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Abstract 

 Azo dyes are a class of chromophores that can be tuned to access the entire visible 

range. This characteristic makes azo dyes highly attractive for uses in colouring, and today 

they account for the majority of industrial dyes. Azo dyes often have the capability to 

photo-switch (E- to Z-isomers), making them desirable in bio-medical applications. 

Although the literature on azo benzenes is extensive, research focusing on heteroaryl azo 

dyes is under-explored. Among all heteroaryl dyes, azo bispyrroles have not been reported. 

This thesis discusses the isolation and characterization of eight azo bispyrroles.  

Chapter 1 discusses the synthesis and isolation of azo bispyrroles using sterically 

bulky nitrobutanones as starting materials. These steric features promote the formation of 

azo bispyrroles over aza-dipyrrins and optimized synthetic and purification methodology 

was developed. 

 Chapter 2 describes the photophysical characterization of azo bispyrroles. With 

efforts to explore photoisomerization of azo bispyrroles, it was found that the relative 

stability in non-anhydrous solution was poor as these compounds readily decompose in the 

presence of light. However, studies with anhydrous solutions of azo bispyrroles showed 

improved stability under the same conditions, yet no photoisomerization was observed. 

Studies involving azo bispyrroles in their solid-state resulted in the first evidence of a PSS, 

and thereby evidence for photoisomerization of an azo bispyrrole. 
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Chapter 1: Introduction  

1.1 Overview 

  The research described in this thesis focuses on two themes. The first theme 

involves the synthesis of azo-bispyrroles, including various functionalities and methods of 

purification. The second theme explores the characterization of azo bispyrroles including 

photophysical properties and stability in solution or solid state. 

 

1.2 Azo dyes 

 Colours are a pillar in expressing culture and tradition and are deemed by many to 

be a necessity in everyday living. For millennia, natural colouring, pigmentation and dyes 

have been used extensively in textiles, fabrics, architecture, etc.1 Before the 1850ôs, the 

colour industry relied heavily on extracts from living organisms as they were the only 

practical source of dyes.2ï4 However, due to the limitations of the natural world, both in 

terms of quantity and colour of dye, a drastic need to move to synthetically manufactured 

dyes emerged.2 This need led to many synthetically accessed dyes, and an investigation of 

their applications beyond their colour. The first synthetic dye produced was mauveine, an 

organic compound of a dark purple colour discovered in 1856 by Perkins (Figure 1.1).5,6 

This discovery sparked an industrial hunt to find and make synthetic dyes, influencing 

many others to explore organic frameworks for their colour.  
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Figure 1.1 Chemical structure of mauveine.  

Dyes are classified into several groups based on their functional groups, one of 

them being azo dyes, which this thesis will focus on. Azo dyes are a class of molecules that 

contain the -N=N- (azo) linkage (Figure 1.2).2  

 

Figure 1.2 The molecular structure of diphenyl azo dye 

The first discovery of azo dyes was made in 1858 by P. Griess, a brewer chemist, 

who noted the formation of an azo dye as a consequence of a diazotisation reaction.7,8 

However, Griess was unable to commercialise his synthetic azo dye due to complications 

with patenting. The first commercial azo dyes, aniline yellow and bismark brown, were 

made by C. Martius and H. Caro, in 1863 (Figure 1.3).9 Since the first commercialisation, 

azo dyes have been widely attractive to researchers, due to their chemical, and therefore 

photochemical, tunability. The tunability enables the production of azo dyes that provide 

access to the entire visible spectrum from yellow 12 to trypan blue.10 Today, this class of 

dye accounts for over 80% of commercial dyes and 70% of industrial dyes, with main uses 

in textiles, leather and food colouring.11ï14 
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Figure 1.3 Molecular structure of aniline yellow (1) and bismark brown (2) 

Azo dyes can be further classified into sub-categories; monoazo (e.g., aniline 

yellow), diazo (e.g., bismark brown), triazo and polyazo, with mono, di, tri and poly 

representing the number of azo linkers that are present (Figure 1.3). Due to the complexity 

in the structure and chemical names, azo dyes are rarely referred to by their IUPAC names.  

The literature classifies azo dyes, based on their sub-categories, using the Colour Index 

system (Table 1.1). 2,11 

 

Table 1.1 Colour index system for azo dyes 

Chemical Class Colour Index No. 

Monoazo 11000-19999 

Diazo 20000-29999 

Triazo 30000-34999 

Polyazo 35000-36999 

Azoic 37000-39999 

Azo dyes contain a central -N=N- double bond. They resemble alkenes, due to the 

central double bond and the possibility for two geometrical isomers. However, the stability 

(of E- and Z-isomers) of azo compounds is quite different to that of alkenes. Generally 

stable in the E-isomer, azo dyes can often photochemically switch (light-induced 
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isomerization) to the Z-isomer (Figure 1.4).10,15 Once the azo dyes are in their Z-isomeric 

form, they can often revert back to the more stable E-isomeric form.16ï18 The Z- to E-

isomeric switch has been achieved photochemically and thermally. Photochemical 

switching of azo dyes is of interest in the medical fields and has applications in photo-

pharmacokinetics and drug delivery.19,20 

 

Figure 1.4 Photochemical switching of diphenyl azo dye from E- to Z-isomer.  

In the 1930s, the antibiotic Prontosil became the first azo dye commercially 

available as a drug.21,22 Indeed, J. Klarer and F. Mietzsch discovered the first sulfanilamide 

drug to treat Streptococcus pyogenes, a gram-positive bacteria.21 Since the 1930s, azo dyes 

have been employed in antibacterial, antimalarial, antifungal, antioxidant and antiviral 

agents.23 

 

1.3 Synthesis of Azo dyes 

From the time Griess discovered azo dyes, the conventional route to the synthesis 

of azo dyes has involved diazonium salts.8 This conventional route is highly desirable in 

an industrial setting, due to its simplicity and scalability. For example, the aniline 

derivative A is reacted with sodium nitrate, under acidic conditions to form the diazonium 
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salt B (Scheme 1.1). The diazonium salt, B is then coupled with another phenyl moiety, 

via electrophilic aromatic substitution, to yield the desired azo dye C.8  

 

 

Scheme 1.1 Azo dye synthesis via diazonium salt 

Diphenyl azo dyes have limitations in their tunability, since variations of 

substituents are the only factor that affect their photochromic properties.10 Switching to azo 

dyes incorporating heteroaryls can maintain the photochromism and achieve structural 

diversity such as to vary the absorption characteristics and extend the half-life of the Z 

isomer.24,25 In addition, heteroaryl azo dyes create a pathway for further reactivity, such as 

acid/base reactivity, H-bonding and metal coordination.10 5-Membered heterocyclic azo 

dyes often have photophysical properties and molecular interactions that complement those 

of the traditional aryl-based azo dyes.24 In particular, N-containing heteroaryl azo dyes, 

such as those containing pyridine, indole, pyrazole and pyrroles, have been reported to 

exhibit desirable features.10,22,26,27 This thesis focuses on azo dyes featuring the pyrrole 

heterocycle. 

 

1.4 Pyrroles 

Pyrroles are a class of organic compounds that play a significant role in various 

fields including chemistry, biochemistry, and materials science. Pyrroles are heterocycles 
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composed of a five-membered ring, i.e., four carbon atoms and one nitrogen atom. The 

2,5-positions of pyrroles are referred to as the ‌-positions, and the 3,4-positions are referred 

to as the ɓ-positions (Figure 1.5).28 

 

 

Figure 1.5 Molecular structure of pyrroles 

Pyrroles have a 6ˊ aromatic system, with planarity and conjugation about the ring. 

The 6ˊ conjugated system adheres to Huckelôs rule of aromaticity. In addition, the lone 

pair of electrons on the nitrogen makes pyrroles more reactive, compared to most other 

aromatic molecules, and susceptible to electrophilic aromatic substitution reactions. 

Furthermore, pyrrole itself is not stable in the presence of light and readily polymerizes 

under acid conditions.29 On the other hand, pyrroles have a low basicity compared to 

amines and pyridines, due to the enhanced delocalisation of electron density.29 All  these 

characteristics impart distinctive properties and reactivity allowing pyrroles to be useful 

building blocks in biologically active molecules.  

 A notable characteristic of pyrroles is their presence as components in natural 

products. For example, porphyrins, comprise of four pyrrolic units. Porphyrins such as 

heme and chlorophyll play a key role in biological processes (Figure 1.6). These molecules 

are vital in facilitating oxygen transportation in red blood cells (D) and for photosynthesis 

in plant cells (E). Their importance in biological processes includes the fact that pyrrole-
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containing drugs are highly desirable in medicinal applications. Examples of their medical 

applications include; treatments for cardiovascular disease (Atorvastatin)30 and anti-cancer 

agents (Roseophilin).29 Atorvastatin, which is commonly known as Lipitor, is one of the 

best-selling drugs, with sales of $7.2 billion in 2002, and which doubled in 2003.30,31 These 

are a few examples of pyrrolic-containing drugs and their uses in medicine. 

 

Figure 1.6 Chemical structure of heme (D) and chlorophyll (E) 

Several syntheses of the pyrrole framework were discovered by Hantzsch32, 

Knorr33, Paal-Knorr34,35 and Roger36 in the late 19th century, and are still used today 

(Scheme 1.2). 
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Scheme 1.2 Synthesis of pyrrole. (a) Hantzch synthesis, (b) Knorr-pyrrole synthesis, (c) 

Paal-Knorr synthesis (d) Roger synthesis 

 The work herein focuses on substituted pyrroles which are not easily available via 

the classic methods shown in Scheme 1.2a-c, due to the nature of substituents on the ‌- 

and ɓ-positions. Many alternative approaches to synthesizing pyrroles are reported. One 

example shown in Scheme 1.2d involves using nitrobutanones, as discussed in the next 

section.36,37 

 

1.5 Efforts towards synthesizing azo bispyrroles 

The combination of pyrroles and azo dyes, within the same molecular species, is 

the primary focus of this thesis. Arylazopyrroles have been synthesized involving 

diazonium chemistry. Aniline was converted into its diazonium salt and reacted with N-
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methyl pyrrole to result in the corresponding arylazopyrrole, shown in Scheme 1.3a. 

Similar observations were found 2,4-dimethyl pyrrole reacted with the diazonium salt, 

forming the arylazopyrrole (Scheme 1.3b). It was noticed from the two reactions that the 

coupling was regioselective for the ‌-position of the pyrrole.24 

 

 

Scheme 1.3 Synthesis of arylazopyrroles involving: a) N-methyl pyrrole b) 2,4-dimethyl 

pyrrole.  

Mmasinachi Atansi, a previous Masterôs student in the Thompson group, attempted 

to synthesize azo bispyrroles by forming the diazonium salt of a pyrrole.36 The goal first  

to involved isolation of the amino pyrrole (Scheme 1.4). Towards this goal, Mmasinachi 

successfully isolated diphenyl pyrrole E, by using Rogerôs synthesis (Scheme 1.2d), and 

was able to nitrosolate the pyrrole to give F.36,38 
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Scheme 1.4 Synthetic attempts to access an azo bispyrrole. 

To synthesize the amino pyrrole G (a compound reported previously to be 

unstable), nitroso-pyrrole F was reduced with hydrogen gas using palladium/charcoal as a 

catalyst.38 The reproducibility of isolating the amino-pyrrole proved challenging, as instead 

the material underwent reaction with an adjacent pyrrole to form an aza-dipyrrin, amid 

other products (Scheme 1.5). After numerous attempts to isolate the desired amino pyrrole, 

the diazonium route to azo bispyrroles was deemed inaccessible.39 As such, the synthesis 

of azo bispyrroles remains highly desirable. 

 

Scheme 1.5 Formation of aza dipyrrin from a nitroso pyrrole 
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1.6 Thesis summary 

Heterocyclic azo dyes have expanded the breadth of research involving azo dyes as 

they are more tunable compared to diaryl azo dyes. Arylazopyrroles have been synthesized 

via the diazonium salt method, using anilines as a precursor. Applying this concept to 

pyrroles was highly desirable because amino pyrrole has been reported.38 Reproducibility 

of the synthesis of amino pyrrole was unattainable due to instability, and as such the 

synthesis of azo bispyrroles via an alternate route was sought out. Chapter 2 focuses on the 

synthesis of azo bispyrroles by exploring functional group compatibility and improving the 

purification methodology required for isolation of these novel compounds. Chapter 3 

discusses the photophysical properties of azo bispyrroles. This includes UV-Vis analysis 

(absorbance and emission) capabilities: a brief exploration of photo-isomerisation (from E 

to Z), a solvent study, photo-induced decay, and solid-state emission. Chapters 2 and 3 each 

conclude with future work section, followed by characterisation data. Chapter 4 presents a 

conclusion for the thesis. An appendix follows, containing images of spectra and 

characterization data. 
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Chapter 2 Synthesis and Purification of Azo-bispyrroles 

2.1 Introduction  

 This chapter discusses experiments that led to the isolation of azo bispyrroles. The 

route initially started with an investigation of the synthesis of rotationally constrained aza-

dipyrrins. Roberto M. Rodriguez, a previous Masterôs student in the Thompson group, 

attempted the synthesis of aza-dipyrrins bearing bulky substituents in ɓ-positions (Figure 

2.1).40  

 

Figure 2.1 Molecular Structure of aza-dipyrrins 

This was achieved by first forming the corresponding chalcone (Scheme 2.1). Aldol 

condensation of mesitylaldehyde and acetophenone resulted in the desired chalcone (1a), 

with high yield. The Michael addition, of chalcone (1a) and nitromethane, resulted in the 

nitrobutanone 2a with good yield.38 

N

N

HN

ArAr

Bulky
group

Bulky
group
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Scheme 2.1 The synthetic route to nitrobutanones. 

