Solution electrical

conductivity was measured using a Systronic 305 conductivity bridge. 1H-NMR spectra were

recorded in a 400 MHz Varian FT spectrometer. Chemical shifts (ppm) were referenced either

with an internal standard (Me4Si) or to the residual solvent peaks. The X-band Electron

Paramagnetic Resonance (EPR) spectra were recorded on a JES-FA200 ESR spectrometer, at

room temperature and 77 K with microwave power, 0.998 mW; microwave frequency, 9.14

GHz and modulation amplitude, 2.  Elemental analyses were obtained from a Perkin Elmer

Series II Analyzer. The magnetic moment of complex was measured on a Cambridge Magnetic

Balance. DFT calculations were performed on complexes 5.1, 5.2, 5.3 and 5.4 from their

available experimental data.  All the complexes are fully optimized using PBE functional and

DNP basis set in the presence of solvent water.  The Conductor-like Screening Model

(COSMO) as incorporated into the DMol3 program with dielectric constant of 37.5 is adopted

to study the solvent effect.12

5.2.2 Synthesis of L5a
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A mixture of 1, 2-diaminobenzene (2.16 g) and salicyldehyde (4.88 g) in 30 ml ethanol was

stirred at room temperature for 4 hours. The resulting precipitate was filtered and washed with

cold ethanol to yield the pure Schiff base, L5a. (Yield: ~95%). C, H, N Analysis: calcd. C,

75.93%; H, 5.10%; N, 8.86%; found. C, 75.90%; H, 5.12%; N, 8.89%. FT-IR: 3446, 2851,

1613, 1480, 1276, 1192 and 760 cm-1. 1H-NMR: (400 MHz, CDCl3):   δppm: 6.89-6.92(2H,

d), 7.02-7.05 (2H, t), 7.21-7.234(2H, d), 7.24-7.37 (6H, m) and 8.62 (2H, s). 13C-NMR: (100

MHz, CDCl3): δppm: 117.6, 119.1, 119.3, 119.8, 127.8, 132.5, 133.5, 142.6, 161.4 and 163.8.

Scheme 5.1

5.2.3 Synthesis of L5
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The Schiff base L5a was reduced to the corresponding ligand, L5, using 4 equivalent NaBH4 in

methanol solution. The solution was then dried and the crude mixture was dissolved in water,

neutralised with acetic acid and the ligand L5 was extracted with chloroform. The volume of

the resulting solution was then reduced in rotary-evaporator to obtain ligand L5. (Yield: ~90%).

C, H, N Analysis: calcd. C, 74.98%; H, 6.29%; N, 8.74%; found C, 74.96%; H, 6.27%; N,

8.78%. FT-IR: 3421, 3289, 2851, 1602, 1506,1491,1454,1238 and 748 cm-1. 1H-NMR: (400

MHz, CDCl3): δppm: 4.35(4H, s), 6.80-6.93 (8H, m) and 7.16-7.20 (4H, m).13C-NMR: (100

MHz, CDCl3): δppm: 47.7, 114.3, 116.4, 120.4, 121.5, 123.1, 129.4, 136.8 and 156.2.

Scheme 5.2

5.2.4 Synthesis of L6a
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A mixture of ethylenediamine (1.20g) and salicyldehyde (4.88 g) in 30 ml ethanol was stirred at

room temperature for 1 hour. The resulting precipitate was filtered and washed with cold

ethanol to yield the pure Schiff base, L6a. (Yield: ~95%). C, H, N Analysis: calcd. C, 72.13%;

H, 5.30%; N, 10.56%; found C, 72.15%; H, 5.32%; N, 10.51%. FT-IR: 3451, 1636, 1577, 1497,

1283, 1149 and 749 cm-1. 1H-NMR: (400 MHz, CDCl3):  δppm: 3.93(2H, s), 6.83-6.94 (4H,

m), 7.21-7.30 (4H, m), 8.55 (2H, s) and 3.83 (2H, s). 13C-NMR: (100 MHz, CDCl3): δppm:

59.8, 117.0, 118.8, 131.6, 132.5, 161.1 and 166.6.

