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Synopsis 

The thesis entitled, “Redox Reactions of NOx (x = 1, 2) with First Row Transition 

Metal Complexes” is divided into five chapters. 

Chapter 1: Introduction 

Nitric oxide (NO) has attracted enormous interest from chemists and biochemists since it 

has been discovered as a signaling agent in humans.
1 

It is also known that NO plays 

diverse roles in biological processes such as vasodilatation, muscle contraction, etc. when 

produced in low concentration.
2,3

 However, in micromolar concentration, it stimulates the 

reactive nitrogen species (RNS) and causes carcinogenesis and neurodegenerative 

disorders.
1-4 

Most of these roles played by NO in biology are attributed to the formation of 

nitrosyl complexes of the metallo-proteins, mainly iron or copper.
5 

In literature, the 

number of examples of metal nitrosyls including iron and copper are large owing to their 

biological relevance. Understanding of the versatile reactivity or decomposition pathways 

of these nitrosyl complexes has attracted enormous scientific research and the quest is still 

going on. On the other hand, NO reactivity of other first row transition metal ions have not 

been studied to that extent.
6-8

 

NO reacts rapidly with different reactive oxygen species (ROS) to result in the generation 

of powerful secondary nitrating and/or oxidizing agents, like nitrogen dioxide (NO2) and 

peroxynitrite.
9 

NO2 is believed to be the key intermediate for protein tyrosine nitration.
10

 

Hence, the reactivity of NO2 with metal ions will be of interest with a goal of elucidating 

the redox transformations between various NOx complexes. In this context, reactions of 

NO2 with iron porphyrin models were described by Kurtikyan et al.
11 

Reactions of 

nitrosyls of cobalt with various ROS have demonstrated by Nam and co-workers with N-

tetramethylatedcyclam derived ligands.
12
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Metal-nitrite species are known to involve in the oxo-transfer reactions from coordinated 

nitro-groups in transition metal complexes to appropriate oxygen acceptors, which can 

serve as important routes for oxidation of various substrates.
13-15

 Thus, interaction of NOx 

with transition metal complexes and their redox behavior is always an interesting field of 

research from coordination as well as bioinorganic chemistry perspective. 

This thesis is originated from our interest to study the redox reaction of NOx assisted by 

Fe, Cu and Co complexes. In this context, oxo transfer reactivity of copper(II)-nitrito and 

cobalt(III)-nitro complexes are discussed in the second and third chapters, respectively. 

Chapter four describes the dioxygenation of a {CoNO}
8
 species and its mechanism 

whereas the final chapter discusses the unusual decomposition of a {FeNO}
7
 species to a 

{Fe(NO)2}
9
 DNIC and a ferric complex. 

Chapter 2: Nitrogen Dioxide Reactivity of a Copper(II) Complex 

Mononuclear complex 2.1, [Cu
II
(L1H)(O2CCH3)2] of ligand L1H [L1H=4,6-di-tert-butyl-

2-((2-picolyl(isopropyl)amino)methyl)phenol] was prepared by stirring a mixture of 

copper(II) acetate monohydrate with equivalent quantity of L1H in acetonitrile. X-ray 

single crystal structure of 2.1 reveals a distorted square pyramidal geometry around Cu(II) 

center in the mononuclear unit. Two acetate anions are coordinated to the metal center and 

balance the charge of the metal ion (Figure S1). 

Addition of equivalent amount of NO2 to the dry and degassed methanol solution of 2.1 

resulted in the change of color from brown to light yellow. In the UV-visible spectral 

monitoring, the absorption bands at 470 nm (ε/M
–1

 cm
–1

, 600) and 676 nm (ε/M
–1

 cm
–1

, 

400) disappeared (Figure S2a). EPR study revealed that the solution became EPR silent 

after addition of NO2. These are attributed to the reduction of Cu(II) by NO2 to Cu(I) 

(Scheme S1). 
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        (a)               (b) 

Figure S1. (a) Ligand L1H and (b) ORTEP diagram of complex 2.1 (35% thermal ellipsoid plot; H 

atoms are not shown for clarity). 

 

Addition of equivalent amount of NO2 to the dry and degassed methanol solution of 2.1 

resulted in the change of color from brown to light yellow. In the UV-visible spectral 

monitoring, the absorption bands at 470 nm (ε/M
–1

 cm
–1

, 600) and 676 nm (ε/M
–1

 cm
–1

, 

400) disappeared (Figure S2a). EPR study revealed that the solution became EPR silent 

after addition of NO2. These are attributed to the reduction of Cu(II) by NO2 to Cu(I) 

(Scheme S1). 

           

  (a)         (b) 

Figure S2. (a) UV-visible spectra of complex 2.1 before (black), after purging 1 equivalent (red) 

and 2 equivalents (blue) of NO2 in methanol. (b) UV-visible spectra of 2.2 before (black) and after 

purging NO2 (blue) in methanol. 

 

In 
1
H-NMR spectroscopy, the broad signals of paramagnetic complex 2.1 became well-

resolved after addition of equivalent amount of NO2 suggesting the formation of 
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diamagnetic species (Figure S3). The reaction also resulted in simultaneous release of the 

tertiary butyl cation confirmed by GC-mass analysis. 
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Scheme S1. Reaction of complex 2.1 with NO2. 

 

Figure S3. 
1
H-NMR spectra of complex 2.1 before and after purging NO2 in CD3OD. (a) 2.1. (b–i) 

Complex 2.1 after the addition of 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 2.0 equiv and excess NO2, 

respectively. (inset) The aromatic region of (g) is expanded. The * marked signals are for solvent 

and # marked signal indicates the formation of (CH3)3COD. 

 

To the reaction mixture, addition of one more equivalent of NO2 resulted in the appearance 

of a new d–d band at 660 nm (ε/M
–1

 cm
–1

, 340) along with a charge transfer band at 386 
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nm (ε/M
–1

 cm
–1

, 17890) (Figure S2a). The appearance of the d–d band is presumably 

because of the formation of the corresponding intermediate [Cu
I
-NO2] complex, which can 

be considered as [Cu
II
-NO2

–
]. In EPR study, the signals characteristic of Cu(II) appeared. 

In 
1
H-NMR, the signals became broadened. The isolation of the intermediate and structural 

characterization, indeed, revealed the formulation as [Cu
II
–NO2

–
]. The ORTEP diagram of 

2.2 is shown in figure S4a. In FT-IR spectrum, it shows a new band at 1275 cm
–1 

which is 

assigned to the symmetric N–O stretching of NO2
–
. 

 

Figure S4. ORTEP diagrams of complexes (a) 2.2 and (b) 2.3 (35% thermal ellipsoid plot; H atoms 

are not shown for clarity). 

 

Further addition of NO2 in the methanol solution of 2.2 leads to the shift of λmax from 660 

to 685 nm in UV-visible spectroscopy (Figure S2b). In FT-IR studies, the NO2
–
 stretching 

at 1275 cm
–1

 disappeared with the appearance of a new intense stretching frequency at 

1384 cm
–1

. Isolation and structural characterization of the product revealed the formation 

of corresponding Cu(II) nitrate complex, 2.3. The ORTEP diagram of 2.3 is shown in 

figure S4b. In 2.3, the NO3
– 

ion is O-coordinated in monodentate fashion. Thus, the 

reaction of 2.2 with NO2 in methanol resulted in the oxo transfer leading to the formation 

of corresponding NO3
– 

complex, 2.3, and formation of NO is expected as side product. The 

release of NO was confirmed by spin trapping using iron(II)diethyldithiocarbamato 

complex. 

TH-1806_126122009



                                                                                                                              

                                                                                                                                                                 Synopsis 

vi 

 

The FT-IR spectral studies with 
18

O labeled NO2 confirmed that O-atom transfer takes 

place from free NO2 to the N-atom of Cu(II)–O–NO moiety. 

Chapter 3: Oxo Transfer Reaction in Cobalt(III)-nitro Complexes 

This chapter describes the oxo transfer reactivity of cobalt(III)-nitro complexes with 

tetradentate (L2H2, L3H2) and pentadentate (L4H2) ligands. All the complexes 

were synthesized, characterized by spectral analyses and by their single crystal 

structure determination except for 3.2 (Figure S5). 

      

   (a)               (b) 

Figure S5. ORTEP diagrams of complexes (a) 3.1 and (b) 3.3 (35% ellipsoid probability; H atoms 

and solvent molecules are not shown for clarity). 

 

In the UV-visible spectroscopy, complexes 3.1 and 3.2 in methanol solution show d-d 

transitions at 690 nm (ε/M
-1 

cm
-1

, 237) and 650 nm (ε/M
-1 

cm
-1

, 300), respectively. 

Complex 3.3, in methanol solution absorbs at 510 nm (ε/M
-1 

cm
-1

,110). All the three 

complexes are EPR inactive in X-band EPR spectroscopy confirming the presence of 

Co(III) centre. 

Addition of dimethyl sulfide (DMS) solution to dry and degassed methanol solution of 3.1 

and 3.2 at room temperature resulted in the formation of 3.4 and 3.5, respectively. The 

color of the solutions changed to reddish brown from light red in course of the reaction.  

TH-1806_126122009



 

                                                                                                                              

In UV-visible spectroscopy, the absorption bands 

respectively, diminished upon addition of DMS

In the FT-IR spectroscopy, N

cm
-1 

for 3.1 and 3.2, respectively

stretching frequencies at 16

frequencies are assignable to the coordinated 

   (a)

Figure S6. FT-IR spectra of 

(black) and after addition of DMS (red

 

Both the complexes 3.4 and 

both 3.4 and 3.5 (Figure S7

ligand and one axial NO group 

(a) 

Figure S7. ORTEP diagrams of 

and solvent molecules are not shown

 

                                                                                                                             

                                                                                                                                                                

visible spectroscopy, the absorption bands at 690 nm and 650 nm 

diminished upon addition of DMS. 

IR spectroscopy, N-O stretching of coordinated NO2
– 

groups at 

respectively, were found to diminish after addition of DMS

1650 and 1659 cm
-1

 appear, respectively (Figure 

frequencies are assignable to the coordinated NO group. 

     

(a)                     (b) 

IR spectra of complexes (a) 3.1 (black) and after addition of DMS (red

after addition of DMS (red). 

and 3.5 were characterized structurally. Single crystal structures of 

7) reveal that the cobalt is coordinated by four N

ligand and one axial NO group in a distorted square pyramidal geometry. 

      (b) 

ORTEP diagrams of complexes (a) 3.4 and (b) 3.5 (35% ellipsoid probability; 

not shown for clarity). 

                                                                                                                             

                                   Synopsis 

nm for 3.1 and 3.2, 

groups at 1358 and 1361 

, were found to diminish after addition of DMS and new 

respectively (Figure S6). These 

 

after addition of DMS (red), (b) 3.2 

Single crystal structures of 

cobalt is coordinated by four N-atoms from the 

 

(35% ellipsoid probability; H atoms 

TH-1806_126122009



                                                                                                                              

                                                                                                                                                                 Synopsis 

viii 

 

The conversion of nitro group of 3.1 and 3.2 to corresponding nitrosyl moieties 

presumably proceeds via an oxo transfer mechanism. The reaction was initiated by the 

addition of DMS and thus it expected to result in the formation of dimethyl sulfoxide 

(DMSO). GC-mass analysis of the headspace gas of the reaction mixtures shows the 

presence of unreacted DMS, while analysis of the solution part suggests the presence of 

DMSO. However, complex 3.3 was found to be inert towards oxo transfer reactivity in 

similar reaction condition. No change was observed in spectroscopic studies after addition 

of DMS. 

Chapter 4: Dioxygenation Reaction of a Cobalt-nitrosyl: Putative Formation of a 

Cobalt-peroxynitrite via a {Co(NO)(O2
–
)} Intermediate 

The bubbling of NO gas to the degassed methanol solution of the ligand L5H followed by 

the addition of an equivalent amount of cobalt acetate tetrahydrate resulted in the 

precipitation of the Co(II)-nitrosyl complex, [(L5)Co(NO)(OAc)] (4.1). Single crystal X-

ray structure determination revealed that the cobalt center is coordinated by the three N-

atoms from the ligand, one acetate and one NO group in a distorted square pyramidal 

geometry (Figure S8a). 

       

   (a)                      (b) 

Figure S8. ORTEP diagrams of complexes (a) 4.1 and (b) 4.2 (35% ellipsoid probability; H atoms 

and solvent molecules are not shown for clarity). 
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In the UV-visible spectroscopy, dichloromethane solution of 4.1 absorbs at 467 nm 

(ε/M
-1 

cm
-1

, 6230) and 348 nm (ε/M
-1 

cm
-1

, 12400). The addition of O2 gas to the 

degassed dichloromethane solution of 4.1 resulted in the appearance of bands at 477 

nm and 450 nm, respectively (Figure S9a). 

      

(a)               (b) 

Figure S9. (a) UV-visible spectra of complex 4.1 (black) and after addition of O2 (blue; 

immediately after addition and red traces) in CH2Cl2 at -20 °C. (b) FT-IR spectra of complex 4.1 

(black); immediately after addition of O2 (red) and after 1 h of addition of O2 (blue) in CH2Cl2. 

 

The compound corresponding to this final spectrum was isolated as solid and 

characterized as 4.2 [(L5)Co(NO2)(OAc)]. The complex 4.2 was further confirmed 

by structural characterization (Figure S8b). The kinetic studies revealed that the 

reaction rate of 4.1 with O2 depends on the concentration of the added O2 suggesting 

the involvement of an associative mechanism. 

In FT-IR spectrum, the addition of O2 gas to the degassed dichloromethane solution 

of 4.1 resulted in the disappearance of the NO stretching frequency at 1675 cm
-1

, 

while new band appeared at 1740 cm
-1

. This band was assigned to the NO stretching 

of the resulting intermediate, 4.1a (Figure S9b and Scheme S2). On the other hand, 

in addition to the 1740 cm
-1

 band, a new stretching frequency at 1155 cm
-1

 was 

observed in the FT-IR spectrum (Figure S9b). This frequency was sensitive to the 
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18
O2 and found to shift to 1116 cm

-1
. The observed stretching frequency at 1155 cm

-

1
 is suggestive to the formation of a metal-bound superoxide (O2

–
). 

 

          ῡNO = 1673 cm
-1            ῡNO  = 1740 cm

-1 

           
ῡO-O (

16
O2/

18
O2)  = 1155/1116 cm

-1 

     
 

Scheme S2. Reaction of complex 4.1 with O2 in CH2Cl2. 

Hence, the formulation of the intermediate 4.1a as [(L5)Co
III

(NO)(O2
–
)]

+
 is logical 

(Scheme S2). Both the 1740 and 1155 cm
-1

 bands disappeared with time and the 

appearance of two stretching frequencies at 1322 and 1297 cm
-1

 assignable to the N-

bound NO2
–
 group in 4.2 (Scheme S2) were observed. The labelling experiment 

with 
18

O2 resulted in the shift of these characteristic frequencies to 1290 and 1271 

cm
-1

, respectively suggesting the incorporation of 
18

O-atom into the 4.2.  

The decomposition of the intermediate 4.1a to 4.2 presumably proceeds via the 

formation of an ONOO
–
 intermediate, though no indication was observed in UV-

visible studies. We sought chemical evidence for the formation of ONOO
–
 

intermediate. When the oxygenation reaction of 4.1 was carried out in presence of 

2,4-di-tert-butylphenol, the formation of corresponding nitro-phenol with an 

appreciable yield was observed. Though, it is expected that the ONOO
–
 intermediate 

will afford quantitative conversion of the phenol to nitrophenol, the parallel 

decomposition of the intermediate to 4.2 resulted in the formation of nitrophenol 

with a less yield. 
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Chapter 5: Disproportionation of a {FeNO}
7
 Species into {Fe(NO)2}

9 
and Ferric 

Complex 

A dinitrosyl iron(I) complex, 5.1, [Fe(L5)(NO)2], of the tridentate N-donor ligand, L5H 

has been synthesized from the ferrous precursor. The complex 5.1 was characterized by 

single crystal X-ray structure determination. Single crystal structure of 5.1 revealed the 

presence of Fe(I)-dinitrosyl, {Fe(NO)2}
9
 moiety where Fe(I) is coordinated by three N-

atoms from the ligand and two NO groups in a trigonal bipyramidal geometry (Figure 

S10a). 

                   

    (a)                      (b) 

Figure S10. ORTEP diagrams of complexes (a) 5.1 and (b) 5.2 (30% ellipsoid probability; H 

atoms are not shown for clarity). 

 

The reaction was found to proceed through the formation of a green intermediate complex, 

5.2, which gradually decomposed to brown. Isolation and characterization of the 

complexes from the crude mixture revealed the presence of equimolar amount of 5.1 and 

5.3 (Scheme S3). 
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Scheme S3. Decompositionation of complex 5.2 in CH3CN at room temperature (RT). 

The intermediate green complex 5.2 was isolated as solid and characterized by 

spectroscopic analyses as well as by structure determination (Figure S10b). The single 

crystal structure of 5.2 revealed the presence of a monomeric {FeNO}
7
 system with Fe(II) 

center. The three N-atoms from the ligand, one NO group and a Cl atom are coordinated to 

the Fe(II) center in a distorted trigonal bipyramidal geometry. 

In UV-visible spectroscopy, complex 5.2 in acetonitrile solution absorbs at 630 nm (ε/M
−1

 

cm
−1

, 160) in the visible range. But the intensity of band was found to decrease rapidly 

(Figure S11a). In FT-IR spectrum, a strong stretching frequency was observed at 1795 cm
-

1
. It was attributed to the NO stretching of {FeNO}

7
 complex (Figure S11b). 

            

       (a)                           (b) 

Figure S11. Changes observed in (a) UV-visible spectra and (b) FT-IR spectra of complex 5.2 after 

dissloving in acetonitrile at room temperature. 
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The complex 5.2 was found to be unstable in solution at room temperature. FT-IR 

monitoring of the solution of 5.2 revealed the disappearance of the 1795 cm
-1

 band with a 

simultaneous appearance of two new stretching frequencies at 1722 and 1665 cm
-1 

(Figure 

S11b). These two bands are assignable to the NO stretching frequencies of 5.1. It is 

attributed to the disproportionation of complex 5.2 to 5.1. 

