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Abstract

Chapter 1 provides a literatureeview of metal and metdiee oxidative annulations
employed to access riffgsed benzimidazoles while highlighting their significance and
application towards antumaur benzimidazolequinones. The aims and objectofethe
thesis & included at the ehof this Ghapter

Chapter 2 starts with a review detailing the green credentials eD-HEtOAc, and
methanesulfonic acid (MSA)ith an emphasis othe sustainability of their production
Pyrrolo[1,2a]benzimidazoles were prepared frooapyrrolo substitutd anilines using
H2O- in EtOAc, avoiding the tratibnal use of carboxylic agisolvents. The protocol
circumvented aqueous extraction and chromatographygcauldl beapplied to six, seven,
and eightmembered cyclizations. Pyrido[t#benzimidazole forration and the
cyclization of 3,6dimethoxy2-(cycloamino)anilines required one equivalent of MSA in
order to achieve high yields.

Chapter 3 starts with a review discussing the impact of carbalogen bonds in
medicinal chemistry, HD2/HX as a benign method for the synthesis of halogenated
heterocycles, and current methods to fgrguinones. The onpot tunable protocol of
H>Oo/HX can be used to either perforfielectron or €electron oxidation to access
dimethoxy ringfused benzimidades as well aschlorinated and brominateghg-fused
benzimidazolequinones in high yields. HPLC reaction profiling indicated that halogenation
occured prior to oxidative cyclization. £2Ind Be were determined as active species in the
onepot reactions.Hz'%0 labeling experiments on dimethoxy benzimidazoles provided
insight into the mechanism of ether cleavage. Thiration of 2fluoro-1,4-
dimethoxybenzene formed exclusivehldoro-2,5-dimethoxy4-nitrobenzene.

Chapter 4 starts with a brief descrigth of subject heterocycle synthesis, the National
Cancer Institute Development Therapeutic Program {INUP), thioredoxin reductase
(TrxR), and defines the different types ofversibleenzyme inhibition. The Hnouse
cytotoxicity evaluation of a series benzo[1,2,4]triazir/-ones is described. COMPARE
analysis at the NCI showed a very strong correlation between- 1,3
diphenylbenzo[1,2,4]triazi#7-ones and pleurotin. The latter natural antibiotic is an
irreversibleTrxR inhibitor. Enzyme assaglata were arngsed using the Lineweaw&urk

plot, which confirmed that 1;8iphenylbenzo[l,2,4]triaziT-one and the &R
substituted analogue are reversible TrxR inhibitors. The latter is more potent displaying
uncompetitive inhibition, rather than the mixed inhdmtof the parent compound.
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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 pharmacophavéh therapeutic interest

increasing from the mi@0" century wherb,6-dimethylbenzimidazolevasdiscoveredas a

degradation produdf Vitamin-B12 (Figure1.1).t

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 VitamBy2 andbioisostereof purine

nucleobasg!

As bioisostere®f the purine nucleobases adenine and guanewgziimidazolepossess a

wide range of biological activitieSpecifically,ring-fused benzimidazek have displayed

properties as pairelievers® therapeutic agents ithe treatment of acute coronary

syndrome’ applications insubcutaneous fat reductidrgyclin dependent kinasgCDK)

inhibitors® ® corticotropin releasing factor (CRF) antagonist$,as histamine kireceptor

ligands® and modulatorsof the tumour necrosis factor (TNEFigure 1.2)° In addition,

ring-fused benzimidazoles hadesplayedactivity asanti-canceragentgFigurel.2).1% 1!
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Figure 1.2. Thevarious biological activitiesf ring-fused benzimidazoles!

1.1.2. Benzimidazolequinones

Benzimidazoles serve amluable synthetic precursoto benzimidazolequinones thate
activated upon bioreductidn produce a chemotherapeutic eff€gtiinones can be easily
reduced by enzymes to hydroquinones due to ttexidencyto form full aromatic
systemsg? The bioreduction of quinones can occur via -efectron or tweelectron
pathways>*® The sinde-electrontransfer (SET)produces a semiquinone radical through
activation by theenzyme NAD (P)H cytochrome ¢ P450 reductageYP450, cytochrome
b5 reductasgand ubiquinon@xidoreductaseSETis reversible, oxygedependent and is
prevalent undehypoxic conditions $chemel.1). Under continuedhypoxic conditions the
semiquinone radical will be reduced to the hydroquindifee Aldabbagh group has
reported Bcyclic ring-fusedbenzimidazolequiones with nanowlar toxicity in hypoxic
tumour cells (Figure 1.4).2° The twoelectron irreversible reduction is carried out by
NAD(P)H:quinone oxidoreductase 1 (NQG%)which isexpressedt high levels in many

solid tumaur breast® 2! cervical?? prostate?® lung 24 and coloncancers?®



O
Quinone

CYP450 NQO1

+1e, H* 0, +2e7, 2H"

OH Oz OH

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

Schemel.1. One and tweelectronbiorediction of quinones?

Compared to establishednticancer indolequinones such as itomycin C (MMC),
benzimidazolequinones contain an exftactronegativanitrogenon the imidazolering to
enhancebioreduction of the quinone moiety. Skibo first took advantage of the
electonegative nitrogen to synthesia series of aritancer pyrolo[1,2-albenzimidazoles
(PBIs) which were active against breaspnsmall cell lung, colon, CNSmelanoma,

ovarian, and renal canceell lines(Figure1.3).2"%7

A (0]
N 4N
6 N R
s
(0]
PBI

CHs e

NH,

L

ZT
T
T

NH,

@) 0]

H

’N\H/N\L—Phe ’N\[(
o}

S()

Figure 1.3. Skibo's anticancerPBls?"3’



The PBIs are reducday NQOL1 to generate the active hydroquinone species that hydrogen
bondto the AT base pairs in the major groove of DNA. The hydrogen bonding orientates
theprotonatedaziridine ring of thénydroquinongo enableDNA addition anctleavage via

a labilephosotriester?® 38 39

Alterations to substituents at thg8sition significantly changes the cytotoxicity profile of
PBIs. The 3amino substituentsuch as amide and uréR = NHCOCH, NHCONH)
greatly enhanced cytotoxicitgincehydrogen bonithg to thymine in the major groove of
DNA is promoted(Figure 1.3f% 3° The presence of lipophilic -phenyldanine linked
substituerd at the 3position impoves cellular uptake giving higheytotoxicity against
melanoma cell linegFigure 1.37" “° Enantioglective cytotoxicity waschievedwith the
Senantiomer of the -8ubstituted uredR = NHCONH) being 100 times more selective

towards ovaan cancer cell lines than tReenantiomefFigure 1.3)*®

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

nanomolar activity

n=1,2 n=1-3
(0] A 0] 0]
Me N N N MeO N
\ \ \
Me N N N
0] O n O n
n=1-3 n=1-3
O O
N — N
i aW
V
- O
O O
Y =CH
Y=N

Figure 1.4. AldabbagPs reported antcancer benzimidazolequinons?*46

Aldabbaghet al designed a series of amtncer ringfused benzimidazolequinones with
enhanced cytotoxicity compared to indolequinones such as MDre 1.4).1% 4146 The
pyrido[1,2a]benzimidazéequinone proved the most potent with cytotoxicity in the

5



nanomolar range under hypoxic conditions despite the absence of a DNA damaging
functionality!® The additionh ring-fused cyclopropane did nailter the cytotoxicity
responsedespite its DNA damaging capabiliti€s.*> 42 The presence of methyl
substituerg with or withoutring-fused cyclopropane on benzimidazolequinones reduced
overall cytotoxicity This wasdue tothe donatingeffectof the mehyl substituentslowing

therate of bioreductiof®*3

Fahey and Aldabbagh assembled methoxy and aziridinyl substituted
benzimidazolequinong$igure1.4). Their cytotoxicitywas evalatedagainstthe Fanconi
anaemia (FAEell line PD20) and anormal human skin fibroblast cdithe (GM00367)**

4 The aziridine moiety was necessary to induce hygensitivity of FA cells lacking
FANCD2 protein with cytotoxicityin the nanomolar rangewhereasthe methoxy
substitutengave negligible cytotoxicit§® Potency towards normal humakirs fibroblast
cell line decreased with increasing alicyclic ring sibaeit the aziridinyl substituted
compoundswere more cytotoxic in comparison to the methoxy analogogsortantly,
this work showd thatthe quinone functionality is not essentfal hypersensitivity via the
the FANGpathway?® Moriarty and Aldabbagh synthesid highly conjugated
benzimidazolequinones containing fusagl, pyridinyl and naphthytings (Figure 1.4).46
The aromatic resonance stabilisation of the chemically reducednguimtermediateded

to greaterspecificity andcytotoxicity towardsboth cervical (HeLapnd prostate cancer
(DU-145) cells that oveexpress NQO1> %6 The highlyconjugated benzimidazolequinone
(naphthytfused)displayedthe best selectivity towarddeLa and DU145 cell lines with
negligible cytotoxicity towardghe normal human skin fibroblast cell line (GM00369)

In  further studies, Skibo reporteda series of 6-acetamidopyrrolo[1;2
albenzimidazolequinone§APBIS) (Figure 1.5), which arestructually relatedto PBIs
(strong NQO1 substratesFigure 1.3). National Cancer nistitute (NCl) COMPARE
analysisestablished an inverse correlatibetween APBIs andNQOLl The APBIs are
reduced to thénactive hydroquinone specigsy NQO13° APBIs onlyintercalateDNA in
the oxidised quinone formacing as potenttopoisomerase linhibitors. Skibo designed
imidazo[4,5f]benzimidazolequinones to add steric bulk arotivequinone core to lessen
the deactivation by NQO¥. Unexpectedly, diprrolo-, mono aetylated dipyrréo- and
dipyridamidazo[4,5f]benzimidazolequinonegproved excellent substrates for NQOL1
stabilised by W105 andF-106 residues of NQOXFigure 1.5.*® The presence dfiwvo

6



acetylated groups on dipytodmidazo[4,5f]benzimidazolequinonprevented reduction by
NQO1 due to steric bulk. Bothlipyrrooimidazo[4,5flbenzimidazolequinoneand its

diacetylatechnaloguevere found to inhibitopoisomerase A’

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. Imidazobenzimidazolbasedanti-cancer agent®: 475!

Fagan and Aldabbagh reported the symmetrical and unsymmetngdhzo[5,4
flbenzimidazolequinone isome(Bigure 1.5) with specificity towards NQO1The [5,4-f]
isomer displayed greater cymicity than the imidazo[4,5f]benzimidazolequinones
towards HeLa and DU145 cell lines® °° NCI COMPARE analysis of the
dipyridoiminoquinone(DPIQ) cytotoxicity profile and computational docking into the
NQO1 active site has shovthe iminoquinone motif to have particularly highaffinity
towards NQOZP! DPIQ has high specificity towards the prostate cancer cell line-(DU
145), as the toxicity was twelve times gredtenthat of anormal human skin fibroblast
cell line*® The presence of an oxygeroat in the 1,40xazino ring of he unsymmetrical
imidazo[5,4f]benzimidazolequinonerovides enhanced toxicity agairiee testeccancer

cell lines®®



1.2. Synthetic overview

Access to privileged rirfused benzimidazoles continues to be of intersd is detailed
in several recenteviews®*®” The focus of this thesis on oxidative cyclizations and
therefore thisrtroduction will primarily review the oxidativeansformationsf o-cyclic
amine substituted anilineand their derivatives (Routd) alongside other oxidative
examples in Route @ndE (Schemel.2).

e N
Z NO, H H‘N
R | N a
X R+ Il ) or Ry |
= = o
X ,!| NH,
Nitro cyclization L Cyclic Amidine or Lactam Cyclization )

N
J

N

B )C/
'd )
N NR, / Nj N NH, CHO
R <D R_;C[ . (
P =
D NH, CHO
Aniline or Anilide/Azido

o-Phenylenediamine
\derivatives Cyclization ) L Condensation
J

E

N N R

R Y—R" or R—:(/\[ X
CIe o <X
.

n(\")~R'

Annulation at 1- and 2- substituted Benzimidazoles

Schemel.2. Classifying the diférent synthetic routes to risigsed benzimidazoles

The reductive cyclization of nitrobenzenes (Route B) commonly @aphetal reductants
in acid such as A©/ZnChk,?" 3+33 58 HCI/TiCl3,>* % and AcOH/FE&! Molecular iodine
catalytically reduced nitrobenzenes with formic acichich is used as thesource of
hydrogerf? Palladium catalysis veautilized for reduction with reagenté CO/Pd (high
pressuréfand Hz/Pd% The reductions can be carried dbermaly under solvent free
condition$® ® or in mineral aci®’ Photolytic cyclization of nitroarenes in mineral acid
has been employed pieusly,®” but more recently visible light and a thiourea catalyst
havecarried out the reductive cyclization mifoarenes via biradical combinatioBogheme
1.3).%8



PhSiH3, 0" N,

NO, dioxane, N, rt N o N
R_|\ + Ph\N)‘LNH —2 . O\H . R_| A N
- N H 2 10 W purple LED N 2 = N
(395 nm)
catalyst

Biradical Intermediate

54-77%

Schemel.3. Reductive cyclization of nitroarenes \naadical recombination mediated by
visible light, thiourea, and silane reductéht.

o-Haloarylamidines (Route C)undergo nonredox transition metakatalyz2d coupling
reactionswith ligand/Cul®®"! or transition metatfree methods ofDMSO/KOH,”? and
CsCOs/DMA ° Thelactam substituted aniles cyclize usingdi-t-butyl sulfoxide/NBSvia
an azaWittig reaction’® t-BuLi directs theo-lithiation of cyclic arylamidinesfollowed by
intramolecular trapping ofan aryne intermediate to forming-fused benzimidazoles
regioselectively* A traditional synthesis of benzimidazoles involves tbadensation of
1,2-phenylenediamineswith aldehydeg>’’ and acid anhydride$ (Route D). The
cyclization of N-alkenyl1,2-diaminobenzenes via hydroformylationtermediates with
syngas (CO/R) and catalysed by rhodium gave mixtures alfcyclic ringfused

benzimidazoleg® 8°

Route E differs from the other routes in that annulations occur onte #re 2 positions
of pre-preparedbereimidazoles to provida diverse rangef ring-fused benzimidazoles
These includeannulatiors of alkenyF*84 and alkyny®® substituted benzirdazoles under
transition metatatalysisby Rh, Ni, Ni-Al, Ir, and Ag respectively The use of chiral
ligands has allowed fognde andexo enantioselective annulatiofi3 8 More recently, a
nickel catalyzed enantioselectivendacyclization between an imidazole and alkene
alongside thechiral secondary phosphine oxigedigand (JoSPOphos) was achieved to

produce tricyclidenzimidazoles3chemel.4). 8



Ni(cod), (5.0 mol%)
= 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
eO N FsC N Cl N
N "'Me N “'Me N “1Me
87%, 99:1 e.r. 91%, 99:1 e.r. 85%, 99:1 e.r.

Schemel.4. Nickel catalysed enantioseleat synthesis of alicyclic rinfused
benzimidazole&®

The cyclization of alkyl substituted benzimidazoles is achieved using bases &f RfaH,
KOH,?® and LDA.%° The [4+2] annulatiosof 2-substituted benzimidazolegcurredwith
styrene/R& or under metatfree conditions using abromoethylsulfonium saf The
formation of pyrrolo-, pyrido, azepine and azocino[1,2]benzimidazoles with a fude
cyclopropanering involves N-aziridinyl imines (Eschenmoser hydrazones) undeo

thermdysis at reflux in m-xylene with a loss of nitrogen anansstilbene (Scheme

1.5 41-43

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%

Schemel.5. Synthesis of cyclopropane fused benzimidazoles via Eschenmoser
hydrazone$**?

Metatree methodologies includingitiator-free radical photochemical annulations of
benzimidazoR-yl radicak®® benzimidazole cyclizationwith aryne using CsF and
K2COs,** and N-HeterocyclicCarbene (NHCXxataly2d intramolecular hydroacylation of
N-allylbenzimidazole2-carboxaldehyd€s are additional pathwaysto ringfused

benzimidazoles

10



1.2.1. Oxidative cyclization of aniline, anilide and azide derivative§Route A)

In 1908, Spiegel and Kaufmann showétat Caro's acid (p@xymoncsulfuric acid)
oxidizedo-cyclic amine substituted anilirfeto a tricyclic ringfused [1,2a]benzimidazole
2 (Schemel.6).%® The absence of the electron withdrawing nitro groud eesulted in no
oxidative cyclization. Caro's acid was already known to oxidise anilines to

nitrosobenzendésupporting the idea of a nitrosotermediate.

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

Schemel.6. Caro's acid oxidative clization ofo-cyclic aminesubstituted aniliné®

Prominent 28 centurychemist and creator of Adam's catalyst, Roger Aduaiitts Nair

refined the methodologio access a widerange of ringfused[1,2-albenzimidazoles in
good to high vyields of 581% using peroxytrifluoroaceti@cid generatedin situ

(Schemel..7).%8

R_5 NH H20,, R NO R

UL =2 P UL

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 NO2
0 CH: 81 75 86 72
1 CHz 58 66 60 95
1 O 73 62 61 76
2 CHz 91 0 0 0

Schemel.7. Oxidative cycliation ofo-cyclic amine substituted aniliné.
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The presence of an electranthdrawing group at theb-position of o-cyclic amine
substituted anilines allowed more facile oxidation to give the highest vyielding
benzimidazoles§chemeél.7), consistent with previous studies on the oxidation of anilines

to nitro aromatic compound$.

Due to the ability of peroxpcids to oxidise anilines to nitrosobenzetésNair and
Adams believedhe oxidative cyclization proceeded via oxidatiorthe# primary amine to
a nitroseintermediate which subsequentlgyclized onto the'-methylene carbof the
tertiary cyclic amin€® Further support for the nitrosmtermedate came when the
involvement of an alternative tertiary amiré-oxide intermediate wasnvestigated
(Schemel.8). The attempt to oxidz theo-cyclic amine substitutechdide d i dyeld the
desiredring-fused benzimidazole under tesamereaction conditionpresented irscheme
1.7%8

@) Ph

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

Schemel.8. Failed oxidative cyclizationf o-cyclic amine substituteanilide.%®

Meth-CohnandSuschi t zky have rationaltertaggdminohese
effecd , whereby tert i asubstituenn liedds toecgclizatidh tThe a n
paradigm has allowedoxidative cycliations to be performed with a vageof o-

substituents such as amino, acylamino and azido gtogpge 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
\__/

Schemel.9. Oxidative cycliation ofo-cyclic amine substituted anilin&sanilides

102
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Meth-Cohn and Suschitzky further explored the useanositu generated peroxscids,
combiningH.0. and formicacid to generate performic acitf. This furnisheda series of
alicyclic ring-fused[1,2-a]benzimidazolesn excellent yieldsstarting fromeithero-cyclic
amine substitutedniline or anilide derivativesSchemel.9). MethrCohn contradicted the
observation of Nair§chemel.8), showing that thecyl derivatives inSchemel.9 (R =
formyl, acetyl and benzoyl) weraxidatively cyclized using elter peroxytrifluoroacetic
acid or performic acid®® Meth-Cohn prefered the use ofo-cyclic amine substituted
anilides as substrates for making riiuged benzimidazole§? The reactions proceeded
more cleanly and MetEohn believed Nair and Adafishadpossibly formed the-cyclic
amine substitutecnilidesin situ as trifluoroacetic acid walrst added to theo-cyclic

amine substitutednilines followed byhydrogen peroxidé®®

OxPh Ox_Ph

NH H,0,, HCO,H NH
o 3° amine-N-oxide
0 °C, pyridine, 3 h D
+
3,89%
(b) ' 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

Schemel.10. Isolatedintermediats provide mechanigt insight into cycliation of
anilides!os 104
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The o-cyclic amine substituted anilidesre not susceptid to acid hydrolysis
circumventing the possibility of cyclization via a nitroso intermedfigttdirecting research
towards a medmistic route involvingertiaty amineN-oxides Schemel.10. Performic
acid was added dropwise for 10 min. at O °C to the anisdbéme 1.18) in pyridine and
the reaction was then brought to room temperature over 3 h. The reaction contents were
concentrated down with addition of water vacuoand then the product was extracted
with choloroform followed by recrystallization from benzeriéis was the first ever
reported isolation of any benzimidazdkrtiary amineN-oxide and gave3 in excellent
yield of 89%!°3 The subsequent trémentof 3 with hydrochloric acid (R)) at refluxled to
the correspondingpyrrolo[1,2-a]lbenzimidazole4 in 71% vyield (Scheme 1.16). Meth-
Cohnprepared dacetyldihydrobenzimidazolgscheme 1.1€) 5in 32% yield by refluxing
an arylazide in acetic anhydride as part of an investigation timamechanism for the
thermal cyclization of aryl azidgSchemel.27).1% The isolated dihydrobenzimidazdie
was thenoxidized using performic acidto give pyrrolo[1,2-albenzimidazole4 in almost
quantitative yieldSchemel.10d).1%4

o R" O o)
. (CH5C0),0 \
I AR
R2 R2 R R H
0] O R’
@ -AcOH ('W
9J\""J\ R: )’\Il ok \— @ iminium ion

R1
\ @ o
R3_N-Q
~N \RZGJ

Ac0O\__H R

Acylation R 0
)j\,\‘)j\ with Ac,O >-(-\>- .< -AczO \N—<O . J\
\@ R2 R

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

Schemel.11. Acylation and fragmentation of tertiagmineN-oxide inthe Polonovski
reactiont% 106

The isolation of the aminéN-oxide and acylated hydrobenzimidazalgermediates,
followed bytreatment with acids to form benzimidazol&gljemel.10 led Meth-Cohnto
proposea Polonovskitype reactiort®1°7 (Schemel.11). The Polonovskireaction involves

14



the acylation of a tertiary amird-oxide with acetic anhydride or acyl chloride that
fragments to form an acetamide and aldeh{@ieheme 1.11)Meth-Cohris mechanism
states that thdertiary amineN-oxide 3 reacts intramoleculaly with the acyl group
(Schemel.12), rearranging to a hemiaminalhe hemiaminalindergoes dealkylation via
an eliminationreaction with loss of water to produce an iminium ion. The resultant
iminium ion undergoes nucleopluliaddition from the adjacent amide group to give 1
acyldihydrobenzimidazolevhich is further oxidized to yield the dest ringfused [1,2
albenzimidazolel with loss of carboxylic acidSchemel.12).

OYPh H
H
AP T
CLy | G| o S -
NQ HCO,H o
hemiaminal A

o
@Né — OLY) e @é

iminium ion 1-acyldihydro-
benzimidazole

Schemel.12. Meth-Cohnproposed oxidative cyclization ofsubstitutedN-oxides!?3

However experimental NMR studieby Meth-Cohn showed strong hydrogen bonding
between the oxygen of thé¢-oxide and the NH of the amide in the intermediattiary
amineN-oxide 3 (Schemel.13 blue boy.1°® This meantthat the carbonyl of the amide
was orientedaway from theN-oxide and is at odds with the mechanishti{emel.12,
blue box) showing the nucleophilic additiohthe amineN-oxide onto the carbonyl of the
anilide.

