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Protonation and hydrogen bonding effects on the redox properties of verdazyl 

radicals were investigated. Verdazyls with various substituents at the C3 position were 

synthesized, including species with no basic site, a basic site distant from the verdazyl 

heterocycle, a basic site proximal to the verdazyl heterocycle but with strained hydrogen 

bonding geometry, and a basic site proximal to the verdazyl heterocycle with favourable 

hydrogen bonding geometry. Treatment of these verdazyls with trifluoroacetic acid 

resulted in several general changes to their cyclic voltammograms: the oxidation and 

reduction potentials shifted to higher potentials, with concurrent loss of reversibility of 

the reduction process due to protonation of the verdazylate anion. These changes were 

likely a result of intermolecular interactions between the substrate and acidic medium 

rather than specific protonation or intramolecular hydrogen bonding effects. Acid 

treatment of the verdazyl with favourable hydrogen bonding geometry resulted in 

emergence of a new reversible process in the CV that was found to match the oxidation 

process of the corresponding leuco verdazyl. Attempts to synthesize this leuco verdazyl 

were successful, however purification was not completed. Spectroscopy of the crude 

product suggests that it may be stable to air, an uncommon feature in leuco species due to 

their propensity to be easily oxidized by O2.  



 iv 

 Preliminary investigations of the potential of verdazyls as alcohol oxidation 

catalysts were made. Several previously reported and novel species were investigated as 

stoichiometric and catalytic oxidants akin to nitroxides and phenoxyls. It was found that 

the verdazyls, verdazylium cations and verdazyl-metal complexes tested did not 

stoichiometrically or catalytically oxidize alcohols.  
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Chapter 1 - Introduction 

1.1 Stable radicals 

Radicals – atoms or molecules with one or more unpaired electrons – are typically 

highly reactive, transient species. Kinetically and thermodynamically favourable 

decomposition pathways (e.g., dimerization, hydrogen abstraction, redox processes) 

make most radicals difficult to study. Since the discovery of the first stable radical in 

1900,
1
 however, many classes of radicals defying the notion of inherent instability have 

been synthesized.
2
 Some of these have lifetimes long enough to allow conventional 

spectroscopic analysis (persistent radicals), while others can be isolated and handled as 

pure compounds (stable radicals).
3
 Some examples of the latter class are even stable to 

water and air.  

Although often investigated for their novelty, application-driven studies have led 

to the development of many practical uses for stable radicals. They are used as reporter 

species in EPR techniques such as spin trapping, spin labeling and biological imaging.
4-8

 

Incorporation of stable radicals into molecular magnets has facilitated the production of 

magnetic materials potentially superior to conventional metals and alloys.
9-11

 In living 

radical polymerization, a stable radical controls propagation of the nascent polymer 

chain, giving highly tuned polymers with low polydispersity, controlled molecular 

weights, and defined chain ends.
12,13

 Stable radicals have also been found to be effective 

ligands in transition-metal complexes, facilitating various chemical uses, especially as 

stoichiometric reagents or catalysts.
14-21

 Numerous classes of stable radicals have found 

uses as redox-active species, examples of which are discussed below. 

 



2 

 

1.2 Redox properties of stable radicals 

 In neutral closed-shell species, oxidation and reduction events produce radical 

cations and radical anions, respectively (Scheme 1.1). Oxidation involves the highest 

occupied molecular orbital (HOMO) and reduction the lowest unoccupied molecular 

orbital (LUMO), with both processes leading to the molecule simultaneously gaining spin 

and charge. This limits the utility of neutral closed-shell molecules as reversible, redox-

active species; an overwhelming majority of the resulting radical ions are highly reactive. 

In radicals, conversely, redox events occur at the singly occupied molecular 

orbital (SOMO), and result in a loss of spin and a gain in charge. The closed shell redox 

products of radicals thus have an inherently higher chance of stability and reversibility. 

These fundamental differences result in properties that make radicals attractive in 

applications requiring redox-active species, including alcohol oxidation, conducting 

materials, metal complexes and redox-switchable systems.
22
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Scheme 1.1: Redox events and involved molecular orbitals for (a) closed-shell species and (b) neutral 

radicals.  

 

1.2.1 Redox properties of nitroxide radicals 

 Nitroxides [R2NO]
●
 feature a three-electron N-O

●
 bond with most of the spin 

density shared between N and O (the latter bearing slightly more). Nitroxide stability 

varies widely, and is dependent on the nitrogen substituents. Generally, nitroxides with a 

hydrogen atom α to the nitrogen atom are not stable due to thermodynamically favoured 

disproportionation to give the corresponding hydroxylamine and nitrone. In most stable 

nitroxides the α-hydrogen atoms have been replaced by alkyl or aryl groups. If steric 

strain becomes too great, however, homolytic cleavage of the C-N(O) bond will lead to 

the corresponding nitroso compound and alkyl radical.
23-25

 Although the electrochemical 
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properties of numerous acyclic nitroxides have been systematically studied, the more 

widely investigated cyclic nitroxides will be the focus of the remainder of this section.  

 A nitroxide can undergo one-electron reduction to give the hydroxylamine, or 

one-electron oxidation to give the oxoammonium cation (Scheme 1.2).
26

 Chemical, 

electrochemical and theoretical studies have probed the mechanisms of nitroxide 

oxidation and reduction, as well as the effects of N-substituents on these processes.
27-32

 In 

general, geometric effects have a more dramatic impact on the redox properties than do 

electronic effects; the ability of a cyclic nitroxide to be reduced depends on how easily 

the nitrogen can be pyramidalized in the hydroxylamine, while the ability to be oxidized 

depends on how easily the nitrogen can be planarized in the oxoammonium cation. 

 

 

Scheme 1.2: Reversible redox states of the nitroxide TEMPO (1.1). 

 

 Although the majority of studies on nitroxide radicals pertain to their use in 

radical polymerization and EPR spin trapping techniques, application-based studies of 

nitroxides as redox-active species are becoming more prevalent.
26,33

 The use of nitroxides 

as oxidation catalysts for the conversion of alcohols to the corresponding carbonyl 

compounds has received much attention.
34

 This method offers a cheap, safe and green 

alternative to traditional techniques involving chromium, permanganate, ruthenium (VIII) 

oxide, TPAP/NMO, DMSO reagents, or Dess-Martin reagents. Though various nitroxides 
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have been incorporated in alcohol oxidation protocols, the most widespread is TEMPO 

(1.1). Typical reactions involve a catalytic amount of TEMPO, a stoichiometric amount 

of sodium hypochlorite, and a stoichiometric sodium bromide co-catalyst that makes re-

oxidation of the hydroxylamine 1.3 more favourable (Scheme 1.3).
35,36

 

 

 

Scheme 1.3: Oxidation of alcohols by TEMPO. One-electron oxidation of TEMPO generates the 

oxoammonium cation 1.2, which oxidizes the alcohol. The resulting hydroxylamine 1.3 is re-oxidized to 

the oxoammonium by a co-catalyst (OBr
-
), itself generated by oxidation with hypochlorite.  

 

 TEMPO has also been used in conjunction with transition metals, including 

copper and ruthenium, for the oxidation of alcohols.
20,37

 The major advantage of this 

method over the transition-metal free method described above is that it uses O2 as the 

stoichiometric oxidant. Although there is some contention as to the reaction mechanism, 

one possible pathway is outline in Scheme 1.4. Dehydrogenation of the alcohol is metal-

centred, with TEMPO regenerating the metal catalyst. This catalytic cycle also features a 

Cu(II)-TEMPO complex, where the radical has been reduced by the metal.  
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Scheme 1.4: Proposed catalytic cycle for alcohol oxidation by a copper-nitroxide catalyst.
26

 

 

 Nitroxides have also been incorporated into organic and polymer-based 

batteries.
38-40

 These batteries have the potential to offer a lightweight, flexible and 

environmentally friendly alternative to traditional inorganic-based electrode materials. In 

typical applications, a nitroxide is immobilized onto a polymer film in order to prevent 

diffusion from the electrode into the electrolyte. Densely populating the radical in an 

aliphatic, non-conjugated structure facilitates quantitative redox reactions under a 

constant potential. The nitroxide then serves as the cathode, with lithium or carbon 

constituting the anode. A schematic charge and discharge cycle is shown in Scheme 1.5, 

where the oxoammonium cation is the source of stored charge.  
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Scheme 1.5: Mechanism for charging and discharging an organic polymer based battery. 

 

1.2.2 Redox properties of phenoxyl radicals 

 Phenoxyls [PhO]
●
 are formed by one-electron oxidation of phenols.

41
 Although 

these species are stabilized by resonance delocalization of the radical onto the phenyl 

ring, steric protection via aryl, alkyl, or O,N,S-alkyl ortho and para substituents is 

necessary to prevent decomposition. Oxidation potentials for most phenols are high (e.g., 

+1.07 V vs. Fc/Fc
+
 for tri-tert-butylphenol), but deprotonation to the phenolate anion 

decreases these values substantially (e.g., –0.68 V vs. Fc/Fc
+
 for tri-tert-

butylphenolate).
42-44

 The phenolate is more electron rich than the corresponding phenol, 

thus easier to oxidize.  

 Phenoxyls are particularly important in biological systems. A phenol moiety is 

present in the amino acid tyrosine, essential to enzymatic redox processes in many 

animals and plants. The active site of the fungal enzyme galactose oxidase (GO), for 

example, contains a tyrosine residue coordinated to a copper centre via a phenoxyl radical 

(Figure 1.1).
45
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Figure 1.1: Active site of galactose oxidase. 

 

GO catalyzes the two electron oxidation of D-galactose to D-galacto-

hexodialdose, with concurrent reduction of O2 to H2O2.
46

 This reaction is facilitated by 

the three redox-accessible stable states of the copper-phenoxyl moiety in the active site 

(Figure 1.2). The selectivity of GO towards primary alcohols has sparked the 

development of a field of chemistry investigating biomimetic compounds capable of 

achieving similar transformations.
47

 

 

 

Figure 1.2: The stable redox-accessible states of the GO active site include (a) a catalytically active 

copper(II)-phenoxyl complex, (b) an inactive copper(II)-phenolate complex and (c) an active copper(I)-

phenolate complex. 

 

 

 Although the redox properties of phenoxyls are typically investigated with respect 

to their use in biological and biomimetic systems, numerous industries (e.g., foods, 

materials) employ them as antioxidants. Butylated hydroxytoluene (BHT, 1.4) is a 

common synthetic food additive used to interrupt the chain of free radicals involved in 
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autocatalytic oxidation of unsaturated organic compounds (i.e., fats) by atmospheric 

oxygen.
48,49

 Its mechanism of action, outlined in Scheme 1.6, involves the conversion of 

peroxy radicals to hydroperoxides.  

 

 

Scheme 1.6: (a) BHT (1.4) reaction with an organic radical (R = alkyl, aryl) to generate the phenoxyl and 

(b) subsequent reaction with another radical to generate non-radical byproducts. Overall, one molecule of 

BHT suppresses oxidation by two radicals.   

 

 

1.2.3 Redox properties of thiazyl radicals 

Thiazyls, radicals with spin density on nitrogen and sulfur, are a broad class of 

compounds comprised of several families, including thioaminyls, dithiadiazolyls, 

dithiazolyls and thiatriazinyls (Figure 1.3).
2,50

 The sulfur in these compounds is typically 

divalent and bound to nitrogen as part of a π-conjugated structure. Although in the same 

group as oxygen, sulfur is larger and more polarizable; thus stable NS-based radicals 

isolobal to NO-containing radicals do not exist. Furthermore, the S-N bond is sensitive to 

hydrolytic cleavage, limiting the use of thiazyls in biological systems. Nevertheless, their 

ease of synthesis and variety of known structural motifs have made thiazyls attractive 

species in materials chemistry, particularly as conducting materials.
51
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Figure 1.3: General structures of several representative classes of thiazyls, including thioaminyls (1.5), 

1,2,3,5-dithiadiazolyls (1.6), 1,3,2-dithiazolyls (1.7), 1,2,3-dithiazolyls (1.8) and 1,2,4,6-thiatriazinyls (1.9). 

 

Although a thorough account of conductivity is beyond the scope of this 

discussion, Haddon’s 1975 proposal for stable radicals as conducting materials provides 

an adequate theoretical framework.
52

 Haddon predicted that regular stacks of closely 

spaced π-radicals would cause SOMO overlap leading to a half-filled band in which the 

energy gap between bonding and antibonding orbitals is zero. The π-stacking could be 

generated by planar, sterically unencumbered, stable π-radicals. Since charge transfer is 

necessary within this material, species supporting reversible redox states with low 

disproportion enthalpy (i.e., low E°cell) would facilitate electron transfer. The 

dithiadiazolyls and dithiazolyls provide convenient building blocks for conducting 

materials as they satisfy all of the required criteria: many stable, planar heterocyclic 

examples exists, the vast majority of which can undergo reversible one-electron oxidation 

and reduction processes.
51,53-55
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1.2.4 Redox properties of verdazyl radicals 

 Verdazyls (1.10) are the only class of radicals whose stability is comparable to 

that of the nitroxides; most are air and water stable and do not dimerize in solution or the 

solid state.
56

 Their inherent stability can support a range of functionalization, thus 

verdazyl chemistry has grown appreciably since their accidental discovery in 1963;
57

 as 

such verdazyls are currently one of the larger families of stable radicals though they are 

generally less well-known than the more conventional nitroxides and phenoxyl radical 

systems. 