The concomitant formation of a high-spin Fe(III) complex is expected in this 

disproportionation mechanism. When the reaction was monitored by EPR spectroscopic 

studies, the frozen CH3CN solution of 5.2 displayed signal (g, 5.03 and 1.99) 

corresponding to the monomeric high-spin {FeNO}
7
 complex. When the spectrum was 

recorded at room temperature, the intensity of the signal of monomeric {FeNO}
7
 

diminished with gradual increase of the intensity of the signal of 5.1 along with signals (g , 

14.36, 6.68 and 5.13) assignable to the high-spin Fe(III) complex, 5.3. Isolation and 

characterization of 5.3 confirmed this assignment.
16
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Chapter 1 

Introduction 

 

1.1 General aspect of nitric oxide 

Nitric oxide (NO) is a diffusible and short-lived free radical gas with a wide range of 

functions in both eukaryotes and prokaryotes. It has attracted a considerable research 

interest since its discovery as a signaling molecule in cardiovascular system.
1,2

 For 

example, it has been found to play the key roles in vasodilatation, muscle contraction, 

apoptosis facilitation and neurotransmission.
3 

The physiological chemistry of NO and other 

nitrogen oxides (NOx) are believed to be mediated by their interactions with metal centers, 

especially iron and copper of metalloproteins.
4
 In this direction, the best characterized 

example is the ferro-heme enzyme, soluble guanylyl cyclise (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 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
 

Another example includes the catalytic cycle of bacterial copper containing nitrite 

reductase (Cu-NiRs) where a [Cu
I
-NO

+
 ↔ Cu

II
-NO] intermediate is known to involve in 

the conversion of NO2
–
 to NO or, in some cases to N2O (Scheme 1.1).

6 

NO reacts rapidly with other reactive species such as different reactive oxygen species 

(ROS). This type of reaction is known to involve in the generation of powerful secondary 

nitrating and/or oxidizing agents, like nitrogen dioxide (NO2) and peroxynitrite (ONOO
–
).

7
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Scheme 1.1. Catalytic cycle of Cu containing nitrite reductase enzyme (Cu-NiRs). 

NO2 is known as the key intermediate for protein tyrosine nitration.
8
 Hence, the reactivity 

of NO2 with metal ions will be of interest with a goal of elucidating the redox 

transformations between various NOx complexes. In this context, reactions of NO2 with 

iron porphyrin models were described by Kurtikyan et al.
9
 Spectroscopic analyses revealed 

that the reaction of small amounts of NO2 with sublimed thin layers of the [Fe
II
(Por)] 

complex [Por = meso-tetraphenylporphyrinato dianion, TPP, or meso-tetra-p-

tolylporphyrinato dianion, TTP] resulted in the formation of the corresponding five-

coordinate nitrito complexes [Fe(Por)(η
1
-ONO)].

9
 Further addition of NO2 led to the 

nitrato complex [Fe(Por)(η
2
-O2NO)]. Another study from the same group demonstrated the 

reaction of NO2 with amorphous layers of Mn(TPP) afforded the corresponding nitrate 

[Mn(TPP)(η
1
-ONO2)].

10
 Thus, interaction of NOx with transition metal complexes and 

their redox behaviour is always an interesting field of research from coordination as well as 

bioinorganic chemistry perspective. 

In literature, most of the examples of metal nitrosyls include iron and copper owing to their 

biological relevance. Understanding of the versatile reactivity or decomposition pathways 

of these nitrosyl complexes have attracted enormous scientific research and the quest is 

still going on. Other first row transition metal ions have not been explored that much 

though some of them show interesting reactivity towards NO. For example, cobalt 
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dinitrosyls nitrosylate alkene double bonds to result in corresponding bis-nitroso 

compounds; they catalyse the disproportionation of NO which is industrially important.
11

 

Cobalt nitrosyl complex with {CoNO}
8
 configuration has been found to be an potential 

HNO donor in recent studies.
12

  

1.2 Iron and cobalt nitrosyl complexes  

Several reports in literature describe the roles of NO as an inhibitor for metalloenzymes 

such as cytochrome P450, cytochrome oxidase, nitrile hydratase, and catalase,
 
as a substrate 

for mammalian peroxidases, and as the vasodilator carried by a salivary ferri-heme protein 

of blood-sucking insects.
13

 Heme centers are also involved in the in vivo generation of NO 

by oxidation of arginine catalyzed by nitric oxide synthase (NOS) enzymes.
14 

Ferri-heme 

proteins are known to undergo reduction to ferro-heme 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 [Fe
III

-NO ↔ Fe
II
-

NO
+
] leading to the formation of nitrite (NO2

–
).  

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

with NO is reported by Tonzetich group.
15

 In the complex [Fe(OMe)(TPP)] and  

 

Scheme 1.2. Reaction of Fe(III) complex with NO. 
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[Fe(OH)(H2O)(TMP)] (TPP= dianion of mesotetraphenylporphine; TMP = dianion of 

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

Fe
II
-NO complex when treated with NO (Scheme 1.2). 

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

ligand.
16

 Upon reaction with NO, the corresponding iron(III) complex results in nitrosyl 

which is labile and dissociates readily upon purging N2 (Scheme 1.3).  

 

Scheme 1.3. Reversible binding of NO to a ferric complex. 

Examples of the diiron dinitrosyl complex of Et-HPTB ligand {Et-HPTB=N,N,N
/
,N

/
-

tetrakis(N-ethyl-2-benzimidazolyl methyl)-2-hydroxy-1,3,diaminopropane}, as a model for 

the binding of NO to non-heme iron proteins have been reported by the Lippard’s group 

(Scheme 1.4).
17

  

 

Scheme 1.4. Binding of NO to binuclear non-heme iron complex. 

Reaction of bound nitrosyls with dioxygen can result in the formation of either nitrito or 

nitrato complexes, where the initial step is electrophilic attack of dioxygen on the nitrogen 

atom. This intermediate could then react with another nitrosyl complex and undergo O−O 

bond cleavage to form a nitrito complex or could rearrange intramolecularly to generate 
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the nitrato ligand. Recently, Kim et al. has also reported such type of reactivity with 

bidentate N-donor ligands. Dinitrosyl iron complexes with {Fe(NO)2}
10

 configuration were 

found to induce phenol ring nitration when exposed to air (Scheme 1.5). This was 

attributed to the formation of peroxynitrite intermediate which decompose to the 

corresponding nitrate complexes in absence of phenol substrate.
18

 

 

 

Scheme 1.5. Reaction of iron dinitrosyls with O2 leading to the formation of ONOO
– 
intermediate. 

Lehnert’s group reported the synthetic pathway of a {Fe(NO)2}
9
 DNIC, 

[Fe(DMP)(NO)2](OTf) {DMP = 2,9-dimethyl-1,10-phenanthroline} from a ferrous 

precursor via an unusual pathway, involving disproportionation of an {FeNO}
7
 complex to 

yield the {Fe(NO)2}
9
 DNIC and a ferric species, which is subsequently reduced by NO gas 

to generate a ferrous complex that re-enters the reaction cycle (Scheme 1.6).
19

 

 

Scheme 1.6. Formation of Fe(I)-dinitrosyl complex from ferrous precursor. 
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Caulton and co-workers, synthesized [(TMEDA)Co(NO)2][BPh4] from the reaction of 

CoCl2, two equivalents of tetramethylethylenediamine (TMEDA) and NO in dry methanol 

followed by addition of NaBPh4.
20

 Later on, this dinitrosyl was used for synthesis of other 

cobalt nitrosyl complexes.
21

 Lippard’s and Hayton’s group extensively studied the 

formation of different type of metal nitrosyl with Fe, Co, Mn, and Ni metal.
22

 For example,  

chemical reduction of dinitrosyl cobalt(I) complex with {Co(NO)2}
10

 configuration
 
 

afforded corresponding {Co(NO)2}
11 

system (Scheme 1.7).
23 

 

Scheme 1.7. Chemical reduction of {Co(NO)2}
10 

to {Co(NO)2}
11

 species. 

Recently, our group has demonstrated the NO reactivity of different cobalt complexes. The 

complexes differed from each other in terms of the denticity and flexibility of the ligand 

frameworks (Scheme 1.8).
24 

 

Scheme 1.8. Role of ligand framework in NO reactivity of Co(II) complexes. 
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Reaction of Co(II)-nitrosyl complex of 12 and 13 membered N-tetramethylated cyclam 

ligand with superoxide ion have been reported by Nam’s group. These reactions were 

found to afford corresponding Co(II)-nitrite and O2 via a presumed Co(II)-PN intermediate 

(Scheme 1.9).
25
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Scheme 1.9. Reaction of Co(II)-nitrosyl with superoxide ion.  

The cobalt-nitrosyl complex of 14 memberd N-tetramethylated cylam ligand was reported 

to react with O2 unlike the previous ones (Scheme 1.10).
26

 The dioxygenation reaction was 

proposed to occur via the formation of a Co(II)–peroxynitrite intermediate, based on the 

observation of phenol ring nitration.  

N
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Scheme 1.10. Dioxygenation of Co(II)-nitrosyl via dissociative pathway. 
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Rate of the reaction was found to be independent of the O2 concentration, indicating that 

the reaction proceeds via dissociation of NO ligand from the cobalt center to form a cage 

molecule, {(14-TMC)Co···NO}
2+

, prior to the reaction with O2.
26

 

Metal nitrosyls (MNO) could serve as an alternative platform for HNO/NO
-
 delivery. 

Indeed, the heme enzyme responsible for NO synthesis (NO synthase) has been shown to 

release HNO via a Fe-bound N-hydroxy-L-arginine intermediate in the absence of its 

biopterin cofactor. In recent years several iron-nitrosyl complexes having {FeNO}
8
 

configuration have been studied which demonstrate nitroxyl-like reactivity.
27

 But despite 

the formal assignment of the NO ligand as NO
−
 in most of the {CoNO}

8
 systems, their 

chemical reactivity had not been explored in detail given their potential as HNO donors 

until Harrop et al. reported an example of proton-induced reactivity of NO
−
 from a 

{CoNO}
8
 complex.

12
 Reaction of {CoNO}

8
 complex of {(N

1
E, N

2
E)-N

1
,N

2
-bis((1H-pyrrol-

2-yl)methylene)-4,5-dichloro-benzene-1,2-diamine} ligand with H
+
 reported to generate 

the HNO donating intermediate towards HNO targets such as Fe(II)-heme, PPh3 (Scheme 

1.11). On the other hand the HNO donating intermediate ultimately leads to the formation 

of the Co-dinitrosyl complex in the absence of an HNO target.
12 

 

Scheme 1.11. Co(II)-nitrosyl complex as HNO donor. 
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The conversion of NO2
−
 under hypoxic conditions to NO formation, the reaction which is 

catalyzed by bacterial nitrite reductases (NiR) enzyme is an important reaction involving 

metal bound NO2
−
.
6,28 

Apart from NiR activity, metal-nitrite species also involved in the 

oxo-transfer reactions from coordinated nitro-groups in transition metal complexes to 

appropriate oxygen acceptors which can serve as important routes for oxidation of various 

substrates.
29-33

 In those cases in which the nitrosyl complex thus formed is reoxidized by 

molecular oxygen, these processes may have a catalytic nature. This phenomenon is of 

special interest for metalloporphyrin nitro-complexes because of the biological 

significance of their reactions with various nitrogen-oxygen species (e.g., NO, NO2, 

OONO
–
 etc.). 

1.3 Oxygen atom transfer (OAT) reactions of coordinated nitrite 

Mascharak et al. reported the first example of a non-heme iron–nitro species that promotes 

stoichiometric and catalytic O-atom transfer to PPh3 (Scheme 1.12).
29

 

[(PaPy3)Fe(NO2)](ClO4) [PaPy3 = deprotonated N,N-bis-(2-pyridylmethyl)amine-N-ethyl-

2-pyridine-2-carboxamide] was found to undergo reversible nitrite to nitrosyl conversion 

to give a {FeNO}
7
 species. 

 

Scheme 1.12. Oxo transfer reactivity of Fe(III)-nitro complexes. 

The reactivity of five-coordinate (nitro)cobaltporphyrins in the catalytic oxidation of 

alkenes, through oxo-transfer from the coordinated nitro ligand, was reported by Nitto and 
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co-workers.
30 

The reduced cobalt(II) nitrosyl was found to be reoxidized to the cobalt(III) 

nitro in presence of molecular oxygen via peroxynitrite intermediate in solution, although 

direct observation of the intermediate was not possible (Scheme 1.13).  

 

Scheme 1.13. Catalytic oxidation of alkenes via OAT reaction. 

It was also observed that introduction of a pyridine ligand to the sixth coordination site of 

the cobalt center drastically reduce the oxidative capability of the nitro complex. These 

results were later supported by the works from Kurtikyan et al.
9,10 

Six-coordinate derivatives of the (nitro)cobalt porphyrins with nitrogen-bound
30

 or 

oxygen-bound ligands trans to the nitro ligand were found to be not reactive with alkenes. 

This was attributed to unfavorable oxo-transfer thermodynamics.
31

 However, derivatives 

with weakly bound sixth ligands are capable of alkene oxidation under appropriate 

conditions due to the five-coordinate nitro species that exists in equilibrium in solution.
31,32

 

Tovrog and coworkers has synthesized a Co(III)-NO2 complex of the Schiff base salophen, 

that undergoes catalytic O-atom transfer to Ph3P in presence of excess pyridine with a 

catalytic turnover number (TN) of 8.7 (at 60 °C) in 16 h (Scheme 1.14).
33

 The secondary 

O-atom transfer generates a five-coordinate {CoNO}
8 

intermediate, [(salophen)Co(NO)], 

which is then reoxidized to the starting [(salophen)Co(NO2)(py)] complex in the presence 

of dioxygen and pyridine. 
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Scheme 1.14. Oxo transfer from non-porphyrin Co(III)-nitro complex. 

Reactions of NO2 with iron and manganese porphyrin models were described by Kurtikyan 

et al. (Scheme 1.15).
9,34

 These reactions were shown to proceed through two distinct steps: 

(i) initially low NO2 pressure leads to the formation of corresponding O-nitrito complex; 

(ii) additional increments of NO2 result in the nitrato analogue with the release of NO. 

Studies were performed with the sublimed layers of metalloporphyrins in vacuum cryostats 

and FTIR spectroscopy using isotopic labeling. 

 

Scheme 1.15. NO2 reactivity of metal-porphyrin complexes. 

The reaction of NO2 with copper(II) nitrite complexes have not yet been studied, though 

they are relevant for copper-containing nitrite reductases (CuNiR). These results instigate 

us also to study the NO2 reactivity of a copper(II) nitrito complex along with the oxo 

transfer reactivity of several cobalt-nitro complexes. 

1.4 Scope of the thesis 

In this thesis, redox reactions of NOx assisted by transition metal complexes are presented. 

In chapter 2, oxo transfer reactivity of a Cu(II)-nitrito complex towards NO2 is studied. 

Oxo transfer from free NO2 to the nitrito complex leads to the formation of the 

corresponding Cu(II)-nitrate complex with concomitant release of NO. 
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Oxo transfer reactivity of cobalt(III)-nitro complexes with tetradentate and pentadentate 

ligands are discussed in chapter 3. Differences in reactivity for the complexes, where nitro 

complexes with tertradentate schif’s base ligands are found to be active towards oxo 

transfer reactivity unlike the pentadentate ligand counterparts. These results are in good 

agreement with the previously reported cases for the nitro porphyrin cobalt complexes. 

Since cobalt-nitrosyls having {CoNO}
8
 configuration are known to be stable, chapter 4 has 

been originated from our interest to develop stable {CoNO}
8
 complex and study its 

reactivity. Dioxygenation of the cobalt(II)-nitrosyl complex resulted in the generation of a 

superoxocobalt(III)nitrosyl intermediate via an associative pathway. This intermediate then 

decomposes to the corresponding nitrite complex. Chemical evidence suggests the 

involvement of putative peroxynitrite formation in the decomposition pathway. 

The final chapter discusses the unusual synthesis of a {Fe(NO)2}
9
 DNIC via 

disproportionation of a {FeNO}
7
 species. 
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Chapter 2 

Nitrogen Dioxide Reactivity of a Copper(II) Complex 

 

Abstract 

Reaction of Cu(II) complex [CuII(L1H)(O2CCH3)2] (2.1) [L1H = 2,4-di-tert-butyl-6-

((isopropyl(pyridin-2-ylmethyl)amino)methyl)phenol] with equivalent amount of NO2 

leads to the reduction of Cu(II) to Cu(I) with concomitant nitration at the phenol ring of the 

ligand. This resulted in the in situ formation of intermediate Cu(I) complex of the nitrated 

ligand (L1′H). Additional equivalent of NO2 coordinates to the Cu(I) complex to form 

corresponding O-nitrito Cu(II) complex [CuII(L1′)(η1-ONO)] (2.2). Subsequent addition of 

NO2 led to the corresponding O-nitrato complex, [CuII(L1′)(η1-ONO2)] (2.3) with 

concomitant formation of NO. Complexes 2.2 and 2.3 were isolated and structurally 

characterized. The formation of NO in the reaction was established by spin-trapping 

experiment. Isotopic labelling experiment revealed that the oxo transfer takes place from 

NO2 to the coordinated η1-ONO group. 
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2.1 Introduction 

The physiological chemistry of nitric oxide (NO) and other nitrogen oxides (NOx) are 

believed to be mediated by their interactions with metal centers, especially iron and copper 

of metalloproteins.1 For instance, in the state of hypoxic ischemia, nitrite (NO2
–) ion is 

believed to be reduced by heme proteins to generate NO.2 On the other hand, nitrogen 

dioxide (NO2) is known as the key intermediate for protein tyrosine nitration.3 Hence, the 

reactivity of NO2 with metal ions will be of interest with a goal of elucidating the redox 

transformations between various NOx complexes. In this context, reactions of NO2 with 

iron porphyrin models were described by Kurtikyan et al. Fourier transform infrared (FT-

IR) optical spectroscopy and isotope labelling experiments revealed that the reaction of 

small amounts of NO2 with sublimed thin layers of the [FeII(Por)] complex [Por = meso-

tetraphenylporphyrinato dianion, TPP, or meso-tetra-p-tolylporphyrinato dianion, TTP] 

resulted in the formation of the corresponding five-coordinated nitrito complexes 

[Fe(Por)(η1-ONO)].4 Further addition of NO2 led to the nitrato complex [Fe(Por)(η2-

O2NO)]. Another study from the same group demonstrated the reaction of NO2 with 

amorphous layers of Mn(TPP) afforded the corresponding nitrate [Mn(TPP)(η1-ONO2)].
5 

This reaction was shown to proceed through two distinct steps: (i) initially low NO2 

pressure leads to the formation of corresponding O-nitrito complex; (ii) additional 

increments of NO2 result in the nitrato analogue with the release of NO. Studies were 

performed with the sublimed layers of metalloporphyrins in vacuum cryostats and FTIR 

spectroscopy using isotopic labeling. The reaction of NO2 with copper(II) nitrite 

complexes have not yet been studied, though they are relevant for copper-containing nitrite 

reductases (CuNiR).6 Here we describe the reaction of NO2 with a copper(II) nitrite 

complex. 
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2.2 Results and discussion 

The ligand 2,4-di-tert-butyl-6-((isopropyl(pyridin-2-ylmethyl)amino)methyl)phenol (L1H) 

was prepared by refluxing a mixture of N-isopropyl-2-picolylamine and 2,4-di-tert-

butylphenol in the presence of formaldehyde in methanol. The formation of the ligand was 

confirmed by its spectral characterization and elemental analyses (Experimental Section). 

