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Synopsis 

The thesis entitled “Reactivity of Co(III)-peroxo Complexes with NO and Co(II)-nitrosyl 

with H2O2: Putative Formation of Co-peroxynitrite” is divided into five chapters. 

 

Chapter 1: Introduction 

Nitric oxide (NO) is a diatomic colorless gas. Presence of one unpaired electron in the π* orbital 

makes it reactive in nature. NO is a signaling molecule. It regulates many biophysical processes 

such as neurotransmission, vasodilation and defense mechanism of the immune system etc. in 

mammalian biology.1-4 Nitric oxide synthase (NOS) enzymes produce NO via oxidation of L-

arginine to L-citrulline.5,6 Excess production of NO can have detrimental effect via the 

formation of secondary reactive nitrogen species like nitrogen dioxide (NO2) and peroxynitrite 

(ONOO-), which leads to the oxidative and nitrosative stress.7,8 When NO is produced in 

excess, it reacts with superoxide ion in a diffusion control reaction to form peroxynitrite anion. 

It plays a vital role in chemical modification of lipids, proteins and nucleic acids etc.9-11 For 

instance, it leads to the protein tyrosine ring nitration.12,13 

Nitric oxide dioxygenase (NOD) enzymes regulate the concentration of NO in biological 

systems. In NOD, a [FeIII-O2
-] complex reacts with NO to give biologically benign nitrate  

(NO3
-).14-16 This reaction has been proposed to proceed via the putative formation of 

peroxynitrite intermediate. This intermediate then decomposes to a [FeIV=O] species and NO2 

via the homolytic cleavage of the O-O bond of the proposed peroxynitrite intermediate 

followed by recombination which results in nitrate anion. 

Transition metal ions are known to catalyze the formation and decomposition of peroxynitrite 

anions. Metal-peroxynitrite complexes are proposed to form in two pathways. Either in the 

reaction of metal nitrosyls with oxygen and reactive oxygen species such as superoxide (O2
˗) 
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(ii) 
 

and hydrogen peroxide (H2O2) or in the reaction of metal superoxo/peroxo complexes with 

NO.17-24 For example, a Co(III)-peroxo complex, [CoIII(Iz)2(O2
2-)]+ {Iz = bis(2-ethyl-4-methyl-

imidazol-5-yl)methane}, on reaction with NO resulted in corresponding nitrate complex 

through the formation of putative Co(II)-peroxynitrite intermediate.23 

Our group reported a Cu-nitrosyl complex, [Cu(Iz)2(NO)](ClO4
-)2, using the same ligand 

framework which reacts with H2O2 to form a corresponding Cu(I)-nitrate complex via a Cu(I)-

peroxynitrite intermediate.20 

The present thesis originates from our interest to explore the reactivity of the metal-peroxo 

complexes with NO and the reaction of metal-nitrosyl with reactive oxygen species. Thus, the 

subsequent chapters of this thesis describe the reactions of Co(III)-peroxo complexes of various 

ligand framework with NO gas where the involvement of peroxynitrite intermediates were 

observed. The change of reactivity pattern with ligand denticity has been studied. The last 

chapter describes the reaction of a Co-nitrosyl complex with H2O2 which presumably results 

in the corresponding peroxynitrite intermediate.  

 

Chapter 2: Reaction of a Co(III)-peroxo Complex with Nitric Oxide: 

Putative Formation of a Peroxynitrite Intermediate 

A Co(II)-complex, 2.1 was synthesized and characterized spectroscopically as well as 

structurally. The perspective ORTEP view is shown in figure S1. This complex 2.1 in the 

presence of H2O2 followed by NEt3 in acetonitrile solution at ˗40 °C afforded corresponding 

Co(III)-peroxo intermediate, [CoIII(L1)2(O2
2-)]+, 2a (Scheme S1). It showed an absorption band 

at 375 nm (ϵ/M-1cm-1, 856) in UV-visible spectroscopic study (Figure S1). It was silent in the 

X-band EPR study as expected for a low spin Co(III) centre. The ESI-mass spectrum of the 

intermediate displayed a molecular ion peak at m/z 499.172, which is attributed to the mass of 

[CoIII(L1)2(O2
2-)]+ (Calcd. 499.198) (Figure S2). 
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(a)                                                                              (b) 

Figure S1. (a) ORTEP diagram of complex 2.1 (35% thermal ellipsoid plot, H-atoms are omitted for 

clarity). (b) UV-visible spectra of the reaction of complex 2.1 with H2O2 followed by NO, in acetonitrile 

at -40 °C [complex 2.1 (black), after addition of H2O2 (red) and after addition of NO (blue)]. 

 

         

                                   (a)                                                                            (b) 

Figure S2. (a) X-band EPR study of the reaction of complex 2.1 (black) with H2O2 followed by NEt3 

in acetonitrile at 77 K [red, after the addition of H2O2]. (b) ESI-mass spectrum of Co(III)-peroxo 

intermediate in acetonitrile [Inset: (a) experimental and (b) simulated isotopic distribution pattern]. 

 

When NO gas was added into the freshly prepared Co(III)-peroxo solution at ˗40 °C followed 

by warming up to room temperature, the formation of the corresponding nitrate complex, 

[CoIII(L1)2(NO3
-)]+, 2.2 was observed (Scheme S1). The ORTEP diagram of complex 2.2 is 

shown in figure S3. 
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Figure S3.  ORTEP diagram of complex 2.2 [35% thermal ellipsoid plot, solvent molecule and H-atoms 

are omitted for clarity]. 

 

 

Scheme S1. Overall reactions. 

 

Due to the thermal instability of the peroxynitrite intermediate, direct spectroscopic evidence 

was not found. Hence, chemical evidence was sought for the formation of peroxynitrite 

intermediate.19-22 When NO gas was added to the freshly generated Co(III)-peroxo solution at 

-40 °C in the presence of 2,4-di-tert-butylphenol, corresponding nitrophenol was obtained 

along with Co(III)-hydroxo complex, 2.3 (Scheme S1). However, when 2,4-di-tert-butyl 
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phenol was added after addition of NO gas into the solution of Co(III)-peroxo complex, no 

phenol ring nitration was observed owing to the first isomerization of the peroxynitrite complex 

to nitrate. 

Hence, a Co(II)-complex, 2.1 having a bidentate ligand framework was synthesized and 

characterized. Complex 2.1 in the presence of H2O2 afforded Co(III)-peroxo species. This upon 

reaction with NO gas resulted in corresponding nitrate complex, 2.2 via a peroxynitrite 

intermediate. 

 

Chapter 3: Reaction of a Co(III)-peroxo Complex of Symmetric 

Tetradentate Ligand Framework with Nitric Oxide: Putative Formation of 

a Peroxynitrite Intermediate 

Complex 3.1, [CoII(L2)(CH3CN)]2+ with a tripodal tetradentate ligand framework was 

synthesized having perchlorate as counter anion. It was prepared by constant stirring of a 

mixture of Co(II)-perchlorate hexahydrate and the ligand L2 in equivalent amount in 

acetonitrile. It was then characterized both spectroscopically and structurally. Structural studies 

confirmed that the cobalt centre is coordinated to four nitrogen atoms from the ligand and one 

acetonitrile molecule in a distorted trigonal bipyramidal geometry (Figure S4). The reaction of 

complex 3.1 with H2O2 in acetonitrile solution at -40 °C leads to the formation of corresponding 

Co(III)-peroxo intermediate, 3a (Scheme S2). In UV-visible spectral monitoring, the 

characteristic absorption band for Co(III)-peroxo species appeared at 340 nm (Figure S4). 

The EPR silent nature of this intermediate suggests the +3 oxidation state of the cobalt centre 

(Figure S5). In ESI-mass spectrum this intermediate species in acetonitrile solution displayed 

a molecular ion peak at m/z 432.157 (Calcd. 432.156 for [CoIII(L2)(O2
2-)]+ ) (Figure S5). 

Reaction of NO gas with freshly generated  Co(III)-peroxo  species in acetonitrile solution at  
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Scheme S2. 

 

         

                                 (a)                                                                           (b) 

Figure S4. (a) ORTEP diagram of complex 3.1 [35% thermal ellipsoid plot, solvent molecule and H-

atoms are omitted for clarity]. (b) UV-visible spectra of the reaction of complex 3.1 with H2O2 in 

acetonitrile at −40 °C [Complex 3.1 (black), after addition of H2O2 (red)]. 

 

-40 °C resulted in the corresponding nitrate complex, 3.2 (Scheme S3). ORTEP diagram of 

complex 3.2 is shown in figure S6. The crystal structure of complex 3.2 revealed that the cobalt 

centre is bonded to four nitrogen atoms from the ligand and one nitrate group in a distorted 

trigonal bipyramidal geometry. This reaction presumably proceeds through the formation of 

the corresponding peroxynitrite intermediate. 

However, no spectroscopic evidence was observed due to the thermal instability of the 

peroxynitrite intermediate. As a characteristic test, precooled acetonitrile solution of 2,4-di-
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tert-butylphenol was added to the freshly prepared Co(III)-peroxo species in acetonitrile 

solution at -40 °C followed by addition of NO gas and 2,4-di-tert-butyl-6-nitrophenol along 

with Co(III)-hydroxo complex were obtained. Formation of nitration product suggests the 

involvement of peroxynitrite intermediate in the course of the reaction. 

 

Scheme S3. 

 

          

                                    (a)                                                                            (b)                                                                                                    

Figure S5. (a) X-band EPR spectral monitoring of the reaction of complex 3.1 (black) with H2O2 in 

acetonitrile at 77 K [red, after the addition of H2O2]. (b) ESI-mass spectrum of Co(III)-peroxo 

intermediate, 3a in acetonitrile [Inset: (a) experimental (b) simulated isotopic distribution pattern]. 

 

Thus, a Co(III)-peroxo species was generated in the reaction of a Co(II)-complex with H2O2 in 

the presence of NEt3. This peroxo species upon reaction with NO gas results in the 

corresponding nitrate complex, 3.2 via a putative peroxynitrite intermediate. 
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Figure S6. ORTEP diagram of complex 3.2 (35% thermal ellipsoid plot, solvent molecule and H-atoms 

are omitted for clarity). 

 

Chapter 4: Reaction of a Co(III)-peroxo Complex of an Assymetric 

Tetradentate ligand with Nitric Oxide: Putative Formation of a Peroxynitrite 

Intermediate 

In this chapter, an assymetric tetradentate tripodal ligand has been used. A Co(II)-complex, 

[CoII(L3)(CH3CN)]2+, 4.1, having tetradentate ligand L3 has been synthesized and 

characterized using various spectroscopic techniques as well as single X-ray crystal structure 

determination. The ORTEP diagram of complex 4.1 is shown in figure S7. The crystal structure 

of complex 4.1 revealed that the cobalt centre is coordinated to four nitrogen atoms from the 

ligand and one acetonitrile molecule in a distorted trigonal bipyramidal geometry. 

Complex 4.1 in acetonitrile  solution at -40 C in  the presence of H2O2 and NEt3 leading to an 

intermediate species, [CoIII(L3)(O2
2-)]+, 4a (Scheme S4). Thermal instability precluded its 

isolation and further characterization. In UV-visible spectroscopic monitoring, the appearance  
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of the transient absorption band at 440 nm suggests the formation of Co(III)-peroxo complex 

(Figure S7). The intensity of the band decreases with time suggesting the instability of peroxo 

                

                             (a)                                                                            (b)                             

Figure S7. (a) ORTEP diagram of complex 4.1 [35% thermal ellipsoid plot, solvent molecule and H-

atoms are omitted for clarity]. (b) UV-visible spectra of the reaction of complex 4.1 with H2O2 in 

acetonitrile at -40 °C [complex 4.1 (black), after addition of H2O2 (red), final (blue)]. 

 

complex. In X-band EPR spectroscopy, the intermediate 4a was silent as expected for Co(III)-

peroxo species having low spin Co(III)-centre (Figure S8). In ESI-mass spectrometry, this 

intermediate 4a displayed molecular ion peak at m/z 395.162, which is attributed to the mass 

of [CoIII(L3)(O2
2-)]+ (Calcd. 395.160). 

When NO gas was bubbled into the freshly generated Co(III)-peroxo intermediate, 4a 

[CoIII(L3)(O2
2-)]+ in dry and degassed acetonitrile solution at -40 °C followed by warm up to 

room temperature, formation of the corresponding nitrite complex 4.2, [CoII(L3)(NO2
-)]+ was 

observed along with molecular oxygen (Scheme S5). The formation of molecular oxygen was 

confirmed by the alkaline pyrogallol test. The ORTEP diagram of complex 4.2 is shown in 

figure S9. The crystal structure of complex 4.2 revealed that cobalt centre is coordinated to four 

nitrogen atoms from the ligand  in a distorted  octahedral  geometry where one nitrite group is 

bonded in a ɳ2-O fashion. 
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Scheme S4. 

 

The reaction is proposed to proceed through the formation of the corresponding peroxynitrite 

intermediate. However, due to transient nature of peroxynitrite intermediate, direct 

spectroscopic evidence was not observed. Hence, the chemical evidence was sought to 

establish the involvement of the peroxynitrite intermediate in the course of the reaction. When 

NO gas was added to the freshly generated complex 4a in acetonitrile at -40 C in the presence 

of  2,4-di-tert-butylphenol, ring  nitration  was  observed  (ca. 60%)  along  with  formation  of 

    

                                   (a)                                                                       (b)           

Figure S8. (a) X-band EPR spectral monitoring of the reaction of complex 4.1 (black) with H2O2 in 

acetonitrile at 77 K [red, after the addition of H2O2]. (b) ESI-mass spectrum of Co(III)-peroxo 

intermediate, 4a in acetonitrile [Inset: (a) experimental (b) simulated isotopic distribution 

pattern]. 
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Scheme S5. 

 

Co(III)-hydroxide complex 4.3, indicating the involvement of the peroxynitrite intermediate in 

the course of the reaction. 

In conclusion, a cobalt(II) complex, 4.1 has been synthesized. The reaction of complex 4.1 with 

H2O2 in   the  presence  of   NEt3  in   acetonitrile  solution  at  -40 °C  afforded  corresponding 

 

Figure S9. ORTEP diagram of complex 4.2 (35% thermal ellipsoid plot, solvent molecule and H-atoms 

are omitted for clarity). 

 

Co(III)-peroxo, 4a intermediate. This intermediate in the presence of  NO  gas yielded nitrite 

complex, 4.2.  Characteristic phenol ring nitration reaction  suggests  the  involvement  of  a   

peroxynitrite intermediate in the course of the reaction. 
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Chapter 5: Reaction of a Nitrosyl Complex of Co(II)-porphyrin with 

Hydrogen Peroxide: Formation of a Porphyrin Radical Cation 

The precursor complex, [CoII(TTMPP2-)], 5.1a was synthesized by following a reported 

procedure.25 Complex 5.1a was characterized spectroscopically using UV-visible, FT-IR, EPR 

spectroscopy and ESI-mass spectrometry. The single crystal structure of complex 5.1a shows 

square planar geometry around the cobalt centre (Figure S10). The reaction of complex 5.1a 

with H2O2 was carried out in order to generate the corresponding peroxo species. However, no 

spectroscopic evidences was obtained in support of the formation of it. Hence, the 

corresponding nitrosyl complex was prepared to study itˈs reactivity with H2O2. The nitrosyl 

complex [Co(TTMPP2-)(NO)], 5.1 was synthesized by addition of NO gas in the degassed 

dichloromethane solution of complex 5.1a. It was isolated as red solid and characterized 

spectroscopically as well as structurally. The perspective ORTEP view of complex 5.1 shows 

that the cobalt center is coordinated to four nitrogen atoms of porphyrin ring and NO group is 

bonded axially to result in a square pyramidal geometry (Figure S10). The N-O bond lengths 

is 1.218(9) Å and Co-N-O bond angle is 141.6(6)° which matches well with the reported 

complexes.23 The FT-IR spectrum of complex 5.1 shows nitrosyl stretching frequency at 1675 

cm-1. This value matches well with the other reported analogues complexes.23 Owing to the 

antiferromagnetic coupling between NO group and Co(II)-centre, complex 5.1 becomes EPR 

silent. It shows well resolved 1H-NMR spectrum confirming the diamagnetic nature. 

The reaction of 1.5 mole equivalent H2O2 with complex 5.1 in dichloromethane:acetonitrile 

(1:4, v/v) solution yielded the corresponding nitrite complex, [CoIII(TTMPP2-)(NO2
-)], 5.2 as 

final product (Scheme S6). Complex 5.2 was isolated and characterized spectroscopically as 

well as structurally. FT-IR spectrum of complex 5.2 shows a strong stretching frequency at 

1259 cm-1, suggesting the presence of nitrite group. This is further confirmed by ESI-mass 

spectrometric analysis. Its shows a molecular ion peak at 1077.282 (Calcd. 1077.284 for 
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[CoIII(TTMPP2-)(NO2
-)]). The EPR silent nature and well resolved 1H-NMR spectrum of 

complex 5.2 suggest that the cobalt centre is in +3 oxidation state.  

In UV-visible spectroscopy, complex 5.1 in dichloromethane:acetonitrile (1:4, v/v) solution 

shows characteristic soret band at 418 nm and Q band at 537 nm at -40 °C. Addition of 

precooled 1.5 mole equivalent H2O2 to this solution shows immediate shift of the soret band 

maxima to 434 nm and Q band at 543 nm. The absorption band at 434 nm was further shifted 

to 458 nm with a quenching of intensity. A new set of absorption bands appeared at 712, 818 

and 926 nm. Here, the transient absorptions at 434 nm and 542 nm are attributed to a [CoIV=O] 

species.26 This rapidly isomerizes to corresponding porphyrin radical cation complex as 

evidenced by the quenching of the soret band in UV-visible spectroscopy (Figure S11)27. In X-

band EPR spectroscopic analysis of  the  frozen reaction  mixture  of complex 5.1 and H2O2 in  

               

                             (a)                                                                              (b) 

Figure S10. ORTEP diagram of complex (a) 5.1a and (b) 5.1 [35% thermal ellipsoid plot, solvent 

molecule and H-atoms are omitted for clarity]. 

 

dichloromethane:acetonitrile (1:4, v/v) solution shows a sharp isotropic signal at g ~ 2.001 

which confirms the generation of a radical species in the reaction mixture. When this reaction 

mixture brought to room temperature, the signal was disappeared due to the formation of 
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complex 5.2 (Figure S11). The ESI-mass spectrum of the reaction mixture displays a peak at 

1048.29 which is assignable to the [CoIII(TTMPP2-)(O)] moiety (Calcd. 1047.21). 

 

Scheme S6. 

 

To confirm the formation of peroxynitrite intermediate in the reaction medium, complex 5.1, 

are allowed to react with H2O2 in the presence of 2,4-di-tert-butylphenol. Appreciable amount  

    

                               (a)                                                                                (b) 

Figure S11. (a) UV-visible spectral monitoring of the reaction of complex 5.1 with H2O2 [complex 5.1 

(black), after addition of H2O2 (red), final product (blue) in dichloromethane:acetonitrile (1:4, v/v) 

solution at -40 ⁰C]. (b) X-band EPR spectral monitoring of the reaction of complex 5.1 with H2O2 in 

dichloromethane:acetonitrile (1:4, v/v) solution at 77 K [complex 5.1 (black), intermediate (red) and 

complex 5.2 (green)]. 

 

of (ca. 60%) 2,4-di-tert-butyl-6-nitrophenol and corresponding Co(III)-hydroxide were 

obtained from the final reaction mixture. 
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Thus, the nitrosyl complex, 5.1 reacts with H2O2 to give corresponding nitrite complex 5.2. 

