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Abstract

Azo dyes area class of chromophorésat can be tuned &ccess the entire visible
range This characteristt makesazo dyes highly attractivier uses in colouring, and today
they account for the majority afdustrialdyes Azo dyes often have the capability to
photoswitch E- to Z-isomers), making them desirable in {oedical applications.
Although the liteature on azo benzenes is extensive, research focusing on heteroaryl azo
dyes is undeexplored. Among all heteroaryl dyes, azo bispyrroles have not been reported.
This thesis discusses the isolation and characterization of eight azo bispyrroles.

Chapterl 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 aa#ipyrrins and optimized synthetic and purification methodology
wasdeveloped.

Chapter 2 describes the photophysical characterization of azo bispyrroles. With
efforts to explore photoisomerization of azo bispyrroles, it was foundthbatelative
stability in noranhydrous solutiowaspoor as tese compounds readiffgcomposén the
presence olight. However, studies withnhydroussolutions of azo bispyrroles showed
improvedstability under the same conditions, yet no photoisomerizatasobserved.
Studiesnvolving azo bispyrroles in thesolid-stateresulted in thdirst 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 adwspyrroles, including various functionalities and methods of
purification. The second theme explores the characterization of azo bispyrrolesoclud

photophysical properties and stability in solution or solid state.

1.2 Azo dyes

Colours are a pillar in expressing culture and tradition andeemed by many to
bea necessity in everyday living. For millennmatural céouring, pigmentation andyes
have beerused extensively in textiles, fabrics, architecture!@oe f or e tthee 1850
colour industryrelied heavily on extracts froriving organisms as they were the only
practical sourcef dyes?* However, due to the limitatienof the natural world, both in
terms of quantity andodour of dye,a drastic need tmove tosyntheti@ally manufactued
dyesemerged. This need led to mangynthetically accessed dyesmdan investigation of
their applications beyond their colaurhe first synthetic dyproducedvasmauveine an
organic compound of dark purplecolour discovered in 185by Perkins(Figure 11).5°
This discovery sparkedraindustrial hunt to find and make synthetic dyedluendng

manyothersto exploreorganic framework$or their colour.



N
N
T
H,N N NH
S
AcO
Figure 1.1 Chemical structure of mauveine.

Dyes are classified inteeveralgroupsbased on their functional groupsne of

them being azo dyes, which this thesis will focusAao dyes are a class of molecutbat
contain theN=N- (azo) Inkage(Figure 12).2

QN:NQ

Figure 1.2 The molecular structure of diphenyl azo dye

The first discovery of azo dyegas maden 1858 by PGriess, a brewer chemist,
who notedthe formation ofan azo dyeas a consequence ofd&mtisationreaction’®
However,Griess was unabl® commercialise his synthetic azo dye due to complications
with patenting. The first commerciakodyes, aniline yellow and bismark brown, were
made by CMartius and HCarq in 1863(Figure 13).° Sincethefirst commercialisation,
azo dyes have been widely attractive to researchers, due to their chamictierefore
photochemicaltunability. Tre tunability enableghe production ofzo dyedhat provide
accesdo the entire visible spectrum frogellow 12 totrypan blue'® Today, this class of
dye accourgfor over 80% of commercial dyes and 70% of industrial dyh main uses

in textiles, leather and food colouriht*



NH2 H2N NH2
O o

NH, NH,

1 2

Figure 1.3 Molecular structure of aniline yellowl) and bismark brown2j

Azo dyes can be further classified indabcategories; 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 présentre 13). 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 thekcatdgories, using the Colour Index

system Table 11). 2!

Table 11 Colour index system for azo dyes

Chemical Class Colour Index No.
Monoao 1100619999
Diazo 2000629999
Triazo 3000634999
Polyazo 3500036999
Azoic 3700639999

Azo dyes contain a centrdli=N- double bond. They resemble alkenes, due to the
central double bond and the possibility for two geometrical isomers. However, the stability
(of E- andZ-isomers) of azo compounds is quite different to that of alkenes. Mgnera

stable in thdée-isomer, azo dyes can often photochemically switch digdticed
3



isomerization) to th&-isomer Figure 14).1%°Once the azo dyes are in th&iisomeric
form, they can often revert back to the more sté&bisomeric form:®!® The Z- to E-
isomeric switch has been achieved photochemically and thernftigtochemical
switching of azo dyess of interest in the mechl fieldsand has appiationsin photo

pharmacokinetics and drug delivefy?°

— -t

@ hv/A i hv/A N=N

E — - V4

Figure 1.4 Photochemical switching of diphenyl azo dye frento Z-isomet

In the 1930s the antibiotic Prontosil became the first azo dymsmmercidly
available as drug?'??2Indeed J. Klarer and FMietzsch discovered the first sulfanilamide
drugto treatStreptococcus pyogenesgrampositive bacterig! Since the 1930s, azo dyes
have beeremployed in antibacterial, antimalarial, antifungal, antioxidant and antiviral

agents3

1.3 Synthesis of Azo dyes

From the time Griess discovered azo dyes, the conventional route to the synthesis
of azo dyes has involved diazoniumts&IThis conventional route is highly desirable in
an industrial setting, due to its simplicity and scalability. For example, the aniline

derivativeA is reacted with sadm nitrate, under acidic conditions to form the diazonium



saltB (Scheme 1). The diazonium salB is then coupled with another phenyl moiety,

via dectrophilic aromatic substitution, to yield the desired azoGlfe

N
R2 2
NH, N® O, ©/ R
HCI, NaNO, @ N:,\I
R’ R' R
A B c

Scheme 11 Azo dye synthesis via diazonium salt

Diphenyl azo dyeshave limitations in their tunability, since variations of
substituents are the only factor that affect their photochromic prop€r8estching to azo
dyes incorporating heteroaryls can maintain the photochromism and achieve structural
diversity such as to vary the absorption characteristics and extend thiéehallfthe Z
isomer?+?°In addition, heteroaryl azo dyes create a pathway for further reactivity, such as
acid/base reactivity, #donding and metal coordinatidh5-Membered heterocyclic azo
dyes often have photophysical properties and molecular interactions that complement those
of the traditional arybased azo dyeé.In particular, Ncontaining heteroaryl azo dyes,
such as those containing pyridinedole, pyrazole and pyrroles, have been reported to
exhibit desirable featuré8222627This thesis focuses on azo dyes featuring the pyrrole

heterocycle.

1.4 Pyrroles
Pyrroles are a class of organic compautiht play a significant role in various

fields including chemistry, biochemistry, and matersdience Pyrroles ag¢ heterocycle
5



composed of a fivenembered ringi.e., four carbon atoms and one nitrogen atdrne
2,5-positions of pyrroles are referremlasthe| -positions, and the 3;dositions areeferred

to ast h eposhions(Figure 15).28

4,3 3.B
5,a 1/ \> 2.
N
H
1,N
Figure 1.5 Molecular structure of pyrroles
Pyrroleshave & ©~ a r o ma twithglamantysahdecanjugatioabout the ring

The 6° conj adgesedoeHdu ckyed tbesm r ul e of aromat i ci t
pair of electronson the nitrogen makes pyrrolesore reactive,compared tanostother
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 condition® On the other hand, pyrroles have a low basicity compared to
amines and pyridines, due to the enhanced delocalisation of electron &eAtitihese
characteristics impadistinctive properties and reactivity allamg pyrroles to bauseful
building blocksin biologicaly active moleculs

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 akeole in biological processeBigure 16). These molecules
arevital in facilitating oxygen transportatian red blood cell§D) andfor photosyntlesis

in plant cells(E). Their importance in biological processasludes the fact thatyprole-



containing drugsirehighly desirable in medical applicationsExamples of their medical
applications includereatments for cardiovascular disease (Ataiata®)’° and anticancer
agents (Roseophilirff Atorvastatin which is commonly known as Lipitor, is one of the
bestselling drugs, with sak of $7.2 billion in 2002, and which doubled in 26®%%.These

are a fewexampleof pyrrolic-containing drugsnd their uses imedicine.

2 7

L/

0
Alkyl <
HO Yy 07 OH y

D E

Figure 1.6 Chemical structure of hemB) and chlorophyl(E)

Several syntheses of the pyrrole framework were discovered by Ha¥tzsch
Knorr®3, PaalKnorr**3 and Roger® in the late 19 century,and are still used today

(Scheme ).
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cl N
b) o
3 / \
R1JJ\/\[(R2 R°NH3 - R1/(N—>\R2
o) R3
c) OEt 1
R'  CO,Et
RL_O 0 Zn, AcOH
. -
RZONH, O RSN R
RS H
9 NO, R?
0 NH,OAc, AcOH
- / \
R R2 RN
H

Scheme 12 Synthesis of pyrrole. (a) Hantzch synthesis, (b) Kipgmrole synthesis, ()

PaatKnorr synthesis (d) Roger siresis

The work herein focuses on substituted pyrroles wharehnot easily available via
the classic methods shown $itheme Ra-c, due to thenature of substitués on the -
a n dpoditions.Many alternative approdes tosynthesiing pyrrolesare reported. One
example shown irscheme 2d involves using nitrobutanones, as discussed in the next

section3%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 chemistryAniline was converted into its diazonium salt and reacted with N
8



methyl pyrrole to result in the corresponding arylazopyrrole, showSclreme Ba.
Similar observaons were found,4-dimethyl pyrrole reacted with the diazonium salt,
forming the arylazopyrroleScheme 1b). It was noticed from the two reactions that the

coupling was regioselective for theposition of the pyrrolé?

) 1) HCI, NaNO,
acetone/H,0, 0 °C N N
? =~ )
N 2) Na,COj, q

2 acetone/H,0, r.t. N

W
b) 1) HCI, NaNO, N /@
acetone/H,0, 0 °C >~ °N
———>
HoN 2) MeOH/pyridine, 0°C
2

H
N

-

Scheme 13 Synthesis of arylazopyrroles involving: aymethyl pyrrole b) 2,4imethyl

pyrrole.

Mmasi nachi Atansi, a previous atdmpeder 6 s
to synthesize azo bispyrroles by forming the diazonium salt of a pyfrdlee goalfirst
to involvedisolaion of the amino pyrrole§cheme 4). Towards this goalMmasinachi
successfully isolated diphenyl pyrrdle by usi ng RS8opane €4, amly nt he s

was able to nitrosolate the pyrrole to givé®38



Ph 1) Hl, NaNO,(aq) Ph o
EtOH,rt. n 10%Pd/C,Hy ﬂ
MeOH

~I
el
_—

Ph 2)HCl, 1h0°C  Ph” °N” “NO Ph >N NH,
H H
E G
1) HCI
2) NaNO,, MeOH

o
>
- -

ﬁ N NP N ﬂ 5
H NA%\J/ - ---------------- Ph H NSN

Ph
| H

Ph

Scheme M4 Syntletic attempts to access an azo bispyrrole.

To synthesize the amino pyrrolé (a compound reported previously to be
unstable), nitros@yrrole F was reduced with hydrogen gas using palladium/charcoal as a
catalyst®® The reproducibility of isolating the amifyrrole proved challenging, as instead
the material underwent reaction with adjacent pyrrole to form an az#pyrrin, amid
other product§Scheme B). After numerous attempts to isolate the desired amino pyrrole,
the diazonium route to azodpyrroles was deemed inaccessilas such, the synthesis

of azo bispyrroles remains highly desirable.

R? R1 R
N
M 10%PACH, I +  By-Products
R® "N NO MeOH =N HN-/
F Re i

Scheme 15 Formation of aza dipyrrin from a nitroso pyrrole

1C



1.6 Thesis summary

Heterocyclic azo dyes have expanded the breadt#sefrch 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 fyias been reporté@d Reproducibility
of the synthesis of amino pyrrole was uaatable due to instability, anas 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 wkired for isolation of these novel compounds. Chapter 3
discusses the photophysical properties of azo bispyrroles. This includ&$slivialysis
(absorbance and emission) capabilities: a brief exploration of jmtwerisation (fronie
to Z), a solvent stdy, photeinduceddecay and solidstate 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

charactedation data.

11



Chapter 2 Synthesis and Purification of Azebispyrroles

2.1 Introduction

This chapter discusses experiments that led to the isolation of azo bispyrroles. The
route initially started with an investigation of tsgnthesis of rotationally constrained aza
di pyrrins. Roberto M. Rodriguez, a previolt

attempted the synthesisofadd pyr ri ns bear i ngpoditians(kigures ub st i

2.1).40
Bulky Bulky
group group
N
/ 2 =
=N HN /
Ar Ar

Figure 2.1 Molecular Structure of azdipyrrins

This was achieved by first forming the corresponding chal¢(®deeme 2.). Aldol
condensation of mesitylaldehyde and acetophenone resulted in the desired calcone (
with high yield. The Michael addition, of chalcorfe( and nitromethane, resulted in the

nitrobutanoneawith good yield®®

12



=
H o+ Base -
MeOH

1a

CH3NO,, HNEt,
MeOH

NO,

2a

Scheme 2L The synthetic route to nitrobutanones.

