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Abstract

This thesis is divided into three distinct chapters. The first chapter highlights the synthesis
of a family of trans-cinnamaldehydes using a Wittig methodology, and their evaluation
as antibacterial agents against Gram-positive Staphylococcus aureus (S. aureus) and
Gram-negative Escherichia coli (E. coli) in vitro. Cinnamaldehydes are known
electrophiles, with some literature reports suggesting a Michael acceptor role as part of
their antibacterial mode of action. The electrophilicities of our family of trans-
cinnamaldehydes were calculated, and a relationship between electrophilicity and
observed antibacterial activity was considered. Here, the more electrophilic
cinnamaldehydes appeared to be more active in our antibacterial assays. An in vivo
toxicity assessment of a selection of these trans-cinnamaldehydes was undertaken using
Galleria mellonella larvae, and an initial mechanism of action study was performed using
protein and amino acid leakage as an indication of the effect the trans-cinnamaldehydes
might have on the integrity of the bacterial cell wall and/or membrane. The trans-
cinnamaldehydes studied were non-toxic and did show some protein and amino acid
leakage, although the results were such that the cell wall/membrane disruption may not
be the primary or only mechanism of action. Overall, the antibacterial activity of the
trans-cinnamaldehydes was modest to low. They were non-toxic and displayed both an
interesting relationship to electrophilicity and an ability to disrupt the cell
wall/membrane. However, they are not strong candidates for further development as
antibacterial agents and would require further structural modification to improve efficacy.

A second antimicrobial study was undertaken with the aim of identifying novel potent
antimicrobial agents. An initial screen of novel structures, which was available in the
Stephens group, identified a pyrazolo[1,5-a]pyrimidin-7-one family of compounds with
antibacterial potential. This family of pyrazolo[1,5-a]pyrimidin-7-ones were synthesized
by other group members and | carried out the antimicrobial activity study. One member
of this family, 2-butyl-5-(3,5-bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-
7(4H)-one, was identified as a leading hit compound against S. aureus in the preliminary
study. The family of thirty-five pyrazolo[1,5-a]pyrimidin-7-ones was divided into groups
based on their structure as part of a structure activity relationship (SAR) study, and each
member was tested in vitro against S. aureus (Gram-positive bacteria), E. coli (Gram-
negative bacteria), and Candida albicans (representative fungus). The pyrazolo[1,5-
a]pyrimidin-7-ones showed more potent antibacterial activity than antifungal activity.
The SAR studies resulted in the identification of a leading hit pyrazolo[1,5-a]pyrimidin-
7-one, 2-isopropyl-5-(3,5-bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-7(4H)-
one, which showed the highest activity against S. aureus, MICso of 1.2 uM. The activity
of  2-isopropyl-5-(3,5-bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one
was superior to that of the commercial antibiotics tested against S. aureus, in that, a MICsg
of 21.8 uM, 11.03 uM, and 5.22 uM was obtained for ampicillin trinydrate, tetracycline,
and streptomycin sulfate, respectively. A selection of pyrazolo[1,5-a]pyrimidin-7-ones,
including our most active candidates, were then evaluated against more clinically-
relevant bacterial strains, namely methicillin-resistant S. aureus (MRSA, Gram-positive),



and Pseudomonas aeruginosa (Gram-negative). The most active compound was 2-(4-
trifluoromethylphenyl)-5-(3,5-bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-
7(4H)-one, with an MICsp of 1.88 uM against MRSA, and compares favourably to the
MICso of 2.33 mM and 291.72 uM for the commercial antibiotics ampicillin trihydrate
and tetracycline, respectively. An in vivo toxicity assessment and an in vivo therapeutic
evaluation of the most active compounds was completed, using Galleria mellonella and
infected Galleria mellonella respectively. Here, the pyrazolo[1,5-a]pyrimidin-7-ones
evaluated were shown to be non-toxic and, in the therapeutic evaluation study, where
Galleria mellonella were infected with MRSA and subsequently treated with was 2-(4-
trifluoromethylphenyl)-5-(3,5-bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-
7(4H)-one, the survival rate improved by 25% for the treated Galleria mellonella over
the non-treated.

Chapter two is dedicated to the development of a synthetic methodology that
allows access to electron deficient trienes. Important applications of trienes can be
broadly divided into (i) medicinal applications and (ii) synthetic applications. An initial
attempt to access (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene from
trans-cinnamaldehyde and (E)-1,3-bis-phenylsulfonylprop-1-ene, using traditional
Knoevenagel-condensation reaction conditions, was unsuccessful. We then undertook a
study to determine Knoevenagel-type condensation reaction conditions that would allow
access to the desired triene. The model reaction chosen was that between trans-
cinnamaldehyde and (E)-1,3-bis-phenylsulfonylprop-1-ene. The study explored reaction
variables such as solvent, base, equivalents of base, and temperature, with conversion to
triene estimated using quantitative NMR. This allowed us to establish the preferred
reaction conditions for our Knoevenagel-type condensation synthetic strategy which used
DCM as solvent, 20 °C, and 15 equivalents of AloO3 as base. The desired triene was
generated in 93% isolated yield and the methodology was successfully applied to the
synthesis of 20 trienes. All of these novel compounds underwent full structural
characterization using NMR spectroscopy, liquid chromatography-mass spectrometry
(LC-MS), high resolution-mass spectrometry (HR-MS), and infrared (IR) spectroscopy.
In terms of substrate scope, our synthetic strategy allowed for variation of the starting
cinnamaldehyde, and some variation of the starting propene (nitrile and sulfonyl electron
withdrawing groups). However, our studies to date suggest that employing esters as an
electron withdrawing group on the propene may not be well tolerated. Within our attempts
to employ the esters, an alternative biaryl product was generated when dimethyl
glutaconate was employed as the starting ester propene. Other ester variations resulted in
the generation of complex mixtures.

In chapter three we report a thermal electrocyclization of our electron poor trienes
in the synthesis of a family of phenylsulfonyl biaryls. An optimization study led to the
identification of preferred reaction conditions and an isolated yield of 88% for our model
reaction was obtained using (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
triene as the substrate. This allowed us to access nine phenylsulfonyl biaryl products. All
novel compounds underwent full structural characterization using NMR spectroscopy,
LC-MS, HR-MS, and IR spectroscopy. A photophysical study was also performed, as the
structure of the biaryls suggested that they may possess some interesting fluorescent



properties via a possible twisted intramolecular charge transfer (TICT) process. The
dimethylamino derivative showed the greatest sensitivity to solvent choice. In terms of
the molar extinction coefficient (¢), values of between 17332 and 37964 M cm™* were
recorded in chloroform. The highest value was obtained for the choro derivative, and the
lowest value for the dimethylamino substituted derivative. The derivative with the highest
quantum yield of 0.92 was also the dimethylamino derivative, but this was only observed
in the aprotic solvent chloroform. In methanol, the quantum yield dropped dramatically
for the dimethylamino derivative due to a suspected hydrogen bonding effect. The
preliminary photophysical properties suggest that these biaryls are potentially useful and
versatile fluorescent small molecules.
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Chapter One. Antimicrobial agents: Cinnamaldehydes and pyrazolopyrimidinones

1.1 Introduction

1.1.1 Antimicrobial agents

Antibiotics and antimicrobial agents are those substances that inhibit the growth of
bacteria, with many disrupting vital cellular functions thereby causing rapid bacterial cell
death.! In the last forty years, antibiotics have been over-used by humans, not only by
direct consumption, but also through their extensive use in animal feed.? Consequentially,
antibiotic resistance in several pathogenic organisms has occurred,? with a corresponding
reduction in the efficacy of antibiotics that are currently on the market. This has resulted
in antibiotic resistance becoming a global health issue.! The American Centers for
Disease Control and Prevention (CDC) has reported, to date, that more than two million
diseases have been caused by microorganisms that are resistant to more than one class of
antibiotics.®> Antibiotic resistance also causes a substantial economic burden, incurring
approximately €1.5 billion in additional health care costs annually within the European
Union (EU).! Moreover, this resistance has a high associated mortality rate. Based on data
collected between January 1st 2015 and December 31st 2015, it is estimated that
infections involving antibiotic-resistant bacteria accounted for 33,110 attributable deaths
in the EU and EEA (European Economic Area).* This high mortality rate is due to the
fact that these related infections have become extremely difficult to treat, where examples
include extensively drug-resistant tuberculosis (XDR-TB) and community-associated
methicillin-resistant Staphylococcus aureus (MRSA). Infections such as these pose a
monumental challenge to clinicians.?

1.1.2 Natural products

Aside from the emergence of bacterial antibiotic resistance, negative consumer attitudes
towards synthetic food preservatives has resulted in a growing consumer popularity
towards the use of natural products, such as plant components containing essential oils
and essences, which similarly help to protect from harmful pathogens and prevent food
spoilage.®® This consumer trend is in part due to perceived nutritional and safety qualities
of natural products.”® As a result, there has been a renewed interest by food scientists in
the use of spices and natural preservatives derived from plant sources as alternative
antimicrobial agents.” 8 Historically, plants, spices and their essential oils have been used
in traditional medicine.'® From an ecological viewpoint, the use of plants as a source of
antimicrobial agents is a sensible strategy since plants naturally produce an array of
secondary metabolites that defend the host from microbiological invasion.* ¢ In addition,
plants can contain chemical entities that have diverse features such as complex structures
that synthetically would be difficult to obtain.




Cinnamon spice is obtained from the inner bark of several trees within the genus
Cinnamomum, which itself is comprised of approximately 250 plant species.*' 2 The
most common species are C. cassia (Chinese cinnamon, commonly referred to as Cassia)
and C. verum (also called C. zeylanicum, commonly referred to as true cinnamon). These
two species contain a varying percentage of cinnamaldehyde with up to 85.3% and 90.5%
reported, respectively.!! trans-Cinnamaldehyde has been identified as the component that
gives rise to much of the reported antimicrobial properties of this spice.® 1>¢ Isolated
cinnamaldehyde has been shown to effectively inhibit the growth of an array of
microorganisms such as bacteria, moulds, and yeasts, as well as having been reported to
inhibit toxin production by microorganisms.® % 13.17.18

1.1.3 Commercial use of trans-cinnamaldehyde

trans-Cinnamaldehyde is Generally Recognized as Safe (GRAS) by the United States
Food and Drug Administration (FDA), and Flavour and Extract Manufacturer’s
Association (FEMA), and has been granted A status (i.e. may be used in foodstuffs) by
the Council of Europe.” On this basis, trans-cinnamaldehyde can be viewed as a safe
food and flavour additive, with a pleasant taste and odour, and has found many
commercial food uses.® !’ Cinnamon has been a useful spice since biblical times, when
it was utilized as a perfume in rubbing oils.! Ancient Egyptians employed cinnamon as
a fragrance for preserving bodies,** and more recently, trans-cinnamaldehyde has been
used agriculturally as a fungicide.® Cinnamaldehyde has also been incorporated into
edible antimicrobial films, prepared from foodstuffs such as fruit and vegetables, and has
inactivated foodborne pathogens either by direct contact or by vapours released from the
films in closed containers.?’ These films have also been shown to reduce the presence of
non-pathogenic spoilage organisms that impact food quality.!” This correlates with a
growing interest in natural antimicrobials that not only prevent the growth of foodborne
pathogens and spoilage microorganisms, but can also enhance the flavour and quality of
foods.?! Thus, in light of trans-cinnamaldehyde being a safe additive that is already being
added to foods to enhance flavour, related cinnamaldehyde derivatives have the potential
to be cost-effective, food-compatible, broad-spectrum antimicrobial additives that could
be used against an array of pathogenic microorganisms,'’ and hence have sparked the
interest of researchers across the globe.

1.1.4 Limitations of trans-cinnamaldehyde for commercial applications

There have been some undesirable aspects reported for trans-cinnamaldehyde that has
limited its commercial use. For one, the solubility of this compound in water is low at
approximately 1.1 g/L at 20 °C.* It is also sensitive when exposed to light and air for
prolonged periods.* In vivo, it is possible that trans-cinnamaldehyde decomposes to
cinnamic acid by enzyme catalysis before it is able to elicit its antibacterial activity, hence
could be considered unstable in blood.'? Additionally, Visvalingham et al.® were the first




to show that Escherichia coli O157:H7 can convert cinnamaldehyde to cinnamic alcohol
using dehydrogenase/reductase enzymes.® Cinnamaldehyde is a known sensitizer in
humans and the North American Contact Dermatitis Research group have reported that
cinnamaldehyde is a frequent cause of allergic reactions as a constituent of perfumes and
cosmetics.** In human dermatological studies, the No-Observed-Adverse-Effect-Level
(NOAEL) for cinnamaldehyde sensitization has been set at 0.5%.%! For this reason, the
International Fragrance Research Association (IFRA) has limited its use to 0.05%.*! This
all highlights the need for research into cinnamaldehyde derivates that have lower
sensitization effects, lower toxicity, but improved antibacterial activity to that of trans-
cinnamaldehyde.

1.1.5 General medicinal properties of cinnamaldehyde and its derivatives

Extensive research has been carried out investigating the broad scope of medicinal
applications associated with cinnamaldehyde and its natural and synthetic derivatives. A
number of excellent reviews have been published with respect to the medicinal properties
associated with trans-cinnamaldehyde itself (Figure 1, structure 1),'> *"1° including its
anti-inflammatory properties,?2-?* anti-fungal activity,?>-?" and thermogenic and metabolic
effects.?832 Other applications for trans-cinnamaldehyde including anti-mold, anti-
diabetic, neuroprotective, cardioprotective, anticancer and anti-oxidant functions, have
all been discussed previously in the literature.®** In addition, reviews on
cinnamaldehyde derivatives and their associated medicinal properties have been
published, including noteworthy examples by Chen et al.®® and Shreaz et al.'!, and
numerous studies have been implemented by other groups with results indicating the
potential of cinnamaldehyde derivatives as medicinal agents.%5 34 57.58
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Figure 1. Examples of cinnamaldehyde derivatives from the literature that have reported medicinal

properties. @ Denotes a naturally occurring cinnamaldehyde, ® denotes a synthetic cinnamaldehyde
derivative.

1.1.6 Molecular mechanism: Cinnamaldehyde as an electrophile

Cinnamaldehyde has two electrophilic reactive sites, the B-carbon on the conjugated
double bond and the carbon of the aldehyde carbonyl group.t” A number of previous
studies have related the bioactivity of cinnamaldehyde, and its derivatives, to its potential
Michael acceptor ability, i.e. nucleophilic attack at the B-carbon. For example, Cabello et
al.®® related the Michael acceptor ability of trans-cinnamaldehyde (Figure 1, compound
1), and a range of its derivatives to their ability to impair melanoma cell proliferation,
viability, invasiveness, and NF-kB transcriptional activity. They observed that 1, but not
structurally similar compounds devoid of Michael acceptor ability such as cinnamyl
alcohol (Figure 1, compound 8), possessed this ability.*® A related example can be found
in the findings of Motohashi et al.>® who conducted a structure activity relationship (SAR)
study using antimutagenic benzalacetone (Figure 1, compound 9), as well as a number of
cinnamaldehydes and cinnamic acids. This group similarly found that the presence of the
unsaturated bonded-carbonyl system is necessary for biological activity, namely the
inhibition of mutagenesis activity.*°

Brackman et al.®® conducted a SAR study of cinnamaldehyde analogues as Al
(autoinducer)-2 based quorum sensing inhibitors in Vibrio spp. It was suggested that those
analogues containing an a,B-unsaturated acyl group with potential to act as Michael
acceptors (for example 2-nitrocinnamaldehyde 10, 3,4-dichlorocinnamaldehyde 11, and



1, Figure 1), were found to possess greater activity with respect to the inhibition of
bioluminescence of Vibrio harveyi BB170. However, analogues that did not possess an
a,B-unsaturated acyl group, such as 3-phenylpropionaldehyde (Figure 1, compound 12),
did not result in a significant inhibition of the bioluminescence signal. The group
proposed that these effects may be as a result of a Michael-addition reaction in the
mechanism of action, allowing 1 and its analogues to act as LuxR-ligands. This could
yield a modified protein that likely resulted in the reduced ability to bind to DNA. The
reduced DNA binding was observed experimentally and measured in terms of Kq values,
which refer to the respective concentrations of LuxR at the half-maximal fractional
change in fluorescence anisotropy.>®

More recent studies have however indicated, perhaps surprisingly, that it is the
carbonyl carbon that is more significant in terms of reactivity than the -carbon. For
example, Sadofsky et al.®° investigated the mechanism leading to the activation of TRPA1
(transient receptor potential ankyrin 1) of cysteine residues. This group noted that
cinnamic acid, acrylic acid, and acrylamide caused little or no TRPA1 activation in
concentrations up to 300 UM, where these compounds contain both a carbonyl carbon and
an unsaturated B-carbon, but are weakly electrophilic at the carbonyl carbon. In contrast,
those compounds such as acrolein and 1, which can react via either conjugate addition at
the B-carbon, or reversible direct addition at the carbonyl carbon, caused TRPAL
activation in a concentration dependent manner. With respect to these reactive aldehydes,
the authors indicate that it is the reversible direct addition that is responsible for the
channel activation, which would explain why TRPAL agonists such as cinnamaldehyde
acted in a manner compatible with reversible, competitive agonism. Similarly, both
hydrocinnamic acid NHS ester and propionic acid NHS ester, which are only capable of
direct addition, activated TRPA1 expressed in HEK293 cells.®°

Autelitano et al.®® investigated the reaction of cinnamaldehyde and cinnam(o)yl
derivatives with thiols. Here dodecanethiol was employed as a model of simple thiols,
with cysteamine utilized as a model of reactive protein thiols in an NMR assay as
developed by Avonto et al.%? This study was carried out to probe the selective reactivity
of 1 at both the carbonyl carbon and the fB-carbon. Compound 1, when reacted with
cysteamine, afforded a mixture of a thiazoline derivative and compounds of multiple
addition at both the carbonyl and -carbon. The reaction with dodecanethiol gave a bis-
dithioacetal via direct addition, but no reaction occurred between dodecanethiol and
saturated compound 12. A possible explanation was given in that for 1 (versus 12),
conjugation to a phenyl reduces the hardness of the carbonyl to the point of making it
possible for a weak and soft nucleophile like sulfur to attack it without any previous
catalysis. These surprising results suggest that 1 can trap simple thiols via direct addition,
and can also trap cysteamine-type thiols, but only after imine formation with the amino
motif.5
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1.1.7 Antibacterial activity of cinnamaldehyde and its derivatives

trans-Cinnamaldehyde, 1, has known antibacterial properties that have been established
across an array of Gram-positive and -negative bacteria, including Escherichia coli, 1*
12,34,63 Bacillus subtilis, % 1263 Staphylococcus spp.,12 1734 83 Listeria spp. and Salmonella
spp.,% 10 12. 17,63 | actobacillus sakei,%® Campylobacter jejuni,® ® Vibrio spp.,3 10 12
Pseudomonas spp., > 19 234 porphyromonas gingivalis,'? Streptococcus pyogenes,® and
Cronobacter sakazakii.'> 17 Some studies investigate the general antibacterial activity of
cinnamaldehyde and its derivatives, while others focus on a particular mechanism of
action. The following will highlight some of the relevant publications in each category
and discuss them in separate sections.

1.1.7.1 General antibacterial activity of cinnamaldehyde and its derivatives

Some recent research has utilized trans-cinnamaldehyde, 1, as a hit compound, from
which a range of derivatives have been synthesized and tested for their antibacterial
activity, as is the case with the following examples. One such case is that of Wei et al.,?®
who developed nine Schiff base cinnamaldehyde compounds and tested them, along with
cinnamaldehyde, against Bacillus subtilis (B. subtilis) and Escherichia coli (E. coli). The
antimicrobial activity of the Schiff base adducts were very near or higher than
cinnamaldehyde.?® Following on from this work, Wang et al.®® synthesized twenty four
Schiff base cinnamaldehyde analogues using 1, 4-chlorocinnamaldehyde (Figure 2,
compound 13), and 4-methoxycinnamaldehyde (Figure 2, compound 14), as the
cinnamaldehyde component. The three cinnamaldehydes were combined with one of
eight amino acids to generate the corresponding Schiff base. Results indicate that all
compounds inhibited the growth of the two bacteria Staphylococcus aureus (S. aureus)
and E. coli, but compounds 15 and 16 (Figure 2) exhibited the best antibacterial activity.
Two mold fungi were also examined in this study and it was found that they were more
sensitive to the cinnamaldehyde derivatives than the two test bacteria.®®

In 2016, Liu et al.% synthesized Schiff base cinnamaldehyde metal complexes
using y-aminobutyric acid (GA) and cinnamaldehyde, as well as copper (Cu?*) and zinc
(Zn?"). The Schiff base-metal complexes were evaluated for their inhibitory effect against
S. aureus and E. coli. The cinnamaldehyde-GA Schiff base was shown to possess better
antibacterial activity against S. aureus than E. coli, as assessed by MBC (minimal
bactericidal concentration) values. For S. aureus, both metal complexes of
cinnamaldehyde-GA were shown to enhance the antimicrobial activity compared to the
cinnamaldehyde-GA Schiff base alone.%®

Shen et al.%” investigated the ability of cinnamaldehyde and its derivatives to
eradicate persisters in E. coli. Persisters lead to recurring infections and relapse after
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treatment and are widely occurring throughout bacteria, as well as fungi and parasites.®’
In this study, a-bromocinnamaldehyde (Figure 2, structure 17) was shown to exhibit the
best activity of those compounds evaluated. Interestingly, a-methylcinnamaldehyde
(Figure 2, structure 18) was shown not to display any bactericidal activity at any

concentration examined.®’
HO
C|> (? )\N N o] o)
I I | 5 |
| | | | | |
Cl OMe
130 14> 15° 17> 182
Figure 2. Cinnamaldehyde derivatives shown to possess general antibacterial activity.? % 67 2 Denotes a
naturally occurring cinnamaldehyde, ® denotes a synthetic cinnamaldehyde derivative.

Cl
16°

1.1.7.2 Antibacterial mechanisms of action displayed by cinnamaldehyde and its
derivatives

Although there have been many studies collectively describing the antibacterial activity
exhibited by 1 and its derivatives, there are fewer that discuss the mechanism of action,
particularly with respect to cinnamaldehyde derivatives. Graphically depicted in Figure 3
are a few of the mechanisms of action for which 1, and in some cases its’ derivatives,
have been investigated. A full discussion of these antibacterial mechanisms is available
in our literature review of this particular subject and include quorum sensing inhibition,
FtsZ inhibition, biofilm inhibition, inhibition of ATP and ATPase, membrane
permeabilization and cell constituents release.®® The mechanism of action we investigated
experimentally was related to the membrane permeabilization abilities of 1, and some of
its derivatives, and discussion of our findings on the topic will be restricted to the results
and discussion, section 1.2.10, later in the chapter.
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Figure 3. Graphical depiction of antibacterial mechanisms of action exhibited by cinnamaldehydes.

1.1.8 Access to cinnamaldehydes — overview of some synthetic routes

Several synthetic methods have been reported for the generation of cinnamaldehydes,
including oxidative enamine catalysis,®® ° the use of a palladium-catalyzed Heck-
Saegusa reaction,’* and Dess-Martin oxidation of alcohols.”® ™

1.1.8.1 Oxidative enamine catalysis

The oxidative enamine catalysis described by Zhang et al.®® consists of an amine-
catalyzed, IBX-mediated oxidation of simple aldehydes to E-selective a,B-unsaturated
aldehydes in 14-84% vyield. This catalysis involves an oxidation of an enamine, derived
from a saturated aldehyde, into a corresponding o,B-iminium ion by means of 2-
iodoxybenzoic acid (IBX)-mediated oxidation via a 2 electron transfer. Building on the
catalysis that had been developed previously by the Zhang group,’# it was modified so as
to synthesize C=C double bonds. This was done by utilizing the intermediate iminium
ion, which undergoes hydrolysis without the presence of a nucleophile, to produce the
desired a,B-unsaturated aldehydes. In this case, an additional advantage of this method is
the implementation of mild reaction conditions, Scheme 1.%°
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Scheme 1. Reaction scheme showing conditions implemented by Zhang et al.%® Ry = non-/substituted
phenyl ring or pyridine, R,= H or Me

This oxidative enamine catalysis strategy can be used as a complementary method in
order to obtain a variety of alternative products. For example, Chen et al.” alternatively
started with saturated alcohols to form intermediate a,-unsaturated aldehydes in 78-92%
yields, to which C4 elongation using olefination reagents, such as a Julia or Wittig reagent
were systematically repeated in order to attain highly conjugated polyene architectures.’

QO IBX Julia or Wittig

H cat 0 reagent

R™>""oH organocatalytic oxidation R~y C, elongation R "0H

R = diverse groups

organocatalytic
oxidation

RWO

PPN

Iterative process

of C4 elongation
and organocatalytic
oxidation

Scheme 2. Reaction scheme showing conditions implemented by Chen et al.”

1.1.8.2 Palladium-catalyzed Heck-Saegusa reaction

Liu et al.”* used a different synthetic methodology to attain a variety of cinnamaldehydes
— a novel one-pot palladium-catalyzed Heck—Saegusa reaction.”* This group had
previously developed an amine—palladium(Il) acetate (Pd(OAc)2) co-catalyzed direct
Saegusa oxidation which was applied to B-aryl aldehydes, rather than enol silyl ethers
which are typically used in a traditional Saegusa oxidation reaction. This strategy gave
access to a,p-unsaturated aldehydes in 41-62% yield.”™ Liu et al.”* were then successful
in merging this method with the Heck reaction in order to give the same product but using
a one-pot approach. Rather than starting with B-aryl aldehydes, an allyl alcohol is used
which is coupled to an aryl iodide by means of the palladium-catalyzed Heck mechanism,
producing B-aryl aldehydes. These then serve as starting materials for the subsequent
Saegusa reaction to directly produce enals, given that PdA(OAc)2 is used as a promoter in
both reactions which facilitates the one-pot approach. Not only is this strategy performed
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under mild reaction conditions and the starting materials are readily commercially
available, but the cascade reactions are compatible with a variety of functional groups on
the aryl ring and alternatively with heterocycles in 57-82% yield,”* making this a very
attractive synthetic strategy for accessing enals.

Pd(OAc),

Al + A~ OH ArMO

1 atm O,

Scheme 3. Reaction scheme showing conditions implemented by Liu et al.”

1.1.8.3 Dess-Martin oxidation of alcohols

Dess-Martin periodinane (DMP) is a mild, readily prepared and relatively inexpensive
12-1-5 organoiodine compound that is used in the selective oxidation of primary and
secondary alcohols to aldehydes and ketones.”® The advantages of the Dess-Martin
oxidation procedure, relative to other methods in which alcohols are oxidised, include the
shorter reaction times, ease of workups, and it avoids the use of a large excess of the
oxidizing agent.”® This type of method has been used by groups such as Morack et al.”,
who obtained the desired a,B-unsaturated aldehydes from the corresponding cinnamyl
alcohols in 57-63% yield. Kim et al.”? is another example of a group that used this method.
However, they did not disclose the yields obtained given that they used the
cinnamaldehydes as intermediates in further synthetic applications.

7 DMP Q
N
|\ CH,Cl,, rt |\ NH
V& 2Clo, 11,
16 h (F
X = 4-CF3, 2-Br

Scheme 4. Reaction scheme showing conditions implemented by Morack et al.”

1.1.8.4 Wittig procedure

The Wittig reaction occurs between a carbonyl compound, generally an aldehyde or
ketone, and a phosphonium ylide to give an alkene with phosphine oxide generated as a
by-product.”” Wittig and Geissler® first reported this reaction in 1953, yet it is still a very
valuable reaction with widespread use. Some of the reasons for this include its
regiospecificity and stereoselectivity, the incorporation of mild reaction conditions, the
readily available starting materials, and ylides are tolerant of a number of different
functional groups, meaning the rection has a broad scope and is useful in generating a
wide range of target molecules.”” In light of this, the Wittig reaction remains the subject
of many modern publications,”” and has been widely applied in the synthesis of
cinnamaldehydes. The procedures applied have slightly variable conditions. For example,
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some groups have used the benzaldehyde starting material in excess,” & while others use
the phosphonium ylide in excess.®'®" Different solvents have been incorporated, such as
toluene, 80858 dry henzene,L-# dry DMF,%2 DCM, or THF.2 Generally, reaction times
from 16 hours to 24 hours are employed,’®82 887 pyt shorter reaction times of 2 hours,®
and longer reaction times of over 35 hours,®® have been reported. In general, the
temperature implemented is approximately 80 °C,’98: 887 byt reactions employed at
room temperature,®? or initially at 0 °C followed by reaction at 25 °C have been
recorded.®® The procedure for purification generally involves flash chromatography.’®: 8
8387 Alternatively, a work-up has been documented in the literature.®? This method was
chosen to access a family of cinnamaldehydes, as will be described later in the
experimental procedure, and more details on the Wittig procedure, such as mechanistic
details, will be explored later in the results and discussion of this chapter, sections 1.2.1-
1.2.3.

1.1.9 Synthetic versus natural medicinal agents

While natural products, as previously described in section 1.1.2, exhibit a number of
advantages that make their incorporation as the major components of therapeutic agents
highly desirable, synthetic medicinal agents are, in addition, valuable. With natural
diversity being depleted by environmental factors, including global warming and toxic
waste, including heavy metals,® it is essential that drugs can also be accessed via a purely
synthetic route. Additionally, multidrug resistance to traditional natural medicines is
high.88 Furthermore, herbal drugs are generally considered as very safe and free from side
effects, but this statement is false,® as there have been two kinds of side effects reported
for herbal medicines.® The first is associated with the drugs themselves and is mainly
related to over-dosage and/or interaction with conventional drugs, which leads to
associated allergic reactions being reported for herbal drugs. The second is associated
with the manufacturing of these natural medicinal agents and issues related to this, such
as the misidentification of plants, lack of standardization, and failure of good
manufacturing practice.® This is not aided by that fact that, in some countries including
the United States, botanical products are marketed as “dietary supplement” and therefore
their manufacture is not treated in the same manner as that for drugs, which must be
registered and tested rigorously to prove their safety and clinical efficacy.®® Synthetic
drugs address symptoms caused by specific diseases as understood by scientific
pathology,®® and are comprised of small chemical building blocks which are not found in
nature. Instead, they are produced with the help of areas such as computational chemistry
and through the incorporation of different chemical sources.®® Pyrazolopyrimidinones are
made up of purely synthetic building blocks, and thus, represents this other class of
medicinal agents investigated in this chapter and will be further described in the following
section.
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1.1.10 Pyrazolopyrimidinones as medicinal agents

4-H-Pyrazolo[1,5-a]pyrimidin-7-one is a fused nitrogen-containing heterocyclic
system,®! Figure 4, that has served both as the core in numerous medicinal products and
as a versatile synthetic intermediate.®?

Figure 4. 4-H-pyrazolo[1,5-a]pyrimidin-7-one core.

Its derivatives have found such uses in the pharmaceutical industry as anti-cancer,
antiviral, antiobesity,* anti-inflammatory and anti-schistosomal agents,®? Figure 5.

H H N
© O H
Me 19 Me CF 20
anti-cancer 3 antiviral o antiobesity Cl
0] -N
N B
- >~
BSaW, :
S H
\
CHs 22 23 CHs
anti-inflammatory anti-schistosomal agent

Figure 5. Pharmaceutical drugs with various therapeutic actions that all contain the same pyrazolo[1,5-
a]pyrimidin-7-one core.% %2

Despite the range of medicinal applications elicited by this class of compounds, to the
best of our knowledge, based on our search of the literature, there have been no
antimicrobial investigations conducted. However, there have been such reports for
structurally similar pyrazolo[1,5-a]pyrimidine,®**® Figure 6, and
pyrazolo[3,4-d]pyrimidine alternatives.
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Figure 6. Structurally similar pyrazolo[1,5-a]pyrimidines that have exhibited potent antimicrobial
activity %%

1.1.11 Antimicrobial activity of pyrazolo[1,5-a]lpyrimidines

Bondock et al.®® report that compound 24 (Figure 6) demonstrated significant in vitro
anti-fungal activity against Fusarium oxysporum and Aspergillus fumigatus, exhibiting
an MIC value of 6.25 pg/mL in both cases.®® Of the family of pyrazolo[1,5-a]pyrimidines
synthesized by Abdallah and Elgemeie,®* compounds 25 and 26 (Figure 6) had potent
activity against B. subtilis, E. coli, and Pseudomonas aeruginosa (P. aeruginosa).
Additionally, compounds 27 and 28 (Figure 6) were effective against S. aureus. The
largest inhibition zone diameters were recorded when compound 27 was used with respect
to all four bacteria, with a 14 mm diameter being recorded per milligram of compound
with respect to the two Gram-positive bacteria and 12 mm in the cases of both Gram-
negative bacteria. This was relative to diameters of between 21 and 26 mm recorded when
ampicillin was used. Interestingly, none of the pyrazolo[1,5-a]pyrimidines synthesized
demonstrated any antifungal activity with respect to the two antifungal strains
investigated, Aspergillus flavus and Candida albicans.®** Shaikh et al.®® similarly
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synthesized a range of pyrazolo[1,5-a]pyrimidines, and compounds 29-31 (Figure 6)
exhibited the best activity against at least one strain tested out of B. subtilis, S. aureus
(both Gram-positive), E. coli and Salmonella typhi (both Gram-negative), Aspergillus
niger, Aspergillus flavus, Candida albicans, and Penicillium chrysogenum (fungi). For
example, 33 (Figure 6) was the most effective against E. coli and Aspergillus flavus, with
inhibition zone diameters of 19 and 17 mm being recorded against each respective strain,
relative to 20 and 18 mm when the reference compounds penicillin and nystatin were
used, respectively. In most cases, the synthesized compounds had comparable activity to
the commercial agent employed as a reference compound, showing that these
pyrazolo[1,5-a]pyrimidines have potent antimicrobial activities across a range of
microbial strains.®

1.1.12 Synthesis of 4-H-pyrazolo[1,5-a]pyrimidin-7-ones

Our group have synthesized a range of 4-H-pyrazolo[1,5-a]pyrimidin-7-ones using one-
pot microwave-assisted synthetic methodology, in which ketonitrile, hydrazine, and
methanol were heated using microwave conditions (100 W, 150 °C) for 5 minutes
followed by the addition of acetic acid and ketoester, then heated under the same
microwave conditions for a further 2 hours.%!

o)
RZ”\/COZEt

% NH;NH, N~NH N
N
H N e R~ I E— | N
R MeOH MW NH,]  AcOH MW NS
150°C, 5 min 150°C, 2 h R® H

R'=Ph, R?=Ph Yield = 52%
R'=Ph, R?=4-OCH;CgH, Yield = 16%
R'=Ph, R?=CHj Yield = 55%
R'=CHj3, R?=Ph Yield = 33%
R'=2-Thiophenyl, R?=Ph Yield = 40%
R'=4-NO,CgH,, R?=3,5-(CF3),CgH, Yield = 78%

Scheme 5. Examples of 4-H-pyrazolo[1,5-a]pyrimidin-7-one compounds that have been synthesized by
this method, adapted from the work of Kelada et al.®*.

As a result of this synthetic work by colleagues in our group,®* a family of 4-H-
pyrazolo[1,5-a]pyrimidin-7-one compounds were at our disposal, and so, given the lack
of prior studies assessing the antimicrobial activity of this type of compound, we thought
this warranted investigation. The results of the antimicrobial studies related to this family
of compounds is included later in the results and discussion section of this chapter, section
1.3.
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1.1.13 Aims of our antimicrobial research.

The aims of this part of the PhD project include:

(i)

(ii)

To synthesize a family of cinnamaldehydes, explore their electrophilicity as
well as their antibacterial activity against S. aureus (Gram-positive) and E.
coli (Gram-negative), and assess if any relationship exists between the two.
Additionally, an initial investigation into a possible antibacterial mechanism
of action is to be conducted, as well as an in vivo toxicity assessment of a
selection of the cinnamaldehydes using Galleria mellonella (G. mellonella).

To conduct an antimicrobial evaluation of 35 4-H-pyrazolo[1,5-a]pyrimidin-
7-ones against S. aureus, E. coli, and Candida albicans (a representative
fungus). This is to include evaluating leading hit candidates against clinically
relevant strains of methicillin-resistant Staphylococcus aureus and
Pseudomonas aeruginosa. Additionally, an in vivo toxicity assessment and an
in vivo therapeutic evaluation of the most active compounds is to be
completed, using G. mellonella and infected G. mellonella respectively.

20



1.2 Cinnamaldehydes Results and Discussion.

1.2.1 Synthesis of cinnamaldehydes

As previously highlighted in the introduction, sections 1.1.6 and 1.1.7, trans-
cinnamaldehyde has been described in the literature as both an antimicrobial agent and as
a Michael acceptor.® 6 810 12-14, 17, 18,59, 63,96, 97 Ho\wever, to the best of our knowledge, a
systematic study exploring how the chemical structure and electrophilicity of its
derivatives relates to antimicrobial activity had not been reported. Thus, the first half of
this results and discussion section is dedicated to elucidating the synthesis, antibacterial
evaluation, and an initial mechanism of action study for a family of trans-
cinnamaldehydes, as reported in our experimental paper ‘Cinnamaldehydes: Synthesis,
antibacterial evaluation, and the effect of molecular structure on antibacterial activity’
which appeared in the peer-reviewed journal Results in Chemistry,® and our literature
review ‘A review of cinnamaldehyde and its derivatives as antibacterial agents’, which
was published in the peer-reviewed journal Fitoterapia.®

The trans-cinnamaldehydes were selected based on their predicted electrophilicities in
order to better understand how this might affect their antimicrobial activities. For our
study, nine of the fifteen trans-cinnamaldehydes were synthesized, and, in all but one
case, this was achieved using a modified Wittig procedure.8” The nine synthesised
cinnamaldehydes are literature compounds, see sections 1.4.2 and 1.4.3 of the
experimental procedure, and our yields are shown in Scheme 6. The remaining
cinnamaldehydes were purchased from commercial sources.

o'kR + @gj 0 c')klR Oﬁ\é %\©/Br

5. 30% 34. 40%
(0] (0] O (0] (0] (o)
| | | | | |
| b Ny
/ o
= CN ~ Br
35.55% 36. 28% 37.17% 38.52% 39.61% o) 40. 50%

Scheme 6. (i) Arylaldehyde (0.628 mmol, 1 eq.), (triphenylphosphoranylidene) acetaldehyde (0.690 mmol,
1.1 eq), toluene (5 mL), 80 °C, 24 h.%

Our Wittig synthetic methodology employed a low-cost commercially available ylide,

(triphenylphosphoranylidene)acetaldehyde. A triphenylphosphine-derived ylide, in
which R* (Figure 7) is a carbonyl, is classified as a stabilized ylide. Ylides are typically
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categorised as stabilized, semi-stabilized and non-stabilized, depending on the nature of
this R group.

z

Y/
\PVR1

’

X

X, Y, Z = aryl or alkyl
Figure 7. Structural motif of a general ylide, adapted from Byrne and Gilheany.”

As per Figure 7, if Rtis a conjugating group, it is a stabilized ylide, if it is an aryl or
alkenyl group, it is semi-stabilized and if it is an alkyl group, it is non-stabilized.
Stabilized ylides are so-called because the conjugating group means that they are typically
more stable to hydrolysis in air. Other common examples of conjugating groups present
in stabilized ylides are esters, sulfones and nitriles.”” The nature of the ylide is significant
because it affects its reactivity and certain trends have been reported in the literature
depending on the class of ylide in terms of E/Z-selectivity observed in the product for
example.

1.2.2 Overview of synthetic strateqgies to access cinnamaldehydes

As discussed previously in the introduction, section 1.1.8, there have been various
synthetic strategies used to access cinnamaldehydes, including oxidative enamine
catalysis,® 7° the use of a palladium-catalyzed Heck-Saegusa reaction,’* and Dess-Martin
oxidation of alcohols.”> 73

The oxidative enamine catalysis described by both Zhang et al.®® and Chen et al.”
consists of an amine-catalyzed, 2-iodoxybenzoic acid (IBX)-mediated oxidation of
aldehydes,®® or alcohols,” to o,B-unsaturated aldehydes. Of the cinnamaldehydes we
synthesized, three were accessed by Zhang et al.®®, 4-bromocinnamaldehye 40, 4-
cyanocinnamaldehyde 38, and 3-(pyridin-2-yl)acrylaldehyde 35 (Scheme 6) in 82, 79 and
75% yield, respectively. Chen et al.” also synthesized compound 40 in a superior yield
of 91%.7° In all cases, the E isomer only was synthesized. Both groups employed room
temperature for all these conversions but Zhang et al.®® used DCM as a solvent, 10 mol%
catalyst and 1.2 equivalents of IBX, whereas Chen et al.” employed DMSO and
acetonitrile (1:1.5) as co-solvent, 20 mol% catalyst and 2.5 equivalents of IBX. In
particular, with respect to the synthesis of 40, Chen et al.”® used a longer reaction time of
9 hours, relative to 4 hours in the case of Zhang et al.®°

Traditionally, one of the biggest issues with the use of IBX was its limited solubility in
common organic solvents except DMSO,*® although this was overcome by Zhang et al.®°.
Additionally, the methods required for the synthesis of IBX were potassium bromate
(KBrOgs)-based.”® KBrOs is classified as a carcinogen, and entailed other unappealing
aspects such as the performance of the reaction in hot aqueous sulfuric acid (0.73 M).%
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Nowadays, a simple one-step preparation from 2-iodobenzoic acid is used, with Oxone®
being employed as an environmentally friendly oxidant.’%° Despite the high yields being
reported by application of this method, the extra step required to prepare IBX, particularly
when the method required Oxone® which, according to its MSDS is corrosive to the skin
(sub-category 1B) and causes serious eye damage (category 1), was not of interest to us
and so, we looked for alternative methods.

Dess-Martin oxidation is an alternative to IBX-mediated oxidation, as described
previously in section 1.1.8.3 of the introduction. Dess-Martin periodinane (DMP) is an
acylated derivation of IBX, which is far more soluble than IBX in organic solvents.® IBX
has been used as a precursor to access DMP.%: 1% The Dess-Martin oxidation method has
been used by groups such as Morack et al.”® who obtained the desired o,B-unsaturated
aldehydes from corresponding cinnamyl alcohols in 57-63% vyield. The only
cinnamaldehyde synthesized by this group which we also synthesized was compound 5
(2-bromocinnamaldehyde) which was obtained in 63% yield, superior to our yield of
30%. However, DMP has a number of disadvantages relative to IBX, such as its higher
cost and lower stability,'® and so, this was also discounted as a synthetic strategy to
access cinnamaldehydes.

The use of a palladium-catalyzed reaction, such as the Heck-Saegusa reaction,”
was also considered as a potential synthesis, see section 1.1.8.2 of the introduction. The
cinnamaldehydes synthesized by this method, which we also synthesized, were
compounds 38, 39 (Scheme 6), and 37 obtained in 68, 80 and 82% yield, respectively.
Despite the high yields of cinnamaldehydes possible via this methodology, the
requirement for such a precious, expensive catalyst,'°! as palladium, and the desire for a
more environmentally friendly method than one which requires a toxic, metal reagent, '
led us to explore an alternative method.

The Wittig methodology avoids the issues encountered through the use of these
aforementioned  synthetic  strategies. The  benzaldehyde  substrate  and
(triphenylphosphoranylidene)acetaldehyde were commercially available, avoiding the
requirement to prepare either separately and hence, requiring fewer steps in this synthesis.
Additionally, the requirement for a transition-metal catalyst was avoided, which was of
significant economic and environmental benefit, and the safe and convenient nature of
this synthesis without the implementation of anhydrous conditions was appealing to us.
We implemented a modified procedure of Knélker et al.’, who used 1, 14, and 38 as
substrates to access a range of 1-azabuta-1,3-dienes. We modified this procedure by using
a smaller scale of reagents, and an alternative mobile phase for column chromatography.
Alternative Wittig procedures to that reported by Knolker et al.®” to access
cinnamaldehydes have been reported,31-8 102 see section 1.1.8.4 of the introduction, but
the requirement for higher temperatures,® more toxic solvents such as DMF or
benzene,® 1% or lack of clarity regarding the stereochemical outcome of the reaction,
led us to the use the modified procedure of Knolker et al.®’
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1.2.3 Wittig reaction mechanism

There have been multiple mechanisms proposed in order to explain the Wittig reaction, a
large number of which have been summarised in the excellent review paper by Byrne and
Gilheany.’” The focus in this discussion will be limited to the original betaine mechanism,
as it is a mechanism that is still quite prevalent throughout the literature related to this
topic, and the cycloaddition mechanism put forward by Vedejs et al.1% 104 as it lays the
foundation for the modern understanding of the Wittig reaction mechanism.

The betaine mechanism is comprised of nucleophilic addition of the ylide to the aldehyde
carbonyl to form a betaine intermediate. Subsequent ring closure leads to the formation
of an oxaphosphetane, which decomposes to give the alkene and phosphine oxide as a
by-product. The earliest proposal of the Wittig mechanism by Wittig and Schollkopf
included betaine as an intermediate of the reaction.'® However, although a betaine-LiBr
complex has been detected by NMR,% non-complexed betaine has not been identified
by any spectroscopic means in a Wittig reaction mixture.”” In light of this, the formation
of the betaine intermediate has been largely discounted.”’: 1%
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Scheme 7. Original betaine mechanistic overview, adapted from Byrne and Gilheany.”

Thus, a more modern explanation for the Wittig reaction mechanism is that presented by
Vedejs et al., ' who were the first group to advance the idea of a direct irreversible [2+2]
cycloaddition of the ylide and aldehyde to give an oxaphosphetane. The oxaphosphetane
then undergoes irreversible and stereospecific cycloreversion to give phosphine oxide and
the alkene, as per Scheme 8.
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Scheme 8. [2+2] Cycloaddition mechanistic overview, adapted from Byrne and Gilheany.”’

This mechanism has been further developed to include an explanation of the
stereochemistry of the alkene product and how this is dictated at the transition state of the
cycloaddition step. The use of different ylides leads to different transition state shapes,
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which in turn affects the stereochemistry of the resulting alkene. Reactions of aldehydes
with non-stabilized ylides were proposed to proceed via an early puckered transition state
(Figure 8 (a)) in which both bond formation and rehybridization about the forming ring
occur at an early stage. Conversely, reactions of aldehydes with stabilized ylides were
proposed to proceed via a later transition state, (Figure 8 (b)) and are trans-selective. The
possible (late) cis-selective transition states (planar and puckered) in these reactions of
stabilized ylides (Figure 8 (c) and (d)) were found to be significantly higher in energy,
using the Jaguar 4.0 pseudospectral program package,’*’ than the trans- selective
transition state (Figure 8 (b)).

Figure 8. Proposed [2+2] cycloaddition transition states for various Wittig reactions, adapted from Byrne
and Gilheany.!%

As was evident by Scheme 6 previously, the yields of desired cinnamaldehydes, with
selective E-geometry, varied greatly in our study from 17- 61%. Generally, electron-
withdrawing groups in the para-position were well tolerated while electron-donating
groups in this position were less so. An alkyl substituent in the para position, namely the
4-methylcinnamaldehyde derivative 41, could not be adequately isolated using this
method, where a small amount of product could be seen in the *H NMR spectrum of the
crude mixture, in addition to a complex mixture, and consequently a low yield of only
4% pure product resulted. Thus, the alternative synthetic approach used for 41 will be
discussed separately. Although (E)-3-(pyridine-2-yl)acrylaldehyde 35 was successfully
obtained in 55% vyield, replacement of the phenyl ring with either a thiophene or
naphthalene were not as successful, with lower yields of 28% (36) and 17% (37) obtained,
respectively. The lower yield was due to a reduction in reactivity, as evidenced by some
starting material in crude NMR spectra, as well as the generation of a complex mixture
of other products. This indicates that the nature of the substituent on the phenyl ring, or
replacement of it with another carbocycle or heterocycle, influences the yield obtained by
implementation of the Wittig procedure.

In addition, the above reaction scope indicates that the position of the substituent on the
phenyl ring is a factor that affects the yield, given that 4-bromocinnamaldehyde, 40, was
obtained in 50% yield while 3-bromocinnamaldehyde, 34, was obtained in 40% yield and
2-bromocinnamaldehyde, 5, was obtained in the lowest yield of the bromo-substituted
cinnamaldehydes at 30% yield. This is something that has been well-documented by
groups such as Byrne and Gilheany,'% whose research has contributed to the elucidation
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of the true mechanism of the Wittig reaction.”” In their work investigating the reactions
of substituted aldehydes with all phosphonium ylide types, an observation was recorded
noting that lone-pair bearing ortho-substituents on benzaldehydes resulted in significantly
enhanced Z-selectivity when both semi- and stabilized ylides were employed. Given that
a stabilized ylide was implemented in our synthetic approach to access cinnamaldehydes,
discussion will be limited to this type of ylide, depicted as Scheme 9 below, which has
been adapted from the literature.'%
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Scheme 9. Summary of the yields obtained by Byrne and Gilheany!% when a stabilized ylide was reacted
with various ortho-heteroatom-substituted benzaldehydes.

As is evident by the above scheme, the reaction between benzaldehyde and the stabilized
ylide showed good E-selectivity, but reaction of the same ylide with ortho-heteroatom-
substituted benzaldehydes resulted in enhanced Z-selectivity. This was most prominent
in the case of the larger bromo substituent, which showed the highest Z-selectivity and
this, the authors note, is consistent with the reaction occurring under kinetic control.%®
The yields obtained as depicted in Scheme 9 by Byrne and Gilheany°® were the result of
the implementation of a standard set of conditions. The use of a standard set of reaction
conditions ensured that the experiment was carried out under kinetic control, and they
avoided the possibility of stereochemical drift. They also ensured that the Z/E ratio of the
alkene product at the end of the reaction remained unchanged once formed.'% This last
consideration is particularly important because this group note how the Z/E ratio is fragile
and can change after a reaction has come to completion.'% The reaction mixture being
allowed to stand for a period of time, exposure to sunlight or heat, the solvent employed
or the presence of acids have all been implicated as factors affecting this ratio. %

With our cinnamaldehydes, the major isomer was the E isomer in all analyzed cases. The
crude 'H NMR spectra, of those cinnamaldehydes that were analyzed, showed the
presence of both the E and Z isomers, as well as unreacted starting aldehyde. The ratios
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of starting aldehyde : E cinnamaldehyde : Z cinnamaldehyde for eight cinnamaldehydes
is shown in Table 1. We focused on the isolation of the E-isomer only as this was the
geometry present in the naturally occurring trans-cinnamaldehyde, 1. We wanted this
geometry to be retained in our target cinnamaldehydes for the purposes of comparative
antibacterial activity assessment.

Table 1. The ratios of starting aldehyde : E cinnamaldehyde : Z cinnamaldehyde in the crude mixtures of
eight cinnamaldehydes that we synthesized.

Compound ) Starting aldehyde : E cinnamaldehyde :
number Cinnamaldehyde Z cinnamaldehyde?
5 2-Bromocinnamaldehyde 1.5:4:1
34 3-Bromocinnamaldehyde 2:5:1
35 3-(Pyridin-2-ylacrylaldehyde 3:26:1
36 3-(Thiophen-2-yl)acrylaldehyde 3:5:1
37 3-(Naphthalen-1-yl)acrylaldehyde 6:2:1
38 4-Cyanocinnamaldehyde 1:9:1
39 4-(Methyl ester) cinnamaldehyde 2:7:1
40 4-Bromocinnamaldehyde 3:6:1

2 Ratio determined by integration of the aldehyde signal in the crude *H NMR spectrum, using the modified
procedure of Kndlker et al.¥’, specifically arylaldehyde (0.628 mmol, 1 eq.), (triphenylphosphoranylidene)
acetaldehyde (0.690 mmol, 1.1 eq), toluene (5 mL), 80 °C, 24 h. See Appendix 1. Figures A38-A53

1.2.4 Synthesis of 4-methylcinnamaldehyde

When the Wittig procedure was applied to the synthesis of p-methylcinnamaldehyde, 41,
a complex mixture resulted, which made isolation of the desired product difficult, and a
4% yield was obtained. An alternative synthetic strategy was therefore required, Scheme
10.198.109 Thjs involved Fischer esterification of the starting carboxylic acid, followed by
reduction using di-isobutyl aluminum hydride (DIBAL-H). The final oxidation by
activated manganese dioxide (MnQO) furnished the desired p-methylcinnamaldehyde, 41,
in an overall yield of 79% over the three steps.

o) 0 OH CIJ
42, 43. 41.

Scheme 10. (i) H,SO4, MeOH, 6 hr, reflux 85% yield; (ii) DIBAL-H, toluene, 0 °C, 93% yield; (iii) MnO»,
DCM, 35 °C, 7 hr, 99.6% yield. A 79% overall yield for the three steps.
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Adapted from the literature,'® we used a Fischer esterification to convert 4-
methylcinnamic acid (predominantly trans, purchased from commercial sources) to its
corresponding ester, 42. Originally proposed by Emil Fischer and Arthur Speier,'1° the
mechanism involves a two-step process and proceeds via the formation of a tetrahedral
intermediate,'* Scheme 11.
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I H,O ® HO
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42.

Tetrahedral intermediate

Scheme 11. Fischer esterification mechanism.!

Once the cinnamic ester 42 was accessed, it was then reduced by DIBAL-H, using a
procedure adapted from the literature,'% to produce its corresponding primary alcohol 43.
A proposed mechanism is shown in Scheme 12. This mechanism consists of a
nucleophilic acyl substitution, followed by nucleophilic addition of a second equivalent
of DIBAL-H to the aldehyde intermediate.'!2 DIBAL-H has been reported as an effective
reducing agent since as early as 1959 by Miller et al.1*3, for example in the reduction of
methyl benzoate to benzyl alcohol in a 90% yield.
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Tetrahedral intermediate

CHsOH + H | H

Tetrahedral intermediate

Scheme 12. Proposed mechanism of DIBAL-H reduction.

The final step of this three-step process was the conversion of the primary alcohol to the
desired 4-methylcinnamaldehyde product, 41. This was done via oxidation using
activated MnO2, implementing a procedure adapted from the literature.’®® Activated
MnO. has found widespread use as a mild oxidant in organic chemistry, something which
can be attributed to any of a number of reasons including its low associated toxicity, wide
commercial availability and low cost.}'* In addition, in light of its nature as a
heterogeneous substance, this facilitates a convenient workup process consisting of
simple filtration followed by the evaporation of solvent.!* The precise mechanism of
oxidation by MnO; has been difficult to elucidate,!™ both free-radical and ionic
mechanisms have been proposed,'!® and it is beyond the scope of this thesis to probe the
mechanism further. However, its application was successful in our case with the desired
product, 41, being isolated in a high yield. Patil et al.*%® used a similar three-step method
to access a range of cinnamaldehydes, including 41. However, this group started with the
corresponding benzaldehyde in each case, and reacted this with triethyl phosphonate and
sodium hydride to convert from the aldehyde to an o,B-unsaturated ester. Then, using
DIBAL-H, they isolated the corresponding alcohol and finally, they oxidised this using
activated MnOzto produce the final cinnamaldehyde. This group achieved an overall yield
of 58% using their three-step method, compared with our 79% yield over three-steps, but
they did not include a percentage yield for each step undertaken.
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1.2.5 Structural characterization of a cinnamaldehyde — 4-cyanocinnamaldehyde, 38

As mentioned previously, all of the cinnamaldehydes we synthesized were literature
compounds, and hence, structural characterization was performed by comparison of our
collected NMR spectroscopic data with the literature. Our data consistently matched the
existing literature data for all cinnamaldehydes. A brief discussion on the structural
characterization of 4-cyanocinnamaldehyde, compound 38, as an example
cinnamaldehyde is included here. The structure of this compound, with atoms labelled
for ease of discussion, is shown in Figure 9.
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Figure 10. *H NMR spectrum of 38, with zoomed in images of signal multiplicities, in order of ppm.

All proton assignments can be made on the basis of the *H NMR spectrum of 38 alone.
The most deshielded signal belongs to Ha (Figure 9), the aldehyde proton signal that is
deshielded due to its proximately to the electron-withdrawing carbonyl group. Moving
upfield, the signal integrating for two protons belongs to He, which is more deshielded
than Hd, the next signal integrating for two protons moving upfield, because of its
position on the ring in relation to the electron-withdrawing cyano group. Next, the doublet
at 7.49 ppm belongs to Hc and finally the only doublet of doublets signal belongs to Hb,
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which couples to Ha (J = 7.4 Hz) and Hc (J = 16.1 Hz), as confirmed by assessment of
the COSY spectrum (Appendix 1, Figure A3).
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Figure 11. 3C NMR spectrum of 38.

With regard to the above 1*C NMR spectrum, the signal at 192.8 ppm is accounted for by
the aldehyde carbonyl carbon (Ca, Figure 9), again, due to the electron-withdrawing
nature of this group, it has a deshielding effect on the carbon signal. Comparing this
spectrum to the DEPT-135 spectrum, three quaternary carbons can be identified, as
expected from the structure 38, at 138.2 ppm, 118.1 ppm and 114.3 ppm. See Appendix
1, Figure A6 for the DEPT-135 spectrum.
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Figure 12. HSQC NMR spectrum of 38.
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The majority of carbon assignments can be made from examination of the HSQC
spectrum, Figure 12. The signal at 149.4 ppm is accounted for by Cc (Figure 9), 132.8
ppm by Ce, 131.2 ppm by Hb and 128.7 ppm by Hd. The HMBC spectrum, see Appendix
1, Figure A5, shows coupling between the carbon signal at 138.2 ppm with Hb, Hc and
He, making this likely to be the signal of C1, as C2 and C3 are too far away from either
Hb or Hc to experience coupling with these protons. The quaternary carbon at 118.1 ppm
is likely to be the cyano carbon (C3) as this shows coupling to He and a smaller coupling
to Hd, consistent with He being closer in proximity and hence, a stronger coupling than
to Hd which is four bonds away. This makes C2 the signal appearing at 114.3 ppm. These
assignments are all consistent with those assigned by Knolker et al.®” for this compound.
All NMR assignments we made with respect to the cinnamaldehydes were consistent with
the respective literature data available for each compound, as referenced in the
experimental procedure data for each cinnamaldehyde.

1.2.6 Methods for determining antimicrobial activity — antimicrobial susceptibility tests

(ASTs)

Antimicrobial susceptibility tests (ASTs) are used to determine antimicrobial
resistance, %118 and to ascertain the susceptibility of microorganisms to novel or
conventional antimicrobial agents.!® 17 First introduced in 1929, in vitro AST methods
are still considered key to determining the effectiveness of antimicrobial agents against
microorganisms.'® A variety of laboratory methods have been used to assess the in vitro
antimicrobial activity of a compound. The most known and widely used methods are the
disk-diffusion and broth or agar dilution methods.**® Other methods used include time-
kill test and flow cytofluorometric methods.*® In general, in vitro antimicrobial
susceptibility methods combine one or more antimicrobial agents with a microorganism,
such as bacteria, to assess the growth of that microorganism as a result of treatment.!8
All in vitro AST methods provide a qualitative result, including the response of a
microorganism to an agent within the categories of susceptible, intermediate, or
resistant,*” which is determined by eye. Some methods provide quantitative results, such
as a minimum inhibitory concentration (MIC) value.''” The fact that there are a variety
of ASTs implemented could lead to variations in results obtained.'?® Each method has
advantages and disadvantages.'!” A selection of these methods can be classified as gold-
standard clinical antimicrobial susceptibility testing methods, including the agar dilution
method, broth micro/macrodilution method, disc diffusion method, and polymerase chain
reaction (PCR)-based techniques. As gold-standard clinical antimicrobial susceptibility
testing methods, they focus on the determination of the MIC or growth curve using a
simple readout procedure and have been standardized by various organisations including
the Clinical and Laboratory Standards Institute (CLSI) and the International Organization
for Standardization (1SO).'8 For convenience, these methods can be broadly divided into
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diffusion and dilution,!® and an example of each type will be explained in the following
section.

1.2.6.1 Microdilution — an AST dilution method

The microdilution assay format was developed in 1977.1'® The macrodilution format was
developed prior to this, a method in which two-fold dilutions, i.e. a dilution of a half, of
the antibiotic agents (for example, 1, 2, 4, 8, and 16 pg/mL) in a nutrient broth medium
in test tubes containing a minimum volume of 2 mL were prepared.*” 11 These test tubes
were then inoculated with a standardised bacterial suspension and allowed to incubate
overnight at 35 °C. The tubes were then examined for bacterial growth by eye using
turbidity (i.e. apparent cloudiness of the medium) as a qualitative measurement,'’” where
the greater the extent of turbidity, the larger the number of cells in the culture. A MIC
value could be assessed using this method and was quantified as the lowest concentration
of the antibiotic agent that prevented bacterial growth. The ability to ascertain this value
was the biggest advantage of this method. However, the necessity to manually prepare
each of the antibiotic solutions,''" 1% as well as the associated risk of errors in preparing
each of these solutions,''® and the relatively large amounts of reagents and space required
for each test,!'” ° were some of the major disadvantages of this method. The
miniaturization and mechanization of this test through the use of small, disposable, plastic
‘microdilution’ trays made the broth microdilution method a widely popular and practiced
technique. In this method, trays consisting of 96 wells which each contain a volume of
0.1 mL are used. This facilitates up to 12 antibiotics being tested on a single plate in the
range of 8 two-fold dilutions.**" 18 After manually, or automatically, dispensing a small
amount of bacteria to each well,*® typically done using dispensing instruments that
aliquot accurate volumes,*!’ the plate is incubated overnight and analyzed subsequently
for the determination of a MIC value.'® Manual, or automatic, viewing devices, or
alternatively the use of colorimetric methods using dye reagents, have been used in
conjunction with the microdilution method to ensure reproducible results with respect to
the determination of MIC values. These are determined by fluorescence intensity or
turbidity measurements.!® 1% The development of the microdilution method has
increased reproducibility, requires fewer reagents and less space, and entails less time to
prepare samples, relative to the macrodilution procedure, all of which are major
advantages to this method.'*® 1° With a higher degree of automation, where plates can
even be purchased containing different concentrations of the dry agent pre-prepared in
each well, microdilution is now preferred over broth macrodilution.*!® However, the main
disadvantage of this method is the inflexibility of drug selections available in standard
commercial panels,''® thus manual preparation of samples is still necessary in a large
number of cases. The microdilution method however can tolerate a wide range of
microorganisms for analysis and is standardized by the CLSI for both anaerobic and
aerobic bacteria.'!8
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Figure 13. A broth microdilution susceptibility panel containing 96 reagent wells and a disposable tray
inoculator, taken from Jorgensen et al.*'’

1.2.6.2 Agar Disk Diffusion method — an AST diffusion method

The agar disk diffusion technique, developed in 1940,'° is used in many clinical
microbiology laboratories for regular antimicrobial susceptibility testing.!'® Using a
cotton swab,'!® a standardized inoculum of the test microorganism of approximately 1-2
x 108 CFU/mL is applied to a large (150 mm diameter) Petri dish containing a suitable
agar medium,*'” usually Mueller-Hinton, though researchers have also used Trypton soy
agar or Nutrient agar.*'® Up to twelve paper disks are then placed onto the agar surface,**’
usually 6 mm sterilized filter paper disks (Whatmann No. 1),'%° saturated with the test
compound at a desired concentration.''® There has been some variation reported as to
whether the disks are saturated with the antimicrobial substance before or after being
placed on the inoculated agar plate.'*® Plates are then incubated under suitable conditions,
for example at 37 °C for 24 hours in the case of bacteria and 48 hours at 25 °C for fungi.!?
If the concentration of the antimicrobial agent is sufficient, it diffuses into the agar and
inhibits the growth of the test microorganism.!8 11 This results in a zone of inhibition
around the paper disk which is measured to the nearest millimetre.!'” 120 The zone
diameters of each drug are analyzed using the criteria issued by the CLSI or the FDA in
cases where FDA-approved product inserts are used for the paper disks.!!’ Typically, the
zone of inhibition is measured from the circumference of the paper disk to the
circumference of the inhibition zone.*'® Alternatively, it can be recorded as the difference
in diameter between the paper disk and the inhibition zone around the disk.!

