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SUMMARY 

 

 

Among radicals, Ullman type radicals -imino and nitronyl nitroxide- draw our 

attention due to their excellent stability and versatile synthetic chemistry. More 

particularly, polyradical molecules were our main goal. In this optic two platforms 

were chosen to introduce Ullman radicals: cyclotriphosphazene and phthalocyanine. 

Thanks to the cyclotriphosphazene core, six Ullman radicals - imino nitroxide 

15 and nitronyl nitroxide 16- were successfully implemented. Both molecules were 

obtained by two different synthetic pathways. 15 was obtained by the classical 

Ullman route consisting of the condensation of an adequate aldehyde with 2,3-

bis(hydroxylamino)-2,3-dimethylbutane (3) follow by its oxidation whereas 16 was 

synthesis by a so-called “pre-form strategy”. The radical character is bearing by the 

2-(4-hydroxyphenyl)-4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (10) synthon 

and bonded to the cyclotriphosphazene core by nucleophilic substitution in 

aceton/K2CO3.  

Phthlocyanines-based radical molecules require multi-steps synthesis that 

allows only the formation of the mono-(38) and tetra-(44) imino nitroxide derivative. 

In this case, a pre-form strategy was also envisaged to reach the nitronyl nitroxide 

counterpart. In this expectative, phthalonitrile bearing nitronyl nitroxide (46) was 

synthesized.  

All structures were unambiguously characterized with a rich array of analyses 

such as melting point, FT-IR, NMR, MALDI-TOF MS, elemental analysis, UV-vis, 

CV, SWV, EPR, magnetic measurements and X-ray diffraction analysis.  

Straightforward and rapid quantification methods by UV-vis and square wave 

voltammetry (SWV) were developed to determine the number of radical moieties 

present on a polyradical by techniques easily accessible in most laboratories. Both 

methods have demonstrated the presence of six imino or nitronyl nitroxide radical on 

cyclotriphosphazene 15 and 16 respectively. 

 

Keywords: Cyclotriphosphazene, phthalocyanine, Ullman radicals, nitronyl 

nitroxide, imino nitroxide, quantification methods. 
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ÖZET 

 

 

Radikaller arasında ise Ullman tipi radikaller (nitronil ve imino nitroksit) 

mükemmel kararlılığı ve çok yönlü sentetik kimyasından dolayı ilgimizi çekti. 

Özellikle esas hedefimiz ise poliradikal molekülleridir. Bu yönde Ullman 

radikallerini bağlamak üzere iki platform seçildi; siklotrifosfazen ve ftalosiyanin.  

Siklotrifosfazen çekirdeğine altı Ullman radikali (imino nitroksit 15 ve nitronil 

nitroksit 16) başarıyla yerleştirilmiştir. Her iki molekül de iki farklı sentetik yoldan 

elde edilmiştir. 15 klasik Ullman yolu ile elde edilmiş olup münasip bir aldehitin 2,3-

bis(hidroksilamino)-2,3-dimetilbütan (3) ile kondenzasyonu ve peşinden 

yükseltgenmesini içerirken 16 ise ‘‘önceden oluşturulmuş strateji’’ de denilen 

yöntemle sentezlenmiştir. Radikal karakterini 2-(4-hidroksifenil)-4,4,5,5-tetrametil-

2-imidazoline-3-oksid-1-oksil (10) sintonu taşımakta olup aseton/K2CO3 içerisindeki 

nükleofilik sübstitüsyon ile siklotrifosfazen çekirdeğine bağlanmıştır.  

Ftalosiyanin bazlı radikal molekülleri çok basamaklı sentez gerektirmekte olup 

bunlarla sadece mono-(38) and tetra-(44) imino nitroksit türevleri oluşmuştur. Bu 

durumda, nitronil nitroksit karşılığına ulaşmak için ‘‘önceden oluşturulmuş strateji’’ 

öngörülmüştür. Bu bağlamda nitronil nitroksit bağlı ftalonitril 46 sentezlenmiştir. 

Tüm yapılar erime noktası, FT-IR, NMR, MALDI-TOF MS, elementel analiz, 

UV-vis, CV, SWV, EPR, manyetik ölçümler ve X-ray diffraksiyon analizi gibi 

zengin analiz dizileriyle karakterize edilmiştir.  

Bir poliradikal üzerindeki radikal kısımlarının sayısını belirlemek üzere birçok 

laboratuvarda kolayca ulaşılabilen teknikler olan UV-vis ve kare dalga voltametri 

(SWV) ile basit ve hızlı kuantifikasyon metodları geliştirilmiştir. Bu metodlar 15 

üzerinde altı adet imino nitroksit radikali ve 16 üzerinde ise altı adet nitroni nitroksit 

radikali olduğunu ispat etmiştir. 

 

 

 

Anahtar Kelimeler: Siklotrifosfazen, ftalosiyanin, Ullman radikalleri, nitronil 

nitroksit, imino nitroksit, kuantifikasyon metodları.  
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1. INTRODUCTION 

 

A renewed interest in radical chemistry appeared in recent years thanks to the 

potential of these molecules to be redox active and to present interesting magnetic 

and optical properties. In the framework of this dissertation, particular emphasis has 

been placed on the control, synthesize and characterization of polyradical structures 

containing nitronyl nitroxide and imino nitroxide.  

Two platforms were investigated in this context; cyclotriphosphazene and 

phthalocyanine as cyclotriphosphazene could bear a maximum of 6 nitronyl nitroxide 

and phthalocyanine 4, respectively (Figure 1.1).  

These choices were dictated principally by the applications expected: 

 

 Cyclotriphosphazene is well-known compounds with their ring opening 

polymerization. Nitronyl nitroxides/imino nitroxides decorated 

cyclotriphosphazenes are as promising monomers to prepare ambipolar 

electrode active materials upon their polymerization. 

 Phthalocyanines are well-known species for their fluorescent properties used in 

sensor application. Imino nitroxide or nitronyl nitroxide appended 

phthalocyanines are considered as profluorescent molecules in which 

fluorescent could be retrieved upon coordination of the nitroxide species to the 

Cu
2+

 ion.  
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Figure 1.1: Schematic Representation of the Target Polyradicals. 

 

This dissertation is composed of nine chapters. First chapter covers brief 

information about the dissertation.  

Second chapter reviews the stable radicals, synthesis of imino nitroxide and 

nitronyl nitroxides, key characterizations of them and important applications of them 

as well.  

Third chapter describes materials and methods.  
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Fourth chapter focuses on the synthesis of six imino nitroxide radicals 

appended cyclotriphosphazene derivative and its full characterizations such as 

melting point, FT-IR, MALDI-TOF MS, elemental analysis, absorption 

spectroscopy, electrochemical analysis, EPR, magnetic measurements, X-ray 

diffraction analysis. Additionally, two quantification methods –UV-vis and 

electrochemistry- are developed in order to determine the imino nitroxide radical 

content of a polyradical. Both methods successfully demonstrated the presence of six 

imino nitroxide moieties on the target compound 15.  

Fifth chapter describe the synthesis of six nitronyl nitroxide radicals bonded 

cyclotriphosphazene derivative and its full characterizations as like imino nitroxide 

counterpart. Developed quantification methods –UV-vis and electrochemistry- are 

transposed to the nitronyl nitroxide analogue and successfully demonstrated to 

presence of six nitronyl nitroxide on the title compound 16.  

Sixth chapter focuses on the synthesis and characterizations of imino 

nitroxide(s) appended phthalocyanine molecules. Phthalocyanine macrocycles are 

decorated with one or with four imino nitroxide radicals. Sensing ability of title 

compound to Cu
2+

 is investigated.  

Seventh chapter depicts the preparation of imino nitroxide linked phthalonitrile 

and nitronyl nitroxide linked phthalonitrile and their characterizations.  

Chapter eight contains the all spectra and structures of the compounds.  

Chapter nine covers the overall results and conclusion.
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2. SURVEY OF ULLMAN RADICALS 

 

2.1. What is Stable Radical? 

 

The radicals could be defined as molecules with one or more unpaired 

electrons. Virtually all of the molecules composed of p-block elements comply with 

the valence bond theory; obey the octet rule, have expected number of bonds and 

non-bonding electron (lone) pairs, and as a consequence they are diamagnetic. On 

the other hand, the radicals possess fewer bonds than anticipated and fewer lone pairs 

in association with the unpaired electron(s) and as a result they are paramagnetic. 

Many scientists conceptually consider the radicals as highly reactive short-lived 

species due to no or negligibly low activation barrier associated with spin loss 

reactions such as dimerization, hydrogen abstraction, disproportionation, oxidation or 

reduction.  

On the basis of Ingold’s definition [1], the radicals could be practically split 

into three groups in terms of stability;  

 

i) transient radicals which undergo fast decay,  

ii) persistent ones which have lifetime to be studied by spectroscopic methods,  

iii) stable radicals which could be isolated, handled, and stored in laboratory 

environment.  

 

Stability of the radicals could be enhanced by employing two approaches. In 

the first, kinetic stability is derived from the incorporation of the bulky groups. 

Secondly, thermodynamic stability is provided by delocalization of the spin density 

over a number of atoms, which prevent dimerization and hydrogen abstraction due to 

the resonance stabilization. The radical always refers to stable radical within the 

framework of dissertation.  

History of stable radicals dates back to the 19th century; first stable organic 

radical -triphenylmethyl or so-called trityl- was synthesized [2] by Gomberg at 1900. 

Afterwards, various classes of stable organic radicals were explored and successfully 

utilized in many applications.  
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Radicals are also synonymously named as open-shell compounds, odd-electron 

compounds, spin compound, or sub-valent compounds. 

 

2.2. Stable Radicals  

 

Numerous stable radicals have been reported up to date. The family of stable 

radicals are classified in a number of ways; chronological, structural, stability, or 

application based. Stable radicals are comprehensively reviewed by Hicks [3], [4] 

regarding their structures, synthesis, and applications as well. However, following 

sections will highlight the major classes of stable organic radicals classified by the 

atoms where the majority of spin density is located. Survey will primarily cover the 

structures of radicals briefly rather than choronological order or synthetic 

perspective. 

 

2.2.1. Carbon-Based Radicals 

 

The discovery of triphenylmethyl radical (Figure 2.1) was a landmark in the 

history of stable organic radicals as it marked the premier case of persistent organic 

radical [2]. Actually triphenylmethyl is in equilibrium with its dimeric form that 

prevents the isolation of the radical. Much of the spin density was found on the 

central carbon which sterically protected by three phenyl rings. Polychlorinated 

triphenylmethyl radical derivatives were found to display excellent stability [5].  

Another type of carbon-based radical is phenalenyl radical (Figure 2.1). Spin 

density in phenalenyl radical was found chiefly on the six α carbon atoms which 

facilitate its stability. Phenalenyls are also in equilibrium with its dimer form which 

is connected through a σ–bond.  

Kekule and non-Kekule biradicals (Figure 2.1) are also regarded as polycyclic 

conjugated carbon-based radicals. First representative example of Kekule biradical is 

the Tschitschibabin’s radical synthesized in 1907 [6]. First non-Kekule biradical –

trioxotriangulene- was prepared by Bushby in 1995 [7]. 
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Figure 2.1: Structures of Carbon-Based Radicals. 

 

2.2.2. Nitrogen-Based Radicals 

 

Despite many of hydrazyl radicals are persistent in solution, 2,2-Diphenyl-1-

picrylhydrazyl (DPPH, Figure 2.2) has an exceptional stability which is enhanced by 

the presence of electron-withdrawing groups lead to charge separated resonance 

contributions. Owing to it outstanding stability, DPPH has been used as reference 

standard for EPR spectroscopy [8].  

The verdazyl radicals (Figure 2.2) can be considered as cyclic and resonance 

delocalized form of hydrazyl radicals. Kuhn synthesized the first verdazyl [9] in 

1963. Since that, verdazyls are one of the comprehensively studied class of stable 

radicals. 

The 1,2,4-benzotriazinyls (Figure 2.2) are another class of nitrogen-based 

radicals. Blatter synthesized the first example of 1,2,4-benzotriazinyl radicals [10] 

and claimed that “its stability comparable at least to that of DPPH” in 1968. The 

stability was derived from delocalization of the spin density which substantially 

found on all three nitrogen atoms and appreciable amount on the annulated benzene 

ring. Afterwards, their synthetic routes were diversified by Frank [11] and Koutentis 

Group [12]. Koutentis reported a super stable radical (Figure 2.2) which is thermally 

stable below its melting point of 160 °C and oxidatively stable even treating with 

KMnO4 in refluxing benzene [13]. 
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Dithiadiazolyl and dithiazolyl radicals (Figure 2.2) are also important members 

of nitrogen-based stable radicals. 

 

 
 

Figure 2.2: Structures of Nitrogen-Based Radicals. 

 

2.2.3. Oxygen-Based Radicals 

 

Phenoxyl radicals (Figure 2.3) are another type of stable radicals. Stability was 

provided by the bulky substituents both at ortho and para positions. Computationally 

proven that spin density marginally found on the oxygen atoms rather than ortho and 

para carbons atoms [14]. Immense interest devoted to the phenoxyls radicals due to 

their biological activities in living systems, and their antioxidant properties. 

Galvinoxyl radicals (Figure 2.3) are very similar form of phenoxyl ones. Galvinoxyls 

are exceptionally stable due to both bulky substituents and delocalization of spin 

density over the structure. In general, they are isolable in pure form and essentially 

insensitive to oxygen. 

Nitroxide radicals (Figure 2.3) are the most famous and probably the most 

studied class of stable radicals. The nitroxide radicals are discussed separately in 

Chapter 2.2.4 due to their paramount importance. 
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Figure 2.3: Structures of Oxygen-Based Radicals. 

 

2.2.4. Nitroxide Radicals 

 

Nitroxide chemistry has a long and fabulously rich history which dates back to 

19
th

 century. Ancestor of nitroxide is the Fremy’s salt (Figure 2.4), an inorganic 

derivative [15]. First organic nitroxide (Figure 2.4) was prepared by Piloty in 1901 

[16], just after the discovery of triphenylmethyl radical. Many of the nitroxide 

radicals are stable with respect to air, water, and dimerization. Their stability derived 

mainly from their sterically hindrance and resonance structure.  Spin density of 

nitroxides primarily reside on nitrogen and oxygen atoms, with a preference for 

oxygen. The exceptional versatility and stability of nitroxide radicals allow post 

modification of the pre-form radical without destroying the radical character.  

Synthesis of the first TEMPO radical (Figure 2.4) by Lebedev in 1960 was 

another landmark discovery in the history of nitroxide [17]. Spin of the TEMPO 

compounds was largely protected by the methyl groups or other bulky substituents. 

Outstanding stability of TEMPO led to preparation of various TEMPO derivatives 

and utilization in diverse applications.  

Ullman reported the first nitronyl nitroxide radical (Figure 2.4) in 1968 [18]. 

Nitronyl nitroxide radicals have become center of attention for decades due to their 

electronic structure giving them extraordinary stability. Symmetrical ONCNO 

configuration of the nitronyl nitroxide structures have a nodal plane passing through 

the central carbon atom that resulted in the equally spreading of the spin distribution 

over the two NO groups [3]. The nature of the -R groups on the central carbon atom 

does not alter the electronic structure of nitronyl nitroxide and relevantly its stability 

because of the presence of node at central carbon. Turns out, numerous nitronyl 

nitroxide radicals were synthesized by varying the R group coming from the huge 

combination of aldehyde available. 
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Imino nitroxide (Figure 2.4) is one oxygen-loss analogue of nitronyl nitroxide. 

Accordingly, electronic structure is no longer symmetrical because the loss of one 

oxygen. Spin was localized mainly on the oxygen of nitroxide group. Additionally, 

spin density on the nitroxide nitrogen is more than that on the imino nitrogen. 

Nitronyl nitroxide and imino nitroxide radicals are widely named as Ullman 

radicals in honor of nitronyl nitroxide’s first report and his immense research on 

nitronyl nitroxide and its derivatives.  

Rey developed two different methods [19],[20] to prepare some pyrimidinyl 

nitronyl nitroxide (Figure 2.4). Annelated nitronyl nitroxide, namely benzimidazole 

nitronyl nitroxide (Figure 2.4), was another analogue of nitronyl nitroxide. 

Computational and EPR studies of benzimidazole nitronyl nitroxide showed that spin 

density disposed mainly on the symmetrical ONCNO moiety and substantially on the 

annelated benzene ring [21]. Either trace of impurity in solution or highly vulnerable 

radical character leads such challenges; isolation in pure form and crystallization. 

Therefore, a few reports have been published regarding their X-ray structures and 

magneto-structural correlations [22]-[24]. 
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Figure 2.4: Structures of Nitroxide Radicals. 

 

Trivial nomenclature of the compounds becomes mysterious for the non-

specialists. Tracking the origins of the common names immensely used by specialists 

is sometimes a hard task. In order to better understanding the names of nitronyl 

nitroxide and imino nitroxide, structural origins of them were depicted in Figure 2.5. 

Generally, nitronyl nitroxide is abbreviated as NN whereas imino nitroxide as 

IN. 
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Figure 2.5: Structural Origins of Nomenclature of Nitronyl Nitroxide and Imino 

Nitroxide Radicals. 

 

2.3. Synthesis of Nitronyl Nitroxide and Imino Nitroxide 

 

The method developed by Ullman use mostly the commercial aldehydes and 

did not describe the preparation of 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3). 

The Ullman’s method consists in four steps; 

 

i) preparation of 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3), (a key 

precursor), 

ii) preparation of an aldehyde (another key precursor), 

iii) condensation of the aldehyde with 2,3-bis(hydroxylamino)-2,3-dimethylbutane 

(3) to form imidazolidine derivative (condensation product), 

iv) oxidation of condensation product using suitable oxidants (NaIO4, PbO2, 

MnO2). 

 

From the synthetic perspective, Ullman route (Figure 2.6) is a simple and 

straight way [25]. The versatility of this method has made it dominant synthetic 

strategy toward the synthesis of nitronyl nitroxide. Tamura made substantial 

contributions [26] to Ullman procedure. Such optimizations are solvent free reaction 

in the presence of p-toluene sulfonic acid as catalyst, room temperature process and 
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efficient conversion of the vic-dinitro ones to the bishydroxylamino derivative with 

Al/Hg amalgam.  

Noteworthy that purity of the 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) 

have direct impact on the success of the synthesis of nitronyl nitroxide. As expected, 

condensation step generates the 1,3-dihydroxyimidazolidine derivatives observed for 

the majority of the cases (Figure 2.6). However, the 1,3-dihydroxyimidazolidine 

derivatives can also be dehydrated (Figure 2.6) to 1-hydroxy-2-imidazoline in certain 

cases in solution, particularly at elevated temperatures [27]. In highly exceptional 

case dehydration took place even at room temperature, as presented  during the 

condensation of hexaaldehyde 12 with 2,3-bis(hydroxylamino)-2,3-dimethylbutane 

(3) (Chapter 4.5). In some case, it is also possible to afford a mixture of both of them. 

Condensation products suffer from low solubility. Consequently, the 

purification and characterization of such products are always a challenge, thus the 

synthesis is generally continued without further purification.  

Oxidation (Figure 2.6) of the condensation product can be carried out by 

employing various oxidants such as NaIO4, PbO2, MnO2, or even air.  

Way I oxidation of 1,3-dihydroxyimidazolidine is entitled to expect the 

generation of corresponding nitronyl nitroxides. Similarly, way II oxidation of 1-

hydroxy-2-imidazoline would afford solely the imino nitroxide. In rare cases, way III 

oxidations would take place in a media of excess oxidants [28] and give the imino 

nitroxide in contrary to anticipated nitronyl nitroxide one (Figure 2.6).  

Such complex situations are encountered due to multiple factors; 

 

i) unknown identity of the condensation product, 

ii) whether the condensation product as being sole or as being mixture,  

iii) ungovernable oxidations conditions; whether way I oxidation or way III 

oxidation would proceed,  

iv) in some cases, labile nature of nitronyl nitroxide which being converted itself 

to the corresponding imino nitroxide. 

 

Luneau developed a method allowing the conversion (Figure 2.6) of nitronyl 

nitroxide to imino nitroxide through treatment of the nitronyl nitroxide with sodium 

nitrite in acidic media [29]. 
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Figure 2.6: Syntheses of Nitronyl Nitroxide and Imino Nitroxide Radicals. 

 

2.4. Characterizations of Nitronyl Nitroxides and Imino 

Nitroxides  
 

Nitronyl nitroxides and imino nitroxide radicals are characterized with various 

spectroscopic methods. Their common characterizations are discussed briefly in the 

succeeding sections. 

 

2.4.1. Electronic Structure Characterizations  

 

Electronic structural characterizations of radicals are carried out by absorption 

spectroscopy. Each radical type has its own spectroscopic fingerprints which 

unambiguously identify it [30]. 

Nitronyl nitroxide radicals have a characteristic blue color both in solid state 

and in solution whereas imino nitroxides are from orange to crimson in solid state 

and orange to red in solution. Both nitroxides show a broad absorption band with 

vibronic constituents in the visible region. For the nitronyl nitroxides and imino 

nitroxides their specific band intrinsic of the nitroxide fragment are located around 

λmax ≈ 610 nm and λmax ≈ 443 nm, respectively. These bands are attributed to  n→π* 
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transitions of the nitroxide residue. The longer wavelength (~610 nm) observed for 

the nitronyl nitroxide is attributed to the higher symmetrical structure of the ONCNO 

fragment, contrary to the unsymmetrical NCNO geometry of imino nitroxide 

counterparts [30].  

 

2.4.2. Electrochemical Characterizations 

 

Both nitronyl nitroxides and imino nitroxides are redox-active molecules to be 

either oxidized (p-type redox) to oxo-ammonium cation or reduced (n-type redox) to 

aminoxy anion (Figure 2.7). 

 

 
 

Figure 2.7: Electrochemical Processes of the Nitroxides. 

 

Their electrochemical characteristics [31] are investigated mostly by cyclic 

voltammetry (CV). In general, nitronyl nitroxides display reversible oxidation and 

reversible reduction waves around -0.812 V vs. SCE and 0.748 V respectively. For 

imino nitroxides, quasi-reversible or irreversible oxidations are observed at 1.183 V 

and reversible reductions at -0.881 V. 

Smaller oxidation potentials (0.748 V) of nitronyl nitroxides are attributed to 

their symmetrical ONCNO structure in comparison to higher potentials (1.183 V) of 

imino nitroxide counterparts which have unsymmetrical NCNO configuration. 

 

2.4.3. EPR Characterizations 

 

EPR (Electron Paramagnetic Resonance) is a spectroscopic technique that 

detects species that have unpaired electrons. It is also often called ESR (Electron 

Spin Resonance).  



15 
 

EPR is a magnetic resonance technique very similar to NMR (Nuclear 

Magnetic Resonance). However, instead of measuring the nuclear transitions in the 

sample, we are detecting the transitions of unpaired electrons in an applied magnetic 

field. Like a proton, the electron has “spin”, which gives it a magnetic property 

known as a magnetic moment. The magnetic moment makes the electron behave like 

a tiny bar magnet. When an external magnetic field is supplied, the paramagnetic 

electrons can either orient in a direction that parallel or antiparallel to the direction of 

the magnetic field. This creates two distinct energy levels (Figure 2.8) for the 

unpaired electrons and allows us to measure them as they are driven between the two 

levels [32], [33].  

Initially, there will be more electrons in the lower energy level (i.e., parallel to 

the field) than in the upper level (antiparallel). We use a fixed frequency of 

microwave irradiation to excite some of the electrons in the lower energy level to the 

upper energy level. In order for the transition to occur we must also have the external 

magnetic field at a specific strength, such that the energy level separation between 

the lower and upper states is exactly matched by our microwave frequency. In order 

to achieve this condition, we sweep the external magnet’s field while exposing the 

sample to a fixed frequency of microwave irradiation. The condition where the 

magnetic field and the microwave frequency are “just right” to produce an EPR 

resonance (or absorption) is known as the resonance condition [33]. 

For a system with one unpaired electron placed in magnetic field experiences 

the quantization of spin state and exhibits discrete spin states according to the spin 

multiplicity rule, 2S + 1. The interaction between spin and field is described by the 

Zeeman-effect. In the absence of an applied field α or β spin states of the electron are 

degenerate as shown in Figure 2.8. Application of an applied field perturbs the 

degeneracy of the two spin states. The α spin state with magnetic moment opposite to 

the applied field, rises in energy while the β spin state having magnetic moment 

aligned with the applied field, decreases in energy as the strength of the applied field 

increases (Figure 2.8). When a frequency of energy which matches the energy 

separation between the two spin states is applied, the absorption occurs; this causes a 

transition between two spin states. The energy difference between two spin states is 

proportional to the applied magnetic field. The selection rule for transition between 

two levels is ΔMS = ±1. 
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Figure 2.8: Zeeman Splitting of Energy Levels of an Electron Spin (S = ±1/2) under 

Applied Magnetic Field. 

 

Unpaired electron in the molecules is not only interacting with solely the 

applied (outside) magnetic field but also interacting with nearby magnetically active 

atoms whose magnetism generated by their intrinsic nuclear spin. Each magnetic 

fields by the each of neighboring magnetically active atoms (nuclei with non-zero 

nuclear spin, I ≠ 0) resulted in split extra states. Emphatically, split each energy 

levels (resulted from applied magnetic field) will be split additionally dependent on 

the nuclear spin number of the interacted atoms (Figure 2.9). Principally, each split 

energy levels correspond to a transition. Consequently, each transition from the 

degenerate state to the excited state could be monitored as a peak in EPR spectra. 
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Figure 2.9: Hyperfine Splitting of Zeeman Energy Levels of an Electron Spin (S = 

±1/2) with a Nucleus (S = I). 

 

The interaction between the unpaired electron and magnetically active atoms is 

called hyperfine coupling which observed as multi-lined spectra in EPR. In such 

cases, the spacing between the EPR spectral lines indicates the degree of interaction 

between the unpaired electron and the perturbing nuclei. The hyperfine 

coupling constant of a nucleus is directly related to the spectral line spacing and, in 

the simplest cases, is essentially the spacing itself.  

EPR technique is very sensitive to local environments of spin. Therefore, the 

analysis of multi-lined ESR spectrum sheds light on the molecular structure 

(hyperfine structure) near the unpaired electron. The numbers of hyperfine lines 

grow multiplicatively with the number n of magnetic nuclei. Each additional nucleus 

splits every line to equidistant 2I + 1 lines of same intensity. For n number of 

equivalent nuclei the number of lines can be given by 2nI + 1. Distribution of 

intensities in an hyperfine pattern is calculated from the Pascal’s triangle. Theoretical 

and practical aspects of EPR spectroscopy were comprehensively discussed in the 

reference books [34] but beyond scope of brief practical EPR aspects.  

https://en.wikipedia.org/wiki/Hyperfine_coupling
https://en.wikipedia.org/wiki/Hyperfine_coupling
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Nuclear spin number (I) of the perturbing nuclei plays a critical role in the 

splitting and shape of the related spectrum. Various nuclei with non-zero nuclear spin 

are tabulated in Table 2.1.  

 

Table 2.1: Nuclear Properties for Selected Nuclei. 

 

Nuclei Spin (I) Abundance 

(%) 
1
H ½ 99.988 

2
H 1 0.011 

19
F ½ 100 

13
C ½ 1.07 

29
Si ½ 4.67 

14
N 1 99.636 

15
N ½ 0.364 

31
P ½ 100 

17
O 5/2 0.038 

33
S 3/2 0.75 

  

EPR spectra of the nitroxide radicals have characteristic features [4] in terms of 

splitting pattern, hyperfine coupling constant, and gisotropic. If there is no perturbing 

nuclei other than nitroxide’s nitrogen, nitroxide radicals exhibit three-line splitting 

pattern with intensity of 1:1:1. The three-line spectrum is raised by interaction of the 

unpaired electron with 
14

N isotope of nitrogen atom of the nitroxide radical. 

For the nitronyl nitroxide, EPR spectrum have five-line splitting pattern with 

the relative intensity of 1:2:3:2:1. The five-line spectrum originated from the 

interaction of the unpaired electron with two equivalent 
14

N nitrogen atoms in the 

imidazoline ring. For the imino nitroxide, EPR spectrum have seven-line splitting 

pattern with the relative intensity of 1:1:2:1:2:1:1. The seven-line spectrum reasoned 

by the interaction of the unpaired electron with two unequivalent 
14

N nitrogen atoms 

in the imidazoline ring. 

 

2.4.4. Magnetic Characterizations 

 

The magnetic susceptibility (χ) is one measure of the magnetic properties of a 

material. The susceptibility indicates whether a material is attracted into or repelled 

out of a magnetic field, which in turn has implications for practical applications. 

Quantitative measures of the magnetic susceptibility also provide insights into the 
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structure of materials, providing insight into bonding and energy levels. Magnetic 

susceptibility is a dimensionless proportionality constant that indicates the degree of 

magnetization of a material in response to an applied magnetic field. Susceptibility is 

defined as M = χH where M is the magnetization (magnetic moment per unit of 

volume) and H is magnetic field strength. The molar magnetic susceptibility, χM, is 

obtained by multiplying χ by the molar volume and is reported as emu/mol. Magnetic 

susceptibility is a solid-state phenomenon arising from the bonding (intramolecular) 

and spatial (intermolecular) interactions between individual open-shell units in a 

crystal lattice. The arrangement of spins in a bulk material can give rise to several 

different types of magnetism which are shown in Figure 2.10. 