Nitrobutanones are welltilized starting materials for the synthesis of pyrroles and
azadipyrrins. However, whe@awas subjected to the classic conditions for the synthesis
of azadipyrrins, the desired product was obtained alongside a new comffb@ndlysis
of the new compound b§H NMR spectroscopy identified the atacteristic peaks of
mesityl, phenyl and pyrrolic f protons. Mass spectrometry data suggested the new

compound to be the azo bispyrraBa). A crystal structure further confirmed the isolation

13



of this novel compountf Compound3a representedhe first isolated azo bispyrroles

(Scheme 2), complementing the arylazopyrroliesthe literature24

NH,OAc

O O ACOH, 118°C N A
\_NH N=

3’a 3a

Scheme 2 The synthesis adizadipyrrin and azo bispyrroledm nitrobutanone

Roberto proposed a mukitep pathway for the formation of azo bispyri@éefrom
the nitrobutanon®a (Scheme &).*! Scheme &a presents a mechanistic route towards
pyrroleA5, from nitrobutanon@a, followed by nitrosylation to provida6. The route also
enables the formation amipyrrole A8. The steric clash of thmethyl groups at the 2,6
positions of the two mesit\droups on the azdipyrrin 3 6ishypothesized to destabilize
this compound$cheme 22). The steric clash ohe two mesityl groups is shown®i, in
Scheme &b, which highlights the reaction where pyrrélb acts as the nucleophile and
attacks the nitroso pyrrol&6. This geric clash presumably renders the formation of aza
dipyrrinsl ess competi ti ve t ha n-positioasrofthe lcomstitsentb s t i t
pyrrolesareless bulky However, theE-isomer of the azo bispyrrol@a places the two
mesityl groups ormpposite sides of the molecule, presumably reducing steric interaction
(Scheme 2). As is shown inC1 of Scheme &c, Roberto hypothesized the route to azo

bispyrroles3a where nucleophilic attack of amino pyrroA@ to the nitroso pyrrolé\6,

14



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.

N
O NH,OAc

PPt
—>
Ph Mes AcOH

2a

Mes

Mes Mes
HNO -HNO
SRR e
Ph—>N~ ~NO Ph— N 2
H H

A6

QH
NH 02 Mg\o@
PhMMeS = PR Mes
A2 A3

-
<~—— ph

N~ N
H OH
A5 A4
Mes Mes
m ‘:‘ -
Ph™ >N~ "NH, Ph—" N~ ~NH
H
A8 A7
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b) B1 Steric Clash

—_— / -
=NH HN-//
I3\ I\
P~ N>y~ ~Ph PH
H ¥ H A9
A5 A6
-H,0
Mes:
Mes Mes
N
/ e -
g HN—/
Ph Ph
30a
c1

c)

Ph
J \; TN N /U\CBNQ H o
Ph H NH, d,,\j N Ph— N”V
A8
A6

H Y
OA
Mes(\ ¢

OH H
I\ N-_N<_Ph
NN\
H H

\) Mes

3a H-O "a11
H

Mes
H
Ph™ >N~ 7N U Ph
H
Mes

Scheme ZRobert o6s psteppatbveay al; a)mitrdbutanone to amino pyrrole,

b) azadipyrrin 3 6farmation, c) azo bispyrrolgaformation.
16



Consideration of the steric -pasitiosstof ai nt s
the constituent pyrroles prmles a reasonable rationale for emergence of azo bispyrroles
from a synthetic route wed#tstablished to form azdipyrrins. The work herein focuses on
exploring the limitations of using bulky nitrobutanones for the formation of azo bispyrroles
(Scheme 21). Attempts to improve yields fosynthetic methodology and purification

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

Core.
Bulky
NO, group
o)
Jki NH,0Ac H .
Art Bulky ACOH, 1183 | DN, NAT
rou
group A’ N NJ>\/\|f
2
Bulky
group
3

Scheme 24 The synthesis of azo bispyrroles
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2.2 Results and Discussion
2.21 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 paramete
A-values describe thequatoriaito-axial equilibrationof a substituent on a cyclohexane
ring and are measured gsG  ( k c .& Tablm2llshows the Avalue conformational

energy differences for cyclohexanes legua range of substituerft$4°

X
Keq
[T =~ [«

Table 21 Conformational energies of substituents on cyclohexane.

Substituent A-Value of X
X (kcal/mo))
H 0

F 0.15

Cl 0.43

Br 0.38

I 0.43
OCHs 0.6

CHs 1.7

Ch 2.1

i-Pr 2.15

t-Bu >4.5
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Small substituents, i.e., X = F, hasmaller Avalues whereas larger substituents,
i.e., X =iPr, have larger Aalues. The methyl (C8lilgroup has an Aalue of 1.7 kcal/mol,
a measure relevant to the incorporation of mesityl (Mes) groups in the azo bispyrroles
discussed here. Thmethyl substituents and each mesityl group, sits orthogonal to the
pyrrolic units of both the azdipyrrin and azo bispyrrole plan&g¢heme Z&). This is
supported byhe crystal structure &a*! The 2,6positions of the mesityl groups are key
to the steric clash present in the-aayrrin 3 @ @he steric clash betweeretl,6methyl

groups of the Mes arenes is reduced in the azo bispyBales

Scheme 5 Structures of azdipyrrin 3 6 and azo bispyrrol&a, highlighting the 2,6

positions of the two mesityl substituents.

Understanding thamportance of Avalues helps provide insight tieeinfluence of
the steric factors that disfavour the formation of-dggyrrins, and thus promotthe
formation of azo bispyrroledJsing the methyl substituent as a benchmark, synthesis of
azo bispyrroles #h bulky substituents on the 2p®sitions form the basis of this thesis

work.
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2.22 Synthesis ofazo bispyrroles

The work herein focuses on the synthesis of azo bispyrroles, specifically the
inclusion of steric bulk at the 2gositions of the aryl group represented RYyin azo
bispyrroles shown inScheme &. Thus, the focus is to target sterically bulky
benzaldehydes, as they are the precursors to azo bispyrroles and the natuRé grfcthe
Alongside varyingR?, the nature of the-areng(R?) of azo bispyrroles will be grored to
determine the influence of this substituent upon the formation of azo bispy@clesnte
2.6). VaryingR?requires varying thacetophenones used as precursors to azo bispyrroles.
Thus, the synthetic route to azo bispyrroles is as sho@eheme &: first the formation
of the chalconé by reacting bulky benzaldehydes and functionally varied acetophenones,
then the formation of the nitrobutanoBeand finally the reaction of the nitrobutanone to

give the desired azo bispyrrd@e

O . ?]\ Base o
I .
Rzk R! TH Solvent szm
1
R': Bulky
R2: Ph, (4-Cl)CgHs, Bulky CH;3NO,, DBU
MeOH, 65 °C
R1
NO,
N\ H 2 0
QNN N | R < NHiOAG, AcOH u
2 R2 R'
R H \ LW
R1
3 2

Scheme % Synthetic route tozp bispyrroles.
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Synthesis of chalconed&l) was conducted via aldol condensation of various
benzaldehydeand acetophenones, under basic andardgrydrous conditions, at room
temperature Table 22).4° Although much literature precedent exists, bases and solvents
were necessarily varied in order to obtain chalcdinpdsn optimal yields. This reaction
was stirred for 1 hour to ensure full conversion. However, many were completed, in
agreement with TLCanalysis, in a shorter time frame. In each case, the product
precipitated, was isolated by filtration, and then washed with cold methanol and cold
pentane. Thelalconessynthesizedby this processvere generally aoff-white or yellow
crystalline powderdowever, the procedures towarjsandll resulted in oils. Scalap of
these reactions did not affect their overall yields (from 500 mg to 2 g). Chaltalies
1b%0, 1d%, 1€, 1 1j*° and1I®® are reported in literature, whereks 1f, 1h, 1i and1k
are novel compounds. Characterisation data supported the structural identity of these

compounds.
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Table 22 Chalcone synthesis by aldol condensation.

R1

0
K

O

H R2

Base

Solvent

’ o

RZJK/\ R1

1

Entry Chalcone R! R? Base & Isolated
Solvent yield (%)
1 la Mes Ph KOH/MeOH 90
2 1b (2,6-diCl)CeHa Ph KOH/MeOH 87
3 1 Mes (2,5diMe)CeHs KOH/MeOH 78
4 1d Mes (4-Cl)CgHs KOH/MeOH 94
5 le (2,6-diCI)CeHs (4-Cl)CeHs KOH/MeOH 66
6 1f° Mes 1-Naph KOH/MeOH 98
7 1P Mes 2-Naph KOH/MeOH 71
8 1h (4-Br-2-Me)CeHas  (4-Br)CeHs KOH/MeOH 86
9 1i (4-Br-2-Cl)CgHa (4-Br)CsHs KOH/MeOH 79
10 3 (2-Me)CsHs Ph LiOH/ 08
EtO & EtOH
1 1k (2,6-diF-4-Br)CeHs  Ph LiOH/ 64
EtO & EtOH
12 1l (2,6-diOMe)CsH4 Ph NaOH/EtOH 90

aAcknowIedgement to Liandrah Gapapekcknowledgement to Dr. James Hilborn

The chalcong(la-1) werereacted with nitromethane ad¢B-diazabicyclo [5.4.0]

undee7-ene(DBU) at reflux temperaturgo resultin ther correspondingnitrobutanone

(2a-1), via Michael addition(Table 23).%° All reactionsgave good yields, except that of

chalconell which did not undergahe Michael addition This is presumably due the

strong electron donain &bility of the two methoxy substituentsyhicht hr oud g h

donationdeactivatesheb-carbonof the| ,b-unsaturted ketoneAs a result, nitrobutanone
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wasnot observedEfforts such as elongation of reaction time, additional equivalents of
DBU or nitromethane, did noenderll andthis was not further pursuedllitrobutanones

2a', 2b* and2m?® are reported in literature, a2d-2k are novel.

JJ\A CH3N02, DBU o M
R2 N gt MeOH, 65 °C, 1 hr R R
1 2

Table 23 Nitrobutanone synthesis via Michael addition.

Entry Nitrobutanone R! R? Isolated
yield (%)

1 2a Mes Ph 80

2 2 (2,6-diCI)CeHa Ph 80

3 23 Mes (2,5diMe)CsHs 68

4 2d Mes (4-Cl)CeHs 63

5 2e (2,6-diCl)CsH4 (4-CI)CeHs 89

6 2f° Mes 1-Naph 77

7 2¢° Mes 2-Naph 80

8 2h (4-Br-2-Me)CsHa4 (4-Br)CeHs 87

9 2i (4-Br-2-Cl)CgH4 (4-Br)CsHs 75

10 7] (2-Me)CeHs Ph 91

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

12 2| (2,6diOMe)CsHa  Ph 0

13 2m Ph Ph 79

aAcknowIedgement to Liandrah Gapapekcknowledgement to Dr. James Hilborn
With a range of nitrobutanones synthesized, featuring varRbsand R?
substituents, the reaction to form their corresponding azo bispyrroles was investigated. The

synthesis of the azmspyrroles3a-k and3m was addressed by reacting nitrobutan&aes
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k and2m with ammonium acetate and acetic acid under microwave irradidtaime 24),
following the method used for the successful preparatioBadfScheme 2).3%4! The
reaction mixture was quenched, in each case, with water and extracted with organic solvent
before drying. The crude product mixture was purifieal solumn chromatography and

was further purified as necessary to provide the azo bispyBalesTable 24 highlights

the eight azo bispyrroles that were synthesized using this method, alongside the reactions
that did not yield their respective azo compounds. Full characterization angyBIMR
spectroscopy:3C NMR spectroscopy, HRMS) confirmed the idgntif these eight novel

compoundsKigure 23)
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le) 2
RZJJ\/[FN

2

NH,OAc, AcOH

-

M.W., 20 mins
100 W, 118 °C

R1
1 1
H ) R R
N N | + TSN +  By-Products
R? H \ \_NH N=
R1 RZ R2
3 3

Table 24 The synthesis of azo bispyrroles.

Entry Azo R! R? Sub. of A-value Isolated
dye position of yield of
2 ofR' position2 azo dye
(kcal/mol) (%)
1 3a Mes Ph CHs 1.8 30
3b (2,6diChCeHs  Ph Cl 0.52 28
3 3c  Mes (2,5 CHs 1.8 6
diMe)CsH4
4 3d Mes (4-Cl)CeHs CHs 1.8 6
5 3e (2,6diCl)CeHa (4-CI)CeHs Cl 0.52 5
6 3f Mes 1-Naph CHs 1.8 6
7 3g Mes 2-Naph CHs 1.8 7
8 3h  (4-Br-2-Me)CsHs  (4-Br)CsHs CHs 1.8 Trace
9 3i (4-Br-2-Cl)CeHs4  (4-Br)CeHs Cl 0.52 0
10 3  (2-Me)CeHs Ph CHs 1.8 0
11 3k  (2,6-diF-4-Br) Ph F 0.25 0
CeHs
12 3m Ph Ph H 0 0
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Previously reported work by Roberto was replicated successfully giving the azo
compound3a, with 30% isolated yield (Entr{).*! By changing the Mes group dig¢R?!
arene to (2,8lichloro)phenyl azo bispyrrob was isolated in 28% yie:*'In each case,
this synthesis also results in the formation @& torresponding azdipyrrin, alongside
several other byproducts. Purification of azo bispyrrole from atipyrrins and all by
products will be discussed in the next section.