Involvement of the corresponding Co(III)-peroxynitrite intermediate was presumed during the 

reaction. 
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Chapter 1 

Introduction 

1.1 General aspect of peroxynitrite ion 

Nitric oxide (NO) is a colorless, diatomic gas. Having one unpaired electron in the π* orbital 

renders it reactive in nature. Since a long time NO has been used as a ligand and because of 

its redox active nature, it shows different oxidation states such as NO+, NO•, NO˗, upon 

coordination to transition metal centre.1-5 In mammalian biology, NO is generated by nitric 

oxide synthase enzymes via the oxidation of L-arginine into citrulline and NO.6,7 It has been 

found that NO regulates various physiological processes like blood flow, neurotransmission 

and immune response etc.8-10 However when NO is produced in excess, it reacts with 

superoxide ion (O2
-) in a diffusion controlled rate to yield peroxynitrite anion (ONOO-) (Eq. 

1.1).11,12 Peroxynitrite can also form through the reaction of H2O2 and nitrite (NO2
-) in the 

presence of peroxidase enzymes.13,14 Peroxynitrite having half-life less than 10 ms, causes 

oxidative and nitrosative stress. It mediates oxidation and nitrosation of biomolecules, 

causing a diverse chemical modification of lipids, proteins and nucleic acids etc.11,15-17 For 

example, it reacts directly with thiols through a two-electron oxidation process to produce a 

disulfide.18 Protonated form of peroxynitrite, due to its transient nature, homolytically cleaves 

to OH and NO2 radicals. NO2 reacts with sugar to give polymerization and fragmentation 

products.15-17 It also affects the DNA bases such as guanine, where oxidation of guanine 

converts to 8-nitro guanine.16-17 Whereas, hydroxyl radical damages the DNA strand. 

Peroxynitrite can also reacts with CO2 to form a transient species nitroso-peroxocarbonate 

(ONOOCO2
-).19 This species decomposed to NO2 and CO3•

- radicals which act as one 

electron oxidizing agent. 
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An essential component of peroxynitrite-mediated toxicity is the nitration of protein tyrosine 

residues.20-22 It does not directly interact with tyrosine, rather it first decomposes to NO2 

radical which finally gives rise to nitration product.23 This nitration of phenol ring takes place 

in two steps. First one H atom of tyrosine is abstracted by physiologically active oxidants like 

CO3
•- or metal-oxo to form a tyrosyl radical. Then this radical in the presence of NO2 

converted to 3-nitro tyrosine. The formation of 3,3'-dityrosine through the dimerization of 

tyrosyl radicals hinders the normal function of proteins.23 

 

Scheme 1.1 Proposed mechanism for the nitric oxide dioxygenase (NOD) activity. 
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Nitric oxide dioxygenase enzymes (NODs) control the overproduction of NO in vivo by 

transforming it into the biologically benign nitrate (NO3
-) ion.24-32 In this process, it is 

proposed that an Fe(III)-superoxide species reacts with NO to form a Fe(III)-peroxynitrite 

intermediate. This intermediate is short lived and rapidly isomerizes to Fe(III)-nitrate 

complex (Scheme 1.1). 

 

1.2 Literature study 

1.2.1 Reaction of metal-nitrosyl complexes with reactive oxygen species 

The formation of metal-peroxynitrite was first reported by Basolo and Clarkson.33 A cobalt 

nitrosyl complex on ethylenediamine ligand framework upon reaction with molecular oxygen 

results in corresponding nitrite complex. It has been proposed that the reaction proceeds 

through the formation of corresponding peroxynitrite intermediate though no evidence was 

given (Scheme 1.2). 

 

Scheme 1.2 
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The Karlin group described a mixed valent di-copper nitrosyl system [CuI,II
2(UN-O-)(NO)]2+, 

{UN-O- = 2-(bis(2-(pyridin-2-yl)ethyl)amino)-6-((bis(2-(pyridin-2-yl)ethyl)amino)methyl) 

phenolate}, which reacts with O2 in dichloromethane solution at -80 ⁰C to form a one electron 

oxidized species [Cu2
II(UN-O-)(O2

-)(NO)]2+. In the next step, the generation of a 

peroxynitrite intermediate was proposed (Scheme 1.3).34 

 

Scheme 1.3 

 

A Co-nitrosyl complex, [Co(BPI)(NO)(OAc)], {BPI = bis(pyridylimino)isoindol} was 

reported which upon exposure to O2, transformed into its corresponding nitrite complex, 

[CoIII(BPI)(NO2
-)(OAc)] (Scheme 1.4).35 In this instance, a six-coordinated intermediate 

species [CoIII(BPI)(NO)(O2
-)(OAc)], was observed during the reaction. The formation of a 

Co-peroxynitrite intermediate was presumed. 

 

Scheme 1.4 
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In another report, a Co-nitrosyl complex, [Co(F20TPP2-)(NO)], {F20TPP2- = 5,10,15,20-

tetrakis(pentaflurophenyl)porphyrinate} was shown to afford the corresponding 

[CoIII(F20TPP2-)(NO2
-)] complex in the presence of superoxide ion in dichloromethane at        

-40 °C. The involvement of a Co(II)-peroxynitrite intermediate was proposed. Spectroscopic 

analyses suggested the formation of [Co(F20TPP2-)(NO)(O2
-)] species in the reaction medium 

(Scheme 1.5).36 

 

Scheme 1.5 

 

A Cu-nitrosyl complex, [Cu(Iz)2(NO)](ClO4
-)2 {Iz = bis(2-ethyl-4-methyl-imidazol-5-

yl)methane} was reported to react with H2O2 in acetonitrile at -20 °C to result in the 

corresponding Cu(I)-nitrate complex [CuI(Iz)2(NO3
-)] via a Cu(I)-peroxynitrite intermediate 

(Scheme 1.6).37 The generation of the Cu(I)-peroxynitrite was confirmed through the 

characteristic phenol ring nitration test. The [CuI(Iz)2(NO3
-)] complex was converted to the 

corresponding [CuII(Iz)2(NO3
-)] in the presence of O2. 

Nam group published two Co-nitrosyl complexes, [Co(12-TMC)(NO)]2+ and               

[Co(13-TMC)(NO)]2+, {12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane) and 

TH-3517_186122005



                                                                                                                                                                   Chapter 1 

 

6 
 

(13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane} which did not react with 

molecular oxygen but reacted with superoxide, resulting in the formation of the respective 

Co(II)-nitrite    complexes   and   O2  (Scheme 1.7).38 Co(II)-peroxynitrite   intermediate   was  

 

Scheme 1.6 

 

 

 

Scheme 1.7 
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suggested to be involved in the reaction. In another study, a Co-nitrosyl complex of 14-TMC 

{14-TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane} ligand framework, upon 

exposure to molecular oxygen, produced the corresponding Co(II)-nitrate complex via a 

proposed Co(II)-peroxynitrite intermediate. (Scheme 1.7).39 

Our group recently reported two Co-nitrosyl complexes, [Co(Cl4TPP2-)(NO)] and 

[Co(F8TPP2-)(NO)], {Cl4TPP2-
 = 5,10,15,20-tetrakis(4′-chlorophenyl)porphyrinate} and  

{F8TPP2- = 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate} which reacts with H2O2, 

giving rise to the corresponding Co(III)-nitrite and Co(III)-nitrate complexes, respectively 

(Scheme 1.8).40,41 In  both   instances,   the   formation   of  a   proposed  Co(III)-peroxynitrite  

 

 

Scheme 1.8 
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intermediate was suggested. In the second case, genaration of a cobalt-oxyl radical species 

[CoIII-O•] was detected spectroscopically which is formed through the homolytic 

decomposition of the O-O bond of the proposed peroxynitrite moiety. 

A Mn-nitrosyl complex, [Mn(F20TPP2-)(NO)] of {Mn(NO)}6 configuration, reacted with 

superoxide ion to form [MnIII(F20TPP2-)(NO3
-)] complex via a proposed Mn(III)-peroxynitrite 

intermediate (Scheme 1.9).42 Here, involvement of Mn(IV)-oxo species was observed which 

formed after the homolytic decomposition of the O-O bond of peroxynitrite. UV-visible, EPR 

spectroscopy and ESI-mass spectrometry suggested the formation of [MnIV=O] species in the 

reaction. 

 

Scheme 1.9 

 

Another Mn-nitrosyl complex, [Mn(TMPP2-)(NO)], {TMPP2- = 5,10,15,20-tetrakis(4-

methoxyphenyl)porphyrinate} upon reacting with superoxide ion resulted in the formation of 

corresponding [MnIII-OH] and NO2. Here putative formation of the peroxynitrite was 

proposed (Scheme 1.10).43 Formation of high valent [MnIV=O] was also evidenced by 

spectroscopic analysis. 
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Scheme 1.10 

 

1.2.2 Reaction of metal-superoxo complexes with NO 

Karlin group reported a superoxo complex of Fe(III)-porphyrinate, [FeIII(F8TPP2-)(thf)(O2
-)], 

{F8 = an ortho-difluoro substituted tetraarylporphyrinate} which reacts with NO gas to yield 

corresponding nitrate complex, [FeIII(F8TPP2-)(thf)(NO3
-)] via a proposed peroxynitrite 

intermediate (Scheme 1.11).44 

 

Scheme 1.11 

 

Nam group reported a superoxo complex of Cr(III), [CrIII(14-TMC)(O2
-)(Cl)]+ having 14-

TMC ligand framework, upon reaction with NO results in the corresponding Cr(III)-nitrite 

complex, [CrIII(14-TMC)(NO2
-)(Cl)]+. Involvement of a Cr(III)-peroxynitrite intermediate 
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was proposed in this case. Formation of Cr(IV)-oxo species was also proposed during the 

reaction (Scheme 1.12).45 

 

Scheme 1.12 

 

1.2.3 Reaction of metal-peroxo complexes with NO 

Our group reported a Co(III)-peroxo complex, [CoIII(Iz)2(O2
2-)]+ {Iz = bis(2-ethyl-4-

methylimidazol-5-yl)methane}, which yields the corresponding [CoII(Iz)2(NO3
-)]+ complex 

upon reaction with NO in methanol solution at -40 °C (Scheme 1.13).46 Formation of a 

Co(II)-peroxynitite intermediate was evidenced through the characteristic phenol ring 

nitration test. 

 

Scheme 1.13 

TH-3517_186122005



                                                                                                                                                                   Chapter 1 

 

11 
 

A Cr(IV)-peroxo complex, [CrIV(12-TMC)(O2
2-)(Cl)]+ bearing 12-TMC ligand framework, 

upon reaction with NO results in Cr(III)-nitrate complex, [CrIII(12-TMC)(NO3
-)(Cl)]+ via a 

Cr(III)-peroxynitrite intermediate (Scheme 1.14).47 Involvement of Cr(IV)-oxo species and 

NO2 was shown to form by homolytic cleavage of the O-O bond of peroxynitrite. 

 

Scheme 1.14 

 

Kumar group reported a Ni(III)-peroxo complex, [NiIII(12-TMC)(O2
2-)]+ which upon reaction 

with NO leads to the corresponding Ni(II)-nitrate complex, [NiII(12-TMC)(NO3
-)]+ (Scheme 

1.15). It was proposed that the reaction is going through a peroxynitrite intermediate.48 

 

Scheme 1.15 

 

They  also  reported  two  more  Mn(III)-peroxo   complexes,  [MnIII(3PYENMe)(O2
2-)]+  and 

[MnIII(N3PY)(O2
2-)]+ {3PYENMe = N1-methyl-N1,N2,N2-tris(pyridin-2-ylmethyl)ethane-1,2-

diamine}, {N3PY = N1,N2-dimethyl-N1-(2-(methyl(pyridin-2-ylmethyl)amino)ethyl)-N2-
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(pyridin-2-ylmethyl)ethane-1,2-diamine}, having pentadentate ligand framework gives 

corresponding Mn(II)-nitrate complexes, [MnII(3PYENMe)(NO3
-)]+ and      

[MnII(N3PY)(NO3
-)]+, respectively in the presence of NO (Scheme 1.16). In both the cases, 

nitration of phenol ring confirms the involvement of Mn(II)-peroxynitrite intermediate during 

the reaction.49 

 

Scheme 1.16 

 

1.3 Scope of the thesis 

This thesis work stems from our curiosity to identify the metal-peroxynitrite intermediate in 

reactions of metal-nitrosyl complexes with H2O2 and metal-peroxo complexes with nitric 

oxide. Direct spectroscopic characterization of metal peroxynitrite are still elusive. Moreover, 

the formation of high-valent metal-oxo through the decomposition of the metal peroxynitrite's 

O-O bond is not well-documented. Hence, the objectives of the thesis are: 

1. Preparation and characterization of metal-peroxo and metal-nitrosyl complexes 

having non-heme and heme ligand framework, respectively. 
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2. Study of the reaction of these metal-peroxo or metal-nitrosyl complexes with nitric 

oxide gas and H2O2, respectively, to understand the reaction pathway and any 

intermediate involved. 

3. Investigate the decomposition pathways of metal-peroxynitrites and detection of the 

metal-oxo species through the decomposition of the O-O bond of unstable metal-

peroxynitrite intermediate during the reaction. 
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Chapter 2 

Reaction of a Co(III)-peroxo Complex with Nitric Oxide: Putative 

Formation of a Peroxynitrite Intermediate 

 

Abstract 

A Co(II) complex, [CoII(L1)2(H2O)2](ClO4
-)2, 2.1 having bidentate ligand L1 [L1 = bis(3,5-

dimethylpyrazolyl)methane] has been synthesized. Complex 2.1 in acetonitrile solution at           

-40 C in the presence of H2O2 and NEt3 afforded the corresponding Co(III)-peroxo species, 

[CoIII(L1)2(O2
2˗)]+ as a transient intermediate, 2a. Thermal instability precluded it’s isolation. 

The addition of NO gas into the freshly prepared [CoIII(L1)2(O2
2-)]+ in acetonitrile at -40 C 

resulted in the corresponding Co(II)-nitrate complex, [CoII(L1)2(NO3
-)](ClO4

-), 2.2. The 

reaction is proposed to proceed through a putative Co(II)-peroxynitrite intermediate, 2b. It was 

evidenced by the characteristic phenol ring nitration reaction. 
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2.1 Introduction 

Nitric oxide (NO) is a highly reactive diatomic molecule due to the presence of an unpaired 

electron in π* orbital. At a very low concentration, NO controls several physiological processes 

like neurotransmission, vasodilation and defensive immune system etc.1-8 In living organisms, 

nitric oxide synthase (NOS) produces NO and in biological denitrification processes nitrite 

reductase enzymes (NiR) generate NO from the reduction of nitrite.9 Imbalance of NO can 

cause oxidative and nitrosative stress through the formation of secondary reactive nitrogen 

species (RNS) such as NO2 and peroxynitrite.10-11 The level of NO is controlled by nitric oxide 

dioxygenase (NOD) which oxidize NO to nitrate (NO3
-).12 This conversion is proposed to 

proceed via the formation of peroxynitrite intermediate. In vivo, peroxynitrite is formed in a 

reaction of NO with O2
- adduct of ferri-heme i.e. [ FeIII-O2

-] proteins in a diffusion controlled 

rate.13-15 It is also believed to form in the reaction of nitrite with H2O2 in the presence of 

peroxidase enzymes.16 In vitro, peroxynitrite complexes are reported to form in the reaction of 

metal nitrosyls with molecular oxygen (O2) or reactive oxygen species such as superoxide (O2
˗) 

and hydrogen peroxide (H2O2) or in reaction of metal superoxo/peroxo complexes with NO. 

For instance, Co-nitrosyl complexes, [Co(12-TMC)(NO)]2+ and [Co(13-TMC)(NO)]2+ are 

reported to react with O2
˗ ion to afford Co(II)-nitrite complexes, [CoII(12-TMC)(NO2

-)]+ and 

[CoII(13-TMC)(NO2
-)]+, respectively, via a presumed Co(II)-peroxynitrite intermediate.17 

Peroxo complex of chromium with same ligand framework, [CrIV(12-TMC)(O2
2˗)(Cl)]+ reacts 

with NO leading to the formation of a Cr(III)-nitrate complex,18 [CrIII(12-TMC)(NO3
-)(Cl)]+.    

A [CrIII-O2
-] complex, [CrIII(14-TMC)(O2)(Cl)]+, upon reaction with NO resulted in a Cr(IV)-

oxo species, [CrIV(14-TMC)(O)(Cl)]+ and NO2 via the formation of Cr(III)-peroxynitrite 

intermediate, [CrIII(14-TMC)(OONO-)(Cl)]+.19 Recently, a Ni(III)-peroxo complex, [NiIII(12-

TMC)(O2
2˗)]+ has been reported to react with NO to result in a Ni(II)-nitrate complex, [NiII(12-

TMC)(NO3
-)]+. The involvement of a Ni(II)-peroxynitrite intermediate was presumed in this 
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reaction.20 An Fe(III)-peroxynitrite intermediate is presumed to form in the reaction of Fe(III)-

peroxo complex, [FeIII(14-TMC)(O2
2˗)]+ with NO which results in the corresponding Fe(III)-

nitrate analogue, [FeIII(14-TMC)(NO3
-)]+.21  On the other hand, the reaction of a non-heme 

dinitrosyl iron, [Fe(NO)2] with O2 afford Fe(III)-nitrate is proposed to proceed via the 

corresponding peroxynitrite intermediate.22,23 A mixed valent dicopper μ-nitrosyl complex, 

[CuI,II
2(UN-O-)(NO)]2+ was reported by the Karlin’s group to react with O2 to give peroxynitrite 

intermediate.24 It has been demonstrated that Cu-nitrosyl complex, [Cu(Iz)2(NO)](ClO4
-)2 

reacts with H2O2 to form a Cu(I)-nitrate complex and based on chemical evidence, the 

formation of a Cu(I)-peroxynitrite intermediate was proposed.25 In a different example, a Co-

nitrosyl, [Co(BPI)(NO)(OAc)], has been shown to give Co(III)-nitrite complex on its reaction 

with O2 via a Co(III)-peroxynitrite intermediate.26 Though the reaction of heme and non-heme 

cobalt nitrosyl with O2/O2
˗/O2

2˗ are known to form cobalt nitrite/nitrate complex via a 

peroxynitrite intermediate, the examples of the reaction of cobalt-oxy species with NO are very 

limited. Recently, we have reported that a Co(III)-peroxo complex with imidazole based ligand 

framework reacts with NO to form a Co(II)-nitrate complex presumably via a peroxynitrite 

intermediate.27 

This chapter describes a [CoII(L1)2(H2O)2]
2+ complex, 2.1 which in acetonitrile solution at          

-40 C upon reaction with H2O2 and NEt3 resulted Co(III)-peroxo intermediate, 2a.  This 

intermediate in the presence of NO results in the corresponding Co(II)-nitrate complex, 2.2. 

Chemical evidence suggests the involvement of a Co(II)-peroxynitrite species in this reaction. 

 

2.2 Results and Discussion  

The  ligand  L1  was  prepared  using  3,5-dimethylpyrazole   following  a   previously  reported 

procedure.28  It  was  isolated  as  pure  solid  and characterized by using different spectroscopic  
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techniques (Appendix I, Figures A1.1-A1.4). Complex 2.1, [CoII(L1)2(H2O)2]
2+ was 

synthesized with perchlorate as counter anion by constant stirring of a mixture of cobalt(II) 

perchlorate hexahydrate and the ligand L1 in 1:2 mole equivalent in acetonitrile. It was 

characterized by UV-visible, FT-IR, EPR, and ESI-mass spectrometry as well as by the single-

crystal X-ray structure determination (Appendix I, Figures A1.5-A1.8). The perspective 

ORTEP view of complex 2.1 is shown in figure 2.1. The crystallographic data and other metric 

parameters are listed in tables (Appendix I, Tables A1.1-A1.3). Crystal structure of complex 

2.1 revealed that the Co(II)-center is bonded with four nitrogen atoms from two units of ligand 

and  two water molecules in a distorted octahedral  geometry. Two perchlorate ions are present  

 

Figure 2.1. ORTEP diagram of complex 2.1 [35% thermal ellipsoid plot, H-atoms are omitted for 

clarity]. 

 

in the outside of the coordination sphere to satisfy the charge of the metal center (Figure 2.1). 