 

 
 

Figure 2.10: Schematic Classification of the Arrangement of Spins. 

 

Unpaired electron has a spin which produce magnetic moment. Emphatically, 

compounds with unpaired electron act as a magnet. Magnetic properties of the 

radicals in bulk are measured with SQUID (superconducting quantum interference 
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device) through either sweeping the magnetic field or sweeping the temperature. 

Various nitronyl nitroxide and imino nitroxide radicals are investigated in terms of 

magnetic behavior either as their pure organic form or as their complexes with metals 

[35]. 

 

2.5. Applications of Nitroxides 

 

Nitroxide radicals have various structural properties stem from the unpaired 

electron(s) on their outermost shell. Numerous nitroxides were involved in a rich 

array of applications. Catalysis for the selective oxidation of alcohols to aldehyde 

[36], mediators for the controlled polymerization [37], sensor for ascorbic acid [38] 

are few examples of their applications. From the author’s perspective, key 

applications of nitroxide radicals are discussed in the following sections.  

 

2.5.1. Building Blocks in Magnetic Materials  

 

The primary characteristic feature of the nitroxide radicals is their magnetic 

properties due to the possession of a spin which is generated by unpaired electron(s). 

Magnetism is regarded as a property of bulk materials. In order to achieve magnetic 

properties in these organic molecules, it is necessary to obtain cooperative 

interactions among their unpaired electrons, emphatically to keep the unpaired spins 

parallel to each other. However, governing such spin interactions turned out to be 

challenging task to accomplish. It is consequently not surprising that the first organic 

ferromagnet [39] was reported in 1991, decades after the theoretical suggestion 

published 1963 [40].  

The creation of organic magnets is based on two axes; the preparation of spin-

containing building blocks such as radicals and the study of their magnetic property. 

Several strategies were followed to achieve molecular material with magnetic 

property.  

Several spin carrying organic units are currently in active use towards building 

organic based magnets. For assembling a high spin molecule, the spin alignment in 

the organic compound must be arranged in such a way that interactions between the 

spins are allowed to be parallel (ferromagnetic, S ≥ 1). 
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Pure Organic Approach: The first organic ferromagnet reported in 1991 was p-

nitrophenyl nitronyl nitroxide (Figure 2.11) with Tc = 0.65 K [39]. Another organic 

ferromagnet was nitroxide biradical, N,N’-dioxy-1,3,5,7-tetramethyl-2,6-

diazaadamantane (Figure 2.11) with Tc = 1.48 K [41]. These reports triggered the 

synthesis of various nitroxide radicals and analysis of their magnetic properties. 

Organic-Inorganic Approach: Another approach relies on the combination 

between paramagnetic metal ions and pure organic radicals, leading to a new class of 

hybrid organic-inorganic materials. Most representative example is based on the 

chemistry coordination of nitroxide radicals with metal(hexafluoroacetylacetonate) 

mostly to Cu(hfac)2, Ni(hfac)2, Mn(hfac)2. Primarily, oxygen atoms of nitroxides 

(Figure 2.11) are employed as coordinating sites to the metals [42]-[44]. However, 

additional coordinating sites (Figure 2.11) such as nitrogen atoms of heterocyclic 

rings are also utilized in some complexes [29]. Nitroxide-metal complexes were 

extensively studied for decades, as demonstrated by the numerous examples present 

in literature [4],[29].  

Several books and reviews comprehensively discussed those magnetic 

materials [4], [35]. 

 

 
 

Figure 2.11: Structures of the Organic Magnets and Their Metal Complexes. 
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2.5.2. Electrode Active Material in Organic Rechargeable Batteries 

 

Nitroxide radicals in particular are redox-active compounds. Nitroxides would 

be oxidized (p-type redox) to oxoammonium cation and reduced (n-type redox) to 

aminoxy anion. Reversibility of the redox processes is required for the materials to 

be utilized in rechargeable batteries. Their excellent electrochemical properties 

makes them ideal candidate as electrode active material for rechargeable batteries. 

With redox-active feature in hand, Nakahara explored new avenue on nitroxide 

chemistry by utilizing poly(2,2,6,6-tetramethylpiperidinylox-4-yl methacrylate), a 

polymer with pendant TEMPO radicals (Figure 2.12), as cathode active material [45] 

in organic rechargeable batteries (ORBs). Radical polymers carrying TEMPOs, 

PROXYLs, t-butyl nitroxides on various polymer backbone were synthesized and 

successfully demonstrated in ORBs [46],[47]. Features such as fast electron transfer 

rate, high cyclability and high battery electrode capacity make nitroxide polymers as 

good electrode active materials [48], [49]. However, those radicals mostly exhibit p-

type redox and were employed only in cathode. Achievements on radical polymers 

battery can be regarded as milestones toward development of flexible, printable, and 

even wearable energy storage devices. Nishide demonstrated for the first time that 

poly(nitronyl nitroxide styrene) have the ability to be a bipolar (both n- and p-type) 

electrode active material [50]. However, the monomer structure (backbone of 

corresponding polymer) with pendant nitronyl nitroxides (Figure 2.12) are few up to 

date in literature; styrene [50], phenylacetylene [51], and norbornene [52]. Beyond 

the monomer structure, polymerization without loss of spin content is an important 

challenge. In synthetic sense, diversification of the monomer structure and 

polymerization technique are still tough challenge. 
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Figure 2.12: Structures of the Nitroxides Employed in Organic Rechargeable 

Batteries. 

 

2.5.3. Dynamic Nuclear Polarizing Agents in NMR Spectroscopy 

 

One of the most widely used spectroscopic technique is the nuclear magnetic 

resonance (NMR) spectroscopy in order to get information on the structure and 

dynamics of biological and chemical materials. A variety of samples such as 

solutions, powders and hydrated protein extracts can be studied in NMR. However, 

majority of the biological samples are so dilute to be directly analyzed in NMR 

spectroscopy which have intrinsically low sensitivity. Either concentration of the 

dilute biological samples or enhancement of the relevant signals is required in order 

to obtain practically valuable information from the biological samples. Latter one is 

technically viable with state-of-the-art instruments.  

Dynamic nuclear polarization (DNP) is a method that increases the sensitivity 

of NMR by several orders of magnitude. It exploits a polarization transfer from 

unpaired electrons to neighboring nuclei which leads to an absolute increase of the 

signal-to-noise ratio (S/N). Consequently, biological samples with much lower 

concentrations can now be studied in hours or days compared to several weeks [53].  
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Stable organic radicals are utilized as electron polarization source in DNP 

NMR technique. The radical’s solubility, relaxation behavior and temperature 

dependence are critical parameters in DNP experiments. Common polarizing agents 

(Figure 2.13) are soluble nitroxides -particularly their TEMPO derivatives [53]-[55]- 

and trityl radicals [56]. DNP enhanced NMR can be used to acquire high-resolution 

data on solutions and has been applied to many biological systems, particularly to 

proteins [57]. 

 

 
 

Figure 2.13: Structures of the Some Nitroxides as DNP Agents. 

 

2.5.4. Probes in Chemical Sensors 

 

A chemical sensor is a self-contained analytical device that can provide 

information about the chemical composition of its environment [58]. Two main steps 

are involved in functioning of sensors; recognition and signaling. Upon the 

recognition of the analyte by probe, a characteristic physical parameter varies and 

this variation is reported as response signal. The nitroxides are used as probes in the 

chemical sensors in order to detect wide variety of chemical species such as metal 

ions, acidity, ascorbic acid, radical species. Responses of nitroxide based sensors are 

measured in a rich array of ways; 

 



25 
 

 by absorption spectroscopy for colorimetric changes, 

 by EPR spectroscopy for changes in paramagnetic species, 

 by electrochemistry for changes in redox characteristics,  

 by fluorescence spectroscopy for changes in fluorescence properties. 

 

One of the emerging fields is the fluorescence based sensors due to their high 

selectivity, high accuracy, and low detection limits [59]. Fluorescence based sensors 

have two mechanism for signaling; fluorescence on and fluorescence off. In the 

former one, probe molecule has no fluorescence in the absence of analyte, however 

fluorescence is restored upon recognition of the analyte. In the latter case, probe 

molecule has fluorescence in the absence of analyte, while fluorescence is quenched 

in the presence of the analyte.  

Fluorescence turn-on probes are assembled with two constituents; fluorophore 

and quencher. In principal, quencher linked fluorophore display no fluorescence 

property but fluorescence is restored upon silencing of the quencher. The nitroxide 

radicals are effective fluorescence quencher which discovered by Griffith in 1965 

[60]. In particular of nitroxides based fluorescence probes, quenching by nitroxide 

was accomplished through a number of ways; converting the nitroxide to 

hydroxylamine, and trapping the nitroxide with other radical species (Figure 2.14). 

 

 
 

Figure 2.14: Schematic Representation of the Profluorescent Nitroxides. 
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3. MATERIALS AND METHODS  

 

3.1. Reagents and solvents 

 

All reagents, purchased from fine chemical suppliers Aldrich, Merck, Alfa 

Aesar, TCI, and Fluka, were used without further purification unless otherwise 

stated. Hexachlorocyclotriphosphazene was purified by sublimation. K2CO3 was 

dried at 150 °C under vacuum. Solvents were either used as commercially supplied 

or used as purified by standard techniques. Anhydrous THF was freshly distilled over 

sodium/benzophenone media. 

 

3.2. Methods  

 

Nonaqueous reactions were performed in oven-dried glassware under argon 

atmosphere at reported temperature. Microwave reactions were carried out in 

Milestone Start S Microwave Labstation for Synthesis at specified conditions. The 

reactions were carried out either in reagent grade solvents or in dry solvents if 

necessary. The reactions were monitored by thin layer chromatography on Merck 

silica gel 60 F254 precoated aluminum sheets. Spots were visualized either by UV 

254 nm light or by staining with acidic ninhydrin solution. Column chromatography 

was performed on Merck silica gel 60 (230−400 mesh size) using the appropriate 

solvent system as eluent. Distilled technical solvents were used as eluent for column 

purifications. 

 

3.3. Melting Points 

 

Melting points were obtained using Stuart SMP3 melting point apparatus and 

were uncorrected. 
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3.4. Elemental Analysis  

 

Elemental analysis was performed on a Thermo Finnigan Flash 1112 Series 

Elemental Analyzer operated at The Scientific and Technological Research Council 

of Turkey (TUBITAK), Marmara Research Center, Institute of Chemical 

Technology. 

 

3.5. Infrared Spectroscopy  

 

Infrared spectra were recorded on a PerkinElmer Spectrum 100 FT-IR 

spectrometer with an attenuated total reflection (ATR) accessory featuring 

diamond/ZnSe plate. Samples were deposited as neat on ATR module, and 

absorption maxima (νmax) were quoted in wavenumbers (cm
−1

) in the range of 

4000−650 cm
−1

. Intensities of absorptions are abbreviated as s, strong; m, medium; 

and w, weak.  

 

3.6. NMR Spectroscopy  

 

1
H, 

13
C, and 

31
P nuclear magnetic resonance spectra were taken on either a 

Varian Unity INOVA 500 MHz or a Bruker Ultrashield Plus 400 MHz FT-NMR 

spectrometer. Deuterated solvents were used in all NMR measurements. Chemical 

shifts (δ) are reported in parts per million (ppm) relative to residual solvent peaks as 

an internal reference for 
1
H−

13
C nuclei or relative to 85% H3PO4 as an external 

reference for 
31

P nucleus. Assignments were determined on the basis of either 

unambiguous chemical shift or coupling patterns. Peak multiplicities are defined as s 

= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, and coupling 

constants (J) are reported in hertz. 

Radical species were not analyzed with NMR spectroscopy due to their 

paramagnetic nature which interfere the measurements. 
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3.7. Mass Spectra  

 

Matrix-assisted laser desorption ionization time-of-flight (MALDI TOF) mass 

spectra were recorded on a Bruker Microflex LT spectrometer using reported 

matrixes.  

 

3.8. Absorption Spectroscopy  

 

Absorption spectra were recorded at room temperature on a Shimadzu UV-

2600 UV−vis spectrometer using a 1 cm path length quartz cuvette between 200 and 

900 nm. Solutions were prepared in spectro-grade solvents. Molar extinction 

coefficients (ε) were determined by measurement of the absorption of at least six 

solutions of differing concentration for each compound, followed by determination 

of the slope. 

 

3.9. Electrochemical Analyses  

 

Electrochemical measurements were carried out on a CH Instruments 842B 

model workstation. The setup was a conventional three-electrode cell equipped with 

a glassy carbon working electrode, platinum wire counter electrode, and Ag/AgNO3 

reference electrode. The glassy carbon electrode was polished routinely with 0.05 μm 

alumina powder/water slurry on pads before running experiments. All measurements 

of samples were recorded as reported analyte concentration in 0.1 M n-Bu4NBF4 

electrolyte solutions of acetonitrile. Solutions were deaerated with argon purge for 5 

min and kept under a blanket of argon during the experiments. All electrochemical 

measurements were performed at ambient temperature. Ferrocene was used as 

internal reference, and all potentials were referenced to a ferrocene/ferrocenium 

(Fc/Fc
+
) redox couple (E1/2: 0.416 V vs SCE [61]). All potentials as E1/2 = (Epa + 

Epc)/2 were reported versus saturated calomel electrode (SCE). Scan rate was 50 

mV/s for all cyclic voltammetry (CV) experiments. Parameters for all square wave 

voltammetry (SWV) experiments are amplitude 20 mV, frequency 8 Hz, and step 

increment 4 mV. The 3 mm-diameter glassy carbon working electrode (CHI104), 

nonaqueous Ag/Ag
+
 reference electrode with porous Teflon tip (CHI112), platinum 
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wire counter electrode (CHI115), and electrode polishing kit (CHI120) were 

purchased from CH Instruments. Supporting electrolyte, n-Bu4NBF4, was purchased 

from Alfa Aesar and dried overnight at 70 °C under vacuum. Supporting electrolyte, 

n-Bu4NClO4, was purchased from Aldrich. Ferrocene was supplied by Fluka, AgNO3 

by Carlo Erba, and anhydrous acetonitrile by VWR. 

 

3.10. Electron Paramagnetic Resonance (EPR) 

Spectroscopy  
 

The EPR solution spectra were recorded with a Jeol JES FA 300 X-band (9.6 

GHz) spectrometer, with 100 kHz magnetic field modulation. Sample temperature 

was controlled by Jeol DVT Controller cryostat system. Modulation amplitude was 

kept below the estimated peak-to-peak width for all spectra. Spectra were simulated 

using the Jeol IsoSimu computer program to obtain the value of g, isotropic 

hyperfine coupling constants (aN), and line width (ΔHp−p). Typical concentration of 

the radicals is 10
−4

 M in the dichloromethane−toluene (1:1) mixture. Solutions in 

spectro-grade solvent mixture were degassed by bubbling argon through the 

solutions for 30 min. Spectra for degassed solutions of the radicals were recorded at 

the reported temperature. 

 

3.11. Fluorescence Spectroscopy  

 

Fluorescence emission spectra were recorded on a Varian Cary Eclipse 

spectrofluorometer using 10 mm path length cuvettes at room temperature. 

Fluorescence quenching and retrieving measurements were performed on the basis of 

literature method [62]. 

 

3.12. X-ray Diffraction Analysis  

 

The X-ray diffraction data of the polyradical 15 were collected with a Bruker 

APEX II QUAZAR threecircle diffractometer using monochromatized Mo Kα X-

radiation (λ = 0.71073 Å) using φ and ω technique. The data reduction included a 

correction for Lorentz and polarization effects, with an applied multiscan absorption 
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correction (SADABS) [63]. Space groups were determined using XPREP 

implemented in APEX2 [64]. Final refinement and cif file were driven with 

SHELXTL package [65]. 

 

3.13. Magnetic Measurements  

 

Magnetic susceptibility data were collected on a polycrystalline sample on a 

Quantum Design MPMSXL SQUID magnetometer under an applied magnetics field 

of 0.1 T and temperature range 2−300 K. All data were corrected for the contribution 

of the sample holder, and the diamagnetism of the samples was estimated from 

Pascal’s constants [66]. 

  



31 
 

4. IMINO NITROXIDE-BASED HEXARADICAL 

ARCHITECTURE ON A 

CYCLOTRIPHOSPHAZENE SCAFFOLD: 

SYNTHESIS AND STRAIGHTFORWARD 

QUANTIFICATION METHODS OF IMINO 

NITROXIDE RADICALS BY ABSORPTION 

SPECTROSCOPY AND ELECTROCHEMISTRY 
 

This chapter was originally published titled with “Synthesis and 

Straightforward Quantification Methods of Imino Nitroxide-Based Hexaradical 

Architecture on a Cyclotriphosphazene Scaffold” on Inorganic Chemistry, 2016, 55, 

11447-11453, co-authored by Ismail Fidan, Emel Onal, Yusuf Yerli, Dominique 

Luneau, Vefa Ahsen and Catherine Hirel. The results and discussion sections are 

reproduced here in expanded version for entirety of research.  

 

4.1. Phosphazenes 

 

Phosphazenes are widely known inorganic compounds, chiefly present (Figure 

4.1) in the cyclic form (cyclophosphazene), the short-chain linear form, and the 

polymer form (polyphosphazene). Cyclophosphazenes and polylphosphazenes have 

backbone of alternating phosphorus and nitrogen atoms (-P=N-) with one or two 

functional groups linked to each phosphorus atom. Phosphazene history dates back to 

the discovery of compound N3P3Cl6 and determining its structure as ring molecule, in 

the 19
th

 century [67], [68]. Polyphosphazene was prepared through thermal ring-

opening polymerization of hexachlorocyclotriphosphazene to form an insoluble 

inorganic rubber. Milestone in the polyphosphazene history was the preparation of 

various soluble functionalized polyphosphazenes [69] achieved by Allcock at 1965. 

Thereafter, polyphosphazenes draw intense interest due to the ease of tailoring their 

physical properties, a critical point for targeted applications. Preparation of 

polyphosphazenes is performed chiefly via the Allcock’s method [70] which consists 

of thermal ring-opening polymerization of hexachlorocyclotriphosphazene to form 

polydichlorophosphazene followed by replacing of the chlorine atoms by 

nucleophilic groups.  
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In the case of cyclophosphazenes, a number of active chlorine atoms of 

cyclophosphazene are exchanged with nucleophilic groups in order to obtain 

partially- or fully-functionalized cyclophosphazenes. Among the other cyclic forms 

of phosphazene, research efforts were mostly devoted to cyclotriphosphazene 

derivatives (Figure 4.1) due to their higher stability and commercial availability of 

the precursor hexachlorocyclotriphosphazene. Reports cover various 

cyclotriphosphazene compounds and their applications such as chemical sensors, in 

vivo imaging or catalyst [71], [72]. 

 

 
 

Figure 4.1: General Structures of the Phosphazenes. 

 

4.2. Imino Nitroxide Radicals 

 

General overview of nitroxide radicals was disclosed in Chapter 2.2.4. Imino 

nitroxide radical is a prominent subclass of the nitroxides. In terms of structure, 

imino nitroxide radical is one oxygen-loss analogue of nitronyl nitroxide. Briefly, the 
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conventional synthesis of imino nitroxide derivatives is summarized in Figure 4.2, 

and consists of several steps; 

 

i) condensation of an aldehyde with 2,3-bis(hydroxylamino)-2,3-dimethylbutane 

(3) to generate the corresponding 1,3-dihydroxyimidazolidine adduct. 

ii) oxidation of the 1,3-dihydroxyimidazolidine adduct with oxidant such as 

NaIO4, PbO2 to obtain the nitronyl nitroxide (way I oxidation; Figure 4.2) or a 

mixture of nitronyl and imino nitroxide (way III oxidation; Figure 4.2) by over 

oxidation. 

iii) lastly conversion of the nitronyl nitroxide by treating with NaNO2 in acidic 

media to give solely the imino nitroxide derivatives.  

 

Comprehensive details about the syntheses of nitronyl nitroxide and imino 

nitroxide were provided in Chapter 2.3.  

 

 
 

Figure 4.2: Syntheses of Nitronyl Nitroxide and Imino Nitroxide Radicals. 
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4.3. Cyclotriphosphazene-Nitroxide Hybrid Compounds 

 

Throughout the dissertation, the word “hybrid” will always refer to nitroxide-

functionalized cyclotriphosphazene derivatives.  

Cyclotriphosphazene core provides a unique platform to be partially [73]-[75] 

or completely [74]-[79] functionalized by incorporating radical moieties depending 

on the needs of application. Library of the involved nitroxides are illustrated in the 

Figure 4.3. 

 

 
 

Figure 4.3: Library of the Nitroxide Family Radicals in Cyclotriphosphazene-

Nitroxide Hybrid Compounds. 

 

To the best of our knowledge, the first cyclotriphosphazene-nitroxide hybrid 

compound was hexa-(2,2,6,6-tetramethylpiperidine-1-oxyl-4-

oxy)cyclotriphosphazene (111) prepared in 1988 [76] as a model structure (Figure 

4.4) for optimization of nucleophilic reactions that intended to be carried out on the 

poly(dichlorophosphazene). Thereafter, as described in a patent, it was utilized as 

catalyst for the selective oxidation of alcohols to aldehyde [77].  
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Figure 4.4: Synthesis of hexa-(2,2,6,6-tetramethylpiperidine-1-oxyl-4-

oxy)cyclotriphosphazene (111). 

 

Mono-(2,2,6,6-tetramethylpiperidine-1-oxyl-4-oxy)cyclotriphosphazene 

derivatives (112, 113, 114) were used as mediators (Figure 4.5) for the preparation of 

A5B1 type heteroatom star copolymers [73].  
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Figure 4.5: Synthesis of Mono-(2,2,6,6-tetramethylpiperidine-1-oxyl-4-

oxy)cyclotriphosphazene Derivatives (112, 113, 114). 
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Tamura and co-workers synthesized a range of chiral (115, 116, 117, 124, 125) 

and achiral (118, 119, 16, 121, 122, 123) nitroxide-functionalized 

cyclotriphosphazenes (Figure 4.6), isolated some of them, and investigated 

intramolecular interactions between the radical moieties by EPR spectroscopy and 

magnetic measurements [74], [75]. 

 

 
 

Figure 4.6: Synthesis of Chiral and Achiral Nitroxide-Functionalized 

Cyclotriphosphazenes. 
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Recent report disclosed synthesis of hexa-(TEMPO)cyclotriphosphazene (126) 

(Figure 4.7) and the determination of the orientation of its branches in solution via 

probing the radical units attached to the skeleton [78]. Another study reported the 

magnetic interactions between radical groups of the dendritic surface and their 

dynamic behavior by exemplifying five generations of phosphorus dendrimer [79]. 

  

 
 

Figure 4.7: Synthesis of Dendrimer-Like TEMPO-Functionalized 

Cyclotriphosphazenes. 
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In order to insert the spin component to the skeleton, amino- or hydroxyl-

functionalized pre-formed radical synthons were employed in all cases. In terms of 

spin content; 

 

i) a number of TEMPO derivatives (Figure 4.3, 4.4, 4.5, 4.7) were incorporated 

into the cyclotriphosphazene ring to assemble the hybrid compounds with 

mono-, hexa-, and higher degree of radical groups on the dendrimer structures 

[73], [76]-[79].  

ii) in the case of PROXYL radicals (Figure 4.3, 4.6); di-, tetra-, hexa-substitution, 

and bridged one were implemented successfully [74], [75]. 

iii) t-butyl nitroxides (Figure 4.3, 4.6) appended compounds were designed 

principally; however none of them was crushed up due to labile nature [74]. 

iv) in the case of Ullman radical (Figure 4.3, 4.6), only the di-substituted 

derivative was obtained for the nitronyl nitroxides whereas tetra- and hexa-

functionalized ones were reported too much labile to be isolated [74] and no 

study yet was reported describing imino nitroxide moieties. 

 

4.4. Scope and Objectives 

 

Upon review the literature, the research about cyclotriphosphazene bearing 

Ullman radicals is still in infancy. Therefore, our attention was focused on the 

synthesis and study of properties of cyclotriphosphazenes bearing six Ullman 

radicals, either nitronyl nitroxide or imino nitroxide. 

Considering the synthetic viewpoint of Ullman polyradicals, there are two key 

points to be taken into consideration; 

 

 Condensation step 

 Oxidation step 

 

Depending on the conditions, during the condensation step there is always the 

risk to obtain the 1-hydroxy-2-imidazoline by dehydration instead of 1,3-

dihydroxyimidazolidine or a mixture of both of them (Figure 4.2). Similarly, during 

the oxidation step there is always the possibility to over-oxidize the reaction (already 
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mentioned in Chapter 2.3) and to obtain cyclotriphosphazene bearing mixture of 

nitronyl/imino nitroxide. Such ungovernable drawbacks could lead to numerous 

combinations of hypothetic molecules difficult to isolate, as represented 

schematically in Figure 4.8.  

 

 
 

Figure 4.8: Schematic Representation of the Hypothetic Molecules. 

 

In order to bypass these undesired possibilities, the synthesis of a 

cyclotriphosphazene bearing six imino nitroxide moieties was initially favored (see 

the representation of the targeted molecule in Figure 4.8 and the structure of it in 

Figure 4.9).  

Studies on cyclotriphosphazene core multiradicals were mostly devoted to EPR 

and magnetic analysis [74]-[79]. Even if nitroxide radicals are well-known to be 

redox-active species, no studies filling electrochemical characterization of nitroxide-

cyclotriphosphazene hybrid compounds were published yet. However, the 

electrochemical behaviors of the radical moieties as well as the influence of the 

scaffold on the potentials are critical points for the development of electrochemical 

application. Therefore, electrochemical analyses of cyclotriphosphazene-based 
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neutral hexaradical by comparing with its parent counterpart [phenyl-(1-oxyl-4,4,5,5-

tetramethyl-2-imidazoline-2-yl), 7] need to be performed in great extent. 

The number and the gender of radicals is generally confirmed by X-Ray 

diffraction and magnetometry techniques that require time, important quantities of 

compound, and specific equipments. Even if MALDI-TOF MS analysis is a rapid 

technique, the probability of false-positive is significant due to the ease of nitronyl 

nitroxide to lost one oxygen atoms to give the corresponding imino nitroxide (Figure 

4.2). So, we are particularly focused on developing straightforward and rapid 

quantification methods of radicals by routine and easy available techniques such as 

absorption spectroscopy and electrochemistry. 

Within the context, main objectives are;  

 

i) To synthesize a cyclotriphosphazene bearing six imino nitroxides (15). 

ii) To investigate the electrochemical behavior of cyclotriphosphazene-based 

neutral hexaradical (15) by comparing with its parent counterpart [phenyl-(1-

oxyl-4,4,5,5-tetramethyl-2-imidazoline-2-yl), 7], 

iii) To explore alternative quantification methods by routine and easy available 

techniques such as absorption spectroscopy and electrochemistry in the way to 

replace X-ray analysis.  

 

 
 

Figure 4.9: Structures of the Reference Radical 7 and the Hexaradical 15. 
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4.5. Synthesis 

 

The syntheses of the reference radical 7 and the hexaradical 15 are summarized 

in Figure 4.10. 

  

 
 

Figure 4.10: Synthetic Routes to the Reference Radical 7 and the Hexaradical 15. 
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2,3-dimethyl-2,3-dinitrobutane (2) was prepared (Figure 4.10) starting from 2-

nitropropane (1) [80], [81]. Recrystallization of the crude product from hot MeOH 

gave white shiny crystals in 70% yield. Melting point analysis, FT-IR, 
1
H NMR, and 

13
C NMR spectra (Figure 8.1, 8.2, 8.3) demonstrated the identity and the purity of 

compound 2. 

2,3-bis(hydroxylamino)-2,3-dimethylbutane (BHA, 3) is a key intermediate in 

the synthesis of Ullman radicals. It was prepared from the corresponding dinitro 

counterpart (2) over a partial reduction (Figure 4.10). 

Like for the overall synthesis of Ullman radical, the obtaining of the key 

intermediate  2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) over a partial reduction 

of the corresponding 2,3-dimethyl-2,3-dinitrobutane (2) in pure and  good yield is a 

tough challenge. 

Basically, both of the nitro groups are reduced partially to hydroxylamino 

groups by metallic zinc or by Al/Hg amalgam (Figure 4.10). From the synthetic 

perspective, the magic terms in the reaction are both and partially which play 

prominent role in the success. Both refer to the two nitro groups in the structure. 

Partially refers to the partial reduction of nitro groups (-NO2) to hydroxylamino one 

(-NHOH) but not to amine one (-NH2), the amines being the final reduction products 

in this reaction.  Only the 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) was 

targeted, and the mixture of all other possible derivatives have to be avoid, because 

only 3 will be able to condense with aldehyde derivatives to generate the desired 1,3-

dihydroxyimidazolidine.  

Method of reduction with metallic zinc was originally developed by Lamchen 

and Mittag who carried out the reduction in EtOH-H2O mixture [82]. Afterwards, 

optimizations of zinc method were reported by Ovcharenko [83] and Rey [84]. Even 

many optimizations, Zn mediated reductions are less reproducible because of several 

reasons. Narrow temperature range (11-13 °C) of the reaction proceeded was the 

primary one in my observations. Obtaining pure free base 2,3-bis(hydroxylamino)-

2,3-dimethylbutane (3) in reproducible yields is still a challenge with metallic zinc. 