It is important to recognise the steric effects that apparently influencerthatfon
of the azo bispyrrole8a and3b, in comparison to the corresponding -aipyrrin and/or
biproducts Figure 22 highlights the importance of tHe' arene, secifically substituents
X andY atthe2- and 6positiors of RL. The 2,6positions of thék! arene are critical to the
formation of azo bispyrrole, due to the steric bulk that these positions present such as to
render azalipyrrin formation less competitiy

Recognizing the significance ofyalues and steric bulk, aspectsTable 21 were
integrated intdrable 24, to highlight the steric bulk at thegbsition. In most cases the A
value for the substituents at thga@sition is the same as the substituents at-{hes@ion,
asR! is a 2,6disubstitued phenyl rings. However, some mesubstituted phenyR?!

moieties are also explored
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Figure 2.2 Azo bispyrrole and the characteristic features oRharene X represents the
substituent at the-gosition,Z represents theubstituent at the-gosition andy

represent the substituent at thpdsition.

Firstly, by acknowledging the success3iif and recognising the -Xalue of the
chloro-substituent, which is 0.52 kcal/mol (referring to the-@g8itions on thdR! arene),
the reactions of nitrobutanon2m (A-value: 0 kcal/moland2k (A-value: 0.25 kcal/mol)
were explored. WheBm and 2k were subjectedb these reaction condition$gble 24,
entries1l and 12, respectively), azo bispyrrolédm and 3k were not observed in the
product mixture. TLC analysis and HRMS confirmed the formation of theliggarins in
each case but nerfmation of their corresponding azo bispyrroles. Thus, it was concluded
that the dimethyl (Avalue of 1.7 kcal/mol) or the dichloro {#alue of 0.52 kcal/mol)
substituents at the 2ositions of the pheny&* group provided sufficient steric bulk and
wereimportant to promoting the formation of azo bispyrr@asand3b. It is important to
realise that in the azo bispyrrol@a and3b, the R! arenes lie orthogonal to the plane of
the molecular core.

By maintaining the bulkyr® arene (either Mes or (2diCI)CsH4) azo bispyrroles
3c-g were accessed, whereBy was varied. Nitrobutanon&s-g were reacted, as shown
in Table 24 (entries3-7), to give thei respective azo bispyrrol8s-g. However, the yields

for the formation of the azo bispyrrol8s-g were drastically lower than those &4 and
27



3b, and the product mixtures were considerably more complex. By comparing the relative
electronic properties of tHe? arene of3d/3eto 3a/3b, changing to the chlorsubstituent

on the 4position resulted in decreased yields of their corresponding azo loikgsyrThis

is presumably due to the lone pair donation of the ckdalistituent, which deactivates the
nitrobutanones thereby making them more susceptible to unwanted biproduct formation.
Similar effects were observed f8c (entry 3) whereby adding staribulk and electron
donation ability, via induction, resulted in a comparable outcome. Extending the arene of
the R? group to a naphthyl grou@fland2g), while maintaining Mes foR?, resulted in a
similar outcome with successful isolation of the az@yriles3f and3g, in low yields

once again (entriggand7 in Table 24).

Lastly, changing thesubstituents at th2,6-positions tanclude steridoulk atonly
the 2position on theR! areneresuled in a unigue outcome whetbe reaction of the
asymmetric nitrobutanonzh, under the reaction conditions statedleible 24 (entry 8),
resulted in the formation of trace amountshaf azabispyrrok 3h.

Entries 9 and 10 show that azaipyrrin formation dominated, with no azo
bispyrrole isolated, when only thepdsition of theR! arene bore substituents. This is
presumably due to the steric size of the metldstituent (entr3, A-value: 1.8 kcal/mol)
over the chloresubstituent (entryd, A-value: 0.52 kcal/mgl As shown in entryl0,
removal of all the bromsubstituents (i.e.2j versus2h) resulted in ndormation of the
azobispyrrole3;.

In summary, eight azo bispyrroles were isolated. The current loweslu& limit
for substituent at the 2ygositions of theR! arenethat promote the formation of azo

bispyrroles are the chlomsubstituents with an Aalue of 0.52 kcal/mol. By maintaining
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theR! arene as either the Mes @&;&diCl)CsH4 groups, changes to i arene resulted
in the formation of the desired azo compd@c-g. Even though the isolation tieseeight
azo bispyrroles assuccessfulpurification 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 gueducts formed, an efficient purification
method was needed. Adiscussed previously, formation of azo bispyrroles is always
accompanied by azdipyrrin formation, along with multiple bproducts Table 24).
Firstly, separating azdipyrrin from azo bispyrrole proved to be a challenge as they have
relatively close Rvalues. Thorough TLC analysis involving a variety of eluents has been
a key tool by which to guide choices as regaodseparation via column chronogfraphy.
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 a@lppyrin coeluted with the azo higrrole and
streaks throughout the purificatioh was later discovered that the atipyrrin tends to
bind to the silica medium, leading to thiseloition.

Column chromatography f@aand3cover silica and using an eluent concentration
of 0A 20% ethyl acetate (EtAc) in hexanes (Hex) resulted in relution. However, for
the azo bispyrrol8b co-elution presented significant challenges. For different reactions of
3b, column chromatographynditions were explored @ble 25). Each entry imable 25

represents a flerent reaction procedure by which to form and subsequently is8late,
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Severakluent conditions and mediums were evaluated to determine the best approach for
separation of the aadipyrrin/azo bispyrrole mixture. Crude recovery &b prior to

precipitdion is reported, as is the success of attepp@void ceelution.

Table 25 Chromatography conditions for optimal separatdBb.

Column Medium  Column conditions  Crude Recovery Co-elution of3b

(%) with Aza-dipyrrin
Silica 0->20 % EtAc/Hex 20% Yes
Silica 0->60% CHCl/Hex 25% Yes
Neutral alumina 0->20% EtAc/Hex 20% Yes
Neutral alumina 0->80% CHCl/Hex 28% Yes
Neutral alumina 0->20%-> 40% 28% No

CH.Cl2/Hex

It wasconcludedhatthe use oheutral alumingrovided optimakeparation of the
two compounds,sathe azalipyrrin did not bind to this medium (elutes first). The change
from ethyl acetate to dichloromethane ({CH), as the polar solvent in the eluent, also
improved the separatiorf the azadipyrrin from the azo bispyrrole, with no -@wution
observed. In conclusion, the optimal column chromatography conditions for the separation
of azo bispyrrole and adipyrrin involve a 0A 20% gradient of dichloromethane in
hexanes followed bg 20A 40% gradient of the same solvent over neutral alumina, where
under these conditions the adipyrrin elutes at 20% and the azo bispyrrole next at 40%.

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

complicated bythe incomplete consumption of the nitrobutanone. Through TLC analysis
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on silica, of nitrobutanoneZa and2b, and their respective azo bispyrroBsand3b, 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 consaroptite

starting material.

The setup 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 mixtureniorowave irradiation, i.e., the mixture
of the nitrobutanone, ammonium acetate and
minutes in a hot water bath. Increasing the temperature allows for proper dissolution of the
nitrobutanone. Allowing the dsolution 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 swessful as pefable 24: by first allowing for proper dissolution of
viscous nitrobutanones to form a homogenous solution; by using neutral algrtima a
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 azalipyrrins and byproducts present, in the product mixture. Mthis 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 ofvAlues,R! 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 descri@dapter JFigure 23).

7% Trace

Figure 2.3 Isolated azo bispyrrole3a-h.
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2.4 Future Work

Further explorationof reactiors towards azo bispyrrole formatide needed.
Changes in reaction conditions such aelanging thesolvent in ordeito access higher
temperatures, changing the ammonia source (ammonium hydroxicemmonium
formatg, adding a buffer, or changing microwaweadiation conditions are a few
examples that ayincrease yields of azaspyrroles

Alternate methodologyr syntheic routesare ideally neededto find waysto
synthesize azdispyrroles, outside ofhijacked routes normally used fazadipyrrin
synthesis. Xie and coworkers have recedt§covered anew methodologyo syntheste
azodyes by accessing iogtti-aryl sals.®! According to their methodology trealtreacs
with hydrazine in the pesence of @opper catalyst, resulting in the formationanfazo
dye. Adaptatiorof ther methodologyto pyrroles could lead to a new route to synthesize
azo bispyrroles(Scheme Z). However, it is importanto first synthesize the required
starting materiala mesityliodo-pyrrole salf a novel compoundlass®? 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 téitegy used herein, which is reliant

of the presence of bulky substituents.
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2 equiv.

2 equiv.

mCPBA

TfOH, CH,Cly, rt.

Scheme ZI New proposedsynthesis of azbispyrrole
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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 Biotageator+Microwave system. All
chromatography was performed using either Silicycle Ultra Silica Gel 664@3thesh

or 58 A Neutral Alumina and were either performed manually or using a Biotage Isolera
chromatographThin layer chromatography was performed on silica plates or alumina
plates and were visualized using UV light and/or developed with vanillin eDRP2.
Nuclear magnetic resonandNMR) spectra were recorded at (Dalhousie University)
NMR-3 using Bruker; AVANCE 500 MHz, NEO 400 MHz, or AVANCE 300 MHz
spectrometers’H chemical shifts are reported in ppm relative to tetramethylsilane using
the solvent residual as an internal staddar( U ppmfér.CR@zorld 254ppmfor
DMSO). 13C chemical shifts are reported in ppm relative to tetramethylsilane, referenced
to the resonances ofHCIs ( U = 7 7 . DMS@® (p im)0A5@pm) and were proton
decoupledCoupling constantg, are eported irhertz(Hz). Mass spectra were measured

by Xiao Fengusing a Bruker microTOBpectrometeoperating in ESI+ or APCI mode
Chalconesli-m*®* and nitrobutanone&i-m3 were prepared using literature methods,
however they araot reported in the experimenthle tothe unsuccessful outcontetheir
corresponding azo bispyrrolescknowledgement to LiandraBapardor synthesizinglc

and2cand Dr. James Hilborn fdf, 1g, 2f and2g.
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(E)-1-Phenyt3-(2 4,6-trimethylpheny)prop-2-en-1-one(1a)
(0]
7
Using a modified version of a literature procedtfracetophenonet(7 mL, 40 mmolwas

added to a stirrednixture of KOH 6.6 g, 100 mmgland MeOH {00 mL). 2,4,6

Trimethylbenzaldehyde5(9 mL, 40 mmagl 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 ®OH (2 x 25 mL) and cold pentane (2 x 25 mL) to yiddas a
white solid {ield: 9.0 g, 90%)*H NMR (500 MHz, CDC}) , U =7.937(3H9rid) 7.56
(AH, t,J=7.2Hz), 7.48 (2H, tJ = 7.6 Hz), 7.14 (1H, dJ = 160Hz), 6.91 (2H, s), 283

(6H, s), 2.8 (3H, s).Data is in accordance with literatufe.

(E)-1-Phenyt3-(2,6-dichlorgphenyl)prop2-en-1-one(1b)

O Cl
DAS®
Cl
Using a modifiedversion of a literature procedut®acetophenones(0 mL, 43 mmolwas

added to a stirred mixture of KOH6.0 g, 107 mmgl and MeOH (50mL). 2,6

Dichlorobenzaldehyder(5 g, 43 mmglwas 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) td ¥ie as avhite
solid (Yield: 10.3 g, 87%)H NMR (500 MHz, CDCJ) U: 8.07 (2H, dJ= 7.7 Hz), 7.89

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

literature®

(E)-1-(2,5-Dimethylpheny)-3-(2,4,6-trimethylphenyl}prop-2-en-1-one(1¢)

O

(7
Using a modified version of a literature procedtr2,5-dimethylcetophenone3(s mL,
23 mmo) was added to a stirred mixture of KOBLE g, 58 mmqgland MeOH $0 mL).
2,4,6Trimethylberzaldehyde 4.0 mL, 23 mma) was added, and the mixture was stirred
for 1 hour, at room temperature. MeOH was remomea@aio and the yellow solution was
dissolved with minimal amount of dichloromethane. Cold pentane was added to the
solution and the mixtue al |l owed to cool to O over
white precipitate was filtered and washed with cold pentane (2 x 10 mL) tdgias a
white solid {ield: 5.1g, 78%)*H NMR (400 MHz, CDC}) : 769 (1H, d, J = 16.3Hz,),
732 (1H, 9, 723-7.19 (2H, m), 6.9 (2H, 9, 6.80 (1H, d, J = 16.8Hz), 2.47 (3H, 9, 2.29
(3H, 9, 2.38 (6H, 9, 233 (3H, 9. 13C NMR (100 MHz, CDC}) U 197.0, 144.6,139.1
138.8, 137.1, 13%6.1, 1339, 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+] cala for CxoH22ONa; 301.1569 found

301.1560.
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(E)-1-(4-Chlorophenyl)-3-(2,4,6-trimethylphenyl)prop2-en-1-one(1d)

O
=
AT T
Using a modified version of a literature procedtfré;chloroacetophenond.¢ mL, 10
mmol) was added to a stirred mixture of KOH4 g, 25 mmqgland MeOH (25 mL). 2,4;6
Trimethylbenzaléhyde {.5 mL, 10 mmagl 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) toldels a
white solid(Yield: 2.7g, 94%. 'H NMR (400 MHz, CDC}) : 8101(1H, d,J=16.3H2),
7.95- 7.91(2H, m), 749 - 7.45(2H, m), 7.12(1H, d, J = 16.2Hz), 6.93(2H, ), 2.39

(6H, 9, 2.31(3H, s). Data is in accordance with literatuie.

