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The N-phenylquinoneimine scaffold is a versatile synthetic platform that has gained significant attention in the field of drug
discovery due to its structural diversity and capacity to interact with biologically relevant targets.
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| 1. Introduction

Diversity-orientated synthesis (DOS) continues to grow as an area of importance in the disciplines of organic synthesis
and chemical biology B!, One important area that should benefit significantly from DOS is drug discovery. The existing
chemical space can be expanded with new synthetic molecules, with the hope of identifying novel and better drug and
probe molecules . Arguably, one of the most promising synthetic strategies for generating collections of new compounds
with increased molecular complexity and diversity via DOS involves the sequencing of multicomponent reactions with
subsequent transformations, including cyclisations, couplings, and refunctionalisations [,

DOS requires a planning algorithm to deliver an efficient but divergent route. Although DOS aims to achieve a diverse and
non-focused coverage of biologically active chemical space, the results of DOS may find use in other fields in future
years. Complexity-generating reactions are again important for efficiency (multicomponent-coupling, cascade and tandem
complexity-generating reactions are the most valuable); however, pathways need to be identified that give structurally
diverse targets. In order to achieve the highest levels of structural diversity, (i) the building blocks, (ii) the stereochemistry,
(i) the functional groups and, most importantly, (iv) the molecular framework must be varied. The key to the structural
complexity is the complexity-generating reactions, while the key to the structural diversity comprises the branch points and
building blocks [l The identification in the forward direction of pairwise relationships, where the product of one
complexity-generating reaction is the substrate for another, can lead to high levels of molecular complexity in a very
efficient manner 2,

| 2. N-Phenylquinoneimine and Its Pharmacological Significance

N-Phenylquinoneimine (NPQ 1, Figure 1), due to its a,p-keto and a,B-imino functionalities, is highly reactive and offers
great potential for regioselective reactions. NPQs are highly coloured compounds EIZIE! and constitute a core structure in
several important natural products, Refs. 19 some of which are key abiotic and biological compounds, which intercalate
with DNA 1. New avenues for molecular sensors 22 and ligands, Refs. 13124l for drug delivery 13128l and controlled
material growth have been provided through many of these hybrid materials. NPQs can be used as building blocks to
access useful synthetic compounds that can serve as potential key intermediates in cascade reactions 4. Since many
natural products and druglike compounds include heterocyclic subunits, the ability to synthesise efficiently diverse
heterocyclic compounds is critical. NPQs can be used to access aromatic heterocyclic structures largely used as scaffolds
for generating combinatorial libraries in drug-discovery research 28l Sulfones that can be synthesised from multistep
reactions of NPQs are found in many medicines and drug candidates under development for the treatment of a host of
diseases impacting human health worldwide X2, NPQs represent a new frontier for the design and generation of
molecular diversity and complexity [22[21],
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Figure 1. Structure of N-phenylquinoneimine 1 (NPQ).

| 3. Quinoneimines in Natural Products and Dyes

Natural products and their structural analogues have historically made a major contribution to pharmacotherapy,
especially for cancer and infectious diseases 24123l put also in other therapeutic areas, including cardiovascular diseases
and multiple sclerosis [24l25026]  Natural products are characterised by enormous scaffold diversity and structural
complexity 22,

Quinoneimines are highly coloured dyes EIZIEI28129] ang constitute a core structure in several important natural products
[9I101B0N31)[32][33][34]  Some of these quinoneimines have been reported as growth-promoting substances with a low
molecular weight, isolated from microorganisms 2%, Exfoliazone, Questiomycin A, N-Acetylquestiomycin A, and
Acetylmichigazone have been isolated from Streptomyces exfoliates BT-38 19 and Venezuelines A-G from
Streptomyces venezuelae 4. Chandrananimycins A—C were isolated from the culture broth of a marine Actinomadura sp.
Isolate M045. They contain the phenoxazin-3-one chromophore, which is part of complex natural products like
actinomycin, aurantin, and cryptomycin and is responsible for their colour 1. Chandrananimycin D, pitucamycin,
grixazone B, and benzerramycin A—C have been reported from a Streptomyces griseus strain isolated from an old building
with moisture damage 2831, Cinnabarin and Cinnabarinic acid have been isolated as fungal pigments 24 (Figure 2).
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Figure 2. Some of the representative examples of quinoneimines in natural products.
Quinoneimine dyes are based on the structure of the fictional compound para-quinone-di-imine 2, from which the name of

the dye class originates. There are several subgroups of quinoneimine dyes, such as the azines 3, the oxazines 4, and
the thiazines 5 (Figure 3).
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Figure 3. Some subgroups of quinoneimine dyes.