The one must need long hands on optimization to achieve that. This preparation was 

proceeded in our laboratory on the basis of Rey’s optimizations [84] and reached 

47% maximum yield. Another way of partial reduction is Al/Hg amalgamated 

process [26] developed by Tamura. Al/Hg system gave much better reproducibility 

and higher yields, 70% maximum yield in my experiments. Tamura proceeded the 
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reaction at °0 C for 20 minutes, whereas in my case I observed better result when the 

reaction was maintained 2 hours at room temperature. Comparison on total work up 

burden of aforementioned methods, metallic Zn takes three days whereas Al/Hg does 

only one day. Both of the procedures (Figure 4.10) were run numerous times in our 

laboratory and afforded pure free base 2,3-bis(hydroxylamino)-2,3-dimethylbutane 

(3) in good yields. 

Distinguishing features of BHA (3) are its –NH and –OH stretchings (Figure 

8.4) in the 3351-3225 cm
−1

 range of FT-IR spectrum which are absent in that (Figure 

8.1) of dinitro analogue (2). In terms of appearance, BHA (3) is dull white powder 

whereas its dinitro counterpart (2) is very shiny white crystals. In the presence of 

oxygen, BHA (3) is eventually converted to acetone oxime (Figure 4.11) which 

appeared as shiny white substances. Presence of impurities in the bulk of BHA (3) 

would be determined in FT-IR spectrum as extra absorption appeared around 1536 

cm
−1

 which ascribed tentatively to acetone oximes (Figure 4.12). Different melting 

points were reported for pure free base BHA (3); 157−159 °C [82], 160−161 °C [83], 

159 °C [85], 181 °C [84]. Though, we observed its melting point at 158−160 °C. 

Pure BHA (3) could be stored in the fridge without decomposition, of course in the 

oxygen free atmosphere. Noteworthy that preparation of good quality BHA (3) has 

paramount importance for success in the synthesis of nitronyl and imino nitroxide 

radicals. 

 

 
 

Figure 4.11: Conversion of 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) to 

Acetone Oxime. 
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Figure 4.12: Acetone Oxime as Impurity in FT-IR Spectrum of  

2,3-bis(hydroxylamino)-2,3-dimethylbutane (3). 

 

Hexaaldehyde (12) was prepared in 98% yield according to literature [86] 

slightly modified by using K2CO3-promoted substitution of 

hexachlorocyclotriphosphazene (11) by 4-hydroxybenzaldehyde (8) in anhydrous 

THF (Figure 4.10). Stirring reagents damped all at once at room temperature and 

simple workup as easy as just washing with water and then with Et2O giving 

spectroscopically pure 12 in excellent yield. Using K2CO3 rather than NaH [87] or 

Cs2CO3 [88] as well as no need for phase transfer catalyst [89] made this method a 

cheaper way. 

Formation of the compound 12 was monitored in FT-IR spectrum following the 

complete disappearance of the –OH stretchings of 8. Absorption at 1702 cm
−1

 was 

assigned to stretching of the aldehyde carbonyls of 12 (Figure 8.7). The sharp bands 

at 1205, 1177 and 1153 cm
−1

 are assigned to P=N stretching vibrations and the single 

band observed at 959 cm
−1

 is attributed to P-O bond stretching vibration, which all 

(Figure 8.7) characteristics of cyclotriphosphazene ring [90]. Perfect assignments of 

the signals in 
1
H NMR, 

13
C NMR, and 

31
P NMR spectra (Figure 8.8, 8.9, 8.10) 

demonstrated the identity and as well as the purity of the hexa-aldehyde 12. MALDI-
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TOF MS analysis (Figure 8.11) shows a peak at m/z of 862 [M+H]
+
 which another 

identity proof of the hexa-aldehyde 12. White powder of 12 could be stored in fridge 

and in oxygen free atmosphere for months. However, prolonged storage led to some 

beige colored impurities which could be easily get rid of by washing with diethyl 

ether. 

The hexaaldehyde (12) was reacted with an excess of 2,3-bis(hydroxylamine)-

2,3-dimethylbutane (3) in the presence of TsOH as catalyst in a minimum of MeOH 

to yield the radical precursor (Figure 4.10). The completion of the reaction was 

monitored by FT-IR following the disappearance of the aldehyde signal at 1702 cm
−1

 

(Figure 8.12, 8.13). In general, condensation of an aldehyde with 2,3-

bis(hydroxylamine)-2,3-dimethylbutane (3) generates the corresponding 1,3-

dihydroxyimidazolidine adduct, but in some cases the dehydration process takes 

place at elevated temperatures [27], allowing the formation of 1-hydroxy-2-

imidazoline in solution (Figure 4.2). However, in the present case, dehydration also 

took place at room temperature and led to the formation of 1-hydroxy-2-imidazoline 

derivative (14) instead of the anticipated 1,3-dihydroxyimidazolidine derivative (13) 

(Figure 4.10). 1-Hydroxy-2-imidazoline derivative (14) was isolated, and its 

structure (Figure 4.10) was confirmed by MALDI-TOF MS, m/z 1540 [M + 6H]
+
 

(Figure 8.14). In the last stage, oxidation of 14 was performed with aqueous NaIO4 to 

afford 15, as an orange solid, in 42% yield (Figure 4.10). X-ray and MALDI-TOF 

MS analysis (Figure 8.16) using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile as matrix shows a peak at an m/z of 1529 [M+H]
+
, 

which is evidence of the formation of 15, as well as elemental analyses demonstrate 

its purity. Structure of 15 was also confirmed by X-ray analysis (Figure 4.19). FT-IR 

spectrum of 15 (Figure 8.15) displayed two signals at 1375 and 1367 cm
−1

 which 

attributed to N-O stretchings of imino nitroxide fragment [30]. Distinguishing 

features of cyclotriphosphazene ring are observed for 15 in FT-IR spectrum (Figure 

8.15) as well; the sharp bands at 1201, 1183 and 1161 cm
−1

 of P=N stretching 

vibrations and the single band at 944 cm
−1

 of P-O bond stretching vibration. As 

consequence, a homogeneous neutral hexaradical architecture consisting of six imino 

nitroxide radical moieties covalently bonded on a cyclotriphosphazene scaffold was 

synthesized. This is the first report for hexasubstituted cyclotriphosphazene bearing 

Ullman radicals appended on each arm.  
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Additionally, phenyl-(1-oxyl-4,4,5,5-tetramethyl-2-imidazoline-2-yl) 7 as a 

reference radical was also synthesized through Ullman procedure. Synthetic 

sequence (Figure 4.10) consists firstly the formation of phenyl nitronyl nitroxide 6 

which subsequently converted to the phenyl imino nitroxide 7 via cleavage the 

oxygen of 6 in the acidic medium of sodium nitrite [29]. FT-IR spectrum of 7 (Figure 

8.5) displayed two signals at 1375 and 1367 cm
−1

 which attributed to N-O stretchings 

of imino nitroxide fragment [30]. MALDI-TOF MS analysis (Figure 8.6) shows a 

peak at m/z of 218 [M+H]
+
 which another identity proof of the reference radical 7. 

In conclusion, the reference radical 7 and the target hexaradical 15 were 

successfully synthesized with our optimizations on the basis of Ullman [25] and 

Tamura protocols [26]. The hexaradical 15 was characterized unambiguously by 

melting point analysis, FT-IR, MALDI-TOF MS, elemental analysis, UV-vis, CV, 

SWV, EPR, magnetic measurements, and X-ray analysis. 

  

4.6. Absorption Spectroscopy 

 

Characteristic features of aromatic imino nitroxides are their colors, from 

orange to crimson in solid state and orange to red in solution with a broad absorption 

band accompanying vibronic components in visible region. A typical band around 

λmax ≈ 443 nm, intrinsic of the nitroxide fragment, was assigned to n→π* transitions. 

Vibronic components of radical band were best observed in toluene among the 

studied solvents; acetonitrile, chloroform, and toluene (Figure 4.13, 8.17, 8.24). 

  

 
 

Figure 4.13: UV-Vis Spectra for n→π* Transitions of 15, Inset: 10
−3

 M Chloroform 

Solution of 15 and Crystals of 15. 
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15 and 7 were soluble in numerous solvents including acetonitrile, chloroform, 

and toluene in which the Beer−Lambert Law was observed for both compounds in 

the range from 10
−5

 to 10
−3

 M for 7 (Figure 8.18-8.23) and from 10
−5

 to 4.10
−4

 M for 

15 (Figure 8.25-8.30). According to molar extinction coefficient (ε) values calculated 

from the radical band centered around 443 nm, a hypochromic effect [91] 

(representative of the interaction between radical moieties) was not observed for 15. 

As a result, the effects due to the cyclotriphosphazene core are negligible, and the 

molar extinction coefficient (ε) of 15 is linearly dependent on the radical number on 

the scaffold as was already observed for TEMPO moieties [79]. Consequently, 

simply dividing the ε of 15 by that of 7 will give us the number of radical moieties 

present on 15. So, simple and rapid determination of the number of radicals on a 

polyradical by absorption spectroscopy was successfully demonstrated within the 

±10% tolerance [79] of ε (Table 4.1). 

 

Table 4.1: UV-vis Data for the n→π* Transitions of 7 and 15 at Room Temperature
a
. 

 

Solvent λmax 7 ε 7 λmax 15 ε 15 Number of  

Radicals on 15 

Acetonitrile 441 418 444 2751 6.58 

Chloroform 443 484 447 3129 6.46 

Toluene 445 442 448 2870 6.49 
a
 λmax in nm, ε in cm

−1
.M

−1
 

 

As conclusion, UV-vis spectra proved gender of the reference radical 7 and the 

hexaradical 15 as imino nitroxide radicals. Quantification method was developed by 

absorption spectroscopy to determine the number of radical moieties in a polyradical; 

based on the molar extinction coefficient (ε) through tracking the n→π* transitions 

of radical band. Quantification method by absorption spectroscopy proved the 

presence of six imino nitroxide moieties on 15 (Table 4.1).  

 

4.7. Electrochemical Analyses 

 

Imino nitroxides are redox-active molecules to be oxidized to oxo-ammonium 

cation or reduced to aminoxyl anion. Electrochemical behaviors of radical 7 and 15 

were investigated by cyclic voltammetry (CV). Reference radical 7 showed a 

quasireversible oxidation wave at 1.183 V vs SCE and a reversible reduction one at 
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−0.881 V. For 15, oxidation occurred at 1.184 V in a quasi-reversible process, and 

reduction occurred at −0.883 V in a reversible process. Redox processes of 15 almost 

overlap with those of phenyl imino nitroxide (7) (Figure 4.14). This suggests that 

cyclotriphosphazene core has almost no influence on the redox potentials of 15. 

Redox characteristics and observed potentials of 7 and 15 are in accordance with the 

literature [31], [92].  

 

 
 

Figure 4.14: Cyclic Voltammograms of the Reference Radical 7 and the Hexaradical 

15 Recorded at rt in Acetonitrile, 0.1 M n-Bu4BF4 as Supporting Electrolyte, Scan 

Rate of 50 mV/s. 

 

Square-wave voltammetry (SWV) is a powerful technique [93] for 

quantification of organic species. To the best of our knowledge, SWV was not 

utilized for the quantification of imino nitroxides previously. A protocol was 

established for simple and rapid quantification of INs with a standard SWV run. 

After optimization of SWV experimental conditions, the oxidation process (0/+1) of 

7 was studied by anodic sweeping to plot a calibration curve (concentration versus 

current), which was linear in the range of 3−130 μM (Figure 4.16a and b). Two 

known concentrations of 15 (C15) then were analyzed under the same conditions 

(Figure 4.15c). For these known concentrations, a measured current response is 

obtained (Imeasured) that corresponds to a theoretical concentration (Ctheoretical) on the 

calibration plot of 7. Simply dividing the Ctheoretical by C15 allows us to demonstrate 

that the cyclotriphosphazene scaffold of 15 contains six independent imino nitroxide 

radicals (Table 4.2 and Figure 4.16c). Consequently, SWV is a simple and 

straightforward technique to quantify radical moieties on the polyradical. 
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Figure 4.15: Anodic Square-Wave Voltammetry Analyses in 0.1 M  

n-Bu4NBF4/acetonitrile Solutions of the Radicals: a) for (0/+1) Process of 7;  

b) Calibration Curve for (0/+1) Process of 7; and c) for (0/+1) Process of 15. 

 

 

Table 4.2: Square Wave Voltammetry (SWV) Analyses of 15. 

 

C15  (μM) Imeasured 

(μA) 

Ctheoretical  

(μM) 

Number of Radicals on 15 =  

Ctheoretical / C15 

10 1.642 56.1 5.61 

5 0.869 30.8 6.15 

 

4.8. Electron Paramagnetic Resonance Spectroscopy 

 

15 and 7 were investigated by EPR spectroscopy in 10
−4

 M 

dichloromethane−toluene (1:1) solutions in the temperature range of 293−123 K 

(Figure 8.32, 8.33). Both spectra showed a seven line hyperfine pattern typical of 

imino nitroxide [94] in solution. The spectrum of 7 is in accordance with the 

literature with an intensity ratio of 1:1:2:1:2:1:1 (Figure 4.16 inset, Figure 8.31), 

whereas the spectrum of 15 presents two main jagged peaks centered at g = 2.0026 

separated by ca. 4.20 G due to the sum of at least two superposed different spectra 

(Figure 4.16). When the temperature was lowered, the ridges on the spectrum began 

to shrink and disappeared, so the spectrum changed to a single-narrowed signal [95] 

(Figure 8.33) due to the anisotropic and spin-exchange effects. The spectrum of 15 

could be explained in terms of a through-space spin-exchange mechanism between 

the radicals [78]. The spectrum was simulated on the basis of interconversion of two 
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molecule conformations in solution. In the first conformation, radicals are too far 

from each other and act as independent radicals (independent form). In the second 

conformation, three radicals disposed on the same side of the cyclotriphosphazene 

scaffold are close enough to each other to undergo a strong exchange-interaction 

independently from the radicals of the other side (interacting form). The best fitting 

parameters have been obtained for a ratio 2:98 of the aforementioned conformations. 

Contributions are 2% molar abundance for the independent form with aN1 = 9.1 G, 

aN2 = 4.1 G, ΔHp−p = 1.8 G, and 98% molar abundance for the interacting form with 

aN1 = 3.2 G, aN2 = 1.6 G, and ΔHp−p = 6.9 G. 

 

 
 

Figure 4.16: X-band EPR Spectrum of 15 in Dichloromethane−Toluene (1:1) 

Solution (10
−4

 M) at 253 K and Its Simulation. Inset: EPR Spectrum of 7 at the Same 

Conditions and Its Simulation. 

 

4.9. Magnetic Measurements 

 

At room temperature, the product of the magnetic susceptibility with 

temperature (χT) has the expected value for six magnetically independent radicals 

(2.21 cm
3
 K mol

−1
). Upon cooling, χT is almost constant down to 100 K, and then 

decreases continuously down to 2 K (Figure 4.17). The data were well fitted with a 

Curie−Weiss law considering six spins of S = 1/2 and a Weiss constant θ = −1.86 K. 

This behavior is in agreement with six radical moieties in the compound and very 

small and almost nonsignificant antiferromagnetic interactions between. 
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Figure 4.17: Temperature Dependence of the Product of the Magnetic Susceptibility 

with Temperature (χT) for 15·0.5 toluene. 

 

4.10. X-ray Diffraction Analyses 

 

Single crystals of polyradical 15 (Figure 4.18) were obtained from slow 

diffusion of heptane to a solution of 15 in ethyl acetate−toluene−heptane mixture, 

and the structure was determined by X-ray diffraction (Table 4.3).  
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Figure 4.18: Crystal of 15 on the X-ray Mounter. 

 

Three radicals are situated above the cyclotriphosphazene core and the three 

others below (Figure 4.19). Meaningful bond distances and angles for 15 are reported 

in Tables 4.4 and 4.5, respectively. The P−N and P−O distances as well as the 

P−N−P and N−P−N angles are in accord with the previous structure of this type [90]. 

The same results were observed for the C−O distance between the first carbon atom 

of each phenyl ring and the O atom attached to the P atom of the 

cyclotriphosphazene ring. Different data were collected from many crystals obtained 

from different synthetic batches to determine the structure accurately. However, all 

attempts resulted in a highly disordered molecular structure. In the first step of the 

structure determination, it seems that there is a mixture of nitronyl and imino 

nitroxide radicals. However, in agreement with other characterizations, further 

refinements show that some imino nitroxides are disordered on two positions in a 

180° rotation (head to tail). This is clearly evidenced by free refinement of their 

oxygen atom of the NO groups that closely reach half occupation. This is what 

causes the high disorder of the structure because of nonexact superposition of the 

180° rotated imino nitroxide moiety. Further confirmation comes from the finding of 
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extra electron density, which was attributed to one toluene molecule on the 2 axis 

and disorder on two positions in a head-to-tail configuration as well (Figure 4.20 and 

Figure 4.21). 

 

 
 

Figure 4.19: Molecular Structure of 15 by X-ray Diffraction on a Single Crystal.  

The Hydrogen Atoms and the Disorder of the Imino Nitroxide Moiety Have Been 

Removed for Clarity. 

 

 

 
 

Figure 4.20: Explanation of the Disorder on the Imino Nitroxides Moieties Due to 

the (Head to Tail) Positionnement. 
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Figure 4.21: Head-to-tail Disorder on the Toluene. 

 

Table 4.3: Crystal Data and Structure Refinement of 15.0.5(C7H8) (CCDC1498365). 

 

Empirical formula C81.50 H100 N15 O12 P3 

Formula weight (g mol
-1

) 1574.68 

Temperature (K) 188(2) 

Wavelength [Å] 0.71073 

Crystal system, monoclinic 

Space group C 2/c 

a [Å] 31.3499(9) 

b [Å] 16.4996(5) 

c [Å] 33.8577(8) 

 98.585(2) 

Volume [Å
3
] 17317.0(8) 

Z 8 

Dc [gcm
-3

] 1.208 
-1

] 0.135 

F(000) 6680 

Crystal size (mm) 0.52 x 0.44 x 0.36 

q range for data collection (°) 1.40 to 25.03 

Limiting indices -37<=h<=37, -19<=k<=19, -40<=l<=39 

Reflections collected / unique 90769 / 15299 [R(int) = 0.1184] 

Completeness to q = 25.03 ° (%) 100 

Refinement method Full-matrix least-squares on F^2 

Data / restraints / parameters 15299 / 10 / 1036 

Goodness-of-fit on F
2
 1.257 

Final R indices [I  R1 = 0.1153, wR2 = 0.3312 

R indices (all data) R1 = 0.1813, wR2 = 0.3909 

Extinction coefficient 0.00028(13) 

Largest diff. peak and hole [e Å
3
] 0.760 and -0.612 

a 
R1(F)= Fo|- |Fc||/  |Fo|, 

b
wR2(F)= [w ((Fo

2
-Fc

2
)
2
/  wFo

4
]

1/2 
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Table 4.4: Selected Bond Lengths (Å) of Hexaradical 15. 

 

Cyclotriphosphazene moiety 

P1-O1 1.573(3) P1-N1 1.573(4) 

P1-O4 1.578(3) P1-N3 1.575(4) 

P2-O2 1.567(4) P2-N2 1.555(5) 

P2-O5 1.568(4) P2-N1 1.577(4) 

P3-O6 1.575(4) P3-N3 1.571(4) 

P3-O3 1.581(4) P3-N2 1.585(5) 

Cyclotriphosphazene imino nitroxide bridge 

C1-O1 1.401(6) C40-O4 1.393(5) 

C14-O2 1.400(7) C53-O5 1.376(7) 

C27-O3 1.396(7) C66-O6 1.402(7) 

imino nitroxide moiety 

N4-O7 1.318(11) N10-O10A 1.298(2) 

N6-O8A 1.299(2) N11-O10B 1.298(2) 

N7-O8B 1.300(2) N12-O11 1.299(2) 

N9-O9 1.297(2) N15-O12A 1.299(2) 

 

 

Table 4.5: Selected Bond Angles (°) of Hexaradical 15. 

 

Cyclotriphosphazene moiety 

P1)-N1)-P2) 121.5(3) 

 

N1)-P1)-N3) 117.4(2) 

P2-N2-P3 122.7(3) 

 

N2-P2-N1 116.8(2) 

P3-N3-P1 120.9(2) 

 

N3-P3-N2 117.7(2) 

Cyclotriphosphazene imino nitroxide bridge 

O1-P1-O4 99.43(18) 

 

O6-P3-O3 99.7(2) 

O2-P2-O5 94.9(2) 

 

N1-P1-O4 112.9(2) 

O1-P1-N1 109.6(2) 

 

N3-P1-O4 105.4(2) 

O1-P1-N3 110.55(19) O5-P2-N1 109.5(2) 

O2-P2-N1 111.5(3) 

 

N2-P2-O5 112.7(3) 

N2-P2-O2 109.3(2) 

 

N3-P3-O6 112.6(2) 

N3-P3-O3 108.8(2) 

 

O6-P3-N2 105.1(2) 

O3-P3-N2 111.4(3) 

 

C27-O3-P3 123.9(3) 

C1-O1-P1 123.8(3) 

 

C40-O4-P1 128.2(3) 

C14-O2-P2 122.4(3) 

 

C53-O5-P2 122.1(3) 

   

C66-O6-P3 122.6(3) 

imino nitroxide moiety 

N5-C7-N4 108.4(7) 

 

N10-C46-N11 111.7(6) 

N7-C20-N6 108.7(7) 

 

N13-C59-N12 110.2(7) 

N9-C33-N8 105.0(7) 

 

N14-C72-N15 107.9(9) 
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4.11. Summary and Conclusion 

 

In order to assemble the hexa-Ullman radicals appended on 

cyclotriphosphazene ring, synthetic sequence by utilizing the Ullman (divergent) 

route afforded the hexa-imino nitroxide one 15 instead of anticipated hexa-nitronyl 

nitroxide derivative. Surprisingly, dehydration even room temperature led to the 

mono-hydroxy condensation product 14 which subsequently oxidized with NaIO4 to 

gave solely homogenous neutral hexaradical 15, six imino nitroxide radical moieties 

covalently bonded on a cyclotriphosphazene scaffold. Emphatically, six Ullman 

radicals were successfully implemented on the cyclotriphosphazene core. The target 

compound 15 was unambiguously characterized with a rich array of analyses such as 

melting point analysis, FT-IR, MALDI-TOF MS, elemental analysis, UV-vis, CV, 

SWV, EPR, magnetic measurements, and X-ray analysis.   

Cyclic voltammetry of the target hexaradical 15 revealed that the reduction 

process (-0.883 V vs SCE) is reversible while oxidation one (1.184 V) is quasi-

reversible. Additionally, cyclotriphosphazene ring has virtually no impact either on 

the electrochemical behavior of appended imino nitroxide moieties or on the redox 

potentials of them. 

Two quantification methods were developed to determine the number of 

radical moieties present on a polyradical. First method was absorption spectroscopy; 

on the basis of measuring the molar extinction coefficient (ε) of polyradical through 

tracking the n→π* transitions of imino nitroxide radical band. Second one was 

square-wave voltammetry (SWV) method; on the basis of measuring the current 

through anodic sweeping the oxidation process (0/+1). Both methods successfully 

demonstrated the presence of six imino nitroxide radical moieties on the target 

hexaradical 15. Developed quantification methods are straightforward and rapid 

techniques easily accessible in most laboratories.  

 

4.12. Synthetic Procedures 

 

As stated in the Chapter 4.5, all the intermediates, the reference radical 7 and 

the target hexaradical 15 were synthesized successfully. The intermediate 2 was 

synthesized with Hirel’s optimizations [80] on the basis of Sayre protocols [81]. 
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Synthesis of 3 was proceeded through both of metallic zinc method [84] and Al/Hg 

amalgam method [26]. The hexaaldehyde 12 was prepared with our optimizations on 

the basis of Carriedo protocols [86]. In cases of radical species 7 and 15, procedures 

were optimized on the basis of Ullman [25] and Tamura protocols [26]. Conversion 

of the nitronyl nitroxide derivative 6 to the imino one 7 was achieved through 

Luneau method [29].  

 

4.12.1. Synthesis of 2,3-Dimethyl-2,3-dinitrobutane (2) 

 

To 170 mL 6 N NaOH solution (40.8 g=1.02 mol NaOH in 170 mL distilled 

water) in 1L-flask which placed in ice bath and stirred well, 2-nitropropane (1) (1 

mole=89 g, 94 mL) was added. The mixture was stirred for 15 minutes, and Br2 (0.54 

mol, 28 mL) was added drop by drop in one hour. EtOH (320 mL) was added to the 

mixture and then refluxed for 3 hours. Color of mixture was changed to yellow-very 

pale orange. Reaction mixture was poured into 2-L beaker contains 500 mL H2O-500 

g ice mixture. White precipitate was formed immediately and was stirred for 10 

minutes, then the white precipitate was filtered off by suction. Collected precipitate 

was washed with water twice then dried overnight to yield 65.736 g of slightly beige 

powder. Crude product was recrystallized in MeOH (~650 mL). 61.625 g white plate 

crystals were obtained. Yield 70%.  mp. 214−216 °C. FT-IR (ATR, νmax, cm
−1

) : 

3032w, 3004w, 2956w, 2869w, 1588w, 1547s, 1532s,1470m, 1454s, 1435m, 1409s, 

1393s, 1378s, 1340s, 1240w, 1220w, 1170s, 1134s, 1015w, 850s, 766w, 733w, 

677w, 647w, 568w; 
1
H NMR (400MHz, CDCl3) : δ 1.72 (s, 12H, -CH3) ppm; 

13
C 

NMR (100MHz, CDCl3) : δ 91.55, 23.13 ppm.  

 

4.12.2. Synthesis of 2,3-Bis(hydroxylamino)-2,3-dimethylbutane (3) 

 

Metallic Zinc Method: 17.6 g 2,3-dimethyl-2,3-dinitrobutane (2) was dissolved 

in THF (300 mL) in 1L-erlenmayer flask, then water (50 mL) was added to the 

solution. The flask was placed in ice bath, stirred vigorously and temperature was 

kept between 10-12 °C. 27 g metallic zinc powder was added at once. NH4Cl 

solution (0.8 mol =43g in 150 mL water) was added dropwise to the mixture in the 

course of 2 hours. The reaction mixture was stirred extra one hour without exceeding 
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the 12 °C, then stored in fridge overnight. The mixture was filtered off over Celite-

545 plug, the precipitate was washed with THF (4x100 mL). Combined filtrates were 

evaporated in vacuum until THF ceased to distill off. 30 g Na2CO3 and 20 g NaCl 

were added to the solution to saturate it. The final solution was continuously 

extracted with CHCl3 in liquid-liquid apparatus overnight. Evaporation of CHCl3 

yielded 7.025g white powder. Yield 47%. mp.158−160°C. FT-IR (ATR, νmax, cm
−1

) : 

3351s, 3281s, 3250s, 3225s, 2985s, 2941s, 2916s, 2870s, 1598w, 1535s, 1471s, 

1452s, 1426s, 1406s, 1393s, 1376s, 1355s, 1341s, 1261s, 1170s, 1144s, 1078s, 

1034s, 988s, 951s, 931s, 903s, 851s, 816w, 790s, 730w, 690m. 

 

Al/Hg Amalgam Method: 3% HgCl2 solution (3.068 g in 100 mL H2O) was 

added to the aluminum shreds (4.600 g) in 2L-beaker. After stirring the mixture at 

room temperature for 20 minutes, the liquid portion was decanted carefully. The 

residual solid was washed with H2O (3 X 100 mL), then with THF (3 X 100 mL). 

After covering the amalgamated aluminum with THF (250 mL), H2O (20 mL) and 

2,3-dimethyl-2,3-dinitrobutane (2) (6.000 g) were added. The reaction mixture was 

stirred vigorously at room temperature for 2 hours and then filtered on a Celite-545 

plug. The colorless filtrate was concentrated to dryness. Obtained solid was washed 

with pentane (3 X 50 mL), then dried under vacuum to afford 3.560 g white powder. 

Yield 70%.  

Results of analyses were completely same as that of the product of Zinc 

Method, so not repeated here.  

 

4.12.3. Synthesis of Hexa-(4-formylphenoxy)cyclotriphosphazene 

(12) 
 

Hexachlorocyclotriphosphazene (11) (3 mmol, 1.044 g), 4-

hydroxybenzaldehyde (8) (19.8 mmol, 2.416 g), and K2CO3 (59.4 mmol, 8.197 g) 

were charged into a 100 mL flask, and then dry THF (30 mL) was added. The 

mixture was stirred at ambient temperature for 3 days. Reaction was filtered off, and 

the precipitate was washed with THF (3 × 30 mL). The filtrates and mother liquor 

were combined, and then concentrated to dryness to afford a beige solid. The crude 

product was washed with water, then with Et2O, and finally dried under vacuum to 

give 2.534 g of a white powder. Yield 98%. mp. 160−162 °C. FT-IR (ATR, νmax, 
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cm
−1

): 3103w, 3051w, 2823w, 2792w, 2733w, 1702s, 1596s, 1584s, 1500s, 1424m, 

1389m, 1301m, 1267m, 1205s, 1177s, 1153s, 1104m, 1011m, 959s, 885s, 826s, 

745s, 718s, 704s. 
1
H NMR (400 MHz, CDCl3): δ 9.93 (s, 6H, −CHO), 7.73 (d, 12H, 

J = 8.6 Hz), 7.14 (d, 12H, J = 8.6 Hz) ppm. 
13

C NMR (100 MHz, CDCl3): δ 190.53, 

154.63, 133.90, 131.52, 121.33 ppm. 
31

P NMR (162 MHz, CDCl3): δ 7.09 ppm. 