Mononuclear complex 2.1, [CuII(L1H)(O2CCH3)2], was prepared by stirring a mixture of 

copper(II) acetate monohydrate with equivalent quantity of L1H in acetonitrile 

(Experimental Section). X-ray single crystal structure of 2.1 was determined. The ORTEP 

diagram is shown in figure 2.1. The crystallographic data and important bond lengths and 

angles are listed in tables 2.1, 2.2 and 2.3, respectively. The crystal structure reveals a 

distorted square pyramidal geometry around Cu(II) center in the mononuclear unit. Two 

acetate anions are coordinated to the metal center and balance the charge of the metal ion. 

The phenol moiety is coordinated to Cu(II) from an equatorial site, and Cu–Ophenol distance 

is 1.960(2) Å, which is within the range of other reported analogous complexes.7 The 

equatorial Cu–Oacetate distance is 1.921(3) Å, whereas the apical one is 2.534(3) Å. 

                    

     (a)       (b) 

Figure 2.1. (a) Ligand L1H used for present study and (b) ORTEP diagram of complex 2.1 (35% 
thermal ellipsoid plot; hydrogen atoms are not shown for clarity). 
 
In methanol, 2.1 absorb at 470 nm (ε/M–1 cm–1, 600) and 676 nm (ε/M–1 cm–1, 400) along 

with strong intra ligand transitions (Figure 2.2). The 470 nm band is assigned as the charge 
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transfer, and the 676 nm band is attributed to the d–d transition. The crystalline complex 

2.1 was dissolved in methanol, and electron paramagnetic resonance (EPR) spectra were 

recorded at room temperature as well as at 77 K (Appendix I). The g∥, g⊥, and A values are 

calculated as 2.369, 2.049, and 176 x 10–4 cm–1, respectively. 

Table 2.1. Crystallographic data for complexes 2.1, 2.2 and 2.3. 

 2.1 2.2 2.3 
Formulae C28 H42 Cu N2 O5 C20 H26 Cu N4 O5 C44 H58 Cu2 N10 O12 
Mol. wt. 550.18 466.00 1046.08 
Crystal system Monoclinic Orthorhombic  Triclinic 
Space group P2(1)/c P 21 21 21 P-1 
Temperature /K 296(2) 296(2) 296(2) 
Wavelength /Å 0.71073 0.71073 0.71073 
a /Å 10.116(2) 8.1018(6) 9.4692(7) 
b /Å 15.428(3) 10.6660(7) 10.7391(7) 
c /Å 18.573(4) 25.2840(16) 12.8212(11) 
α/° 90.00 90.00 98.363(7) 
β/° 94.603(6) 90.00 106.609(7) 
γ/° 90.00 90.00 95.160(6) 
V/ Å3 2889.4(10) 2184.9(3) 1224.15(16) 
Z 4 4 1 
Density/Mgm-3 1.265 1.417 1.419 
Abs. Coeff. /mm-1 0.793 1.038 0.938 
Abs. correction Multi-scan Multi-scan Multi-scan 
F(000) 1172 972 546 
Total no. of reflections 4986 2440 4310 
Reflections, I > 2σ(I) 2360 2105 3508 
Max. 2θ/° 25.00 25.25 25.00 
Ranges (h, k, l) –11 ≤ h ≤ 11 

–18 ≤ k ≤ 18 
–19 ≤ l ≤ 21 

–8 ≤ h ≤ 7 
–10 ≤ k ≤ 10 
–25 ≤ l ≤ 25 

–11 ≤ h ≤ 11 
–12 ≤ k ≤ 12 
–15 ≤ l ≤ 11 

Complete to 2θ (%) 98.2 99.9 99.8 
Refinement method Full-matrix least-

squares on F2 
Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Goof (F2) 0.885 1.073 1.241 
R indices [I > 2σ(I)] 0.0502 0.0362 0.0471 
R indices (all data) 0.1097 0.0434 0.0602 

 
Table 2.2. Selected bond length (Å) of complexes 2.1, 2.2 and 2.3. 

 2.1 2.2 2.3 
Cu1-N1 2.015(3) 2.000(4) 1.965(2) 
Cu1-N2 2.026(3) 2.049(4) 2.015(2) 
Cu1-O1 1.960(2) 1.839(3) 1.885(2) 
Cu1-O2 2.534(3) -  
Cu1-O4 1.921(3) 1.985(4) 2.015(2) 
Cu1-O5 2.786(3) 2.732(4) 2.794(3) 
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C27-O2 1.193(7) - - 
C27-O3 1.308(6) - - 
N4-O4 - 1.250(7) 1.296(5) 
N4-O5 - 1.202(7) 1.212(8) 

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

 2.1 2.2 2.3 
N1-Cu1-N2 81.4(1) 84.6(2) 84.50(9) 
N1-Cu1-O1 170.0(1) 176.2(2) 171.61(9) 
N1-Cu1-O2 86.2(1) - - 
N1-Cu1-O4 93.8(1) 95.2(2) 94.91(2) 
N2-Cu1-O1 94.6(1) 91.7(2) 92.81(9) 
N2-Cu1-O2 93.3(1) - - 
N2-Cu1-O4 173.1(1) 168.4(2) 179.09(5) 
O1-Cu1-O2 84.9(1) - - 
O1-Cu1-O4 90.9(1) 88.5(2) 87.82(2) 
O2-N3-O3 - 122.3(5) 122.00(8) 
O4-N4-O5 - 115.6(5) 118.75(5) 

 

 

Figure 2.2. UV-visible spectra of complex 2.1 before (black) and after purging 1 equivalent of NO2 
(blue) in methanol at room temperature. 
 
Addition of equivalent amount of NO2 to the dry and degassed methanol solution of 2.1 

resulted in the change of color from brown to light yellow. In the UV–visible spectral 

monitoring, both the 470 and 676 nm bands disappeared (Figure 2.2). EPR study revealed 

that the solution became EPR silent after addition of NO2. These are attributed to the 

reduction of Cu(II) by NO2 to Cu(I) (Scheme 2.1).8 

In 1H-NMR spectroscopy, the broad signals of paramagnetic complex 2.1 became well-

resolved after addition of equivalent amount of NO2 suggesting the formation of a 
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Scheme 2.1. Reaction of complex 2.1 with NO2. 

diamagnetic species (Figure 2.3). The positions of 1H-NMR signals of the diamagnetic 

species are shifted from the positions for the free ligand. This is because of its coordination 

to the metal center. Earlier, it was reported that reduction of Cu(II) center of analogous 

complexes by NO2 resulted in the formation of nitronium ion (NO2
+), which in successive 

steps induced nitration of the phenol ring of ligand. 

 

Figure 2.3. 1H-NMR spectra of complex 2.1 before and after purging NO2 in CD3OD. (a) 2.1. (b–i) 
2.1 after the addition of 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 2.0 equivalent and excess NO2, respectively. 
(inset) The aromatic region of (g) is expanded. The * marked signals are for solvent and # marked 
signal indicates the formation of (CH3)3COD. 
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The reaction is also associated with the simultaneous release of the tertiary butyl cation.8 

Gas chromatography–mass spectrometry (GC-MS) analysis of the head space gas from the 

reaction vessel confirmed the presence of isobutylene (Appendix I). This indicates the 

formation of tertiary butyl cation during the reaction. On the other hand, presence of traces 

of water affords tertiary butyl alcohol, as expected. In the 1H-NMR studies, the reaction of 

2.1 with NO2 was found to associate with the formation of tertiary butyl signal in the 

aliphatic region (Figure 2.3). GC-MS of the reaction mixture also reveals the formation of 

tertiary butyl alcohol. Thus, it is assumed that reduction of the Cu(II) center resulted in the 

nitration of the phenol ring as observed earlier.8 This was further confirmed by isolation 

and characterization of the modified ligand (Experimental Section). 

To the reaction mixture, addition of one more equivalent of NO2 resulted in the appearance 

of a new d–d band at 660 nm along with a charge transfer band at 386 nm. The shift of 

charge transfer band is attributed to nitration at the phenol ring leading to the formation of 

modified ligand L1′H.5 The appearance of the d–d band is presumably because of the 

formation of the corresponding intermediate [CuI–NO2] complex, which can be considered 

as [CuII–NO2
–]. In X-band EPR also, the four lines characteristic for Cu(II) center 

appeared. In 1H-NMR, the signals became broadened (Figure 2.3). These all are in 

agreement with the [CuII–NO2
–] formulation of the intermediate 2.2. The isolation of the 

intermediate and structural characterization, indeed, revealed the formulation as [CuII–

NO2
–]. The ORTEP diagram of 2.2 is shown in figure 2.4a. A η1-O coordination mode of 

nitrite to the Cu(II) center is observed. It is worth mentioning that in type 2 center of 

CuNIR and in almost all of its models, the nitrite ion binds to Cu(II) in O,O mode.9 The 

Cu–Onitrito distances are 1.985(4) and 2.732(4) Å. The Cu–Onitrito bonding distances in other 

reported examples are ∼2 Å. Cu–O–N angle is 116.0(4)°. The N–O distances are 1.250(7) 

and 1.202(7) Å. Note that though in comparison to other known Cu(II) nitrito complexes 
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this binding mode is uncommon, in cases of nitrito complexes of metallo-porphyrins, this 

is mostly observed mode.4,5 In FT-IR spectrum, the band at 1275 cm–1 is assigned to the 

symmetric N–O stretch, υs(N–O) of nitrite (Appendix I).9 

 

Figure 2.4. ORTEP diagrams of complexes (a) 2.2 and (b) 2.3 (35% thermal ellipsoid plot; 
hydrogen atoms are not shown for clarity). 

 
Addition of NO2 in the methanol solution of 2.2 leads to the shift of λmax from 660 to 685 

nm in UV-visible spectroscopy. In FT-IR studies, the nitrite stretching at 1275 cm–1 

disappears with the appearance of a new intense stretching band at 1384 cm–1 (Appendix 

I). Isolation and structural characterization of the product revealed the formation of 

corresponding Cu(II) nitrate complex, 2.3. The single-crystal X-ray structure of 2.3 is 

shown in figure 2.4b. In 2.3, the nitrate ion is O-coordinated in a monodentate fashion. 

In ESI-mass spectrum, the peak observed at m/z 900.088 corresponds to the mass of nitrato 

bridged dicopper unit [{CuII(L1′)}2(NO3)]
+ (Appendix I). Expected and observed 

fragmentations in MS are found satisfactory. Thus, reaction of 2.2 with NO2 in methanol 

results in the oxo transfer leading to the formation of corresponding nitrate complex, 2.3 

and formation of NO is expected as side product. The release of NO was confirmed by 

GC-MS as well by spin trapping using iron(II)diethyldithiocarbamato complex.10 

Note that addition of excess NO2 in the methanol solution of 2.1 was found to result in the 

nitrato complex, 2.3 as the final product with simultaneous release of NO. In earlier 
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reports, Kurtikyan et al. has shown, using spectroscopic studies, that the reaction of 

Fe(II)(TPP) and Mn(II)(TPP) [TPP = meso-tetra-p-tolylporphyrinato dianion) with NO2 

leading to the formation of corresponding nitrato complex proceeds in two stages.4,5 Low 

NO2 pressure and short reaction time results in NO2 coordination to the metal center and 

gives O-nitrito complex of Fe(III)(TPP) and Mn(III)(TPP), respectively. This was also 

reported earlier by Suslick and Watson.11 Subsequently, presence of additional NO2 leads 

to the formation of the corresponding η1-ONO2 complexes, presumably with the formation 

of NO.4,5 

The conversion of 2.2 to 2.3, i.e., O-nitrito to O-nitrato analogue in the presence of NO2, 

can be envisaged by two pathways as suggested earlier by Kurtikyan et al. in case of 

Fe(II)(TPP) or Mn(II)(TPP) complex.4,5 The first mechanism would involve the attack of 

NO2 to the coordinated O atom of nitrito moiety leading to the formation of O-nitrato 

analogue with concomitant displacement of NO from the originally coordinated nitrite 

(Scheme 2.2). Alternatively, oxygen atom transfers from free NO2 to the nitrito N of 

Cu(II)–O–NO moiety (Scheme 2.2), which results in the O-nitrato analogue complex and 

NO. Though the possibility of the first pathway is very rare as the homolytic cleavage of 

O–N bond of O-nitrito Cu(II) complex is not known, to establish the mechanism, isotope 

labelling experiments were performed. 

If the first pathway is operating, addition scrambled 16/18O2 N will always result in 2.3 with 

single mass corresponding to [Cu(L1′)(16O2N
18O)] with the formation of only N16O 

(Appendix I). On the other hand, if the second mechanism is operating, two equal intensity 

mass signals for [Cu(L1′)(16O2N
18O)] and [Cu(L1′)(N16O3)] are expected. 

The mass spectrum of the reaction mixture, indeed, shows the presence of two equal 

intensity signals at m/z 902.0107 and 904.0239, respectively, for [{CuII(L1′)}2(N
16O3)]

+ 
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and [{CuII(L1′)}2(
18ON16O2)]

+ moiety (Appendix I). Thus, the second pathway is 

suggested as the most probable one (Scheme 2.2). On the other hand, when the reaction 

was performed with 15NO2, the GC-MS analysis of the head space gas reveals the presence 

of 15NO only (Appendix I). This is also in accord with the proposed mechanism (Scheme 

2.2). 
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Scheme 2.2. Representative scheme for the probable mechanism. 

 
The oxo transfer from NO2 to Cu(II) nitrito complexes has not yet been observed, though 

found in Fe(II) and Mn(II) TPP complexes. However, only spectroscopic evidence was 

given for the intermediate steps. The reactivity of the present Cu(II) complex towards oxo 

transfer is perhaps due to the monodentate O-nitrito coordination of nitrite ion, which 

activates the nitrite for the reaction. This is in accord with the observations found in cases 

of other metal porphyrin complexes. 
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2.3 Experimental section 

2.3.1 Materials and methods 

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

used as received except specified. 18O2 was purchased from Icon Isotopes. Deoxygenation 

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

with nitrogen or argon for 30 min. NO2 was used from cylinder after purification using 

reported methods.4,5 18ONO gas was prepared by the reaction of purified NO with 18O2 in 

an airtight glass chamber fitted with a stoppered outlet at room temperature followed by 

removal of excess O2 by passing through O2 trap. Further purification was done following 

earlier reported methods of fractional distillation.4,5 The isotopic enrichment of 18O in 

16/18O2N is 50% as measured by GC-MS. The dilution of NO2 was effected with argon gas 

using Environics Series 4040 computerized gas dilution system. UV-visible spectra were 

recorded on a PerkinElmer Lambda 750 UV-vis spectrophotometer. FT-IR spectra of the 

solid samples were taken on a PerkinElmer spectrophotometer with samples prepared as 

KBr pellets. Solution electrical conductivity was measured using a Systronic 305 

conductivity bridge. 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 EPR spectra were recorded on a JES-

FA200 ESR spectrometer, at room temperature or at 77 K with microwave power of 0.998 

mW, microwave frequency of 9.14 GHz, and modulation amplitude of 2. Elemental 

analyses were obtained from a PerkinElmer Series II Analyzer. The magnetic moment of 

complexes was measured on a Cambridge Magnetic Balance. 

Single crystals were grown by slow diffusion followed by slow evaporation technique. The 

intensity data were collected using a Bruker SMART APEX-II CCD diffractometer, 
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equipped with a fine focus 1.75 kW sealed tube Mo Kα radiation (λ = 0.710 73 Å) at 

293(3) K, with increasing ω (width of 0.3° per frame) at a scan speed of three seconds per 

frame. The SMART software was used for data acquisition.12 Data integration and 

reduction were undertaken with SAINT and XPREP software.13 Structures were solved by 

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

SHELXL-97.14 Structural illustrations were drawn with ORTEP-3 for Windows.15 

2.3.2 Synthesis of ligand L1H [L1H = 2,4-di-tert-butyl-6-((isopropyl(pyridin-2-

ylmethyl)amino)methyl)phenol] 

2-Picolylamine (1.08 g, 10 mmol) was dissolved in 20 mL of acetone and was stirred for 2 

h to give Schiff’s base, after which acetone was completely removed under vacuum. Then 

imine was dissolved in methanol (ca. 50 mL), and 2.1 equivalent of NaBH4 was added 

slowly with continuous stirring. After completion of the reduction, the solvent was 

removed under vacuum, and to the crude mass 50 mL of water was added. The pH of the 

solution was maintained at ∼7 pH by adding acetic acid. N-isopropyl-2-picolylamine was 

extracted from the solution by using dichloromethane (3 x 50 mL). Yield: 1.21 g (80%). 