The Co-N bond distances are within the range of reported values in analogous compounds 

(Appendix I, Tables A1.1-A1.3).29 It would be worth mentioning here that analogous imidazole 

based ligand, Iz, {Iz = bis(2-ethyl-4-methylimidazole-5-yl)methane},  affords a distorted 

tetrahedral geometry to the Co(II)-center.27 
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Complex 2.1, in acetonitrile solution exhibited an absorption band at 485 nm, (ϵ/M-1cm-1, 50) 

along with other intra-ligand transitions at 317 nm (ϵ/M-1cm-1, 1230) and 268 nm (ϵ/M-1cm-1, 

1830) (Appendix I, Figure A1.6). X-band EPR spectrum of complex 2.1 was recorded at 77 K 

and an axial spectrum was observed for a Co(II)-center with 3/2 spin state (Appendix I, Figure 

A1.8).30 The magnetic moment (B) of the complex was measured 4.34 BM as expected for 

Co(II)-octahedral complexes.31 

A dry and degassed acetonitrile solution of complex 2.1 at -40 C, upon addition of 1.5 mole 

equivalent of freshly estimated H2O2 followed by 1 mole equivalent of NEt3 resulted in a 

thermally unstable purple color intermediate 2a, [CoIII(L1)2(O2
2-)]+ (Scheme 2.1). It was found 

to decompose readily with increasing temperature. In UV-visible spectroscopic monitoring, a 

new transient absorption band appeared  at  375 nm (ϵ/M-1cm-1, 856) (Figure 2.2). The intensity  

 

Figure 2.2. UV-visible spectra of the reaction of complex 2.1 with H2O2 followed by NO, in acetonitrile 

at -40 °C.  [complex 2.1 (black), after addition of H2O2 followed by NEt3 (red) and after addition of NO 

(blue)]. 

 

of the band decreases with time suggesting it’s unstable nature. This is attributed to 

corresponding Co(III)-peroxo complex. In case of Co(II)-complex of bis(2-ethyl-4-
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methylimidazole-5-yl)methane ligand, the reaction of H2O2 in the presence of NEt3 also 

resulted in the corresponding Co(III)-peroxo species.27 It should be noted that the side-on 

peroxo complexes of transition metal ions are found to show absorption in the range of 340 nm 

to 470 nm in UV-visible spectroscopy.32 For instance, the side-on peroxo complexes [CoIII(12-

TMC)(O2
2-)]+, [CoIII(TMC)(O2

2-)]+, [CoIII(15-TMC)(O2
2-)]+  were reported to absorb at 350 

nm, 436 nm and 464 nm, respectively.33 Whereas [CoIII(Iz)2(O2
2-)]+ was found to absorb at 452 

nm (ϵ/M-1cm-1, 890).27 On the other hand, end-on peroxo complexes of Co(III) were reported 

to absorb in the range of 485 to 580 nm.34  

In X-band EPR spectroscopy, the intermediate 2a, was found to be silent as expected for 

Co(III)-peroxo species having low spin Co(III)-center (Figure 2.3).33 In ESI-mass 

spectrometry, this intermediate 2a displayed molecular ion peak at 499.172,  which is attributed 

to the mass of [CoIII(L1)2(O2
2-)]+ (Calcd. 499.198). The observed isotropic distribution pattern 

matches  well  with  the  simulated  one  (Figure 2.4). Unfortunately,  attempts  to  record  the   

 

Figure 2.3. X-band EPR spectral monitoring of the reaction of complex 2.1 with H2O2 followed by 

NEt3 in acetonitrile at 77 K [complex 2.1 (black), after addition of H2O2, intermediate 2a (red)]. 

 

FT-IR spectrum of the intermediate 2a were unsuccessful owing to its thermal instability. It is 
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to be noted that in the presence of the base, there is a possibility of the formation of Co(IV)-

oxo species.35 However, it is well-known that cobalt being a later first row transition metal, 

Co(IV)-oxo is relatively rare owing to their electronic instability, which is known as oxo wall.35 

In addition, Co(IV)-oxo species are known to initiate oxygen atom transfer (OAT) to the 

suitable substrates.36,37 In the present case, no trace of OAT was observed in the presence of 

substrates like fluorine etc. Considering all these, it is logical to rule out the possibility of 

formation of Co(IV)-oxo species. 

 

 

 

Scheme 2.1. Reaction of complex 2.1 with H2O2 followed by addition of NEt3 and NO in acetonitrile 

at -40 °C. 

 

 

Figure 2.4. ESI-mass spectrum of Co(III)-peroxo intermediate, 2a in acetonitrile. [Inset: (a) 

experimental and (b) simulated isotopic distribution pattern]. 
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Upon bubbling of NO gas to the freshly generated Co(III)-peroxo intermediate, 2a in dry and 

degassed acetonitrile solution at -40 °C followed by warming up to room temperature formation 

of complex 2.2, [CoII(L1)2(NO3
-)](ClO4

-) was observed. It was isolated as solid and 

characterized by different spectroscopic methods as well as by the single-crystal X-ray 

structure determination (Appendix I, Figure A1.9-A1.11). The ORTEP diagram is shown in 

figure 2.5. Crystallographic data, important bond distances and bond angles are listed in the 

appendix (Appendix I, Tables A1.1-A1.3). The crystal structure of complex 2.2 revealed a 

distorted octahedral geometry around the Co(II)-centre. Here four nitrogen atoms from two 

units of ligand and a nitrate group (NO3
-) is coordinated to the metal. In FT-IR spectrum 

complex 2.2 shows a strong band at 1384 cm-1 which corresponds to NO3
- stretching (Appendix 

I, Figure A1.9). This matched well with the earlier reported value.38 

 
Figure 2.5:  ORTEP diagram of complex 2.2 [35% thermal ellipsoid plot, solvent molecule and H-

atoms are omitted for clarity]. 

 

The formation of complex 2.2 as the final decomposition product in the reaction of Co(III)-

peroxo species, 2a with NO suggests the putative formation of peroxynitrite (ONOO-) 

intermediate in the course of the reaction. Since, NO3
- is the common isomerization product of 

peroxynitrite (ONOO-). Since direct spectral evidence were not obtained in favor of the 

formation of peroxynitrite intermediate, chemical evidence was sought to establish itˈs 
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involvement in the reaction. The nitration of phenol ring has been extensively used as an 

evidence for the formation of metal-peroxynitrite intermediate.38 When NO was added to the 

freshly generated complex 2a in acetonitrile at -40 C in the presence of 2,4-di-tert-butyl 

phenol, ring nitration was observed (ca. 65%) along with formation of Co(III)-hydroxide 

complex, 2.3. 2,4-di-tert-butyl-6-nitrophenol and complex 2.3 were purified using silica gel 

column chromatography using chloroform/methanol as eluent and spectroscopic 

characterization were done (Appendix I, Figures A1.12-A1.19). In contrary, when the external 

phenol was added after the addition of NO gas into the solution of 2a, only complex 2.2 was 

formed and  the  formation of  2,4-di-tert-butyl-6-nitrophenol was not observed. This suggests  

 

Scheme 2.2. Overall reactions. 

 

that the reaction proceeds through a presumed peroxynitrite intermediate.38 In this reaction the 

formation of corresponding Co(II)-hydroxide is expected which was evidenced in X-band EPR 

study of the reaction mixture (Appendix I, Figure A1.20).39 However, work up and isolation 

afforded Co(III)-hydroxide as final product probably due to the air/moisture sensitivity of 

Co(II)-complex. It  was  worth  mentioning  that  the  reaction  of  complex  2.2  with  externally       
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 added phenol does not result in the formation of 2,4-di-tert-butyl-6-nitrophenol. 

 

2.3 Experimental Section 

2.3.1 Materials and methods 

All the reagents were purchased from commercial sources and used as it is without further 

purification unless specified. Acetonitrile was stored over calcium hydride overnight followed 

by distillation with P2O5 under N2. All the reactions were performed under inert atmosphere 

except mentioned differently. Deoxygenation of solvents and solutions were effected by 

consecutive vacuum/Ar purge cycles. UV–visible spectra were taken on an Agilent Cary 8454 

spectrophotometer. FT-IR spectra were recorded as KBr pellets or in a KBr cell using a 

PerkinElmer spectrophotometer. 1H, 13C-NMR studies were recorded using Bruker Avance III 

on a 500 MHz Varian FT-NMR spectrophotometers. X-band EPR spectra were recorded on a 

JES-FA200 EPR spectrophotometer with microwave power, 0.998 mW; microwave frequency, 

9.14 GHz; and modulation amplitude, 2. 

The X-ray quality crystals were grown using diffusion followed by slow evaporation method. 

The intensity data were collected using a Bruker SMART APEX-II CCD diffractometer, 

equipped with a fine focus 1.75 kW sealed tube Mo Kα radiation (λ = 0.71073 Å), 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.40 Structures were solved by direct methods using SHELXL41a and refined 

with full-matrix least-squares on F2 using SHELXL-2019/1.41b Structural illustrations were 

drawn with ORTEP-3 for Windows.41c 
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2.3.2 Syntheses 

[Bis(3,5-dimethylpyrazolyl)methane], L1 

3,5-dimethylpyrazole (5 g, 52 mmol) was dissolved in 50 mL of dimethyl sulfoxide and finely 

powdered KOH (5.84 g, 104 mmol) was added to it. This suspension was stirred vigorously for 

1 h at 80 °C. After that 1.67 mL dichloromethane in 10 mL dimethyl sulfoxide was added 

dropwise and allowed to stirred for another 4 h. This reaction mixture was poured into 200 mL 

of cold water to precipitate out the pure ligand L1. Yield: 4.35 g (ca. 82%). Elemental analyses 

for C11H16N4. Calcd. (%): C, 64.68; H, 7.90; N, 27.43, Found (%): C, 64.55; H, 7.98; N, 27.62. 

FT-IR (in KBr): 1557, 1464, 1419, 1382, 1354, 1313, 1267, 1139, 1035, 970, 953, 811, 776, 

712, 673, 628 and 469 cm-1. 1H-NMR (500 MHz, CDCl3): δppm, 6.01 (s, 1H), 5.74 (s, 1H), 2.17 

(s, 3H), 2.14 (s, 3H). 13C-NMR (125 MHz, CDCl3): δppm, 148.2, 140.3, 106.3, 60.4, 13.4. ESI-

mass (m/z): Calcd.: 204.137, Found: 205.153 (M+1). 

Complex 2.1, [CoII(L1)2(H2O)2](ClO4
-)2 

15 mL acetonitrile solution of ligand L1 (408 mg, 2 mmol) was added drop wise to the 15 mL 

acetonitrile solution of Co(II)-perchlorate hexahydrate (366 mg, 1 mmol). This mixture was 

stirred for 4 h at room temperature. The volume was reduced to 5 mL and benzene (25 mL) 

was added to precipitate out the complex 2.1. Pink crystals of complex 2.1 were obtained from 

acetonitrile solution by layering with benzene. Yield: 632 mg (ca. 90%). Elemental analyses 

for C22H36Cl2N8O10Co. Calcd. (%): C, 37.62; H, 5.17; N, 15.95; Found (%): C, 37.54; H, 5.09; 

N, 16.09. FT-IR (in KBr): 1558, 1465, 1422, 1371, 1279, 1097, 1040, 929, 829, 810, 789, 705, 

679, 662, 620, 493 and 477 cm-1. UV-visible (CH3CN): 268 nm (ϵ/M-1 cm-1, 1830), 317 nm 

(ϵ/M-1 cm-1,1230) and 485 nm (ϵ/M-1 cm-1, 51). obs.: 4.34 BM. X-band EPR (CH3CN, 77 K): 

g ~ 4.2. Crystal data: CCDC No. 2279868. C22H36N8O10Cl2Co, M = 702.42, monoclinic 
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(P21/c), a = 12.8427(6), b = 12.6406(6), c = 20.2239(9) Å, α = 90°, β = 106.4850(10)°, γ = 

90°, V = 3148.2(3) Å3, Z = 4, Dc = 1.482 g cm−3, μ = 0.778 mm−1, T = 296(2) K, 5534 

reflections, 4352 independent, R(F) = 0.0560 [I>2δ(I)], R(int) = 0.0736, wR(F2) = 0.1757 (all 

data), GOF = 1.013. 

2.3.3 Reaction of complex 2.1 with H2O2 

Complex 2.1 (702 mg, 1 mmol) was dissolved in 10 mL of dry and degassed acetonitrile and 

kept it at -40 °C for 4 h. To this solution, pre-cooled 1.5 mole equivalent of H2O2 (37% v/v, 0.7 

mL) was added followed by 1 mole equivalent NEt3. The color of the reaction mixture changed 

to purple from pink and afforded intermediate, 2a. UV-visible (CH3CN): 375 nm (ϵ/M-1cm-1, 

856), 630 nm (ϵ/M-1cm-1, 95). ESI-mass (m/z): Calcd.: 499.198 for [CoIII(L1)2(O2)]
+, Found: 

499.172. 

Complex 2.2, [CoII(L1)2(NO3
-)](ClO4

-) 

NO gas was bubbled to the freshly prepared Co(III)-peroxo species, 2a in acetonitrile solution 

at -40 C and stirred for 30 min. It was then brought to room temperature and allowed to stir 

for 30 min. The excess NO gas was removed by applying few cycles of vacuum and Ar. The 

reaction mixture was then kept for slow evaporation and brown crystals of complex 2.2 were 

obtained after 5 d. Yield: 440 mg (ca. 70%). Elemental analyses for C22H32ClN9O7Co. Calcd. 

(%): C, 42.01; H, 5.13; N, 20.04. Found (%): C, 42.06; H, 5.04; N, 20.11. FT-IR (in KBr): 

1639, 1558, 1486, 1465, 1422, 1384, 1287, 1121, 1100, 1084, 1045, 835, 803, 705, 681 and 

624 cm-1. UV-visible (CH3CN): 295 (ϵ/M-1 cm-1, 1785), 450 (ϵ/M-1 cm-1, 49), 498 (ϵ/M-1 cm-1, 

55) and 517 nm (ϵ/M-1 cm-1, 62). obs.: 4.36 BM. Crystal data: CCDC No. 2279867. 

C24H35N10O7ClCo, M = 670.00, monoclinic (P21/c), a = 14.7963(8), b = 8.2883(4), c = 

25.5819(13) Å, α = 90°, β = 94.607(2)°, γ = 90°, V = 3127.1(3) Å3, Z = 4, Dc = 1.423 g cm−3, 
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μ = 0.692 mm−1, T = 296(2) K, 5508 reflections, 4464 independent, R(F) = 0.0532 [I>2δ(I)], 

R(int) = 0.0703, wR(F2) = 0.1236 (all data), GOF = 1.102. 

2.3.4 Reaction of complex 2.1 with H2O2 followed by NEt3 and NO in the presence of 2,4-

di-tert-butylphenol 

Dry and degassed acetonitrile solution (10 mL) of complex 2.1 (702 mg, 1mmol) was kept at  

-40 °C for 2 h. To this, precooled 1.5 mole equivalent H2O2 (37% v/v, 0.7 mL) followed by 1 

mole equivalent of NEt3 was added to afford Co(III)-peroxo intermediate, 2a. To this 

intermediate 2a, 2 mL precooled acetonitrile solution containing 2,4-di-tert-butylphenol (1.03 

g, 5 mmol) was added followed by NO. This reaction mixture was allowed to stir for 1 h at       

-40 °C and warmed up to room temperature.  Excess NO gas was removed by purging Ar. 2,4-

di-tert-butyl-6-nitrophenol and complex 2.3 were isolated using column chromatography.  

2,4-di-tert-butyl-6-nitrophenol 

Yield: 145 mg (ca. 58%). Elemental analyses for C14H21NO3. Calcd. (%): C, 66.91; H, 8.42; 

N, 5.57. Found (%): C, 66.85; H, 8.38; N, 5.68. FT-IR (in KBr): 1542, 1481, 1463, 1407, 1363, 

1315, 1276, 1259, 1238, 1203, 1180, 1139, 1112, 1097, 1022, 923, 887, 865, 852, 819, 806, 

773, 748 and 723 cm-1. 1H-NMR (500 MHz, CDCl3): δppm, 11.45 (s, 1H), 7.96 (d, 1H),             

7.65-7.64 (d, 1H), 1.45 (s, 9H), 1.32 (s, 9H). 13C-NMR (125 MHz, CDCl3): δppm, 153.2, 142.2, 

140.1, 133.9, 132.8, 119.1, 35.9, 34.7, 31.3, 29.6. ESI-mass (m/z): Calcd.: 251.15, Found: 

250.16 (M-1).  

Complex 2.3, [CoIII(L1)2(OH)](ClO4
-)2 

Yield: 342 mg (ca. 50%). Elemental analyses for C22H33Cl2N8O9Co. Calcd. (%): C, 38.67; H, 

4.87; N, 16.40. Found (%): C, 38.58; H, 4.79; N, 16.31. FT-IR (in KBr): 1635, 1559, 1467, 

1424, 1391, 1285, 1109, 1042, 906, 835, 683 and 625 cm-1. UV-visible (CH3CN): 294 nm   
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(ϵ/M-1 cm-1, 1204), 415 nm (ϵ/M-1 cm-1, 140) and 513 nm (ϵ/M-1 cm-1, 73). ESI-mass (m/z): 

Calcd.: 233.604, Found: 233.620 (M/2). 