MALDI-TOF MS (2,5 dihydroxycinnamic acid): m/z for C42H30N3O12P3 [calculated]: 

861, [found]: 862 [M+H]
+
.  

 

4.12.4. Synthesis of Phenyl-(1-oxyl-4,4,5,5-tetramethyl-2-

imidazoline-2-yl) (7) 
 

Benzaldehyde (4) (1 eq., 3 mmol, 0.318 g), 2,3-bis(hydroxylamino)-2,3-

dimethylbutane (3) (2 eq., 6 mmol, 0.888 g) and TsOH (0.1 eq., 0.3 mmol, 0.057 g) 

were charged into Schlenk-tube. MeOH (2 mL) was added, and then purged with 

argon. Tube content was stirred vigorously at room temperature under argon for 5 

days. The reaction mixture was washed twice; H2O (20 mL) was added to reaction 

mixture and shook well, and eventually centrifuged. The obtained precipitate was 

dried under vacuum to give beige solid. Crude product 5 was directly used for next 

step without further purification. 

Crude product 5 was suspended in CH2Cl2 (150 mL) and placed in ice-bath. 

Saturated NaHCO3 (aq.) solution (100 mL) was added to the suspension and stirred 

vigorously. NaIO4 (2 eq., 6 mmol, 1.284 g) in H2O (30 mL) was added to the mixture 

drop by drop. The color of the  mixture was turned to intense blue immediately. It 

was stirred for one hour in ice-bath,  then phases were separated. Blue organic phase 

was washed with H2O (2x100 mL), then reaction was continued without isolation of 

compound 6.  

Blue organic phase of compound 6 was placed in ice-bath. NaNO2 (4 eq., 12 

mmol, 0.828 g) in H2O (80 mL) was added to organic phase and stirred vigorously. 

0.25 M HCl (aq.) solution was added drop by drop to the mixture until blue color 

turns to steady orange. Approximately 15 mL of HCl solution was consumed. The 

mixture was stirred for 30 minutes, then phases were separated. Orange organic 

phase was washed with H2O (3x150 mL), dried over Na2SO4, evaporated to dryness. 

Orange oily product was purified with column chromatography on silica gel eluting 

with hexane-ethyl acetate mixture. Column purification gave 0.365g orange oil of 7 
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in 56% yield (from aldehyde). The product was liquid [96] at room temperature. FT-

IR (ATR, νmax, cm
−1

) : 3059w, 2978s, 2929w, 2866w, 1603w, 1584w, 1551m, 1487s, 

1477s, 1449s, 1428s, 1388w, 1375s, 1367s, 1318s, 1289s, 1263s, 1220m, 1178w, 

1155s, 1136s, 1100w, 1074m, 1029m, 955w, 932w, 878s, 847w, 763s, 691s, 662s; 

MALDI-TOF MS (α-cyano-4-hydroxycinnamic acid) : m/z for C13H17N2O 

[calculated]: 217,  [found]: 218 [M+H]
+
. 

 

4.12.5. Synthesis of Hexa-[4-(1-oxyl-4,4,5,5-tetramethyl-2-

imidazoline-2-yl)phenoxy]cyclotriphosphazene (15) 
 

Hexa-(4-formylphenoxy)-cyclotriphosphazene (12) (1 equiv, 0.8 mmol, 0.690 

g), 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) (1.5 equiv, 7.2 mmol, 1.066 g), 

and TsOH (0.1 eq., 0.48 mmol, 0.091 g) were charged into a Schlenk tube. MeOH (4 

mL) was added and then purged with argon, and the content was stirred vigorously at 

room temperature under argon for 14 days. The reaction mixture was washed with 

H2O (2 × 20 mL) twice, and eventually collected by centrifuge. The obtained 

precipitate was dried in a vacuum to give a yellowish solid. FT-IR and MALDI-TOF 

MS analyses of the yellowish solid (as crude product) confirmed its structure as 

hexa-[4-(1-hydroxy-4,4,5,5-tetramethyl-2-imidazoline-2-yl)phenoxy] 

cyclotriphosphazene (14). Crude product of 14 was subjected to NaIO4 oxidation 

without further purification. mp. 214 °C with decomposition. FT-IR (ATR, νmax, 

cm
−1

) of compound 14: 3192w, 2977w, 2925w, 2866w, 1602m, 1537s, 1500s, 

1456m, 1409m, 1394m, 1378m, 1341m, 1269m, 1202s, 1158s, 1120m, 1104m, 

1050w, 1034w, 1011m, 943s, 884s, 849s, 746m, 680m. MALDI-TOF MS of 

compound 14 (sinapinic acid): m/z for C78H102N15O12P3 [calculated]: 1534, [found]: 

1540 [M+6H]
+
. 

Yellowish solid 14 was suspended in CH2Cl2 (200 mL) and placed in an ice-

bath. Phosphate buffer solution (aqueous pH 7, 120 mL) was added to the suspension 

and stirred vigorously. NaIO4 (2 equiv, 9.6 mmol, 2.054 g) in H2O (30 mL) was 

added to the mixture. The color turned orange after 5 min. It was stirred for 2 h in an 

ice bath. Phases were separated. The orange organic phase was washed with H2O (3 

× 150 mL), dried over Na2SO4, and evaporated to dryness. Orange oily product was 

purified with column chromatography on silica gel eluting with a diethyl 

ether−dichloromethane−methanol mixture of 80−40−4 solvent ratio. Column 



62 
 

purification gave 0.514 g of a crimson oil of 15 in 42% yield (from aldehyde). 

Crystallization of crimson oil in ethyl acetate−toluene−heptane mixture for 11 days 

in the dark at room temperature afforded crimson crystals suitable for X-ray 

diffraction. mp. 204−206 °C. FT-IR (ATR, νmax, cm
−1

): 3077w, 2979w, 2929w, 

2862w, 1737w, 1606m, 1496s, 1460m, 1447m, 1407m, 1388w, 1375m, 1367m, 

1306m, 1292w, 1265s, 1201s, 1183s, 1161s, 1100m, 1018m, 944s, 884s, 850s, 810w, 

783m, 748s, 725m, 687w, 660m. MALDI-TOF MS (trans-2-[3-(4-tert -butylphenyl)-

2-methyl-2-propenylidene]-malononitrile): m/z for C78H96N15O12P3 [calculated]: 

1528, [found]: 1529 [M+H]
+
. Elemental Analysis for C78H96N15O12P3 [calculated]: 

C, 61.29; H, 6.33; N, 13.74. [found]: C, 61.62; H, 6.42; N, 13.59. 
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5. ALTERNATIVE SYNTHESIS OF NITRONYL 

NITROXIDE-BASED HEXARADICAL 

ARCHITECTURE ON A 

CYCLOTRIPHOSPHAZENE SCAFFOLD AND 

GENERALIZATION OF ABSORPTION 

SPECTROSCOPY AND ELECTROCHEMISTRY 

QUANTIFICATION METHODS TO NITRONYL 

NITROXIDE RADICALS 
 

The state of the art concerning the phosphazenes was disclosed in Chapter 4.1 

in details and the cyclotriphosphazene-nitroxide hybrid compounds did in Chapter 

4.3.  

The literature survey on the cyclotriphosphazene-nitroxide compounds is 

provided in Chapter 4.3. As pointed out in Chapter 4.4, there are many types and also 

many features of the cyclotriphosphazene-nitroxide compounds yet to be 

investigated.  

 

5.1. Specificity of Nitronyl Nitroxide Synthesis 

 

The synthesis of nitronyl nitroxide is a kind of gambling. Because, nitronyl 

nitroxide would be obtained/isolated under only elaborate circumstances and if 

executed with great minuteness. All the other conditions resulted in fails; either 

complete loss of nitronyl nitroxide radical or decomposition of it to the 

corresponding imino nitroxide radicals. The intermediates and the nitronyl nitroxide 

are sensitive to the exogenous factors such as oxygen, moisture, acid, temperature, 

and light. Therefore, the reactions in the synthetic sequence (Figure 5.1) need to be 

carried out with extreme care.  

 

i) 2,3-bis(hydroxylamino)-2,3-dimethylbutane (3) must be free base and of 

course in the pure form. Impurities such as particularly acetone oxime, diamino 

derivative, or unchanged dinitro compound (2) have direct impact on the 

success.  



64 
 

ii) Temperature of condensation reaction needs to be as low as possible because 

higher temperature leads to dehydration [27].  

iii) Temperature of oxidation step also must be low because higher temperature or 

even room temperature may consequence the way III oxidation or conversion 

of NN to the corresponding IN even NN formed (Figure 5.1).  

iv) All the manipulations upon formation of nitronyl nitroxide need to be done in 

acid free media since even trace of acid causes the conversion of NN to the IN. 

 

 
 

Figure 5.1: Syntheses of Nitronyl Nitroxide and Imino Nitroxide Radicals. 

 

5.2. Scope and Objectives  

 

According to the synthetic studies presented in Chapter 4, the classical Ullman 

route resulted in unintended delivering of the hexa-imino nitroxide derivative 15 

instead of anticipated hexa-nitronyl nitroxide one 16. Unexpected synthesis of the 

hexa-imino nitroxide derivative 15 was credited to the dehydration which took place 

even at room temperature. So, within Chapter 5, synthetic efforts are allocated 

particularly to the preparation of the hexa-nitronyl nitroxide cyclotriphosphazene 16 

(Figure 5.2).  
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As pointed out in Chapter 4.3 and 4.4, there is only one study in the literature 

discussing the nitronyl nitroxide bonded cyclotriphosphazene compounds [74]. The 

report indicates that two nitronyl nitroxide radicals appended cyclotriphosphazene 

compound 118 was isolable whereas four and six nitronyl nitroxide radicals linked 

cyclotriphosphazene derivatives 119, 16 (Figure 4.6) are too labile to be isolated 

[74]. Even worse, no characterization proof was provided for tetra- and  hexa-

nitronyl nitroxide substituted cyclotriphosphazene compounds 119, 16. Therefore, 

synthesis and isolation of the hexa-nitronyl nitroxide substituted cyclotriphosphazene 

16 is still tough challenge. 

Synthesis of nitronyl nitroxide (Ullman) radicals attached cyclotriphosphazene 

(Figure 4.6) was performed with pre-formed radicals [74]. Emphatically, Tamura’s 

synthetic strategy [74] is a convergent synthesis because outer fragments were first 

prepared, subsequently bonding them to the core. We will revisit the synthesis of 

hexa-nitronyl nitroxide 16 via convergent route in order to incorporate six nitronyl 

nitroxides into the cyclotriphosphazene core. Extra attention will be paid in order to 

avoid the possible loss of the radical character during the post-synthetic 

manipulations. Combination of extra care and experienced synthetic talent would 

pave the way for synthesis of hexa-nitronyl nitroxide substituted cyclotriphosphazene 

16.  

As stated in Chapter 4.4, electrochemical characterization of nitroxide-

cyclotriphosphazene hybrid compounds has paramount importance for the 

development of electrochemical applications. Relevantly, electrochemical analyses 

of hexa-nitronyl nitroxide 16 by comparing with its parent analogue, 2-phenyl-

4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (6), need to be performed in great 

extent.  

Within the Chapter 4, two quantification methods -by absorption spectroscopy 

and electrochemistry- were developed for determination of imino nitroxide content 

of polyradicals. Those methods need to be transposed to the nitronyl nitroxide 

radicals to demonstrate the versatility of such techniques. 

On the basis of aforementioned reasons, main objectives are; 

  

i) To synthesize, to isolate and to characterize the hexa-nitronyl nitroxide 

substituted cyclotriphosphazene 16 through convergent synthesis. 
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Emphatically, to synthesize the target hexaradical 16 by utilizing the pre-

formed radical synthon 10, 

ii) To explore the electrochemical behavior of hexa-nitronyl nitroxide substituted 

cyclotriphosphazene 16 by comparing with its parent analogue, 2-phenyl-

4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (6), 

iii) To transpose the absorption spectroscopy and electrochemistry quantification 

methods -developed previously for the imino nitroxide radicals- to the nitronyl 

nitroxide derivatives to demonstrate the versatility of such techniques. 

 

 
 

Figure 5.2: Structures of the Reference Radical 6, the Synthon 10 and the 

Hexaradical 16. 

 

5.3. Synthesis 

 

Synthesis of hexa-[4-(4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl-2-

yl)phenoxy]-cyclotriphosphazene (16) was initially planned through the classical 

Ullman procedure [25] based on the condensation of 2,3-bis(hydroxylamine)-2,3-

dimethylbutane (3) with hexa-(4-formylphenoxy)cyclotriphosphazene (12) and 

oxidation of the condensation product by NaIO4. Unfortunately during the oxidation 

step, the typical deep blue color of 16 was never observed despite our many attempts. 

Instead, solely the orange color of imino nitroxide derivative (15) was observed, 
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presumably because the 13 condensation adduct dehydrated [27] to 14 even at room 

temperature (Figure 5.3).  

To bypass the unforeseen problem, the convergent route is considered as an 

alternative synthetic pathway (Figure 5.3). Phenolic compounds are well-known 

nucleophilic species [71] to be exchanged with the active chlorines of the 

hexachlorocyclotriphosphazene. Accordingly, phenolic analogue of nitronyl 

nitroxide 10 is perceived as desired synthon to employ in the regarding substitution 

reaction. 

Our synthetic strategy toward the synthesis of the reference radical 6 and the 

synthon 10 followed also the Ullman’s procedure which already described in Chapter 

4.4. Nitronyl nitroxide species were successfully prepared on the basis of the Ullman 

[25 ] and Tamura protocols [26]. FT-IR spectrum of 6 (Figure 8.34) displayed a 

single signal at 1363 cm
−1

 which attributed to N-O stretchings of nitronyl nitroxide 

fragment [30]. MALDI-TOF MS analysis of 6 (Figure 8.35) shows a peak at m/z of 

230 [M-3] which another identity proof of the reference radical 6. Similarly, FT-IR 

spectrum of 10 (Figure 8.36) displayed broad absorption at 3102 cm
−1

 assigned to the 

–OH stretching and a single signal at 1335 cm
−1

 which attributed to N-O stretchings 

of nitronyl nitroxide trace [30]. MALDI-TOF MS analysis of 10 (Figure 8.37) shows 

a peak at m/z of 246 [M-3] which another identity proof of the synthon 10. Elemental 

analysis of 10 confirmed the structure and the purity as well. 

Naturally, our synthetic tactics to assemble the hexaradical 16 is that base 

promoted nucleophilic attacks of synthon 10 on the hexachlorocyclotriphosphazene 

11 to be exchanged with the chlorines (Figure 5.3). As already practiced for the 

synthesis of hexaaldehyde 12 in Chapter 3, K2CO3 is evidently a suitable base in 

terms of primarily basicity, easy usage, and availability as well. The reaction in our 

early attempts – K2CO3-promoted proceedings either in THF or in acetone at room 

temperature and at reflux temperature- was never completed, emphatically for the 

hexasubstituted derivative. Furthermore, prolonged reactions led to the loss of 

nitronyl nitroxide character. During critiquing the results, we came up with the idea 

of proceeding the reaction under microwave energy. Upon long optimizations, best 

result was observed at the conditions; K2CO3-promoted reaction in acetone at 48 °C 

for 6 hours under microwave irradiation. Among the THF, DMF, and HMPA; 

acetone was the best solvent for compelling reasons; firstly well progressing of the 

reaction in it and secondly easy removing of it. Utilizing the phase transfer catalysts 
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such as Aliquat 336 and tetra-n-heptylammonium bromide has no significant 

influence either on progress or on yield of the reaction. In terms of work-up, just 

washing with aqueous solution of  K2CO3 and subsequently with water get rid of the 

unreacted synthon 10 and other impurities as well. In brief, the K2CO3-promoted 

nucleophile substitution [86] of synthon 10 in acetone under microwave irradiation 

allow to isolate 16 as a blue powder (Figure 5.4, inset) in 96% yield (Figure 5.3) in 

contradiction with the labile nature [74] previously mentioned. This report is the first 

one for the synthesis of a cyclotriphosphazene bearing six nitronyl nitroxide radicals. 

MALDI-TOF MS analysis of 16 (Figure 8.40) shows a peak at an m/z of 1625 

[M+H]
+
, which is proof of the formation of 16, as well as elemental analyses 

demonstrate its purity. Formation of the compound 16 was also evidenced in FT-IR 

spectrum following the complete disappearance of the –OH stretchings of 10 (Figure 

8.39). FT-IR spectrum of 16 (Figure 8.38) displayed a single signal at 1358 cm
−1

 

which assigned to N-O stretchings of nitronyl nitroxide residue [30]. Distinguishing 

features of cyclotriphosphazene ring are observed for 16 in FT-IR spectrum (Figure 

8.38) as well; the sharp bands at 1206, 1185 and 1161 cm
−1

 of P=N stretching 

vibrations and the single band at 942 cm
−1

 of P-O bond stretching vibration [90]. 

To conclude, the target hexaradical 16 was successfully synthesized in 96% 

isolated yield via the K2CO3-promoted nucleophilic substitution of the synthon 10 in 

acetone under microwave irradiation. The hexaradical 16 was characterized 

unambiguously with a rich array of analyses such as melting point analysis, FT-IR, 

MALDI-TOF MS, elemental analysis, UV-vis, CV, SWV, EPR, magnetic 

measurements, and X-ray analysis. The reference radical 6 was successfully 

synthesized and fully characterized as well.  
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Figure 5.3: Synthetic Routes to the Reference Radical 6 and the Hexaradical 16. 

 

5.4. Absorption Spectroscopy 

 

The characteristic fingerprint band of nitronyl nitroxide [27] around λmax ~610 

nm (Figure 5.4) was observed also for 6 and 16 which is assigned to n→π* 

transitions of the nitroxide residue. The bathochromic shift of nitronyl nitroxide 

regarding imino nitroxide (~443 nm) [97] is attributed to the higher symmetry [98] of 

the ONCNO fragment in comparison with the unsymmetrical NCNO configuration. 

16 was soluble in organic solvent such as chloroform, acetonitrile and toluene in 
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which the Beer−Lambert Law was observed in the range of 10
−5

 M to 4.10
−4

 M for 

16 (Figure 8.48-8.54). 

 

 
 

Figure 5.4: UV-Vis Spectra for n→π* Transitions of 16, Inset: 10
−3

 M Chloroform 

Solution of 16 and Powder of 16. 

 

Quantification method allowing the determination of the number of imino 

nitroxide radicals based on the molar extinction coefficient (ε) calculation was 

extrapolated to nitronyl nitroxide moieties to generalize the effectiveness of the 

techniques [97]. 2-Phenyl-4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (6) was 

used as reference standard. Basically, dividing the ε of 16 (Figure 8.48-8.54) by the 

one of 6 (Figure 8.41-8.47) allow us to determine the number of radical moieties 

present on 16 (Table 5.1). All the results are in agreement within the ±10% tolerance 

of ε except for the chloroform solution suggesting a loss of the radical character due 

to the chloroform acidity.  

 

Table 5.1: UV-vis Data for the n→π* Transitions of 6 and 16 at Room Temperature
a
. 

 

Solvent λmax 6 ε 6 λmax 16 ε 16 
Number of  

Radicals on 16 

Acetonitrile 583 485 584 2754 5.68 

Chloroform 608 731 616 3842 5.26 

Toluene 631 481 631 2680 5.57 
a
 λmax in nm, ε in cm

−1
.M

−1
 

 

As conclusion, UV-vis spectra proved gender of the reference radical 6 and the 

hexaradical 16 as nitronyl nitroxide radicals. Quantification method by absorption 
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spectroscopy is well implemented to the nitronyl nitroxide radicals and demonstrated 

the presence of six nitronyl nitroxide moieties on 16. 

 

5.5. Electrochemical Analyses 

 

Nitronyl nitroxides are redox-active molecules to be either oxidized (p-type 

redox) to oxo-ammonium cation  or reduced (n-type redox) to aminoxy anion. 

Electrochemical characteristics of reference radical 6 and target hexaradical 16 were 

investigated by cyclic voltammetry (CV). Both radicals displayed two reversible 

redox waves which are in agreement with the literature [52],[99]. Reduction 

processes at -0.812 V vs. SCE for 6 and -0.879 V for 16 are assigned to NN/aminoxy 

anion couple. Oxidation ones at 0.748 V for 6 and 0.776 V for 16 are ascribed to 

NN/oxoammonium cation couple. Virtually overlapping the redox processes of 16 

with those of phenyl nitronyl nitroxide 6 suggests that cyclotriphosphazene core has 

almost no influence on the redox potentials of 16 (Figure 5.5). Square Wave 

Voltammetry (SWV) quantification method developed for hexa-imino nitroxide 

radical [97] was effectuated for the hexa-nitronyl nitroxide counterpart 16 by 

comparing with phenyl nitronyl nitroxide 6 as a reference standard. Quantification 

could be performed either by anodic sweep or cathodic sweep as the oxidation 

process (0/+1) of NNs is reversible. Current responses of the reference radical 6 were 

linear in the concentration range of 2-120 μM for both of anodic and cathodic sweep 

(Figure 5.6). SWV analyses of 16 demonstrated that the hexaradical 16 has six 

nitronyl nitroxide moieties on the cyclotriphosphazene core (Figure 5.7, Table 5.2). 

As consequence, SWV analysis is a simple and straightforward quantification 

method for nitronyl nitroxide appended polyradicals. 
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Figure 5.5: Cyclic Voltammograms of the Reference Radical 6 and the Hexaradical 

16 Recorded at rt in Acetonitrile, 0.1 M n-Bu4NBF4 as Supporting Electrolyte, Scan 

Rate of 50 mV/s for 6 and of 100mV for 16. 
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Figure 5.6: Square-Wave Voltammetry Analyses in 0.1 M n-Bu4NBF4/acetonitrile 

Solutions of the Reference Radical 6: a) Anodic Sweep for (0/+1) Process; b) 

Calibration Curve of Anodic Sweep for (0/+1) Process; c) Cathodic Sweep for (0/+1) 

Process; d) Calibration Curve of Cathodic Sweep for (0/+1) Process. 
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Figure 5.7: Square-Wave Voltammetry Analyses in 0.1 M n-Bu4NBF4/acetonitrile 

Solutions of the Hexaradical 16: a) Anodic Sweep for (0/+1) Process; b) Cathodic 

Sweep for (0/+1) Process. 
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Table 5.2. Square-Wave Voltammetry (SWV) Analyses of 16. 

 

C16  

(μM) 

Imeasured 

(μA) 

Ctheoretical  

(μM) 

Number of Radicals on 16 =  

Ctheoretical / C16 

By Anodic Sweep 

2 0.416 12.60 6.30 

4 0.758 22.58 5.64 

10 1.883 55.43 5.54 

By Cathodic Sweep 

2 -0.429 12.46 6.23 

4 -0.772 22.06 5.52 

10 -2.049 57.83 5.78 

 

5.6. Electron Paramagnetic Resonance Spectroscopy 

 

EPR spectra of 6, 10 and 16 were presented in Figure 5.8. The spectra of 6 and 

10 (Figure 5.8, 8.55-8.58) show five lines with the relative intensities of 1:2:3:2:1 

arising from the hyperfine coupling of electron spin with two equivalent 
14

N atoms 

(nuclear spin I=1), characteristic of nitronyl nitroxide radicals [52], [99]. Whereas 16 

presents a broad single line centered at g = 2.0031 with Hp-p = 11. 8 G despite all 

our attempts to observe the five line pattern. By lowering the temperature a wider 

signal was observed and contrariwise a narrow signal was obtained under heating 

(Figure 8.59). This kind of behavior was already observed for polyradical 

compounds [79]. The single line signal could be attributed to the strong 

intramolecular electron-exchange interactions between the six radical moieties [74]. 

The group of three radicals from each side of the cyclotriphosphazene ring are close 

enough to each other to interact by through-space mechanism, but they are 

independent from the radicals of the other side of the cyclotriphosphazene ring. 
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Figure 5.8: EPR Spectra of the Radicals 6, 10, and 16 at 293 K at 10
−4

 M in 

Dichloromethane-Toluene (1:1) Mixture.  

 

5.7. Magnetic Measurements 

 

At room temperature the product of the magnetic susceptibility with 

temperature (χT) has the expected value for 6 magnetically independent radicals 

(2.22 cm
3
 K mol

−1
). Upon cooling χT is almost constant down to 100 K then 

decrease continuously down to 2 K (Figure 5.9). The data were well fitted with a 

Curie-Weiss law considering 6 spin S=1/2 and Weiss constant θ =-2.16 K. This 

behavior is in agreement with 6 radical moieties in the compound and very small and 

almost non-significant antiferromagnetic interactions in between. 
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Figure 5.9: Temperature Dependence of the Product of the Magnetic Susceptibility 

with Temperature (χT) for 16. 

 

5.8. X-ray Diffraction Analyses 

 

Dark blue crystals are obtained from the different batches (Figure 5.10). Their 

data collection, data refinement and determination of the structure are in progress. 
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Figure 5.10: Crystal of 16 on the X-ray Mounter. 

 

5.9. Summary and Conclusion 

 

The target hexaradical 16 (six nitronyl nitroxide radical moieties covalently 

bonded on the cyclotriphosphazene ring) was prepared through an alternative 

synthetic pathway involving the nucleophilic substitution of the 

hexachlorocyclotriphosphazene (3) by an adequate pre-formed radical synthon; the 

2-(4-hydroxyphenyl)-4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (10). The 

K2CO3-promoted nucleophilic substitution in acetone under microwave irradiation 

allows to isolate 16 as a blue powder in 96% yield in contradiction with the labile 

nature [74] previously mentioned. Noteworthy that a slightly excess of 10 (7.2 eq.) 

drive the reaction to completion which facilitate the synthesis and straightforward 

purification of the fully homo-substituted cyclotriphosphazene. The hexaradical 16 

was characterized unambiguously with a wide combination of analyses such as 

melting point analysis, FT-IR, MALDI-TOF MS, elemental analysis, UV-vis, CV, 

SWV, EPR, magnetic measurements, and X-ray analysis. 
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Cyclic voltammetry of the target hexaradical 16 revealed that both the 

reduction process (-0.879 V vs SCE) and oxidation one (0.776 V) are reversible. 

Besides that, cyclotriphosphazene ring has virtually no impact either on the 

electrochemical behavior of appended nitronyl nitroxide moieties or on the redox 

potentials of them. Electrochemical characteristics of 16 in hand, it would be 

considered as ambipolar redox-active molecule which undergoes both oxidation (p-

type redox) and reduction (n-type redox) processes. 

Absorption spectroscopy and square-wave voltammetry (SWV) quantification 

methods are well implemented to the nitronyl nitroxide radicals. Both methods 

successfully demonstrated the presence of six nitronyl nitroxide radical moieties on 

the target hexaradical 16. In particular, SWV method was expanded by employing 

both of the anodic and cathodic sweep. 

 

5.10. Synthetic Procedures 

 

As stated in the Chapter 5.3, the reference radical 6, the synthon 10, and the 

target hexaradical 16 were synthesized successfully. Synthesis of compound 3 was 

provided in Chapter 4.12.2. In cases of radical species 6 and 10, procedures were 

optimized on the basis of Ullman [25] and Tamura protocols [26]. Synthesis of the 

target hexaradical 16 was accomplished under microwave energy with our 

optimizations on the basis of Carriedo protocols [86]. 

 

5.10.1. Synthesis of 2-Phenyl-4,4,5,5-tetramethyl-2-imidazoline-3-

oxide-1-oxyl (6) 
 

Benzaldehyde (4) (1 eq., 3 mmol, 0.318 g), 2,3-bis(hydroxylamino)-2,3-

dimethylbutane (3) (2 eq., 6 mmol, 0.888 g) and TsOH (0.1 eq., 0.3 mmol, 0.057 g) 

were charged into Schlenk-tube. MeOH (2 mL) was added, and then purged with 

argon. Tube content was stirred vigorously at room temperature under argon for 5 

days. The reaction mixture was washed twice; H2O (20 mL) was added to reaction 

mixture and shook well, and eventually centrifuged. The obtained precipitate was 

dried under vacuum to give beige solid. Crude product 5 was directly used for next 

step without further purification. 
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Crude product 5 was suspended in CH2Cl2 (150 mL) and placed in ice-bath. 

Saturated NaHCO3 (aq.) solution (100 mL) was added to the suspension and stirred 

vigorously. NaIO4 (2 eq., 6 mmol, 1.284 g) in H2O (30 mL) was added to the mixture 

drop by drop. The color of the  mixture was turned to intense blue immediately. It 

was stirred for one hour in ice-bath, then phases were separated. Blue organic phase 

was washed with H2O (3x100 mL), dried over Na2SO4, evaporated to dryness. Crude 

product was purified with column chromatography on silica gel eluting with hexane-

ethyl acetate mixture. Column purification gave 0.490 g blue powder of 6 in 70% 

yield (from aldehyde). mp. 85−86 °C. FT-IR (ATR, νmax, cm
−1

) : 3066w, 2987w, 

2935w, 2866w, 1574w, 1540w, 1477m, 1458m, 1445m, 1423m, 1395s, 1363s, 

1333m, 1311s, 1292m, 1217s, 1160s, 1144s, 1133s, 1113s, 1073m, 1028m, 1002w, 

975w, 930w, 925w, 865m, 768s, 692s; MALDI-TOF MS (trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile) : m/z for C13H17N2O2 

[calculated]: 233, [found]: 230 [M-3]
+
. 

