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Abstract 

Triazenes represent an interesting class of organic photochromic materials based on  

cis-trans isomerization around a nitrogen-containing double bond, and are of potential use in 

optical memory devices. One structural property of triazenes related to cis-trans isomerization 

is restricted rotation around the N(2)-N(3) bond. The purpose of the study presented in this 

thesis is to investigate the influence of aryl substitution on the N(2)-N(3) rotational barrier of 

meta and/or para substituted cis-1,3-diphenyltriazenes. Rate constants for restricted rotation in 

cis-triazenes were measured by means of a laser-flash photolysis system, via trans-to-cis 

photoisomerization of corresponding trans-triazenes (which were synthesized either by 

classical or non-classical diazonium coupling reactions). A quantitative structure-reactivity 

correlation analysis of rate constants for restricted rotation of cis-triazenes was carried out in 

terms of an extended Hammett equation. Resulting Hammett reaction constants for restricted 

rotation are –1.88 ± 0.08 and 0.70 ± 0.08 for N(1) and N(3), respectively, indicating that 

restricted rotation of cis-triazenes is more sensitive to the electronic character of the aryl group 

at N(1) than to that at N(3). Interestingly, the observed rate constants for restricted rotation in 

cyano-containing substrates are found to be pH-dependent. The latter is attributed to a change 

in the ionization state of the substrate, which is supported by solvent isotope effects. 

Furthermore, the pH dependence observed for unsymmetrical cyano-containing substrates 

indicates that upon deprotonation of the amino group, the negative charge concentrates either 

on the 4-CN substituent attached to the phenyl ring at N(3) or on the triazeno moiety. Thus, the 

primary cis-anionic 4-cyano-containing forms are not the same ions and do not equilibrate 

rapidly, since they undergo cis-to-trans isomerization. Finally, an extended Hammett equation 

was also employed in the analysis of pKa values of trans-triazenes. The results show that there 

is a direct mesomeric interaction between the charge at N(3) in the triazeno moiety with 4-CN 

and 4-NO2 groups in the systems studied. Consequently, the Yukawa-Tsuno modification of 

the Hammett equation is introduced to correlate pKa values and Hammett substituent 

constants. 
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Chapter 1. Introduction 

Triazenes are compounds characterized by having a N=N-N functional group, referred 

to as the triazeno moiety.1 The general structure of triazenes is shown in Scheme 1.1, where R 

can be any alkyl group, aryl group, and hydrogen. 

 

N NR1 N
R3

R2

 

Scheme 1.1 General structure of triazenes. 

 

According to the IUPAC system of nomenclature, the nitrogen atoms in the triazeno 

moiety are numbered consecutively from one end to the other, assigning the smallest numbers 

to the double bond, i.e., N(1)=N(2)-N(3).2 For example, the triazene with R1 = R2 = phenyl and 

R3 = hydrogen is named as 1,3-diphenyltriazene (1). Derivatives of 1 are the target substrates 

for the studies conducted for the purpose of this thesis.  

 

N N N
H

1
 

 

Triazenes are examples of photochromic organic materials. Photochromism, by 

definition, is a reversible transformation of a chemical species induced, at least in one 

direction, by absorption of electromagnetic radiation (light) between two forms having 
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different absorption spectra.3 The representation of photochromism can be then illustrated as 

shown in Scheme 1.2. 

 

A B

hν

hν' or Δ
 

Scheme 1.2 Photochromic system. 

 

One possible application of photochromic organic materials is their commercial usage 

in ophthalmic lenses.4 These lenses are unique; the lenses are colorless when they are not 

exposed to bright light, and darken in a bright environment. These lenses contain a 

photochromic organic compound that is colorless when there is no bright light exposure. In a 

bright environment, this material undergoes an isomerization reaction to form a colored 

species. When taken back indoors, this activated form isomerizes back to its original form and 

the lenses become colorless again.  

There are six classes of chemical processes involved in photochromism:5 (a) pericyclic 

reactions, (b) cis-trans (Z/E) isomerization, (c) intramolecular H-transfer (H-tautomerism), (d) 

dimerization processes, (e) dissociation processes, and (f) electron transfers (oxido-reduction). 

Triazenes represent photochromic organic materials based on cis-trans isomerization of 

nitrogen-containing double bonds. Photochromic materials of this type are of interest for 

potential applications, among others, in molecular electronic devices.5 In fact, triazenes are 

potential photochromic candidates for making high density, high signal/noise ratio optical 

memory materials.6  
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Other than being photochromic materials, triazenes have been extensively used both in 

the medical and industrial fields. In the medical research area, triazenes such as 1-aryl-3,3-

dialkyltriazenes and 3-acyl-1,3-dialkyltriazenes are used in the development of anticancer 

drugs.2,7 In several industrial sectors, para-substituted 1,3-diphenyltriazenes are used as 

versatile metal complexing agents as well as chemical blowing agents in a variety of polymer 

systems, such as in the manufacture of foam rubbers.8 Last but not least, triazenes are also used 

as intermediates in heterocycle synthesis7 and as protecting groups for secondary amines.9  

As already mentioned, triazenes can undergo reversible cis-trans isomerization. One 

structural property of triazenes related to the cis-trans isomerization mechanism is the 

restricted or hindered rotation around the N(2)-N(3) bond. The work presented in this thesis 

concentrates on a structure-reactivity correlation analysis of rate constants for restricted 

rotation around the N(2)-N(3) bond of cis-1 and its derivatives. Properties of triazenes 

significant to the study presented in this thesis are described in the next sections. 

 

1.1 Properties of Triazenes 

1.1.1 Stability of Triazenes 

While studying triazene systems, one should take into account their stability towards 

not only heat and light, but also towards acids.1,2 1,3-Diaryltriazenes can undergo photoinduced 

decomposition (i.e., photolysis).10 The mechanism that has been proposed for the photolysis of 

symmetrical 1,3-diaryltriazenes involves homolytic cleavage of the N(2)-N(3) single bond as 

shown in Scheme 1.3.11,12  
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-N2

Ar

Ar N N
H
N Ar Ar N N HN Ar

hν

 

Scheme 1.3 Photoinduced decomposition of symmetrical 1,3-diaryltriazenes. 

 

This radical pathway for photolysis of 1,3-diaryltriazenes yields the corresponding 

arylamino and aryldiazenyl radicals. Subsequently, the aryldiazenyl radicals can decompose to 

aryl radicals and nitrogen gas. Depending on the nature of the solvent (i.e., non-aromatic vs. 

aromatic solvent), these radicals can either combine with each other or react with solvent 

molecules to form various decomposition products (such as aminoazobenzenes, arylamines, 

and aminobiphenyls).11,12 In all solvents, the major products formed are from the radical 

recombination of the aryl and arylamino radicals within the solvent cage and from hydrogen 

abstraction by arylamino radicals. Only in the case of aromatic solvents, biaryls are also 

observed as a result of radical substitution on the solvent molecules by the aryl radicals. The 

quantum yield of photolysis of 1, upon continuous light irradiation at 360 nm, is measured to 

be approximately 0.02 in cyclohexane and 0.001 in methanol.12 However, the quantum yield of 

photolysis of 1 is approximately 2.85 in benzene, clearly showing that in aromatic solvents, a 

free radical chain process is involved.11 

Besides photoinduced decomposition, 1,3-diaryltriazenes can also undergo thermal 

decomposition. Just as for the photolysis mechanism, a homolytic cleavage of the N(2)-N(3) 

bond has been proposed for the thermal decomposition of 1,3-diaryltriazenes.13 Thus, the 

primary decomposition products of 1,3-diaryltriazenes at high temperature are arylamino and 

aryldiazenyl radicals, the latter decomposing to yield aryl radicals and nitrogen gas. Since there 
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are two distinguishable tautomers for unsymmetrical 1,3-diaryltriazenes (Scheme 1.4), the 

primary decomposition products at high temperature involve two different arylamino, 

aryldiazenyl, and aryl radicals (the latter formed via decomposition of the corresponding 

aryldiazenyl radicals).14,15  

 

Ar N N
H
N Ar' Ar N N HN Ar'

Ar
H
N N N Ar' Ar NH N Ar'

Δ

Δ

-N2

Ar

-N2

Ar'

N

 

Scheme 1.4 Thermal decomposition of unsymmetrical 1,3-diaryltriazenes. 

 

Besides photolysis and thermal decomposition, triazenes are also sensitive to the 

presence of acids. Although triazenes are stable in aprotic media, they can be readily 

decomposed upon the addition of acids, yielding diazonium ions and corresponding anilines.16 

Most studies agree that the acid catalyzed decomposition of triazenes involves protonation of 

N(3), followed by the breakage of the N(2)-N(3) single bond to yield the corresponding 

decomposition products, aniline and diazonium ions.17-19 Results from the studies on the acid-

catalyzed decomposition of 1,3-diaryltriazenes are interpreted in terms of an A1 (acid catalyzed 

unimolecular) mechanism in which the rate-limiting step is the cleavage of the N(2)-N(3) 

single bond.17-20 Thus, as indicated in Scheme 1.5, protonation takes place at N(3) by acids to 

give a 1,3-diaryltriazene cation 2. This step is fast and reversible. Subsequently, cation 2 

slowly decomposes to yield a diazonium ion 3 and its corresponding aniline 4 through a 
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heterolytic cleavage of the N(2)-N(3) single bond. It is known that triazene stability increases 

with increasing electron-withdrawing character of para substituents.19,20 This is due to the 

difficulty to protonate N(3) since electron-withdrawing substituents decrease the electron 

density on N(3) (i.e., the basicity of the amino nitrogen decreases). Furthermore, the stability 

of diazonium ions is also decreased with electron-withdrawing substituents.  

 

N N
H
N ArAr N N NH2Ar Ar NH2

+H+

Ar

N NArslow

2 3 4  

Scheme 1.5 Acid-catalyzed decomposition of 1,3-diaryltriazenes. 

 
The final decomposition products of symmetrical 1,3-diaryltriazenes are usually aniline 

and phenol. Since there are two distinguishable tautomers for unsymmetrical  

1,3-diaryltriazenes (Scheme 1.6), the final decomposition products involve two distinct 

anilines and phenols.21 

 

Ar N N
H
N Ar' Ar N N H2N Ar'

Ar
H
N N N Ar' Ar NH2 N Ar'

H+

H+

H2O

N

Ar OH

Ar' OH

H2O

-N2

-N2

 

Scheme 1.6 Acid-catalyzed decomposition of unsymmetrical 1,3-diaryltriazenes. 
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Studies on the decomposition of triazenes derivatives in acidic media have also been 

performed by means of quantum chemical calculations, i.e., ab initio and PM3 semiempirical 

methods.16,22,23 Calculations indicate that protonation of N(3) competes with protonation of 

N(1) and that both are energetically more favorable than protonation of N(2).16,22,23 This can be 

seen from the corresponding heat of formation, Hf, data (Table 1.1) calculated from the PM3 

semiempirical method.23 Protonation of N(1) does not lead, however, to 1,3-diaryltriazene 

decomposition, as it allows charge delocalization over the three nitrogen atoms. On the other 

hand, protonation of N(3) destabilizes the N(2)-N(3) bond by preventing electron 

delocalization over the three nitrogen atoms. It is also noticed from Table 1.1 that protonation 

of N(3) occurs more readily with electron donating substituents since an electron donating 

group stabilizes the positive charge on N(3). Interestingly, calculations also indicate that 

protonation on N(3) results in a considerable bond-lengthening of the N(2)-N(3) bond and, as a 

consequence, the N(1)=N(2) bond is shortened (Table 1.2).16,23 Thus, protonation of N(3) is a 

crucial step that eventually leads to the decomposition of triazenes.16,22,23 

 

Table 1.1 Calculated heat of formation of protonated p,p'-disubstituted 1,3-diphenyltriazenes.23 

Substituent 
Hf (N(1)) 

(kcal/mol) 

Hf (N(2)) 

(kcal/mol) 

Hf (N(3)) 

(kcal/mol) 

OCH3 183.1 195.3 187.4 

H 264.4 276.5 266.5 

NO2 267.4 280.1 267.8 
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Table 1.2 Calculated bond lengths for neutral and N(3)-protonated p,p'-disubstituted 1,3-

diphenyltriazenes.23 

neutral 1,3-diphenyltriazene N(3)-protonated 1,3-diphenyltriazene 
Substituent 

N(1)=N(2) (Å) N(2)-N(3) (Å) N(1)=N(2) (Å) N(2)-N(3) (Å) 

OCH3 1.236 1.390 1.218 1.596 

H 1.237 1.385 1.217 1.580 

NO2 1.237 1.382 1.205 1.927 

 

 

1.1.2 Restricted Rotation 

Restricted or hindered rotation about a single bond, by definition, is the inhibition of 

rotation of groups about a bond due to the presence of a sufficiently large rotational barrier.24a 

In the case of triazenes, a 1,3-dipolar resonance form is generated when the lone pair electrons 

on N(3) conjugate with the  electrons on the N(1)=N(2) double bond (Scheme 1.7), which 

causes an increase in the energy barrier for rotation around the N(2)-N(3) bond.  

 

N N N N N N

 

Scheme 1.7 Resonance delocalization of the triazeno moiety. 

 

The first observation on restricted rotation of a series of trans-1-(4-X-phenyl)-3,3-

dimethyltriazenes (5) is documented by Akhtar et al.25 and Marullo et al.26 in the late 1960s. In 

the 1H NMR spectrum of 5, the methyl signal is a singlet at room temperature. Cooling the 
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sample results in a broadening of the methyl signal and eventually two distinct peaks of equal 

intensity appear. From the corresponding temperature dependent NMR spectrum of 5, the free 

energy activation of rotation, G‡, is derived. Values of G‡ given in Table 1.3 show that as 

the electron-withdrawing character of the substituent placed in the para position of the phenyl 

ring increases, the rotational barrier of the restricted rotation around N(2)-N(3) bond increases. 

Thus, this suggests that the influence of the 1,3-dipolar resonance structure is greater in the 

presence of electron-withdrawing substituents on the phenyl ring.25-29  

 

N N N
CH3

CH3

5

X

 

 

Table 1.3 Free energy of activation for restricted rotation of trans-1-(4-X-phenyl)-3,3-

dimethyl triazenes in CDCl3 at 298 K. 

 

X G‡ (kcal/mol)a G‡ (kcal/mol)b 

OCH3 12.7  

CH3 13.0 12.1 

H 13.7 12.7 

Cl 13.9 13.3 

NO2 15.7 15.7 

aData taken from ref. 25. bData taken from ref. 26. 
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Results from X-ray diffraction studies (Table 1.4) clearly show that the bond length of 

the N(1)=N(2) double bond in disubstituted trans-1,3-diphenyltriazenes 6 is longer than the 

characteristic N=N double bond (1.24 Å).30 On the contrary, the N(2)-N(3) single bond in 

disubstituted trans-1,3-diphenyltriazenes is shorter than the characteristic N-N single bond 

(1.44 Å).30  

 

Table 1.4 Bond lengths for N(1)=N(2) and N(2)-N(3) for various 1,3-diphenyltriazene 

derivatives. 

N
N

H
N

X Y
6

 

 X Y N(1)=N(2) (Å) N(2)-N(3)(Å) 

6aa 4-CH3 4-F 1.2803 1.3163 

6b a 4-CH3 4-CH3 1.2777 1.3344 

6c b H H 1.27 1.31 

6d c 3-NO2 3-NO2 1.2612 1.3262 

6ed 4-NO2 4-NO2 1.2632 1.3402 

6f a 4-F 4-Cl 1.3178 1.3217 

aData taken from ref. 31. bData taken from ref. 32. cData taken from ref. 33. dData taken from 

ref.  34. 
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Furthermore, a theoretical study on 1-aryl-3,3-diethyltriazenes indicates that the 

calculated bond orders for N(1)=N(2) are smaller than 2 (typically between 1.683 and 1.829), 

while the calculated bond orders for N(2)-N(3) are larger than 1 (typically between 1.009 and 

1.187).35 These results are consistent with the 1,3-dipolar resonance contribution. There is a 

linear correlation between the bond orders of the N(2)-N(3) bond and the free energy of 

rotation, G‡; i.e., the bond order of the N(2)-N(3) bond increases with G‡.35 

The free energies of activation of rotation, G‡, can also be correlated by means of the 

Hammett equation (see Section 1.2). In the case of trans-1-(4-X-phenyl)-3,3-dimethyltriazenes 

(6), Akhtar et al.25 report that an excellent linear relationship against the Hammett substituent 

constants  is observed, with a slope ( ) value of -2.1, whereas Marullo et al.26 report that the 

observed  values at 25°C and 0°C are –2.01 and –2.03, respectively. Furthermore, in the case 

of trans-1-aryl-3,3-dialkyltriazenes, observed  values of –2.0436 and –1.9528 are in excellent 

agreement with the results obtained by both Akhtar et al.25 and Marullo et al..26 The negative  

values observed in all cases suggest that (the restricted) rotation around the N(2)-N(3) bond 

causes the electron density at N(1) to decrease on going from the ground to the transition 

state.26,28,36  

Restricted rotation is also observed with cis-triazenes, although the studies are very 

limited. The only documented experimental study on the influence of substituents and solvents 

on the energy barrier corresponding to the N(2)-N(3) restricted rotation on cis-triazenes 

focuses on cis-1,3-di(4-X-phenyl)triazenes.37 It is noticed from the G‡ values given in Table 

1.5 that increasing the electron-withdrawing character of the X substituents results in an 

increase in the rotational barrier. Increasing the electron-withdrawing character of X 

substituents will stabilize the negative charge on N(1) and destabilize the positive charge on 
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N(3). Thus, the trend observed implies that the restricted rotation of cis-1,3-di(4-X-

phenyl)triazenes is more sensitive to the electronic character of the aryl group attached to N(1) 

than of that bonded to N(3).37  

 

Table 1.5 Free energy of activation for restricted rotation of cis-1,3-di(4-X-phenyl)triazenes in 

30% v/v THF:H2O solution at 21ºC.37 

 

X CH3O CH3 H Cl CF3 

G‡ (kcal/mol) 10.6 ± 0.1 11.1 ± 0.3 11.1 ± 0.8 11.7 ± 0.2 11.9 ± 0.3 

 

Solvent effects on the restricted rotation of cis-1,3-di(4-X-phenyl) triazenes have also 

been studied experimentally.37 As depicted in Table 1.6, not only decreasing polarity of the 

organic co-solvent, but also increasing the organic co-solvent concentration lead to an increase 

in the rotational barrier about the N(2)-N(3) bond. This clearly indicates an increase in dipole 

moment on rotation from the ground state to the transition state.37  

 

Table 1.6 Free energy of activation for N(2)-N(3) restricted rotation of  

cis-1,3-diphenyltriazene in aqueous solution at 21ºC.37 

 

Co-Solvent 30 % MeOH 30% AN 30% THF 20% THF 15% THF 

G‡ (kcal/mol) 10.1 ± 0.4 10.5 ± 0.4 11.1 ± 0.8 10.5 ± 0.1 10.2 ± 0.2 
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1.1.3 Tautomerization 

Besides restricted rotation around the N(2)-N(3) bond of triazenes, tautomerization is 

also an important aspect for the study presented in this thesis. Tautomerization, by definition, 

is a process occurring by the migration of a proton and relocation of single and double 

bonds.24b Triazenes with R'' = H, as illustrated in Scheme 1.8, display tautomerism. If the 

substituents R and R' at N(1) and N(3) are not identical, a mixture of two distinguishable 

tautomeric forms, 7a and 7b, will exist. Tautomeric equilibria depend on the electronic 

character of the substituents R and R' and are determined by the equilibrium constant, KT. 