Scheme 5.3

5.2.5 Synthesis of L6

The Schiff base L6a was reduced to the corresponding ligand, L6, using 4 equivalent NaBH4 in

methanol solution. The solution was then dried and the crude mixture was dissolved in water,

neutralised with acetic acid and the ligand L6 was extracted with chloroform. The volume of

the solution was then reduced in rotary-evaporator to obtain ligand L6. (Yield: ~95%). C, H, N

Analysis: calcd. C, 70.58%; H, 7.29%; N, 10.74%; found C, 70.56%; H, 7.28%; N, 10.77%.
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FT-IR: 3463, 3276, 2861, 1615, 1590,1466,1413,1256 and 746 cm-1. 1H-NMR: (400 MHz,

CDCl3): δppm: 2.81 (4H, s), 3.97(4H, s), 6.74-6.82 (4H, m), 6.94-6.96 (2H, d) and 7.13-7.17

(2H, d). 13C-NMR: (100 MHz, CDCl3): δppm: 47.9, 52.6, 116.5, 119.3, 122.3, 128.6, 129.0

and 158.1.

Scheme 5.4

5.2.6 Synthesis of complex 5.1

FeCl3.6H2O (0.270 g, 1 mmol) was dissolved in 15 ml acetonitrile. To this solution, 0.320 g (1

mmol) of the ligand L5, was added slowly with constant stirring. The color of the solution

turned into dark pink from light brown. The stirring was continued for 4h at room temperature.

The volume of the solution was then reduced to ~2 ml. This resulted into pink colored

precipitate of complex 5.1. Yield 0.525 g (90%). UV-vis. (methanol): max, 532 nm (, 236

M-1 cm-1).The X-Band EPR data (in methanol at RT): gav, 2.007. FT-IR (KBr pellet): 3429,

3180, 2723, 1598, 1455, 1341, 1277, 1239, 1108 and 755 cm-1. The complex 5.1 behaves as
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1:1 electrolyte in methanol [M(Scm-1), 88]. The calculated magnetic moment is found to be

5.77 BM. ESI-Mass (m+ 1), calcd 446.01; found: 445.95.

Scheme 5.5

5.2.7 Synthesis of complex 5.2

 FeCl3.6H2O (0.270 g, 1 mmol) was dissolved in 15 ml acetonitrile. To this solution, 0.272 g (1

mmol) of the ligand L6, was added slowly with constant stirring. The color of the solution

turned into deep red from light brown. The stirring was continued for 2 h at room temperature.

The volume of the solution was then reduced to ~2 ml. This resulted into reddish colored

precipitate of complex 5.2. Yield: 0.504 g (93%). UV-vis. (methanol): max, 539 nm (, 159

M-1 cm-1).The X-Band EPR data (in methanol at RT): gav, 2.006. FT-IR (KBr pellet): 3413,
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3180, 2723, 1606, 1501, 1461, 1349, 1267, 1236, 1116 and 765 cm-1. The complex 5.2

behaves as 1:1 electrolyte in methanol solution [M(Scm-1), 85]. The calculated magnetic

moment is found to be 5.87 BM. ESI-Mass (m+ 1), calcd 398.66; found: 398.98.

Scheme 5.6

5.2.8 Synthesis of complex 5.3

Complex 5.1 (0.820 g, 2.0 mmol) was dissolved in ~10 ml of dry and degassed methanol. To

this solution NO gas was purged for 1 minute. After removing the excess NO by several cycles

of vacuum purge, the resulting yellowish solution was allowed to stand at room temperature for

1 h. The volume of the solution was reduced under nitrogen atmosphere in a schlenk tube and

layered with ~5 ml of ether. The solution was then kept overnight under freezer to obtain

yellow colored precipitate. The precipitate was filtered off and dried to get solid complex 5.3.
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Yield: 0.550 g (66%). C, H, N Analysis: calcd. C, 56.89%; H, 4.77%; N, 9.95%; found C,

56.86%; H, 4.75%; N, 9.99%. FT-IR (KBr pellet): 3389, 2940, 2853, 1657, 1453, 1397, 1030

and 658 cm-1. ESI-Mass (m+ 1), calcd 423.01; found: 422.99.