 

5.10.2. Synthesis of 2-(4-Hydroxyphenyl)-4,4,5,5-tetramethyl-2-

imidazoline-3-oxide-1-oxyl (10) 
 

4-Hydroxybenzaldehyde (8) (1 eq., 10 mmol, 1.220 g), 2,3-

bis(hydroxylamino)-2,3-dimethylbutane (3) (1.2 eq., 12 mmol, 1.800 g) and TsOH 

(0.1 eq., 1 mmol, 0.190 g) were charged into Schlenk-tube. MeOH (3 mL) was 

added, and then purged with argon. Tube content was stirred vigorously at room 

temperature under argon for 3 days. The reaction mixture was washed twice; H2O 

(50 mL) was added to reaction mixture and shook well, and eventually centrifuged. 

The obtained precipitate was dried under vacuum to give white solid. Crude product 

9 was directly used for next step without further purification.  

Crude product 9 was suspended in CH2Cl2 (300 mL) and placed in ice-bath. 

Saturated NaHCO3 (aq.) solution (160 mL) was added to the suspension and stirred 

vigorously. NaIO4 (1.5 eq., 15 mmol, 3.210 g) in H2O (50 mL) was added to the 

mixture drop by drop. The color of the mixture was turned to intense blue 

immediately. It was stirred for 90 minutes in ice-bath, then phases were separated. 

Blue organic phase was washed with H2O (3x200 mL), dried over Na2SO4, 

evaporated to dryness. Crude product was purified with column chromatography on 

silica gel eluting with hexane-ethyl acetate mixture. Column purification gave 1.463 
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g blue powder of 10 in 59% yield (from aldehyde). mp. 134−135 °C. FT-IR (ATR, 

νmax, cm
−1

) : 3102m, 3003m, 2980m, 2945m, 2800m, 2595w, 1608s, 1584m, 1538w, 

1488s, 1474w, 1449s, 1427s, 1419s, 1393s, 1376m, 1362m, 1393s, 1282s, 1230s, 

1210s, 1174w, 1165s, 1131s, 1104m, 1012w, 969w, 949w, 868m, 856w, 839s, 793m, 

757w, 754w; MALDI-TOF MS (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile) : m/z for C13H17N2O3 [calculated]: 249, [found]: 246 

[M-3]
+
. Elemental Analysis for C13H17N2O3 [calculated]: C, 62.64; H, 6.87; N, 11.24. 

[found]: C, 62.50; H, 6.98; N, 11.41.  

 

5.10.3. Synthesis of Hexa-[4-(4,4,5,5-tetramethyl-2-imidazoline-3-

oxide-1-oxyl-2-yl)phenoxy]-cyclotriphosphazene (16) 
 

Hexachlorocyclotriphosphazene (11) (1 eq., 0.075 mmol, 0.026 g), 2-(4-

Hydroxyphenyl)-4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (10) (1.2 eq., 0.54 

mmol, 0.135 g), and K2CO3 (72 eq., 10 eq. for each –OH, 5.4 mmol, 0.745 g) were 

charged into a microwave tube. Acetone (6 mL) was added then purged with argon. 

The tube was placed in the cavity and stirred efficiently. Tube content was subjected 

to microwave irradiation (maximum energy 300 Watt) at 48 °C for 6 hours under 

argon. Reaction mixture was transferred into a flask and evaporated to dryness. 

Crude product was taken into CH2Cl2 (100 mL) and washed with aqueous solution of  

K2CO3 (3x100 mL),  then with H2O (4x100 mL). Resulting blue solution was dried 

over Na2SO4, evaporated to dryness to give 0.117 g of a blue powder in 96% yield. 

mp. 178−180 °C. FT-IR (ATR, νmax, cm
−1

) : 3096w, 2987w, 2933w, 1601m, 1523m, 

1483m, 1450m, 1429m, 1421m, 1388s, 1358s, 1299s, 1269m,1244w, 1206s, 1185s, 

1161s, 1100m, 1017m, 942s, 884s, 837s, 777w, 732m, 714m; MALDI-TOF MS 

(trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile) : m/z for 

C78H96N15O18P3 [calculated]: 1624, [found]: 1625 [M+H]
+
. Elemental Analysis for 

C78H96N15O18P3 [calculated]: C, 57.67; H, 5.96; N, 12.93. [found]: C, 56.78; H, 5.74; 

N, 13.49 (1. analysis); C, 56.77; H, 5.89; N, 12.14 (2. analysis).  
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6. ULLMAN RADICALS FUNCTIONALIZED 

PHTHALOCYANINES 
 

6.1. Phthalocyanines 

 

Phthalocyanines –also known as tetrabenzotetraazaporphyrins- are planar 

macrocycles which consist of four isoindole sub-units (Figure 6.1). They possess 18 

π electrons (Figure 6.1) well-delocalized over the macrocycle system [100] that turns 

out exceptional stability and outstanding electronic and physical properties [101]. 

 

 
 

Figure 6.1: Relationship of the Phthalocyanines with the Porphyrin Macrocycle. 

(Adopted from reference 100 and 102). 

 

Phthalocyanines (Pcs) are blue to green colored aromatic macrocyclic 

compounds widely used as dyes. One of the most striking characteristics of Pcs is 

their strong absorption in the visible and near-IR regions (λmax ≈ 670 nm) of 

spectrum which is the base of their extraordinary optical properties [101]. Properties 

of Pcs could be tailored by modifying the phthalocyanines structures. 

Phthalocyanine molecules could be coordinated to virtually all of the metal 

ions in the periodic table (Figure 6.2). Their coordination number for the square-
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planar phthalocyanines is four. Most of the transition metals such as Cu
2+

, Ni
2+

, Zn
2+ 

form square-planar complexes with Pcs [103]. Higher coordination number such as 

five or six is possible with Pcs where inner metal axially coordinated to the ligands 

like chlorines, H2O, pyridines, alkoxy, thioalkoxy groups. Famous representative 

example to six coordinated Pc is the axially-disubstituted silicon-phthalocyanines in 

square-bipyramide geometry [104]. Lanthanide elements forms sandwich (double-

decker) complexes with Pc macrocycles. Coordination number of double-decker 

complexes is eight, where lanthanide metal ion coordinated to the two Pc 

macrocycles [105]. 
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Figure 6.2: Various Metallo Phthalocyanines. 

 

Unsubstituted phthalocyanines suffer from the poor solubility in common 

organic solvents. Early examples of phthalocyanines were mostly unsubstituted 

derivatives, and therefore insoluble. Because of the drawbacks such as low solubility, 

phthalocyanines while in its infancy did not attract the interest of academia. 

However, interest on the phthalocyanine research has been boosted upon the 

synthesis of soluble phthalocyanines that turns out tremendous library of Pc 

molecules and their wide variety of applications. 
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Substituents on the Pc macrocycle are categorized in three groups depending 

upon their position; peripheral, non-peripheral, (Figure 6.3) and axial (Figure 6.2). 4- 

and 5-substituted phthalonitriles generate the peripherally substituted phthalocyanine 

macrocycles, whereas 3- and 6-substituted phthalonitriles do non-peripherally 

substituted phthalocyanine ones. Substituents on the inner metals are classified as 

axial ligands (Figure 6.2). 

 

 
 

Figure 6.3: Substituent Positions of Phthalocyanines. 

 

6.2. Syntheses of Phthalocyanines 

 

Early phthalocyanines were observed during the chemical transformations of 

ortho-disubstituted benzene derivatives and reported as “insoluble colored material” 

without aware of their identity [106]-[108]. After decades, the structures of 

serendipitously synthesized “insoluble colored material” were shed lighted that they 

were identified as phthalocyanines [109]. First intended syntheses of the 

phthalocyanines were carried out by Linstead in 1934 [110] starting from o-

cyanobenzamide and phthalimide. 

Phthalocyanine molecules could be synthesized from the variety of starting 

materials (Figure 6.4). Among them, most versatile ones are the phthalonitrile and 

the 1,3-diiminoisoindoline. Therefore, we particularly focus on the conversion of 

phthalonitriles to phthalocyanines. Classical precursors -phthalonitrile and the 1,3-

diiminoisoindoline- are boiled in high boiling point solvents or heated up directly in 

order to prepare metal free phthalocyanines. Presence of the metals (generally in salt 
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form of the metal) in the reaction display template effect to afford the metallo 

phthalocyanines as product. 

 

 
 

Figure 6.4: Starting Materials for Syntheses of the Phthalocyanines. 

 

6.2.1. Synthesis of Symmetrical Phthalocyanines (A4) 

 

Symmetrically substituted Pcs (A4) are synthesized through 

cyclotetramerization of appropriately substituted precursors, mostly phthalonitriles. 

Heating the phthalonitriles itself directly or heating the phthalonitriles in a solvent 

gave corresponding metal free phthalocyanine. In case of existence of a metal salt in 

the reaction, it acts as a template for the cyclotetramerization of phthalonitrile and 

affords the metallo phthalocyanines as product. Preparation of the metallo 

phthalocyanines is mostly carried out via metal-templated reaction in a high boiling 
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point solvent such as DMF, o-DCB, DMAE, pentanol, etc. Additionally, presence of 

a base like DBU, DBN or alkoxide promotes the Pc formation [111]. From the 

synthetic viewpoint of Pc formation, microwave reactions reduce the time and boost 

the yield in comparison to conventional techniques [112]. 

It is worth to note that these reactions are more efficient in the presence of a 

metal salt. However, template efficiency of metals varies depend upon the type of 

phthalonitrile employed in the reactions. Emphatically, some phthalonitriles undergo 

well cyclotetramerization with certain metal salts. In case of metal free H2Pc as 

target, suitable phthalonitrile is reacted in the presence of metallic lithium in pentanol 

to generate the LiPc which subsequently washed with acidic water to get rid of 

lithium in the core to yield metal free H2Pc [113]. On the other side, desired metal 

atoms could be inserted into the H2Pc macrocycle by boiling the H2Pc and desired 

metal salt in the appropriate solvent to yield metallo phthalocyanine MPc [114]. 

Cyclotetramerization of 3-substituted or 4-substituted phthalonitriles generates 

a mixture of four constitutional isomers with C4h, C2h, C2v, and C2s symmetry (Figure 

6.5). 
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Figure 6.5: Structures of the Four Constitutional Isomers of 

2(3),9(10),16(17),23(24)-Tetrasubstituted Metallophthalocyanines. 

 

6.2.2. Synthesis of Unsymmetrical Phthalocyanines  

 

Unsymmetrical phthalocyanines are described as macrocycles bearing different 

substituents on its isoindole units. Hypothetically, unsymmetrical phthalocyanines 

could be classified as A3B, ABAB, AABB, ABCX (X=A, B, or C), ABCD. One of 

the most investigated unsymmetrical Pc is the A3B structure. Unsymmetrical 

phthalocyanines are of interest for their striking features, and therefore many 

methods were developed for their syntheses [115]-[119]. Even though variety of 

synthetic tactics developed to prepare the unsymmetrical phthalocyanines, mixtures 

of different Pc macrocycles are generally obtained. It is not consequentially 

surprising that separation of formed phthalocyanine macrocycles is tedious burden. 

Major synthetic methods to prepare unsymmetrical Pc are briefly discussed below; 

 



89 
 

i) Statistical Cyclotetramerization 

 

This method is based on the statistical condensation of two differently 

substituted precursors; phthalonitrile or 1,3-diiminoisoindoline (Figure 6.6). The 

method is the immensely employed strategy due to its simplicity. In that, 

stoichiometry plays key role in the favor of formation of certain phthalocyanine 

structures. Therefore, the symmetrical one is formed as major product from the most 

abundant precursor [120]. Actually, all forms of phthalocyanine structures are 

generated during the cyclotetramerization; AAAA, AAAB, AABB, ABAB, ABBB, 

BBBB. To reduce the number of formed structures, 1/9 ratio (A/B) is privileged. So, 

isolation of the desired phthalocyanine structure from the phthalocyanine cocktail is 

required. Column chromatography and plaque chromatography are the most widely 

used separation techniques for aforementioned isolations. 

 

 
 

Figure 6.6: Phthalocyanines Structures Formed Upon the Statistical 

Cyclotetramerization of Two Different Precursors. 
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ii) cross-condensation reaction for ABAB preparation 

 

This tactic lies on the reaction between two different phthalyl compounds; 

1,3,3-trichloroisoindolenine and 1,3-diiminoisoindoline (Figure 6.7). Particularity of 

these precursors is that they undergo cross-condensation to generate the ABAB type 

phthalocyanines [121]. Noteworthy that AABB type structures are avoided as the 

precursors could not undergo self-condensation. Both metal free and metallo 

phthalocyanines are synthesized by employing this method. 

 

 
 

Figure 6.7: Synthesis of Unsymmetrical ABAB Type Phthalocyanines. 

 

 

iii) ring expansion of subphthalocyanine for A3B preparation 

This method lies on the ring expansion of subphthalocyanines (Figure 6.8). As 

subphthalocyanines are strained and unstable structures in their nature, they are 

vulnerable to ring expansion reaction by the attacks of succinimidine or 1,3-

diiminoisoindoline [122]. Existence of the metal species in the ring expansion 

reaction increased the yield of target unsymmetrical Pc [123]. It is worth to note that 

ring expansion of subPc is also possible with phthalonitriles [123]. Disadvantage of 

this method is formation of mixture of non-desired Pc structures as by-products. 

Therefore, tedious chromatographic isolation of target Pc is inevitable burden. 
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Figure 6.8: Synthesis of Unsymmetrical Pc Through Ring Expansion of 

Subphthalocyanine. 

 

 

iv) solid-phase synthesis for A3B preparation 

This method consists in several steps [124]. Initially, phthalonitrile or 1,3-

diiminoisoindoline is linked to a insoluble polymer. Then, insoluble polymer linked 

phthalonitrile is reacted with an excess of differently functionalized soluble 

phthalonitrile to form A3B type phthalocyanine macrocycle. Finally, the formed 

phthalocyanine is cleaved from the polymer support. This strategy is an effective 

method to obtain A3B type phthalocyanine structures. However, it needs multiple 

synthetic manipulations and does not applicable to all functional groups. 
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6.3. Syntheses of Phthalonitriles  

 

In general, functional groups are incorporated into the phthalocyanine 

macrocycle by modifying the phthalonitrile, the common precursor. Therefore, 

synthesis of the functionalized phthalonitrile is one of the key task in the synthetic 

pathway of Pc preparation. Mono-, di-, tri-, and tetra-substituted phthalonitriles could 

be prepared through a number of ways [125]. Reviewing the all phthalonitrile 

structures is beyond the scope of this dissertation. Rather, I focus my attention on the 

appropriate phthalonitrile structures employed as precursors toward the target 

phthalocyanines. 

Alkoxy and aryloxy groups are important classes of substituents widely used 

for the functionalization of phthalocyanine macrocycles. Because various features 

such as solubility, liquid crystals, bridging units could be introduced to the 

phthalocyanine macrocycles via attaching the alkoxy- and aryloxy groups. 

Alkylation of phenolic hydrogens, aromatic nucleophilic substitution of nitro 

groups, aromatic nucleophilic substitution of halogen atoms and Rosenmund-von 

Braun reactions are the commonly used organic manipulations for the preparation of 

alkoxy and aryloxy functionalized phthalonitriles [125]. 

 

6.3.1. 4,5-Dialkoxy- or 4,5-Diaryloxyphthalonitriles 

 

Syntheses of the 4,5-dialkoxy- or 4,5-diaryloxyphthalonitriles consist several 

steps [126]-[127]. The preparation starts from the catechol, 1,2-dihydroxybenzene. 

Firstly, catechol is brominated to yield 1,2-dibromo-4,5-dihydroxybenzene. 

Secondly, phenolic hydrogens are alkylated to give 1,2-dibromo-4,5-

dialkoxybenzene. Finally, bromine atoms are exchanged with cyanide groups via 

Rosenmund-von Braun reaction to afford the 4,5-dialkoxyphthalonitriles. 

Alternatively, catechol is first alkylated to give 1,2-dialkoxybenzene which is 

subsequently dibrominated to afford 1,2-dibromo-4,5-dialkoxybenzene. As like in 

the former, cyanation of 1,2-dibromo-4,5-dialkoxybenzene leads to target 4,5-

dialkoxyphthalonitriles. The reaction pathways are illustrated in the Figure 6.9. 
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Figure 6.9: Synthetic Pathways for the 4,5-Dialkoxy- or 4,5-

Diaryloxyphthalonitriles. 

 

Another alternative is the alkylation of 4,5-dichlorophthalonitrile to obtain the 

4,5-dialkoxyphthalonitriles [125]. These pathways are also viable for the synthesis of 

3,6-dialkoxy- or 3,6-diaryloxyphthalonitriles [128].  

It is worth to note that other 1,2-dibromobenzene structures are also converted 

to corresponding phthalonitrile with Rosenmund-von Braun reaction. 

 

6.3.2. 4-Alkoxy- or 4-Aryloxyphthalonitriles 

 

Aromatic nucleophilic substitution of nitro groups in 4-nitrophthalonitrile by 

phenol derivatives or with aliphatic alcohols is an immensely employed method for 

the preparation of 4-subsituted phthalonitriles [121], [125]. The substitution reaction 

(Figure 6.10) smoothly proceeds in polar aprotic solvents such as DMSO, DMF, 

acetone, acetonitrile [129], [130]. In majority, K2CO3 is a versatile base in terms of 

primarily basicity, easy usage, and availability as well. However, stronger base such 

as NaH or LiOH is required for aliphatic alcohols. 

The synthetic tactic is also viable for the preparation of 3-substituted-

phthalonitriles starting from the 3-nitrophthalonitrile. 

 

 
 

Figure 6.10: Synthetic Pathways for 4-Substituted Phthalonitriles. 
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One of the most widely used synthetic pathway to prepare 4-substituted 

phthalonitrile is the modifying 4-nitrophthalonitrile. In the synthetic sequence, 4-

nitrophthalonitrile is prepared (Figure 6.11) starting from the commercially available 

phthalimide [121]. First of all, phthalimide was classically nitrated to obtain 4-

nitrophthalimide which subsequently converted to 4-nitrophthalamide. At the final 

stage, 4-nitrophthalimide is converted to 4-nitrophthalonitrile by treating with SOCl2. 

Indeed, 4-nitrophthalonitrile is now commercially available. 

 

 
 

Figure 6.11: Synthetic Pathways for 4-Nitrophthalonitrile. 

 

6.4. Properties of Phthalocyanines  

 

6.4.1. Electronic Structure  

 

Electronic structure of the phthalocyanine macrocycles could be grasped based 

on the Gouterman’s four orbital model [131], primarily known as linear combination 

of atomic orbitals (LCAO). The electronic absorption spectrum of phthalocyanines 

displays two main bands; the Q band and B band (or synonymously Soret band, 

Figure 6.12). The Q band is observed in the region of 600-750 nm and is responsible 

for the green to blue color of phthalocyanines. Q band is attributed to π→π* 

transitions from doubly degenerated HOMO to doubly degenerated LUMO orbital 

(Figure 6.12) [131], emphatically transitions from the higher-energy molecular 



95 
 

orbitals to LUMO. Actually, Q band is affected to a degree by various parameters 

such as nature of central metal, oxidation state of central metal, axial ligation, 

solvents, peripheral substitution, non-peripheral substitution, aggregation and 

extension of the conjugation [132]. Therefore, analysis of the Q band’s shape and 

position encompasses enormous information about the phthalocyanine structures 

(Figure 6.12). For instance, metallo phthalocyanines have higher symmetry D4h (all 

inner nitrogen atoms are equivalent) and therefore only one Q band is observed 

(Figure 6.12). On the contrary, metal free phthalocyanines have lower symmetry D2h 

because two inner nitrogen atoms are protonated and two other inner nitrogen atoms 

are unprotonated. As consequence, LUMO is degenerated that turns out Q band splits 

to two (Figure 6.12) [132], [133].  

The B band is observed around 350 nm and attributed to π→π* transitions 

from the lower-energy molecular orbitals to LUMO (Figure 6.12). 

 

 
 

Figure 6.12: Typical UV-vis Spectra for a Phthalocyanine as a) metal free and b) 

metallated (Left). The Scheme of Energy Levels in Metallated Phthalocyanines with 

the First Two π→π* Transitions, the Q- and B-bands Marked (Right). (Taken from 

Reference 133).  
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6.4.2. Fluorescence Property 

 

Fluorescence is the emission of light by a material that has absorbed light or 

other electromagnetic radiation [134]. In most cases, the emitted light has a longer 

wavelength, and therefore lower energy, than the absorbed radiation. In brief, 

fluorescence is a property of some molecules which absorb light of one color and 

emit light of different color [135]. The most striking example of fluorescence occurs 

when the absorbed radiation is in the ultraviolet region of the spectrum, and thus 

invisible to the human eye, while the emitted light is in the visible region, which 

gives the fluorescence substance a distinct color that can only be seen when exposed 

to UV light [134]. Fluorescent materials cease to glow immediately when the 

radiation source stops. 

Fluorescence is the result of a three-stage process that occurs in certain 

molecules called fluorophores or fluorescent dyes [136]. The stages are excitation 

(1), excited-state lifetime (2), and fluorescence emission (3, Figure 6.13). Excitation 

and emission spectra are depicted in Figure 6.14. 

 

 
 

Figure 6.13: Jablonski Diagram of Fluorescence Processes. (Taken from Reference 

136). 
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Figure 6.14: Spectrum Profiles for Excitations at Different Wavelengths and Their 

Corresponding Emissions. (Taken from Reference 136). 

 

Phthalocyanines are well-known flurorophore and their fluorescence property 

is studied comprehensively [137]. Representative excitation and emission spectra of 

a phthalocyanine are illustrated in Figure 6.15. 

 

 
 

Figure 6.15: Excitation and Emission Spectra of a Phthalocyanine. (Taken from 

Reference 137). 

 

Nitroxides are well-known quencher for fluorescence. Quenching mechanism 

is on the basis of electron exchange between the nitroxide species and the excited 

state fluorophore [59]. When the unpaired spin of a nitroxide interacts with the 

electrons of fluorophore, the electron spin of the fluorophore in the excited state is 

exchanged with the electron spin of the nitroxide in the SOMO. Consequently, the 



98 
 

forbidden transitions from the S1 to T1 state (ISC) and subsequent T1 to S0 state are 

allowed, resulting in an increase in non-radiative process, and a loss of fluorescence 

quantum yield. Distance between the nitroxide and the fluorophore play a key role in 

quenching [59]. 

 

6.5. Survey of Nitroxide Functionalized Phthalocyanines 

 

Properties of the phthalocyanine macrocycles could be tailor made by 

perturbing its well-polarizable 18 π-electron system or incorporation of property 

targeted substituents either into inner metal or into macrocycle ring. There is vast 

number of accounts reporting the attachment of various substituents to Pc ring or 

axial ligation of them toward desired applications. However, majority of those 

substituents are diamagnetic molecules. On the other side, paramagnetic molecules, 

namely organic radical units, could add exceptional features to the Pc compounds. 

Indeed, there are few representative examples of nitroxide radicals functionalized 

phthalocyanines, as their synthesis are challenging task due to necessity of keeping 

spin alive. 

Nitroxide functionalized phthalocyanines could be discussed in two categories; 

 

i) axially ligation of nitroxide radicals to the inner metal (Figure 6.16) 

 

To the best of our knowledge, the first nitroxide functionalized Pc compound is 

phthalocyaninatosilicon (IV) covalently linked to two TEMPO radicals [104]. It was 

synthesized by the reaction of SiPc(OH)2 with 4-hydroxy-TEMPO in the refluxing 

toluene. The reaction is basically substitution of hydroxy groups in SiPc(OH)2 with 

4-hydroxy-TEMPO in the presence of CaCl2 as base. Later, its mono-TEMPO 

derivative is also prepared with the same synthetic methodology [138]. Another 

example is phthalocyaninatosilicon (IV) covalently linked to one or two PROXYL 

radicals [139], [140]. Their synthesis is carried out following the same synthetic 

tactic of TEMPO derivatives. One another report studied the metallo phthalocyanines 

(M: Mg, Zn) coordinated to amino nitrogen of 4-amino-TEMPO [141]. 

From the synthetic perspective, relatively high thermal stability of TEMPO and 

PROXYL radials pave the way for synthesis of their phthalocyanine derivatives in 
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refluxing toluene. It needs to be pointed out that 4-hydroxy-TEMPO and 4-amino-

TEMPO radicals are now commercially available. 

 

 
 

Figure 6.16: Library of Nitroxide Functionalized Phthalocyanines via Axial Ligation 

of Nitroxides. 
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In the nitroxides ligated phthalocyanine systems, phthalocyanine macrocycles 

serve as chromophore and nitroxides do as paramagnetic radical species. Interactions 

between chromophores and radicals play key role during the quenching of 

chromophores in excited states by the radicals and for controlling of magnetic 

properties by photoexcitation. Those originate from the formation of excited 

multiplet states constituted by the excited triplet chromophore and doublet radicals. 

These molecules are synthesized with purpose of investigation a phenomenon: 

photoexcitation control of magnetic interaction between paramagnetic species. 

Another intention was exploring their singlet oxygen generation mechanism [139]. 

Aforementioned interactions in the nitroxide ligated phthalocyanines are investigated 

with rich array of measurements such as electronic absorption, transient absorption, 

magnetic circular dichroism, fluorescence and time-resolved electron paramagnetic 

resonance [104], [138]-[143]. 

Specifically, SiPc(TEMPO)2 compound was utilized as fluorescence probes for 

detecting the ascorbic acid in biological milieu. Hydrophobic SiPc(TEMPO)2 was 

encapsulated in liposomes for studying them in aqueous solutions of biological 

systems. In terms of mechanism, radicalic nitroxide fragments (-NO)  are protonated 

upon addition of ascorbic acid and transformed to –NOH. Hence, radical nature is 

lost, and therefore fluorescence character of phthalocyanine is retrieved [144]. 

 

ii) incorporation of radical units into the phthalocyanine ring (Figure 6.17) 

 

Nitroxides attached directly on the phthalocyanine ring systems were first 

synthesized in 2007 [145]. They are constituted by phthalocyanine ring and 

PROXYL radical units which are directly fused to the peripheral positions of Pc ring. 

In the synthetic sequence, firstly PROXYL fused phthalonitrile and its 1,3-

diiminoisoindoline analog were prepared. Subsequently, cyclotetramerization of 

them in the presence of metal salt afforded the corresponding phthalocyanine 

derivatives. They are characterized with electronic absorption spectroscopy and EPR 

spectroscopy. 

Another nitroxide functionalized phthalocyanine is TEMPO-functionalized 

zinc phthalocyanine [95]. Four TEMPO radical units are incorporated to peripheral 

positions of the phthalocyanine ring via ether bond. In the synthetic pathway, 

TEMPO radicals are first inserted to the phthalonitrile. Then cyclotetramerization of 
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TEMPO functionalized phthalonitriles in the presence of zinc acetate gave the 

corresponding phthalocyanine, ZnPc(TEMPO)4. It was characterized with electronic 

absorption spectroscopy, EPR spectroscopy and electrochemical measurements. 

ZnPc(TEMPO)4 compound was utilized as electrochemical probes for ascorbic acid 

[95]. 

Noteworthy that relatively high thermal stability of TEMPO and PROXYL 

radicals make possible for synthesis of their phthalocyanine derivatives in refluxing 

2-(dimethylamino)ethanol without any precautions. Radical nature of the nitroxides 

is kept alive during the organic manipulations; phthalonitrile preparation and 

cyclotetramerization. 
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Figure 6.17: Library of Nitroxide Functionalized Phthalocyanines via Incorporation 

of Radical Units into the Phthalocyanine Ring. 
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6.6. Scope and Objectives 

 

Survey of nitroxide functionalized phthalocyanines reveals that there are few 

representative examples of them. In final analysis, nitroxide functionalized 

phthalocyanines are still in infancy. Therefore, our attention was focused on the 

synthesis and study of properties of phthalocyanines bearing Ullman radicals, either 

nitronyl nitroxide or imino nitroxide. 

Majority of nitroxide functionalized phthalocyanines are constituted by 

phthalocyanine ring with silicon atom in the cavity and by TEMPO or PROXYL 

radicals covalently linked to silicon via ether bonds. Just in one case, PROXYL 

radical are fused to the phthalocyanine ring. Just in another case, TEMPO radicals 

are tethered to the phthalocyanine ring via ether bond. However, there is no account 

reporting the Ullman radicals appended phthalocyanine structures. Therefore, we 

circumscribed the incorporation of Ullman radicals into the phthalocyanine ring. 

Radical moiety linked fluorophores are favored as profluorescent probes. 

Phthalocyanines are well-known fluorophore. Radical species are also well-known 

quencher for fluorescence of such compounds as matching of excited triplet states of 

fluorophore and doublet of radicals. Therefore, we proposed a profluorescent probe 

constituted by phthalocyanine as fluorophore and Ullman radical as quencher. Upon 

coordination of Ullman radicals -both nitronyl nitroxides and imino nitroxides- to the 

Cu
2+

 ions, radical nature of nitroxides would be no longer exist and hence 

fluorescence character of phthalocyanine is retrieved. 