(E)-1-(4-Chloropheny)-3-(2,6-dichlorgphenyl)prop2-en-1-one(le)

@) Cl

SRS’
Cl Cl

Using a modified version of a literature procedtfrd;chloroacetophenoné.Q mL, 43
mmol)was added to a stirred mixture of KO61{ g, 107 mmgland MeOH $0 mL). 2,6
Dichlorobenzaldeyde (7.5 g, 43 mmglwasaddedand the mixture was stirred for 1 hour,
at room temperature. The resultipgllow precipitate was isolated via filtration and was
washed with cold MeOH (2 x 25 mL) and cold pentane (2 x 25 mL) to Yeslas ayellow
solid (Yield: 7.8g, 66%. *H NMR (400 MHz, CDCk) : 795(2H, d, J = 8.6 Hz), 7.&%

(1H, d,J = 16.2 Hz), 12 (1H, d,J = 162 Hz), 747 (2H, d, J = 8.7Hz), 738 (2H, d, J =
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8.0 Hz), 720 (1H, t, J = 80 Hz). 13C NMR (100 MHz, CDC}) U: 189.0, 139.8,138.4,
136.1, 135.3,132.5,130.2, 130.1, 130.1, 129.2, 1BROMIS-ESI+ (m/z): [M + Na+] cale

d for C1sHgCl3sONa: 332.9617; found 332.9612.

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

O 0

T

Using a modified version of literature procedur® 1-acetylnaphthonés.8 g, 34 mmal
was added to a stirred mixture of KOB.4 g 7 mmo) and MeOH(75 mL). 2,4,6
Trimethylbenzaldehyde5(0 mL, 34 mmo) wasadded,and the mixture was stirred for 4
hours, at 45 i n a hot wainhweacuqtowaddm@myelloWhe s ol
solid. The solid was dissolved in a minimal amount of methanol and brieflythieateflux
temperature to ensure dissolution. The solution was allowed to cool to room temperature,
resulting in a lightyellow precipitate. Th@recipitate was isolated via filtration and was
washed with cold MeOH (2 x 25 mL) to yield, as a light yébw solid (Yield: 10.0 g,
98%)*H NMR (400 MHz, CDCk) : &i39 (1H, dJ = 7.7 Hz), 8.00 (1H, s), 7.937.90
(1H, m), 7.80 (1H, dJ = 16.0 Hz), 7.79 7.77 (1H, m), 7.60 7.51 (3H,m), 6.94 (1H, d,
J=16.0 Hz), 6.91 (2H, s), 2.35 (6H, s), 2.30 (3H%) NMR (125MHz, CDCh) U 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 HRNESI+ (m/z): [M + Na] caled for CosHo0ONa;

323.1412 found23.1406
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(E)-1-(2-Naphtyl}3-(2,4,6trimethylpheny)-prop-2-en-1-one(1g)

O

SRS’
Using a modified version of a literature proced®jrg-acetylnaphthonés.8 g, 34 mmgal
was added to a stirred mixture of KOB.4 g 7 mmo) and MeOH 75 mL). 2,4,6
Trimethylbenzaldehyel 5.0 mL, 34 mmo) wasadded,and the mixture was stirred for 4
hour s, at 45 i n a hot waineacugboyielhalighlt he s ol
yellow solid. The solid was collected via filtration and was washed with cold MeOH (2 x
25 mL). The solidwas 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 (2x 25 mL) to yieldlg, a yellowsolid (Yield: 7.3g, 71%)H NMR (400MHz,
CDCl) : 860 (1H, 9, 8.10(1H, dd, J = 8.5, 1.3Hz), 8.03(1H, d, J = 15.8Hz), 798 -
7.91 (3H, m), 7.63- 7.54(2H, m), 7.32 (1H, d, J = 15.8Hz), 6.96 (2H, s), 2.4 (6H, s),
2.33 (3H, s).1°C (125 MHz, CDCh) : 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, 21.4RNUS-

ESI+ (m/z): [M + Na] caled for C22H20NaO; 323.141Xound 323.146.
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(E)-1-(4-Bromoghenyl)-3-(4-bromo-2-methybhenyl}prop-2-en-1-one(1h)

0]
¢
Br Br

Using a modified version of a literature procedtfrépbromaacetophenong.0 g, 5 mmal

was added to a stirred mixture of KOBLY g, 0.5 mmqgland MeOH {0 mL). 4-Bromo-
2-methylbenzaldeyde (.0 g, 5 mmadlwas 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 yighj a white solid Yield: 1.64g, 86%)H

NMR (400MHz, CDCk) : 8102 (LH, d, J = 16.2Hz), 789 (2H, d, J = 8.1Hz), 765 (2H,

d, J=8.1Hz), 7.55 (H, d J = 8.0Hz), 7417 7.37 (3H, m), 2.45 (3H, s)X3C NMR
(125MHz, CDCk) U: 189.1, 141.8, 140.5, 136.9, 134.0, 132.8, 132.1, 13227, 128.2,
127.9, 124.7, 123.0, 19.8IRMS-ESF (m/z): [M - H] calc-d for C1eH11Br0; 376.9255

found376.9182

4-Nitro-3-(2,4,6trimethylphenyl)1-phenylbutanone2@)

NO,
0

Using a nodified version of a literature procedurés (E)-1-phenyt3-(24,6-
trimethylpheny)prop-2-en-1-onela (5 g, 20 mmolwas added to MeOH (50 mL) at¢b-
diazabicyclo [5.4.0Jundec7-ene (DBU) (4.9 mL, 100 mmq| was stirred until the

mixture was fully dissolved. Nitromethan®.4 mL, 100 mmqgl was then added to the
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solution and the mixture was stirred for
allowed to cool to roontemperature and 1 M HCI 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.8@x. In vacuoevaporation of the solvent
resulted a yellowil. The crude material was purified via column chromatography over
silica using an eluent of 100% dichloromethane to provide the desired pr@dych (
yellow oil (Yield: 5 g, 80%)H NMR (500 MHz, CDCJ) &: 790(2H, d,J = 7.3 Hz), 7.57

(1H, t,J= 7.3 Hz), 7.46 (2H, §= 8.0 Hz,), 6.8 (1H, 5), 6.82 (1H, 5)4.91- 4.84 (2H, m),

4.80- 4.74 (1H, m), 3.58.51 (2H, m),2.44 (3H, s), 2.42 (3H, s)2.23 (s, 3H)Data is in

accordance with literatur®.

4-Nitro-3-(2,6-dichlorophenyh1-phenylbutanone2p)

NO,
0 Cl

A8’

Using a nodified version of a literature procedurés (E)-1-phenyt3-(2,6-
dichlorophenyjprop-2-en-1-onelb (5.0 g, 18 mmqglwas added to MeOH (100 mL) and
DBU (13.5 mL, 90mmol), was stirred until the mixture was fully dissolved. Nitromethane
(4.8 mL, 90 mmagl was then added to the solution and the mixture was stirred for 1 hour
at 65 , in an oil bath. The solution was
was addd, 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

NaSQu. In vacuoremoval of the solution resulted a yellow oil. The crude material was
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purified via column chromatography over silica using an eluentAf40% ethyl acetate

in hexanego provide desired produc2lf), as a yellow oil Yield: 4.9 g, 80%)H NMR
(500 MHz, CDC}) : 7B5(2H, d, J=7.3Hz), 7.8 (1H,t, J = 7.3Hz), 7.46 (2H, t, J=7.3
Hz), 7.38 (1H, d, J = 7.7 Hz), 7.29 (1H, d, J = 7.7 Hz), 716 (1H, t,
J=7.7Hz), 5.3 - 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, CDCb) U: 196.7, 136.3, 134.6, 133.8, 130.2, 129.6, 129.5,
128.9, 128.3, 76.4, 39.2, 35RMS-ESI+ (m/z): [M + Na+] calad for C16H12Clo2NOsNa:

360.0170; found 360.0165.

4-Nitro-3-(2,4,6trimethylphenyl)1-(2,5-dimethylphenyBlbutanone Zc)

NO,
0

Using a nodified version ofaliterature procedurés(E)-1-(2,5-dimethylgheny)-3-(2,4,6-
trimethylphenyl}prop-2-ent1-onelc (5.7 g, 21 mmglwas added to MeOH (100 mL) and

DBU (14.9 mL, 103 mmq| was stirred until the mixture was fully dissolved. Nitromethane

(5.5 mL, 103 mmglwas then addetb the solution and the mixture was stirred for 1 hour

at 65 , in an oil bath. The solution was al
was added, until pH 4 was reached. The mixture was extracted with dichloromethane (2x

150 mL) am the combined organic layers was treated with brine (200 mL) and dried over
NaSQu. In vacuoremoval 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 produc2d), as a white solid (¥ld: 4.4 g, 68%. *H NMR (400
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MHz, CDCE) U 7.31 (1H, s), 7.18 (1H, d,= 7.9 Hz), 7.10 (1H, d] = 7.8 Hz), 6.8 (1H,
s), 6.82 (1H, s)4.87- 4.83 (1H, m), 4.78 (1H, quintet), 4.72.69 (1H, m)3.47- 3.36
(2H, m), 2.41 (3H, s), 2.34 (3H, s), R.@H, s), 2.30 (3H, S), 2.25 (3H, ), 2.23 (3H, ).
13C NMR (100 MHz, CDCk) U 201.5, 137.9, 137.3, 135.9, 135.4, 132.4, 13231, 4,
130.0, 128.9. 78.3, 43.5, 34.6, 2121.2, 21.0, 20.8, 20.5IRMS-ESI+ (m/z): [M + Na+]

calcd for Co1H2sNOsNa: 362.1732; found 362.1725.

4-Nitro-3-(2,4,6trimethylphenyl)1-(4-chlorophenyBbutanone Zd)

NO,
@)
BORS®
Using a nodified version ofa literature procedurés (E)-1-(4-chloropheny)-3-(2,4,6-
trimethylphenyl)prop2-en-1-oneld (2 g, 7 mmoj was added to MeOH (50 mL) abdBU
(5.2 mL, 35 mma) and was stirred until the mixture was fully dissolved. Nitromethane
(2.9 mL, 35 mmalwas then addetb the solution and the mixture was stirred for 2 hours
at 65 , in an oil bath. The sol uti oHCl was
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
NaSQu. In vacuoevaporation of the solution resulted a yellow oil. The cradéeerial was
purified via column chromatography over silica using an eluentZD% ethyl acetate in
hexaneso provide the desired produ@d), as ayellow oil (Yield: 1.58 g, 63% *H NMR
(400 MHz, CDC}) : 7B4(2H, d, J=8.7Hz), 743 (2H, d,J = 8.7Hz), 6.85 (1H, 9), 6.82

(1H, s),4.90- 4.8L (2H, m), 4.75- 4.71(1H, m), 3.49- 3.47(2H, m), 2.42(6H, 9, 2.23(s,
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3H). 13C NMR (125MHz, CDCk) t: 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, HRMS-ESI+ (m/z): [M- H] calcd

for C19H19CINO3: 344.1132 found344.1059

4-Nitro-3-(2,6-dichlorophenyh1-(4-chlorophenyBbutanone Ze)

NO,
0 Cl

Cl I Cl I

Using a nodified version of a literature procedurés (E)-1-(4-chloropheny)-3-(2,6-
dichlorgphenyl)prop2-en-1-onele(1.6 g, 5 mmadlwas added to MeOH (25 mL) aBBU

(3.8 mL, 26 mmal and was stirred until the mixture was fully dissolved. Nitromethane
(2.4 mL, 26 mmaglwas then addetb the solution and the mixture was stirred for 1 hour
at 65 , i n aniorowad allowedttolcool tolrdom tespetaturé and 1 M HCI
was added, until pH 4 was reached. An aqueous-wpr&f the mixture was conducted
using dichloromethane (2 x 50 mL) and the combined organic layers was treated with brine
(100 mL) and dried over N&Os. In vacuoevaporation of the solvent resulted a yellow oil.
Triturate the crude yellow oil with pentane (2 x 15 mL) andacuothe residual to provide
the desired producgé), a yellow oil(Yield: 1.7 g, 89%}H NMR (400 MHz, CDCJ) : i
7.88 (2H d, J = 8.5 Hz), 7.43 (2Hd, J = 8.5 Hz), 7.38 (1Hd, J = 7.6 Hz,), 7.28 (1Hd,
J=7.6Hz), 7.16 (H, t, J= 80), 532- 5.26(m, 1H), 505 - 4.96(m, 2H), 3.68 (2H,) =

6.9). °C (100 MHz, CDC})  15.4, 14091, 1371, 134.4, 131.2, 130.0 129.5, 129.3,
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129.1, 76.2 39.0 35.4 HRMS-ESI+ (m/z): [M- H] calcd for CieH11ClsNOs: 369.9883,;

found 3$9.9877.

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

Using a nodified version of a literature procedurés (E)-1-(1-naphthyl}3-(2,4,6
trimethylpheny)-prop-2-ent1-one 1f (4g, 13 mmo)l was added to MeOKR50 mL) and

DBU (9.9 mL, 66 mmagl and was stirred until the mixture was fully dissolved.
Nitromethan&3.6 mL, 66 mmaglwasthenadded to the solution and the mixture was stirred
for 2 hours at 65 , in an oi l b temngeraturd h e
and the solvent was removedvacuoto give a crude yellow oil. The oivasdissolved
using aminimal amounts of ethyl acetate and 1M HCI was added, until a pH of 4 was
reached. The mixture was extracted with ethyl acetate (2 x 100 mL) arabittbined
organic layers was treated with brine (200 mL) and was dried ow&ildn vacuothe
evaporation of the solution to give a crude yellow oil. The crude material was purified via
column chromatography over silica using an eluent Af Q0% ethyl acetate in hexanes

to provide the desired produéfy, as a yellow oi(Yield: 3.7 g, 77%)*H NMR (400 MHz,
CDCly) : 828 (1H, m), 7.98 (1H, d,) = 8.4 Hz),7.86i 7.84(1H, m), 7.76 (1H, d)= 7.2

Hz), 7.52i 7.45 (3H, m), 6.81 (1H, s), 6.78 (1H, 8)91 - 4.89 (2H, m), 4.7 - 4.71(1H,

m), 3.66 7 3.55(2H, m), 2.2 (3H, s), 2.31 (3H, s), 22(3H, s).23C 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. Z{ROM&ESI+

(m/z): [M + Na+] caled for C23H23NOsNa: 384.1576 found 384.1570.