Studies on tautomeric equilibria of triazenes have been conducted by means of spectroscopic 

methods, such as IR and NMR.38-42  

 

N N
N R'R

R''

N N
N R'R

R''

KT

7a 7b
 

Scheme 1.8 Tautomerization of trans-triazenes. 

 

Substituents effect on a series of unsymmetrical trans-1,3-diaryltriazenes have been 

studied by means of infrared spectroscopy in carbon tetrachloride.38 In this study, 

unsymmetrical triazenes labeled with 15N are used to assign the absorption bands due to the  

N-H stretching vibrations (i.e., Scheme 1.8, RNH-N=15NR  in 7a and RN=N-15NHR  in 7b).38 

The approximate ratio of the two tautomeric forms, KT, is obtained based on the IR absorption 

intensities of the 15NH stretching vibration bands compared to the 14NH stretching vibration 
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bands (i.e., KT  =  
A(7b)

A(7a)
, where A represents the absorption intensity). As given in Table 1.7, 

the equilibrium constants (KT) of a series of unsymmetrical trans-1,3-diaryltriazenes indicates 

that para groups with an electron-withdrawing mesomeric effect favor tautomer 7a, whereas 

para groups with an electron-donating mesomeric effect and meta groups with an electron-

withdrawing inductive effect favor tautomer 7b.38 

 

Table 1.7 Tautomerization equilibrium constants for a series of unsymmetrical 

trans-1,3-diaryltriazenes.38 

 

R R' R'' KT  =  
A(7b)

A(7a)
 

p-NO2-C6H4 C6H5 H 0.48 

m-Cl-C6H4 C6H5 H 1.33 

p-CH3-C6H4 C6H5 H 1.64 

p-Cl-C6H4 C6H5 H 2.27 

 

 

Besides IR, NMR spectroscopy also gives information on the effect of various 

substituents in shifting the equilibrium in favor of one of the two possible tautomers.  

The 13C-NMR spectra of 3-methyl-1-p-tolyltriazene (Scheme 1.8; R = p-CH3-C6H4, R' = CH3), 

observed in CDCl3 at temperatures ranging from –40°C to 100°C, demonstrate that while 

tautomer 7b predominates, tautomer 7a is still present in ca. 18%.39 Indeed, this result is 

consistent with the IR study,38 i.e., the tautomerization equilibrium shifts to the position where 
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the N=N double bond is closer to the electron-donating group. A 19F-NMR study on a series of 

1-(4-fluorophenyl)-3-(4-X-phenyl)triazenes in THF and pyridine at –90°C and –60°C, 

respectively, demonstrates that the position of the tautomerization equilibrium depends mainly 

on the resonance effect of the substituents.42 Increasing the electron-withdrawing character of 

the X-substituent causes the tautomerization equilibrium to shift to the position in which the 

N=N double bond is distant from the X-substituent. These results are supported by ab initio 

calculations of the electron density of a series of 1-(4-fluorophenyl)-3-(4-X-phenyl)triazenes, 

which have shown that electron-withdrawing X-substituents increase the electron density on 

the nearest nitrogen atom.43 Thus, the tautomerization equilibrium is expected to shift to the 

position in which the N-H bond is closer to the electron-withdrawing X-substituent.  

 

1.1.4 Cis-Trans Isomerization  

Many unsaturated N-containing substances, such as azo compounds44 and carbamates,45 

undergo cis-trans isomerizations. The interconversion of cis (Z) and trans (E) configurations is 

known to affect physical properties such as absorption spectra. Owing to the presence of the 

N=N double bond, triazenes can exist as cis and trans isomers and can undergo reversible  

cis-trans isomerization (Scheme 1.9).2,46,47 Triazenes in the trans form can be photochemically 

transformed into the cis form. Because of the instability of cis-isomers, cis-triazenes will revert 

back to the thermodynamically more stable trans-form via a thermal process.46 In this section, 

the mechanistic studies on the thermal cis-to-trans isomerization for series of  

p,p -disubstituted-1,3-diphenyltriazenes are presented. 
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Scheme 1.9 Cis-trans isomerization of triazenes. 

 

Kinetic studies on the thermal cis-to-trans isomerization of series of p,p -disubstituted-

1,3-diphenyltriazenes (both symmetrical and unsymmetrical) have been studied systematically 

by Barra et al.20,37,48,49 Cis-p,p -disubstituted-1,3-diphenyltriazenes were generated upon laser 

excitation at  = 355 nm of trans-p,p -disubstituted-1,3-diphenyltriazenes in buffered 30% 

(v/v) THF:H2O solutions. The proposed cis-to-trans isomerization mechanism for symmetrical 

p,p -disubstituted-1,3-diphenyltriazenes is shown in Scheme 1.10.20,48 
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Scheme 1.10 Cis-to-trans isomerization mechanism for symmetrical triazenes. 

 

According to Scheme 1.10, the mechanism for thermal cis-to-trans isomerization of 

1,3-diphenyltriazenes in aqueous media involves two consecutive processes: restricted rotation 
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around the N(2)-N(3) bond, followed by 1,3-prototropic rearrangements. It is found that the 

rate-controlling step depends on the pH of the solution.48 At pH < 10, the 1,3-prototropic 

rearrangement, which is catalyzed by general acids and bases, is the rate-controlling step. Acid 

catalysis is attributed to rate-limiting proton transfer to the diazo group leading to the 

isomerization. Acid catalysis becomes predominant as the electron donating character of the 

para substituent increases. Base catalysis is attributed to the rate-limiting base-promoted 

ionization of the amino nitrogen and becomes predominant as the electron withdrawing 

character of the para substituent increases. 

On the other hand, at pH > 10, restricted rotation around the N(2)-N(3) bond is the rate-

controlling step. The rate of this process is independent of the concentration of acids and bases. 

As it is already illustrated in Scheme 1.7, the N(2)-N(3) bond of the triazeno moiety possesses 

a considerable partial double bond character as a result of the 1,3-dipolar resonance form. This 

resonance hybridization causes an increase in the energy barrier for the rotation about the 

N(2)-N(3) bond. Thus, cis-1,3-diphenyltriazenes, shown in Scheme 1.11, exist as pair of 

rotamers (cis-s-cis and cis-s-trans). A 1,3-prototropic rearrangement illustrated in Scheme 1.10 

can only lead to a change in the N=N double bond configuration if applied to the cis-s-trans 

rotamer.20,48  

 

krot N N
N

H

N N
N

H

cis-s-cis cis-s-trans
 

Scheme 1.11 Restricted rotation around the N(2)-N(3) bond of cis-1. 
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In addition to the symmetrical system, three unsymmetrical p,p -disubstituted  

1,3-diphenyltriazenes have also been thoroughly studied.49 For these systems, it is reasonable 

to assume that the thermal cis-to-trans isomerization mechanism is similar to that of 

symmetrical p,p -disubstituted 1,3-diphenyltriazenes presented in Scheme 1.10. However, one 

needs to consider a unique geometrical characteristic that arises from the nature of 

unsymmetrical triazenes, i.e., the existence of unsymmetrical triazenes as a pair of 

distinguishable tautomers as shown earlier in Scheme 1.8.49  

The general observations for cis-to-trans isomerization of unsymmetrical triazenes are 

in agreement with those for symmetrical triazenes. The proposed cis-to-trans isomerization 

mechanism of unsymmetrical p,p -disubstituted 1,3-diphenyltriazenes is shown in Scheme 

1.12. At relatively low pH, the observed rate constants are dependent on the pH and buffer 

concentration, consistent with thermal cis-to-trans isomerization involving a 1,3-prototropic 

rearrangement catalyzed by general acids and bases, whereas at relatively high pH, the 

observed rate constants are independent of pH, in agreement with restricted rotation as the rate 

controlling step, except for the fact that two pairs of cis isomers are observed upon trans-to-cis 

photoisomerization.49  

The two cis-s-cis tautomers behave as two independent species, and each one follows 

the same cis-to-trans isomerization mechanism as described for symmetrical triazenes (Scheme 

1.10). This interpretation implies that the rate of tautomerization of cis-s-cis isomers is slower 

than that of cis-to-trans isomerization.49 This consideration is reasonable based on steric 

hindrance arguments: restricted rotation around the N(2)-N(3) bond followed by a  

1,3-protrotopic rearrangement decrease the steric interaction between the phenyl groups.49  
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Scheme 1.12 Cis-to-trans isomerization mechanism for unsymmetrical triazenes. 

 

1.2 Structure-Reactivity Correlation using the Hammett Equation 

In order to investigate the effect of substituents on the rate of restricted rotation around 

the N(2)-N(3) bond, a quantitative structure-reactivity analysis is carried out in terms of the 

Hammett equation. The Hammett equation describes the influence of meta and para 

substituents on the side chain reactions of benzene derivatives. This equation is not applicable 

for ortho substituents due to their steric effects.50 The Hammett equation can be described in 

terms of rate constants (eq. 1.1) or equilibrium constants (eq. 1.2), 

 

log (kX ) =  log k H +       eq. 1.1 

 

log (KX ) =  log K H +      eq. 1.2 
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where kX and KX are the rate constant and equilibrium constant, respectively, for an X 

substituted aromatic compound, and kH and KH are the rate constant and equilibrium constant, 

respectively, for the parent compound (the unsubstituted aromatic compound). The parameter 

 is the substituent constant, which measures the electronic character of the substituent.51  

The parameter  is defined as log(Ka/Ka°), where Ka and Ka° are the acid dissociation 

constants for a substituted benzoic acid and benzoic acid itself, respectively. The substituent 

constant  is independent of the nature of the reaction. A negative value of  implies that the 

substituent has an electron-donating character. The more negative the value of , the stronger 

the electron-donating character. On the other hand, a positive value of  specifies that the 

substituent has an electron-withdrawing character. The parameter  measures the susceptibility 

of a reaction to the electronic effects of substituents and is dependent on the reaction.51  

A positive  value implies the electron density on the reaction site increases on going from 

ground state to transition state, whereas a negative value of  specifies that the electron density 

on the reaction sites decreases on going from ground state to transition state.  

The above Hammett equations are not sufficient to describe, for example, 

unsymmetrical 1,3-diphenyltriazenes, since the substituents are in different rings. Thus, the 

extended Hammett equation has been proposed to analyze a system having substituents in 

different rings.52 Just as the regular Hammett equation, the extended Hammett equation can 

also be given in terms of rate constants (eq. 1.3) or equilibrium constants (eq. 1.4). 

 

log (kX ) =  log k H +  i i +  j j +  ij i j   eq. 1.3 

 

log (KX ) =  log K H +  i i +  j j +  ij i j  eq. 1.4 
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The term ij i j corresponds to the cross-interaction between the two substituents. The 

magnitude of ij represents the intensity of the interaction between two substituents through the 

reaction center in the transition state. Additionally, ij is inversely proportional to the distance 

between these two substituents in the transition state.53 The cross-interaction is negligible when 

(a) the distance between the two substituents is very large, or (b) the distance between the two 

substituents does not change in the rate limiting step.53 These two cases can be applied to the 

characterization of SN1 and SAN reactions, respectively. For an SN1 mechanism such as in the 

reaction of substituted anilines with substituted 1-phenylethylbenzenesulfonates, in the rate-

limiting transition state there is no bond formation, only bond cleavage takes place. Thus, there 

is no interaction between the substituent on the nucleophile and that on the electrophilic 

substrate and hence, ij is zero. For an addition-elimination mechanism (SAN) such as in the 

reaction of substituted phenoxide ions with chloronitrobenzenes, the elimination step is rate-

limiting. Therefore, the distance between the substituent on the nucleophile and that on the 

electrophile does not change in the rate limiting step (i.e., ij is zero).53  

Another application of the extended Hammett equation has been on the acid 

dissociation of N1-methyl-N1,N2-diphenylacetamidinium ions (8).54 It is found that the cross 

interaction term for the acid dissociation of 8 is negligible, as the distance between the 

substituents does not change in the rate limiting step.53,54 Thus, the expression for the extended 

Hammett equation when applied to 8 is shown in eq 1.5.  

 

log (KX ) =  log K H +  im im +  am am    eq. 1.5 
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where KX and KH represent equilibrium constants for acid dissociation, and the subscripts “im” 

and “am” specify the substituent close to N(1) and N(3), respectively. From a regression 

analysis, the values of im and am for 8 are 2.88 ± 0.18 and 1.42 ± 0.16, respectively. The 

absolute value of im is clearly higher than that of am, which means that acid dissociation of 8 

is more sensitive to the electronic character of the substituent X than that of Y. 

 

N N
C

CH3

CH3

X Y

8

H

 

 

The energy barrier of restricted rotation of symmetrical and unsymmetrical 

cis-1,3-diphenyltriazenes is affected by the electronic character of aryl substituents.  

A quantitative analysis, based on the use of the extended Hammett equation, of the rate 

constants for restricted rotation around the N(2)-N(3) bond for a series of symmetrical and 

unsymmetrical cis-1,3-diphenyltriazenes, leads to a preliminary im value of –1.93 ± 0.08 and 

am value of 0.82 ± 0.08.49 These results are consistent with the 1,3-dipolar resonance model 

shown in Scheme 1.7. The negative sign of im implies the electron density on N(1) decreases 

on rotation, and the positive sign of am implies the electron density on N(3) increases on 

rotation. The rotation around the N(2)-N(3) bond reduces electron delocalization along the 

nitrogen chain by preventing conjugation. Consequently, the electron density at N(1) decreases 

and that of N(3) increases on going from ground state to transition state. The absolute im value 

is obviously higher than the absolute am value. Thus, this indicates that restricted rotation 
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around the N(2)-N(3) bond is more sensitive to the electronic character of the aryl group at 

N(1) than to that at N(3). 

 

1.3 Research Objectives 

The studies outlined in this thesis are intended to further characterize the influence of 

aryl substitution on the N(2)-N(3) rotational barrier of cis-1,3-diphenyltriazenes. The influence 

of aryl substitution is investigated by means of a quantitative structure-reactivity analysis in 

terms of a multiple-substituent Hammett equation. In order to accomplish this, not only a large 

number of unsymmetrical compounds (in which the phenyl rings contain electron donating and 

withdrawing groups that have more or less ability for resonance stabilization) are desirable, but 

also studying some meta/meta and meta/para substituted triazenes is important. Target 

triazenes are listed in Charts 1.1 and 1.2, i.e., symmetrical and unsymmetrical substituted  

1,3-diphenyltriazenes, respectively. The experimental conditions for this study are chosen to be 

identical to those of previous research on symmetrical and unsymmetrical substituted  

1,3-diphenyltriazenes so that the results of this study can be combined with the results from 

previous ones.20,48,49 The global analysis of all these results will allow a more detailed 

understanding on the structure-reactivity correlation of the rate constants for restricted rotation 

of the N(2)-N(3) bond of cis-substituted 1,3-diphenyltriazenes. 
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Chart 1.1 Target symmetrical 1,3-diphenyltriazenes. 

N
X

N N

H X

9
 

9 X  9 X  9 X 

a 3,4-(CH3)2  d 3-CN  g 3,4,5-(Cl)3 

b 4-CCH  e 3-NO2  h 3-CH3 

c 3-CF3  f 3,5-(Cl)2  i 3-OCH3 

 

Chart 1.2 Target unsymmetrical 1,3-diphenyltriazenes.a 

N
X

N N

H Y

10
 

10 X Y  10 X Y 

a 3,4,5-(Cl)3 4-CN  e 4- OCH3 4-CN 

b 3,5-(Cl)2 4-CN  f 4-Cl 4-CF3 

c 3-CF3 4-CN  g 4- CH3O 4-CH3 

d 4-Cl 4-CN     

aFor convenience of notation, unsymmetrical  

1,3-diphenyltriazenes are referred to by a single name, 

although these substrates, as mentioned in Section 

1.1.3, exist as mixture of tautomeric isomers. 
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Chapter 2. Synthesis and Acid Dissociation Equilibrium Constants of 

Substituted 1,3-Diphenyltriazenes 

 

2.1 Synthesis of Substituted 1,3-Diphenyltriazenes  

Target symmetrical and unsymmetrical triazenes (listed in Charts 1.1 and 1.2) must be 

synthesized since they are not commercially available. One of the methods commonly used to 

synthesize triazenes is the classical diazonium coupling with primary aromatic amines.1 As a 

result, N-coupling occurs to give desire products (substituted triazenes).2,3 Scheme 2.1 (i) 

shows the classical diazonium reaction for symmetrical triazenes, whereas Scheme 2.1 (ii) 

shows the classical diazonium reaction for unsymmetrical triazenes.  
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Scheme 2.1 Diazonium coupling reaction for substituted symmetrical (i) and unsymmetrical 

(ii) 1,3-diphenyltriazenes. 

 

The conditions for these reactions have to be monitored cautiously. A low temperature 

is required because of the instability of diazonium ions (upon heating, they decomposed 
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rapidly yielding nitrogen gas and aryl cations).4a Also, the pH of the solution needs to be 

controlled carefully since under acidic condition, the anilines can easily undergo reversible salt 

formation (anilinium ion). Thus, the addition of sodium bicarbonate (Na2CO3) will move the 

position of equilibrium to the neutral anilines so that the target triazene can be formed. 

Another way to synthesize triazenes is by nitrosation of primary aromatic amines with 

either sodium hexanitrocobaltate (III) (SHNC)5 or isoamyl nitrite (i-C5H11-ONO)6. Both are 

typical methods for the synthesis of symmetrical triazenes (Scheme 2.2). The nitrosation 

reaction with SHNC is carried out under mild acidic conditions. It is claimed to be the simplest 

and the cleanest reaction to produce symmetrical triazenes.5 

 

NH2

X
N

X
N N

H X
2 a or b

a = SHNC/H2O, rt

b = i-C5H11-ONO, PE/Bz, rt
 

Scheme 2.2 Diazonium coupling reaction of aromatic amines with (a) sodium 

hexanitrocobaltate (III) or (b) isoamyl nitrite reagents. 

 

As it is displayed in Scheme 2.3, no matter which pair of reagents is used in the 

synthesis of unsymmetrical 1,3-disubstituted triazenes, the obtained products are the same. 

This is due to the fact that triazenes with at least one hydrogen atom attached to N(3) can 

undergo tautomerization, as it is already described in Section 1.1.3. The products obtained 

from these two pathways can tautomerize easily and rapidly through a 1,3-hydrogen shift. 

Since either pathway, shown in Scheme 2.3, can be chosen to synthesize unsymmetrical  
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1,3-disubstituted triazenes, one should consider not only the stability of the diazonium ion and 

the rate of the diazonium coupling reaction but also the availability of the starting materials.  
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Scheme 2.3 Two different pathways for synthesis of unsymmetrical 1,3-diphenyltriazenes. 

 

Target symmetrical triazenes 9a-c were synthesized by the classical diazonium 

coupling method. While triazenes 9d and 9e were synthesized by nitrosation reaction with 

SHNC reagents, triazenes 9f and 9g were synthesized by nitrosation reaction with isoamyl 

nitrite agents. All target unsymmetrical triazenes 10a-g are synthesized by the classical 

diazonium coupling method. Detailed descriptions of the corresponding experimental 

conditions, purification methods (i.e., recrystallization and chromatography), MP, 1H NMR 

and MS analyses can be found in Section 4.1. 