 

2.4 Conclusion 

Thus, a Co(II)-complex bearing pyrazole based bidentate ligand (bis(3,5-

dimethylpyrazolyl)methane), 2.1 has been synthesized and characterized spectroscopically as 

well as structurally. In acetonitrile solution at -40 C temperature, complex 2.1 reacts with H2O2 

in the presence of NEt3 to result in the corresponding Co(III)-peroxo intermediate, 2a. It is 

thermally unstable and decomposes rapidly. Addition of NO gas to the freshly prepared 

acetonitrile solution of Co(III)-peroxo intermediate, 2a at -40 C leads to the formation of the 

corresponding Co(II)-nitrate complex, 2.2. It is proposed that the reaction proceeds via a 

Co(II)-peroxinitrite intermediate, 2b which is evidenced by the characteristic phenol ring 

nitration reaction. 
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T.; Kissner, R.; Rüegger, H. Dalton Trans. 2012, 41, 13779. (d) Lymar, S. V.; 

Khairutdinov, R. F.; Hurst, J. K. Inorg. Chem. 2003, 42, 5259. (e) Goldstein, S.; Lind, 
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Chapter 3 

Reaction of a Co(III)-peroxo Complex of Symmetric 

Tetradentate Ligand Framework with Nitric Oxide: Putative 

Formation of a Peroxynitrite Intermediate 

 

Abstract 

A Co(II)-complex, [CoII(L2)(CH3CN)](ClO4
-)2, 3.1 having a symmetric tetradentate 

ligand framework L2 was subjected to react with 1.5 mole equivalent of H2O2 followed 

by 1 mole equivalent of NEt3 in acetonitrile solution at -40 C and resulted in the 

formation of the corresponding Co(III)-peroxo species, [CoIII(L2)(O2
2˗)]+ as transient 

intermediate, 3a. When NO gas was added into the freshly generated Co(III)-peroxo 

species in acetonitrile at -40 C, yielded the corresponding Co(II)-nitrate complex,   

[CoII(L2)(NO3
-)](ClO4

-), 3.2. It was characterized by various spectroscopic techniques 

and single crystal X-ray structure determination. Presumably, this reaction involves the 

formation of a Co(II)-peroxynitrite intermediate, 3b. This was confirmed by the 

characteristic nitration test of the phenol ring. 
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3.1 Introduction  

Nitric oxide (NO) is a heteronuclear diatomic gaseous molecule. It also acts as a 

signalling molecule and controls various physiological processes such as 

neurotransmission, vasodilation, defence immune system etc.1-10 For these processes, 

NO requires in sub-micromolar concentration. Nitric oxide dioxygenase (NOD) enzyme 

regulates the amount of NO in biological systems. Excess production of NO leads to 

toxic effects which cause the oxidative and nitrosative stress.8 It is proposed that in 

NOD, a Fe(III)-superoxo complex, [FeIII(O2
-)] upon reaction with NO results in 

biologically atoxic nitrate. This reaction is proposed to proceed through the formation 

of peroxynitrite intermediate. This peroxynitrite intermediate upon homolytic 

decomposition of ˈO-Oˈ bond results in Fe(IV)-oxo and NO2 species. Subsequent 

recombination of these two species give corresponding nitrate complex.11-13 

NO reactivity of metal-superoxo/peroxo complexes were reported earlier where the 

involvement of a peroxynitrite intermediate was implicated.14-21 For example, a 

[FeIII(La)(O2
-)] complex reacted with NO to results in the corresponding    

[FeIII(La)(NO3
-)] complex, via a proposed peroxynitrite intermediate.11 Peroxo and 

superoxo complexes of Cr, was reported which react with NO to form the nitrate and 

nitrite complexes, respectively. In both the cases, the formation of Cr(III)-peroxynitrite 

was suggested.19,20 Kumar group reported a peroxo complex of Ni,                                      

[NiIII(12-TMC)(O2
2˗)]+ which on reaction with NO resulted in Ni(II)-nitrate complex, 

[NiII(12-TMC)(NO3
-)]+.22 Formation of the Ni(II)-peroxynitrite was proposed in this 

case. Mn(III)-peroxo complexes, [MnIII(3PYENMe)(O2
2-)] and [MnIII(N3PY)(O2

2-)] 

upon reaction with NO lead to the corresponding Mn(II)-nitrate complexes, 

[MnII(3PYENMe)(NO3
-)] and [MnII(N3PY)(NO3

-)], respectively.23 Formation of the 
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Mn(II)-peroxynitrite intermediates were proposed in both the cases. Our group reported 

two Co(III)-peroxo complexes, [CoIII(Iz)2(O2
2-)]+ and [CoIII(L1)2(O2

2-)]+, which in the 

presence of NO resulted in the corresponding Co(II)-nitrate complexes,      

[CoII(Iz)2(NO3
-)]+ and [CoII(L1)2(NO3

-)]+, respectively. Formation of the corresponding 

Co(II)-peroxynitrite intermediate was proposed in these cases.21,24 

Reaction involving metal nitrosyls and reactive oxygen species like superoxide and 

peroxide ion also lead to the corresponding nitrate/nitrite complexes via a peroxynitrite 

intermediate. For example, a non-heme dinitrosyl complex of iron reacted with O2 and 

giving rise to the formation of nitrate complex.25 A Cu-nitrosyl complex reacted with 

H2O2 resulting in Cu(II)-nitrate complex through a proposed Cu(I)-peroxynitrite 

intermediate.26 Co-nitrosyl complexes, [Co(Cl4TPP2-)(NO)] and [Co(F8TPP2-)(NO)], 

upon reaction with H2O2 formed the corresponding [CoIII(Cl4TPP2-)(NO2
-)] and 

[CoIII(F8TPP2-)(NO3
-)] complexes respectively,. The putative formation of Co(II)-

peroxynitrite intermediate was proposed in both cases .27,28 

This chapter describes a Co(II)-complex, [CoII(L2)(CH3CN)](ClO4
-)2, 3.1 which upon 

reaction with H2O2 followed by NEt3 affords Co(III)-peroxo intermediate, 

[CoIII(L2)(O2
2-)](ClO4

-), 3a. This peroxo complex further reacts with NO to result in the 

corresponding nitrate complex, [CoII(L2)(NO3
-)](ClO4

-), 3.2. Chemical evidence 

indicates the formation of Co(II)-peroxynitrite intermediate, 3b during this reaction. 

 

3.2 Results and Discussion  

The ligand, L2 was synthesized using a procedure reported previously.29 Ligand L2 was 

obtained as pure white solid and characterized spectroscopically (Appendix II, Figures A2.1-

A2.8). The Co(II)-complex, [CoII(L2)(CH3CN)](ClO4
-)2, 3.1 was synthesized by mixing ligand 
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L2 and Co(II)-perchlorate hexahydrate in equimolar amount in acetonitrile. Complex 3.1 was 

characterized using spectroscopic techniques as well as structurally (Appendix II, Figures 

A2.9-A2.12). ORTEP diagram of complex 3.1 revealed that the cobalt centre is bonded to four 

nitrogen atoms from L2 and one acetonitrile occupying the axial position in a distorted trigonal 

bipyramidal geometry (Figure 3.1). Two perchlorate ions remain outside of the coordination 

sphere to balance the +2 charge of the cobalt centre. 

 

Figure 3.1. ORTEP diagram of complex 3.1 [35% thermal ellipsoid plot, H-atoms are omitted for 

clarity]. 

 

In UV-visible spectroscopy, complex 3.1 showed d-d transition bands at 517 nm (ϵ/M-1cm-1, 

1.24 × 102) and 468 nm (ϵ/M-1cm-1, 0.95 × 102) along with intraligand charge transfer bands at 

219 nm (ϵ/M-1cm-1, 2.23 × 104), 253 nm (ϵ/M-1cm-1, 1.02 × 104) and 304 nm (ϵ/M-1cm-1, 4.29 

× 103) in acetonitrile solution (Appendix II, Figure A2.10). The complex 3.1 was dissolved in 

acetonitrile solution and X-band EPR spectrum was recorded at 77 K which showed an axial 

peak at g ~ 4.55 indicating that cobalt is in +2 oxidation state (Appendix II, Figure A2.12). 

This value is consistent with the other reported Co(II)-complexes.24 

When dry and degassed acetonitrile solution of complex 3.1 was allowed to react with 1.5 mole 

equivalent of H2O2 followed by 1 mole equivalent of NEt3 at -40 ⁰C, resulted in transient 
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intermediate, 3a (Scheme 3.1). In UV-visible spectral monitoring, it was found to absorb at 

340 nm which diminishes over time, indicating the unstable nature of the intermediate (Figure 

3.2). This is attributed to the corresponding Co(III)-peroxo species. This value matches with 

the range (340-470 nm) of other reported analogues.21,24 

 

Scheme 3.1. Reaction of complex 3.1 with H2O2 followed by NEt3 in acetonitrile at -40 °C. 

 

 

Figure 3.2. UV-visible spectra of the reaction of complex 3.1 with H2O2 followed by NEt3, in 

acetonitrile at -40 °C  [complex 3.1 (black), after the addition of H2O2 followed by NEt3, intermediate 

3a (red)]. 

 

In X-band EPR study, the frozen reaction mixture of H2O2 and complex 3.1 in acetonitrile 

results in a EPR silent species which is expected for a low spin Co(III)-peroxo species (Figure 

3.3). 
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The ESI-mass spectrum of intermediate 3a in acetonitrile was populated by a molecular ion 

peak at m/z 432.157 (Figure 3.4). This corresponds to the mass of [CoIII(L2)(O2
2-)]+ moiety 

(Calcd. 432.156). The isotopic distribution pattern is in good agreement with the simulated 

one. 

 

Figure 3.3. X-band EPR spectral monitoring of the reaction of complex 3.1 with H2O2 followed by 

NEt3 in acetonitrile at 77 K [complex 3.1 (black), after addition of H2O2, intermediate 3a (red)]. 

 

Co(III)-peroxo species further reacted with NO gas in dry and degassed acetonitrile solution at 

-40 ⁰C followed  by  warm  up  to   room   temperature,  giving   corresponding  nitrate  complex, 

 

Figure 3.4. ESI-mass spectrum of Co(III)-peroxo intermediate, 3a in acetonitrile. [Inset: (a) 

experimental (b) simulated isotopic distribution pattern]. 
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[CoII(L2)(NO3
-)]+, 3.2. Complex 3.2 was isolated as a brown crystalline solid and characterized 

both spectroscopically and structurally (Appendix II, Figures A2.13-A2.15). Figure 3.5 

displays the ORTEP diagram of complex 3.2. The important bond lengths and bond angles are 

listed in the Appendix (Tables A2.1-A2.3). Structural study of complex 3.2 confirms that the 

cobalt center is coordinated to four nitrogen atoms from the ligand and the nitrate group      

(NO3
-) in a distorted trigonal bipyramidal geometry (Figure 3.5). A strong stretching frequency 

in FT-IR spectrum at 1384 cm-1 confirms the presence of nitrate (NO3
-) group in the complex 

3.2 (Appendix II, Figure A2.13). 

 

Figure 3.5.  ORTEP diagram of complex 3.2 [35% thermal ellipsoid plot, solvent and H-atoms are 

omitted for clarity]. 

 

The final decomposition product, complex 3.2 suggests the involvement of putative 

peroxynitrite intermediate as peroxynitrite anion (ONOO-) commonly isomerizes to nirate 

(NO3
-).12 Direct spectral evidences were not found due to the unstable nature of the 

peroxynitrite intermediate. So, we sought for chemical evidences. After the addition of 

precooled dry and degassed acetonitrile solution of 2,4-di-tert-butylphenol to the freshly 
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prepared Co(III)-peroxo solution followed by the addition of NO, 2,4-di-tert-butyl-6-

nitrophenol was obtained in significant quantity (ca. 65%) along with Co(III)-hydroxo product, 

3.3 (Scheme 3.2). Both were purified by column chromatography and characterized 

spectroscopically (Appendix II, Figures A2.16-2.23). Formation of 2,4-di-tert-butyl-6-

nitrophenol confirms the involvement of peroxynitrite intermediate.  

 

Scheme 2. Overall reactions. 

 

3.3 Experimental Section 

3.3.1 Materials and methods 

All the reagents were purchased from commercial sources and used as it is without further 

purification unless specified. Acetonitrile was stored over calcium hydride overnight followed 

by distillation with P2O5 under N2. All the reactions were performed under inert atmosphere 

except mentioned differently. Deoxygenation of solvents and solutions were effected by 
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consecutive vacuum/Ar purge cycles. UV-visible spectra were taken on an Agilent Cary 8454 

spectrophotometer. FT-IR spectra were recorded as KBr pellets or in a KBr cell using a 

PerkinElmer spectrophotometer. 1H, 13C-NMR studies were recorded using Bruker Avance III 

on a 400 MHz Varian FT-NMR spectrophotometers. X-band EPR spectra were recorded on a 

JES-FA200 EPR spectrophotometer with microwave power, 0.998 mW; microwave frequency, 

9.14 GHz; and modulation amplitude, 2. 

Single crystals were grown from acetonitrile solution using slow evaporation technique. The 

intensity data were collected using a Bruker SMART APEX-II CCD diffractometer, equipped 

with a fine focus 1.75 kW sealed tube Mo Kα radiation (λ = 0.71073 Å), 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.30 Structures were solved by direct methods using SHELXL31a and refined with full-

matrix least-squares on F2 using SHELXL-2019/1.31b Structural illustrations were drawn with 

ORTEP-3 for Windows.31c 

3.3.2 Syntheses 

Tris(3,5-dimethylpyrazol-1-yl-methyl)amine, (L2) 

A previously reported procedure was used for the synthesis of ligand L2.29 

Step 1: Synthesis of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole 

Formalin (3.0 mL, 39 mmol) was taken in 20 mL of water. This formalin solution was added 

dropwise to 3,5-dimethyl-1-pyrazole (3.27 g, 34 mmol) in 30 mL of water/ethanol (1:2, v/v). 

This reaction mixture was stirred for 2 d at room temperature. The organic part was extracted 

using chloroform and solvent was subsequently removed under reduced pressure to obtain the 

crude product. 1-Hydroxymethyl-3,5-dimethyl-1-pyrazole was isolated by crystallization from 
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dichloromethane/toluene (1:3, v/v) mixture. Yield: 2.60 g (ca. 60%). Elemental analyses for 

C6H10N2O. Calcd. (%): C, 57.12; H, 7.99; N, 22.21. Found (%): C, 57.02; H, 7.91; N, 22.32. 

FT-IR (in KBr): 3425, 3156, 2981, 2954, 2851, 1554, 1490, 1465, 1426, 1394, 1307, 1225, 

1165, 1070, 1037, 1008, 985, 827, 808, 766 and 704 cm-1. 1H-NMR (400 MHz, CDCl3): δppm, 

7.57 (s, 1H), 5.82 (s, 1H), 5.39 (s, 2H), 2.33 (s, 3H), 2.18 (s, 3H). 13C-NMR (100 MHz, CDCl3): 

δppm, 148.4, 139.9, 106.1, 70.1, 12.9, 10.6. ESI-mass (m/z): Calcd.: 126.15, Found: 127.09 

(M+1). 

Step 2: Synthesis of tris(3,5-dimethylpyrazol-1-yl-methyl)amine 

1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole (1.89 g, 15 mmol) and ammonium acetate (0.39 

g, 5 mmol) were mixed in 30 mL of acetonitrile. This reaction mixture was stirred for 1 d at 

room temperature. Then the solvent was dried using rotary evaporator to obtain colourless oil. 

Pure ligand L2 was obtained by crystallization from methanol/water (1:1, v/v). Yield: 1.19 g 

(ca. 70%.). Elemental analyses for C18H27N7. Calcd. (%): C, 63.32; H, 7.97; N, 28.71, Found 

(%): C, 63.56; H, 7.91; N, 28.49. FT-IR (in KBr): 3445, 2926, 1552, 1461, 1422, 1393, 1366, 

1344, 1261, 1199, 1142, 1101, 1029, 990, 970, 818, 784, 708, 663, 627, 525 and 459 cm-1. 1H-

NMR (400 MHz, CDCl3): δppm, 5.75 (s, 1H), 4.95 (s, 2H), 2.16 (s, 3H), 1.83 (s, 3H); 13C-NMR 

(100 MHz, CDCl3): δppm, 147.6, 140.1, 105.9, 62.6, 13.3, 9.9. ESI-mass (m/z): Calcd.: 341.232, 

Found: 342.245 (M+1), 364.228 [M+Na]+. 

[CoII(L2)(CH3CN)](ClO4
-)2, 3.1 

Acetonitrile solution of ligand, L2 (0.341 g, 1 mmol) was added dropwise to a solution 

containing cobalt(II) perchlorate hexahydrate (0.366 g, 1 mmol) in acetonitrile. Then this 

solution was stirred for 3 h at room temperature. The volume of this reaction mixture was 

reduced to 5 mL and benzene was added to precipitate out the complex, 3.1. Pink crystals were 

grown from acetonitrile/benzene mixture by slow evaporation. Yield: 0.525 g (ca. 82%). 
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Elemental analyses for C20H30N8O8Cl2Co. Calcd. (%): C, 37.51; H, 4.72; N, 17.50. found (%): 

C, 37.62; H, 4.70; N, 17.65. UV-visible (CH3CN): 219 (ϵ/M-1cm-1, 2.23 × 104), 253 (ϵ/M-1cm-

1, 1.02 × 104), 304 (ϵ/M-1cm-1, 4.29 × 103), 468 (ϵ/M-1cm-1, 0.95 × 102) and 517 nm (ϵ/M-1cm-

1, 1.24 × 102).  FT-IR (in KBr): 1554, 1469, 1423, 1393, 1306, 1279, 1248, 1177, 1086, 1056, 

1011, 891, 813, 686, 621, 546, 500 and 439 cm-1. ESI-mass (m/z): Calcd.: 499.11 for 

[Co(L2)(ClO4
-)]+, Found: 499.14. Magnetic moment: 3.006 BM. Crystal data: 

C23H33N8O8Cl2Co, M = 679.40, triclinic (P -1), a = 12.0617(14), b = 12.3710(15), c = 

12.5120(15) Å, α = 100.758(3)°, β = 109.688(3)°, γ = 113.809(3)°, V = 1491.2(3) Å3, Z = 2, 

Dc = 1.513 g cm−3, μ = 0.814 mm−1, T = 297 K, 5171 reflections, 4826 independent, R(F) = 

0.0504 [I>2δ(I)], R(int) = 0.0537, wR(F2) = 0.1365 (all data), GOF = 1.033. 

[CoII(L2)(NO3
-)](ClO4

-), 3.2 

NO was purged for 5 min to the freshly generated Co(III)-peroxo species at -40 °C in 

acetonitrile solution with constant stirring. Then this reaction mixture was brought to room 

temperature and stirred for another 1 h. The color of the solution changed to brown from violet. 

Excess NO was removed by purging Ar and kept this reaction mixture for crystallization after 

layering over benzene. The brown needle shaped crystal of complex 3.2 was obtained after 3 

d. Yield: 439 mg (ca. 70%). Elemental analyses for C18H27N8O7ClCo. Calcd. (%): C, 38.48; 

H, 4.84; N, 19.94. Found (%): C, 38.56; H, 4.73; N, 20.07. FT-IR (in KBr): 1555, 1495, 1471, 

1384, 1281, 1249, 1103, 1054, 1009, 894, 801, 623 and 438 cm-1. UV-visible (CH3CN): 293 

(ϵ/M-1cm-1, 6.14× 103) and 519 nm (ϵ/M-1cm-1, 1.35 × 102). ESI-mass (m/z): Calcd.: 462.15, 

[CoII(L2)(NO3
-)]+, Found: 462.15. Crystal data: C18H24N8O7ClCo, M = 558.83, monoclinic 

(C12/c1), a = 26.450(4), b = 10.5573(15), c = 20.758(3) Å, α = 90°, β = 119.862(3)°, γ = 90°, 

V = 5026.8(12) Å3, Z = 8, Dc = 1.477 g cm−3, μ = 0.843 mm−1, T = 150 K, 4426 reflections,                     

3967 independent, R(F) = 0.0445 [I>2δ(I)], R(int) = 0.0513, wR(F2) = 0.1135 (all data), GOF 

= 1.071.       
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3.3.3 Reaction of 3a and NO in the presence of 2,4-di-tert-butylphenol 

Complex 3.1 was taken in a dry and degassed acetonitrile solution and kept it at -40 °C for 1 

h. After that precooled H2O2 followed by NEt3 was added to it. Immediately the color of the 

solution changed to violet from pink. This indicates the formation of corresponding Co(III)-

peroxo intermediate, 3a. To this cold solution, precooled 10 mL acetonitrile solution of 2,4-di-

tert-butylphenol was added followed by NO gas. It was then allowed to stirred for 2 h followed 

by warm up to room temperature. The solvent was dried and 2,4-di-tert-butyl-6-nitrophenol 

and complex 3.3 were purified by using column chromatography. 

2,4-di-tert-butyl-6-nitrophenol 

Yield: 0.263 g (ca. 58%). Elemental analyses for C14H21NO3. Calcd. (%): C, 66.91; H, 8.42; 

N, 5.57. Found (%): C, 66.85; H, 8.35; N, 5.69. FT-IR (in KBr): 2960, 2872, 1617, 1540, 1480, 

1460, 1443, 1414, 1363, 1314, 1272, 1235, 1202, 1179, 1139, 1112, 1025, 923, 885, 822, 773, 

749, 724, 707, 640, 532 and 513 cm-1. 1H-NMR (400 MHz, CDCl3): δppm, 11.45 (s, 1H), 7.96 

(s, 1H), 7.65 (s, 1H), 1.45 (s, 9H), 1.32 (s, 9H). 13C-NMR (100 MHz, CDCl3): δppm, 153.5, 

142.4, 140.3, 134.2, 133.0, 119.3, 36.2, 35.0, 31.6, 29.9. ESI-mass (m/z): Calcd.: 251.152, 

Found: 250.145 (M-1). 