Faganand Aldabbagh's research provided insighbbtairnng anX-ray crystal structuref

the dimorpholineN-oxide 6 (Schemel.13 red box). The datshowed the carbonyl of the
amide wasindeed orientated away from the amiré-oxide due to hydrogeibonding
(Scheme1.13.>° Basal on this,a new mechanism incorporating the hydrogen bonded
amineN-oxide intermediatevas proposedserving as an alternative to the Polono\gke
reaction Schemel.12). Theo-cyclic amine substitutednilide isoxidized b the amineN-
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oxide 7. TheN-oxide is then protonated in acidic media resulting inttgdrogen beside
the quaterrsed nitogen becoming acidicwhich leads toiminium ion and imidol
formation with loss of waterThe imidol adds on to the iminumen in a nucleophilic

addition leading to the brominatetbrpholinofl,2-a]benzimidazole.

& Ao ()
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

Schemel.13. Fagan and Aldabbagh proposed mechaniskht-bbnded amin®&-oxide
intermediate® 103

The versatilityof performic acid was extended to perform deubannulatios of the o-
cyclic amine substituted anilide 9 giving pentacyclic ringused imidazo[4,5
flbenzimidazole10b in 74% vyield Gcheme 1.14).2%2 Skibo and ceworkers later
synthegzed thedipyrido ringfused derivativelOb with performic acid as a precurstr
the anticancerimidazobenzimidazolequimes Figure 1.5).*" 4 However, the yield of
31% is significantly lower than thaeportedby MethCohn Scheme 1.14) and the
dipyrrolo anabgue 10a was obtained iran evenpoorer yield of 10947 The variance in
yield may be attributed to thisolation of 10b which was obtainedvia sublimationin

vacuoby Meth-Cohn and recrystallization by Skibo.

Fagan and Aldabbagh obtainetie imidazo[5,4f]lbenzimidazole isomer series of
pentacyclic ringfusedcompoundg12a-12c) using the solicperoxideOxoné® (potassium
salt of peroxynonasulfuric acig in 90%formic acid(Scheme 1.1€).°° A diverse range of
symmetrical and unsymmetricaling-fused imidazol[5,4f]lbenzimidazoles containing
oxygen heteroatoms and alicyclic rings of varying sieee preparedScheme 1.1¢). The
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ring-fused imidazo[5,4]benzimidazoleswere converted to theiriminoquinone and
quinonederivatives Figurel.5) with enhancedaytotoxicity towards cancer cell lines over
expressing NQO12°! Oxoné€ was also showto work well for the mono cyclation of
the brominatea-cyclic amine substituted anilidgving the corresponding benzimidazole
8in a high yield of 80%%cheme 14a).

(a)

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

K/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%

Schemel.14. The oxidative annulation and double annulation-of/clic amine
substituted acetanilidg$ 48 50 102

Oxoné is advantageous over.8y/organic acidmethods, because it facilitates the
precipitation of the benzimidazole$rom acidic solution with solid sodium carbonate
(without the requirement for further purificatiotg give goodyields of 4758% for the
double annulated adductBhis overcomeshe low yields(<30%)*" 8 associated with the
extraction of imidazo[4,5flbenzimidazole from aqueous acidic mixtures that Skibo

experienced.
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Performicacid continues to

be of syntieutility since MethCohn's seminal work more

than five decagls ago $chemel.15. Many of the benzimidazoles synthesiagith this

methodology serve as valualpieecursors to biologadly active compounds.

R1
RZ

R3
R4

R1
NHR H,O,, HCO,H R2 N
(performic acid) N
N R N>\\Y
KH/Y R* \‘Mn

n

R = H (a), COMe (b-d)

(a

) EtO,C N
T

62%

L L
N N

75% 58%

(b)  AcHN N
L
Me sz

81%

AcHN N
T
MeO N

52%

P

69%

AcHN N AcHN N
Lo ™!
MeO N n-Bu N

82%

MeO N
T
N

81%

65%

(c)
MeO N
T

64%

(d)
AcHN N
\
NO,

64%

MeO N
T
N

66%

Schemel.15. The continued use of performic acid in literature to carry out oxidative

CyClizati0n527’ 28, 31-33, 44,108 109

Alkhade obtainedester substituted benzimidazole&dckemel.15) of varying alicyclic

ring size in good yields,

and used theam precursors to access more compidat

heterocycles such as [4ghimidazoquinazolinone¥® From the beginning of the 1990s,
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Skibo and ceworkers have ubiquitously used performic acid to syntbgsysrolo[1,2
albenzimidazoles(Scheme 1.1%) as syntheticprecursors to benzimidazolequinone
reductive alkylating agentsand topoisomerase |l inhibits (Figure 1.3).2% 28 31-33
Aldabbagh et al. focused on the synthesis of-exganded azepircand aocindl,2-
albenzimidazoles§chemel.15c) obtaining them in good yields (885%)with performic
acid** Similarly these compounds would serve as precursors to thearter aziridinyl
substituted benzimidazolequinond&igure 1.4).** “° Finally, Groves furnished -7
acetamide2,3-dihydro-8-nitro-1H-pyrrolo[1,2a]benzimidazole $chemel.15) in 64%

yield as a precurs to novelpyrazinesand quinoxalines®

Martinez showed that thgcolinamide groupdirectscopper catalysed-Ci H amination of
anilineswith morpholine using a stoichiometric amount of the oxidarenyliodine(lll)
diacetate(PIDA) (Schemel.16).1° The picolinamide group is well tolerated in the
presence of performic acigd and undergoes oxidative cyclization to yield the
morpholind1,2-a]Jbenzimidazolel3 in an good yield of 80% with loss opicolinic acid
(Schemel.1).110

(a) = =
N N
@NH [Oj Cu(OAc),, PhI(OAc), @NH
+
-Xylene, 130 °C, 16 h
H N p-Xy N/\
o}
84%
<
b o) X
(b) N
NH N
@ H,0,, HCO,H . ©: \>ﬁ
N DCM, 40 °C, 1 h N o
Q -
O 13, 80%

Schemel.16. Picolinamide group directemtCi H amination and oxidative cyclization of
o-cyclic amine substituteanilides!'®

Alternatives toperoxidebased oxiding systems have ba explored since the late 1960
MnO: oxidized tertiary amine# cold chloroform and the resultant cyclization gate
ring-fused [1,2a]benzimidazoles §chemel.1?) in 1520% yield. The poor yields were

due to formation of red bgroducts,thought to be azeompounds due to @ation of
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anlines!! In addition, Gerloff & al. used a mercury(llEDTA complex to deliver the
ring-fused [1,2a]benzimidazoles §chemel.17) in quantitative yield apart from the
morpholino analogue whiclwas synthesised in 47% yietohd had a slower reaction time
of 90 mirutes!!?

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 )
-/

Schemel.17: MnO2 and HdIl) mediated oxidativeyclizationsof o-cyclic amine
substituted aniline&* 112

The bench stable radical TEMR®,2,6,6tetramethylpiperidirl-yl)oxidanyl) was useth
stoichiometric amountgerobicallyunder metafree conditions to achieve the synthesis of
the hydroisoindolering-fused benzimidazole after 5 h in a gogdld of 81% (Scheme
1.18.113 Thedihydroisoquinoline ringused benzimidazole took twice asitpat 10 hbut
still wasisolated ina goodyield of 83%.TEMPO was regenerated during tl&idative
process withwater as the only bgroduct (Schemel.19, boosting atom economy and

environmetal aspects of the reaction.

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

n=2(83%)

Schemel.18 TEMPO mediated oxidative cyclizatida give tetracycliaing-fused
benzimidazole$'?
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The TEMPO mediated reton (Schemel.19 proceeds initially via &ET to generate an
aminium radical cation, which undergoes a hydrogen atom transfer with another TEMPO
molecule to generate an iminium iawith loss of water The iminium ion undergoes
nucleophilic attack forming dihydrobenzimidazolentermediatewhich undergoes further

oxidation to obtan the desired tetracyclic rinigsedbenzimidazolé!®

02

NH, NH2
I +
N
radical cation X Q

NH2

Ly oa
iminium ion
\ /l@[ / ©:NH2
Schemel.19. TEMPO-mediatedannulationrmechanism to give tetracyclimg-fused
benzimidazoles®™

Recent literature ibttered with examples afing-fused benzimidazole formation via cross
dehydrogenative coupling (CDC). CDC is a process wheréNabGnd is formedlirectly
from C-H and NH bondsunder oxidative conditions with a formal loss o$, Hbften
catalysed by metafé? The main advantagd €DC is that it avoids prefunctionalisation of
substrates Pentamethylcyclopentadienyl iridiifl) dichloride ([Cp*IrCl2]2) and a2-
hydroxypyridinecomplexin trifluoroethanolcatalyzdthe CDC oxidative cyclization ob-
tetrahydroisoquinolinesubstituted aniline derivatives in high yield albeiith the
requirement for long reaction times (9420 h) (Scheme 1.20.!*° Interestingly,
regioseletive control is dictated by the bulk around the primary amine. d-egclic
amine substituted anilingyclization proceeds/ia C(1)Hz of tetrahydroisoquinolineue to
stabilisation ofthe benzylic carbocatigngiving the thermodynamic produdi4 in 94%
yield. The presence of the acetamide derivative hindgidization at the preferred
position due to steric bulk and thgclization occurs vi&(3)Hz, forming the other isomer
15, which is thekinetic product inayield of 82% The formamide derivative has less bulk
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than the acetamidand therefore forms a mixture of thkermodyamic and kinetic

products with a higher yield of 44% for the thermodynamic protli¢Echeme 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
(@) CH; | | _
[Cp*IrCl,], (2.5 mol%) 0 N~ “OH
@[NH Ligand (5 mol%) Ligand
CF4CH,OH, reflux, 120 h

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

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

44% 16%

Schemel..20. Dihydroisoquinolinging-fused benzimidazole isomfarmation*®

Sun and cavorkers delivered a series of rindused benzimidazoles viaoxidative
cyclization catalyzd by his(1,5-cyclooctadiene)diiridium(l)dichloride ([Ir(cod)Cl]2) in
trifluoroethanolwithout the requirement of a ligar(®chemel.21).2'® The reaction was
classified as acceptorle&DC due to the release oklgas, which was detected by 6C
TCD analysisThe pyrrole, azepine and azocino[12]benzimidazoles were synthest
in very good yields with the iridium cataly$tut the morpholino and piperazino analogues
were only found in trace amounts. The reduced electronic density dihcémdon of the
tertiary amine wa attributed for the lack of reactivity ithose analogues. The
dihydroisoquinoline and hydroisoindole gifused lenzimidazolesvere aso afforded via
cyclization onto benzylic methylene groups in @hd 77% yield respectively
(Schemel.21) The yields are similar to those achieved with TEMB0Ohemel.18 and
Ir(1ll) catalysts Gchemel.20).
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@NH2 [r(c0d)Cl (5 mol%) @N\ 77 o]

R - / \\> + 2H2

N/\(;/ -, CF3CH,0H, reflux, 72 h N _

"
Yo 2 \\M

n 19 examples n
(trace-94%)

Ly Chn @Q

78% 0% 82%
! Q L Y @
72% trace trace

L, O

N N
) NCQ
7% 92%

Schemel.21. Oxidative cyclizatiorvia [Ir(cod)Cl), transition méal-catalysis:!®

The propsed mechanistic rout&¢hemel.2?) involves coordination of the amino group
with Ir(l) catalyst allowingCH insertionto take place to give intermediafé. The
oxidative addition mtermediatel?7 is formed by the release of;Hnd then undergoes
reductive elimination to form the dihydrobenzimidazole. The abstraction of a hydride
generates i+ and an iminium ion The relase of another molecule of>Hallows

rearomatization to give the desiraticyclic ring-fused [1,2a]benzimidazole
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\
Né NH,

X
. O
ST

—Ir iminium ion
16
H
CL
Né Ir H

Schemel.22. [Ir(cod)Cl]. mediatel mechanistic route to synthesikenzimidazole'®

Mal and ceworkershave isolated the dihydroisoquinoline rifvggsed benzimidazolg4 in
good yield of 78% via an organocatalysis using-fEPBA in hexafluoroisopropanand
CH2Cl> (Schemel.23) 117 A large stoichiometric amount afCPBA s required to oxidie
a catalytic amount of iodobenzene (Ptd)generateodine(lll) specieshat 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

Schemel.23. mCPBA-mediated oxidative cyclization oftetrahydroisoquinoline
substituted aniling®’
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The limited substrate scope usingetRhFmCPBA methodology was illustrated by the
failed attempt to cyclizeo-pyrrolo substituted aniline §cheme1.23), showing the

stabilising effect of a benzylic carbocation was necessary for cycliZafion.

Purkait etal. have accomplished a 2 in dot oxidativeannulation of nitrosobenzenes
(Scheme 1.24)'8 The processfacilitates selective nucleophilic aromatic hydrogen
substitution $uArH) of nitrosdenzens with alicyclic secondary aminedollowed by
oxidative anrulation in tolueneat reflux with the additive of 2;dichlorobenzoic acid
(DCBA) to produceing-fused benzimidazoleS¢themel.24).118

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

LI,
\
D D o)
55% 45% 50%
N\\
WOt I (O
“H

72% 15% ()

Schemel.24. SyArH of nitrosobenzene followed by annulation to faimg-fused [1,2
albenzimidazoles!®

Purkait et alhad to prepare nitrosobenzenes for evenctionby oxidizing commercially
available anilinesvith Oxoné. The strongly donating dimethylamino substituseduced
the electrophilicity of the nitroso moietgndled to a low yield of 15%but in general both
electron withdrawing and donating substitisewere welitolerated $cheme 1.24 SVArH
of nitrosobenzee with ringexpandedpiperido and azepino analogues, followed by
subsequentinnulation to form rindused [1,2-a]benzimidazolesgave poor yieldsThe
piperido andazepine analoguesequired nucleophilic aromatic substitutionvi$) of 2-
fluoronitrosobenzene to achieve reasonable yiefdS5 and 45% respectively §cheme
1.24).
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The versatility of the substrate scope of this methodology was illustrated bgsthe
nucleophilic substitutions of nitrosonaphthols with secondary cyclic ameres
subsequent oxidative cycéidton to deliver a diverse range of rifged
naphthoimidaza@s Schemel.25. The R-prolinol ring-fused imidazole was isolated in
high enantiomeric purity (>99% ee) but with a low yield of 3866.

=z OH N AcOH, toluene R N n
R—- + 9)n > L
NN P reflux, 12 h
<o 16 examples
= (30-72%)
- = O
N N N
CytCC (L
MeQO™ 6 3 OMe O N
72% 47% 64%
& )
N N N—-,
/
HO
MeO
32% 41% 30%, >99% ee

Schemel.25. ipso-Substitution of nitrosnaphtolfollowed by annulation to forming-
fusednaphhoimidazoles'!®

The amination of nitrosobenzemeéth pyrrolidine occurred bysvArH (blue arrows)and
substitutionwasdirectedo-selective by the hydrogen bondinfjtbe nitroso groupwhich
was supported by DFT studie€Schemel.24. The substitutionwent through mass
spectrometry detected-cyclic amine substitutegphenyl hydroxylaminel8, which was
then oxidizd to theo-cyclic amine substitutecdhitrosoareneintermediatel9 (Scheme
1.26. Compoundl9 undergoes a 1;Bydrogen shift to generate an iminium iBhwhich
annulates anéurther acid mediated dehydratidiorms pyrrolg[1,2-alJbenzimidazoleThe
nitrosonaphthol (red arrowsputomerises to the ketaxime derivative and undergoes

ipso-nucleophilc substitution to form the pyrrolidine substituted oxime intermedi@e
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which upon loss of watdbrms the pyrrolo substituteditrosoarenel9. Alternatively, the
iminium ion 21 can be formed byehydrationof intermediate20, which isfollowed by

deprotonation antchesomerizatiowf theresultanisomeric 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
% A4
o r»’;\ N H o / N
\ ij N\yj L\\\\ -
21 isomeric
iminium ion iminium ion

Schemel.26. Mechanistic pathway detailingyArH andipso- nucleophilicsubstitution
followed byannulation to forming-fusedbenzimidazoles'®

Following Saunders initial work on aryl azidég Meth-Cohnalsoshowed that aryl azides
aso-substituents decompose under thermal conditions in nitrobeazéigh temperatures
and cyclize ontohe tertiary amine to yield rinfyisedimidazo[4,5c]pyridines (Scheme

1.27).1%% The reaction yields increasesthe tertiary amine ring sizéecomes largemyith

the azepinoanalogue having the highest yield at 72%. A downside to this synthetic

approaclhis that the majority obxidativecyclizatiors can be carriedut successfully oro-
cyclic amine substituted anilinggvithout further need for functionalisation to the aryl

azide viadiazotizaton and subsequent substitution wstidium azid¢Scheme 1.27)
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| N N3 PhNO,, 170 °C, 30 min (j:N\>\\
N~ N/\ N~ N Y
—yf
oy n
n

N N N N
@\5 @\D (o, 15
N ~Z~N N ~“~N N/NON/N

\—

41% 57% 51% 72%

Schemel.27. Aryl azide themal decomposition to give mpfusedimidazo[4,5
clpyridines®

A new route toring-fused[1,2-albenzimidazoles habeen achieved by reactimgcyclic
tertiary amine substitute@henyl iodide22 with sodium azide undecopper catalysis
(Schemel.28.12° The Cutcatalyzd coupling reaction d¥2 with sodium azide alongside
Cu promotedSET oxidation leads to the aryl azide intermediaBe The iminium ion
undergoesucleophiic attack from the azide grodprming a hydrobezimidazole which
is further oxidized to givethe pyrido[1,2a]benzimidazolein a poor yield of 25%The
other pathwayproposedinvolved a concertedntramolecular cyclizatiof®® The vyield is
considerably reduced when compared to that achieved usimgetiaéfree performic acid

or Ir(I) metal catalysis methodologi&%.11®

Cul,
TMEDA,

| DIPEA N3 N
+ NaN; ——— R N
N DMSO, NP N
130 °C, ®
22 24 h

L 23 . 25%

Schemel.28. Aryl azide annulation catalysed by Cif.

In addition to oxidative @\ bond forming reactions, halogenation ecastur in parallel
under specified reaction conditiongleth-Cohn showed thap-cyclic amine substituted
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anilinesin neat sulfuryl chloride react in an endothermic fashion to undergo oxidative
cyclization with concomitant tetrachlorination of the highkctivated aromatic mleus in
good vyield Gchemel.29.1?! The attempt to tetrachlorinate theepyrrolo substituted
aniline analogue led to amseparablemixture of mone, di- and trichloro ringfused
benzimidazoles.The aromatic halogenation is believed to occur firstofedd by

cyclization of the alphonylamine either throughratrene or by intramoleculdrydrogen
abstraction and cyclaion

Cl

@NHz 20 > ° N\
N of N>\\Y
Y
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%

Schemel.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,CO3 ©:N\
\ .
©/ m CF3CH,0H, 25 °C, 2 h N@
n

n
)

1(96%
2 (86%)

Schemel.30. PIDA oxidative annulation of cyclibl-alkylbenzamidines??

Zhu and Huang obtaidethe pyrrole and pyrid$l,2-albenzimidazoles in excellent yields
under metafree conditions oPIDA with the inorganidbase C£CGs in trifluroethanol at
room temperatureSchemel.30.122 The reaction mechanism is believed to go through an
imidyl radical hat adds onto the aromatiagi whichis oxidized to acyclohexadienyl
cation by SET and finally hydrogen abstaction gives the required rirfgsed
benzimidazole.However, synthesis of the cyclic aaphidines is usually mulstep
requiring theuse of air sensitive reagents (P@Q®Cls) and harsh reactiononditions,

which ultimatelylimits the substrate range.

Saito and Kutsumura employeadetatfree hypervalent iodine reagents to effect the
dehydrogenative oxidative transformation of cychisalkylbenzamithes to yieldthe
desired thiazolo, thiazino and oxazineing-fused benzimidazoles(Scheme 1.31).12
Kosher's reagenfPhl(OH)OTSs) in acetonitrile was shown to be the most effective reagent
producing the highest yielding benzimatdes. The substituted thiazolo and thiazimg-
fused benzimidazoles were isolated in good yields except for when there was a substituent
atthe R? position(Scheme 1.31)The methoxy analogue at thé position wagealisedin

a yield more than two times greater when compared to the equivalent metlatguanat

the R position(Scheme 1.31)The fluoro analogue at the? Bositionwas only detected in
trace amountsfter 20 h. The oxazino riAgised benzimidazole was isolated in a good
yield of 76% but required the use ok 4nolecular sieves due to acénsitivity and had a
long reaction time of 27 iScheme 1.31)The reaction scope was extended out to the
additional aromatic ringfused oxazinebenzimidazole which was synthesized a good
yield of 79%.
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H 2
R? N X5 PhI(OH)OTs R N,
\ﬁ n > >\X
R3 N =3, MeCN,0°Ctort R3 N )
i _J 4AMolecular Sieves* o n
g <’ \\\>
oot
N N
\ \
sy SO O
Me N N
78% 71% 82%
Me
N MeO N N
s s,
) § MeO A\
91% 23% 55%
F N N N
s o Lo
N\\) N N
trace 76%* 79%

Schemel.31. Hypervaleniodinereagent oxidative annulation ofclic N-
alkylbenzamidines??
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1.2.3. Oxidative cyclizations of T and 2- subsituted benzimidazoles(Route E)

Intramolecular homolytic aromatic substituteo(HAS) are achieved withrialkylmetal
hydndes (BusSnH) and azenitiators (2,2azobisisobutyronitril§AIBN)). HAS is termed
oxidative overall ast involves the formal loss of a hydrogen atdnearomatization)
despite being in the presenceaafeductant (BssSnH).

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

\\kf\seph PhMe, reflux

n

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

PhSe n )

5 3 5
1 n

Y
Z.

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%

Schemel.32. Trialkymetal hydrides and azaitiator mediated homolytiaromatic
substitutiont® 124, 125

Bowman and Aldabagh carried out intramolecular alkyadical ipso-substitutionsusing
phenylselenide radical precursodisplacing thephenylsulfanyl radical leaving group at
the 2position of the berimidazole Gchemel.323).12* The pyrido[1,2a]benzimidazole
was isolated in the highest yield of 54Bowman and Allin reported the immobilisation
of the phenylselenide radical precursor anWang resin that facilitated solid state
oxidative HAS (Schemel.32).12°> The reaction s advantageous as only the riuged
benzimidazole is released frometlesin upon cyclization and the product is separated
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from the radical reagents with a dilute HGextraction. The yields are comparable to
solutionphase reactions, with the lesgamed sixmembered ring cyclization occurring in

higher yields to that oht more strained five and severembered cyclizaticsy?

Aldabbagh and Lynchsed BySnH/L , -4z6bis(cyclohexanecarbonitriléhCCN) HAS to
obtan alicyclic ringfused benzimidazoles ithout the requirement for radical leaving
groupsat the imidazole-position by activating3-N of imidazole withcamphorsulfonic
acid (CSA) (Scheme 1.3X).!® The pyride and azepind,2-albenzimidazols were
obtained in a god yield buta poor yield of 32%vas obtainedor the more strained five

membered cyclization.