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

o NO,
SORS®

Using a nodified version of a literature procedurés (E)-1-(2-naphthyl}3-(2,4,6

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

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

Nitromethane3.6 mL, 66 mmoglwas then addet the solution and the mixture was stirred

for 2 hours at 65 , in an oil bath. The so

and the slvent was removed by vacuoto give a crude yellow oil. The aiasdissolved

with minimal amounts of ethyl acetate and 1M HCIl 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

waswashedwith brine (200 mL) and was dried over 48&. In vacuoevaporation of the

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

chromatography over silica using an eluent 8f @0% ethyl acetate in hexané&s.vacuo

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

NMR (400 MHz, CDC}) : 8#1 (1Hs), 7.99 7.93 (2H m), 7.90i 7.86 (2Hm), 7.8

7.54(2H, m), 6.86 (LH, s), 6.85 (1H, 5)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 (3H5s). 3C NMR (125 MHz, CDCb) i

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

Na+] caled for GsH2aNOsNa 384.1576 found 34.1569

4-Nitro-3-(4-bromao2-methylphenyB1-(4-bromophenybbutanone Zh)

NO,

(@]
Br I l Br

Using a nodified version ofa literature procedurés(E)-1-(4-bromogheny)-3-(4-bromo
2-methyphenyl}prop-2-en-1-onelh (1.5 g, 4.0 mmgl was added to MeOH (25 mL) and
DBU (3.0 mL, 20 mmagl and was stirred until the mixture was fully dissolved.
Nitromethane.1 mL, 20 mmaglwas then addet the solution and the mixture was stirred
for 1 hour at 65 , in an oil bath. The sol
ard 1 M HCI was added, until pH 4 was reached. The mixture was extracted with
dichloromethane (2 x 50 mL) and the organic layer washedwith brine (100 mL) and
dried over NaSQu. In vacuoevaporation of the solution gave a crude yellow oil. The crude
material was purified via column chromatography over silica with an elueAt BiD%
dichloromethane in hexanes poovidethe desired produc®f), as a yellow oil(Yield:

1.3g, 75%) 'H NMR (400 MHz, CDC}) : 176 (2H, d, J = 8.6 Hz), 760 (2H, d,
J=8.5Hz), 735 (1H, s), 7.30(1H, d, J = 8.0 Hz), 7.02(1H, d, J = 8.1 Hz), 476 - 4.71

(1H, m), 463- 4.58(1H, m), 4.45 (1H, quintet)3.37 (2H, m), 2.46(3H, s). *C NMR (125

MHz) &: 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, 19.6HRMS-ESI+ (m/z): [M- H] calcd for Ci7H14BraNOs: 437.9419; found

437.9346

2, 2 iazenediylbis(32,4,6trimethylphenyl5-phenyt1H-pyrrole) @3a)

)

l
N=N

~N—NH
SQAY

4-Nitro-3-(2,4,6trimethylphenyly1-phenylbutanon@a (0.5g, 1.6 mmol) and ammonium

ITZ" N

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

was added tthe microwave vial. The microwave vial was placed in the microwave reactor
and the reaction was irradiated (20 minut
Absorbance). The abowdesired procedure was conducted in duplicate, and the two
reaction mixtures wereombined, 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 NaSQu. In vacuoremoval of the solvent gawecrude mixture that was purified

via column chromatagphy over silica with an eluent of8 20% ethyl acetate in hexanes.

In vacuoevaporation of the fractions containing the desired product resualéeckd solid.

The crude product was dissolved in minimal amounts of dichloromethane. Cold pentane
(100 mb) was added, and the solution was <cool
resulting red solid was isolated via filtration and washed with cold pentane (2 x 26 mL)

get the desired produ8g, asa bright red solidYield: 0.26 g, 30%)*H NMR (500 MHz,
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DMSO) : 1il.41 (s broad, 2B 7.80 (4H, d, J= 7.5Hz), 737 (4H, t, J= 823), 7.2 (2H, t,
J=7.5H2, 6.70 (4H, 9, 6.52 (2H, s)2.30 (s, 6H)1.82 (s, 12H}*C NMR (125 MHz,
DMS O) 14413, 136.9, 135.3, 133.132.3,132.0,129.2, 127.7, 127.2, 124.8, 122.6,
110.7, 21.3, 21.0. HRM&SI+ (m/z): [M + Na+] caled for CagH3zsNsNa: 571.2838; found

571.2834.

2 , -Diaz@nediylbis(32,4-dichlorophenyh5-phenyt1H-pyrrole) @b)

4-Nitro-3-(2,6-dichlorophenyh1-phenylbutanon€b (0.5 g, 3.0 mmol) and ammonium
acetate (4.8}, 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 minut
Absorbance). The abowdesired procedure was conducted in duplicate, and the two
reaction mixtures were combined, and dichloromethane (100 mL) was added. The mixture
was washed wit water (2 x 200 mL) and brine (200 mL), and the organic fraction was
dried over NaSQs. In vacuoremoval of the solvent gavecrude mixture that was purified

via column chromatography over neutral alumina with an eluent ot 040%
dichloromethane in h@nes.In vacuoevaporation 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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di chl oromet hane. Cold pentane (100 mL) was
for 2 hours, in dreezer. The resulting red solid was isolated via filtration and washed with

cold pentane (2 x 25 mltp get the desired produ8b, a dark red solidYield: 0.25 g,

28%) 'H NMR (400 MHz, CDCk) : Qi21(2H, s broag), 7.54(4H, d, J = 75 Hz), 7.44
(4H,d,J=7.6Hz), 7.39(4H, t, J = 7.6 Hz, hidden with residual solvent peak.30- 7.23

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

129.7, 128.2, 128.0,25.4, 111.2two signalsnot observedHRMS-ESI+ (m/z): [M- H]

calcd for CaoH19CiuN4: 599.0442found 599.0350.

2, 26Diazenediylbis(32,4,6trimethylrophenyh5-(2,5-dimethylphenyhl1H-pyrrole)

(39)

4-Nitro-3-(2,4,6trimethylphenyl)1-(2,5-dimethylphenyBbutanone2c (0.5 g, 1.5 mmol)

and ammonium acetate (4862 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

m crowave reactor and the reaction was irr ;
Very High Absorbance). The aboudesired 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
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dried over NaSQu. In vacuoremoval of the solvent gawecrude mixture that was purified

via column chromatography over silica with an eluent e 0% dichloromethaneni
hexanesln vacuoevaporation 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 intalireezes ol ut i
The resulting red solid was isolated via filtration and washed with cold pentane (2 x 25
mL) to get the desired produ8t, a bright red solidYield: 54 mg, 6%. *H NMR (400

MHz, CDCh) : Q410 (2H, s broad, 725 (2H, s), 714 (2H, d, J = 7.0 Hz), 7.03(2H, d,
J=7.0Hz),6.97(4H, ), 6.29(2H, 9), 2.41(6H, 9, 235(12H, 9, 2.22 (1M, 9. 13C NMR
(125MHz, CDChk) U: 1421, 1379, 1367, 1358, 1331, 1325, 1317, 1315, 131.4,1288,

1286, 1281, 1265, 1137, 215, 213, 21.1, 21.0. HRMS-ESI+ (m/z): [M + H] caled for

Ca2H4s5N4: 605.3566; found605.3639.

2 , -Diaz@nediylbis(32,4,6trimethylphenyl}5-(4-chlorophenyl1H-pyrrole) 3d)

74
N
O 4 CI

4-Nitro-3-(2,4,6trimethylphenyl)1-(4-chlorophenyhbutanone2d (0.5 g, 1.5 mmol) and

ammonium acetate (4d/ 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

mi crowave reactor and the reaction was irr
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Very High Absorbance). The abodesired 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 N&Qu. In vacuoremoval of the solvent gawe crude mixture that was
purified via column chromatography over neutral alumina with an eluent-of 26%
dichloromethane in hexands. vacuoevaporation 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) \
for 2 hours, in a freezer. The resulting red solid was isolated via filtratidnvashed with

cold pentane (2 x 25 mltp get the desired produ8d, a bright red solidYield: 54 mg,
6%).'H NMR (400MHz, CDCk) : QR29(2H, s broadl, 744 (4H, d, J= 8.6 H2), 734 (4H,

d, J=8.7Hz), 7.00(4H, 9, 6.47(2H, 9, 2.39(6H, 9, 2.20(12H, 9. 3C NMR (125MHz,

CDCl) u: 143.0, 137.8, 136.9, 133.1, 132.5, 131.1, 129.8, 129.1, 128.1, 127.9, 125.
111.1, 21.3, 21.2HRMS-ESI+ (m/z): [M- H] calcd for CssHssCloN4: 615.2161; found:

615.2088.
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2 , -Diaz@nediylbis(32,4-dichlorophenl)-5-(4-chlorophenyl1H-pyrrole) @e)

4-Nitro-3-(2,6-dichlorophenyh1-(4-chlorophenyBbutanone2e (0.5 g, 1.4 mmol) and
ammonium acetate (4g4 57 mmol) was added to a 30 mL microwave vial and acetic acid

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

mi crowave reactor and the reaction was irr
Very High Absorbance). The abouesired procedure was conducted in duplicate, and the
two-reaction mixtures were combined, adidhloromethane (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 Né&6Qu. The solution was removed byvacuoto give a crude mixture that

was purified via column chromatograpbyer neutral alumina with an eluent 0£040%
dichloromethane in hexands. vacuoevaporation of the fractions containing the desired
product resulted to a red solid. The crude product was dissolved in minimal amounts of
dichloromethane. Cold pentandd® mL) was added, and the so
for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with

cold pentane (2 x 25 mltp get the desired produde, a dark red solidYield: 45 mg, 5%).

IH NMR (400 MHz,CDCls) : 9il5(2H, s broagl, 746-7.43(7H, m), 7.35(4H, d, J = 83

Hz), 7.287.24 (3H, m, hidden with residual solvent peal6.65 (2H, ). *C NMR (125
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MHz, CDCk) u: 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] caled for Cs2H10CisNa: 668.9663; found: 668.9558.

2 , -Diaz@nediylbis(32,4,6trimethylpheny}5-(1-naphhyl)-1H-pyrrole) @3f)

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

ammonium acetate (4d) 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
microwaver eact or and the reaction was irradiate
Very High Absorbance). The aboudesired procedure was conducted in duplicate, and the
two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The
mixture waswvashed with water (2 x 200 mL), and brine (200 mL) and the organic fraction

was dried over Né&5Qu. The solution was removed byvacuoto give a crude mixture that

was purified via column chromatography over neutral alumina with an eluentaf@%b
dichloromethane in hexanel vacuoevaporation of the fractions containing the desired

product resulted to a red solid. The crude product was dissolved in minimal amounts of
dichl oromethane. Cold pentane (100 mL) was

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 mltp get the desired produ8t, a bright red soliqYield: 56 mg,
6%).'H NMR (400 MHz, CDC}) : 922 (2H,s broag, 8.36-8.33 @H, m), 7.91-7.88 (2H,
m), 7.84 (2H d, J = 82 Hz), 7.61 @H, d, J = 6.4 Hz), 7.53 7.50 (6H m), 6.97 (4Hs),
6.48 (2H d,J=2.4 Hz), 2.33 (6H), 2.30 (s12H). 13C NMR (100 MHz, CDCk) Ui 142.6,
137.7, 136.7, 134.1, 132.2, 131.4, 131.1, 13028,6, 128.4, 128.1, 126.7, 126.7, 126.3,
126.2, 125.5, 125.4, 114.5, 21.5, 2IHRMS-ESI+ (m/z): [M- H] calcd for CaeHzgNa:

647.3253; found647.3180

2 , -Diaz@nediylbis(32,4,6trimethylphenyl}5-(2-naphhyl)-1H-pyrrole) (g)

4-Nitro-3-(2,4,6trimethylphenyly1-(2-naphthyl}butanone2g (0.5 g, 1.4 mmol) and

ammonium acetate (4d) 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
microwaver eact or and the reaction was irradiate
Very High Absorbance). The aboudesired procedure was conducted in duplicate, and the
two-reaction mixtures were combined, and dichloromethane (100 mL) was added. The
mixture waswvashed with water (2 x 200 mL), and brine (200 mL) and the organic fraction

was dried over Né&5Qu. The solution was removed byvacuoto give a crude mixture that
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was purified via column chromatography over neutral alumina with an eluentcf@b
dichloromethane in hexanel vacuoevaporation of the fractions containing the desired

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

di chl oromet hane. Cold pentane (100 mL) was
for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with

cold pentane (2 x 25 mltp get the desired produ8y, a dark red solidYield: 65 mg,

7%)."H NMR (400 MHz, CDC}) : 95 (2H s broad, 7.95 (2H's), 7.85i 7.80 (6H m),

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

(s,6H), 2.27 (s,12H).13C NMR (100 MHz, CDCk) ii: 143.2, 137.9, 136.9, 133.6, 133.6,
132.7,131.4, 128.7, 128.7, 128.1, 128.0, 12729,8, 126.7, 126.0, 123.1, 122.5, 111.5,

21.4, 21.2 HRMEESI+ (m/z): [M + H] caled for CasHzgN4: 647.3253; found647.3180

2, 2 iazenediylbis(34-bromo2-methylphenyh5-(4-bromophenyb1H-pyrrole) @h)

HN:N
/NH
Sl
Br

4-Nitro-3-(4-broma2-methylphenyh1-(4-bromophenyhBbutanone2h (0.5 g, 1.2 mmol)

and ammonium acetate (33748 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

mi crowave reactor and the reaction was irr

Very High Absorbance). The abodesired 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 N&Qs. The solution was removed byvacuoto give a crude mixture that
waspurified via column chromatography over neutral alumina with an eluentofi0%
dichloromethane in hexands. vacuoevaporation of the fractions containing the desired

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

of dichloromethane. Cold pentane (100 mL) \
for 2 hours, in a freezer. The resulting red solid was isolated via filtration and washed with

cold pentane (2 x 25 mltp get the desired produ8h, a bright re solid(Yield: Trace,

<1%). HRMS-ES} (m/z): [M - H] calc-d for CaaH23BraN4: 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 bispyriratksling;
absorbance, emissiophotophysical analysisf azo bispyrroleSa-g, efforts to explore
and characterize phoswitching behaviour of azo compoun@s-c, and solidstate
emissonstudies oBa. As previously mentioned in Chapterakzo dyes are highly desirable
in applicationssuch as textiles and fabrit&Furthermore, one of the features that make
azo dyes attractive for applications in biomedical fieldhat theyhavelargeextinction
coefficiens, allowing them to photessomerise at low concentratianRecently there has
been a resurgep of published research involving heteantaining 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
discoveed the first two compounda and3b (Figure 31).3°*' Herein the photophysical

properties oBaand3b, along with3c-g, are described.