[CoIII(L2)(OH-)](ClO4
-)2, 3.3 

Yield: 424 mg (ca. 67%). Elemental analyses for C18H28N7O9Cl2Co. Calcd. (%): C, 35.08; H, 

4.58; N, 15.91. Found (%): C, 35.19; H, 4.53; N, 15.83. FT-IR (in KBr): 3555, 1554, 1470, 

1423, 1391, 1304, 1248, 1084, 930, 894, 807, 691, 622 and 441 cm-1. UV-visible (CH3CN):308 

nm   (ϵ/M-1 cm-1, 1.06 × 104),    396 nm   (ϵ/M-1 cm-1,  3.56 × 103),  and  525 nm  (ϵ/M-1  cm-1, 

1.23 × 102). ESI-mass (m/z): Calcd.: 200.080 (M/2), Found: 200.081. 
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3.4 Conclusion 

A Co(II) complex, 3.1 with tripodal tetradentate ligand framework has been synthesized and 

characterized spectroscopically. Structural characterization revealed a distorted trigonal 

bipyramidal geometry around the central metal ion. Complex 3.1 in acetonitrile at -40 °C upon 

reaction with H2O2  in the presence of NEt3 resulted in the corresponding Co(III)-peroxo 

intermediate. This intermediate in the presence of NO yielded corresponding nitrate complex, 

3.2 via the putative formation of Co(II)-peroxynitrite. The formation of Co(II)-peroxynitrite 

intermediate was evidenced by the characteristic phenol ring nitration test. 
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P. L.; Nauser, T.; Kissner, R.; Rüegger, H. Dalton Trans. 2012, 41, 13779. (d) 

Lymar, S. V.; Khairutdinov, R. F.; Hurst, J. K. Inorg. Chem. 2003, 42, 5259. (e) 
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Chapter 4 

Reaction of a Co(III)-peroxo Complex of an Asymmetric 

Tetradentate Ligand with Nitric Oxide: Putative Formation 

of a Peroxynitrite Intermediate 

 

Abstract 

A Co(II) complex, [CoII(L3)(CH3CN)](ClO4
-)2, 4.1 having asymmetric tetradentate 

ligand L3 [L3 = N1,N1-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-N2,N2-

dimethylethane-1,2-diamine] has been synthesized and characterized spectroscopically. 

When complex 4.1 reacted with H2O2 followed by NEt3 in acetonitrile solution at               

-40 C, formation of the transient Co(III)-peroxo species, [CoIII(L3)(O2
2˗)]+, 4a was 

observed. Addition of NO gas into the freshly generated Co(III)-peroxo species, 4a in 

acetonitrile at -40 C resulted in the corresponding Co(II)-nitrite complex 

[CoII(L3)(NO2
-)](ClO4

-), 4.2. The reaction is believed to proceed through the formation 

of a putative Co(II)-peroxynitrite intermediate, 4b. It was supported by the characteristic 

phenol ring nitration reaction. 
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4.1 Introduction 

Nitric oxide (NO) is a diatomic heteronuclear gas. It acts as a signaling molecule in 

mammalian biology and takes part in various physiological processes like 

neurotransmission, vasodilation, defence immune system etc.1-6 While a sub-

micromolar concentration of NO is necessary for the smooth functioning of these 

processes.1-8 Nitric oxide dioxygenase (NOD) enzymes regulate the amount of NO in 

biological systems. It is proposed that in NOD, a [FeIII(O2
-)] complex, upon reaction 

with NO results in biologically atoxic nitrate (NO3
-). This reaction is proposed to 

proceed via the formation of peroxynitrite intermediate. It decomposes to Fe(IV)-oxo 

and NO2 via homolytic cleavage of ˈO-Oˈ bond of the peroxynitrite which upon 

recombination give NO3
- ion.9-11 

The reaction of NO with superoxo and peroxo complexes of iron, cobalt, and chromium 

have been shown to involve the formation of a metal-peroxynitrite intermediate.12-19 The 

direct evidence for the formation of metal-peroxynitrite is still illusive, due to its short 

half-life.6 For example, a [FeIII(La)(O2
-)] complex in the presence of NO resulted in the 

corresponding [FeIII(La)(NO3
-)] complex, via a proposed peroxynitrite intermediate.10 A 

peroxo complex of CrIV, [CrIV(12-TMC)(O2
2-)(Cl)]+ was shown to reacts with NO to 

form the nitrate complex, [CrIV(12-TMC)(NO3
-)(Cl)]+. However, its superoxo analogue, 

[CrIII(14-TMC)(O2
-)(Cl)]+ with reaction with NO gives [CrIV(14-TMC)(O)(Cl)]+ and 

NO2. In both the cases, the formation of Cr(III)-peroxynitrite was proposed.17,18 Kumar 

group reported a peroxo complex of Ni, [NiIII(12-TMC)(O2
2˗)]+ which reacts with NO 

and resulted in Ni(II)-nitrate complex, [NiII(12-TMC)(NO3
-)]+.20 Formation of the 

Ni(II)-peroxynitrite was proposed in this case. Mn(III)-peroxo complexes, 

[MnIII(3PYENMe)(O2
2-)] and [MnIII(N3PY)(O2

2-)] upon reaction with NO yielded the 
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corresponding Mn(II)-nitrate complexes, [MnII(3PYENMe)(NO3
-)] and 

[MnII(N3PY)(NO3
-)], respectively.21 Formation of the Mn(II)-peroxynitrite 

intermediates were proposed in these cases. Recently, our group reported two Co(III)-

peroxo complexes, [CoIII(Iz)2(O2
2-)]+ and [CoIII(L1)2(O2

2-)]+ which reacting with NO 

and resulted in the corresponding Co(II)-nitrate complexes [CoII(Iz)2(NO3
-)]+ and 

[CoII(L1)2(NO3
-)]+, respectively. Formation of the corresponding Co(II)-peroxynitrite 

intermediate was proposed in both the cases.19,22 

Reaction involving metal nitrosyls and reactive oxygen species like superoxide and 

peroxide ions are also known to result in the corresponding nitrate/nitrite complexes via 

a peroxynitrite intermediate. For example, non-heme dinitrosyl complex of iron, 

[Fe(NO)2] reacts with oxygen molecule and forms nitrate complex.23,24 A [Cu-NO] 

complex reacted with H2O2 to resulted in the Cu(II)-nitrate complex through a proposed 

Cu(I)-peroxynitrite intermediate.25 Co-nitrosyl complexes, [Co(Cl4TPP2-)(NO)] and 

[Co(F8TPP2-)(NO)] in the presence of H2O2 yielded the corresponding       

[CoIII(Cl4TPP2-)(NO2
-)] and [CoIII(F8TPP2-)(NO3

-)] complexes, respectively. The 

putative formation of Co(II)-peroxynitrite intermediate was proposed in both cases .26,27 

This chapter describes a Co(II)-complex, [CoII(L3)(CH3CN)](ClO4
-)2, 4.1 upon reaction with 

H2O2 followed by NEt3 affords Co(III)-peroxo intermediate, [CoIII(L3)(O2
2-)](ClO4

-), 4a. This 

species in the presence of NO resulted in the corresponding nitrite complex,          

[CoII(L3)(NO2
-)](ClO4

-), 4.2. Chemical evidence suggests the formation of Co(II)-

peroxynitrite intermediate, 4b during this reaction. 

 

4.2 Results and Discussion 

 A reported procedure was followed to synthesize the ligand, L3.28 Ligand L3 was obtained as 
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colorless oil and characterized using many spectroscopic techniques (Appendix III, Figures 

A3.1-A3.4). The Co(II)-complex, [CoII(L3)(CH3CN)](ClO4
-)2, 4.1 was synthesized by stirring 

the mixture of ligand L3 and Co(II)-perchlorate hexahydrate in equimolar amount in 

acetonitrile. It was then characterized spectroscopically as well as structurally (Appendix III, 

Figures A3.5-A3.8). ORTEP diagram of complex 4.1 revealed that the cobalt centre is 

coordinated to four nitrogen atoms from the ligand L3 and acetonitrile occupying in the axial 

position in a distorted trigonal bipyramidal geometry (Figure 4.1). Perchlorate anions are 

packed in the crystal lattice near to the cobalt ion. 

 

Figure 4.1. ORTEP diagram of complex 4.1 (35% thermal ellipsoid plot, H-atoms are omitted for 

clarity). 

 

In UV-visible spectroscopy, complex 4.1 absorbs at 520 nm (ϵ/M-1cm-1, 1.24 × 102) and 474 

nm (ϵ/M-1cm-1, 0.95 × 102) in acetonitrile solution which are assigned for the d-d transition of 

the cobalt ion. The other lower wavelength transitions are assigned for the intraligand transition 

(Appendix III, Figure A3.6). The X-band EPR spectrum of complex 4.1 in acetonitrile at 77 K 

displayed a peak at g ~ 4.82 which indicates the +2 oxidation state of cobalt ion (Appendix III, 

Figure A3.8). This value matches with other reported Co(II)-complexes.22 
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In the reaction of complex 4.1 in dry and degassed acetonitrile at -40 °C with 1.5 mole 

equivalent of H2O2 followed by 1 mole equivalent NEt3 resulted in an unstable intermediate, 

4a (Scheme 4.1). This intermediate was thermally unstable. During UV-visible spectral studies, 

4a absorbs at 440 nm (Figure 4.2). This intensity of the absorption band diminishes over time, 

indicating the unstable nature of the intermediate. This is attributed to the corresponding 

Co(III)-peroxo species.  

 

Figure 4.2. UV-visible spectra of the reaction of complex 4.1 with H2O2 followed by NEt3 in acetonitrile 

at -40 °C [complex 4.1 (black), after the addition of H2O2 followed by NEt3, intermediate 4a (red)]. 

 

The Co(III)-peroxo complexes [CoIII(Iz)2(O2
2-)]+ and [CoIII(L1)2(O2

2-)]+  were  reported  to 

absorb at 452 nm (ϵ/M-1cm-1, 890) and 375 nm (ϵ/M-1cm-1, 856), respectively.19,22 On the other 

hand, end-on Co(III)-peroxo complexes  were reported to absorb in the range of 485 to 580 

nm.29  

In X-band EPR study after the addition of H2O2 followed by NEt3 to the acetonitrile solution  

at 77 K of complex 4.1 giving rise to a EPR silent species (Figure 4.3). This is expected for the 

formation of a Co(III)-peroxo species, 4a having low spin Co(III)-centre. 

In ESI-mass spectrometry, intermediate 4a in acetonitrile showed molecular ion peak at m/z 
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Scheme 4.1. Reaction of complex 4.1 with H2O2 followed by NEt3 in acetonitrile at -40 °C. 

 

395.162 (Figure 4.4). This corresponds to the mass of [CoIII(L3)(O2
2-)]+ moiety (Calcd. 

395.160). The isotopic distribution pattern is in good agreement with the simulated one. 

 

Figure 4.3. X-band EPR spectral monitoring of the reaction of complex 4.1 with H2O2 followed by 

NEt3 in acetonitrile at 77 K [complex 4.1 (black), after addition of H2O2, intermediate 4a (red)]. 

 

When freshly generated Co(III)-peroxo species are made to react with NO in dry and degassed 

acetonitrile   solution  at -40 ⁰C  followed   by   warm   up   at   room   temperature, it   yielded 

corresponding nitrite complex 4.2, [CoII(L3)(NO2
-)]+ (Scheme 4.2). Complex 4.2 was isolated 

as a solid and characterized both spectroscopically and structurally (Appendix III, Figures 

A3.9-A3.11). The ORTEP of complex 4.2 is shown in figure 4.5. The important bond lengths 

and bond angles are listed in the appendix (Appendix III, Tables A3.1-A3.3). Crystal structure  
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Figure 4.4. ESI-mass spectrum of Co(III)-peroxo intermediate, 4a in acetonitrile. [Inset: (a) 

experimental (b) simulated isotopic distribution pattern]. 

 

of complex 4.2 confirms that the cobalt center is coordinated to four nitrogen atoms from the 

ligand and the nitrite  group (NO2
-) in a distorted  octahedral geometry (Figure 4.5). In FT-IR 

spectrum, complex 4.2 showed a strong signal at 1260 cm-1, which indicates the presence of 

nitrite (NO2
-) group in the complex (Appendix III, Figure A3.9). This value matches with the 

reported complexes.30 

 

Figure 4.5.  ORTEP diagram of complex 4.2 [35% thermal ellipsoid plot, solvent molecule and H-

atoms are omitted for clarity]. 
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The final decomposition product, 4.2 obtained after the reaction of 4a with NO suggest the 

putative formation of peroxynitrite intermediate during the reaction process. In general, metal-

peroxynitrite isomerize at room temperature to the corresponding nitrate (NO3
-). However, it 

is also known to decompose to the nitrite (NO2
-) complex with the release of ½ O2.

31 The 

formation of O2 was confirmed by the alkaline pyrogallol test.  

 

Scheme 4.2. Overall reactions. 

 

Due to the thermal instability of the peroxynitrite intermediate, direct spectral evidence were 

not found. So, we sought for chemical evidences. When precooled dry and degassed acetonitrile 

Solution of 2,4-di-tert-butylphenol was added to the freshly generated Co(III)-peroxo solution 

followed by addition of NO, 2,4-di-tert-butyl-6-nitrophenol was obtained along with Co(III)-

hydroxo product, complex 4.3 (Scheme 4.2). Both of these products were isolated by column 

chromatography and characterized spectroscopically (Appendix III, Figures A3.12-A3.19). 

However, when  2,4-di-tert-butyl phenol  was  added  after  the addition  of  NO, complex  4.2 
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was obtained exclusively with unreacted 2,4-di-tert-butylphenol. 

 

4.3 Experimental Section 

4.3.1 Materials and methods 

All the reagents were purchased from commercial sources and used as it is without further 

purification unless specified. Acetonitrile was stored over calcium hydride overnight followed 

by distillation with P2O5 under N2. All the reactions were performed under inert atmosphere 

except mentioned differently. Deoxygenation of solvents and solutions were effected by 

consecutive vacuum/Ar purge cycles. UV-visible spectra were taken on an Agilent Cary 8454 

spectrophotometer. FT-IR spectra were recorded as KBr pellets or in a KBr cell using a 

PerkinElmer spectrophotometer. 1H, 13C-NMR studies were recorded using Bruker Avance III 

on 400 and 500 MHz Varian FT-NMR spectrophotometers. X-band EPR spectra were recorded 

on a JES-FA200 EPR spectrophotometer with microwave power, 0.998 mW; microwave 

frequency, 9.14 GHz; and modulation amplitude, 2. 

Single crystals were grown from the respective acetonitrile-benzene solutions. The intensity 

data were collected using a Bruker SMART APEX-II CCD diffractometer, equipped with a fine 

focus 1.75 kW sealed tube Mo Kα radiation (λ = 0.71073 Å), 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.32 Structures 

were solved by direct methods using SHELXL33a and refined with full-matrix least-squares on 

F2 using SHELXL-2019/1.33b Structural illustrations were drawn with ORTEP-3 for 

Windows.33c 
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4.3.2 Syntheses 

[N1,N1-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-N2,N2-dimethylethane-1,2-diamine], 

(L3) 

Ligand L3 was prepared by stirring a mixture of 1-hydroxymethyl-3,5-dimethyl-1-pyrazole 

(1.26 g, 10 mmol) and N1,N1-dimethylethane-1,2-diamine (0.440 g, 5 mmol) in 30 mL 

acetonitrile for 3 d at room temperature. Then the solvent was removed using rotary evaporator 

to obtain the pure colorless oil ligand L3. Yield: 0.963 g (ca. 63%). Elemental analyses for 

C16H28N6. Calcd. (%): C, 63.12; H, 9.27; N, 27.61, Found (%): C, 63.25; H, 9.41; N, 27.48. 

FT-IR (in KBr): 3205, 2951, 2866, 1581, 1555, 1459, 1423, 1378, 1303, 1251, 1226, 1114, 

1108, 1030, 979, 931, 779, 669, 662, 626 and 473 cm-1. 1H-NMR (500 MHz, CDCl3): δppm, 2.09 

(s, 6H), 2.16-2.19 (m, 14H), 2.71-2.75 (t, 2H), 4.89 (s, 4H), 5.77 (s, 2H). 13C-NMR (125 MHz, 

CDCl3): δppm,147.5, 139.8, 105.8, 65.6, 57.2, 47.1, 45.4, 13.5, 10.9. ESI-mass (m/z): Calcd.: 

304.237, Found: 305.439 (M+1). 

Complex 4.1, [CoII(L3)(CH3CN)](ClO4
-)2  

Ligand, L3 (304 mg, 1 mmol) was taken in 15 mL acetonitrile solution. This solution was 

added dropwise to 15 mL acetonitrile solution of Co(II)-perchlorate hexahydrate (366 mg, 1 

mmol). The reaction mixture was stirred for 4 h at room temperature. Then volume of the 

mixture was reduced to 5 mL using rotary evaporator and benzene was added to make a layer. 

After 4 d, pink colored crystal of complex 4.1 was obtained. Yield: 501 mg (ca. 83%). 

Elemental analyses for C18H31Cl2N7O8Co. Calcd. (%): C, 35.83; H, 5.18; N, 16.25; Found (%): 

C, 35.98; H, 5.27; N, 16.13. FT-IR (in KBr): 3381, 1554, 1469, 1425, 1387, 1303, 1276, 1249, 

1206, 1100, 1052, 961, 929, 850, 825, 802, 777, 621, 546, 514, 486 and 438 cm-1. UV-visible 

(CH3CN): 297 nm (ϵ/M-1 cm-1, 2.57 × 104), 474 nm (ϵ/M-1 cm-1, 0.89 × 102) and 520 nm (ϵ/M-

1 cm-1, 0.97 × 102). X-band EPR (CH3CN, 77 K): g ~ 4.82. ESI-mass (m/z), Calcd. 462.119 
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[Co(L3)(ClO4
-)]+; Found, 462.119. Crystal data: C18H31N7O8Cl2Co, M = 603.33, monoclinic 

(P21/c), a = 10.894(2), b = 20.433(4), c = 12.811(3) Å, α = 90°, β = 110.110(5)°, γ = 90°, V = 

2677.8(10) Å3, Z = 4, Dc = 1.497 g cm−3, μ = 0.895 mm−1, T = 297 K, 4679 reflections, 4076 

independent, R(F) = 0.0473 [I>2δ(I)], R(int) = 0.0558, wR(F2) = 0.1317 (all data), GOF = 

1.076. 

4.3.3 Reaction of complex 4.1 with H2O2   

Complex 4.1 was taken in a dry and degassed acetonitrile solution and kept it at -40 °C for 3 

h. To this solution, 1.5 mole equivalent of H2O2 was added followed by 1 mole equivalent of 

NEt3. Immediately the color of the solution changed from pink to purple. This indicates the 

formation of the intermediate, 4a. UV-visible (CH3CN): 440 nm (ϵ/M-1cm-1, 735) and 628 nm 

(ϵ/M-1cm-1, 125). ESI-mass (m/z): Calcd.: 395.160 for [Co(L3)2(O2)]
+, Found: 395.162. 

Complex 4.2, [CoII(L3)(NO2
-)](ClO4

-) 

NO gas was purged to freshly generated Co(III)-peroxo species in acetonitrile solution at -40 

°C. This reaction mixture was stirred for 1 h and then kept it at room temperature to obtain the 

complex 4.2. Brown color needle shaped crystal was obtained upon layering with benzene to 

acetonitrile solution of complex 4.2. Yield 368 mg (ca. 72%). Elemental analyses for 

C16H28ClN7O6Co. Calcd. (%): C, 37.77; H, 5.55; N, 19.27. Found (%): C, 37.88; H, 5.68; N, 

19.13. FT-IR (in KBr): 1551, 1463, 1422, 1391, 1328, 1301, 1260, 1157, 1081, 1051, 1022, 

965, 938, 849, 807, 775, 621, 475 and 425 cm-1. UV-visible (CH3CN): 281 nm (ϵ/M-1 cm-1, 

1.98 × 104) and 494 nm (ϵ/M-1 cm-1, 1.14 × 102). ESI-mass (m/z): Calcd: 409.163, 

[CoII(L3)(NO2
-)]+, Found: 408.168. Crystal data: C16H28N7O6ClCo, M = 508.83, orthorhombic 

(P 21 21 21), a = 8.1656(9), b = 10.5914(12), c = 26.227(3) Å, α = 90°, β = 90°, γ = 90°, V = 

2268.2(4) Å3,  Z = 4,  Dc = 1.490 g cm−3,  μ = 0.921 mm−1,  T = 296 K, 3967  reflections,  3779 

independent,  R(F) = 0.0473 [I>2δ(I)],   R(int) = 0.0558,  wR(F2) = 0.1097   (all data),  GOF = 

TH-3517_186122005



                                                                                                                                                                   Chapter 4 

 

61 
 

 1.111. 