Nitrobutanones are well-utilized starting materials for the synthesis of pyrroles and 

aza-dipyrrins. However, when 2a was subjected to the classic conditions for the synthesis 

of aza-dipyrrins, the desired product was obtained alongside a new compound.40 Analysis 

of the new compound by 1H NMR spectroscopy identified the characteristic peaks of 

mesityl, phenyl and pyrrolic N-H protons. Mass spectrometry data suggested the new 

compound to be the azo bispyrrole (3a). A crystal structure further confirmed the isolation 
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of this novel compound.41 Compound 3a represented the first isolated azo bispyrroles 

(Scheme 2.2), complementing the arylazopyrroles in the literature.10,24  

 

 

Scheme 2.2 The synthesis of aza-dipyrrin and azo bispyrrole from nitrobutanone  

Roberto proposed a multi-step pathway for the formation of azo bispyrrole 3a, from 

the nitrobutanone 2a (Scheme 2.3).41 Scheme 2.3a presents a mechanistic route towards 

pyrrole A5, from nitrobutanone 2a, followed by nitrosylation to provide A6. The route also 

enables the formation amino-pyrrole A8. The steric clash of the methyl groups at the 2,6-

positions of the two mesityl-groups on the aza-dipyrrin 3ôa is hypothesized to destabilize 

this compound (Scheme 2.2). The steric clash of the two mesityl groups is shown in B1, in 

Scheme 2.3b, which highlights the reaction where pyrrole A5 acts as the nucleophile and 

attacks the nitroso pyrrole A6. This steric clash presumably renders the formation of aza-

dipyrrins less competitive than when the substituents at the ɓ-positions of the constituent 

pyrroles are less bulky. However, the E-isomer of the azo bispyrrole 3a places the two 

mesityl groups on opposite sides of the molecule, presumably reducing steric interaction 

(Scheme 2.2). As is shown in C1 of Scheme 2.3c, Roberto hypothesized the route to azo 

bispyrroles 3a where nucleophilic attack of amino pyrrole A8 to the nitroso pyrrole A6, 
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forming the -N-N- bond of A10. This step, due to the separation of the bulky mesityl 

groups, is presumably more competitive than that required for the formation of the aza 

dipyrrin.  
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Scheme 2.3 Robertoôs proposed multi-step pathway of; a) nitrobutanone to amino pyrrole, 

b) aza-dipyrrin 3ôa formation, c) azo bispyrrole 3a formation.  
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Consideration of the steric constraints due to the substituents at the ɓ-positions of 

the constituent pyrroles provides a reasonable rationale for emergence of azo bispyrroles 

from a synthetic route well-established to form aza-dipyrrins. The work herein focuses on 

exploring the limitations of using bulky nitrobutanones for the formation of azo bispyrroles 

(Scheme 2.4). Attempts to improve yields for synthetic methodology and purification 

strategies will be discussed for example bearing a range of substituents about the pyrrolic 

core. 

 

Scheme 2.4 The synthesis of azo bispyrroles  
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2.2 Results and Discussion 

2.2.1 Assessment of bulkiness 

To begin to explore the influence of steric bulk upon the formation of azo 

bispyrroles from nitrobutanones, it is useful to understand what constitutes steric bulk. A-

values is a concept that describes steric bulk. Also known as steric substituent parameters, 

A-values describe the equatorial-to-axial equilibration of a substituent on a cyclohexane 

ring and are measured as ȹG (kcal/mol).42 Table 2.1 shows the A-value conformational 

energy differences for cyclohexanes bearing a range of substituents.43ï45 

 

Table 2.1 Conformational energies of substituents on cyclohexane.  

Substituent 

X 

A-Value of X 

(kcal/mol) 

H 0 

F 0.15 

Cl 0.43 

Br 0.38 

I 0.43 

OCH3 0.6 

CH3 1.7 

CF3 2.1 

i-Pr 2.15 

t-Bu >4.5 
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 Small substituents, i.e., X = F, have smaller A-values whereas larger substituents, 

i.e., X = iPr, have larger A-values. The methyl (CH3) group has an A-value of 1.7 kcal/mol, 

a measure relevant to the incorporation of mesityl (Mes) groups in the azo bispyrroles 

discussed here. The methyl substituents and each mesityl group, sits orthogonal to the 

pyrrolic units of both the aza-dipyrrin and azo bispyrrole plane (Scheme 2.5). This is 

supported by the crystal structure of 3a.41 The 2,6-positions of the mesityl groups are key 

to the steric clash present in the aza-dipyrrin 3ôa. The steric clash between the 2,6-methyl 

groups of the Mes arenes is reduced in the azo bispyrroles 3a.  

 

Scheme 2.5 Structures of aza-dipyrrin 3ôa and azo bispyrrole 3a, highlighting the 2,6-

positions of the two mesityl substituents. 

 Understanding the importance of A-values helps provide insight to the influence of 

the steric factors that disfavour the formation of aza-dipyrrins, and thus promote the 

formation of azo bispyrroles. Using the methyl substituent as a benchmark, synthesis of 

azo bispyrroles with bulky substituents on the 2,6-positions form the basis of this thesis 

work. 
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2.2.2 Synthesis of azo bispyrroles 

The work herein focuses on the synthesis of azo bispyrroles, specifically the 

inclusion of steric bulk at the 2,6-positions of the aryl group represented by R1 in azo 

bispyrroles shown in Scheme 2.6. Thus, the focus is to target sterically bulky 

benzaldehydes, as they are the precursors to azo bispyrroles and the nature of the R1 group. 

Alongside varying R1, the nature of the ‌-arene (R2) of azo bispyrroles will be explored to 

determine the influence of this substituent upon the formation of azo bispyrroles (Scheme 

2.6). Varying R2 requires varying the acetophenones used as precursors to azo bispyrroles. 

Thus, the synthetic route to azo bispyrroles is as shown in Scheme 2.6: first the formation 

of the chalcone 1 by reacting bulky benzaldehydes and functionally varied acetophenones, 

then the formation of the nitrobutanone 2, and finally the reaction of the nitrobutanone to 

give the desired azo bispyrrole 3. 

 

 

Scheme 2.6 Synthetic route to azo bispyrroles. 
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Synthesis of chalcones (1a-l) was conducted via aldol condensation of various 

benzaldehydes and acetophenones, under basic and non-anhydrous conditions, at room 

temperature (Table 2.2).40 Although much literature precedent exists, bases and solvents 

were necessarily varied in order to obtain chalcones 1j-l in optimal yields. This reaction 

was stirred for 1 hour to ensure full conversion. However, many were completed, in 

agreement with TLC analysis, in a shorter time frame. In each case, the product 

precipitated, was isolated by filtration, and then washed with cold methanol and cold 

pentane. The chalcones synthesized by this process were generally an off-white or yellow 

crystalline powder. However, the procedures towards 1j and 1l resulted in oils. Scale-up of 

these reactions did not affect their overall yields (from 500 mg to 2 g). Chalcones 1a40, 

1b40, 1d46, 1e47, 1g48, 1j49 and 1l50  are reported in literature, whereas 1c, 1f, 1h, 1i and 1k 

are novel compounds. Characterisation data supported the structural identity of these 

compounds. 
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Table 2.2 Chalcone synthesis by aldol condensation. 

Entry Chalcone  R1 R2 Base & 

Solvent 

Isolated 

yield (%) 

1 1a Mes Ph KOH/MeOH 90 

2 1b (2,6-diCl)C6H4 Ph KOH/MeOH 87 

3 1ca Mes (2,5-diMe)C6H4 KOH/MeOH 78 

4 1d Mes (4-Cl)C6H5 KOH/MeOH 94 

5 1e (2,6-diCl)C6H4 (4-Cl)C6H5 KOH/MeOH 66 

6 1fb Mes 1-Naph KOH/MeOH 98 

7 1gb Mes 2-Naph KOH/MeOH 71 

8 1h (4-Br-2-Me)C6H4 (4-Br)C6H5 KOH/MeOH 86 

9 1i (4-Br-2-Cl)C6H4 (4-Br)C6H5 KOH/MeOH 79 

10 1j (2-Me)C6H5 Ph LiOH/ 

Et2O & EtOH 

98 

11 1k (2,6-diF-4-Br)C6H3 Ph LiOH/ 

Et2O & EtOH 

64 

12 1l (2,6-diOMe)C6H4 Ph NaOH/EtOH 90 

a
Acknowledgement to Liandrah Gapare. 

b
Acknowledgement to Dr. James Hilborn 

The chalcones (1a-l) were reacted with nitromethane and 1,8-diazabicyclo [5.4.0] 

undec-7-ene (DBU) at reflux temperature to result in their corresponding nitrobutanone 

(2a-l), via Michael addition (Table 2.3).40 All reactions gave good yields, except that of 

chalcone 1l which did not undergo the Michael addition. This is presumably due to the 

strong electron donation ability of the two methoxy substituents, which through ˊ-

donation, deactivates the ɓ-carbon of the ‌,ɓ-unsaturated ketone. As a result, nitrobutanone 
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was not observed. Efforts, such as elongation of reaction time, additional equivalents of 

DBU or nitromethane, did not render 1l and this was not further pursued. Nitrobutanones 

2a40, 2b40 and 2m38 are reported in literature, and 2c-2k are novel.  

 

 

Table 2.3 Nitrobutanone synthesis via Michael addition. 

Entry Nitrobutanone R1 R2 Isolated 

yield (%) 

1 2a Mes Ph 80 

2 2b (2,6-diCl)C6H4 Ph 80 

3 2ca Mes (2,5-diMe)C6H4 68 

4 2d Mes (4-Cl)C6H5 63 

5 2e (2,6-diCl)C6H4 (4-Cl)C6H5 89 

6 2fb Mes 1-Naph 77 

7 2gb Mes 2-Naph 80 

8 2h (4-Br-2-Me)C6H4 (4-Br)C6H5 87 

9 2i (4-Br-2-Cl)C6H4 (4-Br)C6H5 75 

10 2j (2-Me)C6H5 Ph 91 

11 2k (2,6-diF-4-Br)C6H3 Ph 92 

12 2l (2,6-diOMe)C6H4 Ph 0 

13 2m Ph Ph 79 

a
Acknowledgement to Liandrah Gapare. 

b
Acknowledgement to Dr. James Hilborn 

With a range of nitrobutanones synthesized, featuring various R1 and R2 

substituents, the reaction to form their corresponding azo bispyrroles was investigated. The 

synthesis of the azo bispyrroles 3a-k and 3m was addressed by reacting nitrobutanones 2a-
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k and 2m with ammonium acetate and acetic acid under microwave irradiation (Table 2.4), 

following the method used for the successful preparation of 3a (Scheme 2.2).39,41 The 

reaction mixture was quenched, in each case, with water and extracted with organic solvent 

before drying. The crude product mixture was purified via column chromatography and 

was further purified as necessary to provide the azo bispyrroles 3a-h. Table 2.4 highlights 

the eight azo bispyrroles that were synthesized using this method, alongside the reactions 

that did not yield their respective azo compounds. Full characterization analysis (1H NMR 

spectroscopy, 13C NMR spectroscopy, HRMS) confirmed the identity of these eight novel 

compounds (Figure 2.3) 
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Table 2.4 The synthesis of azo bispyrroles.  

Entry Azo 

dye 

R1 R2 Sub. of 

position- 

2 of R1 

A-value 

of 

position-2 

(kcal/mol) 

Isolated 

yield of 

azo dye 

(%) 

1 3a Mes Ph CH3 1.8 30 

2 3b (2,6-diCl)C6H4 Ph Cl 0.52 28 

3 3c Mes (2,5-

diMe)C6H4 

CH3 1.8 6 

4 3d Mes (4-Cl)C6H5 CH3 1.8 6 

5 3e (2,6-diCl)C6H4 (4-Cl)C6H5 Cl 0.52 5 

6 3f Mes 1-Naph CH3 1.8 6 

7 3g Mes 2-Naph CH3 1.8 7 

8 3h (4-Br-2-Me)C6H4 (4-Br)C6H5 CH3 1.8 Trace 

9 3i (4-Br-2-Cl)C6H4 (4-Br)C6H5 Cl 0.52 0 

10 3j (2-Me)C6H5 Ph CH3 1.8 0 

11 3k (2,6-diF-4-Br) 

C6H3 

Ph F 0.25 0 

12 3m Ph Ph H 0 0 
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Previously reported work by Roberto was replicated successfully giving the azo 

compound 3a, with 30% isolated yield (Entry 1).41 By changing the Mes group of the R1 

arene to (2,6-dichloro)phenyl azo bispyrrole 3b was isolated in 28% yield.39,41 In each case, 

this synthesis also results in the formation of the corresponding aza-dipyrrin, alongside 

several other by-products. Purification of azo bispyrrole from aza-dipyrrins and all by-

products will be discussed in the next section.  

It is important to recognise the steric effects that apparently influence the formation 

of the azo bispyrroles 3a and 3b, in comparison to the corresponding aza-dipyrrin and/or 

biproducts. Figure 2.2 highlights the importance of the R1 arene, specifically substituents 

X and Y at the 2- and 6-positions of R1. The 2,6-positions of the R1 arene are critical to the 

formation of azo bispyrrole, due to the steric bulk that these positions present such as to 

render aza-dipyrrin formation less competitive.  

Recognizing the significance of A-values and steric bulk, aspects of Table 2.1 were 

integrated into Table 2.4, to highlight the steric bulk at the 2-position. In most cases the A-

value for the substituents at the 2-position is the same as the substituents at the 6-position, 

as R1 is a 2,6-disubstituted phenyl rings. However, some mono-substituted phenyl R1 

moieties are also explored. 
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Figure 2.2 Azo bispyrrole and the characteristic features of the R1 arene. X represents the 

substituent at the 2-position, Z represents the substituent at the 4-position and, Y 

represent the substituent at the 6-position. 

Firstly, by acknowledging the success of 3b and recognising the A-value of the 

chloro-substituent, which is 0.52 kcal/mol (referring to the 2,6-positions on the R1 arene), 

the reactions of nitrobutanones 2m (A-value: 0 kcal/mol) and 2k (A-value: 0.25 kcal/mol) 

were explored. When 2m and 2k were subjected to these reaction conditions (Table 2.4, 

entries 11 and 12, respectively), azo bispyrroles 3m and 3k were not observed in the 

product mixture. TLC analysis and HRMS confirmed the formation of the aza-dipyrrins in 

each case but no formation of their corresponding azo bispyrroles. Thus, it was concluded 

that the dimethyl (A-value of 1.7 kcal/mol) or the dichloro (A-value of 0.52 kcal/mol) 

substituents at the 2,6-positions of the phenyl R1 group provided sufficient steric bulk and 

were important to promoting the formation of azo bispyrroles 3a and 3b. It is important to 

realise that in the azo bispyrroles 3a and 3b, the R1 arenes lie orthogonal to the plane of 

the molecular core. 

By maintaining the bulky R1 arene (either Mes or (2,6-diCl)C6H4) azo bispyrroles 

3c-g were accessed, whereby R2 was varied. Nitrobutanones 2c-g were reacted, as shown 

in Table 2.4 (entries 3-7), to give their respective azo bispyrroles 3c-g. However, the yields 

for the formation of the azo bispyrroles 3c-g were drastically lower than those of 3a and 
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3b, and the product mixtures were considerably more complex. By comparing the relative 

electronic properties of the R2 arene of 3d/3e to 3a/3b, changing to the chloro-substituent 

on the 4-position resulted in decreased yields of their corresponding azo bispyrroles. This 

is presumably due to the lone pair donation of the chloro-substituent, which deactivates the 

nitrobutanones thereby making them more susceptible to unwanted biproduct formation. 

Similar effects were observed for 3c (entry 3) whereby adding steric bulk and electron 

donation ability, via induction, resulted in a comparable outcome. Extending the arene of 

the R2 group to a naphthyl group (2f and 2g), while maintaining Mes for R1, resulted in a 

similar outcome with successful isolation of the azo bispyrroles 3f and 3g, in low yields 

once again (entries 6 and 7 in Table 2.4).  

Lastly, changing the substituents at the 2,6-positions to include steric bulk at only 

the 2-position on the R1 arene resulted in a unique outcome where the reaction of the 

asymmetric nitrobutanone 2h, under the reaction conditions stated in Table 2.4 (entry 8), 

resulted in the formation of trace amounts of the azo bispyrrole 3h.  