A number of Ullman radical functionalized phthalocyanines are designed by 

taking into consideration the rich experience of our group on the phthalocyanine 

chemistry. Metal free phthalocyanines are favored in order to eliminate the 

interference of metal species in the cavity. First target type is one Ullman radical 

appended phthalocyanines 37 and 38 (Figure 6.18). They are constituted by one 

Ullman radical covalently linked to the peripheral position and six neopentoxy 

substituents on the peripheral positions of the other benzenes. As gender of Ullman 

radical, both nitronyl nitroxide and imino nitroxide are targeted. Neopentoxy groups 

are particularly favored in order to increase the solubility of title structures as 

unsubstituted or less substituted phthalocyanines are insoluble. Indeed, first target 

type is an A3B type unsymmetrical phthalocyanines (Figure 6.18). 
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Figure 6.18: One Ullman Radical Linked Phthalocyanines. 

 

Second target type is four Ullman radicals appended phthalocyanines 43 and 44 

(Figure 6.19). They are constituted by one Ullman radical covalently linked to the 

peripheral position of each benzene, in total four Ullman radicals on the 

phthalocyanine macrocycle. Solubility of this type could be a challenge as they do 

not contain any solubility enhancing substituents. As gender of Ullman radical, both 
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nitronyl nitroxide and imino nitroxide are targeted. Actually, second target type is a 

B4 type symmetrical phthalocyanines (Figure 6.19). 

 

 
 

Figure 6.19: Four Ullman Radical Linked Phthalocyanines. 
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Within the context, the main objectives are; 

 

i) To synthesize one Ullman radical appended phthalocyanines 37 and 38, 

ii) To synthesize four Ullman radicals appended phthalocyanines 43 and 44, 

iii) To investigate Cu
2+

 ions sensing ability of those compounds. 

 

6.7. Synthesis  

 

As stated in Chapter 6.6, target compounds are one Ullman radical appended 

phthalocyanines 37, 38 (A3B type unsymmetrical structures) and four Ullman 

radicals appended phthalocyanines 43 and 44 (B4 type symmetrical structures). 

Toward each type of target compounds, synthetic sequence requires; 

 

i) preparation of necessary phthalonitrile(s), 

ii) preparation of phthalocyanine aldehyde(s) through cyclotetramerization of 

phthalonitriles, 

iii) preparation of Ullman radical(s) linked phthalocyanines through Ullman 

process.  

 

Synthetic studies of target compounds are covered in the following three sub-

sections.  

 

6.7.1. Synthesis of Phthalonitriles 25 and 31 

 

Retrosynthetic analyses of the phthalocyanines 37 and 38 reveals that 

phthalonitriles 25 and 31 are required. In the cases of 43 and 44, solely phthalonitrile 

31 is necessary. As stated in Chapter 6.2, phthalonitriles, one of the most common 

precursors, could be converted easily to the corresponding phthalocyanines through 

cyclotetramerization. 

Synthesis of the 4,5-dineopentoxyphthalonitrile 25 was carried out on the basis 

of Leznoff’s procedure [126] with substantial modifications (Figure 6.20). First of 

all, catechol 21 was brominated to yield 1,2-dibromo-4,5-dihydroxybenzene 22. 

Secondly, 1,2-dibromo-4,5-dihydroxybenzene 22 was reacted with neopentyl 
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tosylate 23 to give 1,2-dibromo-4,5-dineopentoxybenzene 24. At final stage, bromine 

atoms of 1,2-dibromo-4,5-dineopentoxybenzene 24 were exchanged with cyanides 

through Rosenmund-von Braun reaction under microwave irradiation to generate the 

4,5-dineopentoxyphthalonitrile 25. Noteworthy that proceeding the cyanation step 

under microwave energy reduced the reaction time and lead better purity of the 

product in comparison to the conventional Rosenmund-von Braun reaction.  

 

 
 

Figure 6.20: Synthetic Pathway for 4,5-Dineopentoxyphthalonitrile 25. 

 

Formation of the compound 24 was monitored by FT-IR spectrum following 

the complete disappearance of the –OH stretching of 22. OH functionality of 22 was 

transformed into ether bonds of 24 which were clearly assigned in the FT-IR spectra. 

The transformation was tracked in FT-IR spectra as disappearance of –OH 

stretchings of 22 and appearance of aromatic aliphatic ether (C-O-C) stretchings of 

compound 24 at 1248 cm
−1

 and 1017 cm
−1

 (Figure 8.60). Aromatic CH stretching of 

benzene ring around was not observed. Aliphatic CH stretching of neopentyl groups 

are observed at 2956, 2907, and 1868 cm
−1

 (Figure 8.60). Perfect assignments of the 

signals in 
1
H NMR and 

13
C NMR (Figure 8.61 and 8.62) demonstrated the identity of 
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compound 24. Melting point, FT-IR, 
1
H NMR, and 

13
C NMR analyses demonstrated 

the identity and as well as the purity of compound 24. 

Formation of 4,5-dineopentoxyphthalonitrile 25 was monitored by FT-IR 

spectroscopy following appearance of the characteristic –CN stretching of 25. FT-IR 

spectrum of 25 displayed CN stretching at 2229 cm
−1

, aromatic CH stretching of 

benzene ring at 3129, 3095 and 3064 cm
−1

, aliphatic CH stretching of neopentyl 

groups at 2956, 2932, and 2876 cm
−1

, and stretching of aromatic aliphatic ether (C-

O-C) at 1230 and 1090 cm
−1

 (Figure 8.63). Perfect assignments of the signals in 
1
H 

NMR and 
13

C NMR (Figure 8.64 and 8.65) demonstrated the identity of 

phthalonitrile 25. Melting point, FT-IR, 
1
H NMR, and 

13
C NMR analyses 

demonstrated the identity and as well as the purity of phthalonitrile 25. 

Naturally, synthesis of unsymmetrical phthalocyanine monoaldehyde 34 

requires an aldehyde functionalized phthalonitrile as precursor. However, aldehyde 

group on the phthalonitrile could not survived under the harsh conditions of 

cyclotetramerization. Therefore, aldehyde group on the corresponding phthalonitrile 

needs to be protected with a suitable agent. 2,2-dimethylpropan-1,3-diol 29 was 

purposely favored as protecting agent. Because, in the protected form, it annelated to 

a 6-membered ring which is more stable than 5-membered ring (formed by ethylene 

glycol) against to thermal factors [146]. 

Synthesis of the 4-(5,5-dimethyl-1,3-dioxane-2-yl)-phthalonitrile 31 was 

carried out on the basis of Hanack’s procedure [147] with some optimizations 

(Figure 6.21). 4-bromobenzaldehyde 26 was first nitrated with classical aromatic 

nitration to give 4-bromo-3-nitrobenzaldehyde 27 which subsequently converted to 

the 3,4-dibromobenzaldehyde 28 which is commercially available now in various 

suppliers. Aldehyde group of 3,4-dibromobenzaldehyde 28 was protected with 2,2-

dimethylpropan-1,3-diol 29 to give 1,2-dibromo-4-(5,5-dimethyl-1,3-dioxane-2-

yl)benzene 30. At the final step, 1,2-dibromo-4-(5,5-dimethyl-1,3-dioxane-2-

yl)benzene 30 was converted to 4-(5,5-dimethyl-1,3-dioxane-2-yl)-phthalonitrile 31 

via Rosenmund-von Braun cyanation under microwave irradiation. Reason behind 

the protection of 28 is that cyanation via Rosenmund-von Braun takes place at 

elevated temperatures which may lead to decomposition of aldehyde. To stand on the 

safe side, aldehyde group was protected prior to cyanation process. 
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Figure 6.21: Synthetic Pathway for 4-(5,5-dimethyl-1,3-dioxane-2-yl)-phthalonitrile 

31. 

 

Formation of the compound 30 was monitored in FT-IR spectrum following the 

complete disappearance of the carbonyl stretching of 28 as aldehyde functionality of 

28 was transformed into acetal groups in 30. The transformation was tracked in FT-

IR spectra as disappearance of the carbonyl stretchings of 28 and appearance of 

acetal stretchings of compound 30 at 1376 cm
−1

 (Figure 8.66). FT-IR spectrum of 30 

displayed acetal stretching at 1376 cm
−1

, aromatic CH stretchings of benzene ring at 

3096 and 3077 cm
−1

, aliphatic CH stretchings of methyl groups at 2952 and 2855 

cm
−1

 (Figure 8.66). Perfect assignments of the signals in 
1
H NMR and 

13
C NMR 

(Figure 8.67 and 8.68) demonstrated the identity of compound 30. Melting point, FT-

IR, 
1
H NMR, and 

13
C NMR analyses demonstrated the identity and as well as the 

purity of compound 30. 

Formation of 4-(5,5-dimethyl-1,3-dioxane-2-yl)-phthalonitrile 31 was 

monitored by FT-IR spectroscopy following the appearance of the –CN stretchings 

of 31. FT-IR spectrum of 31 displayed CN stretching at 2236 cm
−1

, aromatic CH 

stretchings of benzene ring at 3118, 3085 and 3047 cm
−1

, aliphatic CH stretchings of 

methyl groups at 2962, 2869, and 2829 cm
−1

, and acetal stretchings at 1364 cm
−1

 

(Figure 8.69). Perfect assignments of the signals in 
1
H NMR and 

13
C NMR (Figure 

8.70 and 8.71) demonstrated the identity of phthalonitrile 31. Melting point, FT-IR, 
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1
H NMR, and 

13
C NMR analyses demonstrated the identity and as well as the purity 

of phthalonitrile 31. 

In conclusion, phthalonitriles 25 and 31 were successfully synthesized with our 

optimizations on the basis of Leznoff [126] and Hanack protocols [147] respectively. 

Phthalonitriles 25 and 31 were characterized by melting point, FT-IR, and NMR 

analyses. 

 

6.7.2. Synthesis of Mono Ullman Radical Linked Phthalocyanines 37 

and 38  
 

Synthetic methodology for 37 and 38 consist on a statistical 

cyclotetramerization of two different phthalonitriles in different ratio to favor the 

formation of the unsymmetrical A3B type phthalocyanine. Ullman route in the 

method converts aldehyde bearing phthalocyanine 34 to the corresponding radicals. 

Synthetic pathway requires multi-step organic manipulations which are described 

briefly as follows; 

 

i) synthesis of phthalocyanine monoaldehyde (34) via statistical 

cyclotetramerization of phthalonitrile (25) and phthalonitrile (31),  

ii) condensation of phthalocyanine monoaldehyde  (34) with 2,3-

bis(hydroxylamino)-2,3-dimethylbutane (3), 

iii) oxidation of the condensation product to yield the target compounds 37 and 38. 

 

Statistical cyclotetramerization of phthalonitrile 25 and phthalonitrile 31 

afforded symmetrical A4 type phthalocyanine 32 and unsymmetrical A3B type 

phthalocyanine 33 as major products (Figure 6.22) [120]. The reaction was 

classically carried out by overnight refluxing in pentanol under template effect of 

metallic lithium to give the unsymmetrical A3B type 33 in 23% yield and A4 type 32. 

They were isolated through column chromatography on silica gel eluting with 

dichloromethane-hexane mixture. Phthalocyanines 32 and 33 were characterized 

with FT-IR and MALDI MS analyses. 

FT-IR spectrum of 32 (Figure 8.72) displayed aromatic CH stretching of 

phthalocyanine ring at 3295 and 3077 cm
−1

, aliphatic CH stretching of neopentyl 

groups at 2954, 2906, and 2867 cm
−1

, aromatic aliphatic ether (C-O-C) stretching at 
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1275, 1260 and 1214 cm
−1

 (Figure 8.72). MALDI-TOF MS analysis (Figure 8.73) 

shows a peak at m/z of 1204 [M+H]
+
 which is another identity proof of 

phthalocyanine 32. 

FT-IR spectrum of 33 (Figure 8.74) displayed aromatic CH stretching of 

phthalocyanine ring at 3296, 3032 and 3005 cm
−1

, aliphatic CH stretching of 

neopentyl groups at 2956, 2907, and 2868 cm
−1

, aromatic aliphatic ether (C-O-C) 

stretching at 1261 and 1218 cm
−1

 (Figure 8.74). MALDI-TOF MS analysis (Figure 

8.75) shows a peak at m/z of 1146 [M+H]
+
 which is another identity proof of 

phthalocyanine 33. 

Deprotection of phthalocyanine 33 was performed in F3CCOOH-CH2Cl2 

mixture to obtain the open aldehyde phthalocyanine 34 in 98% yield (Figure 6.22). It 

was characterized with FT-IR, NMR, MALDI MS and elemental analyses. FT-IR 

spectrum of 34 (Figure 8.76) displayed aromatic CH stretching of phthalocyanine 

ring at 3296 and 3077 cm
−1

, aliphatic CH stretching of neopentyl groups at 2954, 

2907, and 2868 cm
−1

, carbonyl stretching of aldehyde at 1693 cm
−1

, and aromatic 

aliphatic ether (C-O-C) stretching at 1280, 1261 and 1217 cm
−1

. Perfect assignments 

of the signals in 
1
H NMR and 

13
C NMR spectra (Figure 8.77 and 8.78) demonstrated 

the identity and as well as the purity of open aldehyde phthalocyanine 34. 
1
H NMR 

analysis reveals that open aldehyde phthalocyanine 34 has unsymmetrical structure 

as the aromatic protons on so-called A isoindole subunits differs from each other, 

methylene protons of neopentyl groups on A isoindole subunits differs significantly, 

and methyl protons of neopentyl groups on A isoindole subunits shifts differently as 

well (Figure 8.77). Same trend was observed in 
13

C NMR spectrum as methine 

carbons shifts differently and shifts of methylene carbons vary even small differences 

(Figure 8.78). MALDI-TOF MS analysis (Figure 8.79) which shows a peak at m/z of 

1060 [M+H]
+
 and elemental analysis prove the identity and the purity of the 

aldehyde group bearing phthalocyanine 34. 
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Figure 6.22: Synthetic Pathway for Phthalocyanine Monoaldehyde 34. 
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Now, open aldehyde phthalocyanine 34 is in hand to be converted to the 

Ullman radicals. Condensation step of Ullman process [25] is classically carried out 

by refluxing the aldehyde and BHA 3 in mostly methanol. Utilization of methanol as 

solvent is a key parameters because BHA 3 is well soluble in it. However, 

condensation conditions needs to be optimized specifically for some cases in which 

the aldehyde is not soluble in methanol. Co-solvent [148] or completely different 

solvent is required to overcome the solubility obstacle of aldehyde. Besides that, 

solvent free condensation [26] is also employed. In case of 34, it is required to 

optimize the condensation conditions as phthalocyanine monoaldehyde 34 is not 

soluble in methanol. Optimization experiments were performed according to the 

conditions tabulated in Table 6.1. 

Each reaction was carried out in this manner; phthalocyanine monoaldehyde 34 

(10.7 mg, 1 eq.) and BHA 3 (14.8 mg, 10 eq.) and TsOH (1.9 mg, 1 eq.) were stirred 

in 2 mL of methanol and 4 mL of the other solvent under argon atmosphere at 

specified temperature. Progress of the reaction was monitored with TLC analysis. 

 

Table 6.1: Optimization of Condensation Conditions. 

 

Entry Solvent Temperature Catalyst Time 

(days) 

Result 

1 (CH2Cl)2-MeOH 

(2:1) 

rt - 7 No reaction 

2 (CH2Cl)2-MeOH 

(2:1) 

rt TsOH 7 No reaction 

3 (CH2Cl)2-MeOH 

(2:1) 

reflux  TsOH 3 No reaction 

4 PhMe-MeOH  

(2:1) 

rt TsOH 7 No reaction 

5 PhMe-MeOH  

(2:1) 

reflux TsOH 3 Little product 

formed 

but no completion 

6 THF-MeOH (2:1) rt - 7 No reaction 

7 THF-MeOH (2:1) rt TsOH 7 No reaction 

8 THF-MeOH (2:1) 50 °C  - 7 No reaction 

9 THF-MeOH (2:1) 50 °C  TsOH 7 Little product 

formed  

but no completion 

10 THF-MeOH (2:1) reflux TsOH 2 Product formed,  

full completion 

11 Solvent free rt - 7 No reaction 

12 Solvent free rt TsOH 7 No reaction 
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Figure 6.23: Synthetic Pathway for the Condensation Products 35 and 36.  

 

Upon twelve experiments, the best result was observed in refluxing THF-

MeOH (2:1) mixture for two days in the presence of TsOH as catalyst (Figure 6.23). 

Performing the condensation on the basis of optimized conditions gave solely the 1-

hydroxy-2-imidazoline derivative 36 instead of the anticipated 1,3-

dihydroxyimidazolidine derivative 35. The structure of isolated product was 

confirmed by MALDI-TOF MS (Figure 8.81), m/z 1171 [M+H]
+
). Obtaining of 1-

hydroxy-2-imidazoline derivative 36 was credited to the dehydration [27] of 
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anticipated product 1,3-dihydroxyimidazolidine derivative 35 at reflux temperature 

to the isolated product 36. 

Condensation product was characterized with FT-IR and MALDI MS analyses 

and identified as 36. FT-IR spectrum of 36 (Figure 8.80) displayed aromatic CH 

stretchings of phthalocyanine ring at 3296 and 3081 cm
−1

, aliphatic CH stretchings of 

neopentyl groups at 2954, 2907, and 2868 cm
−1

, aromatic aliphatic ether (C-O-C) 

stretchings at 1279, 1260 and 1215 cm
−1

 and disappearance of carbonyl stretching of 

aldehyde at 1693 cm
−1

. MALDI-TOF MS analysis (Figure 8.81) shows a peak at m/z 

of 1171 [M]
+
 which another identity proof of condensation product 36. 

The oxidation step in the Ullman process is important as it generates the 

radicals. Oxidants commonly utilized in the Ullman process are NaIO4, MnO2, PbO2, 

and air.   Oxidation conditions are also required to be optimized. The most common 

oxidation methods are described briefly as follows; 

 

i) Condensation product was dissolved or even suspended in water-immiscible 

solvent. Saturated NaHCO3 (aq.) solution was added to the mixture which 

stirred vigorously. Bi-phasic reaction is performed by adding the aqueous 

solution of NaIO4 drop by drop to the mixture [29]. 

ii) Condensation product was added to a solvent like CH2Cl2, CHCl3 or toluene. 

Heterogeneous reaction was performed by adding the excess of PbO2 [149]. 

iii) Condensation product was added to a solvent like CH2Cl2, CHCl3 or toluene. 

Heterogeneous reaction was performed by adding the excess of MnO2 [150]. 

iv) Condensation product was dissolved in any solvent system. NH4OH (aq.) is 

added if needed. It is oxidized under air stream in the presence of Cu(AcO)2 as 

catalyst. 

 

All of the described methods are examined in order to find best oxidation 

conditions. The experiments are tabulated in Table 6.2. 
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Table 6.2: Optimization of Oxidation Conditions. 

 

Entry Oxidant Solvent Time Result 

1 NaIO4 CH2Cl2-H2O 3 

days 

No completion as reaction progressed 

very slow 

2 PbO2 CH2Cl2 2 

days 

Reaction completed as condensation 

product consumed completely 

3 MnO2 CH2Cl2 2 

days 

Phthalocyanine decomposed  

4 Air THF-MeOH, 

NH4OH (aq.) 

3 

days 

No completion as reaction progressed 

very slow, by-products formed  

  

 

 
 

Figure 6.24: Synthetic Pathway for the Monoradical Phthalocyanine 38. 
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Best results were observed with PbO2 as oxidizing in CH2Cl2 for two days 

(Figure 6.24). Oxidation of isolated product 1-hydroxy-2-imidazoline derivative 36 

with PbO2 gave the corresponding imino nitroxide phthalocyanine derivative 38. 

FT-IR spectrum of 38 (Figure 8.82) displayed aromatic CH stretching of 

phthalocyanine ring at 3296 and 3081 cm
−1

, aliphatic CH stretching of neopentyl 

groups at 2955, 29257, and 2867 cm
−1

, aromatic aliphatic ether (C-O-C) stretching at 

1279, 1260 and 1216 cm
−1

. MALDI-TOF MS analysis of 38 (Figure 8.83) shows a 

peak at an m/z of 1171 [M+H]
+
, which is proof of the formation of 38, as well as 

elemental analyses demonstrate its purity. 

In conclusion, monoradical phthalocyanine 38 was synthesized through 

statistical cyclotetramerization of two different phthalonitriles and subsequently 

Ullman procedure. Monoradical phthalocyanine 38 was characterized 

unambiguously with a rich array of analyses such as FT-IR, MALDI-TOF MS, 

elemental analysis, UV-vis, CV, EPR, and magnetic measurements. 

 

6.7.3. Synthesis of Tetra Ullman Radicals Linked Phthalocyanines 

43 and 44  
 

Synthetic methodology for 43 and 44 consist of the cyclotetramerization of 

phthalonitrile 31 as they are symmetrical phthalocyanines, follows by the Ullman 

procedure. Synthetic pathway requires multi-step organic manipulations which are 

described briefly as follows; 

 

i) synthesis of phthalocyanine tetraaldehyde 40 via cyclotetramerization of 

phthalonitrile 31,  

ii) condensation of phthalocyanine tetraaldehyde 40 with 2,3-bis(hydroxylamino)-

2,3-dimethylbutane (3), 

iii) oxidation of the condensation product to yield the target compounds 43 and 44. 

 

Phthalonitrile 31 was already prepared as described in Chapter 6.7.1. 

Cyclotetramerization of phthalonitrile 31 afforded the phthalocyanine tetra-

protected aldehyde 39. The reaction was classically carried out by 7 hours refluxing 

in pentanol under template effect of metallic lithium (Figure 6.25).  
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Figure 6.25: Synthetic Pathway for the Phthalocyanine Tetraaldehyde 40. 

 

FT-IR spectrum of 39 (Figure 8.84) displayed aromatic CH stretching of 

phthalocyanine ring at 3288 cm
−1

, aliphatic CH stretching of protecting groups at 

2952, 2924, and 2851 cm
−1

, and acetal stretching at 1379 cm
−1

. MALDI-TOF MS 

analysis (Figure 8.85) shows a peak at m/z of 971 [M+H]
+
 which another identity 

proof of phthalocyanine 39. 

Deprotection of phthalocyanine 39 was performed in F3CCOOH-CH2Cl2 

mixture to obtain the phthalocyanine tetraaldehyde 40 in 95% yield (Figure 6.25). It 

was characterized with FT-IR and MALDI MS analyses. FT-IR spectrum of 40 

(Figure 8.86) displayed aromatic CH stretching of phthalocyanine ring at 3286 and 
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3055 cm
−1

, CH stretching of aldehyde 2850 cm
−1

, carbonyl stretching of aldehyde at 

1693 cm
−1

. MALDI-TOF MS analysis (Figure 8.87) which shows a peak at m/z of 

626 [M]
+
 proves the identity of open tetraaldehyde phthalocyanine 40. 

 

 
 

Figure 6.26: Synthetic Pathway for the Condensation Product 42. 

  

Phthalocyanine tetraaldehyde 40 suffers badly from insolubility in most of the 

organic solvents. Its condensation with BHA 3 was a serious challenge. After various 

preliminary experiment, phthalocyanine tetraaldehyde 40 was suspended in 1,2-

dichloroethane-methanol mixture, then kept in ultrasonic bath for one hour. BHA 3 

and catalyst TsOH added to the suspension, then kept another hour in ultrasonic bath 
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(Figure 6.26). The final mixture was stirred vigorously under argon atmosphere at 

room temperature for 14 days (Figure 6.26). It was sonicated for one hour each day 

and then kept stirring during 14 days. At the end of period, aldehyde was completely 

consumed (Figure 8.88 and 8.89). The green mixture was added to the 5% ethanol-

water mixture and stirred for a while. Formed green precipitates are collected 

through centrifugation and then washed with water. 

Condensation product was characterized with FT-IR and MALDI MS analyses 

and identified as 42. FT-IR spectrum of 42 (Figure 8.88) displayed −OH stretching at 

3281 cm
−1

, aliphatic CH stretching at 2923 and 2858 cm
−1

, and disappearance of 

carbonyl stretching of aldehyde at 1693 cm
−1

. MALDI-TOF MS analysis (Figure 

8.90) shows a peak at m/z of 1075 [M]
+
 which another identity proof of condensation 

product 42. MALDI-TOF MS analysis clearly confirms that condensation product 42 

is a 1-hydroxy-2-imidazoline derivative which credited to dehydration of 1,3-

dihydroxyimidazolidine derivative in solution. 

The oxidation step is a tough challenge due to the low solubility of 

condensation product in most organic solvents. It was performed with NaIO4 and 

PbO2. Oxidation with NaIO4 (Figure 6.27) progresses very slowly due to solubility 

problem of 42 whereas oxidation with PbO2 does not work. Best solvent combination 

was determined as mixture of 1,2-dichlorethane, THF, and water. EPR spectrum of 

44 have seven-line splitting pattern with the relative intensity of 1:1:2:1:2:1:1 which 

clearly prove the identity of phthalocyanine tetra-imino nitroxide 44. MALDI-TOF 

MS analysis (Figure 8.91) shows a peak at m/z of 1072 [M+H]
+
 which another 

identity proof of phthalocyanine tetra-imino nitroxide 44. Optimization of oxidation 

step is in progress. In brief, the synthetic difficulties and isolation of 44 were 

challenges because of solubility problem. 

In conclusion, phthalocyanine tetraaldehyde 40 was synthesized and 

subsequently converted to condensation product 42 successfully. However, 

phthalocyanine tetraaldehyde 40 and its derivatives 42 and 44 encountered extremely 

low solubility in most organic solvents. Oxidation of condensation product 42 with 

NaIO4 generated the phthalocyanine tetra-imino nitroxide 44 which characterized 

with MALDI-TOF MS and EPR analyses. Optimizations are in progress. 
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Figure 6.27: Synthetic Pathway for the Phthalocyanine Tetra Imino Nitroxide 44. 

 

6.8. Absorption Spectroscopy 

 

Electronic structures of phthalocyanine 32 (symmetrical, reference compound) 

and mono imino nitroxide phthalocyanine 38 (unsymmetrical, target compound) 

were studied with absorption spectroscopy. 32 and 38 were soluble in 

dichloromethane in which the Beer−Lambert Law was observed for both compounds 
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in the range from 10
−6

 to 10
−5

 M (Figure 8.92, 8.93, 8.94 and 8.95). Both of 32 and 

38 possess a split Q band, typical of metal free phthalocyanine (Figure 6.28). 

Symmetrical phthalocyanine 32 has B band absorption at 432 nm and Q band 

absoptions at 664 nm and 701 nm. Unsymmetrical phthalocyanine 38 have B band at 

446 nm and Q bands at 674 nm and 695 nm. The extension of the conjugation, due to 

the imino nitroxide moiety present in 38, lead to a 14 nm red shift of the B band in 

comparison to that of 32 and observed at 446 nm. The low symmetry of 38 leads to a 

closer Q bands to each other. All of the B and Q bands observed for the 32 and 38 

are arised from the π→π* transitions from the orbitals of phthalocyanine ring. 

Typically, imino nitroxide radicals have n→π* transitions observed around 450 

nm in the spectrum. However, it was overlapped with B band and stayed under. 

In conclusion, both of 32 and 38 possess a split Q band which characteristic of 

metal free phthalocyanines. In case of 38, extra conjugation by imino nitroxide 

radical leads a 14 nm red shift of the B band. 

 

 
 

Figure 6.28: UV-Vis Spectra of 32 and 38. 
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6.9. Electrochemical Analysis 

 

Electrochemical behavior of phthalocyanine mono imino nitroxide 38 was 

investigated by cyclic voltammetry. Phthalocyanine 38 showed an irreversible 

oxidation wave at 1.260 V vs. SCE and a reversible reduction one at −0.886 V 

(Figure 6.29). Noteworthy that potentials were referenced to ferrocene/ferrocenium 

couple by taking E1/2 (Fc/Fc
+
) = 0.480 V vs. SCE in dichloromethane with 0.1 M n-

Bu4NClO4 as supporting electrolyte [151]. 

Redox characteristics and observed potentials of 38 are in accordance with the 

literature [31], [92]. In conclusion, electrochemical behavior of phthalocyanine 38 

was characterized by cyclic voltammetry. 

 

 
 

Figure 6.29: Cyclic Voltammogram of Phthalocyanine 38 Recorded at rt in 

Dichloromethane, 0.1 M n-Bu4NClO4 as Supporting Electrolyte, Scan Rate of 100 

mV/s. 

 

6.10. Electron Paramagnetic Resonance Spectroscopy  

 

EPR spectrum of 38 (Figure 6.30) have seven-line splitting pattern with the 

relative intensity of 1:1:2:1:2:1:1. The seven-line spectrum reasoned by the 

interaction of the unpaired electron (S=1/2) with two unequivalent 
14

N nitrogen 

atoms (nuclear spin I=1) in the imidazoline ring. This spectrum was simulated with 

Jeol IsoSimu computer program. Best fitting parameters are found as g = 2.0029, aN1 

= 9.3 G, aN2 = 4.2 G, ΔHp−p = 2.1 G. Splitting pattern and the parameters clearly 

proves phthalonitrile 38 as imino nitroxide radical. 
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Figure 6.30: EPR Spectra of the Radical 38 at 293 K at 10
-4

 M in Dichloromethane-

toluene (1:1) Mixture. 

 

Oxidation of 42 with NaIO4 generated phthalocyanine tetra-imino nitroxide 44 

which is clearly proven by EPR spectra. EPR spectra of 44 from different batches 

(Figure 6.31 and 6.32) have seven-line splitting pattern with the relative intensity of 

1:1:2:1:2:1:1, characteristics of imino nitroxide radicals. EPR analyses of 44 were 

done regardless of concentration. 

