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Abstract
Chapter 1 provides a literature review of metal and metal-free oxidative annulations
employed to access ring-fused benzimidazoles while highlighting their significance and
application towards anti-tumour benzimidazolequinones. The aims and objectives of the
thesis are included at the end of this Chapter.
Chapter 2 starts with a review detailing the green credentials of H.O,, EtOAc, and
methanesulfonic acid (MSA) with an emphasis on the sustainability of their production.
Pyrrolo[1,2-a]benzimidazoles were prepared from o-pyrrolo substituted anilines using
H20. in EtOAc, avoiding the traditional use of carboxylic acid solvents. The protocol
circumvented aqueous extraction and chromatography, and could be applied to six, seven,
and eight-membered cyclizations. Pyrido[1,2-a]benzimidazole formation and the
cyclization of 3,6-dimethoxy-2-(cycloamino)anilines required one equivalent of MSA in
order to achieve high yields.
Chapter 3 starts with a review discussing the impact of carbon-halogen bonds in
medicinal chemistry, H>O2/HX as a benign method for the synthesis of halogenated
heterocycles, and current methods to form p-quinones. The one-pot tunable protocol of
H20./HX can be used to either perform 4-electron or 6-electron oxidation to access
dimethoxy ring-fused benzimidazoles, as well as chlorinated and brominated ring-fused
benzimidazolequinones in high yields. HPLC reaction profiling indicated that halogenation
occured prior to oxidative cyclization. Cl2 and Br. were determined as active species in the
one-pot reactions. Hz'®0 labeling experiments on dimethoxy benzimidazoles provided
insight into the mechanism of ether cleavage. The nitration of 2-fluoro-1,4-
dimethoxybenzene formed exclusively 1-fluoro-2,5-dimethoxy-4-nitrobenzene.
Chapter 4 starts with a brief description of subject heterocycle synthesis, the National
Cancer Institute Development Therapeutic Program (NCI-DTP), thioredoxin reductase
(TrxR), and defines the different types of reversible enzyme inhibition. The in-house
cytotoxicity evaluation of a series of benzo[1,2,4]triazin-7-ones is described. COMPARE
analysis at the NCI showed a wvery strong correlation between 1,3-
diphenylbenzo[1,2,4]triazin-7-ones and pleurotin. The latter natural antibiotic is an
irreversible TrxR inhibitor. Enzyme assay data were analysed using the Lineweaver-Burk
plot, which confirmed that 1,3-diphenylbenzo[l,2,4]triazin-7-one and the 3-CF3
substituted analogue are reversible TrxR inhibitors. The latter is more potent displaying
uncompetitive inhibition, rather than the mixed inhibition of the parent compound.

vii
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Chapter 1
General Introduction

The Formation of Ring-Fused Benzimidazoles via Oxidative

Cyclization
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1.1. Introduction

1.1.1. Significance

Benzimidazoles are important heterocycle pharmacophores, with therapeutic interest

increasing from the mid-20™ century when 5,6-dimethylbenzimidazole was discovered as a

degradation product of Vitamin-B1, (Figure 1.1).

HO™ Vitamin B,

Ly
)

Purine
|
[ 1
NH, (0]
NN HN N
N H HoN N H
Adenine Guanine

Figure 1.1. Benzimidazole as a key motif in Vitamin-B12 and bioisostere of purine

nucleobases.!

As bioisosteres of the purine nucleobases adenine and guanine, benzimidazoles possess a

wide range of biological activities. Specifically, ring-fused benzimidazoles have displayed

properties as pain-relievers,? therapeutic agents in the treatment of acute coronary

syndrome,® applications in subcutaneous fat reduction,* cyclin dependent kinase (CDK)

inhibitors,> ® corticotropin releasing factor 1 (CRF1) antagonists,’ as histamine Hs receptor

ligands,® and modulators of the tumour necrosis factor (TNF) (Figure 1.2).° In addition,

ring-fused benzimidazoles have displayed activity as anti-cancer agents (Figure 1.2).10 11
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Figure 1.2. The various biological activities of ring-fused benzimidazoles.? !

1.1.2. Benzimidazolequinones

Benzimidazoles serve as valuable synthetic precursors to benzimidazolequinones that are
activated upon bioreduction to produce a chemotherapeutic effect. Quinones can be easily
reduced by enzymes to hydroquinones due to their tendency to form full aromatic
systems.!? The bioreduction of quinones can occur via one-electron or two-electron
pathways.*? The single-electron transfer (SET) produces a semiquinone radical through
activation by the enzymes NAD(P)H cytochrome ¢ P450 reductase (CYP450), cytochrome
b5 reductase, and ubiquinone oxidoreductase. SET is reversible, oxygen-dependent and is
prevalent under hypoxic conditions (Scheme 1.1). Under continued hypoxic conditions the
semiquinone radical will be reduced to the hydroquinone. The Aldabbagh group has
reported alicyclic ring-fused benzimidazolequinones with nanomolar toxicity in hypoxic
tumour cells (Figure 1.4).2° The two-electron irreversible reduction is carried out by
NAD(P)H:quinone oxidoreductase 1 (NQO1),'® which is expressed at high levels in many

solid tumour breast,?% 2! cervical,?? prostate,? lung ?* and colon cancers.?



)
Quinone

CYP450 NQO1

+1e’, HY 0, +2e, 2H"

OH Oz OH

+1e’, H*
o’ OH
Semiquinone Hydroquinone

radical

Scheme 1.1. One and two-electron bioreduction of quinones.!?

Compared to established anti-cancer indolequinones such as mitomycin C (MMC),
benzimidazolequinones contain an extra electronegative nitrogen on the imidazole ring to
enhance bioreduction of the quinone moiety.?® Skibo first took advantage of the
electronegative nitrogen to synthesize a series of anti-cancer pyrrolo[1,2-a]benzimidazoles
(PBIs) which were active against breast, non-small cell lung, colon, CNS, melanoma,

ovarian, and renal cancer cell lines (Figure 1.3).27-%7

A (0]
N 4N
6 N R
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(0]
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~vH (0] CH (0] NH
< 3 < 2
O O
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H H H
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@) 0]

H

’N\H/N\L—Phe ’N\[(
o}

S()

Figure 1.3. Skibo's anti-cancer PBIs.?"



The PBISs are reduced by NQOL1 to generate the active hydroguinone species that hydrogen
bond to the AT base pairs in the major groove of DNA. The hydrogen bonding orientates
the protonated aziridine ring of the hydroguinone to enable DNA addition and cleavage via
a labile phosphotriester.2®: 38 39

Alterations to substituents at the 3-position significantly changes the cytotoxicity profile of
PBIs. The 3-amino substituents such as amide and urea (R = NHCOCH3, NHCONHy)
greatly enhanced cytotoxicity, since hydrogen bonding to thymine in the major groove of
DNA is promoted (Figure 1.3).3% 3 The presence of lipophilic L-phenylalanine linked
substituents at the 3-position improves cellular uptake giving higher cytotoxicity against
melanoma cell lines (Figure 1.3).3” % Enantioselective cytotoxicity was achieved with the
S-enantiomer of the 3-substituted urea (R = NHCONH>) being 100 times more selective

towards ovarian cancer cell lines than the R-enantiomer (Figure 1.3).%

0] 0] 0]
N N Me N
N\ \ \
O Y WG
0 @] n (0] n

nanomolar activity
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(0] A 0] 0]
Me N N N MeO N
\ \ \
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0] O n O n
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O O
N — N
i aW
V
- O
O O
Y =CH
Y=N

Figure 1.4. Aldabbagh's reported anti-cancer benzimidazolequinones.t® 4146

Aldabbagh et al designed a series of anti-cancer ring-fused benzimidazolequinones with
enhanced cytotoxicity compared to indolequinones such as MMC (Figure 1.4).1% 414 The
pyrido[1,2-a]benzimidazolequinone proved the most potent with cytotoxicity in the

5



nanomolar range under hypoxic conditions despite the absence of a DNA damaging
functionality.’® The additional ring-fused cyclopropane did not alter the cytotoxicity
response despite its DNA damaging capabilities.’® 4 42 The presence of methyl
substituents with or without ring-fused cyclopropane on benzimidazolequinones reduced
overall cytotoxicity. This was due to the donating effect of the methyl substituents slowing

the rate of bioreduction.® #3

Fahey and Aldabbagh assembled methoxy and aziridinyl  substituted
benzimidazolequinones (Figure 1.4). Their cytotoxicity was evaluated against the Fanconi
anaemia (FA) cell line (PD20i) and a normal human skin fibroblast cell line (GM00367).%*
% The aziridine moiety was necessary to induce hypersensitivity of FA cells lacking
FANCD2 protein with cytotoxicity in the nanomolar range, whereas the methoxy
substitutent gave negligible cytotoxicity.*® Potency towards normal human skin fibroblast
cell line decreased with increasing alicyclic ring size, but the aziridinyl substituted
compounds were more cytotoxic in comparison to the methoxy analogues. Importantly,
this work showed that the quinone functionality is not essential for hypersensitivity via the
the FANC-pathway.”® Moriarty and Aldabbagh synthesized highly conjugated
benzimidazolequinones containing fused aryl, pyridinyl and naphthyl rings (Figure 1.4).45
The aromatic resonance stabilisation of the chemically reduced quinone intermediates led
to greater specificity and cytotoxicity towards both cervical (HeLa) and prostate cancer
(DU-145) cells that over-express NQO1.%* %6 The highly conjugated benzimidazolequinone
(naphthyl-fused) displayed the best selectivity towards HeLa and DU-145 cell lines with
negligible cytotoxicity towards the normal human skin fibroblast cell line (GM00367).%6

In  further studies, Skibo reported a series of 6-acetamidopyrrolo[1,2-
a]benzimidazolequinones (APBIs) (Figure 1.5), which are structurally related to PBIs
(strong NQO1 substrates) (Figure 1.3). National Cancer Institute (NCI) COMPARE
analysis established an inverse correlation between APBIs and NQO1. The APBIs are
reduced to the inactive hydroquinone species by NQO1.2° APBIs only intercalate DNA in
the oxidised quinone form acting as potent topoisomerase Il inhibitors. Skibo designed
imidazo[4,5-f]benzimidazolequinones to add steric bulk around the quinone core to lessen
the deactivation by NQO1.#" Unexpectedly, dipyrrolo-, mono acetylated dipyrrolo- and
dipyridoimidazo[4,5-f]benzimidazolequinones proved excellent substrates for NQO1
stabilised by W-105 and F-106 residues of NQO1 (Figure 1.5).* The presence of two

6



acetylated groups on dipyrroloimidazo[4,5-f]lbenzimidazolequinone prevented reduction by
NQO1 due to steric bulk. Both dipyrroloimidazo[4,5-f]lbenzimidazolequinone and its

diacetylated analogue were found to inhibit topoisomerase 11.4

y © 0
N N N N R'=R?=H,n=1
\[f A\ R R 2 A\ R? R'=H,R?=0Ac,n=1
© N N N R'=R2=H,n=2
@) n ©) n

R"=R?=0Ac,n=1
R = OAc, OCONH,

APBI Imidazo[4,5-flbenzimidazole
O NH O
/T

N N, N N O N N
4 C N \\<\ N\
N N N N N N

O @) @)

Imidazo[5,4-flbenzimidazole Dipyridoiminoquinone oxazinoimidazol[5,4-f]

benzimidazole

Figure 1.5. Imidazobenzimidazole based anti-cancer agents.3% 47-51

Fagan and Aldabbagh reported the symmetrical and unsymmetrical imidazo[5,4-
flbenzimidazolequinone isomers (Figure 1.5) with specificity towards NQO1. The [5,4-f]
isomer displayed greater cytotoxicity than the imidazo[4,5-f]benzimidazolequinones
towards HelLa and DU-145 cell lines.*> °° NCI COMPARE analysis of the
dipyridoiminoguinone (DPIQ) cytotoxicity profile and computational docking into the
NQOL1 active site has shown the iminoquinone motif to have a particularly high affinity
towards NQO1.%! DPIQ has high specificity towards the prostate cancer cell line (DU-
145), as the toxicity was twelve times greater than that of a normal human skin fibroblast
cell line.*® The presence of an oxygen atom in the 1,4-oxazino ring of the unsymmetrical
imidazo[5,4-f]lbenzimidazolequinone provides enhanced toxicity against the tested cancer

cell lines.%°



1.2. Synthetic overview

Access to privileged ring-fused benzimidazoles continues to be of interest, and is detailed
in several recent reviews.>®” The focus of this thesis is on oxidative cyclizations and
therefore this Introduction will primarily review the oxidative transformations of o-cyclic
amine substituted anilines and their derivatives (Route A) alongside other oxidative

examples in Route C and E (Scheme 1.2).
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Scheme 1.2. Classifying the different synthetic routes to ring-fused benzimidazoles.

The reductive cyclization of nitrobenzenes (Route B) commonly employs metal reductants
in acid such as Ac20/ZnCly,2" 3133 %8 HCI/TiCl3,% % and AcOH/Fe.®! Molecular iodine
catalytically reduced nitrobenzenes with formic acid, which is used as the source of
hydrogen.®? Palladium catalysis was utilized for reduction with reagents of CO/Pd (high
pressure)®3and H2/Pd.%* The reductions can be carried out thermally under solvent free
conditions® © or in mineral acid.®” Photolytic cyclization of nitroarenes in mineral acid
has been employed previously,®” but more recently visible light and a thiourea catalyst
have carried out the reductive cyclization of nitoarenes via biradical combination (Scheme
1.3).%8
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Scheme 1.3. Reductive cyclization of nitroarenes via biradical recombination mediated by
visible light, thiourea, and silane reductant.®

o-Haloarylamidines (Route C) undergo non-redox transition metal-catalyzed coupling
reactions with ligand/Cul,®®"* or transition metal-free methods of DMSO/KOH,? and
Cs2CO3/DMA.® The lactam substituted anilines cyclize using di-t-butyl sulfoxide/NBS via
an aza-Wittig reaction.” t-BuLi directs the o-lithiation of cyclic arylamidines followed by
intramolecular trapping of an aryne intermediate to form ring-fused benzimidazoles
regioselectively.” A traditional synthesis of benzimidazoles involves the condensation of
1,2-phenylenediamines with aldehydes,”"” and acid anhydrides’® (Route D). The
cyclization of N-alkenyl-1,2-diaminobenzenes via hydroformylation intermediates with
syngas (CO/H.) and catalysed by rhodium gave mixtures of alicyclic ring-fused

benzimidazoles.”® 80

Route E differs from the other routes in that annulations occur onto the 1- and 2- positions
of pre-prepared benzimidazoles to provide a diverse range of ring-fused benzimidazoles.
These include annulations of alkenyl®8* and alkynylI®® substituted benzimidazoles under
transition metal-catalysis by Rh, Ni, Ni-Al, Ir, and Ag respectively. The use of chiral
ligands has allowed for endo- and exo- enantioselective annulations.®* 8 More recently, a
nickel catalyzed enantioselective endo-cyclization between an imidazole and alkene
alongside the chiral secondary phosphine oxide preligand (JoSPOphos) was achieved to

produce tricyclic benzimidazoles (Scheme 1.4). 8
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= PPh
©:N\ Preligand (2.5 mol% ©: O\\p;Fl-/ 2
—H Hv e =
N PhMe, 95 °C, 16 h D sl c>Me

""IMe
JoSPOphos
Me
e e pes e D
87%, 99:1 e.r. 91%, 99:1 e.r. 85%, 99:1 e.r.

Scheme 1.4. Nickel catalysed enantioselective synthesis of alicyclic ring-fused
benzimidazoles.®®

The cyclization of alkyl substituted benzimidazoles is achieved using bases of NaH,?" 88
KOH,® and LDA.%® The [4+2] annulations of 2-substituted benzimidazoles occurred with
styrene/Ru®® or under metal-free conditions using a bromoethylsulfonium salt.%? The
formation of pyrrolo-, pyrido-, azepino- and azocino[1,2-a]benzimidazoles with a fused
cyclopropane ring involves N-aziridinyl imines (Eschenmoser hydrazones) undergoing
thermolysis at reflux in m-xylene with a loss of nitrogen and trans-stilbene (Scheme
1.5).443

R Ph R’ Rl- Rj =H, n=0,85%
R? N N_NJ 2 N RI-RE=H, n=1,53%
\>_</ 3 m-xylene, reflux, 2 h _ N R', R*=0OMe, n=0, 68%
R N n  Ph o =3 N:? R!,R*=OMe, n=1,58%
R* Kﬁ/\ = R4 R2 R®=Me, n =0, 70%
n Ph " R2ZR¥=Me, n=1,50%

N
2 R2, R3=Me, n=2,77%

R2, R3=Me,n=3,11%

Scheme 1.5. Synthesis of cyclopropane fused benzimidazoles via Eschenmoser
hydrazones.**3

Metal-free methodologies including initiator-free radical photochemical annulations of
benzimidazol-2-yl radicals,®® benzimidazole cyclization with aryne using CsF and
K2COs,* and N-Heterocyclic Carbene (NHC) catalyzed intramolecular hydroacylation of
N-allylbenzimidazole-2-carboxaldehydes®® are additional pathways to ring-fused

benzimidazoles.
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1.2.1. Oxidative cyclization of aniline, anilide and azide derivatives (Route A)

In 1908, Spiegel and Kaufmann showed that Caro's acid (peroxymonosulfuric acid)
oxidized o-cyclic amine substituted aniline 1 to a tricyclic ring-fused [1,2-a]benzimidazole
2 (Scheme 1.6).% The absence of the electron withdrawing nitro group on 1 resulted in no
oxidative cyclization. Caro's acid was already known to oxidise anilines to

nitrosobenzenes®’ supporting the idea of a nitroso-intermediate.

OzN\@NHZ Caro's acid (H,SO5) O2N\©:N\
1 2

Scheme 1.6. Caro's acid oxidative cyclization of o-cyclic amine substituted aniline.%

Prominent 20" century chemist and creator of Adam's catalyst, Roger Adams with Nair
refined the methodology to access a wider range of ring-fused [1,2-a]benzimidazoles in
good to high vyields of 58-91% using peroxytrifluoroacetic acid generated in situ
(Scheme 1.7).%

R_5 NH H20,, R NO R
2 CF3CO,H N
il , >
N/\ reflux, N/\ N vy
kM/Y 15-30 mins kH/Y L_@,)/n
-

13 examples

Nitroso intermediate 58-91%
n Y R, Yield (%)
H Cl CHs NO:2
0 CH: 81 75 86 72
1 CH: 58 66 60 95
1 @) 73 62 61 76
2 CH2 91 — — —

Scheme 1.7. Oxidative cyclization of o-cyclic amine substituted anilines.®
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The presence of an electron-withdrawing group at the 5-position of o-cyclic amine
substituted anilines allowed more facile oxidation to give the highest yielding
benzimidazoles (Scheme 1.7), consistent with previous studies on the oxidation of anilines

to nitro aromatic compounds.*

Due to the ability of peroxy-acids to oxidise anilines to nitrosobenzenes,'® Nair and
Adams believed the oxidative cyclization proceeded via oxidation of the primary amine to
a nitroso-intermediate, which subsequently cyclized onto the a-methylene carbon of the
tertiary cyclic amine.®® Further support for the nitroso intermediate came when the
involvement of an alternative tertiary amine N-oxide intermediate was investigated
(Scheme 1.8). The attempt to oxidize the o-cyclic amine substituted anilide didn’t yield the
desired ring-fused benzimidazole under the same reaction conditions presented in Scheme
1.7.%8

@) Ph

@NH H202, CF3C02H N
> \
I\O reflux, 15-30 mins ND

Scheme 1.8. Failed oxidative cyclization of o-cyclic amine substituted anilide.*®

Meth-Cohn and Suschitzky have rationalized these reactions through the “tertiary amino
effect”, whereby tertiary anilines with an o-substituent leads to cyclization.'®® The
paradigm has allowed oxidative cyclizations to be performed with a variety of o-

substituents such as amino, acylamino and azido groups to give ring-fused benzimidazoles.

NHR H,0,, HCO,H N,
reflux, 10-15 min B} N>\\
N Y
kH/Y Le»rn
n

R =H, CHO, Ac, Bz 85-95%
O O O O
A\ \ A\ \
sz ND N>\\O N
\__/

Scheme 1.9. Oxidative cyclization of o-cyclic amine substituted anilines & anilides.

102
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Meth-Cohn and Suschitzky further explored the use of in situ generated peroxy-acids,
combining H20 and formic acid to generate performic acid.'%? This furnished a series of
alicyclic ring-fused [1,2-a]benzimidazoles in excellent yields starting from either o-cyclic
amine substituted aniline or anilide derivatives (Scheme 1.9). Meth-Cohn contradicted the
observation of Nair (Scheme 1.8), showing that the acyl derivatives in Scheme 1.9 (R =
formyl, acetyl and benzoyl) were oxidatively cyclized using either peroxytrifluoroacetic
acid or performic acid.!®® Meth-Cohn preferred the use of o-cyclic amine substituted
anilides as substrates for making ring-fused benzimidazoles.!®? The reactions proceeded
more cleanly and Meth-Cohn believed Nair and Adams®® had possibly formed the o-cyclic
amine substituted anilides in situ as trifluoroacetic acid was first added to the o-cyclic

amine substituted anilines followed by hydrogen peroxide.%

OxPh Ox_Ph
NH H,0,, HCO,H NH
o 3° amine-N-oxide
0 °C, pyridine, 3 h D
+
3, 89%
(b) i N
NH HCI, reflux, 15 min _ ©: \
(Lo N
+NQ 4,71%
0]
(c) >/
N
N

N .
(:[ Ac,0, reflux, 30 mins ©:
NQ é
5,32%

(d) 0

bl H,0,, HCO,H (IN

N - S
©: reflux, 10 mins sz

N

4, quant.

(a)

1-acetyldihydro-
benzimidazole

Scheme 1.10. Isolated intermediates provide mechanistic insight into cyclization of
anilides, 103104
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The o-cyclic amine substituted anilides are not susceptible to acid hydrolysis
circumventing the possibility of cyclization via a nitroso intermediate,'%? directing research
towards a mechanistic route involving tertiary amine-N-oxides (Scheme 1.10). Performic
acid was added dropwise for 10 min. at 0 °C to the anilide (Scheme 1.10a) in pyridine and
the reaction was then brought to room temperature over 3 h. The reaction contents were
concentrated down with addition of water in vacuo and then the product was extracted
with choloroform followed by recrystallization from benzene. This was the first ever
reported isolation of any benzimidazole tertiary amine-N-oxide and gave 3 in excellent
yield of 89%.1% The subsequent treatment of 3 with hydrochloric acid (2N) at reflux led to
the corresponding pyrrolo[1,2-a]Jbenzimidazole 4 in 71% vyield (Scheme 1.10b). Meth-
Cohn prepared 1-acetyldihydrobenzimidazole (Scheme 1.10c) 5 in 32% yield by refluxing
an aryl azide in acetic anhydride as part of an investigation into the mechanism for the
thermal cyclization of aryl azides (Scheme 1.27).2% The isolated dihydrobenzimidazole 5
was then oxidized using performic acid to give pyrrolo[1,2-a]benzimidazole 4 in almost
quantitative yield (Scheme 1.10d).1%4

Q. R" 0 0
3 (CH3CO0),0 N N JJ\
R2 R2 R R H
o O R’
@ -AcOH ('W
R\1® %L%k R: )’\Il O)K )\_ N® iminium ion
R®._N-O o R?
~ R2® AcO \\4H AcO®
Acylation

1 (0]
)]\,\‘ J\ with Ac,0 >\[«>_ ./< -Ac0 R\N _<o . L
\@ R2 R

\|/( OAc
o
Intramolecular
‘ Acylation ﬁ_N 5R?
9%

Scheme 1.11. Acylation and fragmentation of tertiary amine-N-oxide in the Polonovski
reaction.10% 106

The isolation of the amine N-oxide and acylated hydrobenzimidazole intermediates,
followed by treatment with acids to form benzimidazoles (Scheme 1.10) led Meth-Cohn to

propose a Polonovski-type reaction!%-1%7 (Scheme 1.11). The Polonovski reaction involves
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the acylation of a tertiary amine-N-oxide with acetic anhydride or acyl chloride that
fragments to form an acetamide and aldehyde (Scheme 1.11). Meth-Cohn's mechanism
states that the tertiary amine-N-oxide 3 reacts intramolecularly with the acyl group
(Scheme 1.12), rearranging to a hemiaminal. The hemiaminal undergoes dealkylation via
an elimination reaction with loss of water to produce an iminium ion. The resultant
iminium ion undergoes nucleophilic addition from the adjacent amide group to give 1-
acyldihydrobenzimidazole, which is further oxidized to yield the desired ring-fused [1,2-
a]benzimidazole 4 with loss of carboxylic acid (Scheme 1.12).

H
H
NH H,0 N—f‘@ N. (O
202 Ph|  H*A- Kpp _-H0
S [ L e e

hemiaminal A

OYPh OYPh
O —— O = Lo

iminium ion 1-acyldihydro-
benzimidazole

Scheme 1.12. Meth-Cohn proposed oxidative cyclization of o-substituted N-oxides.'%

However, experimental NMR studies by Meth-Cohn showed strong hydrogen bonding
between the oxygen of the N-oxide and the NH of the amide in the intermediate tertiary
amine-N-oxide 3 (Scheme 1.13, blue box).1®® This meant that the carbonyl of the amide
was oriented away from the N-oxide and is at odds with the mechanism (Scheme 1.12,
blue box) showing the nucleophilic addition of the amine N-oxide onto the carbonyl of the
anilide.

Fagan and Aldabbagh's research provided insight by obtaining an X-ray crystal structure of
the dimorpholine N-oxide 6 (Scheme 1.13, red box). The data showed the carbonyl of the
amide was indeed orientated away from the amine N-oxide due to hydrogen bonding
(Scheme 1.13).*° Based on this, a new mechanism incorporating the hydrogen bonded
amine N-oxide intermediate was proposed, serving as an alternative to the Polonovski-type
reaction (Scheme 1.12). The o-cyclic amine substituted anilide is oxidized to the amine N-
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oxide 7. The N-oxide is then protonated in acidic media resulting in the a-hydrogen beside
the quaternized nitrogen becoming acidic, which leads to iminium ion and imidol
formation with loss of water. The imidol adds on to the iminum ion in a nucleophilic

addition leading to the brominated morpholino[1,2-a]benzimidazole 8.

& S ()
3 6
H o) R H/\VR

OYR ‘) imidol
Br\©:NH Oxone® Br. N— \©: \ \@EN\
N/\ HCO,H (O - Nf)\ N\>:/\O
. s

iminium ion

Scheme 1.13. Fagan and Aldabbagh proposed mechanism of H-bonded amine N-oxide
intermediate.> 103

The versatility of performic acid was extended to perform double annulations of the o-
cyclic amine substituted anilides 9 giving pentacyclic ring-fused imidazo[4,5-
floenzimidazole 10b in 74% vyield (Scheme 1.14b).2%? Skibo and co-workers later
synthesized the dipyrido ring-fused derivative 10b with performic acid as a precursor to
the anti-cancer imidazobenzimidazolequinones (Figure 1.5).4" ¢ However, the yield of
31% is significantly lower than that reported by Meth-Cohn (Scheme 1.14b) and the
dipyrrolo analogue 10a was obtained in an even poorer yield of 10%.*” The variance in
yield may be attributed to the isolation of 10b which was obtained via sublimation in

vacuo by Meth-Cohn and recrystallization by Skibo.

Fagan and Aldabbagh obtained the imidazo[5,4-flbenzimidazole isomer series of
pentacyclic ring-fused compounds (12a-12c) using the solid peroxide Oxone® (potassium
salt of peroxymonosulfuric acid) in 90% formic acid (Scheme 1.14c¢).>° A diverse range of
symmetrical and unsymmetrical ring-fused imidazo[5,4-f]lbenzimidazoles containing

oxygen heteroatoms and alicyclic rings of varying size were prepared (Scheme 1.14c). The
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ring-fused imidazo[5,4-flbenzimidazoles were converted to their iminoquinone and
quinone derivatives (Figure 1.5) with enhanced cytotoxicity towards cancer cell lines over-
expressing NQO1.49-%1 Oxone® was also shown to work well for the mono cyclization of
the brominated o-cyclic amine substituted anilide giving the corresponding benzimidazole
8 in a high yield of 80% (Scheme 1.14a).

(a)

Br\©iNHA° Oxone®, HCO,H Br\@:N\
\ 40°C, 6 h N>\\o
L_o 8

80%

ACHNIZNHAC H,0,, HCO,H /N:C :N\
N N reflux, 10-15 min* (CN Nd)
or n n
n n 70°C, 2 ht imidazo[4,5-flbenzimidazoles

9 10a:n=1, 10%"
10b: n = 2 (74%; ref. 102)*, (31%; ref. 48)T

(b)

() X
< N N
NIZNHAC Oxone®, HCO,H \\<\ Ij: \>\‘
° N N
40°C,6h Y
Y imidazo[5,4-flbenzimidazoles

1 12a: X, Y = OCH,, 58%
12b: X = OCHy, Y = (CH,),, 47%
12c: X = (CHZ)Z! Y = CH2Y 52%

Scheme 1.14. The oxidative annulation and double annulation of o-cyclic amine
substituted acetanilides.*: 48 50, 102

Oxone® is advantageous over H.O./organic acid methods, because it facilitates the
precipitation of the benzimidazoles from acidic solution with solid sodium carbonate
(without the requirement for further purification) to give good yields of 47-58% for the
double annulated adducts. This overcomes the low yields (<30%),*” “® associated with the
extraction of imidazo[4,5-f]lbenzimidazoles from aqueous acidic mixtures that Skibo

experienced.
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Performic acid continues to be of synthetic utility since Meth-Cohn's seminal work more

than five decades ago (Scheme 1.15). Many of the benzimidazoles synthesized with this

methodology serve as valuable precursors to biologically active compounds.
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64% 66% 2
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Scheme 1.15. The continued use of performic acid in literature to carry out oxidative

CyCIizationS 27, 28, 31-33, 44, 108, 109

Alkhader obtained ester substituted benzimidazoles (Scheme 1.15a) of varying alicyclic

ring size in good vyields, and used them as precursors to access more complicated

heterocycles such as [4,5-g]imidazoquinazolinones.’®® From the beginning of the 1990s,
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Skibo and co-workers have ubiquitously used performic acid to synthesise pyrrolo[1,2-
a]benzimidazoles (Scheme 1.15b) as synthetic precursors to benzimidazolequinone
reductive alkylating agents, and topoisomerase Il inhibitors (Figure 1.3).%2" 28 31-33
Aldabbagh et al. focused on the synthesis of ring-expanded azepino- and azocino[1,2-
a]benzimidazoles (Scheme 1.15c) obtaining them in good yields (64-66%) with performic
acid.** Similarly these compounds would serve as precursors to the anti-cancer aziridinyl
substituted benzimidazolequinones (Figure 1.4).** % Finally, Groves furnished 7-
acetamido-2,3-dihydro-8-nitro-1H-pyrrolo[1,2-a]benzimidazole (Scheme 1.15d) in 64%

yield as a precursor to novel pyrazines and quinoxalines.'®

Martinez showed that the picolinamide group directs copper catalysed o-C—H amination of
anilines with morpholine using a stoichiometric amount of the oxidant phenyliodine(ll)
diacetate (PIDA) (Scheme 1.16a).!° The picolinamide group is well tolerated in the
presence of performic acid, and undergoes oxidative cyclization to yield the
morpholino[1,2-a]benzimidazole 13 in an good yield of 80% with loss of picolinic acid
(Scheme 1.16b).11°

(a) = =
N N
@NH [Oj Cu(OAc),, PhI(OAc), @NH
+
-Xylene, 130 °C, 16 h
H N p-Xy N/\
o)
84%
<
b 0] X
(b) N

NH N

@ H,0,, HCO,H . ©: \>ﬁ
DCM, 40 °C, 1 h N

N 0
K/O 13, 80%

Scheme 1.16. Picolinamide group directed 0-C—H amination and oxidative cyclization of
o-cyclic amine substituted anilides.!*

Alternatives to peroxide-based oxidizing systems have been explored since the late 1960s.
MnO: oxidized tertiary amines in cold chloroform and the resultant cyclization gave the
ring-fused [1,2-a]benzimidazoles (Scheme 1.17) in 15-20% vyield. The poor yields were

due to formation of red by-products, thought to be azo-compounds due to oxidation of
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anilines.!* In addition, Gerloff et al. used a mercury(ll) EDTA complex to deliver the
ring-fused [1,2-a]benzimidazoles (Scheme 1.17) in quantitative yield, apart from the
morpholino analogue which was synthesised in 47% yield and had a slower reaction time

of 90 minutes.!1?

MnO,, CHCl,

| t, 16 h l (15-20%)

NH, C :N

\
: N/\ N>\\Y
N -

n
‘ Hg(ll) EDTA, EtOH/H,O T (47%-gaunt.)

n

reflux, 5-90 min
I~ U U~ O
O D 0 )
-/

Scheme 1.17: MnO2 and Hg(ll) mediated oxidative cyclizations of o-cyclic amine
substituted anilines. !t 112

The bench stable radical TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl) was used in
stoichiometric amounts aerobically under metal-free conditions to achieve the synthesis of
the hydroisoindole ring-fused benzimidazole after 5 h in a good yield of 81% (Scheme
1.18).113 The dihydroisoquinoline ring-fused benzimidazole took twice as long at 10 h, but
still was isolated in a good yield of 83%. TEMPO was regenerated during the oxidative
process with water as the only by-product (Scheme 1.19), boosting atom economy and

environmental aspects of the reaction.

NH, TEMPO-Air ©:N\
DMF, 110 °C N@
N
n
0y
n n=1(81%)

n=2(83%)

Scheme 1.18: TEMPO mediated oxidative cyclization to give tetracyclic ring-fused
benzimidazoles.**®
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The TEMPO mediated reaction (Scheme 1.19) proceeds initially via a SET to generate an
aminium radical cation, which undergoes a hydrogen atom transfer with another TEMPO
molecule to generate an iminium ion with loss of water. The iminium ion undergoes
nucleophilic attack forming a dihydrobenzimidazole intermediate, which undergoes further

oxidation to obtain the desired tetracyclic ring-fused benzimidazole.**®

02

©:NH2 NH2
N
H,O
radlcal cation

ol X 8 C@
\Cﬂé@ N e

Scheme 1.19. TEMPO-mediated annulation mechanism to give tetracyclic ring-fused
benzimidazoles.!?

iminium ion

Recent literature is littered with examples of ring-fused benzimidazole formation via cross
dehydrogenative coupling (CDC). CDC is a process where a C-N bond is formed directly
from C-H and N-H bonds under oxidative conditions with a formal loss of H», often
catalysed by metals.!** The main advantage of CDC is that it avoids prefunctionalisation of
substrates. Pentamethylcyclopentadienyl iridium(lIl) dichloride ([Cp*IrCl2]2) and a 2-
hydroxypyridine complex in trifluoroethanol catalyzed the CDC oxidative cyclization of o-
tetrahydroisoquinoline substituted aniline derivatives in high yield albeit with the
requirement for long reaction times (96-120 h) (Scheme 1.20).1% Interestingly,
regioselective control is dictated by the bulk around the primary amine. The o-cyclic
amine substituted aniline cyclization proceeds via C(1)H: of tetrahydroisoquinoline due to
stabilisation of the benzylic carbocation, giving the thermodynamic product 14 in 94%
yield. The presence of the acetamide derivative hinders cyclization at the preferred
position due to steric bulk and the cyclization occurs via C(3)H., forming the other isomer
15, which is the kinetic product in a yield of 82%. The formamide derivative has less bulk
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than the acetamide and therefore forms a mixture of the thermodynamic and kinetic

products with a higher yield of 44% for the thermodynamic product 14 (Scheme 1.20).

[Cp*IrCly; (2.5 mol%)
NH> Ligand (5 mol%) @EN\
. 1 CF3CH,OH, reflux, 96 h Nﬁ
2
30@ 14, 94%
4

\ N
[Cp*IrCl,], (2.5 mol%) o N~ “OH
@[NH Ligand (5 mol%) Ligand
CF4CH,OH, reflux, 120 h

15, 82%
[Cp*IrCly], (2.5 mol%)

e
H
NH
@[ Ligand (5 mol%) @E @E
|\©© CF3CH,0H, reflux, 120 h ﬁ ?

44% 16%

Scheme 1.20. Dihydroisoquinoline ring-fused benzimidazole isomer formation.1%®

Sun and co-workers delivered a series of ring-fused benzimidazoles via oxidative
cyclization catalyzed by bis(1,5-cyclooctadiene)diiridium(l) dichloride ([Ir(cod)Cl]2) in
trifluoroethanol without the requirement of a ligand (Scheme 1.21).1'® The reaction was
classified as acceptorless CDC due to the release of H> gas, which was detected by GC-
TCD analysis. The pyrrolo-, azepino- and azocino[1,2-a]benzimidazoles were synthesized
in very good yields with the iridium catalyst, but the morpholino and piperazino analogues
were only found in trace amounts. The reduced electronic density on the a-carbon of the
tertiary amine was attributed for the lack of reactivity in those analogues. The
dihydroisoquinoline and hydroisoindole ring-fused benzimidazoles were also afforded via
cyclization onto benzylic methylene groups in 92 and 77% vyield respectively
(Scheme 1.21). The yields are similar to those achieved with TEMPO (Scheme 1.18) and
Ir(111) catalysts (Scheme 1.20).
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Scheme 1.21. Oxidative cyclization via [Ir(cod)Cl]. transition metal-catalysis.

The proposed mechanistic route (Scheme 1.22) involves coordination of the amino group
with Ir(l) catalyst allowing CH insertion to take place to give intermediate 16. The
oxidative addition intermediate 17 is formed by the release of H, and then undergoes
reductive elimination to form the dihydrobenzimidazole. The abstraction of a hydride
generates Ir-H and an iminium ion. The release of another molecule of H> allows

rearomatization to give the desired alicyclic ring-fused [1,2-a]benzimidazole.
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Scheme 1.22. [Ir(cod)Cl]. mediated mechanistic route to synthesize benzimidazoles.!*

Mal and co-workers have isolated the dihydroisoquinoline ring-fused benzimidazole 14 in
good yield of 78% via an organocatalysis using PhI-mCPBA in hexafluoroisopropanol and
CHCl; (Scheme 1.23a).1*” A large stoichiometric amount of mCPBA is required to oxidize
a catalytic amount of iodobenzene (Phl) to generate iodine(lll) species that perform the

oxidative cyclization.

(a)
Phl (10 mol%)
NH, mCPBA (2.5 equw) ©:
N (CF3),CHOH/CH,Cl, (2:1) ﬁ
Qi) t.4h 14, 78%

(b) Phl (10 mol%)
@NHZ mCPBA (2.5 equiv) ©:
N (CF3)o,CHOH/CH,CI, (2:1) zj
rt, 4 h

Scheme 1.23. mCPBA-mediated oxidative cyclization of o-tetrahydroisoquinoline
substituted aniline.'’
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The limited substrate scope using the Phl-mCPBA methodology was illustrated by the
failed attempt to cyclize o-pyrrolo substituted aniline (Scheme 1.23b), showing the

stabilising effect of a benzylic carbocation was necessary for cyclization.!’

Purkait et al. have accomplished a 2 in 1 pot oxidative annulation of nitrosobenzenes
(Scheme 1.24).'8 The process facilitates selective nucleophilic aromatic hydrogen
substitution (SnArH) of nitrosobenzenes with alicyclic secondary amines, followed by
oxidative annulation in toluene at reflux with the additive of 2,4-dichlorobenzoic acid
(DCBA) to produce ring-fused benzimidazoles (Scheme 1.24).118

NO HH
. _.(i[ HINS  DCBA, toluene O:
! +
ANy )n reflux, 8 h d
X=H,F 13 examples (15- 79%

o
\
>:> Ly WAL
55% 45% 50%

N\\
WLy |CE
~,  H
72% 15% ()

Scheme 1.24. SNArH of nitrosobenzene followed by annulation to form ring-fused [1,2-
a]benzimidazoles.!