Entries 9 and 10 show that aza-dipyrrin formation dominated, with no azo 

bispyrrole isolated, when only the 2-position of the R1 arene bore substituents. This is 

presumably due to the steric size of the methyl-substituent (entry 8, A-value: 1.8 kcal/mol) 

over the chloro-substituent (entry 9, A-value: 0.52 kcal/mol). As shown in entry 10, 

removal of all the bromo-substituents (i.e., 2j versus 2h) resulted in no formation of the 

azo bispyrrole 3j.  

In summary, eight azo bispyrroles were isolated. The current lowest A-value limit 

for substituent at the 2,6-positions of the R1 arene that promote the formation of azo 

bispyrroles are the chloro-substituents with an A-value of 0.52 kcal/mol. By maintaining 
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the R1 arene as either the Mes or (2,6-diCl)C6H4 groups, changes to the R2 arene resulted 

in the formation of the desired azo compound 3c-g. Even though the isolation of these eight 

azo bispyrroles was successful, purification methods were critical to the success of their 

isolation. The next section discusses the improvements made to purification methodology. 

 

2.2.3 Purification methodology for azo bispyrroles 

With the success of isolating eight azo bispyrroles came the evolution of a 

purification process. Due to the number of side-products formed, an efficient purification 

method was needed. As discussed previously, formation of azo bispyrroles is always 

accompanied by aza-dipyrrin formation, along with multiple by-products (Table 2.4). 

Firstly, separating aza-dipyrrin from azo bispyrrole proved to be a challenge as they have 

relatively close Rf values. Thorough TLC analysis involving a variety of eluents has been 

a key tool by which to guide choices as regards to separation via column chromatography. 

Generally, TLC analysis reflects outcomes to the anticipated column chromatography. 

However, when silica was used as the medium for column chromatography, this reflection 

to TLC analysis did not match as the aza-dippyrin co-eluted with the azo bispyrrole and 

streaks throughout the purification. It was later discovered that the aza-dipyrrin tends to 

bind to the silica medium, leading to this co-elution.  

Column chromatography for 3a and 3c over silica and using an eluent concentration 

of 0 Ą 20% ethyl acetate (EtAc) in hexanes (Hex) resulted in no co-elution. However, for 

the azo bispyrrole 3b co-elution presented significant challenges. For different reactions of 

3b, column chromatography conditions were explored (Table 2.5). Each entry in Table 2.5 

represents a different reaction procedure by which to form and subsequently isolate, 3b. 
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Several eluent conditions and mediums were evaluated to determine the best approach for 

separation of the aza-dipyrrin/azo bispyrrole mixture. Crude recovery of 3b prior to 

precipitation is reported, as is the success of attempts, to avoid co-elution. 

 

Table 2.5 Chromatography conditions for optimal separation of 3b. 

Column Medium Column conditions Crude Recovery 

(%) 

Co-elution of 3b 

with Aza-dipyrrin 

Silica 0 -> 20 % EtAc/Hex 20% Yes 

Silica 0 -> 60% CH2Cl2/Hex 25% Yes 

Neutral alumina 0 -> 20% EtAc/Hex 20% Yes 

Neutral alumina 0 -> 80% CH2Cl2/Hex 28% Yes 

Neutral alumina 0 -> 20% -> 40% 

CH2Cl2/Hex 

28% No 

 

It was concluded that the use of neutral alumina provided optimal separation of the 

two compounds, as the aza-dipyrrin did not bind to this medium (elutes first). The change 

from ethyl acetate to dichloromethane (CH2Cl2), as the polar solvent in the eluent, also 

improved the separation of the aza-dipyrrin from the azo bispyrrole, with no co-elution 

observed. In conclusion, the optimal column chromatography conditions for the separation 

of azo bispyrrole and aza-dipyrrin involve a 0 Ą 20% gradient of dichloromethane in 

hexanes followed by a 20 Ą 40% gradient of the same solvent over neutral alumina, where 

under these conditions the aza-dipyrrin elutes at 20% and the azo bispyrrole next at 40%. 

Isolation of the desired azo bispyrrole from the crude reaction mixture was further 

complicated by the incomplete consumption of the nitrobutanone. Through TLC analysis 



 

 

31 

on silica, of nitrobutanones 2a and 2b, and their respective azo bispyrroles 3a and 3b, it is 

noted that nitrobutanones and azo bispyrroles have the same Rf values, no matter what the 

eluent. Thus, attempts to separate with column chromatography was unproductive. Efforts 

to avoid the presence of nitrobutanones in the product mixture were unsuccessful e.g., 

increasing the reaction time from 20 to 40 minutes did not promote full consumption of the 

starting material.  

The set-up of the reaction proved important in order to achieve full consumption of 

the nitrobutanones. To achieve this, it was determined that the nitrobutanone must be fully 

dissolved prior to exposing the reaction mixture to microwave irradiation, i.e., the mixture 

of the nitrobutanone, ammonium acetate and acetic acid must first be stirred at 40  for 20 

minutes in a hot water bath. Increasing the temperature allows for proper dissolution of the 

nitrobutanone. Allowing the dissolution of the starting materials prior to running the 

reaction irradiation ensured full consumption of the nitrobutanone, and thus simplified 

purification.  

 With these three adjustments, the purification and overall isolation of azo 

bispyrroles was successful as per Table 2.4: by first allowing for proper dissolution of 

viscous nitrobutanones to form a homogenous solution; by using neutral alumina as the 

medium for column chromatography; and finally by using dichloromethane in hexanes as 

the eluent. Adoption of these procedures enabled a simple purification of azo bispyrroles 

from the aza-dipyrrins and by-products present, in the product mixture. With this improved 

purification methodology, eight azo bispyrroles were successfully isolated.  
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2.3 Conclusion 

By tuning the steric bulk of nitrobutanones, a new class of azo dyes has been 

established. With an appreciation of A-values, R1 arenes of nitrobutanones were varied to 

promote the formation of azo compounds. With the isolation of eight azo bispyrroles, their 

photophysical properties were then explored, as described in Chapter 3 (Figure 2.3). 

 

Figure 2.3 Isolated azo bispyrroles 3a-h.  
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2.4 Future Work  

Further exploration of reactions towards azo bispyrrole formation is needed. 

Changes in reaction conditions such as: changing the solvent in order to access higher 

temperatures, changing the ammonia source (ammonium hydroxide or ammonium 

formate), adding a buffer, or changing microwave irradiation conditions are a few 

examples that may increase yields of azo bispyrroles. 

Alternate methodology or synthetic routes are ideally needed, to find ways to 

synthesize azo bispyrroles, outside of hijacked routes normally used for aza-dipyrrin 

synthesis. Xie and coworkers have recently discovered a new methodology to synthesize 

azo dyes by accessing iodo-di-aryl salts.51 According to their methodology the salt reacts 

with hydrazine, in the presence of a copper catalyst, resulting in the formation of an azo 

dye. Adaptation of their methodology to pyrroles could lead to a new route to synthesize 

azo bispyrroles (Scheme 2.7). However, it is important to first synthesize the required 

starting material, a mesityl-iodo-pyrrole salt, a novel compound class.52 If successful, this 

synthetic route would be a new method to isolating azo bispyrroles, and would be one that 

hopefully accommodates a wide range of substituents about the pyrrole core. If successful, 

this proposed route would be advantageous and the strategy used herein, which is reliant 

of the presence of bulky substituents. 
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Scheme 2.7 New proposed synthesis of azo-bispyrrole 
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2.5 Experimental 

General Procedure: 

All reagents and solvents were purchased from commercial sources and were used as 

received unless otherwise noted. All reactions were carried out under air, unless otherwise 

specified.  

Microwave reactions were carried out using a Biotage Initiator+Microwave system. All 

chromatography was performed using either Silicycle Ultra Silica Gel 60, 230-400 mesh 

or 58 Å Neutral Alumina and were either performed manually or using a Biotage Isolera 

chromatograph. Thin layer chromatography was performed on silica plates or alumina 

plates and were visualized using UV light and/or developed with vanillin or 2,4-DNP. 

Nuclear magnetic resonance (NMR) spectra were recorded at (Dalhousie University) 

NMR-3 using Bruker; AVANCE 500 MHz, NEO 400 MHz, or AVANCE 300 MHz 

spectrometers. 1H chemical shifts are reported in ppm relative to tetramethylsilane using 

the solvent residual as an internal standard (ŭ = 7.26 ppm for CHCl3 or ŭ = 2.54 ppm for 

DMSO). 13C chemical shifts are reported in ppm relative to tetramethylsilane, referenced 

to the resonances of CHCl3 (ŭ = 77.2 ppm) or DMSO (ŭ = 40.45 ppm) and were proton 

decoupled. Coupling constants, J, are reported in hertz (Hz). Mass spectra were measured 

by Xiao Feng using a Bruker microTOF spectrometer operating in ESI+ or APCI mode. 

Chalcones 1i-m49,50 and nitrobutanones 2i-m38 were prepared using literature methods, 

however they are not reported in the experimental due to the unsuccessful outcome to their 

corresponding azo bispyrroles. Acknowledgement to Liandrah Gapare for synthesizing 1c 

and 2c and Dr. James Hilborn for 1f, 1g, 2f and 2g. 
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(E)-1-Phenyl-3-(2,4,6-trimethylphenyl)prop-2-en-1-one (1a)   

 

Using a modified version of a literature procedure,40 acetophenone (4.7 mL, 40 mmol) was 

added to a stirred mixture of KOH (5.6 g, 100 mmol) and MeOH (100 mL). 2,4,6-

Trimethylbenzaldehyde (5.9 mL, 40 mmol) was added, and the mixture was stirred for 1 

hour, at room temperature. The resulting white precipitate was isolated via filtration and 

was washed with cold MeOH (2 x 25 mL) and cold pentane (2 x 25 mL) to yield 1a, as a 

white solid (Yield: 9.0 g, 90%). 1H NMR (500 MHz, CDCl3), ŭ: 7.97 - 7.93 (3H, m), 7.56 

(1H, t, J = 7.2 Hz), 7.48 (2H, t, J = 7.6 Hz), 7.14 (1H, d, J = 16.0 Hz), 6.91 (2H, s), 2.38 

(6H, s), 2.29 (3H, s). Data is in accordance with literature.40 

 

(E)-1-Phenyl-3-(2,6-dichlorophenyl)prop-2-en-1-one (1b)  

 

Using a modified version of a literature procedure,40 acetophenone (5.0 mL, 43 mmol) was 

added to a stirred mixture of KOH (6.0 g, 107 mmol) and MeOH (50 mL). 2,6-

Dichlorobenzaldehyde (7.5 g, 43 mmol) was added, and the mixture was stirred for 1 hour, 

at room temperature. The resulting white precipitate was isolated via filtration and was 

washed with cold MeOH (2 x 25 mL) and cold pentane (2 x 25 mL) to yield 1b, as a white 

solid (Yield: 10.3 g, 87%). 1H NMR (500 MHz, CDCl3) ŭ: 8.07 (2H, d, J = 7.7 Hz), 7.89 

(1H, d, J = 16.2 Hz), 7.71 (1H, d, J = 16.3 Hz), 7.64 (1H, t, J = 7.7 Hz), 7.55 (2H, t,  
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J = 7.8 Hz), 7.43 (2H, d, J = 8.1 Hz), 7.25 (1H, t, J = 8.1 Hz). Data is in accordance with 

literature40 

 

(E)-1-(2,5-Dimethylphenyl)-3-(2,4,6-trimethylphenyl)-prop-2-en-1-one (1c)  

 

Using a modified version of a literature procedure,40 2,5-dimethylacetophenone (3.5 mL, 

23 mmol) was added to a stirred mixture of KOH (3.3 g, 58 mmol) and MeOH (50 mL). 

2,4,6-Trimethylbenzaldehyde (4.0 mL, 23 mmol) was added, and the mixture was stirred 

for 1 hour, at room temperature. MeOH was removed in vacuo and the yellow solution was 

dissolved with minimal amount of dichloromethane. Cold pentane was added to the 

solution and the mixture allowed to cool to 0  over 2 hours, in a freezer. The resulting 

white precipitate was filtered and washed with cold pentane (2 x 10 mL) to give 1c, as a 

white solid (Yield: 5.1g, 78%). 1H NMR (400 MHz, CDCl3) ŭ: 7.69 (1H, d, J = 16.3 Hz,), 

7.32 (1H, s), 7.23-7.19 (2H, m), 6.95 (2H, s), 6.80 (1H, d, J = 16.8 Hz), 2.47 (3H, s), 2.39 

(3H, s), 2.38 (6H, s), 2.33 (3H, s). 13C NMR (100 MHz, CDCl3) ŭ: 197.0, 144.6, 139.1, 

138.8, 137.1, 135.1, 133.9, 131.9, 131.3, 129.4, 128.9, 21.3, 21.2, 21.0, 20.0 (2 signals not 

observed). HRMS-ESI+ (m/z): [M + Na+] calc-d for C20H22ONa; 301.1569 found 

301.1560.  
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(E)-1-(4-Chlorophenyl)-3-(2,4,6-trimethylphenyl)prop-2-en-1-one (1d)  

 

Using a modified version of a literature procedure,40 4-chloroacetophenone (1.6 mL, 10 

mmol) was added to a stirred mixture of KOH (1.4 g, 25 mmol) and MeOH (25 mL). 2,4,6-

Trimethylbenzaldehyde (1.5 mL, 10 mmol) was added, and the mixture was stirred for 1 

hour, at room temperature. The resulting white precipitate was isolated via filtration and 

was washed with cold MeOH (2 x 25 mL) and cold pentane (2 x 25 mL) to yield 1d, as a 

white solid (Yield: 2.7g, 94%). 1H NMR (400 MHz, CDCl3) ŭ: 8.01 (1H, d, J = 16.3 Hz), 

7.95 - 7.91 (2H, m), 7.49 - 7.45 (2H, m), 7.12 (1H, d, J = 16.2 Hz), 6.93 (2H, s), 2.39  

(6H, s), 2.31 (3H, s). Data is in accordance with literature.46 

 

(E)-1-(4-Chlorophenyl)-3-(2,6-dichlorophenyl)prop-2-en-1-one (1e) 

 

Using a modified version of a literature procedure,40 4-chloroacetophenone (5.0 mL, 43 

mmol) was added to a stirred mixture of KOH (6.0 g, 107 mmol) and MeOH (50 mL). 2,6-

Dichlorobenzaldehyde (7.5 g, 43 mmol) was added, and the mixture was stirred for 1 hour, 

at room temperature. The resulting yellow precipitate was isolated via filtration and was 

washed with cold MeOH (2 x 25 mL) and cold pentane (2 x 25 mL) to yield 1e, as a yellow 

solid (Yield: 7.8g, 66%). 1H NMR (400 MHz, CDCl3) ŭ: 7.95 (2H, d, J = 8.6 Hz), 7.85 

(1H, d, J = 16.2 Hz), 7.62 (1H, d, J = 16.2 Hz), 7.47 (2H, d, J = 8.7 Hz), 7.38 (2H, d, J = 
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8.0 Hz), 7.20 (1H, t, J = 8.0 Hz). 13C NMR (100 MHz, CDCl3) ŭ: 189.0, 139.8, 138.4, 

136.1, 135.3, 132.5, 130.2, 130.1, 130.1, 129.2, 129.0. HRMS-ESI+ (m/z): [M + Na+] calc-

d for C15H9Cl3ONa: 332.9617; found 332.9612.  