A side reaction of both the classical and non-classical diazonium methods in the 

synthesis of 1,3-diphenyltriazenes is the coupling of the diazonium ion with the phenyl group 

(i.e., carbon coupling). This coupling can occur at the ortho or para positions (Scheme 2.4), 

and leads to formation of azo compounds. The reaction involved in this case is an electrophilic 
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aromatic substitution (EAS); due to steric hindrance effects, substitution at the para position is 

preferable.4b 

 

NH2
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HCl (aq), 0oC
N N NH2

N N NH2N N

H2N
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Scheme 2.4 Carbon coupling reaction in the synthesis of 1,3-diphenyltriazenes. 

 

It is important to point out here that not all attempted syntheses led to the desired 

products. The synthesis of symmetrical triazene 9h (X = 3-CH3) has been attempted twice, i.e., 

by the classical method and by nitrosation with SHNC. As listed in Table 2.1, a mixture of  

2-amino-3 ,4-dimethyl-azobenzene (11a) and 4-amino-2,3 -dimethyl-azobenzene (11b) is 

formed when attempting to synthesize 9h by the classical method. These azo compounds are 

separated by means of column chromatography and then characterized by 1H NMR 

spectroscopy (see Section 4.1). The only separable product obtained from the attempted 

synthesis of 9h by the nitrosation method is 4-amino-2,3 -dimethyl-azobenzene (11b). The 

synthesis of 9i (X = 3-OCH3) has been attempted utilizing the classical diazonium coupling 

method, and led only to the formation of 4-amino-2,3 -dimethoxy-azobenzene (11c). Again, 

this azo compound is confirmed by means of 1H NMR spectroscopy. As mentioned above, azo 

compounds are obtained due to the occurrence of carbon coupling, the main side reaction while 

synthesizing substituted 1,3-diphenyltriazenes. 
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Table 2.1 Azo compounds obtained when attempting to synthesize triazenes 9h and 9i.  

 

N N

R2

R1

R3

11
 

 

 

 

 

 

 

2.2 Determination of Acid Dissociation Equilibrium Constants of Substituted 

1,3-Diphenyltriazenes 

2.2.1 Results and Discussion 

There are many methods to determine acid dissociation equilibrium constants such as 

potentiometric titration using a glass electrode, conductometry, raman spectroscopy, proton 

nuclear magnetic resonance spectroscopy, thermometry, and ultraviolet-visible (UV-Vis) 

spectrophotometry.7 In order to know the distribution of the neutral and its corresponding 

anionic form of target triazenes in aqueous solution at different pH, acid dissociation 

equilibrium constants for target triazenes are required. Under the experimental conditions of 

the study presented here, the determination of acid dissociation equilibrium constants for target 

triazenes is done by means of UV-vis spectrophotometry. The idea behind this method is to 

11 R1 R2 R3 

a CH3 NH2 CH3 

b NH2 CH3 CH3 

c NH2 OCH3 OCH3 
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find a wavelength ( ) at which the greatest difference between the absorbance of the neutral 

and anionic species is observed.7 As displayed in Figure 2.1, as the pH of a 30% THF aqueous 

solution increases, the wavelength of maximum absorption ( max) of trans-9b changes from ca. 

360 to 450 nm, values which correspond to the max for neutral and anionic forms, respectively.  
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Figure 2.1 UV-visible spectra of 9b as a function of pH in 30% THF aqueous solution;  

[9b] = 4.75 x 10-4 M. 

 

The total absorbance of the solution (Ao), measured as a function of pH at any given , 

can be written mathematically as the sum of the absorbance of the neutral (AHT) and anionic 

(AT—) species as given in eq 2.1. The absorbance of the neutral and anionic forms of triazenes 

can be related in terms of their molar concentrations according to the Beer-Lambert’s law. The 

law states that at a given wavelength, absorbance is directly proportional to the molar 

extinction coefficient ( ), path length (b), and molar concentration of the corresponding 
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absorbing species. Thus, eq 2.1 can be expressed as shown in eq 2.2. The molar concentrations 

can be expressed in term of their molar fractions and total triazene concentration ([T]o). 

Consequently, by replacing the molar concentration of neutral and anionic species by their 

molar fractions and [T]o, eq 2.3 is obtained. 

 

Ao =  AHT + A
T

    eq 2.1 

 

Ao =  HT b [HT]+
T
b [T ]   eq 2.2 

 

Ao =  HT b [T]o 10
-pH +  

T
b [T]o  10-pKa

10-pH  +  10-pKa
  eq 2.3 

 

Values of pKa for triazenes are determined from non-linear curve fittings, according to 

eq 2.3, of absorbance values as a function of pH (e.g., Figure 2.2). The resulting pKa values for 

the substrates of the present and of previous studies8,9 in 30% THF aqueous solution are 

summarized in Tables 2.2 and 2.3. 
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Figure 2.2 Plot of absorbance of trans-10b against pH at the max of the corresponding neutral 

( ,  = 367.72 nm) and anionic ( ,  = 429.60 nm) species. 

 

Table 2.2 pKa values of substituted symmetrical trans-1,3-diphenyltriazenes.a 

9 X pKa  9 X pKab 

a 3,4-(CH3)2 >14  j 4-OCH3 >14 

b 4-CCH 13.03 ± 0.03  k 4-CH3 >14 

c 3-CF3 12.09 ± 0.05  l 4-H >14 

d 3-CN 11.49 ± 0.02  m 4-Cl 13.2 ± 0.1 

e 3-NO2 10.81 ± 0.03  n 4-CF3 11.71 ± 0.05 

f 3,5-(Cl)2 10.59 ± 0.04  o 4-CN 10.52 ± 0.02 

g 3,4,5-(Cl)3 9.77 ± 0.05  p 4-NO2 9.46 ± 0.04 

aSolvent contains 30% THF aqueous solution, μ = 0.5 M (NaCl). bValues taken from ref. 8. 
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Table 2.3 pKa values of substituted unsymmetrical trans-1,3-diphenyltriazenes.a 

10 X Y pKa  10 X Y pKa 

a 3,4,5-(Cl)3 4-CN 10.22 ± 0.03  f 4-Cl 4-CF3 12.38 ± 0.05 

b 3,5-(Cl)2 4-CN 10.69 ± 0.03  g 4-OCH3 4-CH3 >14 

c 3-CF3 4-CN 11.31 ± 0.04  h 4-OCH3 4-H >14b 

d 4-Cl 4-CN 11.81 ± 0.06  i 4-OCH3 4-CF3 13.48 ± 0.05b 

e 4-OCH3 4-CN 13.06 ± 0.02  j 4-H 4-CF3 13.05 ± 0.05b 

aSolvent contains 30% THF aqueous solution, μ = 0.5 M (NaCl). bValues taken from ref. 9. 

 

The pKa values summarized in Tables 2.2 and 2.3 are indeed macroscopic acidity 

equilibrium constants. Deprotonation of tautomerizing triazenes (i.e., HT1 and HT2) yields the 

same anion (T
—

), as displayed in Scheme 2.5. The corresponding two microscopic acid 

dissociation equilibrium constants, KaHT1 and KaHT2, are described mathematically as in eq 2.4 

and 2.5, respectively, while the equilibrium constant measured experimentally by means of 

UV-vis spectrophotometry is expressed as in eq 2.6. Substitution of eq 2.4 and eq 2.5 into 

eq 2.6 yield eq 2.7, which shows the relationship between the macroscopic and microscopic 

acidity constants.  
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Scheme 2.5 Acid-base equilibria of 1,3-diphenyltriazenes. 

 

Ka
HT1  =  

[T ] [H3O
+]

[HT1]
    eq 2.4 

 

Ka
HT2  =  

[T ] [H3O
+]

[HT2]
    eq 2.5 

 

Ka =  
[T ] [H3O

+]

[HT1]+[HT2]
     eq 2.6 

 

Ka =  
Ka
HT1   Ka

HT2

Ka
HT1  +  Ka

HT2
     eq 2.7 
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The pKa values of substituted triazenes can be interpreted in terms of an extended 

Hammett equation. The pKa values for both tautomers HT1 and HT2 should follow eq 2.8 and 

2.9, respectively, in which pKaº represents the pKa value of 1,3-diphenyltriazene (i.e.,  

X = Y = H), and the subscripts “im” and “am” indicate the substituent close to the imino 

nitrogen and the amino nitrogen, respectively. 

 

  pKa
HT1 = pKa

o

im X am Y    eq 2.8 

 

  pKa
HT2 = pKa

o

am X im Y    eq 2.9 

 

The parameters KaHT1 and KaHT2 in eq 2.7 can be replaced by the terms obtained from 

eq 2.8 and 2.9, respectively. Eventually, eq 2.10 is obtained which shows the relation between 

pKa and Hammett substituent constants. In the case of symmetrical triazenes, where  

X = Y, eq 2.10 reduces to eq 2.11.  

 

  

pKa = pKa
o log

10( im + am ) ( x + y )

10( im x + am y ) +10( am x + im y )

 

 
 

 

 
   eq 2.10 

 

  pKa = pKa
o log(0.5) ( im + am )    eq 2.11 

 

Figure 2.3 represents a plot of acid dissociation equilibrium constants (pKa) of 

substituted symmetrical trans-triazenes vs.  (or —).10 It clearly shows that the pKa value 

decreases with increasingly stronger electron-withdrawing substituents. It is also shown that an 
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excellent linear relationship between pKa and  is obtained but with two points obviously off 

the line (4-CN and 4-NO2 substituents). This is not unexpected, since there is a direct 

mesomeric interaction between the charge at N(3) in the triazeno moiety with 4-CN and 4-NO2 

groups. Thus, — values are used to account for such through-conjugation.11 It is important to 

mention that — values for para and meta electron-donating substituents and for meta electron-

withdrawing substituents are essentially the same as the ordinary  values. Compared to the 

pKa values for the other substituted triazenes shown in Figure 2.3, the acid dissociation 

constants for 4-CN and 4-NO2 containing substrates do not correlate well with either  or — 

values. This observation is not unprecedented. Indeed, a similar correlation has been observed 

in the case of symmetrically mono and disubstituted diphenyltriazenes in 20% ethanol aqueous 

solutions.12 The Yukawa-Tsuno modification of the Hammett equation (eq 2.12) has been 

applied to the acid dissociation of diphenyltriazenes, where r represents the enhance resonance 

effect parameter.11 

 

  pKa =  pKa
o [ +r ( )]   eq. 2.12 

 

The parameter  in eq 2.11 can be replaced by [  + r ( — - )] (i.e., as in 2.12), so that 

eq 2.11 yields eq 2.13. Thus, one can apply eq 2.13 to the acid dissociation of substituted 

symmetrical trans-triazenes in 30% THF aqueous solution. Regression analysis to Figure 2.3 

according to eq 2.13 leads to values of 13.8 ± 0.1, 4.6 ± 0.2 and 0.43 ± 0.05 for pKaº,   

( im + am), and r, respectively. These values should be taken cautiously because r results 

indeed from only two points off the  line. The resulting [  + r ( — - )] value for 4-CN 

substituent is 0.81 ± 0.05, whereas for 4-NO2 substituent [  + r ( — - )] is 0.99 ± 0.05.  
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  pKa =  pKa
o log(0.5) ( im + am ) [ + r ( )]  eq 2.13 
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Figure 2.3 Plot of pKa vs. Hammett substituent constants for substituted symmetrical trans-

triazenes (open symbols, ; closed symbols, —). The straight line is obtained according to eq. 

2.11, omitting data for 4-CN and 4-NO2.  

 

As already mentioned above, the Yukawa-Tsuno modification of the Hammett equation 

(i.e., eq 2.13) has been applied to the acid dissociation of 1,3-diphenyltriazenes in 20% ethanol 

aqueous solutions. Curve fitting of corresponding data according to eq 2.13 provides resulting 

values of 13.30, 3.26 and 0.78, for pKaº,  , and r, respectively.12 These results are comparable 

to those obtained in 30% THF aqueous solutions. The pKaº and  values in 20% ethanol 

aqueous solutions are lower than that in 30% THF aqueous solutions. Meanwhile, the value of 

r is higher in 20% ethanol than that in 30% THF solutions. These evidently show that values of 

pKaº, , and r are solvent dependent. The dielectric constant of THF (i.e., (THF) = 7.6) is 
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lower than that of ethanol (i.e., (ethanol) = 24.3).13 Since solvent-solute interactions increase 

with increasing dielectric constant, this implies that ethanol is more effective at solvating ions 

than THF is. Consequently, in any solvent that stabilizes ionic species (i.e., 20% ethanol vs. 

30% THF aqueous solution), the values of pKaº and  for the reaction decrease and the value 

of r increases.14 

Figure 2.4 displays a plot of the acid dissociation equilibrium constants of 

unsymmetrical trans-triazenes (i.e., X = 4-CN and Y = 4-OCH3, 4-Cl, 3-CF3, 3,5-Cl2, or  

3,4,5-Cl3) and Hammett substituent constants. Similarly to the case of symmetrical  

trans-triazenes case, the trend displayed in Figure 2.4 obviously shows that acidity increases 

with increasingly stronger electron-withdrawing Y-substituents. Since an excellent linear 

relationship between pKa and Y is obtained, it implies that in eq 2.10, the value of im is 

(experimentally) indistinguishable from the value of am. Thus, eq 2.10 simplifies to eq 2.14. A 

linear fitting according to eq 2.14 leads to values of 12.08 ± 0.05 and 2.29 ± 0.08, for (pKaº - 

  X = CN) and , respectively. 

 

  pKa =  pKa
o log(0.5) ( X + Y)    eq 2.14 

 

Interestingly, the slope obtained from substituted symmetrical trans-triazenes  

(4.6 ± 0.2) is twice the slope obtained from unsymmetrical trans-triazenes (2.29 ± 0.08). This 

seems reasonable. The slope for substituted symmetrical trans-triazenes associates to the sum 

of the two reaction constants, im and am (eq 2.11), whereas the slope for unsymmetrical  

trans-triazenes corresponds to the value of  (eq 2.14). As a consequence, it is concluded that 

the im and am values cannot be distinguished experimentally. 
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Figure 2.4 Plot of pKa vs. Hammett substituent constants for unsymmetrical trans-triazenes 

where X = 4-CN and Y = 4-OCH3, 4-Cl, 3-CF3, 3,5-Cl2, or 3,4,5-Cl3. 

 

The parameter X = CN can be calculated from the obtained value for (pKaº -    X = CN) 

using the pKaº resulting from Figure 2.3 (i.e., 13.8 ± 0.1) and the value of  from Figure 2.4  

(i.e., 2.29 ± 0.08). Thus, X = CN is determined to be 0.75 ± 0.07, which is in agreement with the 

[  + r ( — - )] value previously calculated for 4-CN of 0.81 ± 0.05. Since 4-CN and 4-NO2 

substituents are able to conjugate with the charge at N(3), it is important to use their  

[  + r ( — - )] values to correlate the pKa values and substituent constants. Consequently, as 

represented in Figure 2.5, the plot between the acid dissociation equilibrium constants in 30% 

THF aqueous solution of the substrates of this and previous studies and the sum of the 

substituents constants (i.e., X + Y) yields an excellent straight line. According to eq 2.14, the 

linear fitting leads to the values of 2.33 ± 0.04 and 13.88 ± 0.05 for  and pKaº. In fact, the 

value of  is consistent with that obtained in the unsymmetrical trans-triazene case  
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(2.29 ± 0.08), which is half the  obtained in the symmetrical trans-triazene case (4.6 ± 0.2). 

Also, the obtained pKaº value from this fitting is in an excellent agreement with that obtained 

from symmetrical trans-triazenes (13.8 ± 0.1). 
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Figure 2.5 Plot of pKa vs. Hammett substituent constants for substituted symmetrical trans-

triazenes ( ), symmetrical trans-triazenes containing 4-CN or 4-NO2 substituents ( ), 

unsymmetrical trans-triazenes ( ), and unsymmetrical trans-triazenes containing a 4-CN 

group ( ). 

 

Finally, as it is shown in Scheme 2.5, the tautomeric equilibrium constant, KT, between 

tautomers HT1 and HT2 is defined in eq 2.15. Eq 2.16 can be obtained when one substitutes  

eq 2.4 and eq 2.5 into eq 2.15 and takes the logarithm. As it is mentioned earlier, the im and 

am values are experimentally indistinguishable. This means that the values of pKaHT1 and 

pKaHT2, defined in eq 2.8 and eq 2.9, respectively, are comparable, and hence, the calculated 
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value of KT is close to 1. This observation is indeed consistent with results obtained 

experimentally as mentioned in Section 1.1.3, which show that KT values are typically in the 

range of 0.1 to 10.  

 

KT  =  
[HT2]

[HT1]
      eq 2.15 

 

   pKT  =  pKa
HT1   pKa

HT2         eq 2.16 

 

2.2.2 Conclusions 

The pKa values for the substrates of this and of previous studies in 30% THF aqueous 

solution clearly depend on the electronic character of the substituents attached to the phenyl 

rings. It is found that a Hammett relationship can be applied to quantitatively correlate pKa 

values and substituent constants. The pKa values for 4-CN and 4-NO2 containing trans-

triazenes, however, do not correlate well with either  or — values when these two pKa values 

are compared to the rest of the series. As a result, the Yukawa-Tsuno modification of the 

Hammett equation (eq 2.13) is introduced, i.e., the parameter  is replaced by [  + r ( — - )]. 

Thus, the resulting [  + r ( — - )] values for 4-CN and 4-NO2 are 0.81 ± 0.05, and  

0.99 ± 0.05, respectively. It is also indicated that the parameters pKao, , and r are solvent 

dependent. The better the solvating capability of the solvent, the lower the pKao and  values 

and the higher the value of r. The correlation between acid dissociation constants and the sum 

of substituent constants for trans-1,3-diphenyltriazenes leads to a  value of 2.33 ± 0.04. This 

 value is in agreement with that obtained for unsymmetrical 4-cyano containing trans-
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substrates (2.29 ± 0.08) and half the  value obtained for symmetrical substrates (4.6 ± 0.2), 

which corresponds to ( im + am). However, im and am for 1,3-diphenyltriazenes could not be 

distinguished experimentally. 
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Chapter 3. Restricted Rotation around the N(2)-N(3) Bond of  

Cis-1,3-Diphenyltriazenes 

 

3.1 Background 

As already mentioned in Section 1.1.4, the mechanism of thermal cis-to-trans 

isomerization of both symmetrical and unsymmetrical 1,3-diphenyltriazenes in aqueous media 

involves two consecutive processes: restricted rotation around the N(2)-N(3) bond, followed by 

a 1,3-prototropic rearrangement catalyzed by general acids and bases.1-3 The rate-controlling 

step is dependent on the pH of the solution. In alkaline solutions, at pH < 10 the  

1,3-prototropic rearrangement is the rate-controlling step. On the other hand, at pH > 10, 

hindered rotation around the N(2)-N(3) bond is the rate-determining step. In this Chapter, the 

latter process is of interest. For symmetrical triazenes, only one rate constant for restricted 

rotation is measured. On the other hand, for unsymmetrical triazenes, which exist as pair of 

tautomers, two rate constants for restricted rotation around the N(2)-N(3) bond are determined, 

one value per tautomeric form.3 Restricted rotation around the N(2)-N(3) bond is explained 

very well in terms of a 1,3-dipolar resonance form (Scheme 1.7). Based on this model, the 

more stable the charges on the 1,3-dipolar resonance form are, the lower the corresponding rate 

constant for restricted rotation is. The correlation of rate constants for restricted rotation around 

the N(2)-N(3) bond of cis-triazenes with Hammett substituent constants is carried out by 

means of an extended Hammett equation. This type of correlation analysis is of general interest 

to understand the electronic factors contributing to restricted rotation and to be able to predict 

and modulate the rate of such a process. A systematic study on the rate constants for restricted 
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rotation around the N(2)-N(3) bond of compounds 9 and 10 is carried out in 30% (v/v) THF 

aqueous NaOH solution using a home-built laser-flash photolysis system. Interestingly, only in 

the case of cyano-containing substrates, the observed rate constants (ascribed to restricted 

rotation around the N(2)-N(3) bond) are found to be pH dependent. This is attributed to the 

change in ionization state of the corresponding substrates. Further evidence for this assignment 

is obtained from solvent isotope effects. 