Purkait et al. had to prepare nitrosobenzenes for every reaction by oxidizing commercially
available anilines with Oxone®. The strongly donating dimethylamino substituent reduced
the electrophilicity of the nitroso moiety, and led to a low yield of 15%, but in general both
electron withdrawing and donating substituents were well tolerated (Scheme 1.24). SNArH
of nitrosobenzene with ring-expanded piperido- and azepino- analogues, followed by
subsequent annulation to form ring-fused [1,2-a]benzimidazoles gave poor yields. The
piperido- and azepino- analogues required nucleophilic aromatic substitution (SnAr) of 2-
fluoronitrosobenzene to achieve reasonable yields of 55 and 45% respectively (Scheme
1.24).
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The versatility of the substrate scope of this methodology was illustrated by the ipso-
nucleophilic substitutions of nitrosonaphthols with secondary cyclic amines and
subsequent oxidative cyclization to deliver a diverse range of ring-fused
naphthoimidazoles (Scheme 1.25). The R-prolinol ring-fused imidazole was isolated in
high enantiomeric purity (>99% ee) but with a low yield of 30%.!!8

= OH N AcOH, toluene R N n
R— + 9)n > L
NN P reflux, 12 h
<o 16 examples
il (30-72%)
- =0 O
N N N
sotNee (0
MeQO™ 6 3 OMe O N
72% 47% 64%

D S,

32% 41% 30%, >99% ee

Scheme 1.25. ipso-Substitution of nitrosonaphtol followed by annulation to form ring-
fused naphthoimidazoles.!®

The amination of nitrosobenzene with pyrrolidine occurred by SnArH (blue arrows) and
substitution was directed o-selective by the hydrogen bonding of the nitroso group, which
was supported by DFT studies (Scheme 1.24). The substitution went through mass
spectrometry detected o-cyclic amine substituted phenyl hydroxylamine 18, which was
then oxidized to the o-cyclic amine substituted nitrosoarene intermediate 19 (Scheme
1.26). Compound 19 undergoes a 1,5-hydrogen shift to generate an iminium ion 21 which
annulates and further acid mediated dehydration forms pyrrolo[1,2-a]benzimidazole. The
nitrosonaphthol (red arrows) tautomerises to the keto-oxime derivative and undergoes

ipso-nucleophilic substitution to form the pyrrolidine substituted oxime intermediate 20,
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which upon loss of water forms the pyrrolo substituted nitrosoarene 19. Alternatively, the
iminium ion 21 can be formed by dehydration of intermediate 20, which is followed by

deprotonation and mesomerization of the resultant isomeric iminium ion (Scheme 1.26).

NO
e Cry” —
H CO

SNArH \ Z S ipso- substltutlonJ

N
B H B H
¢H QH
N NH
T — O |- o “
O “Q -
18
‘ [1,5] H -shift \ -H,0
% O
]
\ ij N\yj k\\\://
21 isomeric
iminium ion iminium ion

Scheme 1.26. Mechanistic pathway detailing SnArH and ipso- nucleophilic substitution
followed by annulation to form ring-fused benzimidazoles.*®

Following Saunders initial work on aryl azides,*'® Meth-Cohn also showed that aryl azides
as o0-substituents decompose under thermal conditions in nitrobenzene at high temperatures
and cyclize onto the tertiary amine to yield ring-fused imidazo[4,5-c]pyridines (Scheme
1.27).1% The reaction yields increase as the tertiary amine ring size becomes larger, with
the azepino analogue having the highest yield at 72%. A downside to this synthetic
approach is that the majority of oxidative cyclizations can be carried out successfully on o-
cyclic amine substituted anilines, without further need for functionalisation to the aryl

azide via diazotization and subsequent substitution with sodium azide (Scheme 1.27).
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Scheme 1.27. Aryl azide thermal decomposition to give ring-fused imidazo[4,5-
c]pyridines.1%4

A new route to ring-fused [1,2-a]benzimidazoles has been achieved by reacting o-cyclic
tertiary amine substituted phenyl iodide 22 with sodium azide under copper catalysis
(Scheme 1.28).1%° The Cul-catalyzed coupling reaction of 22 with sodium azide alongside
Cu promoted SET oxidation leads to the aryl azide intermediate 23. The iminium ion
undergoes nucleophilic attack from the azide group forming a hydrobenzimidazole, which
is further oxidized to give the pyrido[1,2-a]benzimidazole in a poor yield of 25%. The
other pathway proposed involved a concerted intramolecular cyclization.!?® The yield is
considerably reduced when compared to that achieved using the metal-free performic acid

or Ir(1) metal catalysis methodologies.%? 116

Cul, 7
TMEDA,

| DIPEA N3 N
+ NaN; —M S D
N DMSO, N7 N

130 °C, ®
22 24 h L 23 i 25%

Scheme 1.28. Aryl azide annulation catalysed by Cul.?

In addition to oxidative C-N bond forming reactions, halogenation can occur in parallel
under specified reaction conditions. Meth-Cohn showed that o-cyclic amine substituted
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anilines in neat sulfuryl chloride react in an endothermic fashion to undergo oxidative
cyclization with concomitant tetrachlorination of the highly activated aromatic nucleus in
good yield (Scheme 1.29).12! The attempt to tetrachlorinate the o-pyrrolo substituted
aniline analogue led to an inseparable mixture of mono-, di- and trichloro ring-fused
benzimidazoles. The aromatic halogenation is believed to occur first followed by
cyclization of the sulphonylamine either through a nitrene or by intramolecular hydrogen

abstraction and cyclization.

Cl
o = oy
N/\ cl N>\\Y
—f
Ny cl n
n

Cl Cl Cl
o] N cl N Cl N
cl N cl N o Cl N
Cl Cl —/ Cl
60% 85% 50%

Scheme 1.29. Sulfuryl chloride facilitated oxidative cyclization and aromatic
chlorination.'?
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1.2.2. Oxidative cyclization of amidine derivatives (Route C)

H PhI(OAc),, Cs,CO5 ©:N\
\ .
©/ m CF3CH,OH, 25 °C, 2 h Ni;
n
n
= 1 (96%)
= 2 (86%)

Scheme 1.30. PIDA oxidative annulation of cyclic N-alkylbenzamidines.'??

Zhu and Huang obtained the pyrrolo- and pyrido[1,2-a]benzimidazoles in excellent yields
under metal-free conditions of PIDA with the inorganic base Cs.COs in trifluroethanol at
room temperature (Scheme 1.30).122 The reaction mechanism is believed to go through an
imidyl radical that adds onto the aromatic ring which is oxidized to a cyclohexadienyl
cation by SET and finally hydrogen abstraction gives the required ring-fused
benzimidazole. However, synthesis of the cyclic arylamidines is usually multi-step,
requiring the use of air sensitive reagents (POCIs, PCls) and harsh reaction conditions,

which ultimately limits the substrate range.

Saito and Kutsumura employed metal-free hypervalent iodine reagents to effect the
dehydrogenative oxidative transformation of cyclic N-alkylbenzamidines to yield the
desired thiazolo, thiazino and oxazino ring-fused benzimidazoles (Scheme 1.31).12%
Kosher's reagent (Phl1(OH)OTS) in acetonitrile was shown to be the most effective reagent
producing the highest yielding benzimidazoles. The substituted thiazolo and thiazino ring-
fused benzimidazoles were isolated in good yields except for when there was a substituent
at the R? position (Scheme 1.31). The methoxy analogue at the R® position was realised in
a yield more than two times greater when compared to the equivalent methoxy analogue at
the R? position (Scheme 1.31). The fluoro analogue at the R? position was only detected in
trace amounts after 20 h. The oxazino ring-fused benzimidazole was isolated in a good
yield of 76% but required the use of 4A molecular sieves due to acid sensitivity and had a
long reaction time of 27 h (Scheme 1.31). The reaction scope was extended out to the
additional aromatic ring-fused oxazino-benzimidazole, which was synthesized in a good
yield of 79%.
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Scheme 1.31. Hypervalent iodine reagent oxidative annulation of cyclic N-
alkylbenzamidines.!?3
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1.2.3. Oxidative cyclizations of 1- and 2- substituted benzimidazoles (Route E)

Intramolecular homolytic aromatic substitutions (HAS) are achieved with trialkylmetal
hydrides (BusSnH) and azo-initiators (2,2-azobisisobutyronitrile (AIBN)). HAS is termed
oxidative overall as it involves the formal loss of a hydrogen atom (rearomatization)

despite being in the presence of a reductant (BusSnH).

(a) N
©: S—sph BusSnH, AIBN ©:N\
N " d
)

\\kf\seph PhMe, reflux

n

N
b
"Ly
N BuzSnH, AIBN N
/\M solvent, reflux

5 3 5
1 n

Y
Z.

PhSe n )
o} n=1,11% N
0 R n=2,60%
R = Wang resin n=23,4%
(C) R1 R'l
R? R?
N\> BusSnH, ACCN N,
) N SePh = ) N
R CSA, PhMe, reflux R )
R’ \\6’)) R! n

R'=0Me, R?=H, n=2,70%
R'=H, R?=Me,n=1,32%
R'=H, R?=Me,n=2,69%
R'=H, R?=Me,n=3,63%

Scheme 1.32. Trialkymetal hydrides and azo-initiator mediated homolytic aromatic
substitution, 19 124125

Bowman and Aldabbagh carried out intramolecular alkyl radical ipso-substitutions using
phenylselenide radical precursors, displacing the phenylsulfanyl radical leaving group at
the 2-position of the benzimidazole (Scheme 1.32a).'?* The pyrido[1,2-a]benzimidazole
was isolated in the highest yield of 54%. Bowman and Allin reported the immobilisation
of the phenylselenide radical precursor on a Wang resin that facilitated solid state
oxidative HAS (Scheme 1.32b).}?° The reaction is advantageous as only the ring-fused

benzimidazole is released from the resin upon cyclization and the product is separated
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from the radical reagents with a dilute HCI extraction. The yields are comparable to
solution-phase reactions, with the less strained six-membered ring cyclization occurring in

higher yields to that of the more strained five and seven-membered cyclizations.?

Aldabbagh and Lynch used BuzSnH/1,1’-azobis(cyclohexanecarbonitrile) (ACCN) HAS to
obtain alicyclic ring-fused benzimidazoles without the requirement for radical leaving
groups at the imidazole-2-position by activating 3-N of imidazole with camphorsulfonic
acid (CSA) (Scheme 1.32c).!® The pyrido- and azepino[1,2-a]benzimidazoles were
obtained in a good yield but a poor yield of 32% was obtained for the more strained five-

membered cyclization.

Aldabbagh and Fagan utilised BusSnH/ACCN to carry out a one-pot double intramolecular
oxidative cyclization of primary alkyl radicals onto imidazo[5,4-f]lbenzimidazoles and
imidazo[4,5-f Jbenzimidazoles in air (Scheme 1.33).*° The pyrido- imidazobenzimidazoles
were reported in excellent yields of 81% (10b) and 90% (12e) for the respective [4,5-f] and
[5,4-f] isomers.

Bu3SnH, ACCN

PhSeM:ID::\i/&]SePh CSA or Ac,0, ] i <S:I>:?J)n

PhMe, reflux, air
imidazo[4,5-flbenzimidazoles
10a: n =1, 48%
10b: n = 2, 81%*
10c: n =3, 48%

( <
n{" N N n N N
Phsej?\ I:E s _BusnHAceN "L/ I;E \
N N\/<J/ CSA or Ac,0, N N
). )

PhMe, reflux, air

imidazo[5,4-flbenzimidazoles
12d: n=1,47%
12e: n =2, 90%*
12f: n=3, 54%

Scheme 1.33. BusSnH/ACCN mediated double intramolecular homolytic aromatic
substitution onto imidazobenzimidazoles.*® *No CSA or Ac,0 required.

The reactions negated the need for quaternisation of the basic nitrogen atoms and provided
imidazobenzimidazoles of superior yield in the comparison to the performic acid

methodology (Scheme 1.14). The quarternization of the basic nitrogen atoms was required
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to obtain the pyrrolo- and azepino- imidazobenzimidazoles in moderate yields with CSA

and Ac20 used for the analogues respectively.

However, the concentration of reductant BusSnH must be kept low via syringe pump
addition in order to avoid reduction of the cyclizing radicals, and to promote the aromatic
substitution reaction. The non-chain reaction produces significant amount of organotin
waste, which is difficult to dispose of. The hydrogen abstraction required for oxidative
rearomatization is performed by azo-initiators and as a result, stoichiometric amounts of

the hazardous and toxic initiators are required.

Aldabbagh and Coyle achieved a more benign intramolecular HAS route towards ring-
fused [1,2-a]benzimidazoles via Barton ester intermediates (pyridine-2-thione-N-
oxycarbonyl (PTOC) or O-acyl thiohydroxamate ester) formed using S-(1-oxido-2-
pyridinyl)-1,1,3,3-tetramethylthiouronium hexafluorophosphate (HOTT) under tin and
initiator-free conditions (Scheme 1.34).1%

® @PFG
\> N @ SYNM% EtsN, DMAP, THF/MeCN (3:1)
/ NMe, rt, dark, 40 min

HOTT
R4 N
74
R, N 0 \ MeCN, reflux Re N\
> /N
@) N o>
Ry N . S 2x100W, 6h R p
R4 ( n -2 R4 n
L Barton ester | n=13
OMe
N N Me N
Cry Ol (py oK
N N N Me N
n n OMe
n=1, 38%* n=1,44%* 80%* 76%
nN=2,77% n=281%
n=3, 37%" n=3, 40%*

Scheme 1.34. Intramolecular oxidative homolytic aromatic substitution via Barton ester
intermediates. ?® *CSA required.
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HOTT reacts with the carboxylic acid in the dark to form a Barton ester intermediate that
upon exposure to light decomposes to cyclopropyl and alkyl radicals that add onto the 2-
position of the benzimidazoles (Scheme 1.34). Yet again, the formation of pyrido[1,2-
a]benzimidazoles with or without ring-fused cyclopropane were more favoured than their
pyrrolo- and azepino[1,2-a]benzimidazole analogues and were isolated in excellent yields
of 76-81% (Scheme 1.34). The methoxy groups on the 4,7-dimethoxybenzimidazole
deactivate radical cyclization at the imidazole-2-position and CSA was required to
quaternize 3-N of imidazole for HAS to proceed.

DeBoef and Pereira employed Pd(I1)/Cu(l) catalysis with the oxidant of Cu(ll) acetate to
effect oxidative dehydrogenative coupling of 1-benzyl substituted benzimidazoles in 1,4-
dioxane using microwave heating (Scheme 1.35).1?" The addition of CsOPiv eliminated
any acetoxylated oxidation by-products. The presence of electron donating groups (EDG)
on the aromatic rings promoted coupling and gave the desired ring-fused benzimidazoles
in higher yields when compared to the lower yielding benzimidazoles that beared electron
withdrawing groups (EWG). A combination of EDGs and EWGs on aromatic rings of 1-
benzyl substituted benzimidazoles decreased the yields relative to those obtained with just
EDGs.

20 mol% Pd(OAc),,

N : N
R“—: X \>—H 0.5 equiv. CuOAc _ R1©: N\ N
Z~N 1.5 equiv. Cu(OAc),H,0, AN |
/\Rz

— 2.0 equiv. CsOPiv,
\ ¢ 1.4-dioxane, 150 °C (MW), 3 h 13 examples
H R (trace-63%)
Me N
CL Uy O
N Me N N
58% 62% 57% OMe
N N Me N
X
Coypy, o0y o
N N Me N
15% Cl 29% 50% CFj

Scheme 1.35. Pd/Cu catalysed coupling of 1-aryl substituted benzimidazoles.?’
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The mechanism follows two metalation steps, firstly the insertion of Cu(l) onto the 2-
position of the benzimidazole to form a Cu(l)-benzimidazole complex. Subsequently, there
is palladation on the arene of the benzyl substituent followed by transmetalation to form a
Pd(I1) complex with loss of Cu(OAc). Finally, reductive elimination generates the desired

aryl coupled benzimidazole.*?’

Wang and Guo reported a double one-pot palladium catalysed oxidative coupling between
2-aryl substituted benzimidazoles and 1H-benzimidazoles in DMF using Cu(OAc). as an
oxidant to furnish hexacylic ring-fused benzimidazoles (Scheme 1.36).1?% In line with
DeBoef and Pereira's observation, EDGs allowed the coupling reactions to proceed in

good yield but with increasing strength of the EWGs, reactions occurred in reduced yields.

10 mol% Pd(OAc),,
1.5 equiv. Cu(OAc),,

N - .
R NN .l X N\> 2.0 equiv. Cs,CO3 AN N\ _
H 2 T N DMF, air, 120 °C, 12 h N Are
)N
N
)
20 examples
(trace-86%) s

Crrid Chrom G-
<A B ¢

85% trace 57%

Me
A\
N Me N Me \
N + N
N & N N>/\N
Me
Me

0,
86% 81%

Scheme 1.36. Pd catalysed CDCs between aryl substituted benzimidazoles and
unsubstituted benzimidazoles.*?
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Wang and Guo believe the reduced electron density on the aryl ring from EWGs
disfavours palladium chelation and hence the reduced yields. The placement of EDGs on
R? and R2positions of the aryl rings results in a mixture of isomers in a high yield of 86%.

The mechanism proceeds by the arylbenzimidazole undergoing palladation at 3-N of the
imidazole. Then, Cu(OAc). mediated oxidative addition of 1H-benzimidazole at the 3-N
position occurs to produce an oxidized Pd(IV) species that is reductively eliminated to
form the aminated arylbenzimidazole. The aminated arylbenzimidazole then undergoes
further palladation at 1-N of the imidazole followed by CS>COs deprotonation with loss of
acetic acid to form a Pd(I1) palladacycle. The final step of reductive elimination forms the
desired hexacyclic benzimidazole.?® The downside to the CDC reactions of Pereira and
Guo is that to achieve good vyields, the substrate scopes are limited to those with EDGs.
The CDCs also employ expensive palladium catalysts.

Yu and Sun have achieved the first known decarboxylative tandem radical
addition/cyclization of functionalised 2-arylbenzimidazoles and carboxylic acids using Ag
catalysis under inert conditions (Scheme 1.37).!2 A diverse range of ring-fused
benzimidazoles were formed in excellent yield due to the wide substrate scope of
carboxylic acids available. Many tertiary a-substituted aliphatic carboxylic acids including
pivalic acid reacted with the functionalised 2-arylbenzimidazoles to form the tetracyclic
ring-fused benzimidazoles and in particular, the pharmaceutically relevant adamantane
analogue was isolated in 73% yield (Scheme 1.37). In addition, secondary and surprisingly
primary o-substituted aliphatic carboxylic acids have been incorporated onto the
benzimidazole scaffold e.g. 2-ethylbutanoic acid, four-membered ring carboxylic acids and
propionic acid (Scheme 1.37). The placement of EDGs and EWGs on the aryl rings had no
electronic effect on the decarboxylative tandem radical cyclization with pivalic acid. 2-
oxocarboxylic acids were also suitable precursor alkyl radicals to initiate the tandem
radical cyclization giving the corresponding benzimidazoles in high yields of 76 and 79%
(Scheme 1.37).
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Scheme 1.37. AgNOs/K,S,0s mediated decarboxylative tandem radical cylizations.1?°

The mechanism involves the oxidation of Ag(l) by persulfate (S;0s*) to generate Ag(ll)
species that interacts with tertiary a-substituted aliphatic pivalic acid 24 yielding a silver
carboxylate complex 25 (Scheme 1.38). Carboxylate 25 undergoes homolytic cleavage
generating a t-butyl radical 26 with the release of CO> and regeneration of the Ag catalyst.
The tertiary radical 26 adds onto the alkene of the 2-aryl substituted benzimidazole to
deliver the intermediate radical 27 which undergoes a 6-endo-trig cyclization to yield the
annulated intermediate 28. Cyclohexadienyl radical 28 is oxidized by Ag?* via SET to give
the cyclohexadienyl cation intermediate that is rearomatized by deprotonation to deliver

the desired ring-fused benzimidazole.
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Scheme 1.38. Proposed mechanism of decarboxylative tandem radical cyclization.?
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1.3. In Summary

The combination of formic acid and hydrogen peroxide, despite use in stoichiometric
amounts, offers broad substrate scope and functional group tolerance to maintain a critical
role in mono- and double oxidative annulations. The advent of cross dehydrogenative

coupling (CDC) with stoichiometric oxidants'*® 7 and metal catalysts'*®

requires more
activated benzylic methylene groups for cyclization. [Ir(cod)CI]2**® showed the best
substrate scope, reacting with both benzyl and alkyl methylene groups but when
heteroatoms were placed on alkyl tertiary amines, negligible amounts of benzimidazole
were formed. The palladium catalysed CDCs only proceeded well in the presence of
electron rich substrates.’?” 122 However, the CDCs display high atom economy as no
prefunctionalization of substrates is required and often H> gas is the only by-product. The
synthesis of cyclic amidine precursors involves harsh, multi-step conditions and there is a
limited substrate scope for oxidative annulation.'?> 12*> Homolytic aromatic substitution
(HAS) employs toxic organotin reagents and hazardous azo-initiators'® 1% with more
benign HAS achieved with the recently developed Barton's esters.!?® The one-pot SNArH
and oxidative annulations involving nitrosobenzenes and nitrosonaphthols are
advantageous as the need for a multi-step synthesis is avoided.''® However, the alicyclic
tertiary amine substituted nitrosobenzenes are very unstable and have never been

isolated. 10!
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1.4. PhD Thesis Aims and Objectives

e To develop a greener synthesis of ring-fused benzimidazoles, including appropriate
substitution to allow the synthesis of bioreductive ring-fused benzimidazolequinone
anti-cancer agents. This will involve modification to the well-established H>O; in
carboxylic acid solvent mediated ring-closure of o-cyclic amine substituted anilines.
(Work to be described in Chapter 2)

R2
R'I
H,0,, EtOAc N\ HBr, FeCls
‘ reflux Nd ) reflux l
R2 n

o)
R! NH, N
\
NQ Nd>n
2 @)
R n

e To establish scope and reactivity patterns for the one-pot synthesis of halogenated
ring-fused benzimidazolequinones from 3,6-dimethoxy-2-(cycloamino)anilines using
H202 with HCI and HBr. This follows on from preliminary findings made in the PhD
thesis of Michael Gurry (former Aldabbagh group member). This thesis will also
establish the use of elemental halogens for this transformation. (Work to be described
in Chapter 3).

[H-X] > [H,05] [H202] > [H-X]
| or X,, H,0 ,,:~ ‘—l
Y
(0] OMe

X N ;- X N ;-
\) ,” \‘\> \ //' ‘\\)
X N y=z/ X N o y=2/
0 \‘G’fn OMe \‘Mn
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e To evaluate anti-cancer activity and mechanism of action for a library of
benzo[1,2,4]triazin-7-ones supplied by the Koutentis group (University of
Cyprus). (Work to be described in Chapter 4).

@]
Pleurotin Benzo[1,2,4]triazin-7-ones
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2.1. Introduction

As previously described in the oxidative cyclization review (Chapter 1), the many
methodologies to prepare ring-fused benzimidazoles employ toxic & corrosive acids,’ 2
expensive transition metal catalysts,>® high molecular weight reagents® 7 and toxic tin

hydrides.®** This Chapter attempts to negate some of these drawbacks.

From a green chemistry perspective, there are significant advantages to using the low
molecular weight and strong oxidant of hydrogen peroxide (H202). H20: is very atom
efficient due to its high oxygen content (47.1% wi/w),'? environmentally benign since
degradation products are only water and oxygen, and is cheaper than alternative peroxy-
acids. The most acidic aqueous solution of H20: is 50% (w/v) with pH dependent upon the
concentration of H,02 (Table 2.1).1® The weak acidic property of H.0, could remove the

requirement for organic and mineral acids presently used in oxidative cyclizations.! 2 14-18

Table 2.1. pH at different aqueous concentrations of H,0,13

H202 conc., Equivalence Correction
) True pH
wt% point factor
35 3.9 4.6 +0.7
50 2.8 4.3 +1.5
70 1.6 4.4 +2.8
90 0.2 5.1 +4.9

The global demand for H,0 is approximately 4 million tonnes per year® and over 40% of
all H20, manufactured is employed in the pulp and paper bleaching industries.'? H,O2 has
replaced chlorinated-based bleaching agents to avoid the environmental issue of dioxins
and chlorinated products in the waste streams.?® Other applications involve the oxidation
of hydrogen sulfide in wastewater treatment?! and as an oxidant in the synthesis of propene
oxide.?? The major industrial process for H>O. production is the indirect oxidation of
anthraquinones (Scheme 2.1).1% 212324 The process was developed in 1939 by Riedl and
Pfleiderer and involves the hydrogenation of a 2-alkyl-9,10-anthraquinone using a nickel
or palladium catalyst to form the corresponding hydroquinone (Scheme 2.1). The catalyst

is removed and the hydroquinone is then oxidized in air to regenerate the 2-alkyl-9,10-
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anthraquinone and produce H2O2 (Scheme 2.1). The H2O: is extracted with water and the
anthraquinone is returned back to the hydrogenator. The anthraquinone process is very
efficient but is only economically viable on an industrial scale so requires the transport of
high concentrations of H20., which is hazardous and expensive. There is also an issue of
anthraquinone loss due to degradation in the hydrogenation step.?* A greener approach
involves the direct synthesis of H.O using a combination of Hz and O, with a catalyst.'*
20, 21,25 This approach offers the opportunity of on-site generation of H.O, at a
concentration of choice but suffers selectivity issues as water is the thermodynamically
favoured product. Thus, the anthraquinone process will remain the preferred process of

H>0> production in the foreseeable future.

Vﬂyg\

e} OH

0ol Croor
o) OH

H20, O,

Scheme 2.1. Riedl and Pfleiderer anthraquinone oxidation to produce H,02.%

Solvents are by far the biggest mass contributor to waste, accounting for 56% of materials
required in the manufacture of APIs.?8 Ethyl acetate is one of the most prevalently used
solvents worldwide with an annual usage of 2.5 million tons?’ and sales worth 3 billion US
dollars in 2017.2% Ethyl acetate is primarily used in paints, varnishes, perfumes, printing
inks, nail polish removers and as a solvent for decaffeinating coffee beans.?° Ethyl acetate
is also readily biodegradable breaking down to carbon dioxide and water.3% 3 The fossil
fuel derived ethanol and acetic acid are used in the traditional acid catalysed Fischer
esterification to produce ethyl acetate (Scheme 2.2a)%? A new greener route to furnish ethyl
acetate involves the dehydrogenation of ethanol derived from biomass (Scheme 2.2b) that
produces no net carbon dioxide and has a valuable by-product of hydrogen gas.*® The

synthesis was developed by Davy Process Technology and put into commercial production
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by Sasol in South Africa with a high atom economy of 96%.%% 3! The cumulative energy
demand (CED) for the green process is comparable to that of the fossil based Fischer

esterification, making it a viable alternative.3® 34

(a) o " o
+ H,0
H3C)J\OH + < OH > )J\O/\ 2
(b) 0 Tishchenko
-2H, )J\ dimerisation
2-SO0H T 2 y o~

Scheme 2.2. Traditional esterification to form ethyl acetate from non-renewable fossils
versus synthesis via renewable bioethanol.*0-3?

Aside from environmental concerns, increased regulation is another driving force behind
the push for more sustainable solvents. Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) is an EU regulation that serves to protect humans and
the environment from harmful chemicals.®® At this moment, REACH has common dipolar
aprotic solvents of N,N-dimethylformamide (DMF) and N-methylpyrrolidinone (NMP)
alongside chlorinated solvents such as 1,2-dichloroethane (DCE) classified as substances
of very high concern (SVHC).%¢ In addition, chloroform and dichloromethane are restricted

substances under REACH which limits or bans their use within the EU.%’

Pfizer assessed the green credentials of classical solvents on aspects of process safety,
occupational health, and environmental considerations.®® Pfizer classified the solvents into
categories of preferred, usable and undesirable with ethyl acetate categorized as
"preferred” and recommended as a substitute for dichloromethane in extractions and
chromatography (Table 2.2). This resulted in an overall 50% reduction of chlorinated
solvent usage across the Pfizer research division.® A GSK solvent guideline give ethyl
acetate high ratings for environmental impact, health, and reactivity/stability.*° Sanofi
guidelines also categorized ethyl acetate as "recommended" based on safety, health,

environment, quality, and industrial considerations.*°
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Table 2.2. Pfizer guidelines for solvent selection following green chemistry principles.®

Water Cyclohexane Pentane
Acetone Heptane Hexane(s)
Ethanol Toluene Di-isopropyl ether

2-Propanol Methylcyclohexane Dichloromethane
Ethyl Acetate Methyl t-butyl ether Dichloroethane
Isopropyl Acetate Isooctane Chloroform
Methanol Acetonitrile Dimethyl formamide
1-Butanol 2-Methyl THF N-Methylpyrrolidinone
t-Butanol Tetrahydrofuran Pyridine

Chemical Manufacturing Methods for 215 Century (CHEM21) was an EU funded public-
private partnership with the aim of manufacturing sustainable pharmaceuticals.** The
consortium consisted of six pharmaceutical companies, 13 universities and four small or

medium enterprises from across Europe.*!

Table 2.3. CHEM21 solvent guideline based on all publically available solvent
guidelines.**

Water, EtOH, i-PrOH, EtOAc, i-PrOAc,

anisole, sulfolane.

MeOH, benzyl alcohol, acetone, ethylene

Recommended or problematic? o
glycol, acetic acid, MEK, MIBK.

Heptane, toluene, xylenes, chlorobenzene,
acetonitrile, DMSO.

MTBE, THF, cyclohexane, DCM, formic
acid, pyridine.

Problematic

Problematic or hazardous?

1,4-dioxane, pentane, hexane, DMF, NMP,
methoxy-ethanol, Et3N.

Diethyl ether, benzene, chloroform, CCls,

DCE, nitromethane.
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As part of their mandate, CHEM21 unified all publically available solvent guidelines from
Astra Zeneca, GSK, Pfizer, Sanofi and ACS Green Chemistry Institute Pharmaceutical
Roundtable (GCI-PR) into a comprehensive solvent guide (Table 2.3) aimed at the
academic setting.** 2 CHEM21 grouped the solvents into four categories: recommended,
problematic, hazardous and highly hazardous. Ethyl acetate was a recommended solvent
and should be one of the first used solvents in screening reactions. On the other end of the

scale, highly hazardous solvents should not be used in laboratories.*

Methanesulfonic acid (MSA) is marketed as a benign replacement for conventional acids*?
such as trifluoroacetic acid that is employed in oxidative cyclizations (Scheme 1.7,
Chapter 1).1' 2 MSA has many desirable properties (Figure 2.1) including acid strength
(pKa of -1.9), non-oxidising nature, absence of colour or odour that allows beneficial
practical applications in pharmaceutical and electronics industry.** As part of the natural
sulfur cycle, MSA undergoes biodegradation resulting in the release of CO; and sulfate,*
and is considered a green acid due to its less toxic and corrosive nature.*® BASF produces
MSA on an industrial scale by reacting methanol, elemental sulfur and hydrogen to form
the intermediate dimethylsulfide.*” The dimethylsulfide is then catalytically oxidized to the
final product. Recently, Ott and Diaz-Urrutia have developed a greener and more cost-
effective selective synthesis of MSA (83% vyield) via the sulfonation of methane with

sulfur trioxide in sulfuric acid (oleum) at 50 °C.*®

Biodegradable
High thermal
stability

Low vapour
pressure
resistan
Strong organic
acid

Figure 2.1. Advantageous properties of methanesulfonic acid.
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2.2. Aims and Objectives

To carry out the oxidative cyclization of o-cyclic tertiary amine substituted anilines

to produce ring-fused benzimidazoles using H202 in ethyl acetate.

To employ a more environmentally friendly acid if necessitated for the oxidative
cyclization of o-cyclic tertiary amine substituted anilines.

To make reactions compliant with green chemistry principles,*® include use of safer
solvents to minimize waste/effluent generation and to avoid aqueous extraction or

chromatography as much as possible.

To investigate if the ring-expanded analogues, azepino- and azocino[l,2-

a]benzimidazoles can be prepared using H>O: in ethyl acetate.
To establish if 3,6-dimethoxy-2-(cycloamino)anilines undergo oxidative

cyclization using H20- in ethyl acetate and to further functionalize the ring-fused

benzimidazoles to give novel anti-cancer benzimidazolequinones.
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2.3. Results and Discussion

The oxidative cyclization of 5-methoxy-2-(pyrrolidin-1-yl)aniline 1a to the corresponding
6-methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole 2a was the model reaction on
which optimization was carried out (Table 2.4). As a control reaction, H>O2 (20 equiv.) was
refluxed in ethyl acetate (EtOAc) over 12 h without the presence of substrate 1a. A 'H
NMR was obtained of the neat reaction mixture and only H>O> and EtOAc characteristic
chemical shifts were observed. Interestingly, our hypothesis was realized when
benzimidazole formation proceeded with H2O. in EtOAc without the presence of
additional acid. The optimized conditions of H202 (20 equiv.) in distilled EtOAc (Table
2.4, Entry 2) at reflux for 20 min gave the best yield of 2a in 79% without acid. At lower
equivalents of H.O» (Table 2.4, Entry 3), the cyclization proceeded at a slower rate and

had a 52% NMR conversion after 20 mins.

Table 2.4. Optimization of H,0; in EtOAc Reaction Conditions.®P

MGO\E:[NHZ H,0,, EtOAC Meo\@:N\
NQ reflux, 20 min sz
2a

1a

entry H20:2 (equiv.) acid (equiv.) 2a (%)°
1 20 none 36¢
2 20 none 79
3 10 none 40
4 20 MSA (3) 55¢
5 20 MSA (0.3) 77
Amberlite
6 20 (100 mg) 55

3Reaction conditions: Aniline (1.0 equiv.), EtOAc (5 mL). "Work-up involves addition of
solid Na2COs and additional EtOAc with no aqueous extraction necessary. “Aniline 1a was
fully converted to benzimidazole 2a, apart from entries 1 and 3 which had NMR
conversions of 50 & 52% respectively. 9rt for 2 h. ®Na2COs3 (aq) neutralisation followed by
EtOAC extraction was necessary.
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The procedure avoided aqueous extractions and flash column chromatography, as the
addition of solid sodium carbonate to the reaction and subsequent stirring for 20 mins
formed sodium percarbonate, allowing a simple filtration. The EtOAc filtrate was
evaporated and the solvent was recovered and reused for further reactions. This procedure
circumvents the requirement for auxiliary substances, allows solvent recycling and there is

no aqueous effluent.

The scope of alternative environmentally friendly acids was investigated for oxidative
cyclization. The use of less than stoichiometric amounts of MSA in combination with
H>O, (Table 2.4, Entry 5) avoided an aqueous work-up and led to comparable yields to
that of the optimized conditions. Oxidative cyclization with H2O. and a reusable sulfonic
acid immobilised on an ion-exchange resin (Amberlite IR120 H-form) led to a moderate
yield of 55% for 2a (Table 2.4, Entry 6).

Optimized reaction conditions were extended to o-cyclic tertiary amine substituted anilines
containing both electron withdrawing and donating groups (Table 2.5). Longer reaction
times were required for full conversion of anilines containing an electron-withdrawing
substituent at the 5-position, with the CFs substituent taking the longest at 8 h. Despite
100% conversion of 1g with just H20- in EtOAc, the yield of 2,3-dihydro-1H-pyrrolo[1,2-
a]benzimidazole-6-carbonitrile 2g was raised to 85% from 59% by addition of 0.5
equivalents of MSA. Similiarly, the vyield of 6-nitro-2,3-dihydro-1H-pyrrolo[1,2-
a]benzimidazole 2i was raised to 71% from 29% with 0.5 equivalents of MSA (Table 2.5).
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Table 2.5. Synthesis of 2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazoles.?

R@NHz H,0,, E1OAG R@N\
NQ reflux sz
1a-1i 2a-2i

aniline R time yield (%)
la OMe 20 min 2a, 79
1b H 20 min 2b, 80
1c Me 40 min 2c, 81
1d NHAC 20 min 2d, 64
le Br 2h 2e, 88
1f F 50 min 2f, 84
1g CN 4h 29, 85°
1h CFs3 8h 2h, 93
1i NO2 4h 2i, 71°

8Reaction conditions: Aniline 1a-1i (1.0 mmol), H202 (50% wi/v, 20 mmol) and EtOAc
(5 mL). When GC-MS indicated all the aniline was consumed, the reaction was quenched
by addition of solid Na>COs (~3 g) and additional EtOAc (20 mL). The mixture was
filtered and evaporated to give the ring-fused [1,2-a]benzimidazole. "Included MSA (0.5
mmol).

The formation of ring-expanded analogues using the reaction conditions successfully
applied to prepare pyrrolo[1,2-a]benzimidazoles 1a-1i was investigated (Scheme 2.3). The
six-membered cyclization of 5-methoxy-2-(piperidiny-1-yl)aniline was slow without the
addition of acid and one equivalent of MSA was deployed to give 7-methoxy-1,2,3,4-
tetrahydropyrido[1,2-a]benzimidazole 3a in a faster time of 1 h with a yield of 75%
(Scheme 2.3). Unfortunately, the use of full equivalents of MSA necessitated the use of
saturated sodium carbonate solution in an organic-aqueous extraction. No acid was
required for the seven and eight-membered cyclizations, which occurred in 65% and 73%
yield respectively using H20. in EtOAc (Scheme 2.3). However, 3-methoxy-7,8,9,10-
tetrahydro-6H-azepino[1,2-a]benzimidazole 4a required purification using flash

chromatography in order to remove unidentified impurities.
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MeO NH MeO
© \@ 2 H,0,, EtOAc © \©:N\
N\:(} reflux Nd)
2a-5a n

n
MeO N MeO N MeO N MeO N
N N N N

2a, 79%° 3a, 75%" 4a, 65%° 5a, 73%7

Reaction conditions and work-up is the same as Table 2.5. ®20 min. °Included
MeSOsH (1 mmol). Extraction with EtOAc (20 mL) and saturated Na>COs (ag.) was
deemed necessary, 1 h. Flash column chromatography required, 80min. 92 h

Scheme 2.3. Synthesis of five to eight-membered ring-fused [1,2-a]benzimidazoles.

In line with previous observations (Table 2.5), the oxidative cyclization of 3,6-dimethoxy-
2-(cycloamino)anilines proceeded most efficiently with the five-membered analogue.
Despite this, the cyclization occured slowly using H2O> in EtOAc to give 5,8-dimethoxy-
2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole 8a in a yield of 81% over 18 h (Table 2.6).
The analogous six-membered cyclization proved difficult using H2O; alone. The addition
of a full equivalent of MSA allowed the clean isolation of 8b in 80% yield after 12 h of
reflux in EtOAc without the requirement for chromatography. It may be that the
intermediate tertiary amine N-oxide of the six-membered ring is more stable through
hydrogen bonding or a possible nitroso-intermediate is more difficult to form for the six-
membered ring,*®° requiring acidic conditions for oxidative cyclization. The seven and
eight-membered cyclizations of 3,6-dimethoxy-2-(cycloamino)anilines 7¢ and 7d
proceeded in good yields of 60 and 72% respectively after 6 h in the presence of 1
equivalent of MSA. The absence of MSA led to lower yields and long reaction times as

shown in Table 2.6.
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Table 2.6. Synthesis of five to eight-membered ring-fused dimethoxy substituted [1,2-a]
benzimidazoles.?