Aldabbagh and Fagan utilis&lisSnH/ACCN to carry out a onpot double intramolecular
oxidaive cyclization of primary alkyl radicals ontamidazol[5,4f]lbenzimidazole and
imidazo[4,5f Jbenzimidazols in air (Schemel.33.%° The pyride imidazobenzimidazoles
were reported in excellent yields of 81%&l) and 90% {2e) for the respective [4;§ and
[5,4-f] isomers.

Bu3SnH, ACCN

PhSeM::Ej::\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 \_sepn _ BusSTH. ACON ( 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%

Schemel.33. BusSnH/ACCN mediatediouble intramolecular homolytic aromatic
substitutiononto imidazobenzimidazole8 *No CSA orAc.0 required.

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

methodology(Scheme 1.14 The quarternization of the basic nitrogen atoms was redjuir
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to obtain thepyrrolo- and azepinoimidazobenzimidazoles in moderate yields with CSA

and AcO used for the analogues respectively

However, the concentration of reductant #8nH must be keplow via syringe pump
addition in order tavoid reduction othe cyclizingradicals andto promote thearomatic
substitution raction. The nofthain reactionproduces significant amount of organotin
waste which is difficult to dispose of. The hydrogen abstraction required for oxidative
rearomatization is perforrdeby azeinitiators and as a&esult, stoichiometric amounts of

thehazardous and toxiaitiators are required.

Aldabbagh andCoyle achieved anore benignintranolecular HAS route towards ring
fused [1,2albenzimidazoles via Barton ester intermediatgsyridine-2-thioneN-
oxycarbonyl (PTOC) orO-acyl thiohydroxamate esteformed using S(1-oxido-2-
pyridinyl)-1,1,3,3tetramethylthiouronium hexafluorophosphatdOTT) under tin and
initiator-free conditiongSchemel .34).126

R4
© S)
Ry N HO ? o ® PFg
N\> o + ENj/SYNMez EtzN, DMAP, THF/MeCN (3:1) _
R ( s = NMe, rt, dark, 40 min
R4 n

HOTT
R Y R
R, N 0 \ MeCN, reflux Re N\
> AN
@) N o>
Ry N R S 2x100W, 6h R -
R, Un -~ R :
L Barton ester | n=13
OMe
N N Me N
Oy Xy iy
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%*

Schemel.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 famarton ester intermediathat
upon exposure to light decompsge cyclopropyl and alkyl radical that add onto the-2
position of the benzimidazolgScheme 1.34)Yet again, the formation of pyrido[1;2
albenzimidazoles with or withouting-fused cyclopropane were more favoured than their
pyrrolo- and azepino[1;a]benzimidazoleanalogues and were isolated in excellent yields
of 76-81% (Scheme 1.34)The methoxy groups orthe 4,7-dimethoxybenzimidazole
deactivateradical cyclization atthe imidazole2-position and CSA wasrequired to

quaternize3-N of imidazolefor HAS to proceed

DeBoef andPereiraemployedPd(I1)/Cu(l) catalysis with thexidant of Cu(ll) acetateto
effect oxidative dehydrogenative couplin 1-benzylsubstituted benzimidazaan 1,4
dioxane using microwave heatin§ohemel.35.12” The addition of CsOPiv eliminated
any acetoxylatedxidation byproducts.The presence of electron donating gro(lpBG)

on the aromatic rings promoted @ing and gave the desired rifigsed benzimidazoles

in higher yields when compared the lower yi&ing benzimidazolethat beareclectron
withdrawing groupgEWG). A combination of EDGs and EWGs on aromatic rings-of 1
benzylsubstituted benzimidazaalecreased 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

N Me N N
58% 62% 57% OMe

N N Me N

X
Clpy, oy o

N N Me N

15% Cl 29% 50% CFj

Schemel.35. Pd/Cu catalysedoupling of taryl substituted benzimidazolés.
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The mechanism follows two metalation steps, firstly the insertion of Cu(l) thet@-
postion of the benzimidazole to form a Cu¢{henzimidazole complexSubsequently, there
is palladation on the arene of the benzylssitirent followed by transmetion to form a
Pd(Il) complex with loss of Cu(OAc). Finally, reductive elimination genertte desied
aryl coupled benzimidazofé’

Wang and Guo reported a double que palladium catalysedxidative couplingbetween
2-aryl substituted benzimidazesl@nd H-benzimidazole in DMF using Cu(OAg)as an
oxidant to furnish hexacylic rinfused benzimidazolesS¢heme1.36.1%8 In line with
DeBoef and Pereils observation, EDGallowed the coupling reactions to proceed in

good yield but with increasing strength of the EWf&gactions 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

Schemel.36. Pd catalysed CDCs between aryl substituted benzimidazoles and
unsubstituted benzimidazol&$.

86% .
Ve 81%
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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
R2 and R positions of the aryl rings results in a mixture of isomers in a high yield of 86%.
The mechanism proceeds by theylbenzimidazole undergoingalladation at 3N of the
imidazole Then, Cu(OAc) mediatedoxidative addition of H-benzimidazoleat the 3N
position occursto produce aroxidized PdIV) species that iseductivdy eliminatedto

form the aminated arylbenzimidazol€he aminated arylbenzimidazole then undergoes
further palladatiorat 1-N of the imidazoldollowed by CSCOs deprotonation with lossf

acetic acido form a Pd(ll) palladacycle. The final step of reductive eliminatayms the
desired hexacyclic benzimidazdfé. The downside to th€DC reactions oPereiraand
Guois thatto achieve good yieldshe substrate scopes are limited tose with EDGs

The CDCs alsemploy expensive palladium catalysts.

Yu and Sun have achieved the first known decarboxylative tandeadical
addition/cyclization ofunctionalised?-arylbenzimidazoles and canbylic acids using Ag
catalysis under inert cditions (Scheme 1.37.12° A diverse range of rindused
benzimidazoles were formed in excellent yield due to the wide substrate scope of
carboxylic acids availabléManyt e r t -suastityted dliphatic carboxylic acigeluding
pivalic acid reactedwith the functionalised Zarylbenzimidazoleso form the tetracyclic
ring-fused benzimidazoles and particular,the ptarmaceutically relevant adamama
analogue was isolated in 73% yiefslchemel.37). In addition, secondary and surprisingly
primary Usubstituted aliphatic carboxyli@cids have been incorporated onto the
benzimidazole scaffold e.8-ethylbutanoic acid, foumembered ring carboxylic acids and
propionic acid'Scheme 1.37)The placement of EDGs and EWGs on the aryl rings had no
electronc effect on the decarboxylative tandem radical cyclization with pivalic @eid.
oxocarboxylic acidswere also suitable precursor alkyl radicals to initiate the tandem
radical cyclization giving the corresponding beniiazoles in high yields of 76 arf®%
(Scheme 1.37)

37



1

AgNO3, K;S,04

N —\_R
O

+ R2COOH
CH3CN/H,0 (1:1),
80 °C, N,, 8 h
R3
RZ=1°,2° 3°, 25 examples
alkyl, acyl (62-84%)
! ! !
N\ N N
N N N
o) O 0
82% 73% 79%
I
A\
N
@)
78%
N
N
N OMe
@]

Schemel.37. AgNOs/K»S;,0s mediated decarboxylative tandem radical cylizatighs.

The mechanism involves the oxidation of Ag(l) by persulfat©{5) to generate Ag(ll)
species that interacts with e r t -isubstiyted &liphatic pivalic aci®4 yielding asilver
carboxylate complex5 (Schemel.38. Carboxylate25 undergoes homolytic cleavage
generating &butyl radical26 with the release of C£and regeneration of the Ag catalyst.
The tertiary adical 26 addsonto the alkene ofhe 2-aryl substituted benzimidazote
deliver the intermediate radicall which undergoes a-éndaotrig cyclization to yield the
annulated intermedia®8. Cyclohexadienyl radicaél8 is oxidized by Ag* via SET to give

the cyclohexadienyl cation intermediate that is rearomatized by deprotonation to deliver

the desired rindused benzimidazole.
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Schemel.38. Proposed mechanism of decarboxylative tandem radical cycliZation
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1.3. In Summary

The combination of formic acidnd hydrogen peroxidedespite use in stoichiometric
amountspffers broad substrate scoged functional group toleran¢e maintaina critical
role in mono and doubleoxidative annulationsThe advent of cross dehydrogenative
coupling (CDC) with stoichiometric &idants'? 17 and metal catalyst'® requires more
activaed benzylic methylene groupfor cyclization. [Ir(cod)ClI]>'!® showed the best
substrate scopereacting with both benzyl and glk methylene groupsbut when
heteroatora were placedn alkyl tertiary aming, negligible amounts of benzimidazole
were formed The palladium catysed CDCs only proceeded well in the presence of
electron rich substraté$” 12¢ However, he CDG display high atom economy as no
prefunctionalization of substrates is required and oftegds is the only byroduct.The
synthesis of cyclic amidine precursors involves hanshlti-stepconditions and there is a
limited substrate scopfor oxidative annulatiod? 22 Homolytic aromatic substitution
(HAS) employs toxic organotin reagents and dradpus azenitiators'® 24 with more
benign HASachieved with the@ecently developed Barton's est&% The onepot SvArH
ard oxidative annulations involving nitrosobenzens and nitrosonaphthis are
advantageous as the need for a rsiktp synthesis is avoidé® However, the alicyclic
tertiary amine substituted nitrosobenzenes are very unstable and have never been

isolated!®?
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1.4. PhD Thesis Aims and Objectives

1 To develop a greener synthesis of ffaged benzimidazoles, including appropriate
substitution to allow the synthesis of bioreductive finged benzimidazolequinone
anticancer agents. This will involve modification to the wedtablished kD> in
carboxylic acidsolventmediatedring-closure ofo-cyclic amine substituted anilines
(Work to be describenh Chapter 2)

R2
1
H,O,, EtOAc R N HBr, FeCl,
\
reflux N reflux
R2 n
R2 0
R! NH N
2 e
N
NQ o) n
R2
n

1 To establish scope and reactivity pattefosthe onepot synthesis ohalogenated
ring-fused benzimidazolequinones from 3gdmethoxy2-(cycloamino)anilines using
H20. with HCI and HBr.This follows on from preliminary findings made in the PhD
thesis of Michael Gurry (fmner Aldabbagh group membeffhis thesis will also
establish the use of elemental halogens for this transformation. (Work to be described
in Chapter 3).

OMe
[H-X] > [Ho0,] NH, [H,0,] > [H-X]
| or X,, H,O f;\.‘- |
OMe Ye:\ ,:)I
OMe
X N ;- X N .
NN NN
X N Y==//‘) X N Y::/‘)
@) \\Mn OMe \\Mn
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1 To evaluate antcancer activity andmechanism of action for a library of
benzo[1,2,4]triazifr-ones supplied by the dGtentis 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 rifigsed benzimidazoles emplagxic & corrosive acids; 2
expensive transition metal catalydtshigh molecular weight reagefit§ and toxic in

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 peroxidgDfH H-O, is very atom
efficient dwe to its hidp oxygen conten{47.1% w/w)!? environmentally benign since
degradation products are only water and oxygen, and is cheaper than alternative peroxy
acids. Themost acidic aqueous solution 0$®b is 50%(w/v) with pH dependent upon the
concentation of H.0z (Table2.1).® The weak acidic property of 2, could remove the

requirement for organic and mineral agutgsently used in oxidative cyclizatiohg: 1418

Table 2.1. pH at different aqueous concentrations eObf-3

H202conc., 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 2@ is approximately 4nillion tonnes per yeatand over 40% of

all H.0, manufactured is employed in the pulp and paper bleaching inddétHe®: has
replaced chlorinatetlased bleaching agents to avoid the environmental issue of dioxins
and chlorinated products in the waste stre&h@ther applicationgnvolve the oxidaton

of hydrogen sulfide in wastewater treatnféand as an oxidant in the synthesis of propene
oxide?? The major industrial process for.& production is the indirect oxidation of
anthraquinonesScheme 2112 21 23 24The process was developed i32%y Ried! and
Pfleiderer and involves the hydrogenation of-all&/l-9,10-anthraquinone using a nickel

or palladium catalyst to form the corresponding hydroquin@oheme 2.1)The catalyst

is removed and the hydroquinone is then oxidized in air tonezgee the alkyl-9,10
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anthraquinone and produce®} (Scheme 2.1)The B0 is extraced with water and the
anthraquinone is returned back to the hydrogenator. The anthraquinone process is very
efficient but is only economically viable on an industriedls so requires the transport of

high concentrations dfl.O2, which is hazardous and expensive. There is also an issue of
anthraquinone loss due to degradation in the hydrogenatioR'stepreener approach
involves the direct synthesis ob® using a ombination of H and Q with a catalyst?

20. 21, 25 This approach offers the opportunity of -site generation of ¥D, at a
concentration of choice but suffers selectivity issues as water is the thermodynamically
favoured product. Thus, the anthraquinone process will remain the preferred mbcess

H>0. productionin the foreseeable future.

Vﬂyg\

e} OH

0ol Croor
o) OH

H20, O,

Scheme2.1. Riedl and Pfleiderer anthraquinone oxidation to produse, &

Solvents are by far the biggest mass contributor to waste, accounting for 56% of materials
required in the manufacture of APREthyl acetate is one of the most prevalgntsed
solvents worldwide with an annual usage of 2.5 milliont6basd sales worth 3 billion US
dollars in 20178 Ethyl acetate is primarily used in paints, varnishes, perfumes, printing
inks, nail polish removers and as a solvent for decaffeinatirfgecbkans?® Ethyl acetate

is also readily biodegradable breaking down to carbon dioxide and 3¥aterhe fossil

fuel derived ethanol and acetic acid are used in the traditional acid catalysed Fischer
esterification to produce ethyl acetaSzkieme2.2a)? A new greener route to furnish ethyl
acetate involves the dehydrogenation of ethanol derived from bio®elssnie2.2b) that
produces no net carbon dioxide and has a valuablerdnjuct of hydrogen ga$.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 $89% The cumulative energy
demand (CED) for the green process is comparable to that of the fossil baseer Fi
esterification, making it a viable alternatit3*

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

Scheme2.2. Traditional esterification to form ethyl acetate from ienewable fossils
versus synthesis via renewable bioethafé.

Aside from environmentatoncerns, 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 fronharmful chemical$® At this moment, REACH has common dipolar
aprotic solvents oN,N-dimethylformamide (DMF) andN-methylpyrrolidinone (NMP)
alongside chlorinated solvents such asdi¢hloroethane (DCE) classified as substances
of very high conceriSVHC) 3 In addition, chloroform and dichloromethane are restricted

substances under REACH which limits or bans their use within th€ EU.

Pfizer assessed the green credentials of classical solvents on aspects of process safety,
occupational healtrandenvironmental consideratiod$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%duction of chlorinated

solvent usagecross the Pfizer research divistSMA GSK solvent guideline give ethyl
acetate high ratings for environmental impact, healtid reactivity/stability® Sanofi
guidelines alsocategorized ethyl acetate as "recommended" based on safety, health,

environment, qualityand industrial consideratiofi$.
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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 Dimethylformamide
1-Butanol 2-MethyITHF N-Methylpyrrolidinone
t-Butanol Tetrahydrofuran Pyridine

Chemical Manufacturing Methods for 2Century (CHEM21) was an EU funded public
private partnership with the aim of manufacturing sustainable pharmacetitidais.
consortium consisted of six pharmaceutical companies, 13 universities and four small or

medium enterprises from as®Europé!

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, ethyle

Recommended or problematic? ) _
glycol, acetic acid, MEK, MIBK.

Heptane, toluene, xylenes, chlorobenze
acetonitrile, DMSO.

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

Problematic

Problematic or hazardous?

1,4-dioxane, pentane, hexane, DMF, NV
methoxyethanol, E5N.

Diethyl ether, benzene, chloroform, GC

DCE, nitromethane.
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As part of their mandate, CHEM21 unified all publicalailable solvent guidelines from

Astra Zeneca, GSK, Pfizer, SanofidcaACS Green Chemistry Institut@harmaceutical
Roundtable (GGPR) into a comprehensive solvent guidealfle 2.3) aimed at the
academic settinff 22 CHEM21 grouped the solvents intoufocategories: 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, ighly hazardous solvents should et use in laboratorie$!

Methanesulfonic acid (MSA) is marketed as a benign replacement for convention& acids
such as trifluoroacetic acid that is employed in oxidative cyclizations (Scheme 1.7,
Chapter 1)}: 2 MSA has many desirable propertieRigure 2.1) including acid strength
(pKa of -1.9), nonoxidising nature, absence of colour or odour that alteneficial
practical applications in pharmaceutical and electronics indtfsg. part of the natural
sulfur cycle, MSA undergoes biodegradati@sulting in the release of G@nd sulfatg?

and is considered a green acid due to its less toxic and corrosive‘A8ARE produces
MSA on an industrial scale by reacting methanol, elemental sulfur and hydrogen to form
the intermediate dimethylsulédf’ The dimethylsulfide is then catalytically oxidized to the
final product. Recently, Ott and Dihirrutia have developed a greener and more- cost
effective selective synthesis of MSA (83¢teld) via the sulfonation of methane with
sulfur trioxide in sulfiric acid (oleum) at 50C.*8

Biodegradable
High thermal
stability

Low vapour
pressure
resistan
Strong organic
acid

Figure2.1. Advantageous properties of methanesulfonic acid.
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2.2. Aims and Objectives

1 To carry out the oxidative cyclization ofcyclic tertiary amine substituted anilines

to produce ringfused benzimidazoles usiitpO2in ethyl acetate.

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

1 To make reactions compliant with green chemistry princitfles;lude use ofafer
solvents ® minimize wastaffluent generation and to avoid aqueous extraction or

chromatography as much as possible.

1 To investigate if the ringxpanded analogues, azepinand azocino[l,2

albenzimidazoles can be prepared usin@Hn ethyl acetate.
1 To estabkh if 3,6dimethoxy2-(cycloamino)anilines undergo oxidative

cyclization using HO- in ethyl acetate and to further functionalize the 4funged

benzimidazoles to give novel awincer benzimidazolequinones.
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2.3. Results and Dscussion

The oxidative cglization of 5methoxy2-(pyrrolidin-1-yl)aniline 1a to the corresponding
6-methoxy2,3-dihydro-1H-pyrrolo[1,2a]benzimidazole2a was the model reaction on
which optimization was carried outdble2.4). As a control reaction, #D. (20 equiv) was
refluxed in ethyl acetate (EtOAc) over 12 h without the presence of subkirateH
NMR was obtained of the neat reaction mixture and oni@tHhnd EtOAc characteristic
chemical shifts were observednterestingly, our hypothesis was realized when
benzimidazole formation proceeded with,Q4 in EtOAc without the presence of
additional acid.The optimized conditions of 3. (20 equiv) in distilled EtOAc Table
2.4,Entry 2) at reflux for 20 min gave the best yield2afin 79% without acidAt lower
equivalents oH>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 ofH.0, in EtOAc Reaction Condition&®

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

aReaction conditions: Aniline (1.0 equiyEtOAc (5 mL).’Work-up involves addition of
solid NaCQOs and additional EtOAc with no aqueous extraction neces%aniline 1awas
fully converted to benzimidazol@a, apart from entries 1 and 3 which had NMR
conversions of 50 & 52% respectivefyt for 2 h.®NaCOs (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 perchonate, 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 #tient.

The scope of alternative environmentally friendly acids was investigated for oxidative
cyclization. The use of less than stoichiometric amounts of MSA in combination with
H2O. (Table 2.4,Entry 5 avoided an aqueous wedp and led to comparabigelds to

that of the optimized conditions. Oxidative cyclization witsOzland a reusable sulfonic
acid immobilised on an ieaxchange resin (Amberlite IR120-fdrm) led to a moderate
yield of 55% for2a (Table 2.4 Entry 6).

Optimized reaction conditiawere extended cyclic tertiary amine substituted anilines
containing both electron withdrawing and donating groupeble 2.5). Longer reaction
times were required for full conversion of anilines containing an elegtithidrawing
substituent at thé&-position, with the Ck substituent taking the longest at 8 h. Despite
100% conversion afg with just HO- in EtOAC, the yield of 2,&lihydro-1H-pyrrolo[1,2
albenzimidazoles-carbonitrile 2g was raised to 85% from 59%y addition of 0.5
equivalents of M&. Similiarly, the vyield of 6nitro-2,3-dihydro-1H-pyrrolo[1,2
albenzimidazole2i was raised to 71% from 29%4th 0.5 equivalents of MSATable2.5).
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Table 2.5. Synthesis of 2 &lihydro-1H-pyrrolo[1,2a]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
19 CN 4h 29, 85
1h Ck 8h 2h, 93
1i NO2 4h 2i, 71°

#Reaction conditions: Anilinda-1i (1.0 mmol), HO2 (50% w/v, 20 mmol) and EtOAc
(5mL). When GCMS indicated all the aniline was consumed, the reaction was quenched
by addition of solid NgCOs (-3 g) and additional EtOAc (20 mL)Yhe mixture was
filtered and evaporated to give thiag-fused [1,2a]benzimidazole”Included MSA (0.5
mmol).

The formation of ringexpanded analogues using the reaction conditions successfully
applied to prepare pyrrolo[:@benzimidazoled.a-1i was investigated (Scheme 2.3he
six-memberedcyclization of 5methoxy2-(piperidiny-1-yl)aniline was slow without the
addition of acid and one equivalent of MSA was deployed to gimeethoxyl,2,3,4
tetrahydropyrido[1,2a]benzimidazole3a 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 orgagieous extraction. No acid was
required for the seven and eighembered cyclizations, which occurred in 65% and 73%
yield respectivel using HO. in EtOAc (Scheme 2.3)However, 3methoxy7,8,9,10
tetrahydre6H-azepino[1,2albenzimidazole 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 wotkp is the same as Tiab2.5.320 min. "Included
MeSQH (1 mmol). Extraction with EtOAc (20 mL) and saturated®@; (ag.) was
deemed necessary, 1°Rlash column chromatography required, 80rfirh

Scheme2.3. Synthesis of five to eighihhembered ringused [1,2a]benzimidazoles.

In line with previous observations (Table 2.5), the oxidative cyclizati®)Gdimethoxy
2-(cycloamino)anilines proceeded most efficienthiyth the fivemembered analogue.
Despite this, the cyclization occurstbwly using HO> in EtOAc to give5,8-dimethoxy
2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole8a in a yield of 81% over 18 hrable 2.6).
The analogous sbmembered cyclization proved difficult using®p alone. The addition

of a full equivalent of MSA allowed the clean isolation8hfin 80% vyield after 12 h of

reflux in EtOAc without the requirement for chromatography. It may be that the

intermediate tertiary amin&l-oxide of the sixmembered ring is morstable through
hydrogen bonding or a possible nitrastermediate is more difficult to form for the six

membered ring? requiring acidic conditions for oxidative cyclization. The seven and

eightmembered cyclizations of 3dmethoxy2-(cycloamino)anilnes 7¢ and 7d

proceeded in good yields of 60 afi@% 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 inTable2.6.
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Table 2.6. Synthesis of five to eighlhembered rindused dimethoxy substituted [1a?
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, 817
7b 2 12 1 8b, 8¢°
7c 3 24 0 8c, 34°¢
7c 3 6 1 8c, 72°
7d 4 36 0 8d, 35>
7d 4 6 1 8d, 60>

4Reaction conditions and worlp is the samas Table 2.5°Extraction with EtOAc (20
mL) andsaturated N£Os (aq.) was deemed necessdiylash column chromatography
required.