Scheme 5.7

5.2.9 Synthesis of complex 5.4

Similar procedure was followed for complex 5.4 as mentioned for complex 5.3. For this,

complex 5.2 (0.724 g, 2.0 mmol) was dissolved in ~10 ml of dry and degassed methanol. To

this solution NO gas was purged for 1 minute. After removing the excess NO by several cycles

of vacuum purge, the resulting light yellowish solution was allowed to stand at room

temperature for 1 h. The volume of the solution was reduced under nitrogen atmosphere in a

schlenk tube and layered with ~5 ml of ether. The solution was then kept overnight under

freezer to obtain light yellow colored precipitate. The precipitate was filtered off and dried to

get solid complex 5.4. Yield: 0.525 g (71%). C, H, N Analysis: calcd. C, 51.36%; H, 5.39%; N,
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11.23%; found C, 51.38%; H, 5.40%; N, 11.21%.  FT-IR (KBr pellet): 3421, 2947, 2843, 1648,

1453, 1309, 1028 and 683 cm-1. ESI-Mass (m + 1), calcd 375.11; found: 375.16.

Scheme 5.8

5.3 Results and discussion

The salan ligands were prepared by reducing the corresponding salen analogues using sodium

borohydride.13 The microanalyses and spectral characterization confirmed the formulation of

the ligands unambiguously (experimental section). The Fe(III) complexes, 5.1 and 5.2 were

prepared by treating iron(III) chloride, hexahydrate with equivalent amount of the ligands L5

and L6, respectively, in acetonitrile (experimental section). The complexes were characterized

by UV-visible, FT-IR, X-band EPR and ESI-mass spectroscopy (Appendix IV and figure 5.2).

The micro analytical data of complexes 5.1 and 5.2 showed good agreement with the calculated

values (experimental section).  Even after several attempts, the X-ray quality crystals were not

grown.
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(a)                                                                            (b)

Figure 5.2 ESI-mass spectra of complexes 5.1 (a) and 5.2 (b) in methanol.

5.3.1 Nitric oxide reactivity

Complex 5.1 in methanol solution shows absorption band centered at 532 nm with strong

intra-ligand absorptions in the UV-region. Upon addition of NO to the dry and degassed

methanol solution of complex 5.1, the 532 nm band disappeared with a pseudo first order rate

constant 1.2119×10-4 sec-1(Figure 5.3 (a), inset).
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 (a)                                                                            (b)

Figure 5.3  UV-visible spectra of complex 5.1 (a) and 5.2 (b) before and after purging NO in

methanol. [Inset: Time scan plot of (a) 532 nm and (b) 539 nm band after addition

of NO].

In case of complex 5.2, the absorption band at 539 nm was disappeared upon addition of excess

NO following a pseudo first order rate constant, 7.302×10-4 sec-1(Figure 5.3 (b), inset).
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In solution FT IR studies, new stretching bands were appeared at 1657 and 1648 cm-1 on

addition of excess NO to the dry and degassed methanol solution of complexes 5.1 and 5.2,

respectively (Figure 5.4). Addition of only one equivalent NO did not result in the formation of

this new stretching frequency. However, the reduction of Fe(III) center was evidenced by

UV-visible and EPR spectral studies. GC mass analyses of the reaction mixture displayed the

presence of methyl nitrite suggesting the formation of NO+ during the reaction. With other

heme and non-heme Fe(III) complexes it was found that the reaction with excess NO lead to the

reductive nitrosylation resulting in corresponding Fe(II)-nitrosyls.14 In the present case, the

new stretching bands at 1657 and 1648 cm-1 were shifted upon labeling with 15NO. Thus,

these are attributed to the stretching frequency of NO in Fe(II)-nitrosyls. In absence of

moisture, these bands were found to be stable. For non-heme iron-nitrosyl complexes having

{FeNO}7 configuration, this frequency is quite lower compared to the other reported

complexes.15 However, this is consistent with the frequency of a iron-nitrosyl complex having

[FeIII-NO-] formulation with nitroxyl-like character.16
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(a)                                                                            (b)

Figure 5.4 IR spectra of complexes 5.1 (a) and 5.2 (b) before (black trace) and after (red trace)

purging NO in methanol.

Thus, it is assumed that in the initial stage one equivalent of NO reacts with complexes 5.1 and

5.2 to afford the reduction of the Fe(III) centers in the respective complexes. In the subsequent

steps, excess NO reacts with the corresponding Fe(II) centers to results in the Fe(II)-nitrosyls. 
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The Fe(II)-nitrosyl complexes were found to be stable and were isolated as solids. The spectral

characterization of the complexes has been done (Figures 5.5 and appendix IV). Expected and

observed fragmentation in mass spectroscopy is found satisfactory (Appendix IV). However,

we could not grow the X-ray quality crystals of the complexes.