 

 

  

Verdazyls can undergo reversible one-electron oxidation and one-electron 

reduction processes (Scheme 1.7).
58

 Species where C6 is saturated are oxidized between    

-0.2 to -0.4 V vs. ferrocene in acetonitrile, while introduction of a carbonyl group at this 

position causes oxidation potentials to rise by approximately 0.5 V. Reduction potentials 

for most verdazyls fall between -1.0 to -1.3 V. Substituents on N1 and N5 have the 

expected effects: electron donating groups render the verdazyl easier to oxidize and more 

difficult to reduce, while electron withdrawing groups do the opposite. Because C3 

substituents are attached to the verdazyl ring on a SOMO nodal plane (see chapter 2), 

their effects on electrochemical properties are attenuated.  
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Scheme 1.7: The reversible redox states of verdazyl radicals.  

 

 Although the electrochemical properties of various verdazyls have been reported 

in both specific
59-66

 and systematic
58,67,68

 studies, investigations of their utility as redox-

active species are scarce. Among the few such investigations are studies of verdazyls as 

redox-active ligands (RALs).
69,70

 Phenoxyls and nitroxides have enjoyed much attention 

as RALs due to their roles in alcohol oxidation chemistry (see above). Numerous reports 

have shown that verdazyls are also effective ligands for transition metals,
71-73

 and recent 

studies have elucidated the electrochemical properties of several such complexes (e.g., 

1.11 – 1.14).
69,70

 The tunable, well behaved redox chemistry of verdazyls and metal 

complexes thereof suggests that they have the potential to be developed into 

stoichiometric or catalytic reagents akin to phenoxyls and nitroxides. 
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1.3 Thesis objectives 

 Previous work in the Hicks group has focused on the design, synthesis and 

characterization of novel verdazyls and verdazyl-metal complexes. Although much of 

this work was aimed at developing novel magnetic molecules,
74-78

 more recent studies 

have emphasized the rich electrochemistry of verdazyls.
58,69

 The overarching goal of this 

thesis is to further survey the redox properties of verdazyls and explore their potential 

utility as redox-active species akin to phenoxyls and nitroxides. More specifically, 

chapter two outlines the systematic study of protonation and hydrogen bonding effects on 

verdazyl electrochemistry, while chapter three investigates the potential of using 

verdazyls and their metal complexes as alcohol oxidation catalysts. This exploratory 

work required the targeted design, synthesis and characterization of several new verdazyl 

species, details for which are included in both chapters. 
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Chapter 2 – Protonation and hydrogen bonding effects on 

verdazyl redox properties 

 

2.1 Protonation and hydrogen bonding effects on the redox properties of 

redox-active species 
 

The coupling of proton and electron transfer in the chemistry of small molecules 

such as oxygen, water and carbon dioxide is a substantial area of research due to its 

implications towards industrial and biological energy issues.
79-81

 As such, numerous 

studies have investigated the interplay between electron transfer, proton transfer and 

hydrogen bonding. These factors are particularly important in biological systems where 

they influence vital enzymatic, redox cycling and energy transduction systems, including 

photosynthesis and mitochondrial ATP production. Due to their critical role in many of 

these processes, as well as their ubiquitous distribution in nature, quinones and phenols 

have enjoyed the most attention in studies of hydrogen-bonding effects on 

electrochemistry.  

Quinones have been studied extensively due to their involvement in biological 

redox processes as electron and proton carriers.
82-84

 p-Benzoquinone 2.1 is the simplest 

quinone and can exist in three stable oxidation states (Scheme 2.1). Many studies have 

investigated the effects of solvent polarity, buffer capacity, protonation and hydrogen 

bonding on the electrochemical properties of various quinone derivatives.  
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Scheme 2.1: Reversible redox states of p-benzoquinone (2.1) in aprotic solvents. One-electron reduction of 

p-benzoquinone gives the semiquinone anion Q
-●

 (2.2), with subsequent one-electron reduction resulting in 

the dianion Q
2-

 (2.3).  

 

Cyclic voltammograms (CVs) of quinones in neutral, aprotic solvents typically 

consist of two cathodic waves, E1 and E2 (Figure 2.1).
85

 The waves are separated by 

roughly 0.7 V and correspond to the formation of Q
-●

 and Q
2-

, respectively. The first 

reduction process is generally fully reversible, while the second is at least quasi-

reversible at lower scan rates. Addition of water results in a positive shift of the potential 

of both processes (i.e., the reductions become easier).
86

 The effect is more pronounced in 

E2, with higher concentrations of water resulting in complete overlap with E1. This 

behaviour has been attributed to stabilization of the anionic species by hydrogen-bonding 

in aqueous media. 

 

Figure 2.1: Cyclic voltammogram of 2.1 in CH2Cl2 with 0.1 M Bu4NBF4 electrolyte. Scan rate 250 mV/s, 

temperature 294 K. Arrow indicates initial scan direction.
87

  

-2.0 -1.5 -1.0 -0.5 0.0

E (V vs. Fc/Fc+) 

20 μA 

E1 

E2 
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 Other studies have probed the effect of proton donors on the electrochemistry of 

quinones.
88,89

 Increasing concentrations of weak acid (e.g., phenol) result in progressively 

positive displacement of E2 due to protonation of the dianion until the wave merges with 

E1. In contrast, addition of stronger acids (e.g., benzoic acid) causes a positive shift of E1 

with gradual disappearance of E2 with increasing acid concentration. This is a result of 

the fast protonation of Q
-●

 to QH
●
, with concurrent reduction of this more easily 

reducible species at the same potential.  

Although most studies of hydrogen bonding effects on quinone electrochemistry 

focus on intermolecular systems, α- and β-hydroxyquinones have gained recent attention 

as models for intramolecular hydrogen bonding.
90,91

 In α-hydroxyquinones (2.4) the 

hydrogen bond forms a five-membered ring via the interaction between the quinoidal 

carbonyl moiety and the α-supported hydroxyl group. In β-hydroxyquinones (2.5) a six-

membered ring is formed via hydrogen bonding between the carbonyl and the β-

supported hydroxyl group.  

 

 

 

Studies of intramolecular hydrogen bonding effects on electrochemistry in aprotic 

media have recently been reported for a series of hydroxyquinones (2.6-2.9).
91

 

Naphthoquinone 2.6 was chosen as the control due to its well-behaved electrochemical 
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parameters customary of simple p-benzoquinones (i.e., the CV consists of two reversible 

cathodic processes separated by 0.6 V in acetonitrile). The CVs for β-hydroxyquinones 

2.8 and 2.9 both show two reversible one-electron reduction processes, precluding any 

self-protonation effects. For 2.8 both reduction processes occur roughly 0.2 V higher than 

the corresponding processes in the control, while those of 2.9 occur roughly 0.3 V higher 

than the control. Intramolecular hydrogen-bonding stabilizes the anionic reduction 

products, and results in a positive shift of potentials for both reduction processes. The CV 

for α-hydroxyquinone 2.7 consists of several irreversible redox events, due to self-

protonation by the more acidic enolic α-hydroxy function compared to the β-hydroxy 

group.  

 

 

 

Protonation and hydrogen bonding effects on the electrochemistry of phenols 

have also been investigated, particularly as functional models for tyrosyl radicals in 

living systems (see Chapter 1.2.2 for overview of phenol/phenoxyl 

electrochemistry).
83,92,93

 Hydrogen bonding between the phenol hydrogen and a proximal 

basic group (e.g., histidine residue) has been shown to mediate the redox properties of the 

tyrosine/tyrosyl couple, affecting both redox potentials and reversibility.  
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Recent reports have investigated the electrochemical properties of phenols 

capable of intramolecular hydrogen bonding, including series 2.10-2.13.
94

 Oxidation 

potentials for 2.10, 2.11 and 2.12 were found to be similar (Epa = 847 mV, 816 mV and 

826 mV, respectively), and roughly 600-700 mV lower than for species incapable of 

intramolecular hydrogen bonding (e.g., tri-tert-butylphenol and 2.13). Hydrogen bonding 

increases electron density on the phenolic oxygen, thereby making it easier to oxidize. 

Oxidation of phenols to generate phenoxyl radicals commonly involves O-H bond 

dissociation and is thereby an irreversible process. The CV of 2.12, however, showed a 

fully reversible redox couple, while CVs of 2.10 and 2.11 showed partially reversible 

processes. The oxidation of 2.13 was not reversible.  

 

 

 

Mechanistically, the proton-coupled electron transfer (PCET) involved in the 

oxidation of phenols has gained much attention, primarily due to its involvement in 

numerous biological energy transduction systems.
93,95-97

 PCET reactions can occur by 

stepwise or concerted proton electron transfer (CPET) mechanisms (Scheme 2.2). The 

stepwise pathway can proceed via proton transfer followed by electron transfer (PT-ET), 

or electron transfer followed by proton transfer (ET-PT). In contrast, CPET reactions 

involve PT and ET in one kinetic step, and are further subcategorized into hydrogen atom 



19 

 

transfer (HAT) processes, or non-HAT processes where the proton and electron are 

separated in the reactants, products or transition structure.  

 

 

Scheme 2.2: Electron transfer (horizontal arrows), hydrogen/proton transfer (vertical arrows) and concerted 

proton-electron transfer pathways in phenol electrochemistry. 

 

The kinetics and thermodynamics of hydrogen bonded phenol oxidations have 

been studied extensively and in the majority of cases it has been found that the CPET 

pathway dominates.
98,99

 The main exceptions occur at high pH, where deprotonation of 

the phenol is more energetically accessible. Although a thorough discussion of the 

chemical, electrochemical and theoretical research substantiating these findings is beyond 

the scope of this discussion, the advantage of CPET is adequately summarized via the 

following: the thermodynamic benefit of bypassing the high-energy intermediates 

involved in stepwise processes (in the case of phenol oxidation, these include the highly 

reactive phenol radical cation and the zwitterionic phenolate) overcomes any kinetic costs 

thereof.  
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2.2 Past syntheses of verdazyls 

 The first verdazyls were synthesized in 1963 during attempted alkylations of 

formazans 2.14 (Scheme 2.3).
57

 The resulting “leuco” verdazyls 2.15 underwent 

spontaneous aerobic oxidation to the corresponding verdazyls 2.16. Verdazyls with 

various aryl and alkyl substituents have since been synthesized with this general method 

by modifying the base and alkylating agent.
100,101

  

 

 

Scheme 2.3: Synthesis of verdazyl 2.16 from formazan precursor 2.14.  

 

 The first synthesis of 6-oxoverdazyls and 6-thioxoverdazyls appeared in the early 

1980s via the route in Scheme 2.4.
102,103

 This method is compatible with a range of R-

group substituents.  

 

 

Scheme 2.4: Synthesis of verdazyls via carbonic acid bis(1-alkylhydrazide) (2.17) precursor. The tetrazane 

2.18 can be converted to the verdazyl by numerous oxidizing agents, including p-benzoquinone, periodate, 

PbO2, AgO and Ag2O.  
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 In the early 1990s methodology for the synthesis of 1,3,5-triaryl-6-oxoverdazyls 

was developed (Scheme 2.5).
104

 This route also proceeds via a tetrazane 2.21, but begins 

with the reaction of a diarylhydrazone 2.19 with phosgene to give a diarylcarbomoyl 

chloride 2.20, with subsequent reaction of the product with an arylhydrazine. 

 

 

Scheme 2.5: Synthesis of 1,3,5-triaryl-6-oxoverdazyls.  

 

 

Recently, Paré and coworkers developed methodology for the synthesis of 1,5-

diisopropyl-6-oxoverdazyls (Scheme 2.6).
105

 This route and that shown in Scheme 2.5 

have been used extensively by our group with one modification: triphosgene 

(bis(trichloromethyl) carbonate) is used instead of phosgene, as the former is safer and 

more convenient to handle.
59,106

  

 

Scheme 2.6: Synthesis of 1,5-diisopropyl-6-oxoverdazyls. 
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2.3 Redox properties of verdazyls 

A systematic study correlating redox properties of verdazyls 2.22-2.35 (via cyclic 

voltammetry) with molecular structure has recently been reported by our group (Table 

2.1).
58

 Cyclic voltammograms (CVs) of most verdazyls are comprised of a reversible 

oxidation process, and a reversible reduction process (Figure 2.2).   

 

 

 

Table 2.1: Electrochemical properties of verdazyl radicals (V vs. Fc/Fc
+
 in MeCN solution with 0.1 M 

Bu4NBF4 as electrolyte, scan rate of 100 mV/s). Oxidation (Eox°) and reduction (Ered°) half potentials are 

averages of anodic and cathodic peaks for a given redox process. Cell potential (Ecell) is the difference 

between the oxidation and reduction half potentials. 
a
Irreversible process, cathodic peak potential 

reported.
58

 

 

Compound Eox° Ered° Ecell Compound Eox° Ered° Ecell 

2.22 –0.22 –1.23 1.01 2.29 –0.26 –1.26 1.00 

2.23 –0.39 –1.33 0.94 2.30 +0.44 –0.94 1.38 

2.24 –0.31 –1.29 0.99 2.31 +0.27 –1.28 1.55 

2.25 –0.24 –1.26 1.02 2.32 +0.18 –1.38 1.56 

2.26 –0.15 –1.14 0.98 2.33 +0.20 –1.36 1.55 

2.27 –0.30 –1.26
a
 n.a. 2.34 +0.24 –1.25

a
 n.a. 

2.28 –0.29 –1.27 0.98 2.35 +0.23 –1.31 1.54 
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Figure 2.2: Cyclic voltammogram of 2.32 in MeCN with 0.1 M Bu4NBF4 electrolyte. Scan rate 250 mV/s, 

temperature 294 K. Arrow indicates initial scan direction.  