N-isopropyl-2-picolylamine (760 mg, 5 mmol), 2,4-di-tert-butylphenol (1.03 g, 5 mmol), 

and formalin (1.06 g of 37% solution, 13 mmol) were taken in methanol (ca. 10 mL), and 

the reaction mixture was refluxed for 24 h. Methanol was removed by using rotary 

evaporator, and after that 50 mL of water was added to the crude mixture; the organic part 

was extracted by dichloromethane. Purification using alumina column chromatography 

yielded pure ligand L1H. Yield: 1.19 g (65%). Elemental analysis for C24H36N2O, calcd 

(%): C, 78.21; H, 9.85; N, 7.60; found (%): C, 78.28; H, 9.87; N, 7.73. FT-IR (KBr pellet) 

2961, 1593, 1482, 1390, 1360, 1238, 1166, 1080 cm–1: 1H-NMR: (400 MHz, CDCl3): δppm: 

8.51–8.50 (1H, d), 7.65–7.61 (1H, t), 7.42–7.40 (1H, d), 7.19 (1H, s), 7.15–7.12 (1H, t), 
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6.87 (1H, s), 3.80 (2H, s), 3.78 (2H, s), 3.15–3.06 (1H, m), 1.42 (9H, s), 1.27 (9H, s), 1.16–

1.14 (6H, d). 13C-NMR: (100 MHz, CDCl3): δppm: 159.1, 154.5, 149.1, 140.6, 136.8, 135.6, 

124.0, 123.7, 122.9, 122.3, 121.5, 55.7, 53.8, 49.7, 35.1, 34.3, 31.9, 29.8, 17.3. Mass: 

Calcd: (368.283), Found: 369.295 (M+1). 

2.3.3 Synthesis of complexes 

(i) 2.1, [Cu(L1H)(O2CCH3)2] 

To a stirred solution of copper(II) acetate monohydrate Cu(OAc)2·H2O (0.398 g, 2 mmol) 

in acetonitrile (ca. 20 mL) was added a solution of L1H (0.740 g, 2 mmol) in chloroform 

(ca. 20 mL). The reaction mixture was stirred for 2 h, and then the volume was reduced 

under vacuum to ∼5 mL. A layer of benzene (10 mL) was made, and the mixture was kept 

in freezer over night to obtain 2.1 as green crystalline solid. Yield: 0.94 g (85%). 

Elemental analysis for C28H42CuN2O5.CH3CN, calcd (%): C, 60.94; H, 7.67; N, 7.11; 

found (%): C, 60.99; H, 7.66; N, 7.19. UV–visible (methanol): λmax 676 nm (ε/M–1 cm–1, 

400) and 470 nm (ε/M–1 cm–1, 600). X-band EPR (in methanol at 77 K): g∥, 2.369; g⊥, 

2.049. FT-IR (KBr pellet): 2948, 1707, 1687, 1610, 1587, 1474, 1385, 1288, 1174, 766 

cm–1. The complex 2.1 behaves as non-electrolyte in methanol solution [ΛM (S cm–1), 54]. 

The calculated magnetic moment is found to be 1.65 µB. 

(ii) 2.2, [Cu(L1′)(η
1
-ONO)] 

Complex 2.1 (550 mg, 1.0 mmol) was dissolved in dry methanol (ca. 20 mL) in a Schlenk 

flask fitted with a rubber septum and degassed using argon gas. To this, 2 equivalent of 

NO2/Ar (1:25 v/v) were added through a gastight syringe, and the mixture was stirred for 

1/2 h. This volume of the solution was reduced under vacuum to ∼5 mL, and a layer of 

diethyl ether (∼10 mL) was made. The mixture was kept in freezer over night to afford 2.2 
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as greenish solid. Yield: 0.350 g (∼75%). Elemental analysis for C20H26CuN4O5, calcd 

(%): C, 51.55; H, 5.62; N, 12.02; found (%): C, 51.61; H, 5.61; N, 12.10. UV-visible 

(methanol): λmax 660 nm (ε/M–1 cm–1, 240), 386 nm (ε/M–1 cm–1, 17890). X-band EPR (in 

methanol at 77 K): g∥, 2.367; g⊥, 2.058. FT-IR (KBr pellet): 2953, 1611, 1588, 1428, 1275, 

1199, 1110, 770 cm–1. The complex 2.2 behaves as non-electrolyte in methanol solution 

[ΛM (S cm–1), 40]. The calculated magnetic moment is found to be 1.68 µB. 

(iii) 2.3, [Cu(L1′)(η
1
-ONO2)] 

To a degassed solution of 2.1 (275 mg, 0.5 mmol) in dry methanol (ca. 10 mL), excess 

NO2 gas was purged for 1 min. The resulting green colored solution was dried under 

vacuum to reduce its volume to ∼5 mL. Diethyl ether (ca. 20 mL) was then added to give 

green precipitate of 2.3. Product was further crystallized from acetonitrile solvent. Yield: 

168 mg (70%). Elemental analysis for C22H29CuN5O6.CH3CN, calcd (%): C, 51.10; H, 

5.72; N, 14.89; found (%): C, 51.16; H, 5.74; N, 14.98. UV-visible (methanol): λmax 685 

nm (ε/M–1 cm–1, 245), 370 nm (ε/M–1 cm–1, 18840). X-band EPR (in methanol at 77 K): g∥, 

2.362; g⊥, 2.060. FT-IR (KBr pellet): 2946, 1611, 1585, 1492, 1384, 1295, 1107, 776 cm–1. 

The complex 2.3 behaves as non-electrolyte in methanol solution [ΛM (S cm–1), 47]. The 

calculated magnetic moment is found to be 1.60 µB. Alternatively, 2.3 can also be prepared 

by purging NO2 into the methanol solution of 2.2. 

2.3.4 Isolation of modified ligand, L1′H [L1′H = 2-(tert-butyl)-6-((isopropyl(pyridin-2-

ylmethyl)amino)methyl)-4-nitrophenol] 

To 30 mL of methanol solution of 2.1 (550 mg), equivalent amount of freshly prepared 

NO2/argon (1:25 v/v) was added through a gastight syringe. This resulting solution was 

allowed to stir for 10 min at room temperature. Then it was opened to air and continued 
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stirring for 1 h. The solvent was removed under vacuum using rotavapor, and then excess 

of aqueous Na2S was added to give black precipitate. Solution was filtered and modified 

ligand L1′H was extracted with dichloromethane. Yield: 215 mg (60%). Elemental 

analyses for C20H27N3O3, calcd (%): C, 67.20; H, 7.61; N, 11.76; found (%): C, 67.29; H, 

7.62; N, 11.87. FT-IR (in KBr): 2967, 1590, 1515, 1476, 1438, 1335, 1285, 1166, 1099, 

902, 749 cm–1. 1H-NMR: (400 MHz, CDCl3): δppm: 8.56 (1H, s), 8.09 (1H, s), 7.83 (1H, s), 

7.68–7.64 (1H, t), 7.32–7.30 (1H, d), 7.19 (1H, s), 3.88 (2H, s), 3.81 (2H, s), 3.13–3.10 

(1H, m), 1.42 (9H, s), 1.18–1.16 (6H, d).). 13C-NMR: (100 MHz, CDCl3): δppm: 164.0, 

157.5, 149.4, 139.2, 137.5, 136.9, 123.5, 123.2, 122.6, 122.5, 54.8, 53.3, 49.9, 35.1, 29.1, 

17.2. Mass: Calcd: (357.205), Found: 358.173 (M+1). 

2.3.5 Spin-trapping experiment to establish the formation of NO 

Complex 2.2 (300 mg) was dissolved in dry and degassed methanol (15 mL) in a Schlenk 

flask attached through a rubber tubing to another flask containing a solution of [FeII(dtc)2] 

(100 mg in 20 mL of acetonitrile). Equivalent amount of NO2 gas (diluted using Ar gas; 

NO2/Ar, 1:25 v/v) was purged in the solution of 2.2 using a gastight syringe. The mixture 

was stirred for 10 min. Ar gas was bubbled for 5 min through the reaction mixture to push 

the gas mixture into the flask containing [FeII(dtc)2]. X-band EPR spectrum of this solution 

was then recorded to establish the presence of NO (Appendix I). 

2.4 Conclusion 

Thus, the reaction of Cu(II) complex [CuII(L1H)(O2CCH3)2] (2.1) with equivalent amount 

of NO2 resulted in reduction of Cu(II) to Cu(I) with concomitant nitration at the phenol 

ring. The in situ generated intermediate Cu(I) complex of the nitrated ligand reacts with 

additional equivalent of NO2 to afford corresponding O-nitrito Cu(II) complex, 

[CuII(L1′)(η1-ONO)] (2.2). It was not observed earlier. Subsequent addition of NO2 led to 
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the corresponding O-nitrato complex [CuII(L1′)(η1-ONO2)] (2.3) with concomitant 

formation of NO. Complexes 2.2 and 2.3 were isolated and structurally characterized. 

Isotopic labeling experiment revealed that the oxo transfer takes place from NO2 to the 

coordinated η1-ONO group. The oxo transfer, though reported in cases of iron and 

manganese porphyrin complexes, was not found in literature in copper complexes. 
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Chapter 3 

Oxo Transfer Reaction in Cobalt(III)-nitro Complexes 
 

Abstract 

The oxo transfer reactivity in three Co(III)-nitro complex; 3.1, 3.3 and 3.3 have been 

studied in degassed methanol solution with DMS. The complexes differ from each other 

from denticity and flexibility of the ligand frameworks. In case of 3.1 and 3.2 with 

tetradentate ligand, they give six coordinated nitro complexes with a weekly coordinated 

solvent molecule and were found to be active towards oxo transfer reaction 

stoichiometrically. On the other hand 3.3 with pentadentate ligand does not undergo the 

reaction in the given reaction condition. 
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3.1 Introduction 

The development of metal catalysts that activate dioxygen and promote oxygen atom (O-

atom) transfer has received increasing attention because of its biological significance and 

potential industrial applications.1 In general, O-atom transfer reactions can be classified 

into two categories, namely, primary and secondary O-atom transfer. Primary O-atom 

transfer, which proceeds via metal-oxo intermediates (Mn+
=O, where n = 4 or 5 and M = 

Mn, Fe, Ru or Re etc.), have been utilized to oxidize a variety of substrates, such as carbon 

monoxide, phosphines, and olefins.2 In secondary O-atom transfer reactions, the oxygen 

atom transferred to the substrate is derived from a coordinated ligand.1,3 An important set 

of such O-atom transfer reactions employs a coordinated nitro (NO2) group. To date, 

various Fe(III)-NO2 and Co(III)-NO2 complexes, mostly derived from porphyrin and 

porphyrin-like ligands (heme-type catalysts), have been used to oxidize a variety of 

substrates that include nitric oxide, nitrite, carbon monoxide, dioxygen, dimethyl sulfide, 

alkenes, alcohols, phosphines and styrene via a nitro-nitrosyl redox couple.4-6 The Fe(III)-

NO2 complexes have drawn special attention as biomimetic models of cytochrome P450 

and nitrite reductase.7 In contrast, the number of non-heme Fe(III)-NO2 and non-porphyrin 

Co(III)-NO2  catalysts that undergo stoichiometric, as well as catalytic, O-atom transfer 

remains quite limited. 

This chapter demonstrates the difference of oxo transfer reactivity of cobalt(III)-nitro 

complexes with tetradentate and pentadentate salen type ligands. For the present study 2,4-

di-tert-butylphenol derived three imine ligands [{L2H2 = 6,6'-((1E,1'E)-(((1R,2R)-

cyclohexane-1,2-diyl)bis(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-butyl-

phenol)}; {L3H2 = 6,6'-((1E,1'E)-(propane-1,3-diyl)bis(azanylylidene)bis(methanyl-

ylidene))bis(2,4-di-tert-butylphenol)} and {L4H2  = 6,6'-((1E,1'E)-((azanediylbis(ethane-
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2,1-diyl))bis(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-butylphenol)}] have been 

used (Figure 3.1). 

 

Figure 3.1. Ligands used for present study. 

3.2 Results and discussion 

The ligands were prepared by the general reaction of 3,5-di-tert-butylsalicylaldehyde with 

corresponding amine following an earlier reported procedure.8 All the ligands were 

characterized by spectroscopic analyses as well as elemental analyses (Experimental 

Section). 

Metallation was achieved by stirring the ligand with equivalent amount of cobalt(II) 

acetate tetrahydrate  in methanol followed by the addition aqueous sodium nitrite solution 

(Experimental Section). The complexes were isolated as solid and characterized by spectral 

analyses (Experimental Section and Appendix II) and by their single crystal structure 

determination except for 3.2. The ORTEP views of the complexes are given in figure 3.2. 

The crystal structure reveals that in 3.1, the metal ion, Co(III) is in distorted octahedral 

geometry. Four N-atoms from ligand moiety occupy the square plane; one N-atom from 

nitro group and one solvent molecule occupies the axial positions. In 3.3, Co(III) is also 

hexa-coordinated with five N-atoms from the ligand and one N-atom of nitro group to give 

a distorted octahedral geometry. The average Co-N distances were 1.889 and 1.919 Å, 
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respectively for 3.1 and 3.2. The N-O distances of the coordinated NO2
– were {1.244(8), 

1.233(8)} and {1.256(6), 1.230(6)} Å, respectively. The Co-Ophe average bond distances 

were 1.891 and 1.899 Å, respectively. These values in the present cases are very much in 

agreement with the earlier reported cobalt(III)-nitro and cobalt(III)-phenolato complexes.9 

The crystallographic data, selected bond distances and angles are listed in tables 3.1, 3.2 

and 3.3, respectively. However, even after several attempts X-ray quality single crystal of 

3.2 was not obtained. 

            

(a)                   (b) 

Figure 3.2. ORTEP diagrams of complexes (a) 3.1 and (b) 3.3 (35% ellipsoid probability; H atoms 
and solvent atoms are not shown for clarity). 

 
In the UV-visible spectroscopy, 3.1, 3.2 and 3.3 in methanol solution show d-d transition at 

690 nm (ε/M-1 cm-1, 237), 650 nm (ε/M-1 cm-1, 300) and 510 nm (ε/M-1 cm-1, 110), 

respectively. All the three complexes are inactive in X-band EPR spectroscopy confirming 

the presence of Co(III) centre. ESI-mass spectrometry also confirms the formation of the 

corresponding complexes (Appendix II). 

Oxo transfer reactivity 

Addition of dimethyl sulfide (DMS) solution in methanol to dry and degassed methanol 

solution of complexes 3.1 and 3.2 at room temperature resulted in the formation of 

complexes 3.4 and 3.5, respectively (Scheme 3.1). 
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Table 3.1. Crystallographic data of complexes 3.1, 3.3, 3.4 and 3.5. 

 3.1 3.3 3.4 3.5 

Formulae C37 H55 Co N3 O6 C34 H51 N4 Co O5 C44 H68 Co N3 O5 C68 H99 Co2 N7 O6 
Mol. wt. 696.77 654.72 777.94 12228.40 
Crystal system Triclinic  Monoclinic Monoclinic Triclinic 
Space group P-1 P21/c I2/c P-1 
Temperature /K 293(2) 293(2) 293(2) 293(2) 
Wavelength /Å 0.71073 0.71073 0.71073 0.71073 
a /Å 9.627(4) 177236(10) 33.5265(20) 14.3890(12) 
b /Å 13.2214(11) 18.5021(7) 10.2466(6) 14.9164(11) 
c /Å 16.8280(16) 12.1585(4) 28.366(2) 17.4843(14) 
α/° 77.494(8) 90.00 90.00 77.639(6) 
β/° 77.36(2) 102.530(5) 115.702(8) 70.221(7) 
γ/° 88.740(18) 90.00 90.00 86.431(6) 
V/ Å3 2039.7(8) 3892.1(3) 8780.5(9) 3449.2(5) 
Z 2 4 8 2 
Density/Mgm-3 1.134 1.117 1.177 1.183 
Abs. Coeff. /mm-1 0.463 0.480 0.435 0.533 
Abs. correction Multi-scan  Multi-scan Multi-scan Multi-scan 
F(000) 746 1400 3360 1316 
Total no. of 
reflections 

7170 6848 7936 15582 

Reflections, I > 
2σ(I) 

3603 4392 5247 9750 

Max. 2θ/° 25.00 25.00 25.25 25.00 
Ranges (h, k, l) -10≤ h ≤11 

-15≤ k ≤15 
-19≤ l ≤ 19 

-21≤ h ≤20 
-21≤ k ≤22 
-14≤ l ≤ 12 

–40 ≤ h ≤ 40 
–12 ≤ k ≤ 10 
–21 ≤ l ≤ 34 

–19 ≤ h ≤ 19 
–16 ≤ k ≤ 18 
–23 ≤ l ≤ 22 

Complete to 2θ 
(%) 

99.7 99.8 99.8 99.8 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Goof (F2) 1.055 0.979 1.182 0.806 
R indices [I > 
2σ(I)] 

0.1063 0.0708 0.0730 0.0610 

R indices (all 
data) 

0.1738 0.1104 0.1116 0.1058 

 

Table 3.2. List of selected bond lengths of complexes 3.1, 3.3, 3.4 and 3.5. 

 3.1 3.3 3.4 3.5 

N3-O3 1.244(8) - 1.085(6) 1.032(8) 
N3-O4 1.233(8) - - - 
Co1-N1 1.877(7) 1.887(5) 1.893(3) 1.915(3) 
Co1-N2 1.895(5) 1.943(4) 1.879(3) 1.920(3) 
Co1-N3 1.896(7) 1.917(4) 1.809(5) 1.792(4) 
Co1-O1 1.895(4) 1.895(3) 1.877(3) 1.904(2) 
Co1-O2 1.887(5) 1.903(3) 1.869(3) 1.876(2) 
N4-O3 - 1.256(6) - - 
N4-O4 - 1.230(6) - - 
Co1-N4 - 1.929(5) - - 
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Table 3.3. List of selected bond angles of complexes 3.1, 3.3, 3.4 and 3.5. 

 3.1 3.3 3.4 3.5 

N1-Co1-O1 94.1(2) 95.07(16) 92.98(13) 90.96(10) 
N1-Co1-O2 174.1(3) 87.91(17) 169.81(14) 147.55(12) 
N2-Co1-O2 94.1(2) 90.79(16) 93.78(13) 92.59(11) 
N2-Co1-O1 179.2(3) 177.96(16) 161.49(14) 176.26(12) 
N1-Co1-N2 85.2(3 85.75(19) 85.03(14) 90.15(12) 
N3-Co1-O5 179.5(3) - - - 

O1-Co1-O2 86.6(2) 91.11(15) 84.94(12) 84.57(10) 

N1-Co1-N3 - 166.02(17) 95.59(19) 102.92(19) 

Co1-N3-O3 118.7(6) - 125.8(5) 130.6(9) 
Co1-N3-O4 120.3(6) - - - 
O3-N3-O4 121.0(8) - - - 
O3-N4-O4 - 119.0(5) - - 
Co1-N4-O3 - 120.8(4) - - 
Co1-N4-O4 - 120.0(4) - - 

 

 

Scheme 3.1. Reaction of complexes 3.1 and 3.2 with DMS in methanol. 