4.3.4 Reaction of 4.1 with H2O2 and NO in the presence of 2,4-di-tert-butylphenol 

Complex 4.1 was taken in a dry and degassed acetonitrile solution and kept it at -40 °C for        

2 h. To this solution, precooled H2O2 followed by NEt3 was added to afford corresponding 

Co(III)-peroxo intermediate species. Precooled acetonitrile solution of 2,4-di-tert-butylphenol 

was added to this freshly generated Co(III)-peroxo solution followed by the addition of NO. 

This reaction mixture was stirred at -40 °C for 3 h. After warming up at room temperature, 

excess NO gas was removed by purging Ar. Complex 4.3 and 2,4-di-tert-butyl-6-nitrophenol 

were purified using column chromatography. 

2,4-di-tert-butyl-6-nitrophenol 

Yield: 0.263 g (ca. 58%). Elemental analyses for C14H21NO3. Calcd. (%): C, 66.91; H, 8.42; 

N, 5.57. Found (%): C, 66.80; H, 8.31; N, 5.70. FT-IR (in KBr): 2960, 2871, 1617, 1541, 1480, 

1459, 1443, 1415, 1363, 1314, 1272, 1234, 1202, 1179, 1138, 1111, 1025, 923, 884, 825, 773, 

749, 724, 700, 652, 640, 532 and 512 cm-1. 1H-NMR (400 MHz, CDCl3): δppm, 11.44 (s, 1H), 

7.96 (s, 1H), 7.64 (s, 1H), 1.45 (s, 9H), 1.32 (s, 9H). 13C-NMR (100 MHz, CDCl3): δppm, 153.6, 

142.5, 140.4, 134.3, 133.1, 119.4, 36.3, 35.1, 31.7, 30.0. ESI-mass (m/z): Calcd.: 251.152, 

Found: 250.141 (M-1). 

Complex 4.3, [CoIII(L3)(OH)](ClO4)2 

Yield: 308 mg (ca. 52%). Elemental analyses for C16H29Cl2N6O9Co. Calcd. (%): C, 33.18; H, 

5.05; N, 14.51. Found (%): C, 33.02; H, 5.21; N, 14.37. FT-IR (in KBr): 3545, 1626, 1555, 

1465, 1421, 1393, 1295, 1076, 930, 798, 621, 538 and 462 cm-1. UV-visible (CH3CN): 277 nm 

(ϵ/M-1 cm-1, 1.85× 104), 545 nm (ϵ/M-1 cm-1, 0.76 × 102). ESI-mass (m/z): Calcd.: 181.585, 

Found: 181.586 (m/2). 
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4.4 Conclusion 

A Co(II)-complex, 4.1 having tripodal tetradentate ligand framework has been synthesized and 

characterized using spectroscopic technichques as well as structure determination. Complex 

4.1 in acetonitrile in the presence of H2O2 and NEt3 at -40 ˚C resulted in the corresponding 

Co(III)-peroxo intermediate. This intermediate in the presence of NO yielded corresponding 

nitrite complex, 4.2 via the putative formation of Co(II)-peroxynitrite. The formation of Co(II)-

peroxynitrite intermediate was evidenced by the chemical test of the phenol ring nitration test. 
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Chapter 5 

Reaction of a Nitrosyl Complex of Co(II)-porphyrin with 

Hydrogen peroxide: Formation of a Porphyrin Radical Cation 

 

Abstract 

A nitrosyl complex of Co(II)-porphyrinate, [CoII(TTMPP2-)(NO)], 5.1 having {Co(NO)}8 

configuration has been synthesized and characterized both spectroscopically as well as 

structurally. Complex 5.1 in dichloromethane:acetonitrile (1:4, v/v) solution at ˗40 ⁰C reacts 

with H2O2 which results in the corresponding nitrite (NO2
-) complex, [CoIII(TTMPP2-)(NO2

-)], 

5.2. Involvement of a Co(III)-peroxynitrite intermediate is proposed during this reaction based 

on the characteristic phenol ring nitration test. From spectroscopic studies, formation of 

Co(IV)-oxo species followed by a Co(III)-porphyrin radical complex was observed during the 

course of the reaction. 
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5.1 Introduction 

Nitric oxide (NO) has been identified as a signaling molecule in mammalian biology. It 

has been found to control various physiological processes including neurotransmission, 

vasodilation, immune response etc. For these activities, it is required in sub-micromolar 

concentration.1-10 However, overproduction of it leads to the oxidative and nitrosative 

stress through the formation of reactive nitrogen species like nitrogen dioxide (NO2) or 

peroxynitrite (ONOO-).8 Nitric oxide dioxygenases (NOD) enzyme regulates the level 

of NO in biological systems. It is proposed that in NOD, [FeIII(O2
-)] reacts with NO to 

result in the biologically benign nitrate (NO3
-) via a peroxynitrite intermediate.11-13 

Hence, NO reactivity study towards metal-peroxo or superoxo species is of immense 

importance for better understanding of this chemistry. Consequently, the reactivity of 

metal-superoxo/peroxo complexes with NO were studied in small molecule models and 

the involvement of peroxynitrite intermediate in these reactions was proposed.14-22 For 

example, the reaction of a [FeIII(F8TPP2-)(O2
-)] complex with NO was reported to afford 

the corresponding nitrate complex, [FeIII(F8TPP2-)(NO3
-)] via a presumed peroxynitrite 

intermediate.11 A Cr(IV)-peroxo complex, [CrIV(12-TMC)(O2
2-)(Cl)]+ on reaction with 

NO was reported to result in the nitrate complex, [CrIV(12-TMC)(NO3
-)(Cl)]+.19  

However, the superoxo analogue [CrIII(14-TMC)(O2
-)(Cl)]+, in similar reaction gives 

corresponding Cr(IV)-oxo and NO2.
20 In both the cases, the involvement of Cr(III)-

peroxynitrite was proposed.  

On the other hand, reaction of metal nitrosyls with superoxide, peroxide ions or 

dioxygen has also been exemplified which leads to the corresponding nitrate/nitrite 

complexes via a peroxynitrite intermediate. For instance, a non-heme dinitrosyl 

complex of iron reacts with oxygen and gives nitrate complex.23 A Cu-NO complex, in 
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its reaction with H2O2 was shown to produce Cu(II)-nitrate complex. Chemical evidence 

and decomposition product analysis suggest the involvement of Cu(I)-peroxynitrite 

intermediate in this reaction.24 In addition, Co-nitrosyl complexes, [Co(Cl4TPP2-)(NO)] 

and [Co(F8TPP2-)(NO)], in similar reaction result in the corresponding [CoIII(Cl4TPP2-

)(NO2
-)] and [CoIII(F8TPP2-)(NO3

-)] complexes, respectively.25,26 Although, no spectral 

evidence was observed for the formation of corresponding metal-peroxynitrite 

intermediate, it was implicated from indirect evidence. A [Mn(F20TPP2-)(NO)] complex 

and O2
-, react to gives [MnIII(F20TPP2-)(NO3

-)] through a presumed Mn(III)-

peroxynitrite intermediate.27 In this case, formation of [MnIV=O] was detected in the 

reaction medium which was formed after the cleavage of O-O bond of peroxynitrite 

intermediate. It is to be noted that though the metal-peroxynitrite complexes have been 

proposed to undergo homolylic cleavage of the O-O bond to result in the corresponding 

[Mx+=O] species and NO2, examples are very few.20,27 In addition, the reaction of 

[Mn(TMPP2-)(NO)] complex with superoxide has also been exemplified to yield the 

corresponding [MnIII(TMPP2-)(OH)] via presumed Mn(III)-peroxynitrite 

intermediate.28 In this reaction the involvement of [MnIV(TMPP2-)(O)] was evidenced 

in spectroscopic studies.  

This chapter describes the synthesis and characterization of a penta-coordinated cobalt-

nitrosyl complex, [Co(TTMPP2-)(NO)], 5.1 having {Co(NO)}8 configuration. Upon 

reaction with H2O2, it gives corresponding nitrite complex, [CoIII(TTMPP2-)(NO2
-)], 

5.2. Formation of the peroxynitrite intermediate is proposed in the course of the reaction 

based on its characteristic phenol ring nitration test. In addition, spectroscopic analyses 

suggest the involvement of cobalt(IV)-oxo species followed by the formation of 

porphyrin radical cation in this reaction. This, in turn, supports the formation of the                            

Co(III)-peroxynitrite intermediate. 
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5.2 Results and Discussion 

Adler’s method was followed to synthesize the ligand TTMPPH2, and it was 

characterized spectroscopically (Appendix IV, Figures A4.1-A4.4).29 The precursor 

complex, [CoII(TTMPP2-)], 5.1a was synthesized by following a reported procedure.30 

Complex 5.1a was characterized spectroscopically using UV-visible, FT-IR, EPR 

spectroscopy and ESI-mass spectrometry (Appendix IV, Figures A4.5-A4.8). The single 

crystal X-ray structure of complex 5.1a shows a square planar geometry around the 

cobalt centre (Figure 5.1). The X-band EPR spectrum of the complex 5.1a shows 

characteristic signal of low spin Co(II)-centre (Appendix IV, Figure A4.8). 

 

Figure 5.1. ORTEP diagram of complex 5.1a [30% thermal ellipsoid plot, H-atoms and solvent 

are omitted for clarity]. 

 

The nitrosyl complex [Co(TTMPP2-)(NO)], 5.1 was synthesized by addition of NO gas 

in the degassed dichloromethane solution of complex 5.1a. Complex 5.1 was isolated 

as red solid and characterized spectroscopically as well as structurally (Appendix IV, 

Figures A4.9-A4.12). The perspective ORTEP view of complex 5.1 suggests that the 

cobalt center is coordinated to four nitrogen atoms of porphyrin ring and NO group is 
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bonded axially which results in a square pyramidal geometry (Figure 5.2). The N-O 

bond length is 1.218(9) Å and Co-N-O bond angle is 141.6(6)° which match well with 

the reported complexes.31,32 The observed metric parameters for complex 5.1 suggest 

the bent nature of the coordinated nitrosyl moiety (Appendix IV, Tables A4.1-

A4.3).20,25-28 

 

Figure 5.2. ORTEP diagram of complex 5.1 [30% thermal ellipsoid plot, H-atoms and solvent 

are omitted for clarity]. 

 

In the FT-IR spectrum of complex 5.1, the metal-bound NO stretching frequency 

appears   at  1675 cm-1  (Figure  5.3). Kurtikyan  group  reported  that   NO   stretching                   

 

 Figure 5.3. FT-IR spectrum of complex 5.1 using ATR probe. 
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Frequencies of [Co(TPP2-)(NO)] and [Co(OEP2-)(NO)] complexes, having meso-

tetraphenylporphyrin and octaethylporphyrin framework, appear at 1689 cm-1 and 1675 cm-1 

(in dichloromethane), respectively.18 For [Co(F8TPP2-)(NO)], NO stretching frequency appears 

at 1692 cm-1 in KBr.26 For [Co{T(p/m-X)PP}(NO)],  [where p/m-X = p-OCH3, p-CH3, m-CH3, 

p-H, m-OCH3, p-OCF3, p-CF3, p-CN etc.], it appears in the range of 1681-1695 cm-1 in 

dichloromethane solution.33 

ESI-mass spectrum of complex 5.1 shows a signal at m/z = 1031.293, which 

corresponds to [CoII(TTMPP2-)] moiety (Calcd. 1031.291) (Appendix IV, Figure 

A4.12). This is attributed to the facile loss of NO group from the apical position of 

square pyramidal metal-nitrosyls.25,32 Owing to the antiferromagnetic coupling between 

NO group and cobalt(II)-centre, complex 5.1 becomes EPR silent (Appendix IV, Figure 

A4.11). As a consequence, it shows well resolved 1H-NMR spectrum confirming the 

diamagnetic nature of the complex (Appendix IV, Figure A4.10). 

Complex 5.1 is inert towards dioxygen but it reacts with H2O2. The reaction of 1.5 mole 

equivalent of H2O2 with complex 5.1 in dichloromethane:acetonitrile (1:4, v/v) solution 

yielded the corresponding nitrite complex, [CoIII(TTMPP2-)(NO2
-)], 5.2 as the final 

product (Scheme 5.1). Complex 5.2 was isolated as solid and characterized 

spectroscopically and structurally (Appendix IV, Figures A4.13-A4.17). The ORTEP 

diagram  of  complex 5.2 is  shown  in figure 5.4. Crystal  structure of  complex 5.2 has  

 

 

Scheme 5.1  
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some intrinsic disorder which could not be resolved even after growing the crystal in 

different sets. Due to thermal vibration, two oxygen atoms of nitrite (NO2
-) group 

occupied in three vibrational positions (Figure 5.4). FT-IR spectrum of complex 5.2 

shows a strong stretching frequency at 1259 cm-1, which confirms the presence of nitrite 

group (Appendix IV, Figure A4.13).25 The ESI-mass spectrum of complex 5.2 shows a 

molecular ion peak at m/z = 1077.282 (Calcd. 1077.284 for [CoIII(TTMPP2-)(NO2
-)]) 

(Appendix IV, Figure A4.16). The EPR silent nature and well resolved 1H-NMR 

spectrum of complex 5.2 suggest that the cobalt-centre is in +3 oxidation state 

(Appendix IV, Figures A4.15, A4.17). 

 

Figure 5.4. ORTEP diagram of complex 5.2 [35% thermal ellipsoid plot, H-atoms and solvent are 

omitted for clarity]. 

 

In UV-visible spectroscopy, complex 5.1 in dichloromethane:acetonitrile (1:4, v/v) 

solution displays the characteristic soret band at 418 nm and Q band at 537 nm at -40 

°C. When precooled 1.5 mole equivalent H2O2 was added to the above solution, 

immediately the soret band and Q band shifted to 434 nm and 543 nm, respectively. 

This absorption band at 434 nm was further shifted to 458 nm with a quenching of 

intensity (Figure 5.5). A new set of absorption bands appeared at 712, 818 and 926 nm 

TH-3517_186122005



                                                                                                                                                                   Chapter 5 

 

73 
 

(Figure 5.5). These are attributed to the decomposition to unidentified multiple products. 

However, the reaction mixture was allowed to warm-up fast, it yielded complex 5.2 

(vide infra). This quenching of soret band indicates the formation of a porphyrin radical 

cation during the course of the reaction.34 It has been shown earlier that the reaction of 

metal-nitrosyl with H2O2 results in the formation of corresponding peroxynitrite 

intermediate, which owing to its instability leads to the formation of metal-oxo species 

and NO2.
26,27 This metal-oxo species then isomerizes to more stable porphyrin radical 

cation complex.34 In the present case, the transient absorptions at 434 nm and 543 nm 

bands are attributed to the corresponding [CoIV=O] species (Figure 5.5). 

 

Figure 5.5. UV-visible spectral monitoring of the reaction of complex 5.1 with H2O2 [complex 

5.1 (black), after addition of H2O2 (red), final (blue) in dichloromethane:acetonitrile (1:4, v/v) 

solution at -40 ⁰C)]. 

 

In addition, the X-band EPR spectroscopic analysis of the frozen reaction mixture of 

complex 5.1 and H2O2 in dichloromethane:acetonitrile (1:4, v/v) solution displays a 

sharp isotropic signal at g ~ 2.001 which attributes to the formation of a radical species 

in the reaction mixture (Figure 5.6). When this reaction mixture was brought to room 

temperature, the signal was disappeared due to the formation of complex 5.2. Both 

[CoIV=O] and NO2 are formed via the decomposition of peroxynitrite intermediate. 
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These two species are expected to show EPR signals. However, at 77 K temperature 

NO2 dimerizes to  form a diamagnetic  species N2O4. So, in  this  case,  sharp  isotropic 

 

Scheme 5.2 

 

signal at g ~ 2.001 indicates the involvement of [CoIV=O] species during the reaction.26 

Winkler and Gray reported that for a high valent metal-oxo complexes having d5 metal 

center, [MIII-O•] is  favorable  over [MIV=O] configuration.35 It is  to  be  noted  that  the 

 

Figure 5.6. X-band EPR spectral monitoring of the reaction of complex 5.1 with H2O2 in 

dichloromethane:acetonitrile (1:4, v/v) solution at 77 K [complex 5.1 (black), intermediate (red) and 

complex 5.2 (green)]. 

 

reaction of  [Co(F8TPP2-)(NO)] with H2O2 resulted in corresponding [CoIII(O)•] species 

which in turn confirms the involvement of [CoIV=O] species.26 Similarly, the 
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involvement of [MnIV=O] species was observed in the reaction of [Mn(F20TPP2-)(NO)] 

with H2O2.
27 In both cases, corresponding nitrate complexes were isolated upon work 

up. However, in the present case, it was the nitrite complex, 5.2. In general, metal-

peroxynitrites isomerizes at room temperature to the corresponding nitrate (NO3
-); but 

in some cases, it has been found to decompose to the corresponding nitrite (NO2
-) and 

½ O2 (Scheme 5.2).36 These decomposition pathways depend on stability of the metal-

peroxynitrite intermediate. In the present case, the formation of O2 was confirmed by 

alkaline pyrogallol test. 

The ESI-mass spectrum of the reaction mixture displays a peak at m/z = 1048.29, 

corresponding to the [CoIII(TTMPP2-)(O)] unit (Calcd. 1047.21) (Figure 5.7). 

Experimental and simulated isotopic distribution patterns are in well accord. This also 

supports the formation of Co(IV)-oxo species in the reaction medium. An authentic 

sample was prepared using complex 1a with mCPBA which confirm our assignment 

(Appendix IV, Figures A4.18-A4.19). 

Thus, all these spectroscopic studies suggest the formation of a cobalt-oxo intermediate 

during the reaction which rapidly isomerizes to corresponding porphyrin radical cation. 

Due to the transient nature of the proposed [CoIII(TTMPP2-)(ONOO-)] intermediate, 

direct spectroscopic evidence was not observed. Hence, phenol ring nitration test has 

been done to confirm the involvement of metal-peroxynitrite intermediate.26,27 When 

H2O2 was added to a mixture of complex 5.1 and 2,4-di-tert-butylphenol (DTBP) in 

dichloromethane:acetonitrile (1:4, v/v) solution at -40 °C, formation of 2,4-di-tert-butyl-

6-nitrophenol was observed along with corresponding cobalt(III)-hydroxide complex, 

[CoIII(TTMPP2-)(OH)], 5.3 (Scheme 5.3). These products were isolated by column 

chromatography  and  characterized    spectroscopically  (Appendix IV, Figures A4.20- 

TH-3517_186122005



                                                                                                                                                                   Chapter 5 

 

76 
 

 

Figure 5.7. ESI-mass spectrum of the reaction mixture of complex 5.1 with H2O2 in acetonitrile 

at -40 °C [Inset: (a) experimental and (b) simulated isotopic distribution pattern]. 

 

A4.26). It is to be noted that when H2O2 was added to dichloromethane:acetonitrile (1:4, 

v/v) solution of complex 5.1 followed by 2,4-di-tert-butylphenol, no ring nitration 

product was found. Instead, complex 5.2 was obtained along with unreacted 2,4-di-tert-

butylphenol. 

 

Scheme 5.3 

 

5.3 Experimental Section 

5.3.1 Materials and methods 

Solvents  and  reagents  were  purchased  from  commercial sources  and  used  as  it is unless 
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mentioned. All reactions were carried out under Ar atmosphere. To remove the oxygen 

from solvents, repeatedly vacuum/Ar were purged. Dichloromethane was stored under 

calcium hydride followed by distillation under nitrogen. UV-visible spectra were 

recorded using Agilent Caray 8454 spectrophotometer. FT-IR spectra were taken in 

Perkin Elmer spectrophotometer. 1H and 13C-NMR spectra were recorded using Bruker 

Avance III on a 400 MHz varian FT spectrometer. Elemental analyses were done using 

PerkinElmer Series II Analyzer. Mass spectra were taken using Q-Tof premier 

instrument with ESI mode of ionization. EPR spectra were taken using JES-FA200 ESR 

spectrometer with microwave power, 0.998 mW, microwave Frequency, 9.14 GHz and 

modulation amplitude, 2. 