 

For methylene bridged verdazyls 2.22-2.29 oxidation potentials occur between -

0.39 to -0.15 V vs. Fc/Fc
+
, while reductions occur between -1.14 to -1.33 V. Electron 

withdrawing substituents at R (e.g., series 2.23-2.26 where R’ is kept constant and R 

becomes progressively more electron withdrawing) cause an increase in both oxidation 

and reduction potentials. The effect of changing the R’ substituent (e.g., R kept constant 

and R’ made more electron withdrawing, as in series 2.27, 2.24, 2.29, 2.29) results in a 

similar, albeit less dramatic change in potentials. The oxidation peaks of 6-oxoverdazyls 

2.30-2.35 occur at roughly 0.5 V higher than those of equivalent methylene-bridged 

species, likely due to the electron withdrawing inductive effect of the carbonyl moiety. 

The effects of changing R and R’ are otherwise similar to those described above.  

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E (V vs. Fc/Fc+) 

20μA 
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 The verdazyl SOMO is a π* orbital spanning the four nitrogen atoms (Figure 

2.3). This orbital is involved in both oxidation and reduction processes, and helps explain 

the inductive nature of substituent effects. The R substituents connect to the verdazyl ring 

at positions containing substantial contributions to the SOMO, thus influencing processes 

involving this orbital. Conversely, the R’ substituent connects to the verdazyl on a 

SOMO nodal plane, thereby precluding direct conjugative effects from this substituent. 

 

 

Figure 2.3: Verdazyl SOMO.
56

 

 

 In addition to the electrochemical processes discussed above, many verdazyls can 

undergo chemical oxidation, hydrogenation and disproportionation.
56

 Oxidation of 

verdazyls by halogens, FeCl3, AuCl3, PtCl4 or tetranitromethane leads to the 

corresponding verdazylium cations (e.g., 2.37), while hydrogenations to the 

corresponding leuco verdazyls (e.g., 2.38) can be achieved via treatment with 

hydrogenating agents such as hydrogen/palladium, sodium dithionite, hydrazine or 

ascorbic acid. Disproportionation can be achieved by treating a verdazyl with a protic or 

Lewis acid to give the corresponding verdazylium cation and leuco verdazyl (Scheme 

2.7). 
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Scheme 2.7: Disproportionation of triphenyl verdazyl 2.36 to give the corresponding oxoammonium cation 

2.37 and leuco verdazyl 2.38.  
 

 As previously discussed, the electrochemistry of verdazyls has been developed 

via several specific and systematic studies. However, there have been no investigations of 

protonation and/or hydrogen bonding effects on the electrochemistry of these species. To 

address this, species 2.39, 2.33, 2.40 and 2.32 were prepared and their redox properties in 

the presence of a proton donor were examined. Species 2.32 and 2.33 have been 

previously reported, while 2.39 and 2.40 are new derivatives. The compounds were 

chosen based on their ability to be protonated and/or support intramolecular hydrogen 

bonding: 2.39 bears a basic quinolyl moiety that upon protonation can potentially support 

hydrogen bonding to the verdazyl ring; 2.33 features a basic pyridyl group that can also 

support intramolecular hydrogen bonding, albeit in a less ideal geometry than 2.39; 2.40 

also bears a pyridyl group, but due to its para connectivity cannot support intramolecular 

hydrogen bonding; 2.32 bears an R’ substituent not capable of protonation and serves as a 

control species.  
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Results and discussion 

 

 

2.4 Synthesis and characterization of 1,5-diisopropyl-6-oxoverdazyls 

Verdazyls 2.39 and 2.40 were prepared via standard protocols (Scheme 2.8).
105

 

Reaction of bis-hydrazide salt 2.41 with aldehydes 2.42 and 2.43 gave tetrazanes 2.44 

and 2.45, respectively. Aldehyde 2.43 was commercially available, while 2.42 was 

synthesized via allylic oxidation of 8-methylquinoline with SeO2.
107-109

 Oxidation of 

tetrazanes 2.44 and 2.45 gave verdazyls 2.39 and 2.40, respectively, which were found to 

be indefinitely stable in solution and the solid state, as is typical for this family of 

compounds.  

 

 

Scheme 2.8: Preparation of 1,5-diisopropyl-6-oxoverdazyls 2.39 and 2.40.  
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X-ray crystal structures were obtained for both 2.39 and 2.40 (Figure 2.4). The 

structural parameters for the verdazyl heterocycles in both species are typical for 1,5-

dialkyl-6-oxoverdazyls (Table 2.2).
110-113

 The orientation of the N-isopropyl groups (i.e., 

with the methine C-H bond syn to the carbonyl) in both species is also consistent with 

other verdazyls bearing these substituents.
61,78,114

 The verdazyl heterocycle and the 

pyridine ring are slightly twisted with respect to one another in 2.40 (torsion angle 21.2°). 

This effect is more pronounced in 2.39; the torsion angle between the verdazyl ring and 

the quinolyl group is 70.1°.  

 
Table 2.2: Selected bond lengths (Å) for 2.39 and 2.40. 

 2.39 2.40 

N1–N2 1.3726(16) 1.359(2) 

N3–N4 1.3739(16) 1.368(2) 

N2–C2 1.3279(19) 1.327(2) 

N4–C2 1.3239(18) 1.331(2) 

C1–O1 1.2233(17) 1.219(2) 

 

               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: X-ray structures of 2.39 (left) and 2.40 (right). 30% thermal ellipsoids, hydrogen atoms omitted 

for clarity. 
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2.5 Protonation and hydrogen bonding effects on verdazyl redox 

properties 

 
 

2.5.1 Redox properties of verdazyls 

 

Species 2.39, 2.33, 2.40 and 2.32 all have redox properties typical of 1,5-

diisopropyl-6-oxoverdazyls (Table 2.3). The CVs of these compounds are all comprised 

of a reversible oxidation process and a reversible reduction process (e.g., Figure 2.5).  

 
Table 2.3: Electrochemical properties of verdazyl radicals (V vs. Fc/Fc

+
 in MeCN solution with 0.1 M 

Bu4NBF4 as electrolyte, scan rate 250 mV/s, temperature 294 K).  

 

Compound Eox° Ered° Ecell 

2.32
58

 +0.18 –1.38 1.56 

2.33
58

 +0.24 –1.34 1.58 

2.40 +0.20 –1.36 1.55 

2.39 +0.19 –1.41 1.60 
 

 

Figure 2.5: Cyclic voltammogram of 2.40 in MeCN with 0.1 M Bu4NBF4 electrolyte. Scan rate 250 mV/s, 

temperature 294 K. Arrow indicates initial scan direction. 
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2.5.2 Electronic spectroscopy of verdazyls 

To investigate the effect of protons on verdazyl redox properties, solutions of the 

radicals were treated with aliquots of trifluoroacetic acid (TFA). UV-vis spectroscopy 

was used to determine the level of perturbation to the electronic structure of each 

verdazyl caused by TFA. 6-Oxoverdazyls with N-alkyl groups typically have absorption 

bands near 400-450 nm, arising from an electronic transition between an occupied orbital 

and the SOMO.
115

 Substituents on verdazyls can interact with the SOMO, HOMO or 

LUMO, thus any perturbation of the verdazyl or its substituents (e.g., protonation) could 

lead to changes in its electronic spectrum. The electronic spectrum of 2.32 showed no 

change after treatment with up to 3.0 equivalents of TFA (Figure 2.6), suggesting that 

the verdazyl was not protonated under these conditions.  

 

 

Figure 2.6: Electronic spectra of 2.32 in MeCN before (black line) and after (red line) treatment with 1.0 

equivalents of TFA. Initial verdazyl concentration 1.157 mM.  

 

 

0.0

0.5

1.0

1.5

2.0

350 400 450 500 550 600

ε 
(1

0
3
 M

-1
 c

m
-1

) 

Wavelength (nm) 



30 

 

Treatment of verdazyl 2.40 with TFA resulted in changes to its electronic 

spectrum (Figure 2.7). Isosbestic points at 370 nm, 440 nm and 548 nm suggest that the 

electronic structure of 2.40 is changing upon addition of TFA, likely due to protonation 

of the 4-pyridyl group.  

 

 

Figure 2.7: Electronic spectra of 2.40 with varying molar equivalents of TFA: 0.0 eq. (black line), 1.0 eq. 

(red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Initial verdazyl concentration 1.152 mM. 

 

 

Similarly, treatment of verdazyl 2.33 with TFA led to changes in its electronic 

spectrum (Figure 2.8). The presence of isosbestic points at 380 nm, 410 nm, 446 nm and 

520 nm suggests that the 2-pyridyl substituent is being protonated by TFA.  
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Figure 2.8: Electronic spectra of 2.33 with varying molar equivalents of TFA: 0.0 eq. (black line), 1.0 eq. 

(red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Initial verdazyl concentration 1.306 mM. 

 

 

 The electronic spectrum of 2.39 also showed changes upon treatment with TFA 

(Figure 2.9). Isosbestic points are visible at 386 nm and 403 nm, likely due to 

protonation of the 8-quinolyl group.  

 

 

Figure 2.9: Electronic spectra of 2.39 with varying molar equivalents of TFA: 0.0 eq. (black line), 1.0 eq. 

(red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Initial verdazyl concentration 1.063 mM. 
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2.5.3 Protonation and hydrogen bonding effects on verdazyl electrochemistry 

 

Treatment of verdazyl 2.32 with TFA resulted in changes to the cyclic 

voltammogram (Figure 2.10). The oxidation process shifts positively by 0.13 V and 

retains reversibility upon addition of acid. The reduction event also shifts positively but 

becomes irreversible, likely due to protonation of the verdazylium anion.  

 

Figure 2.10: Cyclic voltammogram of 2.32 in MeCN with varying molar equivalents of TFA:  0.0 eq. 

(black line), 1.0 eq. (red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Scan rate 250 mV/s, temperature 

294 K, 0.1 M Bu4NBF4 electrolyte, arrow indicates initial scan direction.  
 

 

The CV of verdazyl 2.40 showed similar changes upon treatment with TFA 

(Figure 2.11). The oxidation process shifts by +0.13 V and retains reversibility. At 1.0 

eq. TFA the reduction couple is replaced with a broad irreversible process at –0.88 V. 

Increased concentrations of acid result in the emergence of a new irreversible reduction 

process at –1.37 V.  
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Figure 2.11: Cyclic voltammogram of 2.40 in MeCN with varying molar equivalents of TFA:  0.0 eq. 

(black line), 1.0 eq. (red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Scan rate 250 mV/s, temperature 

294 K, 0.1 M Bu4NBF4 electrolyte, arrow indicates initial scan direction.  
 

 

The CV of verdazyl 2.33 also showed changes upon treatment with TFA (Figure 

2.12). The shift in oxidation potential was less pronounced than in the case of 2.32 and 

2.40, increasing by only 0.04 V. At 1.0 eq. TFA the reversible reduction process is no 

longer present and a new broad irreversible reduction process at –0.76 V forms. Higher 

concentrations of acid cause formation of an irreversible reduction process –1.42 V and a 

shoulder on the original oxidation process at +0.43 V.  
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Figure 2.12: Cyclic voltammogram of 2.33 in MeCN with varying molar equivalents of TFA:  0.0 eq. 

(black line), 1.0 eq. (red line) and 2.0 eq. (green line). Scan rate 250 mV/s, temperature 294 K, 0.1 M 

Bu4NBF4 electrolyte, arrow indicates initial scan direction.  
 

 

Treatment of verdazyl 2.39 with TFA results in more substantial changes to its 

CV (Figure 2.13). Unlike verdazyls 2.32, 2.40 and 2.33, addition of acid does not shift 

the oxidation process. The cathodic wave of this process, however, gradually decreases in 

intensity with concurrent emergence of a new process at +0.38 V. As in previous cases, 

the reversible reduction process is no longer present. At higher concentrations of acid, an 

irreversible reduction process forms at –1.30 V. Most interestingly, a new reversible 

process at –0.28 V emerges, perhaps due to formation of the leuco verdazyl 2.46, which 

is capable of intramolecular hydrogen bonding.  

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E (V vs. Fc/Fc+) 

20 μA 



35 

 

 

Figure 2.13: Cyclic voltammogram of 2.39 in MeCN with varying molar equivalents of TFA:  0.0 eq. 

(black line), 1.0 eq. (red line), 2.0 eq. (green line) and 3.0 eq. (blue line). Scan rate 250 mV/s, temperature 

294 K, 0.1 M Bu4NBF4 electrolyte, arrow indicates initial scan direction.  

 

 

2.5.4 Synthesis of 1,5-diisopropyl-3-(8-quinolyl)-6-oxo-leucoverdazyl 

Initial attempts at isolating the protonated cation of verdazyl 2.39 were 

unsuccessful. Thus, to confirm the origin of the new reversible process in the CV of 2.39 

upon addition of TFA, the synthesis of leuco 2.46 was pursued as an alternative. As 

previously discussed, many verdazyls can be hydrogenated to give the corresponding 

leuco compounds (Scheme 2.9). Leuco versions of 6-oxoverdazyls, however, are very 

unstable and quite rare.
56

 Previous attempts at hydrogenating verdazyls 2.32 and 2.33 to 

the corresponding leuco compounds were unsuccessful due to their propensity to oxidize 

to the parent verdazyls.
116

 However, intramolecular hydrogen bonding in leuco 2.46 may 

increase its stability by decreasing the likelihood of aerobic oxidation to the parent 

verdazyl.  
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Scheme 2.9: Hydrogenation of verdazyl 2.39 with ascorbic acid to give leuco 2.46. 

  

The 
1
H-NMR of crude leuco 2.46 was distinct from the corresponding tetrazane 

2.44, with a new peak at 10.56 ppm likely corresponding to the N-H proton (Figure 

2.14). The N-H protons of tetrazane 2.44 appear as a broad doublet at 5.96 ppm, a signal 

absent from the spectrum of leuco 2.46. Attempts at purification and characterization of 

this species are ongoing.  