 

3.2 Results and Discussion 

As shown in the representative kinetic traces in Figure 3.1, laser excitation (at 355 nm) 

of target trans-triazenes in NaOH solutions leads to instantaneous bleaching (i.e., A value is 

negative), attributed to photoinduced trans-to-cis isomerization of the corresponding 

substituted trans-9 or trans-10. A negative A occurs due to the fact that the absorptivity of 

cis-isomers is lower than that of trans-isomers at the monitoring wavelength.4 The 

instantaneous bleaching is followed by complete recovery of the initial absorbance of the 

solution, attributed to the thermal cis-to-trans isomerization. This process is determined by the 

rate of restricted rotation around the N(2)-N(3) bond of the corresponding substrates under the 

experimental condition of this work (i.e., 30% (v/v) THF aqueous NaOH solution).  

For symmetrical substituted triazenes 9, only one first-order kinetic process is observed 

(e.g., Figure 3.1 left), so that the recovery traces can be satisfactorily described by a mono 

exponential function. For unsymmetrical substituted triazenes 10, on the other hand, the 

recovery traces can be satisfactorily described by a bi-exponential function since two  

first-order kinetic processes are observed (e.g., Figure 3.1 right), which is attributed to the 

presence of two pairs of cis-isomers (i.e., one pair of cis-conformers per tautomeric trans form) 



 51 

f  
f s 

 

that react at different rates (as shown in Scheme 1.12). These observations are consistent with 

previous studies.1-3  

 
A

100 μs

Time (μs) Time (μs)

200 μs

A

 

Figure 3.1 Kinetic traces recorded at 480 nm and 470 nm, respectively, for 9b (left, [NaOH] = 

0.200 M) and 10b (right, [NaOH] = 0.0525 M) in 30% (v/v) THF aqueous NaOH solutions. 

 

Recovery traces are collected using sets of solutions at different NaOH concentrations. 

Resulting observed rate constants (kobs) are summarized in Appendix A (symmetrical triazenes) 

and Appendix B (unsymmetrical triazenes). These observed rate constants are ascribed to 

restricted rotation around the N(2)-N(3) bond. It is important to note that for unsymmetrical 

triazenes, kobs and kobs denote the observed rate constants corresponding to the fast and slow 

processes, respectively. Except for cyano-containing triazenes (see below), kobs values are 

independent of hydroxide ion concentration (Tables A1, A3-4, A8-9 and B8-9) and correspond 

indeed to krot (and krot) in Schemes 1.10 and 1.12. Tables 3.1 and 3.2 summarize the averaged 

krot values obtained from this and previous studies for symmetrical substituted triazenes (9) and 
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unsymmetrical substituted triazenes (10), respectively. For unsymmetrical substituted 

triazenes, the rate constant values given in Table 3.2 are assigned to each tautomeric form 

according to the 1,3-dipolar resonance model. As mentioned in the previous section, based on 

the 1,3-dipolar resonance model, the more stable the charges on the 1,3-dipolar resonance form 

are, the smaller the corresponding rate constant for restricted rotation is. Thus, for each 

unsymmetrical compound, the tautomer bearing the (more) electron-withdrawing group at N(1) 

will have a higher energy barrier for rotation (i.e., lower rate constant for rotation) compared to 

the tautomer with the (more) electron-donating group at N(1). 

 

Table 3.1 Rate constants for restricted rotation in symmetrical substituted 

cis-1,3-diphenyltriazenes in 30% (v/v) THF:H2O solution.a 

9 X krot (104 s-1)  9 X krot (104 s-1)c 

a 3,4-(CH3)2 8.0 ± 0.3  j 4-OCH3 9.9 ± 0.4 

b 4-CCH 1.57 ± 0.07  k 4-CH3 6.9 ± 0.2 

c 3-CF3 0.79 ± 0.01  l 4-H 5.1 ± 0.2 

d 3-CN 0.91 ± 0.02b  m 4-Cl 1.8 ± 0.1 

f 3,5-(Cl)2 0.60 ± 0.01  n 4-CF3 1.2 ± 0.1 

g 3,4,5-(Cl)3 0.32 ± 0.01  o 4-CN 7.7 ± 0.2d,e 

aμ = 0.5 M (NaCl) at 21 °C. b(Ka/Kw) = (3.7 ± 0.4). 
c
Values taken from 

ref. 2. dValue of krot . 
e(Ka/Kw) = (47 ± 5). 
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Table 3.2 Rate constants for restricted rotation in unsymmetrical substituted 

cis-1,3-diphenyltriazenes in 30% (v/v) THF:H2O solution.a 

10 Xb Yb krot (104 s-1)  10 Xb Yb krot (104 s-1) 

c 4-CN 3-CF3 0.58 ± 0.07  g 4-CH3O 4-CH3 12.0 ± 0.4 

4-Cl 4-CN 4 ± 1   4-CH3 4-CH3O 3.52 ± 0.07 d 

4-CN 4-Cl 0.40 ± 0.02  h 4-CH3O 4-H 24 ± 2d 

4-CH3O 4-CN 24 ± 7   4-H 4-CH3O 2.33 ± 0.08d e 

4-CN 4-CH3O < 0.2c  i 4-CH3O 4-CF3 40 ± 3c 

4-Cl 4-CF3 5.2 ± 0.2   4-CF3 4-CH3O 0.26 ± 0.03d f 

4-CF3 4-Cl 0.488 ± 0.006  j 4-H 4-CF3 14 ± 1d 

      4-CF3 4-H 0.54 ± 0.02d 

aμ = 0.5 M (NaCl) at 21 °C. bX and Y represent the groups at the phenyl rings 

attached to N(1) and N(3), respectively, as shown in Chart 1.2 
c
The slowest rate 

constant that can be determined with the laser-flash photolysis system employed in 

this study is ca. 2000 s-1. dValues taken from ref. 3. 

 

A structure-reactivity analysis of the restricted rotation around the N(2)-N(3) bond is 

carried out employing a multiple-substituent Hammett equation. As mentioned in section 1.2, 

the Hammett equation is used to describe the electronic influence of meta and para substituents 

on the side chain reactions of benzene derivatives. However, the simple Hammett equation is 

not enough to describe the studied system since the substituents of the substrates of this study 
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H 

H 

are in different rings. Therefore, an extended Hammett equation as expressed in eq 3.1 is 

employed, 

 

log(krot ) = log(krot
H ) + im im + am am     eq 3.1 

 

where krot and krot represent the rate constants for restricted rotation of the parent compound 

(i.e., 1,3-diphenyltriazene) and substituted compound, respectively, im and am are the  

values for substituents at the phenyl rings bonded to N(1) and N(3), respectively, and im and 

am are the Hammett reaction constants for N(1) and N(3), respectively. Figure 3.2 displays the 

double variable fitted Hammett plot of rate constants, summarized in Tables 3.1 and 3.2, for 

restricted rotation around the N(2)-N(3) bond of symmetrical cis-1,3-diphenyltriazenes ( ) 

and unsymmetrical cis-1,3-diphenyltriazenes ( ) vs. the corresponding substituent constants.5 

By comparing all these rate constants for restricted rotation around the N(2)-N(3) bond, it is 

noticed that the rate constants diminish not only as the electron withdrawing character of the 

aryl group at N(1) increases, but also as the electron donating character of the aryl group at 

N(3) increases. The quality of the double variable fitting is reasonably good (R = 0.966). 

Eq 3.1 implies that the presence of a substituent in one ring does not influence the 

sensitivity of the reaction to the substituent in the other ring. The cross interaction parameter 

( im·am) is negligible, since the distance between the two substituents in the phenyl rings does 

not change in the rate-determining step.6 The fact that the Hammett plot of rate constants vs. 

the corresponding substituent constants for symmetrical triazenes is linear (as clearly 

represented by the set of open circles diagonally lined up in Figure 3.2) strongly indicates that 

the cross interaction is indeed negligible. The curve fitting according to eq 3.1 leads to  

log (krot), im, and am values of 4.63 ± 0.03, -1.88 ± 0.08, and 0.70 ± 0.08, respectively, which 
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are consistent with the preliminary results from a previous study (namely, 4.68 ± 0.03,  

-1.93 ± 0.08, and 0.82 ± 0.08).3 The sign of im and am can be very well explained based on the 

1,3-dipolar resonance form (Scheme 1.7). Rotation around the N(2)-N(3) bond decreases 

electron delocalization along the nitrogen chain. Accordingly, the sign of im is negative, 

indicating that the electron density on N(1) decreases on rotation on going from ground state to 

transition state. On the other hand, the sign of am is positive, indicating that the electron 

density on N(3) increases on rotation on going from ground state to transition state. 

Furthermore, the absolute value of im is larger than the absolute value of am. This implies that 

restricted rotation around the N(2)-N(3) bond of substituted triazenes is more sensitive to the 

electronic character of the aryl group at N(1) than to the electronic character of the aryl group 

at N(3), as originally inferred from previous studies.2,3 

 

 

Figure 3.2 Multiple-substituent Hammett plot of rate constants for restricted rotation around 

the N(2)-N(3) bond in symmetrical (  o) and unsymmetrical (•) cis-1,3-diphenyltriazenes. 
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It is necessary to highlight that Figure 3.2 presents not only data for symmetrical  

(Table 3.1) and unsymmetrical (Table 3.2) non-cyano-containing cis-1,3-diphenyltriazenes, but 

also for cyano-containing substrates. As already mentioned, observed rate constants for  

cyano-containing compounds are dependent on the concentration of hydroxide ion (Appendix 

A, Table A6 for symmetrical cyano-containing substrates; Appendix B, Tables B1-2, B4, and 

B6-8, for unsymmetrical cyano-containing substrates). Figure 3.3 displays observed rate 

constants for restricted rotation of two symmetrical cyano-containing compounds  

(i.e., 9d, X = 3-CN, left, and 9o, X = 4-CN, right, respectively) vs. NaOH concentration. The 

non-linear relationships shown in Figure 3.3 are attributed to a change in the ionization of the 

substrates. The pH dependency is therefore interpreted in terms of the reaction mechanism 

illustrated in Scheme 3.1.  

 

k o
bs

, 1
03  s

-1

2

4

6

8

0 0.05 0.1 0.15 0.2

[NaOL], M

1/
k o
bs

, s

[NaOH], M

k o
bs

, 1
04  s

-1

[NaOL], M

0 0.05

2

0.1 0.15 0.2

4

6

1/
k o
bs

, s

1/[NaOH], M-1

X = 3-CN

X = 4-CN

 

Figure 3.3 Plot of observed rate constant vs. [NaOL] (L = H or D) for restricted rotation 

around the N(2)-N(3) bond in cis-9d (left) and cis-9o (right) in 30% (v/v) THF:H2O solution 

( ) and 30% (v/v) THF:D2O solution ( ). Inset: reciprocal (left) and double reciprocal (right) 

plots for data in 30% (v/v) THF:H2O solution. 
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Scheme 3.1 Cis-to-trans isomerization mechanism for cyano-containing compounds.  

 

The resulting expression of kobs for the reaction mechanism shown in Scheme 3.1 is 

given in eq 3.2, where krot and krot represent the rate constants for restricted rotation of neutral 

and anionic cis-1,3-diphenyltriazene forms, respectively, while Ka corresponds to the  

cis-triazene acid dissociation equilibrium constant, and Kw denotes the self-dissociation 

equilibrium constant for water. 

 

kobs =  
krot Ka/Kw [OH ] +  krot

1 +  Ka/Kw [OH ]
    eq 3.2 

 

According to Scheme 3.1, the partial double bond character of the N(2)-N(3) bond in 

the anionic form is expected to increase relative to that of the neutral form due to an increase in 

charge delocalization. Thus, the rate constant for rotation of the anionic form, krot, 

would be expected to be lower than that for the neutral form, krot. As a consequence, the values 



 58 

- 

- 

of kobs for restricted rotation around the N(2)-N(3) bond are expected to decrease with 

increasing pH. In fact, this is the case as seen in Figure 3.3 (left) for cis-9d. As illustrated in the 

inset of Figure 3.3 (left), the plot of the reciprocal rate constant for cis-9d vs. NaOH 

concentration is linear, which indicates (krot Ka/Kw [OH–]) << krot in eq 3.2. As a result, eq 3.2 

simplifies to eq 3.3. A nonlinear fitting of corresponding data (Appendix A, Table A6) to eq 

3.3, leads to krot and Ka/Kw values given in Table 3.1 (entry 4). 

 

kobs =  
krot

1 +  Ka/Kw [OH ]
     eq 3.3 

 

On the contrary, for kobs to increase with pH as seen in the case of Figure 3.3 (right), the 

rate constant for restricted rotation of the anionic form, krot, must indeed be higher than that  

of the neutral form, krot. This would imply that upon deprotonation of the amino group, the 

partial double bond character of the N(2)-N(3) bond in the anionic form is lower than that in 

the neutral form. It is therefore inferred that the negative charge concentrates on the 4-cyano 

substituent attached to phenyl ring at N(3) rather than on the triazeno moiety. Hopkinson and 

Lien report in 1978 ab initio calculations on amines with unsaturated bonds adjacent to the 

nitrogen atom.7 These calculations show that upon deprotonation, amines can undergo 

significant geometric rearrangements so that most of the negative charge of the anion 

concentrates at the more electronegative substituent.7 It is interesting to note here that  

1,3-bis(4-nitrophenyl)triazene (9p) can exist in both a normal and an aci (quinonoid nitronic 

acid) form (12).8 Unfortunately, a comparison of data with nitro-containing  

1,3-diphenyltriazenes (i.e., X = 4-NO2 or 3-NO2 in Chart 1.1), to support the role of valence 

tautomerization and direct resonance interaction in anionic cis-1,3-diphenyltriazenes, is 
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precluded since no isomerization can be detected with nitro-containing 1,3-diphenyltriazenes 

in NaOH aqueous solutions.2  

 

N N NO2N NOH
O

12
 

 

As shown in the inset of Figure 3.3 (right), the double reciprocal plot for restricted 

rotation of cis-9o in 30% v/v THF:H2O solution is linear. This implies 

(krot Ka/Kw [OH–]) >> krot and hence, eq 3.4 is obtained. The krot and Ka/Kw values resulting 

from a nonlinear fitting of corresponding data9 according to eq 3.4 are given in Table 3.1 (entry 

12). 

 

kobs =
krot Ka/Kw [OH ]

1+Ka/Kw [OH ]  
     eq 3.4 

 

Evidence for the change in the ionization state of symmetrical cyano-containing  

cis-1,3-diphenyltriazenes, as displayed in Scheme 3.1, is obtained from solvent kinetic isotope 

effects (SKIE) studies. SKIE refer to a change in rate constants when the solvent is replaced 

with an isotopically substituted form of it.10a In this study, SKIE are determined by taking the 

ratio of rate constants for restricted rotation around the N(2)-N(3) bond of  

cis-1,3-diphenyltriazenes in non-deuterated and deuterated aqueous media (i.e., (kobs)H in  

30% (v/v) THF:H2O solutions vs. (kobs)D in 30% (v/v) THF:D2O solutions). A normal isotope 
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effect results when the ratio of rate constants in non-deuterated and deuterated solvents is 

larger than 1.10b An inverse isotope effect, on the other hand, results when the ratio of rate 

constants in non-deuterated and deuterated solvents is indeed lower than 1.10b The 

corresponding kobs data in 30% (v/v) THF:D2O solutions for symmetrical triazenes are given in 

Appendix A, Tables A2, A5, A7, and A10, whereas for unsymmetrical triazenes are given in 

Appendix B, Tables B3 and B5. Figure 3.3 (left) shows that cis-9d (where X = 3-CN) 

isomerizes faster in 30% (v/v) THF:H2O ( ) than that in 30% (v/v) THF:D2O ( ). This 

indicates that a normal isotope effect is observed. Conversely, for Figure 3.3 (right), cis-9o 

(where X = 4-CN) isomerizes faster in 30% (v/v) THF:D2O than that in 30% (v/v) THF:H2O. 

This implies that an inverse isotope effect is observed. The non-linear fitting of data for 9d and 

9o in 30% (v/v) THF:D2O solutions, according to eq 3.3 and eq 3.4, respectively, yields 

experimental values of rotational rate constants, (krot)D, and ionization constants, (Ka/Kw)D, 

summarized in Table 3.3.  

 

Table 3.3 Summary of values of (krot)D, (Ka/Kw)D, (krot)H/(krot)D, and (Ka/Kw)H/(Ka/Kw)D for 

symmetrical substituted cis-1,3-diphenyltriazenes. 

9 X  (krot)D (105 s-1)a (Ka/Kw)D
a (krot)H/(krot)D (Ka/Kw)H/(Ka/Kw)D 

a 3,4-(CH3)2  0.89 ± 0.03 --- 0.90 ± 0.03 --- 

c 3-CF3  0.080 ± 0.002 --- 0.99 ± 0.03 --- 

d 3-CN  0.087 ± 0.003 7.3 ± 0.9 1.05 ± 0.04 0.51 ± 0.08 

o 4-CN  0.74 ± 0.01b 232 ± 32 1.04 ± 0.03c 0.20 ± 0.04 

aIn 30% (v/v) THF:D2O solution, μ = 0.5 M (NaCl) at 21 °C. bValue of ( krot )D. 

c
Value of ( krot )H/( krot )D. 
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Entries 3 and 4 in Table 3.3 show that the isotope effect on the rate constant for 

restricted rotation for 9d and 9o is essentially unity (i.e., no SKIE are detected). Also, as shown 

in Table 3.3, SKIE of ca. 1 result in the case of non-cyano containing symmetrical substrates, 

i.e., entry 1 (9a, X = 3,4-(CH3)2) and entry 2 (9c, X = 3-CF3). These results are consistent with 

the fact that restricted rotation around the N(2)-N(3) bond involves a single reactant molecule 

in the rate-determining step, and hence, relatively minor solvent reorganization is required. 

Indeed, solvent isotope effects on solvation shells are typically small.11 It is important to point 

out here that a previous study, partially introduced in Section 1.1.2, on  

cis-1,3,-di(4-X-phenyl)triazenes shows that the activation entropy ( S‡) for restricted rotation 

is very small.12 Values given in Table 3.4 (if at all significant) clearly indicate that the  

N(2)-N(3) restricted rotation is not associated with significant entropy changes between the 

transition state and the reactant, in agreement with an unimolecular mechanism for the 

rotational process.  

 

Table 3.4 Activation entropy for restricted rotation of cis-1,3-di(4-X-phenyl)triazenes in  

30% (v/v) THF:H2O solutions.a  

X  CH3O  CH3  H  Cl  CF3 

S‡ (e.u.)b   -5.0 ± 0.4  -5 ± 1  -4 ± 2  -1.8 ± 0.7  -2 ± 1 

aμ = 0.5 M (NaCl) at 21 °C. bValues taken from ref. 13. 