(a)                                                                            (b)

Figure 5.5 ESI-mass spectra of complexes 5.3 (a) and 5.4 (b) in methanol.

It would be worth to mention here that Caulton and coworkers earlier demonstrated the role of

NO as a reducing agent in reactions with metal salts.17 FeCl2 and CoCl2 were found to react

with NO in the presence of methanol and amines (base), to form metal nitrosyls and alkyl

nitrite.18 Other non-heme iron(III) complexes dithiocarbamate complexes, such as
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(FeIII(MGD)), iron(III) (dithiocarboxy)sarcosine (FeIII(DTCS)), the antitumor agent iron(III)

bleomycin (FeIII(Blm)), [Fe(bpb)(py)2]ClO4 (H2bpb ) 1, 2-bis(picolinamido)benzene), and

Fe(pyN4) (pyN4) 2, 6-C5H3N[CMe(CH2NH2)2]2 were reported to display similar

reactivity.19 However, in this regard, the most extensively studied non-heme iron(III) system is

nitroprusside, [Fe(CN)5(NO)]2-.18

5.3.2 DFT analysis

Since, the crystal structures of the Fe(III) complexes and corresponding Fe(II)-nitrosyls were

not grown, the DFT studies have been done on these complexes. The optimized structures of all

the four complexes are shown in figures 5.6-5.11 and their selected geometric parameters are

given in table 5.1.  It is seen from figures 5.6-5.11 and table 5.1 that the structures of the

complexes are in very good agreement with the experimental data of similar complexes. From

the DFT calculations, it has been found that for complexes 5.3 and 5.4, the calculated geometry

is distorted octahedral with the NO group coordinated to the iron at an axial site. One solvent

water molecule is coordinated to the metal center from other axial position. In the structurally

characterized iron(II)–nitrosyl complexes, the NO group was reported to be coordinated to the

iron centre at an axial site.20 In the cases of complexes 5.3 and 5.4 the calculated geometry also

suggests a bent geometry for NO coordination to the iron centre with an angle of 119.64°. The

Fe–N(NO) and N–O distances are calculated to be 1.710 Å and 1.199 Å, respectively. These

distances are little longer than the structurally reported one.15,16 It would be interesting to note

that the DFT analysis suggests that the Fe–NO bond is formed by the back donation from π*

TH-1388_09612203



Chapter 5

98

orbital of NO ligand of the d-orbitals of Fe (Figures 5.10 and 5.11). The HOMO and LUMO

energy values were also calculated in the presence of solvent. The HOMO orbital is mainly

localized on the NO group and Fe atom whereas the LUMO orbital is localized mainly on NO

group.  

(a)                                                                            (b)

Figure 5.6 Optimized structures of complexes 5.1 (a) and 5.2 (b).

(a)                                                                            (b)
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Figure 5.7 Optimized structures of complexes 5.3 (a) and 5.4 (b).

                          HOMO                                     LUMO (dxy and py orbitals of two oxygen)

Figure 5.8 HOMO-LUMO orbitals of the complex 5.1 showing the Fe-N bond.

                          HOMO                                      LUMO (dxy and py orbitals of two oxygen)

Figure 5.9 HOMO-LUMO orbitals of the complex 5.2 showing the Fe-N bond.
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 HOMO                                                             LUMO 

Figure 5.10 HOMO-LUMO orbitals of the complex 5.3 showing the Fe-N bond.

 HOMO                                                             LUMO 

Figure 5.11 HOMO-LUMO orbitals of the complex 5.4 showing the Fe-N bond.
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Table 5.1 Selected metric parameters of the complexes optimized at PBE/DNP level of

calculation.