The color of the solutions changed to reddish brown from light red in course of the 

reaction. In UV-visible spectroscopy, the absorption bands at 690 and 650 nm for 3.1 and 

3.2, respectively diminished upon addition of DMS (Figure 3.3). In FT-IR spectroscopy, 

N-O stretching of coordinated NO2
– groups which appear at 1358 and 1361 cm-1, 

respectively, for 3.1 and 3.2, were found to diminish after addition of DMS and new 

stretching frequencies appeared at 1650 and 1659 cm-1 (Figure 3.4). 
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1,4,7,10-tetraazacyclododecane) and [(13-TMC)Co

tetramethyl-1,4,7,10-tetraazacyclotridecane), these frequencies

observed at 1712 and 1716 cm−1, respectively.11 In X-band EPR studies, 

were found to be inactive supporting the formation of {CoNO}8 species.

ion peak  at m/z 603.29 and 563.36 respectively (Appendix II
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Both the complexes 3.4 and 3.5 were characterized by single crystal X-ray structure 

determination. ORTEP diagrams are shown in figure 3.5. Single crystal structures of both 

3.4 and 3.5 reveal the presence of {CoNO}8 moieties where cobalt is coordinated by four 

N-atoms from the ligand to occupy the square plane and one axial NO group which gives a 

distorted square pyramidal geometry. The Co-NNO distances were 1.809(5) and 1.792(4) Å, 

respectively for 3.4 and 3.5. The N-O distances of the coordinated NO were 1.085(6) and 

1.032(8) Å, respectively. This distance is within the range of bent nitrosyls. In cases of 

[(12-TMC)Co(NO)]2+ and [(13-TMC)Co(NO)]2+, the N-O bond lengths were 1.155 and 

1.159 Å respectively.11 The Co-N-O angles are 125.8° and 130.6°, respectively in 3.4 and 

3.5 suggesting a large bending of the metal nitrosyl unit. For [(12-TMC)Co(NO)]2+ and 

[(13-TMC)Co(NO)]2+, the Co-N-O angles were reported as 128.50° and 124.4°, 

respectively. The values in the present cases are very much in agreement with the earlier 

reported [CoIII(NO−)] complexes. The bending nature is also consistent with the NOˉ 

description.10,11 

       

(a)           (b) 

Figure 3.5. ORTEP diagrams of complexes (a) 3.4 and (b) 3.5 (35% ellipsoid probability; H atoms 
and solvent atoms are not shown for clarity). 
 
The conversion of nitro groups of 3.1 and 3.2 to corresponding nitrosyl moieties is 

presumably proceeds via an oxo transfer mechanism. The reaction is initiated by the 

addition of DMS and thus it is expected to result in the formation of dimethyl sulfoxide 

(DMSO). GC-mass analysis of the headspace gas of the reaction mixtures shows the 
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presence of unreacted DMS, while analysis of the solution part suggests the presence of 

DMSO (Appendix II). Again, addition of equivalent amount of DMS only results in 

formation of DMSO, but when the reaction was performed with two or more equivalents of 

DMS, presence of excess DMS was observed. This also confirms that the reaction was 

stoichiometric in nature and was not found to be catalytic even when reaction was 

performed in presence of O2. This can be attributed to the un-reactive nature of the 3.4 and 

3.5 towards O2 in the given reaction conditions. However, complex 3.3 was found to be 

inert toward oxo transfer reactivity in similar reaction condition. No spectral change was 

observed after addition of DMS. 

Thus, while moving from complexes 3.1, 3.2 to 3.3, the oxo transfer reactivity of the 

complexes changes. The ligand framework including denticity has a considerable effect on 

dictating oxo transfer reactivity of a complex. 

3.3 Experimental section 

3.3.1 Materials and methods 

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

used as received. All the reactions were performed under inert conditions unless specified. 

Deoxygenation of the solvent and solutions was effected by repeated vacuum/purge cycles 

or bubbling with argon for 30 min. UV-visible spectra were recorded on an Agilent 

Technologies Cary 8454 UV-visible spectrophotometer. FT-IR spectra of the samples were 

taken on a Perkin Elmer spectrophotometer with samples prepared either as KBr pellets or 

in dichloromethane solution in KBr cell. 1H-NMR spectra were recorded in a 600 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 
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temperature 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.  

Single crystals were grown by slow evaporation of solvents from the corresponding 

complex solutions. 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 293(3) K, with increasing ω (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.12 Multi-scan empirical 

absorption corrections were applied to the data using the program SADABS.13 Structures 

were solved by direct methods using SHELXS-2014 and refined with full-matrix least 

squares on F2 using SHELXL-2014/7.14 Structural illustrations have been drawn with 

ORTEP-3 for Windows.15 

3.3.2 Synthesis of ligands 

(i) L2H2 [L2H2 = 6,6'-((1E,1'E)-(((1R,2R)-cyclohexane-1,2-diyl)bis(azanylylidene))-

bis(methanylylidene))bis(2,4-di-tert-butylphenol)] 

The imine ligand, L2H2 was prepared following an earlier reported procedure.16 trans-1,2-

Cyclohexanediamine (1.14 g, 10 mmol) was treated the presence of 2 equivalent of 2,4-di-

tert-butylsalicylaldehyde (4.68 g, 20 mmol) in 20 mL ethanol solution at room 

temperature. The reaction mixture was allowed to stir for 4 h. A yellow colored solid was 

precipitated out. It was filtered off and washed with cold ethanol. After washing the solid 

was dried in air and kept in desiccators for overnight. Yield: 4.81 g (88%). Elemental 

analyses for C36H54N2O2, Calcd (%): C, 79.07; H, 9.95; N, 5.12. Found (%): C, 78.95; H, 
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9.98; N, 5.24. FT-IR (in KBr): 3430, 2959, 2867, 1630, 1468, 1438, 1270, 1173, 878, 772, 

644 cm-1. 1H-NMR (400 MHz, CDCl3): δppm, 8.30 (1H, s), 7.30-7.29 (1H, d), 6.99-6.98 

(1H, d), 3.35-3.28 (1H, m), 2.02-1.93 (2H, m), 1.80-1.69 (2H, m), 1.41 (9H, s), 1.23 (9H, 

s). 13C-NMR (100 MHz, CDCl3): δppm, 166.0, 158.2, 140.1, 136.5, 126.9, 126.2, 118.0, 

72.6, 35.1, 34.2, 33.5, 31.6, 29.6, 24.6. 

(ii) L3H2 [L3H2 = 6,6'-((1E,1'E)-(propane-1,3-diyl)bis(azanylylidene)bis-

(methanylylidene))bis(2,4-di-tert-butylphenol)] 

The reported imine ligand L3H2 was also prepared following the same procedure as for 

L2H2. To the solution of 1,3-diaminopropylamine (0.6 g, 10 mmol) in 10 mL ethanol, 20 

mL ethanol solution of 2,4-di-tert-butylsalicylaldehyde (4.68 g, 20 mmol) was added drop 

wise at room temperature. The reaction mixture was allowed to stir for 4 h till yellow 

colored precipitate formed. It was filtered off and washed with cold ethanol. After washing 

the solid was dried in air and kept in desiccators for overnight. Yield: 4.1 g (83%). 

Elemental analyses for C33H50N2O2, Calcd. (%): C, 78.21; H, 9.95; N, 5.53. Found (%): C, 

78.05; H, 9.98; N, 5.65. FT-IR (in KBr): 3436, 2958, 2867, 1632, 1466, 1441, 1275, 1254, 

1173, 1032, 829, 774 cm-1. 1H-NMR (400 MHz, CDCl3): δppm, 8.37 (1H, s), 7.37-7.36 (1H, 

d), 7.07-7.06 (1H, d), 3.70-3.67 (2H, t), 2.14-2.07 (1H, m), 1.43 (9H, s), 1.28 (9H, s). 13C-

NMR (100 MHz, CDCl3): δppm, 167.7, 158.3, 140.2, 136.8, 127.1, 126.0, 118.0, 57.0, 35.3, 

34.4, 31.9, 31.7, 29.6. 

(iii) L4H2 [L4H2 = 6,6'-((1E,1'E)-((azanediyl)bis(ethane-2,1-diyl))bis-

(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-butylphenol)] 

The reported imine ligand L4H2 was also prepared following the same procedure as for 

L2H2. N-(2-aminoethyl)ethane-1,2-diamine (1.03 g, 10 mmol) was taken in a round 
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bottom flask in 50 mL of ethanol. To this, 2.96 g (20 mmol) of 2,4-di-tert-

butylsalicylaldehyde was added drop wise. The reaction mixture was stirred for 2 hour to 

give yellow precipitate of ligand L4H2. Yield:  2.75 g (75%). Elemental analyses for 

C34H53N3O2, Calcd (%): C, 76.22; H, 9.97; N, 7.84; Found (%): C, 76.08; H, 9.95; N, 7.95. 

FT-IR (in KBr): 3438, 2957, 2867, 1631, 1472, 1441, 1360, 1272, 1248, 1175, 880, 773 

cm-1. 1H-NMR (400 MHz, CDCl3) δppm: 8.41 (1H, s), 7.41-7.40 (1H, d), 7.11-7.10 (1H, d), 

3.74-3.72 (2H, t), 3.03-3.01 (2H, t), 1.46 (9H, s), 1.32 (9H, s). 13C-NMR (100 MHz, 

CDCl3) δppm: 167.3, 158.2, 140.2, 136.8, 127.1, 126.1, 118.0, 59.8, 50.1, 35.2, 34.3, 31.7, 

29.6.  

3.3.3 Synthesis of complexes 

(i) 3.1, [(L2)Co(NO2)(CH3OH)] 

Cobalt(II) acetate tetrahydrate (1.25 g, 5 mmol) was taken in a 50 mL round bottom flask, 

dissolved in 10 mL of methanol. To this, equivalent amount of ligand L2H2 (2.73 g, 5 

mmol) in hot methanol (25 mL) was added followed by the addition of 2 mL of an aqueous 

solution of sodium nitrite (10 mmol) and stirred for 24 h in aerobic condition. Resulting 

brown colored solution was dried under vacuum, and residue was washed with distilled 

water. Finally it was kept in desiccators for overnight and was then recrystallized from 

slow evaporation of methanol/chloroform solution. Yield: 2.11 g (70%). Elemental 

analyses for C36H52N3O4Co, Calcd (%): C, 66.55; H, 8.07; N, 6.47. Found (%): C, 66.47; 

H, 8.20; N, 6.59. FT-IR (in KBr): 3436, 2950, 2864, 1632, 1526, 1436, 1407, 1358, 1314, 

1166, 782 cm-1. UV-visible (methanol): 690 nm (ε/M-1cm-1, 237). Mass (m/z): calcd: 

649.33 for [Co(L2)(NO2)], found: 650.31 (M+1). 

(ii) 3.2, [(L3)Co(NO2)(CH3OH)] 
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Complex 3.2 was prepared with ligand L3H2 following the same procedure as for 3.1 (2.46 

g, 5 mmol). Even after several attempts X-ray quality crystals were not grown. Yield: 

1.77g (72%). Elemental analyses for C33H48N3O4Co, Calcd (%): C, 65.01; H, 7.94; N, 

6.89. Found (%): C, 64.95; H, 7.98; N, 6.92. FT-IR (in KBr): 2953, 2867, 1620, 1513, 

1436, 1408, 1361, 1318, 1171, 778 cm-1. UV-visible (CH3OH): 650 nm (ε/M-1cm-1, 300). 

Mass (m/z): calcd: 609.30 for [Co(L3)(NO2)], found: 610.36 (M+1). 

(iii) 3.3, [(L4)Co(NO2)] 

Complex 3.3 was prepared with ligand L4H2 following the same procedure as for 3.1 (2.46 

g, 5 mmol). X-ray quality crystals were grown by slow diffusion of dichloromethane 

solution. Yield: 1.77g (72%). Elemental analyses for C34H51N4O4Co, Calcd (%): C, 63.93; 

H, 8.05; N, 8.77. Found (%): C, 63.88; H, 8.17; N, 8.71. FT-IR (in KBr): 2955, 2868, 

1636, 1530, 1437, 1362, 1314, 1169, 780 cm-1. UV-visible (methanol): 510 nm (ε/M-1 cm-

1, 110). Mass (m/z): calcd: 638.32 for [Co(L4)(NO2)], found: 639.34 (M+1). 

(iv) 3.4, [(L2)Co(NO)] 

To a degassed solution of 3.1 (89 mg, 0.2 mmol) in methanol (ca. 5 mL), excess of DMS 

(1 mmol) was added. The solution was then allowed to stir for 2 h at room temperature. To 

this resulting light reddish brown solution, degassed diethyl ether (ca. 20 mL) was added 

and kept in freeze for overnight. Dark brown solid of 3.4 was obtained and washed with 

cold and degassed methanol. Yield: (77%). X-ray quality crystals were obtained when 

saturated THF solution was kept at room temperature for several days. Elemental analyses 

for C36H52N3O3Co, Calcd (%): C, 68.23; H, 8.27; N, 6.63. Found (%): C, 68.05; H, 8.44; 

N, 6.77. FT-IR (KBr pellet): 2952, 2863, 1650, 1611, 1525, 1432, 1322, 1255, 1167, 783 

cm-1. Mass (m/z): calcd: 603.33 for [Co(L2)]+, found: 603.29. 
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(v) 3.5, [(L3)Co(NO)] 

Complex 3.5 was prepared from 3.2 following the same procedure as for 3.4. Yield: (68%). 

X-ray quality crystals were grown from slow diffusion of acetonitrile solution into diethyl 

ether at room temperature. Elemental analyses for C33H48N3O3Co, Calcd (%): C, 66.76; H, 

8.15; N, 7.08. Found (%): C, 66.68; H, 8.23; N, 7.10. FT-IR (KBr pellet): 2954, 2868, 

1659, 1615, 1532, 1454, 1409, 1319, 1172, 784 cm-1. Mass (m/z): calcd: 563.31 for 

[Co(L3)]+, found: 563.36. 

3.3.4 Detection of DMSO by GC-mass 

Dilute methanol solution of complexes 3.1 or 3.2 was taken in a 10 mL round bottom flask. 

To this, two equivalent of DMS solution in methanol was added and was allowed to stir for 

2 h. Analysis of the headspace gas of the reaction mixture by GC-mass suggests the 

presence of unreacted DMS. The resulting solution was then dried under vaccum and 

residue was washed with hexane to collect the organic part for GC-mass analysis. 

Formation of DMSO was observed. When the same reaction was carried out with 

equivalent amount of DMS, presence of excess DMS was not observed in GC-mass. 

3.4 Conclusion 

The oxo transfer reactivity of three Co(III)-nitro complex; 3.1, 3.3 and 3.3 have been 

studied in degassed methanol solution with DMS. The complexes differ from each other 

from denticity and flexibility of the ligand frameworks. In case of 3.1 and 3.2 with 

tetradentate ligand, they give six coordinated nitro complexes with a weekly coordinated 

solvent molecule and were found to be active towards oxo transfer reaction 

stoichiometrically. On the other hand complex 3.3 with pentadentate ligand does not 

undergo the reaction in the given reaction condition. 
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Chapter 4 

Dioxygenation Reaction of a Cobalt-nitrosyl: Putative 

Formation of a Cobalt–peroxynitrite via a {CoIII(NO)(O2
–)} 

Intermediate 
 

Abstract 

A cobalt-nitrosyl complex, [(L5)Co(NO)(OAc)], 4.1  {L5H = 1,3-bis(2/-

pyridylimino)isoindol} was prepared and characterized. Structural characterization 

revealed that the cobalt center is having a distorted square pyramidal geometry with 

the NO group coordinated from the apical position in a bent fashion. The addition of 

dioxygen (O2) to the dichloromethane solution of complex 4.1 resulted in the 

formation of nitro complex, [(L5)Co(NO2)(OAc)], 4.2. It was characterized 

structurally. Kinetic studies suggested the involvement of an associative mechanism. 