 

 

Figure 2.14: 
1
H-NMR spectra of leuco 2.46 (top) and tetrazane 2.44 (bottom) in CDCl3. Lower-aliphatic 

region (0-3ppm) omitted for clarity. 
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 Although a pure sample of leuco 2.46 could not be obtained, the CV of this 

material was relatively clean (Figure 2.15). Two consecutive, reversible oxidations occur 

at –0.28 V and 0.45 V, corresponding to the peaks that emerged in the TFA treatment of 

verdazyl 2.39. The reversibility of these processes can likely be attributed to 

intramolecular hydrogen bonding between the leuco N-H and the basic quinolyl group. 

  

 

Figure 2.15: CVs of verdazyl 2.39 (black line), verdazyl 2.39 treated with 1.0 eq. TFA (red line), and leuco 

2.46 (blue line). Scan rate 250 mV/s, temperature 294 K, 0.1 M Bu4NBF4 electrolyte. Arrow indicates 

initial scan direction.  

 

 

 

 

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E (V vs. Fc/Fc+) 



38 

 

2.6 Summary 

 This work expands on previous electrochemical studies of verdazyls by 

investigating the effects of protonation and hydrogen bonding on the redox properties of 

these species. The CVs of verdazyls 2.32, 2.40 and 2.33 experience similar perturbations 

upon treatment with TFA: the oxidation and reduction processes shift to slightly higher 

potentials, with concurrent loss of reversibility of the reduction process due to 

protonation of the verdazylate anion. Species 2.32 has no basic site, yet is perturbed in 

much the same way as verdazyls 2.40 and 2.33; thus the shift in redox potentials of these 

species is likely a result of an interaction with the acidic medium and not a specific 

protonation or hydrogen bonding effect. 

Verdazyl 2.39 is unique in its ability to form an intramolecular hydrogen bond 

upon protonation or hydrogenation. This property results in the emergence of a new 

redox process in its CV upon treatment with acid, corresponding to the reversible 

oxidation of leuco 2.46 to the radical cation. The three reversible redox states of verdazyl 

2.39 are each related to those of leuco 2.46 by a proton (Scheme 2.10). As in 

quinones,
88,89

 protonation affects one redox process more than the other; the initial 

oxidation wave of the leuco occurs at much higher potentials than the corresponding 

process of the verdazyl (Figure 2.15). Further work will be directed at improving the 

synthesis of leuco 2.46 and investigating the mechanistic pathways of its redox processes.  
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Scheme 2.10: Reversible redox states of verdazyl 2.39 (top), and hypothesized reversible redox states of 

leuco 2.46 (bottom). 

 

2.7 Experimental 

2.7.1 Materials and methods 

1,5-Diisopropyl-3-(phenyl)-6-oxoverdazyl (2.32), 1,5-diisopropyl-3-(2-pyridyl)-

6-oxoverdazyl (2.33) and 8-formylquinoline (2.42) were synthesized following literature 

methods.
105,107-109

 All solvents and reagents were purchased from Aldrich and used as 

received without further purification or drying, unless specifically stated.  

1
H and 

13
C NMR spectra were recorded on a Bruker AC300 (300 MHz) 

instrument. FT-IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR 

spectrometer as pressed KBr discs or NaCl plates. EPR spectra were recorded on a 

Bruker EMX instrument (9.51 GHz) with samples prepared as dilute (10
-4

 M) and 

deoxygenated (three cycles of freeze-pump-thaw) solutions. EPR spectra were simulated 

using the WinSim 2002 program. Elemental analyses were performed by Canadian 
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Microanalytical Services. Ltd., Delta, British Columbia. UV-visible spectra were 

recorded on a Perkin-Elmer Lambda 1050 spectrometer. Melting points were determined 

using a Gallenkamp melting point apparatus. Cyclic voltammetry experiments were 

performed using a Bioanalytical Systems CV-50W voltammetric analyser with a cell 

consisting of a glassy carbon working electrode, platinum wire counter electrode and 

silver wire reference electrode. Protonation experiments were performed by adding 

aliquots of TFA / MeCN solutions (ranging from 5.00 – 8.00 mmol/L) to the test species 

in situ. Mass spectrometry data was collected on a MicroMass Q-TOF-II mass 

spectrometer by Ori Granot (University of Victoria).  

 

2.7.2 Synthesis and characterization 

2,4-Diisopropyl-6-(4-pyridyl)-1,2,4,5-tetrazinan-3-one (2.45).  

2,4-Diisopropylcarbonohydrazide bis-hydrochloride (0.5266 g, 2.13 

mmol) and 4-pyridinecarboxaldehyde (0.2282 g, 2.13 mmol) were 

combined in 20 mL ethanol and heated gently to dissolve. To this 

yellowish solution was added sodium acetate (0.3492 g, 4.26 mmol). 

The resulting mixture was stirred at room temperature for 18 h. The mixture was then 

gravity-filtered and the solvent evaporated in vacuo. The resulting yellow gum was 

dissolved in 2 mL DCM and vacuum filtered to remove insoluble material. The filtrate 

was treated with 4 mL hexanes, and stored in the freezer overnight. The resulting mixture 

was suction-filtered and washed with 3 x 4 mL cold hexanes to give yellow crystals 

(0.155 g, 0.589 mmol, 28 %), m.p. 161-162 ºC. 
1
H NMR (300 MHz, CDCl3): δ 1.16 (dd, 

12H, J = 3.2 Hz, 6.8 Hz), 3.82 (d, 2H, J = 12.1 Hz), 4.68 (m, 3H), 7.55 (d, 2H, J = 5.3 
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Hz), 8.68 (d, 2H, 5.0 Hz). 
13

C NMR (75 MHz, CDCl3): δ 18.5, 19.5, 47.8, 70.2, 121.2, 

144.1, 150.2, 154.4. FT-IR: νmax (NaCl plate)/cm
–1

 3583 (s, N-H), 3054, 2986 (s, C-H) 

1626 (s, C=O). HRMS-ESI (m/z): [M+H]
+
 calcd for C13H21N5OH, 264.1824; found, 

264.1800.  

 

1,5-Diisopropyl-3-(4-pyridyl)-6-oxoverdazyl (2.40).  

To a stirred solution of 1,5-diisopropyl-3-(4-pyridyl)-1,2,4,5-tetrazane-6-

oxide (0.294 g, 1.12 mmol) in 30 mL ethanol and 10 mL methanol was 

added sodium periodate (0.358 g, 1.67 mmol). The resulting opaque 

yellow solution was stirred at reflux for 3 h, at which point it became a 

strong opaque orange. This solution was filtered and evaporated in vacuo to give a red 

solid. Dichloromethane (5 mL) was added and the immediately soluble material was 

transferred to another flask and evaporated in vacuo. The resulting red oil was then 

purified via column chromatography (silica gel, 9:1 CH2Cl2:EtOAc). The solvent volume 

was reduced in vacuo and the resulting red oil was allowed to slowly evaporate to give 

the product as a red crystalline solid (0.065 g, 0.25 mmol, 22 %), m.p. 90-92 ºC. FT-IR: 

νmax (KBr disk)/cm
–1

 3041, 2979, 2932 (s, C-H) 1686 (s, C=O). EPR (9.51 GHz)/mT: 

aN2,4 0.644; aN1,5 0.534; aH 0.134; g-value 2.0044. HRMS-ESI (m/z): [M+H]
+
 calcd for 

C13H19N5OH, 261.1590; found, 261.1606. Anal. Calcd for C13H18N5O: C, 59.98; H, 6.97; 

N, 26.90. Found: C, 60.09; H, 6.96; N, 26.31.  
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2,4-Diisopropyl-6-(8-quinolyl)-1,2,4,5-tetrazinan-3-one (2.44).  

2,4-Diisopropylcarbonohydrazide bis-hydrochloride (0.200 g, 0.809 

mmol) and 8-formylquinoline (0.127 g, 0.809 mmol) were combined in 

20 mL ethanol. To this yellowish solution was added a solution of 

sodium acetate (0.132 g, 1.62 mmol) in 10 mL ethanol. The resulting 

mixture was stirred at room temperature for 18 h. The solution was then gravity-filtered 

and the solvent evaporated in vacuo. The resulting yellow residue was dissolved in 

minimum hot ethanol and suction-filtered to separate from undissolved solids. The 

solvent was removed in vacuo and the resulting residue recrystallized from heptanes to 

yield yellow crystals (0.172 g, 0.550 mmol, 68%), m.p. 147-150 ºC.  
1
H NMR (300 MHz, 

CDCl3): δ 1.09 (d, 6H, J = 6.6 Hz), 1.14 (d, 6H, J = 6.6 Hz) 4.65 (bs, 1H), 4.77 (sept, 2H, 

J = 6.5 Hz), 5.96 (bd, 2H, J = 8.7 Hz), 7.46 (q, 1H, J = 4.5 Hz), 7.57 (t, 1H, J = 6.9 Hz), 

7.73 (dd, 1H, J = 1.2 Hz, 7.0 Hz) 7.84 (dd, 1H, J = 1.4 Hz, 8.2 Hz), 8.23 (dd, 1H, J = 1.7 

Hz, 8.2 Hz), 8.88 (dd, 1H, J = 1.7 Hz, 4.4 Hz). 
13

C NMR (75 MHz, CDCl3): δ 18.5, 19.5, 

47.6, 76.7, 121.4, 126.8, 128.8, 129.1, 130.9, 133.3, 137.1, 146.5, 149.7, 153.8. FT-IR: 

νmax (KBr disk)/cm
–1

 3263 (s, N-H), 2964 (s, C-H) 1622 (s, C=O). Anal. Calcd for 

C17H23N5O: C, 65.15; H, 7.40; N, 22.35. Found: C, 65.16; H, 7.58; N, 22.43.  

 

1,5-Diisopropyl-3-(8-quinolyl)-6-oxoverdazyl (2.39).  

2,4-Diisopropyl-6-(8-quinolyl)-1,2,4,5-tetrazinan-3-one (0.1254 g, 

0.400 mmol) and recrystallized benzoquinone (0.0651 g, 0.602 mmol) 

were combined in 12 mL toluene. The yellow solution was stirred at 

reflux for 1 h, at which point it became a strong red. The mixture was 
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gravity-filtered and evaporated in vacuo to give a brown amorphous solid. Flash column 

chromatography (silica gel, 10 g, 1:5 EtOAc:CH2Cl2) afforded a red solution that was 

evaporated in vacuo to a red oil. Addition of a small amount of CH2Cl2 and slow 

evaporation gave the product as a yellow crystalline solid. (0.0410 g, 0.132 mmol, 33%), 

m.p. 114-116 ºC. FT-IR: νmax (KBr disk)/cm
–1

 2973, 2931 (s, C-H) 1660 (s, C=O). EPR 

(9.51 GHz)/mT: aN2 0.658; aN4 0.685; aN1 0.513; aN5 0.516; aH 0.125; g-value 2.0044. 

Anal. Calcd for C17H20N5O: C, 65.79; H, 6.50; N, 22.56. Found: C, 65.55; H, 6.59; N, 

22.27. HRMS-ESI (m/z): [M+H]
+
 calcd for C17H21N5OH, 311.1746; found, 311.1770.  

 

1,5-Diisopropyl-3-(8-quinolyl)-6-oxo-leucoverdazyl (2.46). 

To a degassed solution of 1,5-diisopropyl-3-(8-quinolyl)-6-oxoverdazyl 

(0.0400 g, 0.129 mmol) in 15 mL ethanol was added ascorbic acid 

(0.0114 g, 0.0645 mmol). No colour change occurred during the 

addition. The mixture was allowed to stir overnight. The solvent was 

evaporated in vacuo, the resulting red residue dissolved in dichloromethane, filtered and 

evaporated to give a red residue (0.0332 g, 0.107 mmol, 82.7 %), which was used without 

further purification. 
1
H NMR (300 MHz, CDCl3): δ 1.24 (m, 12H), 4.63 (sept, 2H, J = 6.7 

Hz), 7.48 (q, 1H, J = 4.0 Hz), 7.63 (t, 1H, J = 7.9 Hz), 7.89 (dd, 1H, J = 1.2 Hz, 8.2 Hz), 

8.26 (dd, 1H, J = 1.8 Hz, 8.5 Hz), 8.51 (dd, 1H, J = 1.5 Hz, 7.32 Hz), 8.87 (dd, 1H, J = 

1.8 Hz, 4.1 Hz), 10.56 (bs, 1H). 
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Chapter 3 – Verdazyls as potential alcohol oxidation catalysts 
 

 

3.1 Nitroxide-catalyzed alcohol oxidations 

The use of nitroxides as oxidation catalysts has been investigated extensively (see 

Chapter 1.2.1 for an overview) as they have been shown to be synthetically and 

industrially valuable for the conversion of primary and secondary alcohols to the 

corresponding aldehydes, ketones and acids.
117

 Although numerous monomeric,
118

 ionic 

liquid
119,120

 and supported nitroxides
121

 have been developed as oxidation catalysts, the 

majority of methodologies use TEMPO (1.1).
122

  

The mechanistic details of nitroxide-catalyzed oxidation processes remain 

unclear.
122

 Investigations of the pH-dependence of these processes reveal that the rate of 

oxidation of both primary and secondary alcohols increases with increasing basicity of 

the medium. As such, most catalytic processes – and mechanistic studies thereof – are 

performed under basic conditions.
36,123

 The active oxidizing species in these systems is 

the oxoammonium cation represented by two resonance forms 1.2 and 3.1, either of 

which can undergo attack by the alcoholate substrate (Scheme 3.1). Although deuterium 

isotope studies have shown that the rate determining step is breaking of the carbon-

hydrogen bond, it is unclear via which pathway the reaction proceeds.
124

 Studies have 

also probed the effects of the base (strength and concentration) and the substrate (pKa, 

concentration and C-H bond strength) on reaction rates, but the true nature of the 

mechanism remains unclear.  
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Scheme 3.1: Possible mechanisms for nitroxide-catalyzed alcohol oxidation under basic conditions: attack 

of alcoholate on nitrogen (top) or oxygen (bottom).   