The Aldabbagh group has previously reported the conversion afid@g&hoxyl,2,3,4
tetrahydropyrido[1,2a]benzimidazole8b into the pyrido[1,2a]benzimidazolequinon&b

via hydrobromic acidnduced demethylation to generate the hydroquinone intermediate
situ, followed by room temperature oxidation with ferric chloridgclfeme 2.4).1°
Pyrido[1,2a]benzimidazole 8b was hovever obtained using expensive and
environmentally damaging B8nHmediated radical cyclization of a phenylselenide
precursor $cheme 1.32Chapter 1). Furthermore, the scope of radical cyclizations is
limited due to difficulties in forming constrainegthg-fused systems such as pyrrolofl,2

albenzimidazole3a.

A more benign approach towards the synthetic target otambur agent®a to 9d was
realised, starting with nucleophilic aromatic substitutioRA($ (Scheme 2.4)The SAr
of 1,4dimethoxy2,3-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 SAr of azepane or azocane onto -tljthethoxy2,3-dinitrobenzene
involved the base pataium carbonate in the solvent of acetonitrile at reflux for a longer
reaction time of 24 tiScheme 2.4)Theo-cyclic tertiary amine substituted nitrobenzenes
are then reduced by irefto give the cyclization precursofa-7d in a twostep (JAr &
reducton) yield of 2668% (Scheme 2.4)The dimethoxy substituted benzimidazoBzs

8d were readily converted using the HBr/FeClprotocol into potential
benzimidazolequinone artimour agenta-9d in 52-87% vyields(Scheme 2.4)The
cytotoxicity evaluation ohovel quinone®c and9d 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%)"

Scheme2.4. Synthesis of five to eighhembered rindused benzimidazolequinones

Many examples exist of thexidation of tertiary amines using neatalyzed HO-.
Sheeraf? and Cop#&* showed that aqueous,® oxidized acyclic tertiary amines such as
N,N-dimethyldodecylamine andll,N-dimethylcyclooctanamine to their respective amine
N-oxides. The dropwise additioof 30% aqueous #D, allowed VanRheenen to oxidize

the cyclic tertiary amine dN-methylmorpholine tdN-methylmorpholineN-oxide in 86%
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yield after 20 h at 75 °€ However, to the best of our knowledge, no example exists of
the oxidation of aniline to mbsobenzene using naatalyzed HO,. There are nhumerous
catalysed examplg&®! and in particular Sudafdiand Lykaki§* state that in the absence

of the catalyst, no oxidation occurs. Despite no previous precedent, the involvement of a
nitroscintermedate 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®-DABCO adduct was isolated at low
temperatures and infrared steslishowed that the adduct was a hydrogen bonded polar

complex, that decomposes upon heating to produce the DABGXde *?

Based on the literature observations, the tentative mechanism proceeds through an
intermediate HO--tertiary amine adduct that mocesan amineN-oxide Scheme2.5). A

loss of water from the aming-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 undergoesther cycle of HO> oxidation to yield

the desired rindused benzimidazolé€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,
®\__/ _/

Scheme2.5. Proposed route of oxidative cyclization usingoe

Regarding the combination o8, and MSA, the formation of a nitrosotermediate is a
possibility. Initial studies of this work showed that oxidative cyclizatioB-afethoxy2-

(pyrrolidin-1-yl)aniline 1a, using HO> (10 equiv) and MSA (12 equiy produced (4-
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methoxy2-nitrophenyl)pyrolidine in 5% vyield as a minor produc6¢heme2.6). In
addition, Fagaret al used HO, and MSA to deprotect and oxididé¢-(2,5difluoro-4-
nitrophenyl)acetamide to give tc#fluoro-2,5-dinitrobenzené&?

O oot (T - (O
+
O )

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

Scheme2.6. 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 (HoneywiCS r eagent , reagent, 099.

purified by distillation. 1,4-Dimethoxy2,3-dinitrobenzenewas prepared according to a
literature procedure using ldimethoxybenzene (Sigma Aldrich 99% (GC)) and nitric
acid (Honeywell Fluka, 6866%)% 6 Methanesulfonic acid (TCI, >99% (T)) should be
stored under an inert atmosphere due to its hygroscopic nau®e (Honeywell Fluka,
50% wl/v in water, stabilized) and HBr (Honeywell Flukd8% w/v in water) were used
as receivedThin layer chromatograph(TLC) was performed on Merck TLC silica gel 60
F2s4 platesusing a UV lampl( = 254 nm) for visualizationFlash chromatography was
carried out using Sigma Aldrich technical grade silica gel (particle siz&34fhicrons)
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
ElmerSpec 1 with ATR attached.

High Resolution Mass Spectrometry(HRMS): HRMS was carried out using ESI time
of-flight mass spectrometer (TOWS) 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 foation of ringfused
benzimidazoles from their respective anilines.-B6 analysis was performed on an
Agilent 6890 Series GC System equipped with an Agilent 5975 Inert Mass Selective
Detector (EI) and a DB, 30 m, ID 0.25 mm, FD 0.25 pm column. Heliumsazsed 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 (NMRspectroscopy) *H-NMR spectra were recorded
using a Joel ECX 400 MHz instrument equipped witbell Precision 360computer
workstation. In the case 6M, the'H-NMR was recorded on ¥arian VNMRS 500 MHz
instrument equipped with Bell Precision T340@omputer workstation. The chemical
shifts were recorded in ppm relative to tetramethylsil&t@ 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 gnthesis ofring-fused [1,2a]benzimidazoles

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

20 min8 h. When GCMS indicated all the aniline was consumed, the reaction was
quenched by addition of solid 20z (~3 g) and additional EtOAc (20 mLJhe mixture

was filtered and evaporated to give the desimegtfused [1,2a]benzimidazole

MeO N
T
N

6-Methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (2a) 0.148 g, 79%; brown
solid; mp 136134 °C (lit** mp 128129 °C);3max (neat, crf) 3045, 2958, 2840, 1518,
1480, 1444, 1298, 1197, 1149, 1038;(400 MHz, CDC}) 2.602.67 (m, 2H), 2.98 (t)
7.6 Hz, 2H), 3.81 (s, 3H), 4.00 (7.1 Hz, 2H), 6.80 (dd] 2.6, 8.7 Hz, 1H), 7.11 (d,8.7
Hz, 1H), 7.16 (dJ 2.6 Hz, 1H);ct (100 MHz, CDC$) 23.7, 26.1, 43.0 (all Chi, 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 114115 °C); 3max (neat, cmt) 3052, 2964, 1679, 1625, 1522, 1487,
1446, 1414, 1281, 121, (400 MHz, CDC}) 2.572.65 (m, 2H), 2.96 (i) 7.8 Hz, 2H),

3.97 (t,J 7.1 Hz, 2H), 7.147.23 (m, 3H), 7.64.66 (m, 1H);ct (100 MHz, CDC4) 23.5,
26.1, 42.9all 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-albenzimidazole (2c¢) 0.139 g, 81%; brown solid;
mp 126128 °C (lit! mp 144 °C);3max (neat, cmt) 3036, 2955, 2905, 1679, 1619, 15109,

1404, 1296, 1146, 113@f (400 MHz, CDC4) 2.43 (s, 3H), 2.6@.67 (m, 2H), 2.98 (1J
7.6 Hz, 2H), 4.00 (1) 7.1 Hz, 2H), 6.98 (dJ 7.9 Hz, 1H), 7.12 (dJ 7.9 Hz, 1H), 7.44 (s,
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1H); ¢t (100 MHz, CDC#) 21.7 (Me),23.6, 26.1, 42.8 (all CH, 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 25&60 °C (lit*® mp256 °C);3max (Neat, cmt) 2924, 2319, 1667 (C=0),
1516, 1480, 1372, 1300, 1239, 1148, 1087 (400 MHz, DMSQds) 2.00 (s, 3H), 2.53
2.61 (m, 2H), 2.88 (1) 7.6 Hz, 2H), 4.03 (tJ 7.1 Hz, 2H), 7.24 (dd) 1.8, 8.7 Hz, 1H),
7.28 (d,J 8.7 Hz, 1H), 7.84 (s, 1H), 9.81 (s, 1H, NHE (100 MHz, DMSQds) 23.5
(CHy), 24.5 (Me), 26.2, 43.0 (both G}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 140142 °C (1it’® mp 150 °C);3max (neat, cmt) 2941, 1525, 1456, 1402, 1292, 1211,
1048; d; (400 MHz, CDC4) 2.6122.68 (m, 2H), 2.97 (1) 7.6 Hz, 2H), 3.99 (1) 7.1 Hz,
2H), 7.04 (d,J 8.3 Hz, 1H), 7.21 (dd] 1.8, 8.3 Hz, 1H), 7.74 (d} 1.8 Hz, 1H);a (100

MHz, CDCk) 23.6, 26.0, 43.0 (all C§), 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-albenzimidazole (2f) 0.147 g, 84%; brown solid;
mp 113114 °C (lit* mp 128 °C);3max (neat, cmt) 2964, 2911, 1876, 1632, 1888, 1517,
1477, 1415, 1295, 1123} (400 MHz, CDC}) 2.642.71 (m, 2H), 3.01 (1) 7.6 Hz, 2H),

4.04 (,J 7.1 Hz, 2H), 6.91 (tdJ 2.5, 9.2 Hz, 1H), 7.14 (dd, 4.6, 8.7 Hz, 1H), 7.33 (dd,
J2.5, 9.6 Hz, 1H)g: (100 MHz, CDCH) 23.8, 26.1, 43.1 (all Cf), 105.5 (d,J 24.0 Hz,
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2Jcr, CH), 109.7 (dJ 7.7 Hz,3Jcr, CH), 109.9 (dJ 23.2 Hz,2Jcr, CH), 129.0 (8:C),
149.2 (d,J 12.3 Hz3Jcr, 4aC), 159.1 (d,) 235.2 Hz,XJcr, 6-C), 162.8 (3C).

NC N

Ly
2,3-Dihydro-1H-pyrrolo[1,2-a]benzimidazole6-carbonitrile (2g): 0.155 g, 85%; purple
solid; mp 191193 °C (lit®” mp 190 °C);3max (neat, cm) 3042, 2962, 2907, 2216 (CN
stretch), 1619, 1467, 1402, 1294, 1230, 1185(400 MHz, CDC}) 2.682.75 (m, 2H),
3.04 (t,J 7.8 Hz, 2H), 4.11 (t) 7.1 Hz, 2H), 7.27 (d) 8.5 Hz, 1H), 7.35 (dd] 1.4, 8.5 Hz,

1H), 7.88 (s, 1H)g: (100 MHz, MCls) 23.5, 26.1, 43.1 (all CH), 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 126128 °C (lit’ mp 148 °C);3max (Neat, crit) 3082, 2963, 2907,
1621, 1590, 1515, 1403, 1322, 1251, 1089(400 MHz, CDC4) 2.622.70 (m, 2H), 3.00
(t, J7.8 Hz, 2H), 4.03 (t) 7.1 Hz, 2H), 7.24 (dJ 8.5 Hz, 1H), 7.35 (d] 8.5 Hz, 1H), 788
(s, 1H); ¢t (100 MHz, CDC}) 23.4, 26.0, 43.1 (all C#}, 110.0 (CH), 116.7 (q] 3.5 Hz,
3Jcr, CH), 118.9 (g, 3.2 Hz,%Jcr, CH), 124.2 (g, 31.9 Hz,2Jcr, 6-C), 125.0 (9] 270.4
Hz, YJcr, CFRs), 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 193195 °C (lit! mp 209210 °C);3max (neat, cmt) 2965, 1685, 1619, 1515
(NOy), 1457, 1309 (N@), 1287, 1141, 1103, 1058 (400 MHz, CDCE) 2.742.81 (m,
2H), 3.11 (tJ 7.8 Hz, 2H), 4.17 (t) 7.3 Hz, 2H), 7.30 (dJ 8.7 Hz, 1H), 8.10 (dd] 2.3,
8.7 Hz, 1H), 8.52 (dJ 2.3 Hz, 1H);at (100 MHz, CDC}) 23.7, 26.2, 43.2 (all C#),
109.4,116.1, 118.0 (all CH), 136.6, 143133.2, 165.1 (all C).

68



MeO N
L
N

7-Methoxy-1,2,3,4tetrahydropyrido[1,2 -albenzimidazole (3a) 0.152 g, 75%; light
brown solid; mp 11214 °C (lit®® mp 300 °C);3max (neat, cmt) 2952, 1620, 1511, 1489,
1445, 1320, 1199, 1148, 111M)30; d4 (400 MHz, CDC%) 1.931.99 (m, 2H), 2.042.10

(m, 2H), 3.03 (t] 6.4 Hz, 2H), 3.83 (s, 3H), 3.99 (6.0 Hz, 2H), 6.84 (dd] 2.1, 8.7 Hz,
1H), 7.13 (d,J 8.7 Hz, 1H), 7.16 (d] 2.1 Hz, 1H);a: (100 MHz, CDC#) 20.7, 22.7, 25.4,
42.5 (all CH), 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-7,8,9,10tetrahydro-6H-azepino[1,2a]benzimidazole (4a) 0.141 g, 65%;
off white solid; mp 118120 °C R¢ 0.40 (95:5 CHG / MeOH); 3max (neat, crmt) 2921,
1729, 1538, 1438, 1398, 1366, 1337, 1268, 1194, 144700 MHz, CDC}) 1.681.75
(m, 4H), 1.821.87 (m, 2H), 2.99 (t 5.7 Hz, 2H), 3.78 (s, 3H), 4.01 (5.0 Hz, 2H), 6.81
(dd, J 2.3, 8.7 Hz, 1H), 7.05 (d] 8.7 Hz,1H), 7.13 (d,J 2.3 Hz, 1H);& (100 MHz,
CDCl) 25.6, 28.7, 30.1, 30.9, 44.6 (all @H55.9 (Me), 101.8, 109.1, 111.5 (all CH),
130.4, 142.9, 155.8, 157.7 (all ®RMS (ESI)m/z(M + H)", CisH17N2Ocalcd. 217.1341,
observed 217.1347.

MeO N

Ly

@

3-Methoxy-6,7,8,9,10,1dhexahydroazocino[1,2a]benzimidazole (5a) 0.168 g, 73%;
off-white solid; mp 9203 °C (lit® mp 102103 °C);3max (neat, cm) 2915, 1729, 1538,
1489, 1439, 1398, 1338, 1201, 1150, 1085400 MHz, CDC}) 1.131.16 (m, 2H), 1.36
1.42 (m, 2H), 1.68.74 (m, 2H), 1.77..83 (m, 2H), 2.88 (t) 6.2 Hz, 2H), 3.76 (s, 3H),
4.08 (t,J 6.0 Hz, 2H), 6.79 (dd] 2.3, 8.7 Hz, 1H), 7.05 (d 8.7 Hz, 1H), 7.13 (d) 2.3

Hz, 1H); c& (100 MHz, CDC}) 24.0, 25.5, 27.1, 29.8, 31.2, 41.4 (all §H55.8 (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-Dimethoxy2,3-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

OMe

OMe

reflux for 24 h. EtOAc (20 mL) was added and the organic layer washed with brine (40
mL). The organic extract was dried (Mg9Qevaporated to dryness, and purified by
column chromatography using silica as adsorbent with gradient elution of petroleum ether
and EtOAc to givel-(3,6-dimethoxy2-nitrophenyl)azepan&c (0.756 g, 77%) as an
orarge solid;mp 96100 °C;R: 0.57 (10:90 EtOAc / pet. ethemnax (neat, cmt) 2924,

2850, 1614, 1529 (N, 1491, 1382 (Ng), 1256, 1156, 1104, 1054, (400 MHz,
CDCl) 1.501.67 (bs, 8H), 3.05 (11 5.5 Hz, 4H), 3.80 (s, 3H), 3.81 (s, 3H), 6.731®,2

Hz, 1H), 6.84 (dJ 9.2 Hz, 1H);ct (100 MHz, CDC}$) 27.5, 30.2, 54.5 (all Chi, 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)", C14H21N204 calcd. 281.1501, observed 281.1498.

70



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 nitrobenzenéc (3.96 mmol) with iron powder (0.709 g, 12.69 mmol) and.8H
(0.106 g, 1.98 mmol) was stirred at reflux in ethanol (10 mL) and water (3 mL)Hor 8

EtOAc (30 mL) was added to the cooled mixture. The organic layer was washed with brine
(40 mL), dried (MgS@), evaporated to dryness and purified by column chromatography
using silica as adsorbent with gradient elution of petroleum ether ap@l{id gve 2-
(azepanl-yl)-3,6-dimethoxyaniline7c (0.673 g, 68%) as a light brown solid; mp-G&

°C; R 0.25 (70:30 CKCl, / pet. ether)vmax (neat, cmt) 3490, 3381, 2917, 2842, 1605,
1488, 1454, 1256, 1170, 113&; (400 MHz, CDC$) 1.561.83 (m, 8H),2.862.89 (m,

2H), 3.233.26 (m, 2H), 3.75 (s, 3H), 3.79 (s, 3H), 44854 (bs, 2H, Nk), 6.16 (d,J 9.0

Hz, 1H), 6.53 (dJ 9.0 Hz, 1H);Uc (100 MHz, CDC}) 27.9, 31.4, 54.1 (all CH)l, 55.5,

56.0 (both Me), 99.1, 107.0 (both CH), 129.8, 135.3, 142.1,01&# C); HRMS (ESI)
m/z(M + H)", Ci4H23N20- calcd. 251.1760, observed 251.1749.
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2.4.3.4. Preparation of dimethoxy substituted benzimidazoles 8b & 8c

OMe
N
\
oo
OMe
6,9-Dimethoxy-1,2,3,4tetrahydropyrido[1,2 -a]benzimidazole (8b) Preparation
from aniline7b asdescribedn Table2.6 to give8b (0.186g, 80%); brown solid; mp 82-
84 °C; Vmax (Neat, cm™) 2942, 1648,1523,1256,1224,1158,1110, 1086, 1009:; ti; (400
MHz, CDCls) 1.90-1.92 (m, 2H), 1.992.01 (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); Uc (100 MHz, CDCls) 20.6,23.3,25.6

45.5 (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)*, Ci13H17N20. calcd.233.1290, observed 233.1298.

OMe
N
\
@@
OMe
1,4-Dimethoxy-7,8,9,10tetrahydro-6H-azepino[1,2albenzimidazole (8c). Preparation
from aniline7c asdescribedn Table2.6to give8c (0.177 g, 72%); brown oikmax (neat,
cmt) 2933, 1615, 1525, 1527, 1471, 1405, 1259, 1203, 110800 MHz, CDC4) 1.76
1.82 (m, 4H), 1.84.90 (m, 2H), 3.07 (t) 5.3 Hz, 2H), 3.86 (s, 3H), 3.92 (s, 3H), 4.55
4.75 (bs, 2H), 6.49 (ABqg] 8.7 Hz,2H); Uc (100 MHz, CDC}) 25.6, 29.0, 29.7, 31.46.2

(all CHy), 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)*, C14H1aN202 calcd. 247.1447, observed 247.1441.
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2.4.3.5.Preparation of benzimidazolequinone anttumour agents 9b & 9c

The dimethoxy substituted benzimidazole8b 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.He solution was extracted with @, (5 x 20 mL). The combined
organic extracts were dried (Mg®0 evaporated to dryness, and purified by column
chromatography using silica as adsorbent with gradient elution of petroleum ether and

EtOAc to give thalesired compounds.

1,2,3,4Tetrahydropyrido[1,2 -a]benzimidazole6,9-dione (9b} (0.176g, 87%); yellow
solid; mp 168170 °C, (lit.*?mp 153155 °C); R 0.43 (EtOAC); Vinax (Neat,cm™) 1647
(C=0), 1511, 1481,1430, 1409, 1302, 1244,1206, 1074, 1059, 1035; Uy (400 MHz,
CDCls) 1.952.03 (m, 4H), 2.98 (t, J 6.2 Hz, 2H), 4.29(t, J 5.7 Hz, 2H), 6.56 (AB,, J
10.3 Hz, 2H); Uc (100 MHz, CDCl) 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, 181.8both C=0).HRMS (ESI) m/z(M
+ H)*, C11H11N,0O, calcd.203.0821 pbserved03.0819.

7,8,9,10Tetrahydro-4H-azepino[1,2albenzimidazole1,4(&H)-dione (Oc). (0.151 g,
70%); yellow solid; mpdec. >15C°C); R: 0.30 (70:30 EtOAc / pet. ethe®nax (Neat, cm

1y 2931, 1648 (C=0), 1590, 1515, 1476, 1440, 1330, 1270, 1196, 6QG3D0 MHz,
CDChk) 1.641.71 (m, 2H), 1.724.79 (m, 2H), 1.82.91 (m, 2H), 2.98 (1) 5.5 Hz, 2H),
4.524.54 (m, 2H), 6.52 (ABq,) 10.5 Hz, 2H);lc (100 MHz, CDC$) 24.8, 28.1, 29.3,
30.8, 45.9 (all CH), 130.3 (C), 135.9, 136.3 (both CH), 140.7, 158.4 (C), 178.7, 181.2
(both C=0); HRMS (ESIin/z(M + H)*, C12H13N20> calcd. 217.0977, obsezsdl 217.0983.
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2.5 Conclusiors

In summary nine pyrrolo[1,2albenzimidazoles have been prepared fraapyrrolo
substituted anilines using "aeftee” HO> in EtOAc protocol, where no aqueous
extraction or chromatography is required. Where reactions are slow in the dasanaf
1i, environmentally acceptable MSA can be added. Six to -eigimbered rindused
benzimidazoles can be prepared usingdHin EtOAc methodology with pyrido[1;2
albenzimidazole3a requiring one equivalent of MSA to achieve cyclization in a timely

manner.

The cyclization of 3,8limethoxy2-(cycloamino)anilines mostly required one equivalent
of MSA in order to achieve high yields anreasonable timéNevertheless, the 4> in
EtOAc protocol has considerable merit over reported routes tdussgl benzimidazoles
and benzimidazolequinones, which are more costly, environmedtaifaging, and often

ineffective in preparing constrainead ringexpanded systems.
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Chapter 3

One-Pot Synthesis of Dihalogenated RingusedBenzimidazoles

& Benzimidazolequinones using HO2/HX
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3.1. Introduction

The carborhalogen bond (&) continues to be of high interest in medicinal chemistry
due to its high prevalence in thharmaceutical and agrochemical industry. Currently,
25% of the "Top 200 prescribed pharmaceuticalsid approximately 66% of all

agrochemicals contain halogen substituted aryl moi¢figsire3.1).2

H -NO N
cl Nj HN-Y 2 Q_\\
AN N
HoN . ji:[ _NH | NN
//S\\ //S\\ i~ \\/
o O O O Cl N
Hydrochlorothiazide (diuretic) Imidacloprid (insecticide) Epoxiconazole (fungicide)

Figure 3.1. Examples of togselling 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.* The addition of a € bond to an organicompound primarily
improves metabolic stability (less susceptible to oxidation), meaheability and blood

brain barrier permeability.* 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 ca Br |
Figure 3.2. Organochlorines represent the most marketed pharmaceutical halogens.
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Bromine and iodine are the leasharketed organohalogen druggontributing
approxmately 6% to the total amounthlorine as a substituent is the most common in
marketed drugsvhereas there is a lot of focus on fluorine in early stage research but
ultimately the marketed output is a smaller percentBiggi(e3.2).