The agar disk diffusion method provides qualitative results, in that a
category of susceptibility (i.e. susceptible, intermediate, or resistant) is assigned to the
test microorganism on the basis of the size of the zone of inhibition recorded.'"1%° This

34



method offers distinct advantages over other methods such as its simplicity,'1"119 the
ability to test large numbers of microorganisms and antimicrobial agents.*® Furthermore,
it does not require any specialist equipment,'!”- 118 and the qualitative nature of the results
it provides can be easily interpreted by all clinicians.*'"- 1% Additionally, this AST method
has the lowest associated cost,''” 118 at approximately $2.50-$5 for materials per test.'!’
These factors have contributed to its widespread use in the antimicrobial screening of
plant extracts, essential oils, and other drugs.*°

However, there are a number of disadvantages associated with the use of this
susceptibility test method. For one, although the inhibitory ability of antimicrobial agents
can be visualised, since the microbial growth inhibition does not necessarily correlate to
cell death, this method cannot distinguish between bactericidal and bacteriostatic
effects.!16 119 Since this test is dependent on appropriate diffusion, the molecular weight
of the microbial agent being examined is a crucial factor to be considered when applying
this method.® In light of this, the agar disk diffusion method can only be used to ascertain
the antimicrobial susceptibility of pure substances because, if it was applied to a mixture
of different constituents that exhibit different diffusion rates, the results exhibited may be
unreliable.!® Furthermore, any unevenness or any other imperfections of the agar plate
can affect diffusion and therefore lead to false results.*® The lack of mechanisation or
automation of the test also poses a disadvantage.!'” The agar disk diffusion test is
generally considered not applicable in the determination of MIC values as it is impossible
to quantify the amount of antimicrobial agent that has diffused into the agar medium,*°
nor is the amount of antimicrobial agent that adheres to the disk quantitatively
determined.'® Thus, the nature of the results this test provides mean it can facilitate the
identification of lead compounds but it is not useful for the quantification of bioactivity.!®

A

Figure 14. Agar disk-diffusion method of microbial extract using C. albicans as test microorganism, taken
from Balouiri et al.*?

1.2.6.3 Biological evaluation of cinnamaldehydes by microdilution

Once the family of cinnamaldehydes were synthesized, they were assessed for their in
vitro antibacterial activity in collaboration with Professor Kevin Kavanagh using a
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standard broth microdilution method, following CLSI guidelines.?* This method was
chosen, taking into consideration all the information presented above. We had access to
the equipment required for both (Petri dishes and 96-well plates/ a suitable plate reader).
However, the microdilution method allowed for a larger sample set to be considered,
where seven replicates of a single sample are run in one plate as opposed to just a single
data set which would be run using the disk diffusion method. Thus, on duplication of the
experiment, a total of eighteen sample sets can be considered, which is a better
representative of antimicrobial activity. In addition, the quantitative nature of the result
obtained from the use of the microdilution method, relative to a qualitative result, was
appealing to us for the purposes of our comparative antibacterial assessment study.

Ampicillin trihydrate, tetracycline, and streptomycin sulfate were selected as the
reference agents in this test. The bacterial strains tested were Staphylococcus aureus (S.
aureus) (a clinical isolate from a urinary tract infection, St. James Hospital, Dublin) and
Escherichia coli (E. coli) (a clinical isolate from a gastro-intestinal tract infection, St.
James Hospital, Dublin). These bacteria were chosen as representatives of Gram-positive
and -negative bacteria, respectively. The fifteen cinnamaldehydes examined in this
respect were so chosen in order to explore the potential effect that electrophilicity has on
antibacterial activity. As highlighted previously in the introduction, section 1.1.7,
compound 1 possesses antibacterial properties across an array of Gram-negative and
Gram-positive bacteria, including E. coli,% 10123463 gnd Staphylococcus spp.,t% 173463,
respectively. In light of this, we wondered whether we could use 1 as a leading hit
compound for antibacterial activity assessment and, by changing the substituent on the
phenyl ring or replacing the phenyl ring with another carbocycle or heterocycle, assess
whether changing the electrophilicity has an effect on antibacterial activity observed.

1.2.7 Comparison of electrophilicity of cinnamaldehydes

To this effect, our collaborator Dr Tobias Kramer assessed trans-cinnamaldehyde,
compound 1, and our derivatives in terms of global electrophilicity indices. The global
electrophilicity index o, introduced by Parr et al.!??, is generally expressed in the form o
= /2, where p is the chemical potential and 1 the chemical hardness of the system. The
p and n terms can be related to the ionization potentials (IP) and electron affinities (EA)
of the molecule, or alternatively to the energies of the Lowest Unoccupied Molecular
Orbital (eLumo) and Highest Occupied Molecular Orbital (eHomo). Therefore, @ provides
a measure for the ability of a molecule to accept electrons from its environment. By
evaluating 1 and its derivatives in terms of the frontier orbital energies, and also the
IPS/EAs at the ground state of the molecules using the B3LYP/6-31G(d,p) level of theory,
qualitatively similar results were obtained with either approach, as presented in Figure
15.
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Figure 15. Global electrophilicities of various cinnamaldehyde derivatives computed by IP/EA method
(orange bars) or by frontier orbital method (blue bars), taken from our publication.®®
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The ranking of the molecules according to their electrophilicity (top to bottom) can be
rationalized in terms of substituent effects induced by electron-withdrawing and electron-
donating substituents which result in electrophilic activation or deactivation of the C=C
double bond, respectively. Using 1 as a reference, the introduction of electron-donating
groups such as (-OCHs, —CHzs, —N(CHj3).) into the para- or ortho-position of the phenyl
ring causes ®, and therefore the electrophilicity, to decrease. In contrast, halide or
electron-withdrawing residues attached to the phenyl ring cause moderate (-Br, —CI) or
large (-NO2, —CN, —CO>CHpy) electrophilic activation, as seen from the increase in ® in
Figure 15. For the series of halide derivatives the exact location of the —Br substituent at
either the o-, p- or m-position of the phenyl ring only has a very small influence on the
degree of activation, and these compounds share very similar ® values. Replacement of
the phenyl ring in 1 by carbocyclic or heterocyclic substituents leads to relatively
moderate electrophilic activation in all cases.

1.2.7.1 Assessment of antibacterial activity of cinnamaldehydes in relation to
electrophilicity

The antibacterial results have been separated into three tables. Table 2: para-substituted
trans-cinnamaldehydes; Table 3: where the importance of substituent position on the
phenyl ring is explored; Table 4: where the replacement of the phenyl ring with another
hetero- or carbocycle is explored. In Table 2, we ordered the cinnamaldehydes based on
their MICsp values against S. aureus (and E. coli), with the p-Br derivative, compound
40, having the lowest MICso and the p-(NCHzs)2 showing no inhibition. Examples of the



antimicrobial graphs from which this data has been extracted can be found in Appendix
1, Figures A59-A64.

Table 2. MICs, (mM) against S. aureus and E. coli and calculated global electrophilicities.

Compound R! S. aureus E. coli MICso (0] 0}
number MICso (MM) (mM) (eV)? (eV)P
40 p-Br 0.51 0.511 2.32 1.27
38 p-CN 0.94 0.97 2.86 1.58
39 p-CO.CHjs 1.75 2.05 2.54 1.43
13 p-Cl 1.83 3.16 2.32 1.26
44 p-NO> 1.84 1.18 3.31 1.81
1 p-H 2.32 1.93 2.10 1.15
41 p-CHs 3.14 3.31 2.01 1.10
14 p-OCHs 8.57 4.86 1.87 1.00
45 p-N(CHs)2 No inhibition No inhibition 1.59 0.82
observed above 12%

Commercial antibiotics ampicillin trihydrate, tetracycline and streptomycin sulfate were used as controls
(see Appendix 1, Figures A71-A73 for example graphs). ® Global Electrophilicity Index calculated via
e1omo and &.umo.? Global Electrophilicity Index calculated via IP and EA.

Although the activity levels are modest, with the most active derivative giving an MICsg
of ~0.5 mM, a relationship can be observed in Table 2 with respect to S. aureus, where
all trans-cinnamaldehydes that are more electrophilic than compound 1 itself, are also
more biologically active. For example, p-bromocinnamaldehyde, 40, is nearly five times
more active than 1, with the less electrophilic p-methoxycinnamaldehyde, 14, almost 17
times less active than 1, and p-dimethylaminocinnamaldehyde, 45, showed no
antibacterial activity. However, the most electrophilic derivatives p-nitro and p-
cyanocinnamaldehyde 44 and 38, while more active than 1 were not the most active
derivatives tested. This could be due to differences in their cellular uptake or other cellular
processes. A similar overall effect can be seen in E.coli, where 40 again proved to be the
most active derivative, although here both p-Cl, 13, and p-CO.CHzs, 39. are less active
than 1 even though they are more electrophilic. Potentially the difference in activity for
the 13 versus the 40 could be as a result of discrepancies in cellular uptake. E.coli is
Gram-negative, where the bacterial cell wall is more complex than that of S. aureus, and
consists of a thin layer of peptidoglycan that is surrounded by an outer membrane.'? S.
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aureus is a Gram-positive bacteria where the cell wall consists largely of peptidoglycan
and more easily facilitates the access of hydrophobic molecules to both the cell wall and
the cytoplasm within.!% Thus, variation in antimicrobial activity could be expected when
comparing S. aureus and E. coli and such variation may be related to a compounds ability
to pass through the outer membrane in order to exert their effect.

Table 3. MICs, (MmM) against S. aureus and E.coli, and calculated global electrophilicities

Compound R! S.aureus  E.coli 10} )
number MICso MICso

V)2 V)P

(mM) (mM) ev):  (ev)

40 p-Br 0.51 0.511 2.32 1.27
34 m-Br 0.57 1.51 234 129
5 0-Br 6.59 5.64 224 125
14 p-OCH3 8.57 4.86 1.87 1.00
2 0-OCHjs 9.63 7.26 1.85 1.01

2 Global Electrophilicity Index calculated via e4omo and & .umo.” Global Electrophilicity Index calculated
via IP and EA.

Table 3 examines the position of the substituent on the phenyl ring, and again is ordered
based on the cinnamaldehydes MICsp against S. aureus. While p-bromocinnamaldehyde,
40, and o-bromocinnamaldehyde, 5, have very similar electronic properties, the bacterial
inhibition observed varied greatly, with 5 proving to be 10 times less active than the para
derivative. Although a limited number of ortho and meta substituted derivatives were
studied, this result could suggest that sterics may also play an important role. The
associated steric bulk of the bromo substituent at the ortho-position could be expected to
block the electrophilic B-carbon site, preventing nucleophilic attack and thus hindering
the reactivity of the cinnamaldehyde. Thus, the observed antimicrobial activity against
both S. aureus and E. coli, with respect to the bromo-substituted cinnamaldehydes,
decreased from para- to meta- to ortho-substituted, Table 2, as steric hindrance increased.
This same steric effect is observed with respect to p-methoxycinnamaldehyde, 14, where
the o-methoxycinnamaldehyde 2 was less active against both S. aureus and E. coli, Table
3.
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Table 4. MICso (mM) against S. aureus and E.coli, and calculated global electrophilicities

b

RZ
Compound R? S. aureus E. coli 0] 0]
number MICs (MM)  MICso b
ev)2  (eV
vy @ @)
37 1-Napthalene 3.55 9.88 224 121
35 2-Pyridine No inhibition 1.12 2.27 1.25
above 49.5%
36 2-Thiophene No inhibition 8.57 2.23 1.17

above 25.1%

2 Global Electrophilicity Index calculated via eomo and & .umo. ® Global Electrophilicity Index calculated
via IP and EA.

The effect of replacement of the phenyl ring with an alternative hetero- or carbocycle was
also examined, where the new derivatives were shown to be much less active against S.
aureus than those derivatives with a phenyl ring, Tables 2 and 3. Here, only the 1-
naphthalene, derivative, 37, exhibited sufficient inhibition to attain an MICso value
against S. aureus. With respect to activity against E. coli, only the 2-pyridine derivative,
35, exhibited superior activity to compound 1. This difference in biological activity
observed on testing the same analogues against S. aureus and E. coli may, as discussed
earlier, be a reflection of the differences between Gram-positive and Gram-negative
bacterial cells and the structure of their cell walls.*®

1.2.8 Cysteamine assay

The ability of compound 1, to act as a Michael acceptor has been pointed to in the
literature as being attributable to its antimicrobial activity, something which was
discussed in the introduction to this chapter, section 1.1.6. Briefly, Mousavi et al.%’, for
instance, notes that the presence of a structure bearing an aldehyde conjugated to a carbon
double bond, affects biological processes involving electron transfers. This group suggest
that by covalently bonding to nitrogen-containing structures such as DNA, via an amine
group, cinnamaldehyde-type structures can prevent normal metabolic functions from
being executed.®” Specifically, Brackman et al.>® have hypothesized that cinnamaldehyde
and cinnamaldehyde analogues bind to LuxR residues, a type of quorum-sensing response
regulator, in a Michael-type addition reaction, forming irreversible cinnamaldehyde-
receptor conjugates that limit the DNA binding ability of LuxR.*® In general, Brackman
et al.*® reported that compounds containing electron-withdrawing groups were found to
exhibit greater activity against Vibrio spp.>®
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On this basis, we wanted to further probe the ability of trans-cinnamaldehyde
derivatives to act as electrophilic agents. To this effect, we utilized a cysteamine based
NMR assay system to identify thiol-trapping agents, as described by Appendino and co-
workers.®? The same group also reported using this assay system to establish 1 as a thiol-
trapping agent, where 1 reacted with cysteamine at the  carbon and at the carbonyl
carbon.®! This is consistent with a mechanism proposed by Friedman®’ in his literature
review of the antibacterial mechanisms of 1, in which the enzyme cytochrome CYPA26
becomes inactivated by interacting with 1 at two different sites,*’ Figure 16.

CYP2A6
S O

o) ?YPZAB H

H SH
B
(b)
NH ©
| 2 N ~NH
CYP2A6 CYP2A6

Figure 16. Possible mechanism of CYP2A6 inactivation in vivo by cinnamaldehyde via nucleophilic
addition by (a) an SH group of a cysteine residue via the B-carbon to form a cysteine adduct, or (b) by an
NH2 group of a lysine side chain to the aldehyde group to form an aldimine (Schiff base) derivative, adapted
from Friedman.’

In our hands, employment of the cysteamine assay system on 1 produced the same result
to that obtained by the Appendino group,®® i.e. complete consumption of 1 in under 5
minutes at room temperature, Figure 17. Its application to p-bromocinnamaldehyde, 40,
and p-nitrocinnamaldehyde, 44, also showed complete consumption of the respective
cinnamaldehyde, Appendix 1, Figures A55-58.
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Figure 17. 'H NMR of (a) trans-cinnamaldehyde 1 dissolved in DMSO-ds (green), (b) cysteamine
dissolved in DMSO-ds (red), and (c) the reaction between cysteamine and 1 at room temperature (after ~ 5
minutes) in DMSO-ds (blue), where there is no evidence of 1 or cysteamine remaining.

Appendino et al.5! were effectively able to separate out the products that occurred as a
result of the reaction between 1 and cysteamine, and confirmed in their study that 1 acts
as a multidentate electrophile (i.e. can react at the carbonyl-, alpha- or beta-carbon, Figure
18).

Carbonyl .
carbon
B-carbon

Figure 18. Potential electrophilic sites of cinnamaldehyde derivatives.

The reaction of 1 at more than one site is inferred by comparison of the NMR data we
obtained to that of the products obtained by Appendino et al.?*. For example, analysis of
our complex mixture of products suggests traces of compounds 5a and/or b (Figure 19)
from their work, which this group suggest is the result of a reaction between two
molecules of cinnamaldehyde and three molecules of cysteamine.®!
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Figure 19. Compound 5a and b taken from the work of Appendino et al.5!
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Figure 20. Zoomed in *H NMR spectrum of the reaction between 1 and cysteamine, showing a few of the
distinct signals that suggest the presence of compound 5a/b in our mixture

Only a few of the distinct NMR signals suggested by Appendino et al.% have been
included here, to highlight the potential presence of compounds 5a and/or 5b in our
complex mixture. The doublet signal appearing at 8.10 ppm with a J value of 6.5 Hz could
be due to the proton on the first carbon of R? (or RY) of compound 5a (and b, respectively),
Figure 19, nearest the N atom. This would have geminal coupling to the alkene proton
adjacent to it, explaining the observed coupling constant. Moving upfield, the multiplet
is likely due to the overlap of aromatic proton signals, as there are two phenyl rings
present in compound 5a and another two in compound 5b, Figure 19. The doublet signal
appearing at 7.15 ppm with a J value of 15.5 Hz could be due to the alkene proton adjacent
to the phenyl ring in R? (or RY) of compound 5a (and b, respectively). Finally, the doublet
of doublets signal at 6.86 ppm with J values of 6.5 and 15.5 Hz could be due to the alkene
proton of R? (or RY) of compound 5a (and b, respectively), which shows geminal coupling
to one proton within three bonds and trans coupling to the other proton within three
bonds. However, there was a lot of overlap of signals that appeared between 2 and 4.5
ppm and so, we cannot say with 100% certainly that this product was formed.
Furthermore, we did not separate this complex mixture of products and isolate individual
components so we cannot definitively determine the products formed as a result of this
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reaction. All we can conclusively point to was the consumption of 1 and cysteamine under
these conditions.

Thus, while we cannot verify that it is the Michael acceptor ability of trans-
cinnamaldehyde derivatives alone that relates to their antibacterial properties, our studies
suggest that a relationship could be observed between electrophilicity and bacteriostatic
activity, where trans-cinnamaldehydes that are more electrophilic than 1 tend to be more
biologically active, particularly with respect to S. aureus activity. The positive results
obtained from the implementation of the cysteamine assay, along with the relationship
between electrophilicity and antibacterial activity, we believe offers some further insight
into a possible antimicrobial mechanism of action for trans-cinnamaldehydes at a
molecular level, where cinnamaldehydes could act as electrophilic species.

1.2.9 Galleria mellonella in vivo toxicity study

An in vivo toxicity study was carried out using the larvae of the Greater wax moth,
Galleria mellonella (G. mellonella, Figure 21), as described by Rowan et al.'?® (see
experimental procedure for details, section 1.4.5.3). Conventional in vivo assays, which
have incorporated a range of mammalian species, have been valuable in elucidating the
immune mechanism(s) involved in the host’s response to pathogens, but they are
expensive, time consuming and involve extensive monitoring of the infected animals.'?
The larvae of G. mellonella presents an alternative, non-mammalian system that provides
comparable preliminary data without the need to use mammals for in vivo testing.'?® They
have been used as an in vivo model in a number of studies to investigate the virulence of
human pathogens!?*1%6 due to similarities between the innate immune system of insects
and mammals.'?” 12 G, mellonella are a useful infection model, offering numerous
advantages including their low associated rearing costs,}?® practical injection
feasibility,?® (in which pathogens are injected directly into the hemocoel (a body cavity
that functions as part of the circulatory system of G. mellonella) and therefore the larvae
receive a known amount of pathogen,*?%) and their status as an ethically acceptable animal
model.*?® The results obtained using these larvae also consistently correlate with those of
alternative mammalian models.'?* G. mellonella larvae have also been used in studies that
evaluated the therapeutic effect of current and novel antimicrobial agents, as well as the
in vivo tolerance of novel antimicrobial agents.2%-132

Figure 21. G. mellonella larvae.'*
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Three test concentrations (1 mM, 10 mM, 25 mM) were used for each of trans-
cinnamaldehyde, 1, p-bromocinnamaldehyde, 40, m-bromocinnamaldehyde, 34, and o-
bromocinnamaldehyde, 5. We wanted to compare the toxicity of compounds that
exhibited a range of activity to that of naturally occurring compound 1, which, as per
section 1.1.3 of the introduction, has found numerous commercial applications. This
would allow us to assess if those compounds that exhibited better antibacterial activity
selectively targeted the bacteria, or whether they were cytotoxic to all cells. These
concentrations were chosen to represent a concentration near, above and well above their
MICsp concentrations, as a fair representative of potential toxicity. After injection, the
larvae were incubated at 37 °C for three days, and monitored for survival and melanisation
at 24-hour intervals. High survival rates were observed in all cases, Table 5, indicating
the low toxicity of 1 and the bromo derivatives, and that the enhanced activity of 40
relative to 1, the most active derivatives of all those investigated, is not due to a toxic
effect. This can be determined on the basis that as many larvae survived post-injection of
the 40 as did those post-injection of 1. As mentioned previously, 1 is Generally
Recognized as Safe (GRAS) by the United States Food and Drug Administration (FDA)
and Flavour and Extract Manufacturer’s Association (FEMA), and has been granted A
status (i.e. may be used in foodstuffs) by the Council of Europe.}” This toxicity evaluation
was run in triplicate.

Table 5. Summary of the survival of G. mellonella larvae (expressed as %) post injection at 24, 48, and 72
hours

Dosage G. mellonella survival
0,
Compound Compound name concentration (%)
number

(mM) 24h  48h 72h

1 Trans-cinnamaldehyde 25 100 88 88

10 100 100 96

1 100 100 100

5 0-Bromocinnamaldehyde 25 100 92 84

10 100 100 100

1 100 96 96

34 m-Bromocinnamaldehyde 25 100 100 100
10 100 100 100

1 100 100 100
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40 p-Bromocinnamaldehyde 25 100 96 88
10 100 100 100
1 100 100 96

An n =3 was employed

1.2.10 Preliminary mechanism of action study

As mentioned previously in the introduction, section 1.1.7.2, multiple mechanisms of
action have been reported for trans-cinnamaldehyde, 1, in the literature, including binding
to FtsZ (filamentation temperature sensitive protein Z),*** lowering the uptake or use of
glucose,**® and altering bacterial cell membrane integrity and permeability.**® We found
this latter mechanism interesting and wanted to see how this translated to other derivatives
included in our study, given that it has been shown to apply to 1.1 In their recent review
on essential oils as antimicrobials in foods, Rao et al.™*” discussed how the disruption of
the cell membrane permeability inactivates the bacteria by facilitating the infiltration of
ions and organic molecules from outside the cell. This eventually leads to the loss of
membrane integrity, which is critical for microbial survival.®*” Additionally, when the
cell membrane is disrupted some of the intracellular constituents are released, and the
monitoring of this release can serve as a means of evaluating the effectiveness of
antimicrobial agents, as well as giving valuable insight into its mechanism of action."
138

The release of cell constituents can be experimentally monitored in various ways.
One such method is to monitor the release of microbial cell constituents by measuring the
UV-absorbance of cell cultures at 260 nm, which is the wavelength at which materials
such as proteins and nucleic acids get absorbed.'® 40 Proteins and nucleic acids are
present throughout the membrane and cytoplasm of the bacterial cells. Proteins facilitate
key structural functions, while nucleic acids carry unique genetic information, and both
are involved in critical processes such as translation, transcription, and DNA
replication.!® This approach has been used by Oussalah et al.}*! to measure the release of
cell constituents from Escherichia coli (E. coli) O157:H7 as well as Listeria
monocytogenes after treatment with Chinese cinnamon, the major component of which is
cinnamaldehyde. A significant release of cell constituents was recorded across all
concentrations of Chinese cinnamon administered, the highest being observed at 0.1%
v/v at which the OD2sonm recorded increased by approximately 4-fold for both bacteria,
relative to the control. The release of cellular constituents was also observed to increase
with increasing concentration of Chinese cinnamon essential oil. %

Shen et al. *2 studied the mechanism of action of cinnamaldehyde on S. aureus
and E. coli by measuring the UV-absorbance of cell cultures at 260 nm and similarly
observed the significant release of 260 nm absorbing materials from both strains. This
occurred quickly after they were exposed to cinnamaldehyde and reached a plateau after
2 and 4 hours, respectively. The absorption values, at 4 hours, for the E. coli treated with
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0.31 mg/mL cinnamaldehyde was 3.55, which is considerably higher than the control of
approximately 0.1 at the same timepoint. The absorption value at 2 hours for the S. aureus
treated with 0.31 mg/mL cinnamaldehyde was 3.00, which was also considerably higher
than the control of approximately 0.25 at the same timepoint.1*2 Kwon et al.!? also
measured the UV-absorbance of cell cultures at 260 nm. This group noted the significant
leakage of proteins by S. aureus, but not B. cereus, over a 120-minute incubation period
after exposure to cinnamaldehyde and used the Bradford method to investigate this.! The
principle of this method is that the binding of protein molecules to Coomassie dye under
acidic conditions results in a colour change from brown to blue,'*® and hence, can be used
to assess the occurrence of protein leakage. Protein leakage was recorded as 9 pg/mL
after exposure to 0.4 mL/L cinnamaldehyde after 120 min of incubation.®® This was
approximately 3 pg/mL higher than the control. In addition, the protein leakage from S.
aureus was observed to increase gradually during the 120 minute incubation period.®

On the basis that 1 has an established ability to permeabilize bacterial cell
membranes and there have been previous studies involving both S. aureus and E. coli, the
two bacteria we were investigating, we wanted to explore this mechanism of action
further to include our p-bromocinnamaldehyde, 40, (most active derivative) and p-
methoxycinnamldehyde, 14, (one of the least active derivatives) derivatives. The effect
of the derivatives on the cell wall/membrane after being added to a S. aureus or E. coli
culture, was monitored after 2-, 4- and 6-hours incubation, with results expressed in terms
of protein and amino acid leakage, Figures 22 and 23.
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Figure 22(a) and (b). (a) Protein leakage in S. aureus as observed over a six-hour incubation period and
(b) Amino acid leakage in S. aureus as observed over a six-hour incubation period. PBS: phosphate buffered
saline, vehicle control: 5% DMSO, positive control: 20% DMSO, p-Br: para-bromocinnamaldehyde
compound 40, TC: trans-cinnamaldehyde compound 1, p-OMe: para-methoxycinnamaldehyde compound
14.
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Figure 23(a) and (b). (a) Protein leakage in E. coli as observed over a six-hour incubation period and (b)
Amino acid leakage in E. coli as observed over a six-hour incubation period. PBS: phosphate buffered
saline, vehicle control: 5% DMSO, positive control: 20% DMSO, p-Br: para-bromocinnamaldehyde
compound 40, TC: trans-cinnamaldehyde compound 1, p-OMe: para-methoxycinnamaldehyde compound
14.

Much higher leakage was observed in terms of both proteins and amino acids for the
Gram-negative E. coli compared to the Gram-positive S. aureus, something which has
been noted previously in the literature.*** This leaked material may consist of constituents
of the membrane itself or cell wall-related material, since the cell wall of Gram-negative
bacteria is thin. Proteomic analysis would be required to identify the leaked material and
determine the extent to which the bacteria cell is disrupted. The amount of leakage
observed was very different across the three cinnamaldehydes examined. For both
bacteria, 1 caused the highest leakage of amino acids and proteins. The ability of 1 to
cause leakage was expected, given the previous studies documenting this, as above.
However, we found it interesting that while 40 exhibited the greatest inhibition of all
fifteen cinnamaldehydes evaluated, it did not correlate to an ability to induce leakage,
generating less leakage than 1. This is particularly evident with respect to protein leakage
by E. coli, where 40 produced less leakage than 1, but is fast-acting, inducing relatively
high leakage by the first two-hour time point, Figure 23. This may indicate that while this
compound is capable of interacting with the cell wall of both bacteria it is not the primary
mechanism of action. These observations coincide with previous reports regarding the
multiple possible modes of action of 1,10 18 142

1.3 Pyrazolopyrimidinones Results and Discussion

As part of the groups research into novel antimicrobial agents, we conducted a
preliminary antibacterial screen of four compounds that represented four different
structural families available in our group, Figure 24.
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Figure 24. Compounds used in preliminary antibacterial screen. Compound 46, 4-phenylsulfoyl-1,1’-
biphenyl, a representative phenylsulfonyl biphenyl, compound 47, ethyl 2-cyano-3'-fluoro-6-propyl-[1,1'-
biphenyl]-4-carboxylate, a representative cyano-substituted biphenyl, compound 48, 2-butyl-5-(3,5-
bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one, a representative pyrazolopyrimidinone,
compound 49, 1-(4-(2-chloro-4-(trifluoromethyl) pyridin-2-yl)piperazin-1-yl)-4-(thiophen-2-yl)butan-1-
one, a representative aryl piperazine.

This preliminary screen indicated that compound 48 (Figure 24) was the most active with
an MICsp of 3.54 pg against S. aureus. Compounds 46, 47, and 49 (Figure 24) did not
demonstrate any bacteriostatic activity, see Figures A65-A68 in Appendix 1 for the
corresponding data. As compound 48 showed the most promising level of antibacterial
activity, it became our initial hit compound and the focus of our antimicrobial study.

Compound 48 is a pyrazolo[1,5-a]pyrimidin-7-one and, as mentioned previously in
section 1.1.12 of the introduction, a large family of pyrazolo[1,5-a]pyrimidin-7-one
compounds (Figure 25 (a)) have previously been synthesized by our group.®® These
pyrazolopyrimidinones, until this project, had not been evaluated for antimicrobial
activity. However, there have been reports of structurally similar pyrazolo[1,5-
a]pyrimidine,®*% (Figure 25 (b)) and pyrazolo[3,4-d]pyrimidines (Figure 25 (c),™s which
have been shown to possess potent antifungal properties against Fusarium oxysporum,®®
Aspergillus niger,1% Candida albicans,® and Aspergillus fumigatus.®® % In addition,
these compounds have shown antibacterial activity against Gram-positive S. aureus and
B. subtilis,* % and Gram-negative E. coli,* *> 14° Salmonella typhi,*® and Pseudomonas
aeruginosa (P. aeruginosa).* Therefore, it was unsurprising to us that, in our preliminary
screen of the compounds shown above in Figure 24, compound 48 exhibited the best
activity against S. aureus of the four compounds evaluated. On this basis, and as part of
an initial Structure Activity Relationship (SAR) study, we evaluated a family of
pyrazolo[1,5-a]pyrimidin-7-one compounds against S. aureus and E. coli for biological
activity using the standard broth microdilution method, following CLSI guidelines,*?
exactly as described above with respect to trans-cinnamaldehydes, using the same strains
of S. aureus and E. coli, see Experimental Procedure for details. Additionally, in this case,
the pyrazolo[1,5-a]pyrimidin-7-ones were screened for activity against Candida
albicans, in order to assess both antibacterial and antifungal activity, given the wide range
of pathogens that structurally similar compounds were active against.
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Figure 25. (a) Structure of pyrazolo[1,5-a]pyrimidin-7-ones that allow variation at R* and R?** (b) general
structure of pyrazolo[1,5-a]pyrimidines,®-*° and (c) general structure of pyrazolo[3,4-d]pyrimidines.'*

We progressed with a SAR study (a two stage process), initially using compound 48 as a
hit compound, in order to better understand what structural elements of this compound
were important for its antimicrobial activity and to see if a more active molecule could be
identified, Figure 26. Stage one of the SAR study involved groups 1a, 1b, and 1c and
allowed variation at RY. Here we changed R!to an alkyl chain (group 1a), substituted
phenyl (group 1b), or heterocycle (group 1c), but kept the 3,5-bis-(trifluoromethyl)phenyl
group as R2. On the basis of the results generated from stage one of the SAR study, a new
hit compound was identified, compound 50 (Figure 26). Stage two of the SAR study
involved groups 2a and 2b. Here we allowed variation at R? but kept an isopropyl group
as R! (as found in compound 50). In all cases, each compound was made up to a
concentration of 3 mM so that the first concentration examined in the antimicrobial
evaluation was 0.75 mM with respect to each compound evaluated. It was envisaged that
the final leading hit compounds identified by the two stage SAR study would also be
evaluated for activity against more clinically relevant, resistant strains methicillin-
resistant Staphylococcus aureus (MRSA, Gram-positive bacteria) and P. aeruginosa
(Gram-negative bacteria). In addition, the same leading hit compounds would be
evaluated for in vivo toxicity and evaluated for therapeutic effect in vivo, using Galleria
mellonella larvae in both cases.

Stage one:
0} 0}
-N -N
B | Dg-w
FsC S FsC S
N N
H H
CF; 48 CF3  Group 1a
Group 1b
Group 1c
Stage two:
\@/é\)_< R2 ﬁi‘\)_<
Group 2a
Group 2b

Figure 26. A two-stage SAR study approach used in the antimicrobial evaluation of pyrazolo[1,5-
a]pyrimidin-7-ones, using compound 48, and subsequently 50, as a hit compound.
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1.3.1 Antimicrobial evaluation of group 1a pyrazolo[1,5-a]pyrimidin-7-ones

Group 1a was established to undertake an initial examination of the nature of R!, with a
focus on the importance of the n-butyl chain. For example, replacement of the n-butyl
chain with shorter linear alkyl chains, such as compounds 51, 53, and 55, or branched
alkyl chains, such as compounds 50, 52, and 54 were investigated, Table 6. The 3,5-bis-
(trifluoromethyl)phenyl group was retained at R? for all compounds in group la and
allowed us to study the effects of changing R* alone on observed antimicrobial activity.
Against S. aureus, the most promising antibacterial activity was exhibited by compound
50, in which the n-butyl group was replaced by an iso-propyl group. This was 1.5 times
more active than the initial hit compound 48 in terms of its MICso value and also exhibited
superior activity in terms of MICg. Compound 50 generated an MICgo of 6.4 uM, and
compares favorably with our initial hit compound 48, which did not inhibit growth by
80% in our study. Compound 51, with R as an ethyl group, demonstrated the best activity
against Gram-negative E. coli of all the compounds examined as part of group la.
However, compound 51 was more active against S. aureus than E. coli (200 times more
active in terms of MICs values), but still not as active as compound 50 against S. aureus
(compound 50 being 1.5 times more active in terms of MICsp values), Table 6(a). The
fact that there is a large difference between S. aureus and E. coli activity is not completely
unexpected and may be due to differences in cell uptake as a result of the structural
differences between the two bacteria. E.coli is Gram-negative, where the bacterial cell
wall is more complex than that of S. aureus, and consists of a thin layer of peptidoglycan
that is surrounded by an outer membrane.'® S. aureus is a Gram-positive bacteria where
the cell wall consists largely of peptidoglycan and more easily facilitates the access of
hydrophobic molecules to both the cell wall and the cytoplasm within.'® Thus, variation
in antimicrobial activity could be expected when comparing S.aureus and E. coli and such
variation may be related to a compounds ability to pass through the outer membrane in
order to exert their effect. Commercial antibiotics ampicillin trihydrate, tetracycline, and
streptomycin sulfate were used as controls and also showed this difference in E. coli
versus S. aureus activity. Here MICsg values of 21.8 puM, 11.03 uM, and 5.22 uM were
obtained against S. aureus, respectively and higher MICsg values of 2.55 mM, 56.25 uM,
and 6.18 pM against E. coli, respectively. The activity of compound 50 against S. aureus
was a stronger and more interesting result for us, than the activity of compound 51 against
E. coli, as the activity of compound 50 showed superior results to the commercial
antibiotics investigated in our antimicrobial screen. It is noteworthy that three other
compounds in group la demonstrated superior activity to these commercial antibiotics in
terms of activity against S. aureus, specifically compounds 48, 51 and 52, with respect to
MICs values. This indicates the potential of this family of compounds in terms of activity
against S. aureus in particular.

Notably, hit compound 48 showed the best activity against C. albicans with a MICso value
of 190 uM. However, this activity was 106 times less potent than the activity of this same
compound against S. aureus. All other compounds tested as part of group 1la were much
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less active than compound 48, and hence, this indicated that the pyrazolo[1,5-
a]pyrimidin-7-ones may not be very active against C. albicans, given that the MICso of
the commercial antifungal agent fluconazole is reported as 3.27 uM (1 pg/mL) by Clancy
et al.14 All results relevant to the antimicrobial evaluation of group 1a are included in

Table 6(a) and (b).

Table 6(a). Antibacterial (S. aureus and E. coli) activity of group la pyrazolo[1,5-a]pyrimidin-7-one
analogues as MICso/ MICg values.

0
-N
TR
FsC NS
H
CFs
S. aureus E. coli
Code R!
MICso I\ZHC/SO MICso I\ZHC;‘O MICso I\ZHC/SO MICs,o I\ZHC;‘O
M) ME v Py My
mL) mL) mL) mL)
48 }L\_\ 1.8 0.73 N/A N/A N/A N/A N/A N/A
50 § < 1.2 0.47 6.4 2.49 584 22735  N/A N/A
51 Et 1.78 0.67 10 3.75 355 133.22  N/A N/A
52 : < 2.2 0.89 N/A N/A 628 25329  N/A N/A
53 Me 85 30.71 N/A N/A 532 19219  N/A N/A
54 i_>7 47 18.96 N/A N/A 522 21054 748  301.69
55 <&~ 35 13.63 N/A N/A N/A N/A N/A N/A

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICgo. With respect to the
activity of compound 54 against E. coli, note that the concentration of DMSO was greater than 5% (v/v) at the

concentration recorded as MICso.
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Table 6(b). Antifungal (C. albicans) activity of group l1a pyrazolo[1,5-a]pyrimidin-7-one analogues as
M|C50/M|Cgo values.

(@]
/N
FaC | b e
3 N
H
CF;
C. albicans
Code R!
MICso MIC/SO MICso MIC;“’
(uM) (ng (LM) (ng
mL) mL)
48 WL\_\ 190 76.63 350 141.17
50 §_< 337 131.19 N/A N/A
51 Et 300 112.58 536 201.14
52 g E 343 138.34 611 246.43
53 Me 343 123.91 606 218.92
54 %} 321 129.47 635 256.11
55 <~ N/A N/A N/A  N/A

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICao.

1.3.2 Antimicrobial evaluation of group 1b pyrazolo[1,5-a]pyrimidin-7-ones

Group 1b, like group 1a, was established to examine the importance of the n-butyl chain
at R%. This group examined the effects of replacement of the n-butyl chain with a
substituted phenyl group on observed antimicrobial activity. As with group 1a, the 3,5-
bis-(trifluoromethyl)phenyl group was retained at R?, to allow us to study the effects of
R?® alone on observed antimicrobial activity. In general, group 1b were far less active
against S. aureus than group 1a, with activity so low that it was not possible for a MICsg
to be recorded for the majority of compounds in this group, compounds 61-66, Table 7(a).
Low MICso values were recorded when R! was 2-chlorophenyl, compound 56, or 4-
(trifluoromethyl)phenyl, compound 57, of 2.8 and 3.8 uM, respectively. However,
activity was insufficient for a MICgo value to be recorded in either case. This suggests
that a substituted phenyl is not a good replacement for the n-butyl chain in terms of
activity against S. aureus. The general activity of group 1b against E. coli was very poor,
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with the majority again incapable of inhibiting bacterial growth by 50%, compounds 57-
65, Table 7(a). The only two compounds that did inhibit E. coli growth showed moderate
activity, with MICso values of 390 and 424 uM when R was 2-chlorophenyl (compound
56) or 4-methoxyphenyl (compound 66), respectively. Given that compounds 56, 58, and
64 all have a chloro-substituent that only differs in its position on the phenyl ring, and yet
these three compounds all exhibit very different bacteriostatic activities. This may suggest
that it is not just the nature of the substituent on the phenyl ring that is important for
activity, but also its position on the phenyl ring. When this chloro-substituent is in the
ortho-position, there is observed activity against both S. aureus and E. coli, but when this
same position is in the meta-position, this analogue is nearly 104 times less active against
S. aureus (in terms of MICso values) and shows no activity against E. coli. When this
chloro-substituent is in the para-position, no activity is observed against either bacteria.
A similar observation can be made with respect to compounds 59, 63, and 66 regarding
the methoxy-substituent on the phenyl ring, pointing us towards the hypothesis that both
the position and nature of the substituent is important to exhibit bacteriostatic activity. In
any case, all compounds evaluated in group 1b were less active than our current hit
compound 48.

Conversely, activity with respect to C. albicans improved as a result of the replacement
of the n-butyl chain with a substituted phenyl ring, with moderate activity observed across
all members of group 1b. The best activity was observed with respect to compound 56
for which a MICgo of 182 uM was recorded, over 1.9 times more potent that the most
active member of group la, compound 48. However, this antifungal activity is still not
very potent, and so, we were less interested in pursuing the pyrazolo[1,5-a]pyrimidin-7-
ones as anti-fungal agents. All results relevant to the antimicrobial evaluation of group
1b are included in Tables 7(a) and (b).

Table 7(a). Antibacterial (S. aureus and E. coli) activity of group 1b pyrazolo[1,5-a]pyrimidin-7-one
analogues as MICso/ MICgo values

0
-N
TR
FsC =~
N
H
CF,4
S. aureus E. coli
Code R?
MICso I(VH(/:” MICso ](VH%O MICso 1(\/“(/:50 MICso 1(\/”380
M) Py My M M8
mL) mL) mL) mL)
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@ 2.8 1.28 N/A N/A 390 178.53 N/A N/A
56

Cl
57 @/CFS 3.6 1.77 N/A N/A N/A N/A N/A N/A
58 @ 291 133.21 N/A N/A N/A N/A N/A N/A
cl
59 299 135,55 N/A N/A N/A N/A N/A N/A
H3CO
60 @ 300 14050 N/A N/A N/A N/A N/A N/A
NO,
61 N/A N/A N/A N/A N/A N/A N/A N/A

iO!
62 \§ : N/A N/A N/A N/A N/A N/A N/A N/A

63 })’ O\ N/A N/A N/A N/A N/A N/A N/A N/A
OMe
64 \;’\©\ N/A N/A N/A N/A N/A N/A N/A N/A
Cl
65 \g : N/A N/A N/A N/A N/A N/A N/A N/A
NO,
66 \QQ N/A N/A N/A N/A 424 192.22 N/A N/A
OMe

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICso

Table 7(b). Antifungal (C. albicans) activity of group 1b pyrazolo[1,5-a]pyrimidin-7-one analogues as
M|C50/ MICgo values.

CF;

C. albicans

Code R! MIC MIC
MICo o MICo o)
(nM) (M)
mL) mL)
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149 68.21 182 83.31
56
Cl
57 ;I/@/CFB’ 283 139.04 N/A N/A
58 @ 164 75.07 349 159.76
Cl
59 160 72.53 375 170.00
H3;CO
60 @ 266 124.57 N/A N/A
NO,
61 \;* : 174 76.79 341 150.49
F
62 \g : 243 122.04 367 184.31
Br
63 :;O\ 160 72.53 N/A N/A
OMe
64 \f : 254 116.27 370 169.37
Cl
65 ~ : 238 111.46 372 174.22
NO,
66 \ﬁ© 238 107.89 366 165.92
OMe

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICso

1.3.3 Antimicrobial evaluation of group 1c pyrazolo[1,5-a]pyrimidin-7-ones

Group 1c, like groups 1a and 1b, was established to examine the importance of the n-
butyl chain as R®. This group examined the effects of replacement of the n-butyl chain
with a heterocycle on observed antimicrobial activity. As with groups 1a and 1b, the 3,5-
bis-(trifluoromethyl)phenyl group was retained at R?, to allow us to study the effects of
R! alone on observed antimicrobial activity. In terms of S. aureus, replacement of the n-
butyl chain with 2-furan as R*, compound 67, resulted in a reduction in activity by a factor
of 6.7 (based on MICso values), and with 2-thiophene as R?, compound 68, resulted in a
further reduction by a factor of 289 (based on MICsg values). These results indicated that
heterocycles are not optimal substituents at R* for S. aureus activity. In terms of E. coli,
replacement of the n-butyl chain with 2-furan resulted in improved activity, in that a
MICsg value was recorded for this compound. This was not possible for compound 48.
However, this compound was still less active than the most active compound against E.
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coli (compound 51 group 1a). A MICsp against E. coli could not be obtained with 2-
thiophene at RY. This indicates that having a heterocycle at R is also not optimal for
activity against E. coli.

In terms of activity against C. albicans, compound 67 resulted in reduced activity relative
to compound 48. The MICso recorded for compound 68 was slightly lower than that of
compound 48, but not as low as the MICso recorded for compound 56 of group 1b. Of the
compounds evaluated thus far, compound 56 has displayed the best activity against C.
albicans. As such, there are no major advantages to having R* as a heterocycle for general
antimicrobial activity. All results relevant to the antimicrobial evaluation of group 1c are
included in Tables 8(a) and (b).

Table 8(a). Antibacterial (S. aureus and E. coli) activity of group 1c pyrazolo[1,5-a]pyrimidin-7-one
analogues as MICso/ MICgp values.

o)
_N
TR
FsC =~
N
H
CFs
S. aureus E. coli
1
Code R \iicy RZHC/SO MICo I\ZHC;“’ MICs, MiCso(ng/ MICs, MICso (ng/
(uM) He (uM) He (uM) mL) (uM) mL)
mL) mL)
S0 12 4.96 N/A N/A 376 155.39 N/A N/A
67 w
N @ 520 223.26 N/A N/A N/A N/A N/A N/A

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICago

Table 8(b). Antifungal (C. albicans) activity of group 1c pyrazolo[1,5-a]pyrimidin-7-one analogues as
MICso/ MICg values

[ At
F3C =~

N
H

CF;
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C. albicans

Code R!
MICs, MICO Ve MIC;“’

(uM) (ng (uM) (ng
mL) mL)

o 320 132.25 N/A N/A

68 ¥ s 184 79.00 374 160.57
¥,

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICago

Given that the lowest MICgo values, and the most promising results, were recorded for
compound 50 against S. aureus, we decided to move forward to phase two of the SAR
study with compound 50 as our leading hit compound. Compound 50 (Group 1la)
exhibited the best activity against S. aureus and was even superior to the commercial
antibiotics evaluated in our study. As such, we further examined the structural elements
that were important for its activity. The effect changes to R* had on antimicrobial activity
was examined using groups la-c in stage one of our SAR study. For stage two, we wanted
to explore structural changes at R?, while keeping R* as an iso-propyl group, as found in
compound 50. To do this we established groups 2a and 2b.

1.3.4 Antimicrobial evaluation of group 2a pyrazolo[1,5-a]pyrimidin-7-ones

In compound 50, like in compound 48, R? was a 3,5-bis-(trifluoromethyl)phenyl group.
Thus, our first stage two group, group 2a, was designed to allow us to explore the
relationship between structure and activity by making some initial changes to R2. For
group 2a we wanted to explore the role of the CF3 groups. To do this, we replaced them
with smaller and less hydrophobic methyl groups (compound 72), as well as removing
them and replacing them with simple hydrogen atoms (compound 71), Table 9.

Group 2a also includes compound 70, where the entire 3,5-bis-(trifluoromethyl)phenyl
group was replaced with the smaller and less hydrophobic methyl group, in addition to
compound 69, where the entire 3,5-bis-(trifluoromethyl)phenyl group was removed and
replaced with a simple hydrogen atom, Table 9.

The antibacterial activity results for group 2a can be found in Table 9(a), where we
included the results for compound 50 for ease of comparison. In terms of S. aureus
activity, this could not be improved by any of the group 2a changes to R2. Compound 71
exhibited the best activity against S. aureus of the four, but this was still 75 times less
potent than compound 50 in terms of MICso values. Replacing the entire 3,5-bis-
(trifluoromethyl)phenyl group with either a hydrogen (compound 69) or a methyl
(compound 70) resulted in a severe decrease in activity against S. aureus. The 3,5-
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dimethylphenyl derivative, compound 72, led to insufficient activity for a MICsp to be
recorded. With respect to activity against E. coli, activity was improved by a factor of
1.57 when the 3,5-bis-(trifluoromethyl)phenyl was replaced by either a methyl
(compound 70, MICsp of 373 uM), or phenyl group (compound 71, MICsg of 373 puM),
in terms of MICso values. However, this activity was still not as good as that recorded for
compound 51 of group 1a, which had an MICsg of 355 uM (Table 6(a)).

In terms of activity against C. albicans, changing R? to any of the four alternative
substituents within this group improved activity, in that lower MICso values were
recorded for compound 69-72 relative to that recorded for compound 50. However,
compound 69 with an MICso value of 305 pM, was over 2 times less active than
compound 56 of group 1b (MICsg of 149 uM, Table 7(b)), and compound 56 was in turn
nearly 46 times less potent than the commercial antifungal agent fluconazole (MICsq of
3.27 uM)¥8. As such, the antifungal activity of the pyrazolo[1,5-a]pyrimidin-7-one
family remained less interesting to us when compared to the antibacterial activity being
displayed against S. aureus. All results relevant to the antimicrobial evaluation of group
2a are included in Tables 9(a) and (b).

Table 9(a). Antibacterial (S. aureus and E. coli) activity of group 2a pyrazolo[1,5-a]pyrimidin-7-one
analogues as MICso/ MICg values.

(@)
_N
ﬁb%
RIS
H

S. aureus E. coli
2 MIC MIC
Code R MICs (ug/so MICso (ug/go MICs, MICsy MICss  MICso
(uM) (uM) (uM)  (pg/mL) (M)  (ug/mL)
mL) mL)
69 H 662 11731 N/A N/A | 626 11093 NA  NA
70 Me 698 13348 N/A N/A | 373 7133 733  140.17
71 Ph 90 2280 N/A N/A | 373 9448 733 18567
72 \Q‘g NNA  NA NA NA | 594 16713 NA  N/A
50 FiC % 12 047 64 249 | 584 22735 NA  N/A
CFs

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICago
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Table 9(b). Antifungal (C. albicans) activity of group 2a pyrazolo[1,5-a]pyrimidin-7-one analogues as
M|C50/ M|CsoVﬁ|U€S.

0]

_N
ﬁ 1<
Ry S
H
C. albicans
Code R? MIC MIC
MICs (ug/so MICso (ugjo
(uM) (uM)
mL) mL)
69 H 305 54.05 415 73.54
70 Me 313 59.85 375 71.71
71 Ph 332 84.10 374 94.73
72 \Qﬁ 327 92.00 447 125.77
50  FsC w337 131.19 N/A  N/A
CF,

N/A denotes that the minimum inhibitory concentration recorded was lower than MICsoor MICgo

1.3.5 Antimicrobial evaluation of group 2b pyrazolo[1,5-a]pyrimidin-7-ones

Again, with our primary focus remaining on exploring the activity against S. aureus, we
decided to further explore structural changes at R? using group 2b, and again keeping R!
as an iso-propyl group. Given that the results from group 2a show that activity of
compound 50, with R? as 3,5-bis-(trifluoromethyl)phenyl, was significantly greater than
that of compounds 69, 70, 71 or 72, we decided to investigate if alternative substituents
on the phenyl ring could improve activity. To this end, in group 2b we examined a range
of substituted phenyl groups at R?, Tables 10(a) and (b).

The results for group 2b are shown in Table 10(a) and are ordered from most active to
least active based on MICsg values against S. aureus. Looking at those MICsg values for
activity against S. aureus, the most active group 2b compounds where when R? was a 3,5-
dichlorophenyl, compound 73, and a 3-trifluoromethylphenyl, compound 74, at 2.2 and
2.3 UM respectively. However, activity was insufficient to allow an MICg to be
determined for either compound. The lowest MICgo recorded was that for compound 78
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but this was 56 times higher than the MICgo of the most active pyrazolo[1,5-a]pyrimidin-
7-one against S. aureus, compound 50.

Upon further examination of group 2b activities against S. aureus, it appears as
though electron-withdrawing groups, specifically trifluoromethyl, compound 74, and
groups with mild electronic effects (i.e. the halogens), compounds 73, 75, 76, 77, and 78,
generally resulted in better activity than electron-donating groups, compounds 70, 80, 81,
and 82, Table 10(a). The exceptions to this are compounds 83 and 84, in which the chloro-
and bromo-substituent, respectively, are in the para-position. This could suggest that the
activity of such halogenated compounds is highest when the halogens are in the meta-
position. This is supported, for example, by the superior activity of compounds 73 and
7.

With respect to E. coli activity, the two lowest MICgo values of all compounds
examined in this study were recorded by compounds 78 and 79 in group 2b. These two
compounds, bearing a 3,5-dimethoxyphenyl or 3-fluorophenyl, at R? respectively, are
quite different in their electronic properties. However, both oxygen and fluorine are
capable of forming hydrogen bonds (H-bond acceptors), with fluorine forming
considerably weaker hydrogen bonds, and perhaps this has an effect on the observed
antibacterial activity. Coinciding with this, compound 82, with an ortho-dimethylamino
group on the phenyl ring, exhibited the lowest MICsg of all the compounds tested against
E. coli. Nitrogen is also a H-bond acceptor, but a MICgo could not be recorded for this
compound. The same substituent in the para-position on the ring, compound 81, was
much less effective and so, perhaps like with S. aureus activity, we could postulate that
the ortho- or meta- position might be more important for activity than the para- position.

Concerning activity against C. albicans, the most active pyrazolo[1,5-
a]pyrimidin-7-ones were compounds 78 and 79. As above, perhaps it is the hydrogen
bonding ability of the oxygen and fluorine atoms that results in increased activity, but this
Is not conclusive. In any case, neither of these compounds, which were the most active
against C. albicans as suggested by our SAR study, were close to the activity levels found
for the commercial anti-fungal agent fluconazole.'*® Therefore, we shifted the focus of
further studies completely to an investigation of the pyrazolo[1,5-a]pyrimidin-7-one
family as antibacterial agents. All results relevant to the antimicrobial evaluation of group
2b are included in Tables 10(a) and (b).

Table 10(a). Antibacterial (S. aureus and E. coli) activity of group 2b pyrazolo[1,5-a]pyrimidin-7-one
analogues as MICso/ MICg values.
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S. aureus E. coli
Code R?
MICso MICs MICso MICg MICso MICs MICso MICso
vy gy ey ey (e
mL) mL) mL) mL)
73 CI\©}{ 2.2 0.71 N/A N/A 641 206.52 N/A N/A
Cl
74 ©}{ 2.3 0.74 N/A N/A N/A N/A N/A N/A
CFs
75 Q}{ 4.2 1.59 N/A N/A N/A N/A N/A N/A
|
76 /@}{ 8.4 3.19 N/A N/A N/A N/A N/A N/A
[
77 ©){ 10 2.88 N/A N/A 631 181.57 N/A N/A
cl
78 @}{ 19 5.15 360 97.67 193 52.36 410 111.23
F
79 Me0\©}{ 250 78.34 370 115.94 | 310 97.14 420 131.612
OMe
80 /@}{ 375 106.25 N/A N/A 643 182.18 N/A N/A
MeO
81 3; 415 122.99 N/A N/A 719 213.09 N/A N/A
N7 :
I
82 N 483 143.15 N/A N/A 146 43.27 N/A N/A
O
83 /©;‘{ N/A N/A N/A N/A 702 202.00 N/A N/A
cl
84 N/A N/A N/A N/A 717 230.55 N/A N/A

N/A denotes that the minimum inhibitory concentration recorded was lower than MICso or MICago
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Table 10(b). Antifungal (C. albicans) activity of group 2b pyrazolo[1,5-a]pyrimidin-7-one analogues as

M|C50/ M |Cso values

(0]
_N
8s
R:lt N =
H
C. albicans
Code R? MICsp MICso
MICso (ng/ MICso (ng/
(M) (M)
m mL)
73 C|\©i{ 332 106.97 549 176.88
Cl
74 Q‘s{ 283 90.93 750 240.98
CF,
75 Qﬁ; 313 118.69 N/A N/A
|
76 /@%; N/A N/A N/A N/A
|
77 Qz{ N/A N/A N/A N/A
o]
78 % 250 67.83 343 93.06
F
79 Me0\©}{ 172 53.90 300 94.01
OMe
80 /@2 345 97.75 662 187.56
MeO
81 i w316 93.65 500 148.19
K
82 SN 329 97.51 547 162.11
O
83 351 101.00 N/A N/A
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84 Q}q 351 116.60 681 226.22
Br

N/A denotes that the minimum inhibitory concentration recorded was lower than MICsoor MICgo

To summarize, in our SAR study investigating pyrazolo[1,5-a]pyrimidin-7-ones, 35
members of this family were screened for activity against S. aureus, E. coli and C.
albicans. It is noteworthy how, overall, these compounds displayed much more potent
antimicrobial activity than the previously tested trans-cinnamaldehydes. Variation at R*
of the pyrazolo[1,5-a]pyrimidin-7-ones, Figure 26 previously, was explored through
groups la-c, using compound 48 as the leading hit compound. Variation at R? was
explored through groups 2a and b, using compound 50 as the leading hit compound.
Against S. aureus, four compounds demonstrated activity superior to commercial
antibiotics, namely 48, 50, 51, and 52. Thus, for activity against S. aureus, preliminary
results from our SAR study would suggest that the 3,5-bis-(trifluoromethyl)phenyl
substituent as R? is important, with a relatively short alkyl chain as R*.

Against both E. coli and C. albicans, two members of group 2b exhibited the
highest activities, namely compounds 77 and 78, suggesting in these cases that the 3,5-
bis-(trifluoromethyl)phenyl substituent as R? is less important for activity, with either a
3-fluorophenyl or 3,5-dimethoxyphenyl substituent as R2, with an iso-propyl group as R?,
giving better levels of activity. Overall, it was observed that this family of compounds
were much more active against S. aureus than either E. coli or C. albicans, with very low
micromolar MIC values demonstrated. As such, we were very interested to investigate
the activity of these pyrazolo[1,5-a]pyrimidin-7-ones against more clinically-relevant
MRSA. In collaboration with Professor Kavanagh, we felt that in general the antibacterial
activity of these compounds was more potent than their antifungal activity and so, along
with MRSA, we also tested a selection of these compounds against the more resistant
Gram-negative bacteria P. aeruginosa.

1.3.6 Antibacterial evaluation of select pyrazolo[1,5-a]pyrimidin-7-ones against
clinically-relevant MRSA and P. aeruginosa

MRSA and P. aeruginosa exemplify some of the more problematic drug-resistant
pathogens encountered today in clinical settings.**” 14 MRSA is a major pathogen in skin
and soft tissue infections and can be either hospital- or community-acquired.**” However,
the majority of people who acquire MRSA do so as a result of a previous (recent) hospital
admission or similar healthcare setting.}*” The most common MRSA carriage sites are the
nose, skin, throat and, possibly, the gastro-intestinal tract.}*” P. aeruginosa is a ubiquitous
organism that is present in a range of environmental settings but is rarely a member of the
normal microbial flora in humans.'*® Serious infections associated with this organism are
largely hospital acquired, and patients with impaired immunity have an increased risk for
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colonization.*® Given that the P. aeruginosa and MRSA bacteria are more resistant to
currently available treatments, then it could not be assumed that the mechanism of
resistance that was at play by E. coli and S. aureus, respectively would be the same as
that displayed by the two clinically-relevant bacteria. As such, we chose compounds that
displayed good, moderate, and no activity against E. coli and S. aureus in the preliminary
study, on the basis of MICso and MICg values, in case activity did not directly translate
across the bacteria. We also chose at least one compound from each of the groups l1a-c
and groups 2a,b so that we could preliminarily explore some structural effects. The
majority of compounds chosen for testing against the more clinically relevant bacteria
were those that displayed the highest or second highest activity out of all compounds
within each group examined (taking both MICso and MICgo values into consideration).
One compound was chosen in the screen against each of the clinically-relevant bacteria
that did not exhibit any activity in the preliminary screen, and this was to ensure that the
screening process was effective in choosing good drug candidates for further testing and
eliminating those that would be ineffective.

1.3.6.1 Antibacterial evaluation of select pyrazolo[1,5-a]pyrimidin-7-ones against
clinically-relevant MRSA

Starting with MRSA, the compounds tested and the results obtained are shown in Table
11. Taking into consideration MICgo values only as a measure of activity, compound 57
was shown to be the most active compound in terms of micromolar activity, with an
MICgo value of 2.93 uM. This compound was found to be the second most active
compound in group 1b against S. aureus in our SAR study, but did not have the highest
activity in terms of inhibition of S. aureus growth overall. It is interesting that it is the
most active compound against MRSA, out of our selection of compounds. This may
indicate an alternative mechanism of resistance of S. aureus relative to MRSA.
Interestingly, only our most active compound, compound 57, was capable of inhibiting
MRSA growth by 80%. This is consistent with MRSA being more resistant than S.
aureus.

The next most active compound, compound 74 of group 2b, inhibited growth by 77%.
This compound was unable to inhibit S. aureus growth by 80% in the SAR study,
therefore it being unable to inhibit MRSA growth by 80% is not surprising. However, its
very low MICsp value against S. aureus warranted its screening against MRSA and was
found to be the second most active compound. Despite compounds from group la
generally being the most active against S. aureus in the SAR study, it is interesting that
they were not the most active against MRSA. It was thought from the SAR study with S.
aureus that the presence of 3,5-bis-(trifluoromethyl)phenyl as R? was an important
structural feature for activity, so it is noteworthy that it is also present in our most active
compound against MRSA. The compound that showed no activity against S. aureus also
showed no activity against MRSA, compound 65, suggesting that that our S. aureus
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screening process appeared effective at selecting candidates for evaluation against
MRSA.

Table 11. Antibacterial activity of pyrazolo[1,5-a]pyrimidin-7-one analogues from preliminary study
against MRSA as MICso/ MICg values

MICs, G0 e MICxx
Code  Group Structure Y (ng/ e (ng/
(uM) (uM)
mL) mL)
50 1a o 8.01 314 MICx  MICy=
(S N
FsC = 10545 4105
b
CFs
51 1a o 3.01 113  MICe  MICes =
8 §
FiC = 15585 0849
b
CF,
52 la o 3.68 1.49 M|C75 MICss =
| NN, =17.55 208
FsC N =~ .
H
CF;
57 1b 0 188 0923 MICsx  MICg=
~N —
. g% o5, =2.93 1.44
N
H
CF,
65 1b 0 N/A N/A  N/A N/A
‘ N’N\ NO,
FsC N =~
H
CF,
67 1c o 1042 431  MICis  MICyu=
NN g =23.42
|
Fac LA~ 9.68
b
CF,
71 2a 0 22435 56.82 MICes  MICes=
N-N =375
|10 94.99
N
H
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73 2b o 3251 10475 MICeo MICeo =

NN, =46.9
N L A< 15.11
)
Cl
74 2b o 483 156 MICy  MICy=
NN =8.78
Fc < 2.82
i

N/A denotes that bacterial growth was not inhibited by this compound.

1.3.6.2 Antibacterial evaluation of select pyrazolo[1,5-a]pyrimidin-7-ones against
clinically-relevant P. aeruginosa

With respect to P. aeruginosa, the compounds tested and the results obtained, are
included in Table 12. Taking into consideration MICgo values only as a measure of
activity against P. aeruginosa, compound 71 of group 2a was shown to be the most active
compound in terms of micromolar activity, with an MICgg value of 692.3 uM. In our SAR
study against E. coli, this compound was also found to be the most active compound in
group 2a (tied with compound 70) and appeared in the top 5 most active compounds
overall in terms of inhibition of E. coli growth. However, looking across the selection of
compounds chosen for further testing, results from the SAR study did not directly
translate across for P. aeruginosa in all cases. For example, compound 51 of group la
was found to be the most active compound against E. coli but could not inhibit the growth
of P. aeruginosa by 80%. This demonstrates that different mechanisms of action can be
at play. Pleasingly, the compound that showed no activity against E. coli, compound 65,
also showed no activity against P. aeruginosa. Overall, the results suggest that a
preliminary screening process using E. coli could be helpful in identifying compounds
for further testing against more resistant strains.

Table 12. Antibacterial activity of pyrazolo[1,5-a]pyrimidin-7-one analogues from preliminary study
against P. aeruginosa as MICso/ MICg values

Code Grou Structure MICso I\EHC;O MICso N(cho
P vy HE oy e
mL) mL)
50 la o 489.9  190.70 N/A N/A
(Y
F3C <
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51 la 0 343.0 128.72 749.3% 281.45°

88
F3C I\H\
H
CF;
65 1b o N/A N/A N/A N/A
RS NO,
FiC <
’ N
H
CF,
67 1c 0 667.0 27564  N/A N/A
(N
F3C N = e}
H
70 2a (] 488.6 93.43 693.9 132.70
Jos
N Sy
H
71 2a 0 4775 12094 6923 175.44
88
N =
H
79 2b 0 5353 167.73 7264  227.63
-N
MeO ‘ N\\
N
H
OMe

N/A denotes that bacterial growth was not inhibited by this compound. #This compound inhibited bacterial growth by
76%, not 80%, and as such was recorded as a MICze value.

However, as suspected from the results of our SAR study where better antibacterial
activity was observed against the Gram positive (S. aureus) over Gram negative (E. coli)
bacteria, the activity of pyrazolo[1,5-a]pyrimidin-7-ones was much higher against MRSA
(Gram positive) than P. aeruginosa (Gram negative). For example, the MICgo of the most
active compound against MRSA, compound 57, was over 236 times lower than the MICgo
of the most active compound against P. aeruginosa, compound 71. This is consistent with
comparison of these compounds with the activities of commercial antibiotics. With
respect to MRSA, the commercial antibiotics used were ampicillin trihydrate and
tetracycline, which gave MICsg vales of 2.33 mM (941.1 pg/mL) and 291.72 uM (129.65
pg/mL), a MICg was not recorded in either case. Regarding P. aeruginosa, the
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commercial antibiotic used was streptomycin sulfate, which gave MICsy and MICgo
values of 6.44 uM (4.69 pg/mL) and 40.41 uM (29.45 pg/mL) respectively. Compound
57 had far superior activity against MRSA compared to the commercial antibacterial
agents we examined, while the activity of compound 71 against P. aeruginosa was much
less potent relative to that of commercial streptomycin sulfate. Therefore, evaluation of
pyrazolo[1,5-a]pyrimidin-7-ones against S. aureus and E. coli appears to have been
successful in identifying candidates for testing against more clinically relevant bacteria.
The most active compound against MRSA was identified as compound 57, and against
P. aeruginosa was identified as compound 71. However, we wanted to ensure that the
activities observed in both cases were not as a result of non-selective toxic effects of these
compounds and, to this effect, we did an in vivo toxicity study using Galleria mellonella
(G. mellonella) larvae, section 1.3.7.