 

 

Although the above-described methodology is economically and environmentally 

favourable to stoichiometric inorganic oxidation methods, it has several shortcomings: a 

strong co-oxidant (e.g., bleach, Br2) is necessary to generate the oxoammonium cation, at 

least one equivalent of sodium chloride waste is produced per substrate molecule, sodium 

bromide is often used as a co-catalyst, and most protocols use a chlorinated solvent. As 

such, aerobic oxidations of alcohols using both TEMPO and a transition metal co-catalyst 

have been developed.
20,117,125

 Numerous transition metal systems have been successfully 

used in conjunction with TEMPO, including ceric ammonium nitrate (CAN),
126

 

H5PV2Mo10O40•34H2O,
127

 FeCl3/NaNO2,
128

 and [RuCl2(PPh3)3].
129

 Copper-based co-

catalysts (see Chapter 1.2.1 for discussion), however, dominate this field due to their 

success as catalytic galactose oxidase mimics.
130
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3.2 Galactose oxidase-catalyzed alcohol oxidations 

Galactose oxidase (GO) is a naturally occurring metalloprotein that selectively 

catalyzes the aerobic oxidation of primary alcohols to aldehydes (see Chapter 1.2.2 for 

overview of GO). The mechanism of GO-catalyzed alcohol oxidation has been studied in 

depth (Scheme 3.2).
35

 The alcohol first coordinates to the copper(II) centre, where it is 

deprotonated by the tyrosine residue. The resulting alkoxide undergoes H-abstraction of 

its α-hydrogen by the tyrosyl radical (the rate determining step), resulting in a 

coordinated ketyl radical anion. Oxidation of this ketyl by copper releases the carbonyl 

product, with oxygen subsequently regenerating the active catalyst.  

 

 

 

Scheme 3.2: Mechanism of GO-catalyzed oxidation of alcohols.
131
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GO has been shown to selectively catalyze the oxidation of a range of primary 

alcohols at mild conditions with air as the stoichiometric oxidant. These nearly ideal 

characteristics have prompted the synthesis of numerous biomimetic systems.
16,132-135

 The 

general structural features present in the GO active site (Figure 1.1) have been shown to 

be vital to the activity of this enzyme and are simulated in its biomimetic counterparts 

(e.g., 3.2).
132

 The ligand must contain a relatively stable phenoxyl radical and the Cu(II)-

phenolate intermediate must be reactive towards oxygen. Furthermore, the ligand must 

impose non-square planar geometry around the metal, as square planar Schiff-base Cu(II) 

complexes have been found to be oxidized to EPR-silent, stable [Cu(II)L]
+● 

species that 

do not oxidize alcohols.  

 

 

Reproducing the activity inherent to biological systems with simple synthetic 

molecules is a major challenge in bioinorganic chemistry; although GO model systems 

have been shown to have catalytic activity, their reactions are slow, require the use of 

base to deprotonate the substrate and are mostly limited to activated (i.e., benzylic, 

allylic) primary alcohols. Nevertheless, the study of biological systems and their 

synthetic mimics is integral to understanding and potentially harnessing the 

evolutionarily optimized “methodologies” that occur in nature. 
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3.3 Verdazyl-metal complexes 

6-Oxoverdazyls with substituents containing donor atoms have been shown to be 

effective ligands for transition-metal complexes.
74,77

 Straightforward incorporation of 

substituents has led to the development of bidentate
78

 3.3, bis-bidentate
76

 3.4 and 

tridentate
70

 3.5 coordination motifs.  

 

Although the vast majority of studies of verdazyl-metal complexes focus on their 

magnetic properties, recent reports by our group highlight their properties as non-

innocent, redox active ligands (RALs).
69,70

 Electrochemical studies of complexes 1.11-

1.14 (introduced in Chapter 1.2.4) via cyclic voltammetry confirm that verdazyls 

maintain their redox activity upon coordination, albeit with certain perturbations induced 

by the metal and its ligands. Complexes 1.11 and 1.12 maintain verdazyl-based reversible 

reduction processes (–0.84 V and –1.35 V vs. Fc/Fc
+
, respectively). Reversible oxidation 

processes are also present (+0.13 V for 1.11; –0.42 V and +0.88 V in 1.12), however due 

to extensive mixing of verdazyl and ruthenium orbitals occurring in the oxidized products 

(via DFT calculations), assignment of these processes as exclusively ligand or metal-

based is inappropriate.  

Complex 1.13 has a more straightforward electrochemical profile; both the 

oxidation and reduction processes shift to higher potentials compared to that of the free 
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ligand. The CV of diradical complex 1.14 shows substantial changes compared to the free 

ligand; reduction of the verdazyls occurs in a stepwise manner (in the free ligand both are 

reduced at the same potential), and oxidation leads to hemilabile behaviour of the ligand 

based on voltammetric and spectroscopic studies of the neutral and oxidized species.  

 

Verdazyls have been known for nearly half a century and their chemistry has been 

developed steadily throughout this time.
2
 Although they have grown to be one of the 

largest classes of stable radicals, there have been no reaction-driven studies based on the 

redox properties of verdazyls or their metal complexes. This chapter examines the 

potential of using verdazyls and verdazyl-metal complexes as alcohol oxidation catalysts 

akin to nitroxides and phenoxyls via chemical, electrochemical and spectroscopic 

methods.  
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Bis(verdazyl) 3.6 was targeted as a four-coordinate ligand towards GO-mimic 

complex 3.7. Coordination to copper would likely result in non-square planar geometry 

due to the bulky N-isopropyl groups, which combined with the reversible redox states of 

the verdazyl heterocycles, may facilitate alcohol oxidation.  

 

As previously discussed, verdazyl 2.39 and leuco 2.46 can exist in several stable, 

reversible redox states (Scheme 2.10, Chapter 2.6). As such, verdazyl 2.39 and 

corresponding metal complex 3.8 were targeted as stoichiometric and/or catalytic alcohol 

oxidants akin to the ubiquitous TEMPO systems (Scheme 3.3).  

 

Scheme 3.3: Proposed catalytic cycle for verdazyl-mediated alcohol oxidation. 



51 

 

Results and discussion 

 

3.4 Synthesis and characterization of 1,5-diisopropyl-6-oxoverdazyls 

and verdazyl-metal complexes 

 
3.4.1 Synthesis and characterization of bis(verdazyl) 3.6 

Bis(verdazyl) 3.6 was prepared via standard methodology (Scheme 3.4).
105

 

Aldehyde 3.9 was synthesized via reaction of 1,2-dibromoethane with 2-

hydroxybenzaldehyde under basic conditions.
136

 Reaction of hydrazide salt 2.41 with 

aldehyde 3.9 gave tetrazane 3.7, which was confirmed via 
1
H and 

13
C NMR and used 

without further characterization. Oxidation of the tetrazane gave the corresponding 

bis(verdazyl) 3.6, which was found to be indefinitely stable in solution and the solid state. 

Attempts at removing trace impurities found in the elemental analysis of 3.6 were 

unsuccessful. However, all other characterization data were consistent with the proposed 

structure of this compound.  

 

Scheme 3.4: Synthesis of verdazyl 3.6. 

 

 

 X-ray crystal structure data was obtained for bis(verdazyl) 3.6 (Figure 3.1). The 

two verdazyl heterocycles are oriented anti to one another, likely due to the steric bulk of 

the N-isopropyl groups. The structural parameters for the verdazyl heterocycles are 
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consistent with other 1,5-dialkyl-6-oxoverdazyls, and are identical in both rings (Table 

3.1).
110-113

 As in other verdazyls with N-isopropyl groups, the methine C-H bonds are 

oriented syn to their respective carbonyls. The verdazyl heterocycles and phenyl rings are 

twisted slightly with respect to one another (torsion angles both 26.9°).  

 

Table 3.1: Selected bond lengths (Å) for 3.6. 

Bond Length (Å) 

N1–N2 1.364(3) 

N3–N4 1.368(3) 

N2–C2 1.333(3) 

N4–C2 1.333(3) 

C1–O1 1.221(3) 

 

 
 

Figure 3.1: X-ray structure of 3.6. 30% thermal ellipsoids, hydrogen atoms omitted for clarity. 

 

The electronic spectrum of bis(verdazyl) 3.6 is typical for 1,5-dialkyl-6-

oxoverdazyls, consisting of absorption maxima at 452 and 393 nm; the former 

corresponding to a HOMO to SOMO transition, the latter to a stronger, higher energy 

HOMO-1 to SOMO transition (Figure 3.2).
137

  

N1 

N2 

N3 
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C1 

O1 

C2 
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Figure 3.2: Electronic spectrum of 3.6 in CH2Cl2. 

 

 

The CV of bis(verdazyl) 3.6 indicates that this species can be reversibly oxidized 

to the dication and reduced to the dianion (Figure 3.3). The anodic and cathodic peak 

separations for the oxidation and reduction processes are large (ΔEp = 0.07 V and 0.20 V, 

respectively), suggesting that they each occur as two pseudo-independent one-electron 

processes. Simultaneous two-electron processes are unlikely, as they are expected to have 

ΔEp smaller than those of one-electron processes (for a reversible Nernstian system, ΔEp 

= 59/n mV, where n = number of electrons).
61

 The two verdazyls are electrochemically 

insulated by an ethylene linker and thus have little influence on each other’s redox 

properties. 

 

Figure 3.3: Cyclic voltammogram of 3.6 in MeCN with 0.1 M Bu4NBF4 electrolyte. Scan rate 250 mV/s, 

temperature 294 K. Arrow indicates initial scan direction. Eox°  +0.14 V; Ered° –1.431 V; Ecell  1.57 V.  
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Attempts at coordinating bis(verdazyl) 3.6 to copper by reaction with various 

equivalents of copper(II) chloride dihydrate were unsuccessful, with reagents crashing 

out as separate solids upon evaporation of solvent. This may be due to steric crowding by 

the isopropyl groups, or the poor donor ability of the oxygen atoms of the methoxy 

linker.  

 

3.4.2 Synthesis and characterization of verdazyl-copper complex (3.8) 

  The synthesis and characterization of verdazyl 2.39 is described in Chapter 2.4. 

Reaction of verdazyl 2.39 with copper(II) chloride dihydrate gave verdazyl-copper 

complex 3.8, a deep-purple crystalline solid that was found to be indefinitely stable in the 

solid state (Scheme 3.5).  

 

 

Scheme 3.5: Synthesis of verdazyl-copper complex 3.8. 

 

 

An x-ray crystal structure was obtained for complex 3.8 (Table 3.2). The verdazyl 

binds to the copper in the expected bidentate mode and results in a loss of coplanarity 

between the verdazyl and quinoline rings (Figure 3.4). The copper adopts a significantly 

distorted tetrahedral geometry, with bond angles ranging from 86.3° (N4-Cu-N5) to 

145.3° (N4-Cu-Cl2). The N-N bond lengths of complex 3.8 are slightly shorter than those 

of ligand 2.39, likely due to charge transfer from the verdazyl SOMO to the metal. The 
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bond between the verdazyl heterocycle and the copper is slightly shorter (1.9798 Å) than 

that between the quinolyl heterocycle and the copper 2.0310 Å). In most verdazyls, the 

N3-isopropyl group inverts upon metal coordination, resulting in the methine C-H being 

anti to the carbonyl.
21,69,70

 In complex 3.8, however, the isopropyl group rotates only 

slightly, likely due to the copper being out of plane with respect to the verdazyl 

heterocycle.  

Table 3.2: Selected bond lengths (Å) and angles (°) for ligand 2.39 and complex 3.8. 

 2.39 3.8  3.8 

N1–N2 1.3726(16) 1.3436(17) N4-Cu 1.9798(12) 

N3–N4 1.3739(16) 1.3414(17) N5-Cu 2.0310(13) 

N1–C1 1.3762(18) 1.3783(19) Cl1-Cu 2.2124(4) 

N3–C1 1.3717(19) 1.4003(19) Cl2-Cu 2.2233(5) 

N2–C2 1.3279(19) 1.3027(19) N4-Cu-N5 86.30(5) 

N4–C2 1.3239(18) 1.3731(19) Cl1-Cu-Cl2 102.016(17) 

C1–O1 1.2233(17) 1.2084(18) N4-Cu-Cl1 94.16(4) 

C2–C3 1.4900(19) 1.477(2) N4-Cu-Cl2 145.34(4) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.4: X-ray structure of 3.8 (left) and alternate view (right). 30% thermal ellipsoids, hydrogen atoms 

omitted for clarity.  
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As with other verdazyl-metal complexes, the electronic spectrum of complex 3.8 

is red-shifted with respect to the free radical (Figure 3.5).
75

 The verdazyl transitions at 

395 nm and 450 nm are replaced by a strongly absorbing peak at 545 nm, likely 

corresponding to a charge-transfer band between the ligand and metal.
137

   

 

 
 

Figure 3.5: Electronic spectrum of ligand 2.39 (red line) and copper-complex 3.8 (blue line) in CH2Cl2.   