3a 3b

Figure 3.1 Structure of azo bispyrrol&aand3b.
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The goals of the study were to characterize photophysical properties of azo
bispyrroles3a-g and to understand if photisomerization is attainable. As discussed
earlier, @o dyes caroften photaisomerize from thde-isomeric state tdhe Z-isomeric
state when exciteat an absorbance of certamavelengthThe photostationary staeSS)
at a given wavelength describes a steady sthtxeby further irradiation does not result
in further changé® Generally for azo dyes (the more thermodynamically st&blspmer
photoisomerizes to theZ-isomer. This photoisomerization is often observable through
NMR spectroscopy ddV-Vis spectroscopy. To return to theisomer, the sp@es 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 arylazopyBaléScheme
3.1).2*E-ArylazopyrroleB1 photoisomerizes to th&-isomerB2 when excited at 415 nm.

The two isomers have different absorption characteristics hwg0f 275 nm and 403 nm
for theZ-isomer versus 385 nm for tleisomer. It is important to note that tE@eisomer
absorbance band extends past 403 yetdoes not absorb past 550 rifle Zisomer can
either be excited at 532 nm, or thermally relax back to tiseger, with >98% conversion

in each case.

P PRty
\
N —

AN A(max): 932 Nm

E-isomer Z-isomer

B1 B2

Scheme 31 Photoisomerization of Arylazopyrrole.
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Roberto explored the photoisomerizatiorBafby exciting the azo bispyrrole at its
_max** However, no visual change in colour or development of a new peak in the
absorbance spectrum was observed. Further efforts to secure evidence-d@hetsm
such as exciting at different wavelengths or using different light sources, dielsatitin
any changén the absorbance spectrum

Observing this outcomdroberto hypothesized that either tBeasomer was not
able to photeswitch to theZ-isomerdueto the steric clash of the arenes, or thatZzhe
isomer was not stable and was thus quickly (thermally) isomerized back Eeigbeer
beforetheUWi s absorbance was measured. This Ch;
by first completing a full UWis analysis of azo bispyrrole3a-g. After analyzing the
photophysical characteristics of these azo compquedferts to explore photo

isomeriation of3a-c are described.
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3.2 Photophysical analysis
3.21 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
usingmass spectrometry and NMR spectroscopy were obtalizdydig 31). The NMR data
at room temperature supports the presence of a single isomer inrsdRrgliminary VF

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

conclusive.
R1
[y fow
R N N‘S\/\'(
R1
3
Table 31 Azo bispyrroles3a-h isolated.
Trials Azodye R!? R? Isolated
Azo dye
Yield (%)
1 3a Mes Ph 30
2 3b (2,6-diCI)CeHa4 Ph 28
3 3c Mes (2,5diMe)CsHa 6
4 3d Mes (4-Cl)CesHs 6
5 3e (2,6-diCl)CsHa (4-CI)CgHs 5
6 3f Mes 1-Naph 6
7 39 Mes 2-Naph 7
8 3h (4-Br-2-Me)CsHa  (4-Br)CeHs Trace

62



First, the U\ Vis absorbance spectrum of azo bispyri@den acetonitrile (ACN)
was obtainedFigure3.2). The UV-Vis absorbancepectrum oBahas maimal absorption
wavelengthg_max) of 504 and 532 nMCompound3ais significantly bathochromic (more

red-shifted) compared to phenylazopyrr@ that exhibits amaxof 385 nm2*

=
N

504 nm 522 nm

=

o
o]

© ©
> o

Normalisded Absorbance (AU)
o
N

0

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3.2 Normalised U\¥Vis Absorbance spectrum of azo bispyrrdée

Varying concentrations {18 x10® M) of 3ain ACN were prepared and the UV

Vis absorbance spectrum of each concentration was recdtidedd 33).
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Absorbance (AU)

350 450 550 650 750
Wavelength (nm)

Figure 3.3 UV-Vis absorbance spectra of varying concentrations8(210° M) of azo

bispyrrole3a.

To understand the absorbance behavio@agd plot of the_max(at504nm)against
concentration resulted in a linear calibration curve showngare 34.Usi ng Beer 0s
(Equation 31) a molar absorptivity of 63,000"cm was obtained, complementing the
general notion that azo compounds have sizeable extinction coefficients. The calibration
curves of azo bispyrroleéb-g will be discussed in the following section.

A i "H
Equation 3.1 B e e La@/:swhere A is absorbance,is the molar extinction coefficient

(Mtcm?), | is the path length (cm), amds the concentration (M)
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Figure 34 Calibration curve of 3a in varying concentrationsl@x10° M) in ACN (_max

504 nm).

To place the magnitude of the molar absorptivity of azo bispy8aiethin those
for azo compounds at large, a comparison was made to azo be@Aersnd
phenylazopyrrol@1 (Figure 35).4% As shown inFigure 35, a trend was noticed when
switching the aryl to a pyrrolanit from C1 to B1, i.e., a red shift in themax can be
observed. However, with two pyrrolic unit3a is >100 nm shifted to the bathochromic
region, compared to the monopyrrolic analo@le The conjugation across each of these
t hree compounds i-systemqtoBaisdurtitei conjugaed byrithie phenylh e
groups on the -position, which sit planar to the pyrroles and the-la@age. This
characteristic was observed through the crystal structua.BfT h e e x t-sgsteche d

results in the bathochromic shift, explaining_itsx differences omparedo C1 andB1.

65



Furthermore, the magnitude of the extinction coefficienBafs larger than that o€1
(threetimes larger) an®1 (threetimeslarge). This large difference of azo bispyrr@a
compared tcC1 andB1 is due to the efficiency of absorbing light, therélayabsorbing
strongly at_max 504 nm compared t&€1 and B1 at their correspondingmax This

characteristic is also exhibited by azo bispyrrddesg, as discussed in the following

section.
. 2 e
. . N .
o S LA
\
h L/ C
(03] B1 3a
Amax: 315 nm Amax: 385 nm Amax: 504 nm
€:21,000 M'cm’! €:22,100 M'cm™! €:63,000 M'cm™!

Figure 35 The structures of azo benze@#, phenylazopyrrol®1 and azo bispyrrol8a,

with their correspondingmax andextinction coefficient values.

Compound3a was then analysed in solutions involving various solvents, and the
respective UVVis absorbance spectra were obtaindélgure 36 displays the
solvatochromic effects of azo bispyrrdda dissolved in acetone, ethyl acetate, diethyl
ether, pentane, toluene, DMF, ACN, and dichloromethane, all undeanigmrous
conditiors, and these data are summarised@able 32. As evident fromFigure 36 and
Table 32, compound3a displays photochromic effects e.g., in acetone the absorbance is

maximal at 506 nm, 532 nm a6 nm. Compoun@a dissolvedin acetonegave a
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solution that wapurple in colouywhereas ioluenethe solution waa dark redThe other
solutions wereorangered in colour. Indeed, the study demonstrates a solvatochromic
effect where the absorbanbands of solutions of azo bispyrraa vary in different
solvents. Most solutions of azo bispyrr@a have similar absorbance bands, but for the
solution of3ain acetone absorbs more bathochromically compared to the other solvents,
indicating that therenay be changes ®athat lead to this outcome. In the study, acetone

is a stanebut solvent in that it is protic.

Obtaining the data shown Figure 36 proved to be a challenge 8a was only
sparingly soluble in some solvents (e.g., pentane, diethyl ether and toluene). The
corresponding emission properties3afin various solvents were eblgped and found to
have a weak intensity when this compound was excited atdtsexcept 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 U\WVis absorbance ddain varying solvents.
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Table 32 _max0f 3ain varying solvents and is in correlationRgure 36.

amad (nm) 3max2 (NmM) Bmax3 (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 &rin ACN in hand,an emission spectrum
was obtained. The normalized emission and absorbance characteristics are shgue in
3.7. The solution of ao bispyrrole3a has a weak emission intensity ACN and the
normalised emission curve was smaattDue totheweak emission intensity, a quantum

yield wasnot obtained
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Figure 3.7 Normalised U\Vis absorbance and emission spectraaih ACN (excitation

wavelength of 504 nm).

3.22 Stability of azo bispyrrole 3a in solution

This section discusses the stability of azo bispyr8alen solution. As previously
mentioned, solutions for the solvatochromic study of the azo comBaamdre prepared
in nonanhydrous conditionsFgure 36 and Table 32). When such a solution of azo
bispyrrole3ain CH.CI> was exposed to natural sunlight on the open bench for 72 hours,

the sample tured colourless from an initial dark pink colotidure 38).

t=0hrs t=72hrs

Figure 3.8 Photedecay of azo bispyrrolgain CH.Cl>over 72 hours.
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With this outcome, a study to understand the stability of soluticBawés sought.
Two solutions of3ain nonanhydrous CkCl, were prepared (210° 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\&/absorbance spectra every 24

hours.Figure 39 shows that the sample stored in the light decomposed, whereas that kept

in the dark did not.

0.5 041 0.41 0.5 0.47 _\,——{_ 047

@ 04 @ 04

203 203

g g

-;‘é 0.2 0.01 0.01 -;‘é 0.2 J

£ 0.(1) — < 0-(1) — —
350 550 750 350 550 750

Wavelength (nm) Wavelength (nm)
s ) WIS e 24 hrs 48 hrs 72 hrs s () WIS e 24 hrs 48 hrs 72 hrs

Figure 39 UV-Vis Absorbance spectra of solutions of azo bispyr@dein CH.Cl>

monitored over 72 hours. (left = sample exposed to sunlight, right = sample kept in the

dark).

The outcome of this indicated the instability of azo bispyr8ale nonranhydrous
CH.Cl> when exposed to light. Other solutions involving solventhsas acetone, ACN,
DMF and diethyl ether were screened in the same way, and all resulted in the same outcome
(Figure 39). Accordingly, it was concluded that solutions of azo bispyrBalevere not

stable in noranhydrous conditions with exposure to light.
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3.23 UV-Vis analysis of azo bispyrroles

Given that solutions oBa were unstable in neanhydous solvents in light,
solutions for the analyses showTable 33 were freshly prepared. Once measurements
were complete in ACN, solutions were immegdly 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 bispyrrdes) were recorded
in both ACN and DMFTable 33 and3.5 Experimentd). Absorbance bands f8b-g have
_max values ranging 49654 nm. Figure 310 displays the colours of azo compounds in
nortanhydrous solution in DMF, complementing their recorded absorbspeetra
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 thenexkeit its lowest
_max vValue. The emission was recorded, along with the corresponding Stokes shift value
(Table 33). Again, due to the very weak ema@s, quantum yields of fluorescence were

not calculated.

Figure 3.10 Solutions of azo bispyrroleéa-g in DMF.
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Table 33 UV-Vis spectral analysis of azo bispyrrokesg.