OMe OMe
NH H,0,, EtOAc N,
N reflux Nd)
OMe OMe n
7a-7d 8a-8d
aniline n time (h) MSA (equiv.) yield (%)
7a 1 18 0 8a, 81#
7b 2 12 1 8b, 80°
7c 3 24 0 8c, 34b¢
7c 3 6 1 8c, 72°
7d 4 36 0 8d, 35Pcf
7d 4 6 1 8d, 60°cf

3Reaction conditions and work-up is the same as Table 2.5. "Extraction with EtOAc (20
mL) and saturated Na,COs (ag.) was deemed necessary. °Flash column chromatography
required.

The Aldabbagh group has previously reported the conversion of 6,9-dimethoxy-1,2,3,4-
tetrahydropyrido[1,2-a]benzimidazole 8b into the pyrido[1,2-a]benzimidazolequinone 9b
via hydrobromic acid-induced demethylation to generate the hydroquinone intermediate in
situ, followed by room temperature oxidation with ferric chloride (Scheme 2.4).%°
Pyrido[1,2-a]benzimidazole 8b was however obtained using expensive and
environmentally damaging BusSnH-mediated radical cyclization of a phenylselenide
precursor (Scheme 1.32, Chapter 1). Furthermore, the scope of radical cyclizations is
limited due to difficulties in forming constrained ring-fused systems such as pyrrolo[1,2-

a]benzimidazole 8a.

A more benign approach towards the synthetic target of anti-tumour agents 9a to 9d was
realised, starting with nucleophilic aromatic substitution (SnAr) (Scheme 2.4). The SNAr
of 1,4-dimethoxy-2,3-dinitrobenzene with the secondary amines of pyrrolidine or
piperidine were carried out neat at reflux for 6 h according to the literature procedure of
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Mustroph.®! The SnAr of azepane or azocane onto 1,4-dimethoxy-2,3-dinitrobenzene
involved the base potassium carbonate in the solvent of acetonitrile at reflux for a longer
reaction time of 24 h (Scheme 2.4). The o-cyclic tertiary amine substituted nitrobenzenes
are then reduced by iron®? to give the cyclization precursors 7a-7d in a two-step (SNAr &
reduction) yield of 26-68% (Scheme 2.4). The dimethoxy substituted benzimidazoles 8a-
8d were readily converted using the HBr/FeClz protocol into potential
benzimidazolequinone anti-tumour agents 9a-9d in 52-87% yields (Scheme 2.4). The
cytotoxicity evaluation of novel quinones 9c and 9d are presented as part of the thesis of

Lee-Ann Keane (Aldabbagh group member).

pyrrolidine or piperidine

neat, reflux, 6 h l
OMe OMe

NO NO2 o NH,CI

NO, N EtOH/H,0,

OMe OMe reflux, 6 h

n
T 7a,n =1 68%)#
azepane or azocane 7b, n = 2 (65%)"
K,CO3, MeCN, reflux, 24 h 7c,n =3 (52%)

7d, n =4 (26%)"

0
H,0, (20 equiv) ) HBr, reflux, 3 h N\
EtOAc, reflux, (i) FeCl3 (aq), rt, 18 h Nd
@] )n

8a-8d 9a, n =1 (79%)"
(See Table 2.6) 9b, n =2 (87%)
9¢c, n =3 (70%)

9d, n = 4 (52%)"

Scheme 2.4. Synthesis of five to eight-membered ring-fused benzimidazolequinones.

Many examples exist of the oxidation of tertiary amines using non-catalyzed H:Oo.
Sheeran®® and Cope® showed that aqueous H»O- oxidized acyclic tertiary amines such as
N,N-dimethyldodecylamine and N,N-dimethylcyclooctanamine to their respective amine
N-oxides. The dropwise addition of 30% aqueous H20: allowed VanRheenen to oxidize

the cyclic tertiary amine of N-methylmorpholine to N-methylmorpholine N-oxide in 86%
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yield after 20 h at 75 °C. However, to the best of our knowledge, no example exists of
the oxidation of aniline to nitrosobenzene using non-catalyzed H>O>. There are numerous
catalysed examples®®®! and in particular Sudalai®’ and Lykakis®® state that in the absence
of the catalyst, no oxidation occurs. Despite no previous precedent, the involvement of a
nitroso-intermediate cannot be ruled out. Oswald and Guertin studied the interaction
between tertiary amines and hydrogen peroxide. Using the model substrate of 1,4-
diazabicyclo[2.2.2]octane (DABCO), the H.0>-DABCO adduct was isolated at low
temperatures and infrared studies showed that the adduct was a hydrogen bonded polar

complex, that decomposes upon heating to produce the DABCO N-oxide.®?

Based on the literature observations, the tentative mechanism proceeds through an
intermediate H,O»-tertiary amine adduct that produces an amine N-oxide (Scheme 2.5). A
loss of water from the amine N-oxide occurs to form an iminium ion, which annulates to
deliver the hydrobenzimidazole due to nucleophilic attack from the aromatic primary
amine. The hydrobenzimidazole then undergoes another cycle of H>O> oxidation to yield
the desired ring-fused benzimidazole (Scheme 2.5).

R\@"‘HZ H,0,, EtOAC R\@"‘HZ R\@NHz - H,0
C_ H .
N N /%

HO-0O
o .
R N* R N H
) _annulation H202 -H,0
o >ﬁ o
, Y
~ Y HO)L/
H
R N R N
i, —— [T | e
N Y N Y| Y=0cCH,
®\__/ _/

Scheme 2.5. Proposed route of oxidative cyclization using H2O».

Regarding the combination of H2O> and MSA, the formation of a nitroso-intermediate is a
possibility. Initial studies of this work showed that oxidative cyclization of 5-methoxy-2-

(pyrrolidin-1-yl)aniline 1a, using H20> (10 equiv.) and MSA (12 equiv.) produced 1-(4-
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methoxy-2-nitrophenyl)pyrrolidine in 5% vyield as a minor product (Scheme 2.6). In
addition, Fagan et al used H20, and MSA to deprotect and oxidize N-(2,5-difluoro-4-
nitrophenyl)acetamide to give 1,4-difluoro-2,5-dinitrobenzene.*

O oot (T - (O
+
O )

N MeCN, reflux
1a Q 2a, 68% 5%

Scheme 2.6. Partial oxidation of aniline to nitrobenzene.
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2.4. Experimental

2.4.1 Materials

All chemicals were obtained from commercial sources and used without purification,
except for ethyl acetate (Honeywell ACS reagent, reagent, >99.5% (GC)), which was
purified by distillation. 1,4-Dimethoxy-2,3-dinitrobenzene was prepared according to a
literature procedure using 1,4-dimethoxybenzene (Sigma Aldrich 99% (GC)) and nitric
acid (Honeywell Fluka, 64-66%).%> 6 Methanesulfonic acid (TCI, >99% (T)) should be
stored under an inert atmosphere due to its hygroscopic nature. H.O2 (Honeywell Fluka,
50% wi/v in water, stabilized) and HBr (Honeywell Fluka, >48% w/v in water) were used
as received. Thin layer chromatography (TLC) was performed on Merck TLC silica gel 60
Fos4 plates using a UV lamp (A = 254 nm) for visualization. Flash chromatography was
carried out using Sigma Aldrich technical grade silica gel (particle size 40—63 microns)
with the specified eluent.

2.4.2. Measurements

Melting point and Infrared spectroscopy: Melting points were measured on a Stuart
Scientific melting point apparatus SMP1. Infrared spectra were recorded using a Perkin-
Elmer Spec 1 with ATR attached.

High Resolution Mass Spectrometry (HRMS): HRMS was carried out using ESI time-
of-flight mass spectrometer (TOF-MS) using a Waters LCT Mass Spectrometry

instrument. The precision of all accurate mass measurements were better than 5 ppm.

Gas chromatography: GC-MS was used to monitor the formation of ring-fused
benzimidazoles from their respective anilines. GC-MS analysis was performed on an
Agilent 6890 Series GC System equipped with an Agilent 5975 Inert Mass Selective
Detector (El) and a DB-1, 30 m, ID 0.25 mm, FD 0.25 pm column. Helium was used as
the carrier gas at a flow rate of 2.4 mL/min. The injector was heated to 160 °C and the
oven temperature was increased from 75 to 180 °C at a rate of 22 °C/min and was then
further increased to 280 °C at 40 °C/min.
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Nuclear Magnetic Resonance (NMR spectroscopy): *H-NMR spectra were recorded
using a Joel ECX 400 MHz instrument equipped with a Dell Precision 360 computer
workstation. In the case of 9d, the *H-NMR was recorded on a Varian VNMRS 500 MHz
instrument equipped with a Dell Precision T3400 computer workstation. The chemical
shifts were recorded in ppm relative to tetramethylsilane. 3C NMR data were collected at

100 MHz with complete proton decoupling.
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2.4.3. Compound data
2.4.3.1 General procedure for synthesis of ring-fused [1,2-a]benzimidazoles

Anilines (1.0 mmol), H202 (50% w/v, 20 mmol) were stirred in EtOAc (5 mL) at reflux for

20 min-8 h. When GC-MS indicated all the aniline was consumed, the reaction was
quenched by addition of solid Na.COz (~3 g) and additional EtOAc (20 mL). The mixture

was filtered and evaporated to give the desired ring-fused [1,2-a]benzimidazole.

MeO N
T
N

6-Methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2a): 0.148 g, 79%; brown
solid; mp 130-134 °C (lit.}* mp 128-129 °C); vmax (neat, cm™) 3045, 2958, 2840, 1518,
1480, 1444, 1298, 1197, 1149, 1032; &+ (400 MHz, CDCls) 2.60-2.67 (m, 2H), 2.98 (t, J
7.6 Hz, 2H), 3.81 (s, 3H), 4.00 (t, J 7.1 Hz, 2H), 6.80 (dd, J 2.6, 8.7 Hz, 1H), 7.11 (d, J 8.7
Hz, 1H), 7.16 (d, J 2.6 Hz, 1H); & (100 MHz, CDCls) 23.7, 26.1, 43.0 (all CH,), 55.9
(Me), 102.4, 109.8, 111.3 (all CH), 127.0, 149.5, 155.9, 161.5 (all C).

L,
\
2,3-Dihydro-1H-pyrrolo[1,2-a]benzimidazole (2b): 0.126 g, 80%; dark brown solid; mp
90-92 °C (lit.! mp 114-115 °C); vmax (neat, cm™) 3052, 2964, 1679, 1625, 1522, 1487,
1446, 1414, 1281, 1217; &+ (400 MHz, CDCls3) 2.57-2.65 (m, 2H), 2.96 (t, J 7.8 Hz, 2H),

3.97 (t, J 7.1 Hz, 2H), 7.14-7.23 (m, 3H), 7.64-7.66 (m, 1H); & (100 MHz, CDCls) 23.5,
26.1, 42.8 (all CH,), 109.6, 119.5, 121.7, 121.8 (all CH), 132.4, 148.8, 161.2 (all C).

Me N

L
6-Methyl-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2c): 0.139 g, 81%; brown solid;
mp 126-128 °C (lit.! mp 144 °C); vmax (neat, cm™) 3036, 2955, 2905, 1679, 1619, 1519,
1404, 1296, 1146, 1130; & (400 MHz, CDCI3) 2.43 (s, 3H), 2.60-2.67 (m, 2H), 2.98 (t, J

7.6 Hz, 2H), 4.00 (t, J 7.1 Hz, 2H), 6.98 (d, J 7.9 Hz, 1H), 7.12 (d, J 7.9 Hz, 1H), 7.44 (s,
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1H): & (100 MHz, CDCls) 21.7 (Me), 23.6, 26.1, 42.8 (all CHy), 109.1, 119.4, 123.2 (all
CH), 130.5, 131.3, 149.2, 161.2 (all C).

\’//o
HN N
0

N
N-(2,3-Dihydro-1H-pyrrolo[1,2-a]benzimidazol-6-yl)acetamide (2d): 0.138 g, 64%;
brown solid; mp 258-260 °C (lit.%° mp 256 °C); vmax (neat, cm™) 2924, 2319, 1667 (C=0),
1516, 1480, 1372, 1300, 1239, 1148, 1037; ox (400 MHz, DMSO-ds) 2.00 (s, 3H), 2.53-
2.61 (m, 2H), 2.88 (t, J 7.6 Hz, 2H), 4.03 (t, J 7.1 Hz, 2H), 7.24 (dd, J 1.8, 8.7 Hz, 1H),
7.28 (d, J 8.7 Hz, 1H), 7.84 (s, 1H), 9.81 (s, 1H, NH); & (100 MHz, DMSO-ds) 23.5
(CHy), 24.5 (Me), 26.2, 43.0 (both CH>), 110.0, 110.1, 114.5 (all CH), 129.2, 134.0, 149.0,
162.3, 168.3 (all C).

Br N

\@: 3
6-Bromo-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2e): 0.208 g, 88%; brown solid;
mp 140-142 °C (lit.%¢ mp 150 °C); vmax (neat, cm™) 2941, 1525, 1456, 1402, 1292, 1211,
1048; &4 (400 MHz, CDCls) 2.61-2.68 (m, 2H), 2.97 (t, J 7.6 Hz, 2H), 3.99 (t, J 7.1 Hz,
2H), 7.04 (d, J 8.3 Hz, 1H), 7.21 (dd, J 1.8, 8.3 Hz, 1H), 7.74 (d, J 1.8 Hz, 1H); & (100

MHz, CDCls) 23.6, 26.0, 43.0 (all CHy), 110.8 (CH), 114.6 (C), 122.2, 124.7 (both CH),
131.3, 150.0, 162.5 (all C).

F N

T
6-Fluoro-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2f): 0.147 g, 84%; brown solid;
mp 111-114 °C (lit.%® mp 128 °C); vmax (neat, cm™) 2964, 2911, 1876, 1632, 1888, 1517,
1477, 1415, 1295, 1123; &4 (400 MHz, CDCIs) 2.64-2.71 (m, 2H), 3.01 (t, J 7.6 Hz, 2H),

4.04 (t, J 7.1 Hz, 2H), 6.91 (td, J 2.5, 9.2 Hz, 1H), 7.14 (dd, J 4.6, 8.7 Hz, 1H), 7.33 (dd,
125, 9.6 Hz, 1H); & (100 MHz, CDCls) 23.8, 26.1, 43.1 (all CHy), 105.5 (d, J 24.0 Hz,
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2Jcr, CH), 109.7 (d, J 7.7 Hz, 3Jcr, CH), 109.9 (d, J 23.2 Hz, 2Jcr, CH), 129.0 (8a-C),
149.2 (d, J 12.3 Hz, 3Jcr, 4a-C), 159.1 (d, J 235.2 Hz, YJcr, 6-C), 162.8 (3a-C).

NC N

Ly
2,3-Dihydro-1H-pyrrolo[1,2-a]benzimidazole-6-carbonitrile (29): 0.155 g, 85%; purple
solid; mp 191-193 °C (lit.5” mp 190 °C); vmax (neat, cm™) 3042, 2962, 2907, 2216 (CN
stretch), 1619, 1467, 1402, 1294, 1230, 1155; o4 (400 MHz, CDCI3) 2.68-2.75 (m, 2H),
3.04 (t, J 7.8 Hz, 2H), 4.11 (t, J 7.1 Hz, 2H), 7.27 (d, J 8.5 Hz, 1H), 7.35 (dd, J 1.4, 8.5 Hz,

1H), 7.88 (s, 1H); & (100 MHz, CDCls) 23.5, 26.1, 43.1 (all CHy), 104.6 (C), 110.7 (CH),
120.2 (C), 124.1, 125.4 (both CH), 135.1, 148.3, 164.1 (all C).

FsC N
T
N

6-(Trifluoromethyl)-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2h): 0.211 g, 93%;
light brown solid; mp 126-128 °C (lit.®® mp 148 °C); vmax (neat, cm™) 3082, 2963, 2907,
1621, 1590, 1515, 1403, 1322, 1251, 1099; & (400 MHz, CDCls) 2.62-2.70 (m, 2H), 3.00
(t, J 7.8 Hz, 2H), 4.03 (t, J 7.1 Hz, 2H), 7.24 (d, J 8.5 Hz, 1H), 7.35 (d, J 8.5 Hz, 1H), 7.88
(s, 1H); & (100 MHz, CDCls) 23.4, 26.0, 43.1 (all CHy), 110.0 (CH), 116.7 (g, J 3.5 Hz,
3Jcr, CH), 118.9 (q, J 3.2 Hz, 3Jcr, CH), 124.2 (g, J 31.9 Hz, 2Jcr, 6-C), 125.0 (g, J 270.4
Hz, YJcr, CFs), 134.0, 147.5, 163.5 (all C).

02N N
L
N

6-Nitro-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2i): 0.145 g, 71%; dark orange
solid; mp 193-195 °C (lit.! mp 209-210 °C); vmax (neat, cm™) 2965, 1685, 1619, 1515
(NOy), 1457, 1309 (NO,), 1287, 1141, 1103, 1058; & (400 MHz, CDCls) 2.74-2.81 (m,
2H), 3.11 (t, J 7.8 Hz, 2H), 4.17 (t, J 7.3 Hz, 2H), 7.30 (d, J 8.7 Hz, 1H), 8.10 (dd, J 2.3,
8.7 Hz, 1H), 8.52 (d, J 2.3 Hz, 1H); & (100 MHz, CDCls) 23.7, 26.2, 43.2 (all CHy),
109.4, 116.1, 118.0 (all CH), 136.6, 143.3, 148.2, 165.1 (all C).
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MeO N
L
N

7-Methoxy-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole (3a): 0.152 g, 75%; light
brown solid; mp 112-114 °C (1it.* mp 300 °C); vmax (neat, cm™) 2952, 1620, 1511, 1489,
1445, 1320, 1199, 1148, 1112, 1030; o4 (400 MHz, CDCls) 1.93-1.99 (m, 2H), 2.04-2.10
(m, 2H), 3.03 (t, J 6.4 Hz, 2H), 3.83 (s, 3H), 3.99 (t, J 6.0 Hz, 2H), 6.84 (dd, J 2.1, 8.7 Hz,
1H), 7.13 (d, J 8.7 Hz, 1H), 7.16 (d, J 2.1 Hz, 1H); & (100 MHz, CDCls) 20.7, 22.7, 25.4,
42.5 (all CHy), 55.9 (Me), 101.6, 109.1, 111.2 (all CH), 129.3, 143.5, 152.0, 156.2 (all C).

MeO N
o
N

3-Methoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]benzimidazole (4a): 0.141 g, 65%;
off white solid; mp 118-120 °C; Rt 0.40 (95:5 CHCls / MeOH); vmax (neat, cm™) 2921,
1729, 1538, 1438, 1398, 1366, 1337, 1268, 1194, 1147; &4 (400 MHz, CDCls3) 1.68-1.75
(m, 4H), 1.82-1.87 (m, 2H), 2.99 (t, J 5.7 Hz, 2H), 3.78 (s, 3H), 4.01 (t, J 5.0 Hz, 2H), 6.81
(dd, J 2.3, 8.7 Hz, 1H), 7.05 (d, J 8.7 Hz, 1H), 7.13 (d, J 2.3 Hz, 1H); & (100 MHz,
CDCl3) 25.6, 28.7, 30.1, 30.9, 44.6 (all CHy), 55.9 (Me), 101.8, 109.1, 111.5 (all CH),
130.4, 142.9, 155.8, 157.7 (all C). HRMS (ESI) m/z (M + H)", C13H17N20 calcd. 217.1341,
observed 217.1347.

3-Methoxy-6,7,8,9,10,11-hexahydroazocino[1,2-a]benzimidazole (5a): 0.168 g, 73%;
off-white solid; mp 92-93 °C (lit.®®> mp 102-103 °C); vmax (neat, cm™) 2915, 1729, 1538,
1489, 1439, 1398, 1338, 1201, 1150, 1095; &+ (400 MHz, CDCls) 1.10-1.16 (m, 2H), 1.36-
1.42 (m, 2H), 1.68-1.74 (m, 2H), 1.77-1.83 (m, 2H), 2.88 (t, J 6.2 Hz, 2H), 3.76 (s, 3H),
4.08 (t, J 6.0 Hz, 2H), 6.79 (dd, J 2.3, 8.7 Hz, 1H), 7.05 (d, J 8.7 Hz, 1H), 7.13 (d, J 2.3
Hz, 1H); & (100 MHz, CDCls) 24.0, 25.5, 27.1, 29.8, 31.2, 41.4 (all CHy), 55.8 (Me),
101.8, 109.4, 111.5 (all CH), 129.1, 143.7, 155.9, 156.8 (all C).
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2.4.3.2. Preparation of (3,6-dimethoxy-2-nitrophenyl) cyclic amine 6¢

OMe
NO, azepane, K,CO3 NO,
NO, MeCN, reflux N
OMe

1,4-Dimethoxy-2,3-dinitrobenzene (0.800 g, 3.50 mmol), azepane (1.389 g, 14.00 mmol)
and potassium carbonate (2.42 g, 17.54 mmol) were stirred in acetonitrile (10 mL) at
reflux for 24 h. EtOAc (20 mL) was added and the organic layer washed with brine (40

OMe

OMe

mL). The organic extract was dried (MgSOs), evaporated to dryness, and purified by
column chromatography using silica as adsorbent with gradient elution of petroleum ether
and EtOAc to give 1-(3,6-dimethoxy-2-nitrophenyl)azepane 6¢ (0.756 g, 77%) as an
orange solid; mp 96-100 °C; R¢ 0.57 (10:90 EtOAc / pet. ether); vmax (neat, cm™) 2924,
2850, 1614, 1529 (NOy), 1491, 1382 (NO2), 1256, 1156, 1104, 1057; &n (400 MHz,
CDCls) 1.50-1.67 (bs, 8H), 3.05 (t, J 5.5 Hz, 4H), 3.80 (s, 3H), 3.81 (s, 3H), 6.73 (d, J 9.2
Hz, 1H), 6.84 (d, J 9.2 Hz, 1H); & (100 MHz, CDCls) 27.5, 30.2, 54.5 (all CH2), 56.1,
56.7 (both Me), 109.0, 112.8 (both CH), 136.5, 142.3, 144.2, 152.6 (all C); HRMS (ESI)
m/z (M + H)*, C14aH21N204 calcd. 281.1501, observed 281.1498.
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2.4.3.3. Preparation of 3,6-dimethoxy-2-(cycloamino)aniline 7c

OMe OMe
NG Fe, NH,CI NH;
N EtOH/H,0, reflux, 6 h N

OMe OMe

The nitrobenzene 6¢ (3.96 mmol) with iron powder (0.709 g, 12.69 mmol) and NH4Cl
(0.106 g, 1.98 mmol) was stirred at reflux in ethanol (10 mL) and water (3 mL) for 8 h.
EtOAc (30 mL) was added to the cooled mixture. The organic layer was washed with brine

(40 mL), dried (MgSOs), evaporated to dryness and purified by column chromatography
using silica as adsorbent with gradient elution of petroleum ether and CH.Cl; to give 2-
(azepan-1-yl)-3,6-dimethoxyaniline 7c (0.673 g, 68%) as a light brown solid; mp 58-60
°C; Rr 0.25 (70:30 CH.Cl. / pet. ether); vmax (neat, cm™) 3490, 3381, 2917, 2842, 1605,
1488, 1454, 1256, 1170, 1138; on (400 MHz, CDCl3) 1.56-1.83 (m, 8H), 2.86-2.89 (m,
2H), 3.23-3.26 (m, 2H), 3.75 (s, 3H), 3.79 (s, 3H), 4.31-4.54 (bs, 2H, NH>), 6.16 (d, J 9.0
Hz, 1H), 6.53 (d, J 9.0 Hz, 1H); Jc (100 MHz, CDClIs) 27.9, 31.4, 54.1 (all CH2), 55.5,
56.0 (both Me), 99.1, 107.0 (both CH), 129.8, 135.3, 142.1, 153.0 (all C); HRMS (ESI)
m/z (M + H)", C14H23N20; calcd. 251.1760, observed 251.1749.
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2.4.3.4. Preparation of dimethoxy substituted benzimidazoles 8b & 8c

OMe
N
\
oee
OMe
6,9-Dimethoxy-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole (8b): Preparation
from aniline 7b as described in Table 2.6 to give 8b (0.186 g, 80%); brown solid; mp 82-
84 °C; Vmax (neat, cm™) 2942, 1648, 1523, 1256, 1224, 1158, 1110, 1086, 1009; 5y (400
MHz, CDCl3) 1.90-1.92 (m, 2H), 1.99-2.01 (m, 2H), 3.02 (t, J 6.0 Hz, 2H), 3.82 (s, 3H),
3.91 (s, 3H), 4.39 (t, J 6.2 Hz, 2H), 6.45 (s, 2H); Jc (100 MHz, CDClI3) 20.6, 23.3, 25.6,

455 (all CHy), 56.0 (2 x Me), 101.6, 102.4 (both CH), 125.5, 134.6, 141.9, 145.6, 150.3
(all C); HRMS (ESI) m/z (M + H)", C13H17N20 calcd. 233.1290, observed 233.1298.

OMe
N
\
QG
OMe
1,4-Dimethoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]Jbenzimidazole (8c): Preparation
from aniline 7c as described in Table 2.6 to give 8c (0.177 g, 72%); brown oil; vmax (neat,
cmt) 2933, 1615, 1525, 1527, 1471, 1405, 1259, 1203, 1108; 5n (400 MHz, CDClI3) 1.70-
1.82 (m, 4H), 1.83-1.90 (m, 2H), 3.07 (t, J 5.3 Hz, 2H), 3.86 (s, 3H), 3.92 (s, 3H), 4.55-
4.75 (bs, 2H), 6.49 (ABq, J 8.7 Hz, 2H); éc (100 MHz, CDCls) 25.6, 29.0, 29.7, 31.1, 46.2

(all CH>), 55.9, 56.0 (both Me), 101.0, 103.1 (both CH), 126.0, 133.8, 141.3, 145.7, 156.7
(all C); HRMS (ESI) m/z (M + H)*, C14H10N20> calcd. 247.1447, observed 247.1441.
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2.4.3.5. Preparation of benzimidazolequinone anti-tumour agents 9b & 9c

The dimethoxy substituted benzimidazoles 8b and 8c (1 mmol) and HBr (10 mL,
90 mmol) were heated at reflux for 3 h. The solution was cooled and evaporated to
dryness. Ferric chloride solution (20 mL, 0.7 M) was added and stirred at room
temperature for 18 h. The solution was extracted with CH2Cl, (5 x 20 mL). The combined
organic extracts were dried (MgSQas), evaporated to dryness, and purified by column
chromatography using silica as adsorbent with gradient elution of petroleum ether and
EtOAc to give the desired compounds.

1,2,3,4-Tetrahydropyrido[1,2-a]benzimidazole-6,9-dione (9b): (0.176 g, 87%); yellow
solid; mp 168-170 °C, (lit.®2 mp 153-155 °C); R;0.43 (EtOAC); Vmax (neat, cm™) 1647
(C=0), 1511, 1481, 1430, 1409, 1302, 1244, 1206, 1074, 1059, 1035; J4 (400 MHz,
CDCls) 1.95-2.03 (m, 4H), 2.98 (t, J 6.2 Hz, 2H), 4.29 (t, J 5.7 Hz, 2H), 6.56 (ABy, J
10.3 Hz, 2H); éc (100 MHz, CDCl3) 19.8, 22.2, 25.0, 45.5 (all CH,), 130.1 (C), 136.0,
136.2 (both CH), 141.4, 151.9 (both C), 178.2, 181.3 (both C=0). HRMS (ESI) m/z (M
+ H)*, C11H11N,0; caled. 203.0821, observed 203.0819.

7,8,9,10-Tetrahydro-4H-azepino[1,2-a]benzimidazole-1,4(6H)-dione (9c): (0.151 g,
70%); yellow solid; mp (dec. >150 °C); R¢ 0.30 (70:30 EtOAc / pet. ether); vmax (neat, cm-
1y 2931, 1648 (C=0), 1590, 1515, 1476, 1440, 1330, 1270, 1196, 1063; 6y (400 MHz,
CDCls) 1.64-1.71 (m, 2H), 1.72-1.79 (m, 2H), 1.82-1.91 (m, 2H), 2.98 (t, J 5.5 Hz, 2H),
4.52-4.54 (m, 2H), 6.52 (ABq, J 10.5 Hz, 2H); Jc (100 MHz, CDCls) 24.8, 28.1, 29.3,
30.8, 45.9 (all CH2), 130.3 (C), 135.9, 136.3 (both CH), 140.7, 158.4 (C), 178.7, 181.2
(both C=0); HRMS (ESI) m/z (M + H)*, C12H13N20> calcd. 217.0977, observed 217.0983.
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2.5 Conclusions

In summary, nine pyrrolo[1,2-a]benzimidazoles have been prepared from o-pyrrolo
substituted anilines using "acid-free" H.O, in EtOAc protocol, where no aqueous
extraction or chromatography is required. Where reactions are slow in the case of 1g and
1i, environmentally acceptable MSA can be added. Six to eight-membered ring-fused
benzimidazoles can be prepared using H20: in EtOAc methodology with pyrido[1,2-
a]benzimidazole 3a requiring one equivalent of MSA to achieve cyclization in a timely

manner.

The cyclization of 3,6-dimethoxy-2-(cycloamino)anilines mostly required one equivalent
of MSA in order to achieve high yields in a reasonable time. Nevertheless, the H>O> in
EtOAc protocol has considerable merit over reported routes to ring-fused benzimidazoles
and benzimidazolequinones, which are more costly, environmentally-damaging, and often

ineffective in preparing constrained and ring-expanded systems.
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Chapter 3

One-Pot Synthesis of Dihalogenated Ring-fused Benzimidazoles

& Benzimidazolequinones using H202/HX
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ABSTRACT: A new series of selectively dichlorinated and dibrominated five- X

to eight-membered-ring [1,2-a]-fused benzimidazoles and [1,4]oxazino[4,3- R\@NHQ Ha0, HX R@fN“
abenzimidazoles are synthesized in mostly high yields of >80% using the NTY MeCN. reflux X~ NC(:;Y
reaction of hydrogen peroxide and hydrohalic acid with commercially available Y up 10 94% yield n
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The novel dihalogenated ring-expanded and ring-contracted benzimidazoles prepared by

author of this thesis as part of the above publication are presented in Section 3.3.1.
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1-Fluoro-2,5-dimethoxy-4-nitrobenzene
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Abstract: 1-Fluoro-2,5-dimethoxy-4-nitrobenzene was synthesized in 90% yield by the reaction of
commercial 2-fluoro-1,4-dimethoxybenzene with nitric acid. The structure was confirmed by X-ray
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The majority of compounds described in this Chapter were made by the author of this
thesis, however compounds first prepared as part of the thesis of Michael Gurry (PhD,
NUI Galway 2016) are denoted by the symbol: # and compounds prepared as part of the
PhD thesis of Lee-Ann Keane are denoted by the symbol:
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3.1. Introduction

The carbon-halogen bond (C-X) continues to be of high interest in medicinal chemistry
due to its high prevalence in the pharmaceutical and agrochemical industry. Currently,
25% of the "Top 200 prescribed pharmaceuticals™ and approximately 66% of all

agrochemicals contain halogen substituted aryl moieties (Figure 3.1).2

H -NO
Cl N HIN™=2
j X N/\k
HoN _NH | N
S 7\ = \\/
o O O O Cl N
Hydrochlorothiazide (diuretic) Imidacloprid (insecticide) Epoxiconazole (fungicide)

Figure 3.1. Examples of top-selling halogenated compounds in the pharmaceutical and
agrochemical industries.

In drug development, the majority of drug candidates (46%) don't reach the launch phase
due to lack of efficacy.® 4 The addition of a C-X bond to an organic compound primarily
improves metabolic stability (less susceptible to oxidation), oral permeability, and blood-
brain barrier permeability.> 4 Thereby, halogenation improves efficacy and is deployed to

increase success rates in drug development.

70 -
60 -
50 -

40 - .
B Discovery Stage

%

30 - B Marketed
20 4

10 -

S

F cl Br I

Figure 3.2. Organochlorines represent the most marketed pharmaceutical halogens.®
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Bromine and iodine are the least marketed organohalogen drugs, contributing
approximately 6% to the total amount. Chlorine as a substituent is the most common in
marketed drugs whereas there is a lot of focus on fluorine in early stage research but
ultimately the marketed output is a smaller percentage (Figure 3.2).°

Perhaps this anomaly can be attributed to the occurrence of halogen bonding. Halogen
bonding is an intermolecular interaction of the type C—X:---Y—R', where X is chlorine,
bromine or iodine that acts as a Lewis acid and Y can be any kind of Lewis base such as
nitrogen or oxygen (Figure 3.3). 47 Halogen bonds are of comparable strength to that of
hydrogen bonds (10 to 150 KJ/mol)® as they range from 5 to 180 KJ/mol.%> ° The bond
angle is typically linear and distances are shorter than the sum of vdW radii with the
interaction increasing from chlorine to iodine.> 1! The other type of halogen bond involves
C-X---r interactions where the angle of a is < 60° and 8 is > 120° with d(Cl---w) < 4.2 A,
d(Br---m) < 4.3 A and d(I---m) < 4.5 A (Figure 3.3).1? Traditionally, halogens have been
considered to have isotropic negative electron density around them but in fact the charge
distribution of halogen atoms is anisotropic consisting of a positively charged electrostatic
region on the extension of C—X bonds.” Politzer and co-workers have named this
phenomenon a sigma-hole.!! For the sigma-hole to have a large electrostatic region of
positive charge, the halogen atom should be highly polarizable and bear a strong electron-

withdrawing moiety C as part of C-X.°

C
% A ®
X
X ")
} Cen't;oid
C

Figure 3.3. The different types of halogen bonding.®

As a result of the sigma-hole, halogen atoms exhibit both electrophilic character along the

axes of the C—X bonds and nucleophilic character along the vectors that are perpendicular
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to these bonds.*® In modern drug discovery, halogen bonding is becoming an essential tool

for lead identification and optimization due to its favourable protein-ligand interactions.® >

7,14

The placement of electron withdrawing chlorine groups on the 1,4-benzoquinone motif
results in a more electron deficient quinone core, thus allowing a more facile 2 /2 H*
reduction to the corresponding hydroquinone species (Figure 3.4.).!° As the number of
chloro- substituents increased from monochloro-1,4-benzoquinone to tetrachloro-1,4-
benzoquinone (chloroanil), reduction potentials increased relative to the parent 1,4-
benzoquinone, making for easier reduction (Figure 3.4). 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) containing chloro- and cyano- EWGs proved to be the most
susceptible to reduction with a reduction potential of 0.887 V, shifted 0.21 V in the positive
direction relative to 1,4-benzoquinone. The 2 ¢7/2 H' reduction potentials for ring-fused
quinones of naphthoquinone and anthraquinone increased when dichlorinated (Figure 3.4).!°
Furthermore, direct correlations have been established between reduction potentials and the

cytotoxicity of heterocyclic quinones.'®”

0 OH
) OH
0] 0] ) O
OMe Cl Cl Cl Cl CN
Cl Cl Cl CN
) 0] ) o)

o}
0.570 0.643 0.676 0.699 0.887
] 0 0 cl o cl
T O L0 L
Cl
0 o) o) o)
0.376 0.447 0.089 0.115

Figure 3.4. 2 e/2 H* reduction potentials (V vs. NHE) for 1,4-benzoquinone derivatives.*®
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In addition to tuning electronic structure, halogen substituents serve as points for further
functionalization of quinone moieties. For example, nucleophilic substitution?>* and
transition metal-catalyzed cross-couplings can occur,®* % with the resultant

functionalization significantly altering biological activity (Scheme 3.1).20-24.26

OMe
Q (0]
cl N\ — 4-methoxyaniline HN N -
> N
NN N
Cl N EtOH, reflux, 5 h o \ \_/
© (0]
84%
i g
Br Pd(PPh3)2C|2
Ar\Bi,Ar . O‘
* A K,CO3, DMF,
r o
o 90°C,2h o
93%

Scheme 3.1. Halogen directed functionalization of quinone moieties.?® 2

The cleanest method of generating elemental chlorine and bromine in situ is to mix
hydrogen peroxide with excess hydrochloric and hydrobromic acid respectively, since the
only by-product is water (Scheme 3.2).2”- 28 The intermediate is hypohalous acid (HOX),
which is commonly used to disinfect water. The molecular halogen (X:) in water

equilibrates with an acidic (HX) solution of HOX.?*3°

H202 +HX —> HOX + Hzo (1)

HOX + HX

Xy + Hy0 (2)

Scheme 3.2. Generation of X5 (where X = Cl, Br) from H2O2/HX.

The H0/HX system has been employed in the electrophilic halogenation of many

32-34 33, 36, 37

activated aromatics,’! including anilines, phenyl ethers,*® phenols, and amides®®

(Scheme 3.3). The activation of electrophilic halogenation can proceed under microwave
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irradiation®® or sonication®’ and in benign solvents such as water.® Fluorinated alcohols
were shown to have a catalytic effect on electrophilic chlorination of inactive aromatics
such as benzene and toluene.?® The by-product of oxidative halogenation, HX can be

recycled back to X, by oxidation with H>0,.%

OMe OMe
4 equiv. H,0,, 4 equiv. HCI Cl
MeOH, reflux, 6 h Cl
OMe OMe
73%
OH OH
1.1 equiv. H,0,, 1.1 equiv. HBr Br
MW, DCM/H50, 25 min
Cl Cl
75%

Scheme 3.3. Aromatic halogenation with H2O2/HX.33 %

In comparison, the H>O2/HX system is relatively underutilized in the synthesis of
heterocycles with H2O2/HBr used to catalyze the aziridination of alkenes with chloramine-T
at room temperature under a nitrogen atmosphere (Scheme 3.4a).*’ The H,O»/HCI system
was used to carry out the condensation of 1,2-phenylenediamines with aryl aldehydes in
acetonitrile at room temperature to furnish 2-substituted benzimidazoles in high yields of

92-99% (Scheme 3.4b)*!

(a) H20,/HBr (20 mol%), Chloramine-T
- QN—TS
MeCN, MgSOy, Ny, rt, 5 h

75%

(b)

R
R NH (0] H,O,/HCI N
2 + )J\ > \>—Ar
Ar H MeCN, rt, 30-90 min N
H

NH,

92-99%
R =H, EDG, EWG

Scheme 3.4. Heterocycle formation using H202/HX system. 04
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Halogenation onto the benzimidazole scaffold often occurs at a late stage after the
benzimidazoles are pre-prepared using methodologies presented in Chapter 1. The difficult
to handle reagents of chlorine (Scheme 3.5¢) and bromine (Scheme 3.5a) are often
employed and issues of regioselectivity can occur (Scheme 3.5¢) with the more reactive
chlorine.*> #* The dibrominated 2-trifluoromethylbenzimidazole was obtained in a good
yield of 75% by adding a 5 molar excess of bromine to a suspension of 2-

).* The use

trifluoromethylbenzimidazole in water and then heating to reflux (Scheme 3.5a
of H202 in HCI as solvent at 90 °C facilitated the hydroxyl directed o-dichlorination of 5-
hydroxy-2-methylbenzimidazole in a moderate yield of 47% (Scheme 3.5b).* Chlorine gas
was introduced into water at 70-80 °C containing a suspension of 5-chloro-2-
trifluoromethylbenzimidazole leading to a mixture of chlorinated isomers that were isolated
in 98% vyield (Scheme 3.5¢).* GC analysis showed the major isomer formed was 4,5-
chloro-2-trifluoromethylbenzimidazole in 70% while the minor isomer was 5,6-chloro-2-

trifluoromethylbenzimidazole in 27%, alongside 3% of unidentified higher chlorinated

benzimidazoles (Scheme 3.5¢).