 

 

Although numerous verdazyl-copper complexes have been reported,
78,138-141

 their 

electrochemistry has not been investigated. The cyclic voltammogram of complex 3.8 

contains several oxidation and reduction processes (Figure 3.6). Unlike in ruthenium- 

and zinc-verdazyl complexes,
69,70

 assignment of these processes is difficult, as both the 

verdazyl and copper can support several oxidation states. The differing geometric 

preferences of Cu(I) and Cu(II) may also contribute to the irreversibility of these 

processes.
142
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Figure 3.6: Cyclic voltammogram of 3.8 in MeCN with 0.1 M Bu4NBF4 electrolyte. Scan rate 250 mV/s, 

temperature 294 K. Arrow indicates initial scan direction. 

 

3.5 Verdazyls as potential oxidation catalysts 

In addition to their use in catalytic systems, nitroxides have been successfully 

used as mild stoichiometric oxidizing agents via their oxoammonium salts.
33,143,144

 Since 

verdazyls can be oxidized to the corresponding verdazylium cations, the use of these 

species as stoichiometric alcohol oxidizing agents was first pursued (e.g., Scheme 3.6). 

 

 

Scheme 3.6: Proposed stoichiometric oxidation of benzyl alcohol with verdazylium 3.10. 

 

The oxidation of verdazyl 2.36 to the verdazylium 3.10 can be affected with 

bromine,
145

 with colour serving as a qualitative indicator of redox state; the verdazyl 

appears green in ethanol solution, while the verdazylium cation appears purple. It was 
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found that no reaction occurs between the verdazylium cation and benzyl alcohol at 

neutral pH. Reaction of the verdazylium cation with benzyl alcohol in the presence of 

triethylamine, however, results in a gradual colour change of the solution from purple to 

green (Figure 3.7), suggesting that the verdazylium is being reduced under these 

conditions (Scheme 3.6). FT-IR and GC-MS analyses of the reaction mixture at various 

time intervals, however, showed no formation of benzaldehyde. It was found that 

triethylamine can affect the reduction of cation 3.10 to verdazyl 2.36, a transformation 

with no literature precedent (Scheme 3.7).  

 

 

Scheme 3.7: Reduction of verdazylium cation 3.10 with triethylamine. 

 

 

 

 
 

Figure 3.7: Electronic spectrum tracking reduction of verdazylium 3.10 (purple line) to verdazyl 2.36 

(green line) in EtOH.   
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 Attempts at oxidation of verdazyl 2.39 and bis(verdazyl) 3.6 to the corresponding 

verdazylium cations were unsuccessful with bromine, NaOCl, NaIO4 or p-benzoquinone. 

As such, these species were not pursued as stoichiometric alcohol oxidizing agents.  

 To investigate the potential of using verdazyl-metal complexes as oxidation 

catalysts, the reaction of sodium tert-butoxide with complexes 3.8 and 3.11 was 

investigated (Scheme 3.8). Mechanistic studies of alcohol oxidations by 

TEMPO/transition-metal systems suggest that an alcoholate-metal complex forms as a 

reaction intermediate (see Chapter 1.2.1, Figure 1.4).
26

 To simulate this intermediate in 

the verdazyl system, sodium tert-butoxide was chosen as a model substrate as it does not 

require deprotonation and lacks α-hydrogens. Lack of α-hydrogens is necessary to 

preclude the possibility of oxidizing the substrate, which would prevent formation of the 

alcoholate-metal complex. Attempts at synthesis and purification of complexes 3.12 and 

3.13 were unsuccessful, yielding spectroscopically complex mixtures of impure products. 

 

 

Scheme 3.8: Proposed syntheses of complexes 3.13 and 3.14. 



60 

 

3.6 Summary 

 This chapter outlines the exploratory work of using verdazyls as potential alcohol 

oxidation catalysts akin to phenoxyls and nitroxides. Although an effective stoichiometric 

or catalytic system was not developed, several new verdazyl species were isolated and 

characterized, and their functional applications towards oxidation chemistry explored. A 

previously unreported reduction of a verdazylium cation with triethylamine was found, 

however, the mechanistic nature of this transformation is unclear. Future work will focus 

on systematically testing a broader range of verdazyls, verdazylium cations and verdazyl-

metal complexes with respect to their potential as alcohol oxidation catalysts.  

 

3.7 Experimental 

3.7.1 Materials and methods 

 1,3,5-Triphenylverdazyl (2.36),
100,101

 1,5-diisopropyl-3-(2-pyridyl)-6-oxoverdazyl 

(2.33),
105

 [1,5-diisopropyl-3-(2-pyridyl)-6-oxoverdazyl]copper(II) chloride (3.11)
78

 and 

1,2-bis(2-propionylphenoxy)ethane (3.9)
136

  were synthesized following literature 

methods. The synthesis of 1,5-diisopropyl-3-(8-quinolyl)-6-oxoverdazyl (2.39) is 

outlined in Chapter 2.7.2.  All solvents and reagents were purchased from Aldrich and 

used as received without further purification or drying, unless specifically stated.  

1
H and 

13
C NMR spectra were recorded on a Bruker AC300 (300 MHz) 

instrument. FT-IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR 

spectrometer as pressed KBr discs or NaCl plates. EPR spectra were recorded on a 

Bruker EMX instrument (9.51 GHz) with samples prepared as dilute (10
-4

 M) and 

deoxygenated (three cycles of freeze-pump-thaw) solutions. EPR spectra were simulated 
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using the WinSim 2002 program. Elemental analyses were performed by Canadian 

Microanalytical Services. Ltd., Delta, British Columbia. UV-visible spectra were 

recorded on a Perkin-Elmer Lambda 1050 spectrometer. Melting points were determined 

using a Gallenkamp melting point apparatus. Cyclic voltammetry experiments were 

performed using a Bioanalytical Systems CV-50W voltammetric analyser with a cell 

consisting of a glassy carbon working electrode, platinum wire counter electrode and 

silver wire reference electrode. Mass spectrometry data was collected on a MicroMass Q-

TOF-II mass spectrometer by Ori Granot (University of Victoria).  

 

3.7.2 Synthesis and characterization 

1,2-Bis(1,5-diisopropyl-1,2,4,5-tetrazinan-6-oxide-3-phenoxy-2-yl)ethane (3.7). 

A solution of 1,2-bis(2-propionylphenoxy)ethane (1.00 

g, 3.70 mmol) in 100 mL MeOH was added dropwise 

to a solution of 2,4-diisopropylcarbonohydrazide bis-

hydrochloride (1.83 g, 7.35 mmol) in 30 mL MeOH 

under argon. After stirring for 18 h the mixture was 

evaporated in vacuo. The resulting brown mass was recrystallized from EtOAc to give 

yellow crystals (0.410 g, 0.704 mmol, 9.6 %). 
1
H NMR (300 MHz, DMSO-d6): δ 0.91 (d, 

12H, J = 6.1 Hz), 0.95 (d, 12H, J = 6.7 Hz), 4.37 (s, 4H), 4.42 (sept, 4H, J = 6.4 Hz), 4.56 

(t, 2H, 12.0 Hz), 4.93 (d, 4H, J = 12.0 Hz), 6.98 (t, 2H, J = 7.3 Hz), 7.08 (d, 2H, J = 7.6 

Hz), 7.32 (ddd, 2H, J = 7.9 Hz, 1.5 Hz), 7.42 (dd, 2H, J = 7.6 Hz, 1.5 Hz). 
13

C NMR (75 

MHz, DMSO-d6): δ 18.1, 19.4, 49.8, 67.1, 67.7, 112.8, 120.8, 125.0, 126.8, 129.4, 153.4, 

155.8.  



62 

 

 

1,2-Bis(1,5-diisopropyl-6-oxoverdazyl-3-phenoxy-2-yl)ethane (3.6). 

Bis-tetrazane (0.155 g, 0.647 mmol) was combined 

with sodium periodate (0.415 g, 1.74 mmol) in 1:1 

THF:H2O (50 mL). The mixture was stirred at reflux 

for 2 h, then at room temperature overnight. The 

resulting opaque-orange solution was diluted with 30 

mL THF, then extracted with NaHCO3 (3 x 30 mL). The aqueous fractions were washed 

with 2 x 25 mL EtOAc to recover organic material. The combined organic fractions were 

dried over MgSO4 and evaporated in vacuo to give an orange oil that solidified to an 

orange mass over several days. Flash chromatography (silica gel, 9:1 DCM:EtOAc) 

resulted in two fractions, yellow and orange. The orange fraction was evaporated in 

vacuo and allowed to dry in open air overnight, giving brilliant orange crystals (0.169 g, 

0.291 mmol, 45%), m.p. 150-153 °C. FT-IR: νmax (KBr disk)/cm
–1

 2978, 2937, 2887 (s, 

C-H) 1682 (s, C=O). HRMS-ESI (m/z): [M+Na]
+
 calcd for C30H40N8O4Na, 599.3070; 

found, 599.3079. Anal. Calcd for C13H18N5O: C, 62.48; H, 6.99; N, 19.43. Found: C, 

61.67; H, 7.09; N, 17.87.  

 

[1,5-Diisopropyl-3-(8-quinolyl)-6-oxoverdazyl]copper(II) chloride (3.8) 

To a warmed solution of 1,5-diisopropyl-3-(8-quinolyl)-6-

oxoverdazyl (73.0 mg, 0.235 mmol) in 2 mL ethanol was added a 

solution of copper(II) chloride dihydrate (40.2 mg, 0.236 mmol) in 2 

mL ethanol. The resulting dark-purple mixture was heated gently for 
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5 minutes and then stored at -15 ºC for 3 h. Suction filtration gave the product as a purple 

microcrystalline solid (75.0 mg, 0.169 mmol, 72%), m.p. 158-161 ºC. Single crystals 

were grown by solvent diffusion of hexane into dichloromethane solution of product. FT-

IR: νmax (KBr disk)/cm
–1

 1708 (s, C=O). UV-Vis: λmax (CH2Cl2)/nm 257 (ε = 20900), 311 

(ε = 13100), 550 (ε = 5770). Anal. Calcd for C17H20N5OCuCl2: C, 45.90; H, 4.53; N, 

15.74. Found: C, 45.90; H, 4.61; N, 15.56. 
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Chapter 4 – Conclusions and future work 

 

 
Stable radicals have been known for over a century and have been used as spin 

labels, molecular magnets, conducting materials, ligands, stoichiometric reagents and 

catalysts. Verdazyls, a large family of radicals whose stability rivals that of the 

nitroxides, were discovered nearly 50 years ago. Although their fundamental properties 

have been investigated thoroughly, application-driven studies have focused almost 

exclusively on their use as molecular magnets. Recent focus in our group has been on 

investigating the electrochemistry of verdazyls as well as their use as redox-active 

species. The work described herein expands on these themes by (i) investigating verdazyl 

redox properties in the presence of a proton donor and (ii) exploring their potential as 

alcohol oxidation catalysts.  

Chapter 2 of this thesis outlines studies of protonation and hydrogen bonding 

effects on verdazyl electrochemistry. A series of verdazyls was synthesized and their 

redox properties in the presence of a proton donor were investigated. It was found that 

verdazyls 2.32, 2.40 and 2.33 experience similar perturbations to their CVs upon 

treatment with TFA: the oxidation and reduction processes shift to slightly higher 

potentials, with concurrent loss of reversibility of the reduction process due to 

protonation of the verdazylate anion. Verdazyl 2.32 has no basic site, yet its CV is 

perturbed in much the same way as those of verdazyls 2.40 and 2.33. This suggests that 

the shift in redox potentials is likely a result of an intermolecular interaction with the 

acidic medium rather than a specific protonation or hydrogen bonding effect. 
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Verdazyl 2.39 was distinct from the rest of the series in that it was capable of 

intramolecular hydrogen bonding. As such, treatment with TFA resulted in more 

dramatic changes to its CV, including formation of a new reversible process that was 

thought to correspond to the oxidation of the hydrogenated verdazyl (“leuco” 2.46). A 

crude sample of leuco 2.46 was synthesized and its CV was found to contain a process at 

the same potential, suggesting that protonation of verdazyl 2.39 results in in situ 

formation of the corresponding leuco. Interestingly, leuco versions of most 6-

oxoverdazyls are unstable due to their propensity to be oxidized by trace amounts of 

oxygen. However, synthesis of leuco 2.46 can be accomplished under open-air 

conditions, and the resulting product is indefinitely stable in air. Future work will be 

directed at synthesis and characterization of a pure sample of leuco 2.46, as well as 

examining the effect of other types of acids and media on the redox properties of 

verdazyls.  

Chapter 3 of this thesis outlines preliminary studies of using verdazyls and their 

metal complexes as alcohol oxidation catalysts. The use of nitroxides and phenoxyls as 

oxidation catalysts or in biomimetic complexes has been studied extensively. Since 

verdazyls are as stable as the nitroxides and have well behaved, tunable redox properties, 

it was thought that they could be developed into alcohol oxidation catalysts and 

stoichiometric reagents. Although several verdazyls were examined as potential oxidants, 

including novel species 2.39, 3.6 and 3.8, an effective stoichiometric or catalytic system 

was not developed. Future work will focus on systematically investigating specifically 

targeted verdazyls, verdazylium cations and verdazyl-metal complexes with regards to 
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their potential as alcohol oxidation catalysts. By synthetically tuning the redox properties 

of verdazyls, it may be possible to develop and effective alcohol oxidation system.  

The primary objective of this work was to further investigate the redox properties 

and practical chemical utility of verdazyls. As such, the electrochemistry of verdazyls 

was developed beyond fundamental structure-function relationships and preliminary 

forays into the practical employment of verdazyls as redox-active species were made. 

Further studies in our group will be broadly focused on investigating verdazyl 

electrochemical properties and applications thereof.   
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Appendix A: Crystallographic parameters 

 

Table A.1: Crystallographic parameters. 