FT-IR spectroscopic studies suggested the formation of the intermediate 4.1a 

[(L5)CoIII(NO)(O2
-)(OAc)] in the reaction. The intermediate 4.1a decomposed to 

complex 4.2 via a presumed peroxynitrite intermediate which was implicated by its 

characteristic phenol ring nitration reaction.   
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4.1 Introduction 

Nitric oxide (NO) is an important regulatory molecule in mammalian biology. It is 

known to play the key roles in diverse biological processes such as 

neurotransmission, immune response etc.1-4 It has been found that the 

submicromolar concentrations of NO are sufficient for its functions but an 

overproduction of it has a detrimental effect due to the formation of peroxynitrite 

anion (PN, ONOO–) and other secondary reactive nitrogen species which induce 

oxidative damage to DNA, lipids, proteins etc.5,6 Nitric oxide deoxygenases (NOD) 

are known to control the level of NO in biological systems. In NODs, the reaction of 

the Fe(III)-superoxide species with NO results in the biologically benign nitrate 

(NO3
–) ion.7 This reaction is believed to proceed through the formation of a metal-

peroxynitrite intermediate.7,8 It is believed that ONOO– intermediate forms in the 

diffusion controlled reaction between NO and superoxide anion or H2O2 and  nitrite 

(NO2
–) in the presence of the peroxidase enzymes.9 

The biological relevance of NO inspires a wide range of studies of its coordination 

and interaction with transition metal centers and subsequently, their dioxygenation 

reaction. An extensive study has been done in this direction with the Fe-proteins and 

their models.7,10 Recently, the examples involving other transition metal ions in the 

generation and reactivity of ONOO– are reported.11 Recently, Karlin’s group 

reported the example of a peroxynitrite complex from the reaction of a mixed-valent 

nitrosyl complex of Cu(I)Cu(II), [CuI,II
2(UN-O–)(NO)]2+ with O2. It has been shown 

that the reaction resulted in the corresponding superoxide and nitrosyl adduct, 

[CuII
2(UN-O–)(NO)(O2

–)]2+ in the first step and it was subsequently converted to the 

corresponding peroxynitrite complex.12 A Cu-peroxynitrite intermediate was also 
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proposed recently in the reaction of a Cu(I)-nitrosyl complex with O2 to result in the 

corresponding NO2
–.13 Recently, it has been shown that the reaction Cu(II)-nitrosyl 

complexes with H2O2 results in the copper-nitrato complexes via a presumed Cu-

peroxynitrite intermediate.14 The reaction of non-heme Cr(IV)-peroxo and Cr(III)-

superoxo complexes with NO were reported to result in the presumed Cr(III)-

peroxynitrite intermediate.15 A Co-nitrosyl complex was reported to react with O2 to 

result in the corresponding nitrite (NO2
–) product by Clarkson and Basolo.16 The 

Co(III)-nitrosyl complexes of 12 and 13 membered N-tetramethylated cyclam 

ligands, [(12-TMC)CoIII(NO)]2+ and [(13-TMC)CoIII(NO)]2+ [12-TMC = 1,4,7,10-

tetramethyl-1,4,7,10-tetraazacyclododecane] were reported to react with the 

superoxide ion resulting in the Co(II)-nitrite where the involvement of Co(III)-

peroxynitrite intermediate was presumed.17 Very recently it has been demonstrated 

that a nitrosyl complex of Co-porphyrinate reacts with H2O2 to result in Co(III)-

nitrite.18 The chemical evidence suggested the involvement of a peroxynitrite 

intermediate in the reaction. Thus, the reaction of metal-nitrosyl complexes with O2, 

O2
– or O2

2– is of potential interest from the NOD point of view. On the other hand, a 

pyrrole/imine ligand derived cobalt nitrosyl complex having {CoNO}8 configuration 

has been shown to serve as potential HNO donor.19 

The Co-nitrosyl complexes having {CoNO}8 configuration has attracted attention since  

they can serve as the good replacement of {FeNO}8 complexes which are inherently 

reactive.19 On the other hand, cobalamins (Cbls) are  known to react with NO to form 

nitrosocobalamins (NOCbls) in diffusion controlled rate and are believed to scavenge NO 

efficiently in vivo.20 In addition, the Co-containing systems are found more promising with 

respect to the observation of peroxynitrite complexes.11 In the present work, a cobalt(II) 

complex of a tridentate N-donor ligand, 1,3-bis(2/-pyridylimino)isoindol (L5H) (Figure 
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4.1) has been used for the preparation of nitrosyl complex followed by its study with 

dioxygen. The spectral characterization and kinetics studies suggest that in the present 

study the reaction of the {CoNO}8 complex with O2 led to the formation of an unusual 

 

Figure 4.1. Ligand L5H used for the present study. 

superoxide species, [(L5)Co(NO)(O2
−)]+ which then resulted in the corresponding nitro 

product in subsequent step. Chemical evidence suggests the involvement of a putative 

peroxynitrite intermediate in the process of decomposition of the [(L5)Co(NO)(O2
−)]+ to 

the nitro complex. 

4.2 Results and discussion 

The ligand L5H, 1,3-bis(2/-pyridylimino)isoindol was prepared using earlier reported 

procedure by Siegl and coworkers.21 It was characterized using FT-IR, 1H-NMR 

spectroscopy and ESI-mass spectrometry and microanalysis (Experimental Section). These 

data matched well with the earlier reported one. The bubbling of NO gas to the degassed 

methanol solution of the ligand followed by the addition of an equivalent amount of cobalt 

acetate tetrahydrate resulted in the precipitation of the Co(II)-nitrosyl complex, 

[(L5)Co(NO)(OAc)] (4.1) (Scheme 4.1 and Experimental Section). It was isolated as solid 

and characterized by spectroscopic analyses as well as by single crystal X-ray structure 
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determination. The ORTEP diagram of complex 4.1 is shown in figure 4.2a. The 

crystallographic data and metric parameters are listed in the tables 4.1, 4.2 and 4.3. 

 

Scheme 4.1. Synthesis of complex 4.1. 

 

(a)       (b) 

Figure 4.2. ORTEP diagram of complexes (a) 4.1 and (b) 4.2 (35% ellipsoid probability; H atoms 
and solvent molecule are not shown for clarity). 

 
The crystal structure revealed that the cobalt center is in distorted square pyramidal 

geometry. The O-atom from monodentate acetate group and the three N-atoms from the L5 

moiety formed the square plane and the NO group is coordinated from the apical position. 

The Co-NNO distance is 1.828(8) Å. The N-O distance and the Co-N-O angle were 

1.014(8) Å and 132.7(7)°, respectively.  Though the Co-NNO distance is within the range of 

other reported values in analogous complexes, the N-O distance is relatively shorter.17,22 

The bent geometry of the cobalt-nitrosyl, 4.1 is consistent with the {CoNO}8 configuration 

as per the Enemerk-Feltham notation.23  
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It is to be noted that in cases of recently structurally characterized Co-nitrosyl complexes 

of 12 and 13 membered N-tetramethylated cyclam ligands, [(12-TMC)Co(NO)]2+ and [(13-

TMC)Co(NO)]2+, the Co-N-O angles are 128.5 and 124.4°; whereas, the N-O distances are 

1.155 and 1.159 Å, respectively.17b 

Table 4.1. Crystallographic data of complexes 4.1 and 4.2. 

 4.1 4.2 

Formulae C21 H15 N6 Co O4 C20 H15 N6 Co O5 
Mol. wt. 474.32 478.31 
Crystal system Monoclinic Monoclinic 
Space group I2/m P21/n 
Temperature /K 293(2) 293(2) 
Wavelength /Å 0.71073 0.71073  
a /Å 8.5221(9) 8.7548(8) 
b /Å 16.0737(15) 11.7772(11) 
c /Å 15.6997(17) 18.9485(17) 
α/° 90.00 90.00 
β/° 105.719(13) 93.988(7) 
γ/° 90.00 90.00 
V/ Å3 2070.2(4) 1949.0(3) 
Z 4 4 
Density/Mgm-3 1.522 1.630 
Abs. Coeff. /mm-1 0.871 0.930 
Abs. correction Multi-scan Multi-scan 
F(000) 968 976.0 
Total no. of reflections 1895 3417 
Reflections, I > 2σ(I) 1347 2432 
Max. 2θ/° 24.999 24.997 
Ranges (h, k, l) -10≤ h ≤9 

-11≤ k ≤19 
-18≤ l ≤ 18 

-9≤ h ≤10 
-10≤ k ≤14 
-20≤ l ≤ 22 

Complete to 2θ (%) 99.7 99.8 
Refinement method Full-matrix least-

squares on F2 
Full-matrix least-
squares on F2 

Goof (F2) 0.847 1.009 
R indices [I > 2σ(I)] 0.0557 0.0775 
R indices (all data) 0.0820 0.1068 

 

In case of Co(II)-nitrosyl complex of N1-(2,4,6-trimethylbenzyl)-N2-(2-((2,4,6-

trimethylbenzyl)amino)ethyl-1,2-diamine ligand having {CoNO}8 description, the 

Co-NNO distance was reported to be 1.765(10) Å; whereas, the N-O distance and 
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Co-N-O angles were 1.103(9)Å and 124.6(10)°.24 The short Co-NNO distance is an 

indication of greater extent of metal-nitrosyl back bonding. In this case of 5-

coordinated square pyramidal Co(II)-nitrosyl, the NO stretching frequency appeared 

at 1659 cm-1.24  

Table 4.2. List of selected bond lengths (Å) of complexes 4.1 and 4.2. 

 4.1 4.2 
N4-O3 1.014(8) - 
Co1-N1 1.970(4) 1.964(4) 
Co1-N3 1.879(5) 1.858(5) 
Co1-N4 1.828(8) - 
Co1-O1 1.941(4) 1.989(4) 
N2-C6 1.301(6) 1.295(6) 
N6-O3 - 1.208(7) 
N6-O4 - 1.204(7) 
Co1-N5 - 1.978(5) 
Co1-N6 - 1.890(6) 
Co1-O2 - 2.016(4) 

 

Table 4.3. List of selected bond angles (°) of complexes 4.1 and 4.2. 

 4.1 4.2 

N1-Co1-N1 177.7(2) - 
N1-Co1-N3 91.11(10) 91.50(19) 
Co1-N4-O3 132.7(7) - 
N3-Co1-O1 158.3(2) 159.6(2) 
O1-Co1-O2 56.75(18) 64.99(17) 
N1-Co1-N5 - 173.73(19) 
Co1-N6-O3 - 115.8(5) 
Co1-N6-O4 - 121.5(5) 
O3-N6-O4 - 122.6(6) 

 

In FT-IR spectrum of 4.1, the NO stretching frequency appeared at 1673 cm-1. 

However, in case of [(12-TMC)Co(NO)]2+ and [(13-TMC)Co(NO)]2+, the nitrosyl 

stretching frequency appeared at 1712 and 1716 cm-1 in acetonitrile solution.17b The 

complex 4.1 was silent in the X-band EPR spectroscopy which is consistent with its 

{CoNO}8 description (Appendix III). The ESI-mass spectrum of 4.1 was populated 

by the molecular ion peak at m/z 387.28 which is assignable to the [(L5)Co(NO)]+ 
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unit (calculated m/z, 387.04) (Appendix III). The observed isotopic distribution 

pattern was found to match well with the simulated one. 

Dioxygen reactivity of 4.1 

In the UV-visible spectroscopy, dichloromethane solution of 4.1 absorbs at 467 nm 

(ε/M-1cm-1, 6230), 348 nm (ε/M-1cm-1, 12400) (Figure 4.3). The addition of O2 gas 

to the degassed dichloromethane solution of 4.1 at -20 °C resulted in the appearance 

of bands at 477 nm and 450 nm, respectively (Figure 4.3a). The intensity of these 

bands were found to increase gradually with time and reached to the maximum 

within 30 minutes of O2 addition. The compound corresponding to this final 

spectrum was isolated as solid and characterized as 4.2 [(L5)Co(NO2)(OAc)] 

(Experimental Section).  

    

   (a)                (b) 

Figure 4.3. (a) UV-visible spectra of complex 4.1 (black) and after addition of O2 (blue; 
immediately after addition and red lines) in CH2Cl2 at -20 °C. (b) FT-IR spectra of 4.1 (black); 
immediately after addition of O2 (red; *

υNO shifted to 1740 cm-1 and #
υO-O appeared at 1155 cm-1) 

and after 1/2 h of addition of O2 (blue) in CH2Cl2. 

 
The kinetic studies revealed that the reaction of 4.1 with O2 depends on the 

concentration of the added O2 (Figure 4.4) suggesting the involvement of an 

associative mechanism.17a It is to be noted that the Co-nitrosyl complex of 14 
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It is to be noted that O2 is known to bind with Co(II) and other transition metal ions 

in their reduced state to result in electron transfer reactions leading to the formation 

of corresponding Co(III)-superoxide complex.27 The observed stretching frequency 

at 1155 cm-1 is also suggestive to the formation of a metal-bound superoxide.27 

Hence the formulation of the intermediate 4.1a as [(L5)CoIII(NO)(O2
–)]+ is logical 

(Scheme 4.2). Both the 1740 and 1155 cm-1 bands disappeared with time and the 

appearance of two stretching frequencies at 1322 and 1297 cm-1 assignable to the 

nitro group in 4.2 were observed (Appendix III).18,28 The labelling experiment with 

18O2 resulted in the shift of these characteristic frequencies to 1290 and 1271 cm-1, 

respectively suggesting the incorporation of 18O-atom into the 4.2 (Appendix III). It 

was further confirmed by isolation of 4.2 followed by structural characterization. It 

is to be noted that the O2 addition to the solution of 4.1 led to the formation of the 

superoxo species 4.1a which is thermally unstable and decomposes to the 

corresponding nitro complex 4.2 quite fast. The spectrum, we could manage to 

record with our existing facility, thus contains the stretching of the nitro product as 

impurity. It should be noted that in UV-visible spectroscopic monitoring, the 

formation of the two new bands at 450 and 477 nm were observed which correspond 

to the decomposition product, 4.2. The reaction proceeds through clean isosbestic 

points indicating the involvement of only one new species. No indication of 

formation of any intermediate was observed in the reaction even at -40 °C. This is 

perhaps because of the very fast reaction at the concentration of ca. 0.2 mM which 

was used for UV-visible study. The complex 4.2 was isolated as solid and 

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

determination. The ORTEP diagram of 4.2 is shown in figure 4.2b.  
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The diamagnetic nature of 4.2 is in agreement with the presence of trivalent Co 

center in it. In the ESI-mass spectrum of 4.2, the [(L5)Co(NO2)]
+ was observed at 

m/z 403.06 (calculated 403.03). When the reaction was carried out with 18O2, the 

molecular ion peak of 4.2 appeared at m/z 405.10 (Appendix III) suggesting the 

incorporation of one O-atom from the added O2. 

The decomposition of the intermediate 4.1a to 4.2 presumably proceeds via the 

formation of a putative peroxynitrite intermediate, though no indication was 

observed in UV-visible studies. We sought chemical evidence to establish the 

formation of peroxynitrite intermediate. In this regard the nitration of the phenol 

ring has been reported extensively as evidence in favour of the formation of 

peroxynitrite intermediate.11b,e,f,16 When the oxygenation reaction of 4.1 was carried 

out in presence of 2,4-di-tert-butylphenol (DTBP), the formation of corresponding 

nitrophenol with an yield of ca. 50% (Experimental Section) was observed (Scheme 

4.3). Though, it is expected that the peroxynitrite intermediate will afford 

quantitative conversion of the phenol to nitrophenol, the parallel decomposition of 

the intermediate to 4.2 at the reaction temperature resulted in the formation of 

nitrophenol with a less yield. 

 

Scheme 4.3. Reaction of complex 4.1 with O2 in presence of DTBP. 

However, when DTBP was added in the reaction mixture after the addition of O2 in 

the solution of 4.1 at -20 °C, the isolation of the products using chromatographic 
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purification revealed the exclusive formation of 4.2 with unreacted DTBP (ca. 

94%). Thus, it is implicated that the reaction of 4.1 with O2 resulted in the formation 

of a peroxynitrite species via 4.1a. It should be noted that only 4.1 or 4.2 did not 

result phenol ring nitration at the experimental condition. 

The decomposition of the presumed peroxynitrite intermediate to 4.2 could be 

envisaged either through the release of ½O2 or via the mechanism proposed by 

Basalo where a peroxynitrite intermediate interacts with one unit of nitrosyl 

complex in fast step to result in –N-O-O-N- linkage which decomposed to two units 

of corresponding nitro complex.16 Although, there is no direct evidence to confirm 

which mechanism is operating in the present case, considering the yield of isolated 

nitrophenol (ca. 50%), the first pathway seems more logical. 

4.3 Experimental section 

4.3.1 Materials and methods 

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

used as received except specified. All the reactions were performed under inert conditions 

unless specified. 18O2 was purchased from Icon Isotopes. Deoxygenation of the solvent and 

solutions was effected by repeated vacuum/purge cycles or bubbling with argon for 30 

min. UV-visible spectra were recorded on an Agilent Technologies Cary 8454 UV-visible 

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

spectrophotometer with samples prepared either as KBr pellets or in dichloromethane 

solution in KBr cell. 1H-NMR spectra were recorded in a 600 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 
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(EPR) spectra were recorded on a JES-FA200 ESR spectrometer, at room temperature 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. 

Kinetic study:  The rates of the reactions of 4.1 with different O2 concentration were 

followed by monitoring the UV-visible spectral change of the solution using Agilent 

Technologies Cary 8454 UV-visible spectrophotometer installed with Chemstation kinetics 

software. The instrument was equipped with a Unisoku cryostat USP- 203 B having 

thermostated cell holder. For the kinetic study, the  temperature was regulated at 25 °C. O2 

gas was diluted with Ar using Environics Series 4040 computerized gas dilution system 

and then the calculated amount was added to the reaction mixture through a gas tight 

Hamilton syringe. 

Single crystals were grown by slow evaporation of methanol and CH2Cl2 solution of 4.1 

and 4.2, respectively. 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 293(3) K, with increasing ω (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.29 Multi-scan empirical 

absorption corrections were applied to the data using the program SADABS.30 Structures 

were solved by direct methods using SHELXS-2014 and refined with full-matrix least 

squares on F2 using SHELXL-2014/7.31 Structural illustrations have been drawn with 

ORTEP-3 for Windows.32 

4.3.2 Syntheses of ligand L5H [L5H= 1,3-bis(2
/
-pyridylimino)isoindol] 

Ligand L5H was synthesized following an earlier reported procedure with a minor 
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modification.21 A mixture of 1,2-dicyanobenzene (2.56 g, 20 mmol), 2-aminopyridine 

(3.95 g, 42 mmol) and CaCl2 (0.22 g, 2 mmol) in 30 mL 1-butanol was refluxed for 48 h. 

Upon cooling to room temperature, the product began to precipitate. The precipitate was 

collected by filtration, washed with water and recrystallized as pale yellow needles from 

ethanol/water. Yield: 4.42 g (ca. 74%). Elemental analyses for C18H13N5: Calcd. (%):  C, 

72.23; H, 4.38; N, 23.40; found (%): C, 72.29; H, 4.36; N, 23.51. FT-IR (KBr pellet): 

3061, 1631, 1582, 1457, 1429, 1305, 1259, 1220, 1098, 1034, 793 cm-1. 1H-NMR: (600 

MHz, CDCl3): δppm: 8.62-8.61 (1H, d), 8.09-8.07 (1H, dd), 7.78-7.75 (1H, t), 7.66-7.64 (1H, 

dd), 7.47-7.45 (1H, d), 7.13-7.11 (1H, t). 13C-NMR: (150 MHz, CDCl3): δppm: 160.7, 

154.0, 148.0, 138.3, 136.0, 131.9, 123.4, 122.8, 120.4. Mass (m/z): calcd: 299.12, found: 

300.03 (M+1). 