Quinoneimine dyes are commonly used in colour photography and in the production of pencils, as well as for dyeing
paper and fur. In addition, they are used as chemical indicators 2],

Some commonly used and important quinoneimine dyes are neutral red, safranin O, Nile blue, Nile red, Meldola’s blue,
gallocyanin, gallamine blue, celestine blue B, and the methylene blue homologues (Figure 4).
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Figure 4. Some of the common quinoneimine dyes.

In microbiology, neutral red is used in the MacConkey agar to differentiate bacteria for lactose fermentation B8, It also
acts as a pH indicator, changing from red to yellow between pH 6.8 and 8.0.

Safranin is the classic counterstain in both Gram stains and endospore stains. It is also used as redox indicator in
analytical chemistry.

Nile blue and Nile red are fluorescent dyes BZ. They have reasonably high fluorescence quantum vyields in nonpolar
solvents and they fluoresce at reasonably long wavelengths 28!,

Meldola’s blue dye is used mainly as a pigment in textiles, paper, and paints. It has also been used in electrochemical
experiments involving DNA, wherein the dye mediates electron transport 22,

Celestine blue dye is used with iron-aluminium complexes as a substitute for haematoxylin in H-E (haematoxylin—eosin)
staining because of its resistance to low-pH solutions. It has been used as a new electroactive indicator in DNA
biosensors and is also applicable to HOCI detection in living cells and to assaying the chlorinating activity of
myeloperoxidase 9.

| 4. Biological Activity of N-Phenylquinoneimine Scaffolds

Quinoneimines are key abiotic and biological components that intercalate with DNA 1. Quinoneimines and diimines are
of interest in chemistry, and the former moieties have been proposed as intermediates in a number of biological processes
(41 Their diverse biological activities and synthetic applications have attracted the synthetic community to synthesise
these important alkaloids “2143144]45] |maj S, et al. 19 have reported exfoliazone (Figure 2), a phenoxazine antibiotic
showing antifungal activity against V. ceratosperma. Pitucamycin and Chandrananimycin D have been found to exhibit
antiproliferative activities against a number of cell lines and only a weak cytotoxicity 23!,

Chandrananimycins A—C (Figure 2), isolated from Actinomadura sp. Isolate M048, have been reported to have high
biological activity against Staphylococus aureus, Bacillus subtilis, and Streptomyces viridochromogenes 4. They have
also exhibited antialgal activity against the microalgae Chlorella vulgaris, Chlorella sorokiniana, and Scenedesmus
suspicatus and antifungal activity against Mucor miehei and Candida albicans. Compounds such as Chandrananimycins
A-C, containing the phenoxazine-3-one chromophore, are frequently encountered as metabolites of microorganisms.
They are yellow-to-orange-coloured compounds and exhibit antibacterial 8, antifungal 29, phytotoxic 44, and anticancer
activities. In addition, some are also known to show potent cell-growth-stimulating activity 2. Due to their DNA
intercalation, these complex phenoxazinone derivatives have shown pronounced antimicrobial 48, antitumor 42, and
anticancer potency Y, with some of them also exhibiting anticoccidial activity B1. Table 1 summarises the quinoneimine
derivatives occurring as natural products and their biological activities.

Table 1. Naturally occurring quinoneimines and their biological activities.

Quineimine Derivatives as Natural Products Biological Activities (References)

Exfoliazone Antibiotic, antifungal, antitumor, growth-promoting activities [210]



Quineimine Derivatives as Natural Products Biological Activities (References)

Questiomycin A, N-acetylquestiomycin A, and

L Growth stimulatory and inhibitory effects [
Acetylmichigazone

Venezuelines A-G Cytotoxic and antitumor activities 29

. . Anti ial, antif 1, antialgal, ph ic, i
Chandrananimycins A-D A ;’cil‘z:\iztse@ &;ntl ungal, antialgal, phytotoxic, and anticancer
Actinomycins Antibacterial, antitumor, and anticancer activities B2I531[541[55]
Pitucamycin Antiproliferative and cytotoxic activities (23]
Grixazone B Antimicrobial B3I
Benzerramycin A-C Antiproliferative [32]
Cinnabarin and Cinnabarinic acid Antibacterial, antimicrobial [24]

| 5. Significance of Quinoneimine-Based Drugs

Exfoliazone (Figure 2) is an antibiotic that is active against Valsa ceratosperma, the causative fungus of the apple canker
disease 19,

The actinomycins are a family of chromopeptide antitumor antibiotics isolated from various Streptomyces strains B4,
Actinomycins C3 and D have found clinical application as anticancer drugs, particularly in therapy for Wilm's tumor 2! and
soft tissue sarcomas 23 in children, and are still of interest in molecular biology 9.