1.3.7 Galleria mellonella in vivo toxicity study

It was important to ensure that the antibacterial activity displayed was not simply due to
the compounds being toxic in nature (i.e. not selective for bacteria). To explore this, an
in vivo toxicity study was carried out using the larvae of the Greater wax moth, G.
mellonella, as described and employed in our toxicity assessment of the trans-
cinnamaldehydes, section 1.2.9. For each compound tested, five healthy G. mellonella
larvae, in the sixth developmental stage, were injected into the last left pro-leg, directly
into the haemocoel, with 20 pL of each test solution. The concentration of each test
solution was decided on the basis of the respective MICgo values of the two most active
compounds identified by our screening process. With respect to compound 57, this had
an MICgo value of 2.93 uM against MRSA and so, three different test solutions were
made, one consisting of 1 uM, another of 2 uM and a final solution of 4 uM. These
concentrations were selected in order to assess the toxicity of this compound at a
concentration lower than, similar to, and above its MICgo. Similarly, regarding compound
71 that had an MICgo value of 692.3 UM against P. aeruginosa, three test solutions of
different concentrations were made, one consisting of 400 uM, another of 600 uM and a
final solution of 800 uM. Again, these concentrations were selected in order to assess the
toxicity of this compound at a concentration lower than, similar to, and above its MICsgo.
After injection, the larvae were incubated at 37 °C for a total of three days. As with the
trans-cinnamaldehyde toxicity assay, larvae were monitored for survival and
melanisation at 24-hour intervals. The results of this toxicity evaluation are summarized
in Table 13, which was run at least in triplicate, see experimental section for further
details, section 1.4.6.2.

Table 13. Summary of the survival of G. mellonella larvae (expressed as %) post injection at 24, 48, and
72 hrs.
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Dosage G. mellonella survival (%)

Compound concentration
24h  48h 72 h
(uM)

57 1 100 100 93

100 93 93

4 93 93 90

71 400 93 87 73

600 93 93 93

800 100 100 100

aDMSO : Distilled water (5: 95 (v/v)) 100 93 90

35:95 (v/v) DMSO: Distilled water was the vehicle control used in this study. An n = 4 was employed.

It is evident from the results in Table 13 that high survival rates were observed in all cases
and therefore it is not a toxic effect causing the antibacterial activity of either compound.
This can be determined on the basis that for compounds 57 and 71 at the highest and
second highest concentrations administered, the same amount of larvae or more larvae,
survived post-injection of the vehicle control as did those post-injection of either
compound. Thus, both compounds that have associated promising antibacterial activity
were also well tolerated in vivo. This toxicity assay also allowed us to determine
appropriate concentrations to administer for the in vivo therapeutic evaluation, section
1.2.14

1.3.8 Therapeutic effect — Galleria mellonella in vivo study

Having established the non-toxicity of our two most active compounds, we then evaluated
their therapeutic effect in vivo. The first step in doing this was to establish a concentration
of bacteria which, when injected, would kill roughly 50% of the G. mellonella larvae.
Establishing this concentration is an important step in evaluating the therapeutic effect of
a potential drug candidate because it prevents the issues associated with either too many
or too few of the bacteria being injected. For example, if too many bacteria are added,
and result in the death of all the larvae within a 24-hour period, the drug might not get a
chance to elicit its mechanism of action, and hence, this is not a reasonable assessment of
the effect of the candidate. In contrast, if too few bacteria are added, then the infection
might not take hold and so, the true effect of the drug might be masked. Thus, time was
taken to establish the optimal bacterial dose and a number of different concentrations of
each clinically relevant bacteria were considered in this process. The concentration of
each bacteria culture, grown in nutrient broth over a 48-hour period, was approximated
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by using optical density. This was done by measuring the absorbance of each original
stock solution of bacteria, read at 600 nm using a UV/Vis spectrometer. For MRSA
cultures, the optical density measured was typically 1.3 absorbance units, and for P.
aeruginosa it was typically 0.9 absorbance units. This in each case, without dilution, is
referred to as the ‘stock solution’. This was then diluted by a factor of 10 by taking 100
uL of ‘stock solution’ and diluting this in 900 uL. PBS, which is referred to as the ‘1/10
dilution’. This, in turn, was diluted by a factor of 10 by taking 100 uL of the ‘1/10
dilution’ solution and diluting in 900 pL PBS, which is referred to as the 1/100 dilution’.
This process continued so that a range of concentrations between the 1/10,000 and the
1/10,000,000 dilution of ‘stock solution’ were investigated for P. aeruginosa. Similarly,
MRSA was investigated between the 1/1,000 and the 1/1,000,000 dilution of ‘stock
solution’. In each case, concentrations differed by a factor a ten. The results obtained from
this are included in Table 14. In each case 5 healthy larvae were injected with a solution
of the respective bacteria and examined every 24 hours over a 72-hour period. Again,
results were obtained at least in triplicate, see experimental section for further details,
section 1.4.6.3.

Table 14. Summary of the survival of G. mellonella larvae (expressed as %) post injection at 24, 48, and
72 hrs.

Dosage G. mellonella survival
Bacteria concentration (%)
(dilutions;;lla:it(i)\lf:i)to ‘stock 24 h 48 h 72 h
P aeruginosa 1/10,000 0 0 0
1/100,000 27 7 7
1/1,000,000 45 45 40
1/10,000,000 100 100 100
MRSA No dilution 65 60 60
1/10 100 100 80
1/1,000 100 80 80
1/10,000 100 90 90
1/100,000 100 100 100
1/1,000,000 100 100 100

An n =4 was employed.

It is evident from the above results that much lower concentrations of P. aeruginosa were
required to kill the G. mellonella larvae relative to MRSA. This is justified as the
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sensitivity of G. mellonella to P. aeruginosa, when it is injected to the hemolymph,4
which has been described in the literature. A 50% lethal dose (LDso) of fewer than 10
bacteria has been reported in a number of studies.*® Based on these results, it was decided
that the dose of P. aeruginosa to be administered as part of the therapeutic evaluation
would be the 1/1,000,000 dilution of ‘stock solution’ of P. aeruginosa, as this was the
closest to a LDsg that was observed in our screening. As above, this stock had an
absorbance of roughly 0.9 absorbance units when read at 600 nm using a UV/Vis-
spectrometer and had been grown for 48 hours at 37 °C prior to injection of five healthy
Galleria larvae on each occasion. After injection with the bacteria, the larvae were left
for 30 minutes, then injected with ‘treatment’. This treatment consisted of the highest
concentration of compound 71 examined previously in the toxicity assay which was
determined as non-toxic. Specifically, 800 pL of compound 71 was made up using 5%
DMSO (95% deionised water) as the vehicle control, and once this ‘treatment’ was
injected into each larvae, they were subsequently allowed to incubate at 37 °C for 72-
hours. They were checked at 24-hour intervals.

As the larvae were not as susceptible to MRSA, the dose administered as part of
the therapeutic evaluation was simply an injection of MRSA in nutrient broth without
dilution, as this was the closest to a LDso that was observed in our screening. As above,
this ‘stock solution” had an absorbance of roughly 1.3 absorbance units when read at 600
nm using a UV/Vis-spectrometer and had been grown for 48 hours at 37 °C prior to the
injection of five healthy Galleria larvae on each occasion. As was the case for P.
aeruginosa, once injected, the larvae were left for 30 minutes, at which point they were
injected with a 4 uM solution of compound 57. This concentration was chosen as it was
the highest concentration of compound 57 that was determined as non-toxic in our toxicity
study. As above, compound 57 was made up using 5% DMSO (95% deionised water) as
the vehicle control, and once this ‘treatment’ was injected into each larvae, they were
allowed to incubate at 37 °C for 72-hours and checked at 24-hour intervals. The results
obtained from these studies are included in Table 15, see experimental section for further
details, section 1.4.6.3.

Table 15. Summary of the survival of G. mellonella larvae (expressed as %) post injection at 24, 48, and
72 hrs.

G. mellonella survival
Treatment (%)
24 h 48 h 72 h

Compound 71 (800 uM) + P. aeruginosa (1/1,000,000 dilution) 30 25 20

P, aeruginosa (1/1,000,000 dilution) 25 25 20
100 100 100
Compound 71 (800 pM)
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Compound 57 (4 uM) + MRSA (no dilution)

90 80 75
MRSA (no dilution) 55 50 50
93 93 90
Compound 57 (4 uM)
2DMSO : Distilled water (5: 95 (v/v)) 100 93 93

35:95 (v/v) DMSO: Distilled water was the vehicle control used in this study. An n = 4 was employed.

As can be observed from the above table of results, the percentage survival of G.
mellonella larvae was largely unaffected by the administration of compound 71 relative
to those just administered with P. aeruginosa. There was a slight exception in the case of
the 24-hour mark, in which there was a slightly higher percentage survival observed in
those larvae to which compound 71 was administered after P. aeruginosa, relative to
larvae to which P. aeruginosa only was administered. These results altogether indicate
that although this compound inhibits bacterial growth in vitro and is not toxic in vivo, it
appears unlikely to result in an effective therapy in vivo. This may be somewhat expected
given the relatively high MICgo value recorded in vitro. Additionally, differences in in
vitro and in vivo antimicrobial activity are often observed,*>® and may be because in vitro
models lack host factors such as its cellular immunity and the occurrence of protein
binding, for example.t*® With respect to G. mellonella specifically, its immune system is
innate and is divided into a cellular component, which is mediated by hemocytes (the
blood cells of G. mellonella), and a humoral component, which is composed of
antimicrobial peptides and lytic enzymes, for example.*®! In vivo, our treatment might be
interacting with one or more of the components of the innate immune system of G.
mellonella, which may lead to inactivation of compound 71. The occurrence of factors
such as these may explain the differences observed in activity in vitro relative to in vivo
against P. aeruginosa. Photographs of the larvae observed over the course of one three-
day experiment are included below as Figure 27 (a)-(c), as representative examples of the
results obtained.
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24 hours 48 hours 72 hours

(@)

(b)

Figure 27 (a). G. mellonella larvae injected with 800 pM compound 71 as observed after a 24-, 48- and
72-hour incubation period, reading from left to right. (b) G. mellonella larvae injected with a 1/1,000,000
dilution of P. aeruginosa stock, as observed after a 24-, 48- and 72-hour incubation period, reading from
left to right. (¢) G. mellonella larvae injected with a 1/1,000,000 dilution of P. aeruginosa stock, left for 30
minutes then injected with 800 uM compound 71, as observed after a 24-, 48- and 72-hour incubation
period, reading from left to right.

A different set of observations were made with respect to the effect of compound 57 as a
treatment in vivo. Relative to those larvae to which MRSA only was administered, see
results in Table 14 previously, the percentage survival of G. mellonella larvae increased
as a result of the administration of 4 UM compound 57. This was significant change, with
a 25% increase in survival of G. mellonella evident three days after injection of the larvae
with MRSA, followed by treatment with compound 57, relative to those larvae to which
MRSA only was injected. This was observed over four different occasions, giving a final
sample set value of 20. The percentage survival as a result of the treatment administered
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was observed to decrease over the course of the three-day period (from 90% to 75%)
suggesting that, at the very least, this compound slows the spread of the infection,
resulting in an overall effect of increased survival rates relative to the larvae to which
MRSA was administered alone. This is an important result and implies that compound
57, at a relatively low dose of just 4 uM, may be sufficient to have a therapeutic effect in
vivo. A study by Desbois and Coote®! showed that commercial antibiotics, such as
vancomycin, improved the survival rate of G. mellonella larvae that were inoculated with
a dose of 1, 10 and 50 mg/kg 2 hours after the injection of MRSA, relative to those
injected with PBS and MRSA subsequently. These survival rates improved in a dose-
dependent manner. For example, after three days, 65% of the larvae to which 1 mg/kg
vancomycin was administered survived, relative to 100% survival in the larvae to which
50 mg/kg vancomycin was administered. The larvae were studied over the course of five
days, over which time the survival rates decreased with respect to the 1 and 10 mg/kg
treatments,*®! similar to what we observed in our assessment. However, in this study,
treatments were administered at 24, 48, and 72-hour timepoints.**! Photographs of the
larvae observed over the course of one three-day experiment is included below as Figure
28 (a)-(c), as representative examples of the results we obtained.

24 hours 48 hours 72 hours
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Figure 28 (a). G. mellonella larvae injected with 4 uM compound 57 as observed after a 24-, 48- and 72-
hour incubation period, reading from left to right. (b) G. mellonella larvae injected with a MRSA culture
without dilution, as observed after a 24-, 48- and 72-hour incubation period, reading from left to right. (c)
G. mellonella larvae injected with a MRSA culture without dilution, left for 30 minutes then injected with
4 uM compound 57, as observed after a 24-, 48- and 72-hour incubation period, reading from left to right.

To summarize, from our preliminary screen of four compounds, one each from a
structurally different family of compounds, compound 48 as a representative
pyrazolo[1,5-a]pyrimidin-7-one demonstrated promising antibacterial activity against S.
aureus. Thirty-five compounds from this family were then evaluated as part of a SAR
study for their antimicrobial activity against S. aureus, E. coli, and C. albicans. Structural
changes were divided into groups based on the change made, and explored different
substitution and structural modifications at a number of locations on the pyrazolo[1,5-
a]pyrimidin-7-ones. Compound 48 was used as the initial hit compound. Antibacterial
activity was shown to be superior to observed antifungal activities across the
pyrazolo[1,5-a]pyrimidin-7-ones and so, a selection of compounds were chosen based on
the results of the SAR study with a focus on their antibacterial activity. This selection of
compounds then underwent further evaluation against the more clinically relevant
bacterial strains MRSA and P. aeruginosa. As suggested by the SAR study against S.
aureus and E. coli, MRSA activity was much higher than that against P. aeruginosa,
where the activity of the most active compound, compound 57, was superior to the
commercial antibiotics examined in this screen. Compound 71 was found to be the most
active compound against P. aeruginosa, and these two compounds were examined for
toxicity in vivo using G. mellonella larvae. Across three different concentrations, chosen
based on their respective MICgo concentration, compounds 57 and 71 were shown to be
non-toxic, at concentrations of 1-4 uM and 400-800 uM, respectively. Having established
non-toxicity, the highest dose of each compound was then used as a treatment and injected
into G. mellonella larvae that had been infected with MRSA or P. aeruginosa 30 minutes
prior to treatment. After monitoring for three days at 24-hour intervals, it was observed
that compound 71 did not result in any significant increase in survival rate of G.
mellonella larvae as compared with those infected with bacteria and no treatment.
However, compound 57 resulted in a 25% increase in survival, three days after the
injection of both MRSA and 4 uM of this compound. After three days, 75% survival was
evident in G. mellonella to which both MRSA and treatment was administered, relative
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to 50% survival when the same dose of MRSA only was administered. The survival rate
after treatment did decrease over a three day-period, starting at 90% survival, then 80%,
and finally 75%. Comparing this to the results for injection of compound 57 alone to
larvae that were not infected (93% survival rate at day three), suggests that the treatment
did not fully eliminate the infection, but does appear to slow down the rate of MRSA
infection, resulting in a net increase in survival rate over three day examination period.
This suggests that compound 57, even at a dose as low as 4 UM, has potential as an
effective anti-MRSA agent in vivo. Taken together with the excellent in vitro activity and
non-toxicity demonstrated in vivo, compound 57 may represent a potential new drug or
lead candidate for the treatment of MRSA infections. However, further studies using
alternative mammalian models, such as mice, would be required to demonstrate its
efficacy as a treatment and further study its non-toxicity in vivo. This is important so as
to ensure that the observations we recorded in G. mellonella larvae translates to other,
more complex mammalian systems. Additionally, proteomic analysis would also be
required to elucidate the antibacterial mechanism of action on MRSA cells,**? as this work
only demonstrates that compound 57 has a bacteriostatic effect on MRSA in vitro. In vivo,
the results obtained above suggest that compound 57 slows down the rate of MRSA
infection, but we cannot postulate at this stage on its mechanism of action. The work
presented here indicates that compound 57, at least in a preliminary context, represents a
potent, non-toxic anti-MRSA compound that displays activity both in vitro and in vivo,
with further study required to prove its efficacy as a potential therapeutic agent.
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1.4 Conclusion

The first half of this chapter described the synthesis of trans-cinnamaldehydes, their
subsequent biological evaluation as antibacterial agents, and a consideration of how their
ability as electrophilic agents related to antibacterial activity. The synthesis of the trans-
cinnamaldehydes was achieved using a Wittig procedure in all but one case. The yields
of pure E-isomer varied greatly from 17-61%, with factors that may explain this variation
in yield being considered in this chapter, such as the presence of lone pair-bearing
substituents on the ortho-position of the phenyl ring, and the occurrence of the alternative
Z-isomer in the crude mixture.

Once synthesized, this family of nine trans-cinnamaldehydes, as well as six other
trans-cinnamaldehydes which were purchased commercially, were subjected to
antibacterial evaluation using the established microdilution methodology, In total, fifteen
trans-cinnamaldehydes were evaluated against Gram-positive (Staphylococcus aureus, S.
aureus) and Gram-negative (Escherichia coli, E. coli) bacteria. It was found that
biological activity was modest, with millimolar concentrations of cinnamaldehydes
required in all cases to inhibit bacterial growth by 50%. However, not all of the trans-
cinnamaldehydes evaluated in this study were capable of inhibiting growth by 50%. The
antibacterial activity we observed showed a general relationship with electrophilicity,
particularly with respect to activity against S. aureus. Here, compounds that were more
electrophilic (electrophilicity was determined by our collaborator using computational
methods) than the parent trans-cinnamaldehyde, 1, required lower concentrations to
inhibit the bacterial growth by 50%, or in some cases by 80%. (E)-4-
Bromocinnamaldehyde, compound 40, was shown to be the most active compound
demonstrating activity nearly 5 times more potent than 1. A preliminary mechanism of
action study indicated that the trans-cinnamaldehydes investigated could induce cellular
leakage, as indicated by the observed leakage of amino acids and protein over a 6-hour
period. This was somewhat expected from our assessment of the literature with respect to
the parent compound 1. However, the most active compound, 40, did not induce the most
leakage, and so, it was concluded that this may not be the preliminary mechanism of
antibacterial activity employed by trans-cinnamaldehydes. This coincided with literature
reports for 1, which suggested that it exerts multiple antibacterial mechanisms of action.
A NMR-based cysteamine assay has been reported by Appendino et al.®* to show that 1
could act as a thiol-trap in vivo by reacting at its multiple electrophilic sites. We replicated
this assay and preliminary data suggested we obtained the same result, with some
evidence of the same products described by this group evident in our crude mixture after
the reaction between 1 and cysteamine. In our replication of this assay, 1 was also
completely consumed within 5 minutes at room temperature, and this was also the case
for compound 40 and 4-nitrocinnamldehyde, compound 44. Additionally, an in vivo study
using Galleria mellonella indicated that the trans-cinnamaldehydes investigated were
non-toxic, with our most active compound, 40, resulting in the same high survival rates
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in larvae as shown by the parent compound 1. Compound 1 has been granted GRAS status
by the FDA and is therefore generally regarded as safe.

As part of our research groups efforts to identify new antimicrobial agents, we
undertook an antimicrobial screen of four compounds, each a representative of different
compound classes. Out of the four structurally distinct compounds that were evaluated,
compound 48, as a representative pyrazolo[1,5-a]pyrimidin-7-one, exhibited good
antibacterial activity against S. aureus (being the only compound of the four to do so).
This prompted us to further examining the antimicrobial properties of this family of
pyrazolo[1,5-a]pyrimidin-7-one compounds that were available within our research

group.

As a result, we conducted a SAR study to probe the important structural features of
compound 48 that might have an effect on the antimicrobial activity. This family of
pyrazolo[1,5-a]pyrimidin-7-ones were divided into five groups on this basis, and our
SAR study of this family of thirty-five compounds against S. aureus, E. coli and Candida
albicans (as a representative of yeast) showed promising levels of antibacterial activity.
In some cases, very low micromolar concentrations were required to inhibit 80% of
growth with respect to S. aureus. Notably, the observed activity of some compounds,
generally in group 1a, was superior to the commercial antibacterial agents investigated in
this study, specifically ampicillin trihydrate, tetracycline and streptomycin sulfate. In
addition, we identified a compound whose activity against S. aureus was superior to
compound 48 and, as such, compound 50 became our new leading hit compound.
Although activity was observed by some of these compounds against E. coli and C.
albicans, this activity was lower than that found against S. aureus. As a result, we became
focused on the antibacterial properties of these compounds and investigations involving
C. albicans did not progress beyond the initial SAR study. Based on the results of our
SAR study of the pyrazolo[1,5-a]pyrimidin-7-ones, a selection of these compounds were
tested against clinically relevant resistant strains of a Gram-positive and a Gram-negative
bacteria, namely methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas
aeruginosa (P. aeruginosa) respectively. P. aeruginosa is resistant to a variety of
antibiotics, including aminoglycosides, quinolones and B-lactams.’>® The activity against
the resistant strains was also quite high with micromolar concentrations required to inhibit
80% bacterial growth in both cases. However, this family of pyrazolo[1,5-a]pyrimidin-7-
ones were shown to be much more effective against Gram-positive bacteria, as expected
based on the results of our SAR study. A much lower concentration of the most active
compound, 57, was required to inhibit 80% of MRSA growth, specifically 2.93 uM. This
can be compared to the higher amount required to inhibit the same percentage growth in
P. aeruginosa, specifically 692.3 uM for compound 71. These two compounds, being the
most active against the two clinically relevant bacteria, underwent subsequent in vivo
toxicity assessment using G. mellonella. Both were shown to be non-toxic across three
concentrations with high survival rates recorded over a three-day observation period.
Once the non-toxicity of the compounds was established, the highest concentration of

80



each compound evaluated in the toxicity assay, specifically 4 uM for compound 57 and
800 uM for compound 71, was then used in a therapeutic assessment of the compounds
in vivo, again using G. mellonella larvae. After establishing the optimal concentration of
MRSA and P. aeruginosa, which would kill roughly 50% of the larvae after infection,
five healthy G. mellonella larvae (on four separate occasions) were injected with one of
the two bacteria. They were then left for 30 minutes, injected with the respective most
active compound, and then observed over a three-day period to assess any discrepancies
in survival rates between larvae administered with and without the respective treatment.
Although 800 uM compound 71 did not elicit a significant difference in vivo, 4 uM
compound 57 resulted in a 25% increase in survival rates after the three-day period,
compared with G. mellonella that were injected with MRSA only. A 75% survival rate of
the larvae was observed three days after treatment, relative to a 50% survival rate without.
Compound 57 therefore showed excellent in vitro activity against MRSA, demonstrated
non-toxicity in vivo, and increased survival rates in vivo compared with Galleria larvae
injected with MRSA but without compound 57. Overall, these preliminary findings
suggest that this compound may represent a potential new drug candidate for treating
MRSA. However, further studies would be needed to confirm its efficacy, such as an
investigation of its in vivo activity in mammalian models, such as mice. An elucidation
of its mechanism(s) of action would also be necessary using proteomic analysis which is
beyond the scope of this PhD project.

Thus, in this chapter, two different classes of compounds were investigated for
their antimicrobial activity, with the pyrazolo[1,5-a]pyrimidin-7-ones showing much
more potent activity than the trans-cinnamaldehydes. Compound 57 in particular showed
excellent activity against S. aureus and MRSA and may be the subject of future studies
to investigate its potential as a new antimicrobial agent.
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15 Experimental Procedure

1.5.1 General information for chemical synthesis

All starting materials and solvents were obtained from commercial suppliers and used
without further purification. TLC was performed on Merck Silica Gel F254 plates and
visualised under UV light (A=254 nm). NMR spectra were recorded on a Bruker Ascend
500 NMR spectrometer at 20 °C (unless otherwise specified) using either CDCl3 or
(CD3)2S=0 solutions with tetramethylsilane (TMS) as the internal standard. Assignments
of the NMR spectra were deduced using *H NMR and *C NMR, along with 2D
experiments (COSY, HSQC and HMBC) and DEPT-135. Data for 'H are reported as
follows: chemical shifts (8) are given in ppm, multiplicity is given as s = singlet, d =
doublet, t = triplet, g = quartet, dd = doublet of doublets, dt — doublet of triplets and/or m
= multiplet as appropriate and J values are given in Hz. Data for *3C NMR are reported
as ppm. Column chromatography was performed using Merck Silica Gel 60. Uncorrected
melting points (m.p.) were determined using a Stewart Scientific SMP 1 melting point
machine. LC-MS was performed on an Agilent Technologies 1200 Series instrument
consisting of a G1322A Quaternary pump and a G1314B UV detector (254 nm) coupled
to an Advion Expression L Compact Mass spectrometer (ESI) operating in positive mode.
Separations were performed on a Waters Xbridge OST 2.5um, 4.6 x 50 mm column (C18)
operating at a flow rate of 0.2 mL/min. Separations were performed using a mobile phase
of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B)
and a linear gradient of 0-100% B over 50 minutes.

The Wittig methodology was used to synthesize a family of trans-cinnamaldehydes.
Those not synthesized were trans-cinnamaldehyde, 1, 2-methoxycinnamaldehyde, 2, 4-
chlorocinnamaldehyde, 13, 4-methoxycinnamaldehyde, 14, 4-nitrocinnamaldehyde, 44,
and 4-dimethylaminocinnamaldehyde, 45, were purchased from commercial sources and
used without further purification.

1.5.2 General procedure and experimental details for the synthesis of (E)-
cinnamaldehyde analogues

Adapted from the work of H.-J. Knélker et al.,®’ the general procedure for the synthesis
of cinnamaldehyde analogues is as follows: A solution of substituted benzaldehyde (0.628
mmol, 1 eq.) and (triphenylphosphoranylidene) acetaldehyde (0.690 mmol, 1.1 eq) in
toluene (5 mL) was stirred at 80 °C for 24 hours. The resulting solution was evaporated
under reduced pressure and purified using flash chromatography on silica gel, eluting
generally with ethyl acetate/petroleum ether (as indicated by TLC in order to give best
separation for each compound) to attain the E-isomer of the product only which was used
without further purification.
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(E)-3-(Pyridin-2-yl)acrylaldehyde, 35

I
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For 35, the starting benzaldehyde was 2-pyridine carboxaldehyde. The product was eluted
with ethyl acetate/petroleum ether (35:65). Black solid (93 mg, 55%); m.p. 46-48°C (lit.
m.p. 46-49°C) **; 'H NMR (500 MHz, CDCls) 6 9.81 (d, 1H, J = 7.80 Hz, H1), 8.71 (d,
1H, J = 4.7 Hz, H8) 7.79-7.76 (td, 1H, J = 7.7 Hz, J = 1.8 Hz, H6), 7.56-7.52 (m, 2H,
(H5) and (H3)), 7.34-7.31 (m, 1H, H7), 7.12-7.07 (dd, 1H, J = 7.80 Hz, J = 15.80 Hz,
H2); *C NMR (125 MHz, CDCls) ¢ 193.6 (C1), 152.7 (C4), 151.1 (C3), 150.4 (C8),
136.9 (C6), 131.6 (C2), 124.8 (C7), 124.2 (C5). NMR data recorded is consistent with
NMR data previously reported.%® LC-MS: purity 100% tr= 13.80, (ESI) m/z [M+H]*
134.00.

(E)-3-(Thiophen-2-yl)acrylaldehyde, 36
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For 36, the starting benzaldehyde was 2-thiophenecarboxaldehyde. The product was
eluted with ethyl acetate/petroleum ether (1:9). Brown oil (49 mg, 28%); m.p. not
applicable; *tH NMR (500 MHz, CDCls) 6 9.64 (d, 1H, J = 7.7 Hz, H1), 7.61 (d, 1H, J =
15.6 Hz, H3), 7.52-7.51 (m, 1H, J = 5.1 Hz, H7), 7.38-7.47 (m, 1H, H5), 7.13 (dd, 1H, J
= 3.7 Hz, J = 5.1 Hz, H6), 6.55 (dd, 1H, J = 7.7 Hz, J = 15.6 Hz, H2); 1°C NMR (125
MHz, CDCl3) 6 193.0 (C1), 144.5 (C3), 139.3 (C4), 132.1 (C5), 130.4 (C7), 128.5 (C6),
127.4 (C2). NMR data recorded is consistent with NMR data previously reported.*> LC-
MS: purity 98.5% tr= 23.29, (ESI) m/z [M+H]* 138.80.

(E)-3-(Naphthalen-1-yl)acrylaldehyde, 37
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For 37, the starting benzaldehyde was a-naphthaldehyde. The product was eluted with
ethyl acetate/petroleum ether (7:93). Yellow solid (20 mg, 18%); m.p. 121-123°C (lit.
m.p. 122-124°C)"%; 'H NMR (500 MHz, CDCls) 6 9.87 (d, 1H, J = 7.7 Hz, H1), 8.35 (d,
1H, J = 15.8 Hz, H3) 8.20 (d, 1H, J = 8.6 Hz, ArCH), 7.97 (d, 1H, J = 8.2 Hz, ArCH),
7.92(d, 1H,J=8.1Hz, ArCH), 7.84 (d, 1H, J=7.2 Hz, ArCH), 7.65-7.61 (m, 1H, ArCH),
7.59-7.52 (m, 2H, ArCH), 6.88 (dd, 1H, J = 7.7, J = 15.8, H2); *C NMR (125 MHz,
CDCl3) 0 193.8 (C1), 149.4 (C3), 133.7 (ArC), 131.7 (ArCH), 131.2 (ArC), 130.9 (ArC),
130.89 (C2), 129.0 (ArCH), 127.3 (ArCH), 126.4 (ArCH), 125.7 (ArCH), 125.5 (ArCH),
122.8 (ArCH). NMR data recorded is consistent with NMR data previously reported.”
LC-MS: purity 96.5% tr= 26.58, (ESI) m/z [M+H]* 182.80.

(E)-p-Cyanocinnamaldehyde, 38

For 38 the starting benzaldehyde was p-formylbenzonitrile. The product was eluted with
a gradient of ethyl acetate/petroleum ether (15:85 until the first spot was removed, then
20:80 until product eluted). Off-white solid (51 mg, 52%); m.p. 128-130°C (lit. m.p.
132°C)®": 'H NMR (500 MHz, CDCls) § 9.77 (d, 1H, J = 7.4 Hz, H1), 7.74-7.72 (m, 2H,
(H6), 7.67-7.66 (m, 2H, H5), 7.49 (d, 1H, J = 16.1 Hz, H3), 6.80 (dd, 1H, J=7.4 Hz,J =
16.1 Hz, H2); *C NMR (125 MHz, CDCls) ¢ 192.8 (C1), 149.4 (C3), 138.2 (C4), 132.8
(C6), 131.2 (C2), 128.7 (C5), 118.1 (C8) 114.3 (C7). NMR data recorded is consistent
with NMR data previously reported.8”1% LC-MS: purity 99.1% tr= 23.80, (ESI) m/z
[M+H]" 158.20.

(E)-p-(Methyl ester) cinnamaldehyde, 39

For 39, the starting benzaldehyde was methyl p-formylbenzoate. The product was eluted
with ethyl acetate/petroleum ether (1:5). Yellow solid (72 mg, 61%); m.p. 103-105°C,
(lit. m.p. 103-104°C)**"; 'H NMR (500 MHz, CDCl3) 6 9.76 (d, 1H, J=7.6 Hz, H1), 8.11-
8.08 (m, 2H, H6), 7.65-7.62 (m, 2H, H5), 7.52 (d, 1H, J = 16.01 Hz, H3), 6.81 (dd, 1H, J

84



=7.6 Hz, J = 16.01 Hz, H2), 3.95 (s, 3H, H9); 3C NMR (125 MHz, CDCl3) § 193.3 (C1),
166.3 (C8), 150.9 (C3), 138.1 (C4), 132.2 (C7), 130.4 (C2), 130.3 (C6), 128.3 (C5), 52.4
(C9). NMR data recorded is consistent with NMR data previously reported.® LC-MS:
purity 96.1% te= 24.55, (ESI) m/z [M+H]* 191.20.

(E)-p-Bromocinnamaldehyde, 40

For 40, the starting benzaldehyde was p-bromobenzaldehyde. The product was eluted
with ethyl acetate/petroleum ether (88:12). Off-white solid (66 mg, 50%); m.p. 80-81°C
(lit. m.p. 81-82°C)*®8; 'H NMR (500 MHz, CDCls) § 9.71 (d, 1H, J = 7.6 Hz, H1), 7.59-
7.56 (m, 2H, H6), 7.44-7.39 (m, 3H, H5 and H3, J = 16.0 Hz), 6.73-6.68 (dd, 1H,J=7.6
Hz, J=16.0 Hz, H2); 3C NMR (125 MHz, CDCls) § 193.3 (C1), 151.1 (C3), 132.9 (C4),
132.4 (C6), 129.8 (C5), 129.1 (C2), 125.7 (C7). NMR data recorded is consistent with
NMR data previously reported.” LC-MS: purity 96.9% tr= 25.44, (ESI) m/z [M+H]*
212.1.

Synthesis of (E)-3,5-bis(trifluoromethyl)cinnamaldehyde, 86

For 86, the starting benzaldehyde was 3,5-bis(trifluoromethyl)benzaldehyde. The product
was eluted with ethyl acetate/petroleum ether (2:8). Yellow solid (81 mg, 50%); m.p. 79-
81°C, (lit. m.p. 80-81°C)'2; 1H NMR (500 MHz, CDCls) 6 9.79 (d, 1H, J = 7.3 Hz, H1),
7.99 (s, 2H, H5), 7.94 (s, 1H, H7), 7.55 (d, 1H, J = 16.1 Hz, H3), 6.86 (dd, 1H, J = 7.30
Hz, J =16.1 Hz, H2); *C NMR (125 MHz, CDCls) § 192.4 (C1), 147.9 (C3). 136.1 (C4),
132.7 (9, Jer = 34 Hz, C6), 131.5 (C2), 127.9 (d, Jcr =3.3 Hz, C5), 124.2 (q, Jcr = 3.7 Hz,
C7), 124.0 (d, Jcr = 273 Hz, C8). NMR data recorded is consistent with NMR data
previously reported.'%? LC-MS: purity 99.5% tr = 30.82 min, (ESI) m/z [M+Na]* 291.4.
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1.5.3 Procedures for the synthesis of cinnamaldehyde analogues deviating from general
procedure

(E)-o-Bromocinnamaldehyde, 5

A solution of o-bromobenzaldehyde (128 mg, 6.9 mmol) and
(triphenylphosphoranylidene) acetaldehyde (191 mg, 6.28 mmol) in toluene (5 mL) was
stirred at 80°C for 24 hours. The resulting solution was evaporated under reduced pressure
and then purified using flash chromatograph on silica gel, eluting with petroleum
ether/diethyl ether (9:1). Off-white solid (55 mg, 41%); m.p. 66-68°C, (lit. m.p. 67-
69°C)**% H NMR (500 MHz, CDCls) 6 9.78 (d, 1H, J = 7.7 Hz, H1), 7.91 (d, 1H, J =
16.0 Hz, H3), 7.67-7.65 (m, 2H, ArCH), 7.39-7.36 (m, 1H, ArCH), 7.30-7.27 (m, 1H,
ArCH) 6.70 (dd, 1H, J = 7.7 Hz, J = 16.0 Hz, H2); *C NMR (125 MHz, CDCls) 6 193.5
(C1), 150.6 (C3), 133.9 (C4), 133.7 (ArCH), 132.1 (ArCH), 130.8 (C2) 128.1 (ArCH),
128.0 (ArCH), 125.7 (C5). NMR data recorded is consistent with NMR data previously
reported.’>® LC-MS: purity 99.9% tr= 27.79, (ESI) m/z [M+H]* 212.70.

(E)-m-Bromocinnamaldehyde, 34

A solution of m-bromobenzaldehyde (73.2 uL, 6.28 mmol) and
(triphenylphosphoranylidene) acetaldehyde (210 mg, 6.9 mmol) in toluene (5 mL) was
refluxed for 48 hours. The resulting solution was evaporated under reduced pressure and
then purified using flash chromatograph on silica gel, eluting with ethyl acetate/petroleum
ether (12:88). Off-white solid (62 mg, 46%); m.p. 129-132°C, (no lit. m.p. found); ‘H
NMR (500 MHz, CDCl3) ¢ 9.71 (d, 1H, J = 7.6 Hz, H1), 7.71-7.70 (m, 1H, H9), 7.58-
7.56 (m,1H, H7), 7.51-7.49 (m, 1H, H5), 7.42-7.39 (d, 1H, J = 16.0 Hz, H3), 7.33-7.30
(m, 1H, H6), 6.73-6.68 (dd, 1H, J = 7.6 Hz, J = 16.0 Hz, H2), 3C NMR (125 MHz,
CDCls3) 0 193.3 (C1), 150.7 (C3), 136.1 (C4), 134.0 (C7), 131.2 (C9), 130.6 (C6), 129.7
(C2),126.9 (C5), 123.3 (C8). NMR data recorded is consistent with NMR data previously
reported.”> (Note: A HPLC chromatogram of (E)-m-bromocinnamaldehyde could not be
obtained as it degraded on the HPLC column).
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(E)-p-Methyl cinnamaldehyde
This synthesis comprised of three separate steps;

(1) Synthesis of (E)-p-methyl cinnamate, 42

The method used to synthesize 42 was adapted from the work of K. Sunnerheim et al.1%
and consists of the following: To a solution of p-methyl cinnamic acid (389 mg, 2.4
mmol) dissolved in methanol (22 mL) was added 6 drops of concentrated sulphuric acid,
and the resulting mixture was refluxed for 6 hours. This was then concentrated in vacuo,
diluted with water and diethyl ether (60 mL), then washed with Na2CO3 (10 mL). The
organic layer was then dried over MgSOQs, filtered and concentrated under reduced
pressure. White crystals (358 mg, 85%); m.p. 52-53°C (lit. m.p. 55°C)*%; 'H NMR (500
MHz, CDCls) 6 7.69 (d, J = 16.0 Hz, 1H, H3), 7.42 (d, J = 8.0 Hz, 2H, H5), 7.19 (d, J =
8.0 Hz, 2H, H6), 6.41 (d, J = 16.0 Hz, 1H, H2), 3.80 (s, 3H, H9), 2.37 (s, 3H, H8); *C
NMR (125 MHz, CDCl3) ¢ 167.6 (C1), 144.9 (C3), 140.7 (C7), 131.7 (C4), 129.6 (C6),
128.1 (C5), 116.8 (C2), 51.6 (C9), 21.4 (C8). NMR data consisted with that reported in
literature. 1%

(i) Synthesis of (E)-3-p-tolylprop-2-en-1-ol, 43

The method used to synthesize 43 was adapted from the work of N.T. Patil et al.*®® and
consists of the following: A solution of DIBAL-H (25% weight solution in toluene (700g
bottle), 2 mL, 2 eq.) was added dropwise to a stirring solution of 42 (268 mg, 1.52 mmol)
in dried toluene (dried with molecular sieves) at 0°C in a Schlenck tube that had been
dried with a heat gun and contained an atmosphere of argon. The reaction mixture was
allowed to stir for one hour, at which point a TLC was done that indicated the completion
of the reaction. The reaction mixture was then diluted with ethyl acetate and distilled
water (20 mL of each), as well as 1 M HCI (5 mL) which was used to help separate out
the aqueous and organic layers. The aqueous layer was subsequently extracted twice with
ethyl acetate. The combined organic layers were then dried over Na>SOs, concentrated
under vacuum and the colourless solid product was used without further purification.
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Colourless solid (210 mg, 93%); m.p. 49-51°C (lit. m.p. 52°C)**®; 'H NMR (500 MHz,
CDCl3) 6 7.30 (2H, d, J = 8.0 Hz, H5), 7.14 (2H, d, J = 8.0 Hz, H6), 6.60 (1H, d, J = 15.9
Hz, H3), 6.35 (1H, dt, J = 5.9 Hz, 15.9 Hz, H2), 4.31 (2H, dd, J = 1.4 Hz, J = 5.9 Hz,
H1), 2.35 (3H, s, H8), 1.80 (1H, broad s, OH): 13C NMR (125 MHz, CDCls) § 137.6 (C7),
133.9 (C4), 131.3 (C3), 129.3 (C6) 127.5 (C2), 126.4 (C5), 63.9 (C1), 21.2 (C8). NMR
data consisted with that reported in literature.*6!

(i) Synthesis of (E)-p-methylcinnamaldehyde, 41

The method used to synthesize 41 was adapted from the work of N.T. Patil et al.® and
consists of the following: Activated manganese dioxide (IV) (10 eq., 5.53 mmol) was
added to a stirring solution of 43 (1 eg., 0.553 mmol) dissolved in DCM (8.8 mL) and left
stirring at 35°C for 7 hours, the completion of this reaction being indicated by TLC. The
suspension was filtered through a celite pad and the filtrate was concentrated in vacuo.
The resulting off-white solid obtained was used without further purification. Off-white
solid (80.6 mg, 99.6%); m.p. 44-46°C (lit. m.p. 43-45°C)*°; 'H NMR (500 MHz, CDCls)
09.67 (d, 1H,J=7.7 Hz, H1), 7.46-7.42 (m, 3H, H5 and H3, J = 15.9 Hz), 7.24-7.22 (m,
2H, H6) 6.69-6.65 (dd, 1H, J = 7.7 Hz, J = 15.9 Hz, H2), 2.39 (s, 1H, H8); *C NMR (125
MHz, CDCl3) 6 192.7 (C1), 151.9 (C3), 140.9 (C4), 130.3 (C7), 128.8 (C6), 127.5 (C5),
126.7 (C2), 20.5 (C8). NMR data consisted with that reported in literature.’™>® LC-MS:
purity 99.3% tr= 26.54, (ESI) m/z [M+H]" 147.10.

154 Cysteamine assay protocols

Cysteamine assay — trans-cinnamaldehyde plus cysteamine

trans-Cinnamaldehyde, 1 (5 pL, 0.0397 mmol, 1 eq.) was added using a micropipette to
a NMR tube, to which 200 puL of DMSO-d6 was used to ensure all of 1 was added to the
bottom of the NMR tube. Cysteamine (6.13 mg, 0.0794 mmol, 2 eq.) was then diluted in
200 pL of DMSO-ds and added to the NMR tube containing 1. A stopwatch was used to
note the point at which this addition occurred. A further 100 pL of DMSO-ds was added
to the NMR so that the total DMSO-de content of the flask was 500 pL. The first
acquisition by the NMR instrument occurred 4 minutes and 55 seconds after initial
addition of the cysteamine. This was complete 9 minutes and 45 seconds after the initial
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addition cysteamine, at which point the *H NMR spectrum showed complete consumption
of 1.

Cysteamine assay— (E)-4-bromocinnamaldehyde plus cysteamine

(E)-4-Bromocinnamaldehyde, 40 (5.25 mg, 0.02487 mmol, 1 eq.) was added using a
micropipette to a NMR tube, to which 200 pL of DMSO-d6 was used to ensure all of 40
was added to the bottom of the NMR tube. Cysteamine (6.13 mg, 0.0794 mmol, 2 eq.)
was then diluted in 200 pL of DMSO-ds and added to the NMR tube containing 40. A
stopwatch was used to note the point at which this addition occurred. A further 100 pL
of DMSO-ds was added to the NMR so that the total DMSO-ds content of the flask was
500 pL. The first acquisition, by the NMR instrument, occurred 4 minutes and 42 seconds
after initial addition of the cysteamine. This was complete 8 minutes and 45 seconds after
the initial addition cysteamine, at which point the *H NMR spectrum showed complete
consumption of 40.

Cysteamine assay— (E)-4-nitrocinnamaldehyde plus cysteamine

(E)-4-Nitrocinnamaldehyde, 44 (5.25 mg, 0.02963 mmol, 1 eq.) was added using a
micropipette to a NMR tube, to which 200 uL of DMSO-d6 was used to ensure all of 44
was added to the bottom of the NMR tube. Cysteamine (4.57 mg, 0.0593 mmol, 2 eq.)
was then diluted in 200 pL of DMSO-ds and added to the NMR tube containing 44. A
stopwatch was used to note the point at which this addition occurred. A further 100 pL
of DMSO-ds was added to the NMR so that the total DMSO-ds content of the flask was
500 pL. The first acquisition, by the NMR instrument, occurred 4 minutes and 49 seconds
after initial addition of the cysteamine. This was complete 9 minutes and 5 seconds after
the initial addition cysteamine, at which point the *H NMR spectrum showed complete
consumption of 44.

1.5.5 Biological evaluation of trans-cinnamaldehydes

1.5.5.1 In vitro bacterial screening of trans-cinnamaldehydes

1.5.5.1.1 Materials and methods for trans-cinnamaldehydes

Nutrient Broth was obtained from Oxoid Ltd., Basingstoke, UK, and made up according
to the manufacturer’s instructions (13 g in 1 L deionised water). Optical density was read
using a microplate reader (Bio-Tek. Synergy HT Spectrophotometer) at 600 nm. S. aureus
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(a clinical isolate from a urinary tract infection, St. James Hospital, Dublin) and E. coli
(aclinical isolate from a gastro-intestinal tract infection, St. James Hospital, Dublin) were
used in this study. All bacteria were grown on nutrient broth agar plates at 37 °C and
maintained at 4 °C for short term storage. Cultures were routinely sub-cultured every 4-
6 weeks. All assays were run in duplicate.

1551.2 Susceptibility assay for trans-cinnamaldehydes

All workspaces were washed down with 70% (v/v) ethanol prior to use. Bacterial strains
were taken from nutrient agar plates and cultures were grown in nutrient broth overnight
in an orbital shaker at 37 °C and 200 rpm, in a fully aerated conical flask.

Fresh solutions (10mM) of the compounds were prepared using distilled water and
DMSO (95:5 v/v) and made up immediately prior to testing. Compounds with low
solubility were tested as fine suspensions.

Nutrient broth (100 pL) was added to each well of a 96-well flat-bottomed microtitre
plate. Serial dilutions (1:1) of the test complex were made from columns 3-11 giving a
test concentration range of 10-0.039 mM. Bacteria suspensions (100 pL) were added to
each well and the plate was incubated for 24 hours at 37 °C. The optical density was read
at Amax = 600 nm and growth was then quantified as a percentage of control (bacterial
suspension without the addition of a test compound). Assays were run in duplicate. The
results were analysed using Excel®.

The MICso was taken to signify the concentration of compound that would inhibit the
growth of the microorganism in question by 50% and MICgo was similarly taken to signify
the concentration of compound that would inhibit the growth of the microorganism in
question by 80%. The active pharmaceutical ingredients of some commercial antibiotics,
namely ampicillin trinydrate, tetracycline and streptomycin sulfate, were used as controls
and gave MICs values of 8.8 pg/mL (21.8 pM), 4.9 pg/mL (11 pM) and 3.8 pg/mL (5.2
MM) against S. aureus, respectively and MICsp values of 1.03 mg/mL (2.6 mM), 25
pg/mL (56.3 uM) and 4.5 pg/mL (6.2 pM) against E. coli, respectively.

1.5.5.2 Cell constituent release assessment for trans-cinnamaldehydes

Forty-eight-hour-old cultures (35 ml) of either S. aureus or E. coli were harvested by
centrifugation (2150 g, 8 minutes), washed in PBS (phosphate buffered saline) and the
hyphal mass resuspended in PBS, DMSO (Sigma-Aldrich) (5% or 20% v/v), p-
bromocinnamaldehyde, 39 (0.51 or 0.511 mM), trans-cinnamaldehyde, 1 (2.32 mM or
1.93 mM or p-methoxycinnamaldehyde, 40 (8.57 mM or 4.86 mM). These concentrations
of samples were chosen as they had been established to be the MICso values against S.
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aureus and E. coli respectively. All three cinnamaldehyde samples were made up as 5%
DMSO 95% PBS solutions (v/v).

The cultures were then incubated at 37 °C and 200 r.p.m. in an orbital shaker for a further
2, 4 or 6 h. At each time point a culture was removed and the contents filtered through a
0.45 puM syringe filter (Sartorius) and free amino acids or protein were measured as
described below.

Amino acid concentration was determined by the ninhydrin colorimetric method. A
ninhydrin (Sigma-Aldrich) solution (200 uL; stock: 0.35 g in 100 ml ethanol) was added
to each sample (1 mM) and heated to 95 °C for 4 min. After cooling to room temperature
in an ice bath, the absorbance at 600 nm was recorded on a spectrophotometer (Beckman
DU 640).

To determine the quantity of protein released from the hyphal mass, samples were assayed
using the Bradford reagent (Bio-Rad) and the absorbance at 570 nm was recorded on a
spectrophotometer (Beckman DU 640).

1.5.5.3 Galleria mellonella in vivo compound toxicity assay for trans-cinnamaldehydes

Galleria mellonella (G. mellonella) in the sixth developmental stage were obtained from
The Mealworm Company (Sheffield, England) and stored in wood shavings, in the dark,
at 15 °C.1%

The experiments were carried out using ten healthy G. mellonella larvae (between 0.19-
0.25 g in weight) placed in sterile, 9 cm petri dishes containing a sheet of Whatman filter
paper and wood shavings. Test compound solutions were made fresh on the day of testing,
prior to administration. Each compound was dissolved in DMSO and added to sterile,
distilled water to give stock solutions consisting of 10% (v/v) DMSO. The compounds
were tested across the concentration range of 1-25mM. Using a 1000 pL Thermo
Myjector syringe, test solutions (20 pL) were administered to the larvae by injection into
the last, left pro-leg of the G. mellonella larvae, directly into the haemocoel.

After injection, the larvae were incubated at 37 °C for a total of three days. Larvae were
monitored for survival and melanisation, at 24 hour intervals. Death was assessed based
on the lack of movement in response to stimulation together with discolouration of the
cuticle. Two controls were employed for the assay:

(1) untreated larvae maintained under the same conditions as the treated larvae,
(2) larvae treated with 20 pL of sterile water/DMSO solution (90:10 v/v).

The results are presented as the mean percentage survival of G. mellonella larvae, as a
function of the test compounds administered dosage. The aim of the experiment was to
determine if the compounds are non-toxic and the doses given were across a range, with
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concentrations of 1 mM, 10 mM, and 25 mM used, with results indicating that they are
non-toxic, which suggest they may be non-toxic in mammals.!31- 62 All experiments were
run in triplicate.

1.5.6 Biological evaluation of pyrazolo[1,5-a]pyrimidin-7-ones

1.5.6.1 In vitro antimicrobial screening of pyrazolo[1,5-a]pyrimidin-7-ones

1.5.6.1.1 Materials and methods for pyrazolo[1,5-a]pyrimidin-7-ones

See section 1.5.5.1.1 previously for full details. Additionally, Pseudomonas aeruginosa
(American Type Culture Collection (ATCC) 10145) was used in this study. C. albicans
was maintained on yeast extract—peptone—dextrose (YEPD) agar and grown for
approximately 24 hours in YEPD broth [2% (w/v) glucose, 2% (w/v) bacteriological
peptone (Difco Laboratories), 1% (w/v) yeast extract (Oxoid Ltd, Basingstoke, UK) to
the stationary phase (approximately 2x108 mI™2). C. albicans cells were washed twice in
sterile phosphate-buffered saline (PBS) before use and enumerated by haemocytometry.
All assays were run in duplicate in the SAR study, meaning that each set of results were
obtained on two separate occasions (on two separate days) and the results presented are
an average of the two recordings for each sample. All assays were run triplicate when
examined against MRSA and Pseudomonas aeruginosa, meaning that each set of results
were obtained on three separate occasions (on three separate days) and the results
presented are an average of the three recordings for each sample.

1.5.6.1.2 Susceptibility assay for pyrazolo[1,5-a]pyrimidin-7-ones

All workspaces were washed down with 70% (v/v) ethanol prior to use. Bacterial strains
and C. albicans were taken from nutrient agar plates and cultures were grown in
nutrient/YEPD broth overnight in an orbital shaker at 37 °C and 200 rpm, in a fully
aerated conical flask.

Fresh solutions (3 mM) of the compounds were prepared using distilled water and DMSO
(90:10 v/v) and made up immediately prior to testing. Compounds with low solubility
were tested as fine suspensions.

Nutrient broth (100 pL) was added to each well of a 96-well flat-bottomed microtitre
plate. Serial dilutions (1:1) of the test complex were made from columns 3-11 giving a
test concentration range of 750-2.93 uM. Bacteria suspensions or suspensions of C.
albicans (100 pL) were added to each well and the plate was incubated for 24 hours at 37
°C. The optical density was read at Amax = 600 nm and growth was then quantified as a
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percentage of control (bacterial suspension or suspensions of C. albicans without the
addition of a test compound). The results were analysed using Excel® and Origin
software.

The MICso (Minimum Inhibitory Concentration) was taken to signify the concentration
of compound that would inhibit the growth of the microorganism in question by 50%, and
the MICgo was taken to signify the concentration of compound that would inhibit the
growth of the microorganism in question by 80%.

Commercial antibiotics ampicillin trihydrate, tetracycline and streptomycin sulfate were
used as controls and gave MICsxo values of 8.8 pug/mL (21.8 uM), 4.9 pg/mL (11.03 pM)
and 3.8 pg/mL (5.22 uM) against S. aureus, respectively and MICso values of 1.027
mg/mL (2.55 mM), 25 pg/mL (56.25 uM) and 4.5 pg/mL (6.18 uM) against E. coli,
respectively. In terms of MICgo values, those recorded for ampicillin trihydrate,
tetracycline and streptomycin sulfate were 0.4384 mg/mL (1.09 mM), 5.6 pg/mL (12.6
pMM) and 0.1537 mg/mL (210.9 uM) against S. aureus, respectively. MICgo values of
0.1348 mg/mL (303.3 pM) and 7.83 pg/mL (10.75 pM) were recorded in the case of
tetracycline and streptomycin sulfate against E. coli, respectively.

The commercial antibiotics used against MRSA were ampicillin trihydrate and
tetracycline, which gave MICso vales of 941.1 pg/mL (2.33 mM) and 129.65 pg/mL
(291.72 uM), a MICgo was not recorded in either case. The commercial antibiotic used
against P. aeruginosa was streptomycin sulfate, which gave MICso and MICgo values of
4.69 pg/mL (6.44 uM) and 29.45 pg/mL (40.41 uM), respectively.

1.5.6.2 Galleria mellonella in vivo toxicity assay for pyrazolo[1,5-a]pyrimidin-7-ones

See section 1.4.5.3 previously for full details. The compounds were tested across the
concentration range of 1-4 uM with respect to 57 and 400-800 1M with respect to 71, on
the basis of the MICg value obtained in vitro against MRSA and P. aeruginosa,
respectively. Using a 1000 uL Thermo Myjector syringe, test solutions (20 pL) were
administered to the larvae by injection into the last, left pro-leg of the G. mellonella
larvae, directly into the haemocoel.

After injection, the larvae were incubated at 37 °C for a total of three days. Larvae were
monitored for survival and melanisation, at 24-hour intervals. Death was assessed based
on the lack of movement in response to stimulation together with discolouration of the
cuticle. Two controls were employed for the assay:

(1) untreated larvae maintained under the same conditions as the treated larvae,

(2) larvae treated with 10 pL of sterile water/DMSO solution (95:5 v/v).
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The results were presented as the mean percentage survival of G. mellonella larvae, as a
function of the test compounds administered dosage. All experiments were run in
triplicate.

1.5.6.3 Galleria mellonella in vivo therapeutic assessment for pyrazolo[1,5-a]pyrimidin-
7-ones

Firstly, the concentration of P. aeruginosa and MRSA required to kill 50% of the galleria
(@ LDso value) was established for each bacteria. This was done by measuring the
absorbance of a stock solution of each bacteria in nutrient broth, which had been grown
for 48 hours in each case before reading at 600 nm using a UV/Vis spectrometer. The P.
aeruginosa stock had an absorbance of roughly 0.9 absorbance units, and the MRSA stock
had an absorbance of roughly 1.3 absorbance units before use. These two stock solutions
were then diluted by a factor of 10 by taking 100 pL and diluting in 900 uL PBS, giving
a 1/10 dilution of respective original stock solution. 100 pL of this solution was taken and
diluted in 900 pL PBS to give a 1/100 dilution of original stock solution. This process
continued so that a range of concentrations were injected into five health G. mellonella,
as above, such that a dilution range of 1/10,000 — 1/10,000,000 of original stock solution
was investigated for P. aeruginosa and a dilution range of 1/1,000 — 1/1,000,000 of
original stock solution was investigated for MRSA. A LDso value was recorded when a
1/1,000,000 dilution of original P. aeruginosa stock was injected into the G. Mellonella
larvae. A LDsg value was recorded when no dilution of MRSA stock in nutrient broth was
injected into the G. Mellonella larvae. These respective concentrations of each bacteria
were injected into five healthy G. mellonella larvae which were then incubated for 30
minutes at 37 °C, after which time the highest concentration of each compound
investigated in the in vivo toxicity assay was injected into each larvae additionally, then
checked after 24-, 48- and 72 hours for melanisation and survival. All experiments were
run in triplicate.
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Chapter Two: Synthesis of trienes

2.1 Introduction

In this chapter the synthesis of a number of trienes is described, mainly 1,3,5-hexatrienes
but some 2,4,6-heptatrienes in addition, Figure 29. The two vary in the number of carbon
atoms making up the longest chain and therefore, in the position of the alternating carbon-
carbon double bonds. As each of the double bonds present in trienes are separated by the
presence of one single bond, the molecule therefore consists of alternating single and
double bonds. As such, the trienes synthesized can be described as a conjugated system.
The synthesis of these molecules requires the use of alkenes as substrates, Figure 29. An
alkene is the term used for a carbon-based molecule containing one carbon-carbon double
bond. This introduction describes some of the current applications and syntheses of
trienes in the literature and then focuses on one type of synthetic strategy, the
Knoevenagel-condensation reaction, which is relevant to the experimental investigations
described in the results and discussion section, starting from section 2.2.1, later in this
chapter.

SN o)
P NN
N OMe

Figure 29. From left to right an example of an alkene,'®® diene,'®* 1,3,5-hexatriene,®* and 2,4,6-
heptatriene,'® respectively, from the literature.

2.1.1 Applications of trienes

Important applications of trienes can be broadly divided into (i) medicinal properties, and
(i1) synthetic applications, such as Diels Alder reactions and 1,8-conjugate addition
reactions. Each of these applications will be explored further in the following sections.
The use of trienes as substrates for electrocyclization reactions has also been reported,
and this will be discussed as part of Chapter Three, section 3.2.1.

2.1.1.1 Trienes as motifs in biologically active compounds
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Conjugated trienes are important structural units in many biologically important polyene
natural products.’®® Natural products containing conjugated double bonds represent a
large and structurally diverse group of compounds.2®” These polyenes are derived from a
variety of sources, such as marine organisms, fungi, and plants, and are often produced
as a natural means of chemical defense. In light of this, some polyenes have been shown
to possess a variety of biological activities, including antibacterial, antifungal, and
antitumour activity.'®” A few examples of such polyenes that contain the hexatriene unit
are shown in Figure 30.

NH

=
H O OH O O
\‘)ko NN OMe
o]

Ansatrienine A, 87

Manumycin A, 88

OMe

"'OH

Rapamycin, 89

Figure 30. Examples of triene-containing molecules that possess biological activity, adapted from Thirsk
and Whiting, %"

Miranda et al.'®® have composed an excellent review of studies involving conjugated
linolenic acid (CLNA). CLNAs are a particular group of conjugated fatty acids that have
been previously reported to reduce body fat, as well as possessing other attributes that are
beneficial to health.®> CLNA is a collective term for a group of positional and geometric
isomers of linolenic acid, in which at least two double bonds are conjugated, Figure 31.
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Figure 31. Examples of CLNAs containing the 1,3,5-hexatriene motif, adapted from the work of Miranda
et al 168

In vitro studies conducted on 3T3-L1 (mice) adipocytes and HepG2 (human) cells have
suggested that certain plant-derived CLNA isomers, such a-eleostearic acid and punicic
acid (Figure 31, 90 and 91, respectively), have been shown to decrease inflammation
associated with obesity, for example.1®® Calendic acid, Figure 31 compound 92, has also
been reported to have caused a greater body fat decrease in ICR male mice (A type of
albino mice named after the Institute of Cancer Research in the United States) relative to
those on a control diet.*%® Interestingly, punicic acid, 91, which is found in large amounts
in the peels, juice and seed oil of the pomegranate fruit, has also been reported to possess
anti-cancer properties.1%

Oh et al.'’™® synthesized twenty-five novel synthetic (1E,3E,5E)-1,6-bis(substituted
phenyl)hexa-1,3,5-triene analogs and evaluated their anti-melanogenic activity in
B16F10 murine melanoma cells and zebrafish embryos. The derivatives shown in Figure
32 demonstrated promising anti-melanogenic activity and were also found by Oh et al.
170 to possess negligible toxicity at the maximum concentration evaluated of 12.5 pM.
Compound 93 was proposed as the most potent anti-melanogenic agent.1’

| | o ~o
o)
SUUS < S SO, < Iy .
PN o) NN o) PPN
94 HO 95

93
Figure 32. The above (1E,3E,5E)-1,6-bis(substituted phenyl)hexa-1,3,5-triene analogs demonstrated
promising anti-melanogenic activity, adapted from the work of Oh et al.}™®

Another study conducted by Ha et al.}"* investigated a range of novel (1E,3E,5E)-1,6-
bis(substituted phenyl)hexa-1,3,5-trienes as potential tyrosinase inhibitors. The most
promising derivatives are shown in Figure 33. It was found that these compounds showed
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similar or better inhibition than kojic acid, which was the positive control utilized as it is
a well-known tyrosinase inhibitor.

OH OH
O OH OMe
‘\\\ HO \\\HO!\\\OH
HO MeO

96
97 OH 98

Figure 33. The above novel (1E,3E,5E)-1,6-bis(substituted phenyl)hexa-1,3,5-triene analogs have been
investigated as potential tyrosinase inhibitors, adapted from the work of Ha et al.1"

2.1.1.2 Trienes as reactants in synthetic applications

Trienes have been used as substrates in a number of syntheses, two of which are the Diels-
Alder reaction and 1,8-conjugate addition.

Named after the two scientists Diels and Alder who discovered it,'’? the Diels-Alder
reaction is one of the most useful synthetic reactions.*” It is a concerted, stereospecific
cycloaddition reaction, which can simultaneously establish two bonds and up to four
stereogenic centers.}’® Diels-Alder reactions can be classified as ‘‘normal-electron-
demand’’or ‘‘inverse-electron-demand’’ according to the electron density of the dienes
and dienophiles involved.® Trienes are a versatile synthetic intermediate, and it is
interesting that in different Diels-Alder reactions, they have been used as both dienes and
dienophiles. 1777

1,3,5-Hexatriene and 2-methyl-1,3,5-hexatriene, Scheme 13, were found by Burshtein et
al.1"® to behave as dienophiles in their respective reaction with hexchlorocyclopentadiene.

Cl Cl
% cl R
Cl R A 5 N\
Cl Cl
Cl ci
R =H or Me R =HorMe

Scheme 13. This reaction is an example of where 1,3,5-hexatrienes act as a dienophile in Diels-Alder
reactions, adapted from the work of Burshtein et al.1’®

The group carried out quantum chemical calulations and found that the introduction of
the chlorine atom onto the cyclopentadiene molecule lowers the HOMO and LUMO
levels, indicating that hexchlorocyclopentadiene is much more reactive as a diene than
the more common cyclopentadiene. In addition, they indicated that the reaction between
hexachlorocyclopentadiene and each of the two 1,3,5-hexatrienes investigated are inverse
electron-demand Diels-Alder reactions. These observations were supported by the later
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work of Veliev et al.1”” who made the same experimental observations in their publication
but added that, while 1,3,5-hexatriene and 2-methyl-1,3,5-hexatriene did react with
hexachlorocyclopentadiene, they did not react with cyclopentadiene.t’’

Polyenic electron-deficient alkenes also act as Michael acceptors and are of high synthetic
interest.1”® They can undergo successive nucleophilic additions and therefore enable the
generation of several new chiral centers. The main challenge associated with polyenic
Michael acceptors lies within the regiocontrol of the nucleophilic attack.!’® Figure 34
depicts the various sites where nucleophilic attack could occur with a substrate containing
the 1,3,5-hexatriene motif.

RWEWG
c & B

Figure 34. The structure of species containing the 1,3,5-hexatriene motif as an extended Michael acceptor
with potential sites for nucleophilic attack highlighted.