(a) N
Br2/H20 Br N
\>_CF3 > A\
CF
©:N reflux, 6.5 h )—CFs
H Br

N
H
75%
(b) Cl
HO N H,0,, HCI HO N
2 2!
L om o
N ° N
N 90°C, 1h cl N
47%
Cl N Clo/H,0 Cl N Cl N
\>_CF3 Ij: \>—CF3 + \>—CF3
N 70-80 °C cl N N
H H H
70%* 27%*

Scheme 3.5. Late-stage halogenation of benzimidazoles.** *° *GC yield.
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As part of the thesis of Michael Gurry, late-stage halogenation was avoided by designing a
one-pot H>O»/HX mediated oxidative cyclization of o-cyclic amine substituted anilines with
regioselective dihalogenation that produced a series of ring-fused benzimidazoles
(Scheme 3.6).% In general, H>O (10 equiv.) and HX (12 equiv.) were employed to carry out
the oxidative transformations in a time of 20 min. The presence of EWGs and EDGs at the
R-position were well tolerated in the preparation of dichlorinated ring-fused
benzimidazoles. The EWGs and EDGs had no effect on the conversion of anilines or the

pattern of halogen substitution when using H2O2/HCI (Scheme 3.6, red box).

X

O, e
N MeCN, reflux X N\\MY
N 24 examples n

Up to 94%
AcHN: Gi N Me:t:N BrIj:N
\) \ \
clI’s ND cl ND Cl ND
88% 82% 90%
Cl B Cl Cl ]
F3sC N cl N Cl N
\>\\ \>\\ * \>\\
Cl N o} Cl N 0 Cl N o}
__/ -/ & _/
72% 71% 12%
Br Br Br
AcHN;©:N NC\©:N F3C: i N
\ \ \)
Br ND ND Br N>\\O
_/
74% 62% 0%
B
E N Br r
Ty | 0
N > >
Br ALo) WAL
31% 56% 94%

Scheme 3.6. One-pot regioselective formation of halogenated ring-fused benzimidazoles.*®
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The halogenations consistently occurred at the 6,8-position of pyrido[1,2-a]benzimidazoles
irrespective of substituent present, while in the absence of an EDG or EWG, a mixture of
trichlorinated and tetrachlorinated isomers of [1,4]Joxazino[4,3-a]benzimidazole were

formed (Scheme 3.6, red box).

The analogous reactions using HBr/H>O» were affected by varying substituents on the o-
cyclic amine substituted anilines (Scheme 3.6, blue box). The dibrominated ring-fused
benzimidazole containing the resonance activator of NHAc took significantly longer (2 d)
to furnish than the counterpart H,O»/HCI reaction and required double the amounts of
H>O2/HBr. As the deactivating nature of the EWG increased, it became more difficult to
isolate the regioselective dibrominated ring-fused benzimidazoles. The flouro EWG formed
a mixture of mono-brominated isomers, the cyano version was regioselectively mono-
brominated while the trifluoromethyl analogue wasn't brominated at all (Scheme 3.6, blue
box) Interestingly, 6,8-dibrominated pyrido[1,2-a]benzimidazole was regioselectively
formed in the absence of a EDG or EWG, indicating the pattern of bromination is dictated

by other factors (Scheme 3.6, blue box).

As previously detailed in Chapter 1, ring-fused benzimidazoles serve as synthetic precursors
to the bioreducible benzimidazolequinones. Skibo and co-workers popularized aziridinyl-
substituted pyrrolo[1,2-a]benzimidazolequinones (PBIs) as bioreductive anti-tumour
alternatives to the mitomycins.*’ The Aldabbagh group also produced notable

18, 20, 21, 26, 48-50, 51, 52 including Speciﬁcity

benzimidazolequinones with potent cytotoxicity,
towards hypoxic tumour cells,'® NAD(P)H:quinone oxidoreductase 1 (NQO1)*® and
Fanconi anemia cells.?® % Traditionally, p-dimethoxybenzenes are precursors to the desired
p-quinone moiety (Scheme 3.7). The two-step pathway involves a HBr-mediated
demethylation to the hydroquinone followed by FeCls or CrO; mediated oxidation to give
benzimidazolequinones (Scheme 3.7). '8 2. 48.33. 5% The other route involves a one-step
conversion of p-dimethoxybenzenes to the desired p-quinones and has been effected with
nitric acid,”® AgO-mineral acid,® Ce(NH4)2(NOs3)s (CAN),*> 57 CoF3,°! NBS with a

catalytic amount of H>SO4,** %2 and PhIOCOCF; (PIFA) (Scheme 3.7).%

88



OH
R1
Demethylation Oxidation

HBr R2 J FeCl; or CrO3
OH
OMe (@]
1 1
R Direct 2e- Oxidation R
R2 HNO3;, AgO, CAN, CoF3, R2

NBS/H,SO,, PIFA

OMe O

Scheme 3.7. Synthetic routes toward 1,4-benzoquinone derivatives,!® 21 48,49, 52-63

Both nitric acid and argentic oxide (AgO) use harsh acidic conditions which limits their
substrate scope and nitric acid also participates in side reactions such as nitration.>> > The
reagent of cobalt(Ill) fluoride is highly hydroscopic and has to be handled in a glove bag
under argon before carrying out oxidative demethylation of aromatic ethers.®! Cerium(IV)
ammonium nitrate (CAN) is the most commonly used reagent for the oxidative cleavage of
p-dimethoxybenzenes (Scheme 3.8). However, CAN is a high molecular weight reagent
(548 g/mol) and radical cationic intermediates facilitate oxidative coupling to form dimeric

p-quinones (Scheme 3.8).5% 64

OMe
Me CAN
—_—
MeCN, rt, 1h
OMe
OMe Me

N Cl N
CAN 0
\>_/ —— — ‘
N MeCN, rt,2h  ClI N N Cl

38% o Me
Scheme 3.8. Dimeric p-quinone formation as a result of CAN oxidation.>® 64

Despite the low atom economy of the hypervalent iodine reagent (PIFA), it offers milder

reaction conditions to metal oxidants as it works effectively when immobilized on polymer
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supports and uses water as the solvent.®> PIFA also avoids the formation of dimeric p-
quinone products.®> N-bromosuccinimide (NBS) with sulfuric acid offers a tunable protocol
that can form p-quinone products with or without bromination.®> The acid sensitive
substituted aziridine moiety of dimethoxybenzimidazole was well tolerated when NBS and
a catalytic amount of sulfuric acid were used to deliver the N-[(1-tritylaziridin-2S-

yl)methyl]benzimidazolequinone in 56% yield (Scheme 3.9).%

OMe (0]
N\> NBS, cat. HpSO, N\>
N\‘\\\L\N\ THF(aq.), 0 °C, 40 min N\‘\\\ N.
OMe Tr Tr
56%

Scheme 3.9. Mild oxidative demethylation conditions using NBS and H2S04.#

Both Castagnoli and Rapoport constructed detailed studies to understand the mechanism of
oxidative demethylation for their respective oxidants of CAN and argentic oxide.>® °* The
oxidation process can either involve cleavage of the alkyl-oxygen bond (blue) or the aryl-
oxygen bond (red) of the methyl ether. Cleavage via the red bond will result in a loss of
methanol and will involve the introduction of an external source of oxygen to form the p-
quinone. Castagnoli reacted 1,4-dimethoxy-2,3,5,6-tetramethylbenzene with CAN and
labeled water in dry acetonitrile to ascertain the mechanism of oxidation (Scheme 3.10).
The doubly labeled duroquinone was obtained providing evidence to support aryl bond
cleavage, with water providing the external source of oxygen. Rapoport used argentic oxide
and H,'80-labeled 85% phosphoric acid to oxidize 2,3-dimethyl-1,4-dimethoxynaphthalene
to give the doubly labeled 2,3-dimethyl-l1,4-naphthoquinone which again, supported a

mechanism of aryl-oxygen bond cleavage.*®

_ y _
M |
®~o 180 OMe 180
CAN, dried MeCN
> + 2MeOH
H,'80, rt,15 min
'®0" OMe 8
OMe I-I| (0]
L _ Duroquinone

Scheme 3.10. Castagnoli isotopic labeling study of 1,4-dimethoxy-2,3,5,6-
tetramethylbenzene with H»'%0.%°
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Another route to p-quinones involves pre-prepared fused aromatics that undergo a sequence
of nitration, reduction and finally an oxidation with the long-lived free radical of potassium
nitrosodisulfonate (Fremy's salt) (Scheme 3.11). The disadvantage of this process is the
multiple steps required and group tolerance issues as harsh conditions are used. This
methodology has been commonly employed in the synthesis route for aziridine substituted
benzimidazolequinones.?® *7- 667 Normally direct access to p-quinones isn't feasible from a
benzene substrate, hence the sequence of nitration, reduction and oxidation. Nonetheless,
Takehira and co-workers showed that H>O; in formic acid was capable of oxidizing highly

activated methoxy substituted benzenes to p-quinones.

0
R R’
R2 R2
O °
0 ? o}
Nitrati Oxidati O:\§/ §//O
Iitration XI on
atio atio 0~ O-
K K
Fremy's salt

NO, NH,
1 1
Rj@j Reduction Rj@@
R? R?

Scheme 3.11. Nitration, reduction, oxidation sequence to access p-quinones.

The use of aqua regia (HNO3/HCI (1:3)) which generates Cl; in situ among other NOx
substances® is reported to perform oxidative demethylation and dichlorination of various
substituted 4,7-dimethoxybenzimidazoles to give 5,6-dichlorobenzimidazolequinones in
moderate yields (Scheme 3.12).2% 3! A two-step process is used involving demethylation
with HBr followed by HBr/NaBrOs; oxidation to access the analogous 35,6-
dibromobenzimidazolequinone in moderate yield (Scheme 3.12).>! Molecular bromine
effected the oxidative demethylation and dibromination of 4,7-dimethoxy-1-
methylbenzimidazole in methanol at room temperature for 1 h with no reported yield

(Scheme 3.12).%
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Cl N\>—|v|e ~ HCI, HNOg N\>_R1 i) HBr, reflux, 6h Br N\>
of N reflux, 30 min N ii) HBr, NaBrOs, g, N
0] ome R reflux, 1 h o
46% R"=H, Me, Py 49%

R2=H, Me
0 o)
¢ HCI, HNO4 N\>
Cl reflux, 1 h MeOH, rt, 1h  Br N
@) 0 Me
45% No yield reported

Scheme 3.12. Halogenation and oxidative demethylation of 4,7-dimethoxybenzimidazoles
with various halide sources.?% 2351

Trichloroisocyanuric acid (TCCA) was added to 5,8-dimethoxyisoquinoline in conc. HCI
and stirred for 3 h at room temperature to generate 6,7-dichloroisoquinolinedione without a
reported yield (Scheme 3.13). © However, TCCA is thermally unstable and ultimately the
synthesis of TCCA requires the use of molecular chlorine either directly or indirectly.”® An
alternative one-step approach to halogenated p-quinones could employ easy to handle

H>0,/HX, which would have advantages of high atom economy’! and low cost.

OMe 0]
N TCCA, HCI, H,0 Pz Cl
N~ rt, 3h Nx |

Cl
OMe O

Scheme 3.13. TCCA in HCI enables halogenation and oxidative demethylation of 5,8-
dimethoxyisoquinoline.®
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3.2. Aims and Objectives

e Utilize H2O2/HX to carry out a 4-electron oxidative cyclization and regioselective

halogenation on a series of ring-expanded and ring-contracted substituted anilines.

MeO NH, H,0, , HX MeO N N\
> X —
15 L

L "

n

Scheme 3.14. Expected preparation of regioselectively halogenated ring-fused
benzimidazoles using H2O2/HX.

e Avoid traditional multi-step routes to halogenated benzimidazolequinones, by
providing a direct one-pot route which combines 4-electron oxidative cyclization,
aromatic halogenation, and 2-electron oxidative demethylation of 3,6-dimethoxy-2-

(cycloamino)anilines mediated by H2O2/HX.

e Provide a tunable protocol by adjusting the molar ratio of H>O to HX, thus allowing
dihalogenated ring-fused dimethoxybenzimidazoles to be obtained when a higher

molar ratio of H>O» is used.

0
H-X] > [H X N -
| [H-X] > H07] S
X N Y:://
OMe o Y
NH :
2 6e” oxidation
N/\f/ E
OMe %/Y\\\:/, OMe
n X
| [H205] > [H-X] NG
> N
X N Y=<’

4¢” oxidation

Scheme 3.15. Possible implementation of a tunable protocol to access 4-electron
and 6-electron oxidation products with H,O2/HX.
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To determine if elemental halogens (X») participate in the oxidative transformations

of 3,6-dimethoxy-2-(cycloamino)anilines.

Nitrate the commercially available 2-fluoro-1,4-dimethoxybenzene in nitric acid to

give 2-fluoro-1,4-dimethoxy-3-nitrobenzene as a synthetic intermediate.

OMe OMe
F HNOj; F

NO,
OMe OMe

Scheme 3.16. Proposed preparation of 2-fluoro-1,4-dimethoxy-3-nitrobenzene.
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3.3. Results and Discussion
3.3.1. One-pot synthesis of selectively dihalogenated ring-fused benzimidazoles

The preparation of o-cyclic tertiary amine substituted anilines as substrates for H,O2/HX
mediated oxidative cyclization and halogenation involves a two-step synthesis.
Commercially available 1-chloro-4-methoxy-2-nitrobenzene undergoes nucleophilic
aromatic substitution (SnAr) with an excess of pyrrolidine and azepane secondary amines
at 80 °C in DMF for 3 days (Scheme 3.17). The SnAr involving the eight-membered
secondary amine of azocane was performed in ethanol at reflux for 4 days with 1-chloro-4-
methoxy-2-nitrobenzene as previously reported by Fahey.®® The resultant o-cyclic tertiary
amine substituted nitrobenzenes then undergo reduction in the presence of iron with
aqueous ammonium chloride in ethanol at reflux to give the corresponding anilines 1a, 1c
and 1d in a two-step yield of 38-70% (Scheme 3.17).72

H
N
n
K,COs,

‘ DMF, 80 °C, 3d l

Meo\©:N02 MeO\C[Noz Fe, NH,CI Meo\©:NH2
_—
EtOH/H,0
N 2> N
cl Q reflux, 5 h Q
b

’ azocane

1a,n=1,70%
1c,n =3, 53%
EtOH, reflux, 4 d 1d, n =4, 38%

Scheme 3.17. SnAr and reduction to prepare o-cyclic tertiary amine substituted anilines.

A series of ring-expanded and ring-contracted [1,2-a]benzimidazoles were prepared
alongside pyrido[1,2-a]benzimidazoles to determine if the alicyclic ring-size affected the
performance of the H2O./HX system (Scheme 3.18). Selectively dichlorinated five to
eight-membered ring-fused [1,2-a]benzimidazoles 2-4 were isolated in 78-93% vyield after
reaction times of 20 minutes using H202 (10 equiv.) with an excess of HCI (12 equiv.).
The brominations were found to be significantly slower than the analogous chlorinations,
and double the number of equivalents of H202/HBr were required to obtain the desired

ring-fused [1,2-a]benzimidazoles (Scheme 3.18).
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X
MeO NH, H.O, HX MeO N
\Q 202, N\
N@ MeCN, reflux X N )
n
Y o4

1a1d v,

n=1-4,Y =H, Br

Cl Br X
MeO N MeO N MeO N
N\ N\ N\
Cl N Br N X N
Br

2a, 93% 4a, 87% 2b, X = Cl. 90%*
X X 3b, X = Br, 86%"
MeO N MeO N
\ \
X N X N
2c, X = Cl, 89% 2d, X = Cl, 78%
3¢, X = Br, 80% 3d, X = Br, 70%

Conditions: For the synthesis of dichlorides 2a-2d: 1a-1d (1.0 mmol), H.O> (10
mmol), HCI (12 mmol), MeCN (10 mL), 20 min. For the synthesis of the bromides
3b-3d, 4a: 1a-1d (1.0 mmol), H20. (20 mmol), HBr (24 mmol), MeCN (10 mL), 4 d
for (3¢ & 3d) and 5 d for (3b & 4a).

Scheme 3.18. Synthesis of five to eight-membered ring-fused benzimidazoles.

Voudrais and co-workers carried out kinetic studies on the electrophilic aromatic
halogenation of p-xylene using a series of halogenating agents with a pH range of 2.5-7.5
(Scheme 3.19).%? The rate of halogenation was in the following order: HOCI <<HOBr < Br
< Cl2= Cl120 < BrCl. More importantly, Br. was shown to react 230 times slower than Cl

(Scheme 3.19) which is in line with our observation of slower bromination (Scheme 3.18).

Me Me
Halogenating reagent, H,O X

Cly: k, (58 + 9 M's™")
Me Bry: ky (0.251 + 0.004 M"'s™) Me

Scheme 3.19. The Cl; and Br, second order rates for the halogenation of p-xylene.*?

96



In general, brominating agents have been reported as more reactive towards electrophilic
aromatic substitution (EAS) than their chlorinating analogues in water due to their greater
polarizability and lower bond energies.”*" However, steric factors might be contributing

to a slower rate of EAS for the brominations in our work.’

Br
MeO NH, MeO._ S N MeO N
\@ H,O,, HBr, MeCN \ D: \
+
L Nij Br’z Nij
1:3
20 h

NQ reflux, 20 min
1a

Br i Br Br |
MeO: i N 4d MeO: -’i N MeO:©:N
N\ \ + \
Br sz Br7 8 sz Br sz
Br 1:2 3a ]

Br 4a. 87%

Scheme 3.20. The oxidative cyclization and bromination of 1a with H,O2/HBr, monitored
by 'H NMR.

Despite the slower reaction rate with H2O./HBr, regioselective dibrominated pyrido-,
azepino- and azocino ring-fused [1,2-a]benzimidazoles 3b-3d & 4a were isolated in high
yields of 70-86%. The progress of 1a reacting with H,O2/HBr was monitored using H
NMR and after 20 minutes a mixture of monobromides; 5- and 7-bromobenzimidazoles
was observed in an approximate 1:3 ratio (Scheme 3.20). The preferential site of mono-
bromination is clearly directed towards the 7-position, para to the 4-N of the imidazole.
After 20 hours a mixture of di- and tribromides 3a and 4a remained in an approximate 2:1
ratio (Scheme 3.20). Due to a mixture of brominated products, it was not possible to
cleanly isolate 5,7-dibromopyrrolo[1,2-a]benzimidazole 3a and therefore the reaction was
allowed to proceed to the tribromide 4a in an excellent yield of 87% (Scheme 3.20).
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3.3.2. One-pot synthesis of dihalogenated ring-fused benzimidazolequinones

Access to both halogenated ring-fused benzimidazoles and benzimidazolequinones begins
with the dinitration of the commercially available 1,4-dimethoxybenzene in concentrated
nitric acid that leads to a mix of isomeric 1,4-dimethoxydinitrobenzenes in a ratio of 5.7 to
1. The major o-nitrated isomer 1,4-dimethoxy-2,3-dinitrobenzene was isolated using

column chromatography in a yield of 70% (Scheme 3.21).

OMe OMe
HNO, NO,
0-100 °C, 3h NO,
OMe OMe
70%

Scheme 3.21. Preparation of 1,4-dimethoxy-2,3-dinitrobenzene.’®

The novel morpholino and tetrahydroisoquinolino (THIQ) substituted 3,6-
dimethoxynitrobenzenes were prepared by nucleophilic aromatic substitution
(SNAr) with 1,4-dimethoxy-2,3-dinitrobenzene in the dipolar aprotic solvent of
acetonitrile with a base of potassium carbonate for 3 days at reflux (Scheme 3.22).
The morpholino analogue was isolated in a poor yield of 39%, presumably
attributed to the inductive effect of the electronegative oxygen atom of the
[1,4]oxazino heterocycle. The THIQ analogue was isolated in a good yield of 67% ,
considering that Nguyen and co-workers observed that redox condensation of nitrobenzenes
with THIQ can occur under specific conditions to form cyclized products.”” The
morpholino substituted 3,6-dimethoxynitrobenzene was reduced using iron powder with
agueous ammonium chloride in EtOH to give 5c in an overall two-step yield of 32%
(Scheme 3.22).”? In an analogous manner, the synthesis of 3,6-dimethoxy-2-
(cycloamino)anilines 5a, 5b, 5d and 5e> were previously prepared and are detailed
in (Chapter 2, Scheme 2.4). The THIQ substituted 3,6-dimethoxynitrobenzene was
more effectively reduced with H> gas under palladium catalysis in EtOAc/MeOH at
atmospheric pressure when compared to the iron methodology. The THIQ aniline 5f

was isolated in a two-step yield of 52% (Scheme 3.22).
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OMe

Fe, NH,CI NH;

‘ EtOH/H50, reflux, 16 h

OMe N(})

OMe OMe
NO 5c, 32%
NO, morpholine or THIQ 2 °
NO,  KoCOs MeCN, N
OMe reflux, 3 d OMe K/Y\\\:/,)
Y =CH,, O

OMe
‘ H,, Pd-C NH;
EtOAc/MeOH, 1 atm, 4 d, rt N
OMe
5f, 52%

Scheme 3.22. SnAr and reduction to prepare 3,6-dimethoxy-2-(cycloamino)anilines 5¢ and
5f.

3,6-Dimethoxy-2-(cycloamino)anilines Sa-Se were treated with higher amounts of H202 (10
equiv.) relative to HX (5 equiv.) to favour the formation of hypohalous acids (HOX)
(Scheme 3.2). The resultant reaction gave novel ring-fused dimethoxy substituted
benzimidazoles via a 4-electron oxidative cyclization and dihalogenation in mostly high
yields and without the need for chromatography (Scheme 3.23). 2-(Pyrrolidin-1-yl)aniline
5a and 2-(piperidin-1-yl)aniline Sb were found to be consumed within 20 min in MeCN
under reflux to give dichlorinated and dibrominated pyrrolo[ 1,2-a]benzimidazoles (6a, 7a)
and pyrido[1,2-a]benzimidazoles (6b, 7b) respectively in yields of 80-92% (Scheme 3.23).
For cyclizations of morpholine Sc¢, azepane Sd and azocane Se using H>O»/HCI, some
oxidation to the benzimidazolequinone was detected at reflux. [1,4]Oxazino[4,3-
a]benzimidazole 6c¢, azepino[1,2-a]benzimidazole 6d, and azocino[1,2-a]benzimidazole 6e
were selectively formed in good to high yields (67-95%) by lowering the reaction
temperature (from reflux to 40 °C or rt) and increasing the reaction time (from 20 min to 2-
24 h). Benzimidazolequinone formation was not detected in the HBr-mediated cyclizations
of S¢, 5d and Se at reflux, with 7¢ obtained in 89% yield, while a 6 h reaction time afforded
complete dibromination to give 7d and 7e in excellent yield (92 & 95%, respectively)
(Scheme 3.23). X-ray crystal structures for the eight-membered dichlorinated and
dibrominated adducts 7e and 7e were obtained due to similarities of chemical shifts in

respective NMR spectra.

99



OMe OMe
NHz H,0, HX, MeCN X N .

2T~ reflux, 20 min -
N/\( y -
OMe K$*N§>,) OMe \‘${
n
5a-5f 6-8
n=0-3,Y=0orCH,

OMe OMe OMe
\ \ \
—
X N X N X N\\/o
OMe OMe OMe
6a, X = Cl, 80%" 6b, X = Cl, 83%" 6c, X = Cl, 67%*
7a, X = Br, 88%%* 7b, X = Br, 929, # 7c, X = Br, 89%
OMe OMe
X N X N
\) \)
X N X N
OMe OMe
6d, X = CI, 89%" 6e, X = Cl, 95%°T
7d, X = Br, 92%¢ 7e, X = Br, 95%%1

OMe
Y N
\i S >
X N
OMe
6f, X, Y = CI, 51%° 8f

7f, X, Y = Br, 73%]
8f, X =ClI, Y = H, 60%9

Conditions: 5a-5f (1.0 mmol), H202 (10 mmol), HX (5 mmol), MeCN (10 mL). ?2 h,
40 °C. 24 h, rt. °5 h, 40 °C. % h. ®MeCN (15 mL), 24 h, rt. 'MeCN (15 mL). “MeCN
(15 mL), 4.5 h, rt. X-ray crystal structures showing one of the two molecules in the
asymmetric unit cell for 6e and 7e with thermal ellipsoids set at 40% probability, and
for 8f thermal ellipsoids set at 40%. probability.

Scheme 3.23. Synthesis of dihalogenated benzimidazoles using H2O2/HX.
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The utility of the HoO»/HX-mediated system was investigated using the more challenging 2-
(3,4-dihydroisoquinolin-2(1H)-yl)-3,6-dimethoxyaniline (THIQ substrate) Sf with potential
for halogenation on the additional aromatic ring (Scheme 3.23). Upon treatment of 5f in a
more dilute solution of MeCN (0.07 M) with H2O> (10 equiv.) and HBr (5 equiv.) at reflux
for 20 min, oxidative cyclization was observed at the benzylic position to afford 7f in 73%

yield.

8f NH,

t=45h

t=25h

t=2h

t=1.5h

Figure 3.5. HPLC chromatograms as a function of time (¢) for the reaction of 2-(3,4-
dihydroisoquinolin-2(1H)-yl)-3,6-dimethoxyaniline 5f with H>O> (10 mmol) and HCI
(5 mmol) in MeCN (15 mL) at rt. ESI HRMS (Figure 3.6) was used to detect 4-chloro-2-
(3,4-dihydroisoquinolin-2(1H)-yl)-3,6-dimethoxyaniline Sg.

The H»,0»/HCI system could be tuned to deliver mono- or dichlorinated ring-fused [1,2-
a]benzimidazoles. At room temperature and a 4.5 h reaction time, only monochlorination
was observed, affording 8f in 60% yield, while a 24 h reaction time afforded the
dichlorinated product 6f in 51% yield. The site of monochlorination was at the 9-position of
8f and was confirmed by X-ray crystallography (Scheme 3.23). The room temperature
reaction allowed reaction profiling by HPLC (Figure 3.5) with mass spectrometry detection
of chlorinated aniline intermediate 5g (Figure 3.6), suggested that chlorination of 5f occurs
prior to oxidative cyclization. This observation may explain the regioselectivity, as the NH>

group of the o-cyclic amine substituted aniline directs para towards EAS.
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Figure 3.6. ESI HRMS of 4-chloro-2-(3,4-dihydroisoquinolin-2-(1H)-yl)-3,6-
dimethoxyaniline 5g: (A) The high resolution mass spectrum. (B) The single mass analysis

indicates the molecular formula of the proposed structure 5g to be within 5 ppm.
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This insight can be retrospectively applied to explain the regioselectivity for the one-pot
oxidative cyclizations and halogenation to form ring-fused [1,2-a]benzimidazoles (Scheme
3.6).% In the case of H2O./HCI system, selectivity occurred in the majority of cases
independently of EWGs or EDGs located at the R-position. The H>O2/HBr system even
brominated selectively in the absence of EDGs or EWGs where it can be assumed that the
NH: of o-cyclic amine substituted aniline is strongly o,p-directing the electrophilic

substitution (Scheme 3.24).

Br
@NHZ H,0,, HBr i N
> \
I\O MeCN, reflux . ND
94%

Scheme 3.24. Regioselective bromination possibly due to occurrence of halogenation
before oxidative cyclization.*®

Conboy and Aldabbagh observed the formation of phenazine derivatives when 3,6-
dimethoxy o-morpholino substituted aniline 1¢ was reacted with a H>Oo/HI system.”® The
phenazine formation wasn't observed with the H>O2/HCI system, instead regioselective
chlorination occurred para to the NH: directing group of the 3,6-dimethoxy o-morpholino
substituted aniline (Scheme 3.25). The chlorination occurred before oxidative cyclization
and the regioselectivity was confirmed by X-ray crystallography, with 4-chloro-3,6-
dimethoxy-2-(morpholin-4-yl)aniline 5h isolated in a good yield of 76%.”® The
experimental evidence presented by Conboy and Aldabbagh supports the formation of our
HRMS detected intermediate 5g that forms the mono-chlorinated dimethoxybenzimidazole

8f, with chlorination occurring before cyclization.

OMe OMe
NH, H,0, (20 equiv.), HCI (1 equiv.) NH,

N
OMe @
5¢c

EtOAcC, reflux, 1 h cl

OMe '\@

5h, 76%

Scheme 3.25. Regioselectively chlorinated 3,6-dimethoxy o-morpholino substituted
aniline using H20,/HX.™
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The molar ratio of HCI was increased relative to that of H>O; to produce conditions which
favoured X, formation. These conditions facilitated the novel one-pot overall 6-electron
oxidation, affording dihalogenated benzimidazolequinones (Scheme 3.2, Scheme 3.26).
H>0: (50 equiv.) and HCI (180 equiv.) converted anilines 5a-5d into dichlorinated ring-
fused benzimidazolequinones 9a-9d in moderate to high yields (62-80%) after 4 h in MeCN
at 80 °C, while 9e was isolated in 54% yield (Scheme 3.26). Due to the greater reactivity of

42.43 the 6-electron oxidation

Cl, relative to Bra towards electrophilic halogenation reactions,
was not performed neat in HCI and instead the reaction was diluted with MeCN to minimize

the risk of over-chlorination.

For the H2O2/HBr mediated transformations, the high concentrations of HBr required for
quinone formation and the less reactive nature of Br,, made it desirable to perform the
brominations neat (Scheme 3.26). However, the 9,10-dibromo-5,6-dihydrobenzimidazo[2,1-
alisoquinoline-8,11-dione 10f was furnished in higher yield by employing an equivolume
mixture of MeCN and HBr (Scheme 3.26). Generally, dibrominated analogues 10a-10e
were obtained in high yield (67-92%) using H>O, (60 equiv.) in neat HBr (30 mL) under
reflux for 12 h (Scheme 3.26). Ring-fused dihalogenated benzimidazolequinones (Scheme
3.26) were purified by flash column chromatography with the exception of dibrominated
pyrrolo[ 1,2-a]benzimidazolequinone 10a, which was isolated cleanly without purification.
X-ray crystal structures of 7,8-dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole-
6,9-dione 9¢, dichlorinated and dibrominated pyrrolo[1,2-a]benzimidazolequinones 9a and
10a, and azepino[1,2-a]benzimidazolequinones 9d and 10d were obtained to demonstrate
the ease at which these series of quinones can be recrystallized to produce X-ray quality

crystals.
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OMe (0]

NH. H,0,, HX, MeCN, reflux X N rn
~ - \\)
N/\(/ n X N Y=z
OMe kqu\v,u o) L(-’f.n
5a-5f n 9, 10

n=0-3,Y=0orCH,

9a, X=ClI,73% 9a 10a
10a, X = Br, 81%

0 0
X N X N
A\ \>j
X ND X A
0 0

9b, X =ClI, 76% 9c, X=CI, 62% 9c
10b, X = Br, 74% 10c, X =Br, 67%
(6]
X N
D\
X N
(e
9d, X =ClI, 80% 9d 10d

10d, X = Br, 86%

T R SRIE

9e, X =Cl, 45%" 9f, X =Cl, 56%° of
10e, X = Br, 92%" 10f, X = Br, 68%"

Conditions: For the synthesis of dichlorides 9a-9e: 5a-5e (1.0 mmol), H202 (50 mmol),
HCI (180 mmol), MeCN (10 mL), 4 h, 80 °C. For the synthesis of dibromides 10a-10f: 5a-
5f (1.0 mmol), H20, (60 mmol), HBr (30 mL), 12 h, reflux. ®H202 (10 mmol), HCI (5
mmol), MeCN (15 mL), 72 h, rt. °HBr (135 mmol), MeCN (15 mL), 7h. X-ray crystal
structures shown of 9a, 9c, 9d, 9f, 10a, and 10d have thermal ellipsoids set at 40%
probability.

Scheme 3.26. Synthesis of dihalogenated benzimidazolequinones using H>O/HX.
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Isolation of significant amounts of 9,10-dichloro-5,6-dihydrobenzimidazo[2,1-
alisoquinoline-8,11-dione 9f was however not possible by treatment of THIQ 5f with a
high molar ratio of HCI relative to H20O: at reflux. Even with reduced equivalents and an
equimolar ratio of HCI relative to H202, THIQ 5f at room temperature still gave mainly
inseparable products with ESI HRMS (m/z 388.9-392.9) indicative of tetrachlorination
(Figure 3.7).
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Figure 3.7. ESI HRMS of one HPLC fraction for the reaction of 2-(3,4-
dihydroisoquinolin-2-(1H)-yl)-3,6-dimethoxyaniline 5f (1.0 mmol) with H>O> (35 mmol),
HCI (35 mmol), MeCN (15 mL), rt, 21 h. (A) The high resolution mass spectrum of
tetrachlorinated benzimidazolequinone product with three chlorination positions possible
shown in red, blue and purple. (B) The single mass analysis indicates the molecular
formula of the proposed structure to be within 5 ppm.
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This led us to employ the relatively mild conditions of H>O, (10 equiv.) and HCI (5 equiv.)
at room temperature, that allowed aromatic monochloride and dichloride 8f and 6f to be
isolated in good yields after 4.5 and 24 h respectively (Scheme 3.23, Figure 3.5). The
extension of H»O> (10 equiv.) and HCl (5 equiv.) conditions to 72 h gave
benzimidazolequinone 9f in an isolated yield of 56% (Scheme 3.26, Figure 3.8). The
structure of 9f was confirmed by X-ray crystallography (Scheme 3.26). In contrast, the
dibrominated analogue 10f was isolated in 68% yield from a 7 h reflux in the presence of a

large excess of HBr with no over-bromination adducts detected.

of OMe OMe

o)
Cl N NH>
N\ \
cl N N Cl N
9] OMe OMe
of 5f 6f 6f
t=72h

t=37h J\xj\

t=26h
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Figure 3.8. HPLC chromatograms as a function of time (¢) for the reaction of 2-(3,4-

dihydroisoquinolin-2-(1H)-yl)-3,6-dimethoxyaniline 5f with H>O> (10 equiv.) and HCI
(5 equiv.) in MeCN (15 mL) at rt.
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HBr is a well-known demethylating agent of aromatic ethers (Scheme 3.7).5* 7 HCI to our
knowledge is only applicable as a demethylating agent of aromatic ethers under very
specific conditions of high temperature, pressure or in combination with other reagents.
Weinberger and Day showed that 2-methyl dimethoxybenzimidazole was demethylated by
using conc. HCI in a sealed pyrex tube with heating at 100 °C for 20 h (Scheme 3.27a).>
4-methoxyphenylbutyric acid was demethylated in 3 h when reacted neat with pyridinium
chloride under nitrogen at 180 °C to produce the hydroxyl derivative in an excellent yield
of 97% (Scheme 3.27h).8°

(

a) OMe OH 4 _o©
N N® ©
HCI, sealed tube
S—Me - —Me
N 100 °C, 20 h N
H H
OMe OH
60%
(b)
OH 180 °C, 3 h OH
97%

Scheme 3.27. Demethylation of phenyl methyl ethers with HCI reagents.>* &

Following the conditions to form dichlorinated benzimidazolequinones (Scheme 3.26),
dichlorinated morpholino[1,2-a]benzimidazole 6c¢ was treated with conc. HCI while
stirring for 4 h at 80 °C to investigate if HCI could demethylate our series of aromatic
ethers (Scheme 3.28). However, there was no observed reaction for 6¢ (Scheme 3.28),

presumably due to the milder reaction conditions used in comparison to that of Weinberger

and Day.>*
OMe OH
Cl N Cl
HCI N
\)
>\\ 7 > \>\\
I NP so°c.an i N o
OMe OH
6¢Cc

Scheme 3.28. Attempted demethylation of 6¢ in concentrated HCI.

108



Due to the suspected high concentration of Cl> in the one-pot 6-electron oxidative
cyclizations with dihalogenation, Cl> was investigated as the active reagent involved in the
demethylation of the aromatic ethers. Commercially available 1,4-dimethoxybenzene was
chosen as a test substrate to investigate the ability of Cl. gas to oxidize aromatic ethers and
the reactions were monitored by GC-MS. The theoretical amount of Cl, gas generated
from the combination of H202 and HCI was 50 equivalents relative to the starting aniline
as shown in Scheme 3.26. Cl, (50 equiv.) was generated by the dropwise addition of
concentrated HCI onto KMnOs as described by Leonard et al.®! but only a mix of
polychlorinated 1,4-dimethoxybenzenes were formed. At 200 equiv. of Clz, a mixture of
tetrachlorinated benzoquinone 11 and tetrachlorinated 1,4-dimethoxybenzene 12 was
formed (Table 3.1). Despite further doubling the equivalents of chlorine gas (400 equiv.),
full conversion to tetrachlorinated benzoquinone 11 was never achieved due to the
deactivation of the aromatic ring by the addition of four electron-withdrawing chlorine
groups (Table 3.1). This demonstrates the necessitation of an activated substrate such as

benzimidazoles to achieve full quinone formation with chlorine gas.

Table 3.1. The chlorination and oxidation of 1,4-dimethoxybenzene with Cl..

OMe 0] OMe
cly Cl Cl Cl Cl
> +
H,O, MeCN Cl Cl Cl Cl
OMe 0] OMe
11 12
Entry Clz equiv. GC-MS Yield (%)
11 12
1 200 53 a7
2 400 64 36

The more activated substrate of dichlorinated [1,4]oxazino[4,3-a]benzimidazole 6¢ was
subjected to Cl2 gas (50 equiv.) in acetonitrile with added water at 80 °C (Scheme 3.29).
The aromatic ether of benzimidazole 6¢ underwent a 2-electron oxidation using Cl. gas,
fully converting 6c¢ to the desired dihalogenated benzimidazolequinone 9c in a good vyield
of 73% (Scheme 3.29).
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Scheme 3.29. Halogenated dimethoxybenzimidazole 2-electron oxidation produces
benzimidazolequinone using Cl..

Next, it was decided to investigate if the formation of ring-fused dihalogenated
benzimidazolequinones could be effected by elemental X2, with or without water. Chlorine
gas was bubbled into a solution of anilines 5b-5e in MeCN containing added H>O (Table
3.2).

Table 3.2. Synthesis of dihalogenated benzimidazolequinones using elemental chlorine and
bromine.?

X2, Hzo, MeCN

5b-5e 9,10

aniline X Y n yield (%)
5b Cl CH» 1 9b, 41
Sc¢ Cl 0 1 9¢, 54
4 " " " 9¢, 47"
5d Cl CH» 2 9d, 71
Se Cl CH, 3 9e, 587
5b Br CH» 1 10b, 71
5d Br CH» 2 10d, 90
Se Br CH, 3 10e, 907

“Conditions: For synthesis of dichlorides: Sb-5¢ (1.0 mmol), Cl> (50.0 mmol), H.O
(1.8 mL), MeCN (10 mL), reflux, 10 min. For synthesis of dibromides: 5b, 5d, Se
(1.0 mmol), Brz (50 mmol), H,O (1.8 mL), MeCN (10 mL), 40 °C, 4 h. "H,0 (10.75 mL).
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Dichlorinated benzimidazolequinones 9b-9d were isolated, but in lower vyields in
comparison to the H.O2/HCI method, although 9e was given in a comparable yield of 58%
in this 10 min reflux reaction (Table 3.2). A comparative study, using 5¢ and Cl, was carried
out in an equivalent amount of water (10.75 mL) to the H2O2/HCI protocol but the yield of
9c¢ was decreased further from 54% to 47% (Table 3.2). Thus, an excess of water is required

but not to the extent of the H>O»/HCI method.