Single crystals were grown using dichloromethane/methanol solution. Data were collected 

from Bruker APEX-II CCD diffractometer, equipped with a fine focus 1.75 kW sealed tube 

MoKα, radiation (λ = 0.71073 Å) at 296 K, at a scan speed of 3 s/frame. APEX-II was used for 

data acquisition. SAINT and XPREP software were used for data reduction.37 Structures were 

solved by direct methods using SHELXL38a and refined with full matrix least squares on F2 

using SHELXL-2019/1.38b Structural illustration has been drawn with ORTEP-3 for 

windows.38c 

5.3.2 Syntheses 

 5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrin, [TTMPPH2] 

3,4,5-trimethoxy benzaldehyde (5.88 g, 30 mmol) and pyrrole (2.012 g, 30 mmol) were 

taken in 50 mL propionic acid. The reaction mixture was refluxed for 3 h and kept it 

overnight at room temperature which results in precipitation. This precipitate was 

filtered off and washed with warm water followed by hexane to obtained pure ligand 

(TTMPPH2) as a blue crystalline solid. Yield: 0.16 g (ca. 22%). Elemental analyses of 
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C56H54N4O12. Calcd. (%): C, 68.98; H, 5.58; N, 5.75. Found (%): C, 68.81; H, 5.62; N, 

5.70. FT-IR using ATR probe: 2938, 2829, 1579, 1499, 1448, 1404, 1348, 1231, 1181, 

1125, 1103, 1001, 976, 921, 848, 802, 761, 738, 719, 640 and 525 cm-1. 1H-NMR (400 

MHz, CDCl3): δppm, 8.97 (s, 8H), 7.49 (s, 8H), 4.19 (s, 12H), 3.98 (s, 24H), -2.76 (s, 2H). 

13C-NMR (100 MHz, CDCl3): δppm, 151.4, 137.9, 137.6, 120.1, 112.9, 61.3, 56.4. ESI-

mass (m/z): Calcd.: 974.373, Found: 975.383(M+1). 

Complex 5.1a, [CoII(TTMPP2-)] 

Ligand, TTMPPH2 (0.49 g, 0.5 mmol) and cobalt(II) acetate tetrahydrate (1.2 g, 5 mmol) 

were taken in 1:10 mole equivalent in 50 mL of dimethylformamide and refluxed 

overnight. This reaction mixture was brought to room temperature and dried in rotary 

evaporator. The crude mass obtained was subjected to solvent extraction using 

chloroform/water. Upon drying the chloroform portion in vacuo, red mass was obtained. 

Using column chromatography, pure complex 5.1a was obtained as red solid. Yield: 

0.32 g (ca. 60%). Elemental analyses of C56H52N4O12Co. Calcd. (%): C, 65.18; H, 5.08; 

N, 5.43. Found (%): C, 65.29; H, 5.01; N, 5.58. FT-IR using ATR probe: 3001, 2936, 

1579, 1505, 1456, 1404, 1358, 1325, 1230, 1124, 1106, 1075, 1001, 943, 857, 812, 796, 

761, 724, 647, 527, 492 and 441 cm-1. UV-visible (CH2Cl2): 531 nm (ϵ/M-1 cm-1, 2.36 

× 104) and 413 nm (ϵ/M-1 cm-1, 3.18 × 105). obs.: 1.75 BM. X-band EPR: (CH2Cl2,           

77 K) g ~ 2.25. ESI-mass (m/z), Calcd. 1031.291, Found, 1031.291, (molecular ion 

peak). Crystal data: CCDC No. 2336173. C56H52N4O12Co, M = 1031.94, triclinic (P -1), 

a = 7.879(5), b = 12.946(8), c = 14.269(9) Å, α = 92.022(17)°, β = 103.569(17)°, γ = 

91.798(17)°, V = 1412.8(15) Å3, Z = 1, Dc = 1.213 g cm−3, μ = 0.365 mm−1, T = 296 K, 

4906 reflections, 4412 independent, R(F) = 0.0783 [I>2δ(I)], R(int) = 0.0865, wR(F2) = 

0.2426 (all data), GOF = 1.147. 
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Complex 5.1, [Co(TTMPP2-)(NO)] 

Complex 5.1a (0.2 g, 0.2 mmol) was taken in dry and degassed dichloromethane 

solution. NO gas was bubbled to this solution for 5 min. The color of the solution 

changed to dark red. Excess NO gas was taken out by purging Ar and complex 5.1 was 

isolated as red solid. Yield: 0.18 g (ca. 85%). Elemental analyses of C56H52N5O13Co. 

Calcd. (%): C, 63.34; H, 4.94; N, 6.59. Found (%): C, 63.25; H, 4.87; N, 6.67. FT-IR 

using ATR probe: 2925, 1675, 1580, 1503, 1454, 1407, 1357, 1320, 1233, 1166, 1122, 

1077, 1003, 945, 858, 799, 762, 721, 644 and 527 cm-1. UV-visible (CH2Cl2): 537 nm 

(ϵ/M-1 cm-1, 1.05 × 104) and 419 nm (ϵ/M-1 cm-1, 1.8 × 105). 1H-NMR (400 MHz, 

CDCl3): δppm, 9.03 (s, 8H), 7.36 (s, 8H), 4.17 (s, 12H), 3.96 (s, 24H). ESI-mass (m/z), 

Calcd.: 1061.289 for [Co(TTMPP2-)(NO)]; Found: 1031.291, for [Co(TTMPP2-)]. 

Crystal data: CCDC No. 2336174. C56H52N5O13Co, M = 1061.95, triclinic (P 1), a = 

7.9359(11), b = 12.8765(18), c = 14.309(2) Å, α = 91.942(4)°, β = 104.883(4) (17)°, γ 

= 91.693(4)°, V = 1411.2(3) Å3, Z = 1, Dc = 1.250 g cm−3, μ = 0.369 mm−1, T = 296 K, 

9842 reflections, 8418 independent, R(F) = 0.0456 [I>2δ(I)], R(int) = 0.0557, wR(F2) = 

0.1219 (all data), GOF = 1.069. 

5.3.3 Reaction of complex 5.1 and H2O2 

Complex 5.1 (0.32 g, 0.3 mmol) was dissolved in dry and degassed 

dichloromethane:acetonitrile (1:4, v/v) solution and kept at -40 °C. Precooled H2O2 

(37% v/v in CH3CN, 0.32 mL) was added to this solution and stirred for 3 h. After warm 

up at room temperature, this mixture was dried using rotary evaporator to obtained 

complex 5.2. 

Complex 5.2, [CoIII(TTMPP2-)(NO2
-)] 
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Yield: 0.19 g (ca. 58%). Elemental analyses of C56H52N5O14Co. Calcd. (%): C, 62.40; 

H, 4.86; N, 6.50. Found (%): C, 62.52; H, 4.79; N, 6.62. FT-IR using ATR probe: 2961, 

2924, 2855, 1581, 1504, 1455, 1409, 1350, 1259, 1236, 1095, 1010, 794, 722 and 528 

cm-1. UV-visible (CH2Cl2): 443 nm (ϵ/M-1 cm-1, 0.78 × 105), 547 nm (ϵ/M-1 cm-1, 0.92 

× 104) and 584 nm (ϵ/M-1 cm-1, 0.87 × 104). 1H-NMR (400 MHz, CDCl3): δppm, 9.03 (s, 

8H), 7.16 (s, 8H), 4.07 (s, 12H), 3.87 (s, 24H). ESI-mass (m/z), Calcd.: 1077.284, for 

[CoIII(TTMPP2-)(NO2
-)]; Found: 1077.282, (molecular ion peak). Crystal data: CCDC 

No. 2336175. C56H52N6O16Co, M = 1123.96, triclinic (P -1), a = 7.9543(15), b = 

12.862(2), c = 14.317(3) Å, α = 87.968(5)°, β = 74.593(5)°, γ = 88.483(5)°, V = 

1411.1(5) Å3, Z = 1, Dc = 1.323 g cm−3, μ = 0.377 mm−1, T = 296 K, 4908 reflections, 

4312 independent, R(F) = 0.0655 [I>2δ(I)], R(int) = 0.0743, wR(F2) = 0.1688 (all data), 

GOF = 1.097. 

5.3.4 Reaction of complex 5.1 and H2O2 in presence of 2,4-di-tert-butylphenol 

Complex 5.1 (0.21 g, 0.2 mmol) was taken in degassed dichloromethane:acetonitrile 

(1:4, v/v) solution and kept at -40 °C. Precooled dichloromethane solution of 2,4-di-tert-

butylphenol (0.2 g, 1 mmol) was added followed by precooled H2O2 (37% v/v in 

CH3CN, 0.25 mL). It was then stirred for 1 h at -40 °C. After warm up to room 

temperature this mixture was dried. 2,4-di-tert-butyl-6-nitrophenol and complex 5.3 

were purified by column chromatography technique. 

2,4-di-tert-butyl-6-nitrophenol 

Yield: 0.25 g (ca. 59%). Elemental analyses for C14H21NO3. Calcd. (%): C, 66.91; H, 

8.42; N, 5.57. Found (%): C, 66.83; H, 8.39; N, 5.65. FT-IR using ATR probe: 2960, 

2871, 1617, 1539, 1480, 1459, 1443, 1414, 1363, 1314, 1272, 1235, 1202, 1179, 1138, 

1112, 1024, 923, 885, 821, 773, 749, 724, 699, 639, 532 and 512 cm-1. 1H-NMR (400 
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MHz, CDCl3): δppm, 11.43 (s, 1H), 7.94 (s, 1H), 7.63 (s, 1H), 1.43 (s, 9H), 1.30 (s, 9H). 

13C-NMR (100 MHz, CDCl3): δppm, 153.1, 142.1, 140.0, 133.8, 132.7, 119.0, 35.9, 34.7, 

31.2, 29.5. ESI-mass (m/z): Calcd.: 251.152, Found: 250.160 (M-1). 

Complex 5.3, [CoIII(TTMPP2-)(OH-)] 

Yield: 0.13 g (ca. 63%). Elemental analyses for C56H53N4O13Co. Calcd. (%): C, 64.12; 

H, 5.09; N, 5.34. Found (%): C, 64.24; H, 5.13; N, 5.41. FT-IR using ATR probe:  3434, 

2928, 2855, 1580, 1507, 1451, 1411, 1389, 1360, 1327, 1242, 1170,1124, 1006, 945, 

815, 765, 720 and 652 cm-1. UV-visible (CH2Cl2): 431 nm (ϵ/M-1 cm-1, 1.0 × 105) and 

541 nm (ϵ/M-1 cm-1, 0.75 × 104). 

 

5.4 Conclusion 

A Co-nitrosyl complex, 5.1 of {Co(NO)}8 configuration has been synthesized and 

characterized spectroscopically as well as structurally. Complex 5.1 in 

dichloromethane:acetonitrile (1:4, v/v) solution reacts with H2O2 to give                

[CoIII(TTMPP2-)(NO2
-)] complex, 5.2 as a final product. This reaction is proposed to proceed 

via a [CoIII(TTMPP2-)(ONOO-)] intermediate which is confirmed by characteristic phenol ring 

nitration test. Spectroscopic studies suggest the involvement of the corresponding porphyrin 

radical complex which indirectly supports the formation of Co(IV)-oxo intermediate from the 

homolytic cleavage of O-O bond of the proposed peroxynitrite intermediate. 
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Conclusion 

This thesis broadly covers our endeavor to understand both the reactivity of peroxo complexes 

of Co(III) with NO in non heme ligand frameworks, L1, L2, L3 and nitrosyl complex of Co(II) 

with reduced oxygen species, H2O2 in heme ligand framework, TTMPP2-, respectively. These 

complexes were synthesized by varying bidentate, symmetric tetradentate, asymmetric 

tetradentate and square planar ligand framework. The change of reactivity pattern with ligand 

denticity has been studied. The reactivity of Co(III)-peroxo complexes with NO was discussed 

in chapters 2-4, following an attempt to mimic the mechanism of the nitric oxide dioxygenase 

(NOD) enzyme. In every case, formation of putative peroxynitrite intermediate was observed. 

Efforts were made to identify and characterized the associated intermediates that form during 

the course of the reaction. For instance, in chapter 2, putative formation of Co(II)-peroxynitrite 

intermediate was observed using a bidentate ligand framework and finally it isomerizes to the 

corresponding nitrate complex. In chapter 3 and 4, formation of Co(II)-peroxynitrite 

intermediates were observed using symmetric and asymmetric tetradentate ligand frameworks, 

respectively. In case of chapter 3 and chapter 4, different decomposition products were 

obtained i.e corresponding nitrate and nitrite complexes respectively.  

On the other way, in chapter 5, a nitrosyl complex of Co(II)-porphyrinate with reduced oxygen 

species (O2
2-) was explored. Here a Co(III)-porphyrin radical species has been detected after 

the decomposition of ˈO-Oˈ bond of the Co(III)-peroxynitrite intermediate, which indirectly 

support the involvement of Co(IV)-oxo species in the reaction. In this case, nitrite complex 

was obtained as a final decomposition product. We believe that these findings will significantly 

enhance our current understanding of NOD chemistry and make a substantial contribution to 

the field of metalloenzyme chemistry. However, despite our best efforts, direct characterization 

of Co-peroxynitrite intermediate was unsuccessful due to its highly reactive nature. 
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Figure A1.1. FT-IR spectrum of L1 in KBr. 

 

 

Figure A1.2. 1H-NMR spectrum of L1 in CDCl3. 
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Figure A1.3. 13C-NMR spectrum of L1 in CDCl3. 

 

 

Figure A1.4. ESI-mass spectrum of L1 in CH3CN. 
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Figure A1.5. FT-IR spectrum of complex 2.1 in KBr. 

 

Figure A1.6. UV-visible spectrum of complex 2.1 in CH3CN at room temperature. 

 

Figure A1.7. ESI-mass spectrum of complex 2.1 in CH3CN. [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 
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Figure A1.8. X-band EPR spectrum of complex 2.1 in CH3CN at 77 K. 

 

Figure A1.9. FT-IR spectrum of complex 2.2 in KBr. 

 

Figure A1.10. UV-visible spectrum of complex 2.2 in CH3CN at room temperature. 
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Figure A1.11. ESI-mass spectrum of complex 2.2 in CH3CN. 

 

Figure A1.12. FT-IR spectrum of complex 2.3 in KBr. 

 

Figure A1.13. UV-visible spectrum of complex 2.3 in CH3CN at room temperature. 
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Figure A1.14. ESI-mass spectrum of complex 2.3 in CH3CN. [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A1.15. X-band EPR spectrum of complex 2.3 in CH3CN at 77 K. 

 

Figure A1.16. FT-IR spectrum of complex 2,4-di-tert-butyl-6-nitrophenol using ATR probe. 
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Figure A1.17. 1H-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 

 

 

Figure A1.18. 13C-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 
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Figure A1.19. ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in CH3CN. 

 

Figure A1.20. X-band EPR spectrum of [CoII(L1)2(OH)](ClO4
-) in CH3CN at 77 K. 

 

Table A1.1: Crystallographic data for complexes 2.1 and 2.2. 

 2.1 2.2 

Formulae C22 H36 Co N8 O10 Cl2 C24 H35 Co N10 O7 Cl 

Mol. Wt 702.42 670 

Crystal system Monoclinic Monoclinic 

Space group P2(1)/c P2(1)/c 

Temperature/K 296 296 

Wavelength/Å 0.71073 0.71073 

a/ Å 12.8427(6) 14.7963(8) 

b/ Å 12.6406(6) 8.2883(4) 

c/ Å 20.2239(9) 25.5819(13) 

α/  ͦ 90 90.00 

β/  ͦ 106.4850(10) 94.607(2) 
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γ/  ͦ 90 90.00 

V/ Å3 3148.2(3) 3127.1(3) 

Z 4 4 

Density/Mgm-3 1.482 1.423 

Abs. Coeff. /mm-1 0.778 0.692 

Abs. Correction Multi-scan Multi-scan 

F(000) 1460.0 1396.0 

Total no. of reflections 5534 5508 

Reflections. I > 2σ(I) 4352 4464 

Max. 2θ/  ͦ 24.999 24.999 

Ranges (h, k, l) -15 ≤ h ≤ 15 

-15 ≤ k ≤ 15 

-24 ≤ l ≤ 24 

-17 ≤ h ≤ 17 

-9 ≤ k ≤ 9 

-30 ≤ l ≤ 30 

Complete to 2θ (%) 99 100 

Refinement  method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Goof(F2) 1.013 1.102 

R indices [I > 2σ(I)] 0.0560 0.0532 

R indices (all data) 0.0736 0.0703 

Residual electron density 0.73 0.54 

 

 

Table A1.2: Selected bond lengths (Å) of complexes 2.1 and 2.2. 

Atoms 2.1 2.2 

Co1-N1 2.136(3) 2.106(3) 

Co1-N4 2.130(3) 2.116(3) 

Co1-N5 2.118(3) 2.100(3) 

Co1-N8 2.126(3) 2.110(3) 

Co1-O1 2.206(3) 2.217(2) 

Co1-O2 2.180(3) 2.192(2) 

N1-N2 1.362(4) 1.368(4) 

N3-N4 1.370(4) 1.364(4) 

N2-C6 1.441(5) 1.446(4) 

N3-C6 1.447(5) 1.447(4) 

N9-O1 - 1.260(4) 

N9-O2 - 1.263(3) 

N9-O3 - 1.228(4) 

 

 

Table A1.3: Selected bond angles (°) of complexes 2.1 and 2.2. 
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Atoms 2.1 2.2 

N1-Co1-O1 88.36(12) 160.14(10) 

N1-Co1-O2 88.84(13) 101.85(10) 

N1-Co1-N4 88.70(12) 88.66(10) 

N1-Co1-N8 175.87(13) 97.09(11) 

N1-Co1-N5 93.33(12) 96.66(11) 

N4-Co1-N5 91.48(13) 95.73(11) 

N4-Co1-N8 95.23(12) 172.38(11) 

N4-Co1-O1 172.64(12) 87.90(10) 

N4-Co1-O2 93.62(14) 86.22(10) 

N1-C2-C1 122.5(4) 122.6(3) 

N1-C2-C3 109.6(4) 109.2(3) 

N1-N2-C4 111.6(3) - 

N2-C4-C3 105.7(4) 106.5(3) 

N2-C4-C5 123.0(4) 123.2(4) 

N1-N2-C6 119.5(3) 118.6(3) 

N2-C6-N3 111.2(3) 110.7(3) 

N4-N3-C6 119.1(3) 118.2(3) 

N2-N1-Co1 118.7(2) 120.0(2) 

N3-N4-Co1 119.7(2) - 

C2-C3-C4 107.5(4) - 

C1-C2-C3 127.9(4) - 

N5-Co1-N8 - 88.59(11) 

N5-Co1-O2 - 161.44(10) 

N1-Co1-O2 - 101.85(10) 

N8-Co1-O2 - 87.70(10) 

N4-Co1-O2 - 87.90(10) 

N8-Co1-O1 - 85.00(10) 

O2-Co1-O1 - 58.41(9) 

O1-N9-O3 - 121.8(3) 

O2-N9-O3 - 121.2(3) 

O1-N9-O2 - 117.0(3) 
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Figure A2.1. FT-IR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in KBr. 

 

 

 

Figure A2.2. 1H-NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCl3. 
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Figure A2.3. 13C-NMR spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CDCl3. 

 

 

Figure A2.4. ESI-mass spectrum of 1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole in CH3CN. 
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Figure A2.5. FT-IR spectrum of L2 in KBr. 