4.3.3 Synthesis of complexes 

(i) 4.1, [(L5)Co(NO)(OAc)] 

To an over saturated solution of L5H (150 mg, 0.5 mmol) in 10 mL methanol, NO gas was 

bubbled for 2 min followed by the addition of Co(OAc)2·4H2O (125 mg, 0.5 mmol) in 

methanol (ca. 10 mL). The reaction mixture was stirred for 5 min which resulted in dark 

brown precipitate. The excess of NO gas was removed by bubbling with Ar. Then the 

precipitate was filtered using a Schlenk frit fitted in the Schlenk line. Finally precipitate 

was washed under Ar with degassed methanol to get the pure 4.1. X-ray quality crystal of 

4.1 was obtained when the reaction mixture was allowed to stand for 1-2 days.  Yield: 123 

mg (55%). Elemental analyses for C20H15CoN6O3: Calcd. (%):  C, 53.82; H, 3.39; N, 

18.83; found (%): C, 53.73; H, 3.42; N, 18.90. UV-visible (dichloromethane): λmax 467 nm 

(ε/M-1 cm-1, 6230), 348 nm (ε/M-1 cm-1, 12400). FT-IR (KBr pellet): 2962, 1673 (νNO), 
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1637, 1581, 1529, 1465, 1261, 1098, 1017, 801 cm-1. Mass (m/z): calcd: 387.04 for 

[Co(L5)(NO)]+, found: 387.28.  

(ii) 4.2, [(L5)Co(NO2)(OAc)] 

To a degassed solution of 4.1 (89 mg, 0.2 mmol) in dichloromethane (ca. 20 mL), excess 

of O2 gas was bubbled for 1 min. The solution was then allowed to stir for 2 h at room 

temperature. The resulting light red solution was dried under vacuum and light brown solid 

of 4.2 was obtained. It was crystallized by slow evaporation of a dichloromethane solution. 

Yield: 85 mg (92%). Elemental analyses for C20H15CoN6O4: Calcd. (%):  C, 51.96; H, 

3.27; N, 18.18; found (%): C, 51.91; H, 3.29; N, 18.27. UV-visible (CH2Cl2): λmax 477 nm 

(ε/M-1 cm-1, 8200), 450 nm (ε/M-1 cm-1, 9830) and 329 nm (ε/M-1 cm-1, 11200). FT-IR 

(KBr pellet): 2934, 1646, 1582, 1531, 1464, 1378, 1320, 1296, 1099, 1017, 953, 775 cm-1. 

Mass (m/z): calcd: 403.03 for [Co(L5)(NO2)]
+, found: 403.06. 

4.3.4 Reaction of 4.1 with O2 in presence of 2,4-di-tert-butylphenol : Isolation of 

2,4-di-tert-butyl-6-nitrophenol 

 To a degassed solution of 4.1 (89 mg, 0.2 mmol) in 20 mL of dichloromethane was added 

2,4-di-tert-butylphenol (206 mg, 1 mmol); stirred for 5 min and the solution was cooled at 

-20 °C. O2 gas was then bubbled through the solution for 1 min and the resulting mixture 

was stirred for 3 h at -20 °C. The reaction mixture was then warmed to room temperature 

and dried under reduce pressure. The solid mass was then subjected to column 

chromatography using silica gel column and hexane as eluent to obtain 2,4-di-tert-butyl-6-

nitrophenol. Yield: 21 mg (ca. 42%). Elemental analyses for C14H21NO3, Calcd. (%): C, 

66.91; H, 8.42; N, 5.57, found (%): C, 66.86; H, 8.43; N, 5.66. 1H-NMR (600 MHz, 

CDCl3): δppm, 7.39 (s, 1H), 7.12 (s, 1H), 5.22 (s, 1H), 1.45 (s, 9H), 1.32 (s, 9H). 13C-NMR 
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(150 MHz, CDCl3): δppm, 150.0, 143.2, 136.4, 125.5, 125.0, 122.5, 35.4, 34.7, 31.9, 29.9. 

Mass (m/z): calcd: 251.15, found: 250.47 (M-1).  

4.4 Conclusion 

A cobalt-nitrosyl complex, [(L5)Co(NO)(OAc)], 4.1 having {CoNO}8 description was 

prepared. Structural characterization revealed that NO is bonded to the cobalt center in a 

bent fashion with a relatively shorter N-O distance. The addition of dioxygen to the 

dichloromethane solution of 4.1 resulted in the formation of corresponding nitro complex, 

[(L5)Co(NO2)(OAc)], 4.2. Spectroscopic studies suggested the involvement of the 

intermediate 4.1a, [(L5)CoIII(NO)(O2
–)(OAc)]. The complex 4.1a decomposed to complex 

4.2 via a presumed peroxynitrite intermediate which was implicated by its characteristic 

phenol ring nitration reaction. 
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Chapter 5 

Disproportion of a [FeNO]7 Species into [Fe(NO)2]9 and 

Ferric Complex 

 

Abstract 

A dinitrosyl iron(I) complex, [Fe(L5)(NO)2], 5.1, of the tridentate N-donor ligand, L5H 

{L5H = 1,3-bis(2/-pyridylimino)isoindol} has been synthesized from the ferrous precursor. 

The complex 5.1 was characterized by various spectroscopic techniques as well as by 

single crystal X-ray structure determination. The reaction was found to proceed via a 

pathway involving the disproportionation of the corresponding {FeNO}7 intermediate, 

[Fe(L5)(NO)(Cl)], 5.2. Complex 5.2 was isolated and structurally characterized. 
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5.1 Introduction 

Nitric oxide (NO) plays important roles in mammalian biology and it has been identified as 

the signaling agent in immune response, cardiovascular and nervous system.1-3 Only a 

submircomolar concentration is of NO is required for its functions. It is known to behave 

as a cytotoxic effector and pathogenic mediator when produced at high concentrations.3,4 

Most of the physiological roles of NO are believed to be mediated by the formation of 

nitrosyl complexes of metallo-proteins, mostly iron or copper.5 A few cellular dinitrosyl 

iron complexes (DNICs) have been considered to be biological NO storage and carrier 

molecules. Natural DNICs are formed by reaction between NO and cellular non-heme iron 

species such as iron-sulfur clusters and labile iron pools (LIP).6 Although, the chemical 

functionality of DNICs were largely unknown, protein bound DNICs have been observed 

during the activation of several regulatory proteins. Glutathione-bound DNICs have been 

reported to bind to glutathione transferases (GSTs). It has been suggested that their redox 

properties may be intimately tied to many of these physiological processes. In addition, the 

formation of the DNIC from the ferrous component is not very clear. Previously DNICs 

formed from iron complexes with ligand TMEDA [TMEDA = N,N,N´,N´-

tetramethylethylenediamine] and its reactivity with molecular oxygen was reported by Kim 

et al.7 N-bound DNIC [Fe(TMEDA)(NO)2], which is described as a {Fe(NO)2}
10 species 

in Enemark-Feltham notation reacts with molecular oxygen to give nitrate as end product 

formed via peroxynitrite intermediate. Lehnert et al. reported the same for iron-DMP 

[DMP = 2,9-dimethyl-1,10-phenanthroline] based complexes. They have synthesized the 

{Fe(NO)2}
9 DNIC [Fe(DMP)(NO)2](OTf), from a ferrous precursor via an unusual 

pathway which involves disproportionation of a {Fe(NO)}7 complex to yield the 

{Fe(NO)2}
9 and a ferric species,  which is subsequently reduced by NO and re-enters the 

reaction cycle.8 
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In the present study we report the  synthesis and structural characterization of a {Fe(NO)-

2}
9 DNIC, [Fe(L5)(NO)2], 5.1 {L5= deprotonated 1,3-bis(2/-pyridylimino)isoindol} from 

Fe(II) precursor. The complex 5.1 was formed in a pathway involving the 

disproportionation of an intermediate {FeNO}7 complex, [Fe(L5)(NO)(Cl)], 5.2. The 

intermediate 5.2 was isolated and structurally characterized. 

5.2 Results and discussion 

Complex 5.1 was prepared by stirring the ligand L5H with equivalent amount of 

anhydrous FeCl2 in dry and degassed methanol under excess NO gas (Scheme 5.1 and 

Experimental Section). The complex 5.1 was precipitated and isolated as brown solid. It 

was characterized by spectral analyses (Experimental Section and Appendix IV) and single 

crystal X-ray structure determination. 

 

Scheme 5.1. Synthesis of complex 5.1. 

The ORTEP diagram of 5.1 is shown is shown in figure 5.1a. The crystallographic data, 

selected bond lengths and angles are listed in tables 5.1, 5.2 and 5.3, respectively. Single 

crystal structure of 5.1 revealed the presence of Fe(I)-dinitrosyl, {Fe(NO)2}
9 moiety where 

Fe(I) is coordinated by three N-atoms from the ligand and two NO groups in a trigonal-

bipyramidal geometry. The Fe-Nindole distance is 2.013 (5) Å which is considerably shorter 

than the Fe-Npy distances {2.159(5) and 2.162(5) Å}.  The Fe-NNO distances were 1.712(7) 

and 1.696(6) Å, respectively. 
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      (a)              (b) 

Figure 5.1. ORTEP diagrams of complexes (a) 5.1 and (b) 5.2 (35% thermal ellipsoid plot; H-
atoms are not shown for clarity). 

 
The Fe-NNO distances are also significantly shorter than the Fe-NL5H distances. This is 

perhaps because of the π-backbonding from the metal center to the NO.9 The Fe-N-O 

angles were found to be 154.9(6)° and 155.8(6)°, respectively. The N-O distances of the 

coordinated NO were 1.15(1) and 1.146(9) Å (Tables 5.2 and 5.3). These distances are 

within the range of previously reported coordinated nitrosyls. For [(Ar-nacnac)Fe(NO)2]  

DNIC having {Fe(NO)2}
9 configuration the Fe-N-O angles were reported at 162.7(2)° and 

170.1(2)°; and the N-O distances were at 1.177(2) and 1.174(2) Å.10  Liaw and co-workers 

have reported a anionic {Fe(NO)2}
9
 DNIC, [PPN][(S(CH2)3S)Fe(NO)2] where the Fe-N-O 

angles were found to be 172.8(2)° and 167.4(3)°; whereas the N-O distances were reported 

at 1.181(3) and 1.174(3) Å.11 

It was found to be X-band EPR and the isotropic nature of the signal suggests the existence 

of the unpaired electron (S = 1/2) on one of the NO group.12 This is also in agreement with 

the monovalency of the iron centre and formally {Fe(NO)2}
9 description (Appendix IV). In 

the UV-visible spectroscopy, complex 5.1 in acetonitrile solution does not show any 

significant absorption band in the visible range. 
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Table 5.1. Crystallographic data of complexes 5.1 and 5.2. 

 5.1 5.2 

Formulae C18 H12 N7 Fe O2 C18 H12 N6 Fe O Cl 
Mol. wt. 414.20 419.64 
Crystal system Monoclinic Monoclinic 
Space group P21/n P21/c 
Temperature /K 293(2) 293(2) 
Wavelength /Å 0.71073 0.71073  
a /Å 7.0184(7) 8.2423(14) 
b /Å 22.6879(18) 19.015(10) 
c /Å 21.9395(16) 12.7463(18) 
α/° 90.00 90.00 
β/° 93.666(8) 119.771(10) 
γ/° 90.00 90.00 
V/ Å3 3486.4(5) 1734.0(10) 
Z 8 4 
Density/Mgm-3 1.578 1.607 
Abs. Coeff. /mm-1 0.896 1.046 
Abs. correction Multi-scan Multi-scan 
F(000) 1688 852 
Total no. of reflections 6127 3040 
Reflections, I > 2σ(I) 4038 2148 
Max. 2θ/° 24.998 24.999 
Ranges (h, k, l) -8≤ h ≤8 

-26≤ k ≤25 
-26≤ l ≤ 19 

-8≤ h ≤9 
-22≤ k ≤14 
-14≤ l ≤ 15 

Complete to 2θ (%) 99.9 99.6 
Refinement method Full-matrix least-

squares on F2 
Full-matrix least-
squares on F2 

Goof (F2) 1.137 0.958 
R indices [I > 2σ(I)] 0.0807 0.0646 
R indices (all data) 0.1174 0.0913 

 

Table 5.2. List of selected bond lengths of complexes 5.1 and 5.2. 

 5.1 5.2 
N6-O1 1.142(7) 1.149(5) 
N7-O2 1.145(7) - 
Fe1-N6 1.719(6) 1.726(4) 
Fe1-N7 1.701(6) - 
Fe1-N1 2.159(6) 2.148(4) 
Fe1-N3 2.013(5) 2.014(4) 
Fe1-N5 2.162(5) 2.177(4) 
C6-N2 1.296(8) 1.295(6) 
C13-N4 1.296(8) 1.291(6) 
Fe1-Cl1 - 2.241(4) 
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Table 5.3. List of selected bond angles of complexes 5.1 and 5.2. 

 5.1 5.2 
Fe1-N6-O1 152.3(6) 153.8(5) 
Fe1-N7-O2 154.9(6) - 
N1-Fe1-N5 171.6(2) 85.38(16) 
N1-Fe1-N3 86.1(2) 86.40(16) 
N3-Fe1-N5 86.1(2) 91.91(17) 
N6-Fe1-N7 105.5(3) - 

N6-Fe1-Cl1 - 101.38(18) 

 

In the FT-IR spectrum of 5.1 in KBr pellet, the NO stretching frequencies appeared at 1722 

and 1665 cm-1 (Appendix IV). It is to be noted that in case of [Fe(dmp)(NO)2] (OTf), the 

NO stretching were observed at 1840 and 1746 cm-1 in KBr pellet.8 For the [Fe(ar-

nacnac)(NO)2] DNIC reported by Lippard and co-workers these stretching were observed 

at 1755, 1705 cm-1.13 In case of five-coordinated DNIC these were reported at 1770, 1715 

cm-1 for [(TMEDA)Fe(NO)2I].
14 

The cationic {Fe(NO)2}
9 DNICs are generally not prepared from the ferrous precursor; 

although {Fe(NO)2}
9 DNICs with anionic tetrathiolate ligands are reported to form from 

the ferrous precursor.15 In case of tetrathiolate ferrous complexes, it has been found that the 

ligand substitution by the NO group leads to the formation of an {FeNO}7 intermediate 

complex. This intermediate upon binding with one more equivalent of NO resulted in the 

anionic {Fe(NO)2}
9 DNICs. Since the ferrous complexes with the neutral N-donor ligands 

cannot reductively eliminate ligands, the direct formation of {Fe(NO)2}
9 DNICs from 

these precursors are relatively unknown. In these cases, an external reductant is required to 

provide the additional election needed for the reduction of iron center to result in 

{Fe(NO)2}
9. For instance, reductive nitrosylation of {FeNO}7 or {Fe(NO)2}

8 by NO may 

lead to the formation of  {Fe(NO)2}
9 DNICs. In fact, the formation of a DNIC in the ferric 

uptake protein (FuR) was proposed to proceed through the reductive nitrosylation 
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pathway.16 In this case NO was proposed as the reductant based on stoichiometric 

requirement of NO for the formation of {Fe(NO)2}
9 from the Fe(II) state. In principle, the 

reduction of {FeNO}7 by NO is less likely from the redox potential point of view.17 On the 

other hand, {Fe(NO)2}
8 are rare; so the intermediate formation of it is an unlikely event.18 

Disproportionation pathway was also proposed as an alternative for the formation of 

DNICs from the ferrous precursors. For instance, the reaction of NO with ferrous complex 

of 6-Me3-TPA [tris{(6-methyl)-pyridylmethyl}amine)] with a deprotonated catecholate co-

ligand resulted in the formation of Fe(NO)2}
9 DNIC and ferric catecholate complex. The 

disproportionation of a metastable {FeNO}7 intermediate was proposed in this reaction 

(Eq. 5.1).19 

2[Fe(6-Me3TPA)(CatH)(NO)]
+
→→→→[Fe(6-Me3TPA)(NO)2]

+
 + [Fe(6-Me3TPA)(Cat)]

+
 + CatH2 

          ………………..  Eq. 5.1 

 

[Fe(Ar-nacnac)(NO)(Br)] was also reported to disproportionate to an {Fe(NO)2}
9 DNIC 

and corresponding ferric complex.13 Recently, Lehnert and coworkers reported the 

synthesis of a {Fe(NO)2}
9 DNIC, [Fe(dmp)(NO)2](Otf) (dmp= 2,9-dimethyl-1,10-

phenanthroline) from a ferrous precursor. The reaction was proposed to follow the 

disproportionation of a {FeNO}7 complex to result {Fe(NO)2}
9 DNIC and ferric complex. 

The ferric complex was found to undergo reduction in presence of excess NO gas in 

subsequent step and re-enters in to the reaction cycle. Albeit, the {FeNO}7 complex was 

not isolated as solid as it was prone to release NO even at solid state.8 

In the present case, the reaction was found to proceed through the formation of a green 

intermediate, 5.2, which gradually decomposed to the brown mixture. Isolation and 

characterization of the complexes from the brown mixture revealed the equimolar presence 

of 5.1 and a ferric complex, 5.3 (Experimental Section). The intermediate green complex 
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5.2 was isolated as solid and characterized by spectroscopic analyses as well as by 

structure determination (Experimental Section). The ORTEP diagram is shown in figure 

5.1b.  The crystallographic data, selected bond lengths and angles are listed in tables 5.1, 

5.2 and 5.3, respectively. The single crystal structure of 5.2 revealed the presence of a 

monomeric {FeNO}7 system with Fe(II) center. The three N-atoms from the ligand, one 

NO group and a Cl atom are coordinated to the Fe(II) center in a distorted trigonal 

bipyramidal geometry. The Fe-Nindole distance is 2.014(4) Å and other Fe-NL5H distances 

are also comparable to the same of 5.1. The Fe-NNO distance, 1.726 Å and the Fe-N-O 

angle is also comparable to those of 5.1. These are within the range of reported values for 

{FeNO}7 complexes.17,20 

In UV-visible spectroscopy, 5.2 in acetonitrile solution absorbs at 630 nm (ε/M−1 cm−1, 

160) in the visible range. But the absorption band was found to be unstable and the 

intensity decreased rapidly (Figure 5.2a). In FT-IR spectrum, a strong stretching frequency 

was observed at 1795 cm-1 (Figure 5.2b). It was attributed to the NO stretching of 

{FeNO}7 complex. 