Moreover, yields deteriorated when the Cl» reaction was performed under anhydrous
conditions with inseparable over-chlorinated products detected by NMR and mass
spectrometry. Presumably, the absence of water leads to the predominant presence of Cl
(Scheme 3.2) which is a stronger oxidant than HOCI, resulting in a combination of chlorine
electrophilic addition and substitution reactions (Figure 3.7) that give over-chlorination.
Johnson et al. observed the formation of different isomers of pentachlorinated 1-
methylnapthalene when excess Cl, gas was used under protic or aprotic conditions to
chlorinate 1-methyl naphthalene (Scheme 3.30). 32 Johnson proposed that aprotic conditions
might promote a radical mechanism. In our case, anhydrous conditions could promote a

similar type of mechanism that results in chlorine electrophilic addition reactions.

H cl Me
H
Cl,, acetic acid Cl
‘ Protic H
Cl
Me H ClI ¢
Me CI
H
Cly Cl
Aprotic H
Cl
Cl Cl

Scheme 3.30. Formation of different pentachlorinated isomers in protic or aprotic
conditions with Cl gas.®?

In the optimization reactions for brominated quinone formation, the aniline 5b was treated
with varying equivalents of molecular bromine. The cyclized product 7b was obtained in
90% yield using 10 equivalents of Br. The subsequent reactions followed with incremental

increases in the amount of Brz (up to 40 equiv.) but still only produced 7b with no detection
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of the brominated quinone derivative 10b. Finally, using 50 equivalents of Br led to the
desired dibrominated benzimidazolequinone 10b in 71% yield (Table 3.2). Overall, higher
yields (71-90%) were achieved for the one-pot transformation giving dibrominated
benzimidazolequinones 10b, 10d and 10e using Br. and H2O at 40 °C for 4 h (Table 3.2),
when compared to the analogous Cl, reactions. This is indicative of the greater control

achieved with less reactive Br» that is not susceptible to over-bromination.

OMe o)
X NH X,, H,'80, MeCN X N\>j
\) -
X N Y X N Y
OMe —/ o) —
13¢,X=Cl,Y=0
6c, 7b 14b, X = Br, Y = CH,
. __Me S
& K oM g e
x N R %0) (0
P AN - HX X@[N\
X N \2 N>\\ >j
X", Y . N
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(09018 (. v 03X \_/
Me H ®~"Me ai5-H Me
X Q
l - MeOH H
180
X N
\)
X N>\\Y
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Reaction conditions: For dichloride 13c: 6¢ (0.07 mmol), Cl; (3.40 mmol), H.'®0 (0.14
mL), dried MeCN (0.73 mL), reflux, 10 min. For dibromide 14b: 7b (0.04 mmol), Br, (2.05
mmol), H2'#0 (0.08 mL), dried MeCN (1 mL), 40 °C, 4 h.

Scheme 3.31. Detecting the role of water in quinone formation with proposed mechanism.
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Finally, we investigated whether the quinone formation went through a two-step oxidative
demethylation or a direct one-step oxidation via hydroxylation intermediates. We had to
determine if cleavage occurred at the alkyl- or aryl-oxygen bond of the methyl ether. The
role of water in the quinone formation step is fundamental to understanding the mechanism
of action so labeled H2O was employed. 7,8-Dihalo-6,9-dimethoxybenzimidazoles 6¢
and 7b were respectively treated with Cl, and Brz (both 50 equiv.), and H2*0 (100 equiv.)
in dried MeCN under inert conditions (Scheme 3.31).

The formation of the doubly *80-labeled dihalogenated benzimidazolquinones 13c and 14b
was confirmed by EI-MS (Appendix, Figure A.2.1 and A.2.2). It follows that for both the
Cl2 and Br, mediated reactions, MeO-aryl bond cleavage occurred, and quinone formation
did not proceed through the hydroquinone (Scheme 3.31). The MeO-aryl bond cleavage
mechanism for quinone formation with Xz is consistent with that described in literature for
other reagents such as argentic oxide®® and CAN.%® A control experiment treating 7,8-
dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole-6,9-dione 9¢ with H2'80 for 4
h indicated no exchange.
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3.3.2.1. Electrochemical analysis of benzimidazolequinones

In collaboration with the Biomolecular Electronics Research Laboratory at NUI Galway,
the redox properties of our potential anti-cancer drugs was studied with the aim to
establish structure activity relationships.®® The redox properties of both halogenated and
non-halogenated pyrido[1,2-a]benzimidazolequinones were characterised by cyclic
voltammetry (CV). CV conditions of pyrido[1,2-a]benzimidazolequinones (5 mM) in the
aprotic solvent of DMF (vs. Fc/Fc*) with 0.1 M of the electrolyte tetrabutylammonium
perchlorate (TBAP) were employed. The CV work presented in Table 3.3 was performed
by Claire Elwood as part of her Master's thesis at NUI Galway.®® The pyrido[1,2-
a]benzimidazolequinone 15b which has been previously reported with cytotoxicity in the
nanomolar range under hypoxic conditions!® gave a formal potential of -0.92 V (Table
3.3). As expected, the placement of electron withdrawing chlorine and bromine groups
onto pyrido[1,2-a]benzimidazolequinone resulted in a more easily reduced quinone core.
The reduction potentials of the dihalogenated pyrido[1,2-a]benzimidazolequinones 9b and
10b are shifted approximately 0.22 V in the positive direction relative to the non-
halogenated analogue 15b (Table 3.3). There is a negligible difference in the formal
potentials for the chlorine and bromine pyrido[1,2-a]benzimidazolequinone analogues
probably due to their similar inductive effects (Table 3.3). The PhD candidate Lee-Ann
Keane (Aldabbagh group) carried out cytotoxicity assays to determine if there was any
correlation between the reduction potentials and the cytotoxic response of 9b, 10b, and

15b. The results will be discussed in her thesis.

Table 3.3. Formal potentials (E°") (V) (vs. (Fc/Fc™) for halogenated and non-halogenated
pyridobenzimidazolequinones in aprotic solvent of DMF.%

(@) (@) (@)
Cl N Br N N
A\ \ \
O oS
(@) (@) (@)
9b 10b 15b

Quinone E® (V)
9 -0.70
10b -0.71
15b -0.92
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3.3.3 Synthesis of 1-fluoro-2,5-dimethoxy-4-nitrobenzene

Fagan and Aldabbagh showed that the introduction of acyclic N-dibutyl substituents onto
[5,4-flimidazobenzimidazolequinones produces a greater cytotoxic response towards both
HelLa and DU-145 cancer cell lines when compared to that of alicyclic ring-fused [5,4-

flimidazobenzimidazolequinones (Figure 3.9).84

(0] O (0]
QN N <\\N N <\\N N
C N <\ N <\ N
N N N N N N\\>
(0] O (0]
HeLa: 1.67 £0.05puM HeLa: 1.28 +0.005 uM HeLa: 0.44 £0.04 uM
DU-145: 1.99 £ 0.39 uM DU-145: 1.35 £ 0.11 uyM DU-145: 1.34 £ 0.06 uM

Figure 3.9. The cytotoxicity comparison of acyclic vs cyclic substituted derivatives of
[5,4-flimidazobenzimidazolequinones.

Therefore we proposed a synthetic route to prepare 1,2-dibutylamino substituted
dihalogenated benzimidazolequinone 16 to assess the cytotoxicity profile relative to the
ring-fused analogues (Scheme 3.26), starting from either commercially available materials

of 1,4-dimethoxybenzene or 2-fluoro-1,4-dimethoxybenzene (Scheme 3.32).

o) OMe (J// OMe

X M C-X, C-N, FGl N
p—
X N NH,
O \‘\L‘ OMe OMe
16
FGI C-N
OMe OMe OMe H/ OMe
F o cN F FGI N~ Fal NO,
& ———— —
NO, NO, NO,
OMe OMe OMe OMe

Scheme 3.32. Retrosynthetic analysis of 1,2-dibutylamino substituted halogenated
benzimidazolequinone.
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The reaction of 1,4-dimethoxybenzene (Flurochem UK, £15 for 100 g) with nitric acid is
reported in literature and the major isomer 2,3-dinitro-1,4-dimethoxybenzene
predominates in isolated yields of 76-90% (Scheme 3.33a).”® & 8 2-Fluoro-1,4-
dimethoxybenzene is available from Fluorochem in the UK at £60 for 25 g and nitration
would give a suitably activated aromatic substrate for nucleophilic aromatic substitution
with dibutylamine (Scheme 3.32). Halogens are o, p-directing towards EAS due to
combination of the dual opposing effects of resonance and induction. The nitration of 2-
fluoro-1,4-dimethoxybenzene was expected to give the p-nitrated product 1-fluoro-2,5-
dimethoxy-4-nitrobenzene 18 as the major isomer due to the reduced electron density at
the o-position from fluorine induction, with 2-fluoro-1,4-dimethoxy-3-nitrobenzene 17 as
the minor product (Scheme 3.33b). However, nitration was p-selective giving only isomer
18 in high yield. This meant that the intended use of 3-nitro isomer 17 as the substrate for

nucleophilic aromatic substitution, could not be pursued due to regioselectivity of the

nitration.
(a)
OMe OMe OMe OMe
HNO3 NO, NO, NO,
+
0-100 °C, 2 h
NO, O,N
OMe OMe OMe OMe
I 76-90% Minor (not isolated)
®)  ome OMe OMe
F
' HNo, P,
_—
NO, O,N
OMe OMe OMe
17 18

Scheme 3.33. Predicted o- and p-nitration of 2-fluoro-1,4-dimethoxybenzene based upon
similar literature reaction of 1,4-dimethoxybenzene. 76 8 86

Treating 2-fluoro-1,4-dimethoxybenzene with nitric acid (64-66%) over 10 minutes at 0 °C
gave 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18 in 90% yield (Scheme 3.34). This is the
first reported synthesis and characterisation of 18, even though alleged commercial sources

exist.®’
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OMe OMe
F HNO,, 10 min, 0 °C F

O,N
OMe OMe

18, 90%
Scheme 3.34. Preparation of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18.

X-ray crystallography confirmed the location of the regioselective substitution
(Figure 3.10). The fluoro-substituent was found to be exclusively p-directing, in contrast to
the nitro group of the intermediate 1,4-dimethoxy-2-nitrobenzene I, which directs the
electrophile to the o-position to give 2,3-dinitro-1,4-dimethoxybenzene in the analogous
nitration of 1,4-dimethoxybenzene (Scheme 3.33a). Nitro groups are well-known to
participate in adjacent group coordination and reactions, especially under strong acidic
conditions that also favour their protonation.® In addition, the polarity of the solvent plays
a major role in determining whether the site of nitration on intermediate I is directed ortho

or para to the nitro group, with nitric acid (polar solvent) strongly o-directing.8®

Figure 3.10. The X-ray crystal structure of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18.
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An alternative route to the 1,2-dibutylamino substituted benzimidazolequinones, could
involve the introduction of dibutylamino onto the aromatic system before nitration occurs.
Cao and Lin have previously prepared N,N-dibutyl-2,5-dimethoxyaniline 19 in a moderate
yield of 45% by amination of the commercially available 2-fluoro-1,4-dimethoxybenzene
in the presence of n-butylithium at room temperature under inert conditions
(Scheme 3.35).% The treatment of N,N-dibutyl-2,5-dimethoxyaniline with nitric acid could
be envisaged to present issues of regioselectivity as evidenced with 1-fluoro-2,5-
dimethoxy-4-nitrobenzene 18. The bulkiness of the dibutylamino could direct
regioselectivity but MacLachlan and co-workers have demonstrated that solvent factors are
more prominent than steric ones for regioselectivity on the 1,4-dimethoxybenzene
system.®® Therefore, with more emphasis placed on solvent choice for nitration, an isomer

o-nitrated to the dibutylamine could be isolated in reasonable yields.

OMe OMe[/f/ OMe[/f/

P Dibutylamine, n-BuLi, THF N™" Nitration o D N
i, 0.5 h, Ar } SN
OMe OMe OMe
19, 45%

Scheme 3.35. Proposed amination of 2-fluoro-1,4-dimethoxybenzene followed by nitration
as a new route towards 1,2-dibutylamino substituted benzimidazolequinones.® %
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3.3.4. Nucleophilic reactions at fluorine site of 1-fluoro-2,5-dimethoxy-4-

nitrobenzene

The rate of nucleophilic aromatic substitution onto an arylfluoride is fastest of all in the
halogen series due to the high electronegativity of the fluorine atom that stabilises the
anionic intermediate at the rate determining step.®* However, a nitro substituted aromatic
has an even faster rate due to a greater anion stabilising ability exerted through resonance.
As the synthesis of the isomer 17 was not a viable option, 2,3-dinitro-1,4-
dimethoxybenzene was trialled as a substrate for nucleophilic aromatic substitution with
dibutylamine (Scheme 3.36a). 2,3-dinitro-1,4-dimethoxybenzene was added to neat
dibutylamine and was heated with stirring for three days at 120 °C. Unfortunately only a
trace amount of the substituted product was detected on TLC and GC-MS. To determine if
substitution at a position para to the nitro group is more favoured, 1-fluoro-2,5-dimethoxy-
4-nitrobenzene 18 was subjected to the same substitution conditions with dibutylamine as
2,3-dinitro-1,4-dimethoxybenzene (Scheme 3.36a). The reaction was monitored by GC-
MS and showed full conversion of 18 after 3 days, producing the regioselectively
substituted N,N-dibutyl-2,5-dimethoxy-4-nitroaniline 20 in a moderate yield of 60%
(Scheme 3.36b).

(a) OMe OMe
NO;  Dibutylamine NO,
NO, neat, 120 °C, 3 d N
OMe OMe i
(b)
OMe o OMe
O,N Dibutylamine 2

£ neat 120°C,3d NN
OMe OMe i
18 20, 60%

Scheme 3.36. Dibutylamine SyAr of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18.

The aromatic tethered piperazine compound shown in Scheme 3.37a has been reported in

literature using pentafluoropyridine in slight excess over piperazine to give a yield of
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52%.% This methodology was applied towards our phenyl methyl ether system, starting
with the substrate of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18 in three times excess
relative to piperazine in acetronitrile at reflux with the base of potassium carbonate to try
and produce 1,4-bis(2,5-dimethoxy-4-nitrophenyl)piperazine 21 (Scheme 3.37Db).

(a) F

HN.  NH . oo R F R F
FeoANF /o NabUs — /\ —
| N 7N MRV
EONNE N E MeCN, reflux, 5 h f—
F F F F

52%

(b)
OMe

/ N\ (0] (0]
HN NH
O,N N N X
\__/  ,KyCO3 ©2 ——~ ON S—¢
- s N N
MeCN, reflux N/\ OMe X _/ NO,
i (0] 0]

OMe K/N

21 NO,
OMe OMe

22

Scheme 3.37. Proposed approach to highly conjugated quinone via aromatic tethered
piperazines.®?

The synthetic intermediate 21 would then be used to access the highly conjugated
dihalogenated  diquinone (3,11-dinitro-6,7-dihydrobenzimidazo[2',1":3,4]pyrazino[1,2-
a]benzimidazole-1,4,9,12-tetrone) 22. This would occur via a sequence of nitration and
reduction which would be followed by a one-pot cyclization, halogenation and oxidation

similar to that in Scheme 3.26.

OMe /\ OMe
HN NH
O5N \ " K,CO4 O,N
F MeCN, reflux, 25 h OMe
OMe OMe
18 23, 33%

Scheme 3.38. Methoxylation of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18.
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To our surprise, no nucleophilic aromatic substitution occurred with piperazine but instead
nucleophilic displacement of the fluoride atom was carried out with a methoxy group to
form 1,2,4-trimethoxy-5-nitrobenzene 23 in a poor yield of 33% (Scheme 3.38). 1-Fluoro-
2,5-dimethoxy-4-nitrobenzene 18 was used in three times excess relative to piperazine and
presumably this is the source of the methoxide for nucleophilic displacement. X-ray
crystallography supported NMR data that the introduction of the methoxy group was

regioselectively at the 1-fluorine position and not at the 4-nitro position (Figure 3.11).

Figure 3.11. The X-ray crystal structure of 1,2,4-trimethoxy-5-nitrobenzene 23.

The methoxylation of aromatics traditionally involves the use of a methoxide salt in a
polar solvent and can be either transition metal-catalysed or metal-free.®® ° In one
particular case, the pentafluorobenzoyl chloride analogue of DNA base uracil was reacted
with methyl iodide in DMF alongside sodium carbonate at room temperature to develop
standards for gas chromatography analysis (Scheme 3.39).% The expected methylated
derivative was formed in 47% but the unexpected 3-(p-methoxytetrafluorobenzoyl)-I-
methyl derivative was obtained in 20% yield. From isotopic labeling, the oxygen source
for the methoxy group was determined to come from DMF and when the reaction solvent

was changed to acetonitrile, no p-methoxylation was observed.*®
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H -~ N/H Mel, Na,CO4 H~ N/CH3 H~ N’H
> +
0 o} DMF, rt, 3h o) ¢} o) e}
(0] CGF5 (0] CGF5 (@) CGF4OMe

47% 20%

Scheme 3.39. Unexpected methoxylation of pentafluorobenzoyl chloride derivative of
uracil owing to solvent of DMF.%

An alternative route to synthesize 1,4-bis(2,5-dimethoxy-4-nitrophenyl)piperazine 21
could involve a preparation analogous to that employed by Cao and Lin, which reacted
fluorobenzene with 2.5 equivalents of piperazine alongside the base of n-BuLi to furnish
1,4-diphenylpiperazine in 65% yield (Scheme 3.40).° The utilization of a strong base of n-
BuLi, combined with a reduced excess of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18
relative to piperazine could promote piperazine substitution instead of methoxylation.

HN

O Sl 500
F N N
_/

THF, rt, 0.5 h, Ar

65%

Scheme 3.40. The employment of strong base n-BuL.i to form aromatic tethered
piperazine.®
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3.4. Experimental

3.4.1. Materials

All chemicals were obtained from commercial sources and were used without
purification, except for MeCN (Honeywell CHROMASOLV™ reagent, >99.9%)),
which was distilled over CaH> (Acros, ca. 93%, extra pure, 0-2 mm grain size) for the
isotopic labeling experiments. 1,4-Dimethoxy-2,3-dinitrobenzene was prepared from
1,4-dimethoxybenzene (Sigma Aldrich 99% (GC)) and nitric acid (Honeywell
Fluka, 64-66%).7% % 3 6-dimethoxy-2-(cycloamino)anilines 5a, 5b, 5d, and 5e were
previously reported in Chapter 2 using the respective nucleophilic aromatic
substitutions of pyrrolidine (Acros, >99%), piperidine (Sigma Aldrich, 99%),
azepane (TClI, >98% (GC)) and azocane (TCI, >98% (GC)) onto 1,4-dimethoxy-2,3-
dinitrobenzene followed by reduction with iron powder (Sigma Aldrich, >99%, reduced,
powder (fine)).>® The o-cyclic tertiary amine substituted anilines 1a, 1c, and 1d were
prepared in the same manner as above starting with 1-chloro-4-methoxy-2-
nitrobenzene (TCI, >98% (GC)). H202 (Honeywell Fluka, 50% w/v in water,
stabilized), HBr (Honeywell Fluka, >48% w/v in water), HCI (Sigma Aldrich,
>37% w/v in water) and Brz (Sigma Aldrich, > 99%) were used as received. Cl2 (50
mmol) was generated by the dropwise addition of concentrated HCI onto KMnO4
(Sigma Aldrich, >99%) as described by Leonard et al® Thin layer
chromatography (TLC) was carried out on Merck TLC silica gel 60 Fss plates
using a UV lamp (A = 254 nm) for visualization. Flash column chromatography was

carried out using silica gel (Sigma Aldrich, technical grade, particle size 40-63 pm).
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3.4.2. Measurements

Melting point and Infrared spectroscopy: Melting points were measured on a Stuart
Scientific melting point apparatus SMP1. Infrared spectra were recorded using a Perkin-
Elmer Spec 1 with ATR attached.

High Resolution Mass Spectrometry (HRMS): HRMS was carried out using ESI time-
of-flight mass spectrometer (TOF-MS) using a Waters LCT Mass Spectrometry

instrument. The precision of all accurate mass measurements was better than 5 ppm.

Gas chromatography: GC-MS was used to monitor the formation of dihalogenated ring-
fused benzimidazoles and benzimidazolequinones from their respective anilines. GC-MS
analysis was performed on an Agilent 6890 Series GC system equipped with an Agilent
5975 Inert Mass Selective Detector (EI) and a DB-1, 30 m, ID 0.25 mm, FD 0.25 pm
column. The carrier gas used was He at a flow rate of 2.4 mL/min. The injector was heated
to 160 °C and the oven temperature was increased from 150 to 180 °C at the rate of 22
°C/min and was then further increased to 320 °C at 40 °C/min. This El detector was also

used for the isotopic labeling experiments to detect the incorporation of 20.

HPLC analysis: A Hewlett Packard series 1100 HPLC was equipped with a UV detector
operating at 254 nm and a Phenomenex® BondClone™ 10 um C18, 250 x 4.6 mm
column. The mobile phase was an isocratic MeCN/H2O system (90/10 eluent ratio was
used in Figure 3.5 and 80/20 eluent ratio was used in Figure 3.8) at a flow rate of 1.5 mL
min. The sample (5 pL) was injected by an automatic injector. The fractions were diluted
to 1 mg/L and the components identified by HRMS.

Nuclear Magnetic Resonance (NMR spectroscopy): NMR spectra were recorded using
a JEOL ECX 400 MHz instrument equipped with a Dell Precision 360 computer
workstation, except for the *H and *C NMR spectrum of 8f and *H spectrum of 10f, which
were recorded on a Varian VNMRS 500 MHz instrument. The chemical shifts are in ppm
relative to tetramethylsilane. *C NMR data have complete proton decoupling. NMR
assignments are supported by Distortionless Enhancement by Polarization Transfer
(DEPT) and H-'H and *H-13C correlation.
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Single crystal X-ray diffraction: Single crystals of 9a, 9c, 9d, 9f, 10a, 10d and 18 were
grown by slow evaporation from CHCl», while single crystals of 8fand 23 were grown by
liquid/liquid diffusion from CH2Cl./hexane. Single crystal data was collected using an
Oxford Diffraction Xcalibur system operated using the CrysAlisPro software and the data
collection temperature was controlled at 298 K using a Cryojet system from Rigaku
Oxford Diffraction. The crystal structures were solved using ShelxT version 2014/55,%
and refined using ShelxL version 2017/1,% both of which were operated within the Oscail
software package.®® Crystallographic data for compounds 8f, 9a, 9c, 9d, 9f, 10a, 10d and
18 were deposited with the Cambridge Crystallographic Data Centre with deposit numbers
of CCDC 1863030, CCDC 1863027, CCDC 1863026, CCDC 1863025, CCDC 1863029,
CCDC 1863024, CCDC 1863028 and CCDC 1819149 respectively. This data is available
free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax +44 1223
336033; or e-mail deposit@ccdc.cam.ac.uk).

Elemental Analysis: Elemental analysis was carried out on an Exeter Analytical CE-440

analyzer (Exeter Analytical, Coventry, UK).
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3.4.3. Compound data

3.4.3.1. Synthesis of ring-fused dihalogenated benzimidazoles 2a, 2c, 2d, 3c, 3d, and
4a using H202/HX

Reaction conditions are described in Scheme 3.18. EtOAc (20 mL) was added and the
solution was washed with NHsOH (10%, 2 x 10 mL). The organic extract was dried
(Na2SO4) and evaporated to dryness. Residues of products 2a, 2c, 3c, and 4a did not
require purification. Compounds 2d and 3d are oils, and were purified by column

chromatography with isocratic elution of pet. ether and EtOAc.

Cl

Meo:©:N

\

cl Nij

5,7-Dichloro-6-methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2a): 0.240 g,
93%; brown solid; mp 112-116 °C; vmax (neat, cm™) 2938, 1611, 1520, 1455, 1397, 1292,
1165, 1026; o4 (400 MHz, CDCls) 2.65-2.73 (m, 2H), 3.02 (t, J 7.6 Hz, 2H), 3.87 (s, 3H),
4.03 (t, J 7.1 Hz, 2H), 7.15 (s, 1H); o&c (100 MHz, CDClz) 23.7, 26.2, 43.3 (all CH>), 61.3

(Me), 108.9 (CH), 118.4, 123.1, 129.1, 145.4, 147.5, 163.2 (all C); HRMS (ESI) m/z (M +
H)*, C11H11N20**Cl; calcd. 257.0248, observed 257.0260.

Cl
MeO N
\

A0
2,4-Dichloro-3-methoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]benzimidazole (2¢):
0.254 g, 89%; brown solid; mp 158-160 °C; vmax (neat, cm™) 2927, 2848, 1513, 1474,
1437, 1403, 1344, 1198; on (400 MHz, CDClz) 1.72-1.78 (m, 4H), 1.86-1.89 (m, 2H), 3.08
(t, J 5.5 Hz, 2H), 3.86 (s, 3H), 4.03 (t, J 4.8 Hz, 2H), 7.15 (s, 1H); oc (100 MHz, CDCls)
25.2, 28.5, 29.9, 30.7, 45.2 (all CH2), 61.3 (Me), 108.4 (CH), 118.2, 123.5, 132.3, 138.8,

147.5, 159.5 (all C); HRMS (ESI) m/z (M + H)*, Ci3HisN20**Cl, calcd. 285.0573,
observed 285.0561.
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2,4-Dichloro-3-methoxy-6,7,8,9,10,11-hexahydroazocino[1,2-a]benzimidazole (2d):
0.232 g, 78%; clear oil; Rf 0.33 (50:50 EtOAcC / pet. ether); vmax (neat, cm™) 2930, 2857,
1508, 1461, 1421, 1404, 1354, 1304, 1201, 1176; ox (400 MHz, CDCIs3) 1.16-1.22 (m,
2H), 1.42-1.48 (m, 2H), 1.78 (quint, J 6.2 Hz, 2H), 1.83-1.89 (m, 2H), 2.98 (t, J 6.2 Hz,
2H), 3.88 (s, 3H), 4.14 (t, J 6.2 Hz, 2H), 7.17 (s, 1H); & (100 MHz, CDCls) 23.9, 25.5,
27.1, 29.6, 31.0, 42.0 (all CH>), 61.2 (Me), 108.5 (CH), 118.1, 123.3, 131.3, 140.0, 147.4,
158.7 (all C); HRMS (ESI) m/z (M + H)*, C1H17N20*Cl; calcd. 299.0718, observed
299.0731.

Br

MeO N

o
2,4-Dibromo-3-methoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]Jbenzimidazole ~ (3c):
0.298g, 80%); off-white solid; mp 196-198 °C; vmax (neat, cm™) 2933, 2855, 1507, 1470,
1449, 1428, 1398, 1339, 1193; &4 (400 MHz, CDCls) 1.78-1.84 (m, 4H), 1.91-1.93 (m,
2H), 3.12 (t, J 5.7 Hz, 2H), 3.90 (s, 3H), 4.07 (t, J 5.0 Hz, 2H), 7.41 (s, 1H); &c (100MHz,
CDCls) 25.3, 28.6, 30.1, 30.8, 45.2 (all CH), 61.3 (Me), 107.7, 111.6 (both C), 111.9

(CH), 132.9, 141.6, 149.2, 159.6 (all C); HRMS (ESI) m/z (M + H)*, CisH1sN20O"°Br;
calcd. 372.9551, observed 372.9561.

Br
MeO N
\

Br NO
2,4-Dibromo-3-methoxy-6,7,8,9,10,11-hexahydroazocino[1,2-a]benzimidazole  (3d):
0.271g, 70%; clear oil; Rf 0.30 (50:50 EtOAc / pet. ether); vmax (neat, cm™) 2929, 2855,
1506, 1456, 1417, 1402, 1245, 1202, 1148; o (400 MHz, CDCls) 1.18-1.23 (m, 2H), 1.44-

1.49 (m, 2H), 1.76-1.82 (m, 2H), 1.84-1.90 (m, 2H), 2.99 (t, J 6.2 Hz, 2H), 3.88 (s, 3H),
4.14 (t, J 6.0 Hz, 2H), 7.38 (s, 1H); & (100 MHz, CDCls) 23.9, 25.5, 27.1, 29.6, 31.0, 42.0
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(all CHy), 61.2 (Me), 107.7, 111.5 (both C), 112.1 (CH), 131.7, 142.3, 149.2, 158.7 (all C);
HRMS (ESI) m/z (M + H)*, C1aH17N20"°Br; calcd. 386.9708, observed 386.9715.

Br
MeO N
A\
Br N
Br

5,7,8-Tribromo-6-methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (4a): 0.370 g,
87%; off-white solid; mp 176-180 °C; vmax (neat, cm™) 2936, 1516, 1449, 1414, 1374,
1275, 1069; &4 (400 MHz, CDCls) 2.67-2.75 (m, 2H), 3.07 (t, J 7.8 Hz, 2H,), 3.90 (s, 3H),
4.46 (t, J 7.1 Hz, 2H); & (100 MHz, CDCls) 23.7, 26.0, 45.9 ( all CHy), 61.2 (Me), 105.1,
107.2, 115.4, 129.5, 147.0, 150.3, 163.7 (all C); HRMS (ESI) m/iz (M + H),
C11H10N20™Brs calcd. 422.8343, observed 422.8330.
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3.4.3.2. Preparation of 3,6-dimethoxy-2-(cycloamino)anilines 5¢ and 5f

OMe
NH»

OMe ,\@

3,6-Dimethoxy-2-(morpholin-4-yl)aniline (5c)

1,4-Dimethoxy-2,3-dinitrobenzene (4.00 g, 17.5 mmol), morpholine (6.09 g, 70.0 mmol)
and K>CO3z (12.10 g, 87.5 mmol) were stirred in MeCN (60 mL) at reflux for 3 days.
EtOAc (100 mL) was added and the organic layer washed with brine (80 mL). The organic
extract was dried (MgSOs), evaporated to dryness, and purified by column
chromatography with isocratic elution of pet. ether and EtOAc to give 4-(3,6-dimethoxy-2-
nitrophenyl)morpholine (1.83 g, 39%) as an orange solid; mp 148-150 °C (it.1®® mp 148-
149 °C); Rr 0.25 (40:60 EtOAcC / pet. ether); vmax (neat, cm™) 2938, 2851, 1538 (NO,),
1493, 1441, 1382 (NOz), 1259, 1109, 1036; o1 (400 MHz, CDCls) 2.71-3.29 (bs, 4H), 3.60
(t, J 4.3 Hz, 4H), 3.73 (s, 3H), 3.76 (s, 3H) 6.76 (d, J 9.2 Hz, 1H), 6.84 (d, J 9.2, 1H); &
(100 MHz, CDClIs) 50.5 (CH?>), 56.0, 56.7 (both Me), 67.6 (CH>), 110.1, 113.1, (both CH),
132.5, 142.1, 144.2, 152.8 (all C). HRMS (ESI) m/z (M + H)*, C1:H17N2Os calcd.
269.1137, observed 269.1124.

The above nitrobenzene (1.80 g, 6.7 mmol), Fe powder (1.20 g, 21.4 mmol) and NH4Cl
(0.187 g, 3.35 mmol) was stirred at reflux in ethanol (24 mL) and water (8 mL) for 16 h.
EtOAc (50 mL) was added to the cooled mixture, the organic layer washed with brine (2 x
20 mL), dried (MgSOQas), and evaporated to dryness. The residue was purified by column
chromatography with isocratic elution of pet. ether and EtOAc to give 5c¢ (1.29 g, 81%) as
a brown solid; mp 92-94 °C; R¢ 0.55 (50:50 EtOAC / pet. ether); vmax (neat, cm™) 3491,
3381, 2950, 2841, 1607, 1548, 1489, 1462, 1253, 1105, 1043; &4 (400 MHz, CDCls3) 2.61
(d, J 10.7 Hz, 2H), 3.57 (t, J 10.7 Hz, 2H), 3.69 (t, J 10.7 Hz, 2H), 3.75 (s, 3H), 3.79 (s,
3H), 3.89 (d, J 10.7 Hz, 2H), 4.36-4.48 (s, 2H, NH, DO exchange), 6.15 (d, J 8.9 Hz,
1H), 6.57 (d, J 8.9 Hz, 1H); & (100 MHz, CDClz) 50.2 (CH>), 55.3, 56.0 (both Me), 68.6
(CHy), 98.8, 107.8 (both CH), 125.3, 135.7, 142.0, 153.6 (all C). HRMS (ESI) m/z (M +
H)*, C12H19N203 calcd. 239.1396, observed 239.1386.
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OMe
NH,
N
OMe
2-(3,4-Dihydroisoquinolin-2(1H)-yl)-3,6-dimethoxyaniline (5f)

1,4-Dimethoxy-2,3-dinitrobenzene (2.00 g, 8.8 mmol), 1,2,3,4-tetrahydroisoquinoline
(THIQ, 4.68 g, 35.2 mmol) and K>COs (6.07 g, 44.0 mmol) were stirred in MeCN (30 mL)
at reflux for 3 days. EtOAc (50 mL) was added and the organic layer washed with brine
(40 mL). The organic extract was dried (MgSOa), evaporated to dryness, and purified by
column chromatography with isocratic elution of pet. ether and EtOAc to give 2-(3,6-
dimethoxy-2-nitrophenyl)-1,2,3,4-tetrahydroisoquinoline (1.85 g, 67%) as a yellow solid;
mp 180-182 °C; Rr 0.47 (20:80 EtOAc / pet. ether); vmax (neat, cm™) 2939, 2840, 1539
(NOz), 1494, 1454, 1380 (NO2), 1264, 1096, 1055; &+ (400 MHz, CDCIs) 2.88 (t, J 5.4 Hz,
2H), 3.35 (t, J 5.4 Hz, 2H), 3.81 (s, 3H), 3.83 (s, 3H), 4.29 (s, 2H), 6.82 (d, J 9.2 Hz, 1H),
6.92 (d, J 9.2, 1H), 6.97-6.98 (m, 1H), 7.12 (d, J 3.7 Hz, 3H); &c (100 MHz, CDCIs) 30.2,
48.6, 52.1 (all CH), 56.1, 56.8 (both Me), 109.8, 113.0, 125.6, 125.9, 126.2, 129.1 (all
CH), 1335, 134.6, 135.0, 142.2, 144.6, 152.9 (all C); HRMS (ESI) m/z (M + H),
C17H19N204 calcd. 315.1345, observed 315.1334.

The above nitrobenzene (1.80 g, 5.8 mmol) and Pd-C (10%, 5 mol%, 0.31 g) in
EtOAc/MeOH (80/20 mL) was stirred under 1 atm of H> at rt for 4 days. The catalyst was
removed by filtration and the filtrate was evaporated to dryness. The residue was purified
by column chromatography with isocratic elution of pet. ether and EtOAc to give 5f (1.26
g, 77%) as clear oil; R 0.30 (10:90 EtOAC / pet. ether); vmax (neat, cm™) 3477, 3370, 2918,
2834, 1604, 1549, 1489, 1463, 1253, 1101, 1053; & (400 MHz, CDCIs) 2.81-2.85 (m,
1H), 3.13-3.24 (m, 2H), 3.70-3.76 (m, 1H), 3.79 (s, 3H), 3.85 (s, 3H), 3.95 (d, J 15.1 Hz,
1H), 4.43 (s, 2H, NH,, D20 exchange), 4.60 (d, J 15.1 Hz, 1H), 6.24 (d, J 9.0 Hz, 1H),
6.64 (d, J 9.0 Hz, 1H), 7.05-7.07 (m, 1H), 7.16-7.22 (m, 3H); & (100 MHz, CDCls) 31.3,
48.7, 51.9 (all CHy), 55.5, 56.1 (both Me), 98.9, 107.7, 125.6 (all CH), 125.8 (C), 125.9,
126.5, 129.2 (all CH), 135.1, 135.9, 136.6, 142.1, 153.8 (all C); HRMS (ESI) m/z (M +
H)*, C17H21N202 calcd. 285.1603, observed 285.1606.
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3.4.3.3. Synthesis of ring-fused dihalogenated dimethoxybenzimidazoles 6a-6f and
7a-7f using H202/HX

Reaction conditions are described in Scheme 3.23. H20, was added in one addition to
anilines 5a-5f in MeCN/HX at rt. EtOAc (20 mL) was added and the solution was washed
with Na;COs (sat. sol., 2 x 10 mL). The organic extract was dried (MgSQO4) and
evaporated to dryness. Residues of products 6¢, 6d, 7c, 7d, and 7e did not require
purification. Products 6a, 6b, 7a, and 7b were recrystallized from Et,O. The residues of
6e, 6f, 7f, and 8f were purified by column chromatography with isocratic elution of pet.
ether and EtOAcC.

OMe
Cl N
>
cl N\\/o
OMe

7,8-Dichloro-6,9-dimethoxy-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole  (6c):
0.203 g, 67%; light brown solid; mp 168-170 °C; vmax (neat, cm™) 2952, 2841, 1604, 1525,
1491, 1467, 1445, 1421, 1386, 1275, 1097; & (400 MHz, CDCls) 3.89 (s, 3H), 4.13 (t, J
5.2 Hz, 2H), 4.17 (s, 3H), 4.37 (t, J 5.2 Hz, 2H), 4.96 (s, 2H, 1-CH2); & (100 MHz,
CDCls) 44.3 (CHy), 61.6, 62.6 (both Me), 64.0 (CH.), 65.5 (1-CH2), 118.1, 120.5, 127.8,
135.2, 138.6, 144.5, 148.2 (all C); HRMS (ESI) m/z (M + H)*, C12H13N205%°Cl; calcd.
303.0303, observed 303.0294.

OMe
Cl N

\)
Cl N
OMe

2,3-Dichloro-1,4-dimethoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]benzimidazole
(6d): 0.281 g, 89%; brown solid; mp 110-112 °C; vmax (neat, cm™) 2932, 1601, 1516,
1483, 1453, 1417, 1388, 1323, 1238; & (400 MHz, CDCl3) 1.78-1.93 (m, 6H), 3.10 (t, J
5.5 Hz, 2H), 3.89 (s, 3H), 4.20 (s, 3H), 4.46-4.62 (bs, 2H); & (100 MHz, CDCls) 25.4,
28.9, 29.7, 30.9, 45.5 (all CHy), 61.7 (2 x Me), 117.6, 120.7, 128.3, 135.4, 138.2, 144.4,
158.6 (all C); HRMS (ESI) m/z (M + H)*, C14H17N20,**Cl, calcd. 315.0667, observed
315.0655.
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Cl N

\
] N

OMe

9,10-Dichloro-8,11-dimethoxy-5,6-dihydrobenzimidazo[2,1-a]isoquinoline (6f): 0.178
g, 51%; light brown solid; mp 158-160 °C; Rf 0.44 (20:80 EtOAc / pet. ether); vmax (neat,
cm™) 2941, 1603, 1532, 1475, 1459, 1422, 1381, 1322, 1265; &4 (400 MHz, CDCls) 3.26
(t, J 6.8 Hz, 2H), 3.95 (s, 3H), 4.35 (s, 3H), 4.61 (t, J 6.8 Hz, 2H), 7.28-7.30 (m, 1H), 7.36-
7.41 (m, 2H), 8.25-8.27 (m, 1H); & (100 MHz, CDClIs) 28.5, 42.1 (both CH>), 61.7, 62.3
(both Me), 117.5, 120.9 (both C), 126.1, 127.8, 128.0 (all CH), 128.2 (C), 130.7 (CH),
134.4, 136.7, 138.3, 144.9, 149.5 (all C); HRMS (ESI) m/z (M + H)*, C17H1sN20,*°Cl,
calcd. 349.0511, observed 349.0524.