Complex 5.1 Complex 5.2 Complex 5.3 Complex 5.4

Fe1-O1 2.031 2.038 2.352 2.294

Fe1-O2 1.894 1.899 1.938 1.953

Fe1-O3 1.890 1.899 1.919 1.934

Fe1-O5 2.047 2.039  - - 

Fe1-N1 2.066 2.021 2.026 2.025

Fe1-N2 2.069 2.033 2.035 2.024

Fe1-N3 - - 1.710 1.713

N3-O4  - - 1.199 1.199

5.4 Conclusion

Two Fe(III) complexes, 5.1 and 5.2 of salan ligands, L5 and L6, respectively, were prepared

and characterized. Addition of excess NO to the dry and degassed methanol solution of

complexes 5.1 and 5.2 resulted in the reductive nitrosylation of the iron centers leading to the

formation of corresponding Fe(II)-nitrosyl complexes, 5.3 and 5.4, respectively. The

Fe(II)-nitrosyls were isolated as solid and characterized. DFT calculations were performed to

optimize the structures of the complexes.
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Appendix I

Figure A1.1 FT-IR spectrum of ligand L1 in KBr pellet.
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Figure A1.2 1H-NMR spectrum of ligand L1 in CDCl3.

Figure A1.3 13C-NMR spectrum of ligand L1 in CDCl3.
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Figure A1.4 ESI mass spectrum of ligand L1 in methanol. 

Figure A1.5 FT-IR spectrum of complex 2.1 in KBr pellet.
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Figure A1.6 UV-visible spectrum of complex 2.1 in acetonitrile. 

Figure A1.7 UV-visible spectrum of complex 2.1 in methanol. 
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Figure A1.8 X-Band EPR spectrum of complex 2.1 in acetonitrile at 77 K.
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Figure A1.9 FT-IR spectrum of ligand L2 in KBr pellet.
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Figure A1.10 1H-NMR spectrum of ligand L2 in CDCl3.

Figure A1.11 13C-NMR spectrum of ligand L2 in CDCl3.
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Figure A1.12 ESI mass spectrum of ligand L2 in acetonitrile. 

Figure A1.13 FT-IR spectrum of complex 2.2 in KBr pellet.
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Figure A1.14 UV-visible spectrum of complex 2.2 in acetonitrile. 

Figure A1.15 UV-visible spectrum of complex 2.2 in methanol. 
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Figure A1.16 X-Band EPR spectrum of complex 2.2 in acetonitrile at 77 K.

Figure A1.17 Solution FT-IR spectra of complex 2.2 after purging NO (red trace) and
gradual decay of intensity of the peak at 1634 cm-1 in acetonitrile.
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Figure A1.18 FT-IR spectrum of modified ligand L1/ in KBr pellet.

Figure A1.19 1H-NMR spectrum of modified ligand L1/ in CDCl3.
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Figure A1.20 13C-NMR spectrum of modified ligand L1/ in CDCl3.

Figure A1.21 ESI mass spectrum of modified ligand L1/ in acetonitrile. 
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Figure A1.22 FT-IR spectrum of modified ligand L2/ in KBr pellet.

Figure A1.23 1H-NMR spectrum of modified ligand L2/ in CDCl3.
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Figure A1.24 13C-NMR spectrum of modified ligand L2/ in CDCl3.

Figure A1.25 ESI mass spectrum of modified ligand L2/ in acetonitrile. 
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Appendix II

Figure A2.1 FT-IR spectrum of ligand L3 in KBr pellet.
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Figure A2.2 1H-NMR spectrum of ligand L3 in CDCl3.
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Figure A2.3 13C-NMR spectrum of ligand L3 in CDCl3.
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Figure A2.4 FT-IR spectrum of complex 3.1 in KBr pellet.
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Figure A2.5  X-band EPR spectrum of complex 3.1 in acetonitrile.
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Figure A2.6  FT-IR spectrum of complex 3.2 in KBr pellet.
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Figure A2.7 UV-visible spectrum of complex 3.2 in acetonitrile. 
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Figure A2.8  FT-IR spectrum of complex 3.3 in KBr pellet.
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Figure A2.9 UV-visible spectrum of complex 3.3 in acetonitrile. 
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Figure A2.10 FT-IR spectrum of L3/ in KBr pellet.

TH-1388_09612203



Appendix II

123

Figure A2.11 1H-NMR spectrum of L3/ in CDCl3.
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Figure A2.12 ESI-mass spectrum of L3/ in acetonitrile.

Figure A2.13 FT-IR spectrum of L3// in KBr pellet.