 

 

Figure A2.6. 1H-NMR spectrum of L2 in CDCl3. 
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Figure A2.7. 13C-NMR spectrum of L2 in CDCl3. 

 

 

Figure A2.8. ESI-mass spectrum of L2 in CH3CN. 

 

TH-3517_186122005



                                                                                                                                                                Appendix II 

 

101 
 

 

Figure A2.9. FT-IR spectrum of complex 3.1 in KBr. 

 

Figure A2.10. UV-visible spectrum of complex 3.1 in CH3CN at room temperature. 

 

Figure A2.11. ESI-mass spectrum of complex 3.1 in CH3CN. [ Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 
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Figure A2.12. X-band EPR spectrum of complex 3.1 in CH3CN at 77 K. 

 

Figure A2.13. FT-IR spectrum of complex 3.2 in KBr. 

 

Figure A2.14. UV-visible spectrum of complex 3.2 in CH3CN at room temperature. 
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Figure A2.15. ESI-mass spectrum of complex 3.2 in CH3CN. [ Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A2.16. FT-IR spectrum of complex 3.3 in KBr. 

 

Figure A2.17. UV-visible spectrum of complex 3.3 in CH3CN at room temperature. 
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Figure A2.18. ESI-mass spectrum of complex 3.3 in CH3CN. [ Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A2.19. X-band EPR spectrum of complex 3.3 in CH3CN at 77 K.  

 

Figure A2.20. FT-IR spectrum of 2,4-di-tert-butyl-6-nitrophenol in KBr. 
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Figure A2.21. 1H-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 

 

 

Figure A2.22. 13C-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 
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Figure A2.23. ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in CH3CN. 

 

Table A2.1: Crystallographic data for complexes 3.1 and 3.2. 

 3.1 3.2 

Formulae C23 H33 Co N8 O8 Cl2 C18 H24 Co N8 O7 Cl 

Mol. Wt 679.40 558.83 

Crystal system Triclinic Monoclinic 

Space group P -1 C 1 2/c 1 

Temperature/K 297 150 

Wavelength/Å 0.71073 0.71073 

a/ Å 12.0617(14) 26.450(4) 

b/ Å 12.3710(15) 10.5573(15) 

c/ Å 12.5120(15) 20.758(3) 

α/  ͦ 100.758(3) 90 

β/  ͦ 109.688(3) 119.862(3) 

γ/  ͦ 113.809(3) 90 

V/ Å3 1491.2(3) 5026.8(12) 

Z 2 8 

Density/Mgm-3 1.513 1.477 

Abs. Coeff. /mm-1 0.814 0.843 

Abs. Correction None None 

F(000) 704.0 2304 

Total no. of reflections 5171 4426 

Reflections. I > 2σ(I) 4826 3967 

Max. 2θ/  ͦ 24.999 24.993 
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Ranges (h, k, l) -14 ≤ h ≤ 14 

-14 ≤ k ≤ 14 

-14 ≤ l ≤ 14 

-31 ≤ h ≤ 31 

-12 ≤ k ≤ 12 

-24 ≤ l ≤ 24 

Complete to 2θ (%) 98.3 99.7 

Refinement  method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Goof(F2) 1.033 1.071 

R indices [I > 2σ(I)] 0.0504 0.0445 

R indices (all data) 0.0537 0.0513 

 

Table A2.2: Selected bond lengths (Å) of complexes 3.1 and 3.2. 

Atoms 3.1 3.2 

Co1-N1 2.025(2) 2.061(3) 

Co1-N4 2.018(2) 2.046(2) 

Co1-N6 2.023(3) 2.056(3) 

Co1-N7 2.260(2) 2.288(2) 

Co1-N8 2.045(3) - 

Co1-O1 - 2.040(2) 

N1-N2 1.370(3) 1.368(4) 

N3-N4 1.366(3) 1.361(3) 

N2-C5 1.459(4) 1.559(14) 

N7-C5 1.466(3) 1.490(13) 

C1-C2 1.491(4) 1.462(5) 

C2-C3 1.381(4) 1.388(5) 

C3-C4 1.370(4) 1.356(6) 

C4-C8 1.493(4) - 

N8-C19 1.126(4) - 

C19-C20 1.451(5) 1.490(4) 

O1-N8 - 1.300(4) 

N8-O2 - 1.221(4) 

N8-O3 - 1.241(4) 

 

Table A2.3: Selected bond angles (°) of complexes 3.1 and 3.2. 

Atoms 3.1 3.2 

N1-Co1-N7 78.27(8) 75.65(9) 

N1-Co1-N8 99.97(11) - 

N4-Co1-N7 78.36(8) 77.21(9) 

N4-Co1-N1 121.92(9) 130.94(11) 
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N4-Co1-N6 112.35(10) 107.14(11) 

N4-Co1-N8 103.14(11) - 

N6-Co1-N7 78.10(9) 77.60(9) 

N6-Co1-N1 113.54(10) 105.89(11) 

N6-Co1-N8 102.21(11) - 

N8-Co1-N7 178.15(10) - 

N1-C2-C1 122.5(3) 121.8(3) 

N1-C2-C3 109.8(3) 110.0(3) 

C3-C2-C1 127.6(3) 128.2(3) 

N2-C4-C3 106.1(3) 106.2(3) 

N2-C4-C11 - 121.9(4) 

N2-C4-C8 122.4(3) - 

N1-N2-C5 118.2(2) 110.1(6) 

N2-C5-N7 107.3(2) 100.1(8) 

N4-N3-C6 119.3(2) - 

N2-N1-Co1 114.88(16) 116.0(2) 

N3-N4-Co1 115.69(17) 115.15(18) 

C12-C11-C10 127.9(3) - 

C11-C10-C9 107.0(3) - 

N4-N3-C12 - 111.7(3) 

N3-C12-C16 - 122.0(3) 

N3-C12-C13 - 106.3(3) 

C12-C13-C14 - 106.7(3) 

C13-C14-C15 - 128.2(3) 

C13-C14-N4 - 109.9(3) 

Co1-O1-N8 - 103.42(19) 

O1-N8-O2 - 119.0(4) 

O1-N8-O3 - 116.6(3) 
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Figure A3.1. FT-IR spectrum of L3 in KBr. 

 

 

Figure A3.2. 1H-NMR spectrum of L3 in CDCl3. 
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Figure A3.3. 13C-NMR spectrum of L3 in CDCl3. 

 

 

Figure A3.4. ESI-mass spectrum of L3 in CH3CN. 
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Figure A3.5. FT-IR spectrum of complex 4.1 in KBr. 

 

Figure A3.6. UV-visible spectrum of complex 4.1 in CH3CN at room temperature. 

 

Figure A3.7. ESI-mass spectrum of complex 4.1 in CH3CN [Inset: (a) experimental and (b) simulated 

isotopic distribution pattern]. 
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Figure A3.8. X-band EPR spectrum of complex 4.1 in CH3CN at 77 K. 

 

Figure A3.9. FT-IR spectrum of complex 4.2 in KBr. 

 

Figure A3.10. UV-visible spectrum of complex 4.2 in CH3CN at room temperature. 

TH-3517_186122005



                                                                                                                                                               Appendix III 

 

113 
 

 

Figure A3.11. ESI-mass spectrum of complex 4.2 in CH3CN. 

 

Figure A3.12. FT-IR spectrum of complex 4.3 in KBr. 

 

Figure A3.13. UV-visible spectrum of complex 4.3 in CH3CN at room temperature. 
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Figure A3.14. ESI-mass spectrum of complex 4.3 in CH3CN. [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A3.15. X-band EPR spectrum of complex 4.3 in CH3CN at 77 K. 

 

Figure A3.16. FT-IR spectrum of complex 2,4-di-tert-butyl-6-nitrophenol using ATR probe. 

TH-3517_186122005



                                                                                                                                                               Appendix III 

 

115 
 

 

 

Figure A3.17. 1H-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 

 

 

Figure A3.18. 13C-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 
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Figure A3.19. ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in CH3CN. 

 

Table A1: Crystallographic data for complexes 4.1 and 4.2. 

 4.1 4.2 

Formulae C18 H31 Co N7 O8 Cl2 C16 H28 Co N7 O6 Cl 

Mol. Wt 603.33 508.83 

Crystal system Monoclinic orthorhombic 

Space group P21/c P 21 21 21 

Temperature/K 297 295 

Wavelength/Å 0.71073 0.71073 

a/ Å 10.894(2) 8.1656(9) 

b/ Å 20.433(4) 10.5914(12) 

c/ Å 12.811(3) 26.227(3) 

α/  ͦ 90 90 

β/  ͦ 110.110(5) 90 

γ/  ͦ 90 90 

V/ Å3 2677.8(10) 2268.2(4) 

Z 4 4 

Density/Mgm-3 1.497 1.490 

Abs. Coeff. /mm-1 0.895 0.921 

Abs. Correction none none 

F(000) 1252.0 1060.0 

Total no. of reflections 4679 3967 

Reflections. I > 2σ(I) 4076 3779 

Max. 2θ/  ͦ 24.999 24.987 

Ranges (h, k, l) -12 ≤ h ≤ 12 

-24 ≤ k ≤ 24 

-15 ≤ l ≤ 15 

-9 ≤ h ≤ 9 

-12 ≤ k ≤ 12 

-31 ≤ l ≤ 31 
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Complete to 2θ (%) 99.3 99.5 

Refinement  method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Goof(F2) 1.076 1.111 

R indices [I > 2σ(I)] 0.0473 0.0398 

R indices (all data) 0.0558 0.0428 

 

Table A2: Selected bond lengths (Å) of complexes 4.1 and 4.2. 

Atoms 4.1 4.2 

Co1-N1 2.019(3) 2.081(4) 

Co1-N4 2.039(3) - 

Co1-N5 2.231(2) 2.086(4) 

Co1-N6 2.073(3) 2.110(3) 

Co1-N7 2.047(3) 2.217(2) 

N1-N2 1.367(3) 1.368(4) 

N3-N4 1.370(4) 1.364(4) 

N2-C5 1.471(5) 1.446(4) 

N3-C6 1.479(5) 1.447(4) 

N3-C7 1.340(4) 1.260(4) 

N5-C6 1.469(5) 1.263(3) 

N6-C12 1.490(5) 1.228(4) 

 

Table A3: Selected bond angles (°) of complexes 4.1 and 4.2. 

Atoms 4.1 4.2 

N1-Co1-N4 127.25(13) 160.14(10) 

N1-Co1-N5 78.09(9) 101.85(10) 

N1-Co1-N6 110.81(12) 88.66(10) 

N1-Co1-N7 103.09(11) 97.09(11) 

N4-Co1-N5 78.55(10) 96.66(11) 

N4-Co1-N7 98.48(11) 95.73(11) 

N5-Co1-N7 176.84(11) 172.38(11) 

N6-Co1-N7 99.37(12) - 

N6-Co1-N5 82.84(11) - 

N1-N2-C5 120.1(3) 87.90(10) 

N1-N2-C4 111.5(3) 86.22(10) 

N1-C2-C3 109.2(3) 122.6(3) 

N1-C2-C1 122.2(3) 109.2(3) 

C2-N1-N2 105.8(3) - 

C4-N2-N1 111.5(3) 106.5(3) 

C4-N2-C5 125.1(3) 123.2(4) 
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C7-N3-N4 112.3(3) 118.6(3) 

C7-N3-C6 130.7(3) 110.7(3) 

C9-N4-N3 104.4(3) 118.2(3) 

C11-N6-C12 108.5(3) 120.0(2) 

C13-N6-C11 109.4(3) - 

C11-N6-Co1 109.7(2) - 

C12-N6-Co1 108.0(3) - 

C13-N6-Co1 110.7(3) 88.59(11) 

C17-N7-Co1 172.7(3) 161.44(10) 

C1-C2-C3 128.6(3) 101.85(10) 

C2-C3-C4 107.2(3) 87.70(10) 

N4-Co1-O2 - 87.90(10) 

N8-Co1-O1 - 85.00(10) 

O2-Co1-O1 - 58.41(9) 

O1-N9-O3 - 121.8(3) 

O2-N9-O3 - 121.2(3) 

O1-N9-O2 - 117.0(3) 
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Figure A4.1. FT-IR spectrum of TTMPPH2 using ATR probe. 

 

 

 

Figure A4.2. 1H-NMR spectrum of TTMPPH2 in CDCl3. 
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Figure A4.3. 13C-NMR spectrum of TTMPPH2 in CDCl3. 

 

Figure A4.4. ESI-mass spectrum of TTMPPH2 in CH3CN. 

 

Figure A4.5. FT-IR spectrum of complex 5.1a using ATR probe. 
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Figure A4.6. UV-visible spectrum of complex 5.1a in CH2Cl2 at room temperature. 

 

Figure A4.7. ESI-mass spectrum of complex 5.1a in CH3CN. [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A4.8. X-band EPR spectrum of complex 5.1a in CH2Cl2 at 77 K. 
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. 

Figure A4.9. UV-visible spectrum of complex 5.1 in CH2Cl2:CH3CN (1:4, v/v) mixture at room 

temperature. 

 

 

Figure A4.10. 1H-NMR spectrum of complex 5.1 in CDCl3. 
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Figure A4.11. X-band EPR spectrum of complex 5.1 in CH2Cl2:CH3CN (1:4, v/v) mixture at 77 K. 

 

Figure A4.12. ESI-mass spectrum of complex 5.1 in CH3CN [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A4.13. FT-IR spectrum of complex 5.2 using ATR probe. 
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Figure A4.14. UV-visible spectrum of complex 5.2 in CH2Cl2 at room temperature. 

 

 

Figure A4.15. 1H-NMR spectrum of complex 5.2 in CDCl3. 
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Figure A4.16. ESI-mass spectrum of complex 5.2 in CH3CN. [Inset: (a) experimental and (b) 

simulated isotopic distribution pattern]. 

 

Figure A4.17. X-band EPR spectrum of complex 5.2 in CH2Cl2 at 77 K. 

 

Figure A4.18. X-band EPR spectral monitoring of the reaction of complex 5.1a with mCPBA in 

CH2Cl2:CH3CN (1:4, v/v) solution at 77 K [complex 5.1a (black), intermediate (red) and final 

(green)]. 
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Figure A4.19. ESI-mass spectrum of the reaction mixture of complex 5.1a with mCPBA in 

acetonitrile at -40 °C [Inset: (a) experimental and (b) simulated isotopic distribution pattern]. 

 

Figure A4.20. FT-IR spectrum of complex 5.3 using ATR probe. 

 

Figure A4.21. UV-visible spectrum of complex 5.3 in CH2Cl2 at room temperature. 
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Figure A4.22. X-band EPR spectrum of complex 5.3 in CH2Cl2 at 77 K. 

 

 

Figure A4.23. FT-IR spectrum of 2,4-di-tert-butyl-6-nitrophenol using ATR probe. 
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Figure A4.24. 1H-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 

 

 

Figure A4.25. 13C-NMR spectrum of 2,4-di-tert-butyl-6-nitrophenol in CDCl3. 
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Figure A4.26. ESI-mass spectrum of 2,4-di-tert-butyl-6-nitrophenol in CH3CN. 

 

Table A4.1: Crystallographic data for complexes 5.1a, 5.1 and 5.2. 

 5.1a 5.1 5.2 

Formulae C56 H52 Co N4 O12 C56 H52 Co N5 O13 C56 H52 Co N6 O16 

Mol. Wt 1031.94 1061.95 1123.96 

Crystal system Triclinic Triclinic Triclinic 

Space group P -1 P 1 P -1 

Temperature/K 296 296 296 

Wavelength/Å 0.71073 0.71073 0.71073 

a/ Å 7.879(5) 7.9359(11) 7.9543(15) 

b/ Å 12.946(8) 12.8765(18) 12.862(2) 

c/ Å 14.269(9) 14.309(2) 14.317(3) 

α/  ͦ 92.022(17) 91.942(4) 87.968(5) 

β/  ͦ 103.569(17) 104.883(4) 74.593(5) 

γ/  ͦ 91.798(17) 91.693(4) 88.483(5) 

V/ Å3 1412.8(15) 1411.2(3) 1411.1(5) 

Z 1 1 1 

Density/Mgm-3 1.213 1.250 1.323 

Abs. Coeff. /mm-1 0.365 0.369 0.377 

Abs. Correction Multi-scan Multi-scan Multi-scan 

F(000) 539.0 554.0 585.0 

Total no. of reflections 4906 9842 4908 
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Reflections. I > 2σ(I) 4412 8418 4312 

Max. 2θ/  ͦ 24.999 24.997 24.999 

Ranges (h, k, l) -9≤ h ≤ 9 

-15 ≤ k ≤ 15 

-16 ≤ l ≤ 16 

-9≤ h ≤ 9 

-15 ≤ k ≤ 15 

-16 ≤ l ≤ 16 

-9≤ h ≤ 9 

-15 ≤ k ≤ 15 

-16 ≤ l ≤ 16 

Complete to 2θ (%) 98.5 99.3 98.5 

Refinement  method Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Goof(F2) 1.147 1.069 1.097 

R indices [I > 2σ(I)] 0.0783 0.0456 0.0655 

R indices (all data) 0.0865 0.0557 0.0743 

 

Table A4.2: Selected bond lengths (Å) of complexes 5.1a, 5.1 and 5.2. 

Atoms 5.1a 5.1 5.2 

Co1-N1 1.977(3) 1.973(7) 1.983(3) 

Co1-N2 1.976(3) 1.954(7) 1.980(3) 

Co1-N3 - 1.971(6) 1.951(4) 

Co1-N4 - 1.985(6) - 

Co1-N5 - 2.034(6) - 

N2-C28 1.378(4) - - 

N2-C25 1.380(4) - - 

N3-O7 - - 1.365(9) 

N3-O8 - - 1.096(11) 

N3-O9 - - 0.942(16) 

O1-C2 1.373(4) - - 

O1-C19 1.406(6) - - 

N5-O13 - 1.218(9) - 

N1-C11 1.384(4) - - 

N1-C8 1.382(4) - - 

O2-C3 1.376(4) - - 

O2-C20 1.408(6) - - 

C1-C2 1.394(5) 1.351(12) 1.395(5) 

C2-C3 1.388(5) - 1.387(6) 

C3-C4 - - 1.383(6) 

C4-C5 - - 1.396(5) 

TH-3517_186122005



                                                                                                                                                                                                            
                                                                                                                                                               Appendix IV 

 

131 
 

C5-C6 1.378(5) - 1.374(5) 

C6-C7 1.512(4) - - 

C6-C1 1.370(5) - - 

 

Table A4.3: Selected bond angles (°) of complexes 5.1a, 5.1 and 5.2. 

Atoms 5.1a 5.1 5.2 

N2-Co1-N2 180.0 - 180.0 

N2-Co1-N1 89.43(11) 91.2(3) 90.12(11) 

N1-Co1-N1 180.0 - 180.00(16) 

N2-Co1-N3 - 89.2(3) 89.22(13) 

Co1-N3-O7 - - 129.1(5) 

Co1-N3-O8            - - 116.7(6) 

Co1-N3-O9            - - 118.1(9) 

N2-Co1-N4 - 179.1(4) - 

N2-Co1-N5 - 91.0(2) - 

N3-Co1-N1 - 179.4(4) 90.38(13) 

N1-Co1-N5 - 92.3(2) - 

N2-C28-C27 110.4(3) - - 

N2-C28-C27 110.4(3) - - 

N2-C28-C7 125.5(3) - - 

N2-C25-C12 125.9(3) - - 

C2-C1-C6 120.2(3) - - 

C3-C2-C1 119.8(3) 119.5(7) - 

C4-C3-C2 119.5(3) 120.5(7) - 

C4-C5-C6 118.9(3) 120.0(8) - 

C5-C6-C1 120.7(3) - - 

C6-C7-C8 119.3(3) 119.4(8) 117.6(3) 

C8-C9-C10 107.4(3) - - 

C9-C10-C11 107.7(3) - - 

C10-C11-C12 124.9(3) - - 
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