Perhaps this anomaly can be attributed to the occurrence of halogen bonding. Halogen
bonding is an intermolecula i nt er acti on of the type Ci XL
bromine or iodine that acts as a Lewis acid and Y can be any kind of Lewis base such as
nitrogen or oxygenKigure 3.3).1 7 Halogen bonds are of comparable strength to that of
hydrogen bonds (1® 150 KJ/molf as they range from 5 to 180 KJ/nfol° The bond

angle is typically linear and distancase shorter than the sum of vdW radii with the
interaction increasing from chlorine to iodiné! The other type of halogen bond involves

C-X---" interactions where the anglelois <60°and i s > 120A with d(ClI
d(BrLLL ) < 4.3 {Figaen33)?draditibnally, hglogers hdve Been;
considered to have isotropic negative electron density around them but in facathe ch
distribution of halogen atoms is anisotropic consisting of a positively charged electrostatic
regi on on the ext’ePolézeroand cavbrker< haXe nbhnted this .
phenomenon a sigrelel! For the sigméole to have a large electrostatigicn of

positive charge, the halogen atom should be highly polarizable and bear a strong-electron

withdrawing moiety C as part of-&.°

d a P

Figure 3.3. The different types of halogen bonding.

Y
T
C

As a result of the sigmhole, halogen atoms exhibit battectrophilic character along the

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

for lead identification and optimizatiorud to its favourable proteiigand interactions:>

7,14

The placement of el ectron wi-hédrdzaqgvu inmgo nceh |
results in a more electron deficRée@H quino
reduction to the <corr e Fgweddi)fsgs htyhder omwiimem
chl-osrwobstituent s i ncr dal¥lerddz ofgruo mo me fildgadh | toe to
benzoguinone (chloroanil), reduction- poten
benzoquinone, making@gFifour ee-R% 8 4¥F odbroe ¥la,ndb i o n

benzoquinone (DDQ)andonetfmWmma ngpr ccvhdd r bo be

susceptible to reduction with a reduction p
d recti on rbeelnaztoigue nto'd® e’ eldhuect2 o@ poftesned al s

qguinones of naphthoqui noneddahn dora mtahredfy uiFn agn

Further mor e, direct correlations have been
cytotoxicity of'h%terocyclic quinones.
0 OH
2e/2 H*

OH
o) 0 o) 0 o}
OMe Cl cCl Cl Cl CN
Cl Cl Cl CN
o) o} o) o) o}
0.570 0.643 0.676 0.699 0.887
) 0 0 cl o cl
T O OO0 OO
Cl
o) o} o} o}
0.376 0.447 0.089 0.115

Figure 3.4. 2 €/2 H" reduction potentials (V vs. NHE) for tpknzoquinone 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 substitftband
transtion metalcatalyzed crossouplings can occlff; 2 with the resultant
functionalization significantly altering biological activitg¢hemes.1).2%24 26

OMe
Q (0]
cl N\ — 4-methoxyaniline HN N -
> N
NN N
Cl N EtOH, reflux, 5 h o N \_/
© (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%
Scheme3.1. Halogen directed functionalization of quinone moietfe$>

The <cl eanest met hod of gener aitn ngsted e mam txa
hydrogen peroxide with excess hydrochloric
onl yproyd uctte rins( nBacp®.3.Tdfe i nter medi ate is hypo
whi ch i s commonly used t o di si »f eict waatt esrr

equilibrates with an?%«c%°dic (HX) solution o

H202 +HX —> HOX + Hzo (1)

HOX + HX

Xy + Hy0 (2)

Scheme3.2.Gener at2{ whené& X = 0d HXBr) from H

TheOoHHX system has been employed in the
activatedi acbmdi Pdparinlyil Wt chrédrisddn d’ a®hi de s
(Scheme3.3) . The atteVettoophilic halogenati on
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i rradioat isoomiamat iionn beni gn sdiFMamtrs natel as$
were shown to have a catalytic effect on ¢
such asabéenzé&iidemedypduct of oxidative halo
recycl edcbpaoki datok3dn with H

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/H,0, 25 min
Cl Cl

75%

Schemes.3. Aromatic halogenation with #D,/HX.33 3°

I n compar ®oHX styhset elth U rsderalltatliiwveldy i n t he
heterocygbedBrwiutsheddH t o catalyze the a&iridid:H
at room temperat ur e uSchemeddad TmieiOHHELE n sytsme@sn
was used to carry o-phernylee nceodhideemisnaets owmi tohf
acetonitrile at r oesmu btsd mpg eurt @tdu rbee ntza mfi drarzios
9 D 9 %chemes.4b)* 1

(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

Scheme3.4. Heterocycle formation using2@./HX system?: 4
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Hal ogenation onto the benzimidazole scaffc
benzi mi dazprleparaerde upsrieng met hodol ogi es pres
t o handl e r e a gSehemes3§o f a ncdh | hbchemeedd&( 4r e of t e
empl oyed and i ssues o(bcheme 88 o welt &c ttihwi tnyo rcea
chl o*fi e di br eamiinfdtuecod otnet hyl benzi mi dazol e
yield of 75% by addi ng a 5 mol ar 2-excess
trifluoromethyl benzi mi dazol $chema3&?ATtheer uasred t
of .OH n HCI as solvent at 90 &Ci dhlcodii-nn attiean
hydrdmxeyt hyl benzi mi dazol e iSoherae 358 bt atéengi gh
was intironveat ed -8t ATO contai ni ngschlal-2gwspen
trifluoromet lhyylaémazani mid duarzeo loef ¢ nlad i sved eé & di
i n 98 %SchemelsP**Q@C anal ysis showed the -major
chl-&trroi fl uoromet hyl benzi midazole 4hl-B06 whi
trifluoromet hyl beard oinmgisd azo013% ionf 2u/m% dent i f i
benzi mi(dSaczhoelnees 3. 5¢)

(a) N
Br2/H20 Br N
A\ .
@ )—CFs )—CFs
N reflux, 6.5 h N
H Br
H
75%

(b) Cl

HO N H,0,, HCI HO N
22
LYo .
N ° N
N 90°C, 1h Cl N

47%

Cl N Cly/H,0 cl N Cl N
\©: \>_CF3 D: \>—CF3 + \>—CF3

N 70-80 °C cl N N

H H

70%* 27%*

Scheme3.5. Late-stage halogenation of benzimidazdl€$°*GC vyield.

86



As part of the tlhadsteasgeo fh aMiocgheanealt i Gunr rwyas av
ongo tO/HHX medi at ed oxiokcaytcdimecneysblbbgattonhedf :
regioselective di hal ogenati-# msedhatbe npzriondiudca
(Scheme3.6)“9 n gen®¢ A0 ,pdand HX) (W&reqempl oyed tc
the oxidative transf orhmeatpirceEWGa el oGEstt i meh eo f
Rposition wer e wel | tolerated i nf ushd pr
benzi mi Hhe oEWG&Gs anaoEBPGS§ebtdon the conver s
pattern of halogenxO8d HILCI¢ (¢ me edn®dawkpn using

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%

Scheme3.6. Onepot regioselective formation of halogenated +faged benzimidazol€es.
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The hal ogesastens| g epcocsurtrieodn aajfb ephyeii@iiod alz, o2l
irrespscabisvetatent present, while in the ab:
trichlorinatlendedaailsomet sazofrabp@2n&] mi dazol e
form&dheme 3.6, red box)

The analogous re@wetrdiecuaedpiprydBs bbbt it uenit
cyclic amine sB8bbhemeltdeed , baonxi)l.i nElse-f(Ws ddad o mi
benzi midazole containing the resonance acti
to furnish that HGle roaotricoqgquaatedH doubl e t |
HO/ HBr . As the deactivating nature of the
i sol ate the regi osfedseecd ibveen zdii nhirdoarm onlagt se.d Trh en
a mixtur®&r omi nMmathed | 0 mveerrss,i onhevascy aregi os el
brominated while the trifluor ¢®ehkewme 8nél od
boxl)nt er estdiinbgrloymi n@yt &all b epnyzrii ndiod alz, 02l e was re
foned i n the absencei modiigcad ttEeD Gp aotrt eEr'WG of br or
by ot he(rScfhaecnieor3s..6, bl ue box)

As previously detfausleedd b enn zGhnaipdtaezrolle s rsienrgv e
to the bioreduci bl e benzwonrikdearzso | papu inebnreysk d
substituted bepyzirmi d@ddo0lRequi nones -t(wPdBd s) a
alternatives t*d T hteh e Al ndiatboonaygchi ngr oup al so

benzi mi dazol equicryd me F%witi NP 65t Beflt spiec g f i ci t
towards hwpoxtE&NABUPOH: quinone oxi %ammaduct a
Fanconi aifeTPadictgddmsaeltihyoxybenzenes are prec
pgui none (Sanemed.¥)y.T he -stweop pat hway -mediodved

demet hyl ation to the hypdr é¢dnma@ inaotneed fooX il dameido
benzi mi daz@thempd7) hPo R ¥’s*9He ot her rouseepnvol
converpdiometofoxybenzempgsasi honeheandshasdbeen
nitr i°CAgamiider afCed diHNMR ( CANY) $3Co0zF'NBS with a
catal yti c:Sa@hioafd mPH ;@GR DEBBhEM8.7)%3
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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

Scheme3.7. Syntheic routes toward 1benzoquinone derivativés,?!: 48. 49. 583

Boht nitric acid(Ag®sarbanshcaokdde conditic

substrate scope and nitric acid at’>s®fe@art i c

reagent of <cobalt (lIl1l) fluoride is highly
under argon before carrying out®®eriiduam(ilve)
ammonium nitrate (CAN) is the movset ccloenanvoang ey
p-di met hox yBSerhzeree 8Bo.wBe)v e r CAN is a high mo
(548 g/ mol) and radical cationic intieec medi a

p-q ui n@chens88)°0 64

OMe
Me CAN
MeCN, rt, 1h
OMe
OMe Me
N Cl

\

N

CAN o)
e <)

N MeCN,it,2h ¢’ N N O

38% o Me
Scheme3.8. Dimeric p-quinone formation as a result of CAN oxidatf3rf*

Despite the | ow atom economy of the hyperyv

reaction conditions to met al oxidants as it
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supports and use$8°Pwafhenl se awei sl vepeat forr
quinone *PpbodmosscbBS) mvdeh(sul furic acid of
that c@guifrorome products wi t°fThoer awiitdhosié nsb
substituted aziridine moiety of di methoxybe
a <catalytic amount of sul f N Xtcr agayit2d d iwe r e
yl )met hyl ] benzi mi da@dénesSsPyf? none in 56% yield

OMe (0]

N\> NBS, cat. H,80; N\>

N /N THF(ag.), 0°C, 40 min
“Tr

N
W\ W\ N\
A - T

r

OMe (0]

56%
Scheme3.9. Mild oxidative demethylation conditions using NBS angsBy.*°

Both Castagnol.i and Rapoport constructed de
oxidative demethyl ationCANMrandear g% ®Wipe co x i

oxidation process can elaxygen nbvon dv e(-kcll reea)v ¢

oxygen bond (red) of the methyl et her. Cl e
met hanol and wil | i nvol ve the introdprcti on
gui none. Cast adginmd tizh,o®=xeyédtct achetlhydl benzene wi
| abel ed water in dry acetonitr iStheme3lf) .ascer
The doubly | abeled duroquinone was obtaine
cl eavage, with wat eurr cper oovfi doixnygg etnh.e Reaxptoepronratl

andk'®H abel ed 85% phosphodirmet Afclmét hoxygyraghthb
to give the dodiuméltyim#dlmbtel eqdui2n,one which ag:

mechanasgxydgen bofd cl eavage.

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

Scheme3.10. Castagnoli isotopic labeling study of ig#nethoxy2,3,5,6
tetramethylbenzene with 40 >°
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Anot herpgquwiunendo pnephved pueed aromatics t
of nitration, amxdiudat ioomn awid didi tnflardeldy ornagd i c a |
nitrosodi sul f o Bcheme3.1X) Fr elmmye' sdi saldiwv)arcieasge 1 f
mul tiple steps required and groupd.toThirsanc
met hodol ogyo Mfmeosnl yeemp |l oyeduitezifloredsyat Babsb
benzi mi daz?1 &fnoPrmmanlelsy. diprgeud tn omecd Dk at' d r 6 ma
benzene substrate, hence the sedloartdebEsas
Takehiraomkhaer £ osh@wedf ohemt cHaci d was capabl

activated methoxypgubs®néeésted benzenes to

0
R R’
R2 R2
o}
o} ? 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?

Scheme3.11. Nitration, reduction, oxidation sequence to acqegsinones.

The use of asfHEl réefi @) X HWNBinc ha mgeurge roa theesr O\«
substidmscaseported to perform oxidative deme
Ssubsti tdutnmeedd hdédxybenzi mi dlazhll ®s obenzgiinvied a%, 006
moder at &chemexlD.t’s A*t-swtoep process demeusheyd aitn o
wi tHBr foll owed sbgxi HBttd NaaBcrcCe s s t Beb6 anal
di bromobenzi mi dazol equScheme3.22°IMo| mocdénat eébr pir
effected t he oaxtiidoant i vaen d d edmebtr hmynim en ta-i-0 »o yn 0
met hyl benzi midazobewn it emmpmert atammoé fadr rl h wi
(Schemes.12 23
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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, HNO; Br N\>
Cl reflux, 1 h MeOH, rt, 1h  Br N
@) 0 Me
45% No yield reported

Scheme3.12. Halogenatiorand oxidative demethylation of 4gfimethoxybenzimidazoles
with various halide sourcé8.?® 5t

Trichloroisocyanuric acigTCCA) was added to 5,8imethoxyisoquinoline in conc. HCI
and stirred for 3 h at room temperature to generatdiélforoisoquinolinedione without a
reported yield $cheme3.13. 6% However, TCCA is thermally unstable and ultimately the

synthesis of TCCA requires the use of molecular chlorine either directly or indif&atly.

al t er nasttievpe aopnper o ac hp-qtu o n boaukledypelreaays ¢ d t o

hand

H.Oo/ HXhi ch weulad vient ages oflamd glhowt ®aonste.cono

N TCCA, HCI, H,0 Pz | Cl

N~ rt, 3h Nx

Cl
OMe O

Scheme3.13. TCCA in HCI enables halogenation and oxidative demethylation ef 5,8

dimethoxyisoquinoliné®
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3.2. Aims and Objectives

T Uti |02 eHiXHt o céelreyctoruotn aoxi dati ve cycl i ze

hal ogenati on -exipand e dcianstdroafd tmegdn gsu b st i t ut

MeO NH, H,0, , HX MeO N N\

> X —

15 L
N )
S n

n

Scheme3.14. Expected preparation of regioselectively halogenatedfusgd
benzimidazoles using KD./HX.

T Avoi d tradstepnaloumest ito hal ogenat ed b
provi ding -paotdirroaudte owdhdlectionox o milait ne® cycl i
aromatic hal-ebenatbonpxaddt e médedyet hyl 8
(cycloamino)aniOf H¥s medi ated by H

T Provide a tunable protocsit obyHXa d jtuhsutsi nag |
di hal ogechased di mgt hoxybenzi midazol es tc

mol ar rr@xt soustdH

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
| [H00>[HX] N o
> N
X N Y=<’

OMe \‘M

n

4¢” oxidation

Scheme3.15. Possible implementation aftunable protocol to accessefectron
and 6electron oxidation products with,B./HX.
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T To determine if 2el pameni aiipdaatéi ovigee ntisrhagnXsofxo
of -dB métRBo&ycl oamino)anilines.

T Nitrate the comméuvbidiInet howaibleamlzleane2 i n
gi vfel 2brdd me t3naxtyr obenzene as a synthetic

OMe OMe
F HNO4 F
NO,
OMe OMe

Scheme3.16. Proposed preparation offRioro-1,4-dimethoxy3-nitrobenzene.
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3.3. Resultsand Discussion
3.3.1. One-pot synthesis of selectively dihalogenated rinfyised benzimidazoles

The preparation ob-cyclic tertiary amine substituted anilines as substriatie$i>,O./HX
mediated oxidative cyclization and halogenation involves a-st@p synthesis.
Commercially available -thloro4-methoxy2-nitrobenzene undergoes nucleophilic
aromatic substitution (&\r) with an excess of pyrrolidine and azepane secondaryesmin
at 80 °C in DMF for 3 daysScheme3.17). The SAr involving the eightmembered
secondary aminef azocanavas performed in ethanol at reflux for 4 days witbhloro-4-
methoxy2-nitrobenzene as previously reported by Faiefhe resultanb-cyclic tertiary
amine substituted nitrobenzen¢hen undergaeduction in the presence of iron with
agueous ammonium chloride in ethanol at reflux to give the corresponding ahdjries
andl1din a twostep yield of 3870% Scheme3.17)."?

H
N
n
K,COs,

‘ DMF, 80 °C, 3d l

Meo\©:N02 MeO\C[Noz Fe, NH,CI Meo\©:NH2
—_—
reflux, 5 h
T "

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

’ azocane

EtOH, reflux, 4 d

Scheme3.17. SyAr and reduction to prepareayclic tertiary amine substituted anilines.

A series of ringexpanded and ringontracted [1,A]benzimidazoles were prepared
alongside pyrido[1,za]benzimidazols to determine if the alicyclic ringize affected the
performance of the ¥D./HX system Scheme3.18). Selectively dichlorinated five to
eightmembered rindused [1,2a]lbenzimidazole®-4 were isolated in 7893% yield after
reaction times of 20 minutesing HO> (10 equiv) with an excess of HCI (12 equjv.

The brominations were found to be significantly slower than the analogous chlorinations,
and double the number efjuivalents of HO./HBr were required to obtain the desired
ring-fused [1,2a]benzimicazolegScheme 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 dichlorid2a-2d: 1a-1d (1.0 mmol), HO. (10
mmol), HCI (12 mmol), MeCN (10 mL), 20 min. For the synthesis of the brom
3b-3d, 4a: 1a-1d (1.0 mmol), HO. (20 mmol), HBr (24 mmol), MeCN (10 mL), 4
for (3c& 3d) and 5 d for3b & 4a).

Scheme3.18. Synthesis ofive to eightmembered rindused benzimidazoles.

Voudrais and cavorkers carried out kinetic studies on the electrophilic aromatic
halogenation op-xylene using &eries of halogenating agents with a pH raoig2.5-7.5
(Schemes.19).#2 The rate of halogenation was in the following order: HOGIOBr < Br;
<Cha Ol BrCl. More importantlyBr, was shown to react 230 times slower than Cl

(Schemed.19) which is in line with our observation of slower brominati@clieme3.18).

Me Me
Halogenating reagent, H,O X

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

Scheme3.19. The Ck and Bp second order rates for the halogenatiop-gflene??
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In general, brominating agents have been reported as more reactive towards electrophilic
aromatic substitution (EAS) than their chlorinating analogues in water dbeitgreater
polarizability andlower bond energie$.”> However, steric factors might be contributing

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

Br
MeO NH, MeO._ 3 N MeO N
\@ H,O,, HBr, MeCN \ D: \
+
NQ reflux, 20 min Nij Br” 7 Nij

1a 1:3

Br i Br Br
MeO N 4d MeO._ > N MeO:©:N
\ \ + \
7
Br sz Bro g sz Br sz
Br 1:2 3a

Br 4a. 87%

20 h

Scheme3.20. The oxidative cyclization and bromination Id with H,O2/HBr, monitored
by H NMR.

Despite the slower reaction rate withh@®4/HBr, regioselective dibrominated pyrigo
azepine and azocino rindused [1,2a]benzimidazoles8b-3d & 4a were isolated in high
yields of 7086%. The progressf la reactingwith H.O2/HBr was monitored usingH
NMR and after 20 minutes a mixture of monobromidesartd Zbromobenzimidazoles
was observedh an approximate 1:3 raticS¢heme3.20). The preferential site of mono
bromination § clearly directed towards thepbsition, para to the 4N of the imidazole.
After 20 hours a mixture of dand tribromide8a and4aremained in an approximate 2:1
ratio (Scheme 3.20)Due to a mixture of brominated products, it was not possible to
cleanly isolate 5;/dibromopyrrolo[1,2a]lbenzimidazte 3a and therefore the reaction was

allowed to proceed to the tribromidain an excellent yield of 87% (Scheme 3.20)

97



3.3.2. One-pot synthesis of dihalogenated ringused benzimidazolequinones

Access to botH ulsaldo demati o rizmd ;easz calnedqui nor
with the dinitration ofdi mbeheoxymemzemé | yna
nitric acid that | eddadmsetthoo xay dminXx tofobienamereis
1’°The maniotrr at ed -di snemb Xk i 4r obenzene was i
column chromat ogr §&Sphewe82)n. a yi el d of 70%

OMe OMe
HNO, NO,

0-100 °C, 3h NO,
OMe OMe

70%
Scheme3.21. Preparationol -4i me t2h-ok ni t r dbenzene.

The novel morpholino andtetrahydroisoquinolino (THIQ) substituted 3,6
dimethoxynitrobenzenes were prepared by nucleophilic aromatic substitution
(SNAr) with 1,4dimethoxy2,3-dinitrobenzene in the dipolar aprotic solvent of
acetonitrile with a base of potassium carbonate fory3 da reflux Scheme 3.2

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]0o0xazino heterocycle. The THI Q anal ogu
considering tiwat kbgasyebhsandedot hat redox <co
with THIQ <can occur under speci ffi’Thecondi
morphestubsbi ditmed hd x§ ni tredudee using iroa powaes with

aqueous ammonium chloride in EtOH to gbein an overall twestep yield of 32%

(Scheme 3.222 In an analogous mannethe synthesis of3,6-dimethoxy2-
(cycloamino)aniline$a, 5b, 5d and5e>® were previously prepared amgde detailed

in (Chapter 2, Scheme 2.4). The THIQ substitutedd®@ethoxynitrobenzene was

more effectively reduced withAgas under palladium catalysis in EtOAc/MeOH at
atmospheric pressure when compared to the iron methodology. The THIQ &hiline

was isolated in a twetep yield of 52%3%cheme 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,  KaCOs 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%

Scheme3.22. SyAr and reduction to prepaBs6-dimethoxy2-(cycloamino)aniline$c and
5f.