OMe

N
\
cl Nﬁ

OMe

9-Chloro-8,11-dimethoxy-5,6-dihydrobenzimidazo[2,1-a]isoquinoline (8f): 0.188 g,
60%; white solid; mp 144-147 °C; Rs 0.30 (20:80 EtOAc / pet. ether); vmax (neat, cm™)
2970, 2936, 1606, 1597, 1508, 1483, 1458, 1392, 1312, 1262, 1216; &4 (500 MHz, CDCls)
3.27 (t, J 6.8 Hz, 2H), 3.95 (s, 3H), 4.00 (s, 3H), 4.64 (t, J 6.8 Hz, 2H), 6.64 (s, 1H), 7.28-
7.30 (m, 1H), 7.37-7.39 (m, 2H), 8.36-8.37 (m, 1H); & (125 MHz, CDCls) 28.6, 42.0
(both CHy), 56.1, 62.2 (both Me), 104.3 (CH), 120.8 (C), 126.0 (CH), 126.4 (C), 127.6,
127.8 (both CH), 128.8 (C), 130.1 (CH), 134.0, 134.7, 136.5, 147.9, 148.7 (all C); HRMS
(ESI) m/z (M + H)", C17H16N20,%Cl calcd. 315.0900, observed 315.0885.

OMe
Br N
>
Br N\\/O
OMe

7,8-Dibromo-6,9-dimethoxy-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole  (7¢):
0.348 g, 89%; brown solid; mp 156-158 °C; vmax (neat, cm™) 2980, 2948, 2836, 1599,
1521, 1485, 1464, 1414, 1385, 1300, 1068; o+ (400 MHz, CDClz) 3.91 (s, 3H), 4.16 (t, J
5.4 Hz, 2H), 4.20 (s, 3H), 4.42 (t, J 5.4 Hz, 2H), 5.00 (s, 2H, 1-CH2); & (100 MHz,
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CDCls) 44.3 (CHy), 61.6, 62.7 (both Me), 64.1 (CH2), 65.6 (1-CHy), 110.9, 113.4, 128.8,
136.2, 139.9, 146.0, 148.1 (all C); HRMS (ESI) m/iz (M + H)*, C12H1sN205Br, calcd.
390.9293, observed 390.9298.

OMe
Br N

N
Br N
OMe

2,3-Dibromo-1,4-dimethoxy-7,8,9,10-tetrahydro-6H-azepino[1,2-a]Jbenzimidazole
(7d): 0.372 g, 92%; brown solid; mp 124-126 °C; vmax (neat, cm™) 2930, 1594, 1522,
1478, 1460, 1414, 1382, 1309, 1232; & (400 MHz, CDCls) 1.75-1.91 (m, 6H), 3.07 (t, J
5.7 Hz, 2H), 3.84 (s, 3H), 4.17 (s, 3H), 4.39-4.61 (bs, 2H); & (100 MHz, CDCls) 25.4,
28.9, 29.7, 30.9, 45.4 (all CHy), 61.6, 61.7 (both Me), 110.1, 113.5, 129.2, 136.4, 139.4,
145.8, 158.5 (all C); HRMS (ESI) m/z (M + H)*, C14H17N20."°Br'Br calcd. 404.9636,
observed 404.9643.

OMe
Br N

A\
Br N

OMe
9,10-Dibromo-8,11-dimethoxy-5,6-dihydrobenzimidazo[2,1-a]isoquinoline (7f): 0.320
g, 73%; light brown solid; mp 172-174 °C; R 0.39 (20:80 EtOAc / pet. ether); vmax (neat,
cm) 2934, 1597, 1525, 1469, 1455, 1414, 1378, 1307, 1261; & (400 MHz, CDCls) 3.26
(t, J 6.8 Hz, 2H), 3.93 (s, 3H), 4.34 (s, 3H), 4.61 (t, J 6.8 Hz, 2H), 7.28-7.30 (m, 1H), 7.36-
7.42 (m, 2H), 8.26-8.28 (m, 1H); &c (100 MHz, CDClIs) 28.6, 42.2 (both CH>), 61.7, 62.4
(both Me), 110.2, 113.7 (both C), 126.1, 127.8, 128.0 (all CH), 129.1 (C), 130.7 (CH),
134.4, 137.5, 139.6, 146.2, 149.4 (all C); HRMS (ESI) m/z (M + H)*, C17H15N202"°Bré'Br
calcd. 438.9480, observed 438.9463.
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3.4.3.4. Synthesis of ring-fused dihalogenated benzimidazolequinones 9a-9f and 10a-
10f using H202/HX

Reaction conditions are described in Scheme 3.26. H20. was added in one addition to
anilines 5a-5f in MeCN/HX at rt. The solution was cooled, Na,COs (sat. sol. 20 mL) added,
and extracted with CHxCl> (5 x 20 mL). The combined organic extracts were dried
(MgSOas), evaporated to dryness, and purified by column chromatography with isocratic

elution of pet. ether and EtOAc or CH2Cl.. Compound 10a did not require purification.

O

Cl N
\

Cl sz

O
6,7-Dichloro-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole-5,8-dione (9a): 0.187 g,
73%:; orange solid; mp (dec. > 224 °C); R;0.31 (50:50 EtOAC / CH2Cl2); Vimax (neat, cm™)
2972, 1686 (C=0), 1670 (C=0), 1556, 1507, 1476, 1295, 1247, 1146, 1126, 1069; &4
(400 MHz, CDCl3) 2.76 (quint, J 7.6 Hz, 2H), 3.01 (t, J 7.6 Hz, 2H), 4.29 (t, J 7.6 Hz,
2H); 8¢ (100 MHz, CDCls) 23.1, 26.4, 45.6 (all CH,), 128.9, 139.5, 141.5, 145.7, 162.3

(all C), 168.1, 171.1 (both C=0); HRMS (ESI) m/z (M + H)*, CioH;N,0,3Cl, calcd.
256.9885, observed 256.9889.

Cl N

\
Cl N

o]

7,8-Dichloro-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole-6,9-dione (9b): 0.205 g,
76%:; orange solid; mp 200-202 °C; R¢ 0.46 (50:50 EtOAC / CH2Cl2); Vimax (neat, cm™)
2955, 2872, 1676 (C=0), 1528, 1509, 1476, 1243, 1157, 1139, 1085; &4 (400 MHz,
CDCl3) 1.96-2.03 (m, 2H), 2.05-2.11 (m, 2H), 3.02 (t, J 6.4 Hz, 2H), 4.33 (t, J 6.2 Hz,
2H); dc (100 MHz, CDCIs) 19.6, 22.1, 25.0, 45.9 (all CHy), 129.5, 140.2, 140.8, 141.2,
153.6 (all C), 168.3, 171.3 (both C=0); HRMS (ESI) m/z (M + H)*, C1;HeN,O, *Cl,
calcd. 271.0041, observed 271.0047.
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7,8-Dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole-6,9-dione (9c¢): 0.169
g, 62%; orange solid; mp 246-248 °C; Rs 0.48 (20:80 EtOAc / CH2Cl2); vmax (neat, cm™)
3354, 2939, 2887, 1694 (C=0), 1674 (C=0), 1552, 1482, 1437, 1313, 1223, 1170, 1148,
1097; &4 (400 MHz, DMSO-ds) 4.04 (t, J 5.1 Hz, 2H), 4.28 (t, J 5.1 Hz, 2H), 4.89 (s, 2H,
1-CH2); & (100 MHz, DMSO-ds) 45.3, 63.2 (both CH2), 64.4 (1-CH), 130.6, 139.7,
140.4, 149.6 (all C), 168.3, 171.5 (both C=0); HRMS (ESI) m/z (M + H)*,
C10H7N203*Cl; calcd. 272.9834, observed 272.9846.

(0]
Cl N
N\
cl N
(e}

2,3-Dichloro-7,8,9,10-tetrahydro-4H-azepino[1,2-a]Jbenzimidazole-1,4(6H)-dione (9d):
0.228 g, 80%; yellow solid; mp 168-170 °C; Rf 0.32 (50:50 EtOAC / pet. ether); vmax (neat,
cm) 2929, 2850, 1673 (C=0), 1526, 1472, 1432, 1322, 1263, 1154, 1130; & (400 MHz,
CDCl3) 1.73-1.93 (m, 6H), 3.04 (t, J 5.5 Hz, 2H), 4.59 (t, J 4.4 Hz, 2H); & (100 MHz,
CDCls) 24.7, 28.1, 29.4, 30.7, 46.5 (all CH), 129.8, 140.4, 140.6, 159.9 (all C), 168.8,
171.3 (both C=0); HRMS (ESI) m/z (M + H)*, C12H11N20,*Cl, calcd. 285.0198,
observed 285.0187.

Cl N

\
Cl N

0]
9,10-Dichloro-5,6-dihydrobenzimidazo[2,1-a]isoquinoline-8,11-dione  (9f): 0.179 g,
56%; red solid; mp 296-298 °C; R 0.29 (20:80 EtOAcC / pet. ether); vmax (neat, cm™) 3400,
1688 (C=0), 1673 (C=0), 1563, 1522, 1491, 1467, 1427, 1321, 1276, 1217, 1169, 1148;
&4 (400 MHz, CDCls) 3.25 (t, J 7.1 Hz, 2H), 4.66 (t, J 7.1 Hz, 2H), 7.31 (d, J 7.3 Hz, 1H),
7.39-7.48 (m, 2H), 8.21 (dd, J 1.6, 7.6 Hz, 1H); & (100 MHz, CDCls) 27.6, 42.8 (both
CHy), 124.6 (C), 126.2 (CH), 128.2 (2 x CH), 129.5 (C), 131.7 (CH), 133.8, 140.4, 141.2,
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1421, 1508 (all C), 168.6, 171.3 (both C=0); HRMS (ESI) m/iz (M + H)*,
C15HaN20,%°Cl» caled. 319.0041, observed 319.0030.

(@]
Br N
\
Br N
(0]

6,7-Dibromo-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole-5,8-dione (10a): 0.280 g,
81%; orange solid; mp (dec. >218 °C); vmax (neat, cm™) 3125, 3032, 2949, 1684 (C=0),
1657 (C=0), 1500, 1474, 1402, 1294, 1242, 1125; & (400 MHz, CDCIs) 2.76 (quint, J 7.5
Hz, 2H), 3.00 (t, J 7.5 Hz, 2H), 4.28 (t, J 7.5 Hz, 2H); & (100 MHz, CDCls) 23.1, 26.4,
455 (all CHy), 128.6, 138.0, 140.6, 145.4, 162.1 (all C), 168.0, 170.9 (both C=0); HRMS
(ESI) m/z (M + H)*, C10H7N20,"°Br®'Br calcd 346.8854, observed 346.8856.

(0]
Br N
\
Br N
(0]

7,8-Dibromo-1,2,3,4-tetrahydropyrido[1,2-a]benzimidazole-6,9-dione (10b): 0.266 g,
74%; orange solid; mp 221-223 °C; Rr 0.41 (50:50 EtOAc / CH2Cly); vmax (neat, cm™)
2955, 2872, 1676 (C=0), 1528, 1509, 1476, 1243, 1157, 1139, 1085; & (400 MHz,
CDCl3) 1.95-2.01 (m, 2H), 2.04-2.10 (m, 2H), 3.01 (t, J 6.4 Hz, 2H), 4.32 (t, J 6.2 Hz,
2H); & (100 MHz, CDCls) 19.6, 22.1, 25.0, 45.9 (all CHy), 129.3, 139.0, 139.7, 141.0,
153.4 (all C), 168.2, 171.2 (both C=0); HRMS (ESI) m/z (M + H)*, C11HeN20,"°Bré'Br
calcd. 360.9010, observed 360.9009.

Br N
\

AR

@)

7,8-Dibromo-3,4-dihydro-1H-[1,4]oxazino[4,3-a]benzimidazole-6,9-dione (10c): 0.242

g, 67%; orange solid; mp (dec. >215 °C); Rt 0.35 (20:80 EtOAc / CH2Cl); vmax (neat, cm’

1)y 2931, 2883, 1687 (C=0), 1667 (C=0), 1515, 1480, 1435, 1309, 1219, 1130, 1092; &
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(400 MHz, DMSO-dg) 4.03 (t, J 4.7 Hz, 2H), 4.27 (t, J 4.7 Hz, 2H), 4.88 (s, 2H, 1-CHy);
& (100 MHz, DMSO-ds) 45.2, 63.2 (both CHy), 64.4 (1-CH>), 130.4, 138.9, 139.8, 140.1,
149.4 (all C), 168.5, 171.6 (both C=0); HRMS (ESI) m/z (M + H)*, C1o0H7N20:"°Bré'Br
calcd. 362.8803, observed 362.8802.

2,3-Dibromo-7,8,9,10-tetrahydro-4H-azepino[1,2-a]benzimidazole-1,4(6H)-dione
(10d): 0.322 g, 86%; orange solid; mp 216-218 °C; Rf 0.32 (50:50 EtOACc / pet. ether); vmax
(neat, cm™) 2937, 1686 (C=0), 1666 (C=0), 1512, 1476, 1438, 1315, 1260, 1130, 1105;
oH (400 MHz, CDCls) 1.69-1.90 (m, 6H), 2.99 (t, J 5.5 Hz, 2H), 4.54 (t, J 4.4 Hz, 2H); &
(100 MHz, CDCls) 24.7, 28.0, 29.3, 30.6, 46.4 (all CH2), 129.5, 139.2, 139.5, 140.3, 159.7
(all C), 168.6, 171.1 (both C=0); HRMS (ESI) m/z (M + H)*, C12H11N202"°Bré'Br calcd.
374.9167, observed 374.9156.

Br N

N
Br N

o]
9,10-Dibromo-5,6-dihydrobenzimidazo[2,1-a]isoquinoline-8,11-dione (10f): 0.277 g,
68%; red solid; mp 274-276 °C; R 0.48 (CH2Cl2); vmax (neat, cm™?) 1679 (C=0), 1664
(C=0), 1517, 1490, 1491, 1459, 1437, 1424, 1279, 1238, 1126, 1107; 6 (500 MHz,
DMSO-ds) 3.22 (t, J 7.1 Hz, 2H), 4.56 (t, J 7.1 Hz, 2H), 7.42-7.44 (m, 2H), 7.47-7.50 (m,
1H), 7.99-8.00 (m, 1H); &c (100 MHz, DMSO-ds) 27.2, 42.7 (both CH?2), 125.0 (C), 125.4,
128.3, 129.0 (all CH), 130.4 (C), 131.7 (CH), 135.2, 139.3, 139.8, 141.3, 149.6 (all C),
168.8, 171.7 (both C=0); HRMS (ESI) m/z (M + H)*, C1sHoN20,"°Br®'Br calcd. 408.9010,
observed 408.8994.
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3.4.3.5. Synthesis of ring-fused dihalogenated benzimidazolequinones using Cl2 and
Brz

Reaction conditions are described in Table 3.2 and the relevant workup is detailed for each

molecular halogen below:

For Clz2: The solution was flushed through with N2 gas, CH.Cl, (40 mL) was added to the
cooled solution and washed with brine (2 x 10 mL). The organic layer was dried (MgSQa),
evaporated to dryness, and purified by column chromatography with isocratic elution of
pet. ether and EtOAC.

For Br2: CH2Cl2 (40 mL) was added and the solution was washed with Na,COs (sat. sol., 5
x 20 mL). The organic layer was dried (MgSQOas), evaporated to dryness, and purified by

column chromatography with isocratic elution of pet. ether and EtOAC.

3.4.3.6. The role of water in quinone formation using isotopic labeling with H2'80

Reaction conditions are described in Scheme 3.31 and the relevant workup is detailed for

each molecular halogen below:

For Clz: The solution was flushed through with N2 gas, CH2Cl, (20 mL) was added to the
cooled solution and washed with brine (2 mL). The organic layer was dried (MgSQa),

evaporated to dryness, and then the sample was evaluated using EI mass spectrometry.
For Brz2: CH2Cl2 (10 mL) was added and the solution was washed with Na,COs (sat. sol., 3

x 2 mL). The organic layer was dried (MgSQO4), and then the sample was evaluated using

El mass spectrometry.
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3.4.3.7 Synthesis of 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18

OMe OMe
F HNO,, 10 min, 0 °C F

O,N
OMe OMe

2-Fluoro-1,4-dimethoxybenzene (16.00 g, 0.10 mol) was slowly added to a stirred solution
of HNO3 (64-66%, 143 mL) at 0 °C. The solution was stirred for 10 min, poured onto ice
water (600 mL), and stirred for 30 min. The precipitate was collected, washed with water,
and dried to give the final product 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18 (18.63 g,
90%), as a yellow solid; mp 116-118 °C; GC-EIMS m/z: 201 [M]" (100), 154 (48), 141
(39), 125 (65), 97 (68), 95 (48), 69 (34); vmax (neat, cm™) 3073, 2974, 2944, 1640, 1506
(NO2), 1450, 1351 (NO2), 1285, 1223, 1194, 1081, 1024; & (400 MHz, CDCls) 3.90 (s,
3H, Me), 3.92 (s, 3H, Me), 6.88 (d, J 12.2 Hz, 1H, 6-H), 7.62 (d, J 9.2 Hz, 1H, 3-H); &
(100 MHz, CDClz3) 57.0, 57.3 (both Me), 103.0 (d, J 24.8 Hz, 6-CH), 111.4 (d, J 3.8 Hz, 3-
CH), 134.4 (4-C), 141.1 (d, J 11.4 Hz, C), 149.0 (d, J 9.5 Hz, C), 155.8 (d, J 255.5 Hz, 1-
C). Anal. Calcd for CgHgFNO4: C, 47.77; H, 4.01; N, 6.96. Found: C, 47.67; H, 3.92; N,
6.79.

3.4.3.8. Synthesis of N,N-dibutyl-2,5-dimethoxy-4-nitroaniline 20

Dibutylamine, neat ~_~_N

NO, NO,
OMe OMe

1-Fluoro-2,5-dimethoxy-4-nitrobenzene 18 (3.00 g, 14.9 mmol) was added as a solid to
stirred neat dibutylamine (11.55 g, 89.6 mmol) at 120 °C. The mixture was maintained at
120 °C for 3 d with stirring until completion of the reaction. The excess dibutylamine was
distilled off, EtOAc (60 mL) was added and the organic layer washed with brine (3 x 10
mL). The organic extract was dried (MgSOs), evaporated to dryness, and purified by
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column chromatography with isocratic elution of pet. ether and EtOAc to give N,N-
dibutyl-2,5-dimethoxy-4-nitroaniline 20 (2.80 g, 60%) as a dark yellow oil; Rf 0.34 (10:90
EtOAcC / pet. ether); vmax (neat, cm™); 2956, 2871, 1738, 1608, 1569, 1513, 1448, 1316,
1240, 1211, 1085, 1031; &+ (400 MHz, CDCls) 0.92 (t, J 7.3 Hz, 6H), 1.26-1.36 (m, 4H),
1.52-1.59 (m, 4H), 3.33 (t, J 7.8 Hz, 4H), 3.81 (s, 3H), 3.91 (s, 3H), 6.27 (s, 1H), 7.56 (s,
1H); éc (100 MHz, CDCIlz) 14.0 (Me), 20.4, 29.9, 52.4 (all CH), 56.3, 56.8 (both Me),
101.4, 110.2 (both CH), 128.4, 143.7, 147.3, 151.2 (all C). HRMS (ESI) m/z (M + H)*,
C16H27N204 calcd. 311.1971, observed 311.1971.

3.4.3.9. Synthesis of 1,2,4-trimethoxy-5-nitrobenzene 23

OMe /\ OMe

HN  NH
O,N M kco,  ON

F MeCN OMe
OMe OMe

1-Fluoro-2,5-dimethoxy-4-nitrobenzene 18 (1.00 g, 4.98 mmol), piperazine (0.143 g, 1.66
mmol) and K>COs (0.920 g, 6.60 mmol) were stirred in MeCN (10 mL) at reflux for 25 h.
EtOAc (20 mL) was added and the organic layer washed with brine (2 x 10 mL). The
organic extract was dried (MgSO4), evaporated to dryness, and purified by column
chromatography with isocratic elution of pet. ether and EtOAc to give 1,2,4-trimethoxy-5-
nitrobenzene 23 (0.351 g, 33%) as a yellow solid; mp 130-132 °C (lit.1°* mp 126-127 °C);
GC-EIMS m/z: 213 [M]* (100), 198 (29), 166 (16), 137 (37), 125 (19), 109 (34), 94 (13),
77(25), 66 (20), 53 (22); Rr 0.27 (30:70 EtOAC / pet. ether); vmax (neat, cm™); 3010, 2921,
1621, 1585, 1518, 1494, 1436, 1338, 1264, 1213, 1085, 1013; &4 (400 MHz, CDCls) 3.84
(s, 3H), 3.93 (s, 3H), 3.94 (s, 3H), 6.52 (s, 1H), 7.51(s, 1H); & (100 MHz, CDCls), 56.5,
56.6, 57.2 (all Me), 97.5, 108.9 (both CH), 130.8, 142.4, 150.5, 154.9 (all C).
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3.5. Conclusions

The one-pot protocol of H.O2/HX facilitated dihalogenation and oxidative cyclizations of
both ring-expanded and ring-contracted o-cycloamino substituted anilines to form the
corresponding selectively halogenated benzimidazoles, avoiding the requirement of late-

stage halogenation.

H>02/HX has led to an unprecedented one-pot 6-electron oxidative transformation to yield
a new series of ring-fused dihalogenated benzimidazolequinones. The reaction follows the
order of halogenation, cyclization and oxidative demethylation as shown by reaction
profiling of 2-(3,4-dihydroisoquinolin-2(1H)-yl)-3,6-dimethoxyaniline 5f with HPLC and
HRMS. Halogenation was regioselective onto the aromatic ethers for the THIQ analogues
in the presence of an additional fused aromatic ring. The molecular halogens (X2) with
added water were capable of oxidizing 3,6-dimethoxy-2-(cycloamino)anilines to the
corresponding dihalogenated benzimidazolequinones in comparable yields to the HoO»/HX
methodology. H2O2/HCI produces Cl» in situ and it is the active species in the oxidative
transformation of 3,6-dimethoxy-2-(cycloamino)anilines due to the inability of HCI to
demethylate aromatic ethers. On the other hand, Br, generated in situ from H>O./HBr,
alongside the demethylating agent of HBr are likely to be the active species in the
analogous oxidative transformation. Isotopic labeling with H»'*O formed doubly labeled
dihalogenated benzimidazolequinones and proved that the oxidation of aromatic ethers
with either Cl2 or Br; proceeds through a one-step mechanism involving hydroxylation.
The H2O2/HX protocol was found to be tunable by adjusting the molar ratio of HX relative
to H»0,. The selective formation of a new series of ring-fused dihalogenated
dimethoxybenzimidazoles was achieved without additional oxidation to the quinone when

a higher molar ratio of H>O»> relative to HX was employed.

As part of a potential route towards biologically relevant 1,2-acyclic substituted
benzimidazolequinones, nitration of 2-fluoro-1,4-dimethoxybenzene unexpectedly formed
the p-nitrated product 1-fluoro-2,5-dimethoxy-4-nitrobenzene 18 exclusively. The nitrated
compound was capable of undergoing nucleophilic substitution with dibutylamine and

when 18 was used in excess facilitated the introduction of a methoxy group.
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3.6. Future work

The pyrido[1,2-a]benzimidazolequinones (Table 3.3) were more easily reduced when
substituted with halogen groups relative to the non-halogenated analogue in cyclic
voltammetry studies. Fluorine is the most electronegative in the halogen series and
therefore its introduction on a benzimidazolequinone motif could produce quinones that
are highly activated towards NQO1 due to possible ease of reduction. In addition, fluorine
atoms are highly prevalent on pharmaceutical drugs as they improve metabolic stability,
enhance physicochemical properties and alter bioavailability.!> Unfortunately, the
electrophilic fluorination of aromatics with hydrofluoric acid (HF) and H20: is not

possible due to the high oxidation potential of HF.?!

Alternative electrophilic fluorine sources such as 1-(chloromethyl)-4-fluoro-1,4-
diazabicyclo[2.2.2]octane-1,4-diium ditetrafluoroborate (Selectfluor) could be used to
carry out the oxidative transformation of 3,6-dimethoxy-2-(cycloamino)anilines via a
sequence of cyclization, fluorination and oxidative demethylation (Scheme 3.41).
Selectfluor is considered a stable and hazard-free source of fluorine in contrast to other
hazardous and toxic sources of electrophilic fluorine such as F», FCIO3;, CF;OF and
XeF,.!'% Selectfluor has dual functionality and apart from fluorination can participate in

the oxidations of aromatic ethers,'*

phenols, alcohols, oxidative iodination of aromatics,
ring-opening of epoxides and deprotection of functional groups.'® Selectfluor is the
reagent of choice in the pharmaceutical industry with approximately 80% of all steroids

fluorinated with it.!%

E
[&] 2BF,
T

Cl

Selectfluor™

Scheme 3.41. Selectfluor as a proposed electrophilic source of fluorine to form fluorinated
benzimidazolequinones.
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Chapter 4

Evaluation of Benzo[1,2,4]triazin-7-ones as Thioredoxin

Reductase (TrxR) Inhibitors and their Anti-cancer Activity
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i:!)\':’\ﬂn:::m compound 1,3-diphenylbenzo[1,2,4]triazin-7-one was more cytotoxic against cancer cell lines, Benzo-
Bioreduction [1,24)triazin-7-ones exhibited different types of reversible inhibition of TrxR, and cyclic voltammetry
Heterocyclic compound showed characteristic quasi-reversible redox processes. Cell viability studies indicated strong dependence
NCI-DTP COMPARE program of cytotoxicity on substitution at the 6-position of the 1,3-diphenylbenzo[ 1,2 4]triazin-7-one ring.

@ 2016 Elsevier Ltd. All rights reserved.

149



The TrxR inhibition study assays were solely carried out by the author of this thesis. The
cytotoxicity assays performed by the author of this thesis are denoted by the symbol: T and
the remaining cytotoxicity assays were performed as part of the thesis of Robert Coyle
(PhD, NUI Galway 2014).

molecules M

Article

Anti-Cancer Activity of Phenyl and Pyrid-2-yl
1,3-Substituted Benzol1,2,4]triazin-7-ones and Stable
Free Radical Precursors

Lee-Ann J. Keane ', Styliana I. Mirallai !, Martin Sweeney !, Michael P. Carty 2,
Georgia A. Zissimou >, Andrey A. Berezin %, Panayiotis A. Koutentis *
and Fawaz Aldabbagh 14*

1 School of Chemistry, National University of Ireland Galway, University Road, 1191 TK3 Galway, Ireland;

Lkeanel9@nuigalway.ie (L-A J.K.); styliana.mirallai@nuigalway.ie (S.1.M.); m.sweeney5@nuigalway.ie (M.S.)
Biochemistry, School of Natural Sciences, National University of Ireland Galway, University Road,

H91 TK33 Galway, Ireland; michael.carty@nuigalway.ie

Department of Chemistry, University of Cyprus, PO. Box 20537, Nicosia 1678, Cyprus;
zissimou.georgia@ucy.ac.cy (G.A.Z.); berezin@ucy.ac.cy (A.A.B.); koutenti@ucy.ac.cy (PAK.)

Department of Pharmacy, School of Life Sciences, Pharmacy and Chemistry, Kingston University,

Penrhyn Road, Kingston upon Thames, KT1 2EE, UK

*  Correspondence: faldabbagh@kingston.ac.uk; Tel.: +44-20-8417-2528

o

Received: 6 February 2018; Accepted: 28 February 2018; Published: 3 March 2018

Abstract: Cell viability studies for benzo[1,2 4]triazin-7-ones and 1,2 4-benzotriazinyl (Blatter-type)
radical precursors are described with comparisons made with 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPQ). All of the stable free radicals were several orders of magnitude less cytotoxic than
the benzo[1,2 4] triazin-7-ones. The synthesis and evaluation of two new pyrid-2-yl benzo[1,2,4]
triazin-7-ones are described, where altering the 1,3-substitution from phenyl to pyrid-2-yl increased
cytotoxicity against most cancer cell lines, as indicated using National Cancer Institute (NCI) one-dose
testing. COMPARE analysis of five-dose testing data from the NCI showed very strong correlations
to the naturally occurring anti-cancer compound pleurotin. COMPARE is program, which analyzes
similarities in cytotoxicity data of compounds, and enables quantitative expression as Pearson
correlation coefficients. Compounds were also evaluated using the independent MTT assay, which
was compared with SRB assay data generated at the NCIL

Keywords: anti-tumour; blatter-type radical; heterocyclic compound; NCI; pleurotin; TEMPO

The author of this thesis analyzed the data of 3a & 3b generated from the COMPARE
program and DTP-NCI 60 cell line screen with findings presented in Section 4.3.6 of this
Chapter.
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4.1. Introduction

4.1.1. Synthesis of 1,3-diphenylbenzo[1,2,4]triazin-7-ones

1,3-Diphenylbenzo[1,2,4]triazin-7-one 1a was first identified in the late 1960s, as a minor
product when chloranil was used as a hydrogen acceptor to improve the yield of 4-
dihydro-7-methoxy-1,3-diphenyl-1,2,4-benzotriazin-4-yl ~ radical, starting from 4-
methoxyphenyliminotriphenylphosphorane (Scheme 4.1).!

on! Ph Ph
MeO\©\N\|N Me0\©:N\|N . O@j\l\{\l
@N)\Ph l.\l)\Ph \N)\Ph
Ph/EhPh 1a

Scheme 4.1. The first isolation of 1,3-diphenylbenzo[1,2,4]triazin-7-one 1a.!

In 1980, Neugebauer isolated 1a in low yields by the treatment of Blatter's radical with an
excess of toxic mercury(ll) oxide? and other preparations involved expensive oxidants
such as silver(11) oxide.® More recently, our collaborator from the University of Cyprus,
prepared Blatter's radical in a yield of 87% starting from N-phenylamidrazone that
underwent  oxidative  cyclization using palladium-on-carbon ~ and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) in air (Scheme 4.2).* The Blatter radical is air,

moisture, and thermally stable with known redox behaviour.®

X )
©EN\N KMnO, OﬁN\N
| |
NS
N)\Ph Benzene, rt, 3d N)\Ph
N-Phenylamidrazone 1a

Pd/C, DBU MnO,
DCM, rt, 6 h ph DCM, rt, 7 d

Blatter's radical

Scheme 4.2. Synthesis of 1,3-diphenylbenzo[1,2,4]triazin-7-one 1a.*®
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The benzotriazinone 1la was prepared in a high yield of 82% by oxidation of Blatter's
radical with MnO; in DCM over 7 d (Scheme 4.2).5 Alternatively, the benzotriazinone 1a
can be formed in 82% yield directly from the N-phenylamidrazone precursor using the
oxidant of KMnO, albeit in the carcinogenic solvent, benzene (Scheme 4.2).* The
Koutentis group have for the first time prepared benzotriazinone derivatives on a multi-
gram scale allowing the rich chemistry of these heterocyclic iminoquinones to be
explored.* 1% The 1-phenyl-3-(trifluoromethyl)benzo[1,2,4]triazin-7-one 2 is similarly
accessible by mild MnO> oxidation of the analogous trifluoromethyl substituted radical |
(Scheme 4.3).’

Ph Ph
@N\N MnO, _ 0 N\N
NJ\CF3 1,4-dioxane, rt, 3 h \I\;INJ\CFS
I 2 (93%)

Scheme 4.3. Synthesis of 1-phenyl-3-(trifluoromethyl)benzo[1,2,4]triazin-7-one 2.

A library of benzotriazinones (1b-1l) was formed through the regioselective nucleophilic
addition of oxygen and nitrogen based nucleophiles onto the C-6 position of 1a (Scheme
4.4).% 11 12 Selectivity at C-6 was supported by computational studies and the anionic

resonance stabilization across the triazine nitrogens of N-2 and N-4 (Scheme 4.4).°

Ph Ph
o lil 0 8 l\|l1
~ SN 2
Ij JN\ L jij N* Nu = NHj, NHR,
N\
1a 1b-11
Ph Ph Ph
o} N.
NS\ ~
/’ N)\Ph Nu N7} “Ph Nu N~ “Ph
H o H

Scheme 4.4. Regioselective nucleophilic addition at C-6 position of benzotriazinone 1a.°

The Benzotriazinone 1a and its derivatives have been identified as multi-target inhibitors

in Alzheimer’s disease of beta-amyloid (Ap) aggregation and acetyl-(AChE)/butyryl-
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(BChE) cholinesterase.™* The planar benzotriazinones act as B-sheet disrupting agents and
protonatable amine derivatives interact with the catalytic site of cholinesterases to produce
inhibitory effects.!* The Alddabagh group produced derivatives of imidazo[5,4-
flbenzimidazolequinones containing the iminoquinone moiety. As previously discussed
(Chapter 1, Figure 1.5), dipyridoiminoquinone (DPIQ) displayed high specificity towards
the prostate cancer cell line (DU-145) over normal cell lines (GM00367) and was shown to
have good specificity towards NAD(P)H:quinone oxidoreductase 1 (NQO1) using
National Cancer Institute (NCl) COMPARE analysis.'* 14
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4.1.2. National Cancer Institute (NCI) -60 DTP human tumour cell line screen

In 1985, the NCI decided to develop a new anti-cancer screening program based on human
solid tumours instead of the previously murine based system that only led to drug
candidates through clincal trial and error.*®> The aim of the NCI high-throughput screen
was to identify tumour specific drug candidates and became operational in 1990 under the
Development Therapeutics program (DTP).2>1 The NCI employs a panel of 60 human
tumour cell lines that represent nine major diseases of leukemia, melanoma, lung, colon,
CNS, ovarian, renal, prostate, and breast cancers.'® The NCI-60 uses the Sulforhodamine B
(SRB) assay to screen the in vitro cytotoxicity (Figure 4.1).!® '° SRB determines the

cellular protein content after 48 h of incubation with the drug candidate.

O:§:O

Figure 4.1. The aminoxanthene Sulforhodamine B (SRB) dye.

There are two stages involved for a potential drug candidate at the NCI-60 in vitro
screening. Initially, 10 uM of the drug candidate is tested at the one-dose stage against all
60 cell lines. The one-dose graph represents growth relative to the untreated cells, and
relative to time zero number of cells when the drug candidate is first added. The graph
ranges from 100% growth (uninhibited) to -100% growth (lethality, all cells present at
time zero are killed). If the drug candidate meets the selection criteria of approximately
60%2° mean growth against all 60 cell lines, the candidate is forwarded for testing at the

five-dose stage.

Five-dose testing involves treating the 60 cell line panel with the drug candidate at a range
of concentrations (0.01 uM to 100 uM) from which a dose-response curve is generated
(Figure 4.2). The end point values of Growth Inhibition (Glsp), Total Growth Inhibition
(TGI), and Lethal Concentration (LCso) are then determined from the dose-response curve.
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The three end-points are defined and graphically represented on the five-dose response
curve in Figure 4.2. If the percentage growth of the three reference levels (+50%, 0%, -
50%) for a particular cell line is not met or exceeded, then the given end point (i.e. Glso) is
assigned either the lowest or highest concentration tested.?! The NCI replaced the 1Cso
value with Glso in order to account for the cell count at time zero when the drug is first
added.?? ICso and Glsp both represent the drug concentration required to inhibit cell growth

by 50% but are described by different parameters and results in similar but distinct values.

100

* GlIg): concentration at which growth is

inhibited by 50% relative to untreated cells.

* TGI: concentration at which growth is

50 completely inhibited i.e. cytostatic effect.

* LCs): concentration required to reduce the
< cell population by 50% relative to time zero.
-?> GISO
§ 0 I\ T I T 1 T 1
g 7\ N\

TG LC,,
-50
-100 -
-8 -7 -6 -5 -4

Log,, concentration (Molar)

Figure 4.2. Graphical representation and definition of endpoint GCsp, TGI, and LCso
values from NCI dose-response curves.

The five-dose mean graph is constructed from the dose-response curve end point values to
give a unique growth inhibition pattern. The end-point values are converted to the
logarithmic scale and the mean logio(Glso), (TGI), and (LCso) values of all 60 cell lines
(mean graph-midpoint (MG-MID)) are represented as a vertical line.?* The response of
individual cell lines are then plotted to the left and right of the vertical mean. Cell lines
that are more sensitive than the calculated mean, project to the right of the vertical mean.

Cell lines that are less sensitive than the calculated mean, project to the left of the vertical
mean.?!
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Paull et al observed in NCI screening, that similar growth inhibition patterns of the 60 cell
lines was representative for compounds of similar modes of action.? 2* This observation
was formalised into the COMPARE algorithm that ranks the growth inhibition pattern
similarities of any probe compound (or "seed") to compounds in the NCI screening
database.’” 2 The database contains 88,000 pure synthetic compounds and 34,000 natural
product crude extracts.”® The similarities are quantified using Pearson Correlation
Coefficients (PCC) that range from -1 to +1 and are calculated with the commercially
available SAS statistical package. A value of -1 represents a perfect inverse correlation, 0
represents no correlation and +1 represents a perfect direct correlation.?! Coefficients that
range from (£0.3 to +0.5) are considered weak to moderate strength, (0.5 to +0.7) are
considered moderate to strong and those above (+0.7) are considered very strong.?® The
mode of action for new compounds can be determined if they correlate very strongly to a

compound of known mechanism in the database.
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\ ~ J Y

Seed Compounds COMPARE identified inhibitors

Figure 4.3. Novel TrxR inhibitors discovered through COMPARE analysis.?’

The mode of action can also be determined if the unique growth inhibition pattern is
correlated with molecular target expression.t” 2 For example, 2-[(butan-2-yl)disulfanyl]-
1H-imidazole (IV-2) and 2-(benzyldisulfanyl)-1H-imidazole (DLK-36) are known
inhibitors of the thioredoxin reductase (TrxR) molecular target (Figure 4.3).2’ Both
compounds are "seeds" in COMPARE analysis and the quinone containing pleurotin and
isodiospyrin were identified as potential inhibitors of TrxR, showing the strongest
correlations to IV-2 and DL-36  respectively.  Subsequent thioredoxin
reductase(TrxR)/thioredoxin(Trx) dependent insulin assays revealed pleurotin and

isodiospryin as potent inhibitors of thioredoxin reductase.?’
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4.1.3. Pleurotin

Pleurotin

Figure 4.4. The naturally occuring antibiotic pleurotin.

Fungi especially basidiomycota are well-known producers of terpenoid natural products,
including antibiotics.?® Currently, the diterpene pleuromutilins are the only marketed
antibiotics derived from basidiomycete.?® The antibiotic pleurotin (Figure 4.4) is another
metabolite derived from basidiomycete and was first isolated in the 1947 from Pleurotus
griseus, which is now classified as Hohenbuehelia grisea.®® The first total synthesis of
pleurotin was performed by Hart et al. and was isolated in an overall yield of 0.3% across
26 synthetic steps starting from benzoic acid.3! 3 However, fermentation from the fungus
Hohenbuehelia atrocaerulea has allowed the formation of pleurotin on a multi-gram

scale.®

Pleurotin is active against pathogenic fungi, gram-positive bacteria,®® 3 and displays
anti-cancer activity.>>%’. The interest in pleurotin as a possible anti-cancer drug and
treatment for mercury intoxication® 3° has increased due to the strong inhibiton of the
Trx/TrxR system (ICso 0.17 uM).2" “° Pleurotin is reported as an irreversible inhibitor of
TrxR with a Ki of 0.28 uM.?" 37 Pleurotin has undergone NCI-60 five-dose screening with
mean graph-midpoint (MG-MID) Glso, TGI, LCso values displayed in Table 4.1.

Table 4.1. NCI five-dose MG-MID Glso, TGI, LCso values of pleurotin over two
independent experiments.