1,8-Conjugate addition refers to nucleophilic addition at the {-carbon. Trienes have been
investigated as substrates for this type of reaction. One such example is the copper-
catalysed 1,8-conjugate addition involving sec-butyl octa-2,4,6-trienoate and the
Grignard reagent butylmagnesium bromide, which was investigated as early as 1963 by
Jacobsen et al.1”® The uncatalyzed reaction gave only a trace amount of simple conjugate
addition product, whereas the use of copper(l) chloride as a catalyst increased the yield
to 25% of exclusively 1,8-adduct, a butyloctadienoic ester (as opposed to the possible
1,4- or 1,6-adducts that could have been formed), Scheme 14.

C4H O
N R X o) C4H9MgBr 0

2.Pd/iC
tetrahydro-1,8-adduct

Scheme 14. The 1,8-conjugate addition involving sec-butyl octa-2,4,6-trienoate and butylmagnesium
bromide, catalysed by copper(l), adapted from the work of Jacobsen et al.1™

2.1.2 Synthetic methodologies used to access trienes

Numerous methods have been used to access 1,3,5-hexatriene molecules and these
synthetic methodologies can be broadly divided into those that incorporate a transition
metal and those that do not.
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2.1.2.1 Synthetic strategies using transition metals to access 1,3,5-hexatrienes

Jin et al.® have developed a novel method for synthesizing unsymmetrical conjugated
(1E,3E)-trienes that involves the reaction of different kinds of alkynyl-substituted
dialkynyldiarylsilanes with an in situ generated zirconocene—ethylene complex
Cp2Zr(CH2=CH) (Takahashi reagent) to form silacyclobutenes. These silacyclobutenes
are then reacted with tetrabutylammonium fluoride (TBAF) as shown in Scheme 15 to
give 1,3,5-hexatrienes.

EtMgBr

2.5 eq.
szZfClZ ( q) > [szzr(CHZZCHz)}
(1.25 eq.) THF, -60°C, 1 h

CpZZr CH2—CH2)}
< Z R
THF, -60°C to rt, - _Si
% 2h Cpa2r R2

3NHCI rt

TBAF (2.2 eq.)
THF, rt, 1 h

R(\/\/Rz

R'=Ph, R?= Cyc, yield = 97%
R'=n-Pe, R?= Cyc, yield = 98%
R'=Cyc, R?=n-Bu, yield = 96%

\SI

Scheme 15. Example trienes that have been made using the transition metal zirconium. Ph = phenyl, Cyc
= cyclohexene, n-Pe = n-pentyl, n-Bu = n-butyl. Adapted from the work of Jin et al.1&°

Zhang et al.!8! have stereoselectively synthesized some tetra-substituted 1,3,5-
hexatrienes using a one-pot, intermolecular, palladium-catalyzed Suzuki coupling of
vinylic halides, internal alkynes, and vinylic boron organometallics, Scheme 16.
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R'=CH,OH, Ar'=CHB, Yield=57%?
R'=Ph, Ar'=Ph, Yield=32%

Scheme 16. Example trienes that have been made using the transition metal palladium. A: 1 equivalent of
vinylic halide, 2 equivalents of internal alkyne, 2 equivalents of arylboronic acid, 5 mol % of PdCl, 2
equivalents of KF, and 5:1 DMF/H,0 as the solvent at 100 °C in the presence of air.  57% was achieved
when 6 equivalents of KF were employed. CHB = cyclohexylbenzene, Ph = phenyl. Adapted from the work
of Zhang et al.*8!

Unsymmetrically 1,6-disubstituted 1,3,5-hexatrienes have been accessed by de Meijere
et al.® using a sequence of chemoselective Stille cross-coupling reactions. Here a 2-
bromocycloalk-1-enyl triflate is coupled with an alkenylstannane and a subsequent Heck
coupling on the resulting 2-bromo-1,3-butadiene gives the final triene, Scheme 17,182 183

oTt 1) Pd(OAc), PPhs, DMF
(I BusSn. _~_OH @iiAOH
Br 2) >R = R
Pd(OAc),, PPh;, DMF,
3 eq. LiCl, NEt3

R'= CO,Bu, CO,Me, Ph
Yield = 50-67%

Scheme 17. Example trienes have been made using a sequence of Stille and Heck couplings via Palladium
catalysis, adapted from the work of de Meijere et al.?

This synthetic approach is desirable as it is chemoselective and can be achieved by a one-
pot experimental set-up, once a fresh sample of the catalyst and triphenylphosphine
(PPh3) is added before the Heck reaction is initiated. A one-pot procedure is possible
because the same active catalyst is present in both reactions, a 14-electron palladium(0)
complex.'®?

The Hansen methodology,*®* a modified Boland protocol,'® is an example of hydrolysis
of metallocyclopropene complexes using zinc, as categorized by Oger et al.*® Activated
zinc, in the presence of a solvent containing alcohol groups, reduces alkynes to cis-
alkenes stereospecifically.'® Boland et al. developed a Zn(Cu/Ag) system,* which, as
of 2013, was the most used Zn(Cu) system, as according to the excellent review by Oger
et al.'® This is despite the catalyst being pyrophoric.’® The protocol developed by
Boland et al.’® to stereospecifically reduce conjugated alkynes to Z-alkenes was then
modified by Mohamed and Hansen,'® who included 10 equivalents of trimethylsilyl
chloride (TMSCI) together with copper/silver activated zinc in aqueous methanol. This
modification improved the reaction rate as compared to that of the Boland protocol.*®*
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These reaction conditions were then employed by Dayaker et al.,’8” who termed this this
the Hansen procedure. Two examples of conjugated trienes synthesized by Dayaker et
al.’8" is given in Scheme 18, each of which contains a conjugated E,E,Z triene subunit.

OH o
N OOM Zn(Cu-Ag), TMSCI _ PP oMo
5H € MeOH:H,0, rt, 2.55 h, 53% OH 6H
99 100
OH
— A Zn(Cu-Ag), TMSCI, 1t, 4 h
N~ OEt MeOH:H,0, 50% /E/Yw/\/\/\[TOEt
OH o) OH OH 0
101 102

Scheme 18. Example trienes that have been made using a Zn (Ag/Cu) catalyst, adapted from the work of
Dayaker et al.*®”

The benefit of the Hansen procedure is the ability to chemoselectively reduce the triple
bond in ynedienes 99 and 101 to the cis-double bond in 100 and 102 in the presence of
the additional conjugated and isolated double bonds and avoid over-reduction.®’

2.1.2.2 Access to 1,3,5-hexatrienes using synthetic methodologies that do not incorporate
transition metals

In 1994, Chan et al.'®® reported new conditions for the Ramberg-Backlund reaction,8%1%
which is used to generate alkenes. These new conditions employed aluminium oxide-
supported potassium hydroxide in the presence of dibromodifluoromethane and tert-butyl
alcohol.*® This allowed sulfones that possessed both a- and o’-hydrogens, regardless of
structural types, to be uniformly converted into alkenes in good yields.*® Using this
modified Ramberg-Backlund reaction, Cao et al.*®* have accessed a range of (E,E,E)-,
(Z,E,2)- and (E,E,Z)-conjugated 1,3,5-trienes, Scheme 19.

R, Re CF3Bry, CHyCly, R, Rg R4, Ry, Rs = H, Ph
g P KOH on Al,O4 . SoNAL R, Rs, Rg=H
R1)\(\8/\H\R4 1 R, = H, MeSi
Ry 2 Ry Rs Rs Yields = 54-90%

Scheme 19. Example trienes that have been made without the use of a transition metal catalyst. The
geometry of the C=C bonds were different for each product. Adapted from the work of Cao et al.?**

The Wittig reaction has been used by groups such as McNulty and Das,'®* to access 1,3,5-
trienes, as well as 1,3-dienes. The proposed synthesis includes the first examples of an
aqueous Wittig reaction of trialkyl-allylphosphonium salt-derived semi-stabilized ylides
to produce a range of functionalized 1,3-dienes and 1,3,5-trienes in water using NaOH as

102



base. The use of a,B-unsaturated aldehydes facilitates access to the corresponding 1,3,5-
trienes from a variety of aldehyde skeletons including monoterpenoid, aliphatic, and
aromatic derivatives. This synthetic methodology can incorporate a broad substrate scope
with respect to the choice of aldehyde, with isolated yields of 78-80%, and E-
stereoselectivity being observed,'®* Scheme 20.

S
Br 1) NaOH, H,0O
o 1 hr, 70 °C
EtsP + B R — » Et—/P\/\H\R ’ R'/\/\“PR
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R-CHO Polyene Yield E:Z
(%)

80 9:1
Z /
H 0 T3

: : (I-)I ; : : \ 78 9:1

\
__ _H MM 80 3:2
SR g 2 )
0 \
H S N 80 7:3
N
(> O TN
(@) 79 4:1
XN
oy T

Scheme 20. A summary of the aqueous Wittig reaction of ylides derived from triethylallylphosphonium
bromide with a series of a,B-unsaturated aldehydes to form the corresponding 1,3,5-hexatrienes. Adapted
from the work of McNulty and Das.¢*

The use of Grignard reagents to access 1,3,5-hexatrienes has also been reported.
Discovered by Victor Grignard at the University of Lyon in France in 1900,% Grignard
reagents are probably the most widely used organometallic reagents in light of their ease
of preparation and their broad applications in organic and organometallic synthesis.%?
Dell’Erba et al.!®® reported that good vyields of (E,E,E)-1,6-diaryl-3-nitro-1,3,5-
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hexatrienes were obtained from the reaction of 1,2-bis(diethylamino)-2,3-dinitro-1,3-
butadiene and arylmethylmagnesium chloride, a benzyl Grignard reagent, in THF at 0 °C,
Scheme 21.

1) Excess ArCH,MgClI
(4 mol equiv.),
NO NO, NO
’ NEt, THF, 0°C — Ar Quenching with DCM 2
— . . > —
Et,N — 2) H30™ quenching Ar — /ice and 0.1 M HCI _ _
OoN OoN - HNO;, Ar Ar

Ar = Ph, 4-MeCgH,,
3/4-M60C6H4, 2/3-th|enyl

Yields = 41-78%

Scheme 21. Example reactions using Grignard reagents to access 1,3,5-hexatrienes. Adapted from the work
of Dell’Erba et al.'®

2.1.3 Traditional Knoevenagel-condensation

The Knoevenagel-condensation is one of the most valuable reactions in organic chemistry
for carbon—carbon bond formation,*® especially those carrying one or two electron-
withdrawing groups.!®® In a series of publications starting in 1894, Emil Knoevenagel
found that primary and secondary amines, as well as their salts, catalyzed the aldol
condensation of B-ketoesters or malonates with aldehydes or ketones.'%¢-1% This became
known as the Knoevenagel-condensation reaction, and thus, could be defined as the
reaction between an aldehyde or ketone and any compound that possesses an active
methylene group. The Knoevenagel-condensation can be catalyzed by an organic base,'*°
such as piperidine,'** or ammonia or their salts.!*® Since its original publication, there
have been many reports of the Knoevenagel-condensation,*®* with numerous variations
from the traditional Knoevenagel-condensation reaction conditions being reported. It is
important to acknowledge that Knoevenagel’s seminal discovery and mechanistic
interpretation of his reaction laid the foundation for the development of modern
aminocatalysis,>® so a brief discussion of Knoevenagel’s work is included. However,
more focus will be placed on examples of variations of the Knoevenagel-condensation
reaction, or as they are hereby termed, ‘Knoevenagel-type’ condensations. Although
these reactions deviate from the traditional reaction conditions employed by
Knoevenagel, they still embody, at least in part, the mechanisms proposed by early work
on this reaction and will be discussed in the subsequent section.

2.1.3.1 Emil Knoevenagel publications (1894-1898)

From 1894, Knoevenagel published several papers in this field in which he described the
condensation of different species. In one such publication, he presents the condensation
of formaldehyde with two equivalents of dimethyl malonate.®” This reaction gave a bis-
substituted product and was catalyzed by diethylamine or piperidine.t®’
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Scheme 22. Knoevenagel condensation reaction of formaldehyde with two equivalents of diethyl malonate,
adapted from the work of Knoevenagel.¥

In his other publications, Knoevenagel showed that a number of other aldehydes,
including benzaldehyde and acetaldehyde,'®® reacted with such activated methylene
species diethyl malonate,?® ethyl benzoylacete,'® ethyl benzoylpyruvate,'®® and
acetylacetone!®® 2%2 in a similar manner. They all formed bis-substituted products,*®® and
were catalyzed by different primary and secondary amines, including those shown in
Scheme 22, as well as dimethylamine and aniline.*®® In 1896, Knoevenagel showed that
the condensation of benzaldehyde with ethyl acetoacetate gave the bis-substituted product
when conducted at room temperature, whereas the same reaction conducted at 0°C gave
benzylidene-1,3-dicarbonyl,'®® 2% as per Scheme 23.

o ()

O O N
H
H + Mo/\ T EtO,C COEt + H,O

MeOC COMe

ol (]

N
H

_ + HyO
COMe

Scheme 23. Adapted from the work of Knoevenagel,'® this reaction demonstrates how two different
products could be obtained using the same reagents but at a different temperature.

This reaction was significant because its subsequent investigation exhibited the broad
scope of this reaction.*®

Although Knoevenagel himself did not fully elucidate the mechanism of the condensation
reaction, he did carry out mechanistic studies in which he attempted to obtain possible
intermediates in the reaction.’®® Some of the intermediates he suggested were later
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discovered to form part of the modern mechanism proposed for this reaction. This is
represented as the following catalytic cycle, Scheme 24,200 201, 204,205

COzMe
Ph CO,Me O
2 ” MeOzchOZMe

Q ol

N MeO,C~ >CO,Me

-H,0

Ph H
iminium ion

S
MeO,C~ >CO,Me

Scheme 24. A modern catalytic cycle explaining the mechanism for a reaction conducted by Knoevenagel
himself,1°¢ adapted from the work of List.2®

2.1.3.2 Limitations of the Knoevenagel-condensation

Although the Knoevenagel-condensation is often the method of choice for the preparation
of o,B-unsaturated dicarbonyl and related compounds, and has several applications
including the synthesis of natural and heterocyclic products, drugs and dyes for
example,?® there are some limitations. For instance, with the traditional Knoevenagel-
condensation, there are problems with the reactivity of ketones, where the competitive
Michael addition can occur in the reaction of some active methylene compounds, leading
to secondary products.?®® There is also a problem with stereocontrol in the synthesis of
Knoevenagel products from unsymmetrical 1,3-dicarbonyl compounds.?®® This leads us
on to discuss some modifications to the traditional Knoevenagel-condensation, where
changes have been made to the nature of the base or the experimental set-up, for example.
A few of these Knoevenagel-type condensation reactions will be highlighted in the next
section.
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2.1.4 Knoevenagel-type condensation

As early as the 1950s, modification of the traditional Knoevenagel-condensation reaction
has been reported. These include minor changes, such as changing the nature of the base
beyond the scope of what was traditionally defined as a catalyst for the Knoevenagel-
condensation. One such example was the introduction of potassium fluoride as a catalyst
for the Knoevenagel-condensation in 1958 by Midorikawa et al.2% In 1974, Lehnert?®’
introduced a mixture of titanium tetrachloride and a tertiary organic base,?®® such as
pyridine, using THF or dioxane as the solvent.?®” Such procedures have been used since
this time, and have been found to be more successful relative to the implementation of
traditional Knoevenagel-condensation conditions.?’® One such example where this is the
case is the work of Courtheyn et al.?%, in which a series of v,y-dichloro-o,B-unsaturated
esters were formed from the condensation of 2,2-dichloro aldehydes with active
methylene species in the presence of titanium-pyridine. In this same study, the use of
piperidinium acetate as the catalyst, which would be considered a typical catalyst in
Knoevenagel-condensation reactions, gave no reaction.?%®

The use of inorganic solids and solid supports as catalysts in modifications of the
Knoevenagel-condensation has gained popularity,?®® since the introduction of dry
alumina for this purpose in 1982.2%° Texier-Boullet and Foucaud?”® found that
Knoevenagel condensations could be achieved in the presence of dry alumina using mild
reaction conditions, generally the use of room temperature for 2-10 minutes. They did not
use an organic solvent, the reagents were simply adsorbed onto the alumina. Specifically,
the condensation of various aldehydes with active methylene species malononitrile,
cyanoacetic esters, cyanoacetamide and cyanophosphonates was achieved,?*® Scheme 25.

o) Al,04 Ry CN
L+ N Y —— =+ HoO
R H H Y

R4 = Ph, Furan, i-Pr
Y = CO,Me, CN, CONH,, PO(OEt),
Yield = 70-100%

Scheme 25. Examples of Knoevenagel-condensation reactions carried out using aluminium oxide as the
base/catalyst. Ph = phenyl, i-Pr = isopropyl. Adapted from the work of Texier-Boullet and Foucaud.2%®

The Knoevenagel-condensation reaction is still an active research area, particularly in the
context of the development of environmentally friendly routes.*® The development of
more environmentally friendly synthetic methodologies has been receiving considerable
attention because of growing worldwide concerns over chemical wastes and future
resources, as well as growing requirements for green chemistry.?!% 2t An example of a
Knoevenagel-type condensation method that is more environmentally friendly than the
traditional Knoevenagel-condensation is that developed by Ren et al.?*! In their work,
they report the condensation of several aldehydes with malononitrile by means of
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grinding the two reagents together at room temperature, in the absence of both solvents
and catalysts, Scheme 26.

0]

| AN H 4+ NC._CN Grinding | X CN

G S CN
R R

R =H, 4-Me, 2-Cl, 3-OMe-4-OH, 3-NO,
Yields = 68-96%

Scheme 26. Examples exhibiting the development of an environmentally friendly Knoevenagel-
condensation procedure, adapted from the work of Ren et al.?*!

Thus, the Knoevenagel-condensation has been modified to very different extents since its
discovery but is still an active research area facilitating access to numerous products.

2.1.5 Aluminium oxide (alumina) as a catalyst

The performance of reactions on the surface of solids not only eliminates the necessity of
solvents but can offer significant advantages, such as shorter reaction times and/or the
generation of higher yields in comparison to the same reaction carried out in solution.?*?
Organic reactions have been carried out on the surfaces of many solids, one notable
example of which is alumina.?*? The term alumina refers to a series of ionic solids which
have the formula A1203.(H20)n, where n =0, 1, 2 or 3.2!2 Several polymorphs of alumina
exist, such as y-, n-, ¥-, 6-, 6-, k-, and a-AlO3, all of which possess different
characteristics including the amount and nature of impurities, specific surface area, pore
volume and pore-size distribution. The different characteristics of each polymorph is
determined by their individual structure and morphology, which, in turn, is affected by
the preparation conditions.?'® One example of these conditions is activation temperature,
where different temperatures lead to the formation of different aluminas. For example, by
heating the reagents used to access alumina above 1100 °C, an “endpoint” is reached,
which is a type of alumina called corundum,?? or a-A1,03, which is the densest form of
alumina.?'* The other aluminas which are formed at temperatures lower than 1100 °C are
referred to as “transition aluminas”, as they are made in the transition between aluminium
hydroxides and corundum.?*

Alumina can be used as a catalyst, support and reagent,?*? and this it makes it a very
versatile substance. Notably, alumina is a bifunctional catalyst, and is reported to contain
both acidic and basic sites.?® It is the chemical nature of the surface of aluminium oxide
that is mainly responsible for its multiple purposes, such as its adsorption and catalytic
properties.?'® Assuming that there are three dominant species on the surface of aluminium
oxide, “OH, O and AI**, whose concentrations are interdependent and controlled by the
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activation temperature, then, on this basis, the surface can exhibit a variety of
properties.?!? “OH can act as a base and possibly a nucleophile, O% should be a strong
base and nucleophile, and AP is a Lewis acid.?'? Since the ions that make up the surface
of alumina are immobile at the temperatures typically used to carry out organic reactions,
an activated solid will possess strongly basic and acidic sites adjacent to each other,
something which is not possible to achieve in a liquid solution.?'? These adjacent sites
may act cooperatively in such reactions.?!? In addition to serving catalytic roles, the
surface components may also serve as reagents, donating species such as hydrogen,
hydroxyl, oxide, or water.?!2

It is important to note that, because reactions occur on the surface of alumina,
chemical modifications to its surface can lead to big fluctuations in its catalytic
properties.?* These modifications can be unintentional, caused by the contamination of
an alumina surface with sodium ions that turn alumina into a less acidic catalyst,?* for
example. Otherwise, they may be intentional, in which alumina is doped with an inorganic
entity, such as the doping of an alumina surface with a small amount of silicon (Si**) or
chloride (CI") ions, which significantly increases its acidity.?!*

The above examples and discussion show that not only is aluminium oxide an
effective amphoteric catalyst but, because of the diverse nature of its surface, can serve a
multitude of other purposes.

2.1.6 Aims of triene synthesis.

The aims of this part of the PhD project include:

(1) To investigate the Knoevenagel condensation as a method to access a
bis(phenylsulfonyl) triene.

(i)  Toestablish improved reaction conditions for this Knoevenagel approach and
to use this method to synthesize a family of novel bis(phenylsulfonyl) trienes.

(ili)  To explore the substrate scope of the developed methodology through
variation of the propene electron withdrawing groups and variation of the
cinnamaldehyde, Scheme 27.

(iv)  To complete full structural characterization of all novel products using NMR
spectroscopy, LCMS, HRMS, and IR spectroscopy.

Scheme 27. General scheme for the synthesis of 1,3,5-hexatrienes. EWG = electron withdrawing group
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2.2 Results and Discussion

2.2.1 Synthesis of 1,3,5-hexatrienes

Extended conjugated systems are of significant interest to organic chemists and the last
few years has seen major advancements in the development of organic conjugated
molecules.?!® Not only has this led to the development of novel n-conjugated systems,
but also in their application as part of organic electronic devices. For example, organic
light emitting diodes (OLEDs) and organic photodetectors (OTDs) are reported to have
applications in electroluminescent devices,?!” night vision,?!® photo and video imaging,>'®
and biosensing.?!® The Stephens group at Maynooth University is interested in the
development and application of such conjugated systems. Previously in our laboratory,
various electron poor conjugated butadiene systems were synthesized, including 1,3-bis-
(sulfonyl)butadienes and 1,3-bis(alkyl carboxylate)butadienes, and applied in an
organocatalysed annulation that allowed access to chiral polysubstituted cyclohexa-1,3-

dienes in high yield and high enantio- and diastereoselectivity, Scheme 28.21% 220

Ph
X O--ueph .

(0] ” OTMS
I
| + H 30 mol% (R)- PhO,S .-.u@x
Ph0,S™ "X SO,Ph R CHCI5, RT
SO,Ph
R = alkyl .
X =H, F, Cl, Br, OMe, NO, Yield: 70-98%
dr: 1:99
ee: 99%

Scheme 28. Adapted from Murphy et al.?!°, organocatalysed annulation of electron poor butadienes.

The ability to synthesize heavily functionalized polyenes is highly desirable in organic
chemistry,*®* and building on previous findings within the group, we wanted to develop
a synthetic route to 1,3,5-hexatriene systems. 1,3,5-Hexatrienes have found application
in multiple fields including as motifs in medicinal products and as synthetic substrates in
reactions such as Diels-Alder and 1,8-conjugate additions, as discussed in sections 2.1.1.1
and 2.1.1.2 of the introduction, respectively. Using retrosynthetic analysis, as shown in
Scheme 29, we envisioned accessing the desired hexatrienes by reacting a bis-
phenylsulfonyl propene with functionalized cinnamaldehydes using a Knoevenagel-type
condensation. The family of cinnamaldehydes could be accessed via Wittig chemistry
and the bis-phenylsulfonyl propene via a combination of Sn2 chemistry and an
elimination reaction, Scheme 29. This approach would also allow access to hexatrienes
with electron withdrawing groups other than sulfones through the generation of other
propenes, such as ester propenes and cyano propenes.
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Scheme 29. Retrosynthetic analysis leading to the desired 1,3,5-hexatriene.

We first needed to access the precursor molecules, namely the (E)-3-bromo-1-
phenylsulfonylprop-1-ene, 103, which was subsequently used to synthesize (E)-1,3-bis-
phenylsulfonylprop-1-ene, 104. The synthesis of 103 first required the treatment of allyl
phenylsulfone with elemental bromine and subsequently, a selective elimination (E2) of
the secondary halide using triethylamine, Scheme 30. The reaction was performed on 29
mmol scale using allyl phenylsulfone (1 equivalent), elemental bromine (1.1 equivalents)
in DCM (98 mL), at room temperature for 4 hours. Following this, the intermediate
dibromide was isolated, dissolved in chloroform (98 mL), treated dropwise with
triethylamine (1 equivalent) at 0 °C, stirred for 5 minutes on ice and then for ~15 minutes
on removal of the ice (until the solution returned to room temperature). This gave a crude
mixture of isomers. Crystallization of this crude mixture gave the E isomer exclusively.

NEt,

- HNEt3 B
(\Br—Br
PhOzS\/\\j—> Phozs\/Q @ 4. PhOzs\/\/Br

+
Br

PhOZS\)/

58% yield
E/Z mixture
(E:Z~9:1)

Scheme 30. Proposed mechanism for the generation of 103

103 was then reacted with the sodium salt of benzene sulfinic acid in a Sn2 reaction to
generate 104, Scheme 31. The reaction was performed on 7.5 mmol scale using 103 (1
eg.) and benzenesulfinic acid sodium salt (2.3 eq.) in methanol (22.5 mL) at reflux for 1.5
hours. Crystallization gave the product as a single E-isomer.
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Scheme 31. Proposed mechanism for the generation of 104.

With these precursor molecules in hand, we were able to focus on the development and
application of a Knoevenagel-type condensation in order to access a series of novel 1,3,5-
hexatrienes. To do this, we wanted to undertake a study to optimize reaction conditions
and explore the use of different solvents, bases, and temperatures. To do this efficiently,
we developed a quantitative NMR spectroscopic method to estimate reaction yield and
the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105,
Figure 35, was chosen as the model reaction.

The geometry of the final triene product was elucidated by an x-ray crystal structure
obtained by a previous group member of the Stephens group,??® Figure 35, in
collaboration with Prof. Patrick McArdles’ group in the National University of Ireland,
Galway.??” In addition, analysis of the NMR spectra of this compound confirmed the
geometry assigned by examination of splitting of signals and accompanying J values. The
analysis of the relevant spectra of a representative triene is included later in section
2.25.1.

Figure 37. X-ray crystal structure of 105,22 confirming (E,E,E) geometry assignment.

On the basis of X-ray crystal structures and/or information obtained from NMR spectra,
the (E,E,E) geometry has been assigned for all 1,3,5-hexatrienes synthesized.
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2.2.2 (1E,3E,5E)-1,3-Bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene yield estimation
using quantitative NMR (gNMR)

Quantitative NMR (qQNMR) was employed as part of an investigation to find the optimal
reaction conditions for the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105. Proton NMR spectroscopy was first reported as a tool for
quantitative analysis in 1963 by Jungnickel and Forbes.??! This group used gNMR to
determine the apparent percentages of total hydrogen content in 26 pure compounds by
integrating non-equivalent groups of protons. The relative standard deviation from
theoretical values for the means of three determinations of each of the 26 compounds,
including aniline, ethanol and pyrrolidine, was 0.3%, demonstrating that accurate
quantitative analysis could be done using this method.??* In the same year, Hollis???
analyzed several known and some commercial samples of aspirin, phenacetine, and
caffeine using gNMR and determined that the average deviations from the correct results
were 1.1%, 2.2%, and 3.2% respectively.???

There has been growing interest in gNMR in the past three decades.??® For example, its
use has grown significantly in metabolomics as it provides absolute and relative
quantification of several metabolites in biological samples without requiring the
separation of individual components.??® Thus, it has found applications in such areas as
environmental toxicity, drug toxicity, cancer metabolism, drug metabolism, and
investigations of cell-virus interactions.??> Compared to the traditional chromatographic
methods that are still favoured in routine quantitative analyses, gNMR has certain
advantages including the facile sample preparation, relatively short measurement times,
the non-destructive nature of the method, and the lack of need to isolate the analyte
present in a mixture prior to analysis.??* In addition, the uncertainty in quantification
measurement by NMR spectroscopy is low,??* less than 2.0%,%% which is an acceptable
limit for precise, accurate quantification.??®

The basic principle which permits the use of NMR spectroscopy as a quantitative measure
of a particular substance is that peak areas are proportional to the number of
corresponding nuclei giving rise to the signals.?®* Thus, it is a primary ratio method of
measurement.??* In gqNMR a reference standard of the analyte is not needed, the
quantification may be performed using an internal standard.??* Various internal standards
have been used in gqNMR, including 3,4,5-trichloropyridine, 1,4-dinitrobenzene, and
2,3,5-triiodobenzoic acid and are usually co-dissolved with the analyte.?** To obtain an
accurate analysis of results, the analyte and internal standard peaks should not interfere
with each other’s signals.??® 1,3,5-Trimethoxybenzene was chosen as an internal standard
for this gNMR study because it is soluble in deuterated chloroform, thus could be co-
dissolved with the triene analyte, and also because its proton signals do not overlap with
any of those from the triene. There are two characteristic signals for 1,3,5-
trimethoxybenzene, a singlet at 6.08 ppm (3H, the aromatic protons) and another singlet
at 3.78 ppm (9H, the methoxy protons). As such, if a known concentration of the internal
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standard is made, either of these signals can be used to quantify the protons causing a
signal in the analyte (the triene) by comparing the integral ratio of protons. Hence, the
unknown concentration can be deduced if you know the actual number of protons that the
analyte signal should represent. This is known as relative quantitation and means that the
molar ratio Mx/My between two compounds X and Y can be calculated through the use
of the following expression, Figure 36.

Mx Ix Ny
My Iy Nx
Figure 36. Taken from Bharti and Roy,?? this expression was used to solve for the concentration of triene,

and therefore, percentage conversion to triene, achieved in our gNMR studies. | is the integral observed, N
is the number of nuclei giving rise to the signal, Mx/My is the molar ratio of compound X to compound Y.

Essentially, the signals of interest were integrated, normalized for the number of protons,
and a simple ratio analysis was performed. In our experiments, the analyte was a crude
reaction mixture generated from reacting trans-cinnamaldehyde, 1 (1.1 mmol), (E)-1,3-
bis(phenylsulfonyl)prop-1-ene, 104 (1 mmol), and base in a given solvent at a specified
temperature for a specified time. In the *H NMR spectrum of pure 105, one finds a
multiplet integrating to 1H at 7.67-7.63 ppm. It was chosen as the triene signal to use in
the comparative ratio with the 9 methoxy protons of the 1,3,5-trimethoxybenzene internal
standard (3.77 ppm).

We tested the efficiency of this process for the purposes of relative quantitation by making
up a known concentration of pure triene 105 (90 mM) and using the internal standard to
approximate the conversion of starting materials to desired triene 105. Both solutions
were made up to 10 mL volumes using deuterated chloroform as the solvent and then 500
pL of each solution was transferred to an NMR tube for analysis. Knowing that the
internal standard concentration was 10 mM before addition to the NMR tube, and using
the *H NMR spectrum generated from the NMR sample containing pure 105 and the
internal standard, Figure 36, we calculated that a 88% conversion to 105 had been
achieved, corresponding to a 88.24 mM solution of the triene. The calculation of this will
be explained in the following.
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Figure 37. *H NMR spectrum of crude mixture containing a known concentration of (1E,3E,5E)-1,3-bis
phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105, and internal standard 1,3,5-trimethoxybenzene.

Referring to the equation previously given as Figure 35, in this case and in all future cases
compound X refers to triene 105 and compound Y refers to the internal standard. Ix is 1
and ly is 1.02 as observed in the *H NMR spectrum above, Figure 36. Ny is 9 as we know
there are 9 protons that make up the compound Y signal appearing at 3.77 ppm. Nx is 1
as we know there is 1 proton that makes up the compound X signal appearing at 7.66-
7.63 ppm. While a 10 mM solution of compound Y was made up to a 10 mL volume, 500
uL of this solution was transferred to an NMR tube containing 500 pL of a solution of
compound X. Thus, the final concentration of compound Y in the NMR tube is half of its
original concentration, as the volume of deuterated chloroform has been doubled from
500 pL to 1 mL. This means (Mx/5) = (1/1.02).(9/1), and therefore Mx = 44.12 mM where
Mx is the calculated concentration of triene 105 in the NMR tube. However, as this
concentration has been diluted by a factor of two relative to that made up to 10 mL (due
to the addition of 500 pL of each solution X and Y to the NMR tube, made up in the same
solvent), the true concentration of solution X in the 10 mL volumetric flask would be
double with respect to that in the NMR tube so 44.11765 x 2 = 88.24 mM. This compared
favourably with the actual known concentration of 90 mM. This inferred an error of 1.96
%, which we deemed sufficiently accurate to implement the gNMR technique for relative
quantitation assessment.

Given that 1 mmol is the moles of the limiting reagent (104) and the molecular weight of
the triene 105 is 436.5432 g/mol, we can calculate a theoretical 100% conversion for this
reaction to be equivalent to 437 mg of 105 and would correspond to the generation of a
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100.11 mM solution. In a 88.24 mM solution of 105, the mass corresponds to 385 mg (in
10 mL) and therefore a 88% conversion is achieved.

2.2.2.1 Effect of base on the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene 105

Many versions of the Knoevenagel condensation reaction have been described with
piperidine having been reported as base in many cases.'** Thus, we first attempted a
Knoevenagel condensation reaction whereby trans-cinnamaldehyde, 1 (1.1 mmol) and
(E)-1,3-bis(phenylsulfonyl)prop-1-ene, 104 (1 mmol) were dissolved in toluene (10 mL)
to which piperidine and acetic acid (1 equivalent of each) were added and the mixture
allowed to reflux for 18 hours, Scheme 32.

SO,Ph

' Piperidine, ACOH  PhO,S

| + Pho,s” > F > s0,Ph < |
Toluene, reflux, 18 hr |

Scheme 32. Unsuccessful attempted triene 105 synthesis using traditional Knoevenagel condensation
reaction conditions.

Evidence of conversion to triene 105 was not detected. A complex crude mixture was
obtained with uninterpretable NMR spectra and hence gqNMR could not be used. To
ensure that there was no trace amount of triene in this complex mixture we undertook a
purification process using column chromatography. No triene product was obtained and
piperidine was excluded as a possible choice of base.

A previous group member arrived at the same conclusion and explored the literature for
an alternative base.??® There are reports in the literature from some groups where they
have used aluminium oxide (Al2O3) as a base in the reaction of carbonyl-containing
compounds with activated methylene compounds.?%® 228 22 As discussed previously in
section 2.1.5, it was then hypothesized that Al,Oz was a suitable base for our reaction.
We then tried this base as part of our reaction optimization study. Here we used 1 (1.1
mmol) and 104 (1 mmol) dissolved in DCM (10 mL) using 15 equivalents of Al,Ozas a
base and found it successfully produced the desired triene (compound 105) in a
quantitative conversion (by gqNMR, corresponding to the generation of a 105.88 mM
solution). Since the crude mixture generated a sufficiently clean *H NMR spectrum in
which both the triene signal and internal standard signal could be integrated and therefore
compared, a gNMR estimation of the yield was possible using the information obtained
from the *H spectrum found in Appendix 2, Figure A96.
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Briefly, the calculation of the yield can be explained as follows. Referring to the equation
previously given as Figure 35, compound X refers to triene 105 and compound Y refers
to the internal standard. Ix was found to be 1 and ly was 0.85, Appendix 2 Figure A96.
Ny is 9 and Nx is 1. The 10 mM of compound Y is diluted by a factor of 2 when added
to the NMR tube (i.e. 5 mM), so (Mx/5) = (1/0.85).(9/1), and therefore Mx = 52.94 mM.
This is the concentration of 105 in the NMR tube, made up in 500 uL of deuterated
chloroform. However, as per section 2.2.2, the concentration of this solution was diluted
by a factor of two, relative to the solution of 105 made up in the 10 mL volumetric flask,
because the NMR tube contained an additional 500 pL deuterated chloroform from
solution Y. Therefore, the true concentration, Mx, is 52.94 x 2 = 105.88 mM. Full
experimental details can be found in Section 2.4.3 of the Experimental Procedure. Given
that 1 mmol is the moles of the limiting reagent and the molecular weight of the triene is
436.5432 g/mol, then we can calculate a theoretical 100% conversion for this reaction to
be equivalent to 437 mg, corresponding to a 100.11 mM solution. In a 105.88 mM
solution, the mass corresponds to 462 mg and therefore a quantitative conversion is
achieved. By this calculation, however, over 100% conversion was obtained, something
that can be explained by crude nature of the product, therefore having some impurities
which are later removed when the product is recrystallized. In addition, there is roughly
a 2% error associated with this method, as calculated previously.

Therefore, Al,O3 was found to be a suitable base for this reaction and was used in all
further reactions for triene synthesis.

2.2.2.2 Effect of solvent on the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene 105

The next variable investigated was the choice of solvent. DCM, methanol, acetonitrile,
and toluene were all investigated using the same experimental set up and reaction time.
gNMR was used to estimate the percentage conversion achieved from the use of each
solvent, and the spectra obtained can be found in Appendix 2, Figures A97-A99. As DCM
was used in the reaction described above (section 2.2.2.1), the result is the same i.e. a
quantitative conversion to triene corresponding to a 105.88 mM solution of 105 was
generated when DCM was used as the solvent. By applying the same reaction conditions,
but replacing 10 mL DCM with toluene, and performing the calculations above, a 62%
conversion (or 61.22 mM solution) was obtained. Using methanol as the solvent gave a
66% conversion (or 65.7 mM solution), whereas the use of acetonitrile resulted in a 43%
conversion (or 42.46 mM solution). Thus, DCM was chosen as the preferred solvent and
used when varying the remaining reaction conditions.

2.2.2.3 Effect of base equivalents on the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-
6-phenyl-hexa-1,3,5-triene 105
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After finding the preferred base and solvent, we next investigated whether changing the
equivalents of base would increase the percentage conversion to triene. We compared the
reaction carried out using 30, 15, 5 and 1 equivalent of Al.Oz. qgNMR was used to estimate
percentage conversion and the NMR spectra can be found in Appendix 2, Figures A96,
A100-102. As 15 equivalents of Al.Oz was used in the reaction described in section
2.2.2.1, a quantitative conversion corresponding to a 105.88 mM solution of 105 was
generated in this case. When 30 equivalents of Al>O3 was used, a 59% conversion
corresponding to a 59.22 mM solution of 105 was generated. When 5 equivalents were
used, a 96% conversion corresponding to a 95.74 mM solution was obtained.
Unfortunately, when 1 equivalent of Al.Oswas employed, there was overlap between the
triene proton signal and that of the propene starting material, where a lot of unreacted
material was evident in the *TH NMR. As such, it was not possible to accurately integrate
the triene signal, so qNMR could not be employed in this case. Given the large amount
of starting material present in the spectrum, which is not visible to the same extent when
any of the other conditions were investigated, it is likely that triene formation was low
and so, not a viable condition to employ in future reactions.

Thus, 15 equivalents of Al.O3 was chosen as the preferred equivalents of base to be used
in future reactions.

2.2.2.4 Effect of temperature on the synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-
phenyl-hexa-1,3,5-triene 105

Finally, we investigated whether an increase in temperature would affect the yield. The
reaction carried out at room temperature was compared to that carried out at the reflux
temperature of DCM (~40 °C). gqNMR was again used to estimate the percentage
conversion to triene and the corresponding NMR spectra can be found in Appendix 2,
Figures A96 and A103. The reaction which resulted in quantitative conversion to triene
was performed at 20 °C (section 2.2.2.1) and so, the percentage conversion achieved,
when reflux temperature was applied, was compared to this. We found that the higher
temperature was less effective in producing the triene, giving a 25.72 mM solution
corresponding to a 26% conversion. A complex mixture of alternative side products was
also formed, as evident from the analysis of the 'H NMR spectrum of the crude mixture,
Appendix 2, Figure A103. Thus, 20 °C was employed for future reactions.

In conclusion, there were four variables investigated in this optimization study, as
summarized by Table 16. When an appropriate internal standard is chosen, qNMR
represents a convenient method for relative quantitative assessment, which suited the goal
of this optimization study. As ly is the only variable that changes in the equation, given
previously as Figure 35, and it can be obtained by examining the relevant *H NMR
spectra, the molar ratio of internal standard to 105 can be easily determined. This allows
for an accurate assessment of the effect of systematically varying reaction conditions on
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the percentage conversion to product. Based on our implementation of gNMR, we have
found that the preferred conditions for our Knoevenagel-type condensation reaction are
the use of DCM as the solvent with 15 equivalents of Al.Oz as base, and the reaction
being allowed to take place over 24 hours at 20 °C. Therefore, we have established these
conditions as the standard conditions to be implemented in our synthetic protocol.

Table 16. Variables explored in this optimization study

Solvent Temperature Base Equivalents of
base (Al.03)
Dichloromethane 20°C Al;O3 30
Methanol Reflux Piperidine 15
Acetonitrile 5
Toluene 1

2.2.3 Knoevenagel-type condensation reaction mechanism

The formation of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105,
can be explained by the occurrence of the following Knoevenagel-type condensation, and
a proposed mechanism is given in Scheme 33.

PhO,S
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| 0 OH oo o
Ph” 1 SO,Ph SO,Ph 3
Os¢/ Ph Ph Ph <)
PH Q ~5—
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Ph o
BH«/i
®
PhOZS (OH2
| SO.Ph H,0 SO,Ph
| Ph | S0Ph A | |
Ph
| Ph N 0-S—Ph
Ph 105 SO,Ph S

Scheme 33. Proposed mechanism explaining the formation of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-
phenyl-hexa-1,3,5-triene, 105
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The differences between the traditional Knoevenagel-condensation and a Knoevenagel-
type condensation reaction have been discussed in depth in the introduction section of
this chapter, sections 2.1.3 and 2.1.4. Briefly, the proposed mechanism differs from that
of a traditional Knoevenagel-condensation, in that, one of the reagents is not a typical
activated methylene but a bis-phenylsulfonyl propene, 104. When an activated methylene
is used, Patai and Zabicky?° determined that the dissociation of the C-H bond, and
consequential anion formation, is the first step in the Knoevenagel-condensation
mechanism on the basis of kinetic studies.?® This group investigated the kinetics of the
reaction of malononitrile with five aromatic aldehydes in 95% ethanol and it was found
that, while the reaction follows second-order kinetics, it still showed the distinctive
features of an ionization reaction. The concentration of the carbanion produced, as a result
of the dissociation of the carbon-hydrogen bond of the active methylene group, was found
to reach equilibrium practically instantaneously on dissolution in ethanol.?° We can
postulate that the first step in our mechanism proceeds in a similar manner, perhaps not
by dissociation of the C-H bond given the difference in solvent/substrate, but we can
hypothesize that formation of the anion is the first step in our proposed mechanism also.
Additionally, the base is not a usual amine base (e.g. piperidine) but has been substituted
by activated Al.Oz and so, there is no iminium ion formation in our Knoevenagel-type
condensation mechanism.

In the above mechanism, an anion is generated by abstraction of the most acidic proton
of the propene, presumably by the base, which is in equilibrium with its other resonance
structures. This anion then acts as a nucleophile and undergoes direct addition with the
carbonyl carbon of trans-cinnamaldehyde, 1. A series of protonation and deprotonation
steps by the base (Al.O3) followed by dehydration leads to the desired 1,3-bis-
phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105.

2.2.4 Reaction scope: Variation of the cinnamaldehyde

We then investigated the substrate scope of our developed methodology. We retained (E)-
1,3-bisphenylsulfonylprop-1-ene, 104, as the propene and, using the preferred reaction
conditions, introduced variety in the products by reacting this propene with different
cinnamaldehydes. The synthesis of these cinnamaldehydes has already been discussed in
chapter 1, specifically in sections 1.2.1-1.2.3 of the results and discussion, and I was first
author in the publication relating to this work.”® The triene products obtained are novel
and are shown with isolated yields in Figure 38.
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Figure 38. Range of 1,3,5-hexatrienes synthesized using the respective trans-cinnamaldehyde (1.1 eq.),
104 (1 eq), DCM (10 mL) and Al>O3 (15 eq.) at room temperature for 24 hr. * Reactions were performed at

1 mmol scale. ® Reactions were performed at 0.5 mmol scale.

The developed aluminium oxide methodology appears to tolerate a broad range of
substituted cinnamaldehydes. The yields obtained ranged from 50-96%, but importantly
all sixteen cinnamaldehydes were successfully converted to their corresponding 1,3,5-
hexatriene. This is encouraging because, by changing the cinnamaldehyde component
alone, a large range of 1,3,5-hexatriene species can be accessed, demonstrating versatility
in the synthetic methodology developed. The structures of the triene products were
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confirmed by NMR spectroscopy, HRMS, and IR analysis. Further details and discussion
of the structural characterization, including assignment of the geometry, can be found in
the following section (section 2.2.5).

There were no clear trends observed relating substituent choice and vyield,
although substrates containing an electron-withdrawing group in the para-position of the
phenyl ring appear to be the best tolerated, compounds 109, 111, and 113 (NO2, CN,
CO2Me, respectively, Figure 38) and the yields obtained ranged from 60-96%. This may
relate to the influence that these electron-withdrawing para-substituents have on
increasing the electrophilicity of the carbonyl carbon atom?® of the cinnamaldehyde. Two
trienes were synthesized containing an electron-donating group in the para-position of
the phenyl ring and one with an alkyl group in the same position, compounds 107, 110,
and 116 (OMe, NMe2, Me, respectively, Figure 38). The yields of these trienes were in
the range of 60-71%. The yield of the non-substituted triene, 105, was 93%. Halogen
substituents at the para position appear to produce slightly lower yields compared with
electron-donating groups, with yields of 57% and 59% obtained for the p-bromo, 112,
and p-chloro-substituted, 108, trienes respectively. A similar observation was made when
the phenyl ring was replaced with other aromatic and heterocyclic rings. Here,
replacement of the phenyl ring with a-naphthalene led to the lowest yield of the three
examples at 51%, followed then by 2-pyridine at 59% and then 2-thiophene at 63%
(compounds 118, 119, and 120, respectively, Figure 38). The only bis-substituted phenyl
example explored was that synthesized with two CFs substituents, compound 117, Figure
38. This gave the lowest yielding reaction at 50%.

We did not access a large range of triene products where the substituent on the
phenyl ring was in a position other than para-, but there are three examples that can be
discussed. The movement of the methoxy substituent from the para-, 107, to the ortho-
position, 106, saw the yield drop by 9%. Conversely, the movement of the bromo-
substituent from the para- to the ortho-position saw an increase in yield of 7%, from 56%,
112, to 63%, 114, respectively. When the bromo substituent was moved to the meta-
position, 115, the yield dropped to 50%. This would preliminarily indicate that the
position of the substituent on the phenyl ring does have an effect on the overall yield of
the corresponding triene, with substitution at the meta-position of the phenyl ring less
well tolerated. However, more data sets would need to be obtained using different
substituents in order to conclusively show this to be the case.

Some reactions were performed at 1 mmol, while the majority were performed at
0.5 mmol. In order to publish with the American Chemical Society journals, it is
necessary to demonstrate at least one new reaction on a 1 mmol scale. Reactions with
trans-cinnamaldehyde, 1, p-nitrocinnamaldehyde, 44, p-cyanocinnamaldehyde, 38, and
p-bromocinnamaldehyde, 40, were all performed at the 1 mmol scale. The yield of triene
using 109 was recorded as an excellent 96%, with the 111 and 112 triene derivatives
generating isolated yields of 81% and 56% respectively.
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2.2.5 Structural characterization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-
dimethylaminophenyl)-hexa-1,3,5-triene 110

A combination of *H NMR, 3C NMR, 2D NMR, IR spectroscopy, and MS analysis were
used to fully characterize (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-
dimethylaminophenyl)-hexa-1,3,5-triene, 110, and other trienes. The characterization of
110 will be considered first, using a detailed explanation of the NMR spectroscopic
analysis of this compound as an example of how all 1,3,5-hexatrienes were characterized.

2.25.1Use of NMR spectroscopic data to characterize (1E,3E,5E)-1,3-bis-
phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-triene 110

For ease of explanation, an atom labelling system has been employed and is shown in
Figure 39.

H1\§:/802Ph
Ph0O,S.3_C2
2 C” 7 H2

/C\5/H5
H4 4 C

Backbone atom labelling Aryl ring labelling

Figure 39. The structure of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-
triene (compound 110, Figure 38), with atoms labelled for ease of discussion.

Comparing the '3C and DEPT-135 spectra (Figure 40 and 41, respectively), the
quaternary carbons can be identified at 152.3, 140.5 (x2), 127.5, 122.9 ppm as these
signals disappear in the DEPT-135.
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Figure 40. Full 3C spectrum of compound 110.
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Figure 41. Full DEPT-135 spectrum of compound 110.

Looking at the structure of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-
dimethylaminophenyl)-hexa-1,3,5-triene, compound 110, there are 26 carbon atoms but
as one would expect due to symmetry in the aryl rings, the *C NMR spectrum shows
only 19 carbon signals. In addition, only one signal is present for the N(CHz). methyl
carbons, as expected.
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With compound 110, one would expect the most shielded proton signal in the *H NMR
spectrum (a doublet at 6.70-6.68 ppm) to be that of Hb (Figure 39) and to integrate for
two hydrogens.

Hb
T T T T T T 1
7.8 7.6 7.4 7.2 7.0 6.8 Tpm

Figure 42. Expanded 'H spectrum of compound 110 showing Hb.

This shielding is due to the ability of the lone pair on the nitrogen of the dimethylamino
group to delocalize, thereby increasing the electron density at Ch, which has a shielding
effect on Hb. Shielding effects at the ortho position are significant for strongly electron-
donating groups,®! dimethylamino being a good example, but interestingly the extent of
the deshielding effects of electron-withdrawing groups at the same position are reported
to be mixed. !

Hc Hc
- Hb JH‘ - Hb
(/Cb’ - ©Cb~
Hc N\ @& Hc N\ N
N— N—
Hb / Hb /®

Figure 43. Resonance structures of the B-C aryl system of compound 110, showing the shielding effect
that the dimethylamino substituent has on the ortho position.

The COSY spectrum can then be used to identify Hc as the signal at 7.48-7.46 ppm, which
also integrates for two protons. Hc is coupled to Hb in the COSY spectrum (Figure 44),
as one would expect for such a B-C aryl system. Hc is also expected to appear as a doublet
due to the splitting by Hb, and vice versa.
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Figure 44. Expanded COSY spectrum of compound 110, showing Hb and Hc coupling.

Using HSQC (Figure 45), one can see that Hb couples to the carbon signal at 111.9 ppm
(hence assigned to Cb) and that Hc couples to carbon signal at 130.6 ppm (hence assigned
to Cc).

Hce J Hb

: L E
: | &
3 =
: Lz
[ o

e Fe

[ o

By

[

g

| === @- - e lg

T | T T T | T T T | T T T | T T T | T T T I E:
7.6 7.4 72 7.0 6.8 F2 [ppm]

Figure 45. Expanded HSQC spectrum of compound 110, showing Hb and Hc couplings to Cb and Cc,
respectively.

Looking at the 3C spectrum, the most deshielded carbon signal is also a quaternary
carbon occurring at 152.3 ppm, and this was assigned as C-N(CHz)2 (Ca). A para N(CHj3):
group will have a significant deshielding effect on its ipso carbon (Ca in this case). The
chemical shift of the ipso carbon is determined primarily by the inductive effect of the
substituent.?! Electronegative atoms directly bonded to the ipso carbon have a strong
inductive effect at the ipso carbon and the result is a significant downfield shift for the
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ipso carbon,?®! in contrast to the resonance effect we observed earlier with respect to the
ortho position.
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Figure 46. Expanded **C spectrum of compound 110, showing assignment of Ca (ipso carbon attached to
the dimethylamino substituent).

Examining the HMBC spectrum (Figure 47), Ca is coupled to both Hc and the methyl
proton signal, as both are within four bonds of Ca. This acts as further confirmation of
this signals’ assignment as Ca.
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Figure 47. Expanded HMBC spectrum of compound 110, showing the long-range coupling of Ca to Hc
and the methyl protons.
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In the HMBC spectrum, Hb has long range coupling to the quaternary carbon at 122.9
ppm. Apart from Ca, the only other quaternary carbon in the vicinity is Cd, the aromatic
carbon adjacent to the olefin double bond, and therefore this can be assigned as the signal
at 122.9 ppm. The HMBC spectrum also shows coupling between Cd and another signal
at 7.00-6.95 ppm, which integrates for one hydrogen (as well as a smaller coupling to a
proton at 7.19-7.16 ppm, which is later assigned as H6).
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Figure 48. Expanded HMBC spectrum of compound 110, showing the long range coupling between Hb,
H5 and H6 to Cd.

We can assume the signal at 7.00-6.95 ppm is caused by H5 because it appears as a
doublet of doublets and shows coupling constants of J =11.9 Hz and J = 14.9 Hz (Figure
49).

J=11.9 Hz ~SO2PN

PhO

N - [ [ ]
| J54=11.9 Hz | ]| | | Js4=11.9 Hz

Figure 49. H5 coupling to H4 and H6 and corresponding splitting tree diagram.

This is consistent with a proton that is within three bonds of another proton, as Hs is with
H4, and with a third proton H6. The coupling of H5 to H6 is a trans coupling and gives
the expected coupling constant of 14.9 Hz. Thus, H5 is assigned as the pair of doublets at
7.00-6.95 ppm in the *H NMR spectrum.

With H5 assigned as the signal at 7.00-6.95 ppm, we utilized the COSY spectrum (Figure
50) to confirm the assignment of the signal at 7.19-7.16 ppm as H6, and the signal at
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7.84-7.80 ppm as an overlapping signal for H4 and two aromatic protons. Further
confirmation of the H6 assignment can be found in the *H NMR spectrum where the
signal appears as the expected doublet with the expected trans coupling constant of 14.9
Hz. A coupling constant this large would not arise due to coupling with H4, as H4 is not
trans relative to H5, and hence H6 is the doublet at 7.19-7.16 ppm. Additionally, one
might expect H4 to be more deshielded than H6, as H4 is within three bonds of an
electron-withdrawing sulfonyl group.
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Figure 50. Expanded COSY spectrum of compound 110, showing H5 coupling to both H4 and H6.

Using the HSQC spectrum (Figure 51) we can assign C5 and C6 as the *C NMR signals
at 115.2 ppm and 149.5 ppm respectively, due to coupling with H5 and H6. The HSQC,
spectrum (Figure 51) shows the overlapping H4-aromatic proton signals coupling to two
carbon signals at 127.5 or 147.8 ppm.
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Figure 51. Expanded HSQC spectrum of compound 110, showing H5 and H6 couplings to C5 and C6,
respectively. It also shows the coupling of the signal containing H4 to two carbon signals at 127.5 and 147.8

ppm.

To assign C4 we need to consider the HMBC spectrum, (Figure 52). Here the carbon at
147.8 ppm shows long-range coupling to H6 (as well as another to proton at 7.63-7.57
ppm). This would be expected for the C4 carbon attached to H4. In the HMBC spectrum
(Figure 52), the carbon at 127.5 ppm shows no long-range coupling to any of the olefin
protons you would expect if it were due to C4, though it does show coupling to a proton
within the 7.84-7.80 ppm signal. However, in the *3C NMR spectrum this carbon signal
(at 127.5 ppm) is one of the four tallest peaks, meaning it is likely due to an aromatic
carbon, Cf, Cg, Cj or Ck, which one would expected to be a taller signal as it is due to
two aromatic CHs as opposed to one olefin CH. Thus, the signal at 147.8 ppm is assigned
as C4, Figure 53.
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Figure 52. Expanded HMBC spectrum of compound 110, showing long range couplings of the carbon
signals at 127.5 and 147.8 ppm (C4).
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Figure 53. Expanded *3C spectrum of compound 110, showing assignment of the 13C signals thus far within
this ppm range.

With respect to the HMBC spectrum of C4, there was a third coupling evident, that to a
proton at 7.63-7.57 ppm that integrates for two protons. A doublet can be observed within
this overlapping multiplet signal that has a coupling constant of 15.4 Hz, thus is most
likely due to either Hy or Ha, i.e. a trans olefin coupling constant.

Figure 54. Expanded *H NMR spectrum of compound 110, showing signal at 7.63-7.57 ppm, within which
there is a doublet with a trans coupling constant.

Examining the HMBC (Figure 55) with respect to this signal, long-range coupling to C4
(four bonds away) is evident and therefore we assign this signal to H2. Thus, the peak at
7.60-7.58 ppm contains H2 and an aromatic proton of a phenyl sulfonyl group.
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Figure 55. Expanded HMBC spectrum of compound 110, showing long range couplings of C4 to a trans
olefin signal, confirming this signal contains H2.

The COSY spectrum (Figure 56) can then be used to identify H1 as the doublet signal at
7.07-7.04 ppm, which couples to H2. The signal for H1 integrates for one proton and has
a coupling constant J = 15.4 Hz. One would also expect H2 to be more deshielded than
H1 due to the effect of both electron withdrawing sulfones on C2.
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Figure 56. Expanded COSY spectrum of compound 110, showing H1 coupling to H2.

Looking at the HSQC spectrum (Figure 57), we can see H1 is coupled to the carbon signal
at 129.86 ppm, and hence is assigned as C1, while H2 is coupled to the carbon signal at
129.9 ppm, and hence is assigned as C2.
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Figure 57. Expanded HSQC spectrum of compound 110, showing H1 and H2 couplings to C1 and C2,
respectively.

There are three quaternary carbons that need assignment, those at 140.49, 140.47 and
127.5 ppm. The HMBC spectrum (Figure 58) shows that the carbon signal at 127.5 ppm
has several long-range couplings. These couplings would all suggest that the signal at
127.5 ppm is due to C3. In addition, it makes sense that the two quaternary carbons in the
phenylsulfonyl groups would have similar chemical shifts, due to the similarities of their
chemical environment. Therefore, the signals at 140.49 and 140.47 ppm can be assigned
as these quaternary carbons in the phenylsulfonyl groups.
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Figure 58. Expanded HMBC spectrum of compound 110, showing numerous long range couplings of
carbon at 127.5 ppm, confirming this signal is that of C3.

Thus, all alkene protons and carbons, as well as the four distinct aromatic carbon and
proton signals of the p-dimethylamino substituted phenyl ring, can be assigned. The ten
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protons of the phenylsulfonyl groups can be identified as generating the remaining
protons signals, (i.e. those at 7.84-7.80, 7.75-7.73, 7.63-7.57, 7.53-7.50, 7.40-7.37 ppm).
Further assignment of these signals is not possible due to the similarity of the protons
responsible for their generation. This is also the case for the corresponding phenylsulfonyl
carbons signals, which appear at 133.3, 133.1, 129.3, 129.1, 127.6 and 127.2 ppm. A
summary of the assignments is shown in Figure 59.

7.84-7.80,
7.75-7.73 129.3, /\133.3, 133.1 ppm
{ 753-7.50 127.6, { (so -
H1 SO,Ph  7.40-7.37 ppm 127.3E)m/4 o | 2
140.49 .87 "N 129.9 ppm
PhO,S |2 . .
2 H2 _ 7.63-7.57 ppm 140.47 ppm O J~127.5 ppm
7.84-7.80 ppm’ H4 " 70095 pom 178 pom (\111522? 52& 111.9
| P (12 9 ppm
Hb™ 6.70- - —

6.68 ppm 149.5 ppm ,0?40.1 ppm
7.19-7.16 ppm Hc N;ﬁ:."l\?: 130.6 ppm ) l}l 3
: CH,
7.48-7.46 ppm CHs  3.08 ppm 152.3 ppm

3C NMR signal assignment

Figure 59. Summary of NMR spectroscopy signal assignment for (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-
p-dimethylaminophenyl)-hexa-1,3,5-triene, 110.

2.2.5.2 IR spectroscopy and MS analysis for structural characterization of (1E,3E,5E)-
1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-triene 110

In addition to the use of NMR spectroscopy, IR spectroscopy and MS analysis were used
to fully characterize (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-
hexa-1,3,5-triene, 110. The IR spectrum of compound 110 is included as Figure 60.

134



96.1

90 -~
y

S ™
\ o e . |:f‘:. I
? Y | o JI Eﬂn r
aw]'dﬁww.m h |’ :| ) I |
80 H, R | .l |1 |
wsw (1] ] ‘ f I [
TR
" R A
W
R L IECER {1
0 144793 I| ] 34 m&‘i ‘ | |
[ | [ | :] I | ;‘ il |
#T g5 |'|445.n | |2t .|| .|990. & .I |I
) I | E
. I | 137588 M | ,/l ( ||| i‘:qﬂ.e

|/ g

. : i |- " ‘ ]{ [ BJE3 |
7 l: ” | saron 1 |
| | 6.
[ | | | zoda.ee
54 ‘| | | |

09,36 '|

R41.69 'Jls'_ac

40 084,17 79882

4
5 1 114
1568.67 '
1542.24 f

313 T T T ™ T T T s T T M”’L 1
40000 3600 3200 2800 2400 2000 1800 1600 [400 [200 1000 /00 a50.0

Figure 60. IR spectrum of 110.

As expected from the structure of compound 110, there are a series of bands associated
with the presence of aromatic C=C, C-C and =C-H bonds. These include the band at 3071
cm, characteristic of an aromatic C-H stretch, the bands at 1569, 1542, and 1479 cm™,
characteristic of an aromatic C-C stretches, and the bands at 999 and 913 cm™, which are
associated with =C-H bends. There are overtones associated with the presence of aromatic
rings that occur between 2000-1650 cm™ also. Additionally, the 1,4-disubstituted (para)
phenyl ring portion of 110 produces the strong band at 842 cm™. The conjugated alkene
portion of the molecule is responsible for the appearance of such bands as those at 1616
cm™, as a result of C=C stretching, and 749 cm™, as a result of out of plane C-H bending.
The sulfone S=0O asymmetric stretch is apparent at 1284 cm™ and its symmetric stretch
at 1135 cm™. The bands mentioned so far can be expected to be present in all 1,3-bis-
phenylsulfonyl-(6-substituted  phenyl)-hexa-1,3,5-triene  molecules.  Specific to
(1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-triene,
compound 110, the presence of two methyl groups also causes certain bands, such as that
at 2909 cm™ as a result of a C-H stretch, 1446 cm™ associated with C-H scissoring, 1376
cm corresponding to C-H rocking and the bands at 1064 and 1025 cm™ relating to in
plane C-H bending. Additionally, the amine C-N stretch accounts for the band at 1149
Cm-1l232
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The MS analysis can be broken down into LC-MS (Liquid Chromatography —
Mass Spectrometry) and HR-MS (High Resolution — Mass spectrometry). LC-MS
incorporates HPLC (High Performance Liquid Chromatography), which allows the
individual components in a molecule to be separated and then ionized by an Electrospray
lonization Source (ESI). The separation of the ions occurs on the basis of their respective
mass/charge ratio.”®>® The LC-ESI-MS spectrum of compound 110 showed it has m/z
[M+H]" 480.3, see Appendix 2 Figure A161. The LC-MS is coupled to a UV detector,
and this can be used to give information about the purity of compound 110. The
chromatogram shows a single peak with a retention time of 32.7 minutes, see Appendix
2 Figure A162.

HR-MS was also applied to compound 110, in order to confirm the molecular
formula assigned. Mass errors of between -5.00 and 5.00 ppm with isotope match scores
above 60% are considered confirmation of molecular formulae. Compound 110 showed
a mass error of -0.22 ppm, thus it is very likely that this molecular formula assigned is
that of the molecule analyzed, see Appendix 2 Figure A163 for this data. Taken together,
all of the results from NMR spectrometry, IR and MS analysis all confirm the structural
characterization of compound 110.

All the (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-substituted phenyl)-hexa-1,3,5-
trienes synthesized were analyzed in the same manner using a combination of the
analytical techniques at our disposal. It is beyond the scope of this thesis to fully explain
the analysis of each member of this family of sixteen 1,3,5-hexatrienes, so an example of
each type of substituent on the phenyl ring attached to the alkene carbon 6, as depicted in
Figure 39 previously, will be briefly explained in the following. The analysis of 110, can
be used as an example of how those trienes bearing an electron-donating group were
analyzed and fully characterized.

2.2.6 Structural characterization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-
nitrophenyl)-hexa-1,3,5-triene 109

(1E,3E,5E)-1,3-Bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-triene 109 can be used
as an example of triene bearing an electron-withdrawing group on the phenyl ring. In
terms of NMR spectroscopy, the major difference between these spectra and those of 1,3-
bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-triene, 110, is the position of
the ipso-carbon (Ca, Figure 61) which occurs at 147.5 ppm due to the inductive effect of
the nitro group.?®* The carbon ortho to the nitro substituent (Cb, Figure 61) can be
identified at 123.3 ppm and the attached proton (Hb, Figure 61) appears as the multiplet
at 8.28-8.26 ppm, integrating for two protons. This was deduced based on the long range
couplings apparent in the HMBC spectrum of Ca, showing the coupling to Hb, which is
expected to be the most deshielded signal, as a result of its proximity to the electron-
withdrawing nitro group which withdraws electron density by resonance. The HSQC
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spectrum was then used to identify Ch. The COSY spectrum shows coupling between Hb,
and the protons on the carbon meta to the nitro substituent (Hc, Figure 61), which appears
within the multiplet at 7.59-7.53, and this integrates for four protons. Using the HSQC
spectrum, the carbons attached to these protons can be observed at 127.6 ppm (Cc, Figure
61). The other quaternary carbon in this system (Cd, Figure 61) is identified as that at
139.8 ppm, which shows coupling to Hc in the HMBC spectrum. All NMR spectra
relating to this compound can be found in Appendix 2, Figures A104 and A105.