3,-08 metBosgycl oamitedwamiel tmeated wit®(hdDgher
equi vrel ative Jtot HXf gwouerqutitve for mation of
(Scheme 3.2) . The resudawent nofeemabcdd o m gsuebtshtaxtyut e
benzi mi dazel est vorma kakidtt omeangcdi hal ogenat
yields and without t Beheme32d d-( Ry r r-IsylH ir) daimiai tl a ghre
S5and(p2 pdyil damibhearmee found to be consumed wi
under reflux to gbvemidnahthé-drbpeyezti enticodaie A & s
and pyfi WerdZi, dic6dalk ot espect i vedyibchemed2Be.l ds o
For cyclizati s aaf® pamde pa HdHiac mier@/ HCI |, S ome
oxidati omenzoi midazol equi none was detected
a benzi nbicd aazzoelpal h e h 2| 86idd asemd ea-ajolca mai[ bie?ka z o | ¢
wer e selectively f or med95i%n byod otwer ihmg h t h
temperat ur eo (4f0r oAC roerf lrutx) tand i ncreasding th
24 h) . Benzimidazol equinone -medmat eodoncwaki z
obcsbhndat refTobtawned iwhi8®%ayibelhd,reacti or
complete di bromanmdd nomrextcel gemne yield (92 &
(Schema) -Kay crystal stramembreeed f di c Hlher i e
di br omi nat/eadn deadaruec t sbt ai nieldardaé etmiocodli ms hi f -

respective NMR spectra.
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OMe OMe

NH H,0,, HX, MeCN X N e
- o L)
N/N\r, ) reflux, 20 min X N Y=z
OMe K(\/)/Y‘\\\v’l) OMe Lgn
n
5a-5f 6-8

n=0-3,Y=0orCH,

OMe OMe OMe
\ \ \>\\
X sz X ND X N o
A
OMe OMe OMe
6a, X = Cl, 80%"* 6b, X = CI, 83%" 6c, X = Cl, 67%2
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 = Cl, 89%" 6e, X = Cl, 95%°T
7d, X = Br, 92%¢ 7e, X = Br, 95%%1

m@%@

6f, X, Y = Cl, 51%°
7f, X, Y = Br, 73%'
8f, X =Cl, Y = H, 60%9

Conditions:5a-5f (1.0 mmol), HO. (10 nmol), HX (5 mmol), MeCN (10 mL)?2 h,
40 °C.P24 h, rt.°5 h, 40 °C9% h.®MeCN (15 mL), 24 h, rttMeCN (15 mL).“MeCN
(15 mL), 4.5 h, rt. Xray crystal structures showing one of the two molecules in
asymmetric unit cell fo6e and7ewith thermal ellipsoids set at 40% probability, a
for 8f thermal ellipsoids set at 40%robability.

Scheme3.23. Synthesis of dihalogenated benzimidazoles usi@ptiX.
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The uti 0 HRefdi ahedHsystem was inves2igated
(3didhydr oi-8 HwH3)ndsil ment h o X yraHr iQl isrbdivs tt ha tpe)t ent i
for halogenation on Scheme3a3l Ypontiroenaat! rhdammto avaft i
more dilute solutiopOOI0 MedCdnd OHRBY7 M5 revd fulihw
for 20 min, oxidative cyclization7iwas7 % ser

yi el d.

8f NH,

t=45h

t=25h

t=1.5h

T
1 Time (min

Figure 35, HPLC <chr omatograms §s faorédadatet-Od,ndobf 21
di hydr oi-8 (HgywkB)pdéil ment h o x5yfawnit bGo1HE O mmo | ) and
(mol ) in MeCN (15 mue3d@t wat. uBeid htH®MS e ec
(3didhydr oi-2 0 &HPB)pdil ment hosygani |l i ne

TheXOHHGlystem could be tarnedi dhol ofre lmniedeer]dl mdr
a benzi midazoles. At room temperature and a
was observeBdfin a6 0 %r diiegd@ 4 ,rkeabkitli emf andned t h
dichlorinated5bpwodiuektkd. The sit e -poofs intoinoonc hol1
8fand was conrfayr merdy sbtfySlchhegnea gBhhy2 3y oom t e mp e
reaction all owed r eFgorée3diDo nwiptripémdsaoagmebyy HERe C
of chlorinated?5gmguredbnseudqd etrence dti ladte cchulrsr i n
prior to oxidative cyclization. This obseryv
groupooyckthe amine subpdtiawards aBASIi ne dire
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110619_16 11-Jun-2018
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C:17-17 H:20-20 N:0-2 ©0:0-2 Na:0-5 35CI:0-8 37Cl:0-8
110619_16 11-Jun-2018
8:1:0
MSB137 2H 3_4 MIN 8 (0.382) Cm (7:9-17:59) 1: TOF MS ES+
2.83e+004
1 319.1228
130.1601___ 215.0597 315088 4400742700650 5932087 57 1569 695077 8041848 g435yy; 687.28059492589
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Minimum: -1.5
Maximum: 5.0 10.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
319.1228  319.1213 1.5 4.7 8.5 295.7 0.0 C17 H20 N2 02 35C1

Figure 36. ESI HRMS of 4chloro2-(3,4dihydroisoquinolin2-(1H)-yl)-3,6-
dimethoxyanilinesg: (A) The high resolution mass spectrui) The single mass analysis
indicates the molecular formula of the proposed stru&gte be within 5 ppm.
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This insight can be retrospectivel ypatppl i e
oxidative cyclizat i on sfusaeadallblkin2z g eniSeaheneoh e 0 (
30%°%In the OAdHL|I ofsy st em, selectivity occur
i ndependent | y sofl okcVMGsepdo sai ttEIDE@D. HBEmhMes Hst em e
br omi nlad cetdi wseel y i n t he svhseernec ei tofc aEnD Gse oas sE
NRB ofocycl i c amine substigpdtieccanngi nehei =1 ¢
subst iSthemed.2d n (

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

94%

Scheme3.24. Regioselective bromination possibly due to occurrence of halogenation
before oxidative cyclizatioff

Conboy and Al dabbagh observed the f-ormat.i
di metonooxryphelbbeabitutads aneht h0:8 Hdwi st {§& hmae H

phenazine formation wasHCIt soybssteermv,e di mwsitteha dt
chlorinatpamnaod¢ ddeir Meddt i ng gdiommetonbxry hao3, 6
substit utSeemedpi.l iThhee (chl orination occurred
and t he regi osel ect irvaiyt ycrwasst at b-olglir-Sagé@ ¢ , b w
di me t-2h( oxoyr p-Ayoll )i annG Hiisnoel at e d i n a o8dde yi el
experi ment al evidbogyeapdesdbdabdadly €C€opport s
HRMS detectefidgihaterf ne dushlttere nmaread di met hoxy

8f with chlorination occurring before cycli

OMe OMe
NH, H,0, (20 equiv.), HCI (1 equiv.) NH,
N/\ EtOAc, reflux, 1 h o N/\
OMe K/O OMe K/O
5c 5h, 76%

Scheme3.25. Regioselectively chlorinated 3gimethoxyo-morpholinosubstituted
aniline using HO2//HX.™®
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The mol ar ratio of HCI w&xsoi pcodasedcoadati
favouafeod mati on. These condipoonesr-dlaecdthriamt
oxi daatfifoonr,di ng di hal ogenatSehdmed2e Ickemedi28 az ol e q
HO. ( 50 pqgaind HQQIUYi vidM®v er thedsld abh bl idnedh b ori nat
fused benzi mbdazmo |l made matne st8d %) i qalf tywireldd sh (i
aB0 ,AQvavlas i sol at e(dScihne nbed dWuyRibe)lod t he great e
Cirel at itoveardéed eBphi | i ¢ hal o'detrhdet iGdot m@m cd X ioad
was nfoar npeed neat in HCI and winsht eMeedCN hteo rne an

t heorfi mskhémorinati on.

For #OWedBH medi ated transformations, the hi
guinone formation and 22 hematdesstaklaett ve paa
br omi nat(iSoomese Hh.ezioowe ved, bitr-Boede Sh,yldor oben=zi mi da
a i soqud,niblldlnedfas furni shed in higher yield
mi xture of Me SCd\h eameds e33R &r6a)l | vy, di brlorkiOneat ed
were obtained-92f) hiu@n(regi &kl gdu n(vénie at HBr (30
refl ux (fSerhemm2 RfiR®Hed di hal ogenat e dScheneen zi mi c
3260 were purifieaehromyatbgshpbypyl wmbh the exc
pyrr o#& d[eln,z2 mi dakz®d evqiuiicrhomeas i sol ated <c¢cl ean
X-ray c¢crystal -dsitcrhd cahiubr yebsf to, f4 ] 70,x8) zbi ennoz[i 4mi3d a z o |
6 -9 o9nce di chhadi Wdate @ mi n-alteen zpiymirdoa 8achliedcRu i n o
18, and a-aelpda mai[ Mmi, 2a ® da nelPwiemr eneosbt ai ned to d
the ease at which these series orfayquguwalniets
crystals.
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OMe (0]

NH. H,0,, HX, MeCN, reflux X N rn
~ - \\)
SN N ::/
N/\( ﬂ « WY
OMe k{\d/Y\\‘b’l) o ]
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 dichlorid@a9e 5a-5e (1.0 mmol), HO. (50 mmol),
HCI (180 mmol), MeCN (10 mL), 4 h, 80 °C. For the synthesis of dibromi@ed Of: S5a-

5f (1.0 mmol), HO; (60 mmol), HBr (30 mL), 12 h, reflux®H20. (10 mmol), HCI (5
mmol), MeCN (15 mL), 72 h, rHBr (135 mmol), MeCN (15 mL), 7h. Xay crystal
structures shown 09a, 9c, 9d, 9f, 10a and 10d have thermal ellipsoids set at 40
probability.

Scheme 326. Synt hesi s of di hal ogenat edOd HXn z i mi ¢

105



Isolation of significant amounts of 9,1@lichloro5,6-dihydrobenzimidazo[2;1
alisoquinoline8,11-dione 9f was however not possible by treatment of THIRQwith a
high molar ratio of HCI relative to D> at reflux. Even with reduced equivalents and an
equimolar ratio of HCI relater to HO2, THIQ 5f at room temperature still gave mainly
inseparable products with ESI HRMS (m/z 388%.9) indicative of tetrachlorination
(Figure 3.7.
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4::0::2
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0 T T T T T T Y ey Y T T T T T T T T  m/iz
100 200 300 400 500 600 700 800 900
Single Mass Analysis
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Number of isotope peaks used for i-FIT = 3
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2084 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:15-15 H:89 N:0-2 0:0-2 Na:0-5 35CI:0-8 37Cl:0-8
290318_7 29-Mar-2018
4:0:2
MSB122R2 PREP 29_3_18 8 (0.383) Cm (4:10-20:59) 1: TOF MS ES+
2.09e+004
10 390.9379
"5@ 80.3321181.9120.208.0387 2390359 3709736 | 4319651453 0478 556.9438 706.9062 7%0.9728 g0 gy 8371302807 4637 9650026
I1(110115‘;0|2(|JOY2%>0|3(|)(J‘35‘;0‘4(50!4%0'5(’)0‘550‘6(‘10‘6%»0‘7('[]0I7%0‘8(‘)0IaévOIQ}é(JIQ%;(Jl
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Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
390.9379  390.9389 -1.0 -2.6 10.5 246.0 0.0 Cl5 H9 N2 02 35C13 37C1

Figure 3.7. ESI HRMS of one HPLC fraction for the reaction of-(24
dihydroisoquinolin2-(1H)-yl)-3,6-dimethoxyaniline5f (1.0 mmol) with HO. (35 mmaol),

HCI (35 mmol), MeCN (15 mL)st, 21 h.(A) The high resolution mass spectrum of
tetrachlorinated benzimidazolagone product with three chlorination positions possible
shown in red, blue and purpléB) The single mass analysis indicates the molecular
formula of the proposed structure to be within 5 ppm.
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This | ed us to empl oy tJog 1rOe lLeagtainvde | H/C) mi(15d ec
atoome mper,attalhadetowed ar omati c mo rBdacnhglftoor i e ar
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benzi mi da z9%fil @ giusi onloantee 6 6 Wbcheime3.26, Figure 3.8) . The
struct©Odwaes ocfonf i-rangdcibys (X&lchegnea Bmy2 @tohret r a st
di bromi natletOWaanakogaeed in 68% yield from ¢
| arge excess abfr oHBrn awiitohn naod douvcetrs det ect ed.

of OMe OMe
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Figure 38 HPLC <chromatograms 8§s farf durmet-(idengdtcdfi ol

di hydr oi-20H)-yBnh-di mat hox5yfant bOp HEO . quwind HCI
(®8guwivn MeCN (15 mL) at rt.
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HBr is a weltkknown demethylating agent of aromatic eth&shemes.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 meagent
Weinberger and Day showed thatrizthyl dimethoxybenzimidazole was demethylated by
using conc. HCl in a sealed pyrex tube with heating at 100 °C for 38Hene3.274).>
4-methoxyphenylbutyric acid was demethylated in 3 h when reacted neat witmpyrdi
chloride under nitrogen at 180 °C to produce the hydroxyl derivative in an excellent yield
of 97% Schemes.27).8°

(

a) OMe OH 4 _o©
N Ne ©
HCI, sealed tub
\>—Me sealeq tupe \>—Me
N 100 °C, 20 h N
H H
OMe OH

(b)
OH 180 °C, 3 h OH
97%

Scheme3.27. Demethylation of phenyl methyl ethers with HCI reagéht¥’.

Following the conditions to form dichlorinated benzimidazolequinon8sheme3.26),
dichlorinated morpholind,2-a]Jbenzimidazole6¢c was treatedwith conc. HCI while
stirring for 4 h at 80 °C to investigate if HCI could demethylate our series of aromatic
ethers(Scheme 28). However, there was no observed reaction@or(Scheme 3.28)
presumably due to the milder reaction conditions used in comparison to that of Weinberger
and Day>*

OH

OMe

Cl N Cl

I;: HCI N
\)
Cl N>\\o / N\>\\
80°C,4h Cl 0

OMe — (S
6¢Cc

Y

OH

Scheme3.28. Attempted demethylation @cin concentrated HCI.
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Due to the suspected high concentration of i@l the onepot 6electron oxidative
cyclizations with dihalogenatiorCl, was investigated as the active reagent involved in the
demethylation of the aromatic ethers. Commercialigilable 1,4dimethoxybenzene was
chosen as a test substrate to investigate the ability.@faSIto oxidize aromatic ethers and
the reactions were monitored by @4S. The theoretical amount of £fjas generated
from the combination of ¥D, and HCI was 8 equivalents relative to the starting aniline
as shown inScheme3.26. Cl> (50 equiv.) was generated by the dropwise addition of
concentrated HCI onto KMnQas described by Leonard et,®.but only a mix of
polychlorinated M-dimethoxybenzenes wefermed At 200 equiv. of Cl, a mixture of
tetrachlorinated benzoquinonkl and tetrachlorinated 1qimethoxybenzenel2 was
formed(Table3.1). Despite further doubling the equivalents of chlorine gas (400 equiv.),
full conversion to tetrachlorinated benzatpne 11 was never achieved due to the
deactivation of the aromatiéng by the addition of four electremithdrawing chlorine
groups(Table 3.1) This demonstrates the necessitation of an activated substrate such as

benzimidazoles to achieve full quinofeemation with chlorine gas.

Table 3.1. The chlorination and oxidation of Xdimethoxybenzene with €l

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 47
2 400 64 36

The more activated substrate of dichlorinafédtoxazino[4,3albenzimidazole6¢c was
subjected to Glgas (50 equiv.) in acetonitrile with added water at 8qS€heme 3.29)
The aromatic etheof benzimidazolésc underwenta 2electron oxidatiorusing Clz gas,
fully converting6c to the desired dihalogenated benzimidazolequirtmia a good yield
of 73% Schemed.29).
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OMe (0]
Cl N Cl N
\ Cl, \>\\
Cl N O H,0, MeCN cl N o)
OMe —/ (0] —/
6¢c 9¢c, 73%

Scheme3.29. Halogenated dimethoxybenzimidazolel2ctron oxidation produse
benzimidazolequinone usingCl

Next, it was decided to investigate if the formation of rifgged dihalogenated

benzimidazolequinones could be effected by elementalvixh or without water. Chlorine

gas was bubbled into a solution of anilifds5e in MeCN containing added J@ (Table

3.2).

Table32Synt hesi s of

di hal ogenated benzi midazol

bronfi ne.
OMe 0
NHz X, H,0, MeCN X N\>\\
N X Ny
OMeKM;Y S Lpfn
5b-5e 9,10
ani |l i X Y n yi el d
5b Cl CH 1 9b 41
5¢ Cl @) 1 9 c5,4
nj nj nj nj 9 c4,7
5d Cl CH 2 9¢d 71
5e Cl CH 3 9¢ A58
5b Br CH 1 10,b 7
5d Br CH 2 10,d 9
5e Br CH 3 10e”9(
aConditions: For s yonbh & els i0s mosf¢ b P i © IClhedroil de s : |
(1mi8) , MeCN (10 mL), refl ux, 105bmidbe For
(1mmol p(5nBmol O, (H. 8 mL), MeCN "M@ O0( InQ.) 75 41@L )A.
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Dichlorinated benzimidazolequinone8b-9d were isolated, but in lower yields in
comparison tahe H20O2/HCI method, althougBewas given in a comparable yield of 58%
inthis1 0 mehl ux (MaebtAi 6adpar at i ba& ndiw@dsy , c aursri inegd
out i n an equivalent ame@nHCIlo fp rwoattoecro | ( 1bOu.t7 &
9avas decreased fur(tThadd.ef TIoos)bxddv@ & ®r otiesh r e q u
but not to teHEKXtmat hod. t he H

Mor eover, yi el ds derteadtoiranr edasvhpar ftdremedl
conditions witd hliorsiepatrad!| r odeat s detect
spectrometry. Presumabl vy, the absence of w;:
(Scheme3.2) whi ch 1 so»xi ¢amlorndgdewalna iHIOgOnb inon At oonnef
el ect raodpdhiitli soonb sarde a €t (Fgwe3s)t hgt wve<€ehl ori nati o
Johnson et al . observed t he formati-on of
met hyl napt hal engaswhuesaesde xwcredsesr Cdr oti c or ap
chl or-meahgl 1n aSphermeh3d)®&menn(son proposed that
mi g ht promot e a Inroaraase anhydrous cohdiions souold promote a

similar type of mechanistmat results irchlorineelectrophilic 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

Scheme3.30. Formation of different pentachlorinated isomers in protic or aprotic
conditions with Cl gas®?

In the optimization reactions fSobwadr omeanee
with varying equivalents of Mmoowas ubhbt abmead
90% yield wusi ng2 10 heq wstiu\bradeagautteisio rod nfBa leimewé c |
i ncr eases dfn,(Ertod0ecuiv) buistiltonly produced’b with no detection
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of the brominated quinone derivatii®b. Fi nal | vy, using 25660d egai vhe
desired dibrominat @d@&@bbeinrtmyachd ¥€Veér2d,didghern o n e
yields (7190%) were achieved for the opet transformation giving dibrominated
benzimidazolequinonelb, 10d and 10e using Be and HO at 40 °C for 4 W(Table 3.2)

when compared to the analogous,@éactions. This is indicative of the greater control

achieved with less reactive Bhat isnot susceptible to ovdaromination

OMe o)
X NH X,, H,'80, MeCN X N\>\\
\) -
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
. 0 \x—xL/ o7 X _/ X-cl),. X L/Y
€ j-h Me Me
l- MeOH
180 180 18
X N HX X N X
X, N Y | N Y X N Y
(09018 (. v 03X \_/
Me H ®~"Me ai5-H Me
X Q
l - MeOH H
180
X N
\)
X N>\\Y
180 L/

Reaction conditions: For dichloride3c 6¢ (0.07 mmol), i (3.40 mmol), H®O (0.14
mL), dried MeCN (0.73 mL), reflux, 10 min. For dibromitiéb: 7b (0.04 mmol), B (2.05
mmol), K20 (0.08 mL), dried MeCN (1 mL), 40 °C, 4 h.

Scheme3.3lL.Det ect i ng t heuirnoolnee offo mpwraateicos @ cdwimgtetlt h a n
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Finally, we investigated whethestepmeoxiudatoir
demet hyl ati onstoerp a xdidragdtonorneg a HMWedeadxyloat i
det erithi cd eavage olexcrurarylean kdred ad fKThe he me
role of water in the quinone formation step is fundamental to understanding the mechanism

of action so labeled ##0 was employed. 7-Bihalo-6,9-dimethoxybenzimidazolesc

and7b were respectively treated WiCkL and Be (both 50 equiy), and B0 (100equiv.)

in dried MeCN under inert conditionS¢heme3.31).

The formation of the doubRfO-labeled dihalogenated benzimidazolquinoh&sand14b
was confirmed by EMS (Appendix, Figure A.2.1 and A.2.2}.fbllows that for both the
Cl2 and Be mediated reactions, Me@ryl bond cleavage occurred, and quinone formation
did not proceed through the hydroquinoisel{eme3.31). The MeQaryl bond cleavage
mechanism for quinone formation with } consistent witlihat described in literature for
other reagents such as argentic oidmnd CAN>® A control experiment treating 78
dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3a]benzimidazoles,9-dione 9¢ with H,'80 for 4

h indicated no exchange.
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3 . 3 . Rectrbchemicalanalysis of kenzimidazolequinones

In collaboration with the Biomolecular Electronics Research Laboratory at NUI Galway,
the redox prperties of our potentiabntrcancer drugs was studied with the aim to
establish structure activity relationshisThe redox properties of both halogenated and
nonthalogenated pyrido[1;d]benzimidazolequinones were characterised by cyclic
voltammetry (CV). CV conditions of pyrido[1-&benzimidazolequinones (5 mM) in the
aprotic solvent of DMF (vs. Fc/Fcwith 0.1 M of he electrolyte tetrabutylammonium
perchlorate (TBAP) were employed. The CV work presentethbie 3.3 was performed

by Claire Elwood as part of her Master's thesis at NUI Gafvahe pyrido[1,2
albenzimidazolequinon&5b which has been previsly repored with cytotoxicityin the
nanomolar range under hypoxic conditifhgave a formal potential 000.92 V (Table

3.3). As expected, the placement of electron withdrawing chlorine and bromine groups
onto pyrido[1,2albenzimidazolequinone resulted in a me@sily reduced quinone core.
The reduction potentials of the dihalogenated pyrideglh2nzimidazolequinonedb and

10b are shifted approximately 0.22 V in the positive direction relative to the non
halogenated analogutsb (Table 3.3). There is anegligible difference in the formal
potentials for the chlorine and bromine pyridofa]Benzimidazolequinone analogues
probably due to their similar inductive effeqfBable 3.3) The PhD candidate Le®nn
Keane (Aldabbagh group) carried out cytotoxiciysays to determine if there was any
correlation between the reduction potentials and the cytotoxic respordde Db, and

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

Table 3.3. Formal potentials (E°*") (V) (vs. (Fc/Bdfor halogenated and ndralogenated
pyridobenzimidazolequinones in aprotic solvent of DRF.

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

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

Fagan and Aldabbagh showed that the introduction of acMetlibutyl substituents onto
[5,4-flimidazobenzimidazolequinones produces a greater cytotoxic response towards both
HelLa and DU145 cancer cell lines when compared to that of alicyclic-tiisgd p,4

flimidazobenzimidazolequinoneBigure3.9).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-flimidazobenzimidazolequinon&s$

Therefore we proposed a synthetic route prepare 12libutylamino substituted
dihalogenated benzimidazolequinohé to assess the cytotoxicity profile relative to the
ring-fused analoguesS€hemes.26), starting from either commercially available materials

of 1,4dimethoxybenzene orfluoro-1,4-dimethoxybenzeneScheme3.32).