 

(E)-1-(1-Naphtyl)-3-(2,4,6-trimethylphenyl)-prop-2-en-1-one (1f)  

 

Using a modified version of a literature procedure,40 1-acetylnaphthone (5.8 g, 34 mmol) 

was added to a stirred mixture of KOH (0.4 g, 7 mmol) and MeOH (75 mL). 2,4,6-

Trimethylbenzaldehyde (5.0 mL, 34 mmol) was added, and the mixture was stirred for 4 

hours, at 45  in a hot water bath. The solvent was removed via in vacuo, to yield a yellow 

solid. The solid was dissolved in a minimal amount of methanol and briefly heated to reflux 

temperature to ensure dissolution. The solution was allowed to cool to room temperature, 

resulting in a light-yellow precipitate. The precipitate was isolated via filtration and was 

washed with cold MeOH (2 x 25 mL) to yield 1f, as a light yellow solid (Yield: 10.0 g, 

98%).1H NMR (400 MHz, CDCl3) ŭ: 8.39 (1H, d, J = 7.7 Hz), 8.00 (1H, s), 7.93 - 7.90 

(1H, m), 7.80 (1H, d, J = 16.0 Hz), 7.79 - 7.77 (1H, m), 7.60 ï 7.51 (3H, m), 6.94 (1H, d, 

J = 16.0 Hz), 6.91 (2H, s), 2.35 (6H, s), 2.30 (3H, s). 13C NMR (125 MHz, CDCl3) ŭ: 196.0, 

144.9, 138.9, 137.3, 137.2, 134.0, 132.2, 131.8, 131.2, 130.7, 129.5, 128.6, 127.5, 127.4, 

126.6, 125.9, 124.6, 21.4, 21.2 HRMS-ESI+ (m/z): [M + Na] calc-d for C22H20ONa; 

323.1412 found 323.1406. 
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(E)-1-(2-Naphtyl)-3-(2,4,6-trimethylphenyl)-prop-2-en-1-one (1g)  

 

Using a modified version of a literature procedure40, 2-acetylnaphthone (5.8 g, 34 mmol) 

was added to a stirred mixture of KOH (0.4 g, 7 mmol) and MeOH (75 mL). 2,4,6-

Trimethylbenzaldehyde (5.0 mL, 34 mmol) was added, and the mixture was stirred for 4 

hours, at 45  in a hot water bath. The solvent was removed in vacuo, to yield a light-

yellow solid. The solid was collected via filtration and was washed with cold MeOH (2 x 

25 mL). The solid was dissolved in minimal amounts of MeOH and heated to reflux 

temperature to ensure dissolution. The solution was allowed to cool to produce a light-

yellow precipitate. The resulting precipitate was isolated via filtration and was washed with 

cold MeOH (2 x 25 mL) to yield 1g, a yellow-solid (Yield: 7.3g, 71%).1H NMR (400 MHz, 

CDCl3) ŭ: 8.50 (1H, s), 8.10 (1H, dd, J = 8.5, 1.3 Hz), 8.03 (1H, d, J = 15.8 Hz), 7.98 - 

7.91 (3H, m), 7.63 - 7.54 (2H, m), 7.32 (1H, d, J = 15.8 Hz), 6.96 (2H, s), 2.44 (6H, s), 

2.33 (3H, s). 13C (125 MHz, CDCl3) ŭ: 190.5, 143.5, 138.7, 137.3, 135.7, 135.6, 132.7, 

131.8, 130.2, 129.7, 129.5, 128.7, 128.5, 128.0, 127.6, 127.0, 124.7, 21.4, 21.3. HRMS-

ESI+ (m/z): [M + Na] calc-d for C22H20NaO; 323.1412 found 323.1406. 
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(E)-1-(4-Bromophenyl)-3-(4-bromo-2-methylphenyl)-prop-2-en-1-one (1h)  

 

Using a modified version of a literature procedure,40 4-bromoacetophenone (1.0 g, 5 mmol) 

was added to a stirred mixture of KOH (0.9 g, 0.5 mmol) and MeOH (10 mL). 4-Bromo-

2-methylbenzaldehyde (1.0 g, 5 mmol) was added and the mixture was stirred for 1 hour. 

The resulting white precipitate was isolated via filtration and was washed with cold MeOH 

(2 x 25 mL) and cold pentane (2 x 25 mL) to yield 1h, a white solid (Yield: 1.64g, 86%).1H 

NMR (400 MHz, CDCl3) ŭ: 8.02 (1H, d, J = 16.2 Hz), 7.89 (2H, d, J = 8.1 Hz), 7.65 (2H, 

d, J = 8.1 Hz), 7.55 (1H, d, J = 8.0 Hz), 7.41 ï 7.37 (3H, m), 2.45 (3H, s). 13C NMR  

(125 MHz, CDCl3) ŭ: 189.1, 141.8, 140.5, 136.9, 134.0, 132.8, 132.1, 130.2, 129.7, 128.2, 

127.9, 124.7, 123.0, 19.8. HRMS-ESI- (m/z): [M - H] calc-d for C16H11Br2O; 376.9255 

found 376.9182. 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-phenylbutanone (2a)  

 

Using a modified version of a literature procedures1, (E)-1-phenyl-3-(2,4,6-

trimethylphenyl)prop-2-en-1-one 1a  (5 g, 20 mmol) was added to MeOH (50 mL) and 1,8-

diazabicyclo [5.4.0] undec-7-ene (DBU) (14.9 mL, 100 mmol), was stirred until the 

mixture was fully dissolved. Nitromethane (5.4 mL, 100 mmol) was then added to the 
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solution and the mixture was stirred for 1 hour at 65 , in an oil bath. The solution was 

allowed to cool to room temperature and 1 M HCl was added, until pH 4 was reached. The 

mixture was extracted with dichloromethane (2 x 100 mL) and the combined organic layers 

treated with brine (200 mL) and dried over Na2SO4. In vacuo evaporation of the solvent 

resulted a yellow oil. The crude material was purified via column chromatography over 

silica using an eluent of 100% dichloromethane to provide the desired product (2a), a 

yellow oil (Yield: 5 g, 80%). 1H NMR (500 MHz, CDCl3) ŭ: 7.90 (2H, d, J = 7.3 Hz), 7.57 

(1H, t, J = 7.3 Hz), 7.46 (2H, t, J = 8.0 Hz,), 6.85 (1H, s), 6.82 (1H, s), 4.91 - 4.84 (2H, m), 

4.80 - 4.74 (1H, m), 3.52-3.51 (2H, m), 2.44 (3H, s), 2.42 (3H, s), 2.23 (s, 3H) Data is in 

accordance with literature.40  

 

4-Nitro-3-(2,6-dichlorophenyl)-1-phenylbutanone (2b)  

 

Using a modified version of a literature procedures1, (E)-1-phenyl-3-(2,6-

dichlorophenyl)prop-2-en-1-one 1b (5.0 g, 18 mmol) was added to MeOH (100 mL) and 

DBU (13.5 mL, 90 mmol), was stirred until the mixture was fully dissolved. Nitromethane 

(4.8 mL, 90 mmol) was then added to the solution and the mixture was stirred for 1 hour 

at 65 , in an oil bath. The solution was allowed to cool to room temperature and 1 M HCl 

was added, until pH 4 was reached. The mixture was extracted with dichloromethane (2x 

150 mL) and the combined organic layers was treated with brine (200 mL) and dried over 

Na2SO4. In vacuo removal of the solution resulted a yellow oil. The crude material was 
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purified via column chromatography over silica using an eluent of 0 Ą 40% ethyl acetate 

in hexanes to provide desired product (2b), as a yellow oil (Yield: 4.9 g, 80%).1H NMR 

(500 MHz, CDCl3) ŭ: 7.95 (2H, d, J = 7.3 Hz), 7.58 (1H, t, J = 7.3 Hz), 7.46 (2H, t, J = 7.3 

Hz), 7.38 (1H, d, J = 7.7 Hz), 7.29 (1H, d, J = 7.7 Hz), 7.16 (1H, t,  

J = 7.7 Hz), 5.35 - 5.29 (1H, m), 5.09 - 5.05 (1H, m), 5.01 - 4.97 (1H, m), 3.77 - 3.67  

(2H, m). 13C NMR (75 MHz, CDCl3) ŭ: 196.7, 136.3, 134.6, 133.8, 130.2, 129.6, 129.5, 

128.9, 128.3, 76.4, 39.2, 35.6. HRMS-ESI+ (m/z): [M + Na+] calc-d for C16H13Cl2NO3Na: 

360.0170; found 360.0165. 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(2,5-dimethylphenyl)-butanone (2c)  

 

Using a modified version of a literature procedures1, (E)-1-(2,5-dimethylphenyl)-3-(2,4,6-

trimethylphenyl)-prop-2-en-1-one 1c (5.7 g, 21 mmol) was added to MeOH (100 mL) and 

DBU (14.9 mL, 103 mmol), was stirred until the mixture was fully dissolved. Nitromethane 

(5.5 mL, 103 mmol) was then added to the solution and the mixture was stirred for 1 hour 

at 65 , in an oil bath. The solution was allowed to cool to room temperature and 1 M HCl 

was added, until pH 4 was reached. The mixture was extracted with dichloromethane (2x 

150 mL) and the combined organic layers was treated with brine (200 mL) and dried over 

Na2SO4. In vacuo removal of the solution resulted a yellow oil. The crude material was 

purified via column chromatography over silica using an eluent of 100% dichloromethane 

to provide the desired product (2c), as a white solid (Yield: 4.4 g, 68%). 1H NMR (400 
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MHz, CDCl3) ŭ: 7.31 (1H, s), 7.18 (1H, d, J = 7.9 Hz), 7.10 (1H, d, J = 7.8 Hz), 6.83 (1H, 

s), 6.82 (1H, s), 4.87 - 4.83 (1H, m), 4.78 (1H, quintet), 4.72 - 4.69 (1H, m) 3.47 - 3.36 

(2H, m), 2.41 (3H, s), 2.34 (3H, s), 2.30 (3H, s), 2.30 (3H, s), 2.25 (3H, s), 2.23 (3H, s). 

13C NMR (100 MHz, CDCl3) ŭ: 201.5, 137.9, 137.3, 135.9, 135.4, 132.4, 132.1, 131.4, 

130.0, 128.9. 78.3, 43.5, 34.6, 21.7, 21.2, 21.0, 20.8, 20.5. HRMS-ESI+ (m/z): [M + Na+] 

calc-d for C21H25NO3Na: 362.1732; found 362.1725. 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(4-chlorophenyl)-butanone (2d)  

  

Using a modified version of a literature procedures1, (E)-1-(4-chlorophenyl)-3-(2,4,6-

trimethylphenyl)prop-2-en-1-one 1d (2 g, 7 mmol) was added to MeOH (50 mL) and DBU 

(5.2 mL, 35 mmol) and was stirred until the mixture was fully dissolved. Nitromethane 

(1.9 mL, 35 mmol) was then added to the solution and the mixture was stirred for 2 hours 

at 65 , in an oil bath. The solution was allowed to cool to room temperature and 1 M HCl 

was added, until pH 4 was reached. The mixture was extracted with dichloromethane (2 x 

100 mL) and the combined organic layers was treated with brine (200 mL) and dried over 

Na2SO4. In vacuo evaporation of the solution resulted a yellow oil. The crude material was 

purified via column chromatography over silica using an eluent 0 Ą 20% ethyl acetate in 

hexanes to provide the desired product (2d), as a yellow oil (Yield: 1.58 g, 63%). 1H NMR 

(400 MHz, CDCl3) ŭ: 7.84 (2H, d, J = 8.7 Hz), 7.43 (2H, d, J = 8.7 Hz), 6.85 (1H, s), 6.82 

(1H, s), 4.90 - 4.81 (2H, m), 4.75 - 4.71 (1H, m), 3.49 - 3.47 (2H, m), 2.42 (6H, s), 2.23 (s, 



 

 

45 

3H). 13C NMR (125 MHz, CDCl3) ŭ: 196.0, 140.0, 137.6, 137.2, 135.4, 134.6. 132.5, 131.3, 

130.0, 129.5, 129.1, 78.1, 40.5, 33.9, 21.6, 21.2, 20.7. HRMS-ESI+ (m/z): [M - H] calc-d 

for C19H19ClNO3: 344.1132; found 344.1059. 

 

4-Nitro-3-(2,6-dichlorophenyl)-1-(4-chlorophenyl)-butanone (2e) 

 

Using a modified version of a literature procedures1, (E)-1-(4-chlorophenyl)-3-(2,6-

dichlorophenyl)prop-2-en-1-one 1e (1.6 g, 5 mmol) was added to MeOH (25 mL) and DBU 

(3.8 mL, 26 mmol) and was stirred until the mixture was fully dissolved. Nitromethane 

(1.4 mL, 26 mmol) was then added to the solution and the mixture was stirred for 1 hour 

at 65 , in an oil bath. The solution was allowed to cool to room temperature and 1 M HCl 

was added, until pH 4 was reached. An aqueous work-up of the mixture was conducted 

using dichloromethane (2 x 50 mL) and the combined organic layers was treated with brine 

(100 mL) and dried over Na2SO4. In vacuo evaporation of the solvent resulted a yellow oil. 

Triturate the crude yellow oil with pentane (2 x 15 mL) and in vacuo the residual to provide 

the desired product (2e), a yellow oil (Yield: 1.7 g, 89%).1H NMR (400 MHz, CDCl3) ŭ: 

7.88 (2H, d, J = 8.5 Hz), 7.43 (2H, d, J = 8.5 Hz), 7.38 (1H, d, J = 7.6 Hz,), 7.28 (1H, d,  

J = 7.6 Hz), 7.16 (1H, t, J = 8.0), 5.32 - 5.26 (m, 1H), 5.05 - 4.96 (m, 2H), 3.68 (2H, J = 

6.9). 13C (100 MHz, CDCl3) ŭ: 195.4, 140.1, 137.1, 134.4, 134.2, 130.0, 129.5, 129.3, 
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129.1, 76.2, 39.0, 35.4. HRMS-ESI+ (m/z): [M - H] calc-d for C16H11Cl3NO3: 369.9883; 

found 369.9877. 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(1-naphthyl)-butanone (2f) 

 

Using a modified version of a literature procedures1, (E)-1-(1-naphthyl)-3-(2,4,6-

trimethylphenyl)-prop-2-en-1-one 1f (4g, 13 mmol) was added to MeOH (250 mL) and 

DBU (9.9 mL, 66 mmol) and was stirred until the mixture was fully dissolved. 