Glso(uM)  TGI(UM)  LCso(uM)

Pleurotin 12.82 29.31 61.66
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4.1.4. Thioredoxin Reductase (TrxR)

Two enzyme based systems of thioredoxin and glutathione predominantly maintain
intracellular redox homeostasis.** Normal cell function is maintained by balancing the
generation of reactive oxygen species (ROS) with their elimination by antioxidant systems
such as thioredoxin. ROS molecules are derived from oxygen and the main ROS
molecules are superoxide (O2™), H20,, hydroxyl radical ("OH), and nitric oxide (NO).*> The
thioredoxin system consists of NADPH, thioredoxin (Trx), and TrxR. TrxR is a
homodimer with each monomer containing a FAD prosthetic group, NADPH binding

domain, and a redox active selenolthiol site (Figure 4.5b).4% 44

A

NADPH + H® FAD

S—S SH SH

< .
)

HS OH
NH,

Cysteine (Cys) (C)

NADP* FADH,

Subunit 1

(o}

HSe OH
NH,

Selenocysteine (Sec) (U)

Subunit 2

Figure 4.5. (A) The redox catalytic cycle of the Trx system. (B) Head-to-tail cartoon
model of oxidized rat TrxR with N-terminal (C59/C64) and C-terminal (C497/U498) redox
pairs explicitly shown,*446

The two subunits of the TrxR homodimer are arranged in a head-to-tail fashion with a two-
fold symmetry axis lying along the dimerization interface of the two monomers (Figure
4.5b).% %6 The oxidised TrxR accepts electrons from NADPH via reduction of enzyme-

bound FAD group to give FADH: (Figure 4.5a). These electrons reduce the N-terminal
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disulfide redox active site (C59/C64) buried in the FAD domain of the same monomer
(Figure 4.5b). The dithiol pair of the N-terminal then provide reducing equivalents to the
neighbouring C-terminal selenenylsulfide redox active site (C497'/U498") of another
monomer to produce the active TrxR enzyme. The reduced selenolthiol redox pair (Figure
4.5a) then provide reducing equivalents to Trx, which maintains intracellular redox
regulatory functions and antioxidant defences through interaction with downstream protein
disulfides (Figure 4.5a).

Trx acts a hydrogen donor to ribonucleotide reductase (RNR) that reduces ribonucleotides
involved in DNA synthesis.*” Trx provides reducing equivalents to Trx peroxidase
(peroxiredoxins) and methionine sulfoxide reductase (Msr) that in turn reduce peroxides
and methionine sulfoxides respectively to scavenge ROS and protect against oxidative
damage.*® Trx interacts with redox sensitive molecules such as apoptosis signal-regulating
kinase 1 (ASK1) and protein tyrosine phosphatase and tensin homolog (PTEN), which are
involved in regulating cell death (apoptosis).** 4" 4° Trx has been shown to control gene
expression through reduction of Cys residues in certain transcription factors such as
hypoxia inducible factor-1o (HIF-1a), p53, nuclear factor kB (NF-kB), activating protein 1
(AP-1), and nuclear factor erythroid 2-related factor 2 (Nrf-2).4" 48 0 Qverall, a pool of
reduced Trx is used to control DNA synthesis, ROS scavenging, cell proliferation,

apoptosis and cell signaling.

However, once a tumour phenotype develops, Trx protein is over-expressed facilitating
tumour progression through cellular signaling pathways that promote cell proliferation,
anti-apoptosis and angiogenesis.*® > For example, Trx upregulates HIF-1a expression to
maintain angiogenesis of the tumour in hypoxic conditions*” ®* and inhibits the tumour
suppressor protein PTEN.*® Trx is over-expressed in a number of cancers such as lung,
pancreatic, prostate, breast, and colorectal.*” 2 The over-expression of Trx leads to
resistance of chemotherapy drugs (docetaxel and cisplatin) and affects the treatment of B-
cell lymphoma and ovarian cancer.*” A study showed that in the absence of Trx activity,
the tumour progression of MCF-7 breast cancer was severely diminished.>® Thus targeting
of TrxR seems an effective anti-cancer strategy, as it is the only known enzyme to reduce

Trx which sustains tumour progression.
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The C-terminal of TrxR is surface exposed, and is flexible with a long chain of 16 amino
acids containing the Sec residue offering broad substrate scope for reduction outside of
oxidised Trx.*> > The disulfide containing 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) can
be used as a mimic for Trx. DTNB is catalytically reduced to the yellow 5-thio-2-nitro-
benzoicacid (TNB) with TrxR and NADPH is used as the electron source (Scheme 4.5).
The DTNB assay can be used to determine small molecule inhibitors of TrxR as a decrease
in TrxR activity is directly proportional to the intensity of the yellow colour produced,
which is measured spectrophotometrically at 405 nm.4% 5

o NO, O
S OH TrxR HO SH
Ho)ij/ \S /—\ 2
0] O-5N
O,N 2

NADPH  NADP*
DTNB TNB

Scheme 4.5. The DTNB colorimetric assay produces two mole of TNB.

The Sec residue has a lower pKa (5.8) than the Cys residue (8.30), meaning selenol ionises
as the senolate ion (R-Se~) more readily than the equivalent thiol to thiolate.*> %6 5 The
selenol group is more nucleophilic by roughly one order of magnitude than the thiolate and
therefore very reactive towards electrophiles forming covalent bonds.*® % The soft atoms
of metals act as good electrophiles and there are several gold-, platinum- and ruthenium-
based inhibitors.>® The gold complex Auranofin (Ki 4 nM)®’ is under NIH clinical trials as
a thioredoxin reductase inhibitor,%® % and has toxicity towards cisplatin-sensitive and -
resistant ovarian cancer cells.%® 8 Natural electrophilic compounds such as flavonoids,
polyphenols, and curcumin derivatives are irreversible inhibitors of TrxR.%1% Other
classes of compounds such as disulfides/diselenides,* ® % arsenic trioxide,%® and
nitroaromatics (1-Chloro-2,4-dinitrobenzene (DNCB)) have been shown to inhibit TrxR

t00.%°

Quinones are electrophilic compounds that interact with TrxR by forming covalent bonds
through alkylation, and/or transfer electrons in biological redox reactions producing
reactive semiquinones and oxygen radicals (ROS) (Chapter 1, Scheme 1.1).%® It must be
noted that indolequinones require reduction to become activated. The archetypal redox
prodrug and naturally occurring mitomycin C (MMC) is a strong inhibitor of TrxR.%" Upon

reduction, MMC alkylates and irreversibly inhibits TrxR at the Sec residue of the C-
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terminal (Figure 4.6a). Other indolequinones such as 5-methoxy-1,2-dimethyl-3-[(4-
nitrophenoxy)methyl]-1H-Indole-4,7-dione (ES396) are potent towards pancreatic cancer
cells with mode of action through the inhibition of TrxR (Figure 4.6b).%% % Upon
reduction, the electrophilic intermediate was shown to form an irreversible covalent bond
with C-terminal Sec of TrxR as identified by LC-MS/MS fragmentation patterns.®®
Apoptosis towards the pancreatic cancer cells proceeded through MAPK signaling

pathways.®

B
MeO
! OH O OH O OH 0
o) Me
ES396 Shikonin Juglone Menadione
Me
O OH A9 N/go
W N
o 0
OH O 4 0
CP, RH1 9,10-phenanthrene quinone NAPQ1

Figure 4.6. The quinone inhibitors and substrates of TrxR.40 5% 67-70. 7377

A series of aziridinyl-, naphtho- and o-quinones were tested by Arnér et al to elucidate
their interactions with TrxR.” The 9,10-phenanthrene quinone (o-quinone) was shown to
be a reversible inhibitor of TrxR with a Ki of 6.3 uM (Figure 4.6b). The naphthoquinone
juglone (found in walnuts), and the pro-drug aziridinylquinone RH1 were substrates for
TrxR rather than inhibitors (Figure 4.6b).”
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The use of redox modulating compounds (quinones) to alter ROS levels is a therapeutic
approach to target cancer cells without causing significant harm to normal cells.”* 2 In
normal cells the ROS levels are tightly regulated due to redox homeostasis and can tolerate
a certain amount of external ROS. However, in cancer cells redox disrupted homeostasis
results in elevated ROS levels and a decreased toxic threshold induces cell death.”> 7 Later
work by Arnér et al showed the TrxR substrate juglone, actually could be arylated at the
Cys residue (C497) of the C-terminal and then undergo one-electron reduction at the FAD-
containing N-terminal to produce superoxides (Figure 4.6b).”* The naphthoquinone
menadione produces high level levels of ROS via one-electron reduction by TrxR (Figure
4.6b).”™ Menadione used in combination with ascorbate showed potent anti-cancer activity

through enhanced production of ROS.”

The naphthoquinone shikonin, found in Chinese herbal medicine, was an irreversible
inhibitor of TrxR targeting the Sec residue of the C-terminal (Figure 4.6b).”® Like Juglone,
Shikonin is reduced once bound covalently to TrxR producing superoxides that leads to
ROS cell induced death of leukemia HL-60 cells.’® The spirocyclic naphthoquinone of CPy
was a potent inhibitor of the Trx/TrxR system with toxicity in the micromolar range
(Figure 4.6b).4% 5! N-acetyl-p-benzoquinone imine (NAPQ1), a metabolite of paracetamol,
was shown by LC-MS/MS to inhibit both the N- and C-terminal redox centres of TrxR
(Figure 4.6b)."’

Apoptosis mediated cell death through oxidative stress (ROS) is a common mode of action
for all classes of compounds inhibiting TrxR.%% 5% 76 7881 Mitogen-activated protein
kinases (MAPKSs) mediate signaling in response to environmental stresses such as ROS
and inflammatory cytokines to regulate cellular processes.®? Trx in reduced form controls
cell death by directly inhibiting the MAPK of apoptosis signal-regulating kinase 1
(ASK1).>® & The inhibition of TrxR leads to only oxidised Trx, which cannot bind to
ASK1. This activates downstream JNK and p38 MAPK signaling pathways that activate
transcription factor p53 that ultimately leads to cell death.®> ™® Traditionally, MAPKs have
been seen as tumour suppressors but p38a (MAPK14) a member of the p38 MAPK family
can act as both a tumour suppressor and activator.> MAPK14 facilitates tumour
progression of breast, liver, and colon cancers and helps tumour cells survive

chemotherapeutic treatments.??
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4.1.5. Types of reversible enzyme inhibition

The three types of reversible enzyme inhibition are competitive, uncompetitive and
mixed.2* In competitive inhibition, the inhibitor competes directly with the substrate to
bind exclusively to the active site of free enzyme (E).% & The inhibitor resembles the
shape of the substrate and forms an enzyme-inhibitor (EI) complex, which prevents
formation of products (Figure 4.7). However, competitive inhibition can be reversed when
[S] is much larger than [I]. The inhibition constant Kj, which is a dissociation constant of
the El complex, measures how tightly an inhibitor binds to free enzyme (Figure 4.7b).8% &

The lower the Kj value, the more potent that inhibitor is.

Competitive Substrate Uncompetitive
Inhibitor inhibitor

Free enzyme Enzyme substrate complex

Competitive Inhibition Uncompetitive Inhibition

k, ky
B E+S - ES ——> E+P E = Enzyme
}- : 'f S = Substrate
I = Inhibitor
L H Ky ” P = Product
E1+S E-I-S
L I~ k,+k,
Competitive Inhibition =~ Uncompetitive Inhibition K, = T
| | |
| [EJY
K=
| Mixed Inhibition | [EI]

Figure 4.7. (A) Cartoon representation of both competitive and uncompetitive types of
reversible enzyme inhibition. (B) A general scheme of reversible enzyme inhibition with
associated kinetic rate constants.

Uncompetitive inhibition involves the inhibitor exclusively binding to the enzyme-
substrate (ES) complex (Figure 4.7a). An inactive ESI complex is formed and the
inhibition constant Ki" describes the affinity of the inhibitor for the ES complex (Figure
4.7b). Uncompetitive inhibition can't be reversed by increasing [S]. Mixed inhibition
involves the inhibitor binding to both the free enzyme and the ES complex with different
affinities described by the dissociation constants of Ki and K;". Mixed inhibition can be
reduced by increasing [S], but not reversed as in competitive inhibition.8> 8
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These observations were formalized into the Michaelis-Menten equation (Figure 4.8),
which describes the relationship between substrate concentration and the effect it has on
the rate of an enzyme reaction.®> Enzyme Kinetics that follow Michaelis-Menten behaviour
produce a hyperbolic shaped curve (Figure 4.8). The Michaelis-Menten constant (Km) is
the [S] required to produce a rate one-half of max velocity (Vmax) (Figure 4.8). In other
words, it is the [S] when half of the enzyme active site is occupied with substrate
molecules. The Ky value is dependent on the substrate and environmental conditions of
temperature, pH, ionic strength, and polarity.8® Kn is also described by the rate constants
ki, k-1, and ko in Figure 4.7b. Km is not equal to the dissociation constant of the ES complex
except in the case where the binding and release of substrate is much more rapid than the
breakdown of the ES complex(k-1>>>k2).2” Any variation in Km often indicates the

presence of an activator or inhibitor.
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Figure 4.8. Michaelis-Menten kinetics describes the relationship between substrate
concentration and the velocity of an enzyme reaction.

During any enzyme catalysed reaction, the enzyme exists in various proportions of the free
enzyme and ES complex. At low [S], free enzyme predominates and the reaction of the
enzyme with the substrate is directly proportional i.e. doubling the substrate concentration
will double the enzyme velocity. As the [S] increases, the enzyme velocity becomes non-
linear and continues until all of the enzyme active site becomes occupied with substrate i.e.
saturated. The addition of further substrate will not make the rate of reaction any faster. At
high [S], the theoretical maximum (Vmax) is asymptotically approached and the ES
complex predominates with the reaction independent of velocity resulting in the plateau

observed in the hyperbolic curve (Figure 4.8). 848
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The Michaelis-Menten hyperbolic curve is converted into a double-reciprocal plot which is
called the Lineweaver-Burk plot to facilitate linear regression analysis.®® 1/Vq is plotted
against 1/[S] to give a family of straight lines that pass through the y-intercept and cross
the negative x-axis (Figure 4.9). The Vmax and Km values are determined from these
intercept points on the y- and x-axes respectively.®® Characteristic patterns displayed on

the Lineweaver-Burk plots are indicative of the different types of reversible inhibition.

1/V,
1 _Ko1 1
AN Vo Vo 1S Vi
K /V
\ m’ " max
AV, y=m x + ¢
-1/K,
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Figure 4.9. The double reciprocal, Lineweaver-Burk plot.

Competitive inhibition as seen in Figure 4.7 involves direct competition between substrate
and inhibitor for the free enzyme. In competitive inhibition, at saturating levels of the
substrate, there is no free enzyme for inhibitor to bind with and therefore Vmax is
independent of the inhibitor concentration. The y-intercept (1/Vmax ) value remains constant
and as a result Vmax remains unchanged in presence of varied inhibitor concentrations
(Figure 4.10a). At lower [S], the inhibitor can compete to bind with free enzyme. The
slope (Km/Vmax) represents the rate of the reaction at lower [S]. As the [I] increases, the
slope values increase too representing a decrease in the rate of the reaction as the inhibitor
occupies more of the free enzyme than substrate does (Figure 4.10a).%

Uncompetitive inhibition as seen in Figure 4.7 represents the binding of an inhibitor to an
ES complex. The rate of reaction is unaffected by varying [I] at low [S], as the inhibitor
only binds to the ES complex. This gives a series of parallel lines with an unchanged slope
(Km/Vmax) (Figure 4.10b). At saturated levels of the substrate, the inhibitor binds to the ES
complex. As the [I] increases, the y-intercept (1/Vmax ) values increase (Figure 4.10b),
representing a decrease in Vmax. The reduction in amount of ES complex also leads to a

reduced K, value.®®
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Mixed inhibition as seen in Figure 4.7 refers to the ability of the inhibitor to bind either
free enzyme or the ES complex. Increasing [I] gives a reduced Vmax as shown by the
increasing y-intercept (1/Vmax ) values, and this is due to the fact that the inhibitor can
affect the rate of the reaction even when the ES complex is present (Figure 4.10c). In most
cases, the inhibitors affinity for the ES complex or free enzyme is different and that will
determine whether Ky, is increasing or decreasing. The example shown in Figure 4.10c has
Km increasing due to greater affinity for free enzyme. When the affinity for both the ES
complex and free enzyme are equal, there is no change in K. This special case is called

non-competitive inhibition.®

Increasing [I] Increasing [I]

Competitive Uncompetitive =0
11V, v,
m=o
/.
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Figure 4.10. Characteristic competitive (A), uncompetitive (B) and mixed inhibition (C)
Kinetics represented by Lineweaver-Burk plots. (D) Characteristic changes to y-intercept
and slope values in presence of increasing [1].

The inhibition constant Ki can be determined from secondary plots. The plots are graphed
using either the slopes or intercepts from the Lineweaver-Burk plot against the inhibitor
concentrations. The family of straight lines produced cross the negative x-axis and the

reciprocal of the intercept is equal to the Kjvalue for that specific inhibitor.&°
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4.2. Aims and Objectives

e To investigate substituent effects at the 6-position of the 1,3-
diphenylbenzo[1,2,4]triazin-7-one scaffold (1a-11) on cytotoxicity against cancer

cell lines using the MTT assay.

e To determine if the highly electronegative trifluoromethyl (CF3) substituent 2 will
increase the potency of the benzotriazinone scaffold through MTT and NCI-60

screening.

e To identify possible common mechanisms of action for anti-cancer activity with
other agents in the NCI database by using NCI COMPARE analysis.

e To determine if the benzo[1,2,4]triazin-7-ones la and 2 inhibit TrxR using the

DTNB assay and use Lineweaver-Burk plots to assess the mode of TrxR inhibition.

1

N. N.
S i
6
R \N)a\© \NJ\CF
1b-11 (Table 4.2) 2

1a: R = H (NSC: S768093) (NSC: 780813)

Figure 4.11. Benzo[1,2,4]triazin-7-ones 1a-1l and 2.

e To assess the biological effect of introducing pyridine rings onto the
benzotriazinone scaffold at the 1- and 3- positions with NCI-60 cell line screening
data and COMPARE analysis.

NC
Chlpy TLL

NSC 780815 (NSC 780816

Figure 4.12. Benzo[1,2,4]triazin-7-ones 3a and 3b.
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4.3. Results and Discussion

4.3.1. Cytotoxicity evaluation of 1,3-diphenylbenzo[1,2,4]triazin-7-ones l1a-1l using
the MTT assay

A way to determine cytotoxicity or cellular viability from in vitro testing is to employ an
end-point colorimetric assay that detects changes in a biochemical marker producing a
colour that is detected by a spectrophotometer. One of the most popular colorimetric
assays is the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
(Scheme 4.6). First introduced by Mosmann for cell proliferation and cell viability
measurements,® the yellow coloured tetrazolium salt (MTT) is reduced by mitochondrial
or cell plasma enyzmes in viable cells to produce purple water insoluble formazan crystals.
Therefore DMSO or acidic isopropanol are required to solubilize the crystals before
absorbance can be measured with a spectrophotometer.®® % The intensity of the purple

colour produced is directly proportional to the metabolic activity of living cells.

The assay is fast, cheap, reproducible, quantitative and can be used on a wide range of
human cancer cell lines. However, measurements cannot be taken in real-time due to
formation of insoluble formazan crystals. The extent of MTT reduction can be altered by
non-enzymatic reductions (ascorbic acid, gluthathione),®® variable metabolic activity of
cell lines,% and concentration of glucose in the cell media.®® This can lead to inaccurate
measurements of viable cells if specific assay conditions aren't implemented for each cell

line/test compound assayed.®?

N~
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MTT Formazan crystal

Scheme 4.6. The formation of purple formazan crystals from the reduction of MTT by
mitochondrial or cell plasma reductases.

168



To determine the specificity and overall cytotoxicity towards selected cancer cell lines, the
effect of substitution at the 6-position of the 1,3-diphenylbenzo[1,2,4]triazin-7-one
scaffold with amine, amide and alkoxy substituents was investigated (compounds 1a-1l in
Table 4.2). Cytotoxicity was determined against the NQO1 over-expressing prostate
cancer cell line DU-145% and breast cancer cell line MCF-7% using the MTT assay (Table
4.2). These cell lines form part of the NCI-60 human tumour cell line screen. As a control,

the response of a normal human-skin fibroblast cell line GM00637 was determined.
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Figure 4.13. Dose-response curve of 2 showing cell-viability of GM00637 (¢), MCF-7
(A)" and DU145 (e) cell lines determined using the MTT assay under aerobic conditions
for 72 h at 37 °C. Each data point is the mean of at least three independent experiments.
The lines shown are trend lines.

A typical dose-response curve (Figure 4.13) is generated by treating the cancer cell lines
and GMO00367 cell line with compound 2 under a concentration range of 0.01 to 2 uM.
From this dose-response curve, the compound concentration required for the reduction of

the mean cell viability to 50% is interpolated and representative of the ICso value.

Pleurotin exerted a mean cytotoxicity of 0.36 uM towards the prostate and breast cancer
cell lines, the most potent response of all 14 compounds evaluated at NUI Galway (Table
4.2). The parent benzo[1,2,4]triazin-7-one 1a displayed a similar mean toxicity of 0.52 uM

towards both cancer cell lines. 1-Phenyl-3-(trifluoromethyl)-benzo[1,2,4]triazin-7-one 2 is
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structurally distinct from benzotriazinone la since the 3-phenyl is replaced by a strong
inductively electron-withdrawing trifluoromethyl (CFz) group. Compound 2 showed mean
toxicity of 0.73 uM to DU-145 and MCF-7 cancer cell lines, which was reduced from the
response of la and half the activity of pleurotin. Out of these three most potent
compounds, 2 was the most selective towards the cancer cell lines giving a 2-3 times
greater cytotoxic effect when compared to that of the normal fibroblast cell line
(GMO00637). The strong electron-withdrawing substituent at the 3-position of 2 was
evaluated due to the fact that the 6-position is an electrophilic site and can't be substituted

with electrophilic moieties (Scheme 4.4).°

The average toxicity of the acyclic amines 1b-1e was 1.95 pM towards both cancer cell
lines (Table 4.2). However, the activity diminished as the bulk of the alkyl group
increased, with the diethylamine le showing a 7-fold decrease in cytotoxicity towards
MCF-7 when compared to parent compound la. The NH; analogue 1b exhibited a two-

folded specificity towards MCF-7 over the normal human cell line.

The cyclic amines 1f-1i exerted an average cytotoxicity of 1.65 uM towards both cancer
cell lines (Table 4.2). The pryrrolo- analogue 1f was five times more specific toward the
MCF-7 cancer cell line and displayed similar toxicity to that of pleurotin. The pyrido-
substituent 1g offered greater toxicity when compared to 1f. The soft sulfur nucleophile of
1i enhanced the toxicity relative to the morpholino analogue 1h, especially towards the

MCF-7 cancer cell line.

The cytotoxicity of alkoxy substituted compounds 1k and 11 and acetamide 1j were
reduced to negligible values relative to la. For example, the ethoxy substituent 11 was
approximately 25 times less potent towards the MCF-7 cancer line when compared to the
response of la. Heterocyclic quinones substituted with electron donating alkoxy groups
proved more difficult to reduce when compared to aziridinyl substituents % %7 The impact

on reductive potentials leads to significant reductions in toxicity towards cell lines.%: %

As none of the substituted analogues at the 6-position 1b-1l offered a discernible
improvement in cytotoxicity, the rest of this Chapter will be focused on the biological

evaluation of 1a and 2.
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Table 4.2. Cytotoxicity evaluation using the MTT assay: ICso values (UM)?

Pleurotin

la

1b

1c

1d

le

1f

19

1h

1i

1

1k

1l

NH2

NHMe

NHEt

NEt2

0.51+0.12"

0.23+0.01

204 +0.21

0.93+0.03

0.24 +£0.01

2.73+0.36

1.79+0.12

1.19+0.02

2.29 +0.06

1.63+0.31

>5.0

>5.0

>5.0

1.61+0.217

0.43 +0.06

0.23+0.03

1.83 +0.08

0.98 +0.06

0.22+£0.01

3.11+0.08

2.46 +0.19

0.61 +0.05

3.21 +£0.37

1.22 £0.06

>5.0

>5.0

>5.0

0.85+0.04

0.28 £ 0.03"

0.81+£0.08

0.95 +0.03/

0.69 +0.12"

1.62+0.24

>5.0

0.36 +0.08’

1.98 £ 0.06

2.37 +0.07

0.97 £0.16"

>5.0

>5.0

>5.0"

0.60 +0.13"

4Cso represents the compound concentration required for the reduction of the mean cell
viability to 50% of the control value after incubation for 72 h at 37 °C. Results represent
the mean + SD of three independent experiments. "Work carried out by Martin Sweeney
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4.3.2. Development Therapeutic Program (DTP) National Cancer Institute (NCI) -

60 human tumour cell line screen

As previously described in Section 4.1.2, the NCI screening begins with initial one-dose
testing (10 pM) that gives a mean growth percent plot across the 60 cell lines. The two
prostate cancer cell lines (DU-145, PC-3) are represented separately in Figure 4.14 to
exemplify the potential disparity in cytotoxic response towards quinones, as NQO1
enzyme activity in DU-145 is substantially greater than that of PC-3.%* MCF-7 is also
displayed separately as it expresses elevated levels of NQO1, which is associated with
breast cancer progression.®® Previous research of imidazobenzimidazolequinones in the

Aldabbagh group has also shown specificity towards the MCF-7 cancer cell line.*

The parent 1,3-diphenylbenzo[1,2,4]triazin-7-one 1a had excellent overall activity with a
mean growth of 2.46% across the 60 cell lines and lethality towards numerous cancers
including leukemia, colon, and renal cancers (Figure 4.14). Highest activity was observed
against the OVCAR-3 cell line (ovarian) at -98.15% mean growth after 48 h
(Appendix, Table A.4.1). In fact, 1a was cytotoxic to 28 out of the 60 cancer cell lines at
10 uM dosage (Appendix, Table A.4.1).

Leukemia b | mla
Non-Small Cell Lung Cancer ——— m2
Colon Cancer

CNS Cancer
Melanoma

—
Renal Cancer e
Prostate Cancer (PC-3)

—_—
. ——
Ovarian Cancer —
.
Prostate Cancer (DU-145) S ——

Breast Cancer [
Breast Cancer (MCF-7) _-_——.
-100  -80 -60 -40 -20 0 20 40 60 80 100
% Growth

Figure 4.14. Summary of DTP NCI-60 one-dose (10 pM) screening results for
benzotriazinones 1a (blue) and 2 (red) expressed as mean percent growth of each cancer
cell type relative to untreated cells.
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Significant activity was apparent towards the prostate cancer line DU-145 (-95.45%) and
breast cancer cell line MCF-7 (-66.74%) correlating well to our MTT assay in NUI
Galway (Figure 4.14). CFs-substituted compound 2 had good activity with a mean growth
of 33.29% from one-dose testing and the highest activity was against the TK-10 cell line
(renal cancer) with -98.03% mean growth (Appendix, Table A.4.3). Similarly to 1a, 2
displayed lethality towards 21 individual cell lines out of the 60 and as a whole towards
leukemia and colon cancers. Other than that, 2 only had moderate growth inhibition
towards the other main cancer types (Figure 4.14). However, 2 demonstrated selectivity
towards breast cancer with 93% growth inhibition and lethality towards MCF-7 (-49.33%
mean growth) (Appendix, Table A.4.3). In contrast to la, 2 didn’t exert any lethality
towards DU-145 but still inhibited the cell growth by 60% (Figure 4.14).

Both of the benzotriazinones la and 2 met the pre-determined thresholds of less than
60%°2° mean growth at the one-dose testing stage, and were forwarded for evaluation at the
five-dose stage. Representative dose-response curves of 2 are shown in Figure 4.15 that
use a benzotriazinone concentration range of 0.01 uM to 100 uM, from which the Glso,

TGI, and LCs values are interpolated.
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Figure 4.15. Selected dose-response curves for five-dose testing of 1-phenyl-3-
(trifluoromethyl)benzo[1,2,4]triazin-7-one 2.

The parent compound 1a displayed greater activity with all MG-MID Glso, TGI, and LCso
values lower than that of 2 which is in agreement with that observed in one-dose testing
(Table 4.3, Figure 4.14). The MG-MID Glso values for 1a and 2 were 2.51 and 4.27 uM

respectively (Table 4.3), which is approximately three to five times less than the pleurotin
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value of 12.82 uM (Table 4.1). As shown in Figure 4.16, 1a was more active across all

cancer types when compared to 2 (melanoma cancer omitted for illustrative purposes).

Table 4.3. Mean graph-midpoint (MG-MID) Glso, TGI, LCso values of 1a and 2 against all
60 cell lines in the NCI panel.

Compound Glso (LM) TGI (UM) LCso (M)

la 2.51 6.31 21.38
2 4.27 12.39 33.11

If the test compound has a Glso value lower than the MG-MID towards a particular cancer
type, it is considered selective. Both of the benzotriazinones were most selective towards
leukemia (Figure 4.16). Compound la was selective to leukemia and breast cancers
(Appendix, Table A.4.2) and particularly active against SR, ACHN, NCI-H522 and MCF-
7 cell lines.

Cancer types

Figure 4.16. Summary of Benzotriazinones 1a (blue) and 2 (red) NCI-60 activites, given
as mean Glsp values against each cancer cell type relative to untreated cells.
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Benzotriazinone 2 was selective against leukemia and renal cancers but most active against
the MCF-7 cell line with a Glso of 0.49 uM (Appendix, Table A.4.4). Other cell lines with
notable activity against 2 were DU-145, OVCAR-3, HCI-15 and NCI-H522.

The five-dose screen is used to differentiate if a cytostatic (slows or stops the growth of
tumour cells without killing them) or cytotoxic (kills tumour cells) effect is produced for a
given compound against a particular cancer type or cancer cell line. For example, the dose-
response curve for leukemia (Figure 4.15) levelled off after 10 uM dosage of 2 and didn't
cross the reference level for LCso interpolation. Thus, a LCso default value of (>100 uM)
was assigned meaning that 2 exerted a cytostatic effect towards leukemia rather than a
cytotoxic one. This cytostatic response was observed also with the benzotriazinone la
against leukemia (Appendix, Table A.4.2). Targeted cancer therapies are often cytostatic
while chemotherapy is cytotoxic and does not differentiate between rapidly dividing

normal and cancerous cells.®®

The NCI one- and five-dose testing data contradict each other concerning the biological
effect of compound 2 towards DU-145 and MCF-7 cell lines. An LCso value of 5.62 uM
was recorded towards the DU-145 cell line, which is in contrast to only growth inhibition
recorded in one-dose screening (Appendix, Table A.4.3 and Table A.4.4). On the other
hand, lethality was expressed against the MCF-7 cell line in one-dose screening while five-
dose screening reported a cytostatic effect. However, five-dose testing operates over a
larger concentration range and should be more representative of the actual activity for the

compound of interest.

The NCI reported mean ICso values for compounds 1a and 2 against DU-145 and MCF-7
cell lines as 1.84 uM and 1.97 uM respectively. This follows the trend of 1a being more
active than 2 towards DU-145 and MCF-7 cell lines in the MTT assay. The 1Csg absolute
values are different though and this difference can presumably be attributed to the
employment of the different SRB assay at the NCI (Figure 4.1).
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4.3.3 COMPARE analysis

The NCI COMPARE program employs an algorithm to determine closely matching
cytotoxicity profiles across the NCI-60 from the endpoint values generated in five-dose
testing.’® Glso values of 1a and 2 were used in COMPARE and correlated with those of
synthetic compound and molecular target data subsets within the NCI database. Out of
~88,000 pure synthetic compounds in the NCI database, pleurotin had one of the highest
correlation coefficients to benzotriazinone la at 0.84, which represents a very strong
correlation (Table 4.4). Compound 2 was overall less active against the main cancer types
in comparison to la (Figure 4.14, Figure 4.16), but still had a very strong correlation to
compound 1a and pleurotin using COMPARE analysis (Table 4.4). The correlation of Glso
values for 1a and 2 against pleurotin are reported in the Appendix (Table A.5.1 and Table
A.5.2). The large Pearson correlation coefficients of approximately 0.8 indicated possible

common pathways for anti-cancer activity.

Table 4.4. Pearson correlation coefficients obtained by COMPARE analysis.

Compound 2 Pleurotin MAPK14
la 0.803 0.840 0.450
2 — 0.793 0.470

Both Benzotriazinones 1a and 2 have a moderate correlation coefficient of approximately
0.46 towards the biological marker of MAPK14. As discussed in Section 4.1.4, apoptotic
cell death is controlled by the MAP kinase (ASK1) and MAP kinases direct cell signaling
pathways that can also promote the survival of certain types of cancer such as breast,'®
colon and liver.82 The targeting of MAPK14 by indirect TrxR inhibition could be one

possible mode of action for the benzotriazinones.

4.3.4. Cyclic Voltammetry
Cyclic voltammetry on compounds la and 2 was carried out in anticipation that

bioreductive activation may be implicated in cytotoxicity (Figure 4.17). Redox response

experiments were carried out in dichloromethane, which showed that both 1la and 2
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undergo two characteristic quasi-reversible one-electron redox processes corresponding to
the 0/-1 redox transition (I and I') and -1/-2 redox transition (II and II").

Table 4.5. Formal Potentials (E°") (£0.010 V) calculated as (Epc + Epa)/2 from cyclic
voltammograms recorded at 100 mVs™.

Compound E°’ [V] versus Fc¢/Fc*
E° (I) E° (1)
la -1.12 -1.75
2 -0.86 -1.55

Benzotriazinone 1a displayed a redox potential (E°) of -1.12 V vs. Fc/Fc* for the 0/-1
redox transition (I) and -1.75 V vs. Fc/Fc* for the -1/-2 redox transition (I) (Table 4.5).
Benzotriazinone 2 produced a similar redox response to la, although E°’ values for
equivalent redox couples (I' and II') were shifted approximately +0.23 V in the positive
direction (Table 4.5). This can be attributed to the strong inductive withdrawal by the 3-
CFz of 2 relative to the 3-phenyl substituent present in la resulting in an enhanced
susceptibility of 2 to undergo reduction.
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[<P]
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=
O -0.2-
=
2
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|
(=]
7z
26 }0— -

-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Potential (V vs. F¢/Fc™)
Figure 4.17. Cyclic voltammograms of l1a (blue line) and 2 (red line) recorded in

dichloromethane (0.1 M TBAP) at a glassy carbon electrode (scan rate: 0.1 V s1). Arrow
indicates direction of scan.
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4.3.5. Thioredoxin Reductase (TrxR) inhibition assays

To determine whether 1a and 2 inhibited TrxR, the DTNB assay (Scheme 4.5) was used to
estimate enzyme activity in the absence and presence of varying concentrations of
inhibitor. The DTNB assay was performed in a 96-well microplate with the experimental
set-up adapted from the Sigma-Aldrich technical bulletin (CS0170 Assay Kkit). A
representative set-up using 40 UM DTNB as the substrate is shown in Table 4.6. A range
of additional concentrations of 56, 80, 160, and 400 uM DTNB were used to follow
enzyme activity. The positive control (Table 4.6) represents full uninhibited activity of
TrxR. In contrast, positive control inhibition (Table 4.6) uses a known TrxR inhibitor that
gives a baseline activity representing the total inhibition of TrxR. The inhibitors tested
(Table 4.6) should display activity against TrxR between the baseline and full activity
parameters. The assay was carried out in aqueous phosphate buffered solutions containing

EDTA (metal ion sequestrant) and NADPH as an electron source for the DTNB reduction.

Table 4.6. Experimental setup for 96 well microplate assay.

1x Diluted -
Sample I%.?zg; Inhibitor ~ Assay  Inhibitor V\éour;f:r;g (E(;I’ NI\%
Buffer  Solution H
Positive Control 2 uL
DMSO 5 pL (DMSO) 7 uL — 180 pL 6 pL
Positive Control
Inhibition 5uL — 5uL 4 uL 180 uL 6 uL
la (X uM) S5puL 2 uL 7 pL — 180 pL 6 pL

The reduction of DTNB by TrxR with NADPH to produce TNB (Scheme 4.5) gave a
linear increase in absorbance at 405 nm with absorbance measured at intervals of 5
minutes for a period of 50 minutes. The change in absorbances with varied inhibitor

concentrations was converted into TrxR activity using Equation 4.1.

Unit mL-1 AA,osmin~1(thioredoxin reductase) X dil X vol
nitmL™" =

enzvol

Equation 4.1. A unit of mammalian TrxR is defined as the amount of enzyme that will
cause an increase in Aasos of 1.0 min*mL? at pH 7.0 and 25 °C. AA4s min(TrxR) =
[AAs0s mint (sample) - AAsos min? (sample + inhibitor)]; dil = sample dilution factor; vol
= total reaction volume; enzvol = enzyme volume.
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https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/1/cs0170bul.pdf

Taking the AAsos from the linear portion of the absorbance plot, TrxR activity was
quantified at each [S] in presence and absence of different [I]. The enzyme specific activity
(Units/ug protein) or initial velocity (Vo) was calculated by dividing the Unit mL? value
by TrxR concentration (2.5 x 10 pg/mL) in the well. The reciprocal of Vo data was

plotted against the reciprocal of [S] and analysed on Lineweaver-Burk plots (Figure 4.18).
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Figure 4.18. Kinetics of thioredoxin reductase (TrxR) inhibition by 1a and 2 using DTNB
as the substrate: (A) Lineweaver-Burk plot with inhibitor 1a concentrations of 0 (—#-),
0.15 (—m—), 0.30 ( ) and 0.50 (—&) uM. (B) Lineweaver-Burk plot with inhibitor 2
concentrations of O (®), 0.30 (m) and 1 (&) uM. Each assay point represents an average
from three independent experiments carried out in duplicate.
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In the case of 1a, Vmax decreased and Km increased with increasing inhibitor, characteristic
of mixed inhibition. However, 2 is more characteristic of uncompetitive inhibition where
Vmax decreased with increasing inhibitor and Ky was lower in the presence of inhibitor,
than in the uninhibited condition (Figure 4.18). To estimate the K; value, a secondary plot
(Figure 4.19) of the slopes of the Lineweaver-Burk plot against inhibitor concentrations
was generated. Ki values were found to be 3.90 and 0.78 uM for compounds la and 2
respectively. The lower K for 2 towards the reductase enzyme may be attributed to the
greater ease of reduction as determined by cyclic voltammetry (Figure 4.17, Table 4.5).
Therefore benzotriazinones 1a and 2 clearly inhibit TrxR, but unlike pleurotin the mode of
inhibition is reversible rather than irreversible. The K; value for the electron-deficient

iminoquinone 2 is closer in magnitude to that of pleurotin (Ki 0.28 pM).2" 27
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Figure 4.19. Graphical determination of K;i for la and 2 using the slopes of the
Lineweaver-Burk plots in Figure 4.18 plotted against inhibitor concentrations.
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4.3.6. NCI-60 human tumour cell line screen and COMPARE anaylsis of pyridinyl

substituted benzo[1,2,4]-triazine-7-ones
Our collaborators prepared pyridinyl substituted benzotriazinones 3a and 3b (Figure

4.20),'* as incorporation of pyridine rings and varying the position of its N-heteroatom on

the pyridine substituent, has been reported to alter the toxicity of

O p
) N. ®) N.
N
N | N N
=
3b

3a

benzimidazolequinones.%

74

NSC: 780815 NSC: 780816

Figure 4.20. Pyridinyl substituted benzo[1,2,4]-triazine-7-ones 3a and 3b evaluated by
NCI-60 screening and COMPARE analysis.