Parameter 2.39 2.40 3.6 3.8 

Formula C17H20N5O C13H18N5O C30H40N8O4 C17H20N5OCuCl2 

FW 310.38 260.32 576.70 444.82 

Dimensions 

(mm) 

0.10 X 0.12 X 

0.60 

0.02 x 0.14 x 

0.38 

0.05 x 0.12 x 

0.25 

0.05 x 0.07 x 

0.14 

a (Å) 11.147(1) 5.7000(13) 15.8919(12) 7.6502(7) 

b (Å) 8.0575(7) 12.966(3) 5.6177(3) 14.4111(12) 

c (Å) 18.585(1) 18.913(4) 17.4472(12) 17.0135(15) 

α (°) 90 90 90 90 

β (°) 96.079(4) 96.069(4) 109.400(3) 100.217(2) 

γ (°) 90 90 90 90 

Volume (Å
3
) 1659.8(3) 1390.0(5) 1469.2(2) 1846.0(3) 

ρcalc (g/cm
3
) 1.242 1.244 1.304 1.611 

System Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P 21/n  (#14) P 21/n  (#14) P 21/n (#14) P 21/n (#14) 

Z 4 4 2 4 

μ 0.82 cm
-1

 0.84 cm
-1

 0.89 cm
-1

 14.90 cm
-1 

T (°C) -173.0 -183.0 -100.0 -183.0 

2θmax (°) 56.0 55.8 55.8 60.1 

Unique 

reflections 
3992 3711 3465 5408 

R1
a
 0.077 0.069 0.103 0.040 

wR2
b
 0.112 0.128 0.175 0.064 

a
R1 =  ||Fo| - |Fc|| /  |Fo|; 

b
[ ( w (Fo

2
 - Fc

2
)
2
 )/  w(Fo

2
)
2
]

1/2 
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Appendix B: Complete list of bond lengths and angles 
 

 
 

Figure B.1: ORTEP view of 2.39. Thermal ellipsoids at 30% probability level. Hydrogen atoms omitted 

for clarity. N.B.: Atom numbering differs from that in main text of thesis.  

 

Table B.1: Bond lengths (Å) and angles (°) for 2.39. 
 

C(1)-N(4)                  1.3239(18) 

C(1)-N(2)                  1.3279(19) 

C(1)-C(11)                 1.4900(19) 

C(2)-O(1)                  1.2233(17) 

C(2)-N(3)                  1.3717(19) 

C(2)-N(1)                      1.3762(18) 

C(3)-N(1)                      1.4775(19) 

C(3)-C(4)                      1.512(2) 

C(3)-C(5)                      1.514(2) 

C(3)-H(3)                      1.0000 
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C(4)-H(4A)                     0.9800 

C(4)-H(4B)                    0.9800 

C(4)-H(4C)                     0.9800 

C(5)-H(5A)                     0.9800 

C(5)-H(5B)                     0.9800 

C(5)-H(5C)                     0.9800 

C(6)-N(3)                      1.4784(18) 

C(6)-C(8)                      1.513(2) 

C(6)-C(7)                      1.515(2) 

C(6)-H(6)                      1.0000 

C(7)-H(7A)                     0.9800 

C(7)-H(7B)                     0.9800 

C(7)-H(7C)                     0.9800 

C(8)-H(8A)                     0.9800 

C(8)-H(8B)                     0.9800 

C(8)-H(8C)                     0.9800 

C(11)-C(12)                    1.366(2) 

C(11)-C(19)                    1.421(2) 

C(12)-C(13)                    1.409(2) 

C(12)-H(12)                    0.9500 

C(13)-C(14)                    1.365(2) 

C(13)-H(13)                    0.9500 

C(14)-C(15)                    1.408(2) 

C(14)-H(14)                    0.9500 

C(15)-C(16)                    1.414(2) 

C(15)-C(19)                    1.4214(19) 

C(16)-C(17)                    1.354(2) 

C(16)-H(16)                   0.9500 

C(17)-C(18)                    1.411(2) 

C(17)-H(17)                    0.9500 

C(18)-N(11)                    1.317(2) 

C(18)-H(18)                    0.9500 

C(19)-N(11)                    1.3686(19) 

N(1)-N(2)                      1.3726(16) 

N(3)-N(4)                      1.3739(16) 

 

N(4)-C(1)-N(2)               127.82(13) 

N(4)-C(1)-C(11)              115.70(13) 

N(2)-C(1)-C(11)              116.45(12) 

O(1)-C(2)-N(3)               123.04(13) 
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O(1)-C(2)-N(1)               122.83(14) 

N(3)-C(2)-N(1)               114.13(12) 

N(1)-C(3)-C(4)               109.73(14) 

N(1)-C(3)-C(5)               109.89(14) 

C(4)-C(3)-C(5)               113.14(15) 

N(1)-C(3)-H(3)               108.0 

C(4)-C(3)-H(3)               108.0 

C(5)-C(3)-H(3)               108.0 

C(3)-C(4)-H(4A)              109.5 

C(3)-C(4)-H(4B)              109.5 

H(4A)-C(4)-H(4B)             109.5 

C(3)-C(4)-H(4C)              109.5 

H(4A)-C(4)-H(4C)             109.5 

H(4B)-C(4)-H(4C)             109.5 

C(3)-C(5)-H(5A)              109.5 

C(3)-C(5)-H(5B)              109.5 

H(5A)-C(5)-H(5B)             109.5 

C(3)-C(5)-H(5C)            109.5 

H(5A)-C(5)-H(5C)             109.5 

H(5B)-C(5)-H(5C)             109.5 

N(3)-C(6)-C(8)               109.54(13) 

N(3)-C(6)-C(7)               110.30(12) 

C(8)-C(6)-C(7)               112.60(14) 

N(3)-C(6)-H(6)               108.1 

C(8)-C(6)-H(6)               108.1 

C(7)-C(6)-H(6)              108.1 

C(6)-C(7)-H(7A)              109.5 

C(6)-C(7)-H(7B)              109.5 

H(7A)-C(7)-H(7B)             109.5 

C(6)-C(7)-H(7C)              109.5 

H(7A)-C(7)-H(7C)             109.5 

H(7B)-C(7)-H(7C)            109.5 

C(6)-C(8)-H(8A)              109.5 

C(6)-C(8)-H(8B)              109.5 

H(8A)-C(8)-H(8B)             109.5 

C(6)-C(8)-H(8C)              109.5 

H(8A)-C(8)-H(8C)             109.5 

H(8B)-C(8)-H(8C)             109.5 

C(12)-C(11)-C(19)            119.87(13) 

C(12)-C(11)-C(1)             120.04(13) 
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C(19)-C(11)-C(1)             120.09(13) 

C(11)-C(12)-C(13)            121.38(15) 

C(11)-C(12)-H(12)            119.3 

C(13)-C(12)-H(12)            119.3 

C(14)-C(13)-C(12)            119.81(15) 

C(14)-C(13)-H(13)            120.1 

C(12)-C(13)-H(13)            120.1 

C(13)-C(14)-C(15)            120.65(14) 

C(13)-C(14)-H(14)            119.7 

C(15)-C(14)-H(14)            119.7 

C(14)-C(15)-C(16)            123.01(14) 

C(14)-C(15)-C(19)            119.66(14) 

C(16)-C(15)-C(19)            117.33(14) 

C(17)-C(16)-C(15)            119.43(15) 

C(17)-C(16)-H(16)            120.3 

C(15)-C(16)-H(16)            120.3 

C(16)-C(17)-C(18)            119.14(16) 

C(16)-C(17)-H(17)            120.4 

C(18)-C(17)-H(17)            120.4 

N(11)-C(18)-C(17)            124.34(16) 

N(11)-C(18)-H(18)            117.8 

C(17)-C(18)-H(18)            117.8 

N(11)-C(19)-C(11)            118.53(13) 

N(11)-C(19)-C(15)            122.83(13) 

C(11)-C(19)-C(15)            118.62(13) 

N(2)-N(1)-C(2)               124.26(12) 

N(2)-N(1)-C(3)               114.58(11) 

C(2)-N(1)-C(3)               121.16(12) 

C(1)-N(2)-N(1)               114.68(11) 

C(2)-N(3)-N(4)               124.75(11) 

C(2)-N(3)-C(6)               121.21(12) 

N(4)-N(3)-C(6)               113.97(12) 

C(1)-N(4)-N(3)               114.35(12) 

C(18)-N(11)-C(19)            116.91(13) 
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Figure B.2: ORTEP view of 2.40. Thermal ellipsoids at 30% probability level. N.B.: Atom numbering 

differs from that in main text of thesis.  

 

Table B.2: Bond lengths (Å) and angles (°) for 2.40. 
 

C(1)-N(2)                      1.327(2) 

C(1)-N(4)                      1.331(2) 

C(1)-C(11)                     1.485(3) 

C(2)-O(1)                      1.219(2) 

C(2)-N(3)                      1.380(2) 

C(2)-N(1)                      1.382(2) 

C(3)-N(1)                      1.483(2) 

C(3)-C(4)                      1.515(3) 

C(3)-C(5)                      1.520(3) 

C(3)-H(3)                      1.0000 

C(4)-H(4A)                     0.9800 

C(4)-H(4B)                     0.9800 
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C(4)-H(4C)                    0.9800 

C(5)-H(5A)                     0.9800 

C(5)-H(5B)                     0.9800 

C(5)-H(5C)                     0.9800 

C(6)-N(3)                      1.479(2) 

C(6)-C(8)                      1.513(3) 

C(6)-C(7)                      1.516(3) 

C(6)-H(6)                      1.0000 

C(7)-H(7A)                    0.9800 

C(7)-H(7B)                     0.9800 

C(7)-H(7C)                     0.9800 

C(8)-H(8A)                     0.9800 

C(8)-H(8B)                     0.9800 

C(8)-H(8C)                     0.9800 

C(11)-C(12)                    1.383(3) 

C(11)-C(15)                    1.394(3) 

C(12)-C(13)                    1.386(3) 

C(12)-H(12)                    0.9500 

C(13)-N(11)                    1.344(3) 

C(13)-H(13)                    0.9500 

C(14)-N(11)                    1.341(3) 

C(14)-C(15)                    1.380(3) 

C(14)-H(14)                    0.9500 

C(15)-H(15)                    0.9500 

N(1)-N(2)                      1.359(2) 

N(3)-N(4)                      1.368(2) 

  

N(2)-C(1)-N(4)               127.70(17) 

N(2)-C(1)-C(11)              115.88(16) 

N(4)-C(1)-C(11)              116.42(17) 

O(1)-C(2)-N(3)               123.05(17) 

O(1)-C(2)-N(1)               123.02(17) 

N(3)-C(2)-N(1)               113.92(16) 

N(1)-C(3)-C(4)               110.27(15) 

N(1)-C(3)-C(5)               109.88(15) 

C(4)-C(3)-C(5)               111.93(17) 

N(1)-C(3)-H(3)              108.2 

C(4)-C(3)-H(3)               108.2 

C(5)-C(3)-H(3)               108.2 

C(3)-C(4)-H(4A)              109.5 



82 

 

C(3)-C(4)-H(4B)              109.5 

H(4A)-C(4)-H(4B)             109.5 

C(3)-C(4)-H(4C)              109.5 

H(4A)-C(4)-H(4C)             109.5 

H(4B)-C(4)-H(4C)             109.5 

C(3)-C(5)-H(5A)              109.5 

C(3)-C(5)-H(5B)              109.5 

H(5A)-C(5)-H(5B)             109.5 

C(3)-C(5)-H(5C)              109.5 

H(5A)-C(5)-H(5C)             109.5 

H(5B)-C(5)-H(5C)             109.5 

N(3)-C(6)-C(8)               110.02(17) 

N(3)-C(6)-C(7)               109.55(15) 

C(8)-C(6)-C(7)               113.01(19) 

N(3)-C(6)-H(6)               108.0 

C(8)-C(6)-H(6)               108.0 

C(7)-C(6)-H(6)               108.0 

C(6)-C(7)-H(7A)              109.5 

C(6)-C(7)-H(7B)              109.5 

H(7A)-C(7)-H(7B)             109.5 

C(6)-C(7)-H(7C)              109.5 

H(7A)-C(7)-H(7C)             109.5 

H(7B)-C(7)-H(7C)             109.5 

C(6)-C(8)-H(8A)              109.5 

C(6)-C(8)-H(8B)              109.5 

H(8A)-C(8)-H(8B)             109.5 

C(6)-C(8)-H(8C)              109.5 

H(8A)-C(8)-H(8C)             109.5 

H(8B)-C(8)-H(8C)             109.5 

C(12)-C(11)-C(15)            117.81(17) 

C(12)-C(11)-C(1)             122.12(17) 

C(15)-C(11)-C(1)             120.06(18) 

C(11)-C(12)-C(13)            118.95(19) 

C(11)-C(12)-H(12)            120.5 

C(13)-C(12)-H(12)            120.5 

N(11)-C(13)-C(12)            124.0(2) 

N(11)-C(13)-H(13)            118.0 

C(12)-C(13)-H(13)            118.0 

N(11)-C(14)-C(15)            124.0(2) 

N(11)-C(14)-H(14)            118.0 
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C(15)-C(14)-H(14)            118.0 

C(14)-C(15)-C(11)            119.11(19) 

C(14)-C(15)-H(15)            120.4 

C(11)-C(15)-H(15)            120.4 

N(2)-N(1)-C(2)               124.33(16) 

N(2)-N(1)-C(3)               115.38(15) 

C(2)-N(1)-C(3)               120.23(15) 

C(1)-N(2)-N(1)               114.95(16) 

N(4)-N(3)-C(2)               124.40(15) 

N(4)-N(3)-C(6)               115.20(15) 

C(2)-N(3)-C(6)               120.36(15) 

C(1)-N(4)-N(3)               114.40(15) 

C(14)-N(11)-C(13)            116.12(17) 
 

 

 

 

 

Figure B.3: ORTEP view of 3.6. Thermal ellipsoids at 30% probability level. Hydrogen atoms omitted for 

clarity. N.B.: Atom numbering differs from that in main text of thesis.  