Nitromethane (3.6 mL, 66 mmol) was then added to the solution and the mixture was stirred 

for 2 hours at 65 , in an oil bath. The solution was allowed to cool to room temperature 

and the solvent was removed in vacuo to give a crude yellow oil. The oil was dissolved 

using a minimal amounts of ethyl acetate and 1M HCl was added, until a pH of 4 was 

reached. The mixture was extracted with ethyl acetate (2 x 100 mL) and the combined 

organic layers was treated with brine (200 mL) and was dried over Na2SO4. In vacuo the 

evaporation of the solution to give a crude yellow oil. The crude material was purified via 

column chromatography over silica using an eluent of 0 Ą 20% ethyl acetate in hexanes 

to provide the desired product (2f), as a yellow oil (Yield: 3.7 g, 77%). 1H NMR (400 MHz, 

CDCl3) ŭ: 8.28 (1H, m), 7.98 (1H, d, J = 8.4 Hz), 7.86 ï 7.84 (1H, m), 7.76 (1H, d, J = 7.2 

Hz), 7.52 ï 7.45 (3H, m), 6.81 (1H, s), 6.78 (1H, s), 4.91 - 4.89  (2H, m), 4.77 - 4.71 (1H, 

m), 3.65 ï 3.55 (2H, m), 2.42 (3H, s), 2.31 (3H, s), 2.22 (3H, s). 13C NMR (125 MHz, 

CDCl3):  d  201.4, 137.8, 137.3, 135.8, 135.5, 134.0, 133.1, 132.4, 131.4, 130.1, 130.1, 
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128.5, 128.1, 127.4, 126.7, 125.7, 124.4, 78.4, 44.1, 34.7, 21.6, 21.2, 20.8. HRMS-ESI+ 

(m/z): [M + Na+] calc-d for C23H23NO3Na: 384.1576; found 384.1570. 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(2-naphthyl)-butanone (2g) 

 

Using a modified version of a literature procedures1, (E)-1-(2-naphthyl)-3-(2,4,6-

trimethylphenyl)-prop-2-en-1-one 1g (4g, 13 mmol) was added to MeOH (250 mL) and 

DBU (9.9 mL, 66 mmol) and was stirred until the mixture was fully dissolved. 

Nitromethane (3.6 mL, 66 mmol) was then added to the solution and the mixture was stirred 

for 2 hours at 65 , in an oil bath. The solution was allowed to cool to room temperature 

and the solvent was removed by in vacuo to give a crude yellow oil. The oil was dissolved 

with minimal amounts of ethyl acetate and 1M HCl was added, until a pH of 4 was reached. 

The mixture was extracted with ethyl acetate (2 x 100 mL) and the combined organic layers 

was washed with brine (200 mL) and was dried over Na2SO4. In vacuo evaporation of the 

solvent gave a crude yellow oil. The crude material was purified via column 

chromatography over silica using an eluent of 0 Ą 20% ethyl acetate in hexanes. In vacuo 

removal of the solvent to obtain desired product (2g), a yellow oil (Yield: 3.8 g, 80%). 1H 

NMR (400 MHz, CDCl3) ŭ: 8.41 (1H, s), 7.99 ï 7.93 (2H, m), 7.90 ï 7.86 (2H, m), 7.63 ï 

7.54 (2H, m), 6.86 (1H, s), 6.85 (1H, s), 4.98 - 4.89 (2H, m), 4.84 - 4.79 (1H, m), 3.64 (2H, 

d, J = 6.4 Hz), 2.48 (3H, s), 2.45 (3H, s), 2.24 (3H, s). 13C NMR (125 MHz, CDCl3) ŭ: 

197.3, 137.8, 137.2, 135.8, 135.6, 133.7, 132.9, 132.5, 131.4, 130.1, 129.9, 129.8, 128.8, 



 

 

48 

128.8, 127.9, 127.1, 123.7, 78.3, 40.7, 34.2, 21.7, 21.4, 20.8. HRMS-ESI+ (m/z): [M + 

Na+] calc-d for C23H23NO3Na: 384.1576; found 384.1569. 

 

4-Nitro-3-(4-bromo-2-methylphenyl)-1-(4-bromophenyl)-butanone (2h)  

 

Using a modified version of a literature procedures1, (E)-1-(4-bromophenyl)-3-(4-bromo-

2-methylphenyl)-prop-2-en-1-one 1h (1.5 g, 4.0 mmol)  was added to MeOH (25 mL) and 

DBU (3.0 mL, 20 mmol) and was stirred until the mixture was fully dissolved. 

Nitromethane (1.1 mL, 20 mmol) was then added to the solution and the mixture was stirred 

for 1 hour at 65 , in an oil bath. The solution was allowed to cool to room temperature 

and 1 M HCl was added, until pH 4 was reached. The mixture was extracted with 

dichloromethane (2 x 50 mL) and the organic layer was washed with brine (100 mL) and 

dried over Na2SO4. In vacuo evaporation of the solution gave a crude yellow oil. The crude 

material was purified via column chromatography over silica with an eluent 50 Ą100% 

dichloromethane in hexanes to provide the desired product (2h), as a yellow oil (Yield: 

1.3g, 75%). 1H NMR (400 MHz, CDCl3) ŭ: 7.76 (2H, d, J = 8.6 Hz), 7.60 (2H, d,  

J = 8.5 Hz), 7.35 (1H, s), 7.30 (1H, d, J = 8.0 Hz), 7.02 (1H, d, J = 8.1 Hz), 4.76 - 4.71 

(1H, m), 4.63 - 4.58 (1H, m), 4.45 (1H, quintet), 3.37 (2H, m), 2.46 (3H, s). 13C NMR (125 

MHz) ŭ: 195.7, 139.1, 136.4, 135.0, 134.2, 123.3, 129.8, 129.6, 129.1, 127.1, 121.6, 78.9, 
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41.4, 34.1, 19.6. HRMS-ESI+ (m/z): [M - H] calc-d for C17H14Br2NO3: 437.9419; found 

437.9346. 

 

2, 2ô-Diazenediylbis(3-(2,4,6-trimethylphenyl)-5-phenyl-1H-pyrrole) (3a)  

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-phenylbutanone 2a (0.5 g, 1.6 mmol) and ammonium 

acetate (5.2 g, 68 mmol) was added to a 30 mL microwave vial and acetic acid (15 mL) 

was added to the microwave vial. The microwave vial was placed in the microwave reactor 

and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, Very High 

Absorbance). The above desired procedure was conducted in duplicate, and the two-

reaction mixtures were combined, and dichloromethane (100 mL) was added. The mixture 

was washed with water (2 x 200 mL) and brine (200 mL), and the organic fraction was 

dried over Na2SO4. In vacuo removal of the solvent gave a crude mixture that was purified 

via column chromatography over silica with an eluent of 0 -> 20% ethyl acetate in hexanes. 

In vacuo evaporation of the fractions containing the desired product resulted in a red solid. 

The crude product was dissolved in minimal amounts of dichloromethane. Cold pentane 

(100 mL) was added, and the solution was cooled to 0  for 2 hours, in a freezer. The 

resulting red solid was isolated via filtration and washed with cold pentane (2 x 25 mL) to 

get the desired product 3a, as a bright red solid (Yield: 0.26 g, 30%). 1H NMR (500 MHz, 
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DMSO) ŭ: 11.41 (s broad, 2H), 7.80 (4H, d, J = 7.5 Hz), 7.37 (4H, t, J = 8.3), 7.22 (2H, t, 

J = 7.5 Hz),  6.70 (4H, s), 6.52 (2H, s), 2.30 (s, 6H), 1.82 (s, 12H) 13C NMR (125 MHz, 

DMSO) ŭ: 144.3, 136.9, 135.3, 133.5, 132.3, 132.0, 129.2, 127.7, 127.2, 124.8, 122.6, 

110.7, 21.3, 21.0. HRMS-ESI+ (m/z): [M + Na+] calc-d for C38H36N4Na: 571.2838; found 

571.2834. 

 

2, 2ô-Diazenediylbis(3-(2,4-dichlorophenyl)-5-phenyl-1H-pyrrole) (3b)  

 

4-Nitro-3-(2,6-dichlorophenyl)-1-phenylbutanone 2b (0.5 g, 3.0 mmol) and ammonium 

acetate (4.8 g, 62 mmol) was added to a 30 mL microwave vial and acetic acid (15 mL) 

was added to the microwave vial. The microwave vial was placed in the microwave reactor 

and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, Very High 

Absorbance). The above desired procedure was conducted in duplicate, and the two-

reaction mixtures were combined, and dichloromethane (100 mL) was added. The mixture 

was washed with water (2 x 200 mL) and brine (200 mL), and the organic fraction was 

dried over Na2SO4. In vacuo removal of the solvent gave a crude mixture that was purified 

via column chromatography over neutral alumina with an eluent of 0 -> 40% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a red solid. The crude product was dissolved in minimal amounts of 
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dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 

cold pentane (2 x 25 mL) to get the desired product 3b, a dark red solid (Yield: 0.25 g, 

28%). 1H NMR (400 MHz, CDCl3) ŭ: 9.21 (2H, s broad,), 7.54 (4H, d, J = 7.5 Hz), 7.44 

(4H, d, J = 7.6 Hz), 7.39 (4H, t, J = 7.6 Hz, hidden with residual solvent peak), 7.30 - 7.23 

(4H, m), 6.67 (2H, s). 13C NMR (125 MHz, DMSO) ŭ: 144.6, 135.8, 134.4, 132.1, 129.9, 

129.7, 128.2, 128.0, 125.4, 111.2 (two signals not observed). HRMS-ESI+ (m/z): [M - H] 

calc-d for C32H19Cl4N4: 599.0442; found: 599.0350. 

 

2, 2ô-Diazenediylbis(3-(2,4,6-trimethylrophenyl)-5-(2,5-dimethylphenyl)-1H-pyrrole) 

(3c) 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(2,5-dimethylphenyl)-butanone 2c (0.5 g, 1.5 mmol) 

and ammonium acetate (4.8 g, 62 mmol) was added to a 30 mL microwave vial and acetic 

acid (15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 

Very High Absorbance). The above desired procedure was conducted in duplicate, and the 

two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL) and brine (200 mL), the organic fraction was 



 

 

52 

dried over Na2SO4. In vacuo removal of the solvent gave a crude mixture that was purified 

via column chromatography over silica with an eluent of 0 -> 20% dichloromethane in 

hexanes. In vacuo evaporation of the fractions containing the desired product resulted to a 

red solid. The crude product was dissolved in minimal amounts of dichloromethane. Cold 

pentane (100 mL) was added, and the solution was cooled to 0  for 2 hours, in a freezer. 

The resulting red solid was isolated via filtration and washed with cold pentane (2 x 25 

mL) to get the desired product 3c, a bright red solid (Yield: 54 mg, 6%). 1H NMR (400 

MHz, CDCl3) ŭ: 9.10 (2H, s broad), 7.25 (2H, s), 7.14 (2H, d, J = 7.0 Hz), 7.03 (2H, d,  

J = 7.0 Hz), 6.97 (4H, s), 6.29 (2H, s), 2.41 (6H, s), 2.35 (12H, s), 2.22 (12H, s). 13C NMR 

(125 MHz, CDCl3) ŭ: 142.1, 137.9, 136.7, 135.8, 133.1, 132.5, 131.7, 131.5, 131.4, 128.8, 

128.6, 128.1, 126.5, 113.7, 21.5, 21.3, 21.1, 21.0. HRMS-ESI+ (m/z): [M + H] calc-d for 

C42H45N4: 605.3566; found: 605.3639. 

 

2, 2ô-Diazenediylbis(3-(2,4,6-trimethylphenyl)-5-(4-chlorophenyl)-1H-pyrrole) (3d)  

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(4-chlorophenyl)-butanone 2d (0.5 g, 1.5 mmol) and 

ammonium acetate (4.7 g, 61 mmol) was added to a 30 mL microwave vial and acetic acid 

(15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 
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Very High Absorbance). The above desired procedure was conducted in duplicate, and the 

two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL), and brine (200 mL), and the organic fraction 

was dried over Na2SO4. In vacuo removal of the solvent gave a crude mixture that was 

purified via column chromatography over neutral alumina with an eluent of 0 -> 25% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a crude red solid. The crude product was dissolved in minimal amounts 

of dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 

cold pentane (2 x 25 mL) to get the desired product 3d, a bright red solid (Yield: 54 mg, 

6%). 1H NMR (400 MHz, CDCl3) ŭ: 9.29 (2H, s broad), 7.44 (4H, d, J = 8.6 Hz), 7.34 (4H, 

d, J = 8.7 Hz), 7.00 (4H, s), 6.47 (2H, s), 2.39 (6H, s), 2.20 (12H, s). 13C NMR (125 MHz, 

CDCl3) ŭ: 143.0, 137.8, 136.9, 133.1, 132.5, 131.1, 129.8, 129.1, 128.1, 127.9, 125.7, 

111.1, 21.3, 21.2. HRMS-ESI+ (m/z): [M - H] calc-d for C38H33Cl2N4: 615.2161; found: 

615.2088. 
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2, 2ô-Diazenediylbis(3-(2,4-dichlorophenyl)-5-(4-chlorophenyl)-1H-pyrrole) (3e) 

 

4-Nitro-3-(2,6-dichlorophenyl)-1-(4-chlorophenyl)-butanone 2e (0.5 g, 1.4 mmol) and 

ammonium acetate (4.4 g, 57 mmol) was added to a 30 mL microwave vial and acetic acid 

(15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 

Very High Absorbance). The above desired procedure was conducted in duplicate, and the 

two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL), and brine (200 mL) and the organic fraction 

was dried over Na2SO4. The solution was removed by in vacuo to give a crude mixture that 

was purified via column chromatography over neutral alumina with an eluent of 0 -> 40% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a red solid. The crude product was dissolved in minimal amounts of 

dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 

cold pentane (2 x 25 mL) to get the desired product 3e, a dark red solid (Yield: 45 mg, 5%). 

1H NMR (400 MHz, CDCl3) ŭ: 9.15 (2H, s broad), 7.46-7.43 (7H, m), 7.35 (4H, d, J = 8.3 

Hz), 7.28-7.24 (3H, m, hidden with residual solvent peak), 6.65 (2H, s). 13C NMR (125 
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MHz, CDCl3) ŭ: 143.3, 136.7, 133.8, 133.2, 132.8, 129.9, 129.6, 129.5, 128.4, 126.0, 125.3, 

111.6. HRMS-ESI+ (m/z): [M + H] calc-d for C32H19Cl6N4: 668.9663; found: 668.9558. 

 

2, 2ô-Diazenediylbis(3-(2,4,6-trimethylphenyl)-5-(1-naphthyl)-1H-pyrrole) (3f) 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(1-naphthyl)-butanone 2f (0.5 g, 1.4 mmol) and 

ammonium acetate (4.9 g, 64 mmol) was added to a 30 mL microwave vial and acetic acid 

(15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 

Very High Absorbance). The above desired procedure was conducted in duplicate, and the 

two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL), and brine (200 mL) and the organic fraction 

was dried over Na2SO4. The solution was removed by in vacuo to give a crude mixture that 

was purified via column chromatography over neutral alumina with an eluent of 0 -> 40% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a red solid. The crude product was dissolved in minimal amounts of 

dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 
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cold pentane (2 x 25 mL) to get the desired product 3f, a bright red solid (Yield: 56 mg, 

6%). 1H NMR (400 MHz, CDCl3) ŭ: 9.22 (2H, s broad), 8.36-8.33 (2H, m), 7.91-7.88 (2H, 

m), 7.84 (2H, d, J = 8.2 Hz), 7.61 (2H, d, J = 6.4 Hz), 7.53 ï 7.50 (6H, m), 6.97 (4H, s), 

6.48 (2H, d, J = 2.4 Hz), 2.33 (s, 6H), 2.30 (s, 12H). 13C NMR (100 MHz, CDCl3) ŭ: 142.6, 

137.7, 136.7, 134.1, 132.2, 131.4, 131.1, 130.2, 128.6, 128.4, 128.1, 126.7, 126.7, 126.3, 

126.2, 125.5, 125.4, 114.5, 21.5, 21.1. HRMS-ESI+ (m/z): [M - H] calc-d for C46H39N4: 

647.3253; found: 647.3180. 