Hc

de&

Ca

Figure 61. Structure of aryl system within 109, with protons and carbons labelled for ease of discussion.

The notable IR bands that appear in the spectrum of 109, that do not appear in the
spectrum of 110, are those that appear at 1516 and 1342 cm™ (Figure 62). These are
accounted for by the occurrence of NO; stretching.
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Figure 62. IR spectrum of 109.
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The LC-ESI-MS spectrum of compound 109 showed it has m/z [M+Na]* 504.4 and the
LC chromatogram obtained indicated the purity of this compound as 98.8%, and had a
retention time of 31.7 minutes. The corresponding data can be found in Appendix 2
Figures A151 and A152. HR-MS was also applied compound 109, in order to confirm the
molecular formula assigned. A mass error of -3.26 ppm was found and, as before, with a
mass error of less than 5.00 ppm it is likely that this molecular formula assigned is that
of the molecule analyzed. The corresponding data can be found in Appendix 2 Figure
A153. Taken together, all of the results from NMR spectrometry, IR and MS analysis all
confirm the structural characterization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-
nitrophenyl)-hexa-1,3,5-triene compound 109 as a representative of trienes bearing an
electron-withdrawing substituent in the phenyl ring.

2.2.7 Structural  characterization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-
bromophenyl)-hexa-1,3,5-triene 115

(1E,3E,5E)-1,3-Bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-triene 115 can be
used as an example of a triene bearing a halogen on the phenyl ring attached to alkene
carbon 6, as depicted in Figure 39 previously. In terms of NMR spectroscopy, the major
difference between these spectra, and those of either triene discussed above, is the
position of the ipso-carbon (Ca, Figure 63), which occurs at 123.3 ppm due to the
inductive effect of the bromo group, and corresponds with the chemical shift reported in
the literature for a 13C atom directly attached to Br.2*! Unfortunately, due to the nature of
this substituent, there are no distinguishing protons groups in the *H NMR spectrum, and
a lot of proton signals overlap, making it difficult to definitively assign all the NMR
signals for this particular triene, or any of the halogen-substituted trienes. However, the
HMBC spectrum does reveal that Ca is coupled to protons to a signal within the multiplet
at 7.67-7.64 ppm integrating for two protons, the multiplet at 7.57-7.51 ppm integrating
for five protons, the doublet at 7.48-7.46 ppm integrating for one proton, and the pseudo
triplet at 7.31-7.28 ppm integrating for one proton. These signals likely make up the
protons of the same phenyl ring, Figure 63.

Hf
S .B
rV(\Ce/ Cla r
Hd N Hb

Hc

Figure 63. Structure of aryl system within 115 with protons and carbons labelled for ease of discussion.

The pseudo triplet at 7.31-7.28 ppm integrating for one proton is likely to be the signal of
Hc, then Cc, by analysis of the HSQC spectrum, appears at 130.6 ppm. In the COSY
spectrum, Hc couples to the multiplet at 7.57-7.51 ppm and the doublet at 7.48-7.46 ppm,
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making it likely that within these two signals are Hb and Hd. Since the lone pair of
electrons on the bromo substituent can delocalize onto Cb (or Cf), this would result in a
negative charge and consequently, Hb (and Hf) would experience a shielding effect.
Therefore, we might speculate that Hb accounts for the signal of lower chemical shift (i.e.
7.48-7.46 ppm), making Cb the signal appearing at 126.6 ppm, by analysis of the HSQC
spectrum. Therefore, within the multiplet at 7.57-7.51 ppm lies Hd but, given the number
of protons that this signal accounts for, it is impossible to assign Cd. Hf, by process of
elimination, is likely within the multiplet at 7.67-7.64 ppm integrating for two protons.
Cf, by analysis of the HSQC spectrum, is either 130.8 or 133.8 ppm. The quaternary
carbon at 137.0 ppm, assigned as such by comparison of the 3C NMR and DEPT-135
spectra, shows long range coupling to Hc in the HMBC spectrum, and therefore can be
assigned as Ce. All NMR spectra relating to this compound can be found in Appendix 2,
Figures A204-A209.

The notable IR bands that appear in the spectrum of 115, that do not appear in the spectra
of either triene previously analyzed above, is that appearing at 1083 cm™ (Figure 64),
which is a strong band accounted for by C-Br stretching as part of an aromatic halide.?*
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Figure 64. IR spectrum of 115.

The LC-ESI-MS spectrum of compound 115 shows it has m/z [M+H]*516.2, and the LC
chromatogram obtained indicated the purity of this compound as 99.5% and has a
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retention time of 33.7 minutes. The corresponding data can be found in Appendix 2 A211
and A212.

HR-MS was also applied to compound 115, in order to confirm the molecular formula
assigned. A mass error of -0.50 ppm was found and so, it is very likely that this molecular
formula assigned is that of the molecule analyzed, see Appendix 2 Figure A213 for the
corresponding data. Taken together, all of the results from NMR spectrometry, IR and
MS analysis all confirm the structural characterization of (1E,3E,5E)-1,3-bis-
phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-triene 115 as a representative of trienes
bearing an halogen substituent on the phenyl ring.

2.2.8 Structural characterization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(thiophene)-
hexa-1,3,5-triene 120

(1E,3E,5E)-1,3-Bis-phenylsulfonyl-6-(thiophene)-hexa-1,3,5-triene 120 can be used as
an example of a triene bearing a heterocycle instead of a phenyl ring attached to alkene
carbon 6, as depicted in Figure 39 previously. In terms of NMR spectroscopy, the major
difference are the signals that appear as a result of the heterocycle, Figure 65.

S-S

Cd-
JLpre
Hc

Hb

Figure 65. Structure of aryl system within 120, with protons and carbons labelled for ease of discussion.

Hb can be identified in the *H NMR spectrum as a doublet of doublets signal appearing
at 7.11-7.09 ppm and integrates for one proton. This is distinguishable as the signal for
Hb due to its small coupling constants of 3.7 Hz and 5.0 Hz, and this is typical for protons
within such heterocycles.?®! Based on the HSQC spectrum, Cb is identified as the carbon
appearing at 128.6 ppm. Using the COSY spectrum, Hc can be identified within the
multiplet at 7.49-7.47 ppm, which integrates for 2 protons, and Ha can be identified as
the multiplet appearing at 7.30-7.29 ppm. The corresponding Cc and Ca can be identified
at 130.0 and 131.5 ppm, respectively, by the HSQC spectrum. In the HMBC spectrum,
Hb shows long-range coupling to Ca, Cc, and another carbon that appears at 139.8 ppm.
This is a quaternary carbon, so identified by its absence in the DEPT-135 spectrum and
presence in the 3C spectrum. This signal likely corresponds to that of Cd. All NMR
spectra relating to this compound can be found in Appendix 2 Figures A254-A259.

The notable IR bands that appear in the spectrum of 120, that do not appear in the spectra
of any triene previously discussed above, are those appearing at 979, 849 and 680 cm™
(Figure 66), which are strong bands accounted for by C-S bond stretching as part of the
heterocycle.?*
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Figure 66. IR spectrum of 120.

The LC-ESI-MS spectrum shows that compound 120 has m/z [M+Na]* 465.2 and the LC
chromatogram obtained indicated the purity of this compound as 98.8%, with a retention
time of 31.2 minutes. See Appendix 2, Figures A261 and A262 for corresponding data.
HR-MS was also applied to compound 120 in order to confirm the molecular formula
assigned. The result obtained showed that this compound has a mass error of 0.46 ppm,
thus it is very likely that this molecular formula assigned is that of the molecule analyzed
(see Appendix 2 Figure A263 for corresponding data). Taken together, all of the results
from NMR spectrometry, IR and MS analysis all confirm the structural characterization
of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(thiophene)-hexa-1,3,5-triene 120 as a
representative of trienes bearing a heterocycle as an alternative to the phenyl ring.

2.2.9 Reaction scope: Variation of the propene electron-withdrawing group

We then investigated if we could increase the substrate scope further by changing the
electron-withdrawing group on the propene. However, before these reactions could be
investigated, the corresponding propenes first had to be synthesized.
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2.2.9.1 Synthesis of cyano and ester propenes

A proposed method and mechanism for the synthesis of (E)-3-bromo-1-
phenylsulfonylprop-1-ene 103 % has been discussed previously in section 2.2.1. The
same method of bromination, followed by E2 elimination, was applied in the synthesis of
(E/Z)-4-bromo-but-2-enenitrile 121 using allyl cyanide as the starting material, Scheme
34. The reaction was performed on 37.3 mmol scale using allyl cyanide (1 equivalent),
elemental bromine (1.1 equivalents) in DCM (50 mL) on ice for 15 minutes, then at room
temperature for 4 hours. Following this, the intermediate dibromide was isolated,
dissolved in chloroform (50 mL), and treated dropwise with triethylamine (1 equivalent).
This solution was then stirred for 5 minutes on ice and then for a further ~15 minutes on
removal of the ice (until the solution returned to room temperature) to give a crude
mixture of isomers.

The desired product was obtained in a 63% yield (1:2 ratio of E/Z isomers obtained,
respectively) after purification. Short-path distillation of the crude product using a
Kugelrohr apparatus gave pure product as a colourless liquid, albeit as a 1:2 mixture of
isomers. Further attempts to separate the E/Z isomers, including separation by
crystallization and by column chromatography were futile.

1) Br2, CH2C|2 Br

2) NEts, CHCl3
NC -~ NC. _~_Br + NC__~

63% yield E/Z mixture (E:Z 1:2)
121

Scheme 34. Synthesis of (E/Z)-4-bromo-but-2-enenitrile, 121.

Compound 121 was then used to synthesize (E/Z)-4-phenylsulfonyl-but-2-enenitrile, 122,
following the same procedure as described for the synthesis of (E)-1,3-bis-
phenylsulfonylprop-1-ene 103 see section 2.2.1. The procedure incorporates a Sn2
mechanism with benzenesulfinic acid sodium salt, and was adapted from literature.?%
When it was implemented using 121, the yield of 122 was 76%, where the ratio of E:Z
isomers was 1:2, respectively, Scheme 35. The product was purified by crystallization of
the crude residue using a dichloromethane/n-hexane mixture on a salt/acetone ice bath.
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NaSO,Ph, MeOH SO2Ph
NC._~, Br NC. _~~_-SO,Ph + NCJ

121

76% yield E/Z mixture (E:Z 1:2)
122

Scheme 35. Synthesis of (E/Z)-4-phenylsulfonyl-but-2-enenitrile, 122. The experimental procedure was
adapted from the literature.?®® Reaction was performed on 13.7 mmol scale using 121 (1 eq.) and
benzenesulfinic acid sodium salt (2.3 eg.) in methanol (35 mL) at reflux for 3.5 hours.

The synthesis of methyl (E)-4-(phenylsulfonyl)but-2-enoate 123 from methyl 4-
bromocrotonate (which was predominately trans- and purchased commercially) followed
the same procedure, Scheme 36. In this case, the E-isomer was exclusively formed, as
shown by H NMR spectroscopy, on crystallization of the crude oil from a
dichloromethane/n-hexane mixture using an ice/acetone/salt bath. The desired product
123 was isolated in a 60% yield.

NaSO,Ph, MeOH

MeO,C._~, Br = MeO,C._~__SO,Ph
60% yield
123

Scheme 36. Synthesis of methyl (E)-4-(phenylsulfonyl)but-2-enoate, 123. The experimental procedure was
adapted from the literature.?®® Reaction was performed on 7.5 mmol scale using (E/Z)-methyl 4-
bromocrotonate (1 eq.) and benzenesulfinic acid sodium salt (2.3 eq.) in methanol (20 mL) at reflux for 3.5
hours.

All three propenes were structural characterized using NMR spectroscopy and LC-MS.
The NMR characterization of (E/Z)-4-phenylsulfonyl-but-2-enenitrile 122 can be used as
an example. For ease of explanation, an atom labelling system has been employed and is
shown in Figure 67.
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y Hf Z | Hh
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o
Hp HdHd Hf

Figure 67. The structure of (E/Z)-4-phenylsulfonyl-but-2-enenitrile (compound 122, Scheme 35), with
atoms labelled for ease of discussion.

Starting with the E-isomer, Hb can be identified as a doublet of triplets signal and, using
coupling constants, can be distinguished from the alternative Z-isomer whose equivalent
Hj exhibits the same splitting pattern but with a smaller coupling constant. With coupling
constants of 1.4 Hz and 16.3 Hz, Hb corresponds to the doublet of triplets (dt) signal at
5.45 ppm integrating for one proton. Cb can be identified as the signal at 108.2 ppm using
the HSQC spectrum. Using the COSY spectrum, Hd can be identified as the doublet of
doublets signal at 3.95 ppm and Hc can be expected to be a dt signal also but, due to
overlapping of its signal with that of HI from the alternative Z-isomer, appears as a
multiplet at 6.59-6.53 ppm. Using the HSQC spectrum, Cd is the signal at 59.5 ppm and
Cc appears at 139.9 ppm. Ca (the nitrile carbon) can be predicted to be the more upfield
13C signal of the two quaternary carbon signals, the other being Ce. Due to being bonded
directly to a nitrogen atom, an inductive effect makes Ca more deshielded than a typical
alkyne carbon, but it appears more upfield than Ce nonetheless as Ce is an aromatic
carbon. By comparison of the DEPT-135 and '3C spectra, the quaternary carbons can be
identified as 137.7 and 115.6 ppm and, based on the above, as Ce and Ca, respectively.
With respect to the phenyl ring, Hf can be found within the multiplet at 7.92-7.87 ppm,
which can be explained due to its proximity to the electron-withdrawing sulfonyl group,
and so, would be more deshielded than Hg or Hh. Hg, which shows coupling to both Hf
and Hh, appears within the multiplet at 7.64-7.59 ppm and Hh appears within the multiplet
at 7.75-7.70 ppm, as identified using the COSY spectrum. Using the HSQC spectrum, Cf,
Cg and Ch can be identified as the signals at 129.62, 128.3 and 134.6, respectively. The
corresponding protons and carbons of the Z- isomer can be assigned in the same way. All
spectra relevant to compound 122 can be found in Appendix 2, Figures A88-A93.

2.2.9.2 Attempted synthesis of methyl 7-phenyl-4-(phenylsulfonyl)hepta-2.4,6-trienoate
124 from (E)-4-(phenylsulfonyl)but-2-enoate 123

The attempted synthesis of methyl 7-phenyl-4-(phenylsulfonyl)hepta-2,4,6-trienoate 124
using methyl (E)-4-(phenylsulfonyl)but-2-enoate 123 under our now standard
Knoevenagel-type condensation reaction conditions, resulted in a complex mixture. The
crude reaction mixture was a yellow oil and, even after being subjected to column
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chromatography, a complex mixture was obtained which we were unable to separate. The
'H NMR spectrum of some of the fractions collected are shown in Figure 68 and the
spectrum does appear to show the presence of the desired triene product, along with

inseparable impurities.
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Figure 68. *H NMR spectrum of fractions 17-20 corresponding to 17 mg of material containing impure
compound 124. This correlates to a crude yield of 10%.

The *H NMR spectrum shows some diagnostic triene signals including a CO2Me signal
at 3.77 ppm, a possible olefin doublet at 6.55-6.52 ppm which has a coupling constant of
16.1 Hz, and an additional olefin signal within the multiplet at 7.60-7.51 ppm with the
same coupling constant. This is supported by the COSY spectrum, which shows coupling
between these two signals, Figure 69.
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Figure 69. COSY spectrum of fractions 17-20 containing impure 124.

Examination of the *C NMR spectrum supported the conclusion that triene 124 was
present as 16 distinct carbon signals are evident, as well as the major impurity of acetone,
which shows signals at § 207.0 and 30.9 ppm, Figure 70. Expected 3C NMR signals
appeared at 166.7 ppm corresponding to the carbonyl carbon, the methyl component of
the CO2Me signal appearing at 52.0 ppm, and two taller carbon peaks at 129.3 and 129.1
ppm. These are typical for phenylsulfonyl carbons as they represent two carbons rather
than one, as a result of symmetry in the molecule.
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Figure 70. *C NMR spectrum of fractions 17-20, containing impure 124.
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When the propene was changed, (i.e. an ester was introduced in place of a phenylsulfonyl
group), the reactivity of the anion formed in the first step of triene synthesis, given as
Scheme 33 previously, may also change, resulting in a diminished yield in comparison to
the use of bis(phenylsulfonyl)propene, 104. The lower reactivity of this anion, relative to
that formed when 104 was used, is supported by the fact that some starting material (E)-
4-(phenylsulfonyl)but-2-enoate was also recovered (20%). This implies that, in addition
to a complex mixture, we also had incomplete conversion to products.

2.2.9.3 Synthesis of cyano-sulfonyl trienes

Our attempted synthesis of cyano-sulfonyl trienes was more successful. We employed
our now standard reaction conditions of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122, (1
equivalent), corresponding cinnamaldehyde (1.1 equivalents), activated aluminium oxide
(15 equivalents) in anhydrous dichloromethane (10 mL) under nitrogen for 24 hours. This
allowed us to gain access to a family of trienes using an E- and Z- mixture of 122 and
different cinnamaldehydes as starting materials, Figure 71.

PhO,S PhO,S

PhO,S | PhO,S |
| on I CN | N CN
I | |
| | | |
HSC\
,}l Br 02N
CHs

125. 49% Yield® 126. 48% Yield®  127.41% Yield® 128. 58% Yield®

Figure 71. Cyano-sulfonyl trienes synthesized. ® Reaction was performed at 1 mmol scale. ® Reaction was
performed at 0.5 mmol scale.

We chose these four trienes as they include an electron-donating group (NMez), an
electron-withdrawing group (NO>), a halogen (Br), and the parent phenyl ring. The yields
obtained ranged from 41% to 58%. As was the case with respect to the
bis(phenylsulfonyl) trienes, the most electrophilic cinnamaldehyde used (p-nitrophenyl
cinnamaldehyde 44, see section 2.2.4) gave the highest yield at 58%. Of note is the fact
that, despite the use of a propene which contained a mixture of isomers, 122, preliminary
data provided by NMR spectroscopy suggests that the (2E,4E,6E)-isomer was isolated
exclusively in each case. The preferential formation of (E,E)-diene or (E,E,E)-triene
isomers have been previously described by other groups.t64 191 209 237 However, in
general, the yields were lower than when (E)-1,3-bisphenylsulfonylprop-1-ene, 104, was
employed as the propene. This may have been due to issues with crystallization in order
to obtain a pure product as the crystals were more difficult to obtain, compared with the
corresponding bis(phenylsulfonyl)-containing triene. This may be explained by the
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presence of a complex mixture in the crude *H NMR spectrum (see Appendix 2, Figure
A264). It was pleasing to see that a family of cyano sulfonyl trienes could also be accessed
using our now standard reaction conditions, and that both electron-donating and electron-
withdrawing substituents were tolerated.

2.2.9.4 Attempted synthesis of bis(methyl ester) triene

A fourth propene, dimethyl glutaconate (Scheme 37), was also applied in our aluminium
oxide (Al.03) methodology. Dimethyl glutaconate, which was purchased commercially,
was used without further purification and consisted mostly of the E-isomer. Our three
other propenes all contained at least one phenylsulfonyl group and we thought it would
be interesting to include a propene which contained two different electron-withdrawing
groups. Surprisingly, when dimethyl glutaconate was used as the propene, the desired
triene was not produced in any amount. In fact, no reaction took place under these
conditions and returned starting material was observed as evidence by 'H NMR
spectroscopy (see Appendix 2, Figure A323).

On the basis of the complex product mixture and low yield of triene obtained when (E)-
4-(phenylsulfonyl)but-2-enoate, 123, was utilized as the propene, we had expected a
similar occurrence with the use of dimethyl glutaconate, rather than no reaction at all.
Taken together, this indicates that the developed Al.Os methodology may not be suitable
for esters, and that other types of electron-withdrawing groups are better tolerated, such
as phenylsulfonyl or cyano groups.

Given the lack of reaction between dimethyl glutaconate and trans-cinnamaldehyde, 1,
using our preferred aluminium oxide methodology, we wanted to see if the traditional
Knoevenagel-condensation conditions would be more successful. This was attempted
through the use of an amine base, piperidine. The solvent was changed to toluene and the
mixture was allowed to reflux for 18 hours, rather than reacting at 20 °C for 24 hours.
This did lead to a reaction between dimethyl glutaconate and 1, but the triene was not
formed. Instead a biaryl product, previously reported by Diallo et al.®, was formed,
Scheme 37, though this group used NaOH as a base rather than the piperidine.?® As
expected in the *H NMR spectrum (Appendix 2, Figure A324), the proton between the
two esters is the most deshielded signal, appearing at 8.49 ppm, and integrates for one
proton. The next signal, reading upfield, corresponds to the proton meta-to the most
deshielded proton as this proton is within three bonds of one of the esters and hence, is
shifted downfield relative to the last proton in the aryl system. It appears as a doublet of
doublets due to coupling between this proton and the two others on this aryl ring, with
coupling constants of 1.8 Hz and 8.1 Hz. The remaining proton in this aromatic ring
appears at 7.47 ppm and those protons that make up the second aryl system appear as
multiplets at 7.47-7.38 ppm and 7.33-7.31 ppm. The two methyl groups on the esters
appear as singlets, as expected, at 3.96 and 3.68 ppm. All of this matches the NMR data
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reported by Diallo et al.?*® However, the signal that appears at 8.49 ppm in our *H NMR
spectrum appears as a doublet with a coupling constant of 1.8 Hz, whereas, Diallo et al.?%
record this as a singlet, and the signal at 7.47 ppm appears in our *H NMR spectrum as a
doublet with a coupling constant of 8.1 Hz, whereas, Diallo et al.?®® record this as a
doublet of doublets with coupling constants of 8.5 Hz and 1.5 Hz. We did use HR-MS to
confirm the molecular formula assignment of this product (see Appendix 2, Figure A326)
and, with a mass error of 1.67 ppm, we are confident that dimethyl biphenyl-2,4-
dicarboxylate, 129, is the product produced as a result of this reaction.

CO,Me
| 4 /OMO\ Base/Catalyst N O

(0] (o) Toluene, reflux, 18 hr
CO,Me

1 129

Scheme 37. Reaction that occurred when 1 was reacted with dimethyl glutaconate in the presence of either
piperidine and acetic acid, DL-proline, or pyrrolidine. The use of pyridine led to no reaction and returned
starting material.

A number of different bases were then investigated, namely DL-proline, pyrrolidine and
pyridine. However, in all cases where a reaction occurred, the same biaryl product was
produced. A proposed mechanism, based on that suggested by Diallo et al.?®, is given in
Scheme 38.

0
= N o
I Meo,c”""co,Me I co,Me 0 (' CO,Me
| | D °
) r
; N CO,Me O CO,Me
b I I
@
H HO H
CO,M
CoMe o ain O CoMe  h,0 2ne
O D -~
O CO,Me O COMe ! coaMe
129 v .

Scheme 38. Adapted from the work of Diallo et al.,?*® a proposed mechanism for biaryl formation.

According to this mechanism, the biaryl product is formed as a result of a based-catalyzed
[3+3] oxidative benzannulation reaction between a,B-unsaturated carbonyl compounds
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and dimethyl glutaconate. It starts with the intermolecular Michael addition of dimethyl
glutaconate to the aldehyde, in our case trans-cinnamaldehyde 1, to give the intermediate
I. The intermediate 11 is generated via C=C double bond isomerization of intermediate |
under basic conditions, and this intermediate subsequently undergoes an intramolecular
aldol cyclization to produce the six-membered alcohol intermediate I11. The final biaryl
product is formed via a sequential dehydration and oxidative aromatization with
molecular oxygen (from air).?*® The pKa of (the amino component of the) protonated DL-
proline, pyrrolidine, and piperidine are all approximately 11. However, the pKa of the
protonated form of pyridine is approximately 5. This makes its conjugate base, being
pyridine, a much weaker base than those listed above. This might explain why the reaction
shown above does not take place with respect to pyridine but does when any of the other
bases are used. Different variations of this reaction were attempted, including changing
the solvent to ethanol, an investigation of different temperatures, 20 °C, 50 °C and 80 °C
and different equivalents of base, Tables 17(a)-(d). In all cases, the biaryl product formed
and the best yield was obtained using toluene as the solvent, piperidine as the base, and a
reflux temperature of ~112 °C for 18 hours. Hence, it was decided that we could not
access this particular triene using the Knoevenagel condensation reaction, traditional or
otherwise.

Table 17(a). Number of equivalents of base explored as part of the variations of the traditional
Knoevenagel-condensation reaction

Equivalents of base? Yield of pure
biaryl (%0)°

0.25 eq. piperidine and acetic acid 42
0.5 eq. piperidine and acetic acid 45

1 eq. piperidine and acetic acid 51
1.5 eq. piperidine and acetic acid 47

@ In varying the conditions for application of the traditional Knoevenagel-condensation, dimethyl
glutaconate (1 mmol) and trans-cinnamaldehyde, 1 (1 mmol) were employed, using piperidine and acetic
acid (varying equivalents), and allowed to reflux in toluene for 18 hours.  Isolated yield obtained after
column chromatography.

Table 17(b). Solvents explored as part of the variations of the traditional Knoevenagel-condensation
reaction

Solvent? Yield of pure
biaryl (%)°

Toluene 51

Ethanol 21

2 In varying the conditions for application of the traditional Knoevenagel-condensation, dimethyl
glutaconate (1 mmol) and 1 (1 mmol) were employed, using piperidine and acetic acid (1 eq.), and allowed
to reflux in different solvents for 18 hours. ® Isolated yield obtained after column chromatography.
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Table 17(c). Temperatures explored as part of the variations of the traditional Knoevenagel-condensation
reaction

Temperature (°C)? Yield of pure biaryl (%6)°
~ 112 (Reflux) 51
80 44
30 Product not obtained by crude NMR, returned

starting materials

@ In varying the conditions for application of the traditional Knoevenagel-condensation, dimethyl
glutaconate (1 mmol) and 1 (1 mmol) were employed, using piperidine and acetic acid (1 eq.), and allowed
to react at different temperatures in toluene for 18 hours. ® Isolated yield obtained after column
chromatography.

Table 17(d). Bases explored as part of the variations of the traditional Knoevenagel-condensation reaction

Base? Yield of pure biaryl (%)°
Piperidine and acetic acid 51
DL-proline 9
Pyrrolidine 19
Pyridine Product not obtained by crude NMR,

returned starting materials

@ In varying the conditions for application of the traditional Knoevenagel-condensation, dimethyl
glutaconate (1 mmol) and 1 (1 mmol) were employed, using different bases (1 eq.), and allowed to reflux
in toluene for 18 hours. ? Isolated yield obtained after column chromatography.

We then wanted to consider if changing the electronics of the reacting species might
enable triene formation. The phenyl ring on trans-cinnamaldehyde, 1, was replaced with
one containing an electron-withdrawing group at the para position (a nitro group). All
other conditions remained the same (i.e. dimethyl glutaconate (1 mmol) and 44 (1 mmol)
reacted using piperidine as the base (1 equivalent), and acetic acid (1 equivalent) and
allowed to reflux in toluene for 18 hours). Again, it appears that it is the biaryl product,
130, (Figure 72(a)) that is formed rather than the triene. This is a novel biaryl to the best
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of our knowledge, although Diallo et al.?®® did report the formation of a very similar
product, Figure 72(b), whose reported spectra align very well with our data.

! CO,Me (b) ! CO,Me
O COzMe O
O2N O,N

130

(a)

CO,Me
131

Figure 72. (a) The proposed product 130 formed from the reaction 4-nitrocinnamaldehyde, 44, and
dimethyl glutaconate in our attempts at triene synthesis. (b) The dimethyl 5-methyl-4'-nitrobiphenyl-2,4-
dicarboxylate product, 131, formed by Diallo et al.?%®

The analysis of the *H NMR spectrum (Figure 73), is very clear for the assignment of the
NMR data of compound 130 and so this will be the focus of the discussion here.
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Figure 73. 'H NMR spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130, with zoomed in images
of signal multiplicities, in order of ppm.
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Hd
Hc

CO,Me
Hb O 2
Ha
O He
CO,M
O,N Hp = —21®

Ha

Figure 74. The proposed biaryl product with protons assigned with labels.

Hc (Figure 74) is the most shielded aromatic proton and therefore appears the most
upfield after the two methyl groups, which are assigned as the two singlets at 3.99 and
3.73 ppm. This is because Hc is over three bonds away from either of the two methyl
ester electron-withdrawing groups, and hence, does not experience the deshielding effect
that either Hd or He experiences. The next signal, reading downfield, is that of a set of
protons on the other aromatic ring. We know that the nitro group is a strongly electron-
withdrawing group so Ha would be more deshielded for that reason. Hence the signal that
is slightly more downfield to Hc must belong to the two Hb protons. They would not be
exactly chemically equivalent, but on the basis of their chemical shifts being so close, it
is easier for the purposes of NMR analysis to assign them the same label. Hd can be easily
assigned because it is the only proton that could generate a doublet of doublets, being
coupled to Hc and He, and the coupling constants observed of 8.0 Hz (d-c coupling) and
1.8 Hz (d-e coupling) is justified on the basis of its proximity to these two protons. Ha is
the next signal, reading downfield, which is a multiplet integrating for two protons. It is
quite downfield because of proximity to the para-nitro substituent as mentioned
previously. He therefore appears as the most deshielded signal, which is also justified
based on its location between two electron-withdrawing groups. The **C NMR and 2D-
spectra confirm the formation of this product. For example, the COSY spectrum shows
the coupling of Hd to Hc and He, and the coupling between Ha and Hb. These spectra are
included in Appendix 2, Figures A327-A332.

Our final attempt to synthesize the bisester triene involved the reaction of 4-
methoxycinnamaldehyde, 14, (cinnamaldehyde with an electron-donating OMe
substituent) with dimethyl glutaconate. Unfortunately, the traditional Knoevenagel-
condensation reaction conditions led to a complex mixture, which we were unable to
separate.
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2.3 Conclusion

To conclude, in this chapter we have described the development and application of a
Knoevenagel-type condensation reaction for the synthesis of a family of novel electron
poor trienes. Trienes are interesting because of their presence in a range of medicinal
products that exhibit a wide range of properties including antibacterial and anti-
melanogenic, as well as their ability to act as substrates in reactions such as Diels Alder
and 1,8-conjugate additions. Our approach involved the Knoevenagel-type condensation
of a propene with a trans-cinnamaldehyde to give the target triene, with the synthesis of
both the starting propene and trans-cinnamaldehyde required in most cases. The
development of this methodology involved an initial attempt to use traditional
Knoevenagel-condensation reaction conditions of piperidine and acetic acid. However, in
our model/test reaction this did not lead to the synthesis of the desired (1E,3E,5E)-1,3-
bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105, and prompted us to search for
alternative reaction conditions. As a result, we undertook an optimisation study, with
percentage conversion to triene estimated by qNMR, where we explored choice of
solvent, choice of base, and temperature. One of the reaction conditions we explored
involved the use of activated aluminium oxide as a base. The use of activated aluminium
oxide in Knoevenagel-type condensations has been reported previously in the literature
but its application to (E)-1,3-bis-phenylsulfonyl-prop-1-ene, 104, is, to the best of our
knowledge, a novel application of this synthetic approach. The optimization study was
successful in that preferred reaction conditions using activated aluminium oxide were
established which allowed the synthesis of the desired triene 105. The geometry of this
compound was confirmed by a previous group member, through X-ray crystallography,
and correlated with the NMR spectroscopic evidence we had obtained, for example,
through the calculation of coupling constants. Our preferred reaction conditions are 1
equivalent of propene and 1.1 equivalent of the trans-cinnamaldehyde, reacted at 20 °C
for 24 hours, using 15 equivalents of aluminium oxide as the base and DCM as the
solvent.

The application of our preferred aluminium oxide reaction conditions, and a variety of
trans-cinnamaldehydes, allowed us to access a family of novel 1,3,5-
bis(phenylsulfonyl)hexatrienes, compounds 106-120. As an example of our approach to
structural characterization, a detailed discussion of the NMR analysis of one
representative 1,3,5-hexatriene species, 110, is included. This methodology was
successful in the incorporation of a number of different trans-cinnamaldehydes, with
different electron donating and withdrawing groups on the aryl ring, as well as
replacement of the aryl ring with other heterocyclic and aryl systems. This was important
as is showed the substrate scope of our methodology, and all trans-cinnamaldehyde that
were employed resulted in the generation of the respective triene. Yields of 50-96% were
achieved with respect to the family of bis(phenylsulfonyl) trienes, with cinnamaldehydes
bearing an electron-withdrawing group in the para-position of the phenyl ring producing
the highest yields of trienes.
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The use of propene (E/Z)-4-phenylsulfonyl-but-2-enenitrile, 122, as starting material, in
place of 104, resulted in the generation of a small family of 2,4,6-heptatrienes, albeit in
lower yields than the bis(phenylsulfonyl) trienes, at 41-58%. Here we explored both
electron donating and electron withdrawing groups on the aryl ring of the trans-
cinnamaldehyde. Again, the trans-cinnamaldehyde bearing an electron-withdrawing
group in the para-position of the aryl ring (a nitro substituent) produced the highest yield
(58%) of the respective triene, 128. The incorporation of an alternative to 104 was
important as it demonstrates the ability to increase the substrate scope further, where
variations of both the trans-cinnamaldehyde and propene are tolerated. All twenty trienes
reported in this chapter are novel in the literature, and full characterization of each was
successfully completed using a combination of NMR spectroscopy, LC-MS, HR-MS and
IR analysis (and X-ray crystallography, where possible).

However, we did find that there were limitations in terms of substrate scope
regarding the nature of the propene used. Our research to date indicates that the presence
of an ester on the propene substrate largely diminishes and even prevents the formation
of the desired triene product. For instance, the attempted synthesis of methyl 7-phenyl-4-
(phenylsulfonyl)hepta-2,4,6-trienoate, 124, wusing the propene methyl (E)-4-
(phenylsulfonyl)but-2-enoate, 123, resulted in a complex mixture. Despite column
chromatography, the desired triene product was isolated with inseparable impurities in a
very low yield of 10%. Additionally, the use of dimethyl glutaconate as the propene was
completely unsuccessful, with respect to its application in our aluminium oxide
methodology, as just returned starting materials was observed, evident by NMR
spectroscopic analysis after the 24-hour reaction. In this case, a traditional Knoevenagel
approach was attempted using piperidine but, despite attempts at varying the reaction
conditions by changing the base, solvent and temperature, the desired triene could not be
synthesized. An alternative biaryl product, dimethyl biphenyl-2,4-dicarboxylate 129, was
obtained when the traditional Knoevenagel-condensation reaction conditions were
employed. This product was previously reported by Diallo et al, > though this group used
NaOH as a base rather than the piperidine. NMR analysis was used to confirm the
structure of this biaryl, as well as HR-MS.

Thus, there is an apparent limitation in terms of substrate scope that suggests the
developed aluminium oxide methodology may not be suitable for propenes containing
esters, and that other types of electron-withdrawing groups in the propene component are
better tolerated, such as phenylsulfonyl or cyano groups. This is an important
consideration in terms of any future potential applications of this procedure. However,
overall this proposed methodology is a convenient synthetic protocol that allows for the
generation of a range of trienes under mild conditions without the need for column
chromatography. This method tolerates a wide range of cinnamaldehydes, and a smaller
range of propenes, and is a new synthetic methodology for the synthesis of novel electron
poor triene systems.
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2.4 Experimental Procedure

2.4.1 General information for chemical synthesis

See section 1.4.1 for full details. Additionally, infrared spectra were obtained via ATR as
asolid on a zinc selenide crystal in the region 4000-400 cm™ on a Perkin Elmer Spectrum
100 FT-IR spectrophotometer.

2.4.2 Synthesis of precursor molecules

2.4.2.1 Procedure for the synthesis of (E)-3-bromo-1-phenylsulfonylprop-1-ene, 103

Bre_ X SO,Ph

This procedure was modified from literature.?® Elemental bromine (1.66 mL, 32.3 mmol,
1.1 eq.) was added to a stirring solution of allyl phenylsulfone (4.5 mL, 29 mmol, 1 eq.)
and dichloromethane (98 mL) and the resulting mixture was stirred at room temperature
for 4 hours. The solvent, and excess bromine, were removed in vacuo and the residue was
suspended in cold diethyl ether (50 mL). The intermediate dibromide was isolated as a
white solid after vacuum filtration. This solid was dissolved in chloroform (98 mL) and
triethylamine (4.10 mL, 29.4 mmol, 1 eq.) was added dropwise to the solution on ice. The
reaction was stirred for 5 minutes, and then for a further 10 minutes on removal of the
ice, until the solution returned to room temperature. The resulting mixture was washed,
first with 1 M HCI (50 mL) and then with distilled water (50 mL). The organic layer was
removed, dried over anhydrous Na>SOs, and concentrated in vacuo to give a colourless
residue. This was crystallised from a diethyl ether/n-hexane mixture on ice, which was
then left in the freezer for 3 hours to give colourless needles, 4.039 g (53%). *H NMR
(500 MHz, CDCl3): 6 7.95-7.88 (m, 2H), 7.66-7.54 (m, 3H), 7.03 (dt, 1H, J=6.8 Hz, J =
14.8 Hz), 6.57 (dt, 1H, J = 1.4 Hz, J = 14.8 Hz), 4.01 (dd, 2H, J = 1.4 Hz, J = 6.8 Hz);
13C NMR (125 MHz, CDCl3) 6 139.7, 139.5, 134.1, 133.8, 129.5, 127.9, 27.3 ppm NMR
data matches with literature.?®; LC-MS: purity 99.0% tgr= 25.59 min, (ESI) m/z
[M+NH4]* 278.2.

2.4.2.2 Procedure for the synthesis of (E)-1,3-bis-phenylsulfonylprop-1-ene, 104

PhO,S._~_-SO2Ph

The procedure was modified from literature.®® 103 (1.958 g, 7.5 mmol, 1 eq.) was
dissolved in methanol (22.5 mL) by stirring at room temperature. Benzenesulfinic acid
sodium salt (2.831 g, 17.25 mmol, 2.3 eq.) was added and the mixture was refluxed for
1.5 hours. The solvent was removed in vacuo, leaving a white solid, which was partitioned
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between dichloromethane (37.5 cm?®) and distilled water (37.5 cm®). The organic layer
was separated and dried over anhydrous Na,SOs4. The mixture was then filtered and
concentrated in vacuo to give a colourless residue that solidifies on standing. The product
was crystallised from a dichloromethane/n-hexane mixture on a salt/acetone ice bath,
which then gave colourless needles after being left in the freezer for 24 hours, 1.517 g
(63%). *H NMR (500 MHz, CDCls) § 7.83-7.81 (m, 2 H), 7.77-7.75 (m, 2H), 7.69-7.66
(m, 1 H), 7.65-7.61 (m, 1H), 7.59-7.55 (m, 2 H), 7.49-7.45 (m, 2H), 6.84 ( overlapping
dt,1H,J=7.7Hz,J=15.2Hz),6.38 (dt, L H, J=1.2 Hz, J = 15.1 Hz, CHCH), 3.95 (dd,
2H,J=7.8Hz, J=1.3Hz); 3C NMR (125MHz, CDCls) § 139.3, 138.6, 137.6, 134.34,
134.0, 131.3, 129.5, 129.4, 128.3, 128.0, 57.8 ppm, NMR data matches with literature.?®
239. LC-MS: purity 99.2% tr= 24.97 min, (ESI) m/z [M+NHa4]" 340.1.

2.4.2.3 Procedure for the synthesis of (E/Z)-4-bromo-but-2-enenitrile, 121

NC\/"LIVBI"

This procedure was modified from literature.?® Elemental bromine (2.2 mL, 41.03 mmol,
1.1 eq.) was added to a stirring solution of allyl cyanide (3 mL, 37.3 mmol, 1 eq.) and
dichloromethane (50 mL) on ice, stirred for 15 minutes after all the bromine was added
and then resulting mixture was then stirred at room temperature for 4 hours. The solvent,
and excess bromine, were removed in vacuo and the residue was dissolved in chloroform
(50 mL) and triethylamine (4.10 mL, 29.4 mmol, 1 eq.) was added dropwise to the
solution on ice. The reaction was stirred for 5 minutes, and then for a further 10 minutes
on removal of the ice, until the solution returned to room temperature. The resulting
mixture was washed first with 1 M HCI (50 mL) and then with distilled water (50 mL).
The organic layer was removed, dried over anhydrous Na>SO4, and concentrated in vacuo
to give a brown liquid. This was then subjected to short-path distillation using a Kugelrohr
apparatus to give a colourless liquid containing a mixture of isomers, 3.498g. (Z:E 2:1,
63%). *H NMR (500 MHz, CDCls): E-isomer: & 6.85 (dt, 1H, J = 7.2 Hz, J = 16.0 Hz),
5.70 (dt, 1H, J = 1.4 Hz, J = 16.0 Hz), 4.07 (dd, 2H, J = 1.4 Hz, J = 7.2 Hz); Z-isomer:
6.74 (dt, 1H, J = 8.2 Hz, J = 10.7 Hz), 5.53 (dt, 1H, J = 0.8 Hz, J = 10.7 Hz), 4.18 (dd,
2H,J=0.8 Hz, J = 8.2 Hz); 3C NMR (125 MHz, CDCls) E-isomer: 5 148.6, 116.4, 103.5,
29.5 ppm, Z-isomer: 6 147.7, 114.6, 102.5, 26.9 ppm, NMR data matches with
literature.24% 24,

2.4.2.4 Procedure for the synthesis of (E/Z)-4-phenylsulfonyl-but-2-enenitrile, 122

NC.__~,_SOyPh

The procedure was modified from literature.?®® 121 (2 g, 13.7 mmol, 1 eq.) was dissolved
in methanol (35 mL) by stirring at room temperature. Benzenesulfinic acid sodium salt
(5.173 g, 31.5 mmol, 2.3 eq.) was added and the mixture was refluxed for 3.5 hours. The
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solvent was removed in vacuo, leaving an oily residue, which was partitioned between
dichloromethane (60 cm?®) and distilled water (60 cm?). The organic layer was separated
and dried over anhydrous Na,SOs. The mixture was then filtered and concentrated in
vacuo to give a colourless residue that solidifies on standing. The product was crystallised
from a dichloromethane/n-hexane mixture on a salt/acetone ice bath, which then gave a
brown-tinted solid after being left in the freezer for 24 hours which contained both
isomers, 2.16 g (Z:E 66:33, 76%). *H NMR (500 MHz, CDCls) Z isomer: & 7.92-7.87 (m,
2 H), 8 7.75-7.70 (m, 1 H) 7.64-7.59 (m, 2 H), 6.59-6.53 (m, 1 H), 5.60 (dt, 1H, J = 1.1
Hz, J =10.9 Hz), 4.19 (dd, 2H, J = 1.1 Hz, J = 7.9 Hz); E isomer: 6 7.92-7.87 (m, 2 H),
7.75-7.70 (m, 1 H), 7.64-7.59 (m, 2 H), 6.59-6.53 (m, 1 H), 5.45 (dt, 1H, J =14 Hz,J =
16.3 Hz), 3.95 (dd, 2H, J = 1.4 Hz, J = 7.7 Hz); *C NMR (125 MHz, CDCl3) E isomer:
0 139.9, 137.7, 134.6, 129.62, 128.3, 115.6, 108.2, 59.5 ppm, Z isomer: & 139.4, 137.5,
134.58, 129.6, 128.4, 113.9, 107.2, 58.3 ppm; LC-MS (ESI) m/z [M+K]" 246.1.

2.4.2.5 Procedure for the synthesis of (E)-4-(phenylsulfonyl)but-2-enoate, 123

MeO,C._~_SO,Ph
The procedure was modified from literature.?3® Methyl 4-bromocrotonate (882 pL, 7.5
mmol, 1 eq.), which was predominately trans- and purchased commercially was dissolved
in methanol (20 mL) by stirring at room temperature. Benzenesulfinic acid sodium salt
(2.832 g, 17.25 mmol, 2.3 eq.) was added and the mixture was refluxed for 3.5 hours. The
solvent was removed in vacuo, leaving an oily residue, which was partitioned between
dichloromethane (60 cm?®) and distilled water (60 cm®). The organic layer was separated
and dried over anhydrous Na>SOa. The mixture was then filtered and concentrated in
vacuo to give a colourless residue that solidifies on standing. The product was crystallised
from a dichloromethane/n-hexane mixture on a salt/acetone ice bath, 1.085 g (60%). *H
NMR (500 MHz, CDCls3) E isomer: 6 7.88 (d, J = 7.4 Hz, 2H), 7.69 (t, J = 7.4 Hz, 1H),
7.59 (t, J = 7.8 Hz, 2H), 6.82 (overlapping dt, J = 15.6, 7.8 Hz, 1H), 5.91 (dd, J = 15.6,
1.1 Hz, 1H), 4.00 (d, J = 7.8 Hz, 2H), 3.72 (s, 3H); 3C NMR (125 MHz, CDCl3) E isomer:
8 165.2, 138.1, 134.2, 133.2, 129.4, 129.0, 128.2, 58.9, 51.9 ppm. NMR data matches
with literature.3®

2.4.3 General protocol for reactions carried out as part of the optimization study to
determine preferred reaction conditions for triene synthesis - gNMR

In order to develop a Knoevenagel-type condensation reaction, different solvent, bases,
and temperatures were investigated using the synthesis of (1E,3E,5E)-1,3-bis-
phenylsulfonyl-6-phenyl-hexa-1,3,5-triene 105 as a model reaction. In order to determine
a set of preferred reaction conditions for our triene synthetic methodology, a quantitative
NMR spectroscopic (QNMR) method was used to estimate percentage conversion of
triene achieved by implementation of each reaction. In each case, trans-cinnamaldehyde,
1, (140 uL, 1.1 mmol, 1.1 eq.) and (E)-1,3-bis(phenylsulfonyl)prop-1-ene, 104, (324 mg,
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1 mmol, 1 eq.) were dissolved in a solvent and a particular base, then the mixture was
allowed to stir for a particular amount of time at a certain temperature. After this time had
elapsed, the reaction mixture was reduced in vacuo to give the crude triene product 105,
all of which was transferred to a 10 mL volumetric flask and made up to the calibration
mark using deuterated chloroform. A 10 mM solution of 1,3,5-trimethoxybenzene was
made up by dissolving 16.819 mg of the solid in a 10 mL volumetric flask, using
deuterated chloroform, and making up to the calibration mark. This solution was used as
the internal standard for the experiment. 500 pL of each solution (of crude triene 105 and
of the internal standard) was then transferred to a NMR tube which was capped and
inverted several times to ensure homogeneous mixing of the two solutions. This solution
was then subjected to *H NMR spectroscopy.

2.4.3.1 Exploration of base

2.4.3.1.1 Use of piperidine

As above, in section 2.4.3, piperidine (73 pL, 1 eq.) and acetic acid (63 pL, 1 eq.) were
added to toluene (10 mL) and the mixture was allowed to reflux for 18 hours. A complex
crude mixture was obtained with uninterpretable NMR spectra and hence, gNMR could
not be applied to quantify the percentage conversion to 105 in this case.

2.4.3.1.2 Use of aluminium oxide (Al>,0O3)

As above, in section 2.4.3, Al,O3 (1.53 g, 15 eq.) was used as a base, which was added to
DCM (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under nitrogen.
The desired triene, 105 was produced in a quantitative conversion, corresponding to the
generation of a 105.88 mM solution.

2.4.3.2. Exploration of solvent

2.4.3.2.1. Use of DCM

Exactly as above in section 2.4.3.1.2

2.4.3.2.2. Use of toluene

As above in section 2.4.3.1.2, Al,03 (1.53 g, 15 eq.) was used as a base, which was added
to toluene (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under
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nitrogen. The desired triene 105 was produced, corresponding to a 62% conversion, in
turn, corresponding to the generation of a 61.22 mM solution.

2.4.3.2.3. Use of methanol

As above in section 2.4.3.1.2, Al>03 (1.53 g, 15 eq.) was used as a base, which was added
to methanol (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under
nitrogen. The desired triene 105 was produced, corresponding to a 66% conversion, in
turn, corresponding to the generation of a 65.7 mM solution.

2.4.3.2.4. Use of acetonitrile

As above in section 2.4.3.1.2, Al,03 (1.53 g, 15 eq.) was used as a base, which was added
to acetonitrile (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under
nitrogen. The desired triene 105 was produced, corresponding to a 43% conversion, in
turn, corresponding to the generation of a 42.46 mM solution.

2.4.3.3 Exploration of number of equivalents of Al,O3

2.4.3.3.1 Use of 15 equivalents of AloO3

Exactly as above in section 2.4.3.1.2

2.4.3.3.2 Use of 30 equivalents of Al,O3

As above in section 2.4.3.1.2, (3.06 g, 15 eq.) was used as a base, which was added to
DCM (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under nitrogen.
The desired triene 105 was produced, corresponding to a 59% conversion, in turn,
corresponding to the generation of a 59.22 mM solution.

2.4.3.3.3 Use of 5 equivalents of Al,O3

As above in section 2.4.3.1.2, (0.51 g, 5 eq.) was used as a base, which was added to
DCM (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under nitrogen.
The triene 105 was produced, corresponding to a 96% conversion, in turn, corresponding
to the generation of a 95.74 mM solution.
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2.4.3.3.4 Use of 1 equivalent of Al,O3

As above in section 2.4.3.1.2, Al,03 (0.10 g, 1 eq.) was used as a base, which was added
to DCM (10 mL) and the mixture was allowed to stir at 20 °C for 24 hours under nitrogen.
A complex crude mixture was obtained with uninterpretable NMR spectra and hence,
gNMR could not be applied to quantify the percentage conversion to 105 in this case.

2.4.3.4 Exploration of reaction temperature

2.4.3.4.1 Use of 20 °C

Exactly as above in section 2.4.3.1.2

2.4.3.4.2 Use of ~40 °C (reflux)

As above in section 2.4.3.1.2, Al,03 (1.53 g, 15 eq.) was used as a base, which was added
to DCM (10 mL) and the mixture was allowed to reflux for 24 hours under nitrogen. The
desired triene 105 was produced, corresponding to a 26% conversion, in turn,
corresponding to the generation of a 25.72 mM solution.

2.4.4 General procedure for the synthesis of trienes

Activated aluminium oxide (0.765 g, 7.5 mmol, 15 eq.) was suspended in anhydrous
dichloromethane (5 mL). The mixture was stirred in an ice bath for 10 minutes, at which
point 104 (162 mg, 0.5 mmol, 1 eq.) was added followed by the corresponding
cinnamaldehyde (0.55 mmol, 1.1 eq.). Alternatively, the reaction was performed at 1
mmol scale, thus the same conditions apply but all reagents mentioned thus far were
doubled in quantity. The reaction was stirred for 24 hours at 20 °C. The resulting
suspension was then filtered through a pad of Celite and washed with dichloromethane
(25 mL). The solvent was removed in vacuo using a water bath set to 30 °C to afford the
crude product. Dichloromethane was added to facilitate dissolution of the crude product
and n-hexane (approximately 0.5 mL) was added. The solution was stored in the freezer
overnight and the precipitate was filtered and washed with ice-cold methanol (2.5 mL) to
yield a solid.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105

PhO,S

|
|

SO,Ph

This compound was synthesized using trans-cinnamaldehyde, 1 (140 uL, 1.1 mmol, 1.1
eq.) according to the general procedure at 1 mmol scale. A bright yellow solid was
obtained, 403 mg (93%). *H NMR (500 MHz, CDCl3) § 7.84-7.81 (m, 3 H), 7.75-7.73
(m, 2 H), 7.66-7.63 (m, 1 H), 7.57-7.52 (m, 6 H), 7.43-7.39 (m, 5 H), 7.26-7.23 (d, 1 H),
7.18-7.13 (m, 2 H); ¥*C NMR (125 MHz, CDCls) § 147.8, 145.5, 134.0, 139.8, 135.0,
133.7,133.6, 133.0, 132.3, 130.8, 129.4, 129.3, 129.2, 128.3, 127.7, 127.5, 120.3; HRMS
(ESI-MS) Calc. for C24H2104S; (M+H)*: 437.0876; found: 437.0862; IR (ATR): vmax
3079, 3033, 1589, 1575, 1555, 1446, 1309, 1287, 1213, 1178, 1143, 1083, 977, 962, 873,
848, 817, 743, 719, 686 cm™; LC-MS: purity 100% tg= 31.59 min, (ESI) m/z [M+K]*
475.6.

Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-1,3,5-
triene, 106

This compound was synthesized using 2-methoxy cinnamaldehyde, 2 (predominantly
trans) (89 mg, 0.55 mmol, 1.1 eq.) according to the general procedure. A yellow solid
was obtained, 163 mg (71%). *H NMR (500 MHz, CDCls) ¢ 7.86-7.80 (m, 3 H), 7.75-
7.73 (m, 2 H), 7.65-7.62 (m, 1 H), 7.60-7.51 (m, 6H), 7.42-7.37 (m, 3 H), 7.31-7.26 (m,
1 H), 7.13-7.10 (d, 1 H), 7.02-6.99 (t, 1 H), 6.95-6.93 (d, 1 H) 3.92 (s, 3 H); 13C NMR
(125 MHz, CDCls) 6 158.4, 146.8, 143.5, 140.1, 140.0, 133.6, 133.4, 132.3, 132.2, 131.2,
129.6, 129.4, 129.2, 128.9, 127.7, 127.5, 124.0, 121.1, 121.0, 111.3, 55.7; HRMS (ESI-
MS) Calc. for CasH2305S, (M+Na)™: 489.0801; found 489.0797; IR (ATR): vmax 3068,
3018, 1584, 1563, 1482, 1462, 1444, 1289, 1247, 1213, 1181, 1139, 1085, 1022, 984,
958, 841, 819, 741, 717, 687 cm™; LC-MS: purity 97.1% tg= 32.34 min, (ESI) m/z
[M+H]" 467 .4.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-
triene, 107
PhO,S

SO,Ph

H;CO
This compound was synthesized using trans-4-methoxy cinnamaldehyde, 14 (89 mg, 0.55
mmol, 1.1 eq.) according to the general procedure. A light brown solid was obtained, 145
mg (62%). *H NMR (500 MHz, CDCls) § 7.83-7.80 (m, 3 H), 7.74-7.72 (m, 2 H), 7.66-
7.62 (m, 1 H), 7.58-7.51 (m, 6 H) 7.42-7.38 (m, 2 H), 7.21-7.18 (d, 1 H), 7.13-7.10 (d, 1
H), 7.06-7.00 (dd, 1 H, J = 11.7 Hz, J = 15.0 Hz), 6.96-6.93 (m, 2H), 3.87 (s, 3H); 3C
NMR (125 MHz, CDCIs) ¢ 162.0, 147.9, 146.4, 140.1, 140.0, 133.6, 133.4, 131.9, 130.5,
130.2, 129.4, 129.2, 127.8, 127.7, 127.4, 118.1, 114.7, 55.5; HRMS (ESI-MS) Calc. for
C25H2205S, (M+H)*: 466.0909; found 466.0907; IR (ATR): vmax 3072, 3023, 1587, 1551,
1508, 1468, 1446, 1306, 1287, 1255, 1216, 1168, 1144, 1108, 1084, 1024, 975, 962, 850,
827,782,752, 739, 717,684 cm™; LC-MS: purity 100% tr= 31.89 min, (ESI) m/z [M+H]*
467.2.

Synthesis of  (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-
triene, 108
PhO,S

SO,Ph

Cl
This compound was synthesized using trans-4-chloro cinnamaldehyde, 43 (92 mg, 0.55
mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained, 139 mg
(59%). *H NMR (500 MHz, CDCls3) 6 7.82-7.79 (m, 3 H), 7.74-7.72 (m, 2 H), 7.67-7.64
(m, 1H), 7.57-7.52 (m, 4 H), 7.50-7.47 (m, 2 H), 7.42-7.38 (m, 4 H), 7.20-7.08 (m, 3 H);
13C NMR (125 MHz, CDCls) ¢ 146.0, 144.9, 139.9, 139.6, 136.8, 133.7, 133.6, 133.5,
133.3, 132.8, 129.5, 129.3, 129.3, 129.0, 127.7, 127.6, 120.8; HRMS (ESI-MS) Calc. for
C24H2004S2Cl (M+H™): 471.0486; found 471.0469; IR (ATR): vmax 3066, 3038, 1600,
1586, 1567, 1545, 1490, 1446, 1307, 1285, 1210, 1176, 1141, 1083, 983, 946, 843, 813,
767, 749, 720, 687 cm™, LC-MS: purity 99.5% tg= 19.21 min, (ESI) m/z [M+H]" 472.2.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-triene,
109
PhO,S

SO,Ph

O,N
This compound was synthesized using trans-4-nitro cinnamaldehyde, 44 (195 mg, 1.1
mmol, 1.1 eq.) according to the general procedure, performed at 1 mmol scale. A light
brown solid was obtained, 463 mg (96%). *H NMR (500 MHz, CDCls) 6 8.28-8.26 (m, 2
H), 7.83-7.81 (m, 3 H), 7.74-7.66 (m, 5 H), 7.59-7.53 (m, 4 H), 7.43-7.40 (m, 2 H), 7.28-
7.24 (m, 2 H), 7.21-7.18 (m, 1 H); *C NMR (125 MHz, CDCl3) 6 147.5, 142.8, 142.3,
139.8, 138.6, 138.2, 134.2, 133.6, 132.9, 132.8, 128.5, 128.4, 127.61, 127.60, 126.8,
126.7, 123.3, 123.2; HRMS (ESI-MS) Calc. for C24H1906S2N (M+H)*: 481.0654; found
481.0638; IR (ATR): vmax 3068, 3028, 1603, 1516, 1447, 1342, 1306, 1285, 1212, 1176,
1142, 1086, 990, 969, 843, 831, 766, 746, 722, 685, 667 cm™; LC-MS: purity 98.8% tr=
31.60 min, (ESI) m/z [M+Na]* 504.4.

Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(4-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110

PhO,S
SO,Ph

H3C\N
CHg,

This compound was synthesized using trans-p-dimethylaminocinnamaldehyde, 45 (96
mg, 0.55 mmol, 1.1 eq.) according to the general procedure, with the exception that tinfoil
was used to cover the reaction flask as trans-p-dimethylaminocinnamaldehyde is light
sensitive. A bright red solid was obtained, 144 mg (60%) *H NMR (500 MHz, CDCls) ¢
7.84-7.80 (m, 3 H), 7.75-7.73 (m, 2 H), 7.63-7.57 (m, 2 H), 7.53-7.50 (m, 3 H), 7.48-7.46
(m, 2 H), 7.40-7.37 (m, 2 H), 7.19-7.16 (d, 1 H, J = 14.9 Hz), 7.07-7.04 (d, 1 H, J = 15.1
Hz), 7.00-6.95 (dd, 1 H, J = 11.9 Hz, J = 14.9 Hz), 6.70-6.68 (m, 2H), 3.08 (s, 6H); 13C
NMR (125 MHz, CDCls) 6 152.3, 149.6, 147.8, 140.5, 140.47, 133.3, 133.1, 130.6, 129.9,
129.86, 129.3, 129.1, 127.5, 127.3, 127.2, 122.9, 115.2, 111.9, 40.1; HRMS (ESI-MS)
Calc. for C26H2504S2N (M+H)*: 479.1225; found 479.1225; IR (ATR): vmax 3068, 3018,
1568, 1542, 1480, 1446, 1376, 1306, 1285, 1244, 1212, 1166, 1150, 1136, 1084, 1065,
999, 968, 914, 842, 810, 768, 749, 718, 704, 687 cm™; LC-MS: purity 100% tgr= 32.71
min, (ESI) m/z [M+H]" 480.3.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-triene,
111
PhO,S

SO,Ph

N7

This compound was synthesized using trans 4-cyanocinnamaldehyde, 38 (173 mg, 1.1
mmol, 1.1 eq.) according to the general procedure, performed at 1 mmol scale. A yellow-
tinted solid was obtained, 231 mg (81%). *H NMR (500 MHz, CDCl3) 6 7.85-7.79 (m, 3
H), 7.73-7.62 (m, 7 H), 7.58-7.51 (m, 4 H), 7.43-7.40 (m, 2H), 7.21-7.16 (m, 3H); 13C
NMR (125 MHz, CDCls) ¢ 144.4, 143.6, 139.6, 139.3, 139.1, 134.9, 134.4, 133.9, 133.8,
132.8, 129.5, 129.4, 128.6, 128.4, 127.8, 127.7 123.5, 118.3, 113.6; HRMS (ESI-MS)
Calc. for C25H19S204N (M+Na*): 484.0648; found 484.0661; IR (ATR): vmax 3070, 2222,
1604, 1560, 1478, 1445, 1412, 1318, 1307, 1287, 1213, 1177, 1154, 1143, 1084, 1022,
999, 984, 971, 958, 865, 845, 820, 771, 749, 718, 700, 686 cm™; LC-MS: purity 99.3%
tr = 30.86 min, (ESI) m/z [M+Na]" 484.3.

Synthesis  of  (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-bromophenyl)-hexa-1,3,5-
triene, 112
PhO,S

| SO,Ph

|
|

Br

This compound was synthesized using trans-4-bromo cinnamaldehyde, 40 (232 mg, 1.1
mmol, 1.1 eq.) according to the general procedure performed at 1 mmol scale. A yellow
solid was obtained, 287 mg (56%). *H NMR (500 MHz, CDCl3) § 7.85-7.79 (m, 3 H),
7.75-7.70 (m, 2 H), 7.67-7.64 (m, 1H), 7.60-7.51 (m, 6 H), 7.45-7.39 (m, 4 H), 7.21-7.10
(m, 3 H); ¥*C NMR (125 MHz, CDCI3) § 146.1, 144.9, 139.9, 139.6, 133.9, 133.7, 133.6,
133.3, 132.9, 132.4, 129.50, 129.47, 129.3, 129.0, 127.8, 127.6, 125.2 120.9; HRMS
(ESI-MS) Calc. for C24H19S204Br (M+Na*): 538.9774; found 538.9781; IR (ATR): vmax
3065, 1599, 1583, 1563, 1546, 1485, 1446, 1403, 1307, 1285, 1208, 1174, 1141, 1083,
1068, 1023, 1007, 982, 967, 926, 843, 806, 767, 745, 719, 685, 658 cm™’; LC-MS: purity
99.4% tr=19.27 min, (ESI) m/z [M+H]" 516.2.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-1,3,5-
triene, 113
PhO,S

SO,Ph

This compound was synthesized using trans 4-methyl benzoate cinnamaldehyde, 39 (105
mg, 0.55 mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained,
151 mg (61%). *H NMR (500 MHz, CDCls) ¢ 8.08-8.06 (m, 2 H), 7.83-7.81 (m, 3 H),
7.74-7.73 (m, 2 H), 7.68-7.65 (m, 1 H), 7,61-7.53 (m, 6 H), 7.43-7.40 (m, 2H), 7.26-7.23
(m, 2 H) 7.21-7.15 (m, 1 H), 3.95 ppm (s, 3 H); 3C NMR (125 MHz, CDCls) ¢ 166.3,
145.9, 144.4, 139.8, 139.5, 139.0, 133.9, 133.8, 133.7, 131.7, 130.3, 129.5, 129.3, 128.9,
128.0, 127.8, 127.6, 122.4, 52.4 ppm; HRMS (ESI-MS) Calc. for C2sH2206S2 (M+Na®):
517.0750; found: 517.0738; IR (ATR): vmax 3071, 3030, 1715, 1605, 1553, 1478, 1446,
1429, 1411, 1358, 1306, 1282, 1215, 1178, 1144, 1106, 1083, 1012, 998, 959, 912, 871,
851, 829, 813, 765, 755, 745, 718, 685, 665 cm™; LC-MS: purity 99.6% tr = 18.43 min,
(ESI) m/z [M+Na]*517.3.