The isomeric compounds were evaluated at the NCI against the 60 cell line panel and
exhibited similar cytotoxicity profiles with one-dose screening indicating little variability

with changes in the location of the pyridine nitrogen (Figure 4.21).
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Figure 4.21. Summary of DTP NCI-60 one-dose (10 uM) screening results for compounds
3a and 3b expressed as average percent growth of each cancer type relative to untreated
cells.
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Similarly to the parent compound la, pyridine substituted benzotriazinones 3a and 3b
showed exceptional specificity towards the breast cancer MCF-7 cell line despite a lack of
lethality towards the other cell lines. Compound 3a had a mean growth of 50.31% and was
most active against the ACHN cell line with a mean growth of -84.7% (Figure 4.21,
Appendix (Table A.4.5)). Similarly compound 3b had a mean growth of 53.32% and again
displayed the greatest lethality towards the ACHN cell line with mean growth of -91.85%
(Appendix, Table A.4.7). The DU-145 cell line was resistant to treatment with both 3a and
3b (Figure 4.21), in sharp contrast to high activity observed against 1a and 2 (Figure 4.14).
A slight difference in activity towards leukemia was observed, with 3b expressing lethality
by having a mean growth of -4.13% while 3a expressed cell growth inhibition (Figure
4.21).

Table 4.7. Mean graph-midpoint (MG-MID) Glsp, TGI, LCso values of 3a and 3b against
all 60 cell lines in NCI panel.

Compound Glso (UM) TGI (UM) LCso (M)
3a 2.88 8.91 28.18
3b 6.92 19.50 53.70

The NCI selected 3a and 3b for further five-dose testing. The 3-substitued pyridinyl 3a is
two times more active than 3b across the GI50, TGI, and LCso endpoint values (Table 4.7)
despite both of them exhibiting similar mean percent growths in one-dose testing. In fact,
3a is more active than pleurotin and compound 2 (Table 4.1, Table 4.3) but the parent
compound 1a remains the most active of the benzotriazinones tested. Both compounds 3a
and 3b were most selective towards renal cancer. The pryridinyl isomers were cytostatic
towards leukemia (Appendix, Table A.4.6 and Table A.4.8), an effect that was also
observed for 1la and 2. In addition, both 3a and 3b were cytostatic toward the MCF-7
breast cancer cell line. Pyridine 3a altered activity towards prostate cancer with selectivity
flipped towards the PC-3 prostate cancer cell line, which is opposite to that reported for 1a
and 2 which were selective towards the DU-145 prostate cancer cell line (Appendix,
Table A.4.2 and Table A.4.4). Pyridine 3b displayed no selectivity at all to either prostate
cancer cell line and had an insignificant Glso value of approximately 14 pM against

prostate cancer (Appendix, Table A.4.8).
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COMPARE analysis correlated the Glso values of 3a and 3b with synthetic compounds
and molecular targets in the NCI database (Table 4.8). The derived Pearson coefficients
produced a similar response to that of 1a with very strong correlations to the naturally
occurring antibiotic of pleurotin (0.73-0.84), implicating them as possible TrxR inhibitors.
Interestingly, 3b had poorer activity against the NCI-60 cell lines, but correlates better to
pleurotin. Correlation to the biological marker MAPK14 also showed a preference for the
isomer 3b with a coefficient of 0.527. The PCCs for 3b towards pleurotin and MAPK14
are the highest of all the benzotriazinones screened, which could implicate 3b as a potent
TrxR inhibitor (Table 4.8).

Table 4.8. Pearson correlation coefficients obtained by COMPARE analysis.

Compound Pleurotin MAPK14
la 0.841 0.450
3a 0.730 0.391
3b 0.842 0.527
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4.4. Experimental

4.4.1 Cell culture and cytotoxicity evaluation

4.4.1.1. Cell culture

An SV40-transformed normal human fibroblast cell line (repository number GM00637)
was obtained from the National Institute for General Medical Sciences (NIGMS) Human
Genetic Cell Repository (Coriell Institute for Medical Research, New Jersey, USA). The
DU-145 prostate cancer cell line (ATCC repository number HTB-81) was obtained from
Professor R.W.G. Watson, School of Medicine & Medical Sciences, University College
Dublin, Ireland. The MCF-7 cell line, a human breast cancer cell line was obtained from
Dr. Adrienne Gorman, Biochemistry, School of Natural Sciences, National University of

Ireland Galway.

The SV40-transformed normal human skin fibroblast cell line (GM00637) was grown in
minimum essential media (MEM) Eagle-Earle BSS supplemented with 15% heat-
inactivated fetal bovine serum (FBS), penicillin-streptomycin, 2 mM L-glutamine, 2X
essential and non-essential amino acids and vitamins. DU-145 prostate cancer cells were
grown in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine
serum, penicillin-streptomycin and 2 mM L-glutamine. MCF-7 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) containing high glucose (4.5 mg/mL) and

supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin.

4.4.1.2. Cytotoxicity measurement

Cell viability was determined using the MTT colorimetric assay.?® Normal cells were
plated into 96-well plates at a density of 10,000 cells per well (200 puL per well) and
allowed to adhere over a period of 24 h. DU-145 cells were plated into 96-well plates at a
density of 2,000 cells per well (200 pL per well) and allowed to adhere over a period of 24
h. MCF-7 cells were plated into 96-well plates at a density of 1,000 cells per well (200 uL
per well) and allowed to adhere over a period of 24 h. Compound solutions were applied in
DMSO (1% vl/v final concentration in well). Cells were then incubated at 37 °C under a
humified atmosphere containing 5% CO2 for 72 h. Control cells were exposed to an
equivalent concentration of DMSO alone. MTT (20 pL, 5 mg/mL solution) was added, and
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the cells were incubated for another 4 h. The supernatant was removed carefully by
pipette. The resultant MTT formazan crystals were dissolved in 100 uL of DMSO and
absorbance was determined on a plate reader at 550 nm with a reference at 690 nm. Cell
viability is expressed as a percentage of the DMSO-only treated value. Dose-response
curves were analyzed by non-linear regression analysis and ICso values were estimated
using GraphPad Prism software, v 6.03 (GraphPad Inc., San Diego, CA, USA).

4.4.2 Electrochemistry

Cyclic voltammograms were recorded using a PalmsSens EmStat3+ potentiostat. Samples
(~2 mmol) were dissolved in dichloromethane containing 0.1 M tetrabutylammonium
perchlorate (TBAP) as supporting electrolyte and 1 mM ferrocene (Fc) as an internal
reference. Voltammograms were recorded in a single compartment electrochemical cell
(0.5 mL volume) containing a glassy carbon disk working electrode (3 mm diameter), an
Ag/AgCI reference electrode and a Pt wire counter electrode. All measurements were

recorded under nitrogen at room temperature.

4.4.3 Thioredoxin Reductase (TrxR) inhibition studies

4.4.3.1. Materials

The thioredoxin reductase assay kit (Sigma Aldrich CS0170) contained all reagents and
enzyme required for the thioredoxin reductase assay and was used as received. Rat liver
thioredoxin reductase was in 50 mM Tris-HCI, pH 7.4, containing 1 mM EDTA, 300 mM
NaCl, and 10% glycerol. The working buffer contained 100 mM potassium phosphate with
10 mM EDTA, 0.24 mM NADPH and the assay buffer 5x contained 500 mM potassium
phosphate, pH 7.0 and 50 mM EDTA.
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45. Conclusions

In summary, MTT studies showed that varying the substituent at the 6-position of the 1,3-
diphenylbenzo[1,2,4]triazin-7-ones decreases toxicity against cancer cell lines. Parent 1a is
generally more cytotoxic towards cancer cell lines, although the 3-CF3 substituted variant
2 shows greater specificity towards solid tumour cell lines in comparison to a normal
fibroblast cell line. NCI-60 one- and five-dose testing reported the same trend of 1a being
more active than 2 with both compounds particularly selective towards leukemia and the

MCF-7 breast cancer cell line.

Using NCI COMPARE, parent compound 1a and 3-CF3 substituted analogue 2 were found
to have very strong correlations to a naturally occurring anti-cancer agent pleurotin.
Benzotriazinones 1la and 2 are TrxR inhibitors, although the mechanism for inhibition is
reversible rather than irreversible as for pleurotin. Specifically, 1a and 2 display mixed-
type and uncompetitive inhibition respectively. The latter CFz-substituted compound is
more easily reducible and shows a more than five-fold greater inhibition of TrxR.

Compound 3a has demonstrated activity two times greater than 3b across the NCI-60 five-
dose screen. Pyridinyl substitution at the 3-position (3a) has given unique selectivity
towards the PC-3 prostate cancer cell line, which is usually inactive against heterocyclic
quinones. Pyridines 3a and 3b correlated strongly to pleurotin implicating them also as

potential TrxR inhibitors.
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4.6. Future work

The alkoxy and amine substitutents at the 6-position of benzotriazinones gave diminished
activity against cancer cell lines when compared to the parent compound la. The
introduction of a DNA damaging aziridine moiety at the 6-position could give specificity
to different cancer molecular targets (Figure 4.22). Benzimidazolequinones substituted and
tethered with aziridinyl moieties have previously induced hypersensitivity of FA cells
lacking FANCD2 protein with cytotoxicity in the nanomolar range.®” 103

Figure 4.22. Proposed aziridnyl substituted 1,3-diphenylbenzo[1,2,4]triazin-7-one to
target Fanconi anaemia.

The fusion of the parent benzotriazinone at N-1 and C-8 positions produces a highly
conjugated triazafluoranthenone with four coplanar rings (Figure 4.23). From literature, it
is observed that optimal DNA intercalation with quinones involves three or four coplanar
rings and a p-conjugated quinone containing a nitrogen atom that facilitates hydrogen
bonding with DNA.1%% 1% Triazafluoranthenone could serve as a potential topoisomerase
inhibitor as numerous heterocyclic quinones exert this inhibition through DNA

intercalation.1%

Triazafluoranthenone
Figure 4.23. Triazafluoranthenone as a potential DNA-intercalator. Model image was

rendered using semi-empirical geometry optimization (PM3) in the gas phase at 298 K
with Spartan® software.
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A.1 NMR data of unpublished compounds

'H NMR (400 MHz) of N,N-dibutyl-2,5-dimethoxy-4-nitroaniline (20) in CDCls
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13C NMR (100 MHz) of N,N-dibutyl-2,5-dimethoxy-4-nitroaniline (20) in CDCl3
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'H NMR (400 MHz) of 1,2,4-trimethoxy-5-nitrobenzene (23) in CDCls
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13C NMR (100 MHz) of 1,2,4-trimethoxy-5-nitrobenzene (23) in CDCls
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A.2 EI-MS spectra for 8O-labeling experiments
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Figure A.2.1. (A) El mass spectrum of 7,8-dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3-
aJbenzimidazole-6,9-dione (9¢). (B) EI mass spectrum, detecting doubly 8O-labeled 13c,
indicating the role of water in quinone formation.
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14b, indicating the role of water in quinone formation.
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A.3 X-ray crystallography data

Table A.3.1. Single crystal X-ray data and structure refinement for 8f.

OMe

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C17H15CIN20O2
314.76

300.1(7) K
0.71073 A
Triclinic

P-1
a=7.8992(15) A
b = 8.6907(14) A
c=11.316(2) A
743.0(2) A3

2

1.407 Mg/m3

0.266 mm-1
328

0.50 x 0.40 x 0.20 mm3

3.588 t0 29.272°.

-10<=h<=7, -10<=k<=11, -14<=I<=15
5420

3381 [R(int) = 0.0502]

99.6 %

Semi-empirical from equivalents
1.00000 and 0.67518

Full-matrix least-squares on F2
3381/0/201

1.017

R1=0.0769, wR2 = 0.2008
R1=0.1204, wR2 = 0.2526
n/a

0.398 and -0.439 e.A-3

o = 104.343(14)°.
B = 92.934(15)°.
v = 97.644(15)°.
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Table A.3.2. Single crystal X-ray data and structure refinement for 9a.

(0]
Cl N
N
Cl Né
(0]
9a

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C10H6CI2N202
257.07
298.7(7) K
0.71073 A
Orthorhombic
Pna2:

a=7.4153(4) A a =90°
b =11.4252(5) A B =90°

c=11.8761(7) A y=90°
1006.16(9) A3

4

1.697 Mg/m3

0.628 mm-1
520

0.50 x 0.40 x 0.20 mm3
3.567 to 29.434°.

-10<=h<=9, -15<=k<=15, -10<=I<=15

7637

2069 [R(int) = 0.0246]

99.7 %

Semi-empirical from equivalents
1.00000 and 0.77868

Full-matrix least-squares on F2
2069 /117146

1.109

R1=0.0318, wR2 = 0.0738
R1 = 0.0398, wR2 = 0.0803
-0.02(3)

0.0154(19)

0.225 and -0.207 e.A-3
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Table A.3.3. Single crystal X-ray data and structure refinement for 9c.

0
Cl N
>\
cl N\\/o
0
9c

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

C10HsCI2N203

273.07

297.2(4) K

0.71073 A

Orthorhombic

Pna2:

a=19.859(2) A a = 90°.
b =4.1152(6) A B =90°.
¢ =12.5806(15) A y =90°.
1028.2(2) A3

2

1.764 Mg/m3

0.627 mm-1
552

0.50 x 0.40 x 0.10 mm3

3.835t0 28.991°.

-25<=h<=20, -3<=k<=5, -16<=I<=16
2766

1865 [R(int) = 0.0239]

99.7 %

Semi-empirical from equivalents
1.00000 and 0.76867
Full-matrix least-squares on F2
1865/1/154

0.940

R1 =0.0350, wR2 = 0.0680

R1 =0.0458, wR2 = 0.0756
0.40(5)

n/a

0.205 and -0.248 e.A-3
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Table A.3.4. Single crystal X-ray data and structure refinement for 9d.

Cl

Cl

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

C12H10CI2N202

285.12

299.9(7) K

0.71073 A

Monoclinic

P2i/c

a=9.4420(7) A a =90°
b =5.7599(4) A
c=22.2284(18) A y=90°
1193.07(16) A3

4

1.587 Mg/m3

0.538 mm-1
584

0.50 x 0.40 x 0.20 mm3

3.657 to 28.940°.

-12<=h<=11, -4<=k<=7, -30<=I<=18
5273

2739 [R(int) = 0.0213]

99.8%

Semi-empirical from equivalents
1.00000 and 0.94200

Full-matrix least-squares on F2
2739/0/163

1.020

R1 =0.0405, wR2 =0.0934
R1=0.0616, wR2 = 0.1074
n/a

0.221 and -0.260 e.A-3

B =99.280(8)°
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Table A.3.5. Single crystal X-ray data and structure refinement for 9f.

of

0]
Cl N - 1 . NS o o
O @ | . .‘ o :

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

C15HsCI2N202

319.13

299.6(3) K

0.71073 A

Monoclinic

P2i/c

a=10.2787(5) A a = 90°.
b = 6.8864(4) A
c =18.8958(8) A v =90°,
1334.80(12) A3

4

1.588 Mg/m3

0.491 mm-1
648

0.50 x 0.18 x 0.15 mm3

3.563 to 29.336°.

-13<=h<=13, -9<=k<=7, -25<=1<=19
10092

3214 [R(int) = 0.0274]

99.8%

Semi-empirical from equivalents
1.00000 and 0.82819

Full-matrix least-squares on F2
3214/0/190

1.057

R1 =0.0469, wR2 = 0.1085
R1=0.0733, wR2 =0.1234
n/a

0.315 and -0.436 e.A-3

B = 93.647(4)°.
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Table A.3.6. Single crystal X-ray data and structure refinement for 10a.

O
Br N
A\
Br sz
(0]
10a

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

C10HsBr2N202
345.99

299.0(1) K
0.71073 A
Triclinic

P-1
a=8.9723(6) A
b=17.1128(9) A
¢ =20.5895(12) A
3145.4(3) A3

12

2.192 Mg/m3

7.715 mm-1
1992

0.50 x 0.15 x 0.10 mm3

3.454 to 25.350°.

-10<=h<=10, -17<=k<=20, -24<=I<=24
22502

11482 [R(int) = 0.0641]

99.7 %

Semi-empirical from equivalents
1.00000 and 0.24026

Full-matrix least-squares on F2
11482 / 840 / 865

0.863

R1=0.0539, wR2 =0.0725
R1=0.1422, wR2 = 0.0977
n/a

0.758 and -0.651 e.A-3

v = 88.947(5)°.

o = 85.557(4)°.
B = 86.407(5)°.
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Table A.3.7. Single crystal X-ray data and structure refinement for 10d.

0]
Br N
\
Br ND
0]
10d

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C12H10Br2N202
374.04

299.9(9) K
0.71073 A
Monoclinic
P2i/c
a=9.3124(7) A
b = 7.6450(6) A
c=17.1919(11) A
1222.32(15) A3
4

2.033 Mg/m3

6.626 mm-1
728

0.50 x 0.40 x 0.20 mm3

3.569 to 29.008°.

-6<=h<=12, -5<=k<=9, -22<=|<=22
5294

2812 [R(int) = 0.0463]

99.7 %

Semi-empirical from equivalents
1.00000 and 0.40238

Full-matrix least-squares on F2
2812/0/164

0.925
R1 = 0.0583, wR2 = 0.1317
R1=0.1176, wR2 = 0.1704
0.0191(15)

0.914 and -0.829 e.A-3

o = 90°
B = 92.959(7)°
y =90°
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Table A.3.8. Single crystal X-ray data and structure refinement for 18.

OMe

OoN
OMe
18

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

ms 6 1
CgHsF NO4
201.15
298.4(4) K
0.71073 A
Monoclinic
Cc

a=7.9538(6) A o = 90°.
B = 89.983(6)°.
¢ =16.0790(13) A v =90°.

b=13.5379(11) A

1731.4(2) A3
8

1.543 Mg/m3

0.138 mm-1
832

0.50 x 0.40 x 0.20 mm3
3.905 to 29.220°.

-10<=h<=9, -18<=k<=17, -20<=I<=20

6792

3164 [R(int) = 0.0214]

99.6 %

Semi-empirical from equivalents
1.00000 and 0.92979
Full-matrix least-squares on F2
3164 /2 /258

1.059

R1=0.0755, wR2 =0.1838
R1 =0.0903, wR2 = 0.2067
1(2)

n/a

0.725 and -0.227 e.A-3
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Table A.3.9. Single crystal X-ray data and structure refinement for 23.

OMe
O,N

OMe

OMe
23

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

CoH11NOs
213.19
118.0(5) K
0.71073 A
Tetragonal
P4,

a=15.6031(7) A a=90°.
b =15.6031(7) A B=90°.
c=3.8114(3) A v =90°.

927.90(12) A3
4

1.526 Mg/m3

0.126 mm-1
448

0.50 x 0.40 x 0.20 mm3
3.693 to 29.277°.

-20<=h<=17, -11<=k<=21, -4<=I<=5

4082

2078 [R(int) = 0.0209]

99.5 %

Semi-empirical from equivalents
1.00000 and 0.97581

Full-matrix least-squares on F2
2078 /1/180

1.041
R1 = 0.0359, wR2 = 0.0757
R1=0.0431, wR2 = 0.0800
-0.3(6)

n/a

0.189 and -0.200 e.A-3
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A.4 DTP NCI-60 mean growth percent graphs

Table A.4.1. One-dose mean graph for 1,3-diphenylbenzo[1,2,4]triazin-7-one (1a).

Developmental Therapeutics Program

One Dose Mean Graph

NSC: 768093 /1

| Conc: 1.00E-5 Molar

Test Date: Nov 05, 2012

Experiment ID: 12110574

Report Date: Aug 02, 2019

Panel/Cell Line

Leukemia
CCRF-CEM
HL-80(TB)
K-562
MOLT-4
RPMI-8226
SR

Non-Small Cell Lung Cancer

AB4A9/ATCC
HOP-62
HOP-g2
NCI-H226
NCI-H23
NCI-H322M
NCI-H460
NCI-H522

Colon Cancer
COLO 205
HCC-2998
HCT-116
HCT-15
HT29

SW-620

CNS Cancer
SF-268
SF-205
SF-539
SNB-19
SNB-75
U251

Melanoma
LOX IMVI
MALME-3M
M14

MDA-MB-435
SK-MEL-2
SK-MEL-28
SK-MEL-5
UACC-257
UACC-62
Qvarian Cancer
IGROV1
QVCAR-3
OVCAR-4
OVCAR-5
OVCAR-8
NCI/ADR-RES
SK-0OV-3
Renal Cancer
786-
A498
ACHN
CAKI-1
RXF 393
SN12C
TK-10
Uo-31
Prostate Cancer
P

DU-145
Breast Cancer
MCF7

MDA-MB-231/ATCC

HS 578T
BT-549

T-47D
MDA-MB-468

Mean
Delta
Range

-16.30
-45.48
-39.00
-37.89

-8.63
-20.23

73.67

Growth Percent

Mean Growth Percent - Growth Percent
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160

100
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of 1,3-

Mean graph response for five-dose testing
-7-one (1a).

A4.2.

Table

iazin

diphenylbenzo[1,2,4]tr

National Cancer Institute Developmental Therapeutics Program

Mean Graphs

NSC :7680!

9311

Units :Molar

SSPL .0Y1U

EXP. ID:1307RS19

Report Date :August 02, 2019

Test Date :July 29, 2013

Panel/Cell

Log, /G150

Log, T6!

TGl

Log, LC50

LC50

Leukemia
CCRF-CEM

Non-Small Cell Lung Cancer
AS49/ATCC
HOP-62

CNS Cancer
SF-268

LOX IMvI

IGROV1

NCI/ADR-RES
SK-OV-3
Renal Cancer

Uo-31
Prostate Cancer
PC-3
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Breast Cancer
MCF7
MDA-MB-231/ATCC

MDA-MB-468
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Table A.4.3. One-dose mean graph for 1-phenyl-3-(trifluoromethyl)benzo[1,2,4]triazin-7-

one (2).
Developmental Therapeutics Program | nsc: b-7s0813/1 | Conc: 1.00E-5Molar | Test Date: May 27, 2014
One Dose Mean Graph Experiment ID: 14050593 Report Date: Aug 02, 2019
Panel/Cell Line Growth Percent Mean Growth Percent - Growth Percent
Leukemia
CCRF-CEM -0.27
HL-60(TB) -36.64 u—
K-562 -35.08
MOLT-4 -20.54
RPMI-8226 45.81
SR -11.31
Non-Small Cell Lung Cancer
AB49/ATCC 93.02
EKVX 95.78
HOP-62 68.96
HOP-92 35.24
NCI-H226 77.72
NCI-H23 67.74
NCI-H322M 99.79
NCI-H460 97.33
NCI-H522 -55.98
Colon Cancer
COLO 205 -70.72
HCC-2898 102.13
HCT-116 35.21
HCT-15 -79.74
HT29 -64.31
KM12 96.77
SW-620 -83.31
CNS Cancer
SF-268 77.42
SF-205 9194 -
SNB-19 93.47 S
u251 69.69 —
Melanoma
LOX IMVI 4.30
MALME-3M -41.74
M14 62.07
MDA-MB-435 62.29
SK-MEL-2 78.30
SK-MEL-28 35.73
SK-MEL-5 32.74
UACC-257 35.58
UACC-62 66.36
Ovarian Cancer
IGROV1 71.65
OVCAR-3 -26.13
OVCAR-4 79.85
OVCAR-5 102.42
OVCAR-8 73.06
NCI/ADR-RES 84.03
SK-0V-3 79.30
Renal Cancer
786-0 2222
A498 79.99
ACHN -89.04
CAKI-1 56.03
RXF 393 -20.46
SN12C 67.93
TK-10 -98.03
UO-31 24.04
Prostate Cancer
PC-3 84.59
DU-145 40.46
Breast Cancer
MCF -49.33
MDA-MB-231/ATCC 61.04
HS 578T 74.03
BT-549 69.23
T-47D -40.82
MDA-MB-468 -73.48
Mean 33.29
Delta 131.32
Range 200.45
150 100 50 0 -50 -100 -150
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National Cancer Institute Developmental Therapeutics Program NSC : D - 780813/1 Units :Molar SSPL :0Y1U EXP. ID :1406NS10
Mean Graphs

Report Date :August 02, 2019 Test Date :June 30, 2014

Panel/Cell Line Log, ,GI50 GIS0 Log, TGI TGI Log,,LC50 LCS50

of 1-phenyl-3-

five-dose testing

for

response
-7-one (2).

iazin

Mean graph

A44.

(trifluoromethyl)benzo[1,2,4]tr

Table

Leukemia
CCRF-CEM
HL-80(TB)
K-562
MOLT-4
RPMI-8226

Non-Small Cell Lung Cancer
AS49/ATCC

|..|I|.|_|11|||

NCFH322M
NCFH460

CNS Cancer [TTTTTTTITTRPIN PP M TP TTRPFPRRAA P

Prostate Cancer
PC-3
DU-145
Breast Cancer
MCF7 .
MDA-MB-231/ATCC -5.72

MDA-MB-468 -5.97

_MID -5.37 -4.9 -4.48
Delta 0.94 071 0.81

Range 1.67 —— 161 —— 1.29 i
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Table A.4.5. One-dose mean graph for 1-phenyl-3-(pyridin-2-yl)[1,2,4]benzotriazin-7-one

NSC: D-780815/1

Conc: 1.00E-5 Molar

Test Date: May 27, 2014

Experiment ID: 14050593

Report Date: Aug 15, 2019

Mean Growth Percent - Growth Percent

(3a).
Developmental Therapeutics Program
One Dose Mean Graph
Panel/Cell Line Growth Percent
Leukemia
CCRF-CEM 8.49
HL-60(TB) 31.09
K-562 -8.79
MOLT-4 5.56
RPMI-8226 50.30
SR 5.21
Non-Small Cell Lung Cancer
AB49/ATCC 101.41
EKVX 115.24
HOP-62 93.40
HOP-92 36.76
NCI-H226 90.08
NCI-H23 89.48
NCI-H322M 102.00
NCI-H460 109.06
NCI-H522 -44.97
Colon Cancer
COLO 205 -59.36
HCC-2998 98.83
HCT-116 48.73
HCT-15 -47.98
HT29 -44.20
KM12 98.41
SW-620 -61.79
CNS Cancer
SF-268 97.99
SF-295 96.28
SF-539 102.73
SNB-19 98.93
SNB-75 98.37
U251 98.29
Melanoma
LOX IMVI 11.67
MALME-3M -20.61
M14 90.30
MDA-MB-435 90.68
SK-MEL-2 106.14
SK-MEL-28 70.67
SK-MEL-5 36.01
UACC-257 60.25
UACC-62 72.67
Qvarian Cancer
GROV1 87.90
QOVCAR-3 -21.89
OVCAR-4 81.82
OVCAR-5 108.96
OVCAR-8 87.10
NCI/ADR-RES 98.00
SK-OV-3 84.86
Renal Cancer
786-0 53.60
A498 91.86
ACHN -84.72
CAKI-1 72.54
RXF 393 65.04
SN12C 84.60
TK-10 -70.85
UO-31 40.14
Prostate Cancer
PC- 89.04
DU-145 91.04
Breast Cancer
MCF7 -55.97
MDA-MB-231/ATCC 68.38
HS 578T 93.86
BT-549 86.58
T-47D -28.41
MDA-MB-468 -32.06
Mean 50.31
Delta 135.03
Range 199.96
150

100 50 0 -50

-100 -150
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Table A.4.6. Mean graph response for five-dose testing of 1-phenyl-3-(pyridin-2-

yl)[1,2,4]benzotr

-7-one (3a).

iazin

National Cancer Institute Developmental Therapeutics Program

Mean Graphs

NSC : D - 780815/1 Units :Molar

SSPL :0Y1U EXP. ID :1406NS10

Report Date :August 15, 2019

Test Date :June 30, 2014

PanelCell Line

Log, G150

GI50

Log, TGI TGI

Leg, ALC50 LC50

Leukemia
CCRF-CEM

Non-Small Cell Lung Cancer
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EKVX
HOP-62
HOP-82
NCI-H226
NCI-H23
NCI-H322M

NCI-H522
Oo_c:Omznm-

CNS Cancer
SF-268

Melanoma
LOX IMVI
MALME-3M
M14
MDA-MB-435

NCIADR-RES
SK-QV-3
Renal Cancer

Uo-31
Prostate Cancer
PC-3
DU-145
Breast Cancer
MCF7
MDA-MB-231/ATCC

T-47D
MDA-MB-468

_MID
Delta
Range

-5.54
065
1.45
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Table A.4.7. One-dose mean graph for 3-phenyl-1-(pyridin-2-yl)benzo[1,2,4]triazin-7-one

NSC: D-780816/1 Conc: 1.00E-5 Molar

Test Date: May 27, 2014

Experiment ID: 14050893

Report Date: Aug 15, 2019

Mean Growth Percent - Growth Percent

(3b).
Developmental Therapeutics Program
One Dose Mean Graph
Panel/Cell Line Growth Percent
Leukemia
CCRF-CEM 1.08
HL-60(TB) -28.06
K-562 -24.28
MOLT-4 -10.55
RPMI-8226 35.83
SR 1.20
Non-Small Cell Lung Cancer
ABA9/ATCC 102.62
EKVX 108.64
HOP-62 95.95
HOP-92 55.81
NCI-H226 91.87
NCI-H23 90.80
NCI-H322M 102.10
NCI-H460 105.80
NCI-H522 -59.67
Colon Cancer
COLO 205 -68.75
HCC-2998 102.77
HCT-116 42.71
HCT-15 33.88
HT29 -46.47
KM12 103.96
SW-620 -46.19
CNS Cancer
SF-268 96.60
SF-295 102.98
SF-539 99.50
SNB-19 102.24
SNB-75 106.01
U251 94.41
Melanoma
LOX IMVI 49.57
MALME-3M 50.12
M14 105.45
MDA-MB-435 94.63
SK-MEL-2 96.79
SK-MEL-28 87.21
SK-MEL-5 76.64
UACC-257 72.28
UACC-62 93.38
Ovarian Cancer
GROV1 88.99
OVCAR-3 -14.88
OVCAR-4 83.52
OVCAR-5 116.74
OVCAR-8 80.05
NCI/ADR-RES 101.49
SK-OV-3 83.87
Renal Cancer
786-0 63.46
A498 88.25
ACHN -91.85
CAKI-1 77.40
RXF 393 26.81
SN12C 93.09
TK-10 -83.43
uo-31 20.51
Prostate Cancer
PC- 83.51
DU-145 105.45
Breast Cancer
MCF7 -37.05
MDA-MB-231/ATCC 91.13
HS 578T 101.23
BT-549 108.14
T-47D -40.87
MDA-MB-468 -65.24
Mean 53.32
Delta 14517
Range 208.59

150

100 50

-100 -150
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Table A.4.8. Mean graph response for five-dose testing of 3-phenyl-1-(pyridin-2-

yl)benzo[1,2,4]tr

-7-one (3b).

iazin

National Cancer Institute Developmental Therapeutics Program

Mean Graphs

NSC : D - 780816/1

Units :Molar

SSPL :0Y1U

EXP. ID :1406NS10

Report Date :August 15, 2019

Test Date :June 30, 2014

PanelCell Line

_VDDEO_MG GI50

Log, TGI

TGI

Log

9,,L.C50 LCS0

Leukemia
CCRF-CEM

Non-Small Cell Lung Cancer
AS49/ATCC
EKVX
HOP-62

CNS Cancer
SF-268

Melanoma
LOX IMVI
MALME-3M
M14
MDA-MB-435

NCIADR-RES
SK-QV-3
Renal Cancer

Uo-31
Prostate Cancer
PC-3
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Breast Cancer
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MDA-MB-231/ATCC

T-47D
MDA-MB-468
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A.5 COMPARE analysis

Table A.5.1. Correlation of seed compound 1a to pleurotin (red).

Developmental Therapeutics Program Mean Graph
Selected Data Vectors

_SEED-~
NSC:S768093 Endpt:GISO Expld:AVGDATA hiConc:-4.0
veclorld: 1702847 count exps: 1
NSC:8401005 a’zom Explk:AVGDATA hiCono:4.0
veolorid 324013 count expis: 2

correlation: 0.842
compareResultld: 4987448

Small Cell Lung
DMS114 482 |
DMS273 474 —
| .
CCRF-CEM -6.75 5,04 =
HL-60(TB) -6.44 558 ==
K-562 -6.45 5,57 =
MOLT-4 -6.54 582 =
RPMI-8226 -5.79 488
SR -6.55 526 =
Non-SmallCellLung
AS4IATCC -5.12-4.34 —E=]
EKVX 488
HOP-18 504 —
HOP-62 -5.35 431 —=
HOP-92 534 —
NCI-H226 -5.66 4,34 —H
NCI-H23 -5.67 478 -H
NCI-H322M -4.79 400 ———
NCI-H460 -5.54 440 —H]
NCI-H522 -6.74 870 I
LXFL529 522 =
Colon
COLO205 -6.23 535 =
DLD-1 22 f—
HCC-2998 -4.99 457 —
HCT-116 -6.38 508 =
HCT-15 641812 =
HT29 -5.79 472 —4
K12 -4.76 449 ——
KM20L2 484 —
SW-620 -6.20 849 B
CNS
SF-268 -5.46 4.57 —=]
SF-295 -4.99 442 —
SF-539 -5.72 472 —
SNB-19 -4.76 433 I—x
SNB-75 -5.70 4.00 =5
SNB-78 487
u2s1 441 —
XF498 491
Melanoma
LOXIMVI 478 -
MALME-3M -6.32-818 =
M14 -5.79-5.10 |—
M1S-MEL 482 4
SK-MEL-2 474 —
SK-MEL-28 -5.82 4,70 —
SK-MELS 542472 =
UACC-257 5.81-4.91
UACC-62 581488
Ovarian
IGROV1 -6.06 4.30 ]
OVCAR-3 -6.22 847 =
OVCAR-4 -5.84 480 -
OVCARS -5.50 4.07 H
OVCAR-8 -5.65 8.1 G
SK-OV-3 -4.90 439 s——
Renal
786-0 -5.72-491 [y
A498 -4.76 480 [=—
ACHN -6.49 847 =]
CAKE1 -5.89 518 =
RXF393 -5.78 827 —
RXF-631 459 —
SN12G -5.75 4,80 4
TK-10 -5.93 499 B
uo-31 -8.77 817 =
summary
MG-MID -5.82+4.88
Delta 1.060,68 —
Range om0 ———F—
g & F W &
1 E
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Table A.5.2. Correlation of seed compound 2 to pleurotin (red).

Developmental Therapeutics Program Mean Graph
Selected Data Vectors
NSC:S780813 Eu'&x;—sﬁis?;}ui A0ENS10 hiCanc-4.0
veckirkE: S048.40 cnrd enpla: 1
mm:mr;m
comelation: 0.793
compareResull i 544059
Small Call Lung
DMST 14 482 4
D527 =474 —
L .
CORF-CEM .3 -5.04 =
HL-GHTE) 5.9 558 =
(21~ 558 55T =
MOLT4 557 B2 =
RPULE226 522 488 i
SR .00 525 = |
Non-SmaliCellLung
ASHUATCC 4714 [/
(=43 447 458 —
HOP8 504 —
P2 £.10 4.8 —
HOPR 585 554 =]
N2 26 <488 <454 —
NCRHZI .22 475 =
HORHIZ2M 4,73 400 ———H
G480 a4 [C—
HCEHE 22 542 570 =
LHFLE2 Sz2 —
Caollon
COLoR0s 534 5,95 =
oo H22 —
HOC-2998 81487
HET-116 5.79 -5.08
HCT-15 584 512
HTZ3 5.58 472
K12 471440
KM0LE 404 —
ana: 6.7 540 ——
CNS
SF-268 -4.82 45T —
5F-295 apdaz —
SF53 480 472 —
SNB-13 433 —
BNE-TS <480 4,06 —
SNB-TA 8T
uz2st 487 441 =
X498 01
Mal
LOKII .80 478 +—
MALME-3M 574898
Mie .24 610
MIS-MEL 482
SK-MEL2 5448 AT4
SK-MEL-28 577 476
SK-MEL-5 11472
uACC257 572 48
UACC-62 520 486
Owvarian
1GROVT .92 436 i
OVCARS 580 51T
VAR -5.83 =480 4—
DWCARE 481487 —
CVCARA £.38 8.1 —
SO 42 430 ===
Renal
THEQ 51
Aaga 485 4,50 —
ACHH £.0 54T ==
CAI 581518 ===
RXFI93 584 52T =3
RXFG31 .50 —
SN12G 5.14 =4.80 —
TH-10 579 486 S—
U 5.8 BAT ===
summary
ME-MID -5.37-4.88
Dedta 073088 =
Range (LR Jaee—————
| R
1 E]
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Anti-Cancer Activity for Benzo[1,2,4]triazin-7-ones: Very Strong

Correlation to Pleurotin and Thioredoxin Reductase Inhibition
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bDepartment of Chemistry, University of Cyprus, Cyprus

OE Gaillimh

NUI Galway

[Tavermompio Konpou
University of Cyprus

¢School of Natural Sciences, National University of Ireland Galway, Ireland

( . N
Introduction

The thioredoxin (Trx)-thioredoxin reductase (TrxR) system plays a key role in
maintaining cellular redox balance with Trx being over-expressed in a number
of cancers. Inhibition of TrxR is an important strategy for anti-cancer drug
discovery. The naturally occurring antibiotic product pleurotin is a well-known
irreversible inhibitor of TrxR with K of 0.28 uM

Pleurotin Benzo[1,2,4]triazin-7-ones
\, Y
. . )
National Cancer Institute (NCI) Compare
Analysis & Tumour Cell Line Screen
Leukaemia
Non-Small CellLung Cancer
Colon Cancer
v =
© Renol Canee m 2

Prostate Cancer (PC-3)
Prostate Cancer (DU-145)
Breast Cancer

Breast Cancer (MCF-7)

400 80 £0 40 20 0 2
% Growth

The NCI COMPARE analysis quantifies the degree of similarity between
different cytotoxicity profiles as a Pearson correlation coefficient. Out of
~250,000 compounds in the NCI database, both compounds 1 and 2 gave
very strong Pearson correlation coefficients (~0.8) to pleurctin. This suggests
similar structure-activity relationships for anti-cancer activity.

. S

o 80 W 100

r N

TrxR Inhibition Studies

The TrxR assay involves the reduction of 5,5-dithiobis(2-nitrobenzoic) acid
(DTNB) with NADPH to 5-thio-2-nitro-benzoic acid (TNB) producing a
yellow colour at 405 nm. Inhibition of TrxR prevents the formation of
coloured TNB. To determine whether 1 and 2 inhibited TrxR, enzyme
activity of TrxR was estimated in the absence or presence of varying
concentrations of inhibitor.

1: Mixed Inhibition

0.0¢

5

é 0o # 0.50 uM Inhibitor
; : a ® 0.30 1M Inhibitor

L)

] o 0.15 uM inhibitor

5 0.0:
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2: Uncompetitive Inhibition
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T
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s
=
H 0.02 # 0.30 uM Inhibiter
5 ® 0.00 1M Inhibitor
s
002 0.00 0.02 004
1/[DTNB] (uM)!

A secondary plot was used to estimate the K value by plotting the slopes of
the Lineweaver-Burk graph against inhibitor concentrations. K; values were
found to be 3.90 and 0.78 pM for benzotriazinones 1 and 2 respectively.

|Graphical determination of K; |
10

H x
4 Cyclic Voltammetry E -
1 r
| X
i 0.24 x = 2
E 0.04 'K
5 -1 ]
§ s 2 4.2 09 06 03 0.0 0.3 06 0.9 1.2
g | \_ [inhibitor] (uM) y,
041
| '8 " 1
S Conclusions
25 20 a5 a0 05 00 + Benzo[1,2,4]triazin-7-ones 1 and 2 displayed very strong correlation to
Fotsssi{rye. Fair naturally occurring antibiotic pleurotin.
Cyclic voltammetry showed both 1 and 2 undergo characteristic quasi- o . o
reversible one-electron redox processes. Benzotriazinone 2 was more + Benzo[1,2 4triazin-7-ones 1 and 2 are reversible TnR inhibitors
easily reduced due to the electron withdrawing CF, group. This suggests whereas pleurotin is irreversible.
that bioreductive activation is implicated in cytotoxicity.
J \° The 3-CF, substituted analogue gave sub-micromolar inhibition of TrxR.
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