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 No~~— Fal NO,
& ———— —
NO, NO, NO,
OMe OMe OMe OMe

Scheme3.32. Retrosynthetic analysis of Xdtbutylaminosubstituted halogenated
benzimidazolequinone.
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The reaction of 14limethoxybenzene (Flurochem UK, £15 for 100 g) with niga is
reported in literature and the major isomer -@dtro-1,4-dimethoxybenzene
predominates in isolated yields of -86% Scheme 3.333).7% 8 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 §cheme3.32). Halogens areo, p-directing towads EAS due to
combination ofthe dual opposing effects of resonance and induction. The nitration of 2
fluoro-1,4-dimethoxybenzene was expected to give phatrated productl-fluoro-2,5
dimethoxy4-nitrobenzenel8 as the major isomer due to the reducezttebn density at

the o-position from fluorine induction, with-Buoro-1,4-dimethoxy3-nitrobenzenel?7 as

the minor product§cheme3.33b). However, nitration wap-selective giving only isomer
18in high yield. This meant that the intended use-oft® isomerl? as the substrate for

nucleophilic aromatic substitutiprrould not be pursued due to regioselectivity of the

nitration.
(a)
OMe OMe OMe OMe
HNO; 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

Scheme3.33. Predictedo- andp-nitration of 2fluoro-1,4-dimethoxybenzene based upon
similar literature reaction of 1-dimethoxybenzend® 8586

Treating 2fluoro-1,4-dimethoxybenzene with nitric acid (&6%) over 10 minutes at 0 °C
gave fluoro-2,5dimethoxy4-nitrobenzenel8 in 90% vyield Scheme3.34). This is the
first reported synthesis and characterisatioh8®ven though alleged commercial sources

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

O,N
OMe OMe

18, 90%
Scheme3.34. Preparation of fluoro-2,5-dimethoxy4-nitrobenzend 8.

X-ray crystallography confirmed the location of the regioselective substitution
(Figure3.10. The fluoresubstituent was found to be exclusivphdirecting, in contrast to

the nitro group of the intermediate Xdimethoxy2-nitrobenzenel, which directs the
electrophile to theo-position to give 2,3linitro-1,4-dimethoxybenzene in the analogous
nitration of 1,4dimethoxybenzeneScheme3.33). Nitro groups are welknown to
participate in adjacent group coordination and reactions, especially under strong acidic
conditions that also favour their protonatf§rn addition, the polarity of the solvent plays

a major role in determining whether the site of nitration on intermediatdirectedortho

or parato the nitrogroup, withnitric acid(polar solventlstrangly o-directing®®

Figure 3.10. The X-ray crystal structure df-fluoro-2,5dimethoxy4-nitrobenzend8.
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An alternatve route to the 1;Bibutylamino substituted benzimidazolequinones, could
involve the introduction of dibutylaminonto the aromatic system before nitration occurs.
Cao and Lin have previously prepamd-dibutyl-2,5dimethoxyanilinel9 in a moderate
yield of 45% by amination of the commercially availabléudro-1,4-dimethoxybenzene

in the presence ofn-butylithium at room temperature under inert conditions
(Schemed.35).°° The treatment o,N-dibutyl-2,5-dimethoxyaniline with nitric acid could
be envisaged to present issues of regioselectivity as evidenced ilora2,5
dimethoxy4-nitrobenzene 18. The bulkinss of the dibutylaminocould direct
regioselectivity but MacLachlan and-emrkers have demonstrated that solvent factors are
more prominent than steric ones for regioselectivity on thedib@thoxybenzene
systent® Therefore, with more emphasis placedsmivent choice for nitration, an isomer
o-nitrated tothedibutylamine could be isolated in reasonable yields.

OMe OMe[/f/ OMe[/f/

N
3 Dibutylamine, n-BuLi, THF ~">"" Nitration 7 N~
- ————> O,N— P

rt, 0.5 h, Ar

OMe OMe OMe
19, 45%

Scheme3.35. Proposed amination offluoro-1,4-dimethoxybenzene followed by nitration
as a n& route towardd ,2-dibutylaminosubstituted benzimidazolequinorfés’®
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3.3.4. Nucleophilic reactions at fluorine site of 3luoro-2,5dimethoxy-4-

nitrobenzene

The rate of nucleophilic aromatic substitution onto an arylfluoride is fastest of all in the
halogenseries due to the high electronegativity of the fluorine atom that stabilises the
anionic intermediate at the rate determining Stapowever, a nitresubstituted aromatic

has an even faster rate due to a greater anion stabilising ability exerted tteswggnce.

As the synthesis of the isomet7 was not a viable option, 2dnitro-1,4-
dimethoxybenzen&vas trialled as a substrate for nucleophilic aromatic substitution with
dibutylamine Scheme 3.36). 2,3dinitro-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 aMdS5CTo determine if
substitutionat apositionparato the ntro groupis more favouredl-fluoro-2,5-dimethoxy
4-nitrobenzenel8 was subjected to the same substitution conditions with dibutylamine as
2,3-dinitro-1,4-dimethoxybenzenéScheme3.36a). The reaction was monitored by GC

MS and showed full conversion df8 after 3 days, producing the regioselectively
substituted N,N-dibutyl-2,5-dimethoxy4-nitroaniline 20 in a moderate yield of 60%
(Scheme 3.36).

(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, 3 d NN

F
OMe OMe i
18 20, 60%
Scheme3.36. Dibutylamine SAr of 1-fluoro-2,5-dimethoxy4-nitrobenzend.8.

The aromatic tethered piperazine compound show®cheme 3.3 has been reported in
literature using pentafluoropyridine in slight excess over piperazine to give a yield of
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52%?22 This methodology was applied towards our phenyl methyl ether systenmgstart
with the substrate of -fluoro-2,5-dimethoxy4-nitrobenzenel8 in three times excess
relative to piperazine in acetronitrile at reflux with the base of potassium carbonate to try
and produce 1:8is(2,5dimethoxy4-nitrophenyl)piperazin@1 (Scheme 3.2).

(a) F

HN.  NH . oo R F R F
FeoANF _/ » NaptOs — /\ —
| N 7N MRV
ENNE N 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, 22
OMe OMe
F
NO,

Scheme3.37. Proposed approach to highly conjugated quinone via aromatic tethered
piperazines$?

The synthetic intermediat21l would then be used to access the highly conjugated
dihalogenated diquinone (3/Hinitro-6,7-dihydrobenzimidazo[2',1":3,4]pyrazino[%,2
albenzimidazolel,4,9,12tetrone)22. This would occurvia a sequence of nitration and
reduction which would be followelly a onepot cyclization, halogenation and oxidation
similar to that inScheme3.26

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

Scheme3.38. Methoxylation of fluoro-2,5-dimethoxy4-nitrobenzend.8.
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To our surprise, no nucleophilic aromatic substitution oeclwith piperazine but instead
nucleophilic displacement of the fluoride atom was carried out with a methoxy group to
form 1,2,4trimethoxy5-nitrobenzen@3in a poor yield of 33%3cheme3.38). 1-Fluoro
2,5-dimethoxy4-nitrobenzend 8 was used in three times excess relative to piperazine and
presumably this is the source of the methoxide for nucleophilic displacemealy X
crystallography supported NMR data that the introduction of the methoxy group was
regioselectively at the-fluorine position and not at thertro position Figure3.11).

Figure 3.11 The X-ray crystal structure of 1,2imethoxy5-nitrobenzen3.

The methoxylation of aromatics traditionally involves the use of a methoxide salt in a
polar solvent and can beither transition metatatalysed or metdtee®® % 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 atmatography analysisS¢cheme3.39).%° The expected methylated
derivative was formed in 47% but the unexpectefb-Bethoxytetrafluorobenzoyl)

methyl derivative was obtained in 20% vyield. From isotopic labeling, the oxygen source
for the methoxy group wadetermined to come from DMF and when the reaction solvent

was changed to acetonitrile, panethoxylation was observéd.
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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%

Scheme3.39. Unexpected methoxylation of pentafluorobenzoyl chloride derivative of
uracil owing to solvent of DM

An alternative route to synthesize -hi(2,5dimethoxy4-nitrophenyl)piperazine2l
could involve a preparation analogous to that employed by Cad.ianavhich reacted
fluorobenzene with 2.5 equivalents of piperazine alongside the basBuifi to furnish
1,4-diphenylpiperazine in 65% yiel&¢themed.40).°° The utilization of a strong base of
BuLi, combined witha reduced excess of-fluoro-2,5dimethoxy4-nitrobenzenel8
relative to piperazine could promote piperazine substitution instead of methoxylation.

HN

O Sl 500
F N N
_/

THF, rt, 0.5 h, Ar

65%

Scheme3.40. The employment of strong baséBuLi 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 CHROMASOLN r eagent , 099 .
which was distilled over CaH(Acros, ca. 93%, extra pure;Dmm grain size) for the
isotopic labeling experimentsl,4-Dimethoxy2,3-dinitrobenzenewas prepared from
1,4-dimethoxybenzene (Sigma Aldrich 99% (GC)) and nitric acid (Honeywell
Fluka, 6466%).% % 3,6-dimethoxy2-(cycloamino)anilinessa, 5b, 5d, and5e were
previously reported in Chapter 2 using the respective nucleophilic aromatic
substitutions of pyrrolidine (Acros?z99%), piperidine (Sigma Aldrich, 99%),
azepane (TCI, >98% (GC)) and azocane (TClI, >98% (GC)) hauimethoxy2,3-
dinitrobenzene followed by reduction with iron powder (Sigma Aldr{®9%, reduced,
powder (fine))®® The o-cyclic tertiary amine substituted anilings, 1c, and1d were
prepared in the same manner as above starting withloto-4-methoxy2-
nitrobenzene (TCIl, >98% (GC)H202 (Honeywell Fluka, 50% w/v in water,
stabilized), HBr (Honeywell Flukaz48% w/v in water), HCI (Sigma Aldrich,
237% wl/v in water) and Br(Sigma Aldrich,2 99%) were used as received, (50

mmol) was generated bthe dropwiseaddition of concentratetHCl onto KMnO4
(Sigma Aldrich, 299%) as described by Leonard et .8l Thin layer
chromatography (TLC) was carried out on Merck TLC silica gelFef) plates
using a UV lampl( = 254 nm) for visualization. Flash column chromatography was

carried out using silica gel (Sigma Aldrich, technigedde, particle size 463 um).
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3.4.2. Measurements

Melting point and Infrared spectroscopy. Melting pointswere 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 (FEMS) 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 anilinéS GC
analysis was performed on an Agilent 6890 Series GC system equipped with an Agilent
5975 Inert Mass Selectividetector (El) and a DB, 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 furer increased to 320 °C at 40 °C/min. This EIl detector was also

used for the isotopic labeling experiments to detect the incorporatté®.of

HPLC analysis. A Hewlett Packard series 1180PLC was equipped with a UV detector
operating at 254 nm andRhenomenexE BondCloneE 10 Om
column. The mobile phase was an isocratic MeGR/Idystem (90/10 eluent ratio was

used inFigure 3.5and80/20 eluent ratio was used kiigure 3.8 at a flow rate of 1.5 mL

mint. The sampl e dbyansaltgmatiwimjsctoi. Th¢ feactions were diluted

to 1 mg/L and the components identified by HRMS.

Nuclear Magnetic Resonance (NMR spectroscopyNMR spectra were recorded using
a JEOL ECX 400 MHz instrument equipped with a Dell Precision 360 c@mpu
workstation except for théH and**C NMR spectrum o8f and'H spectrum ofLOf, which
were recorded on ¥arian VNMRS 500 MHznstrument The chemical shifts are in ppm
relative to tetramethylsilane>C NMR data have complete proton decoupling. NMR
assignments are supported IRjistortionless Enhancement byPolarization Transfer
(DEPT) and'H-H and!H-13C correlation.
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Single crystal X-ray diffraction : Single crystals 09a, 9¢, 9d, 9f, 10a 10d and 18 were

grown by slow evaporation from GBI, while single crystals df and23 were grown by
liquid/liquid diffusion from CHCIlx/hexane. Single crystal data was collected using an
Oxford Diffraction Xcalibur system operated using the CrysAlisPro softwadelae data
collection temperature was controlled at 298 K using a Cryojet system from Rigaku
Oxford Diffraction. The crystal structures were solved using ShelxT version 20%(4/55,
and refined using ShelxL version 2017¥both of which were operated withthe Oscail
software packag®. Crystallographic data for compoun8 9a, 9c, 9d, 9f, 103, 10d and

18 were deposited with the Cambridge Crystallographic Data Centre with deposit numbers
of CCDC 1863030, CCDC 1863027, CCDC 1863026, CCDC 1863025, CCB&D28,
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;0r email deposit@ccdc.cam.ac.uk

Elemental Analysis: Elemental analysis was carried out on an Exeter Analyticad4tE

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

3.4.3.1. Synthesis of ringfused dihalogenated benzimidazole2a, 2c, 2d, 3c, 3dand
4a using HO2/HX

Reaction conditions are describedScheme3.18 EtOAc (20 mL) was added and the
solution was washed with NBH (10%, 2 x 10 mL). The organic extract was dried
(NaeSQy) and evaporated to dryness. Residues of mtsdze, 2c, 3¢, and 4a did not

require purification Compounds2d 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]lbenzimidazole (2a) 0.240 g,
93%; brown solid; mp 12216 °C;3max (neat, cmt) 2938, 1611, 1520, 1455, 1397, 1292,
1165, 10264, (400 MHz, CDC4) 2.652.73 (m, 2H), 3.02 () 7.6 Hz, 2H), 3.87 (s, 3H),
4.03 (t,J 7.1 Hz, 2H), 7.15 (s, 1H)xt (100 MHz, CDC}) 23.7, 26.2, 43.3 (all CHji, 61.3

(Me), 108.9 (CH), 118.4, 123.1, 129.1, 145.4, 147.5, 163.2 (all C); HRMS ({Z3(M +
H)*, C11H1:N2O%*Cl; calcd. 257.0248, observed 257.0260.

Cl

MeO N

\

A0

2,4-Dichloro-3-methoxy-7,8,9,10tetrahydro -6H-azepino[1,2albenzimidazole (20)
0.254 g, 89%; brown solid; mp 18%0 °C;3max (neat, cmt) 2927, 2848, 1513, 1474,
1437, 1403, 1344, 1198&; (400 MHz, CDC}) 1.721.78 (m, 4H), 1.84..89 (m, 2H), 3.08
(t, 5.5 Hz, 2H), 3.86 (s, 3H), 4.03 4.8 Hz, 2H), 7.15 (s, 1H)xt (100 MHz, CDC})
25.2, 28.5, 29.9, 30.7, 45.2 (all @H61.3 (Me), 108.4 (CH), 118.2, 123.5, 132.3, 138.8,

147.5, 159.5 (all C); HRMS (ESlin/z (M + H)*, CigH1sN2O*Cl, calcd. 285.0573,
observed 285.0561.
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2,4-Dichloro-3-methoxy-6,7,8,9,10,1dhexahydroazocino[1,2a]benzimidazole (2d)
0.232 g, 78%; clear oiRr 0.33 60:50 EtOAc / pet. ethiramax (neat, crt) 2930, 2857,
1508, 1461, 1421, 1404, 1354, 1304, 1201, 11¥6(400 MHz, CDC}) 1.161.22 (m,
2H), 1.421.48 (m, 2H), 1.78 (quint] 6.2 Hz, 2H), 1.83L.89 (m, 2H), 2.98 (t] 6.2 Hz,
2H), 3.88 (s, 3H), 4.14 (] 6.2 Hz, 2H), 7.17 (s, 1H)t (100 MHz, CDCl) 23.9, 25.5,
27.1, 29.6, 31.0, 42.0 (all GH 61.2 (Me), 108.5 (CH), 118.1, 123.3, 131.3, 140.0, 147.4,
158.7 (all C); HRMS (ESIm/z (M + H)*, Ci14H17N20**Cl, calcd. 299.0718, observed
299.0731.

Br
L
\

0
2,4-Dibromo-3-methoxy-7,8,9,16tetrahydro-6H-azepino[1,2albenzimidazole  (30):
0.298g, 80%; offvhite solid; mp 196198 °C;3max (neat, cmt) 2933, 2855, 1507, 1470,
1449, 1428, 1398, 1339, 1198; (400 MHz, CDC}%) 1.781.84 (m, 4H), 1.941.93 (m,
2H), 312 (t,J 5.7 Hz, 2H), 3.90 (s, 3H), 4.07 &5.0 Hz, 2H), 7.41 (s, 1H)t (100MHz,
CDCl) 25.3, 28.6, 30.1, 30.8, 45.2 (all @H61.3 (Me), 107.7, 111.6 (both C), 111.9

(CH), 132.9, 141.6, 149.2, 159.6 (all C); HRMS (EBijz (M + H)*, CisH1sN.0"°Br;
calad. 372.9551, observed 372.9561.

Br
MeO N
\

Br NO
2,4-Dibromo-3-methoxy-6,7,8,9,10,14dhexahydroazocino[1,2a]benzimidazole (3d)
0.271g, 70%; clear oilRr 0.30 60:50 EtOAc / pet. ethiramax (neat, cmt) 2929, 2855,
1506, 1456, 14171402, 1245, 1202, 1148, (400 MHz, CDC}$) 1.181.23 (m, 2H), 1.44

1.49 (m, 2H), 1.76..82 (m, 2H), 1.84..90 (m, 2H), 2.99 (t) 6.2 Hz, 2H), 3.88 (s, 3H),
4.14 (1,3 6.0 Hz, 2H), 7.38 (s, 1H)£ (100 MHz, CDCH) 23.9, 25.5, 27.1, 29.6, 31.0, 42.0
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(all CHp), 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)*, C14H17N20"°Br, calcd. 386.9708, observed 386.9715.

Br
MeO N
A\
Br N
Br

5,7,8Tribromo -6-methoxy-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole (4a): 0.370 g,
87%; offwhite solid; mp 176180 °C;3max (nNeat, cmt) 2936, 1516, 1449, 1414, 1374,
1275, 10694 (400 MHz, CDC#) 2.67-2.75 (m, 2H), 3.07 (J 7.8 Hz, 2H,), 3.90 (s, 3H),
4.46 (t,J 7.1 Hz, 2H);a: (100 MHz, CDCH4) 23.7,26.0, 45.9 ( all Ch), 61.2 (Me), 105.1,
107.2, 115.4, 129.5, 147.0, 150.3, 163.7 (all C); HRMS (E8Ik (M + H),
C11H10N20"®Brs caled. 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-Dimethoxy2,3-dinitrobenzene (4.00 g, 17.5 mmol), morpholine (6.09 g, 70.0 mmol)
and KCOs (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 (Mg evaporated to dryness, and purified by column
chromatography withsbaatic elution of pet. ethema EtOAc to give 43,6-dimethoxy2-
nitrophenyl)morpholine (1.83 g, 39%) as an orange solid; mp1588°C (lit!°° mp 148

149 °C);Rr 0.25 (40:60 EtOAc / pet. ethemimax (neat, cmt) 2938, 2851, 1538 (N
1493, 1441, 1382N0Oy), 1259, 1109, 10364 (400 MHz, CDC#) 2.71:-3.29 (bs, 4H), 3.60

(t, J 4.3 Hz, 4H), 3.73 (s, 3H), 3.76 (s, 3H) 6.76 J@.2 Hz, 1H), 6.84 (d] 9.2, 1H); &t
(100 MHz, CDC%) 50.5 (Ch), 56.0, 56.7 (both Me), 67.6 (G 110.1, 113.1, (both CH),
132.5, 142.1, 144.2, 152.8 (all C). HRMS (ES®fyz (M + H)*, Ci2H17N20s calcd.
269.1137, observed 269.1124.

The above nitrobenzene (1.80 g, 6.7 mmol), Fe powder (1.20 g, 21.4 mmol) a@d NH
(0.187 g, 3.35 mmol) was stirred rafflux in ethanol (24 mL) and water (8 mL) for 16 h.
EtOAc (50 mL) was added to the cooled mixture, the mogayer washed with brine (2 x
20 mL), dried (MgS@), and evaporated to dryness. The residue was purified by column
chromatography with isocratedution of pet. ether and EtOAc to gi%e (1.29 g, 81%) as

a brown solid; mp 984 °C; R 0.55 (50:50 EtOAc / pet. ethemynax (neat, cmt) 3491,
3381, 2950, 2841, 1607, 1548, 1489, 1462, 1253, 1105, 124300 MHz, CDC}$) 2.61

(d, J 10.7 Hz, 2H), 3.8 (t,J 10.7 Hz, 2H), 3.69 (tJ 10.7 Hz, 2H), 3.75 (s, 3H), 3.79 (s,
3H), 3.89 (d,J 10.7 Hz, 2H), 4.361.48 (s, 2H, NH, D>O exchange), 6.15 (d, 8.9 Hz,
1H), 6.57 (d,J 8.9 Hz, 1H);¢t (100 MHz, CDC}$) 50.2 (Ch), 55.3, 56.0 (both Me), 68.6
(CH), 98.8 107.8 (both CH), 125.3, 135.7, 142.0, 153.6 (all C). HRMS (BEf&YM +
H)*, Ci2H19N20s 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-Dimethoxy2,3-dinitrobenzene(2.00 g, 8.8 mmol), 1,2,3;#trahydroisoquinoline
(THIQ, 4.68 g, 35.2 mmol) and2K Oz (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 waied (MgSQ), evaporated to dryness, and purified by
column chromatography with isocratic elution of pet. ether and EtOAc to g(@62
dimethoxy2-nitrophenyl}1,2,3,4tetrahydroisoquinoline (1.85 g, 67%) as a yellow solid,;
mp 180182 °C;R: 0.47 (20:80EtOAc / pet. ether)3zmax (neat, cmt) 2939, 2840, 1539
(NO2), 1494, 1454, 1380 (Nfp 1264, 1096, 10554 (400 MHz, CDC%) 2.88 (t,J 5.4 Hz,

2H), 3.35 (tJ 5.4 Hz, 2H), 3.81 (s, 3H), 3.83 (s, 3H), 4.29 (s, 2H), 6.82 @2 Hz, 1H),

6.92 (d,J 9.2,1H), 6.976.98 (m, 1H), 7.12 (d] 3.7 Hz, 3H);a (100 MHz, CDC}) 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), 133.5, 134.6, 135.0, 142.2, 144.6, 152.9 (all C); HRMS (B8) (M + H)*,
C17H19N204 caled. 315.1345, observed 315.1334.

The above nitrobenzene (0.8, 5.8 mmol) and R (10%, 5mol%, 0.31 g) in
EtOAc/MeOH (8020 mL) was stirred under 1 atm of Hit rt for 4 days. The catalyst was
removed by filtration and the filtrate was evaporatedrimess. The residue was purified
by column chromatography with isocratic elution of pet. ether and EtOAc tdbh(\le26

g, 77%) as clear oiR 0.30 (10:90 EtOAc / pet. etheByax (neat, crt) 3477, 3370, 2918,
2834, 1604, 1549, 1489, 1463, 12530111053;d; (400 MHz, CDC}) 2.81:2.85 (m,
1H), 3.133.24 (m, 2H), 3.768.76 (m, 1H), 3.79 (s, 3H), 3.85 (s, 3H), 3.95Jd5.1 Hz,
1H), 4.43 (s, 2H, Ni D20 exchange), 4.60 (d, 15.1 Hz, 1H), 6.24 (dJ 9.0 Hz, 1H),
6.64 (d,J 9.0 Hz, 1H), 7.057.07(m, 1H), 7.167.22 (m, 3H);ct (100 MHz, CDC}) 31.3,
48.7, 51.9 (all CH), 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 (&M +
H)*, Ci7H21N202 calcd.285.1603, observed 285.1606.
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3.4.3.3. Synthesis of ringfused dihalogenated dimethoxybenzimidazoles & and
7a7f using H2O2/HX

Reaction conditions are described Ssheme3.23 H2O, was added in one addition to
anilinesba-5f in MeCN/HX at rt. EtOAc (B mL) was added and the solution was washed
with NaCOs (sat. sol., 2x 10 mL). The organic extract was dried (Mg&$Gnd
evaporated to dryness. Residues of prodégs6d, 7c, 7d, and 7e did not require
purification. Product$a, 6b, 7a, and7b were recrystallized from ED. The residues of
6e 6f, 7f, and 8f were purified by column chromatography with isocratic elution of pet.
ether and EtOAc.