Synthesis of  (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(o-bromophenyl)-hexa-1,3,5-
triene, 114
PhO,S

SO,Ph

Br
|

This compound was synthesized using trans-2-bromo cinnamaldehyde, 5 (116 mg, 0.55
mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained, 163 mg
(63%). *H NMR (500 MHz, CDCls) § 7.88-7.84 (m, 1 H), 7.82-7.78 (m, 2 H), 7.75-7.72
(m, 2 H), 7.68-7.60 (m, 4 H), 7.57-7.50 (m, 4 H), 7.43-7.34 (m, 3H), 7.26-7.23 (m, 1H),
7.18-7.05 (m, 2H); 3C NMR (125 MHz, CDCls) ¢ 145.5, 144.8, 139.8, 139.5, 134.7,
133.7,133.66, 133.6, 133.5, 131.6, 129.5, 129.3, 129.0, 127.9, 127.8, 127.7, 127.6, 125.6,
122.6; HRMS (ESI-MS) Calc. for C24H19S204Br (M+Na*): 513.9908; found 513.9906;
IR (ATR): vmax 3069, 3023, 1598, 1582, 1564, 1478, 1463, 1446, 1368, 1309, 1281, 1218,
1179, 1144, 1084, 1024, 999, 969, 921, 867, 842, 825, 764, 750, 719, 682, 672 cm™; LC-
MS: purity 99.3% tr= 33.80 min, (ESI) m/z [M+NH,4]*533.3.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(m-bromophenyl)-hexa-1,3,5-
triene, 115
PhO,S

SO,Ph
Br |

This compound was synthesized using trans-3-bromo cinnamaldehyde, 34 (116 mg, 0.55
mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained, 143 mg
(55%). *H NMR (500 MHz, CDCl3) § 7.83-7.78 (m, 3 H), 7.74-7.72 (m, 2 H) 7.67-7.64
(m, 2 H), 7.57-7.51 (m, 5 H), 7.48-7.46 (d, 1 H, J = 7.9 Hz), 7.43-7.40 (m, 2 H), 7.31-
7.28 (t, 1H, J = 7.9 Hz), 7.18-7.07 ppm (m, 3H); 1°C NMR (125 MHz, CDCls) ¢ 145.6,
144.6, 139.8, 139.5, 137.0, 133.8, 133.7, 133.6, 133.5, 133.4, 130.8, 130.6, 129.5, 129.3,
128.9, 127.8, 127.6, 126.6, 123.3, 121.5 ppm; HRMS (ESI-MS) Calc. for C2sH19S,04Br
(M+H"): 513.9908; found 513.9906; IR (ATR): vmax 3072, 3013, 1600, 1564, 1478, 1447,
1417, 1369, 1323, 1308, 1283, 1217, 1179, 1154, 1140, 1083, 1025, 999, 968, 920, 890,
851, 842, 827, 777, 755, 747, 718, 692, 683 cm™*; LC-MS: purity 99.5% tr = 33.74 min,
(ESI) m/z [M+H]" 516.2.

Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-
triene, 116
PhO,S

| SO,Ph

l
|

This compound was synthesized using (E)-p-methylcinnamaldehyde, 41 (80 mg, 0.55
mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained, 147 mg
(65%). *H NMR (500 MHz, CDCls3) § 7.83-7.81 (m, 3 H), 7.75-7.73 (m, 2 H) 7.66-7.63
(m, 1 H), 7.57-7.52 (m, 4 H), 7.46-7.44 (m, 2 H), 7.42-7.39 (m, 2 H), 7.24-7.20 (m, 3 H),
7.15-7.14 (m, 1 H), 7.11-7.08 (m, 1 H), 2.41 ppm (s, 3 H); 13C NMR (125 MHz, CDCls)
5148.1,145.9,141.6, 140.1, 139.9, 133.6, 133.5, 132.6, 132.3, 131.5, 129.9, 129.4, 129.3,
129.2, 128.3, 127.7, 127.5, 119.4, 21.6 ppm; HRMS (ESI-MS) Calc. for C25H2204S;
(M+Na"): 473.0837; found: 473.0852; IR (ATR): vmax 3070, 3028, 1590, 1549, 1478,
1445, 1306, 1289, 1207, 1177, 1140, 1083, 1023, 998, 988, 960, 866, 848, 819, 809, 782,
755, 739, 717, 687 cm; LC-MS: purity 100% tr = 33.31, (ESI) m/z [M+Na]* 473.3.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-bis(trifluoromethyl)-hexa-
1,3,5-triene, 117
PhO,S

FsC

This compound was synthesized using (E)-3,5-bis(trifluoromethyl)cinnamaldehyde, 86
(133 mg, 0.55 mmol, 1.1 eq.) according to the general procedure. A very pale yellow solid
was obtained, 143 mg (50%). 'H NMR (500 MHz, CDCls3) § 7.94 (s, 2H), 7.89 (s, 1H),
7.84-7.80 (m, 3H), 7.74-7.71 (m, 2H), 7.69-7.66 (m, 1H), 7.59-7.50 (m, 4H), 7.44-7.41
(m, 2H), 7.24-7.18 ppm (m, 3H); 3C NMR (125 MHz, CDCls) § 143.2, 143.16, 139.5,
139.2,136.9, 135.3,134.7, 133.9, 133.88, 132.9, 132.6, 129.5, 129.4, 128.4, 127.8, 127.7,
127.6, 124.0, 123.7, 121.9 ppm; HRMS (ESI-MS) Calc. for CzsH2004S, (M+Na"):
595.0476; found: 595.0442; IR (ATR): vmax 3069, 3018, 1606, 1585, 1560, 1479, 1447,
1382, 1362, 1310, 1282, 1217, 1169, 1143, 1123, 1109, 1084, 1023, 999, 978, 945, 931,
899, 846, 770, 749, 732, 720, 709, 682, 658 cm™; LC-MS: purity 100% tg = 33.15 min,
(ESI) m/z [M+Na]* 595.3.

Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(naphthalene)-hexa-1,3,5-triene,
118

PhO,S

This compound was synthesized using (E)-3-(naphthalen-1-yl)acrylaldehyde, 37 (100
mg, 0.55 mmol, 1.1 eq.) according to the general procedure. A yellow solid was obtained,
124 mg (51%). *H NMR (500 MHz, CDCl3) & 8.17-8.15 (d, 1 H, J = 8.5 Hz), 8.11-8.08
(d, 1 H, J =15.1 Hz), 8.00-7.97 (d, 1H, J = 11.8 Hz), 7.95-7.90 (m, 2 H), 7.87-7.85 (d, 1
H,J=7.4Hz), 7.83-7.81 (m, 2 H), 7.79-7.70 (m, 2 H), 7.66-7.52 (m, 8 H), 7.44-7.41 (m,
2 H), 7.30-7.24 (dd, 1H, J = 11.8 Hz, J = 15.1 Hz), 7.20-7.16 ppm (d, 1H, J = 15.1 Hz);
13C NMR (125 MHz, CDCls) & 145.5, 144.3, 139.9, 139.7, 133.8, 133.7, 133.6, 133.0,
132.4,132.0,131.4,131.3, 129.4, 129.3, 129.2, 129.0, 127.7, 127.6, 127.3, 126.4, 125.6,
125.4, 122.8, 122.5 ppm; HRMS (ESI-MS) Calc. for C2sH2204S, (M+Na®): 509.0874;
found:509.0849; IR (ATR): vmax 3071, 3028, 1595, 1568, 1557, 1509, 1479, 1446, 1343,
1311, 1305, 1243, 1214, 1189, 1153, 1141, 1083, 1024, 999, 964, 915, 883, 845, 825,
793, 772, 758, 749, 738, 717, 680 cm™; LC-MS: purity 98.8% tr = 34.00 min, (ESI) m/z
[M+Na]" 509.4.
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Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-triene, 119

This compound was synthesized using (E)-3-(pyridin-2-ylacrylaldehyde, 35 (73 mg,
0.55 mmol, 1.1 eq.) according to the general procedure. A brown solid was obtained,
130mg (59%). *H NMR (500 MHz, CDCls) § 8.68-8.67 (m, 1 H), 7.86-7.81 (m, 3 H),
7.75-7.70 (m, 4 H), 7.66-7.60 (m, 2 H), 7.57-7.52 (m, 3 H), 7.43-7.39 (m, 3 H), 7.29-7.26
(m, 1 H), 7.25-7.22 (d, 1 H, J = 14.7 Hz), 7.20-7.17 (d, 1 H, J = 15.5 Hz); 3C NMR (125
MHz, CDClz) ¢ 153.0, 150.4, 145.6, 144.5, 139.9, 139.5, 136.8, 134.5, 133.7, 129.4,
129.3, 129.0, 127.8, 127.6, 124.6, 124.3, 124.1 ppm; HRMS (ESI-MS) Calc. for
C23H1904S2N (M+H™): 438.0814; found: 438.0830; IR (ATR): vmax 3069, 3028, 1596,
1581, 1548, 1471, 1446, 1434, 1318, 1307, 1290, 1235, 1218, 1206, 1173, 1140, 1083,
1024, 987, 978, 966, 927, 869, 847, 823, 779, 769, 746, 717, 685 cm™; LC-MS: purity
99.7% tr= 28.37, (ESI) m/z [M+Na]* 465.2.

Synthesis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-triene,
120

This compound was synthesized using (E)-3-(thiophen-2-yl)acrylaldehyde, 36 (76 mg,
0.55 mmol, 1.1 eq.) according to the general procedure. A yellow/orange solid was
obtained, 140 mg (63%). *H NMR (500 MHz, CDCls) § 7.85-7.81 (m, 2 H), 7.78-7.75 (d,
1H,J=119Hz) 7.73-7.71 (m, 2 H), 7.66-7.63 (m, 1 H), 7.55-7.52 (m, 3H), 7.49-7.47
(m, 2 H), 7.42-7.38 (m, 2 H), 7.37-7.34 (d, 1 H, J = 15.1 Hz), 7.30-7.29 (m, 1 H), 7.15-
7.12 (d, 1 H, J=15.1 Hz), 7.11-7.09 (dd, 1 H, J = 3.7 Hz, J = 5.0 Hz), 6.93-6.87 (dd, 1
H,J=11.9 Hz, J = 15.1 Hz); 13C NMR (125 MHz, CDCls3) & 145.4, 140.5, 140.0, 139.9,
139.8, 133.6, 133.5, 132.4, 131.5, 131.3, 130.0, 129.4, 129.2, 129.1, 128.6, 127.7, 127.5,
119.5 ppm; HRMS (ESI-MS) Calc. for C22H1804S3s (M+Na™): 465.0291; found: 465.0262;
IR (ATR): vmax 3111, 3069, 3013, 1588, 1497, 1478, 1445, 1413, 1371, 1306, 1288, 1232,
1210, 1174, 1141, 1083, 1041, 1024, 998, 979, 966, 918, 849, 831, 776, 753, 728, 715,
680 cm™; LC-MS: purity 98.8% tr = 31.16, (ESI) m/z [M+Na]* 465.2.
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Synthesis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene, 125
CN

PhO,S |

This compound was synthesized using trans-cinnamaldehyde, 1 (140 uL, 1.1 mmol, 1.1
eq.) according to the general procedure with (E/Z)-4-phenylsulfonyl-but-2-enenitrile,
122, substituted for (E)-3-bromo-1-phenylsulfonylprop-1-ene, 104, performed at 1 mmol
scale. A bright orange solid was obtained, 158 mg (49%). *H NMR (500 MHz, CDCls) ¢
7.93-7.91 (m, 2 H), 7.67-7.64 (m, 1 H), 7.59-7.55 (m, 4 H), 7.41-7.40 (m, 3 H), 7.35-7.32
(m, 1 H), 7.26-7.23 (m, 2 H), 7.16-7.10 (m, 1 H), 6.77-6.74 ppm (m, 1 H); 1*C NMR (125
MHz, CDCls) 6 152.0, 146.4, 140.0, 137.6, 134.9, 133.8, 130.9, 130.7, 129.5, 129.1,
128.3,127.8,123.8,114.2, 108.3 ppm; HRMS (ESI-MS) Calc. for C1gH1502SN (M+Na)*:
344.0716; found: 344.0719; IR (ATR): vmax 3046, 2222, 1585, 1574, 1447, 1305, 1286,
1274, 1219, 1197, 1178, 1140, 1083, 1023, 991, 983, 953, 866, 836, 798. 764, 750, 726,
687 cm; LC-MS: purity 96.3% tr= 29.76 min, (ESI) m/z [M+H]* 322.0.

Synthesis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-
hepta-2,4,6-triene, 126
CN

PhO,S |

N(CH3),
This compound was synthesized using trans-p-dimethylaminocinnamaldehyde, 45 (96
mg, 0.55 mmol, 1.1 eq.) according to the general procedure, with the exception that tinfoil
was used to cover the reaction flask as trans-p-dimethylaminocinnamaldehyde is light
sensitive, and with compound 122 substituted for compound 104. A bright red solid was
obtained, 88 mg (48%). *H NMR (500 MHz, CDCls) 6 7.92-7.90 (m, 2 H), 7.64-7.61 (m,
1 H), 7.57-7.54 (m, 2 H), 7.45-7.44 (m, 2 H), 7.32-7.29 (m, 1 H), 7.19-7.17 (m, 1 H),
7.06-6.99 (m, 2 H), 6.67-6.65 (m, 2 H), 6.62 (d, 1 H, J = 14.7 Hz), 3.06 ppm (s, 6 H); °C
NMR (125 MHz, CDCIs) ¢ 153.4, 152.2, 147.8, 140.6, 138.9, 133.5, 130.5, 129.4, 127.6,
127.5, 122.8, 119.0, 115.1, 111.9, 103.5, 40.1 ppm; HRMS (ESI-MS) Calc. for
C21H2002SN2 (M+H)™: 365.1318; found: 365.1319; IR (ATR): vmax 2970, 2921, 2802,
2738, 2220, 1738, 1659, 1594, 1571, 1524, 1486, 1446, 1368, 1306, 1266, 1231, 1215,
1177, 1137, 1083, 1068, 1007, 972, 943, 837, 810, 758, 733, 687 cm™. (Note: A HPLC
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chromatogram of (1E,3E,5E)-1-cyano-3-phenylsulfonyl-6-(p-dimethylaminophenyl)-
hexa-1,3,5-triene could not be obtained as it degraded on the HPLC column).

Synthesis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-
triene, 127
CN

PhO,S |

Br

This compound was synthesized using trans-4-bromo cinnamaldehyde, 40 (116 mg, 0.55
mmol, 1.1 eq.) according to the general procedure with compound 122 substituted for
compound 104. A yellow solid was obtained, 82 mg (41%). *H NMR (500 MHz, CDCls)
8 7.92-7.91 (m, 2 H), 7.67-7.64 (m, 1 H), 7.59-7.53 (m, 4 H), 7.42-7.40 (m, 2 H), 7.34-
7.31(m, 1 H), 7.23-7.19 (m, 2 H), 7.08-7.04 (m, 1 H), 6.78-6.75 ppm (m, 1 H); *C NMR
(125 MHz, CDCls) ¢ 151.4, 144.7, 139.9, 137.4, 133.9, 133.8, 132.4, 131.2, 1295,
129.49, 127.8, 125.3, 124.3, 114.1, 108.9 ppm; HRMS (ESI-MS) Calc. for
C19H140.SNBr (M+Na)*: 423.9802; found: 423.9800; IR (ATR): vmax 3016, 2970, 2231,
1739, 1613, 1581, 1568, 1488, 1445, 1407, 1365, 1313, 1280, 1269, 1227, 1217, 1191,
1180, 1165, 1085, 1069, 1022, 995, 964, 906, 882, 864, 839, 813, 797, 754, 725, 686 cm"
1. LC-MS: purity 96% tr= 33.12 min, (ESI) m/z [M+Na]" 423.2.

Synthesis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-(7-p-nitrophenyl)-hepta-2,4,6-
triene, 128
CN

PhO,S |

NO,
This compound was synthesized using trans-4-nitro cinnamaldehyde, 44 (97 mg, 0.55
mmol, 1.1 eq.) according to the general procedure with compound 122 substituted for
compound 104. A light brown solid was obtained, 106 mg (58%). *H NMR (500 MHz,
CDCls) 0 8.27-8.25 (m, 2 H), 7.94-7.92 (m, 2 H), 7.71-7.67 (m, 3 H), 7.61-7.58 (m, 2 H),
7.38-7.33(m,2H),7.29 (d, L H, J=11.5Hz), 7.18 (d, 1 H, J = 15.1 Hz), 6.85 ppm (d, 1
H, J=15.1 Hz); 13C NMR (125 MHz, CDCls) § 150.2, 148.5, 142.5, 140.8, 139.6, 136.8,
134.0, 132.6,129.6, 128.7, 127.9, 127.5,124.4,113.7, 111.2 ppm; HRMS (ESI-MS) Calc.
for C19H1404N2S (M-H"): 366.0674; found: 366.0676; IR (ATR): vmax 3050, 2225, 1682,
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1595, 1509, 1448, 1378, 1341, 1318, 1310, 1207, 1194, 1143, 1111, 1088, 1022, 1011,
981, 921, 874, 833, 804, 759, 745, 729, 688, 656 cm™; LC-MS: purity 97.6% tr= 30.29
min, (ESI) m/z [M+H]" 367.5.

Attempted synthesis of methyl 7-phenyl-4-(phenylsulfonyl)hepta-2,4,6-trienoate,
124
COZMe

PhO,S |

The attempt to synthesize this compound was done using trans-cinnamaldehyde, 1 (140
pL, 1.1 mmol, 1.1 eq.) according to the general procedure with (E)-4-
(phenylsulfonyl)but-2-enoate, 123 substituted for 104, performed at 0.5 mmol scale. This
produced a complex mixture consisting of a yellow oil which, even after being subjected
to column chromatography using 25:75 ethyl acetate: petroleum ether as mobile phase,
we were unable to separate.

2.4.5 Experiments using traditional Knoevenagel-condensation reaction conditions

2.4.5.1 Attempted synthesis of bis(methyl ester) triene

In our attempts to synthesize the bis(methyl ester) triene, different solvents, bases, and
temperatures were investigated. In each case, trans-cinnamaldehyde (1 mmol) and
dimethyl glutaconate (1 mmol) were dissolved in a solvent and a particular base, then the
mixture was allowed to stir for a particular amount of time at a certain temperature.
Subsequently, saturated ammonium chloride (20 mL) was added and the mixture was
extracted three times with dichloromethane (30 mL). The organic layer was next washed
with saturated sodium bicarbonate (100 mL) and deionised water (100 mL), and then
concentrated under reduced pressure to yield the crude product. This was subjected to
column chromatography using the mobile phase that gave the best separation, as indicated
by TLC.

2.4.5.1.1 Exploration of equivalents of base

2.4.5.1.1.1 0.25 equivalents of piperidine

As per section 2.4.5.1, using piperidine as base (24.7 uL, 0.25 eq.), with acetic acid (14.3
uL, 0.25 eq.), and the mixture was allowed to reflux in toluene for 18 hours. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) was obtained, 113 mg (42% yield).
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2.4.5.1.1.2 0.5 equivalents of piperidine

As per section 2.4.5.1, using piperidine as base (49.4 uL, 0.5 eq.), with acetic acid (28.6
uL, 0.5 eq.), and the mixture was allowed to reflux in toluene for 18 hours. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) was obtained, 122 mg (45% vyield).

2.4.5.1.1.3 1 equivalent of piperidine

As per section 2.4.5.1, using piperidine as base (98.8 uL, 1 eq.), with acetic acid (57.2
uL, 1 eq.), and the mixture was allowed to reflux in toluene for 18 hours. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) obtained, 138 mg (51% yield).

2.4.5.1.1.4 1.5 equivalents of piperidine

As per section 2.4.5.1, using piperidine as base (148 uL, 1.5 eq.), with acetic acid (85.8
uL, 1.5 eq.), and the mixture was allowed to reflux in toluene for 18 hours. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) obtained, 127 mg (47% yield)

2.4.5.1.2 Exploration of solvent

2.4.5.1.2.1 Use of toluene
Exactly as per section 2.4.5.1.1.3

2.4.5.1.2.2 Use of ethanol

As per section 2.4.5.1, using piperidine as base (98.8 uL, 1 eq.), with acetic acid (57.2
uL, 1 eq.), and the mixture was allowed to reflux in ethanol for 18 hours. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) obtained, 56 mg (21% yield).

2.4.5.1.3 Exploration of reaction temperature

2.4.5.1.3.1 Use of ~112 °C (Reflux)
Exactly as per section 2.4.5.1.1.3

2.4.5.1.3.2 Use of 80 °C

As per section 2.4.5.1, using piperidine as base (98.8 pL, 1 eq.), with acetic acid (57.2
uL, 1 eq.), and the mixture was allowed to stir in toluene for 18 hours at 80 °C. Dimethyl
biphenyl-2,4-dicarboxylate (colourless oil) obtained, 119 mg (44% yield).

2.4.5.1.3.2 Use of 30 °C

As per section 2.4.5.1, using piperidine as base (98.8 uL, 1 eq.), with acetic acid (57.2
uL, 1 eq.), and the mixture was allowed to stir in toluene for 18 hours at 30 °C. No reaction
occurred, returned starting material visible by *H NMR.
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2.4.5.1.4 Exploration of base

2.4.5.1.4.1 Use of piperidine (and acetic acid)
Exactly as per section 2.4.5.1.1.3

2.4.5.1.4.2 Use of DL-proline

As per section 2.4.5.1, using DL-proline as base (115 mg, 1 eq.), and the mixture was
allowed to reflux in toluene for 18 hours. Dimethyl biphenyl-2,4-dicarboxylate
(colourless oil) obtained, 23 mg (9% yield).

2.4.5.1.4.3 Use of pyrrolidine

As per section 2.4.5.1, using pyrrolidine as base (82.1 uL, 1 eq.), and the mixture was
allowed to reflux in toluene for 18 hours. Dimethyl biphenyl-2,4-dicarboxylate
(colourless oil) obtained, 52 mg (19% yield).

2.4.5.1.4.4 Use of pyridine

As per section 2.4.5.1, using pyridine as base (80.5 uL, 1 eq.), and the mixture was
allowed to reflux in toluene for 18 hours. No reaction occurred, returned starting material
visible by *H NMR.

2.4.5.2 General procedure for traditional Knoevenagel-condensation reaction

Dimethyl glutaconate (141 pL, 1 mmol, 1 eq.), toluene (20 mL), 4 A molecular sieves (1
), piperidine (98.8 uL) and AcOH (57.2 uL) and the relevant cinnamaldehyde (1 mmol,
1 eq.), were all allowed to reflux for 18 hours. Subsequently, saturated ammonium
chloride (20 mL) was added and the mixture was extracted three times with
dichloromethane (30 mL). The organic layer was next washed with saturated sodium
bicarbonate (100 mL) and deionised water (100 mL), and then concentrated under
reduced pressure to yield the crude product. This was subjected to column
chromatography using the mobile phase that gave the best separation, as indicated by
TLC.

Synthesis of dimethyl biphenyl-2,4-dicarboxylate, 129

O COzMe
O COzMe

According to general procedure using trans-cinnamaldehyde, 1 (126 pL, 1 mmol, 1 eq.).
The mobile phase used for column chromatography was a 91:9 petroleum ether: ethyl
acetate solution. A colourless oil was obtained, 138 mg (51%).'"H NMR (500 MHz,
CDCls) ¢ 8.49-8.48 (d, J = 1.8 Hz, 1 H), 8.19 (dd, J = 1.8 Hz, 8.1 Hz, 1 H), 7.47 (d, J =
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8.0 Hz, 1 H), 7.47-7.38 (m, 3 H), 7.33-7.31 (m, 2 H), 3.96 (s, 3 H), 3.68 (s, 3 H) ppm; *C
NMR (125 MHz, CDCIs) ¢ 168.2, 166.1, 146.8, 140.3, 132.1, 131.2, 131.1, 131.0, 129.1,
128.2 (2C), 128.18 (2C), 127.9, 52.4, 52.2 ppm, NMR data matches with literature.?®®;
HRMS (ESI-MS) Calc. for C1sH1404 (M+Na)*: 270.0892; found: 270.0897.

Synthesis of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130

O COzMe
(T Lo
O,N 2Me

According to general procedure using trans 4-nitrocinnamaldehyde, 45 (177 mg, 1 mmol,
1 eq.). The mobile phase used for column chromatography was a 86:14 petroleum ether:
ethyl acetate solution. An off-white crystalline solid was obtained, 103 mg (57%).H
NMR (500 MHz, CDCls) 8.622-8.619 (m, 1H), 8.302-8.301 (m, 2H), 8.25 (dd, J = 1.8
Hz, 8.0 Hz, 1H), 7.48-7.46 (m, 2H), 7.44 (d, J = 8.0 Hz, 1H), 3.99 (s, 3H, CHz3), 3 3.73
(s, 3H, CH3) ppm; 3C NMR (125 MHz, CDCls) § 166.9, 165.7, 147.5, 147.3, 144.9,
132.6, 131.8, 130.9, 130.5, 130.4, 129.2, 123.4, 52.6, 52.4 ppm; IR (ATR): vmax 3076,
2964, 1718, 1612, 1599, 1513, 1433, 1397, 1344, 1257, 1239, 1148, 1091, 1023, 994,
959, 930, 872, 851, 810, 775, 752, 720, 693 cm™. LC-MS: purity 97.1% tr= 29.87 min,
(ESI) m/z [M+NH4]" 333.1.

Attempted synthesis of dimethyl 4’-methoxybiphenyl-2,4-dicarboxylate

! CO,Me
O CO,Me
MeO 2

According to general procedure using 4-methoxycinnamaldehyde (162 mg, 1 mmol, 1
eq.). The mobile phase used for column chromatography was 8:2 petroleum ether: ethyl
acetate. A complex crude mixture was obtained with uninterpretable NMR spectra.
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Chapter Three: Biaryl synthesis and photophysical study

3.1 Introduction

3.1.1 Importance and applications of biaryl-containing compounds

Biaryls, or biphenyls, consist of two adjacent phenyl rings attached at their 1,1°-
positions,?*? a general structure of which is given in Figure 75.

Figure 75. Motif of a biaryl compound

The biaryl motif is prevalent in pharmaceuticals,?*>?*® natural products®*?-2* including
alkaloids, terpenes and peptides,?*® polymers,?*® and advanced materials.?** 2 It can also
be found as a central building block in a variety of molecules of value such as
agrochemicals,®** chiral reagents,?*> 24 and liquid crystals.'*® They also serve as
inflexible “spacers” between two parts of a molecule,?*? and as the emissive layer in
organic light emitting diodes (OLEDs).?*

3.1.1.1 Medicinal applications of biaryls

Biaryls have found many useful applications as part of medicinally relevant molecules.
The biaryl motif is considered a privileged structure, which can be defined as “a single
molecular framework able to provide ligands for diverse receptors”. This is because
molecules containing the biaryl subunit have been shown to bind to multiple receptors
with high affinity.?*” Biaryl compounds have been investigated for their antimicrobial, 2%
antidiabetic,2® immunosuppressant,?*® antitumour,?*’ antihypertensive,?’ analgesic,?*®
and anti-inflammatory properties,?*® to name a few. Some examples of pharmaceutical
drugs that contain the biaryl motif are shown in Figure 76.
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Diflunisal - an analgesic
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Bifonazole - an antifungal drug Valsartan - an antihypertensive drug

Figure 76. Examples of pharmaceutical drugs containing the biaryl subunit,?>-?>3 each of which effect a
different therapeutic action.

In 2003, the biaryl motif was found to be present in 4.3% of all known drugs.?* It is no
coincidence that the biaryl sub-structure is so prevalent in pharmaceuticals and can, in
part, be attributed to the versatility of binding interactions shown by biaryl compounds in
vivo. Drugs consisting of aromatic components bind to proteins through largely aromatic
and hydrophobic interactions.?*” However, these aromatic components have also been
shown to form favourable interactions with polar substituents and even with positively
charged groups.2*” This is what makes biaryl-containing compounds so useful in terms of
medicinal application and as such, they have been incorporated into many different
scaffolds.?*’

An important example of a medicinal product containing the biaryl motif are the
vancomycin group of antibiotics.?*® These glycopeptides are employed in clinical settings
in the treatment of bacterial pathogens that are resistant to other antibiotics. Arguably, the
most important among this group of antibiotics is vancomycin itself, Figure 77, which is
still used as an antibiotic of last resort.24
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Figure 77. The structure of the important antibiotic vancomycin, which contains a biaryl subunit, adapted
from the work of VVardanyan and Hruby.?*

3.1.1.2 Application of biaryls in OLEDs

Another application that biaryls have been investigated for is as the emissive layer (EL)
in OLEDs.?® 2% QLEDs have potential applications in display,?> such as full-coloured
flat screen displays,?® 27 and solid-state lighting.?>> 2>® Devices like OLEDs exhibit
several advantages relative to their inorganic alternatives, such as light weight, low cost,
and flexibility.®” Blue-, green-, and red-emitting materials provide the three main colours
required for the application of OLEDs.?® Of these three, progress on blue emitters that
possess good stability and high efficiency is necessary so that light-emitting device
technology can be advanced.?®> 2%

There are various structures of OLEDs possible, which differ in the way
electroluminescence is generated. Using a three-layer OLED as an example, Figure 78,
the EL lies between the hole transporting layer (HTL) and the electron-transporting layer
(ETL) and acts as the main site of hole-electron recombination, and thus, is an important
site for the resulting electroluminescence.?® The HTL is important to facilitate the
transport of holes and the blocking of electrons, thus preventing the electrons from
reaching the opposite electrode before recombining with the holes. In contrast, the ETL
is important to facilitate the transport of electrons and the blocking of holes. In this type
of OLED structure, the HTL and the ELT lie between a cathode and an anode also.?®
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Figure 78. The structure of a three layer OLED consisting of a cathode (C - typically consisting of
aluminium), an electron transport layer (ETL), an emitting layer (EL), a hole transport layer (HTL) and an
anode (A — typically consisting of small molecules). Adapted from the work of Kalyani and Dhoble.?%

When voltage is applied across the OLED, the current flows through the device and, as a
result, the cathode gives electrons to the emissive layer, and holes are injected from the
anode.?® Where the holes and electrons recombine, exciton pairs are formed in the
emissive layer. Light emission occurs when the charges in exciton pairs are combined.
The colour of this light essentially corresponds to the energy difference between the
HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied
molecular orbital) and thus, to the nature of the organic molecule. The brightness/intensity
of light produced relates to the amount of electrical current applied.?®

Figure 79 gives two examples of organic molecules being used as part of the EL in blue-
OLEDs, both of which incorporate the biaryl subunit.?> 25

Q_ o 9
d“@

133 I

Figure 79. Examples of organic structures containing the biaryl motif that are being used as EL in OLEDs
(@) BINAPN, synthesized by Muangpaisal et al.® and (b) 9,9-bis(4-di[4-(pyren-2-
yl)phenyl]laminophenyl)-2,7-di(pyren-2-yl)fluorene (PFT), synthesized by Prachumrak et al.?%,

Thus, compounds containing the biaryl motif are important structures that serve a variety
of purposes. In light of this, they are important synthetic targets and many methods for
their synthesis have been described.?*® These synthetic methodologies can broadly be
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divided into two types of methods, those that incorporate a transition metal and those that
do not. Examples of both types will be explored in the following sections.

3.1.2 Transition metal-free approaches to biaryl synthesis

As has been mentioned previously with respect to triene synthesis, there is a growing
interest in the development of sustainable synthetic methods. This is also true with respect
to biaryl synthesis, where there is a particular interest in synthetic methodologies that
avoid the use of expensive and scarce transition metals.?** 2 This is not only because of
their associated high cost, but also because their use can result in the presence of
transition-metal impurities in the final product.?*® The potential environmental issues that
can be related to metal waste is also of some concern.?®® Additionally, due to the highly
reactive nature of many aryl metal reactants, methods that avoid their use are desirable.?*
Earlier attempts at metal-free biaryl synthetic strategies often required harsh reaction
conditions and/or operationally complex protocols to achieve the same selective coupling
as their organometallic counterparts. We will limit our summary to a few recent examples
of metal-free approaches to biaryl synthesis, with a focus on those that avoided the
implementation of harsh conditions or complex protocols.

3.1.2.1 Transition metal-free approach of Xu et al. (2015)

Xu et al.?®® have employed a strategy whereby a photosensitive complex of potassium
tert-butoxide (KOt-Bu) and nitrogeneous heterocyclic bidentate chelating ligands are
excited by visible light irradiation with a xenon lamp (A > 420nm). This then initiates a
series of coupling reactions incorporating a single-electron-transfer (SET) process.?>° An
overview of the reaction scope of this strategy is given by Scheme 39.

1,10-phenanthroline
— KOt-Bu Ars/—\

X -+ {
Ar-X \ /Y Vis \ /Y

Ar = CgHs, Y = CH Yield = 72%

Ar = 4-CH3CgHj, Y = CH, Yield = 73%
Ar = 4-OCH4CgH,, Y = CH, Yield = 90%
Ar = 2-CH3CgH,, Y = CH, Yield = 15%
Ar = 2-OCH3CgHj, Y = CH, Yield = 76%
Ar = 4-CH3CgH,, Y = CH, Yield = 20%
Ar = 4-CH3CgH,, Y = N, Yield = 95%?

Scheme 39. Examples of biaryl products obtained via this synthetic strategy. General reaction conditions
that were employed: Aryl halide ArX (0.1 mmol), benzene (1 mL), KOt-Bu (4 eq.), 1,10-phenanthroline
(50 mol %), temperature (18 °C, cycle water cooling), N, atmosphere, visible light irradiation (420 nm < A
< 780 nm, 400 mW cm?, 24 h). @ ArX (0.5 mmol) and pyridine (5 mL) were used in this case and an isomer

ratio: o/m/p = 1.0/1.2/3.9 was determined by NMR for this product. Adapted from the work of Xu et al.?°
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The advantages of this approach include the use of an inexpensive catalyst (1,10-
phenanthroline), abundant visible light, and relatively mild reaction conditions.?>® All of
these attributes make this approach a more sustainable and environmentally friendly
approach to biaryl synthesis. A variety of aryl halide substrates were successfully
employed, including those with electron-donating and electron-withdrawing groups, as
well as an halopyridine, though the yields did vary considerably depending on what
substrate was used.®® A drawback to this method is that the biaryls produced are not
heavily functionalized.?*®

3.1.2.2 Transition metal-free approach of Walia et al.?%° (2018)

Walia et al.?%°, similarly to Xu et al.,>> have developed a transition metal-free light-
mediated protocol that facilitates the synthesis of biaryls, as well as aryl iodides (and
alkynes), from aryl bromides. The work of Xu et al.*° is specifically mentioned, where
the authors mention that, although their base and light-assisted strategy for biaryl
synthesis is economic and eco-friendly, the requirement of excess amount of ligand (50
mol %) necessitates additional efforts for the development of a “green” protocol for the
synthesis of biaryls.?®° In addition, they acknowledge the need for a simple strategy that
facilitates access to aryl iodides, given that most methodologies used for biaryl synthesis
are optimal when aromatic iodides are used as one of the coupling partners. Under green
conditions, this group successfully incorporated ultraviolet irradiation and basic aqueous
media to facilitate the transformation of aryl bromides to target biaryl molecules via a
cascade reaction,?®® Scheme 40.

UV light
Br R ~ R Rq
KI, I, H,O/ACN (1:1), KOtBu,

benzene/toluene/anisole/nitrobenzene

=H, R4=H Yield = 52%

=H, R1=CH3 Yield = 62%

=H, Ry=NH, Yield = 59%

=H, Ry=OCHj Yield = 61%
=H, R4=NO, Yield = 63%
=CHj, Ry=CH; Yield = 52%
R=0CHs, R{=CHj Yield = 53%
R=F, Ry=CHs Yield = 57%

Scheme 40. Examples of biaryl products obtained via this synthetic strategy, adapted from the work of
Walia et al.?%°

This group utilized an aromatic Finkelstein reaction and biaryl coupling in a single step

via a cascade reaction strategy.?®® The Finkelstein reaction is one in which an alkyl halide
is converted into another alkyl halide by reacting with a metal halide salt via a bimolecular
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nucleophilic substitution reaction (Sn2) mechanism.?! The use of a UV-mediated
aromatic Finkelstein reaction had been reported by other groups, but Walia et al.?%° were
the first to propose the same photoinduced SET process under argon-free conditions. This
report is the first where an aromatic Finkelstein reaction/biaryl coupling have been
demonstrated in a one-pot cascade reaction. Thus, this synthetic methodology is an
example of a simple and greener strategy for biaryl synthesis.

3.1.3 Synthesis of biaryls: Strategies involving transition metals

It is widely recognized that palladium has significantly changed organic synthesis over
the last few decades.?®? Correspondingly, palladium(0)-catalyzed crossed coupling
reactions using aryltin and especially arylboron reagents are among the most important
carbon-carbon bond-forming reactions available to the organic chemist.2*® The three
prominent palladium-catalyzed reactions used in biaryl synthesis are the Stille,?%?
Negishi,?*® and Suzuki coupling reactions,?®? which utilize aryltin,?®? arylzinc,?*® and
arylboron reagents,?%? respectively. They are versatile reactions and tolerate a much wider
range of structural diversity than alternative methods.?*® Mechanistically these reactions
are complex, but in general they are thought to proceed via oxidative addition of the
catalyst to the aryl halide, followed by a transmetallation step that gives a diaryl palladium
species. Reductive elimination of this then produces the biaryl compound and regenerates
the palladium catalyst in the 0-oxidation state, which can re-enter the catalytic cycle.?*
Although palladium catalysts have been traditionally applied in these coupling
reactions,?%? 262 the use of alternative catalysts, and therefore modifications to these
traditional synthetic methodologies, have also been documented.?*> 264 These three
synthetic methodologies will be discussed in the following sections, where a general
description of these coupling reactions will be given but only recent, relevant examples
of modifications will be included. This goes to demonstrate how, even decades after their
initial discovery, these reactions are still being investigated and developed.

3.1.3.1 Suzuki coupling to access biaryl molecules

The transition metal-catalyzed Suzuki reaction has been well developed and accepted as
one of the most efficient methodologies for the synthesis of biaryls in both laboratory and
industry settings.?* For example, this reaction has found extensive use in natural product
synthesis.?*® Boronic acids (Ar'B(OH),) are the usual substrates in this reaction, which
react with aryl halides or triflates (Ar?2X, X = halogen or triflate), although the esters of
boronic acids and arylboranes have been used.?*® Importantly, both carbocyclic and
heterocyclic halides can be incorporated as reagents in this reaction.?*® The Suzuki
reaction has been adapted in literature in previous years, an example of which has been
included in the following.

182



3.1.3.1.1 Suzuki approach of Barbero and Dughera (2018)

Research by Barbero and Dughera?®* utilized the reactivity of arenediazonium o-

benzenedisulfonimides synthesized by their group as electrophilic partners in Au(l)-
catalyzed Suzuki coupling reactions, Scheme 41. This synthetic strategy was proposed on
the basis of previous research which suggested that the generation of aryl radicals is useful
in gold-catalysed cross-coupling reactions. This is because aryl radicals can operate as
both oxidants and coupling partners, thereby eliminating the requirement for external
oxidants.?* This is consistent with the work of Barbero and Dughera* in that no external
oxidants, photocatalysts, or light were necessary for the reaction to occur under the
proposed conditions, where a reaction was even performed successfully in the dark. This
is unlike other gold-catalyzed Suzuki reactions that had been reported up to the time of
their publication.?®* This synthetic methodology is summarized by Scheme 41 below.

O,
® OS Ph3PAUNTf,
Ar'-N, N + ArP—B(OH;) ——— Ar'-AR
023© Cs,CO5
Ar'= CgHs Ar?= 4-BrCgH,4 Yield = 89%
Ar'= 4-CH3;0CgH, Ar?= 4-CICgH, Yield = 93%
Ar'= 4-NO,CgHy4 Ar?= 2-CH3CgH,4 Yield = 64%
Ar'= 4-NO,CgH,4 Ar?= 4-OCH3CgH,4 Yield = 92%
Ar'= 4-NO,CgH,4 Ar?= 4-CHOCg4H, Yield = 84%
Ar'= 2-naphthyl Ar?= 4-OCH3CgH,4 Yield = 87%
Ar'= 2-naphthyl Ar?= 4-NO,CgH,4 Yield = 83%

Scheme 41. A selection of the 60 examples of the successful application of this groups’ synthetic
methodology to biaryl synthesis. All reactions were performed in THF at room temperature under nitrogen
flow in the presence of Cs,COs (1 mmol) and PhsPAUNTf. (5 mol%). The diazonium salt (0.5 mmol):
boronic acid ratio was 1:1.1. Adapted from the work of Barbero and Dughera.?®*

The generally high yields of biaryls obtained, short reaction time, the mild reaction
conditions required, as well as simplicity of the procedure and lack of external oxidants,
makes this a welcome addition to the synthetic toolkit for the synthesis of biaryls.?%*
Furthermore, this synthetic methodology is chemoselective, with negligible amounts of
by-products produced, versatile, and has a broad scope in that variously substituted
diazonium salts and boronic acids can be incorporated, as evidenced by Scheme 41. The
reaction was not affected by electronic effects as the presence of electron-donating and/or
electron-withdrawing groups on either coupling partner led to the synthesis of biaryls in
satisfactory yields, Scheme 41. However, sterics had a much more pronounced effect,
where the presence of a substituent in the ortho position of either coupling partner
drastically reduced the yield, as observed in the case of Ar! = 4-NO,CsH4 and Ar? = 2-
CH3sCgHs4 for example, Scheme 41. Additionally, reactions carried out with heteroaryl
boronic acids failed. As a result, four heteroarenediazonium salts were synthesized and
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used as the electrophilic partners, which enabled the target compounds to be synthesized
using this methodology.?%*

3.1.3.2 Stille coupling methodologies to access biaryls

The Stille reaction traditionally utilizes arylstannanes and either aryl halides or triflates
as the coupling partners in order to synthesize biaryls. This reaction is extremely versatile,
proceeds under neutral conditions, and can tolerate a wide range of substituents on both
coupling partners. Both carbocyclic and heterocyclic halides can be incorporated as
reagents in this reaction.?*® The major disadvantage of the Stille reaction is the toxicity
associated with the required organotin reagents and the by-products that result.??
However, there have been modifications to this traditional protocol, an example of which
will be discussed in the following sub-section.

3.1.3.2.1 Stille approach of Wang et al. (2016)

The Stille palladium catalyzed cross-coupling reaction is another one of the most widely
used cross-coupling methods for the synthesis of functional molecules and polymers, both
in laboratory research and in industry.?®> However, in 2016, Stille coupling utilizing C—
O and C-N bond cleavage was under explored.?®® As such, Wang et al.?®® developed the
first nickel-catalyzed Stille cross-coupling reaction of quaternary organo-ammonium salts
via C—N bond cleavage. As part of their investigations, they determined the preferred
reaction conditions as heating a mixture of quaternary organo-ammonium salts (as
triflate) and aryltrimethylstannanes in 1:1 ratio in dioxane, with caesium fluoride as base,
commercially available bis(cyclooctadiene)nickel(0) (Ni(cod),) as a catalyst, and 1,3-
dicyclohexylimidazol-2-ylidene (ICy) as a ligand. This methodology was shown to
provide high synthetic efficiency and afforded the corresponding biaryl with broad
functional group compatibility, 2652662652655cheme 42(a).2%°
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Ni(cod), (10 mol%)

[\ S
(1.0 eq) (1.1 eq) Cy/NVNC?C BF,4

® o (20 Mol%)
{ar)—Nues ST + wessn—(a?) _CsF @ea)

1,4-dioxane, 80 °C,

Ar'=4-CH3CgH, Ar’=CeHs  >12h Yield = 60%
Ar'=2-CH3CgH,4 Ar?=CgHs Yield = 83%
Ar'=4-OCH;CgH, Ar?=CgHs Yield = 40%
Ar'=4-FCgH, Ar?=CgHs Yield = 91%
Ar'=4-(S(0),CH3)CgH,  Ar’=CgHs Yield = 92%
Ar'=4-(CO,C,H5'CgH,  Ar?=3-CICgH, Yield = 72%
Ar'=4-(CO,CH3)CgH, Ar'=4-(Si(CH3)3)CgHy4 Yield = 92%

Scheme 42(a). Some examples of the application of Stille cross-coupling reactions of quaternary organo-

ammonium salts with aryltrimethylstannanes to give biaryl products. Adapted from the work of Wang et
al.?s

In addition to reporting a novel methodology, which led to a broad range of biaryl
products, the group demonstrated how these products could be applied in subsequent
reactions in order to selectively prepare functional molecules.?®® An example of one such
reaction is given in Scheme 42(b), in which compound 134 is converted to the ammonium
salt (135), which undergoes further coupling with a stannane (136) to generate the p-
terphenyl derivative (137).

O0Tf

O MeOTf (11 eq), CH20|2, () @®
NMez rt.2h NMe3
EtO

95% isolated yield EtO
134 135

90% | PhSnMej; (136),
yield | standard coupling
conditions

OO
EtO

137

Scheme 42(b). The sequential cross-coupling of a biaryl product formed by implementation of the standard
coupling conditions can produce more functionalised molecules, adapted from the work of Wang et al.?%

Therefore, this group were the first to develop a Stille reaction that occurs via C—N bond
cleavage by incorporating quaternary ammonium salts and is catalyzed by a commercially
available Ni-catalyst/ligand. This synthetic methodology is predicted to be useful for
straightforward transformations of various aromatic amines/quaternary ammonium salts
into multi-aromatic compounds and oligo(arylene)s, the products of which would have
useful industrial applications.?%
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3.1.3.3 Negishi coupling to access biaryls

The Negishi reaction represents one of the most widely used coupling protocols.?®2

Furthermore, this methodology is one of the most commonly used approaches to access
biaryls specifically.?* This reaction utilizes arylzinc reagents (Ar'ZnX, X = halogen) and
aryl halides or triflates (Ar?X, X = halogen or triflate), where a broad range of functional
groups are tolerated in both coupling partners.?*® The Negishi reaction has also been used
to prepare various heterobiaryls.?*> Modifications to the traditional Negishi coupling
reaction have been reported, and one example of a recent development in this coupling
methodology is included in the following sub-section.

3.1.3.3.1 Negishi approach of Wang and Liu (2019)

The efforts of Wang and Liu®® have resulted in the development of a one-pot Nickel-
catalyzed Negishi coupling reaction that is accelerated by visible-light and therefore can
occur at room temperature within a short reaction time (< 2 h). Diazonium salts were used
in addition to AroZn species that were generated in situ from Grignard reagents and zinc
bromide.?®® This has facilitated the synthesis of a broad range of biaryls, which can be
accessed by varying the aryldiazonium salt used, Scheme 43.

Ph
® O NiCl, (20 mol%)

N N, BF4 Ru(bpy)3(PFg)s (2.5 mol%l R X
s —Ma- - .
Ri ©/ * Ph~Mg-Br LED, ZnBr, + LiBr 7

Toluene/EtOH, 2 h R=4-H, Yield = 73%
R1=4-OCHg, Yield = 68%
R41=4-Br, Yield = 41%
R4=4-CN, Yield = 49%
R4=4-C(O)CHag, Yield = 57%

Scheme 43. Some examples of Negishi coupling to access biaryls. Reaction conditions: Diazonium salts
(0.25 mmol), Grignard reagent (0.5 mmol), NiCl; (0.05 mmol, 20 mol%), ZnBr; (0.25 mmol), LiBr (0.38
mmol), Ru(bpy)s(PFs). (0.00625 mmol, 2.5 mol%), 3.0 mL toluene/3.0 mL ethanol at room temperature in
open air under blue LED irradiation. Adapted from the work of Wang and Liu.?¢

A wide variety of aryldiazonium salts and Grignard reagents are suitable substrates for
this Negishi coupling reaction, and provided the desired products in moderate to good
yields.?®® Up to the time of their publication, the use of the nickel catalyst in Negishi
coupling reactions had been described but only in conjunction with well-designed ligands
and at high temperatures of over 60 °C. Thus, Wang and Liu?®® have achieved a novel,
mild, one-pot protocol for a nickel-catalyzed Negishi reaction, which is accelerated by
photocatalysis, proceeds at room temperature, and is compatible with a range of
functional groups.2®®
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3.1.4 Aims of biaryl synthesis.

The aims of this part of the PhD project include:

(i)

(ii)

(iii)

To investigate a metal-free approach to synthesize biaryl molecules. To do
this, we aim to explore the use of our trienes as substrates in a thermally
induced electrocyclization.

To carry out a reaction optimization study in order to determine preferred
reaction conditions for this approach and to use these preferred reaction
conditions to synthesize a family of novel biaryls. The biaryls will be
characterized using NMR spectroscopy, LC-MS, HR-MS, and IR
spectroscopy.

To conduct a preliminary photophysical study of the biaryls synthesized.

187



3.2 Results & Discussion

3.2.1 Development of synthetic methodology to access biaryls

1,3,5-Hexatriene systems have been reported to undergo 6 & electrocyclizations, such as
that described by Dinda?®’ shown in Scheme 44. An electrocyclic reaction is an
intramolecular reaction in which a o bond is formed between the ends of a conjugated
system, or the reverse of this process, by means of thermal or photochemical conversion.
This is a concerted process and one which is reversible in nature. The stereochemical
outcome of an electrocyclic reaction can be predicted based on the Woodward-Hoffmann
rules.?®

_ CHg CH,

CH —
| = (I —= |
R — , — H
3

i —
CHj

o

Scheme 44. Electrocyclization of trans, cis, trans-2,4,6-octatriene or trans, cis, cis-2,4,6-octatriene to
trans-5,6-dimethyl-1,3-cyclohexadiene. The transformation can be photochemically or thermally induced,
respectively. Adapted from the work of Dinda.’

Woodward and Hoffmann, in their paper in 1965,%% introduced the terms ‘conrotatory’
and ‘disrotatory’ to explain the mechanism and stereospecificity of electrocyclic
reactions. These terms referred to the motion of the groups at the ends of an acyclic
conjugated system which, when they proceeded in the same direction in either a clockwise
or anticlockwise manner, it was termed ‘conrotatory’. Conversely, if the motion of one
of these substituents was clockwise while the other was anticlockwise, this was termed
‘disrotatory’ motion. Woodward and Hoffmann deduced that the stereochemical outcome
of electrocyclic reactions was controlled by the symmetry of the HOMO (highest
occupied molecular orbital) of the open chain conjugated system, and in their paper they
gave two examples. The first example was an open-chain system containing 4n n-
electrons, where the symmetry of the HOMO meant that the bonding interaction between
the termini of the acyclic conjugated system must involve overlap between the orbitals
on opposite faces of this system. In this case, it can only be achieved via a conrotatory
process. The second example was an open-chain system containing (4n + 2) w-electrons,
1,3,5-hexatriene being an example of such a system. The symmetry of the HOMO means
that the overlap between orbitals on the same face of the system is necessary for the
terminal bonding interaction to occur, which can only be achieved by a disrotatory
process. 268
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As the (4n + 2) m-electron conjugated system relates to the type of conjugated systems
that will be discussed in this chapter, it is this type that will be discussed further. In cases
of thermal reactions of these conjugated systems, y3 would be the HOMO as it has the
minimum number of even nodes (two nodes).?®” Hence, the disrotatory motion of the
groups on terminal carbons brings the lobes of same phase together for bonding, involving
a Huckel-type transition state that is said to be a ‘symmetry allowed’ path. The
conrotatory motion would be ‘symmetry forbidden’ as it leads to a transition-state of high
activation energy. For their photochemical reactions, y4 would be the HOMO and hence,
conrotatory motion would be the symmetry allowed path,?®” Figure 80.

(a)
disrotatory
motion
bonding,
symmetry allowed
conrotatory
motion
antibonding,
symmetry forbidden
(b)
conrotatory
motion

I

bonding,
symmetry allowed

disrotatory
motion

&

antibonding,
symmetry forbidden

Figure 80. Graphical representations of (a) thermal electrocyclizations of 4n + 2 n-electron conjugated
systems; (b) photochemical electrocyclizations of (4n + 2) n-electron conjugated systems, adapted from
the work of Dinda.?¢’
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The Woodward—-Hoffmann rules for electrocyclic reactions can therefore be summarized
as per Table 18.

Table 18. Summary of the Woodward-Hoffmann rules of electrocyclic reactions, adapted from the work
of Dinda.?®”

Acyclic conjugated system  Reaction allowed Motion
4n w-electron Thermal Conrotatory
Photochemical Disrotatory
(4n + 2) m-electron Thermal Disrotatory
Photochemical Conrotatory

Given the range of 1,3,5-hexatrienes we had accessed, see Chapter Two, and particularly
with respect to the (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-trienes, we
became interested in exploring whether these trienes could undergo a 6 =
electrocyclization. Our interest was triggered when collaborators at NUI Galway (Prof.
Patrick McArdle and Dr Jolanta Karpinska) were attempting to generate an x-ray crystal
structure of one of our (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
trienes.??® 227 The thermal process they employed resulted in the 6 © electrocyclization of
(1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105, and formed 4-
(phenylsulfonyl)-1,1'-biphenyl, 46, in small amounts, Scheme 45.

_soen o 1]
|

Electrocyclization O S\\
@)
| A -HSO,Ph ‘

105 46

PhO,S

Scheme 45. Thermal electrocyclization of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene,
105, to give the corresponding biaryl product, 46.

Numerous examples of thermal electrocyclization of 1,3,5-hexatrienes have been
reported in the literature. Typical products obtained from these thermal
electrocyclizations of 1,3,5-hexatrienes include functionalized ring-annulated cyclohexa-
1,3-dienes,?®® poly-substituted tricyclic products,?’® and various other cyclic products
including tricyclic lactones,'® and tetracycles.?’* A good example can be found in the
work of von Zezschwitz et al.*®? who transformed 1,3,5-hexatrienes substrates to various
cyclic products, Scheme 46. The tetrahydronaphthalenes obtained (A, Scheme 46) result
from a formal dehydrodesilylation which accompanied the thermal electrocyclization.
The tricyclic lactones obtained (B, Scheme 46) result from an intramolecular
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transesterification post electrocyclization. From our search of the per-reviewed literature,
we could not find any reports that employ a single step 6 = electrocyclization approach
for the metal-free synthesis of biaryl systems.

decalin

SiMe;
= CO,Me or CO,tBu Yield = 60-61%
decalin
N
=
R1
= CO,Me or CO,tBu Yield = 75- 88%

Scheme 46. Adapted from the work of von Zezschwitz et al.,'®? a representation of how 1,3,5-hexatrienes
have been used to access a variety of cyclic products.

On this basis, we considered an investigation into the thermal electrocyclization of our
trienes. We first attempted an exploratory experiment where neat solid 105 (Scheme 45,
25 mg, 0.057 mmol) was heated quickly to high temperatures using a Bosch heat gun (set
at the maximum temperature for approximately 10 seconds). We used NMR spectroscopy
to analyze the crude product obtained and could determine that the desired biaryl 46 had
been formed, Scheme 45 previously.

Compound 46 is a known literature compound and has been synthesized previously by
groups such as Cho et al.?”. This group utilized a Suzuki-Miyaura coupling reaction of
an aryl chloride with phenylboronic acid, using novel air stable phenyl backbone-derived
4'-(3-aminopropionic) phosphopantetheine (PN.) ligands. This approach generated the
biaryl 46 in 97% yield after a 12-hour reaction. Our NMR spectroscopic analysis (*H and
13C NMR data) was consistent with that of Cho et al.?’2, and hence confirmed our
determination that 46 was the product formed in our thermal electrocyclization.

The mass of the crude biaryl 46 was 12.6 milligrams, corresponding to a crude yield of
75%. The proposed mechanism for this reaction is given in Scheme 47. The
electrocyclization of our 1,3,5-hexatrienes is an example of a thermal, disrotatory, 6 &
electrocyclization that is allowed for by the Woodward-Hoffmann rules.?®
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Scheme 47. Biaryl synthesis via a thermally driven electrocyclization.

3.2.2 Application of Woodward-Hoffman rules to our thermally induced
electrocyclization

As discussed previously, the occurrence of electrocyclic reactions is governed by the
Woodward-Hoffman rules.?®” 268 The 1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
trienes synthesized as per Chapter Two are an example of open-chain system containing
(4n + 2) m-electrons, as characterised by Woodward and Hoffmann in their original
publication.?%® As such, in Figure 80(a) in section 3.2.1 above, 1,3,5-hexatriene was used
as an example, in which it was observed that y3 would be the HOMO, having the
minimum number of even nodes (two). Therefore, the disrotatory motion of the
substituents on terminal carbons was the symmetry allowed path by the Woodward-
Hoffman rules.?8” 2% Examining the proposed mechanism of our thermally-induced
electrocyclic reaction, Scheme 47 above, using the conversion of (1E,3E,5E)-1,3-bis-
phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105, as an example, the conversion to the
corresponding cyclic diene is the step governed by the Woodward-Hoffman rules, Figure
81.
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Figure 81. Analysis of the molecular orbitals involved in the thermally-induced electrocyclization that
occurs as part of the formation of the desired biaryl 46
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As is evident by Figure 81, the molecular orbital analysis of compound 105 is very similar
to that of 1,3,5-hexatriene (Section 3.2.1 previously) because they are both (4n + 2) n-
electron-containing acyclic systems with 3 conjugated n-bonds (therefore 6 n electrons).
The substituents present on our triene have no effect on the application of the Woodward-
Hoffman rules and so, its HOMO can also be predicted to be y3. Therefore the disrotatory
motion of the substituents on the terminal carbons is the symmetry allowed pathway."
268 This disrotatory motion predicts that the formation of the syn diastereomer as the
intermediate cyclic diene will occur, in which both the phenyl and phenylsulfonyl
substituents end up on the same face of the diene product. However, this cyclic diene was
not isolated during our studies and so, it is not possible to confirm whether this reaction
is indeed a Woodward-Hoffman ‘symmetry allowed’ transformation, though it is likely.

If the electrocyclic reaction had occurred under photochemical conditions, a different
mechanism would have ensued in that the conrotatory motion of substituents on the
terminal carbons would be the symmetry allowed path. In addition, because of the
promotion of an electron from the HOMO of the ground state (y3) to its LUMO (y4) due
to the absorption of light, the HOMO of the excited state would be predicted to be w4 and
its LUMO 5, Figure 82.
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Figure 82. Analysis of the molecular orbitals involved in the alternative photochemically-induced
electrocyclization step in the formation of the desired biaryl 46
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This conrotatory motion predicts that the anti diastereomer of the intermediate cyclic
diene would form in this case, in which the phenyl and phenylsulfonyl substituents end
up on the opposite face of the diene product. Photochemical conditions were investigated
as part of our rection optimisation study, see section 3.2.3.4. Biaryl formation did not
occur under the photochemical conditions we attempted. As such, we favour the proposed
thermal 6 7 electrocyclization mechanism as shown in Scheme 47 and Figure 81.

3.2.3 Investigation of optimal procedure for biaryl synthesis

With preliminary results in hand, and a proposed mechanism, we now wanted to
undertake an optimization study in order to determine preferred reaction conditions for
our electrocyclization. As such, we investigated a number of different experimental set-
ups that will be discussed in the following sub-sections.

3.2.3.1 Optimization study: Investigation of heating methodology

We firstly investigated different heating methods and applied these to the attempted
electrocyclization of compound 105, Scheme 45. In each case, neat solid 105 (25 mg,
0.057 mmol) was placed in a 25 gram round-bottom flask and subjected to each heating
methodology for 1.5 hours unless specified otherwise, see Table 19. Conversion to
biaryl 46 was determined by assessment of the *H NMR spectra, and the associated
spectra can be found in Appendix 3, Figures A336-A340. As described in Section 3.2.1,
our initial attempt at this procedure included the use of a Bosch heat gun set at the
maximum temperature for 10 seconds and gave a 75% crude yield of 46 (12.6 mg). The
additional attempts at improving the heating method included the use of an oil bath
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heated to 175 °C, which gave a much superior 94% crude yield of 46 (15.8 mg). The use
of a Pyrex bowl filled with Lab Armour metallic beads, into which our round-bottom
flask containing triene was placed, and subsequently heated to 175 °C gave a crude
yield of 70% (11.8 mg). Additionally, the use of sand was explored, firstly heated to
175 °C which gave an 80% crude yield of 46 (13.4 mg), and separately, heated to 200
°C gave 46 in 60% crude yield (10.1 mg). The higher temperature appeared to generate
a more complex mixture and thus increasing temperature did not increase the
conversion to biaryl.

Another version of the experimental set-up incorporated a Binder vacuum oven. In this
case, 105 (25 mg, 0.057 mmol) was spread across a clock glass which was placed under
the lid of a petri dish with tin foil wrapped underneath it to hold the clock glass and lid
in place. This assembly was placed in the vacuum oven, which had been heated to 180
°C, and was left for 24 hours with the pressure approaching 0 millibar for the duration.
Only 10% crude yield of 46 was observed after this time (1.7 mg). The use of an oil
bath heated to 175 °C was therefore deemed as the optimal heating method in which a
94% crude yield of 46 was generated, and a summary of the percentage crude yield of
biaryl 46 obtained from each method explored is given in Table 19.

Table 19. Conversion of neat 105 (25 mg, 0.057 mmol) to biaryl 46 for different heating methods.

Heating method % Crude yield of
biaryl obtained

Oil bath at 175 °C for 1.5 h 94
Metallic beads at 175 °C for 1.5 h 70
Sand at 175 °C for 1.5 h 80
Sand at 200 °C for 1.5 h 60
Heat gun for 10 seconds 75
Heating in a vacuum oven 10

3.2.3.2 Optimization study: Purification attempts using sublimation

After investigating different heating methods, we next explored purification methods that
avoided the need for column chromatography. With the best heating method, 46 in a crude
yield of 94% was obtained. Subsequent purification using column chromatography
resulted in an isolated yield of 88%. The column chromatography procedure required a
gradient mobile phase system employing 100% petroleum ether, followed by 95:5
petroleum ether/ ethyl acetate and increasing the polar phase by one percent every 100
mL (i.e. 94:6 petroleum ether/ ethyl acetate, then 93:7, then 92:8 etc.) until a final ratio
of 84:16 petroleum ether/ ethyl acetate. This process was somewhat laborious and hence
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we explored options to avoid the need for column chromatography. As confirmed by x-
ray crystallography, the triene molecules are composed of stacks with good van der Waals
interactions between neighbours.??® Van der Waals interactions are weak,?”® and can be
easily broken by heat. On this basis, we hypothesized that sublimation to the pure desired
biaryl may be possible.

Figure 83. Crystal structure of 46, obtained by collaborators Prof McArdle and Jolanta Karpinska.2?6: 227

Two sublimation apparatus set-ups were attempted. The first attempt incorporated a
sublimation apparatus, attached to an aspirator, which was fitted onto to a round-bottom
flask containing 105 (25 mg, 0.057 mmol). This was heated using an oil bath set to 175
°C for 1.5 hours. After this time, there were 2 milligrams of material sublimed to the cold
finger (which had cold water constantly running through it) and 6 milligrams of non-
sublimed brown residue. The *H NMR spectra of both, Appendix 3, Figure A341(a) and
(b), indicated that they both contained the same product — impure biaryl. Taking both the
sublimed and remaining residue together, a total crude yield for 46 of 48% was obtained.

The second attempt changed the sublimation apparatus for one that required liquid
nitrogen to be added to the cold finger, and this was inserted into a Schlenk tube
containing 105 (25 mg, 0.057 mmol). This was heated using an oil bath set to 175 °C for
2 hours. The Schlenk tube was attached to a Schlenk line which achieved a vacuum of
0.1 mbar. The process of adding liquid nitrogen to the cold finger occurred over the course
of 2 hours to ensure sufficient quantities of liquid nitrogen remained on the cold finger.
A colourless material (4 mg) sublimed onto the cold finger and 13 milligrams of a brown
residue remained on the bottom of the round bottom flask after the 2 hours of heating had
elapsed. However, the sublimed material contained only trace amounts of biaryl 46 (<
10%) and instead, was composed largely of an unidentified by-product. Thus, the crude
yield of 46 was accounted for by the brown residue only, corresponding to a 77% crude
yield. The *H NMR spectra of both the sublimed and non-sublimed material have been
included in Appendix 3, Figure A342(a) and (b).
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On this basis, the use of sublimation for biaryl isolation was not successful and
discontinued as a method of purification.

3.2.3.3 Optimization study: Microwave heating

The use of microwave irradiation was then investigated as a heating method to see could
this increase conversion to biaryl and generate a cleaner reaction with fewer by-products.
A number of different solvents, temperatures, and concentrations of substrate were
investigated, which will be discussed separately in the following sub-sections.