 

2, 2ô-Diazenediylbis(3-(2,4,6-trimethylphenyl)-5-(2-naphthyl)-1H-pyrrole) (3g) 

 

4-Nitro-3-(2,4,6-trimethylphenyl)-1-(2-naphthyl)-butanone 2g (0.5 g, 1.4 mmol) and 

ammonium acetate (4.9 g, 64 mmol) was added to a 30 mL microwave vial and acetic acid 

(15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 

Very High Absorbance). The above desired procedure was conducted in duplicate, and the 

two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL), and brine (200 mL) and the organic fraction 

was dried over Na2SO4. The solution was removed by in vacuo to give a crude mixture that 



 

 

57 

was purified via column chromatography over neutral alumina with an eluent of 0 -> 40% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a red solid. The crude product was dissolved in minimal amounts of 

dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 

cold pentane (2 x 25 mL) to get the desired product 3g, a dark red solid (Yield: 65 mg, 

7%). 1H NMR (400 MHz, CDCl3) ŭ: 9.45 (2H, s broad), 7.95 (2H, s), 7.85 ï 7.80 (6H, m), 

7.67 (2H, d, J = 8.6 Hz), 7.51 ï 7.43 (4H, quin, J = 8.9 Hz), 7.05 (4H, s), 6.64 (2H, s), 2.42 

(s, 6H), 2.27 (s, 12H).13C NMR (100 MHz, CDCl3) ŭ: 143.2, 137.9, 136.9, 133.6, 133.6, 

132.7, 131.4, 128.7, 128.7, 128.1, 128.0, 127.9, 127.8, 126.7, 126.0, 123.1, 122.5, 111.5, 

21.4, 21.2 HRMS-ESI+ (m/z): [M + H] calc-d for C46H39N4: 647.3253; found: 647.3180. 

 

2, 2ô-Diazenediylbis(3-(4-bromo-2-methylphenyl)-5-(4-bromophenyl)-1H-pyrrole) (3h)  

 

4-Nitro-3-(4-bromo-2-methylphenyl)-1-(4-bromophenyl)-butanone 2h (0.5 g, 1.2 mmol) 

and ammonium acetate (3.7 g, 48 mmol) was added to a 30 mL microwave vial and acetic 

acid (15 mL) was added to the microwave vial. The microwave vial was placed in the 

microwave reactor and the reaction was irradiated (20 minutes, 118 , 100 W, 780 RPM, 

Very High Absorbance). The above desired procedure was conducted in duplicate, and the 
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two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The 

mixture was washed with water (2 x 200 mL), and brine (200 mL), and the organic fraction 

was dried over Na2SO4. The solution was removed by in vacuo to give a crude mixture that 

was purified via column chromatography over neutral alumina with an eluent of 0 -> 40% 

dichloromethane in hexanes. In vacuo evaporation of the fractions containing the desired 

product resulted to a crude red solid. The crude product was dissolved in minimal amounts 

of dichloromethane. Cold pentane (100 mL) was added, and the solution was cooled to 0  

for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with 

cold pentane (2 x 25 mL) to get the desired product 3h, a bright red solid (Yield: Trace, 

<1%). HRMS-ESI- (m/z): [M - H] calc-d for C34H23Br4N4: 802.8734; found: 802.8662. 
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Chapter 3 Photophysical Analysis of Azo bispyrroles 

3.1 Introduction  

This chapter focuses on the characterisation of all azo bispyrroles including; 

absorbance, emission, photophysical analysis of azo bispyrroles 3a-g, efforts to explore 

and characterize photo-switching behaviour of azo compounds 3a-c, and solid-state 

emission studies of 3a. As previously mentioned in Chapter 1, azo dyes are highly desirable 

in applications such as textiles and fabrics.10 Furthermore, one of the features that make 

azo dyes attractive for applications in biomedical fields is that they have large extinction 

coefficients, allowing them to photo-isomerise at low concentrations. Recently there has 

been a resurgence of published research involving hetero-containing azo compounds, due 

to the possibilities for photochemical or chemical tunability. Among these heteroarene azo 

compounds, the discovery of azo bispyrroles remained unknown until the Thompson group 

discovered the first two compounds 3a and 3b (Figure 3.1).39,41 Herein the photophysical 

properties of 3a and 3b, along with 3c-g, are described. 

 

Figure 3.1 Structure of azo bispyrroles 3a and 3b. 
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The goals of the study were to characterize photophysical properties of azo 

bispyrroles 3a-g and to understand if photo-isomerization is attainable. As discussed 

earlier, azo dyes can often photo-isomerize from the E-isomeric state to the Z-isomeric 

state when excited at an absorbance of certain wavelength. The photostationary state (PSS) 

at a given wavelength describes a steady state whereby further irradiation does not result 

in further change.10 Generally for azo dyes (the more thermodynamically stable) E-isomer 

photo-isomerizes to the Z-isomer. This photoisomerization is often observable through 

NMR spectroscopy or UV-Vis spectroscopy. To return to the E-isomer, the species at the 

PSS can either be excited at a different wavelength or can thermally relax. This makes the 

two isomeric states reversible through the careful application of heat or light. 

An example of this observable effect is provided by arylazopyrrole B1 (Scheme 

3.1).24 E-Arylazopyrrole B1 photo-isomerizes to the Z-isomer B2 when excited at 415 nm. 

The two isomers have different absorption characteristics i.e., ‗max of 275 nm and 403 nm 

for the Z-isomer versus 385 nm for the E-isomer. It is important to note that the Z-isomer 

absorbance band extends past 403 nm, yet does not absorb past 550 nm. The Z-isomer can 

either be excited at 532 nm, or thermally relax back to the E-isomer, with >98% conversion 

in each case.  

 

Scheme 3.1 Photoisomerization of Arylazopyrrole.  
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Roberto explored the photoisomerization of 3a, by exciting the azo bispyrrole at its 

‗max.
41 However, no visual change in colour or development of a new peak in the 

absorbance spectrum was observed. Further efforts to secure evidence of photo-isomerism, 

such as exciting at different wavelengths or using different light sources, did not result in 

any change in the absorbance spectrum. 

 Observing this outcome, Roberto hypothesized that either the E-isomer was not 

able to photo-switch to the Z-isomer due to the steric clash of the arenes, or that the Z-

isomer was not stable and was thus quickly (thermally) isomerized back to the E-isomer 

before the UV-Vis absorbance was measured. This Chapter explores Robertoôs hypotheses 

by first completing a full UV-Vis analysis of azo bispyrroles 3a-g. After analyzing the 

photophysical characteristics of these azo compounds, efforts to explore photo-

isomerization of 3a-c are described. 
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3.2 Photophysical analysis  

3.2.1 Absorbance spectroscopy analysis of azo bispyrrole 3a 

The discussion herein begins with the photophysical properties of azo bispyrrole 

3a. As described in Chapter 2, eight azo bispyrroles were isolated and full characterisation 

using mass spectrometry and NMR spectroscopy were obtained (Table 3.1). The NMR data 

at room temperature supports the presence of a single isomer in solution. Preliminary VT-

NMR in CDCl3 revealed some derivatives at low temperatures but the results were not 

conclusive. 

 
Table 3.1 Azo bispyrroles 3a-h isolated. 

Trials  Azo dye R1 R2 Isolated 

Azo dye 

Yield (%)  

1 3a Mes Ph 30 

2 3b (2,6-diCl)C6H4 Ph 28 

3 3c Mes (2,5-diMe)C6H4 6 

4 3d Mes (4-Cl)C6H5 6 

5 3e (2,6-diCl)C6H4 (4-Cl)C6H5 5 

6 3f Mes 1-Naph 6 

7 3g Mes 2-Naph 7 

8 3h (4-Br-2-Me)C6H4 (4-Br)C6H5 Trace 
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First, the UV-Vis absorbance spectrum of azo bispyrrole 3a in acetonitrile (ACN) 

was obtained (Figure 3.2). The UV-Vis absorbance spectrum of 3a has maximal absorption 

wavelengths (‗max) of 504 and 532 nm. Compound 3a is significantly bathochromic (more 

red-shifted) compared to phenylazopyrrole B1 that exhibits a ‗max of 385 nm.24 

 

Figure 3.2 Normalised UV-Vis Absorbance spectrum of azo bispyrrole 3a. 

Varying concentrations (1-18 x10-6 M) of 3a in ACN were prepared and the UV-

Vis absorbance spectrum of each concentration was recorded (Figure 3.3).  
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Figure 3.3  UV-Vis absorbance spectra of varying concentrations (1-18 x10-6 M) of azo 

bispyrrole 3a. 

To understand the absorbance behaviour of 3a, a plot of the ‗max (at 504 nm) against 

concentration resulted in a linear calibration curve shown in Figure 3.4. Using Beerôs law 

(Equation 3.1) a molar absorptivity of 63,000 M-1cm-1 was obtained, complementing the 

general notion that azo compounds have sizeable extinction coefficients. The calibration 

curves of azo bispyrroles 3b-g will be discussed in the following section. 

Ἃ ἴἫ 

Equation 3.1 Beerôs Law: where A is absorbance,  is the molar extinction coefficient  

(M-1cm-1), l is the path length (cm), and c is the concentration (M) 
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Figure 3.4 Calibration curve of 3a in varying concentrations (1-18 x10-6 M) in ACN (‗max: 

504 nm). 

To place the magnitude of the molar absorptivity of azo bispyrrole 3a within those 

for azo compounds at large, a comparison was made to azo benzene C1 and 

phenylazopyrrole B1 (Figure 3.5).24,53 As shown in Figure 3.5, a trend was noticed when 

switching the aryl to a pyrrolic-unit from C1 to B1, i.e., a red shift in the ‗max can be 

observed. However, with two pyrrolic units, 3a is >100 nm shifted to the bathochromic 

region, compared to the monopyrrolic analogue B1. The conjugation across each of these 

three compounds is quite different. The ˊ-system for 3a is further conjugated by the phenyl 

groups on the ‌-position, which sit planar to the pyrroles and the azo-linkage. This 

characteristic was observed through the crystal structure of 3a.41 The extended ˊ-system 

results in the bathochromic shift, explaining its ‗max differences compared to C1 and B1. 
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Furthermore, the magnitude of the extinction coefficient of 3a is larger than that of C1 

(three-times larger) and B1 (three-times larger). This large difference of azo bispyrrole 3a 

compared to C1 and B1 is due to the efficiency of absorbing light, thereby 3a absorbing 

strongly at ‗max: 504 nm compared to C1 and B1 at their corresponding ‗max. This 

characteristic is also exhibited by azo bispyrroles 3b-g, as discussed in the following 

section.  

 

Figure 3.5 The structures of azo benzene C1, phenylazopyrrole B1 and azo bispyrrole 3a, 

with their corresponding ‗max and extinction coefficient values. 

Compound 3a was then analysed in solutions involving various solvents, and the 

respective UVïVis absorbance spectra were obtained. Figure 3.6 displays the 

solvatochromic effects of azo bispyrrole 3a dissolved in acetone, ethyl acetate, diethyl 

ether, pentane, toluene, DMF, ACN, and dichloromethane, all under non-anhydrous 

conditions, and these data are summarised in Table 3.2. As evident from Figure 3.6 and 

Table 3.2, compound 3a displays photochromic effects e.g., in acetone the absorbance is 

maximal at 506 nm, 532 nm and 586 nm. Compound 3a dissolved in acetone gave a 



 

 

67 

solution that was purple in colour, whereas in toluene the solution was a dark red. The other 

solutions were orange-red in colour. Indeed, the study demonstrates a solvatochromic 

effect where the absorbance bands of solutions of azo bispyrrole 3a vary in different 

solvents. Most solutions of azo bispyrrole 3a have similar absorbance bands, but for the 

solution of 3a in acetone absorbs more bathochromically compared to the other solvents, 

indicating that there may be changes to 3a that lead to this outcome. In the study, acetone 

is a stand-out solvent in that it is protic. 

Obtaining the data shown in Figure 3.6 proved to be a challenge as 3a was only 

sparingly soluble in some solvents (e.g., pentane, diethyl ether and toluene). The 

corresponding emission properties of 3a in various solvents were explored and found to 

have a weak intensity when this compound was excited at its ‗max, except for the solutions 

in ACN and dimethyl formamide (DMF) which will be discussed in the following section. 
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Figure 3.6 Normalised UV-Vis absorbance of 3a in varying solvents. 
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Table 3.2 ‗max of 3a in varying solvents and is in correlation to Figure 3.6. 

 ɚmax1 (nm) ɚmax2 (nm) ɚmax3 (nm) 

Acetone 506 532 586 

Ethyl Acetate 502 526 --- 

Diethyl Ether 502 528 --- 

Pentane 502 532 --- 

Toluene 512 540 --- 

DMF 506 532 --- 

ACN 504 522 --- 

Dichloromethane 512 534 --- 

 

Along with the absorbance spectra for 3a in ACN in hand, an emission spectrum 

was obtained. The normalized emission and absorbance characteristics are shown in Figure 

3.7. The solution of azo bispyrrole 3a has a weak emission intensity in ACN and the 

normalised emission curve was smoothed. Due to the weak emission intensity, a quantum 

yield was not obtained.  
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Figure 3.7 Normalised UV-Vis absorbance and emission spectra of 3a in ACN (excitation 

wavelength of 504 nm). 

3.2.2 Stability of azo bispyrrole 3a in solution 

This section discusses the stability of azo bispyrrole 3a in solution. As previously 

mentioned, solutions for the solvatochromic study of the azo compound 3a were prepared 

in non-anhydrous conditions (Figure 3.6 and Table 3.2). When such a solution of azo 

bispyrrole 3a in CH2Cl2 was exposed to natural sunlight on the open bench for 72 hours, 

the sample turned colourless from an initial dark pink colour (Figure 3.8). 

 

 

Figure 3.8 Photo-decay of azo bispyrrole 3a in CH2Cl2 over 72 hours.  
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With this outcome, a study to understand the stability of solutions of 3a was sought. 

Two solutions of 3a in non-anhydrous CH2Cl2 were prepared (9 x10-6 M) and evaluated, 

where one was exposed to natural sunlight and the other placed in the dark, for 72 hours. 

The decay was monitored through the recording of UV-Vis absorbance spectra every 24 

hours. Figure 3.9 shows that the sample stored in the light decomposed, whereas that kept 

in the dark did not. 