 

The ionization constants ratios, [(Ka/Kw)H/(Ka/Kw)D], for cis-9d and cis-9o 

summarized in Table 3.3 are clearly lower than one. These isotopic effect values are consistent 

with the following facts. (i) The self-dissociation constant of H2O in pure water solution 
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(pKwH2O = 14.163) is larger than that of D2O (pKwD2O = 15.132).13a The same trend (i.e., 

(Kw)H/(Kw)D >1) is expected in 30% (v/v) THF aqueous solutions, although corresponding 

pKwH2O and pKwD2O values will be higher than in pure water, since the dielectric constant of 

THF (  = 7.6) is lower than that of H2O (  = 78.54),13b In fact, in 32.5% (v/v) THF aqueous 

solution pKwH2O = 16.43.14 (ii) The dissociation constants of weak acids are larger in H2O than 

that in D2O (i.e., (Ka)H/(Ka)D >1).15 For example, pKa values in H2O and in D2O are, 

respectively, 4.73 and 5.25 for acetic acid, and 10.58 and 11.23 for proline.15 Finally, (iii) the 

isotopic effect (Ka)H/(Ka)D increases as the strength of the weak acid decreases (e.g., ca. 3.3 vs. 

4.5 for acetic acid vs. proline),15 which leads to (Ka)H/(Ka)D < (Kw)H/(Kw)D since water is a 

weaker acid than target triazenes, and ultimately, to ionization constants ratios, 

[(Ka/Kw)H/(Ka/Kw)D], lower than one. 

The fact that the ionization constants ratio for cis-9d is larger than that for cis-9o, can 

also be explained by the factors mentioned above. Cis-1,3-diphenyltriazenes are expected to be 

less acidic than their corresponding trans-forms, as a result of a decrease in resonance 

interactions due to the nonplanar conformation of the former.2 Indeed, pKa values for cis-9d 

and cis-9o can be estimated from the obtained Ka/Kw values (given in Table 3.1) and the 

reported pKwH2O value in 32.5% (v/v) THF aqueous solution (16.43)14. The resulting values, 

i.e., ca. 15.7 and 14.6 for cis-9d and cis-9o, respectively, are higher than the measured pKa 

values (summarized in Table 2.2) for trans-9d (i.e., 11.49 ± 0.02) and trans-9o (i.e.,  

10.52 ± 0.02). Thus, the resulting (Ka)H/(Ka)D isotope effect for cis-9d would be larger than 

that for cis-9o. 

In the case of unsymmetrical cis-1,3-diphenyltriazenes with a 4-CN group attached to 

one of the phenyl rings, two kinetic processes are observed under the experimental condition of 
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this study (i.e., 30% (v/v) THF aqueous NaOH solutions). These two processes are attributed to 

the presence of two pairs of cis isomers (i.e., one pair of cis-conformers per tautomeric trans 

form, as depicted in Scheme 1.12) that react at different rates, similarly to the case of 

unsymmetrical non-cyano containing substrates mentioned above. Observed rate constants 

(kobs) are dependent on the concentration of hydroxide ions (Appendix B, Tables B1-2, B4, and 

B6-8). Interestingly, for each unsymmetrical substrate, the fast process is accelerated with 

increasing NaOH concentration (Figure 3.4), while the slow process is slowed down (Figure 

3.5). Also, as displayed in Figure 3.4, at any given NaOH concentration, the observed rate 

constants corresponding to the fast process, kobs, increase as the electron-donating character of 

the variable substituent increases. Based on the preliminary Hammett  values, and the 

1,3-dipolar resonance form, the rate constants for restricted rotation around N(2)-N(3) are 

expected to decrease with increasingly stronger electron-withdrawing substituents bonded to 

N(1). Thus, data displayed in Figure 3.4 should represent the tautomeric cis-s-cis forms bearing 

the variable substituents and 4-CN substituent at the phenyl rings attached to N(1) and N(3), 

respectively (i.e., cis-1,3-diphenyltriazenes forms with X = 3,4,5-(Cl)3, 3,4-(Cl)2, 3-CF3, 4-Cl, 

and 4-OCH3 and Y = 4-CN). This assignment seems reasonable since the negative charge that 

results from deprotonation of the amino group in the triazeno moiety would delocalize into the 

nearby CN group, which would lead to a decrease in the double bond character of the  

N(2)-N(3) bond in the anionic form relative to that of the neutral form. Hence, the observed 

rate constant for restricted rotation kobs increases with increasing pH.  
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Figure 3.4 Plots of kobs vs. [NaOL] (L = H or D) for restricted rotation of unsymmetrical 

cis-1,3-diphenyltriazenes with Y = 4-CN and X = 4-OCH3 ( ), 4-Cl ( ), 3-CF3 ( ), 3,5-Cl2 

( , ) or 3,4,5-Cl3 ( ); open symbols correspond to data in 30% (v/v) THF:H2O solutions; 

closed symbol corresponds to 30% (v/v) THF:D2O solution. 
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Figure 3.5 Plots of kobs vs. [NaOL] (L = H or D) for restricted rotation of unsymmetrical  

cis-1,3-diphenyltriazenes with X = 4-CN and Y = 4-Cl ( ), 3-CF3 ( ), 3,5-Cl2 ( , ) or  

3,4,5-Cl3 ( ); open symbols correspond to data in 30% v/v THF:H2O solutions, closed symbol 

to 30% v/v THF:D2O solution. 
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Figure 3.5, on the other hand, shows that at any given NaOH concentration, the 

observed rate constants corresponding to the slow process, kobs, decrease as the electron-

donating character of the variable substituent increases. According to the preliminary Hammett 

 values and 1,3-dipolar resonance form, the rate constants for restricted rotation around  

N(2)-N(3) are expected to increase with increasingly stronger electron-withdrawing 

substituents bonded to N(3). Thus, data displayed in Figure 3.5 are attributed to the tautomeric 

cis-s-cis forms bearing the 4-CN substituent and variable substituent in the phenyl rings 

attached to N(1) and N(3), respectively (i.e., cis-1,3-diphenyltriazenes forms with X = 4-CN 

and Y = 3,4,5-(Cl)3, 3,4-(Cl)2, 3-CF3, 4-Cl, and 4-OCH3). This assignment seems reasonable 

bearing in mind that a 4-CN substituent at N(1) stabilizes the 1,3-dipolar resonance form, 

leading to an increase of the N(2)-N(3) double bond character. Consequently, kobs decreases 

with increasing pH. It is important to point out here that Figure 3.5 does not illustrate observed 

rate constants for restricted rotation of unsymmetrical cis-1,3-diphenyltriazene with X = 4-CN 

and Y = 4-OCH3, since the observed values correspond indeed to the detection limit of the 

apparatus (i.e., ca 2000 s-1).  

The fact that two kinetic processes are being observed with unsymmetrical 4-CN 

containing substrates indicates the presence of (at least) two absorbing species of different 

reactivity. These would therefore imply that the primary cis-s-cis anionic (4-CN-containing) 

forms are not be the same ions and do not rapidly equilibrate, but rather undergo cis-to-trans 

isomerization. In contrast with the geometry of trans-triazenes (which are almost entirely 

planar),16-19 the phenyl rings in cis-1,3-diphenyltriazenes are expected to be out of the plane 

because of steric hindrance. Thus, the primary anionic forms resulting from the ionization of 

tautomeric cis-s-cis 4-CN-containing triazenes may be stereoisomers with a different charge 
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distribution that links to the difference in dihedral angles of the two rings and to the degree of 

conjugation between the charge at N(3) in the triazeno moiety and the 4-CN substituent.  

The linear plot displayed in Figure 3.4 for 10e (where X = 4-OCH3 and Y = 4-CN) 

implies that (Ka/Kw [OH ]) <<  1 in eq 3.2. Hence, eq 3.2 simplifies to eq 3.5. A linear 

fitting of corresponding data (Appendix B, Table B7) according to eq 3.5 yields values of krot 

(Table 3.2, entry 3) and of (krot  Ka/Kw) (Table 3.5, entry 5).  

 

kobs =  krot Ka/Kw [OH ] +  krot    eq 3.5 

 

In the case of 10d (where X = 4-Cl and Y = 4-CN), the non-linear fitting of 

corresponding data (Appendix B, Table B6) to eq 3.2 yields values of krot (Table 3.2), and krot  

and Ka/Kw (Table 3.4). Similar to the case of 9o (X = 4-CN), in the case of data for Y = 4-CN 

and X = 3,4,5-Cl3, 3,5-Cl2, and 3-CF3 displayed in Figure 3.4, the corresponding double 

reciprocal plots (not shown) are linear. This indicates that (krot  Ka/Kw  [OH ]) >> krot in  

eq 3.2, and therefore, eq 3.2 simplifies to eq 3.4, in agreement with the expected decrease in krot 

as X becomes a stronger electron-withdrawing group. Non-linear fittings of data for  

X = 3,4,5-Cl3, 3,5-Cl2, and 3-CF3 (Appendix B, Tables B1-2, and B4, respectively) according 

to eq 3.4 provide the parameters summarized in Table 3.5.  
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Table 3.5 Rate constants for restricted rotation and acid dissociation equilibrium constants for 

anionic substituted unsymmetrical 4-CN-containing cis-1,3-diphenyltriazenes in  

30% (v/v) THF:H2O solution.a  

10 X Y  krot  (105 s-1) Ka/Kw 

3,4,5-(Cl)3 4-CN  0.83 ± 0.03 52 ± 8 a 

4-CN 3,4,5-(Cl)3  0.048 ± 0.002 25 ± 3b 

3,5-(Cl)2 4-CN  2.2 ± 0.1 17 ± 3 b 

4-CN 3,5-(Cl)2  0.031 ± 0.001 46 ± 3b 

3-CF3 4-CN  9.4 ± 0.9 4.2 ± 0.6 c 

4-CN 3-CF3  0.022 ± 0.002 52 ± 23 

4-Cl 4-CN  24 ± 9 1.8 ± 0.8 d 

4-CN 4-Cl  0.019 ± 0.001 37 ± 13 

e 4-OCH3 4-CN  92 ± 5c << 1 

aμ = 0.5 M (NaCl) at 21 °C. bValue of ( krot   Kw/Ka). 
c
Value of 

( krot   Ka/Kw).  

 

Plots displayed in Figure 3.5 for Y = 4-Cl and Y = 3-CF3 are best fitted according to  

eq 3.2, while those for Y = 3,5-Cl2 and 3,4,5-Cl3 are best fitted to eq 3.6 (where  

(Ka/Kw [OH–]) >> 1 in eq 3.2). Resulting parameters are listed in Table 3.5, except for krot 

values for Y = 4-Cl and Y = CF3, which are summarized in Table 3.2. It is important to 

indicate that the fitted parameters for Y = 4-Cl and 3-CF3, as summarized in Table 3.5, should 
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be taken cautiously since the observed rate constants when [NaOH] > 0.1 M are very close to 

the detection limit of the apparatus (i.e., ca 2000 s-1). 

 

kobs =  krot
-  +  

krot
Ka/Kw [OH ]  

        eq 3.6 

 

Similarly to the case of cis-9d (X = 3-CN) and cis-9o (X = 4-CN), evidence for the 

assignment of the pH dependence observed with unsymmetrical 4-CN-containing  

cis-1,3-diphenyltriazenes comes from SKIE studies. As displayed in Figure 3.5, cis-10b (i.e.,  

X = 4-CN, Y = 3,5-(Cl)2) isomerizes faster in 30% (v/v) THF:H2O solutions than that in 30% 

(v/v) THF:D2O solutions. This indicates that a normal isotope effect is observed as in the case 

of cis-9d. Conversely, as in the case of cis-9o, the other tautomeric form of cis-10b (i.e.,  

X = 3,5-(Cl)2, Y = 4-CN), shown in Figure 3.4, isomerizes faster in 30% (v/v) THF:D2O 

solutions than in 30% (v/v) THF:H2O solutions (i.e., an inverse isotope effect is observed). The 

non-linear fittings of data for cis-10b (Appendix B, Table B3) according to eq 3.4 when  

X = 3,5-(Cl)2, Y = 4-CN and to eq 3.6 when X = 4-CN, Y = 3,5-(Cl)2 yield the parameters 

summarized in Table 3.6. Similar to the case of cis-9a, 9c-d, and 9o, for both tautomeric forms 

of cis-10b no SKIE are observed on the rate constants for restricted rotation (i.e.,  

(krot)H/(krot)D  1), in agreement with minimal solvent rearrangement for the unimolecular 

rotational process. Also, the ionization constants ratios as shown in Table 3.6 for cis-10b are 

lower than one, in agreement with the facts mentioned above (i.e., (Kw)H/(Kw)D >1, 

(Ka)H/(Ka)D >1, and (Ka)H/(Ka)D < (Kw)H/(Kw)D). 
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Table 3.6 Summary of values of (krot)D, (Ka/Kw)D, (krot)H/(krot)D, and (Ka/Kw)H/(Ka/Kw)D for 

cis-10b. 

X Y (krot)D (103s-1) (Ka/Kw)D (krot)H/(krot)D (Ka/Kw)H/(Ka/Kw)D 

4-CN 3,5-(Cl)2 3.3 ± 0.1 15 ± 3b 0.94 ± 0.07 0.33 ± 0.05 

3,5-(Cl)2 4-CN 200 ± 10 65 ± 4 1.10 ± 0.07 0.26 ± 0.05 

aIn 30% (v/v) THF:D2O solution, μ = 0.5 M (NaCl) at 21 °C. bValue of (krot Kw/Ka) from 

eq 3.6. 

 

The correlation of values of krot (Table 3.5) for X = 4-CN and Y = variable substituent 

and their corresponding tautomeric forms (i.e., X = variable substituent and Y = 4-CN) vs. the 

corresponding Hammett substituent constants are displayed in Figure 3.6. The slope values, 

which correspond to the values of im and am, are -1.98 ± 0.03 and 0.54 ± 0.07, respectively. 

im and am denote the Hammett reaction constants for N(1) and N(3) for restricted rotation of 

anionic forms, respectively. Similarly to the case of neutral 1,3-diphenyltriazenes, the negative 

sign of im, (which indicates a decrease in the electron density on N(1) on rotation) and positive 

value of am (which indicates an increase in the electron density on N(3) on rotation) are fully 

consistent with the 1,3-dipolar resonance model (Scheme 1.7). As rotation around the  

N(2)-N(3) bond takes place, electron delocalization along the nitrogen chain reduces. 

Consequently, the electron density at N(1) and N(3) decreases and increases, respectively, on 

going from ground state to transition state. Moreover, the absolute value of im is clearly higher 

than that of am, demonstrating that the restricted rotation is more sensitive to the electronic 

character of the group attached to N(1) than to the group attached to N(3).  
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The correlation between the values of Ka/Kw (Table 3.4) for X = variable substituent 

and Y = 4-CN, and its corresponding 
X
 constants are also displayed in Figure 3.6. As 

expected, it is clearly shown that the values of log(Ka/Kw) increase with increasingly stronger 

electron-withdrawing substituents. The value of the slope, which corresponds to , is  

1.97 ± 0.04. It is interesting to note that the latter value is comparable to the corresponding 

�value (2.29 ± 0.08) obtained from unsymmetrical 4-cyano-containing trans-triazenes, 

described in Section 2.2.1.  
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Figure 3.6 Plot of rate constants vs. Hammett substituent constants for restricted rotation of 

anionic cis-1,3-diphenyltriazenes ( , for X = 4-CN and Y = variable substituent; , for  

X = variable substituent and Y = 4-CN) and plot of acid dissociation equilibrium constants vs. 

Hammett substituent constants for unsymmetrical 4-CN containing substrates  

( , for X = variable substituent and Y = 4-CN). 
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It is noticed that a similar correlation for values of Ka/Kw for the other tautomeric 

forms (i.e., X = 4-CN and Y = variable substituent) is precluded since only two values of 

Ka/Kw could be obtained. However, it is interesting to point out that these two values for  

Y = 4-Cl and 3-CF3 are clearly higher than those for their tautomeric forms. This trend is 

consistent with studies on tautomeric equilibria of trans-1,3-diphenyltriazenes as described in 

Section 1.1.3, which show that para groups with an electron-withdrawing mesomeric effect 

favor the tautomer form having the N=N double bond closer to electron donating groups.20-23 

 

3.3 Conclusions 

It has been shown that laser excitation at 355 nm of target symmetrical and 

unsymmetrical 1,3-diphenyltriazenes in 30% (v/v) THF aqueous solutions leads to 

instantaneous photoinduced trans-to-cis isomerization, followed by thermal cis-to-trans 

isomerization. A quantitative analysis, performed by using a multiple-substituent Hammett 

equation, of the rate constants for restricted rotation around the N(2)-N(3) bond of target  

cis-1,3-diphenyltriazenes provides Hammett reactions constant ( ) values of -1.88 ± 0.08 and 

0.70 ± 0.08 for N(1) and N(3), respectively. The restricted rotation around the N(2)-N(3) bond 

of substituted triazenes is more sensitive to the electronic character of the aryl group at N(1) 

than to the electronic character of the aryl group at N(3). The study also shows that only in the 

case of cyano-containing substrates, the observed rate constants (kobs), ascribed to restricted 

rotation around the N(2)-N(3) bond, depend on pH. This pH dependence is attributed to the 

change in substrate ionization. The pH dependency indicates that the charge distribution in the 

triazeno fragment is significantly influenced by mesomerically electron withdrawing groups. 

The correlation of rate constants for restricted rotation for the anionic forms of  
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cis-1,3-diphenyltriazenes yields values of -1.98 ± 0.03 and 0.54 ± 0.07 for im and am,  

respectively. Consistent with the case of neutral cis-1,3-diphenyltriazenes, the absolute value 

of im is higher than that of am, which indicates that the sensitivity of the reaction to the 

electronic character of the group attached to N(1) is greater than to that at N(3). The slope 

(which corresponds to ) obtained from the correlation of acid dissociation constants with 

Hammett substituent constants of unsymmetrical cyano-containing cis-1,3-diphenyltriazenes is 

comparable to that of unsymmetrical non-cyano-containing trans-1,3-diphenyltriazenes. 
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Chapter 4. Experimental  

4.1 Synthetic Methods 

4.1.1 Materials and Instruments 

The following reactants were purchased from Aldrich Chem. Co and used as received: 

sodium hexanitrocobaltate(III) (SHNC), isoamyl nitrite (97%), 4-aminobenzonitrile (98%),  

3-aminobenzonitrile (99%), 4-(trifluoromethyl)aniline hydrochloride (97%),  

3-(trifluoromethyl)aniline (99%), m-anisidine (97%), 4-ethynylaniline (97%),  

3,5-dichloroaniline (98%), 3,4,5-trichloroaniline, 3,4-dimethylaniline (98%), 3-nitroaniline,  

p-N,N-dimethylaminoaniline, and sodium deutroxide. In addition, p-nitroaniline, ACS grade 

petroleum ether (60 – 80 ºC), 37% (w/v) hydrochloric acid, sodium acetate, ACS grade 

chloroform, sodium hydroxide, and ACS grade methanol were all purchased from BDH and 

used as received. p-Anisidine (Eastman), p-chloroaniline (Baker), sodium nitrite (Sigma, 

Analytical grade), triethyl orthoformate (98%, Lancaster), acetone (Caledon Labs), and ethanol 

(Commercial Alcohols) were also used as received. Benzene, ethyl acetate and hexane were all 

obtained from EMD, and used as received. Deionized water was used for synthesis of 

triazenes. 

1H NMR spectra were recorded on a Bruker AC-300 (300MHz) NMR spectrometer. 

Chemical shifts are reported in parts per million (ppm) relative to solvent signals (i.e.,  2.49 

for DMSO-d6, and  2.05 for acetone-d6). Deurated solvents used for 1H NMR, i.e., acetone-

d6 (D, 99.9%), DMSO-d6 (D, 99.9%), chloroform-d (D, 99.9%), and D2O (D, 99.9%), were 

purchased from Cambridge Isotope Laboratories, Inc. Electron impact mass spectra (EI MS) 

and high-resolution mass spectrometry (HRMS) were performed at the University of Waterloo 

on a JEOL HX110 mass spectrometer.  