 

 
 

Figure 6.31: EPR Spectra of 44 at 293 K. 
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EPR spectrum of 44 (Figure 6.32) shows typical imino nitroxide profile with g 

= 2. 0029, aN1 = 9.1 G, aN2 = 4.3 G and ∆Hp-p = 2.4 G.  

 

 
 

Figure 6.32: EPR Spectrum of 44 at 293 K. 

 

6.11. Magnetic Measurements 

 

Magnetic measurements and analysis are underway. 

 

6.12. X-ray Diffraction Analyses  

 

Crystallizations of phthalonitriles 25, 31, and phtalocyanine mono imino 

nitroxide 38 are in progress. X-ray diffractions and structure determination will be 

performed upon obtaining suitable crystals. 

 

6.13. Summary and Conclusion 

 

The phthalocyanine bearing one imino nitroxide 38 was successfully 

synthesized through Ullman process. However, its nitronyl nitroxide analog could 

not be prepared yet as the anticipated condensation product, 1,3-

dihydroxyimidazolidine, dehydrates to the 1-hydroxy-2-imidazoline derivative in our 

condition. Some works have to be achieved to understand the dehydration 
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mechanism and to highlight the conditions in which such process occur. From our 

first observations, the presence of TsOH during the condensation step can promote 

dehydration process. The phthalocyanine mono imino nitroxide 38 was characterized 

indubitably by FT-IR, MALDI-TOF, elemental analysis, absorption spectroscopy, 

cyclic voltammetry and EPR analyses. As far as we know, it is the first time that 

phthalocyanine bearing an Ullman radical covalently bond on the skeleton was 

synthesized and characterized. Despite the difficulties encountered in this non trivial 

synthesis, this first result allows us to hope to obtain soon the molecule 37, 

phthalocyanine mono nitronyl nitroxide. 

On the other hand, the synthesis of phthalocyanines bearing four Ullman 

radicals is still a challenge as the condensation product suffers very badly from 

insolubility. Nevertheless, phthalocyanine tetra imino nitroxide 43 was generated in 

reaction medium even if not isolated yet and characterized with MALDI-TOF MS 

and EPR analyses. Optimizations in order to overcome the challenges arisen from 

insolubility are underway. 

 

6.14. Synthetic Procedures of Phthalonitriles  

 

As stated in the Chapter 6.7.1, phthalonitriles 25 and 31 were synthesized 

successfully. Procedures for 25 and 31 were optimized on the basis of Leznoff [126] 

and Hanack protocols [147] respectively. 

 

6.14.1. Synthesis of 1,2-Dibromo-4,5-dineopentoxybenzene 24 

 

1,2-dibromo-4,5-dihydroxybenzene 22 (1 eq., 0.075 mol, 19.950 g), neopentyl 

tosylate 23 (2 eq., 0.150 mol, 36.3 g,), KOH (4 eq., 0.300 mol, 16.833 g), and 

tetraheptylammonium bromide (0.4 eq., 0.030 mol, 14.721 g) were charged into 250 

mL flask. The mixture was stirred for a while, then hexamethylphosphoramide 

(HMPA) was added. The solution was heated at 90 °C for one week. The reaction 

mixture was poured into water (400 mL). It was extracted with CH2Cl2 (3 X 400 

mL). Organic phase was washed with water (10 X 400 mL) and then dried over 

Na2SO4. Crude product was purified with column chromatography on silica gel 

eluting with hexane-dichloromethane mixture. Column purification gave 17.052 g of 
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24 in 56% yield. mp. 47−49 °C. FT-IR (ATR, νmax, cm
−1

) : 2956s, 2907m, 2868m, 

1583m, 1497s, 1476s, 1400m, 1364m, 1352m, 1274m, 1248s, 1201s, 1113w, 1046m, 

1017s, 923w, 906w, 844m, 766s, 750s. 
1
H NMR (500 MHz, CDCl3): δ 7.02 (s, 2H, 

aromatic −CH), 3.57 (s, 4H, −CH2), 1.05 (s, 18H, neopentyl −CH3) ppm. 
13

C NMR 

(125 MHz, CDCl3): δ 149.58, 117.45, 114.40, 110.13, 79.10, 32.27, 26.70. ppm.  

 

 

6.14.2. Synthesis of 4,5-Dineopentoxyphthalonitrile 25 

 

1,2-dibromo-4,5-dineopentoxybenzene 24 (1 eq., 0.040 mol, 16.24 g) was 

charged into 500 mL flask. CuCN (3 eq., 0.120 mol, 10.748 g) was dissolved in 

NMP (130 mL), then added to reaction flask. The flask was placed in the cavity and 

stirred efficiently. Flask content was subjected to microwave irradiation (maximum 

energy 1000 Watt) at 180 °C for 30 minutes under argon. Reaction mixture was 

poured into ammonia solution (300 mL, 32% NH4OH), then stirred for two hours. 

Formed dark brown precipitate was collected through vacuum filtration and washed 

with water until filtrate is translucent. Filtrates were combined, then extracted with 

CH2Cl2 (3 X 100 mL). Organic phase was washed with water (10 X 300 mL) and 

then dried over Na2SO4. Crude product was purified with column chromatography on 

silica gel eluting with dichloromethane. Column purification gave 8.88 g of 25 in 

74% yield. mp. 202−204 °C. FT-IR (ATR, νmax, cm
−1

) : 3129w, 3095w, 3064w, 

2956s, 2932m, 2876m, 2229s, 1586s, 1562m, 1518s, 1476s, 1406s, 1395s, 1363s, 

1286s, 1265s, 1230s, 1214s, 1202s, 1090s, 1040m, 1011s, 990s, 950m, 926s, 884s, 

861s. 
1
H NMR (500 MHz, CDCl3): δ 7.08 (s, 2H, aromatic −CH), 3.66 (s, 4H, 

−CH2), 1.08 (s, 18H, neopentyl −CH3) ppm. 
13

C NMR (125 MHz, CDCl3): δ 172.64, 

152.90, 116.14, 115.35, 108.41, 79.05, 32.25, 26.58 ppm. 

 

6.14.3. Synthesis of 1,2-Dibromo-4-(5,5-dimethyl-1,3-dioxane-2-

yl)benzene 30 
 

3,4-dibromobenzaldehyde 28 (1 eq., 0.040 mol, 10.48 g),  2,2-dimethylpropan-

1,3-diol 29 (2 eq., 0.080 mol, 8.32 g), TsOH (5% eq., 0.002 mol, 0.380 g), and 

toluene (50 mL) were charged into 100 mL flask. It was heated overnight at reflux 

temperature equipped with Dean-Stark trap. It was cooled to ambient temperature, 
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and then evaporated to dryness. Residue was dissolved in CH2Cl2 (100 mL). Organic 

phase was washed with saturated NaHCO3 (aq.) solution (2 X 100 mL), then with 

water (3 X 100 mL), and finally dried over Na2SO4. Crude product was purified with 

column chromatography on silica gel eluting with hexane-dichloromethane mixture. 

Column purification gave 7.795 g white powder of 30 in 56% yield. mp. 65−67 °C. 

FT-IR (ATR, νmax, cm
−1

) : 3096w, 3077w, 2952s, 2855m, 1722m, 1590w, 1557w, 

1459s, 1376s, 1335m, 1306s, 1279m, 1229s, 1213s, 1098s, 1035s, 1013s, 992s, 981s, 

956s, 930s, 909s, 875s, 811s, 786m, 757w, 736s, 686m, 658s. 
1
H NMR (500 MHz, 

CDCl3): δ 7.78 (m, 1H, aromatic −CH), 7.62 (m, 1H, aromatic −CH), 7.31 (m, 1H, 

aromatic −CH), 5.32 (d, J = 2.0 Hz, 1H, aliphatic −CH), 3.76 (d, J = 10.1 Hz, 2H, 

aliphatic −CH 2), 3.63 (d, J = 10.5 Hz, 2H, aliphatic −CH 2), 1.27 (s, 3H, −CH3), 0.80 

(s, 3H, −CH3) ppm. 
13

C NMR (125 MHz, CDCl3): δ 139.50, 133.60, 131.72, 126.54, 

125.21, 124.80, 100.05, 77.75, 30.37, 23.15, 21.97 ppm. 

 

6.14.4. Synthesis of 4-(5,5-Dimethyl-1,3-dioxane-2-yl)-phthalonitrile 

31 
 

1,2-dibromo-4-(5,5-dimethyl-1,3-dioxane-2-yl)benzene 30 (1 eq., 0.020 mol, 

6.96 g) was charged in to 250 mL flask. CuCN (4 eq., 0.080 mol, 7.165 g) was 

dissolved in NMP (180 mL), and then added to the flask. The flask was placed in the 

cavity and stirred efficiently. Flask content was subjected to microwave irradiation 

(maximum energy 1000 Watt) at 180 °C for one hour under argon. Reaction mixture 

was poured into ammonia solution (200 mL, 32% NH4OH), then stirred for two 

hours. Formed dark brown precipitate was collected through vacuum filtration and 

washed with water until filtrate is translucent. Filtrates were combined, then 

extracted with CH2Cl2 (3 X 100 mL). Organic phase was washed with water (10 X 

300 mL) and then dried over Na2SO4. Crude product was purified with column 

chromatography on silica gel eluting with dichloromethane. Column purification 

gave 2.517 g of 31 in 52% yield. mp. 48−50 °C. FT-IR (ATR, νmax, cm
−1

) : 3118w, 

3085w, 3047w, 2962m, 2869m, 2829w, 2236s, 1496w, 1473s, 1462s, 1427s, 1395s, 

1364s, 1315m, 1286s, 1235m, 1204m, 1216m, 1161w, 1104s, 1094s, 1038s, 1014s, 

994s, 976s, 951m, 937w, 919s, 850s, 817s, 783m, 764s, 750s, 716w. 
1
H NMR (500 

MHz, CDCl3): δ 7.98 (m, 1H, aromatic −CH), 7.85 (m, 1H, aromatic −CH), 7.81 (m, 

1H, aromatic −CH), 5.43 (s, 1H, aliphatic −CH), 3.79 (d, J = 9.9 Hz, 2H, aliphatic 
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−CH 2), 3.67 (d, J = 10.4 Hz, 2H, aliphatic −CH 2), 1.24 (s, 3H, −CH3), 0.82 (s, 3H, 

−CH3) ppm. 
13

C NMR (125 MHz, CDCl3): δ 144.37, 133.55, 131.70, 131.14, 115.97, 

115.87, 115.41, 98.78, 77.77, 30.41, 23.02, 21.86 ppm. 

 

6.15. Synthetic Procedures of Mono Ullman Radical Linked 

Phthalocyanines 
 

6.15.1. Synthesis of 32 and 33 

 

Metallic lithium was dissolved in pentanol (50 mL) and stirred for 1 hour. 

Phthalonitrile 25 (6 eq., 0.012 mol, 3.600 g) and phthalonitrile 31 (1 eq., 0.002 mol, 

0.484 g) were added to the solution. Final mixture was refluxed overnight. Intense 

green solution was cooled to ambient temperature. It was precipitated by adding drop 

by drop into water-ethanol mixture. Formed green precipitate was collected by 

suction filtration. It was washed with water and then with ethanol, finally dried under 

air stream to afford 3.800 g crude product as green waxy solid. Crude product was 

purified with column chromatography on silica gel eluting with dichloromethane-

hexane mixture. Column purification gave two major products; 1.680 g of 32 as 

green waxy solid and 0.527 g of 33 as green powder in 23% yield.  

Phthalocyanine 32: FT-IR (ATR, νmax, cm
−1

) : 3295w, 3077w, 2954s, 2906s, 

2867m, 1600m, 1491s, 1465s, 1444s, 1419m, 1391s, 1362s, 1325s, 1275s, 1260s, 

1211s, 1197s, 1170m, 1098s, 1053s, 1014s, 917m, 866s, 852s, 806s, 748s, 723m, 

709s, 693m. MALDI-TOF MS (2,5-dihydroxybenzoic acid): m/z for C72H98N8O8 

[calculated]: 1203, [found]: 1204 [M+H]
+
. 

Phthalocyanine 33: FT-IR (ATR, νmax, cm
−1

) : 3296w, 3032w, 2956m, 2914m, 

2869m, 1546s, 1534s, 1471s, 1454s, 1408s, 1394s, 1378s, 1340s, 1280m, 1261s, 

1218m, 1170s, 1133s, 1096s, 1050m, 1018s, 850s, 799s, 766s, 742s, 647m. MALDI-

TOF MS (2,5-dihydroxybenzoic acid): m/z for C68H88N8O8 [calculated]: 1145, 

[found]: 1146 [M+H]
+
. 

 

6.15.2. Synthesis of 34 

 

Phthalocyanine 33 (0.46 mmol, 0.527 g) was stirred in F3CCOOH-CH2Cl2 

mixture (40 mL-40 mL) at room temperature overnight. Green mixture was poured 
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into water. Green organic phase was washed with saturated NaHCO3 (aq.) solution (5 

X 100 mL), then with water (10 X 100 mL), finally dried over Na2SO4. Green 

solution was evaporated to dryness. Crude product was purified with column 

chromatography on silica gel eluting with dichloromethane-hexane mixture (5:1). 

Column purification gave 0.477 g of 34 as green powder in 98% yield. FT-IR (ATR, 

νmax, cm
−1

) : 3296w, 3077w, 2954s, 2907m, 2868m, 1693s, 1607m, 1583m, 1490s, 

1474s, 1450s, 1393s, 1363s, 1342s, 1280m, 1260s, 1235s, 1205s, 1158s, 1132m, 

1095s, 1068s, 1049s, 1017s, 921s, 854s, 830s, 739s, 715s, 691s. 
1
H NMR (500 MHz, 

CDCl3): δ 10.40 (s, 1H, -CHO), 8.93 (s, 1H, aromatic −CH), 8.53 (d, J = 5 Hz, 1H, 

aromatic −CH), 8.41 (s, 1H, aromatic −CH), 8.29 (s, 1H, aromatic −CH), 8.10 (m, 

2H, aromatic −CH), 7.96 (s, 1H, aromatic −CH), 7.56 (m, 2H, aromatic −CH), 4.33 

(s, 2H, -CH2O-), 4.31 (s, 2H, -CH2O-), 4.20 (s, 2H, -CH2O-), 4.07 (s, 2H, -CH2O-), 

3.92 (s, 2H, -CH2O-), 3.90 (s, 2H, -CH2O-), 1.48 (s, 18H, neopentyl -CH3), 1.45 (s, 

9H, neopentyl -CH3), 1.41 (s, 9H, neopentyl -CH3), 1.38 (s, 18H, neopentyl -CH3), -

3.92 (s, 2H, -NH) ppm. 
13

C NMR (125 MHz, CDCl3): δ 192.79, 152.66, 152.48, 

152.28, 152.22, 151.96, 151.93, 141.99, 137.96, 135.69, 133.20, 133.16, 129.46, 

126.93, 126.72, 126.06, 126.01, 123.05, 122.21, 106.08, 105.96, 103.75, 103.54, 

102.62, 102.45, 79.14, 78.83, 78.75, 78.49, 78.48, 77.73, 32.76, 32.63, 32.56, 32.53, 

27.35, 27.29, 27.19 ppm. MALDI-TOF MS (2,5-dihydroxybenzoic acid): m/z for 

C63H78N8O7 [calculated]: 1059, [found]: 1060 [M+H]
+
. Elemental Analysis for 

C63H78N8O7 [calculated]: C, 71.43; H, 7.42; N, 10.58. [found]: C, 69.81; H, 7.78; N, 

9.23. 

 

6.15.3. Synthesis of 38 

 

Phthalocyanine monoaldehyde 34 (1 eq., 0.075 mmol, 0.079 g), BHA 3 (40 eq., 

3 mmol, 0.444 g), and TsOH (6 eq., 0.45 mmol, 0.086 g) were charged into 25 mL 

flask. THF (10 mL) and MeOH (5 mL) were added to the flask. Reaction solution 

was refluxed at 70 °C under argon for two days. It was evaporated to dryness. Green 

residue was dissolved in CH2Cl2 (150 mL). Green organic phase was washed firstly 

with 10% ethanol-water mixture (2 X 100 mL), then with saturated NaHCO3 (aq.) 

solution (1 X 100 mL), finally with water (3 X 100 mL). It was dried over Na2SO4, 

evaporated to dryness, and dried under vacuum to give a green powder. FT-IR and 

MALDI-TOF MS analyses of the green powder (as crude product) confirmed its 
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structure as 36. Crude product of 36 was subjected to PbO2 oxidation without further 

purification. FT-IR (ATR, νmax, cm
−1

) of compound 36: 3296w, 3081w, 2954s, 

2907m, 2868m, 1607m, 1488s, 1474s, 1451s, 1393s, 1363s, 1329s, 1279s, 1260s, 

1208s, 1173s, 1096s, 1047s, 1015s, 920s, 855s, 811m, 788m, 742s, 716s, 698s. 

MALDI-TOF MS (trans-2-[3-(4-tert -butylphenyl)-2-methyl-2-propenylidene]-

malononitrile): m/z for C69H90N10O7 [calculated]: 1171, [found]: 1171 [M]
+
. 

 

Monohydroxy condensation product 36 was suspended in CH2Cl2 (250 mL) in 

1 L flask. PbO2 (200eq., 3.6 g) was added to flask. The mixture was stirred 

vigorously at room temperature for 3 days in dark. It was filtered on Celite-plug and 

washed with CH2Cl2. Green solution was evaporated to dryness. Crude product was 

purified with plaque chromatography on silica gel eluting with dichloromethane-

methanol mixture (200:1). Plaque purification gave 0.033 g of 38 as green powder in 

38% yield (from aldehyde). FT-IR (ATR, νmax, cm
−1

): 3296w, 3081w, 2955s, 2925m, 

2867m, 1736w, 1608w, 1491s, 1474s, 1451s, 1393s, 1363s, 1329m, 1279s, 1260s, 

1209m, 1171s, 1097s, 1049s, 1016s, 920m, 873s, 855s, 796s, 743s, 717s, 698s. 

MALDI-TOF MS (trans-2-[3-(4-tert -butylphenyl)-2-methyl-2-propenylidene]-

malononitrile): m/z for C69H89N10O7 [calculated]: 1170, [found]: 1171 [M+H]
+
. 

Elemental Analysis for C69H89N10O7 [calculated]: C, 70.80; H, 7.66; N, 11.97. 

[found]: C, 71.70; H, 7.98; N, 11.62. 

 

6.16. Synthetic Procedures of Tetra Ullman Radicals 

Linked Phthalocyanines  
 

6.16.1. Synthesis of 39  

 

Metallic lithium was dissolved in pentanol (10 mL) and stirred at 60 °C for one 

hour under argon. Phthalonitrile 31 (1 eq., 0.002 mol, 0.484 g) was added to the 

solution. Final mixture was refluxed 7 hours under argon. Intense green solution was 

cooled to ambient temperature. It was precipitated by adding drop by drop into 

water-ethanol mixture. Formed green precipitate was collected by suction filtration. 

It was washed with water and then with ethanol, finally dried under vacuum to afford 

0.267 g green powder of 39 in 55% yield. FT-IR (ATR, νmax, cm
−1

) : 3288w, 2952m, 

2924m, 2851m, 1724w, 1617w, 1499m, 1455s, 1420s, 1379s, 1336s, 1307s, 1214s, 
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1160m, 1092s, 1011s, 978s, 897s, 878s, 858m, 827s, 752s, 740s, 699m. MALDI-

TOF MS (2,5-dihydroxybenzoic acid): m/z for C56H58N8O8 [calculated]: 970, 

[found]: 971 [M+H]
+
. 

 

6.16.2. Synthesis of 40  

 

Phthalocyanine 39 (0.268 mmol, 0.260 g) was stirred in F3CCOOH-CH2Cl2 

mixture (30 mL-50 mL) overnight at room temperature. Green mixture was poured 

into water. Green organic phase was washed with saturated NaHCO3 (aq.) solution (5 

X 100 mL), then with water (10 X 100 mL). Green organic phase was added drop by 

drop into ethanol. It was precipitated by adding water in small portions. Formed 

green precipitate was collected through centrifuge, washed with water (3 X 40 mL), 

finally dried under vacuum. Drying afforded 0.160 g green powder of phthalocyanine 

tetraaldehyde 40 in 95% yield. FT-IR (ATR, νmax, cm
−1

) : 3286w, 3055w, 2920m, 

2850m, 1693s, 1608s, 1574s, 1502s, 1468s, 1384s, 1338s, 1285s, 1271s, 1164s, 

1150s, 1093s, 1006s, 921s, 830s, 813s, 779s, 744s, 723s, 697s, 661w. MALDI-TOF 

MS (2,5-dihydroxybenzoic acid): m/z for C36H18N8O4 [calculated]: 626, [found]: 626 

[M]
+
. 

 

6.16.3. Synthesis of 42 

 

Phthalocyanine tetraaldehyde 40 (1 eq., 0.1 mmol, 0.063 g), 1,2-dichloroethane 

(2 mL) and methanol (2 mL) were charged into a microwave tube. It was sonicated 

for one hour. BHA 3 (3 eq., 1.2 mmol, 0.180 g) and TsOH (10% eq., 0.04 mmol, 

0.0076 g) were added to the tube and sonicated for another hour. Final mixture was 

stirred efficiently at room temperature under argon for 14 days. It was sonicated for 

one hour in every day during 14 days. Green mixture was poured into 5% ethanol-

water mixture. Formed precipitate was collected through centrifuge, washed with 

water (3 X 40 mL), finally dried under vacuum. Drying afforded 0.045 g green 

powder. FT-IR and MALDI-TOF MS analyses of the green powder (as crude 

product) confirmed its structure as 42. Crude product of 42 was subjected to 

oxidation without further purification. FT-IR (ATR, νmax, cm
−1

) of compound 42: 

3281s, 2923s, 2858s, 1696w, 1594s, 1543s, 1501s, 1449s, 1367s, 1317s, 1235m, 
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1204s, 1092s, 1012s, 835m, 742s. MALDI-TOF MS (2,5-dihydroxybenzoic acid): 

m/z for C60H66N16O4 [calculated]: 1075, [found]: 1075 [M]
+
. 

 

6.16.4. Synthesis of 44 

 

Experiment 1: 42 (1 eq., 0.01 mmol, 0.011 g) was suspended in a solvent 

mixture; 1,2-dichloroethane (3 mL), THF (3 mL), and H2O (4 mL). NaIO4 (20 eq., 

0.80 mmol, 0.171 g) was dissolved in H2O (2 mL) and added to the reaction mixture. 

It was stirred vigorously at room temperature for 7 days. H2O (20 mL) was added to 

the mixture and shaken. Phases were separated. Each phase was analyzed in EPR. 

EPR spectrum of organic phase displayed characteristic imino nitroxide radical. EPR 

spectrum of water phase did as well. 

Experiment 2: 42 (1 eq., 0.01 mmol, 0.011 g) was suspended in a solvent 

mixture; CH2Cl2 (50 mL), and pyridine (20 mL). NaIO4 (20 eq., 0.80 mmol, 0.171 g) 

was dissolved in H2O (5 mL) and added to the reaction mixture. It was stirred 

vigorously at room temperature for 7 days. H2O (20 mL) was added to the mixture 

and shaken. Solution was analyzed in EPR. EPR spectrum of organic phase 

displayed characteristic imino nitroxide radical. MALDI-TOF MS (trans-2-[3-(4-tert 

-butylphenyl)-2-methyl-2-propenylidene]-malononitrile): m/z for C60H62N16O4 

[calculated]: 1071, [found]: 1072 [M+H]
+
. 

Experiment 3: 42 (1 eq., 0.01 mmol, 0.011 g) was suspended in a solvent 

mixture; 1,2-dichloroethane (20 mL), CH2Cl2 (50 mL), and pyridine (10 mL). PbO2 

(20 eq., 0.80 mmol, 0.192 g) was added to the reaction mixture. It was stirred 

vigorously at room temperature for 7 days. It was filtered on Celite-plug. Solution 

was analyzed in EPR. EPR spectrum of solution displayed no peak, emphatically 

EPR silent.  
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7. PRE-FORMED RADICAL STRATEGY FOR 

THE SYNTHESIS OF ULLMAN RADICAL 

FUNCTIONALIZED PHTHALOCYANINES: 

ULLMAN RADICALS LINKED 

PHTHALONITRILES 
 

Synthetic studies within the Chapter 6 utilized Ullman route which generated 

imino nitroxide derivatives of phthalocyanine. Formation of imino nitroxide adducts 

were credited to dehydration which took place at reflux temperature of condensation. 

Subsequent oxidation of dehydrated condensation product, namely 1-hydroxy-2-

imidazoline derivative, formed solely the imino nitroxide product. However, nitronyl 

nitroxide linked phthalocyanines were also designed as target molecules. To that end, 

pre-formed radical strategy is considered as an alternative route. In the synthetic 

sequence, radical species will be firstly generated, then formed radical synthons -

emphatically radical linked phthalonitriles- will be converted to the target structures 

of phthalocyanine. 

 

7.1. Survey of Nitroxide Functionalized Phthalonitriles 

 

Functionalization of aromatic compounds with nitroxide radicals was already 

reported, particularly with TEMPO [152]. However, only one study reported the 

nitroxide functionalized phthalonitrile [95]. Its preparation is based on the 

nucleophilic substitution of 4-nitrophthalonitrile (20) with 4-hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (101) as nucleophile. 4-nitrophthalonitrile (20) was 

reacted with 101 in dry DMF at room temperature in the presence of K2CO3 as base 

to give the 4-TEMPO phthalonitrile in 46% yield (Figure 7.1). 
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Figure 7.1: Synthesis of Nitroxide Functionalized Phthalonitrile. 

 

7.2. Scope and Objectives 

 

The synthetic studies within the Chapter 6 generated imino nitroxide 

functionalized phthalocyanines derivatives in good yield but not the nitronyl 

nitroxide functionalized one.  Consequently, to develop an alternative synthetic route 

for a phthalocyanine bearing nitronyl nitroxide is required. In this way, our attention 

was circumscribed to the preform radical strategy. A preform radical, the 2-(4-

hydroxyphenyl)-4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (10), as already 

mentioned in Chapter 5, was prepared and utilized as intermediate for the synthesis 

of Ullman radicals functionalized phthalonitriles. Hydroxy-functionalized nitronyl 

nitroxide 10 will react with 4-nitrophthalonitrile by nucleophilic aromatic 

substitution, as the nitro group is a good leaving group. Hence, Ullman radical linked 

phthalonitriles 46 and 47 (Figure 7.2) could be prepared in that manner. Because, 

they are considered as key precursors toward the synthesis of Ullman radicals linked 

phthalocyanine, particularly nitronyl nitroxide one. Cyclotetramerization of the 

Ullman radical linked phthalonitriles could pave the way for the synthesis of Ullman 

radicals functionalized phthalocyanine derivatives 48 and 49 (Figure 7.3). 

Within the context, main objectives are;  

 

i) synthesis of nitronyl nitroxide functionalized phthalonitrile (46) 

ii) synthesis of imino nitroxide functionalized phthalonitrile (47) 

iii) preliminary synthetic studies of nitronyl nitroxide functionalized 

phthalocyanine (48) 
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iv) preliminary synthetic studies of imino nitroxide functionalized phthalocyanine 

(49) 

 

 
 

Figure 7.2: Target Phthalonitriles 46 and 47. 

 



137 
 

 
 

Figure 7.3: Ullman Radicals Linked Phthalocyanines 48 and 49. 
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7.3. Synthesis  

 

7.3.1. Synthesis of Ullman Radicals Linked Phthalonitriles 46 and 47 

 

One of the most widely used synthetic pathway to prepare 4-substituted 

phthalonitrile is the nucleophilic aromatic substitution of 4-nitrophthalonitrile with 

many nucleophiles [121], [129], [130]. Same methodology was favored in order to 

prepare Ullman radicals appended phthalonitriles. 2-(4-Hydroxyphenyl)-4,4,5,5-

tetramethyl-2-imidazoline-3-oxide-1-oxyl (10) acts as nucleophile to be exchanged 

with the nitro group of the 4-nitrophthalonitrile.  

Preparation of synthon 10 was already discussed in Chapter 5.3 and 5.10.2. 

As already tested during the synthesis of hexa-nitronyl nitroxide 

cyclotriphosphazene 16, K2CO3 is a cheap and suitable base in terms of primarily 

basicity. Our first attempts (K2CO3/acetone at 48 °C under microwave irradiation) 

afforded a mixture of approximately same ratio of 46 and 47 along with lots of 

impurities. Upon optimizations; the best conditions were determined as K2CO3/DMF 

at 50 °C under microwave irradiation and give 46 in 57.4% along with 9.7% of 47 

(Figure 7.4). 

 

 
Figure 7.4: Synthetic Pathway to Phthalonitriles 46 and 47. 

 

Nucleophilic substitution reaction of synthon 10 with 4-nitrophthalonitrile 20 

generated not only the nitronyl nitroxide phthalonitrile 46 but also imino nitroxide 

phthalonitrile 47 (Figure 7.4). The formation of the imino nitroxide phthalonitrile 47 
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is credited to self-conversion of nitronyl nitroxide radicals 46 into imino nitroxide 

ones 47 at relatively high temperature. Indeed, this conversion is even possible at 

room temperature. 