 

 

Figure 3.9 UV-Vis Absorbance spectra of solutions of azo bispyrrole 3a in CH2Cl2 

monitored over 72 hours. (left = sample exposed to sunlight, right = sample kept in the 

dark). 

 The outcome of this indicated the instability of azo bispyrrole 3a in non-anhydrous 

CH2Cl2 when exposed to light. Other solutions involving solvents such as acetone, ACN, 

DMF and diethyl ether were screened in the same way, and all resulted in the same outcome 

(Figure 3.9). Accordingly, it was concluded that solutions of azo bispyrrole 3a were not 

stable in non-anhydrous conditions with exposure to light. 
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3.2.3 UV-Vis analysis of azo bispyrroles 

Given that solutions of 3a were unstable in non-anhydrous solvents in light, 

solutions for the analyses show in Table 3.3 were freshly prepared. Once measurements 

were complete in ACN, solutions were immediately evaporated to dryness and the azo 

compounds were stored as solids before freshly preparing solutions in DMF.  

Along with 3a, UV-Vis absorbance spectra of azo bispyrroles 3b-g were recorded 

in both ACN and DMF (Table 3.3 and 3.5 Experimental). Absorbance bands for 3b-g have 

‗max values ranging 496-554 nm. Figure 3.10 displays the colours of azo compounds in 

non-anhydrous solution in DMF, complementing their recorded absorbance spectral 

characteristics. In addition, varying concentrations of azo bispyrroles in their 

corresponding solvents were analysed, and their calibration curves used to assess extinction 

coefficients. Each azo bispyrrole (in either ACN or DMF), was then excited at its lowest 

‗max value. The emission was recorded, along with the corresponding Stokes shift value 

(Table 3.3). Again, due to the very weak emission, quantum yields of fluorescence were 

not calculated. 

  

Figure 3.10 Solutions of azo bispyrroles 3a-g in DMF. 

3a 3b 3d 3e 3c 3f 3g 
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Table 3.3 UV-Vis spectral analysis of azo bispyrroles 3a-g. 

Azo  

bispy 

rroles 

R1 R2 Solvent UV-Vis 

Abs 

(‗max in 

nm) 

Molar 

Absorptivity 

(M-1cm-1) 

Emission 

(‗max in 

nm) 

Stokes 

Shift 

(nm) 

Quantum 

Yield 

(ū) 

 

3a Mes Ph ACN 504 

522 

63,000 

63,000 

602 98 0.0040 

 DMF 504 

532 

51,000 

54,000 

583  

606 

79  

3b DiCla Ph ACN 500  

520 

25,000 

23,000 

601 101 0.0017 

 DMF 504 

530 

21,000 

22,000 

604 100  

3c Mes DiMeb ACN --- --- --- ---  

  DMF 496 62,000 588 92 0.0060 

3d Mes 4-Clc ACN 506 

528 

71,000 

70,000 

607 101 0.0020 

 DMF 508 

538 

55,000 

56,000 

610 102  

3e DiCla 4-Clc 

 

ACN 500 

520 

65,000 

64,000 

606 106 0.0042 

 DMF 506 

534 

71,000 

72,000 

607 101  

3f Mes 1-Naph ACN 496 25,000 604 108 0.0069 

  DMF 498 21,000 603 105  

3g Mes 2-Naph ACN 520  

544 

20,000 

19,000 

604 

629 

84 0.0009 

 DMF 522 

554 

83,000 

82,000 

605 

634 

83  

a 
DiCl refers to

 
(2,6-diCl)C6H4, 

b 
DiMe refers to (2,5-diMe)C6H4,  

c 
4-Cl refers to

 
(4-Cl)C6H5. (See Table 3.1).  
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With absorbance spectra for azo compounds 3a-g to hand, the next step was to 

explore the differences in photophysical characteristics. It was observed that azo 

bispyrroles 3a, b, d, e and 3g have two ‗max values, whereas 3c and 3f have only one broad 

peak (Figure 3.11). This difference is presumably due to the effect of the increased steric 

bulk of the 2-position on the ‌-arene (R2 in Table 3.3) on the pyrrolic units, for 3c and 3f. 

Figure 3.12 highlights the added sterics at this position for these azo compounds. It is 

hypothesized that the ‌-arenes in 3c and 3f experience restricted rotation, due to the steric 

bulk and interaction with the molecular core. However, at room temperature, 1H and 13C 

NMR data provided no evidence for restricted rotation.  

 

Figure 3.11 Normalised UV-Vis absorbance spectra of solutions of azo bispyrrole 3a 

(blue), 3c (green) and 3f (yellow), in DMF. 
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Figure 3.12 Azo bispyrroles 3a, 3c and 3f, highlighting the 2-position of the ‌-arenes. 

The steric bulk is hypothesized to have a significant effect on the presence of the 

Z-isomer of 3c and 3f (Figure 3.13). For example, when comparing the structures of two 

isomeric states of compounds 3a and 3c, the Z-isomer for 3a features a reduced steric clash 

between the unsubstituted ‌-arenes. However, for 3c, the Z-isomer is presumably less 

favourable due to the steric clash of the methyl groups in the 2-position of each ‌-arene. A 

similar steric clash can be observed for 3f, where the two naphthyl ‌-arene groups clash. 
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Figure 3.13 Steric clash of the Z-isomers of azo bispyrrole 3a, 3c and 3f. 

By comparing 3a/3b to 3d/3e, in Table 3.3, i.e., substitution to the chloro-

substituent on the ‌-arene (R2 in Table 3.1), no significant shift ‗max was identified. 

However, an increase in molar absorptivity was observed, indicating the effect of the 

chloro-substituent to 3d and 3e in improving the absorbance of the azo compounds.  
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The added extent of conjugation presented by the ‌-arene impacts the overall 

photophysical characteristics of azo bispyrroles. To explore this phenomenon, analogues 

of 3a bearing 1-naphthyl (3f) and 2-naphthyl (3g) were prepared. Azo bispyrroles 3f and 

3g exhibit different photophysical characteristics to each other and are both quite different 

to 3a (Figure 3.14). By analysing their ‗max values (Table 3.3) 3f is identified as slightly 

hypsochromic compared to 3a, and with one ‗max value, whereas 3g is bathochromic to 3a, 

and with two ‗max values. Indeed, of the series 3a-g, the 2-naphthyl bearing analogue 3g is 

the most bathochromic (Figure 3.14). Visibly, solutions of 3f in ACN/DMF were orange 

in colour and 3g were magenta (Figure 3.10). The 2-naphthyl substituents of 3g presumably 

lie in plane with the pyrrolic-units and the azo moiety, thus contributing to an extended 

conjugated ́-system. In contrast, the 1-naphthyl substituents of 3f must presumably lie 

non-planar as can be appreciated by consideration of how the 1-naphthyl is positioned 

resulting in increased steric clash (Figure 3.15). The two Mes groups of 3f and 3g 

presumably lie perpendicular to the entire molecule, similar to 3a. 

Solutions of azo bispyrroles 3f and 3g in ACN, have comparable molar absorptivity 

to that of 3b. However, this characteristic is not observed for the molar absorptivity of 

solutions of azo bispyrroles 3f and 3g in DMF. The molar absorptivity of solutions of 3f is 

again similar to 3b in DMF; however, the molar absorptivity of solutions of azo bispyrrole 

3g, in DMF, is the largest in the 3a-g series.  
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Figure 3.14 Normalised UV-Vis absorbance spectra of solutions of azo bispyrrole  

3a (blue), 3f (yellow) and 3g (green), in ACN or DMF. 

 

Figure 3.15 Structure of azo bispyrroles 3a, 3f, and 3g and highlighting the steric clash of 

3f. 

In summary with full photophysical characterisation of azo bispyrroles 3a-g, it has 

been found that 3c and 3f have one broad absorbance peak. By extending the ́-conjugation, 

a bathochromic shift was observed for 3g compared to 3a. The 1-naphthyl analogue 3f did 

not exhibit such bathochromic absorbance presumably due to the steric consequence of the 

position of connection. With the notion that the Z-isomer of these azo compounds was 

possibly attainable, the next goal was to explore potential photoisomerization of azo 

bispyrroles 3a-c and their corresponding PSS.  
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3.2.4 Hunt for photoisomerization of azo bispyrroles 

In the hunt to understand photoisomerization of azo bispyrroles, a dilute solution 

of azo bispyrrole 3a was prepared (5 x 10-6 M) in non-anhydrous ACN. The absorbance 

spectrum of the solution was recorded at time: 0 minutes, in a quartz cuvette. The solution 

(in the quartz cuvette) was placed in the center of the stir plate, with the 3-d printed ring 

with green LED light (‗max: 520 nm) irradiating the sample. A fan was used to keep the 

sample at room temperature and the whole apparatus was covered with aluminum foil, to 

isolate the light source (See Experimental 3.5.3). UV-Vis absorbance data were recorded 

every 10 minutes until 60 minutes had passed. Such irradiation resulted in a visible 

decrease of colour for the solution of 3a. Furthermore, a new peak was observed at 415 nm 

(Figure 3.16). This experiment was repeated using blue LED (‗max: 480 nm) and UV LED 

(‗max: 390 nm).  
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Figure 3.16 UV-Vis absorbance of the photo-decay of 3a in ACN from 0 to 60 minutes 

(irradiation wavelength in 520 nm). 

When the post-excited solution was allowed to relax thermally (i.e., removed from 

exposure to LED light), the absorbance spectrum showed no recovery to match the original 

(i.e., to return to the spectrum recorded at time: 0 mins). The structural or photochemical 

origins for these observations (decrease in intensity at ‗max: 504 nm and 522 nm; increase 

in intensity at 415 nm; maintenance of the absorbance profile i.e., two ‗max of 504 nm and 

522 nm) was not clear, particularly given that the instability of 3a in non-anhydrous solvent 

was a concern. In addition, a PSS was not attained i.e., changes in absorbance 

characteristics were still prevalent after 60 minutes of irradiation.  

Given the likelihood of decomposition, the data in Figure 3.16 were analysed 

according to the First Order rate-law. For irradiation at wavelengths 390 nm, 480 nm and 

520 nm, plots were made for decreasing absorbance at 504 nm over time. To achieve this, 
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Beerôs Law was applied to convert absorbance into concentration. The loge of the 

difference in concentration at each time interval at 504 nm, compared to at time: 0 mins, 

was plotted against irradiation time (sec) (Figure 3.17)  

 

Figure 3.17 Rate of decay for solutions of azo bispyrrole 3a in ACN (irradiated with UV, 

blue and green light ‗max: 390, 480 and 520 nm) 

This study was also carried out for azo bispyrroles 3b and 3c, with the conclusion 

that no formation of a new ‗max or PSS was observed. Table 3.4 summarises the 

photodecomposition of the azo compounds 3a-c which includes the rate-constant (k) and 

half-life (t1/2) of each compound in either ACN or DMF under these conditions of 

irradiation. Azo bispyrroles 3a and 3b photo-decompose at a faster rate at 480 nm 

compared to the other two light sources of 390 nm and 520 nm, in both solvents. Lastly, 
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the rate constant and half-life for azo bispyrrole 3c are significantly larger compared to 3a 

and 3b, an interesting observation given the steric properties of 3c.  

Table 3.4 Photodecomposition of azo bispyrroles 3a-c. 

Trails  Azo 

bispyrroles 

Solvent Excitation 

wavelength 

(nm) 

Rate 

Constant k 

(s-1) 

Half -life 

t1/2 

(s) 

Half -life 

t1/2 

(mins) 

1 3a ACN 390 3.2 x 10-5 22000 361 

2 480 1.0 x 10-4 6700 111 

3 520 1.1 x 10-4 6600 110 

4 DMF 390 6.2 x 10-5 11000 186 

5 480 8.2 x 10-5 7900 133 

6 520 2.1 x 10-5 33000 550 

7 3b ACN 390 ---- ---- ---- 

8 480 4.84 x 10-5 14321 238 

9 520 3.1 x 10-5 22007 367 

10 DMF 390 1.84 x 10-4 3706 61 

11 480 3.57 x 10-5 19415 323 

12 520 ---- ---- ---- 

13 3c DMF 390 1.44 x 10-5 48135 802 

14 480 1.42 x 10-5 48813 813 

15 520 1.16 x 10-5 59754 995 
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In an attempt to identify the products of decomposition, a 700 mL solution of 3a 

(20 mg; 5.3 x10-5 M) in ACN was exposed to 520 nm LED light for 14 days. This was 

achieved by using a photochemical reactor with two 520 nm LED lights, along with eye 

protection of the user in the way of a black cloth. After monitoring, through UV-Vis 

absorbance spectra, the photodecomposition every day for 14 days, number of compounds 

were observed via TLC analysis. The solution was evaporated to dryness and the crude 

product mixture was analysed using 1H NMR spectroscopy and mass spectrometry. No 

structural features corresponding to azo compounds, or anything else identifiable, was 

evident. 

Given the instability of the azo bispyrroles in non-anhydrous solutions, efforts 

moved to exploring properties of anhydrous solutions, to determine if water or O2 

contributes to photodecomposition. Solutions of 3a in anhydrous ACN or DMF were 

prepared. The inert samples were irradiated with the same light sources (360 nm, 480 nm, 

and 520 nm). Figure 3.18 displays the photodecomposition of azo bispyrroles 3a when 

irradiated at 520 nm. Importantly it was observable that azo bispyrrole 3a was more stable 

in an inert environment compared to when the irradiated in the non-anhydrous 

environment, as seen by maintenance of the intensity of absorption upon irradiation.  
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Figure 3.18 UV-Vis absorbance spectra of the photo decay of azo bispyrrole 3a in inert 

ACN and inert DMF at 520 nm. 

To further understand the differences in stability between anhydrous and non-

anhydrous solutions, of 3b and 3c were analysed under the same parameters as those used 

for 3a. Figure 3.19 shows the absorbance plots from 0 to 60 minutes of azo bispyrroles 3a 

and 3b solutions in ACN when irradiated with different LED light sources. It is important 

to note that 3c was insufficiently soluble in ACN to enable its analysis. Similarly, Figure 

3.20 shows the photodecomposition of azo bispyrroles 3a-c in DMF, under the same 

conditions. It was observed that all anhydrous solutions of azo bispyrroles 3a-c are 

relatively stable, further supporting the notion that solutions of azo bispyrroles decompose 

in the presence of either water or O2.  
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Figure 3.19 Absorption spectra of solutions azo bispyrroles 3a and 3b in inert ACN 

irradiated with different LED light sources (UV ï ‗max: 390 nm, B - ‗max: 460 nm, and  

G ï ‗max: 520 nm). 
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Figure 3.20 Absorption spectra of solutions azo bispyrroles 3a-c in inert DMF irradiated 

with different LED light sources (UV ï ‗max: 390 nm, B - ‗max: 460 nm, and  

G - ‗max: 520 nm) 

Even though the use of anhydrous solvent has significantly improved the stability 

of azo bispyrroles in solution, evidence for photo-isomerization or the achievement of a 

PSS for azo bispyrroles 3a-c was still absent in solution. As mentioned earlier, azo 

bispyrroles in solution are weakly fluorescent. However, it was noticed that azo bispyrroles 
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in their solid-state fluoresce strongly upon exposure to certain wavelengths of light  

(‗max: 365 nm). The next section discusses the solid-state emission of azo bispyrrole 3a. 