 76 

Melting points (mp) were determined on a MEL-TEMP melting point apparatus. 

Column chromatography was carried out using silica gel (70-230 mesh). Thin layer 

chromatography was performed on Whatman flexible TLC plates with 250 μm UV254 silica gel 

coating on polyester backing.  

 

4.1.2 Synthesis of Symmetrical Triazenes 

4.1.2.1 1,3-Bis(3,4-dimethylphenyl)triazene (9a)  

NH2 N N
H
N

 NaNO2

HCl (aq)
 

 

In a 25 mL round-bottom flask, 3,4-dimethylaniline (0.50 g, 4.1 mmol) was mixed with 37% 

(w/v) hydrochloric acid (0.54 mL, 17.9 mmol) and water (4.1 mL). This round-bottom flask 

was placed in an ice bath. A pre-cooled sodium nitrite solution (0.17 g of NaNO2 in 1.0 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3,4-dimethylphenyl diazonium ions. After the addition of NaNO2 was completed, the solution 

was kept stirring for 10 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) 

sodium acetate aqueous solution. A bright yellow precipitate began to form immediately. The 

reaction mixture was kept stirring for 20 minutes. The bright yellow precipitate was filtered 

out, washed with cold water, and dried in vacuum overnight at room temperature. The raw 

product was purified by recrystallization using petroleum ether (60 - 80°C) to yield the desired 

product as small dark-orange needles (119 mg; yield 60%). To the best of our knowledge, no 

physical data have been reported for 1,3-bis(3,4-dimethylphenyl)triazene; mp 142 - 144 ºC; 1H 

NMR (300 MHz, acetone-d6): 2.22 (s, 3H, CH3), 2.26 (s, 3H, CH3), 7.11 (d, 2H, meta H to 
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NNNH, J = 8.1 Hz), 7.19 (dd, 2H, para H to CH3, J = 1.8 and 8.1 Hz), 7.26 (br, 2H, ortho H to 

NNNH and CH3), 10.99 (s, 1H, NH); MS m/z (rel. intensity) (EI): 253 (M, 9), 225 (36), 133 

(41), 105 (100), 77 (19); HRMS calc. for C16H19N3: 253.1579, found: 253.1587. 

 

4.1.2.2 1,3-Bis(4-ethynylphenyl)triazene (9b)  

NH2 N N
H
N

 NaNO2

HCl (aq)
 

 

In a 25 mL round-bottom flask, 4-ethynylaniline (0.585 g, 5 mmol) was mixed with 37% (w/v) 

hydrochloric acid (0.65 mL, 21.4 mmol) and water (5 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.21 g of NaNO2 in 1.25 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

4-ethynylphenyl diazonium ions. After the addition of NaNO2 was completed, the solution was 

kept stirring for 60 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) sodium 

acetate aqueous solution. A reddish precipitate began to form immediately. The reaction 

mixture was kept stirring overnight. The reddish precipitate was filtered out, washed with cold 

water, and dried in vacuum overnight at room temperature. A dark red powder raw product 

was obtained. The raw product was purified by column chromatography (using benzene as 

eluent) followed by recrystallization using hexane to afford the desired product as shiny light-

orange needles (210 mg; yield 60%). To the best of our knowledge, no physical data have been 

reported for 1,3-bis(4-ethynylphenyl)triazene; mp 143.5 - 144 ºC; 1H NMR (300 MHz, 

acetone-d6): 3.65 (s, 2H, CCH), 7.52 (s, 8H, ArH), 11.64 (s, 1H, NH); MS m/z (rel. intensity) 

(EI): 245 (M, 11), 129 (61), 101 (100); HRMS calc. for C16H11N3: 245.0953, found: 245.0947. 
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4.1.2.3 1,3-Bis[3-(trifluoromethyl)phenyl]triazene (9c)  

NH2 N N
H
N

F3C F3C CF3

 NaNO2

HCl (aq)

 

 

In a 25 mL round-bottom flask, 3-(trifluoromethyl)aniline (0.81 g, 5 mmol) was mixed with 

37% (w/v) hydrochloric acid (0.65 mL, 21.4 mmol) and water (5 mL). This round-bottom flask 

was placed in an ice bath. A pre-cooled sodium nitrite solution (0.21 g of NaNO2 in 1.3 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3-(trifluoromethyl)phenyl diazonium ions. After the addition of NaNO2 was completed, the 

solution was kept stirring for 60 minutes and then the pH was adjusted to ca. 6 by adding 18% 

(w/v) sodium acetate aqueous solution. A light-yellow precipitate began to form immediately. 

The reaction mixture was kept stirring for one hour. The yellow precipitate was filtered out, 

washed with cold water, and dried in vacuum overnight at room temperature. The raw product 

was purified by recrystallization using hexane to afford the desired product as golden-brown 

fine needles (600 mg; yield 72%); mp 116 - 117 ºC (lit. mp1 115 - 116 ºC); 1H NMR (300 

MHz, DMSO-d6): 7.51 (d, 2H, para H to CF3, J = 7.9 Hz), 7.63 (t, 2H, meta H to CF3, J = 7.9 

Hz), 7.69 (s, 2H, ortho H to NNNH & CF3), 7.77 (d, 2H, para H to NNNH, J = 7.9 Hz), 12.92 

(br, 1H, NH). 

 

4.1.2.4 1,3-Bis(3-cyanophenyl)triazene (9d) 

SNHC
 H2O

NH2 N N
H
N

NC NC CN  
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Synthesis of 1,3-bis(3-cyanophenyl)triazene was done by one-pot nitrosation of m-nitroaniline 

with SHNC, which acted as nitrosation agent in aqueous solution. To a solution containing 

SHNC (303.5 mg, 0.75 mmol) and 5 mL of water, m-cyanoaniline (118.1 mg, 1 mmol) was 

added. The reaction mixture was stirred at room temperature for 40 hours. The yellowish raw 

product was filtered off and washed thoroughly with cold water. The raw product was purified 

by recrystallization using a 2:1 mixture of chloroform and hexane to afford the desired product 

as pale yellow powder (83.1 mg; yield 67%); mp 185 - 186 ºC; 1H NMR (300 MHz, acetone-

d6): 7.60 (m, 4H, para H and meta H to CN), 7.85 (d, 2H, para H to NNNH, J = 7.7 Hz), 7.96 

(s, 2H, ortho H to NNNH and CN), 11.89 (s, 1H, NH). 

 

4.1.2.5 1,3-Bis(3-nitrophenyl)triazene (9e) 

NH2 N N
H
N

O2N O2N NO2

SHNC
  H2O

 

 

Synthesis of 1,3-bis(3-nitrophenyl)triazene was done by one-pot nitrosation of m-nitroaniline 

with SHNC, which acted as nitrosation agent in aqueous solution. To a solution containing 

SHNC (607.8 mg, 1.5 mmol) and 10 mL of water, m-nitroaniline (276.8 mg,  

2 mmol) was added. The reaction mixture was stirred at room temperature for 72 hours. The 

yellowish raw product was filtered off and washed thoroughly with cold water. The obtained 

raw product was dried under vacuum for five hours to afford a pale yellow solid. The crude 

product was then recrystallized from acetone to yield a fine yellow powder (143.5 mg; yield 

50%); mp 191 – 192 ºC (lit. mp2 198.5 - 199.5 ºC); 1H NMR (300 MHz, DMSO-d6): 7.70  
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(t, 2H, meta H to NO2, J = 7.1 Hz), 7.91 (d, 2H, ortho H to NNNH, J = 7.1 Hz), 8.02 (br, 2H, 

para H to NNNH), 8.18 (s, 2H, ortho H to NO2 and NNNH), 13.15 (s, 1H, NH). 

 

4.1.2.6 1,3-Bis(3,5-dichlorophenyl)triazene (9f) 

NH2 N N
H
N

Cl Cl Cl

Cl Cl Cl
i-C5H11-ONO

Bz / PE

 

 

Isoamyl nitrite (0.88 g, 7.5 mmol) was added dropwise to a stirred solution of  

3,5-dichloroaniline (0.81 g, 5 mmol) in a mixture of petroleum ether (10 mL) and benzene 

(5 mL). The reaction mixture was kept at room temperature for two and a half hours, and the 

solvent was then removed on a rotary evaporator. The raw product was purified by 

recrystallization using hexane and then acetone to afford the desired product as pale orange 

powder (80 mg; yield 10%); mp 178 - 180 ºC (lit. mp3 184 - 186 ºC); 1H NMR (300 MHz, 

acetone-d6): 7.27 (br, 2H, para H to NNNH), 7.53 (s, 4H, ortho H to NNNH), 11.88 (s, 1H, 

NH); MS m/z (rel. intensity) (EI): 333 (M [35Cl4], 3), 173 (47), 145 (100), HRMS calc. for 

C12H7
35Cl4N3: 332.9394, found: 332.9400. 

 

4.1.2.7 1,3-Bis(3,4,5-trichlorophenyl)triazene (9g) 

NH2 N N
H
N

Cl Cl Cl

Cl Cl Cl

ClClCl
i-C5H11-ONO

Bz / PE
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Isoamyl nitrite (0.22 g, 1.9 mmol) was added dropwise to a stirred solution of  

3,4,5-trichloroaniline (0.25 g, 1.27 mmol) in a mixture of petroleum ether (2.5 mL) and 

benzene (1.3 mL). The reaction mixture was kept at room temperature for two and a half hours, 

and the solvent was then removed on a rotary evaporator. The raw product was recrystallized 

using petroleum ether (60 – 80 °C) to afford the desired product as yellow powder (100.9 mg; 

yield 35%); mp 182 - 183 ºC (lit. mp2 199 - 200 ºC); 1H NMR (300 MHz, DMSO-d6): 7.75 (s, 

4H, ortho H to NNNH), 13.06 (s, 1H, NH). 

 

4.1.2.8 Attempted Synthesis of 1,3-Bis(3-methylphenyl)triazene (9h) by the 

Classical Diazonium Method 

NH2

H3C

 NaNO2

HCl (aq)
N N

H
N

H3C CH3  

 

In a 25 mL round-bottom flask, 3-methylaniline (0.54 g, 5 mmol) was mixed with 37% (w/v) 

hydrochloric acid (0.64 mL, 21.2 mmol) and water (5 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.21 g of NaNO2 in 1.3 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3-methylphenyl diazonium ions. After the addition of NaNO2 was completed, the solution was 

kept stirring for 30 minutes and then the pH was adjusted to ca. 6 by adding 20% (w/v) sodium 

acetate aqueous solution. A purple precipitate in an orange solution began to form 

immediately. The reaction mixture was kept stirring for one hour. The purple precipitate was 

filtered out, washed with cold water, and dried in vacuum overnight at room temperature. The 

purple raw product was purified by recrystallization using petroleum ether (60 – 80 ºC). The 
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desired product (i.e., triazene) is not afforded, instead the azo compound shown below (where 

R1 = CH3, R2 = NH2, and R3 = CH3) is formed as a dark purple solid (335.2 mg; yield 60%);  

mp 205 - 206 ºC; 1H NMR (300 MHz, DMSO-d6): 2.39 (s, 3H, para CH3 to N=N and meta to 

NH2), 2.58 (s, 3H, meta CH3 to N=N), 6.90 (br, 2H, ortho H to NH2 and para H to NH2),  

7.27 (br, 1H, meta H to CH3), 7.41 (br, 1H, para H to N=N), 7.66 (m, 3H, ortho H to N=N), 

8.62 (br, 2H, NH2)  

The orange filtrate solution was evaporated and dried in vacuum overnight at room 

temperature. The raw product was purified by column chromatography (using 7:1 

benzene:ethyl acetate as eluent), to yield the azo compound where R1 = NH2, R2 = CH3, and  

R3 = CH3 as a dark orange solid (64 mg; yield 11%); mp 72 - 74 ºC; 1H NMR (300 MHz, 

DMSO-d6): 2.36 (s, 3H, meta CH3 to NH2), 2.54 (s, 3H, meta CH3 to N=N), 5.99 (s, 2H, NH2), 

6.45 (dd, 1H, para H to CH3 and ortho to NH2, J = 2.3 and 8.6 Hz), 6.50 (d, 1H, ortho H to 

CH3 and NH2, J = 2.3 Hz), 7.20 (d, 1H, para H to N=N, J = 7.4 Hz), 7.35 (t, 1H, meta H to 

N=N and CH3, J = 7.4 Hz), 7.53 (m, 3H, ortho H to N=N). 

 

N N

R2

R1

R3

 

 

4.1.2.9 Attempted Synthesis of 1,3-Bis(3-methylphenyl)triazene (9h) by 

SHNC Method 

NH2

H3C

N N
H
N

H3C CH3

SHNC
  H2O
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To a solution containing SHNC (1.41 g, 3.5 mmol) and 23 mL of water, 3-methylaniline (500 

mg, 4.7 mmol) was added. The reaction mixture was stirred at room temperature for 8 hours.  

A black product formed. It was filtered off, washed thoroughly with cold water and dried under 

vacuum overnight to afford a mixture of black and yellow solids. The crude product was 

purified by means of preparative TLC (using 5:1 benzene:ethyl acetate as eluents) to yield an 

orange solid (21 mg; yield 5.3%). Instead of the formation of desired triazene, the azo 

compound shown above (R1 = NH2, R2 = CH3, and R3 = CH3) is obtained; mp 72 - 74 ºC; 1H 

NMR (300 MHz, DMSO-d6): 2.38 (s, 3H, meta CH3 to NH2), 2.53 (s, 3H, meta CH3 to N=N), 

5.99 (s, 2H, NH2), 6.45 (dd, 1H, para H to CH3 and ortho to NH2, J = 2.1 and 8.4 Hz), 6.49 (d, 

1H, ortho H to CH3 and NH2, J = 2.1 Hz), 7.20 (d, 1H, para H to N=N, J = 7.9 Hz), 7.37 (t, 

1H, meta H to N=N and CH3, J = 7.9 Hz), 7.52 (m, 3H, ortho H to N=N). 

 

4.1.2.10 Attempted Synthesis of 1,3-Bis(3-methylphenyl)triazene (9i) 

NH2

H3CO

 NaNO2

HCl (aq)
N N

H
N

H3CO OCH3  

 

In a 25 mL round-bottom flask, 3-methoxyaniline (0.62 g, 5 mmol) was mixed with 37% (w/v) 

hydrochloric acid (0.64 mL, 21.2 mmol) and water (5 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.21 g of NaNO2 in 1.3 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3-methoxyphenyl diazonium ions. After the addition of NaNO2 was completed, the solution 

was kept stirring for 30 minutes and then the pH was adjusted to ca. 6 by adding 20% (w/v) 

sodium acetate aqueous solution. A brown precipitate began to form immediately. The reaction 
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mixture was kept stirring for one hour. The brown precipitate was filtered out, washed with 

cold water, and dried in vacuum overnight at room temperature. The raw product was purified 

by recrystallization using ethanol. The desired product (i.e., triazene) is not afforded, instead 

the azo compound shown above (R1 = NH2, R2 = OCH3, and R3 = OCH3) is formed as a dark 

brown solid (304.5 mg; yield 47%); mp 160 - 162 ºC; 1H NMR (300 MHz, DMSO-d6): 3.85 (s, 

3H, meta OCH3 to NH2), 3.90 (s, 3H, meta OCH3 to N=N), 6.17(br, 2H, NH2), 6.21 (dd, 1H, H 

ortho to NH2 and para to OCH3, J = 2.1 and 8.8 Hz), 6.31 (d, 1H, ortho H to NH2 and OCH3, J 

= 2.1 Hz), 6.94 (dd, 1H, para H to N=N, J = 2.1 and 7.7 Hz), 7.21 (t, 1H, ortho H to N=N and 

OCH3, J = 2.1 Hz), 7.28 (d, 1H, H ortho to N=N and para to OCH3, J = 7.7 Hz), 7.38 (t, 1H, 

meta H to N=N and OCH3, J = 7.7 Hz), 7.52 (d, 1H, meta H to NH2, J = 8.8 Hz). 

 

4.1.3 Synthesis of Unsymmetrical Triazenes 

4.1.3.1 3,4,5-Trichloro-4-cyano-1,3-diphenyltriazene (10a) 

1. NaNO2  /  HCl (aq)

NH2NC2.

NH2

NCl N
H
N CN

H
NCl N N CN

Cl

Cl

Cl

Cl

Cl

Cl

Cl

 

 

In a 25 mL round-bottom flask, 3,4,5-trichloroaniline (165.6 mg, 0.843 mmol) was mixed with 

37% (w/v) hydrochloric acid (80 μL, 2.53 mmol) and water (1.94 mL). This round-bottom 

flask was placed in an ice bath. A pre-cooled sodium nitrite solution (0.06 g of NaNO2 in 0.56 

mL of water) was then added slowly to the round-bottom flask keeping constant stirring to 
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obtain 3,4,5-trichlorophenyl diazonium ions. After the addition of NaNO2 was completed, the 

solution was kept stirring for 65 minutes and then the pH was adjusted to ca. 6 by adding 18% 

(w/v) sodium acetate aqueous solution. In a 50 mL round-bottom flask, 4-cyanoaniline (99.6 

mg, 0.843 mmol) was dissolved in ca. 2.8 mL of methanol. The flask was placed in an ice bath 

and stirred vigorously. Afterwards, the solution contained in the 25 mL round-bottom flask 

was added drop-by-drop to the 50 mL round-bottom flask over a period of 35 minutes. A dark 

yellow precipitate began to form immediately. After this addition, the reaction mixture was 

kept stirring for three and a half hours. The bright yellow precipitate was filtered out, washed 

with cold water and dried in vacuum overnight at room temperature. The raw product was 

purified by recrystallization using ethanol to afford the product as a bright yellow powder 

(131.7 mg; yield 50%). To the best of our knowledge, no physical data have been reported for  

3,4,5-trichloro-4-cyano-1,3-diphenyltriazene; mp 229 – 230 ºC; 1H NMR (300 MHz, DMSO-

d6): 7.58 (d, 2H, meta H to CN, J = 8.4 Hz), 7.75 (s, 2H, ortho H to Cl), 7.81(d, 2H, ortho H 

to CN, J = 8.4 Hz), 13.17 (s, 1H, NH); MS m/z (rel. intensity) (EI): 324(M [35Cl3], 9), 207 (45), 

179 (100), 130 (31), 102 (65); HRMS calc. for C13H7
35Cl3N3: 323.9736; found: 323.9734. 

 

4.1.3.2 3,5-Dichloro-4-cyano-1,3-diphenyltriazene (10b)  

1. NaNO2  /  HCl (aq)

NH2NC2.