TH-1388_09612203



Appendix II

126

Figure A2.14 1H-NMR spectrum of L3// in CDCl3.
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Figure A2.15 13C-NMR spectrum of L3// in CDCl3.
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Appendix III

Figure A3.1  FT-IR spectrum of L4 in KBr pellet.
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Figure A3.2 1H-NMR spectrum of L4 in CDCl3.

Figure A3.3 13C-NMR spectrum of L4 in CDCl3.

Figure A3.4  ESI-Mass spectrum of L4 in acetonitrile.
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Figure A3.5  FT-IR spectrum of complex 4.1 in KBr pellet.
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Figure A3.6  UV-visible spectrum of complex 4.1 in acetonitrile. 
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Figure A3.7  X-band EPR spectrum of complex 4.1 in acetonitrile. 
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Figure A3.8 1H-NMR spectrum of complex 4.1 in CD3OD.
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Figure A3.9  FT-IR spectrum of complex 4.2 in KBr pellet.
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Figure A3.10  UV-visible spectrum of complex 4.2 in acetonitrile.

Figure A3.11  X-band EPR spectrum of complex 4.2 in acetonitrile. 
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Figure A3.12 1H-NMR spectrum of complex 4.2 in CD3CN.

TH-1388_09612203



Appendix III

130

Figure A3.13  HRMS spectrum of complex 4.2 in acetonitrile.
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Figure A3.14  HRMS spectrum of complex 4.1 after purging NO(g) in argon atmosphere in
acetonitrile.
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Figure A3.15  FT-IR spectrum of L4/(ClO4)2 in KBr pellet.

Figure A3.16 1H-NMR spectrum of L4/(ClO4)2 in CD3OD
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Figure A3.17 13C-NMR spectrum of L4/(ClO4)2 in CD3OD.
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Figure A3.18 ESI-Mass spectrum of L4/(ClO4)2 in methanol.

TH-1388_09612203



Appendix IV

130

Appendix IV

Figure A4.1  FT-IR spectrum of L5a in KBr pellet.
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Figure A4.2  ESI-mass spectrum of L5a in methanol.
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Figure A4.3  1H-NMR spectrum of L5a in CDCl3.
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Figure A4.4  13C-NMR spectrum of L5a in CDCl3

Figure A4.5  FT-IR spectrum of L5 in KBr pellet.
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Figure A4.6  ESI-mass spectrum of L5 in methanol.
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Figure A4.7  1H-NMR spectrum of L5 in CDCl3.
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Figure A4.8  13C-NMR spectrum of L5 in CDCl3

Figure A4.9  FT-IR spectrum of L6a in KBr pellet.

TH-1388_09612203



Appendix IV

137

Figure A4.10  ESI-mass spectrum of L6a in methanol.
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Figure A4.11  1H-NMR spectrum of L6a in CDCl3.
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Figure A4.12  13C-NMR spectrum of L6a in CDCl3.

Figure A4.13  FT-IR spectrum of L6 in KBr pellet.
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Figure A4.14  ESI-mass spectrum of L6 in methanol.
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Figure A4.15  1H-NMR spectrum of L6 in CDCl3.
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Figure A4.16  13C-NMR spectrum of L6 in CDCl3.

Figure A4.17  FT-IR spectrum of complex 5.1 in KBr pellet.
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Figure A4.18  UV-visible spectrum of complex 5.1 in methanol.
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Figure A4.19   X-band EPR spectrum of complex 5.1 in methanol.
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Figure A4.20   FT-IR spectrum of complex 5.2 in KBr pellet.
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Figure A4.21   UV-visible spectrum of complex 5.2 in methanol.
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Figure A4.22   X-band EPR spectrum of complex 5.2 in methanol
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Figure A4.23    X-band EPR spectrum of complex 5.1 (black trace) after purging NO (blue

trace) in methanol.
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Figure A4.24   X-band EPR spectrum of complex 5.2 (black trace) and after purging NO (blue

trace) in methanol.
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Figure A4.25   FT-IR spectrum of complex 5.3 in KBr pellet.
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Figure A4.26   Simulated and experimental ESI-mass patterns of complex 5.3 in

methanol.
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Figure A4.27  FT-IR spectrum of complex 5.4 in KBr pellet.
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Figure A4.28   Simulated and experimental ESI-mass patterns of complex 5.4 in

methanol.
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