           
         (a)                  (b) 

Figure 5.2. (a) Changes in UV-visible spectra of complex 5.2 after in acetonitrile (black- 
immediately after making the solution and blue- changes with time) (b) FT-IR spectra of complex 
5.2 (black) and after addition of acetonitrile in KBr pellet. 
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The complex 5.2 was found to be unstable in solution at room temperature. FT-IR 

monitoring of the solution of 5.2 revealed the gradual decrease of the intensity of the 1795 

cm-1 band with a simultaneous appearance of two new stretching frequencies at 1722 and 

1665 cm-1, respectively (Figure 5.2b). These two bands are assignable to the NO stretching 

frequencies of 5.1. It is attributed to the disproportionation of 5.2 to 5.1. The concomitant 

formation of a high-spin Fe(III) complex is expected in this disproportionation mechanism. 

When the reaction was monitored by EPR spectroscopic studies, the frozen CH3CN 

solution of 5.2 displayed signal (g, 5.03 and 1.99) corresponding to the monomeric high-

spin {FeNO}7 complex.17-20 When the spectrum was recorded at room temperature, the 

intensity of the signal of monomeric {FeNO}7 was diminished with gradual increase of the 

intensity of the 5.1 along with a signal (g, 14.36, 6.68 and 5.13) assignable to the high-spin 

Fe(III) complex, 5.3 (Figure 5.3 and Scheme 5.2). 

 

Figure 5.3. X-band EPR spectra of (i) in situ generated complex 5.2 in CH3CN/CHCl3 at 77 K and 
(ii) after disproportion at room temperature. 

 

Scheme 5.2. Disproportionation of 5.2 into 5.1 and 5.3 in CH3CN at room temperature (RT). 
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Isolation and characterization of 5.3 confirmed this assignment (Experimental Section). 

Thus, complex 5.2 in solution undergoes disproportionation rapidly to the DNIC 5.1 and a 

Fe(III) complex, 5.3. It should be noted here that in case of {Fe(dmp)(NO)2}
+ complex, 

though the intermediate formation of the {FeNO}7 was observed in EPR studies, the 

Fe(III) species was not observed.8 

5.3 Experimental section 

5.3.1 Materials and methods 

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

used as received except specified. All the reactions were performed under inert conditions 

unless specified. Deoxygenation of the solvent and solutions was effected by repeated 

vacuum/purge cycles or bubbling with argon for 30 minutes. UV-visible spectra were 

recorded on an Agilent Technologies Cary 8454 UV-visible spectrophotometer. FT-IR 

spectra of the samples were taken on a Perkin Elmer spectrophotometer with samples 

prepared as KBr pellets. 1H-NMR spectra were recorded in a 600 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 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. 

Single crystals were grown by slow evaporation of CH3OH and CHCl3 solution of 5.1 and 

5.2, respectively. 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 293(3) K, with increasing ω(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 

TH-1806_126122009



 

                                                                                                                                                                Chapter 5 

82 

 

reduction were undertaken with SAINT and XPREP software.21 Multi-scan empirical 

absorption corrections were applied to the data using the program SADABS.22 Structures 

were solved by direct methods using SHELXS-2014 and refined with full-matrix least 

squares on F2 using SHELXL-2014/7.23 Structural illustrations have been drawn with 

ORTEP-3 for Windows.24 

5.3.2 Synthesis of complexes 

(i) 5.1, [(L5)Fe(NO)2] 

Excess of NO was purged to a 50 mL round bottom flask containing anhydrous FeCl2 (63 

mg, 0.5 mmol). A solution of L5H (150 mg, 0.5 mmol) in 20 mL CH3OH was added to 

this mixture and was allowed to stir. The yellow color solution then turned into brown and 

after stirring for another 30 min, the excess of NO was removed by purging Ar. Volume of 

the solution was reduced to ca. 5 mL by flashing Ar into it for 30 min. Diethyl ether was 

then added to make a layer on it and after keeping the solution for overnight it gives dark 

brown precipitate of 5.1. Yield: 75 mg (36%). X-ray quality crystals were obtained by slow 

diffusion of diethyl ether in to methanol solution. FT-IR (KBr pellet): 3393, 2970, 1719, 

1665, 1632, 1581, 1520, 1486, 1469, 1438, 1376, 1081, 1054, 772, 709 cm-1. X-band EPR: 

(isolated, CH3CN/DMF at 77 K; gavg, 2.01), (in situ, CHCl3/CH3CN at 77 K; gavg, 2.05). 

ESI-mass (m/z): calcd: 384.04 for [(L5)Fe(NO)], found: 384.99 (M+1). 

(ii) 5.2, [(L5)Fe(NO)Cl] 

Excess of NO was purged to a 50 mL round bottom flask containing anhydrous FeCl2 (126 

mg, 1 mmol). A solution of L5H (299 mg, 1 mmol) in 10 mL CHCl3 was added to this 

mixture and was allowed to stir. The yellow color solution then turned into brown and 

within 10 min it started to give light green color precipitate of 5.2. Excess of solvent was 

removed with a syringe and the resulting compound was dried by flashing Ar into it for 30 
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min. Product was found to be stable for several days in solid state. Yield: 360 mg (86%). 

Single crystals of X-ray quality was obtained when reaction mixture was kept at -40 °C for 

several days before getting precipitated. UV-visible (CH3CN): λmax 480 nm (ε/M−1 cm−1, 

235) and 630 nm (ε/M−1 cm−1, 160). FT-IR (in KBr): 3290, 3078, 1795, 1630, 1555, 1523, 

1487, 1467, 1430, 1206, 1055, 777, 710 cm-1. X-band EPR (CHCl3 at 77 K; g1, 5.03; g2, 

1.99). ESI-mass (m/z): calcd: 389.01 for [(L5)FeCl], found: 389.80 (M+1). 

(iii) 5.3, [(L5)FeCl2] 

Complex 5.3 was prepared following an earlier reported procedure.25 Ligand L5H (299 

mg, 1 mmol) was added to a refluxing methanol (ca. 10 mL) solution of FeCl2 (126 mg, 1 

mmol) under O2. After 1 h of stirring it gave brown precipitate which was collected by 

filtration and dried under vacuum. Yield: 275 mg (65%). UV-visible (CH3CN): λmax 608 

nm (ε/M−1 cm−1, 104). FT-IR (in KBr): 3424, 2921, 1637, 1578, 1535, 1477, 1466, 1430, 

1270, 1182, 1055, 780, 705 cm-1. ESI-mass (m/z): calcd: 423.98 for [(L5)FeCl2], found: 

424.96 (M+1). X-band EPR: (isolated, CH3CN/DMF at 77 K; g1, 14.21; g2, 6.67; g3, 5.22), 

(in situ, CHCl3/CH3CN at 77 K; g1, 14.36; g2, 6.68; g3, 5.13). 

5.3.3 Disproportionation of complex 5.2 to complexes 5.1 and 5.3 

Complex 5.2 (100 mg) was taken in a 25 mL round bottom flask and to this 10 mL of 

acetonitrile was added. Stirring of the reaction mixture was continued and reaction was 

monitored with FT-IR and UV-visible spectroscopy in various time intervals. After 2 h of 

stirring it gives brown color precipitate of 5.3 and the solution part contained 5.1. Yield: 

5.1, 37.5 mg (38%); 5.3, 41.5 mg (41%). 

5.4 Conclusion 

In conclusion the present study demonstrates the formation of {Fe(NO)2}
9 DNIC, 5.1,  
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from the reaction of ferrous precursor and NO gas. The complex was structurally 

characterized. Detail study identified the involvement of a {FeNO}7 intermediate, 5.2 in 

the reaction. Complex 5.2 was isolated and structurally characterized. It has been found 

that 5.2 undergoes disproportionation reaction to afford 5.1 and a Fe(III) complex, 5.3. The 

synthesis of {Fe(NO)2}
9 DNICs from the ferrous precursors are also reported for N,O-

ligand systems, though the mechanism were not known. Lehnert and coworkers report 

suggests the formation of the intermediate {FeNO}7 complex in solution.8 The present 

study shown the formation of a {Fe(NO)2}
9 DNIC from a ferrous precursor through the 

{FeNO}7 intermediate complex. 
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Appendix I 

 

Figure A1.1. 
1
H-NMR spectrum of ligand L1H in CDCl3. 

 

Figure A1.2. 
13

C-NMR spectrum of ligand L1H in CDCl3. 
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Figure A1.3. FT-IR spectrum of ligand

Figure A1.4. ESI-mass spectrum of ligand 

Figure A1.5. FT-IR spectrum of 

                                                                                                                                                  

 

IR spectrum of ligand L1H in KBr pellet. 

 

mass spectrum of ligand L1H in methanol. 

 

IR spectrum of complex 2.1 in KBr pellet. 
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Figure A1.6. X-band EPR spectrum of complex 2.1 in methanol at 77 K. 

 

Figure A1.7. UV-visible spectra of complex 2.1 before (black), after purging 1 equivalent (red) 

and 2 equivalent of NO2 (blue) in methanol. 

 

Figure A1.8. X-band EPR spectra of complex 2.1 before (black), after purging 1 equivalent (red) 

and 2 equivalent of NO2 (blue) in methanol at 298 K. 
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Figure A1.9. FT-IR spectrum of complex 2.2 in KBr pellet. 

 

Figure A1.10. X-band EPR spectrum of complex 2.2 in methanol at 77 K. 

 

Figure A1.11. FT-IR spectrum of complex 2.3 in KBr pellet. 
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Figure A1.12. X-band EPR spectrum of complex 2.3 in methanol at 77 K. 

 

Figure A1.13. FT-IR spectrum of modified ligand L1′H in KBr pellet. 

 

Figure A1.14. ESI-mass spectrum of modified ligand L1′H in methanol. 
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Figure A1.15. 
1H-NMR spectrum of modified ligand L1′H in CDCl3. 

 

Figure A1.16. 
13

C-NMR spectrum of modified ligand L1′H in CDCl3. 
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Figure A1.17. UV-visible spectra of complex 2.2 before (black) and after purging NO2 (blue) in 

methanol. 

 

Figure A1.18. FT-IR spectra of complex 2.2 (red) and {2.2 + 
18

ONO} (violet) in KBr pellet. 

 

Figure A1.19. ESI-mass spectrum of complex 2.3 in methanol. 
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Figure A1.20. Simulated mass of [{Cu(L1/)}2(NO3)]
+. 

 

Figure A1.21. ESI-mass spectrum of [2.2 + 
18

ONO] in methanol. 

    

Figure A1.22. Simulated mass spectrum of [{Cu(L1
/
)}2(

18
ONO2)]

+
. 
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Figure A1.23. X-band EPR spectrum of [(DTC)2FeII] after reaction with NO released during the 

reaction of complex 2.2 with NO2 in acetonitrile at 298 K. 

 

Figure A1.24. 1H-NMR spectrum of complex 2.1 after purging 1 equivalent of NO2 in CD3OD. 

 

Figure A1.25. GC chromatogram of the head space gas from the reaction of complex 2.2 with NO2 

in methanol. 
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Figure A1.26. GC-mass spectrum of the head space gas from the reaction of 

in methanol. 

Figure A1.27. GC-mass spectrum of the head 

15NO2 in methanol. 

Figure A1.28. GC–mass spectrum of the head space gas from the reaction of 

equivalent of NO2 in dry methanol. The peak at m/z, 56.021 followed by 41.179 indicates the 

presence of isobutylene. 

                                                                                                                                                  

ass spectrum of the head space gas from the reaction of complex 

ass spectrum of the head space gas from the reaction of 

ass spectrum of the head space gas from the reaction of complex 

in dry methanol. The peak at m/z, 56.021 followed by 41.179 indicates the 
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complex 2.2 with NO2 

 

 complex 2.2 with 

 

complex 2.1 with 1 

in dry methanol. The peak at m/z, 56.021 followed by 41.179 indicates the 
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Figure A2.1. 
1H-NMR spectrum of ligand L2H2 in CDCl3. 

 

Figure A2.2. 
13

C-NMR spectrum of ligand L2H2 in CDCl3. 
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Figure A2.3. FT-IR spectrum of ligand 

Figure A2.4. 
1
H-NMR spectrum of 

    

                                                                                                                                                          

 

IR spectrum of ligand L2H2 in KBr pellet. 

NMR spectrum of ligand L3H2 in CDCl3. 
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Figure A2.5. 
13

C-NMR spectrum of ligand L3H2 in CDCl3. 

 

Figure A2.6. FT-IR spectrum of ligand L3H2 in KBr pellet. 
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Figure A2.7. 
1
H-NMR spectrum of ligand L4H2 in CDCl3. 

 

Figure A2.8. 
13C-NMR spectrum of ligand L4H2 in CDCl3. 
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Figure A2.9. FT-IR spectrum of ligand 

Figure A2.10. ESI-mass spectrum of 

(b) simulated isotopic distribution pattern.

Figure A2.11. ESI-mass spectrum of 

(b) simulated isotopic distribution pattern.

    

                                                                                                                                                          

 

IR spectrum of ligand L4H2 in KBr. 

 

spectrum of complex 3.1 in methanol. Inset shows (a) experimental and 

(b) simulated isotopic distribution pattern. 

 

mass spectrum of complex 3.2 in methanol. Inset shows (a) experimental and 

(b) simulated isotopic distribution pattern. 
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Inset shows (a) experimental and 
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Figure A2.12. ESI-mass spectrum of 

(b) simulated isotopic distribution pattern.

Figure A2.13. ESI-mass spectrum of 

(b) simulated isotopic distribution pattern.

Figure A2.14. ESI-mass spectrum of 

(b) simulated isotopic distribution pattern.

    

                                                                                                                                                          

 

mass spectrum of complex 3.3 in methanol. Inset shows (a) experimental and 

(b) simulated isotopic distribution pattern. 

 

mass spectrum of complex 3.4 in methanol. Inset shows (a) experimental and 

(b) simulated isotopic distribution pattern. 

 

mass spectrum of complex 3.5 in methanol. Inset shows (a) experimental and 

(b) simulated isotopic distribution pattern. 
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Inset shows (a) experimental and 

Inset shows (a) experimental and 

Inset shows (a) experimental and 
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Figure A2.15. FT-IR spectra of complex 3.3 (black) and after reaction with DMS (red) in CH3OH. 

 

Figure A2.16. GC chromatograph of hexane wash of the reaction mixture of complexes 3.1/3.2 

with DMS. 

 

Figure A2.17. GC-mass spectrum of hexane wash of the reaction mixture of complexes 3.1/3.2 

with DMS (retention time= 12.61 min). 
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Figure A2.18. GC chromatograph of headspace gas of the reaction mixture of complexes 3.1/3.2 

with DMS. 

 

Figure A2.19. GC-mass spectrum of headspace gas of the reaction mixture of complexes 3.1/3.2 

with DMS (retention time= 1.12 min). 
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Figure A3.1. 
1
H-NMR spectrum of ligand 

Figure A3.2. 13C-NMR spectrum of ligand 

Appendix III 

NMR spectrum of ligand L5H in CDCl3. 

NMR spectrum of ligand L5H in CDCl3. 
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Figure A3.3. FT-IR spectrum of ligand 

Figure A3.4. ESI-mass spectrum of ligand 

Figure A3.5. FT-IR spectrum of 

    

                                                                                                                                                          

 

IR spectrum of ligand L5H in KBr Pellet. 

 

mass spectrum of ligand L5H in acetonitrile. 

 

IR spectrum of complex 4.1 in KBr pellet. 
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Figure A3.6. X-band EPR spectrum of complex 4.1 in CH2Cl2 at 77 K. 

 

Figure A3.7. ESI-mass spectrum of complex 4.1 in acetonitrile. Inset (a) experimental and (b) 

simulated isotopic distribution pattern. 

 

Figure A3.8. FT-IR spectrum of complex 4.2 in KBr pellet. 
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Figure A3.9. ESI-mass spectrum of complex 4.2 in acetonitrile. Inset (a) experimental and (b) 

simulated isotopic distribution pattern. 

 

Figure A3.10. FT-IR spectrum of complex 4.1 after reaction with 
18

O2 in KBr pellet (*N-O 

stretching frequencies for nitro group shifted to 1290 cm
-1

 and 1271 cm
-1

 from 1320 cm
-1

 and 1296 

cm-1). 

 

Figure A3.11. ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in methanol. 
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Figure A3.12. 1H-NMR spectrum of 2,

Figure A3.13. 13C-NMR spectrum of 2,

    

                                                                                                                                                          

spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 

spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 
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Figure A4.1. FT-IR spectrum of complex 5.1 in KBr pellet. 

 

Figure A4.2. X-band EPR spectrum of complex 5.1 in CH3CN/DMF at 77 K. 

 

Figure A4.3. UV-visible spectrum of complex 5.1 in acetonitrile. 
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Fiugure A4.4. ESI-mass spectrum of 

simulated isotopic distribution patterns.

Figure A4.5. FT-IR spectrum of 

Figure A4.6. UV-visible spectrum of 

    

                                                                                                                                                          

 

mass spectrum of complex 5.1 in CH3OH. Inset shows (a) experimental 

simulated isotopic distribution patterns. 

 

IR spectrum of complex 5.2 in KBr pellet. 

 

visible spectrum of complex 5.2 in acetonitrile at -40 °C. 
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Fiugure A4.7. ESI-mass spectrum of 

and (b) simulated isotopic distribution patterns.

Fiugure A4.8. (a) ESI-mass spectrum of 

(b) Experimental and simulated isotopic distribution patterns.

Figure A4.9. FT-IR spectrum of complex 

    

                                                                                                                                                          

 

mass spectrum of complex 5.2 in CH3OH/CHCl3. Inset shows 

simulated isotopic distribution patterns. 

   

mass spectrum of complex 5.2 after disproportionation in CH

simulated isotopic distribution patterns. 

 

IR spectrum of complex 5.3 in KBr pellet. 
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in CH3OH/CH3CN. 
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Figure A4.10. UV-visible spectrum of complex 

Figure A4.11. X-band EPR spectrum of 

Fiugure A4.12. ESI-mass spectrum of 

experimental and (b) simulated isotopic distribution patterns.

    

                                                                                                                                                          

 

visible spectrum of complex 5.3 in CH3CN. 

 

band EPR spectrum of complex 5.3 in CH3CN/DMF at 77 K. 

 

mass spectrum of complex 5.3 in CH3OH/CHCl3. 

simulated isotopic distribution patterns. 
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