Formed phthalonitriles 46 and 47 were separated through column 

chromatography. Typically, orange fraction was assigned to imino nitroxide 

derivative and blue fractions are to nitronyl nitroxide one. For the majority of cases, 

imino nitroxides are eluted faster than nitronyl nitroxides in the silica-gel column 

(Figure 7.5). 

 

 
 

Figure 7.5: Fractions of Phthalonitrile 46 and 47 in Silica-gel Column. 

 

Formation of the phthalonitriles were monitored in FT-IR spectrum following 

the complete disappearance of the –OH stretching of 10. OH functionality of 10 was 
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transformed into ether bonds of phthalonitriles which were clearly assigned in the 

related FT-IR spectra. Aforementioned transformation was tracked in FT-IR spectra 

as disappearance of –OH stretching of 10 at 3102 cm
−1

 (Figure 8.36) and appearance 

of aromatic ether (C-O-C) stretching of phthalonitriles 46 and 47 at 1257 cm
−1

 and 

1250 cm
−1

 respectively (Figure 8.96 and 8.98). 

FT-IR spectrum of 46 (Figure 8.96) displayed a single signal at 1361 cm
−1

 

which attributed to N-O stretchings of nitronyl nitroxide fragment [30]. MALDI-

TOF MS analysis of 46 (Figure 8.97) shows a peak at m/z of 374 [M-1] which is 

another identity proof of the phthalonitrile 46. 

FT-IR spectrum of 47 (Figure 8.98) displayed two signals at 1375 and 1367 

cm
−1

 which attributed to N-O stretchings of imino nitroxide fragment [30]. MALDI-

TOF MS analysis (Figure 8.99) shows a peak at m/z of 360 [M+H]
+
 which is another 

identity proof of the phthalonitrile 47. 

In conclusion, the phthalonitriles 46 and 47 were successfully synthesized with 

our optimizations on the basis of Sener protocol [95]. Both phthalonitriles were 

characterized unambiguously by melting point analysis, FT-IR, MALDI-TOF MS, 

elemental analysis, UV-vis, CV, EPR. Magnetic measurements and X-ray analyses 

are in progress. 

 

7.3.2. Preliminary Synthetic Studies of the Ullman Radicals Linked 

Symmetrical Phthalocyanines 48 and 49 
 

Formation of phthalocyanines was performed under the classical 

cyclotetramerization conditions. Phthalonitrile 46 was refluxed in DMF-DBU 

mixture at 100 °C in the presence of Zn(OAc)2 under microwave irradiation (Figure 

7.6). Formation of phthalocyanine ring was observed as evidenced by the 

characteristic green color; however no radical species could be detected by EPR. 

Possibly, harsh conditions of classical cyclotetramerization lead the decomposition 

of the radicals. Nevertheless, proceeding the cyclotetramerization around 50 °C 

would pave the way for the synthesis of nitronyl nitroxide linked phthalocyanines as 

nitronyl nitroxide character was well-survived at 48 °C during the synthesis of 16 

(Chapter 5.3). The cyclotetramerization of phthalonitriles 46 and 47 needs to be 

performed at low temperature, particularly below 50 °C, in order to maintain the 

integrity of the radical character. Such method for low temperature synthesis of 
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phthalocyanine was developed by Leznoff [153], [154], and will be tested thereafter 

to obtain 48 and 49. 

In conclusion, solely preliminary testing of phthalocyanine formation was 

intended due to time limitation. The classical cyclotetramerization conditions formed 

the phthalocyanine macrocycle, however lost the radical character. Low temperature 

synthesis of phthalocyanine is required in order to achieve the synthesis of Ullman 

radicals linked phthalocyanines 48 and 49. Such studies are assigned as prospective 

tasks. 

 

 
 

Figure 7.6: Synthetic Pathway to  

Ullman Radicals Linked Phthalocyanines 48 and 49. 

 

7.4. Absorption Spectroscopy 

 

Distinguishing features of Ullman radicals are their colors. Typically nitronyl 

nitroxides are blue, whereas imino nitroxides are orange. Characteristically, the 

radical nature of nitroxide fragment of Ullman radicals leads to n→π* transitions in 

UV-vis spectrum. Absorption bands of n→π* transitions of the phthalonitrile radicals 

were observed around λmax ≈ 620 nm for nitronyl nitroxide 46 and λmax ≈ 447 nm for 

imino nitroxides 47 (Figure 7.7 and Table 7.1). 
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Figure 7.7: UV-Vis Spectra for n→π* Transitions of 46 and 47. 

 

Table 7.1: UV-vis Data for the n→π* Transitions of Phthalonitriles 46 and 47 at 

Room Temperature
a
. 

 

Solvent λmax 46 ε 46 λmax 47 ε 47 

Acetonitrile 615 491 445 484 

Dichloromethane  621 555 447 512 

Toluene 637 454 449 479 
a
 λmax in nm, ε in cm

−1
.M

−1
 

 

46 and 47 were soluble in numerous solvents including acetonitrile, 

dichloromethane, and toluene in which the Beer−Lambert Law was observed for 

both compounds in the range from 5.10
−5

 to 10
−3

 M (Figure 8.100-8.113). Vibronic 

components of radical bands were best observed in toluene among the studied 

solvents (Figure 7.7). 

As conclusion, UV-vis spectra proved gender of the phthalonitrile 46 as 

nitronyl nitroxide and the phthalonitrile 47 as imino nitroxide radicals. 

 

7.5. Electrochemical Analyses  

 

Both nitronyl nitroxides and imino nitroxides are redox-active molecules to be 

oxidized (p-type redox) to oxo-ammonium cation or reduced (n-type redox) to 

aminoxyl anion. Redox characteristics of phthalonitrile 46 and 47 were investigated 

by cyclic voltammetry. Phthalonitrile 46 showed a reversible oxidation wave at 0.765 

V vs. SCE and a reversible reduction one at −0.850 V (Figure 7.8). Phthalonitrile 47 

showed a quasireversible oxidation wave at 1.265 V vs. SCE and a reversible 
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reduction one at −0.817 V (Figure 7.9). Redox characteristics and observed 

potentials of 46 and 47 are in accordance with the literature [31], [52], [92], [99]. In 

conclusion, electrochemical behavior of phthalonitrile 46 and 47 were characterized 

by cyclic voltammetry. 

 

 
 

Figure 7.8: Cyclic Voltammogram of the Phthalonitrile 46 Recorded at rt in 

Acetonitrile, 0.1 M n-Bu4NBF4 as Supporting Electrolyte, Scan Rate of 100 mV/s. 

 

 
 

Figure 7.9: Cyclic Voltammogram of the Phthalonitrile 47 Recorded at rt in 

Acetonitrile, 0.1 M n-Bu4NBF4 as Supporting Electrolyte, Scan Rate of 100 mV/s. 

 

7.6. Electron Paramagnetic Resonance Spectroscopy 

 

EPR spectrum of 46 (Figure 7.10 and 8.114) have five-line splitting pattern 

with the relative intensity of 1:2:3:2:1. The five-line spectrum reasoned by the 

interaction of the unpaired electron (S=1/2) with two equivalent 
14

N nitrogen atoms 

(nuclear spin I=1) in the imidazoline ring. This spectrum was simulated with Jeol 

IsoSimu computer program. Best fitting parameters are found as g = 2.0034, aN = 7.5 
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G, ΔHp−p = 2.5 G. Splitting pattern and the parameters clearly proves phthalonitrile 

46 as nitronyl nitroxide radical. 

 

 
 

Figure 7.10: EPR spectrum of 46 in dichloromethane−toluene (1:1) solution (10
−4

 M) 

at 293 K and its simulation. 

 

EPR spectrum of 47 (Figure 7.11 and 8.115) have seven-line splitting pattern 

with the relative intensity of 1:1:2:1:2:1:1. The seven-line spectrum reasoned by the 

interaction of the unpaired electron (S=1/2) with two unequivalent 
14

N nitrogen 

atoms (nuclear spin I=1) in the imidazoline ring. This spectrum was simulated with 

Jeol IsoSimu computer program. Best fitting parameters are found as g = 2.0028, aN1 

= 9.2 G, aN2 = 4.4 G, ΔHp−p = 2.1 G. Splitting pattern and the parameters clearly 

proves phthalonitrile 47 as imino nitroxide radical. 
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Figure 7.11: EPR spectrum of 47 in dichloromethane−toluene (1:1) solution (10
−4

 M) 

at 293 K and its simulation. 

 

7.7. Magnetic Measurements  

 

Magnetic measurements and analysis are underway. 

.  

7.8. X-ray Diffraction Analyses 

 

Crystallizations of the phthalonitriles 46 and 47 are in progress. X-ray 

diffractions and structure determination will be performed upon obtaining suitable 

crystals. 

  

7.9. Summary and Conclusion 

 

Phthalonitriles 46 and 47 were synthesized by nucleophilic aromatic 

substitution of 4-nitrophthalonitrile (20) by 2-(4-hydroxyphenyl)-4,4,5,5-tetramethyl-

2-imidazoline-3-oxide-1-oxyl (10). Substitution reaction gave 57.4% of 46, 9.7% of 

47, and 67.1% in total yield which better than 46% yield reported in previous 

literature [95]. In conclusion, the phthalonitriles 46 and 47 were successfully 

synthesized with our optimizations on the basis of Sener protocol [95]. Both 

phthalonitriles were characterized unambiguously by melting point analysis, FT-IR, 
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MALDI-TOF MS, elemental analysis, UV-vis, CV, EPR. Magnetic measurements 

and X-ray analyses are in progress. 

In the case of phthalonitrile 46 as precursor, the classical cyclotetramerization 

conditions formed the phthalocyanine macrocycle, however lost the radical character. 

As consequence, low temperature synthesis of phthalocyanine is required in order to 

achieve the synthesis of Ullman radicals linked phthalocyanines 48 and 49. 

 

7.10. Synthetic Procedures 

 

4-nitrophthalonitrile was purchased commercially. Syntheses of phthalonitriles 

were performed on the basis of reference procedures [95], [129], [130]. Reaction for 

syntheses of phthalocyanines 48 and 49 was performed based on the literature 

procedure [95]. 

 

7.10.1. Syntheses of 4-[(4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-

oxyl-2-yl)phenoxy]phthalonitrile (46) and 4-[(1-oxyl-4,4,5,5-

tetramethyl-2-imidazoline-2-yl)phenoxy]phthalonitrile (47) 
 

4-nitrophthalonitrile (20) (1.0 eq., 1.5 mmol, 0.2595 g), 2-(4-Hydroxyphenyl)-

4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl (10) (1.1 eq., 1.65 mmol, 0.4125 

g), and K2CO3 (4.4 eq., 4 eq. for each –OH, 6.6 mmol, 0.910 g) were charged into a 

microwave tube. DMF (10 mL) was added, then purged with argon. The tube was 

placed in the cavity and stirred efficiently. Tube content was subjected to microwave 

irradiation (maximum energy 300 Watt) at 50 °C for 2 hours under argon. Reaction 

mixture was poured into water (200 mL). Blue mixture was extracted with CH2Cl2 

(150 mL). Blue organic phase was washed with aqueous solution of K2CO3 (3x100 

mL),  then with H2O (3x100 mL). Resulting blue solution was dried over Na2SO4, 

evaporated to dryness. TLC analysis revealed that crude product contains both 

phthalonitriles 46 and 47, which were separated with column chromatography on 

silica gel eluting with hexane-ethyl acetate mixture. Column purification gave 0.323 

g blue powder of 46 in 57.4% yield and 0.052 g brownish-red powder of 47 in 9.7% 

yield. 

Phthalonitrile 46: mp. 190-192 °C. FT-IR (ATR, νmax, cm
−1

) : 3094w, 3039w, 

2971w, 2937w, 2226m, 1592s, 1574m, 1562s, 1518m, 1491s, 1466s, 1450m, 1418s, 
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1388s, 1361s, 1308s, 1296s, 1257s, 1217s, 1180s, 1162s, 1129s, 1090m, 1013m, 

958s, 917m, 859s, 840s, 822m, 812m, 715m, 696w, 616s. MALDI-TOF MS (trans-

2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile): m/z for 

C21H19N4O3 [calculated]: 375, [found]: 374 [M-1]
+
. Elemental Analysis for 

C21H19N4O3 [calculated]: C, 67.19; H, 5.10; N, 14.92. [found]: C, 66.48; H, 5.18; N, 

15.13. 

Phthalonitrile 47: mp. 122-124 °C. FT-IR (ATR, νmax, cm
−1

) : 3107w, 3077w, 

3043w, 2981w, 2930w, 2231m, 1593s, 1564s, 1484s, 1423m, 1407m, 1375m, 

1367m, 1282s, 1250s, 1208s, 1159s, 1138s, 1090m, 1014m, 951s, 892m, 880s, 854s, 

837s, 772m, 747w, 716w, 666s, 625w. MALDI-TOF MS (trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile): m/z for C21H19N4O2 

[calculated]: 359, [found]: 360 [M+H]
+
. Elemental Analysis for C21H19N4O2 

[calculated]: C, 70.18; H, 5.33; N, 15.59. [found]: C, 70.36; H, 5.69; N, 15.51. 

 

7.10.2. Syntheses of Phthalocyanines 48 and 49 

 

4-[(4,4,5,5-tetramethyl-2-imidazoline-3-oxide-1-oxyl-2-

yl)phenoxy]phthalonitrile (46) (1.0 eq., 0.1 mmol, 0.0375 g), and Zn(AcO)2 (0.5 eq., 

0.05 mmol, 0.0092 g) were charged into a microwave tube. DMF (2 mL) and DBU 

(2 mL) was added, then purged with argon. The tube was placed in the cavity and 

stirred efficiently. Tube content was subjected to microwave irradiation (maximum 

energy 1000 Watt) at 100 °C for one hour under argon. Characteristic green color of 

phthalocyanine was observed. Sample from the reaction mixture was analyzed with 

EPR spectroscopy, however it was EPR silent. It was concluded that even 

phthalocyanine formation was observed, the product was not any of target radical 

structures 48 and 49. 
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8. SPECTRA AND STRUCTURES OF THE 

COMPOUNDS 
 

Corresponding spectra of the compounds are provided below (Figure 8.1-

8.115). Structures of the compounds were again shown in Figure 8.116-8.122. 

 

 
 

Figure 8.1: FT-IR Spectrum of 2. 
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Figure 8.2: 
1
H NMR Spectrum of 2 in CDCl3 (400MHz). 

 

  
 

Figure 8.3: 
13

C NMR Spectrum of 2 in CDCl3 (100MHz).  
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Figure 8.4: FT-IR Spectrum of 3. 

 

  
 

Figure 8.5: FT-IR Spectrum of 7.  
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Figure 8.6: MALDI-TOF MS Spectrum of 7.  

 

 
 

Figure 8.7: FT-IR Spectrum of 12.  
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Figure 8.8: 
1
H NMR Spectrum of 12 in CDCl3 (400MHz).  

 

 
 

Figure 8.9: 
13

C NMR Spectrum of 12 in CDCl3 (100MHz).  
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Figure 8.10: 
31

P NMR Spectrum of 12 in CDCl3 (162MHz).  

 

 
 

Figure 8.11: MALDI-TOF MS Spectrum of 12.  
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Figure 8.12: FT-IR Spectrum of 14 (Crude Product).  

 

 
 

Figure 8.13: Comparison of FT-IR Spectrum of 12 and 14 (Crude Product).  
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Figure 8.14: MALDI-TOF MS Spectrum of 14 (Crude Product).  

 

 
 

Figure 8.15: FT-IR Spectrum of 15.  
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Figure 8.16: MALDI-TOF MS Spectrum of 15.  

 

 
 

Figure 8.17: UV-Visible Spectra of 7 in Acetonitrile, Chloroform and Toluene.  
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Figure 8.18: UV-Vis Spectra for n→π* Transitions of 7 in Acetonitrile. 

 

 
 

Figure 8.19: Calibration Curve of 7 in Acetonitrile at 441 nm.  
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Figure 8.20: UV-Vis Spectra for n→π* Transitions of 7 in Chloroform. 

 

 
 

Figure 8.21: Calibration Curve of 7 in Chloroform at 443 nm.  
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Figure 8.22: UV-Vis Spectra for n→π* Transitions of 7 in Toluene. 

 

 
 

Figure 8.23: Calibration Curve of 7 in Toluene at 445 nm.  
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Figure 8.24: UV-Visible Spectra of 15 in Acetonitrile, Chloroform and Toluene.  

 

 
 

Figure 8.25: UV-Vis Spectra for n→π* Transitions of 15 in Acetonitrile. 
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Figure 8.26: Calibration Curve of 15 in Acetonitrile at 444 nm.  

 

 
 

Figure 8.27: UV-Vis Spectra for n→π* Transitions of 15 in Chloroform. 
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Figure 8.28: Calibration Curve of 15 in Chloroform at 447 nm. 

 

  
 

Figure 8.29: UV-Vis Spectra for n→π* Transitions of 15 in Toluene. 
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Figure 8.30: Calibration Curve of 15 in Toluene at 448 nm.  

 

 
 

Figure 8.31: X-band EPR Spectrum of 7 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at 253 K and Its Simulation (Best Fitting Parameters are g = 2.0025, aN1 = 

9.2 G , aN2 = 4.3 G, and Hp-p = 1.55 G). 
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Figure 8.32: X-band EPR Spectra of 7 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature. 

 



 

165 
 

 
 

Figure 8.33: X-band EPR Spectra of 15 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature.  
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Figure 8.34: FT-IR Spectrum of 6. 

 

 
 

Figure 8.35: MALDI-TOF MS Spectrum of 6. 
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Figure 8.36: FT-IR Spectrum of 10.  

 

 
 

Figure 8.37: MALDI-TOF MS Spectrum of 10. 
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Figure 8.38: FT-IR Spectrum of 16.  

 

 
 

Figure 8.39: Comparison the FT-IR Spectrum of 16 with That of 10. 
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Figure 8.40: MALDI-TOF MS Spectrum of 16.  

 

 
 

Figure 8.41: UV-vis Spectra of 6 in Acetonitrile, Chloroform and Toluene.  
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Figure 8.42: UV-vis Spectra for n→π* Transitions of 6 in Acetonitrile. 

 

 
 

Figure 8.43: Calibration Curve of 6 in Acetonitrile at 583 nm. 
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Figure 8.44: UV-vis Spectra for n→π* Transitions of 6 in Chloroform. 

 

 
 

Figure 8.45: Calibration Curve of 6 in Chloroform at 608 nm. 
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Figure 8.46: UV-vis Spectra for n→π* Transitions of 6 in Toluene. 

 

 
 

Figure 8.47: Calibration Curve of 6 in Toluene at 631 nm.  

 



 

173 
 

 
 

Figure 8.48: UV-vis Spectra of 16 in Acetonitrile, Chloroform and Toluene.  

 

 
 

Figure 8.49: UV-vis Spectra for n→π* Transitions of 16 in Acetonitrile. 
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Figure 8.50: Calibration Curve of 16 in Acetonitrile at 584 nm. 

 

 
 

Figure 8.51: UV-vis Spectra for n→π* Transitions of 16 in Chloroform. 
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Figure 8.52: Calibration Curve of 16 in Chloroform at 616 nm. 

 

 
 

Figure 8.53: UV-vis Spectra for n→π* Transitions of 16 in Toluene. 
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Figure 8.54: Calibration Curve of 16 in Toluene at 631 nm.  

 

 
 

Figure 8.55: X-band EPR Spectrum of 6 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at 293 K and Its Simulation. (Best Fitting Parameters are g = 2.0031, aN = 

7.5 G, and Hp-p = 2.0 G). 
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Figure 8.56: X-band EPR Spectra of 6 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature. 
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Figure 8.57: X-band EPR Spectrum of 10 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at 293 K and Its Simulation. (Best Fitting Parameters are g = 2.0752, aN = 

7.6 G, and Hp-p = 2.2 G). 
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Figure 8.58: X-band EPR Spectrum of 10 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature. 
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Figure 8.59: X-band EPR Spectra of 16 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature. 
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Figure 8.60: FT-IR Spectrum of 24. 

 

 
 

Figure 8.61: 
1
H NMR Spectrum of 24 in CDCl3 (500MHz). 
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Figure 8.62: 
13

C NMR Spectrum of 24 in CDCl3 (125MHz). 

 

  
 

Figure 8.63: FT-IR Spectrum of 25. 

 



 

183 
 

 
 

Figure 8.64: 
1
H NMR Spectrum of 25 in CDCl3 (500MHz). 

 

 
 

Figure 8.65: 
13

C NMR Spectrum of 25 in CDCl3 (125MHz). 
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Figure 8.66: FT-IR Spectrum of 30.  

 

 
 

Figure 8.67: 
1
H NMR Spectrum of 30 in CDCl3 (500MHz). 
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Figure 8.68: 
13

C NMR Spectrum of 30 in CDCl3 (125MHz).  

 

  
 

Figure 8.69: FT-IR Spectrum of 31. 
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Figure 8.70: 
1
H NMR Spectrum of 31 in CDCl3 (500MHz).  

 

 
 

Figure 8.71: 
13

C NMR Spectrum of 31 in CDCl3 (125MHz). 
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Figure 8.72: FT-IR Spectrum of 32.  

 

 
 

Figure 8.73: MALDI-TOF MS Spectrum of 32. 
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Figure 8.74: FT-IR Spectrum of 33.  

 

 
 

Figure 8.75: MALDI-TOF MS Spectrum of 33. 
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Figure 8.76: FT-IR Spectrum of 34.  

 

 
 

Figure 8.77: 
1
H NMR Spectrum of 34 in CDCl3 (500MHz). 
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Figure 8.78: 
13

C NMR Spectrum of 34 in CDCl3 (125MHz).  

 

 
 

Figure 8.79: MALDI-TOF MS Spectrum of 34. 
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Figure 8.80: FT-IR Spectrum of 36.  

 

 
 

Figure 8.81: MALDI-TOF MS Spectrum of 36. 
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Figure 8.82: FT-IR Spectrum of 38.  

 

 
 

Figure 8.83: MALDI-TOF MS Spectrum of 38. 
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Figure 8.84: FT-IR Spectrum of 39.  

 

 
 

Figure 8.85: MALDI-TOF MS Spectrum of 39. 
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Figure 8.86: FT-IR Spectrum of 40.  

 

 
 

Figure 8.87: MALDI-TOF MS Spectrum of 40. 
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Figure 8.88: FT-IR Spectrum of 42.  

 

 
 

Figure 8.89: FT-IR Spectrum of 40 vs. 42. 
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Figure 8.90: MALDI-TOF MS Spectrum of 42.  

 

 
 

Figure 8.91: MALDI-TOF MS Spectrum of 44. 
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Figure 8.92: UV-Vis Spectra of 32 in Dichloromethane. 

 

 
 

Figure 8.93: UV-Vis Spectra of 38 in Dichloromethane. 
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Figure 8.94: Calibration Curve of 32 in Dichloromethane at 701 nm. 

 

 
 

Figure 8.95: Calibration Curve of 38 in Dichloromethane at 695 nm.  
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Figure 8.96: FT-IR Spectrum of 46. 

 

 
 

Figure 8.97: MALDI-TOF MS Spectrum of 46. 
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Figure 8.98: FT-IR Spectrum of 47. 

 

 
 

Figure 8.99: MALDI-TOF MS Spectrum of 47. 
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Figure 8.100: UV-vis Spectra of 46 in Acetonitrile, Dichloromethane and Toluene.  

 

 
 

Figure 8.101: UV-Vis Spectra for n→π* Transitions of 46 in Acetonitrile. 
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Figure 8.102: Calibration Curve of 46 in Acetonitrile at 615 nm. 

 

 
 

Figure 8.103: UV-Vis Spectra for n→π* Transitions of 46 in Dichloromethane. 

 



 

203 
 

 
 

Figure 8.104: Calibration Curve of 46 in Dichloromethane at 621 nm. 

 

 
 

Figure 8.105: UV-Vis Spectra for n→π* Transitions of 46 in Toluene. 
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Figure 8.106: Calibration Curve of 46 in Toluene at 637 nm.  

 

 
 

Figure 8.107: UV-vis Spectra of 47 in Acetonitrile, Dichloromethane and Toluene. 
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Figure 8.108: UV-Vis Spectra for n→π* Transitions of 47 in Acetonitrile. 

 

 
 

Figure 8.109: Calibration Curve of 47 in Acetonitrile at 445 nm. 
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Figure 8.110: UV-Vis Spectra for n→π* Transitions of 47 in Dichloromethane. 

 

 
 

Figure 8.111: Calibration Curve of 47 in Dichloromethane at 447 nm. 
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Figure 8.112: UV-Vis Spectra for n→π* Transitions of 47 in Toluene. 

 

 
 

Figure 8.113: Calibration Curve of 47 in Toluene at 631 nm.  
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Figure 8.114: X-band EPR Spectra of 46 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature. 
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Figure 8.115: X-band EPR Spectra of 47 10
−4

 M in Dichloromethane-Toluene (1:1) 

Solution at Different Temperature.  
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Figure 8.116: Structures of the Compounds.1/7. 
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Figure 8.117: Structures of the Compounds.2/7. 
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Figure 8.118: Structures of the Compounds.3/7. 

 



 

213 
 

 
 

Figure 8.119: Structures of the Compounds.4/7. 
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Figure 8.120: Structures of the Compounds.5/7. 
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Figure 8.121: Structures of the Compounds.6/7. 
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Figure 8.122: Structures of the Compounds.7/7. 
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9. CONCLUSION 

 

The radical chemistry attracts again considerable attention, as radical groups 

have emerged as extremely useful active materials involve in numerous applications 

reported in recent literature, like radical polymer, magnetic devices or flexible 

batteries for example. Among the radical chemistry, the synthesis of nitronyl and 

imino nitroxide polyradical is a hard challenge due to the difficulty to control the 

number and gender of radicals present in the molecule as well as to characterize such 

molecules in an unequivocal way. In the framework of this thesis, we were interested 

to synthesis nitronyl and imino nitroxide radical covalently link to the skeleton of 

cyclotriphosphazene and phthalocyanine platform to obtain polyradical bearing six 

and four moieties respectively. 

The synthesis of cyclotriphosphazene bearing nitronyl and imino nitroxide 

radical was achieved in good yield following two different synthetic routes that allow 

to control the number and gender of radical on the molecule. Cyclotriphosphazene 

bearing imino nitroxide was obtained by the classical Ullman route consisting of the 

condensation of an adequate aldehyde with 2,3-Bis(hydroxylamino)-2,3-

dimethylbutane (3) follow by its oxidation whereas cyclotriphosphazene bearing 

nitronyl nitroxide was synthesis by a so-called “pre-form strategy”. In the pre-form 

strategy, the radical is first generated on a synthon, the 2-(4-hydroxyphenyl)-4,4,5,5-

tetramethyl-2-imidazoline-3-oxide-1-oxyl (10) which will then introduced onto the 

cyclotriphosphazene core by nucleophilic substitution in aceton/K2CO3. A most 

important point was to develop two methods of quantification and characterization 

using UV-vis and electrochemistry which are two easy methods to handle. Especially 

UV-vis spectroscopy is a routine equipment available in mostly laboratories which 

requires little raw material. These two methods were proof to be valid for imino or 

nitroxide radicals indifferently. 

The phthalocyanine platform was less easy to undertaken as the multi-step 

synthesis was less trivial. Consequently, in a first objective, a phthalocyanine bearing 

one nitronyl and imino nitroxide polyradical was designed to learn how to control the 

condensation and oxidation step of such macrocycle. Phthalocyanine mono imino 

nitroxide 38 was obtained and full characterized. For the first time a phthalocyanine 

bearing an Ullman radical was reported. The condensation step is the key point of 
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this synthesis as according to the conditions used, dehydration occurs allowing the 

obtaining of 1-hydroxy-2-imidazoline instead of 1,3-dihroxyimidazoline is always 

possible. The synthesis of a symmetric phthalocyanine 44 bearing four radicals is 

actually being carried out in our laboratory. The synthesis is still not completely 

under control, due to some solubility problem that lowers the oxidation step, but the 

phthalocyanine with four imino nitroxide 44 was recently obtained in-situ and 

characterized by EPR and MALDI-TOF analyses, encouraging us to persevere in this 

direction. 

Moreover, phthalocyanine-base radical will be use thereafter for the sensing of 

Cu
2+

 ion. Steady-state fluorescence-base preliminary experiments are presented in 

Figure 9.1, to demonstrate the viability of the strategy presented in the introduction. 

Under addition of Cu
2+

 ions in acetonitrile solution the fluorescence intensity is 

magnify by 4. 

 

 
 

Figure 9.1: Changes in Fluorescent Intensity Upon Addition of Cu
2+

.  

 

Finally, it could be advantageous to develop an alternative method to 

synthesize phthalocyanines containing multi Ullman radicals by the “pre-form 

strategy”. This strategy is based on the incorporation of Ullman radicals onto the 
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phthalonitriles precursors and the development of a low-temperature 

cyclotetramerization conditions to preserve the radical character. Such reaction could 

be advantageous to obtain phthalocyanine bearing nitronyl nitroxyde in good yield 

and by-pass the separation of the nitroxide/imino mixture relative to the Ullman 

route. Toward that end, nitronyl nitroxide functionalized phthalonitrile 46 and imino 

nitroxide functionalized phthalonitrile 47 were prepared and fully characterized. 

In conclusion, polyradicals chemistry is a rich and promising challenging 

chemistry that require the understanding of the reactivity, particularly at the level of 

condensation and oxidation step, the two limiting point to obtain radical in good 

yield.
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