3.2331 Microwave heating and choice of solvent

To investigate if solvent had an effect, 0.0025 M (5 mL) solutions of compound 105 were
made up in respective solvents and each solution was exposed to microwave heating at
170 °C for 5 minutes. The crude *H NMR spectrum for each experiment attempted is
included in Appendix 3, Figures A343-A346. The first solvent used was toluene, and in
this case a white solid, which was not the desired product and whose structure could not
be determined, precipitated at the end of the reaction. The remaining solution contained
impure biaryl as well as unidentified side products, corresponding to 40% crude yield of
biaryl 46. An experiment using DMF as solvent was next attempted, resulting in a
complex mixture and 50% crude yield of biaryl 46. When chloroform was employed as
the solvent, no conversion to biaryl was observed after 5 minutes. A complex mixture
was formed and evidence of unconverted triene was found in the crude *H NMR
spectrum. When acetonitrile was used as the solvent, very little conversion to biaryl was
observed after 5 minutes and instead, like for chloroform, a complex mixture was formed.
The crude yields of biary 46 obtained as part of our solvent screen process are given in
Table 20, with DMF giving the best result.

Table 20. Conversion of 105 (0.0025 M, 5 mL) to biaryl 46 under microwave heating (175 °C, 5 min) using
different solvents.

Solvent % Crude yield of
biaryl
Toluene 40
DMF 50
Chloroform 0
Acetonitrile 0
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3.2.3.3.2 Microwave heating and variations in temperature used

To investigate whether the temperature could affect the conversion to biaryl, 0.0025 M
solutions (5 mL) of compound 105 were made up in DMF (deemed to be the best solvent
of those examined). Each solution was exposed to microwave heating at a different
temperature for 5 minutes. The crude *H NMR spectrum for each experiment attempted
Is included in Appendix 3, Figures A347-A351. After microwave heating at 85 °C, no
conversion from triene 105 to biaryl 46 was observed and this mixture consisted largely
of unconverted triene 105. Similarly, at 110 °C very little conversion from triene 105 to
biaryl 46 was observed. Some evidence of its conversion could be seen in the crude *H
NMR spectrum via a small multiplet at approximately 8 ppm (Appendix 3, Figure A348)
but the yield was too low to accurately quantify. At 140 °C, a 30% crude yield (1.10 mg)
of biaryl 46 was obtained (the remainder consisted of unconverted triene and a complex
mixture). After exposure to microwave heating at 150 °C, a 40% crude yield (1.47 mg)
of biaryl 46 was obtained, the remainder consisted of unconverted triene and a complex
mixture. At 170 °C, a 50% crude yield (1.84 mg) of biaryl 46 was obtained and again, the
remainder consisted of a complex mixture. A summary of results obtained as part of the
temperature study can be found in Table 21. The best result was obtained for microwave
heating at 170 °C for 5 minutes.

Table 21. Conversion of 105 (0.0025 M, 5 mL) to biaryl 46 under microwave heating for 5 min at different
temperatures.

Temperature (°C) % Conversion to
biaryl
85 0
110 <5
140 30
150 40
170 50
3.2.3.3.3 Microwave heating and concentration of triene

We next investigated whether the concentration of triene 105, subjected to microwave
irradiation, could have an effect on conversion to biaryl 46. The same solvent, DMF, was
used as it was deemed the preferred solvent. Different concentrations of compound 105
were made up to a volume of 5 mL and heated to 170 °C, deemed the preferred
temperature, for 5 minutes. As reported in Section 3.2.3.3.1, a 0.0025 M solution of triene
105 corresponded to the generation of 50% crude yield of biaryl 46 under these
conditions. A 0.01 M solution of triene 105 corresponded to the generation of 60% (8.8
mg) crude yield of biaryl 46 (the remainder consisted of a complex mixture), whereas

198



increasing the concentration to a 0.1 M solution of triene 105 did not increase the crude
percentage yield of biaryl 46 obtained, with the remainder consisting of a complex
mixture. The crude *H NMR spectrum for each experiment attempted is included in
Appendix 3, Figures A351-A353.

Table 22. Conversion of 105 (5 mL) to biaryl 46 under microwave heating (170 °C, 5 min) at different
concentrations.

Concentration of triene solution % Conversion to biaryl
(M)
0.0025 50
0.01 60
0.1 60

As none of these microwave experiments improved the crude yield of biaryl 46, compared
to neat conventional heating, no further investigation was conducted using microwave
irradiation.

3.2.3.4 Optimisation study: UV experiment

Finally, a photochemical rather than a thermal conversion of triene 105 to biaryl 46 was
attempted. Theoretically, the occurrence of this type of photochemical 6 =
electrocyclization is ‘symmetry allowed’ by the Woodward-Hoffmann rules, once a
conrotatory overlap of molecular orbitals occurs.?® Our first attempt at applying a
photochemical conversion involved dissolving triene 105 (11 mg, 0.03 mmol) in 10 mL
of deuterated chloroform and placing this solution, stirring, in an ultraviolet (UV) box
under a lamp emitting 365 nm wavelength light. After 7 days, no conversion to biaryl was
observed by NMR and no physical changes appeared in the solution. The 'H NMR
spectrum of this solution is given in Appendix 3, Figure A354. Alternatively, the same set
up was used but 254 nm wavelength light was employed. Despite a change in appearance
at the end of 18.5 hours stirring, to a red solution from a yellow one, this did not
correspond to the formation of biaryl 46, as determined based on analysis of the '"H NMR
spectrum (Appendix 3, Figure A355). As we did not find success using this method via
emission of UV light at the two wavelengths we had access to, in that, biaryl formation
was not detected in either case, this method was not investigated further.

Thus, of all our efforts to find an optimal method for biaryl synthesis, heating the triene
neat to 175 °C using an oil bath gave the best conversion to biaryl and therefore was
deemed the preferred method. This method was then used to explore the substrate scope,
employing a selection of our triene substrates, section 3.2.4.
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3.2.4 Substrate scope investigation of the thermal electrocyclization of 1,3,5-
hexatrienes

Our preferred reaction conditions were applied to a selection of the 1,3,5-hexatrienes with
both electron-donating and electron-withdrawing substituents on the phenyl ring. Biaryl
formation was successful in all cases, with isolated yields obtained varying from 40-88%,
Figure 84. The biaryls formed were purified by column chromatography and
recrystallization.
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Figure 84. Biaryls obtained using the thermal electrocyclization methodology (neat 1,3,5-hexatriene,
175°C, 1.5 h. Purification by column chromatography and subsequent recrystallization.

Examining the yields obtained, there are no obvious trends with respect to the substituent
effects on the yield. The non-substituted triene 105 gave the highest yield of biaryl (46)
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at 88%. It appears that electron-donating or electron-withdrawing groups that have strong
inductive or mesomeric effects are not as well tolerated by this methodology. For
example, the 1-(4-dimethylaminophenyl)-4-(phenylsulfonyl)benzene product, 138, was
recorded with 49% yield and the dimethylamino substituent is an example of a strong
electron-donating group. Similarly, a low vyield for 1-(4-nitrophenyl)-4-
(phenylsulfonyl)benzene, 140, of 44% was recorded, and here, the nitro substituent is an
example of a strong electron-withdrawing group. Those that exhibit moderate electron
withdrawing/donating characteristics have varying levels of tolerance by this method,
where both the 4-methyl ester and 4-methoxy substituents would be expected to be
moderately electron-withdrawing and -donating, respectively but the yields recorded of
their respective biaryl products, 139 and 142 were very different at 60% and 44%,
respectively. Even examination of the halo-substituents does not lead to clarity regarding
their effect on the yield, where the 4-chloro substituent was much better tolerated than its
4-bromo substituted analogue.

Aside from the occurrence of the thermal electrocyclization process, the difficulties
encountered in terms of purification by column chromatography and subsequent
recrystallization must be considered as factors influencing the yield. The crude mixtures
of these compounds are quite complex, given that the vast majority of signals relating to
these products and potential side products, namely the hydrosulfonylbenzene (HSO2Ph)
that is driven off during the electrocyclization process, appear within 7-8 ppm in the *H
NMR spectra. They behave very similarly on a TLC plate and, because of this, separation
can be difficult. The necessity to purify the product further by recrystallization using
DCM/n-hexane in order to obtain crystal products leads to further loss of yield, although
it does give access to a pure, crystalline product in all cases and this purity is an important
attribute.

While there is room for improvement in terms of the yields recorded for the products of
this synthetic methodology, it does give access to pure biaryl products which, because
they are novel in all but one case, require full characterization and purity is important to
do this accurately. In addition, in line with the interest in the development of more
environmentally friendly protocols, while this procedure cannot be considered ‘green’ in
light of the use of high temperatures, the requirement for these high temperatures is only
for a short time at 1.5 hours. Additionally, the procedure does not require a solvent, nor a
transition metal as a catalyst, and hence, there are some environmentally friendly
attributes.

3.2.5 Structural characterization of 1-(4-methyl ester phenyl)-4-
(phenylsulfonyl)benzene 139

Full structural characterization was carried out for all biaryls synthesised. A lot of
structural information can be obtained through analysis of the associated *H NMR, **C
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NMR and 2D NMR spectra. The structural characterization of compound 139, Figure 85,
will be discussed as an example in the following sections.
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Figure 85. The structure of compound 139

3.2.5.1 NMR analysis of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139

Comparing the DEPT-135 and *C spectra (Figure 86 and 87, respectively), the
quaternary carbons can be identified at 166.6 (which corresponds to the C=0 in the
structure as this signal is the most deshielded due to the doubly bonded oxygen atom),
145.0, 143.5, 141.6, 141.1 and 130.2 ppm. These signals can be identified as quaternary
carbon signals as they disappear in the DEPT-135 but are present in the 3C NMR.

52.26

T T T T T T T T T T T T T T T T

I&) 180 170 1680 150 140 130 120 110 100 S0 & 70 60 30 40 0 23 10 ppm
Figure 86. Full DEPT-135 spectrum of biaryl 139.

202



NN T ™M g~ W00

WCALFY AN NmO M [l N w o
............. N O~ o~ o
WEHEMNAAMO OnWmOE - » "
Wt 0 YOO ~r~w o™~ o

L B B B I B B B B I B B B | ~r~ - n ]

1 1 T 1 1 T T T 1 T

180 160 140 120 100 a0 &0 40 20 0 ppm

Figure 87. Full *3C spectrum of biaryl 139.

Six quaternary carbons can be identified in this way and this corresponds with the number
expected by examination of the compound structure, where quaternary carbons that are
part of the phenyl rings are labelled as C1-C5, plus the carbonyl C, Figure 88. The
structure of this biaryl has 20 carbon atoms and there are only 14 carbon signals in the
13C NMR spectrum. This is as expected due to the plane of symmetry within the aromatic
rings and hence the number of signals arising from the aromatic rings is halved, Figure
88.

_.~~—— plane of symmetry

Free rotation about
ester-aryl bond o |

"'/o Ha
Figure 88. The structure of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139, with relevant
protons labelled for ease of discussion and the plane of symmetry highlighted.

The methoxy carbon and hydrogens can be easily identified as the most shielded signal
in both the 3C and *H NMR spectra. Thus, the methoxy carbon appears at 52.3 ppm,
Figure 89, and these hydrogens correspond to the singlet at 3.94 ppm, Figure 90,
integrating for 3 protons in the *H NMR spectrum.
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Figure 89. *C NMR spectrum showing the methoxy carbon within biaryl 139
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Figure 90. 'H NMR spectrum showing the methoxy hydrogens within biaryl 139

The carbonyl carbon signal at 166.6 ppm shows coupling in the HMBC spectrum to the
most deshielded protons at 8.13-8.11 ppm (integrating for 2H) and to OCHs. This implies
that the multiplet at 8.13-8.11 ppm is the peak of Ha shown in Figure 88 above. The high
chemical shift of this signal is expected due to ortho relationship of these protons to the
electron-withdrawing ester group.
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Figure 91. Expanded HMBC spectrum of 139 showing the coupling between the carbonyl carbon and Ha,
as well as the methoxy protons.

Ha is coupled to 130.3 ppm in the HSQC, making this signal that of Ca.
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Figure 92. Expanded HSQC spectrum of 139 showing the coupling between Ha and Ca

Ha is coupled to only one other proton in COSY which implies that the peak at 7.64-7.62
ppm is Hb.
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Figure 93. Expanded COSY spectrum showing the coupling between Ha and Hb in compound 139

Hb is coupled to 127.4 ppm in the HSQC, making this signal that of Cb.
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Figure 94. Expanded HSQC spectrum showing the coupling between Hb and Cb in 139

Looking at the HMBC spectrum, Ha shows coupling to Ca and to another carbon at 143.5
ppm, which we know is a quaternary carbon. Hb shows coupling to Cb, a quaternary
carbon at 130.2 ppm and another at 145.0 ppm.
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Figure 95. Expanded HMBC spectrum showing the long-range couplings of Ha and Hb in 139

The fact that the carbon at 143.5 ppm shows coupling to Ha and another proton, that is
not Hb (later assigned as Hc), means that this carbon could be either C2 or C3, as both
carbons are within 4 bonds of the relevant proton groups. Similarly, the fact that the
carbon at 145.0 ppm shows coupling to Hb and another proton, that is not Ha (later
assigned as Hd), means that this carbon could be either C2 or C3, as both carbons are
within 4 bonds of the relevant proton groups. Due to C3 being closer to a stronger
electron-withdrawing group than C2 (a sulfone is more electron-withdrawing than the
ester in this molecule), perhaps we could assign the carbon at the higher ppm of 145.0 as
C3on this basis, making C2 that at 143.5 ppm, but this is not a definitive assignment. The
quaternary carbon that only shows coupling to Hb at 130.2 ppm is likely to be C1.

At the other end of the structure, the proton Hg is the only signal that integrates for one
proton and this appears at 7.60-7.57 ppm. Examination of the HSQC shows that it couples
to the carbon at 133.3 ppm, making this Cg.
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Figure 96. Expanded HSQC spectrum of 139 showing the coupling between Hg and Cg

The COSY spectrum shows that Hg is coupled to the protons at 7.55-7.51 ppm, which
makes this signal that of Hf, and by HSQC these protons are coupled to the carbon at
129.4 ppm, Figures 97 and 98, respectively.
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Figure 97. Expanded COSY spectrum of 139 showing the coupling between Hg and Hf
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Figure 98. Expanded HSQC spectrum of 139 showing the coupling between Hf and Cf

The HMBC shows that Hf is coupled to the quaternary carbon at 141.6 ppm, thus it is
likely this is C5.
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Figure 99. Expanded HMBC spectrum of 139 showing the long-range coupling of Hf

The COSY spectrum shows that Hf is coupled to the protons at 8.00-7.98 ppm, making
this signal He, Figure 100.

209



8.1 8.0 79 78 7.7 76 F2 [ppm]

Figure 100. Expanded COSY spectrum of 139 showing the coupling between Hf and He

The HSQC shows that the He protons are coupled to the carbon at 127.7 ppm, making
this Ce, Figure 101.

AN

L

128 F1 [ppm]

T

T

130

T

T
132

I T
134

I
8.2 8.0 78 76 F2 [ppm]

Figure 101. Expanded HSQC spectrum of 139 showing the coupling between He and Ce

This leaves two proton signals left to assign, those at 8.04-8.02 ppm and 7.74-7.72 ppm,
both of which are coupled in the COSY spectrum.
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Figure 102. Expanded COSY spectrum of 139 showing the coupling between Hc and Hd

Hd is likely to be more deshielded than Hc due to its ortho relationship with the electron
withdrawing SO.Ph. Thus, Hd can be assigned as the signal at 8.04-8.02 ppm on this
basis, which is coupled to the carbon at 128.3 ppm by the HSQC spectrum.
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Figure 103. Expanded HSQC spectrum of 139 showing the coupling between Hd and Cd

Hc therefore is the peak at 7.74-7.72 ppm and is coupled to 128.2 ppm by the HSQC
spectrum.
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Figure 104. Expanded HSQC spectrum of 139 showing the coupling between Hc and Cc
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This leaves the quaternary carbon at 141.1 ppm, which is coupled to Hc in the HMBC

spectrum and is therefore likely to be C4.
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Figure 105. Expanded HMBC spectrum of 139 showing the long-range couplings of Hc

A summary of the assignments is shown in Figure 106.
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Figure 106. Summary of NMR spectroscopy signal assignment for 1-(4-methyl ester phenyl)-4-

(phenylsulfonyl)benzene 139.

3.2.5.2 IR spectroscopy and MS analysis used to fully characterize 1-(4-methyl ester

phenyl)-4-(phenylsulfonyl)benzene 139

In addition to the use of NMR spectroscopy, IR spectroscopy and MS analysis were used
to fully characterize 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139. The IR

spectrum of 139, is included as Figure 107.
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Figure 107. IR spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139.
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As expected from the structure of compound 139, there are a series of bands associated
with the presence of aromatic C=C, C-C and =C-H bonds. These include the band at 3068
cm?, characteristic of an aromatic C-H stretch and the bands at 1608, 1592, and 1432 cm"
! which are characteristic of aromatic C-C stretches. There are overtones associated with
the presence of aromatic rings that occur between 2000-1750 cm™ also. The sulfone S=0
asymmetric stretch is apparent at 1305 cm™ and its symmetric stretch at 1153 cm™. The
bands mentioned so far can be expected to be present in all of the phenylsulfonyl-
substituted biaryls we synthesized. Specific to compound 139, the presence of a methyl
group also causes certain bands, such as that at 2954 cm™ as a result of a C-H stretch,
1447 cm associated with C-H scissoring and 1393 cm™ corresponds to C-H rocking. The
band at 1005 cm™ is associated with in plane C-H bending and out of plane C-H bending
is apparent at 730 cmL, all of which are attributed to the presence of a methyl group (as
part of the ester). Additionally, the C=0 bond of 139 produces the strong band at 1712
cm* and the C-O bond causes bands at 1277 and 1073 cm™.

The MS analysis can be broken down into LC-MS and HR-MS. The LC-ESI-MS
spectrum of compound 139 showed it has m/z [M+Na]* 375.1 and the LC chromatogram
obtained indicated the purity of this compound as 95.8%, and had a retention time of 30.7
minutes. The corresponding data can be found in Appendix 3, Figures A377 and A378.
HR-MS was also applied to compound 139 in order to confirm the molecular formula
assigned. A mass error of 2.16 ppm was found and, as before with respect to triene
characterization, a mass error of less than 5.00 ppm means it is likely that the molecular
formula assigned is that of the molecule analyzed. The corresponding data can be found
in Appendix 3 Figure A379. Taken together, all of the data generated by NMR
spectrometry, IR spectroscopy, and MS analysis confirmed the structural characterization
of compound 139.

All the 1-(4-substituted phenyl)-4-(phenylsulfonyl)benzene compounds synthesized were
analyzed in the same manner using a combination of the analytical techniques at our
disposal. It is beyond the scope of this thesis to fully explain the analysis of each member
of this family of biaryls, but all the data is available and reported in the experimental
section, with spectra available in Appendix 3, Figures A356-A439. As compound 139 is
an example of a biaryl possessing an electron-withdrawing group, a brief explanation of
the structural characterization for a biaryl with an electron-donating substituent
(dimethylamino) is given below.

3.2.6 Structural characterization of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138

In terms of NMR spectroscopic data, the major difference between the spectra of this
compound and those of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene, 139, is the
chemical shift of the ipso-carbon (C1, Figure 108), which now occurs at 150.7 ppm. This

214



is due to the significant deshielding effect of the para-dimethylamino group on its ipso
carbon. The chemical shift of the ipso carbon is determined primarily by the inductive
effect of the substituent.?®! Electronegative atoms directly bonded to the ipso carbon have
a strong inductive effect on the ipso carbon and the result is a significant downfield shift
for the ipso carbon.?®! The carbon ortho to the dimethylamino substituent (Ca, Figure
108) can be identified at 112.5 ppm and is shielded due to the ability of the lone pair on
the nitrogen of the dimethylamino group to delocalize. This increases the electron density
at Ca, which also has a shielding effect on Ha, the attached protons, which appear as the
multiplet at 6.78-6.76 ppm, integrating for two protons. Ha can be identified from the
HSQC additionally (Appendix 3, Figure A373). This shielding effect is also seen at C2
(Figure 108), which is different to C2 in compound 139, with a lower ppm of 126.4 ppm.
The full list of peaks observed in both the 'H NMR and *C NMR spectra of this
compound can be found in the experimental section, with all NMR spectra relevant to the
compound available in Appendix 3, Figures A370-A375.
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Figure 108. The structure of compound 138

IR spectroscopy and MS (LCMS and HRMS) analysis was also completed, with the
expected signals and data obtained, see experimental section and Appendix 3, Figures
A366-A369.

3.2.7 Fluorescence

Luminescence refers to the emission of light from any substance and occurs because of
electronically excited states.?™ After absorbing an initial radiation, which can be termed
‘excitation light’, a molecule goes from a lower energetic state (commonly ground state)
to an excited state by absorbing energy. The emission process that takes place by the
molecule bouncing back to the initial state results in luminescence.?” Luminescence can
be divided into two types, fluorescence and phosphorescence, depending on the nature of
the excited state.?”* A molecular electronic state in which all electron spins are paired is
called a singlet state,?’® and all associated electronic energy levels have the same energy.
However, when one of a pair of electrons of a molecule is excited to a higher energy level,
a singlet or a triplet state is formed. In the excited singlet state, the spin of the promoted
electron is still paired with the ground-state electron. In the triplet state, the spins of the
two electrons become unpaired and are thus parallel. These states can be represented as
in Figure 109. It is interesting that the excited triplet state is less energetic than the
corresponding excited singlet state.?’®
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Figure 109. A graphical depiction of the different electronic spin states of molecules. (a) This depicts the
ground state of a molecule (a singlet state). (b) This depicts the excited singlet state, in which the spins
remain paired. (c) This depicts the excited triplet state, in which the spins are unpaired. Adapted from the
work of Skoog et al.?"®

Phosphorescence is the emission of light from triplet excited states, whereas fluorescence
is the emission of light from excited singlet states.?’* The average lifetime of an excited
triplet state may range from 10 to several seconds, compared with an average lifetime
of ~10°8 seconds for an excited singlet state,?’® assuming it is undisturbed by collisions,?"
and fluorescence can occur within this length of time.2” The lifetime (t) of a fluorophore
is the average time between its excitation and its return to the ground state.?’* An
electronically excited molecule ordinarily returns to its lowest excited state by a series of
rapid vibrational relaxations and internal conversions that produce no emission of
radiation. Thus, fluorescence most commonly arises from a transition from the lowest
vibrational level of the first excited electronic state to one of the vibrational levels of the
electronic ground state. This can be represented graphically, as per Figure 110.

excited }vibrational
electronic state 1 levels
absorption fluorescence
\'1=“\E 1)h "'2:’AE2"h
ground A }vibrational
electronic state levels

Figure 110. A simplified representation depicting electronic transitions during fluorescence, taken from
the work of Moldoveanu and David.?”™

For most fluorescent compounds, radiation is produced by eitheran* - noran* —» =«
transition, depending on which of these is the less energetic.?’® However, the most intense
and useful fluorescence is found in compounds containing aromatic functional groups
with low-energy n* — = transitions.2’® One well-known example is quinine, Figure 111,
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which is present in tonic water and is the first known fluorophore.?’* A glass of tonic
water which is exposed to sunlight will have the appearance of a faint blue glow at the
surface. This occurs as a result of electrons in the quinine molecule being excited by the

ultraviolet (UV) light from the sun and then returning to its ground state, consequently
274

emitting blue light with a wavelength near 450 nm.

Figure 111. Structure of quinine

Different substituents on a phenyl ring results in different fluorescent properties being
observed. For example, using benzene (wavelength of fluorescence of 270-310 nm) as a
reference point and setting its relative intensity of fluorescence to 10, one can see that
adding a nitrile substituent generates benzonitrile with a relative intensity of fluorescence
of 20 (wavelength of fluorescence of 280-360 nm), and adding a carboxylic acid group
generates benzoic acid with a relative intensity of fluorescence of 3 (wavelength of
fluorescence of 310-390 nm). Looking more closely at benzoic acid, the substitution of a
carboxylic acid on the aromatic ring inhibits fluorescence because the energy of the n —
7* transition is less than in the n* — = transition, and the fluorescence yield from the n
— m* transition is usually low.?"

3.2.7.1 Fluorescence reported for structurally similar biaryls

The fluorescent properties of biaryls have been investigated in the literature. For example,
the work of Maus and Rettig,?’" 278 assessed the fluorescent and photophysical properties
of differently twisted donor-acceptor biphenyls, Figure 112.

M 9 Meg
e
\ Me Me\
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Pgas 0° Pgas 39° Qgas 78°
Figure 112. The molecular structures of the donor-acceptor biphenyls investigated in this work and their

corresponding equilibrium ground state twist angles ¢gas obtained computationally, adapted from the work
of Maus and Rettig.?"®

This publication provides insights into the electronic and conformational structure in the
ground-state Sp and the first excited singlet state Si; reached after photoinduced
intramolecular charge transfer,2’® with charge being transferred from the HOMO (of the
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donor component) to the LUMO (of the acceptor component) across the interannular
bond. As a comparison, in unsubstituted biphenyl, charge-transfer interactions can be
neglected. This group?’’ had previously investigated the intramolecular charge-transfer
processes in these same donor-acceptor biphenyls after photoexcitation and drew
numerous conclusions on the basis of, for example, the appearance of four bands in the
steady-state spectra. These bands mainly corresponded to electronic transitions from the
ground state S into the terminal states.?’’

Examining the range of biaryls we synthesized, we strongly suspected that the 4-
dimethylamino substituted biaryl, 138, would exhibit interesting fluorescent properties as
a structurally similar donor-acceptor molecule to those reported by Maus and Rettig.?""
278 Bjaryl 138 consists of an electron-donating dimethylamino substituent and an
electron-withdrawing sulfone group, which should give rise to an intramolecular “push-
pull” effect. Building on some preliminary studies conducted by a previous member of
the Stephens group,?”® we undertook a study into the fluorescent properties of our biaryl
systems.

3.2.7.2 Investigation of fluorescent properties of our biaryls

Each of the biaryls were made up as 35 pM solutions in both chloroform and methanol.
Chloroform and methanol were chosen as representative polar aprotic and polar protic
solvents, respectively. A serial dilution was performed on each solution, and the UV-
absorption spectrum was recorded over a number of different concentrations. Once an
absorbance of approximately 0.1 a.u. was recorded for a given concentration, then the
emission and excitation spectra of each biaryl was recorded at that concentration. A
summary of all three spectra recorded for each biaryl in chloroform is shown in Figures
113(a)-(i). The same experiments were performed in methanol and these results can be
found in Appendix 3, Figures A440(a)-(i).
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Figure 113 (a). Overlapped UV-Vis, emission, and excitation spectra of biaryl 46 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 273, 326, and 272 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 4.56
uM solutions, respectively.
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Figure 113(b). Overlapped UV-Vis, emission, and excitation spectra of biaryl 138 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 348, 433, and 346 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 5.58
uM solutions, respectively.
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Figure 113(c). Overlapped UV-Vis, emission, and excitation spectra of biaryl 139 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 281, 332, and 280 nm were found,
respectively. Shoulders at 318, 320, and 348 nm were evident in the emission spectrum of compound 139
additionally. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 3.32
uM solutions, respectively.
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Figure 113(d). Overlapped UV-Vis and emission spectra of biaryl 140 in chloroform. An absorbance Amax
value of 297 nm was found. An emission Amax (and therefore excitation Amax) could not be found due to low
emission intensity. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and
4.56 uM solutions, respectively.
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Figure 113(e). Overlapped UV-Vis, emission, and excitation spectra of biaryl 141 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 276, 334, and 277 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 2.79
UM solutions, respectively.
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Figure 113(f). Overlapped UV-Vis, emission, and excitation spectra of biaryl 142 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 297, 367, and 298 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 2.32
uM solutions, respectively.
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Figure 113(g). Overlapped UV-Vis, emission, and excitation spectra of biaryl 143 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 278, 336, and 277 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax were recorded using 17.86 uM and 3.32
uM solutions, respectively.

o

0.8
3 c
c RS
8 A ——UV-Vis
o K]
o 0.6 £
o] L
-2 Py em
v =
> 0.4 E
s - ex
© &
Q
® 0.2

0

240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 113(h). Overlapped UV-Vis, emission and excitation spectra of biaryl 144 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax values of 276, 328, and 278 nm were found,
respectively. Shoulders at 315 and 346 nm were evident in the emission spectrum of compound 144
additionally. The absorbance Amax and emission/ excitation Amaxwere recorded using 17.86 pM and 3.25 uM
solutions, respectively.
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Figure 113(i). Overlapped UV-Vis, emission, and excitation spectra of biaryl 145 in chloroform.
Absorbance Amax, emission Amax, and excitation Amax Values of 284, 341, and 286 nm were found,
respectively. The absorbance Amax and emission/ excitation Amax Were recorded using 17.86 uM and 3.25
uM solutions, respectively.

Of the biaryls investigated in this study, one did not exhibit any detectable fluorescence,
and that was the 4-nitro substituted biaryl, 140. This is a common occurrence for aromatic
hydrocarbons possessing this substituent.?® It can be explained by the existence of a low-
lying n — m* transition and the resulting high rate of S; — So internal conversion in light
of the strong electron-withdrawing nature of the nitro substitutent.?®® As predicted, of all
the biaryls examined, the 4-dimethylamino substituted biaryl, 138, exhibited the largest
Amax In both the UV-absorbance and emission spectra. This was followed by the 4-
methoxy substituted biaryl, 142.

The Stokes shift is another photophysical parameter that was considered as part of our
preliminary photophysical investigation of the biaryls. The Stokes shift is simply the gap
between the maximum of the absorption band (UV-absorbance Amax) and the maximum
of the fluorescence spectrum (emission Amax), expressed in wavelengths.?® As can be
observed from Figures 113(a)-(i), the Stokes shift varied greatly depending on the biaryl
and was affected by the nature of the substituent. Compound 138 had the highest Stokes
shift of 85 nm, followed by compound 142 of 70, and the other biaryls had a Stokes shift
between 51 and 58 nm. Thus, generally the greater the electron-donating character of the
substituent on the phenyl ring, the higher the absorbance Amax observed. This effect that
the nature of the substituent has on the absorbance spectra can be visualized by plotting
all the relative absorbances on one plot, see Figure 114. This same trend is observed with
the absorbance spectra recorded in methanol, and also with respect to the emission spectra
recorded in both solvents. These spectra and plots can be found in Appendix 3, Figures
A441-A443. From examining Figure 114, and as stated previously, it is evident that the
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higher the electron-donating character of the substituent, the more red-shifted the
corresponding absorbance.
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Figure 114. Relative absorbance spectra of all biaryls in chloroform, recorded using 17.86 uM solutions

3.2.7.3 Effect of solvent on emission spectra

The effect of solvent on the emission spectra varied depending on the biaryl examined. A
comparison of the emission Amax recorded in both solvents is included as Figures 115(a)-
(h). As apparent above, Figure 113(d), the emission intensity of the 4-nitro substituent,
139, was extremely low in both solvents and, as such, the emission spectra associated
with this compound has not been included below, but can be found in Appendix 3, Figure
A448. The effect of solvent on the absorbance spectra of all biaryls synthesized was also
investigated. However, in this case the effect was minimal across all biaryls examined
and as such, the relevant spectra have not been included below, but can be found in
Appendix 3, Figure Ad44(a)-(i).
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Figure 115(a). Effect of solvent on emission Amax for biaryl 46. Emission Amax Values of 326 and 336 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a4.56 uM and 2.85 puM solution using chloroform and methanol as solvent, respectively.
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Figure 115(b). Effect of solvent on emission Amax for biaryl 138. Emission Amax values of 432 and 481 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a5.58 uM and 6.51 uM solution using chloroform and methanol as solvent, respectively.
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Figure 115(c). Effect of solvent on emission Amax for biaryl 139. Emission Amax Values of 332 and 331 nm
were found using chloroform and methanol as solvent, respectively. Shoulders at 318, 320, and 348 nm
were evident when the emission spectrum was recorded in chloroform, whereas these occurred at 319 &
344 nm in methanol. The emission Amax Was recorded using a 3.32 uM solution in both cases.
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Figure 115(d). Effect of solvent on emission Amax for biaryl 141. Emission Amax values of 334 and 340 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a2.79 uM and 2.85 uM solution using chloroform and methanol as solvent, respectively.
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Figure 115(e). Effect of solvent on emission Amax for biaryl 142. Emission Amax values of 367 and 391 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a 2.32 uM and 4.65 pM solution using chloroform and methanol as solvent, respectively.
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Figure 115(f). Effect of solvent on emission Amax for biaryl 143. Emission Amax Values of 335 and 343 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a 3.32 uM and 3.98 uM solution using chloroform and methanol as solvent, respectively.
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Figure 115(g). Effect of solvent on emission Amax for biaryl 144. Emission Amax Values of 328 and 327 nm
were found using chloroform and methanol as solvent, respectively. Shoulders at 315 and 346 nm were
evident when the emission spectrum was recorded in chloroform, whereas these occurred at 314 and 343
nm in methanol. The emission Amax Was recorded using a 3.25 uM and 2.85 uM solution using chloroform
and methanol as solvent, respectively.
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Figure 115(h). Effect of solvent on emission Amax for biaryl 145. Emission Amax vValues of 341 and 352 nm
were found using chloroform and methanol as solvent, respectively. The emission Amax Was recorded using
a 3.25 uM and 3.32 pM solution using chloroform and methanol as solvent, respectively.

As is evident from the above spectra, the effect of the solvent employed on the emission
Amax depended greatly on the nature of the substituent on the phenyl ring. A difference of
just 1 nm was observed in the case of an electron-withdrawing substituent, specifically a
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cyano or ester in the para- position. A difference of 6 and 8 nm was recorded for a chloro
or bromo substituent, respectively in this position and of 10 nm when this was simply a
hydrogen. Replacement of a hydrogen with a methyl group increased this slightly to 11
nm, with a methoxy to 24 nm and finally with a dimethylamino to a 48 nm difference
between the two solvents. The dimethylamino derivative, 138, showed the greatest
difference in the emission Amax recorded in the two solvents. Thus, as electron-donating
character increases, so does the effect of the solvent on the emission Amax.

Correspondingly, the Stokes shift observed across the majority of the biaryls examined
was affected by solvent, in that when the same samples were run in methanol (a more
polar, protic solvent relative to chloroform) the Stokes shift increased (Appendix 3,
Figures A440(a)-(i)). These results are consistent with the literature, and occur when the
dipole moment of a fluorescent molecule is higher in the excited state than in the ground
state.?®° Biaryls with an electron-donating substituent showed a substantial increase in
Stokes shift when changing solvent from chloroform to methanol. For example,
compound 138 had a Stokes shift of 134 nm and compound 142 had a Stokes shift of 94
nm in methanol, compared with 85 nm and 70 nm in chloroform, respectively. The
majority of other biaryls had Stokes shifts of between 51 and 69 in methanol. However,
there was only a Stokes shift of 1 nm (essentially none) observed for compounds 139 and
144, which bear electron-withdrawing groups of methyl ester and cyano, respectively.

All of these observations are consistent with the occurrence of an intramolecular charge
transfer (ICT) process,?®® Scheme 48, and given the nature of the biaryls we were
examining, we specifically propose the occurrence of a twisted intramolecular charge
transfer (TICT) process as the mechanism of fluorescence.

o
H,C 0 hv  H3Cry Co HsC.® 0

OA) — | O ) — e O=CO=5)
HsC o) HsC o HaC’ 0

Scheme 48. Proposed ICT mechanism of fluorescence using biaryl 138 as an example.

A TICT mechanism is a particular phenomenon wherein the intramolecular charge
transfer is accompanied by internal rotation within the fluorophore.?®® A prominent
example of this in the literature occurs with respect to 4-N,N-dimethylaminobenzonitrile,
Figure 116 (a). In the ground state, this molecule is almost planar, which corresponds to
the maximum conjugation between the dimethylamino substituent and the phenyl ring.
According to the Franck-Condon principle, the locally excited (LE) state is still planar,
but solvent relaxation take places with a corresponding rotation of the dimethylamino
substituent that occurs to such an extent that the molecule becomes twisted at right angles
and the conjugation is lost. In the consequential TICT state, stabilized by polar solvent
molecules, there is a complete charge separation between the dimethylamino and the
cyanophenyl substituent,?® which can be depicted graphically as per Figure 116 (b).
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Figure 116(a). Structure of 4-N,N-dimethylaminobenzonitile, (b) Structural representation of the
occurrence of the TICT mechanism, with respect to 4-N,N-dimethylaminobenzonitile.

Given the structural similarity between our biaryl 138 and 4-N,N-
dimethylaminobenzonitrile, and the composition of both molecules in terms of possession
of this donor/acceptor motif, it is very plausible that this same TICT mechanism applies
to our biphenyl, and gives rise to the observed fluorescent activity.

3.2.7.4 Measurement of molar extinction coefficient (g)

As part of our investigation of the preliminary photophysical properties of these biaryls,
the molar extinction coefficient (¢) was also investigated. This was examined using
chloroform as the solvent only. Here, two separate solutions of each biaryl were prepared
using 35 uM and 17.5 pM concentrations. A serial dilution was performed in each case
so as to ensure accurate and precise weighting and dilution, and consequently a good
approximation of € when the data was combined. Once the UV-absorbances across a
number of different concentrations were recorded, the optical density at the respective
absorbance Amax Was plotted against the relevant concentrations (expressed as molarity)
and an equation of the line was generated for each biaryl. The slope of this line
corresponds to the molar extinction coefficient (g). Figure 117(a) is used as a
representative example, the graphs relevant to biaryls 46, 138-142, and 144-145 can be
found in Appendix 3, Figures A445(a)-(h).
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Figure 117. Graph of UV-absorbance intensity versus concentration, using data collected by analyzing
solutions between 0-35 pM concentration. The € for biaryl 143 was found to be 28465 M cm™,

The absorbance (A) of a sample generally follows the Beer-Lambert law: A = ¢lc, where
¢ is the molar extinction coefficient, ¢ is the concentration (in molarity) of the absorbing
species, and | is the absorption path length (thickness of the absorbing medium, generally
the width of the cuvette) in cm.?® The molar extinction coefficient (&) expresses the
ability of a molecule to absorb light of wavelength A in any given solvent. A high value
of £ implies a probable transition.?® The values recorded for each of the biaryls range
from 17332-37964 Mt cm™* in chloroform. This is consistent with the occurrence of & —
m* transitions, for which values of € have been recorded up to the order of 10°.2%° The
highest value obtained for ¢, of 37964 M cm™, was obtained with respect to 1-(4-
chlorophenyl)-4-(phenylsulfonyl)benzene, 141, and the lowest value €, of 17332 M cm
! was obtained with respect to 4-dimethylamino substituted derivative 138.

3.2.7.5 Quantum vield calculation

The quantum yield () refers to the ratio of the number of molecules that fluoresce to the
total number of excited molecules,?’® and is another photophysical property of the biaryls
that we examined. For highly fluorescent molecules, the quantum yield approaches one,
whereas chemical species that do not fluoresce have quantum yields that approach zero.?’
The ¢ of each biaryl was recorded in both chloroform and methanol, with the exception
of the 4-nitro substituted biaryl, 140, for which the emission intensity was too low to
record a curve in either solvent. In each case, the concentration of each biaryl was
sufficiently low such that an optical density of approximately 0.1 (+0.05) was recorded.
The absorbance Amax was then chosen as the wavelength at which to excite the respective
sample and this generated an emission spectrum curve. The area under this curve was
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calculated using MATLAB® and used in the following formula to calculate the quantum
yield.

F Apn?

b = ¢Pg F_RI%

Figure 118. Equation for ¢ where ¢r is the quantum yield of the reference, F and Fr are the integrated
emission intensities of the sample and the reference, respectively. A and Ar are the optical densities of the
sample and the reference, respectively, and n and ng are the refractive indexes of the solvent in which the
measurement was performed for the sample and the reference, respectively.?!

In the majority of cases, the reference used was 2-aminopyridine, which has a literature
quantum yield of 0.60 when made up using 0.1 M sulfuric acid as the solvent.?® This was
an appropriate reference because its emission range covers 315-480 nm, which is the
range within which the emission Amax Was recorded for the majority of the biaryls
examined. The exception was the dimethylamino-substituted biaryl 138, which had an
emission Amax 0f 481 nm when recorded in methanol, and so quinine sulfate was used as
the reference in this case. Quinine sulfate has a quantum yield of 0.54 when made up
using 0.1 M sulfuric acid as the solvent,?3 and covers an emission range of 400-600 nm.
The following data was recorded in relation to obtaining the quantum yields of biaryl 138
in chloroform and methanol, Figure 119, and is used as an example of the data collected.
The data relating to the other biaryls, 46, and 139-145 can be found in Appendix 3,
Figures A446(a)-(g), and the data relevant to the two standards is included in Appendix
3, Figures A447(a) and (b).
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Figure 119. Data relevant to the calculation of quantum yield of biaryl 138 in chloroform (left) and
methanol (right), using the equation displayed above in Figure 118. A quantum yield of 0.92 and 0.28 was
recorded in chloroform and methanol, respectively using a 5.58 uM and 6.61 uM solution, respectively.
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Generally, the quantum yields for the biaryls ranged between 0.35-0.62 across the two
solvents examined. Some exceptions to this were evident, notably the 4-bromo substituted
biaryl, 143, which had a very low quantum yield of less than 0.05 in both solvents. This
is expected from the literature, being attributed to the internal heavy atom effect.°
Essentially, the presence of a heavy atom, such as bromine, as the substituent of an
aromatic molecule causes fluorescence quenching, and hence, the very low quantum yield
consequently. Another anomaly was observed with respect to the 4-dimethylamino
substituted biaryl, 138, in that the highest quantum yield of 0.92 was recorded in
chloroform and yet, one of the lowest quantum yields of 0.28 was recorded in methanol.
As mentioned previously, chloroform is an aprotic solvent whereas methanol is a protic
solvent. It has been noted in the literature that the occurrence of hydrogen bonding within
a solvent may be sufficient to significantly change the fluorescence spectrum of a
fluorophore.?® Valeur?® uses 4—aminophthalimide, Figure 120, to exemplify this, noting
that this compound possesses a high quantum yield in aprotic solvents but a very low
quantum vyield in protic solvents, and attributes this to the occurrence of hydrogen
bonding.?° Based on the quantum yields we observed with respect to biaryl 138, we can
hypothesize that the occurrence of hydrogen bonding in methanol has a similar effect on
our dimethylamino biaryl, 138, as that which occurs in the case of 4—aminophthalimide.

O

NH

HoN
)
Figure 120. Chemical structure of 4-aminophthalimide

With respect to the 4-methyl ester substituted derivative 139, a different solvent effect
was observed in that a lower quantum yield was recorded in chloroform than that in
methanol of 0.36 and 0.44 respectively. Some aromatic carbonyl compounds often have
low-lying, closely spaced m—m* and n—m* states.?®® Inversion of these two states can be
observed when the polarity and the hydrogen-bonding ability of the solvent increases,
because the n—m* state shifts to higher energy whereas the =—n* state shifts to lower
energy, something which can be represented graphically, Figure 121.
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Figure 121. The effect of polarity-induced inversion of n—n* and n—n* states, taken from the work of

Valeur.280

The result is in an increase in fluorescence quantum yield in more polar solvents that are
capable of hydrogen bonding. A similiar effect was observed with respect to the 4-
methoxy-substituted biaryl, 142, having a quantum yield of 0.62 in chloroform and 0.75

in methanol.

A summary of the photophysical properties of this family of biaryls, that we investigated
as part of this study, can be summarized by the following table, Table 23.

Table 23. Summary of the preliminary photophysical properties of the biaryls 46, 138-145 investigated in

our study
o, L) Solvent Amax@bs  Amaxem  Stoke’s  Amaex & (M @
R % (Conc. = 35 (nm) (nm) z‘:rl:t) (nm) cm™?)
HM)

R=
H Chloroform 273 326 53 272 22034 0.41
H Methanol 272 336 64 209 & 272 0.43
N(CHs) Chloroform 348 433 85 251 & 346 17332 0.92
N(CHs)z Methanol 240 & 347 481 134 240 & 346 0.28
CO:Me Chloroform 281 3322 51 280 34033 0.36
CO:Me Methanol 279 331° 52 208 & 280 0.44
OMe Chloroform 297 367 70 298 37703 0.62
OMe Methanol 297 391 94 228 & 298 0.75
Me Chloroform 284 341 57 286 29738 0.42
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Me Methanol 283 352 69 210 & 280 0.58

Cl Chloroform 276 334 58 277 37964 0.37
Cl Methanol 275 340 65 210 & 278 0.41
Br Chloroform 278 335 57 277 28465  0.032
Br Methanol 277 343 66 212 & 272 0.048
CN Chloroform 276 328° 52 278 30435 0.40
CN Methanol 276 327¢ 51 211 & 273 0.35
NO2 Chloroform 297 N/A N/A N/A 24730 N/A
NO2 Methanol 297 N/A N/A N/A N/A

To summarize, interesting photophysical results were obtained with respect to the family
of phenylsulfonyl biaryls analyzed. The largest Stokes shift of 134 nm was observed for
the dimethylamino derivative, 138 in methanol. Compound 138 showed the greatest
sensitivity to solvent choice and manifested itself in changes to the emission Amax. In terms
of the molar extinction coefficient (g), the values recorded for each of the biaryls ranged
from 17332-37964 M cm™ in chloroform, the largest being recorded with respect to the
p-chloro derivative, 141, and the lowest corresponded to compound 138. The biaryl with
the highest quantum yield of 0.92 was 138, but this was only observed in the aprotic
solvent chloroform. In methanol the quantum yield of 138 dropped dramatically to 0.28,
due to a suspected hydrogen bonding effect. The results and structure of our biaryls, most
notably the dimethylamino derivative 138, suggests the occurrence of a twisted
intramolecular charge transfer (TICT), which involves an intramolecular charge transfer
process accompanied by internal rotation within the fluorophore.
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3.3 Conclusion

To conclude, a selection of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
trienes, synthesized as described in Chapter Two, were used as substrates in a thermal
electrocyclization reaction. This reaction is symmetry allowed by the Woodward-
Hoffman rules via disrotatory orbital overlap of the substituents on the terminal carbon
atoms and resulted in the generation of a family of biaryls. An optimization study was
carried out in order to determine preferred reaction conditions for this synthetic protocol.
The conversion of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105,
to give 4-(phenylsulfonyl)-1,1’-biphenyl, 46, was employed as a model reaction. As part
of this study, a number of experimental set-ups were investigated including the choice of
heat source for the electrocyclization process, the use of microwave irradiation, and the
possibility of using sublimation as a purification method. The highest conversion to biaryl
was recorded using neat heating (via an oil bath) of compound 105, at 175 °C for 1.5
hours. This synthetic protocol gave an 88% yield of pure biaryl 46, after column
chromatography and subsequent re-crystallization. The application of thermal
electrocyclization using the preferred reaction conditions resulted in the synthesis of eight
1-(4-substituted phenyl)-4-(phenylsulfonyl)benzene products in 40-64% yield. To the
best of our knowledge, none of theses eight biaryls have been reported in the peer
reviewed literature. All biaryls synthesized were structurally characterized in full using
NMR and IR spectroscopy, as well as LC-MS and HR-MS. There were no obvious trends
observed relating substituent effects with yields obtained. Although yields of only 40-
64% were achieved for the substituted biaryl products, the developed protocol has the
advantages of being solvent-free and not requiring a transition metal catalyst.
Furthermore, a short reaction time of 1.5 hours and use of simple apparatus is
advantageous.

A preliminary investigation of the family of 1-(4-substituted phenyl)-4-
(phenylsulfonyl)benzene compounds was conducted to determine some of their
photophysical properties. As such, we collected data on the UV-absorbance Amax,
emission Amax, excitation Amax, Stokes’ shift, molar extinction coefficient (¢) and quantum
yield (¢). As expected, the 1-(4-dimethylaminophenyl)-4-(phenylsulfonyl)benzene
derivative, 138, exhibited the most potent fluorescent activity. For example, compound
138 had the largest observed UV-absorbance Amax and emission Amax, 348 and 433 nm,
respectively of all biaryls (in chloroform). The effect the substituent had on absorbance
and emission was examined and it was observed that the stronger the electron-donating
character of the substituent then the higher the corresponding absorbance Amax and
emission Amax. The 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene derivative, 140, was the
only biaryl for which fluorescent activity was not observed. This can be explained by a
low-lying n — =* transition, due to the presence of the strongly electron-withdrawing
nitro substituent.
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The effect of solvent was investigated by running samples in chloroform, a polar aprotic
solvent, and in methanol, a polar protic solvent. While this did not have a significant
effect on the absorbance Amax, the effect on emission Amax Was more pronounced. This
depended on the substituent found on the phenyl ring, with the emission Amax 0f compound
138, with a para-dimethylamino group, being red-shifted the most to 481 nm. This was
followed by 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene, compound 142, with an
emission Amax 0f 391 nm. This effect decreased as the electron-donating character of the
substituent diminished. Compound 138 had the largest Stokes’ shift of all biaryls
investigated (determined in methanol) of 134 nm. This was followed by compound 142,
with a Stokes’ shift of 94 nm (also in methanol). The other biaryls had Stokes’ shifts of
between 51 and 69 in methanol.

The molar extinction coefficient (g) varied greatly between biaryls. For example, a value
of 17332 Mt cm™ was determined for compound 138 and of 37964 M cm for 1-(4-
chlorophenyl)-4-(phenylsulfonyl)benzene 141. The quantum yield (¢) also varied greatly,
from 0.032 for the 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene derivative, 143 in
chloroform, to 0.92 for compound 138, in chloroform. The large value for ¢ of 0.92 for
138 demonstrates its strong fluorescent activity. Interestingly, ¢ of biaryl 138 in methanol
was much lower at 0.28 and this is consistent with literature reports for a structurally
similar compound and can be explained by the effect of hydrogen bonding, not present in
chloroform, and the consequential reduction in fluorescence. The effect of protic versus
aprotic solvents is consistent with our proposed mechanism of fluorescence, which
consists of a twisted intramolecular charge transfer (TICT). A TICT mechanism of
fluorescence involves an intramolecular charge transfer process accompanied by internal
rotation within the fluorophore.

Future work might entail further photophysical studies including an examination of the
lifetime of this fluorophore (compound 138). Additionally, the application of some of
these biaryls as sensor molecules could be considered. For example the non-fluorescence
of compound 140 could be useful in a nitroreductase sensor. Nitroreductase is one of a
series of biomarkers that have been shown to be significantly upregulated in cells under
hypoxic stress. Hypoxia has been reported to play a role in a number of diseases including
in tumour development and resistance to therapy. The reaction of 140 with nitroreductase
enzyme would result in the reduction of the nitro group to an amino group, fluorescence
would be ‘turned on’, and hence one would have sensed the presence of nitroreductase.
This example, as well as the preliminary photophysical properties we have completed,
shows that these biaryls are potentially useful and versatile fluorescent small molecules.
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34 Experimental Procedure

3.4.1 General information for chemical synthesis

See section 2.4.1 for full details. Additionally, the UV-Vis spectrum of each biaryl in
solution was obtained using a Unicam UV 540 spectrometer. The emission and excitation
spectra for each solution was obtained using a JASCO FP-6300 spectrofluorometer.

3.4.2 Optimization study to determine preferred reaction conditions for biaryl synthesis

3.4.2.1 Initial test reaction to confirm conversion of (1E.3E.5E)-1.3-bis-phenylsulfonyl-
6-phenyl-hexa-1,3.5-triene, 105 using a heat gun

Neat solid (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105, (25 mg,
0.057 mmol) in a 25 mL round-bottom flask was heated quickly using a Bosch heat gun
set at the maximum temperature for approximately 10 seconds. Heating in this way
caused the contents to melt and a brown oil was visible, with some charring evident on
the side of the round-bottom flask. The round-bottom flask was weighed before the
addition of the triene and after heating the triene in this way, and the mass this
corresponded to was assigned as the crude mass of 4-(phenylsulfonyl)-1,1'-biphenyl, 46,
obtained. This was then subjected to *H NMR spectroscopic analysis to confirm the
formation of 46 (12.6 mg, 75%).

3.4.2.2 Optimization study: Investigation of optimal heating methodology

We investigated different heating methods and applied these to the attempted
electrocyclization of 105 in each case.

3.4.2.2.1 Use of an oil bath (at 175 °C)

Neat solid 105 (25 mg, 0.057 mmol) was placed in a 25-gram round-bottom flask and the
top was covered in parafilm with a pin-sized hole in the centre. The bottom half of the
flask was immersed in an oil bath that had been heated to 175 °C and then left for 1.5
hours. Approximately 5 minutes into this time, the yellow-coloured powdered
consistency of 105 changed to a brown oil. Once the 1.5 hours had elapsed, the outside
of the flask was cleaned thoroughly with tissue, and then the flask weighed to obtain the
crude mass of 46 (15.8 mg, 94%).

34222 Use of a pyrex bowl full of Lab Armour metallic beads (at 175 °C)
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As per section 3.4.2.2.1, replacing the oil bath with a pyrex bowl filled with Lab Armour
metallic beads. Crude 46 was obtained (11.8 mg, 70%).

34223 Use of a pyrex bowl full of sand (at 175 °C)

As per section 3.4.2.2.1, replacing the oil bath with a pyrex bowl filled with sand that had
been pre-dried in an oven overnight. Crude 46 was obtained (13.4 mg, 80%).

34224 Use of a pyrex bowl full of sand (at 200 °C)

As per section 3.4.2.2.3, but instead heated to 200 °C. Crude 46 was obtained (10.1 mg,
60%).

34.2.25 Use of a vacuum oven (at 180 °C)

Compound 105 (25 mg, 0.057 mmol) was spread across a clock glass which was placed
under the lid of a petri dish with tin foil wrapped underneath it to hold the clock glass and
lid in place. This assembly was placed in a Binder vacuum oven (Mason Technology),
which had been heated to 180 °C, that was attached to a RV5 Edwards pump fitted with
an oil mist filter EMF10. The petri dish was left inside the vacuum oven for 24 hours with
the pressure approaching 0 mbar atm for the duration. Crude 46 was obtained (1.7 mg,
10%).

3423 Optimization study: Purification attempts using sublimation

34231 Sublimation attempt one — use of water for cooling

A sublimation apparatus was attached to an aspirator and fitted onto to a 50 mg round-
bottom flask containing 105 (25 mg, 0.057 mmol). This was heated using an oil bath set
to 175 °C for 1.5 hours. After this time, there was some material sublimed to the cold
finger which consisted of a colourless solid (2 mg) and non-sublimed brown residue in
the round-bottom flask (6 mg). The *H NMR spectra indicated they contained the same
product — crude 46 (8 mg, 48%).

3.4.23.2 Sublimation attempt two - use of liquid nitrogen for cooling

The second attempt changed the sublimation apparatus from that used in section 3.2.3.3.1
to one that allowed liquid nitrogen to be added to the cold finger. This was inserted into
a Schlenk tube containing 105 (25 mg, 0.057 mmol) which was heated using an oil bath
setto 175 °C for 2 hours. The Schlenk tube was attached to a Schlenk line which achieved
a vacuum of 0.1 mbar. The process of adding liquid nitrogen to the cold finger occurred
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over the course of 2 hours to ensure sufficient quantities of liquid nitrogen remained on
the cold finger. A colourless material (4 mg) sublimed onto the cold finger and 13 mg of
a brown residue remained on the bottom of the round bottom flask after the 2 hours of
heating had elapsed. However, the sublimed material contained only trace amounts of the
biaryl (< 10%) and instead, was composed largely of an unidentified by-product. Thus,
the crude yield of 46 was accounted for by the brown residue only (13 mg, 77%)

3424 Optimization study: Microwave heating

34241 Microwave heating and choice of solvent

To investigate if solvent had an effect, 0.0025 M (5 mL) solutions of 105, were made up
by dissolving 5.46 mg of 105 in respective solvent, and each solution was exposed to
microwave heating at 170 °C for 5 minutes. This solution was then transferred to a round-
bottom flask, the contents reduced in vacuo to dryness and then subjected to *H NMR
after dissolving in deuterated chloroform.

342411 Use of toluene

As per section 3.4.2.4.1, using toluene. A white solid, which was not the desired product
and whose structure could not be determined, precipitated at the end of the reaction. The
remaining solution contained crude biaryl 46 (1.47 mg, 40%)

342412 Use of DMF
As per section 3.4.2.4.1, using DMF. Crude biaryl 46 (1.84 mg, 50%)

3.424.1.3 Use of chloroform

As per section 3.4.2.4.1, using chloroform. No formation of biaryl 46 detected by *H
NMR spectroscopy, only unreacted triene and a complex mixture.

342414 Use of acetonitrile

As per section 3.4.2.4.1, using acetonitrile. No formation of biaryl 46 detected by 'H
NMR spectroscopy, only a complex mixture.

34242 Microwave heating and variations in temperature used
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As per section 3.4.2.4.1, using DMF but varying the temperature.

342421 Use of 85 °C

As per section 3.4.2.4.2, using 85 °C. No conversion from triene 105 to biaryl 46 was
observed and this mixture consisted largely of unconverted triene.

342422 Useof110°C

As per section 3.4.2.4.2, using 110 °C. Very little conversion from triene 105 to biaryl 46
was observed. Some evidence of its conversion could be seen in the crude *H NMR
spectrum but the yield was too low to accurately quantify.

342423  Useof 140 °C

As per section 3.4.2.4.2, using 140 °C. Crude biaryl 46 (1.10 mg, 30%) and the remainder
consisted of unconverted triene and a complex mixture.

342424  Useof 150 °C

As per section 3.4.2.4.2, using 150 °C. Crude biaryl 46 (1.47 mg, 40%) and the remainder
consisted of unconverted triene and a complex mixture.

342425 Useof 170 °C

As per section 3.4.2.4.2, using 170 °C. Crude biaryl 46 (1.84 mg, 50%) and the remainder
consisted of a complex mixture.

34243 Microwave heating and concentration of triene

342431 Use of 0.0025 M solution

Exactly as per section 3.4.2.4.2.5, crude biaryl 46 (1.84 mg, 50%) and the remainder
consisted of a complex mixture.

342432 Use of 0.01 M solution
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A 0.01 M (5 mL) solution of 105, was made up by dissolving 21.83 mg of 105 in DMF,
and this solution was exposed to microwave heating at 170 °C for 5 minutes. This solution
was then transferred to a round-bottom flask, the contents reduced in vacuo to dryness
and then subjected to *H NMR after dissolving in deuterated chloroform. Crude biaryl 46
(8.83 mg, 60%) and the remainder consisted of a complex mixture.

342432 Use of 0.1 M solution

A 0.1 M (5 mL) solution of 105, was made up by dissolving 218 mg of 105 in DMF, and
this solution was exposed to microwave heating at 170 °C for 5 minutes. This solution
was then transferred to a round-bottom flask, the contents reduced in vacuo to dryness
and then subjected to *H NMR after dissolving in deuterated chloroform. Crude biaryl 46
(88.3 mg, 60%) and the remainder consisted of a complex mixture.

3.4.3 General procedure for synthesis of biaryls

Neat 1,3,5-hexatriene (150 mg) was heated at 170 °C for 1.5 hours. The resulting brown
residue was cooled to room temperature and purified using flash chromatography on silica
gel with ethyl acetate/petroleum ether in different ratios to give the best separation as
indicated by TLC. The resulting solid was then recrystallised using a minimum amount
of DCM/n-hexane to give the final product.

Synthesis of 4-(phenylsulfonyl)-1,1°-biphenyl, 46

o ]
S
CTo

Neat 105 (150 mg, 0.34 mmol) was used as per the general procedure. The mobile phase
for flash chromatography consisted of ethyl acetate/petroleum ether (100:0 petroleum
ether, then 100 mL 95:5 petroleum ether: ethyl acetate, followed by a 1% increase in polar
mobile phase every 100 mL. Column finished at 86:14 petroleum ether: ethyl acetate).
An off-white solid was obtained as the final product, 88 % yield (89 mg). M.P. 144-146°C,
Lit. 148-149°C.%"2 'H NMR (500 MHz, CDCls) 6 8.02-7.98 (m, 4 H), 7.71-7.69 (m, 2 H),
7.59-7.50 (m, 5 H), 7.47-7.39 (m, 3 H); C NMR (125 MHz, CDCls) § 146.2, 141.8,
140.2, 139.2, 133.2, 129.3, 129.1, 128.6, 128.2, 127.9, 127.7, 127.4 ppm. NMR data
consists with literature.?’?; LC-MS: purity 98.8% tr= 31.24 min, (ESI) m/z [M+H]* 295.8.

242



Synthesis of 1-(4-dimethylaminophenyl)-4-(phenylsulfonyl)benzene, 138

(Me),N
Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(4-p-dimethylaminophenyl)-hexa-1,3,5-triene,
110 (150 mg, 0.31 mmol) was used as per the general procedure. The mobile phase for
flash chromatography consisted of ethyl acetate/petroleum ether (100:0 petroleum ether,
then 100 mL 95:5 petroleum ether: ethyl acetate, followed by a 1% increase in polar
mobile phase every 100 mL. Column finished at 86:14 petroleum ether: ethyl acetate).
An off-white solid was obtained as the final product, 49% yield (52 mg) *H NMR (500
MHz, CDCl3) 6 7.98-7.96 (m, 2 H), 7.94-7.92 (m, 2 H), 7.66-7.64 (m, 2 H), 7.57-7.54 (m,
1 H), 7.52-7.48 (m, 4 H), 6.78-6.76 (m, 2 H), 3.01 (s, 6 H); *C NMR (125 MHz, CDCl5)
0 150.8, 146.2, 142.2, 138.3, 133.0, 129.2, 128.2, 128.0, 127.6, 126.5, 126.4, 112.5, 40.3
ppm; HRMS (ESI-MS) Calc. for C20H1902SN (M+Na)*: 337.1136; found: 337.1143; IR
(ATR): vmax 3063, 2920, 2851, 2815, 1611, 1587, 1538, 1492, 1446, 1369, 1306, 1288,
1146, 1106, 1072, 1023, 845, 807, 788, 738, 724, 685 cm™; LC-MS: purity 96.3% tr=
31.78 min, (ESI) m/z [M+H]" 338.1.

Synthesis of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene, 139

o
S,
(Je
o O

0]

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-(methyl ester)phenyl)-hexa-1,3,5-triene
113 (150 mg, 0.30 mmol) was used as per the general procedure. The mobile phase for
flash chromatography consisted of ethyl acetate/petroleum ether (75:25). Colourless
crystals were obtained as the final product, 44% yield (47 mg). *H NMR (500 MHz,
CDCl3) 6 8.13-8.11 (m, 2 H), 8.04-8.02 (m, 2 H), 8.00-7.98 (m, 2 H), 7.74-7.72 (m, 2 H),
7.64-7.62 (m, 2 H), 7.60-7.57 (m, 1 H), 7.55-7.51 (m, 2 H), 3.94 (s, 3 H); *C NMR (125
MHz, CDCls) 6 166.6, 145.0, 143.5, 141.6, 141.1, 133.3, 130.3, 130.2, 129.4, 128.3,
128.2,127.7,127.4,52.3 ppm; HRMS (ESI-MS) Calc. for C20H1604S (M+H)*: 352.0769;
found: 352.0777; IR (ATR): vmax 3068, 2954, 1712, 1608, 1592, 1447, 1432, 1393, 1305,
1277, 1153, 1107, 1073, 1022, 1005, 873, 831, 770, 730, 714, 690 cm™; LC-MS: purity
95.8% tr=30.66 min, (ESI) m/z [M+Na]" 375.1.
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Synthesis of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene, 140

o [
S,
(e

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-triene 109 (150
mg, 0.31 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (2:8) until the top two spots
were removed, followed by 4:6 of the same component mixture. White crystals were
obtained as the final product, 44% yield (47 mg). *H NMR (500 MHz, CDCls) 6 8.33-
8.31 (m, 2 H), 8.08-8.06 (m, 2 H), 8.00-7.98 (m, 2 H), 7.74-7.71 (m, 4 H), 7.62-7.59 (m,
1 H), 7.56-7.53 (m, 2 H); *C NMR (125 MHz, CDCls) 6 148.0, 145.5, 143.6, 142.0,
141.4,133.5, 129.4, 128.5, 128.3, 128.26, 127.8, 124.3 ppm; HRMS (ESI-MS) Calc. for
C18H1304SN (M-H)*: 339.0565; found: 339.0561; IR (ATR): vmax 3098, 3073, 1592,
1515, 1449, 1392, 1336, 1313, 1296, 1153, 1107, 1072, 1022, 1000, 873, 854, 831, 774,
755, 726, 713, 689, 678 cm™; LC-MS: purity 97.2% tg= 30.59 min, (ESI) m/z [M+H]*
340.2.