Azo R! R? Solvent UV-Vis Molar Emission Stokes Quantum
bispy Abs  Absorptivity  (_maxin Shift Yield
rroles (maxin - (Mlcm?) nm) (nm) (@)
nm)
3a Mes Ph ACN 504 63,000 602 98 0.0040
522 63,000
DMF 504 51,000 583 79
532 54,000 606
3b DICI?2 Ph ACN 500 25,000 601 101 0.0017
520 23,000
DMF 504 21,000 604 100
530 22,000
3c Mes DiMe® ACN
DMF 496 62,000 588 92 0.0060
3d Mes 4-CI° ACN 506 71,000 607 101 0.0020
528 70,000
DMF 508 55,000 610 102
538 56,000
3e DiCI? 4-CI° ACN 500 65,000 606 106 0.0042
520 64,000
DMF 506 71,000 607 101
534 72,000
3f Mes  1-Naph ACN 496 25,000 604 108 0.0069
DMF 498 21,000 603 105
39 Mes  2-Naph ACN 520 20,000 604 84 0.0009
544 19,000 629
DMF 522 83,000 605 83
554 82,000 634

aDiCl refers t0(2,6-diCl)CeHa, b biMe refers to (2,5diMe)CeHa, € 4-Cl refers ta(4-Cl)CeHs. (SeeTable 31).
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With absorbance spectra for azo compouBasg to hand, the next step was to
explore the differences in photophysical characteristics. It was observed that azo
bispyrroles3a, b, d, eand3g have two_maxVvalues, wherea3c and3f have only one broad
peak Figure 311). This difference is presumably due to the effect of the increased steric
bulk of the2-position o the| -areneg(R? in Table 33) on the pyrrolic units, foBc and3f.

Figure 312 highlights the added sterics at this position for thees® compounds. It is
hypothesized that the-arene in 3c and3f experience restricted rotation, due to the steric
bulk and interaction with the molecular core. However, at room temper#tussnd°C
NMR data provided no evidence fi@stricted rotation.

1.2

1

o
o
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3c
3f

Absorbance (AU)
o o
N o

o
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Figure 3.11 Normalised U\WVis absorbance spectra of solutions of azo bispyrBale

(blue),3c (green) andf (yellow), in DMF.
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3a 3c 3f

Figure 3.12 Azo bispyrroles3a, 3c and3f, highlighting the 2position of the -arenes.

The steric bulk is hypothesized to have a significant effect on the presence of the
Z-isomer of3c and 3f (Figure 313). For example, when comparing the structures of two
isomeric states of compoun8aand3c, theZ-isomer for3afeatures a reduced steric clash
between thaunsubstituted -arens. However, ér 3c, the Z-isome is presumablyless
favourable due to the steric clash of the methyl groups ig-fiesition ofeach -arene A

similar steric clash can be observed3grwhere the two naphthyl-arene groups clash.
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Figure 3.13 Steric clash of th&-isomers of azo bispyrrolga, 3c and3f.

By comparing3a/3b to 3d/3e in Table 33, i.e., substitution to the chloro
substituent on the -arene(R? in Table 31), no significant shift_max was identified.
However, an increase in mao absorptivity was observed, indicating the effect of the

chloro-substituent t@d and3ein improving the absorbance of the azo compounds.
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The added extent of conjugation presented by tte@eneimpacts the overall
photophysical characteristics ofcabispyrroles. To explore this phenomenon, analogues
of 3a bearing tnaphthyl 8f) and 2naphthyl 8g) were prepared. Azo bispyrrol86 and
3g exhibit different photophysical characteristics to each other and are both quite different
to 3a (Figure 314). By analysing their_maxvalues Table 33) 3f is identified as slightly
hypsochromic compared 8a, andwith one_maxvalue whereas3gis bathochromic t8a,
and with two_maxVvalues. Indeed, of the seriga-g, the 2naphthyl baring analogu&gis
the most bathochromid-igure 314). Visibly, solutions of3f in ACN/DMF were orange
in colour and3gweremagentgFigure 310). The 2naphthyl substituents 8 presumably
lie in plane with the pyrrolianits and the azo moiety, thus contributing to an extended
conjugated -system. In contrast, therfaphthyl substituents & must presumably lie
nonplanar as can be ameiated by consideration of how thendphthyl is positioned
resulting in increased steric claghigure 315). The two Mes groups o8f and 3g
presumably lie perpendicular to the entire molecule, similaddo

Solutions of azo bispyrroled and3gin ACN, have comparable molar absorptivity
to that of3b. However, this characteristic is not observed for the molar absorptivity of
solutions of azo bispyrrole&df and3gin DMF. The molar absorptivity of solutions 8fis
again similar t@8b in DMF; however, the molar absorptivity of solutions of azo bisggrr

39, in DMF, is the largest in thea-g series.
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Figure 3.14 Normalised UWVis absorbance spectra of solutions of azo bispyrrole

3a(blue), 3f (yellow) and3g (green), in ACN or DMF.

Steric

Steric
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Figure 3.15 Structure of azo bispyrrolé&a, 3f, and3g and highlighting the steric clash of

3f.

In summary with full photophysical characterisation of azo bispyr@des it has
been found the8cand3f have ondroadabsorbance peaRy extending the-conjugation,
a bathochromic shift was observed 3grcompared t@a. Thel-naphthyl analoguaf did
not exhibit such bathochromic absorbance presumably due to the steric consequence of the
position of connection. With the notion thaetB-isomer of these azo compounds was
possibly attainable, the next goal was to explore potential photoisomerization of azo

bispyrroles3a-c and their corresponding PSS.
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3.24 Hunt for photoisomerization of azobispyrroles

In the hunt to understand photoisomerization of azo bispyrroles, a dilute solution
of azo bispyrrole8a wasprepared (5 x I0M) in nonanhydrous ACN. The absorbance
spectrum of the solution was recorded at time: O minutes, in a quartz cliihettsolution
(in the quartz cuvette) was placed in the center of the stir plate, withdh@iBted 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 wagdavith aluminum foil, to
isolate the light source (Sé&xperimental3.53). UV-Vis absorbance data were recorded
every 10 minutes until 60 minutes chpassed. Such irradiation resulted in a visible
decrease of colour for the solution3z Furthermore, a new peak was observed at 415 nm
(Figure 316). This experiment was repeated using blue LER 480 nm) and UV LED

(Lmax 390 nm).
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Figure 3.16 UV-Vis absorbance of the phetiecay of3ain ACN from 0 to 60 minutes

(irradiation wavelength in 520 nm).

When the poseéxcited 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 tdhe spectrum recorded at time: O min/)e structural or photochemical
origins for these observations (decreasmt@nsity at_max 504 nm and 522 nm; increase
in intensity at 415 nm; maintenance of the absorbance profile i.e.#wof 504 nm and
522 nm) was not clear, particularly given that the instabiliBedf nonanhydrous 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 thelikelihood of decomposition, the data KFigure 316 were analysed
according to the First Order rafwv. 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,

80



Beer 0s Law was applied to cohhe &gdfthabsor be
difference in concentration at each time interval at 504 nm, compared to at time: 0 mins,

was plotted against irradiation time (se€iglre 317)
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Figure 3.17 Rate of decay for solutions of azo bispyrrdkein ACN (irradiated with UV,

blue and green lightmax 390, 480 and 520 nm)

This study was also carried out for azo bispyrr@lesind3c, with the @nclusion
that no formation of a newmax or PSS was observed.able 34 summarises the
photodecomposition of the azo compouBdsc which includes the rateonstant (k) and
half-life (tu2) of each compound in either ACN or DMF under these conditions of
irradiation. Azo bispyrroles3a and 3b photcdecompose at a faster rate at 480 nm

compared to the other two light sources of 390 nm and 520 nm, in both sohastlg,
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the rate constant and hdifie for azo bispyrrole3c are significantly larger compared 3a

and 3b, an interesting observation given the steric properti8s.of

Table 34 Photodecomposition of azo bispyrrolgesc.

Trails Azo Solvent Excitation Rate Half-life  Half-life

bispyrroles wavelength Constantk tie t1/2
(nm) (s1) (s) (mins)

1 3a ACN 390 3.2x1065 22000 361

2 480 1.0x 164 6700 111

3 520 1.1x164 6600 110

4 DMF 390 6.2x 165 11000 186

5 480 8.2x 1065 7900 133

6 520 2.1x105 33000 550

7 3b ACN 390

8 480 4.84 x10-5 14321 238

9 520 3.1x165 22007 367

10 DMF 390 1.84 x 164 3706 61

11 480 3.57 x105 19415 323

12 520 --- ---

13 3c DMF 390 1.44 x 105 48135 802

14 480 1.42 x 105 48813 813

15 520 1.16 x 165 59754 995
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In an attempt to identify the products of decomposition, a 700 mL solutia of
(20 mg; 5.3 x18 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
protecton of the usein the way of a black cloth. After monitoring, through WAs
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 afysed usingH 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 ramhydrous solutions, efforts
moved to exploring mperties of anhydrous solutions, to determine if water pr O
contributes to photodecomposition. Solutions3afin anhydrous ACN or DMF were
prepared. The inert samples were irradiated with the same light sources (360 nm, 480 nm,
and 520 nm)Figure 318 displays the photodecomposition of azo bispyrr@asvhen
irradiated at 520 nm. Importantly it was observable that azo bisp@ael@s more stable
in an inert environment compared to when the irradiated in theamwoydrous

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 bispyadteinert

ACN and inert DMF at 520 nm.

To further understand the differences in stability between anhydrous and non
anhydrous solutions, &b and3cwere analysed under the same parametetisase used
for 3a. Figure 319 shows the absorbance plots from 0 to 60 minutes of azo bispy8eles
and3b solutions in ACN when irradiated with different LED light sources. It is important
to note thaBc was insufficiently soluble in ACN to enable its analysis. Similafigure
3.20 shows the photodecomposition of azo bispyrr@das in DMF, under the same
conditions. It was observed that all anhydrous solutions of azo bigxyBalc are
relatively stable, further supporting the notion that solutions of azo bispyrroles decompose

in the presence of either water or. O
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Figure 3.19 Absorption spectra of solutions azo bispyrroBssand 3b in inert ACN
irradiated with different LED light sources (UV_max 390 nm, B- _max 460 nm, and

Gi _max 520 nm).
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Figure 3.20 Absorption spectra of solutions azo bispyrrdesc in inert DMF irradiated

with different LED light sources (UVi _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 phomerization or the achievement of a
PSS for azo bispyrrole8a-c was still absent in solution. As mentioned earlier, azo

bispyrroles in solution are weakly fluorescent. However, it was noticed thaisagorbles
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in their solidstate fluoresce strongly upon exposure to certain wavelengths of light

(Lmax 365 nn). The next section discusses the saligte emission of azo bispyrrde.

3.25 Solid State Emission

With no evidence for the formation @isomer or a PSS in both anhydrous and
nonranhydrous solutions, the photochemical chiaréstics of azo bispyrrol8a in the
solid-state were studied. Azo bispyrrdain its solidstate fluoresces strongly under long
UV-wavelength. For example, samples3afin solution (DMF) and in the solid state
resulted in quite different visual appaaces when viewed under a lamp usually used for
analysis of silicebased TLC plates (WNamp,_max 365 nn) Thedifference between the

two samples is shown Figure 321.

a) b)
Figure 3.21 Different states of azo bispyrroBa. a) solution in DMF & natural light. b)
solid-state & natural light. c) solution in DMF & exposed to 365 nm-ldwip. d)solid-

state & exposed to 365 nm U¥mp.

The solidstate emission properties of studi@es were thus studied. Solid state
emission involved using a modular setup, where either UV or green LED lights365
nm or _max 525 nm) excited the sample, aadlame emission spectrometer detected the

emission produced. Many experimental methods and mediums were evaluated, many of
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which were not successful. Examples of these were drop casting films of azo bisRgrrole
on a glass slide or coating filter papeithwa solution of azo bispyrrolgdain ACN and
allowing to dry, before irradiating with either UV or green LED light. Both methods were
guided by literature reporté.The signato-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 ostatdemission
resulted in norguantifiable resultsolid samples ddawerethenanalysedThis 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 bispyrraewas placed between two glass slides.
The sample prepared this way was excited with UVitligpurce of (max 365 nm). A
significant emission was observeffigure 322). However, when the sample was
immediately reanalysed for emission, ehintensity of that emission was found to be
reduced compared to the initial interrogation. Thus, azo bispy8eoleasexcited for 10
mins with the emission spectra recorded every 1 minute. The emission spectra are shown
in Figure 322. This characteristic of gradually plateauing of the sslate emission
complements the notion that the PSS is reached. This was the first evidence for attainment

of aPSS of azo bispyrrolga.
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Figure 3.22 Solid state emission of azo bispyrr@airradiated at 365 nm for 10 minutes

and analysed every minutes.

If a PSS was indeed achieved, this coulébmdication thaBa photcisomerized
from theE-isomer to theZ-isomer in the soligtate>® Such a phenomends known for
other azo dyes, for exampézopyrimidinephotoisomerize E to Z-isomer) in the solid
state upon irradiation at 365 milf so, theZ-isomer of 3a might relax to theE-isomer,
either thermally or photochemically, with reference to the original emission characteristics
seen at t = 0 mins iRigure 31. Such relaxation was observed for azo bispyrdalepon

removal from the light source and analysis after 3 mindiigsi(e 323).
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Figure 3.23 Solid state emission spectra of a sample of azo bispydadkeadiated using
365 nm U\light. The emission spectra (blue) for 0 and 10 mins;-poatysis 3 minutes

after removal of light (red).

This work provideghe first evidence for azo bispyrrdda thermally isomerising
back to the original isomer, after first irradiation to reach a PSS. Hypothetic@aaviis
allowed to thermally relax for a longer time (i.e., 10 minutes instead of 3 minutes), it may
fully recover. This setip to assess solgtate was successful, emission was observed,
evidence for photinduced isomerization was obtained, and an indication of thermal
relaxation back to the original state was achieved. Further work to explorestsiéd

emission of azo bispyrrol&a-g is required.