 

3.2.5 Solid State Emission  

With no evidence for the formation of Z-isomer or a PSS in both anhydrous and 

non-anhydrous solutions, the photochemical characteristics of azo bispyrrole 3a in the 

solid-state were studied. Azo bispyrrole 3a in its solid-state fluoresces strongly under long 

UV-wavelength. For example, samples of 3a in solution (DMF) and in the solid state 

resulted in quite different visual appearances when viewed under a lamp usually used for 

analysis of silica-based TLC plates (UV-lamp, ‗max: 365 nm) The difference between the 

two samples is shown in Figure 3.21.  

 

Figure 3.21 Different states of azo bispyrrole 3a. a) solution in DMF & natural light. b) 

solid-state & natural light. c) solution in DMF & exposed to 365 nm UV-lamp. d) solid-

state & exposed to 365 nm UV-lamp. 

The solid-state emission properties of studies 3a were thus studied. Solid state 

emission involved using a modular setup, where either UV or green LED lights (‗max: 365 

nm or ‗max: 525 nm) excited the sample, and a flame emission spectrometer detected the 

emission produced. Many experimental methods and mediums were evaluated, many of 

a) b) c) d) 
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which were not successful. Examples of these were drop casting films of azo bispyrrole 3a 

on a glass slide or coating filter paper with a solution of azo bispyrrole 3a in ACN and 

allowing to dry, before irradiating with either UV or green LED light. Both methods were 

guided by literature reports.54 The signal-to-noise ratios of the emission detected in each 

study were not quantifiable and thus these methods were not pursued.  

Given that these methods to produce samples for analysis of solid-state emission 

resulted in non-quantifiable results, solid samples of 3a were then analysed. This solid was 

the precipitate isolated after the final step of purification as described in Chapter 2. A non-

uniform layer of the solid powder of azo bispyrrole 3a was placed between two glass slides. 

The sample prepared this way was excited with UV light source of (‗max: 365 nm). A 

significant emission was observed (Figure 3.22). However, when the sample was 

immediately re-analysed for emission, the intensity of that emission was found to be 

reduced compared to the initial interrogation. Thus, azo bispyrrole 3a was excited for 10 

mins with the emission spectra recorded every 1 minute. The emission spectra are shown 

in Figure 3.22. This characteristic of gradually plateauing of the solid-state emission 

complements the notion that the PSS is reached. This was the first evidence for attainment 

of a PSS of azo bispyrrole 3a. 
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Figure 3.22 Solid state emission of azo bispyrrole 3a irradiated at 365 nm for 10 minutes 

and analysed every minutes. 

If a PSS was indeed achieved, this could be an indication that 3a photo-isomerized 

from the E-isomer to the Z-isomer in the solid-state.55 Such a phenomenon is known for 

other azo dyes, for example azopyrimidine photo-isomerize (E to Z-isomer) in the solid 

state upon irradiation at 365 nm.55 If so, the Z-isomer of 3a might relax to the E-isomer, 

either thermally or photochemically, with reference to the original emission characteristics 

seen at t = 0 mins in Figure 3.1. Such relaxation was observed for azo bispyrrole 3a upon 

removal from the light source and analysis after 3 minutes (Figure 3.23).  
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Figure 3.23 Solid state emission spectra of a sample of azo bispyrrole 3a irradiated using 

365 nm UV-light. The emission spectra (blue) for 0 and 10 mins; post-analysis 3 minutes 

after removal of light (red).  

This work provides the first evidence for azo bispyrrole 3a thermally isomerising 

back to the original isomer, after first irradiation to reach a PSS. Hypothetically, if 3a was 

allowed to thermally relax for a longer time (i.e., 10 minutes instead of 3 minutes), it may 

fully recover. This set-up to assess solid-state was successful, emission was observed, 

evidence for photo-induced isomerization was obtained, and an indication of thermal 

relaxation back to the original state was achieved. Further work to explore solid-state 

emission of azo bispyrroles 3a-g is required. 

 

3.3 Conclusion 

The photophysical characterisation of azo compounds 3a-g has been explored. This 

study has highlighted azo compounds that absorb bathochromically compared to azo 

benzene C1 and phenylazopyrrole B1 (Figure 3.5) and the structural features responsible 
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have been presented. In addition, azo compounds 3a-g have large extinction coefficients 

ranging from 20,000 ï 80,000 M-1cm-1.  

A solvatochromic analysis of solutions of azo compound 3a led to the discovery 

that 3a was not stable in non-anhydrous solution. Similar observations were found for 

solutions of 3a-c (in ACN/DMF), irradiating using varying light sources. Thus, the rate of 

photodecomposition of 3a-c was calculated, and the half-life values of these azo 

bispyrroles were found (Table 3.4). However, when azo bispyrroles 3a-c were prepared in 

anhydrous conditions minimal photodecomposition was observed, indicating their 

increased stability in inert environments. Yet, no evidence for isomerization or a generation 

of a PSS was found in solution. 

However, switching to analysis of azo bispyrroles 3a in solid-state resulted in the 

very first finding of a PSS. In addition, recovery of the emission intensity was found 

identified 3a was allowed to thermally relax. This was the first indication that 3a photo-

isomerizes, a PSS was reached, and recovery was thermally obtainable. All these 

characteristics are common for azo dyes.  

 

3.4 Future Work  

Even though a possible PSS was identified, an absorbance spectrum of 3a at the 

PSS would provide further evidence for isomerization in the solid-state. Recognizing this 

observed PSS was achieved after 10 mins, analysing emission at varying time intervals of 

thermal relaxation of 3a is required (with UV LED light, ‗max: 365 nm). Similar studies 

must be conducted for absorbance as well. Lastly, studying the effects of photo-switching 

cycles will help identify the stability of azo bispyrroles in its solid-state. 
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Currently, the set-up for solid-state emission suffers from non-uniformity of the 

sample of azo bispyrrole 3a-g on the glass slide. Alternate approaches to sample 

preparation could be explored e.g., using organic polymers or using metal-organic 

frameworks.56,57 
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3.5 Experimental 

General Procedure: 

All reagents and solvents were purchased from commercial sources and were used as 

received unless otherwise noted. All reactions were carried out under air or under 

anhydrous conditions.  

UV-Vis Absorption spectra, emission was recorded using a Horiba Scientific Duetta two-

in-one fluorescence and absorbance spectrometer and using a quartz cuvette with a 1 cm 

path length. Photodecomposition was performed on 3-d printed plastic ring with either 

green light (R6060AA-GRN, ‗max: 520-530 nm, Power: 14.4 W), blue light (R6060AA-

BLU, ‗max: 470-480 nm, Power: 14.4 W) or UV light (R6060AA-UV, ‗max: 390-400 nm, 

Power: 14.4 W), stir plate and a fan, with the whole set-up covered with aluminum foil. 

Solid state emission data were recorded using an Ocean Insight flame emission 

spectrometer (range 190-1100 nm) which includes either white light (‗max: 365 nm, Power 

800 mW) or green light (‗max: 365 nm, Power: 1500 mW) LED lamps to excite the sample.   

Acknowledgement to Madeleine Dearden for finding the quantum yields of azo bispyrroles 

3a-g. 
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3.5.1 General Procedure for UV-Vis absorbance, emission, and calibration curve  

The stock solutions of azo bispyrroles 3a-g in ACN or DMF were prepared. UV-Vis 

absorption and emission data were collected and recorded. A range of concentrations of 

azo bispyrroles 3a-g in ACN or DMF were prepared (1-18 x 10-6 M) depending, and their 

respective absorbance spectra measured, and their corresponding ‗max absorbance were 

found. A calibration curve, plotting absorbance (at ‗max) vs concentration (M x 10-6) and 

identifying the line of best fit, was used alongside Beerôs Law (Equation 3.1) in order to 

calculate corresponding extinction coefficients.  
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3.5.2 Solvatochromic study of azobispyrrole 3a 

A fixed concentration (5 x 10-6 M) of solutions of azo-bispyrroles 3a were prepared in 

acetone, ethyl acetate, diethyl ether, pentane, toluene, DMF, ACN and dichloromethane. 

The UV-Vis absorbance spectra were recorded for all solutions and the absorbances were 

normalised to their ‗max. A plot of all solutions of azo bispyrrole 3a is shown in Figure 3.6, 

and their corresponding ‗max for each solvent is found in Table 3.2.  
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3.5.3 Photodecomposition of azo bispyrroles 3a-c in non-anhydrous conditions 

A fixed concentration (5 x 10-6 M) of solutions of azo-bispyrroles 3a-c were prepared in 

ACN or DMF. The solution absorbance spectrum was measured at time: 0 minutes, in a 

quartz cuvette. The solution (in the quartz cuvette) was placed in the center of the stir plate, 

with the 3-d printed ring with LED lights irradiating the sample (UV, Blue or Green). A 

fan was used to keep the sample at room temperature and the whole apparatus was covered 

with aluminum foil, to isolate the light source. Absorbance spectra were recorded every 10 

minutes up to 60 minutes by removing the cuvette from the irradiation source and placing 

it in the Duetta spectrometer. 

The first ‗max of each absorbance spectra time interval was converted to concentration, 

using Beerôs Law (Equation 3.1). The difference between the absorbance at time-interval 

compared to at time = 0 minutes was found, and the loge of this difference was calculated. 

Using the first order rate-law, a plot of the loge(  vs time (sec) was produced. Using the 

line of best fit, the rate of decay k (sec-1) was found (Table 3.4).  
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3.5.4 Photodecomposition of azo bispyrroles 3a-c in anhydrous solutions. 

A fixed concentration (5 x 10-6 M) of solutions of azo bispyrroles 3a-c were prepared in 

non-anhydrous ACN or DMF. The solution was freeze-pump-thawed and each transfer to 

quartz cuvette was completed in the glove box. Cuvettes were then sealed with a Teflon 

cap, and the samples were then removed from the glove box (and sealed with tape) and the 

absorbance spectra measured at time: 0 minutes. Each solution (in the quartz cuvette) was 

placed in the center of a stir plate, with the 3-d printed ring with LED light irradiating the 

sample (UV, Blue or Green). Temperature was kept consistent with a fan and the whole 

apparatus was covered with aluminum foil to isolate the irradiation source. Absorbance 

spectra were recorded every 10 minutes up to 60 minutes by removing the cuvette from the 

irradiation source and placing it in the Duetta spectrometer.  
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3.5.5 Solid State Emission of azo bispyrrole 3a 

Solid powdered azo bispyrroles 3a (1 mg) was placed between two glass slides and the unit 

was compressed between finger and thumb. The sample was excited with white light  

(‗max: 365 nm) and the emission spectra recorded every minute for 10 minutes. The light 

was switched off and the sample was left in the dark for 3 minutes. After 3 minutes, the 

sample was excited with white light (‗max: 365 nm) so that the emission spectra could be 

recorded. A plot of the solid state emission of azo bispyrrole 3a is shown in Figure 3.22 

and the thermal recovery, post-irradiation, of azo bispyrrole 3a is shown in Figure 3.23. 
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Chapter 4 Conclusion 

This thesis work involves the synthesis and investigation of azo bispyrroles, the 

first of such series.  

Chapter 2 describes the successful isolation of eight azo bispyrroles 3a-h. A range 

of nitrobutanones with varying arene substituents were synthesized and subjected to 

microwave irradiation. As a consequence, eight azo bispyrroles were successfully isolated. 

In addition, this chapter highlights significant improvements in purification methodology 

for isolating azo bispyrroles. These improvements included: complete dissolution of the 

starting material prior to microwave irradiation; using alumina over silica as the solid 

media for purification via chromatography and using dichloromethane in hexanes as the 

eluent for chromatography. The improved synthetic and purification methodology resulted 

in the successful isolation of azo bispyrroles 3a-h.  

Chapter 3 discusses the photophysical characterisation of azo bispyrroles 3a-g 

including UV-Vis absorbance and emission data. Efforts in to find evidence for 

photoisomerization concluded that azo compounds 3a-c were not stable in  

non-anhydrous solution, as they readily photo-decompose when exposed to natural light or 

excited by using LED lamp sources. The switch to anhydrous solutions of azo bispyrroles 

resulted in their increased stability when excited with LED light. Photodecomposition was 

monitored for azo bispyrroles 3a-c in both non-anhydrous and anhydrous conditions, yet 

no observable PSS was found in solution-state. Solid-state emission of azobispyrrole 3a 

identified the attainment of a PSS, and that thermal recovery of the azo compound 3a post 

irradiation occurred. This was indeed the first evidence of photoisomerization for an azo 

bispyrroles.   
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Appendix A  

Nuclear Magnetic Resonance Spectra 

1H NMR (500 MHz) spectrum of compound 1a in CDCl3 
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1H NMR (500 MHz) spectrum of compound 1b in CDCl3 
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1H NMR (400 MHz) spectrum of compound 1c in CDCl3 

 
13C NMR (100 MHz) spectrum of compound 1c in CDCl3 
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1H NMR (400 MHz) spectrum of compound 1d in CDCl3 
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1H NMR (400 MHz) spectrum of compound 1e in CDCl3 

 
13 C NMR (100 MHz) spectrum of compound 1e in CDCl3 

 



 

 

147 

1H NMR (400 MHz) spectrum of compound 1f in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 1f in CDCl3 
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1H NMR (400 MHz) spectrum of compound 1g in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 1g in CDCl3 
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1H NMR (400 MHz) spectrum of compound 1h in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 1h in CDCl3 
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1H NMR (500 MHz) spectrum of compound 2a in CDCl3 
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1H NMR (500 MHz) spectrum of compound 2b in CDCl3 

 
13C NMR (75 MHz) spectrum of compound 2b in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2c in CDCl3 

 
13C NMR (100 MHz) spectrum of compound 2c in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2d in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 2d in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2e in CDCl3 

 
13C NMR (100 MHz) spectrum of compound 2e in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2f in CDCl3 

 
13C NMR (100 MHz) spectrum of compound 2f in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2g in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 2g in CDCl3 
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1H NMR (400 MHz) spectrum of compound 2h in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 2h in CDCl3 
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1H NMR (500 MHz) spectrum of compound 3a in DMSO 

 
13C NMR (125 MHz) spectrum of compound 3a in DMSO 
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1H NMR (400 MHz) spectrum of compound 3b in CDCl3 
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1H NMR (400 MHz) spectrum of compound 3c in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 3c in CDCl3 
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1H NMR (400 MHz) spectrum of compound 3d in CDCl3 

 
13C NMR (125 MHz) spectrum of compound 3d in CDCl3 
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1H NMR (400 MHz) spectrum of compound 3e in CDCl3  

 
13C NMR (125 MHz) spectrum of compound 3e in CDCl3  
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1H NMR (400 MHz) spectrum of compound 3f in CDCl3 

 

13C NMR (100 MHz) spectrum of compound 3f in CDCl3 
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1H NMR (400 MHz) spectrum of compound 3g in CDCl3  

 
13C NMR (100 MHz) spectrum of compound 3g in CDCl3 

 