Actinomycin D (Figure 5) has also been proposed as a therapeutic agent for AIDS, because of its potency as an inhibitor
of HIV-1 minus-strand transfer 24, It is a chemotherapy medication used to treat a number of types of cancer. This
includes rhabdomyosarcoma, Ewing’s sarcoma, trophoblastic neoplasm, testicular cancer, and certain types of ovarian
cancer (23],

Figure 5. Structure of Actinomycin D.

Some chemicals and drugs have been reported to form reactive quinone and quinoneimine metabolites 8,
Quinoneimines are found as highly redox-active molecules and electrophiles, with both properties being crucial for their
reactivity in biological systems. They are highly reactive organic chemicals and comprise a class of toxicological
intermediates B758l that interact alone by generating reactive oxygen species (ROS) in biological systems to promote
inflammatory reactions and reactive immune cells, oxidise DNA, and induce toxicity. They can be responsible for effects in
vivo, including immunotoxicity, cytotoxicity, and carcinogenesis B4. Quinoneimines reduce the oxygen to reactive oxygen
species, acting as prooxidants, and, as electrophiles, they form covalent bonds with tissue nucleophiles.



Important drug molecules that lead to the formation of quinoneimine reactive metabolites include Lumiracoxib (non-

steroidal anti-inflammatory),

Diclofenac (non-steroidal

anti-inflammatory),

Paracetamol

(antimalarial), Gefitinib (kinase inhibitor), and Eriotinib (kinase inhibitor) (Figure 6).
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Figure 6. Some drugs that form quinoneimine reactive metabolites 281,

Paracetamol is widely used as an over-the-counter remedy to treat fever and pain. N-acetyl-p-aminophenol (APAP), the
active ingredient in Paracetamol, is metabolised via 3 pathways: glucuronidation, sulfation, and glutathione conjugation.

Glucuronidation and sulfation produce nontoxic metabolites for excretion. N-acetyl-p-benzoquinoneimine (NAPQI) is a
toxic intermediate produced via cytochrome P450 2E1 (CYP 2E1; the main metabolising agent) and cytochrome P450
3A4 (CYP3A4) metabolism. NAPQI is then conjugated by glutathione (GSH) to form a nontoxic metabolite for excretion

(Scheme 1) [58],
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| 6. Synthesis of Quinoneimines

The common method of preparing N-phenylquinoneimines is

hydroxydiphenylamine by using various oxidising agents (Table 2).

Table 2. Various oxidising agents used in the preparation of quinoneimines.

Substrate Oxidising Agent Solvent Temp (°C)  Time (h)
6 HgO Benzene Reflux 1
6 Ag,CO3 on Celite Toluene rt 30 min
H
N.
/©/ SO;R Pb(OAc)4 Acetic acid rt 1
HO
6 Hypochlorite Heptane rt 1
6 Hydrogen peroxide Toluene 35 25 min

Yield (%)

78

929

58

929

929

through the oxidation of the corresponding

Ref.

[59]

[60]

[61]



Substrate Oxidising Agent Solvent Temp (°C) Time (h) Yield (%) Ref.

6 Activated carbon catalyst Methanol 50 1 920 e4]
O
R 2-iodoxybenzoic acid Dimethyl sulfoxide rt 35 min 84-98 201
NH5
H
N 65
Dess-Martin periodinane Dichloromethane rt 8 56 [65]
OMe
6 K2Cr207 Acetone 40 45 min 97 (68
OH
NH
K;[Fe(CN)g] Phosphate buffer rt 30 min n.r. &7
R

Other oxidising agents used include iodoxybenzene and iodosylbenzene 889 The use of Ag,CO3 on Celite for the
oxidation of 4-hydroxydiphenylamine 6 is shown in Scheme 2. The Ag,CO3 adsorbed onto Celite, also known as Fétizon’s
reagent, is a solid-supported oxidising agent (and so is easily removed after the reaction); it provides the iminoquinones in
an excellent yield and is preferred to other methods €229, The method uses two equivalents of Ag,CO3 and, at room
temperature, 99% conversion to product 1 is observed in 24 h.

H
N Ag,CO5 on celite Ny

oH toluene, rt, 24 h o
6 99%

Scheme 2. Preparation of N-phenylquinoneimine 1 €9,

Most of these methods have disadvantages, such as the use of solvents and toxic reagents, a robust play environment,
and low efficiency due to polymerisation, hydrolysis, and dimerisation. Electrochemical methods, on the other hand, are
known as suitable, moderate, economical, fast, and easy methods that have been used for the synthesis of new
quinoneimine derivatives 41,
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