NH2

N N
H
N CN

H
N N N CN

Cl

Cl

Cl

Cl

Cl

Cl
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In a 25 mL round-bottom flask, 3,5-dichloroaniline (324.5 mg, 2 mmol) was mixed with 37% 

(w/v) hydrochloric acid (0.5 mL, 16.5 mmol) and water (4.6 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.16 g of NaNO2 in 1.34 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3,5-dichlorophenyl diazonium ions. After the addition of NaNO2 was completed, the solution 

was kept stirring for 65 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) 

sodium acetate aqueous solution. In a 50 mL round-bottom flask, 4-cyanoaniline (236.7 mg, 2 

mmol) was dissolved in 6.7 mL of methanol. The flask was placed in an ice bath and stirred 

vigorously. Afterwards, the solution contained in the 25 mL round-bottom flask was added 

drop-by-drop to the 50 mL round-bottom flask over a period of 45 minutes. A bright yellow 

precipitate began to form immediately. After this addition, the reaction mixture was kept 

stirring for 20 hours. The bright yellow precipitate was poured into 100 mL of cold water, then 

filtered out, and washed with cold water. The precipitate was dried in vacuum overnight at 

room temperature. The raw product was purified by recrystallization using ethanol to afford the 

product as a bright yellow solid (449.8 mg; yield 78%). To the best of our knowledge, no 

physical data have been reported for 3,5-dichloro-4-cyano-1,3-diphenyltriazene;  

mp 224 - 224.5ºC; 1H NMR (300 MHz, DMSO-d6): 7.44 (s, 1H, para H to NNNH), 7.53 (s, 

2H, ortho H to NNNH and Cl), 7.58 (d, 2H, meta H to CN, J = 8.5 Hz), 7.81 (d, 2H, ortho H 

to CN, J = 8.5 Hz), 13.13 (br, 1H, NH); MS m/z (rel. intensity) (EI): 290 (M [35Cl2], 2.5), 173 

(47), 145 (87), 130 (100), 102 (24); HRMS calc. for C13H8
35Cl2N4: 290.0126; found: 290.0133. 
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4.1.3.3 4-Cyano-3 -trifluoromethyl-1,3-diphenyltriazene (10c) 

1. NaNO2  /  HCl (aq)

NH2NC2.

NH2

N N
H
N CN

H
N N N CN

F3C

F3C

F3C

 

 

In a 25 mL round-bottom flask, 3-(trifluoromethyl)aniline (483.4 mg, 3 mmol) was mixed with 

37% (w/v) hydrochloric acid (0.75 mL, 24.7 mmol) and water (7 mL). This round-bottom flask 

was placed in an ice bath. A pre-cooled sodium nitrite solution (0.22 g of NaNO2 in 2 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

3-(trifluoromethyl)phenyl diazonium ions. After the addition of NaNO2 was completed,  

the solution was kept stirring for 90 minutes and then the pH was adjusted to ca. 6 by adding 

18% (w/v) sodium acetate aqueous solution. In a 50 mL round-bottom flask, 4-cyanoaniline 

(354.4 mg, 3 mmol) was dissolved in 10 mL of methanol. The flask was placed in an ice bath 

and stirred vigorously. Afterwards, the solution in the 25 mL round-bottom flask was added 

drop-by-drop to the 50 mL round-bottom flask over a period of 55 minutes. A light yellow 

precipitate began to form immediately. After this addition, the reaction mixture was kept 

stirring for two hours. The light-yellow precipitate was filtered out, washed with cold water 

and dried in vacuum overnight at room temperature. The raw product was purified by column 

chromatography (using 2:1 benzene:ethyl acetate as eluent) and recrystallization using a 

mixture of chloroform and hexane (1:1) to afford the product as a yellow powder (39.7 mg; 

yield 5%). To the best of our knowledge, no physical data have been reported for  
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4-cyano-3 -trifluoromethyl-1,3-diphenyltriazene; mp 190 – 191 ºC; 1H NMR (300 MHz, 

acetone-d6): 7.61(d, 1H, para H to CF3), 7.69 (overlapping d and t, 3H, meta H to CN and 

meta H to CF3), 7.80 (d, 2H, ortho H to CN), 7.86 (overlapping s and d, 2H, para H to NNNH 

and ortho H to CF3 and NNNH), 11.95 (s, 1H, NH); MS m/z (rel. intensity) (EI): 290 (M, 9), 

173 (27), 145 (100), 130 (19), 102 (45); HRMS calc. for C14H9F3N4: 290.0779, found: 

290.0780. 

 

4.1.3.4 4-Chloro-4 -cyano-1,3-diphenyltriazene (10d) 

1. NaNO2  /  HCl (aq)
NH2

NH2NC

N N
H
N CN

2.

H
N N N CN

Cl

Cl

Cl
 

 

In a 25 mL round-bottom flask, 4-cyanoaniline (236.1 mg, 2 mmol) was mixed with 37% (w/v) 

hydrochloric acid (0.5 mL, 16.5 mmol) and water (4.6 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.16 g of NaNO2 in 1.34 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

4-cyanophenyl diazonium ions. After the addition of NaNO2 was completed, the solution was 

kept stirring for 65 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) sodium 

acetate aqueous solution. In a 50 mL round-bottom flask, 4-chloroaniline (255.2 mg, 2 mmol) 

was dissolved in 6.7 mL of methanol. The flask was placed in an ice bath and stirred 

vigorously. Afterwards, the solution contained in the 25 mL round-bottom flask was added 

drop-by-drop to the 50 mL round-bottom flask over a period of 55 minutes. An orange 
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precipitate began to form immediately. After this addition, the reaction mixture was kept 

stirring for 18 hours. The bright orange precipitate was poured into 100 mL of cold water, then 

filtered out, and washed with cold water. The precipitate was dried in vacuum overnight at 

room temperature. The raw product was purified by recrystallization using hexane to yield the 

product as shiny orange needles (278.8 mg; yield 55%). To the best of our knowledge, no 

physical data have been reported for 4-chloro-4 -cyano-1,3-diphenyltriazene; mp 154 – 155 ºC; 

1H NMR (300 MHz, acetone-d6): 7.45 (d, 2H, ortho H to Cl, J = 8.8 Hz), 7.60 (two 

overlapping d, 4H, ortho H to NNNH), 7.76(d, 2H, ortho H to CN, J = 8.8 Hz), 11.79 (s, 1H, 

NH); MS m/z (rel. intensity) (EI): 256 (M [35Cl], 16), 139 (47), 111 (100), 102 (75); HRMS 

calc. for C13H9
35ClN4: 256.0516; found: 256.0513. 

 

4.1.3.5 4-Cyano-4 -methoxy-1,3-diphenyltriazene (10e) 

1. NaNO2  /  HCl (aq)
NH2

NH2NC

NH3CO N
H
N CN

2.

H
NH3CO N N CN

H3CO

 

 

In a 25 mL round-bottom flask, 4-methoxyaniline (246.3 mg, 2 mmol) was mixed with 37% 

(w/v) hydrochloric acid (0.5 μL, 16.5 mmol) and water (4.6 mL). This round-bottom flask was 

placed in an ice bath. A pre-cooled sodium nitrite solution (0.16 g of NaNO2 in 1.34 mL of 

water) was then added slowly to the round-bottom flask keeping constant stirring to obtain  

4-methoxyphenyl diazonium ions. After the addition of NaNO2 was completed, the solution 

was kept stirring for 75 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) 
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sodium acetate aqueous solution. In a 50 mL round-bottom flask, 4-cyanoaniline (237.1 mg,  

2 mmol) was dissolved in 6.7 mL methanol. The flask was placed in an ice bath and stirred 

vigorously. Afterwards, the solution contained in the 25 mL round-bottom flask was added 

drop-by-drop to the 50 mL round-bottom flask over a period of 60 minutes. A dark brown 

precipitate began to form immediately. After this addition, the reaction mixture was kept 

stirring overnight. The dark brown precipitate was filtered out, washed with cold water and 

dried in vacuum overnight at room temperature. The raw product was purified by 

recrystallization using ethanol to afford the product as shiny brown needles (318.4 mg; yield 

65%). To the best of our knowledge, no physical data have been reported for 4-cyano-4 -

methoxy-1,3-diphenyltriazene; mp 160 – 161 ºC; 1H NMR (300 MHz, acetone-d6): 3.85 (s, 

3H, OCH3), 7.01 (d, 2H, ortho H to CH3O, J = 8.8 Hz), 7.57 (two overlapping apparent 

doublets, 4H, ortho H to NNNH), 7.73 (d, 2H, ortho H to CN, J = 8.8 Hz), 11.46 (br, 1H, NH); 

MS m/z (rel. intensity) (EI): 252 (M, 45), 135 (70), 122 (72), 107 (100); HRMS calc. for 

C14H12N4O: 252.1011; found: 252.1011. 

 

4.1.3.6 4-Chloro-4 -trifluoromethyl-1,3-diphenyltriazene (10f) 

1. NaNO2  /  HCl (aq)
NH2F3C HCl

NH2Cl

NF3C N
H
N Cl

2.

H
NF3C N N Cl

 

 

In a 25 mL round-bottom flask, 4-(trifluoromethyl)aniline hydrochloride (0.40 g, 2 mmol) was 

mixed with 37% (w/v) hydrochloric acid (0.50 mL, 16.5 mmol) and water (5 mL). This round-
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bottom flask was placed in an ice bath. A pre-cooled sodium nitrite solution (0.14 g of NaNO2 

in 1.3 mL of water) was then added slowly to the round-bottom flask keeping constant stirring 

to obtain 4-(trifluoromethyl)phenyl diazonium ions. After the addition of NaNO2 was 

completed, the solution was kept stirring for 60 minutes and then the pH was adjusted to ca. 6 

by adding 18% (w/v) sodium acetate aqueous solution. In a 50 mL round-bottom flask,  

4-chloroaniline (0.26 g, 2 mmol) was dissolved in 6.7 mL of methanol. The flask was placed in 

an ice bath and stirred vigorously. Afterwards, the solution contained in the 25 mL round-

bottom flask was added drop-by-drop to the 50 mL round-bottom flask over a period of  

40 minutes. A yellow precipitate began to form immediately. After this addition, the reaction 

mixture was kept stirring for two hours. The yellow precipitate was filtered out, washed with 

cold water and dried in vacuum overnight at room temperature. The raw product was purified 

by recrystallization using hexane to afford the product as yellow light solid (450 mg; yield 

75%). To the best of our knowledge, no physical data have been reported for 4-chloro-4 -

trifluoromethyl-1,3-diphenyltriazene; mp 125 - 126 ºC; 1H NMR (300 MHz, DMSO-d6): 7.47 

(d, 2H, ortho H to Cl, J = 8.5 Hz), 7.53 (d, 4H, ortho H to NNNH, J = 8.5 Hz), 7.71 (d, 2H, 

ortho H to CF3, J = 8.5 Hz), 12.85 (s, 1H, NH); MS m/z (rel. intensity) (EI): 300(M [35Cl], 

100), 173(26), 162 (24), 139(11); HRMS calc. for C13H10
35ClF3N3: 300.0515, found: 300.0547. 

 

4.1.3.7 4-Methoxy-4 -methyl-1,3-diphenyltriazene (10g) 

NH2H3C HCl

NH2H3CO

NH3C N
H
N OCH3

1. NaNO2  /  HCl (aq)

2.
H
NH3C N N OCH3
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In a 25 mL round-bottom flask, 4-methylaniline hydrochloride (0.43 g, 3 mmol) was mixed 

with 37% (w/v) hydrochloric acid (0.75 mL, 24.7 mmol) and water (7 mL). This round-bottom 

flask was placed in an ice bath. A pre-cooled sodium nitrite solution (0.22 g of NaNO2 in 2 mL 

of water) was then added slowly to the round-bottom flask keeping constant stirring to obtain 

4-methylphenyl diazonium ions. After the addition of NaNO2 was completed, the solution was 

kept stirring for 45 minutes and then the pH was adjusted to ca. 6 by adding 18% (w/v) sodium 

acetate aqueous solution. In a 50 mL round-bottom flask, 4-methoxyaniline (0.37 g, 3 mmol) 

was dissolved in 10 mL of methanol. The flask was placed in an ice bath and the solution was 

stirred vigorously. Subsequently, the diazonium ion solution contained in the 25 mL round-

bottom flask was added drop-by-drop to the 50 mL round-bottom flask over a period of  

45 minutes. A dark brown precipitate began to form immediately. The reaction mixture was 

kept stirring for two hours. The dark brown precipitate was filtered out, washed with cold 

water, and dried in vacuum overnight at room temperature. The raw product was purified by 

recrystallization using petroleum ether to afford the desired product as shiny brown needles 

(240 mg; yield 34%); mp 84 - 85 ºC (lit. mp4 87.5 ºC); 1H NMR (300 MHz, DMSO-d6): 2.26 

(s, 3H, CH3), 3.76 (s, 3H, OCH3), 6.95 (d, 2H, ortho H to CH3O, J = 8.1 Hz), 7.14 (br, 2H, 

ortho H to CH3), 7.41 (br, 4H, ortho H to NNNH), 12.12 (br, 1H, NH).  

 

4.1.4 Synthesis of Amidines 

Amidines, another class of amine derivatives, are compounds containing two different 

types of nitrogen atoms (i.e., –N=CH–N<).5 The amidino group is the combination of an 

azomethine-like C=N double bond with an amide like C-N single bond. Due to the presence of 
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the C=N double bond, amidines can undergo reversible cis-trans isomerization.6 Thus, besides 

triazenes, amidines have potential as photochromic materials.5  

A series of symmetrical amidines (listed in Chart 4.1) were selected, based on their 

capability to absorb at 355 nm (excitation wavelength of the apparatus employed in this study). 

The chosen series of amidines have to be synthesized (see below for detailed description of the 

corresponding experimental conditions) since they are not commercially available. Mechanistic 

studies on the thermal cis-to-trans isomerization of chosen amidines were planned but 

unfortunately, no evidence for photoisomerization could be obtained. Thus, the cis-trans 

isomerization study on the amidine system was discontinued.  

 

Chart 4.1 Target amidines 

 

N C N

HH

X X

13
 

 

 

 

4.1.4.1 N,N -Di(p-N,N-dimethylaminophenyl)formamidine (13a) 

N NH2 N N C
H

H
N N

HC(OC2H5)3

 
 

Synthesis of N,N -di(p-N,N-dimethylaminophenyl)formamidine was done by mixing  

p-N,N-dimethylamino aniline (1.1814 g, 10 mmol) with triethyl orthoformate (0.83 mL, 

5 mmol) in a 25 mL round bottom flask. This mixture was heated at 120 – 130 ºC for 13.5 

13 X  13 X 

a N(CH3)2  d Cl 

b OCH3  e NO2 

c CN    
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hours and then cooled down. As the reaction mixture was cooled down to room temperature, 

yellow solid crude product was formed. The crude product was purified by recrystallization 

using ethanol to afford very shiny and very fine golden crystals (1.0359 g; 84% yield);  

mp 137.5-138 ºC (lit. mp7 139 ºC); 1H NMR (300 MHz, chloroform-d): 2.90 (s, 12H, CH3), 

6.71 (d, 4H, ortho H to N(CH3)2, J = 8.8 Hz), 6.97 (d, 4H, meta H to N(CH3)2, J = 8.8 Hz),  

8.62 (s, 1H, NCHNH). 

 

4.1.4.2 N,N -Di(p-methoxyphenyl)formamidine (13b) 

H3CO NH2
H3CO N C

H

H
N OCH3

HC(OC2H5)3

 
 

Synthesis of N,N -di(p-methoxyphenyl)formamidine was done by mixing p-methoxyaniline 

(1.3545 g, 11 mmol) with triethyl orthoformate (2.0 mL, 11 mmol) in a 25 mL round bottom 

flask. This mixture was heated in an oil bath at 120 – 130 ºC for 5 hours. Afterwards, the 

reaction mixture was cooled down and as a result, a dark purple crystalline crude product was 

formed. The crude product was purified by recrystallization using ethanol to afford sparkling 

dark-purple prisms (0.2739 g; 20% yield); mp 114-115°C (lit. mp8112-113°C); 1H NMR  

(300 MHz, chloroform-d): 3.77 (s, 6H, OCH3), 6.83 (d, 4H, ortho H to CH3O, J = 8.4 Hz),  

6.96 (d, 4H, meta H to CH3, J = 8.4 Hz), 8.01 (s, 1H, NCHNH). 

 

4.1.4.3 N,N -Di(p-cyanophenyl)formamidine (13c) 

NC NH2
NC N C

H

H
N CN

HC(OC2H5)3
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Synthesis of N,N -di(p-cyanophenyl)formamidine was done by mixing p-cyanoaniline (1.1814 

g, 10 mmol) with triethyl orthoformate (0.83 mL, 5 mmol) in a 25 mL round bottom flask. This 

mixture was heated at 120 – 130 ºC for 13.5 hours. A yellow solid crude product was formed 

after the reaction mixture was cooled down to room temperature. The crude product was 

purified using recrystallization using ethanol to afford golden crystals (1.0359 g; 84% yield); 

mp 216-217 ºC (lit. mp9 216-217 ºC); 1H NMR (300 MHz, acetone-d6): 7.51 (br, 4H, meta H 

to CN), 7.70 (d, 4H, ortho H to CN, J = 8.6 Hz),  8.42 (br, 1H, NCHNH), 9.44 (s, 1H, 

NCHNH, signal disappears after addition of D2O). 

 

4.1.4.4 N,N -Di(p-chlorophenyl)formamidine (13d) 

Cl NH2
Cl N C

H

H
N Cl

HC(OC2H5)3

 
 

Synthesis of N,N -di(p-chlorophenyl)formamidine was done by mixing p-chloroaniline (1.2814 

g, 10 mmol) with triethyl orthoformate (1.7 mL, 10 mmol) in a 25 mL round bottom flask. This 

mixture was heated at 120 – 130 ºC for 5 hours and then cooled down. As a result, an off-white 

crude product was formed. The crude product was purified by recrystallization using ethanol to 

afford very shiny and very fine golden crystals (0.7524 g; 56.7% yield); mp 182 - 182.5 ºC  

(lit. mp10 184 ºC); 1H NMR (300 MHz, chloroform-d): 7.00 (d, 4H, meta H to Cl, J = 8.7 Hz), 

7.27 (d, 4H, ortho H to Cl, J = 8.7 Hz), 8.07 (s, 1H, NCHNH). 1H NMR (300 MHz,  

acetone-d6): 7.30 (m, 8H), 8.18 (s, 1H, NCHNH), 8.89 (s, 1H, NCHNH, signal disappears 

after addition of D2O). 
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4.1.4.5 N,N -Di(p-nitrophenyl)formamidine (13e) 

O2N NH2
O2N N C

H

H
N NO2

HC(OC2H5)3

 
 

Synthesis of N,N -di(p-nitrophenyl)formamidine was done by mixing the p-nitroaniline (1.3812 

g, 10 mmol)  with triethyl orthoformate (1.7 mL, 10 mmol) in a 25 mL round bottom flask. 

This mixture was heated at 95 ºC for a day. Afterwards, the reaction mixture was cooled down 

and a yellow solid crude product was formed. The crude product was purified by 

recrystallization using ethyl acetate to afford bright yellow crystals (0.9514 g; 70% yield);  

mp 241-242 ºC (lit. mp 236-237 ºC11 and 245-246 ºC12); 1H NMR (300 MHz, DMSO-d6): 7.43  

(br, 4H, meta H to NO2), 8.19 (d, 4H, ortho H to NO2, J = 9.0 Hz),  8.56 (br, 1H, NCHNH), 

10.8 (s, 1H, NCHNH, signal disappears after addition of D2O). 

 

4.2 Kinetic and pKa Studies  

4.2.1 Reagents and Instruments 

All triazenes employed were synthesized as described in the previous section. THF 

(Omnisolv grade) was purchased from EM Science. Before used, THF was purified by 

fractional distillation to remove the stabilizer 2,6-di-tert-butyl-4-methylphenol. Ultra pure 

water for the preparation of aqueous buffer solutions was obtained by passing deionized water 

through a Millipore Milli-Q system. 