 

 



84 

 

Table B.3: Bond lengths (Å) and angles (°) for 3.6. 
 

C(1)-N(4)                      1.333(3) 

C(1)-N(2)                      1.333(3) 

C(1)-C(11)                     1.487(3) 

C(2)-O(1)                      1.221(3) 

C(2)-N(3)                      1.368(3) 

C(2)-N(1)                      1.368(3) 

C(3)-N(1)                      1.483(3) 

C(3)-C(4)                      1.514(4) 

C(3)-C(5)                      1.517(4) 

C(3)-H(3)                      1.0000 

C(4)-H(4A)                     0.9800 

C(4)-H(4B)                     0.9800 

C(4)-H(4C)                     0.9800 

C(5)-H(5A)                     0.9800 

C(5)-H(5B)                     0.9800 

C(5)-H(5C)                     0.9800 

C(6)-N(3)                      1.476(3) 

C(6)-C(7)                      1.514(4) 

C(6)-C(8)                      1.523(4) 

C(6)-H(6)                      1.0000 

C(7)-H(7A)                     0.9800 

C(7)-H(7B)                     0.9800 

C(7)-H(7C)                     0.9800 

C(8)-H(8A)                     0.9800 

C(8)-H(8B)                     0.9800 

C(8)-H(8C)                     0.9800 

C(11)-C(16)                    1.399(3) 

C(11)-C(12)                    1.414(3) 

C(12)-O(11)                   1.360(3) 

C(12)-C(13)                    1.394(4) 

C(13)-C(14)                    1.373(4) 

C(13)-H(13)                    0.9500 

C(14)-C(15)                    1.380(4) 

C(14)-H(14)                    0.9500 

C(15)-C(16)                    1.376(4) 

C(15)-H(15)                    0.9500 

C(16)-H(16)                   0.9500 

C(17)-O(11)                    1.431(3) 

C(17)-C(17)#1                  1.502(5) 
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C(17)-H(17A)                   0.9900 

C(17)-H(17B)                   0.9900 

N(1)-N(2)                      1.368(3) 

N(3)-N(4)                      1.364(3) 

  

N(4)-C(1)-N(2)               126.4(2) 

N(4)-C(1)-C(11)              114.7(2) 

N(2)-C(1)-C(11)              118.9(2) 

O(1)-C(2)-N(3)               123.3(2) 

O(1)-C(2)-N(1)               123.0(2) 

N(3)-C(2)-N(1)               113.7(2) 

N(1)-C(3)-C(4)               109.5(2) 

N(1)-C(3)-C(5)               110.0(2) 

C(4)-C(3)-C(5)               112.4(2) 

N(1)-C(3)-H(3)               108.3 

C(4)-C(3)-H(3)               108.3 

C(5)-C(3)-H(3)               108.3 

C(3)-C(4)-H(4A)              109.5 

C(3)-C(4)-H(4B)              109.5 

H(4A)-C(4)-H(4B)             109.5 

C(3)-C(4)-H(4C)              109.5 

H(4A)-C(4)-H(4C)             109.5 

H(4B)-C(4)-H(4C)             109.5 

C(3)-C(5)-H(5A)              109.5 

C(3)-C(5)-H(5B)              109.5 

H(5A)-C(5)-H(5B)             109.5 

C(3)-C(5)-H(5C)              109.5 

H(5A)-C(5)-H(5C)             109.5 

H(5B)-C(5)-H(5C)             109.5 

N(3)-C(6)-C(7)               109.3(2) 

N(3)-C(6)-C(8)               110.6(2) 

C(7)-C(6)-C(8)               112.9(2) 

N(3)-C(6)-H(6)               108.0 

C(7)-C(6)-H(6)               108.0 

C(8)-C(6)-H(6)               108.0 

C(6)-C(7)-H(7A)              109.5 

C(6)-C(7)-H(7B)              109.5 

H(7A)-C(7)-H(7B)             109.5 

C(6)-C(7)-H(7C)              109.5 

H(7A)-C(7)-H(7C)             109.5 
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H(7B)-C(7)-H(7C)             109.5 

C(6)-C(8)-H(8A)              109.5 

C(6)-C(8)-H(8B)              109.5 

H(8A)-C(8)-H(8B)             109.5 

C(6)-C(8)-H(8C)              109.5 

H(8A)-C(8)-H(8C)             109.5 

H(8B)-C(8)-H(8C)             109.5 

C(16)-C(11)-C(12)            117.9(2) 

C(16)-C(11)-C(1)             118.0(2) 

C(12)-C(11)-C(1)             124.0(2) 

O(11)-C(12)-C(13)            123.0(2) 

O(11)-C(12)-C(11)            117.8(2) 

C(13)-C(12)-C(11)            119.2(2) 

C(14)-C(13)-C(12)            120.6(3) 

C(14)-C(13)-H(13)            119.7 

C(12)-C(13)-H(13)            119.7 

C(13)-C(14)-C(15)            121.3(3) 

C(13)-C(14)-H(14)            119.3 

C(15)-C(14)-H(14)            119.3 

C(16)-C(15)-C(14)            118.5(2) 

C(16)-C(15)-H(15)            120.8 

C(14)-C(15)-H(15)            120.8 

C(15)-C(16)-C(11)            122.4(2) 

C(15)-C(16)-H(16)            118.8 

C(11)-C(16)-H(16)            118.8 

O(11)-C(17)-C(17)#1         105.8(3) 

O(11)-C(17)-H(17A)          110.6 

C(17)#1-C(17)-H(17A)      110.6 

O(11)-C(17)-H(17B)          110.6 

C(17)#1-C(17)-H(17B)      110.6 

H(17A)-C(17)-H(17B)       108.7 

N(2)-N(1)-C(2)               124.9(2) 

N(2)-N(1)-C(3)               114.82(19) 

C(2)-N(1)-C(3)               120.2(2) 

C(1)-N(2)-N(1)               114.5(2) 

N(4)-N(3)-C(2)               124.7(2) 

N(4)-N(3)-C(6)               114.82(19) 

C(2)-N(3)-C(6)               120.4(2) 

C(1)-N(4)-N(3)               115.1(2) 

C(12)-O(11)-C(17)            117.6(2) 
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Figure B.4: ORTEP view of 3.8. Thermal ellipsoids at 30% probability level. Hydrogen atoms omitted for 

clarity. N.B.: Atom numbering differs from that in main text of thesis.  

 

Table B.4: Bond lengths (Å) and angles (°) for 3.8. 
 

C(1)-N(2)                      1.3027(19) 

C(1)-N(4)                      1.3731(19) 

C(1)-C(11)                     1.477(2) 

C(2)-O(1)                      1.2084(18) 

C(2)-N(1)                      1.3783(19) 

C(2)-N(3)                      1.4003(19) 

C(3)-N(3)                      1.4923(18) 

C(3)-C(4)                      1.517(2) 

C(3)-C(5)                      1.519(2) 

C(3)-H(3)                      1.0000 

C(4)-H(4A)                     0.9800 

C(4)-H(4B)                     0.9800 

C(4)-H(4C)                     0.9800 

C(5)-H(5A)                     0.9800 

C(5)-H(5B)                     0.9800 

C(5)-H(5C)                     0.9800 

C(6)-N(1)                      1.4825(19) 
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C(6)-C(8)                     1.518(2) 

C(6)-C(7)                      1.519(2) 

C(6)-H(6)                      1.0000 

C(7)-H(7A)                     0.9800 

C(7)-H(7B)                     0.9800 

C(7)-H(7C)                     0.9800 

C(8)-H(8A)                     0.9800 

C(8)-H(8B)                     0.9800 

C(8)-H(8C)                     0.9800 

C(11)-C(12)                    1.383(2) 

C(11)-C(19)                    1.428(2) 

C(12)-C(13)                    1.402(2) 

C(12)-H(12)                    0.9500 

C(13)-H(13)                    0.9500 

C(14)-C(15)                    1.413(2) 

C(14)-H(14)                    0.9500 

C(15)-C(16)                    1.418(2) 

C(15)-C(19)                    1.423(2) 

C(16)-C(17)                    1.360(2) 

C(16)-H(16)                    0.9500 

C(17)-C(18)                    1.406(2) 

C(17)-H(17)                    0.9500 

C(18)-N(11)                    1.328(2) 

C(18)-H(18)                    0.9500 

C(19)-N(11)                    1.380(2) 

N(1)-N(2)                      1.3436(17) 

N(3)-N(4)                      1.3414(17) 

N(4)-Cu(1)                     1.9798(12) 

N(11)-Cu(1)                    2.0310(13) 

Cl(1)-Cu(1)                    2.2124(4) 

Cl(2)-Cu(1)                    2.2233(5) 

  

N(2)-C(1)-N(4)               124.85(13) 

N(2)-C(1)-C(11)              117.45(13) 

N(4)-C(1)-C(11)              117.55(13) 

O(1)-C(2)-N(1)               124.29(14) 

O(1)-C(2)-N(3)               122.43(14) 

N(1)-C(2)-N(3)               113.27(13) 

N(3)-C(3)-C(4)               110.82(12) 

N(3)-C(3)-C(5)               110.61(12) 
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C(4)-C(3)-C(5)               112.81(13) 

N(3)-C(3)-H(3)               107.4 

C(4)-C(3)-H(3)               107.4 

C(5)-C(3)-H(3)               107.4 

C(3)-C(4)-H(4A)              109.5 

C(3)-C(4)-H(4B)              109.5 

H(4A)-C(4)-H(4B)          109.5 

C(3)-C(4)-H(4C)              109.5 

H(4A)-C(4)-H(4C)          109.5 

H(4B)-C(4)-H(4C)        109.5 

C(3)-C(5)-H(5A)         109.5 

C(3)-C(5)-H(5B)            109.5 

H(5A)-C(5)-H(5B)          109.5 

C(3)-C(5)-H(5C)              109.5 

H(5A)-C(5)-H(5C)          109.5 

H(5B)-C(5)-H(5C)          109.5 

N(1)-C(6)-C(8)               109.28(13) 

N(1)-C(6)-C(7)               108.59(12) 

C(8)-C(6)-C(7)               112.47(13) 

N(1)-C(6)-H(6)               108.8 

C(8)-C(6)-H(6)               108.8 

C(7)-C(6)-H(6)               108.8 

C(6)-C(7)-H(7A)              109.5 

C(6)-C(7)-H(7B)              109.5 

H(7A)-C(7)-H(7B)          109.5 

C(6)-C(7)-H(7C)            109.5 

H(7A)-C(7)-H(7C)        109.5 

H(7B)-C(7)-H(7C)        109.5 

C(6)-C(8)-H(8A)            109.5 

C(6)-C(8)-H(8B)           109.5 

H(8A)-C(8)-H(8B)       109.5 

C(6)-C(8)-H(8C)          109.5 

H(8A)-C(8)-H(8C)       109.5 

H(8B)-C(8)-H(8C)        109.5 

C(12)-C(11)-C(19)      119.28(14) 

C(12)-C(11)-C(1)      116.96(13) 

C(19)-C(11)-C(1)        123.60(13) 

C(11)-C(12)-C(13)      121.81(15) 

C(11)-C(12)-H(12)      119.1 

C(13)-C(12)-H(12)        119.1 
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C(14)-C(13)-C(12)      119.76(15) 

C(14)-C(13)-H(13)    120.1 

C(12)-C(13)-H(13)      120.1 

C(13)-C(14)-C(15)      120.53(14) 

C(13)-C(14)-H(14)       119.7 

C(15)-C(14)-H(14)       119.7 

C(14)-C(15)-C(16)        121.58(14) 

C(14)-C(15)-C(19)     119.98(14) 

C(16)-C(15)-C(19)     118.44(14) 

C(17)-C(16)-C(15)       119.41(15) 

C(17)-C(16)-H(16)     120.3 

C(15)-C(16)-H(16)       120.3 

C(16)-C(17)-C(18)       119.30(15) 

C(16)-C(17)-H(17)     120.4 

C(18)-C(17)-H(17)      120.4 

N(11)-C(18)-C(17)       123.29(15) 

N(11)-C(18)-H(18)       118.4 

C(17)-C(18)-H(18)       118.4 

N(11)-C(19)-C(15)      120.55(13) 

N(11)-C(19)-C(11)        120.95(13) 

C(15)-C(19)-C(11)       118.49(14) 

N(2)-N(1)-C(2)               124.02(12) 

N(2)-N(1)-C(6)               114.66(12) 

C(2)-N(1)-C(6)               120.84(12) 

C(1)-N(2)-N(1)               117.19(13) 

N(4)-N(3)-C(2)               124.08(12) 

N(4)-N(3)-C(3)               117.95(12) 

C(2)-N(3)-C(3)               117.94(12) 

N(3)-N(4)-C(1)               114.82(12) 

N(3)-N(4)-Cu(1)              115.10(9) 

C(1)-N(4)-Cu(1)              106.70(9) 

C(18)-N(11)-C(19)       118.79(14) 

C(18)-N(11)-Cu(1)      120.23(11) 

C(19)-N(11)-Cu(1)        120.51(10) 

N(4)-Cu(1)-N(11)         86.30(5) 

N(4)-Cu(1)-Cl(1)              94.16(4) 

N(11)-Cu(1)-Cl(1)     136.17(4) 

N(4)-Cu(1)-Cl(2)       145.34(4) 

N(11)-Cu(1)-Cl(2)       101.96(4) 

Cl(1)-Cu(1)-Cl(2)        102.016(17) 
 