3.3 Conclusion
The photophysical characterisation of azo compo@adghas been explored. This
study has highlighted azo compounds that absorb bathochromically compared to azo

benzeneC1 and phenylazopyrrolB1 (Figure 35) and the structural features responsible
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have been presented. In addition, azo compoG@agdgshave large extinctionoefficients
ranging from 20,000 80,000 M'cm™.

A solvatochromic analysis of solutions of azo compo8aded to the discovery
that 3a was not stable in neanhydrous solution. Similar observations were found for
solutions of3a-c (in ACN/DMF), irradiating using varying light sources. Thus, the rate of
photodecomposition ofa-c was calculated, and the hiife values of these azo
bispyrroles were foundlable 34). However, when azo bispyrrol8a-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 PSSwvas found in solution.

However, switching to analysis of azo bispyrradesn 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 theffiindication thaBa photc
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 spectBamtdhe
PSSwould provide further evidence for isomerization in the setate. Recognizing this
observed PSS was achieved after 10 mins, analysing emission at varying time intervals of
thermal relaxation o8a is required (with UV LED light_max 365 nm). Similar studies
must be conducted for absorbance as well. Lastly, studying the effects ofspliiatung

cycles will help identify the stability of azo bispyrroles in its sdidte.
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Currently, the setip for solidstate emission suffers from naomiformity of the
sample of azo bispyrrol@a-g on the glass slideAlternate approaches to sample
preparation could be explored e.g., using organic polymers or using-orgdaic

frameworks26-°7
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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 uaiHgriba Sciatific Duetta two

in-one fluorescence and absorbance spectrometer and using a quartzvativett® cm

path length Photodecomposition was performed cd Brinted plastic ring with either
greenlight (R6060AAGRN, _max 520:530 nm, Power: 14.4 W), blue ligfR6060AA

BLU, _max 470480 nm, Power: 14.4 W) or UV ligtR6060AAUV, _max 390400 nm,
Power: 14.4 W), stir plate and a fan, with the wholeugetovered with aluminum foil.

Solid state emission data were retEd using an Ocean Insiglilame emission
spectrometefrange 1901100 nm) which includes either white lightéx. 365 nm, Power

800 mW) or green light fax 365 nm, Power: 1500 mW) LED lamps to excite the sample.
Acknowledgement to Madeleine Deardenfinding the quantum yields of azo bispyrroles

3ag.
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3.51 General Procedure for U\-Vis absorbance, emission, and calibration curve

The stocksolutions of azo bispyrrole3a-g in ACN or DMF were prepared. UVis
absorption anémission data were collected and recorded. A range of concentrations of
azo bispyrrole8a-g in ACN or DMF were preparefl-18 x 10° M) dependingand their
respective absorbance spectra measured, and their correspongliatpsorbance were
found. A calibration curve, plotting absorbance_(ats) vs concentration (M x 1% and

identifying the | ine of beBquatohBlYinorderdgos used

calculate corresponding extinction coefficients.
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UV-Vis absorbance spectrum®¢in DMF
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UV-Vis absorbance spectrum&d in DMF
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UV-Vis absorbance spectrum &fin DMF
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UV-Vis absorbance spectrum&din DMF
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3.52 Solvatochromic study of azobispyrrole 3a

A fixed concentration (5 x T®M) of solutions of azdispyrroles3a were prepared in
acetone, ethyl acetate, diethyl ether, pentane, toluene, DMF,ah@Nlichloromethane.
The UV-Vis absorbance spectra were recorded for all solutions arabstoebancewere
normalised to theirmax. A plot of all solutions of azo bispyrro8ais shown inFigure 36,

and their correspondingnaxfor each solvent is found ifable 32.



3.53 Photodecomposition of azo bispyrroles 3a in non-anhydrous conditions

A fixed concentration (5 x 1®M) of solutions of azebispyrroles3a-c were prepared in

ACN or DMF. The solution almsbance spectrum was measured at time: 0 minutes, in a
guartz cuvette. The solution (in the quartz cuvette) was placed in the center of the stir plate,
with the 3d printed ring with LED lights irradiating the sample (UV, Blue or Green). A
fan was used tkeep 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,
usi ng B gmEquation 3L Ehevdifference between the absorbance at-imezval

compared to at time = 0 minutes was found, and theoliathis difference was calculated.
Using the first order ratiaw, a plot of he log(— vs time (sec) was produced. Using the

line of best fit, the rate of dec&y(sec') was found Table 34).
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UV-Vis Absorbance spectra showing the photodecompos3adn
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3.54 Photodecomposition of azo bispyrrole8a-c in anhydrous solutions.

A fixed concentration (5 x 1®M) of solutions of azo bispyrrolea-c were prepared in
nonranhydrous ACN or DMF. The solution was freguenpthawel and each transfer to

guartz 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. Eatiors@in the quartz cuvette) was
placed in the center of a stir plate, with thd Brinted 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 foiligolate 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.



Absorbance (AU)

Absorbance (AU)

UV-Vis Absorbance spectra showing the
photodecompositioBain inert ACN irradiated with UV
light with _,c 390 nm

0.3
0.25
— 0 MiNS
0.2
— 10 MiNs
0.15 20 mins
30 mins
01 40 mins

0.05 § 7 50 mins
60 mins

O B - - —
350 400 450 500 550 600 650 700 750
Wavelength (nm)

UV-Vis Absorbance spectra showing the
photodecompositioBain inert ACN irradiated with blue
light with _ ., 480 nm

0.3
0.25
= — () MiNS
< 02
E — 10 MiNs
E 0.15 20 mins
é 01 30 mins
< - 40 mins
0.05 5 50 mins
0 / 60 mins

350 400 450 500 550 600 650 700 750
Wavelength (nm)

UV-Vis Absorbance spectra showing the
photodecompositioBain inert ACN irradiated with green
light with _, 520 nm

0.3

0.25
— () MiNS

0.2
—10 MiNs
0.15 20 mins
30 mins

0.1
40 mins
0.05 / 50 mins
0 60 mins

350 400 450 500 550 600 650 700 750

Wavelength (nm)

12¢



Absorbance (AU)

Absorbance (AU)

Absorbance (AU)

UV-Vis Absorbance spectra showing of the photodecompo$itiam

0.3

350

0.25

0.2

0.15

0.1

0.05

350

400

DMF irradiated with UV light with_ .- 390 nm

450

500

550
Wavelength (nm)

600

650

700

750

— 0 MINS
— 10 MiNS
e— 20 MiNs

e 30 MiNS

40 mins
50 mins

60 mins

UV-Vis Absorbance spectra showing of the photodecompog&ton
in inert DMF irradiated with blue light with,,.; 480 nm

400

450

500

550
Wavelength (nm)

600

650

700

750

UV-Vis Absorbance spectra showing of the photodecomposition
in inert DMF irradiated with green light with, .. 520 nm

0.25

400

450

500

550
Wavelength (nm)

12¢

— () MINS

— 10 MiNS

— (0 MiNS

e— 30 MiNS

40 mins
50 mins

60 mins



Absorbance (AU)

UV-Vis Absorbance spectra showing of the photodecomposition
inert ACN irradiated with UV light with_,,, 390 nm

0.25
0.2 =\
\ — () MiNS
0.15 \\\ — 10 Mins
\ — 20 MiNS
0.1 30 mins
40 mins
0.05 \ 50 mins
N> \\\ 60 mins
0 \ —
350 400 450 500 550 600 650 700 750
Wavelength (nm)
UV-Vis Absorbance spectra showing of the photodecomposition
in inert DMF irradiated with blue light with,,.; 480 nm
0.35
0.3
= 0.25 — 0 MINS
2
< e 10 Mins
o 0.2
E e 20 MiNS
% 0.15 30 mins
ES
01 40 mins
50 mins
0.05 \/'/ 60 mins
0 -
350 400 450 500 550 600 650 700 750
Wavelength (nm)
UV-Vis Absorbance spectra showing of the photodecompoghbon
in inert ACN irradiated with green light with, . 520 nm
0.25
0.2
= — () MINS
< 0.15 —— 10 MiNS
8
s — 20 MiNS
2 0.1 30 mins
< 40 mins
\ 4 50 mins
0.05
\ 60 mins
0 AN

350 400 450 500 550 600 650 700 750
Wavelength (nm)

13C



Absorbance (AU)

Absorbance (AU)

Absorbance (AU)

UV-Vis Absorbance spectra showing of the photodecompogtion
inert DMF irradiated with UV light with,,c 390 nm

0.35
0.3
0.25 e— () MiNS
— 10 Mins
0.2
— 20 MINS
0.15 30 mins
01 40 mins
L 50 mins
0.05 \/ 60 mins
0 = S
350 400 450 500 550 600 650 700 750
Wavelength (nm)
UV-Vis Absorbance spectra showing of the photodecompogtion
in inert DMF irradiated with blue light with,,.,; 480 nm
0.35
0.3
0.25 — 0 MiNS
— 10 MiNs
0.2
— 20 MINS
0.15 30 mins
40 mins
0.1
50 mins
0.05 \_/ 60 mins
0 - ~
350 400 450 500 550 600 650 700 750
Wavelength (nm)
UV-Vis Absorbance spectra showing of the photodecomposition
in inert DMF irradiated with green light with, . 520 nm
0.35
0.3
0.25
— () MINS
0.2 —10 MINS
— 20 MiNS
0.15 30 mins
40 mins
01 50 mins
0.05 60 mins

350 400 450 500 550 600 650 700 750
Wavelength (nm)

131



Absorbance (AL)

UV-Vis Absorbance spectra showing of the photodecomposition 3¢ in inert
DMF irradiated with UV light with A,,,: 390 nm

0.35
0.3
0.25 e (} i £

— (] @S

0.2
— 1} @S
0.15 — () mina
— () mins

0.1
50 mins
0.05 60 mins

350 400 450 500 550 600 650 T00 750

Wavelength (nm)

UV-Vis Absorbance spectra showing of the photodecomposition 3¢ in
inert DMF irradiated with blue light with A,,,,: 480 nm

0.35
0.3
0.25 e (} mii
=) )
= — (} TS
b 0.2
g — (} mins
=
=
B 0.15 e 5 {} mins
=
0.1 — 4 mins
50 mins
0.05 60 mins

350 400 450 00 550 600 650 700 750

Wavelength (nm)

UV-Vis Absorbance spectra showing of the photodecomposition 3¢ in
inert DMF irradiated with green light with A,,,,: 520 nm

0.35
0.3
0.25 P
— ) 10
=]
= — | mins
— 02
2 e 2 {} TS
£
= 0.15 — 3 mins
k]
< — 4} WS
0.1
50 mins
0.05 60 mins

0 = S ———
350 400 450 S00 550 600 650 700 750

Wavelength {nm)



3.55 Solid State Emissiorof azo bispyrrole 3a

Solid powdered azo bispyrrol8a (1 mg) was placed between two glass slides and the unit
was compressed between finger and thumb. The sample was excited with white light
(Lmax 365 nm) and the emission spectra recorded every minute for 10 minutes. The light
was switched off and the salapwvas left in the dark for 3 minutes. After 3 minutes, the
sample was excited with white light{ax 365 nm) so that the emission spectra could be
recordedA plot of the solid state emission azo bispyrroleé3a is shown inFigure 322

andthe thermal recovenpostirradiation,of azo bispyrrol&ais shown inFigure 323.
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Chapter 4 Conclusion

This thesis work involves the synthesis and investigation of azo bispyrroles, the
first of such series.

Chapter2 describes theuccessful isolain of eight azo bispyrroleS8a-h. A range
of nitrobutanones withvarying arenesubstituentswere synthesized anslubjected to
microwave irradiationAs a consequenceight azdispyrroles wersuccessfully isolated
In addition, this chapter highlights significant improvements in purificatiethodology
for isolatingazo bispyrrole. Theseimprovementsncluded: completedissolution of the
starting material prior to microwave irradiatioasing aluminaover silicaas thesolid
media forpurification via chromatographgnd using dichloromethane in hexarmessthe
eluent for chromatogiphy.The improved synthetic and purification methodology resulted
in the successfusolaion of azo bispyrrole8a-h.

Chapter 3 discusses the photophysical characterisation of azo bispBaaies
including UV-Vis absorbance and emission data. Effomstd find evidence for
photoisomerization concluded that azo compourBsc were not stable in
nontanhydrous solution, as they readily phdecompose when exposed to natural light or
excited by using LED lamp sources. The switch to anhydrous soluti@z® dfispyrroles
resulted in their increased stability when excited with LED light. Photodecomposition was
monitored for azo bispyrrolé3a-c in both noranhydrous and anhydrous conditions, yet
no observable PSS was found in solutsbate. Soliestate enssion of azobispyrrol8a
identified the attainment of a PSS, and that thermal recovery of the azo con3aqoxd
irradiation occurred. This was indeed the first evidence of photoisomerization for an azo

bispyrroles.
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Appendix A

Nuclear Magnetic Resonance Spectra

H NMR (500 MHz) spectrum of compouricin CDCh
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'H NMR (400 MHz) spectrum of compourgh in CDCls
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'H NMR (500 MHz) spectrum of compourghin DMSO
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'H NMR (400 MHz) spectrum of compourgtl in CDCls
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H NMR (400 MHz) spectrum of compourgkin CDCls
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13C NMR (125 MHz) spectrum of compour@ein CDCl
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'H NMR (400 MHz) spectrum of compourgfin CDCl
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13C NMR (100 MHz) spectrum of compour@f in CDCh
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'H NMR (400 MHz) spectrum of compour8tjin CDCl

13C NMR (100 MHz) spectrum of compourBtjin CDCl
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