The measurements of pH were performed using an ATI Orion PerpHectT 350 digital 

pH meter. Ground state UV-visible spectra were recorded on a Varian Cary 1 Bio UV-visible 

spectrophotometer. Moreover, kinetic measurements on restricted rotation about the N(2)-N(3) 

bond of the triazenes were carried out using a home-built laser-flash photolysis (LFP) system. 
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Laser-Flash Photolysis is a useful method for investigating reactive intermediates generated by 

a laser pulse.13 Short-lived intermediates can be characterized by means of their primary 

photochemical and photophysical processes. The photochemical phenomena may involve 

quenching reactions of transients and/or added substrates leading to product formation. 

Photophysical mechanisms involve intersystem crossing and energy transfer.13 

The experimental setup of a LFP system is shown in Figure 4.1. The component parts 

of our LFP spectrometer include the cell holder and the monitoring light source (a xenon arc 

lamp with an output of 150 W). Additionally, there is an excitation source, which is an 

Nd:YAG laser (Continuum Surelite I-10) operating at 355 nm (4 – 6 ns pulses, < 10 mJ/pulse), 

optical quality lenses and filters, and a detector system, which consists of a monochromator 

and a photomultiplier tube (MC and PMT) combination. Finally, the LFP analysis/output 

devices are a digitizer and a computer. In the absence of the laser, the system resembles a 

single beam spectrophotometer. Further details on the laser system used for the purpose of this 

study are reported elsewhere.14,15 

 

Laser

Lamp Cell

Holder

Monochromator

PMT

Oscilloscope

Computer

 

Figure 4.1 Experimental set up of a Laser-Flash Photolysis system. 
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4.2.2 Sample Preparations and Data Processing 

For the determination of acid dissociation equilibrium constants, buffer aqueous 

solutions were made according to procedures described in the literature.16 THF was added to 

the buffer solutions to reach 30% (v/v) concentration. After injection of an aliquot from a 

concentrated target triazene THF solution into the buffer solutions, spectra of the resulting 

solutions were collected on a UV-visible spectrometer. Values of pKa for triazenes were 

obtained by using the general curve-fitting procedure of Kaleidagraph  software (version 

3.6.2 from Synergy Software) to fit data to eq 2.3.  

Kinetic studies on the restricted rotation around the N(2)-N(3) bond of target triazenes 

were performed in NaOH solutions (concentrations ranging from 0.01 to 0.2 M) using 30% 

(v/v) THF:H2O as solvent. The ionic strength of the solutions was kept constant at 0.5 M using 

NaCl as compensating electrolyte. The kinetic measurements were performed after the 

injection of an aliquot of the corresponding concentrated triazene THF solution to an alkaline 

solution containing all other components. All sample solutions for laser kinetic studies were 

air-equilibrated and kept at room temperature, i.e., 21 ± 1 °C. Sample solutions were kept in 

quartz cell constructed of 7 x 7 mm2 Suprasil tubing. The concentration of the target triazenes 

in the laser kinetic samples was of the order of 10-5 M, so that the absorbance of the triazene 

solution at 355 nm (excitation wavelength) was in the 0.3 - 0.5 range.  

For each sample solution, kinetic traces were recorded at different time ranges. These 

kinetic traces were then combined for analysis. Values for the observed rate constants were 

obtained by using the general curve-fitting procedure of Kaleidagraph  software version 3.6.2 

from Synergy Software. The kinetic traces for the target triazenes were fitted with either a 

single exponential or two-exponential functions. The general equation for the curve fittings is 
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shown in the following equation (eq 4.1), where At is the change in absorbance measured at 

time t, A  is the change in absorbance at the end of the reaction (residual absorbance), n 

represents the total number of kinetic terms that are observed (i.e., 1 or 2), Ai represents the 

contribution of process i, and ki denotes the rate constant for process i. Finally, Figure 3.3 was 

generated using TableCurve 3D (version 4.0 from Systat Software, Inc.). Values for Hammett 

reaction constants were obtained by fitting to eq 3.1 using the general curve-fitting procedure 

of Kaleidagraph  software (version 3.6.2 from Synergy Software). 

 

At =  A  +  ( Ai)e
-ki .t

i =1

n

    eq 4.1 
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Appendix A. Observed rate constants for restricted rotation around the  

N(2)-N(3) bond for symmetrical substituted 1,3-diphenyltriazenes. 

 
Table A1: 1,3-Bis(3,4-dimethylphenyl)triazene (9a) in NaOH solutions.a 

[NaOH], M kobs (104 s-1)  [NaOH], M kobs (104 s-1) 

0.0124 7.6 ± 0.1  0.0649 7.7 ± 0.1 

0.0165 8.9 ± 0.1  0.132 7.3 ± 0.1 

0.0258 8.5 ± 0.2    

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9a] =  

2.22 x 10-5 M 

 
Table A2: 1,3-Bis(3,4-dimethylphenyl)triazene (9a) in NaOD solutions.a 

[NaOD], M kobs (104 s-1)  [NaOD], M kobs (104 s-1) 

0.0124 8.6 ± 0.1  0.132 8.3 ± 0.1 

0.0225 9.8 ± 0.1  0.155 7.1 ± 0.1 

0.0525 9.4 ± 0.1  0.178 6.7 ± 0.1 

0.0935 8.4 ± 0.1    

aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [9a] = 

2.22 x 10-5 M 

 
Table A3: 1,3-Bis(4-ethynylphenyl)triazene (9b) in NaOH solutions.a 

[NaOH], M kobs (104 s-1)  [NaOH], M kobs (104 s-1) 

0.0096 1.50 ± 0.04  0.115 1.50 ± 0.04 

0.0124 1.63 ± 0.03  0.155 1.60 ± 0.03 

0.0258 1.88 ± 0.04  0.200 1.31 ± 0.03 

0.0649 1.60 ± 0.03    
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aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9b] =  

5.87 x 10-5 M 

Table A4: 1,3-Bis(3-trifluoromethylphenyl)triazene 9c in NaOH solutions.a 

[NaOH], M kobs (103 s-1)  [NaOH], M kobs (103 s-1) 

0.0124 8.1 ± 0.6  0.0649 8.0 ± 0.6 

0.0165 8.2 ± 0.4  0.132 7.7 ± 0.3 

0.0258 7.54 ± 0.07    

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9c] =  

3.54 x 10-5 M. 

 
Table A5: 1,3-Bis(3-trifluoromethylphenyl)triazene (9c) in NaOD solutions.a 

[NaOD], M kobs (103 s-1)  [NaOD], M kobs (103 s-1) 

0.0124 7.9 ± 0.1  0.0745 7.3 ± 0.1 

0.0158 8.6 ± 0.1  0.0935 7.9 ± 0.1 

0.0225 8.8 ± 0.1  0.115 7.2 ± 0.1 

0.0392 8.0 ± 0.1  0.132 6.0 ± 0.1 

0.0525 8.0 ± 0.1    
aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [9c] = 

3.54 x 10-5 M 

 
Table A6: 1,3-Bis(3-cyanophenyl)triazene (9d) in NaOH solutions.a 

[NaOH], M kobs (103 s-1)  [NaOH], M kobs (103 s-1) 

0.0124 8.7 ± 0.6  0.115 6.7 ± 0.4 

0.0165 8.8 ± 0.6  0.132 6.2 ± 0.4 

0.0258 8.2 ± 0.4  0.155 5.6 ± 0.2 

0.0425 7.6 ± 0.4  0.175 5.4 ± 0.2 

0.0649 6.7 ± 0.3  0.200 5.2 ± 0.2 

0.0845 7.2 ± 0.7    
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aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9d] =  

2.33 x 10-5 M 

Table A7: 1,3-Bis(3-cyanophenyl)triazene (9d) in NaOD solutions.a 

[NaOH], M kobs (103 s-1)  [NaOH], M kobs (103 s-1) 

0.0096 8.26 ± 0.07  0.0745 6.0 ± 0.1 

0.0124 8.42 ± 0.09  0.0935 4.83 ± 0.07 

0.0158 8.16 ± 0.07  0.115 5.07 ± 0.07 

0.0225 6.93 ± 0.07  0.132 4.69 ± 0.09 

0.0258 7.07± 0.08  0.155 4.7 ± 0.1 

0.0392 6.7 ± 0.1  0.178 3.25 ± 0.08 

0.0525 5.85 ± 0.08    

aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [9d] =  

2.33 x 10-5 M 

 
Table A8: 1,3-Bis(3,5-dichlorophenyl)triazene (9f) in NaOH solutions.a 

[NaOH], M kobs (103 s-1)  [NaOH], M kobs (103 s-1) 

0.0124 5.55 ± 0.08  0.0845 6.4 ± 0.1 

0.0165 6.4 ± 0.1  0.115 5.6 ± 0.1 

0.0258 5.93 ± 0.07  0.155 5.7 ± 0.1 

0.0425 6.3 ± 0.1  0.175 6.4 ± 0.1 

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9f] =  

5.01 x 10-5 M 

 
Table A9: 1,3-Bis(3,4,5-trichlorophenyl)triazene (9g) in NaOH solutions.a 

[NaOH], M kobs (103 s-1)  [NaOH], M kobs (103 s-1) 

0.0124 3.37 ± 0.07  0.0649 3.25 ± 0.07 

0.0165 3.36 ± 0.06  0.132 3.03 ± 0.07 

0.0258 3.08 ± 0.07  0.227 3.03 ± 0.08 
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aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [9g] =  

3.73 x 10-5 M 

Table A10: 1,3-Bis(4-cyanophenyl)triazene (9o) in NaOD solutions.a 

[NaOD], M kobs (104 s-1)  [NaOD], M kobs (104 s-1) 

0.0124 5.9 ± 0.1  0.0745 7.1 ± 0.1 

0.0158 5.5 ± 0.1  0.0935 7.0 ± 0.1 

0.0225 6.2 ± 0.1  0.115 7.2 ± 0.1 

0.0258 6.2 ± 0.1  0.132 7.2 ± 0.2 

0.0392 6.3 ± 0.1  0.155 7.4 ± 0.1 

0.0525 6.6 ± 0.1  0.178 7.1 ± 0.1 

aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [9o] =  

9.02 x 10-5 M 
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Appendix B. Observed rate constants for restricted rotation around the  

N(2)-N(3) bond for unsymmetrical substituted 1,3-diphenyltriazenes. 

 
Table B1: 3,4,5-Trichloro-4-cyano-1,3-diphenyltriazene (10a) in NaOH solutions.a 

[NaOH], M kobs (104 s-1) kobs (103 s-1)  [NaOH], M kobs (104 s-1) kobs (103 s-1) 

0.00967 2.3 ± 0.4 7 ± 1  0.0967 7.1 ± 0.3 4.2 ± 0.3 

0.0124 2.7 ± 0.3 5.6 ± 0.8  0.124 6.8 ± 0.3 5.3 ± 0.3 

0.0165 3.8 ± 0.2 6.6 ± 0.2  0.132 6.7 ± 0.2 4.5 ± 0.2 

0.0258 4.5 ± 0. 2 6.0 ± 0.3  0.165 7.5 ± 0.3 3.6 ± 0.2 

0.0387 5.9 ± 0.2 6.4 ± 0.2  0.174 6.8 ± 0.3 5.3 ± 0.4 

0.0484 6.7 ± 0.3 5.5 ± 0.4  0.193 7.9 ± 0.4 6.1 ± 0.2 

0.0649 6.4 ± 0.2 5.4 ± 0.3  0.227 8.0 ± 0.2 4.4 ± 0.2 

0.0774 6.5 ± 0.3 5.0 ± 0.3     
aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10a] = 6.21 x 10-5 M 

 

Table B2: 3,5-Dichloro-4-cyano-1,3-diphenyltriazene (10b) in NaOH solutions.a 

[NaOH], M kobs (105 s-1) kobs (103 s-1)  [NaOH], M kobs (105 s-1) kobs (103 s-1) 

0.0124 0.34 ± 0.02 7 ± 1  0.0935 1.31 ± 0.06 3.7 ± 0.1 

0.0158 0.47 ± 0.01 5.7 ± 0.1  0.115 1.40 ± 0.01 3.4 ± 0.1 

0.0225 0.72 ± 0.02 4.7 ± 0.1  0.132 1.38 ± 0.04 3.7 ± 0.2 

0.0258 0.70 ± 0.06 4.94 ± 0.04  0.155 1.60 ± 0.07 3.20 ± 0.01 

0.0392 0.74 ± 0.02 4.5 ± 0.1  0.178 1.8 ± 0.2 3.3 ± 0.2 

0.0525 0.97 ± 0.06 4.2 ± 0.5  0.200 1.57 ± 0.07 3.06 ± 0.07 

0.0745 1.30 ± 0.06 3.4 ± 0.1     
aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10b] = 5.1 x 10–5 M 
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Table B3: 3,5-Dichloro-4-cyano-1,3-diphenyltriazene (10b) in NaOD solutions.a 

[NaOD], M kobs (105 s-1) kobs (103 s-1)  [NaOD], M kobs (105 s-1) kobs (103 s-1) 

0.0124 0.89 ± 0.02 4.63 ± 0.08  0.0745 1.70 ± 0.05 3.60 ± 0.06 

0.0158 1.02 ± 0.03 3.83 ± 0.07  0.0935 1.67 ± 0.05 3.76 ± 0.06 

0.0225 1.17 ± 0.03 3.73 ± 0.07  0.115 1.70 ± 0.06 3.31 ± 0.06 

0.0258 1.20 ± 0.03 4.28 ± 0.07  0.132 1.74 ± 0.06 3.31 ± 0.06 

0.0392 1.39 ± 0.04 3.73 ± 0.07  0.155 1.84 ± 0.06 3.00 ± 0.05 

0.0525 1.48 ± 0.04 3.43 ± 0.06  0.178 1.79 ± 0.06 3.37 ± 0.06 

aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [10b] = 5.1 x 10–5 M 

 

Table B4: 4-Cyano-3 -trifluoromethyl-1,3-diphenyltriazene (10c) in NaOH solutions.a 

[NaOH], M kobs (105 s-1) kobs (103 s-1)  [NaOH], M kobs (105 s-1) kobs (103 s-1) 

0.0124 0.46 ± 0.08 4.3 ± 0.2  0.0845 2.34 ± 0.07 2.91 ± 0.08 

0.0165 0.60 ± 0.07 4.21 ± 0.06  0.0975 2.62 ± 0.09 2.99 ± 0.07 

0.0258 0.86 ± 0.02 3.8 ± 0.2  0.115 3.2 ± 0.1 2.42 ± 0.08 

0.0375 1.12 ± 0.03 3.42 ± 0.07  0.132 3.50 ± 0.09 2.5 ± 0.2 

0.0425 1.54 ± 0.06 3.22 ± 0.08  0.155 3.5 ± 0.1 2.44 ± 0.08 

0.0525 1.70 ± 0.06 3.16 ± 0.08  0.215 4.5 ± 0.1 2.81 ± 0.06 

0.0649 2.2 ± 0.4 2.7 ± 0.2     
aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10c] = 5.71 x 10-5 M 

 
Table B5: 4-Cyano-3 -trifluoromethyl-1,3-diphenyltriazene (10c) in NaOD solutions.a 

[NaOD], M kobs (105 s-1) kobs (103 s-1)  [NaOD], M kobs (105 s-1) kobs (103 s-1) 

0.0124 1.37 ± 0.05 3.32 ± 0.05  0.0975 5.5 ± 0.3 1.36 ± 0.04 

0.0375 3.5 ± 0.1 2.60 ± 0.05  0.132 6.2 ± 0.6 1.51 ± 0.06 

0.0525 4.2 ± 0.2 1.48 ± 0.04  0.175 6.9 ± 0.5 2.05 ± 0.07 
aIn 30% (v/v) THF:D2O, μ = 0.5 M (NaCl), at T = 21°C. [10c] = 5.16 x 10-5 M 
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Table B6: 4-Chloro-4-cyano-1,3-diphenyltriazene (10d) in NaOH solutions.a 

[NaOH], M kobs (105 s-1) kobs (103 s-1)  [NaOH], M kobs (105 s-1) kobs (103 s-1) 

0.00525 0.67 ± 0.02 3.62 ± 0.05  0.0935 4.1 ± 0.2 2.39 ± 0.05 

0.00745 0.73 ± 0.02 3.53 ± 0.05  0.115 4.5 ± 0.2 2.28 ± 0.07 

0.0124 0.93 ± 0.02 3.44 ± 0.06  0.132 4.7 ± 0.2 1.97 ± 0.04 

0.0258 1.59 ± 0.04 2.80 ± 0.07  0.155 5.8 ± 0.2 2.21 ± 0.07 

0.0525 2.5 ± 0.1 2.74 ± 0.04  0.175 6.5 ± 0.3 2.56 ± 0.04 

0.0745 3.5 ± 0. 1 2.39 ± 0.06  0.200 6.3 ± 0.2 2.16 ± 0.05 

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10d] = 5.29 x 10-5 M 

 

Table B7: 4-Cyano-4 -methoxy-1,3-diphenyltriazene (10e) in NaOH solutions.a 

[NaOH], M kobs (106 s-1) kobs (103 s-1)  [NaOH], M kobs (106 s-1) kobs (103 s-1) 

0.0096 0.20 ± 0.02 2.20 ± 0.03  0.115 1.3 ± 0.2 2.29 ± 0.03 

0.0124 0.19 ± 0.03 2.24 ± 0.03  0.124 1.5 ± 0.2 1.98 ± 0.04 

0.0165 0.26 ± 0.02 2.20 ± 0.03  0.132 1.3 ± 0.3 2.08 ± 0.05 

0.0258 0.32 ± 0.04 2.22 ± 0.04  0.155 1.7 ± 0.4 2.12 ± 0.05 

0.0425 0.7 ± 0.1 2.09 ± 0.03  0.165 1.6 ± 0.2 1.89 ± 0.04 

0.0649 0.9 ± 0.1 2.15 ± 0.03  0.175 1.9 ± 0.2 2.08 ± 0.04 

0.0845 0.73 ± 0.09 2.34 ± 0.05  0.227 2.4 ± 0.5 2.19 ± 0.07 

0.0960 1.2 ± 0.1 1.88 ± 0.03     
aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10e] = 5.42 x 10-5 M 
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Table B8: 4-Chloro-4 -trifluoromethyl-1,3-diphenyltriazene (10f) in NaOH solutions.a 

[NaOH], M kobs (104 s-1) kobs (103 s-1)  [NaOH], M kobs (104 s-1) kobs (103 s-1) 

0.0258 5.5 ± 0.7 5.1 ± 0.2  0.115 5.4 ± 0.6 4.7 ± 0.3 

0.0425 4.9 ± 0.5 4.9 ± 0.2  0.155 5.6 ± 0.6 4.8 ± 0.2 

0.0845 5.2 ± 0.7 5.0 ± 0.3  0.175 4.4 ± 0.3 4.8 ± 0.2 

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10f] = 4.61 x 10-5 M 

 

Table B9: 4-Methoxy-4 -methyl-1,3-diphenyltriazene (10g) in NaOH solutions.a 

[NaOH], M kobs (105 s-1) kobs (104 s-1) 

0.0165 1.3 ± 0.1 3.5 ± 0.5 

0.0258 1.1 ± 0.1 3.6 ± 0.9 

0.0649 1.3 ± 0.2 3.7 ± 0.6 

0.132 1.2 ± 0.1 3.3 ± 0.6 

0.227 1.1 ± 0.2 3.5 ± 0.8 

aIn 30% (v/v) THF:H2O, μ = 0.5 M (NaCl), at T = 21°C. [10g] = 2.12 x 10-5 M 

 


	title page-electronic.pdf
	Chapter1.pdf
	Chapter2.pdf
	Chapter3.pdf
	Chapter4.pdf
	Appendix.pdf