O,N

Synthesis of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene, 141

o [
: (e
Cl

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-triene 108 (150
mg, 0.32 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (15:85). White crystals were
obtained as the final product, 64% yield (67 mg). Also performed on 1 mmol scale, 62%
yield (203 mg). *H NMR (500 MHz, CDCls) § 8.02-7.97 (m, 4 H), 7.67-7.65 (m, 2 H),
7.60-7.56 (m, 1 H), 7.54-7.52 (m, 2 H), 7.51-7.49 (m, 1 H), 7.485-7.48 (m, 1 H), 7.44-
7.41 (m, 2 H); 3C NMR (125 MHz, CDCls) ¢ 144.9, 141.7, 140.6, 137.6, 134.9, 133.2,
129.4, 129.3, 128.6, 128.3, 127.8, 127.7 ppm; HRMS (ESI-MS) Calc. for C1gH130.SCI
(M+Na)™: 328.0325; found: 328.0330; IR (ATR): vmax 3073, 1592, 1510, 1477, 1389,
1359, 1317, 1284, 1184, 1155, 1106, 1073, 1012, 1000, 973, 858, 829, 814, 780, 750,
734, 715, 681 cm; LC-MS: purity 98.0% tr= 33.64 min, (ESI) m/z [M+Na]* 352.0.
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Synthesis of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene, 142

O\\Q
Sy
: e
HsCO

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-triene 107
(150 mg, 0.32 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (33:67). White crystals were
obtained as the final product, 60% yield (62 mg). *H NMR (500 MHz, CDCls) § 7.99-
7.96 (M, 4 H), 7.67-7.65 (m, 2 H), 7.58-7.55 (m, 1 H), 7.53-7.50 (m, 4 H), 7.00-6.97 (m,
2 H), 3.85 (s, 3 H); 3C NMR (125 MHz, CDCls) ¢ 160.2, 145.8, 141.9, 139.4, 133.1,
131.5, 129.3, 128.5, 128.2, 127.6, 127.3, 114.5, 55.4 ppm; HRMS (ESI-MS) Calc. for
C19H1603S (M+Na)": 324.0820; found: 324.0824; IR (ATR): vmax 3067, 3008, 2959,
2932, 2838, 1604, 1589, 1521, 1448, 1392, 1318, 1305, 1292, 1252, 1182, 1148, 1106,
1071, 1032, 1013, 998, 847, 824, 808, 763, 746, 717, 685 cm™; LC-MS: purity 96.9% tg=
38.07 min, (ESI) m/z [M+H]" 326.1.

Synthesis of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143

o [
S,
(Jo
Br O

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-bromophenyl)-hexa-1,3,5-triene 112 (150
mg, 0.29 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (33:67). White crystals were
obtained as the final product, 40% vyield (44 mg). *H NMR (500 MHz, CDCls) 6 8.02-
7.97 (m, 4 H), 7.67-7.65 (m, 2 H), 7.60-7.56 (m, 3 H), 7.54-7.51 (m, 2 H), 7.44-7.41 (m,
2 H); 3C NMR (125 MHz, CDCls) ¢ 144.9, 141.7, 140.6, 138.1, 133.3, 132.3, 129.4,
128.9, 128.4, 127.7, 127.68, 123.1 ppm; HRMS (ESI-MS) Calc. for C1gH130.SBr
(M+Na)*: 371.9820; found: 371.9820; IR (ATR): vmax 3058, 1592, 1474, 1448, 1386,
1316, 1156, 1107, 1071, 1025, 1000, 963, 928, 858, 830, 813, 777, 749, 734, 716, 688,
679 cm™; LC-MS: purity 98.8% tr= 34.07 min, (ESI) m/z [M+H]" 373.9.
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Synthesis of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144

o 1)
S,
: (Je
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Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-triene 111 (150
mg, 0.32 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (25:75) until the top spot was
removed, followed by 4:6 of the same component mixture. White crystals were obtained
as the final product, 46% yield (48 mg). *H NMR (500 MHz, CDCls) 6 8.06-8.04 (m, 2
H), 8.00-7.98 (m, 2 H), 7.76-7.75 (m, 2 H), 7.71-7.69 (m, 2 H), 7.67-7.65 (m, 2 H), 7.61-
7.58 (m, 1 H), 7.55-7.52 (m, 2 H); 3C NMR (125 MHz, CDCls) 6 144.0, 143.6, 141.7,
141.4, 1334, 132.9, 129.4, 128.5, 128.2, 128.1, 127.8, 118.4, 112.4 ppm; HRMS (ESI-
MS) Calc. for C19H1302SN (M+Na)*: 319.0667; found: 319.0669; IR (ATR): vmax 3065,
2227, 1980, 1932, 1590, 1488, 1447, 1392, 1320, 1308, 1287, 1189, 1154, 1107, 1072,
998, 865, 837, 822, 760, 732, 717, 687 cm™!; LC-MS: purity 99.3% tr= 29.32 min, (ESI)
m/z [M+K]*357.7.

Synthesis of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145

o 1)
S,
: (Je
Me

Neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methylphenyl)-hexa-1,3,5-triene 116 (150
mg, 0.33 mmol) was used as per the general procedure. The mobile phase for flash
chromatography consisted of ethyl acetate/petroleum ether (12:88). White crystals were
obtained as the final product, 50% yield (51 mg). *H NMR (500 MHz, CDCls) § 8.42-
8.41 (m, 1 H), 7.60-7.53 (m, 2 H), 7.41-7.38 (m, 1 H), 7.26-7.24 (m, 2 H), 7.21-7.18 (m,
3 H), 7.00-6.99 (m, 2 H), 6.85-6.84 (m, 2 H), 2.38 (s, 3H); 13C NMR (125 MHz, CDCls)
0142.4,141.0,139.8,137.4,135.2,132.9, 132.8, 132.5, 129.9, 128.6, 128.2, 128.0, 127.8,
127.5, 21.3 ppm; HRMS (ESI-MS) Calc. for Ci9H1602S (M+H)*: 308.0871; found:
308.0879; IR (ATR): vmax 3069, 3031, 2921, 2853, 1738, 1594, 1485, 1448, 1393, 1378,
1320, 1308, 1290, 1180, 1151, 1106, 1073, 998, 851, 804, 768, 746, 724, 711, 685 cm™;
LC-MS: purity 97.4% tr= 33.27 min, (ESI) m/z [M+H]* 309.0.
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3.4.4 General methods for the photophysical study of biaryls

3.4.4.1 Preparation of solutions

Compound 46 (0.24 mg) was weighed out using a five-figure balance and dissolved in
chloroform (100 mL) using a 100 mL volumetric flask. The resulting solution, which
corresponded to a concentration of 35 pM, was then examined for UV-absorbance. This
was done for all biaryls, with the mass weighed out changed accordingly, and for all
solutions alternatively made using methanol as the solvent. Alternatively, compound 46
(0.17 mg) was weighed out and dissolved in the same manner to give a 17.5 uM, and then
for UV-absorbance. This was applied to all other biaryls but only using chloroform as the
solvent.

2-Aminopyridine (0.94 mg) was weighed out using a five-figure balance and dissolved
in 0.1 M sulfuric acid (100 mL) using a 100 mL volumetric flask. The resulting solution,
which corresponded to a concentration of 100 uM, was then examined in the fluorescence
study. A solution of quinine sulfate dihydrate (3.92 mg) was also prepared in the same
way. These references were used for establishing the quantum yield only.

3.4.4.2 Fluorescence study

A UV-Vis spectrum of each 35 uM solution (in chloroform) was obtained in order to
establish the absorbance Amax and a serial dilution was performed in order to study each
biaryl over a number of concentrations, the information from which was used to obtain
the molar extinction coefficient (¢). For this purpose, the solutions of 17.5 uM
concentration were assessed in the same way, in order to generate more data sets for
establishing € more precisely. The emission and excitation spectra for each solution was
obtained, once the concentration of the respective solution was sufficiently low such that
it corresponded to an optical density of approximately 0.1 (x 0.05). The absorbance Amax
for each solution was used as the excitation parameter to generate the emission spectrum,
the data from which was used in the determination of the quantum yield. This emission
maximum was in turn used as the emission parameter to generate the excitation spectrum.
This method was applied to solutions of each biaryl in methanol additionally.
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Appendix 1

NMR & LCMS spectra of cinnamaldehydes synthesized
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Figure Al. *H NMR spectrum of (E)-p-cyanocinnamaldehyde, 38
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Figure A2. 3C NMR spectrum of (E)-p-cyanocinnamaldehyde, 38
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Figure A3. COSY spectrum of (E)-p-cyanocinnamaldehyde, 38
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Figure A4. HSQC spectrum of (E)-p-cyanocinnamaldehyde, 38
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Figure A6. DEPT-135 spectrum of (E)-p-cyanocinnamaldehyde, 38



WWD: Signal A, 254 nm

Intensity AD_Cmpd_10_1_Scanl_isl.datx 2019.01.17 10:21:54 :
99.1%
1,00
0.4% 0.5%
W T | T | T T T T [ T T T T T T T T [ T T T T T T T T 1
0.00 833 16.67 25.00 3333 41.67 50.00
Time (Peak Maximum Time (Peak Peak Area % Peak Area Peak Resolution Label
Maximum Intensity (c/s) Centroid
M:S/Minutes) M:S/Minutes)
353 6.6E0 3.52 8.9E1 04 16.2
23.80 1.6E3 2380 2 2E4 99.1 11.9
27.00 6.8E0 26.94 1E2 05 155
Figure A7. LCMS spectrum of (E)-p-cyanocinnamaldehyde, 38
EEE 20 e P o G [ o1
g z isiner e S B SR
e o g ookl o) B ool o oo :; ; z .Z
" " SYANES
% JA”[L_J\_ N
- = T T 0 7.ISB 7.(5 7.I5d 7AI44 14‘42 7,‘40 ppll'lI a_;4 5,172 5_170 s,lee, lppm
9.72 9.7 9.70 92.69
e W e T
o
G MW OO IO G o1 (=
OGO MG o-HOo®r 0 O
L <o bl et Y 8 S B Qo
[ S o ol ol ool ol S ol ST~ T T ) o1
Ty TR pe e o \
|
Br
1" 10 9 e 7 (5 s a 3 2 1 0 ppm
- oled| |~

Figure A8. *H NMR spectrum of (E)-p-bromocinnamaldehyde, 40
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Figure A13. LCMS spectrum of (E)-3-(naphthalen-1-yl)acrylaldehyde, 37
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Figure A18. *3C NMR spectrum of (E)-p-(methyl ester)cinnamaldehyde, 39
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Figure A20. *H NMR spectrum of (E)-3-(thiophen-2-yl)acrylaldehyde, 36
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Figure A21. *3C NMR spectrum of (E)-3-(thiophen-2-yl)acrylaldehyde, 36
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Figure A22. LCMS spectrum of (E)-3-(thiophen-2-yl)acrylaldehyde, 36
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Figure A26. *H NMR spectrum of (E)-m-bromocinnamaldehyde, 34
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Figure A27. *C NMR spectrum of (E)-m-bromocinnamaldehyde, 34

Note: A HPLC chromatogram of 34 could not be obtained as it degraded on the HPLC column.
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Figure A28. *H NMR spectrum of (E)-p-methyl cinnamate, 42
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Figure A29. **C NMR spectrum of (E)-p-methyl cinnamate, 42
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Figure A31. *3C NMR spectrum of (E)-3-p-tolylprop-2-en-1-ol, 43
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Figure A32. *H NMR spectrum of (E)-p-methyl cinnamaldehyde, 41
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Figure A33. 1*C NMR spectrum of (E)-p-methyl cinnamaldehyde, 41
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Figure A34. LCMS spectrum of (E)-p-methyl cinnamaldehyde, 41
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Figure A35. *H NMR spectrum of (E)-3,5-bis(trifluoromethyl)cinnamaldehyde, 86
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Figure A36. 13C NMR spectrum of (E)-3,5-bis(trifluoromethyl)cinnamaldehyde, 86
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Figure A37. LCMS spectrum of (E)-3,5-bis(trifluoromethyl)cinnamaldehyde, 86

IH NMR spectra of example crude cinnamaldehyde mixtures.
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Figure A38. (a) The *H NMR of 2-bromobenzaldehyde (starting material, green), (b) the 'H NMR of
isolated (E)-2-bromocinnamaldehyde, 5 (product, red) and (c) the *H NMR of the crude mixture after
reacting 2-bromobenzaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at
80°C (blue).
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Figure A39. Zoomed in *H NMR of the crude mixture in Figure A38(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products.
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Figure A40. (a) The 'H NMR of 3-bromobenzaldehyde (starting material, green), (b) the *H NMR of
isolated (E)-3-bromocinnamaldehyde, 34 (product, red) and (c) the *H NMR of the crude mixture after
reacting 3-bromobenzaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at
80°C (blue).
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Figure A41. Zoomed in *H NMR of the crude mixture in Figure A40(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products.
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Figure A42. (a) The 'H NMR of (E)-2-pyridine carboxaldehyde (green), (b) the 'H NMR of isolated (E)-
3-(pyridin-2-yl)acrylaldehyde, 35 (red) and (c) the 'H NMR of the crude mixture after reacting (E)-2-
pyridine carboxaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at 80°C
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Figure A43. Zoomed in *H NMR of the crude mixture in Figure A42(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products.
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Figure A44. (a) The 'H NMR of (E)- 2-thiophenecarboxaldehyde (green), (b) the *H NMR of isolated
(E)-3-(thiophen-2-yl)acrylaldehyde, 36 (red) and (c) the *H NMR of the crude mixture after reacting (E)-
2-thiophenecarboxaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at

80°C
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Figure A45. Zoomed in *H NMR of the crude mixture in Figure A44(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products
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Figure 46. (a) The 'H NMR of (E)-o-naphthaldehyde (green), (b) the *H NMR of isolated (E)-3-
(naphthalen-1-yl)acrylaldehyde, 37 (red) and (c) the 'H NMR of the crude mixture after reacting o-
naphthaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at 80°C
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Figure A47. Zoomed in *H NMR of the crude mixture in Figure A46(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products
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Figure A48. (a) The *H NMR of 4-formylbenzonitrile (green), (b) the *H NMR of isolated (E)-4-
cyanocinnamaldehyde, 38 (red) and (c) the 'H NMR of the crude mixture after reacting 4-
formylbenzonitrile and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at 80°C
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Figure A49. Zoomed in *H NMR of the crude mixture in Figure A48(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products
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Figure A50. (a) The 'H NMR of methyl 4-formylbenzoate, (b) the *H NMR of isolated (E)-4-(methyl
ester)cinnamaldehyde, 39 (red) and (c) the *H NMR of the crude mixture after reacting 4-(methyl
ester)benzaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at 80°C

JUL T

~ 3 8

8 @ 8

™ l/ w -
T T T

=
10.1 10.0 9.9 9.8 9.7 [ppm]

Figure A51. Zoomed in *H NMR of the crude mixture in Figure A50(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products
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Figure 52. (a) The *H NMR of 4-bromobenzaldehyde (green), (b) the *H NMR of isolated (E)-4-
bromocinnamaldehyde, 40 (red) and (c) the *H NMR of the crude mixture after reacting 4-
bromobenzaldehyde and (triphenylphosphoranylidene)acetaldehyde for 24 hours in toluene at 80°C
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Figure A53. Zoomed in *H NMR of the crude mixture in Figure A52(c), showing E:Z cinnamaldehyde:
starting aldehyde ratio, we well as formation of other aldehyde species as side products

NMR spectra relevant to cysteamine assay:
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Figure A54. 'H NMR spectrum acquired after reaction of trans-cinnamaldehyde, 1, and cysteamine
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Figure A55. *H NMR spectrum acquired after reaction of (E)-4-bromocinnamaldehyde, 40, and

cysteamine
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Figure A56. 'H NMR of (a) The reaction between cysteamine and (E) 4-bromocinnamaldehyde, 40, at

room temperature (green), where there is no evidence of 40 remaining (c, blue) or cysteamine (b, red).
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Figure A57. *H NMR spectrum acquired after reaction of (E) 4-nitrocinnamaldehyde, 44, and cysteamine
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Figure A58. *H NMR of (a) The reaction between cysteamine and (E) 4-nitrocinnamaldehyde, 44, at

room temperature (purple), where there is no evidence of 44 remaining (c, blue) or cysteamine (b, red).

Data relevant to antibacterial evaluation of trans-cinnamaldehydes
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Figure A59. Graph showing antibacterial activity of trans-cinnamaldehyde, 1, over a concentration of O-
10 mM.
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Growth Relative to Control (%) | 32.36293] 93.86646| 128.6754| 126.3843| 132.2659] 125.1334] 129.9369] 135.1771| 167.8311 100)
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Figure A60. Graph showing antibacterial activity of (E)-4-methoxycinnamaldehyde, 14, over a
concentration of 0-10 mM.
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Figure A61. Graph showing antibacterial activity of (E)-4-dimethylaminocinnamaldehyde, 45, over a
concentration of 0-10 mM.
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Figure A62. Graph showing antibacterial activity of (E)-4-bromocinnamaldehyde, 40, over a
concentration of 0-10 mM.
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Figure A63. Graph showing antibacterial activity of (E)-2-bromocinnamaldehyde, 5, over a concentration
of 0-10 mM.
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Figure A64. Graph showing antibacterial activity of (E)-3-bromocinnamaldehyde, 34, over a
concentration of 0-10 mM.
Data relevant to antimicrobial evaluation of pyrazolopyrimidinones
9% Growth Relative to Control | 127.2335] 123.5893] 111.3636] 96.04232 104.663{ 104.0752] 114.4984 118.221] 1165752 100
Sample concentration (mg/mL) 1.25] 0625 0.3125] 0.15625] 0.078125( 0.039063f 0.019531f 0.009766| 0.004883 0

Growth Relative to Control (%)

(=]

™

Graph of AD164 vs S. aureus growth (%)

____,__»——l
]

(=]
©

T T T T T T T T T T g
04 086 0.8 1

(=]
a

Sample concentration (mg/mL)

Figure A65. Graph showing antibacterial activity of 4-phenylsulfonyl-1,1’-biphenyl, 46, against S.
aureus over a concentration of 0-1.25 mg/mL.
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% Growth relative to control | 122.6728| 163.2228] 201.3047| 217.4542] 181.2412| 136.9887] 125.5642] 120.0282| 112.6939 100
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Figure A66. Graph showing antibacterial activity of ethyl 2-cyano-3'-fluoro-6-propyl-[1,1'-biphenyl]-4-
carboxylate, 47, against S. aureus over a concentration of 0-1.25 mg/mL.
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Figure A67. Graph showing antibacterial activity of 2-butyl-5-(3,5-

bis(trifluoromethyl))phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one, 48, against S. aureus over a concentration
of 0-0.15625 mg/mL.
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Figure A68. Graph showing antibacterial activity of 1-(4-(2-chloro-4-(trifluoromethyl) pyridin-2-
yl)piperazin-1-yl)-4-(thiophen-2-yl)butan-1-one, 49, over a concentration of 0-1.25 mg/mL.
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Figure A69. Example graph showing antibacterial activity of compound 57 against MRSA, to

demonstrate how MICgo was obtained.
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Figure A70. Example graph showing antibacterial activity of compound 71 against P. aeruginosa, to
demonstrate how MICgo Was obtained.

Antimicrobial evaluation of commercial antibiotics:
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Figure A71. Graph showing antibacterial activity of ampicillin trinydrate against S. aureus over a
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concentration of 0-1.25 mg/mL.
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Figure A72. Graph showing antibacterial activity of tetracycline against S. aureus over a concentration of

0-1.25 mg/mL.
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Figure A73. Graph showing antibacterial activity of streptomycin sulfate against S. aureus over a
concentration of 0-1.25 mg/mL.
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Figure A74. Graph showing antibacterial activity of ampicillin trihydrate against MRSA over a
concentration of 0-1.25 mg/mL.
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Figure A75. Graph showing antibacterial activity of ampicillin trinydrate against MRSA over a
concentration of 0-1.25 mg/mL.
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Figure A76. Graph showing antibacterial activity of tetracycline against MRSA over a concentration of
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Figure A77. Graph showing antibacterial activity of tetracycline against MRSA over a concentration of

0-1.25 mg/mL.
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Figure A78. Graph showing antibacterial activity of tetracycline against P. aeruginosa over a
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Figure A79. Graph showing antibacterial activity of tetracycline against P. aeruginosa over a

concentration of 0-1.25 mg/mL
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Appendix 2

NMR spectra & LCMS spectra
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Figure A80. *H NMR spectrum of (E)-3-Bromo-1-phenylsulfonylprop-1-ene, 103
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Figure A81. *3C NMR spectrum of (E)-3-Bromo-1-phenylsulfonylprop-1-ene, 103
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Figure A82. LCMS spectrum of (E)-3-Bromo-1-phenylsulfonylprop-1-ene, 103
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Figure A83. *H NMR spectrum of (E)-1,3-bis-phenylsulfonylprop-1-ene, 104
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Figure A84. 13C NMR spectrum of (E)-1,3-bis-phenylsulfonylprop-1-ene, 104
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Figure A85. LCMS spectrum of (E)-1,3-Bis-phenylsulfonylprop-1-ene, 104
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Figure A87. $3C NMR spectrum of (E/Z)-4-bromobut-2-enenitrile, 121
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Figure A88. *H NMR spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A89. 13C NMR spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A90. Zoomed in COSY spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A91. Zoomed in HSQC spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A92. Zoomed in HMBC spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A93. Zoomed in COSY spectrum of (E/Z)-4-(phenylsulfonyl)but-2-enenitrile, 122
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Figure A95. 13C NMR spectrum of (E)-methyl 4-bromobut-2-enoate, 123
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Figure A94. *H NMR spectrum of (E)-methyl 4-bromobut-2-enoate, 123
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Reaction Optimisation Spectra: Preferred base
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Figure A96. '"H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene using 15 equivalents of Al,O3 as base, DCM as solvent

at room temperature.

Reaction Optimisation Spectra: Solvent screen
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Figure A97. *H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-

hexa-1,3,5-triene and 1,3,5-trimethoxybenzene using toluene as the solvent.
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Figure A98. *H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene. This was obtained where methanol was used as the

solvent at room temperature.
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Figure A99. 'H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene using acetonitrile as the solvent.

47



Reaction Optimisation Spectra: Equivalents of base
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Figure A100. *H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-his-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene using 30 equivalents of Al,Os.
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Figure A101. *"H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-

hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene using 5 equivalents of Al,Os.
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Figure A102. 'H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-
hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene using 1 equivalent of Al;Os;. gNMR analysis was not
applied here due to the overlap of the triene signal with others appearing between 7.5-7.65 ppm.

Reaction Optimisation Spectra: Preferred temperature

- ™ (=] =
W s -
L] ] [--
[;:"I :'.J- [i- i
i | e
T T T T T T T T
7.5 T.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

Figure A103. *H NMR spectrum of crude mixture containing (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-

hexa-1,3,5-triene, 105, and 1,3,5-trimethoxybenzene obtained when the reaction is conducted at reflux.
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NMR Spectra of trienes
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Figure A104. *H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105
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Figure A105. 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105
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Figure A106. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
triene, 105
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Figure A107. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
triene, 105
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Figure A108. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-
triene, 105
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Figure A109. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105
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Figure A110. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105

Spectrum RT 31.63 {1 scans}
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Figure Al1l. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene,
105. The ESI spectrum shows it has m/z [M+K]* 475.6.
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VWD: Signal A, 254 nm
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31.59 4.4E3 31.60 8.9E4 100.0 156

Figure A112. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene,
105.

Compocnd Table
TR
Campound Label Ry Meas Az-_nd___w' Formula Tgt Masa | (zpm)
Copd 1 CM M2 04 52 L 420078 L8 M H 2 460003 3.83

Figure A113. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene, 105
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Figure A114. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-1,3,5-
triene, 106.
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Figure A115. **C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-1,3,5-
triene, 106
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Figure A116. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-
hexa-1,3,5-triene, 106
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Figure A117. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)
hexa-1,3,5-triene, 106
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Figure A118. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-
hexa-1,3,5-triene, 106
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Figure Al119. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-
1,3,5-triene, 106
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Figure A120. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-1,3,5-triene,
106
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Spectrum RT 32.43 - 33.30 {201 scans}
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Figure A121. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-
1,3,5-triene, 106. The ESI spectrum shows it has m/z [M+H]* 467.4

VWD: Signal A, 254 nm

Intensity
97.1%
4,00
2,00
0.
A 24 3, Min
RPN DU O O L AW L A
0.00 8.33 16.67 25.00 33.33 4167
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31.98 1.2E2 31.99 8.2E2 0.9 114
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Figure A122. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-
1,3,5-triene, 106

Compound Table
DHT
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C25 K22 OS5 S2 0.193 4660896 1662251 C25 K22 05 S2 466,0905 2,81

Figure A123. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-methoxyphenyl)-hexa-1,3,5-
triene, 106
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Figure A124. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-
triene, 107
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Figure A125. *C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-
triene, 107
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Figure A126. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-

hexa-1,3,5-triene, 107
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Figure A127. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-

hexa-1,3,5-triene, 107.
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Figure A128. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-
triene, 107
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Figure Al129. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-
1,3,5-triene, 107
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Figure A130. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-triene,
107

Spectrum RT 3177 - 32,86 {252 scans}
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Figure A131. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-
1,3,5-triene, 107. The ESI spectrum shows it has m/z [M+H]* 467.2
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VwD: Signal A, 254 nm
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Figure A132. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-
1,3,5-triene, 107

Compound Table
DRf |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C25 H22 05 52 0.144 166.0907] 905199 C25 H22 05 S2 466,0909 -0.31

Figure A133. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-methoxyphenyl)-hexa-1,3,5-
triene, 107
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Figure A134. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-
triene, 108
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Figure A135. *C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-
triene, 108
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Figure A136. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-
1,3,5-triene, 108

64



|
o
=
.
- ==
0
i
= DO o
e
3 =] <> ==
0
Bl
o
=
= —2
E <4
T T T T T T T T T T T T T T T T T T T T T T
8.0 78 76 7.4 7.2 F2 [ppm]

Figure A137. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-
1,3,5-triene, 108
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Figure A138. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-
hexa-1,3,5-triene, 108
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Figure A139. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-
triene, 108
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Figure A140. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-triene,
108
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Spectrum RT 32.83 - 34.65 {419 scans}
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Figure A141. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-

triene, 108. The ESI spectrum shows it has m/z [M+H]*

VWD Signal A, 254 nm
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Maximum Intensity (c/s) Centroid
M:S/Minutes) M:S/Minutes)
19.21 3.1E3 19.21 3.7E4 935 106
2047 1.3E1 2051 1.7E2 0.5 285

Figure Al42. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-

triene, 108
m/z m/x 2 |Abund
4710469  471.0486 362 1 | B08341C24 H20 O 04 52 Mo H)+

Figure A143. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-chlorophenyl)-hexa-1,3,5-

triene, 108
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Figure Al44. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-
triene, 109
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Figure Al145. 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-
triene, 109
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Figure A146. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-
1,3,5-triene, 109
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Figure Al147. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-
1,3,5-triene, 109
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Figure A148. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-
1,3,5-triene, 109
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Figure A149. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-
triene, 109
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Figure A150. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-triene, 109

Spectrum RT 31.40 - 32,61 {277 scans}
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Figure A151. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-
triene, 109. The ESI spectrum shows it has m/z [M+Na]* 504.4
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VWD Signal A, 254 nm
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Figure A152. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-
triene, 109

Compound Table
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C24HI906 NS2| 0.146 481.0638] 118910 C24HI9 06 N 52 481.0654]  -3.26)

Figure A153. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-nitrophenyl)-hexa-1,3,5-triene,
109
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Figure 154. *H NMR spectrum of (1E,3E,5E)-1,3-his-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110
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Figure A155. 13C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110
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Figure A156. COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110
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Figure A157. HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110
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Figure A158. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-
1,3,5-triene, 110
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Figure A159. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-
hexa-1,3,5-triene, 110
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Figure A160. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-1,3,5-
triene, 110
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Figure A161. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-
hexa-1,3,5-triene, 110. The ESI spectrum shows it has m/z [M+H]* 480.3
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Figure A162. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-
hexa-1,3,5-triene, 110

Compound Table
RT Observed mass |Neutral observed | Thejoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C26 H25 N 04 S2 0.81 480.1296 479.1224 479.1225 -0.22 926.71

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A163. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-dimethylaminophenyl)-hexa-

1,3,5-triene, 110
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Figure A164. *H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-
triene, 111
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Figure A165. *C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-
triene, 111
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Figure A168. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-
triene, 111
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Figure A169. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyanophenyl)-hexa-1,3,5-
triene, 111
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Figure A170. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyano)-hexa-1,3,5-triene, 111

Spectrum RT 30.38 - 31.99 {369 scans)- Background Subtracted 5.32- 2219
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Figure A171. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyano)-hexa-1,3,5-triene,
111. The ESI spectrum shows it has m/z [M+Na]* 484.3
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VWD: Signal A, 254 nm
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Figure A172. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyano)-hexa-1,3,5-triene,
111

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C25 H19 N 04 S2 0.78 462.0819 461.0749 461.0755 -1.36 93.67

Figure A173. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-cyano)-hexa-1,3,5-triene, 111
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Figure A174. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-
triene, 112
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Figure A175. 13C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-

triene, 112
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Figure A176. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-
1,3,5-triene, 112
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Figure A177. HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-

triene, 112
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Figure Al178. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-

triene, 112
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Figure A179. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-
triene, 112
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Figure A180. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromo)-hexa-1,3,5-triene, 112
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Spectrum RT 19.09 - 20,40 {302 scans}
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Figure A181. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-
triene, 112. The ESI spectrum shows it has m/z [M+H]* 516.2
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Figure A182. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromophenyl)-hexa-1,3,5-
triene, 112

E d f | lonization mode Bath admin: date p d and dat4 p

p

X
POS NEG

30-May-13 Yes, -1.5 ppm mass error for reprocessed. See spectra with simulation

| C24H135204Br

Figure A183. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-p-bromo)-hexa-1,3,5-triene, 112
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Figure A184. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-1,3,5-
triene, 113
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Figure A185. **C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-1,3,5-
triene, 113
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Figure A186. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-
hexa-1,3,5-triene, 113
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Figure A187. HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-1,3,5-
triene, 113
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Figure A188. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-1,3,5-
triene, 113

BoooNRCLRaNED &
OO WNHOWWO w
OO OHAVODNDO-O = -
RIRP-ENTRORM O b4 u
DTOOOOOODMO--r-o «
TFTOOOONANNNNNN %
Pl Ll 1
w _
o
|
] |
) 5 sulal
:

1 L ' 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure A189. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methyl benzoate)-hexa-
1,3,5-triene, 113
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Figure A190. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-( p-methyl benzoate)-hexa-1,3,5-triene,
113

Spectrum RT 18.25 - 19,41 {268 scans}
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Figure A191. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methyl benzoate)-hexa-
1,3,5-triene, 113. The ESI spectrum shows it has m/z [M+Na]*517.3
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VWD: Signal A, 254 nm
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Figure A192. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methyl benzoate)-hexa-
1,3,5-triene, 113

# meas.m/z theo.m/z Err[ppm] Sigma Formula
1 517.0738 517.0750 -240 00091 C26H22Na106S2

Figure A193. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methyl benzoate)-hexa-1,3,5-
triene, 113
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Figure A194. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-
triene, 114
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Figure A195. 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-
triene, 114
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Figure A196. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-
1,3,5-triene, 114
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Figure A197. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-
1,3,5-triene, 114
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Figure A198. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-
hexa-1,3,5-triene, 114
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Figure A199. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-
triene, 114
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Figure A200. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-triene,
114
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Spectrum RT 33.52 - 35.31 {411 scans}
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Figure A201. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-
triene, 114. The ESI spectrum shows it has m/z [M+NH4]*533.3

VWD: Signal A, 254 nm
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33.80 2.2E3 33.92 4 2E4 99.3 14.2
0.00 14E3 3593 31E2 07 280

Figure A202. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-
triene, 114

Compound Table
RT Observed mass |Meutral observed| Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C24 H19 Br 04 52 0.79 538.9780 513.9906 513.9908 -0.44 98.59

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A203. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-0-bromophenyl)-hexa-1,3,5-

triene, 114
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Figure A204. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-
triene, 115
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Figure A205. *C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-
triene, 115
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Figure A206. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-
hexa-1,3,5-triene, 115
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Figure A207. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-
hexa-1,3,5-triene, 115
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Figure A208. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-
hexa-1,3,5-triene, 115
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Figure A209. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-
triene, 115
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Figure A210. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-1,3,5-triene,

115
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Figure A211. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-

1,3,5-triene, 115. The ESI spectrum shows it has m/z [M+H]*516.2
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VWD: Signal &, 254 nm
Intensity
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3374 4 6E3 33.72 9.7E4 995 19.0
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Figure A212. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromophenyl)-hexa-

1,3,5-triene, 115

Compound Table

RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C24 H19 Br 04 S2 0.80 516.9957 513.9906 513.9908 -0.50 98.41

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A213. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(6-m-bromopenyl)-hexa-1,3,5-triene,
115
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Figure A214. *H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-
triene, 116
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Figure A215. **C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-
triene, 116
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Figure A216. COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-
triene, 116
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Figure A217. HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-

triene, 116.
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Figure A218. HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-

triene, 116

101



2

oo b vy by by by gy |

215972
£0.0011

P=3
N

150 100 50 o [ppm]|
1 1 1 1 1 1 I 1 1 1 1 L I 1 I 1 1 E

Figure A219. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(p-methylphenyl)-hexa-1,3,5-
triene, 116
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Figure A220. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-( p-methylphenyl)-hexa-1,3,5-triene, 116
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Spectrum RT 33.08 - 34,39 {301 scans}
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Figure A221. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methylphenyl)-hexa-1,3,5-
triene, 116. The ESI spectrum shows it has m/z [M+H]* 451.3
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3331 47E3 3331 8.7E4 100.0 159
Figure A222. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methylphenyl)-hexa-1,3,5-
triene, 116
Compound Table
RT Observed mass |Meutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C25 H22 04 52 0.30 473.0852 450.0960 450.0960 0.12 92,56
Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A223. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-(p-methylphenyl)-hexa-1,3,5-triene,
116
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Figure A224. H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A225. 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A226. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A227. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A228. Zoomed in HMBC NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A229. DEPT-135 NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117
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Figure A230. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-bis(trifluoromethyl)phenyl)-hexa-
1,3,5-triene, 117

Spectrum RT 34.80 - 35.89 {251 scans}
AD_214 _11_bis-CF3_triene_1.datx 2019.09.06 11:32:39 ;
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Figure A231. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117. The ESI spectrum shows it has m/z [M+H]*595.3.
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WWD: Signal A, 254 nm
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35.15 4 5E3 35.12 B.6E4 100.0 173

Figure A232. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-
bis(trifluoromethyl)phenyl)-hexa-1,3,5-triene, 117

Compound Table

RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C26 H18 F6 04 52 0.78 595.0442 572.0550 572.0551 -0.06 97.20

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A233. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(3,5-bis(trifluoromethyl)phenyl)-
hexa-1,3,5-triene, 117
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Figure A234. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-
triene, 118
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Figure A235. 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-
triene, 118
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Figure A236. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-
1,3,5-triene, 118
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Figure A237. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-
1,3,5-triene, 118
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Figure A238. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-
1,3,5-triene, 118
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Figure A239. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-
triene, 118

134304 /| !.I
| |

w0l ]. | :"I!

T8 | | |I Ir{].cl?
1]

| | 120
7% | |j| N 9
. IR 1208 f
g | i
[ it 13101
T N || lIBRA
2 156811 ]

0 Ips6rs |
159524 |
68 |

66|
64 | ) 13478
62|
it |

584

56| i
55' 1 T T L — T T
40000 3601 KL 2800 2400 2000 1800 1600 14400 1200 1000 R0 650.0
) cm-1

disackupispectralamanta’ad 242 i panks laballed sp

Figure A240. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-triene, 118
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Spectrum RT 33.85 - 34.98 {260 scans}
AD244 11_Naph_Triene_l.datx 2019.09.09 11:14:46 ;
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Figure A241. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-
triene, 118. The ESI spectrum shows it has m/z [M+H]* 487.4
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Figure A242. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-
triene, 118

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C28 H22 04 52 0.80 487.1026 486.0958 486.0960 -0.38 93.27

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A243. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(a-naphthalene)-hexa-1,3,5-triene,

118
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Figure A244. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-triene,
119
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Figure A245 3C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-triene,
119
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Figure A246. Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-
1,3,5-triene, 119
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Figure A247. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-
1,3,5-triene, 119
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Figure A248. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-
1,3,5-triene, 119
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Figure A249. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-
triene, 119
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Figure S250. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-triene, 119

Spectrum RT 27.98 - 29.22 {285 scans}
AD_186_2-pyrid_triene_l.datx 2019.09.06 13:23:28 ;
Intensity ESI +

4382 [M+H]+

20E
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Figure A251. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-

triene, 119. The ESI spectrum shows it has m/z [M+H]* 438.2
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VWD: Signal A, 254 nm
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Figure A252. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)phenyl)-hexa-
1,3,5-triene, 119

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C23 H19 N 04 S2 0.79 460.0648 437.0757 437.0735 0.45 94.44

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A253. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-pyridine)-hexa-1,3,5-triene, 119
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Figure A254. 'H NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-triene,
120
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Figure A255. 13C NMR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-triene,
120
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Figure A256 Zoomed in COSY spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-
1,3,5-triene, 120
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Figure A257. Zoomed in HSQC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-
1,3,5-triene, 120
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Figure A258. Zoomed in HMBC spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-
1,3,5-triene, 120
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Figure A259. DEPT-135 spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-
triene, 120
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Figure A260. IR spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-triene, 120

120



Spectrum RT 30,52 - 32.10 {290 scans}
AD238_Thio_Triene_less_conc_l.datx 2019.09.09 13:19:10 ;
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Figure A261. LC-ESI-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-
triene, 120. The ESI spectrum shows it has m/z [M+Na]* 465.2
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Figure A262. LC-UV-MS spectrum of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-
triene, 120
Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min) (m/z) mass (Da) (Da) {ppm) score (%)
Cpd 1: C22 H18 04 S3 0.79 465.0262 442.0369 4420367 0.46 92.26

Mass errors of between -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure A263. HR-MS analysis of (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-(2-thiophene)-hexa-1,3,5-triene
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Figure A264. Crude 'H NMR spectrum containing impure (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-

phenyl-hepta-2,4,6-triene, 125, as part of a complex mixture.
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Figure A265. 'H NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene,
125
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Figure A266. 3C NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene,
125

[E

[ &

L&

[

88

o

[e

L~

o

L~

a0 [ .

L~

L@

[

L@

-

LS

m

T T | T T ‘ T T ‘ T | T T | T T ‘ T T
78 76 7.4 7.2 70 6.8 F2 [ppm]

Figure A267. Zoomed in COSY spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-
triene, 125
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Figure A268. Zoomed in HSQC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-

triene, 125
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Figure A289. Zoomed in HMBC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-

triene, 125
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Figure A290. DEPT-135 spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene,

125
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Figure A291. IR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene, 125
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Spectrum RT 28.80 - 31,18 {68 scans} - Background Subtracted 0.89 - 158.24
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Figure A292. LC-ESI-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene,
125. The ESI spectrum shows it has m/z [M+H]* 322.0
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Figure A293. LC-UV-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene,
125

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: CI9HISN 02 S 0.72 344.0719 321.0826 321.0823 0.84 96.49

Figure A294. HR-MS analysis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-phenyl-hepta-2,4,6-triene, 125
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Figure A295. 'H NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-
hepta-2,4,6-triene, 126
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Figure A296. *C NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-
hepta-2,4,6-triene, 126
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Figure A297. COSY spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-

hepta-2,4,6-triene, 126
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Figure A298. HSQC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-

hepta-2,4,6-triene, 126
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Figure A299. HMBC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-
hepta-2,4,6-triene, 126
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Figure A300. DEPT-135 spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-
hepta-2,4,6-triene, 126
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IR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylaminophenyl)-hepta-

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C21 H20N2 02 S 0.73 365.1319 364.1246 364.1245 0.11 95.58

Figure A302. HR-MS analysis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-dimethylamino)-hepta-

2,4,6-triene, 126

LC-MS data for compound 126 is not included because this compound degraded on the column, therefore

the associated data could not be obtained.
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Figure A303. 'H NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-
2,4,6-triene, 127
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Figure A304. *C NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-
2,4,6-triene, 127
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Figure A305. COSY spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-

triene, 127
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Figure A306. HSQC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-

triene, 127
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Figure A307. HMBC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-

triene, 127
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Figure A308. DEPT-135 spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-

2,4,6-triene, 127
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Figure A309. IR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-
triene, 127

Spectrum RT 32,00 - 34,00 {57 scans} - Background Subtracted 431 - 17.94
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Figure A310. LC-ESI-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-
2,4,6-triene, 127. The ESI spectrum shows it has m/z [M+Na]* 423.2
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VWD: Signal A, 254 nm
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Figure A311. LC-UV-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-

2,4,6-triene, 127

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C1I9 H14BrN0O2 S 0.71 423.9800 398.9927 398.9929 -0.40 98.65

Figure A312. HR-MS analysis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-bromophenyl)-hepta-2,4,6-
triene, 127
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Figure A313. 'H NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-2,4,6-
triene, 128
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Figure A314. 3C NMR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-2,4,6-

) .Y

triene, 128
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Figure A315. Zoomed in COSY spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-
hepta-2,4,6-triene, 128
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Figure A316. Zoomed in HSQC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-
hepta-2,4,6-triene, 128
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Figure A317. Zoomed in HMBC spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-
hepta-2,4,6-triene, 128
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Figure A318. DEPT-135 spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-
2,4,6-triene, 128
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Figure A319. IR spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-2,4,6-triene,
128
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Spectrum RT 29.71 - 3170 {57 scans} - Background Subtracted 2.25 - 16.29
AD-COMP-50_1 Scand isl.daty 2020.03.04 13:58:48 ;
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Figure A320. LC-ESI-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-
2,4,6-triene, 128. The ESI spectrum shows it has m/z [M+H]* 367.5
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Figure A321. LC-UV-MS spectrum of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-

2,4,6-triene, 128

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C19 H14 N2 04 S 0.68 366.0681 366.0676 366.0674 0.59 96.40

Figure A322. HR-MS analysis of (2E,4E,6E)-1-cyano-4-phenylsulfonyl-7-(p-nitrophenyl)-hepta-2,4,6-

triene, 128
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Crude reaction mixture of #7ans-cinnamaldehyde and dimethyl glitaconate reacted under standard reaction conditions

| Lnn ) A

Dimethyl glitaconate

Trans-cinnamaldehyde

T | T T T T | T T T T | T T T T [ T T T T | T T T T | T T T

20 15 10 5 0 -5 [ppm]

Figure A323. Crude 'H NMR spectrum of attempted synthesis of bis(methyl ester) triene obtained under

standard reaction conditions, showing no reaction occurred.
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Figure A324. *H NMR spectrum of dimethyl biphenyl-2,4-dicarboxylate, 129, obtained when dimethyl
glutaconate and trans-cinnamaldehyde, 1, reacted under traditional Knoevenagel condensation reaction

conditions.
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Figure A325. 13C NMR spectrum of dimethyl biphenyl-2,4-dicarboxylate, 129

Compound Table
RT | Observed mass |Neutral observed| Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C16 H14 04 0.71 293.0789 270.0897 270.0892 1.67 99.00

Figure A326. HR-MS analysis of dimethyl biphenyl-2,4-dicarboxylate, 129
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Figure A327. *H NMR spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130
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Figure A328. 13C NMR spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130
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Figure A329. COSY spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130
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Figure A330. HSQC spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130
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Figure A331. HMBC spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate
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Figure A332. DEPT-135 spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate
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Figure A333. IR spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130

Spectrum RT 28.79 - 31.46 (624 scans) - Background Subtracted 6,19 - 21.09
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Figure A334. LC-ESI-MS spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130. The ESI
spectrum shows it has m/z [M+NH,4]* 333.1
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Figure A335. LC-UV-MS spectrum of dimethyl 4’-nitrobiphenyl-2,4-dicarboxylate, 130
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Appendix 3

Spectra related to method optimization
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Figure A336. 'H NMR spectrum of crude mixture containing 4-(phenylsulfonyl)-1,1°-biphenyl 46,
obtained from heating neat (1E,3E,5E)-1,3-bis-phenylsulfonyl-6-phenyl-hexa-1,3,5-triene 105 using a heat
gun at its maximum setting for 10 seconds.
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Figure A337. *H NMR spectrum of crude mixture containing biaryl 46, obtained from heating 105 neat in
an oil bath at 175 °C for 1.5 h
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Figure A338. 'H NMR spectrum of crude mixture containing biaryl 46, obtained from heating the 105 neat
in bath of Lab Armour metallic beads at 175 °C for 1.5 h
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Figure A339 (a). 'H NMR spectrum of crude mixture containing biaryl 46, obtained from heating 105 neat
in a sand bath at 175 °C for 1.5 h
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Figure A339 (b). *H NMR spectrum of crude mixture containing biaryl 46, obtained from heating 105 neat
in a sand bath at 200 °C for 1.5 h
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Figure A340. '"H NMR spectrum of crude mixture containing biaryl 46, obtained from heating 105 neat in
a vacuum oven at 180 °C below 0 mbar atm for 24 h
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Figure A341 (a). 'H NMR spectrum of non-sublimed material containing biaryl 46, obtained from the use
of sublimation apparatus using water for cooling and heating 105 neat in an oil bath at 175 °C for 1.5 h
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Figure A341 (b). *H NMR spectrum of sublimed material containing biaryl 46, obtained from the use of
sublimation apparatus using water for cooling and heating 105 neat in an oil bath at 175 °C for 1.5 h
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Figure A342 (a). 'H NMR spectrum of non-sublimed material containing biaryl 46, obtained from the use
of sublimation apparatus using liquid N2 for cooling and heating 105 neat in an oil bath at 175 °C for 2 h
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Figure A342 (b). *H NMR spectrum of sublimed material containing biaryl 46, obtained from the use of
sublimation apparatus using liquid N> for cooling and heating 105 neat in an oil bath at 175 °C for 2 h.
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Figure A343 (a). *H NMR spectrum of the solid that precipitated after 0.0025 M solution of triene 105 was
exposed to microwave irradiation for 5 minutes, where toluene was used as a solvent
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Figure A343 (b). *H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was
exposed to microwave irradiation for 5 minutes, where toluene was used as a solvent
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Figure A344.'H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation for 5 minutes, where DMF was used as a solvent
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Figure A345. 'H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation for 5 minutes, where chloroform was used as a solvent
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Figure A346. 'H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation for 5 minutes, where acetonitrile was used as a solvent
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Figure A347.*H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation and 85 °C for 5 minutes, using DMF as a solvent.
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Figure A348. 'H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation and 110 °C for 5 minutes, using DMF as a solvent.
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Figure A349. 'H NMR spectrum of the solution obtained after 0.0025 M solution of triene was exposed to
microwave irradiation and 140 °C for 5 minutes, using DMF as a solvent.
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Figure A350. 'H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation and 150 °C for 5 minutes, using DMF as a solvent.
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Figure A351. *H NMR spectrum of the solution obtained after 0.0025 M solution of triene 105 was exposed
to microwave irradiation and 170 °C for 5 minutes, using DMF as a solvent.
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Figure A352. 'H NMR spectrum of the solution obtained after 0.01 M solution of triene 105 was exposed
to microwave irradiation and 170 °C for 5 minutes, using DMF as a solvent.
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Figure A353. 'H NMR spectrum of the solution obtained after 0.1 M solution of triene 105 was exposed
to microwave irradiation and 170 °C for 5 minutes, using DMF as a solvent.
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Figure A354. The 'H NMR spectrum of the solution obtained after 0.03 mol of triene 105 was left stirring
in a UV box under a lamp emitting 365 nm wavelength light for 7 days.
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Figure A355. The *H NMR spectrum of the solution obtained after 0.03 mol of triene 105 was left stirring
in a UV box under a lamp emitting 254 nm wavelength light for 18.5 hrs.
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NMR/IR/LC-MS/HR-MS Spectra of biaryls synthesized by preferred method
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Figure A356. *H NMR spectrum of 4-(phenylsulfonyl)-1,1°-biphenyl, 46.
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Figure A357. 13C NMR spectrum of 4-(phenylsulfonyl)-1,1’-biphenyl, 46
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Figure A358. LC-ESI-MS spectrum of 4-(phenylsulfonyl)-1,1°-biphenyl, 46. The ESI spectrum shows it
has m/z [M+H]* 295.8.
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. VWD: Signal A, 254 nm
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Figure A359. LC-UV-MS chromatogram of 4-(phenylsulfonyl)-1,1’-biphenyl, 46
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Figure A360. *H NMR spectrum of 1-(4-dimethylaminophenyl)-4-(phenylsulfonyl)benzene 138
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Figure A361. BC NMR spectrum of H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138
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Figure A362. Zoomed in COSY spectrum of H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138

161



t

100 80 60 F1[ppm]

120

T T T T T T T T T T T T T T

; I
8 7 6 5 4 F2 [ppm]

Figure A363. Zoomed in HSQC spectrum of H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138
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Figure A364. Zoomed in HMBC spectrum of *H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138.
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Figure A365. DEPT-135 spectrum of *H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138
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Figure A366. IR spectrum of 'H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138
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Figure A367. LC-ESI-MS spectrum of 'H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138. The ESI spectrum shows it has m/z [M+H]* 338.1.
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Figure A368. LC-UV-MS chromatogram of '*H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C20HI9NO2S 0.70 360.1030 337.1143 337.1136 1.87 97.77

Figure A369. HR-MS analysis of !H NMR spectrum of 1-(4-dimethylaminophenyl)-4-
(phenylsulfonyl)benzene 138

164



8.1 §.0 7.9 7.8 7.7 7.6 Bpm 3.95 FRm
b= T o =3 T I o T B R = I = = —
O A O A AD WA D i = o
L B o - T e === T T O (=] T4} o}
[ R e S o S S il o — o

o
M' 1
T T T T T T T T T T T
o 8 T ] 5 4 | 2 1 a pRm
=] EA A =]
ol ed [ |ed|ed]| =] ed ]

Figure A370. 'H NMR spectrum of 'H NMR spectrum of 1-(4-methyl ester phenyl)-4-
(phenylsulfonyl)benzene 139
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Figure A371. 3C NMR spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A372. Zoomed in COSY spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A373. Zoomed in HSQC spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A374. Zoomed in HMBC spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A375. DEPT-135 spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A376. IR spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139
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Figure A377. LC-ESI-MS spectrum of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139. The ESI
spectrum shows it has m/z [M+Na]* 375.1.
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Figure A378. LC-UV-MS chromatogram of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: CO0H16 04 S 0.69 353.0844 352.0777 352.0769 2.16 96.95

Figure A379. HR-MS analysis of 1-(4-methyl ester phenyl)-4-(phenylsulfonyl)benzene 139

T T T T
g.2 8.1 g.0 7.9

T T T
7.7 7.6

8.4 8.3 7.8 ==t
(=
00 N ooy 00 M O o =
loed - 0O g = O 000 0 L] =
RS === e - T R Ty Wy B [T =
O\Q
8
S\
\
O O
O,N
T T T T T T T T
B8 ] 4 =] 2 1 [x]

H 8 7
BEEEER
ol [ed [l | | =]l

Figure A380. *H NMR spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A381. 3C NMR spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A382. Zoomed in COSY spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140

170



:

A

| E
o
&
[
L8
L8
-8
L8
-3
T T T ] T T T | T T T | T T T ] T T r
8.2 8.0 78 76 F2 [ppm]
Figure A383. Zoomed in HSQC spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A384. Zoomed in HMBC spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A385. DEPT-135 spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A386. IR spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A387. LC-ESI-MS spectrum of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140. The ESI
spectrum shows it has m/z [M+H]* 340.2
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Figure A388. LC-UV-MS chromatogram of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140

Compound Table
RT Observed mass |Neutral observed| Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C18 HI3N 04 S 0.90 339.0566 339.0561 339.0565 -1.23 97.10

Figure A389. HR-MS analysis of 1-(4-nitrophenyl)-4-(phenylsulfonyl)benzene 140
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Figure A390. *H NMR spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A391. *C NMR spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A392. Zoomed in COSY spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A393. Zoomed in HSQC spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A395. DEPT-135 spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141

176



899,

[ e — Y s s ~ /"\ }'A/] f
RVl ®aas P e o AT’ ﬂf (
| | y { |
85 | \r \kj Toeeloe | | (
i | | f
" | 1877 | . ;
1917.82 j ‘
.80 i (il J
3073.24 1509.7, ‘ ‘
75 | 1]
| | I
I : !
‘ rm 29 ‘ |
0. [ |
12949 | ‘ |
159238 (1 '- ‘ ‘
1477.1% | |
wr 654 1388.60 ‘ 'E \ ﬂ |
1284.15 l ' |
, ),‘ i | ‘ I
60| 144797 | ! ’ ‘ I
| oo
55 | ‘ 3
i‘ ' 75,?i
50, H dhin
115430 .52
| H0s592 &
45 1316.50
73408
411 i i . . § . ey
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1
__ chpel data\spectra\amanda\ad32s 4-c biphen.sp
Figure A396. IR spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A397. LC-ESI-MS spectrum of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141. The ESI
spectrum shows it has m/z [M+Na]* 352.0.
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Figure A398. LC-UV-MS chromatogram of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C18 H13Cl 02 S 0.70 351.0224 328.0330 328.0325 1.63 99.00

Figure A399. HR-MS analysis of 1-(4-chlorophenyl)-4-(phenylsulfonyl)benzene 141
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Figure A400. *H NMR spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A401. *3C NMR spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A402. Zoomed in COSY spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A403. Zoomed in HSQC spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A404. Zoomed in HMBC spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A405. DEPT-135 spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene, 1-(4-

methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A406. IR spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142
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Figure A407. LC-ESI-MS spectrum of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142. The ESI
spectrum shows it has m/z [M+K]* 362.9.
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Figure A408. LC-UV-MS chromatogram of 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142

Compound Table
RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C19H16 03 S 0.73 347.0715 324.0824 324.0820 1.12 97.81

Figure A409. HR-MS analysis 1-(4-methoxyphenyl)-4-(phenylsulfonyl)benzene 142.
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Figure A410. 'H NMR spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A411. **C NMR spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A412. Zoomed in COSY spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A413. Zoomed in HSQC spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A414. Zoomed in HMBC spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A415. DEPT-135 spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A416. IR spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.

Spoctum RT 33.57 - 36.44 (673 scans) - Background Sutbracted 3.21 - 17.41

Intensity g
ADIT4_4:Br_biphen_more_conc_1.datc 20200708 10:56:50;
ESI+

s

400000~

300,000

200,000

100,000~

50 a2

7

% ]an,‘r?h]v ( [371 9

| | ( NS LA |

kel
3840
3 ’

b by

T

( T T t T T T T T
3n n 376 318 380 382

T T
38 386 388

T T T T T
390 302 304 346 308

Figure A417. LC-ESI-MS spectrum of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143. The ESI
spectrum shows it has m/z [M+H]* 373.9.
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Figure A418. LC-UV-MS chromatogram of 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C18 H13Br 02 S 0.72 394.9712 371.9820 371.9820 0.16 97.95

Figure A419. HR-MS analysis 1-(4-bromophenyl)-4-(phenylsulfonyl)benzene 143.
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Figure A420. *H NMR spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A421. 3C NMR spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144.
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Figure A422. Zoomed in COSY spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A423. Zoomed in HSQC spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A424. Zoomed in HMBC spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A425. DEPT-135 spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A426. IR spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
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Figure A427. LC-ESI-MS spectrum of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144. The ESI
spectrum shows it has m/z [M+K]* 357.7.

VWD: Signal A, 254 nm
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Figure A428. LC-UV-MS chromatogram of 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144
Compound Table
RT Observed mass |Neutral observed| Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: CI9HI3NO2S 0.72 342.0561 319.0669 319.0667 0.77 94.63

Figure A429. HR-MS analysis 1-(4-cyanophenyl)-4-(phenylsulfonyl)benzene 144.
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Figure A430. *H NMR spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A431. *3C NMR spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145.
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Figure A432. Zoomed in COSY spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A433. Zoomed in HSQC spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A434. Zoomed in HMBC spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A435. DEPT-135 spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A436. IR spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A437. LC-ESI-MS spectrum of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145. The ESI
spectrum shows it has m/z [M+Na]* 331.2.
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Figure A438. LC-UV-MS chromatogram of 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145

Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C19H16 02 S 0.74 309.0947 308.0879 308.0871 2.54 96.69

Figure A439. HR-MS analysis 1-(4-methylphenyl)-4-(phenylsulfonyl)benzene 145
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Figure A440 (a). Overlapped UV-Vis, emission, and excitation spectra of biaryl 46 in methanol, in which
absorbance Amax, emission Amax and excitation Amax values of 272, 336, and 272 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 uM and 2.85 UM solutions,
respectively.
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Figure A440 (b). Overlapped UV-Vis, emission, and excitation spectra of biaryl 138 in methanol, in which
absorbance Amax, emission Amax and excitation Amax vValues of 347, 481, and 346 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 uM and 6.51 uM solutions,
respectively.
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Figure A440 (c). Overlapped UV-Vis, emission, and excitation spectra of biaryl 139 in methanol, in which
absorbance Amax, emission Amax and excitation Amax vValues of 279, 331, and 280 nm were found, respectively.
Shoulders at 319 & 344 nm were evident in the emission spectrum of compound 139 additionally. The
absorbance Amax and emission/excitation Amax Were recorded using 17.86 uM and 3.32 uM solutions,
respectively.
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Figure A440 (d). Overlapped UV-Vis and emission spectra of biaryl 140 in methanol, in which an
absorbance Amax value of 297 nm was found. An emission Amax (and therefore excitation Amax) could not be
found due to low emission intensity. The absorbance Amax Was recorded using a 17.86 uM solution and the
emission spectrum was run using a 4.65 uM solution.
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Figure A440 (e). Overlapped UV-Vis, emission, and excitation spectra of biaryl 141 in methanol, in which
absorbance Amax, emission Amax and excitation Amax values of 275, 340, and 278 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 uM and 2.85 UM solutions,
respectively.
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Figure A440 (f). Overlapped UV-Vis, emission, and excitation spectra of biaryl 142 in methanol, in which
absorbance Amax, emission Amax and excitation Amax vValues of 297, 391, and 298 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 UM and 4.65 uM solutions,
respectively.
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Figure A440 (g). Overlapped UV-Vis, emission, and excitation spectra of biaryl 143 in methanol, in which
absorbance Amax, emission Amax and excitation Amax values of 277, 343, and 272 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 pM and 3.98 UM solutions,
respectively.
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Figure A440 (h). Overlapped UV-Vis, emission, and excitation spectra of biaryl 144 in methanol, in which
absorbance Amax, emission Amax and excitation Amax vValues of 276, 327, and 273 nm were found, respectively.
Shoulders at 314 & 343 nm were evident in the emission spectrum of compound 144 additionally. The
absorbance Amax and emission/excitation Amax Were recorded using 17.86 UM and 2.85 UM solutions,
respectively.
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Figure A440 (i). Overlapped UV-Vis, emission, and excitation spectra of biaryl 145 in methanol.
Absorbance Amax, emission Amax and excitation Amax values of 283, 352, and 280 nm were found, respectively.
The absorbance Amax and emission/excitation Amax Were recorded using 17.86 uM and 3.32 uM solutions,
respectively.
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Figure A441. Relative absorbance spectra of all biaryls in methanol, using a 17.86 uM solution in each
case.
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Figure A442. Relative emission spectra of all biaryls in chloroform, recorded using solutions between
2.32 and 5.58 pM concentration.
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Figure A443. Relative emission spectra of all biaryls in methanol, recorded using solutions between 2.85
and 6.51 pM concentration.
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Figure A444 (a). Effect of solvent on absorbance Amax for biaryl 46. Absorbance Amax Values of 273 and
272 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in

both cases.
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Figure A444 (b). Effect of solvent on absorbance Amax for biaryl 138. Absorbance Amax Values of 348 and
347 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in

both cases.
o}

8 1 \\S/©
5 Oy
@©
o 0.8
—
8 MeO O
2 06 i
< —— Chloroform
o 04
= Methanol
+—
© 0.2
&

0

240 260 280 300 320

Wavelength (nm)

Figure A444 (c). Effect of solvent on absorbance Amax for biaryl 139. Absorbance Amax values of 281 and
279 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in
both cases.
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Figure A444 (d). Effect of solvent on absorbance Amax for biaryl 140. An absorbance Amax Value of 297 nm
was found using both chloroform and methanol as the solvent, using a 17.86 uM solution in both cases.
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Figure A444 (e). Effect of solvent on absorbance Amax for biaryl 141. Absorbance Amax Values of 276 and
275 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in
both cases.
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Figure A444 (f). Effect of solvent on absorbance Amax for biaryl 142. An absorbance Amax value of 297 nm
was found using both chloroform and methanol as the solvent, using a 17.86 uM solution in both cases.
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Figure A444 (g). Effect of solvent on absorbance Amax for biaryl 143. Absorbance Amax values of 278 and
277 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in

both cases.
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Figure A444 (h). Effect of solvent on absorbance Amax for biaryl 144. An absorbance Amax Value of 276 nm
was found using both chloroform and methanol as solvent, using a 17.86 uM solution in both cases.
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Figure A444 (i). Effect of solvent on absorbance Amax for biaryl 145. Absorbance Amax Values of 284 and
283 nm were found using chloroform and methanol as solvent, respectively, using a 17.86 uM solution in
both cases.
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Figure A445 (a). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 uM and 17.5 pM solutions. The molar extinction coefficient (€) for biaryl 46 was
found to be 22034 M cm?
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Figure A445 (b). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 uM and 17.5 UM solutions. The € for biaryl 138 was found to be 17332 M cm®
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Figure A445 (c). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 pM and 17.5 pM solutions. The € for biaryl 139 was found to be 34033 M cm’?
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Graph of UV-absorbance intensity versus concentration, using data collected from the
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Graph of UV-absorbance intensity versus concentration, using data collected from the
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Figure A445 (f). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 pM and 17.5 pM solutions. The € for biaryl 442 was found to be 37703 M cm?
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Figure A445 (g). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 uM and 17.5 pM solutions. The € for biaryl 144 was found to be 30435 M cm*
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Figure A445 (h). Graph of UV-absorbance intensity versus concentration, using data collected from the
dilution of both the 35 uM and 17.5 uM solutions. The € for biaryl 145 was found to be 29738 M cm*
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Figure A446 (a). Data relevant to the calculation of quantum yield of biaryl 46 in chloroform (left) and
methanol (right). A quantum yield of 0.41 and 0.43 was recorded in chloroform and methanol, respectively,

using a 4.56 uM and 2.85 uM solution, respectively.
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Figure A446 (b). Data relevant to the calculation of quantum yield of biaryl 139 in chloroform (left) and
methanol (right). A quantum yield of 0.36 and 0.44 was recorded in chloroform and methanol, respectively,

using a 3.32 uM solution in both cases.
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Figure A446 (c). Data relevant to the calculation of quantum yield of biaryl 141 in chloroform (left) and
methanol (right). A quantum yield of 0.37 and 0.41 was recorded in chloroform and methanol, respectively,

using a 2.79 uM and 2.85 uM solution, respectively.
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Figure A446 (d). Data relevant to the calculation of quantum yield of biaryl 142 in chloroform (left) and
methanol (right). A quantum yield of 0.62 and 0.75 was recorded in chloroform and methanol, respectively,

using a 2.32 uM and 4.65 uM solution, respectively.
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Figure A446 (e). Data relevant to the calculation of quantum yield of biaryl 143 in chloroform (left) and
methanol (right). A quantum vyield of 0.032 and 0.048 was recorded in chloroform and methanol,
respectively, using a 3.32 uM and 3.98 uM solution, respectively.
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Figure A446 (f). Data relevant to the calculation of quantum yield of biaryl 144 in chloroform (left) and
methanol (right). A quantum yield of 0.40 and 0.35 was recorded in chloroform and methanol, respectively,
using a 3.25 uM and 2.85 uM solution, respectively.
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Figure A446 (g). Data relevant to the calculation of quantum yield of biaryl 145 in chloroform (left) and
methanol (right). A quantum yield of 0.42 and 0.58 was recorded in chloroform and methanol, respectively,

using a 3.25 uM and 3.32 uM solution, respectively.
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Figure A447 (a). Data relevant to the calculation of quantum yield of the standard 2-aminopyridine, using
a 13.28 uM solution, for which quinine sulfate at a concentration of 9.49 uM was used as the reference
standard to ensure accuracy of the method employed.
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Figure A447 (b). Data relevant to the calculation of quantum yield of the standard quinine sulfate dihydrate,
using a 9.49 uM solution, for which 2-aminopyridine at a concentration of 13.28 uM was used as the

reference standard to ensure accuracy of the method employed.
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Figure A448. Effect of solvent on emission Amax for biaryl 140. An emission Amax could not be found due
to low emission intensity when either chloroform or methanol were used as the solvent. A 4.65 pM solution

of 140 in both cases was used.
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