OMe
Cl N
>
cl N\\/o
OMe

7,8Dichloro-6,9-dimethoxy-3,4-dihydro-1H-[1,4]oxazino[4,3a]benzimidazole  (6¢):
0.203g, 67%; light brown solid; mp 16870 °C;3max (neat, cmt) 2952, 2841, 1604, 1525,
1491, 1467, 1445, 1421, 1386, 1275, 1087(400 MHz, CDC}) 3.89 (s, 3H), 4.13 (1
5.2 Hz, 2H), 4.17 (s, 3H), 4.37 (,5.2 Hz, 2H), 4.96 (s, 2H,-CHy); ¢t (100 MHz,
CDCL) 44.3 (CH), 61.6, 62.6 (both Me), 64.0 (GH 65.5 (:CHy), 118.1, 120.5, 127.8,
135.2, 138.6, 144.5, 148.2 (all C); HRMS (ES8ijz (M + H)*, Ci2H1aN20sCl; calcd.
303.0303, observed 303.0294.

OMe
Cl N

\)
Cl N
OMe

2,3Dichloro-1,4-dimethoxy-7,8,9,106tetrahydro-6H-azepino[1,2albenzimidazole

(6d): 0.281 g, 89%; brown solid; mp 1102 °C;3max (neat, cm) 2932, 1601, 1516,
1483, 1453, 1417, 1388, 1323, 1238;(400 MHz, CDC#) 1.781.93 (m, 6H), 3.10 (tJ

5.5 Hz, 2H), 3.89 (s, 3H), 4.20 (s, 3H), 4462 (bs, 2H);at (100 MHz, CDC}) 25.4,
28.9, 29.7, 30.9, 45.5 (all GH 61.7 (2 xMe), 117.6, 120.7, 128.3, 135.4, 138.2, 144.4,
158.6 (all C); HRMS (ESIm/z (M + H)*, CiaH17N20,*°Cl, calcd. 315.0667, observed
315.0655.
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OMe
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 15860 °C;Rs 0.44 (20:80 EtOAc / pet. etheBnax (neat,

cml) 2941, 1603, 1532, 1475, 1459, 1422, 1381, 1322, 126600 MHz, CDC$) 3.26

(t, J6.8 Hz, 2H), 3.95 (s, 3H), 4.35 (s, 3H), 4.61)®.8 Hz, 2H), 7.28.30 (m, 1H), 7.36

7.41 (m, 2H), 8.28.27 (m, 1H);ct (100 MHz, CDC%) 28.5, 42.1 (both Ch), 617, 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 (E8/x (M + H)*, Ci7H1sN20-%Cl;
calcd. 349.0511, observed 349.0524.

OMe

N
\
cl Nﬁ

OMe
9-Chloro-8,11-dimethoxy-5,6-dihydrobenzimidazo[2,1-alisoquinoline (8f): 0.188 g,
60%; white solid; mp 14447 °C;R: 0.30 (20:80 EtOAc / pet. etherumax (neat, crm)
2970, 2936, 1606, 1597, 1508, 1483, 1458, 1392, 1312, 1262, 42(EH0 MHz, CDC})
3.27 (t,J 6.8 Hz, 2H), 3.95 (s, 3H), 4.00 (s, 3H), 4.64J(6.8 Hz, 2H), 6.64 (s, 1H), 7.28
7.30 (m, 1H), 7.377.39 (M, 2H), 8.368.37 (m,1H); & (125 MHz, CDC}) 28.6, 42.0
(both CH), 56.1, 62.2 (both Me), 104.3 (CH), 120.8 (C), 126.0 (CH), 126.41Z3.6,
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)*, C17H16N202°°Cl calcd. 315.0900, obsved 315.0885.

OMe
Br N
>
Br N\\/O
OMe

7,8-Dibromo-6,9-dimethoxy-3,4-dihydro-1H-[1,4]oxazino[4,3albenzimidazole  (7c):
0.348 g, 89%; brown solid; mp 1868 °C;3max (Neat, crit) 2980, 2948, 2836, 1599,
1521, 1485, 1464, 1414, 1385, 1300, 10688(400 MHz, CDC}) 3.91 (s, 3H), 4.16 (t)
5.4 Hz, 2H), 4.20 (s, 3H), 4.42 {,5.4 Hz, 2H), 5.00 (s, 2H, LHy); ot (100 MHz,
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CDCl) 44.3 (CH), 61.6, 62.7 (both Me), 64.1 (GH 65.6 (:CH,), 110.9, 113.4, 128.8,
136.2, 139.9, 146.0, 148.1 (all C); HRMS (E&ijz (M + H)*, Cr2H1aN20s"Br, calcd.
390.9293, observed 390.9298.

OMe
Br N

N
Br N
OMe

2,3-Dibromo-1,4-dimethoxy-7,8,9,10tetrahydro -6H-azepino[1,2a]benzimidazole

(7d): 0.372 g, 92%; brown solid; mp 1226 °C;3max (neat, cm) 2930, 1594, 1522,
1478, 1460, 1414, 1382, 1309, 1238;(400 MHz, CDC}) 1.751.91 (m, 6H), 3.07 (tJ

5.7 Hz, 2H), 3.84 (s, 3H), 4.17 (s, 3H), 48%1 (bs, 2H);¢t (100 MHz, CDC}) 25.4,
28.9, 29.7, 30.9, 45.4 (all GH 61.6, 61.7 (both Me), 110.1, 113.5, 129.2, 136.4, 139.4,
145.8, 158.5 (all C); HRMS (ESH/z (M + H)*, CiaH17N20,"°Bré!Br calcd. 404.9636,
observed 404.9643.

OMe
Br N

A\
Br N

OMe

9,10Dibromo-8,11-dimethoxy-5,6-dihydrobenzimidazo[2,l-alisoquinoline (7f): 0.320
g, 73%; light brown solid; mp 17274 °C;Rs 0.39 (20:80 EtOAc / pet. etheBnax (neat,
cml) 2934, 1597, 1525, 1469, 1455, 1414, 1378, 1307, 126100 MHz, CDC$) 3.26
(t, 6.8 Hz, 2H), 3.93 (s, 3H), 4.34 (s, 3H), 4.6116,8 Hz, 2H), 7.28.30 (m, 1H), 7.36
7.42 (m, 2H), 8.2.28 (m, 1H);a (100 MHz, CDC%) 28.6, 42.2 (both CkJ, 61.7, 62.4
(both Me), 110.2, 113.7 (both C), 126.1, 127188.0 (all CH) 129.1 (C), 130.7 (CH),
134.4, 137.5, 139.6, 146.2, 149.4 (all C); HRMS (ESR(M + H)*, C17H1sN20."°Bré'Br
calcd. 438.9480, observed 438.9463.
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3.4.3.4. Synthesisof ring-fused dihalogenatedoenzimidazolequinones9a-9f and 10a
10f using H202/HX

Reaction conditions are described Scheme3.26 H>O, was added in one addition to
anilines5a-5f in MeCN/HX at rt.The solution was cooletNaCQO; (sat. sol. 20 mLadded,

and extracted with C¥l> (5 x 20 mL). The combined organic extracts were dried
(MgSQy), evaporated to dryness, and purified by column chromatography with isocratic

elution of pet. ether and EtOAc or @El.. CompoundlOadid not require purification.

O

Cl N
\

Cl sz

O
6,7-Dichloro-2,3-dihydro-1H-pyrrolo[1,2-albenzimidazole5,8-dione (9a): 0.187 g,
73%; orangesolid; mp(dec.>224°C); R;0.31(50:50 EtOAc / CHCL); Vmax(neat,cm™)
2972, 1686 (C=0), 1670 (C=0), 1556, 1507, 1476, 1295, 1247,1146, 1126, 1069; dy
(400 MHz, CDCls) 2.76 (quint,J 7.6 Hz, 2H),3.01(t, J 7.6 Hz, 2H), 4.29(t, J 7.6 Hz,
2H); dc (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)*, Ci1H;N,O:35Cl, calcd.
256.9885pbserved®56.9889.

Cl N

\
Cl N

o]

7,8-Dichloro-1,2,3,4tetrahydropyrido[1,2 -a]benzimidazole6,9-dione (@©b): 0.205 g,
76%; orangesolid; mp 200202 °C; R 0.46 (50:50 EtOAc / CHCL); Vimax (neat, cm™)
2955, 2872, 1676 (C=0), 1528, 1509, 1476, 1243, 1157,1139, 1085; dy (400 MHz,
CDCl;) 1.962.03 (m, 2H), 2.052.11 (m, 2H), 3.02(t, J 6.4 Hz, 2H), 4.33 (t, J 6.2 Hz,
2H): dc (100 MHz, CDCls) 19.6,22.1, 25.0, 45.9(all CH,), 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)*, C11HeN,O, 3°Cl,
calcd.271.0041pbserved71.0047.
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Cl N
am
Cl N o}
0 —/

7,8Dichloro-3,4-dihydro-1H-[1,4]oxazino[4,3a]benzimidazole6,9-dione (9c): 0.169

g, 62%; orange solid; mp 24818 °C;Rs 0.48 (20:80 EtOAc / CkCl2); 3max (neat, crm)

3354, 2939, 2887, 1694 (C=0), 1674 (C=0), 1552, 1482, 1437, 1313, 1223, 1170, 1148,
1097; di (400 MHz, DMSQds) 4.04 (t,J 5.1 Hz, ), 4.28 (t,J 5.1 Hz, 2H), 4.89 (s, 2H,
1-CHyp); & (100 MHz, DMSQds) 45.3, 63.2(both CH), 64.4 (:CH), 130.6, 139.7,
140.4, 149.6 (all C), 168.3, 171.5 (both C=0O); HRMS (ESijz (M + H)*,
C10H7N205*Cl, calcd. 272.9834, observed 272.9846.

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

2,3Dichloro-7,8,9,106tetrahydro-4H-azepino[1,2albenzimidazole-1,4(6H)-dione ©d):
0.228 g, 80%; yellow solidnp 168170 °C;Rr 0.32 (50:50 EtOAc / pet. etheBmnax (neat,
cml) 2929, 2850, 1673 (C=0), 1526, 1472, 1432, 1322, 1263, 1154, 41800 MHz,
CDCl) 1.731.93 (m, 6H), 3.04 (t) 5.5 Hz, 2H), 4.59 (tJ 4.4 Hz, 2H);a (100 MHz,
CDCl) 24.7, 28.1, 29.4, 30.7, 46.5 (all @H129.8, 140.4, 140.6, 159.9 (all C), 168.8
171.3 (both C=0); HRMS (ESIin/z (M + H)*, Ci2H11N20.*°Cl, calcd. 285.0198,
observed 285.0187.

Cl N

\
Cl N

O
9,10-Dichloro-5,6-dihydrobenzimidazo[2,1-alisoquinoline-8,11-dione (9f): 0.179 g,
56%; red solidmp 296298 °C;R: 0.29 (20:80 EtOAc / pet. etheBax (neat, cmt) 3400,
1688 (C=0), 1673 (C=0), 1563, 1522, 1491, 1467, 1427, 1321, 1276, 1217, 1169, 1148;
di (400 MHz, CDC}) 3.25 (t,J 7.1 Hz, 2H), 4.66 (tJ 7.1 Hz, 2H), 7.31 (d) 7.3 Hz, 1H),
7.397.48 (m, 2H), 8.21 (dd] 1.6, 7.6 Hz, 1H);a&t (100 MHz, CDC}) 27.6, 42.8 (both
CHy), 124.6 (C), 126.2 (CH), 128.2 (2BH), 129.5 (C), 131.7 (CH), 133.8, 140.4, 141.2,
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142.1, 150.8 (all C), 168.6, 171.3 (bottC=0); HRMS (ESI) miz (M + H),
C1sHoN>0-*°Cl, calcd. 319.0041, observed 319.0030.

(@]
Br N
\
Br N
(0]

6,7-Dibromo-2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazole5,8-dione (10a: 0.280 g,
81%; orange solid; mpdec. 218 °C); 3max (neat, crt) 3125, 3032, 2949, 1684 (C=0),
1657 (C=0), 1500, 1474, 1402, 1294, 1242, 1185400 MHz, CDC$) 2.76 (quintJ 7.5
Hz, 2H), 3.00 (tJ 7.5 Hz, 2H), 4.28 (tJ 7.5 Hz, 2H);ct (100 MHz, CDCH4) 23.1, 26.4,
45.5 (all CH), 128.6, 138.0, 140.6, 145.4, 16Zall C), 168.0, 170.9 (both C=0); HRMS
(ESI)m/z(M + H)*, C1o0H7N20,"Br8'Br calcd 346.8854, observed 346.8856.

(0]
Br N
\
Br N
(0]

7,8-Dibromo-1,2,3,4tetrahydropyrido[1,2 -a]benzimidazole6,9-dione (10b): 0.266 g,
74%; orange solid; m@21-223 °C;Rr 0.41 (50:50 EtOAc / CKCl2); 3max (neat, crm)
2955, 2872, 1676 (C=0), 1528, 1509, 1476, 1243, 1157, 1139, 1M8&00 MHz,
CDCls) 1.952.01 (m, 2H), 2.02.10 (m, 2H), 3.01 (&) 6.4 Hz, 2H), 4.32 (1) 6.2 Hz,
2H); & (100 MHz, CDC$) 19.6, 22.1, 25.0, 45.9 (all GH 129.3, 139.0, 139.7, 141.0,
153.4 (all C), 168.2, 171.2 (both C=0); HRMS (EBijz (M + H)*, Cr1HoN20,"°Br8Br
calcd. 360.9010, observed 360.90009.

Br

Br

N
\
@)
7,8-Dibromo-3,4-dihydro-1H-[1,4]oxazinol4,3-albenzimidazole 6,9-dione (10c): 0.242
g, 67%; orange solid; mp (dee215 °Q; Rr 0.35 (20:80 EtOAc / CKCl2); 3max (Neat, cm
1y 2931, 2883, 1687 (C=0), 1667 (C=0), 1515, 1480, 1435, 1309, 1219, 1130,44092;
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(400 MHz, DMSQds) 4.03 (t,J 4.7 Hz, 2H), 4.27 (t) 4.7 Hz, 2H), 4.88 (s, 2H,-CHy);
@ (100 MHz, DMSQds) 45.2, 63.2 (both C), 64.4 (:CHy), 130.4, 138.9, 139.8, 140.1,
149.4 (all C), 168.5, 171.6 (both C=0); HRMS (EBijz (M + H)*, CroH7N205"°Bré'Br
calcd.362.8803, observed3.8802.

0]
Br N
\
Br N
0]

2,3-Dibromo-7,8,9,10tetrahydro-4H-azepino[1,2albenzimidazole1,4(6H)-dione

(10d): 0.322 g, 86%; orange solidip 216218 °C;Rr 0.32 (50:50 EtOAc / pet. etheBhax

(neat, cmt) 2937, 1686 (C=0), 1666 (C=0), 1512, 1476, 1438, 1315, 1260, 1130, 1105;
di (400 MHz, CDC%) 1.691.90 (m, 6H), 2.99 (t) 5.5 Hz, 2H), 4.54 (t) 4.4 Hz, 2H);ct

(100 MHz, CDC%) 24.7, 28.0, 29.3, 30.6, 46.4 (all @H129.5, 139.2, 139.5, 140.3, 159.7
(all C), 168.6, 171.1 (both C=0); HRMS (ESyz(M + H)*, Ci2H1:N20-"°Br®*Br calcd.
374.9167, observed 374.9156.

Br N

N
Br N

o]

9,10-Dibromo-5,6-dihydrobenzimidazo|[2,l-alisoquinoline-8,11-dione (10f): 0.277 g,

68%; red solidmp 274276 °C; R 0.48 (CHCl,); 3max (neat, cmt) 1679 (C=0), 1664
(C=0), 1517, 1490, 1491, 1459, 1437, 1424, 1279, 1238, 1126, bAQBO0 MHz,

DMSO-ds) 3.22 (t,J 7.1 Hz, 2H), 4.56 (1) 7.1 Hz, 2H), 7.42.44 (m, 2H), 7.477.50 (m,

1H), 7.998.00 (m, 1H);ct (100 MHz, DMSQde) 27.2, 42.7 (both Ck), 125.0 (C), 125.4,
128.3, 129.0 (all CH), 130.4 (C), 131.7 (CH), 135.2, 139.3, 139.8, 14193 gdll C),

168.8, 171.7 (botle=0); HRMS (ESIm/z(M + H)*, Ci1sHoN202"°Bré'Br calcd. 408.9010,
observed 408.8994.

137



3.4.3.5. Synthesisof ring-fused dihalogenatedbenzimidazolequinones using Gland
Br2

Reaction conditions are describedTiable3.2 and the relevant workup is detailed for each

molecular halogen below:

For Clz: The solution was flushed through with tyas, CHCI> (40 mL) was added to the
cooled solution and washed with brine (2 x 10 millje organic layer was dried (Mg9Q
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 witt®a(sat. sol., 5
x 20 mL). The organic layer was dried (Mg®Qevaporated to dryness, and purified by

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

3.4.3.6. The role of waterin quinone formation usingisotopic labeling with H220

Reaction conditions are describedSoheme3.31 and the relevant workup is detailed for

each molecular halogen below:

For Clz: The solution was flushed through with tyas, CHCI> (20 mL) was added to the
cooled solution and washed with brine (2 mlhe organic layer was dried (Mg®Q

evaporated to dryness, and then the sample was evaluated using El mass spectrometry.
For Br2: CHCI> (10 mL) was added and the solution was wastigd NaoCO; (sat. sol., 3

x 2 mL). The organic layer was dried (Mg®Qand then the sample was evaluated using

El mass spectrometry.
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3.4.3.7 Synthesis of #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 HNOs (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, wastiedvaier,

and dried to give the final productfllioro-2,5dimethoxy4-nitrobenzenel8 (18.63 g,
90%), as ayellow solid; mp 116118 °C; GCGEIMS nv/z: 201 [M]" (100), 154 (48), 141
(39), 125 (65), 97 (68), 95 (48), 69 (34)ax (Neat, crt) 3073, 2974, 294, 1640, 1506
(NOy), 1450, 1351 (N@), 1285, 1223, 1194, 1081, 1024; (400 MHz, CDC$) 3.90 (s,

3H, Me), 3.92 (s, 3H, Me), 6.88 (d,12.2 Hz, 1H, éH), 7.62 (d,J 9.2 Hz, 1H, 3H); &

(100 MHz, CDC$) 57.0, 57.3 (both Me), 103.0 (@24.8 Hz, 6CH), 111.4 (d,J 3.8 Hz, 3

CH), 134.4 (4C), 141.1 (dJ 11.4 Hz, C), 149.0 (d] 9.5 Hz, C), 155.8 (d] 255.5 Hz, 1

C). Anal. Calcd for GHsFNOQa4: C, 47.77; H, 4.01; N, 6.96. Found: C, 47.67; H, 3.92; N,
6.79.

3.4.3.8. Synthesis ofN,N-dibuty|-2,5-dimethoxy-4-nitroaniline 20

Dibutylamine, neat ~_~_N

NO, NO,
OMe OMe

1-Fluoro-2,5dimethoxy4-nitrobenzenel8 (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) wasdded and the organic layer washed with bring (3

mL). The organic extract was dried (Mg8Qevaporated to dryness, and purified by
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column chromatography with isocratic elution of pet. ether and EtOAc to NjiMe
dibutyl-2,5-dimethoxy4-nitroaniline20 (2.80 g, 60%) as a daskellow oil; R 0.34 (10:90
EtOAc / pet. ether)amax (neat, cm); 2956, 2871, 1738, 1608, 1569, 1513, 1448, 1316,
1240, 1211, 1085, 1034, (400 MHz, CDC}) 0.92 (t,J 7.3 Hz,6H), 1.261.36 (m, 4H),
1.52-1.59 (m, 4H), 3.33 (t) 7.8 Hz,4H), 3.81 (s, 3H), 3.91 (s, 3H), 6.27 (s, 1H), 7.56 (s,
1H); at (100 MHz, CDC%) 14.0 (Me), 20.4, 29.9, 52.4 (all GH 56.3, 56.8 (both Me),
101.4, 110.2 (both CH), 128.4, 143.7, 147.3, 151.2 (alHRMS (ESl)m/z(M + H)*,
C16H27N204 calcd. 31.1971, observed 311.1971.

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

OMe /\ OMe

HN  NH
O,N M kco,  ON

F MeCN OMe
OMe OMe

1-Fuoro-2,5dimethoxy4-nitrobenzenel8 (1.00 g, 4.98 mmol), piperazine (0.143 g, 1.66
mmol) and KCOz (0.920 g, 6.60 mmol) were stirred in MeCN (10 mL) at reflux for 25 h.
EtOAc (20 mL) was added and the angalayer washed with brine (2 ¥0 mL). The
organic extract was dried (MgSO4), evaporated to dryness, and purified by column
chromatography with iswatic elution of pet. ether and EtOAc to give 1;Rirhethoxy5-
nitrobenzen&3 (0.351 g, 33%) as yellow solid; mp 130132 °C(lit.1** mp 126127 °C);
GC-EIMS m/z: 213 [M]* (100), 198 (29), 166 (16), 137 (37), 125 (19), 109 (34), 94 (13),
77(25), 66 (B), 53 (22);R: 0.27 (30:70 EtOAc / pet. etheByax (neat, crit); 3010, 2921,
1621, 1585, 1518, 1494, 1436, 1338, 1264, 1213, 1085, 141300 MHz, CDC}) 3.84

(s, 3H), 3.93 (s, 3H), 3.94 (s, 3H), 6.52 (s, 1H), 7.51(s, 100 MHz, CDC}), 56.5,
56.6,57.2 (allMe), 97.5, 108.9 (both CH), 130.8, 142.4, 150.5, 154.9 (all C).
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3.5. Conclusions

The onepot protocol of HO./HX facilitated dihalogenation and oxidative cyclizations of
both ringexpanded and ringontractedo-cycloamino substituted anilines to form the
corresponding selectively halogenated benzimidazoles, avoiding the requirement of late

stage halogenation.

HOo/ HX has | ed t o -@mwteuliiepcrtercoend eonxtiedda toinvee t r an
a new seffiusdeidod!l agenrgat ed benzi midazol equino
order o f hal ogenati on, cyclization and oXx]
profi BP-(3&@dhydr oi-8 (HywH3)ndsil ment h o xoywaintih i HHRL C a n
HRMS. Hal ogeegit o op@h ®vtatsi seombhorctbeh@HEQ ana
in the presence of an adndo lIte coualhabrg d msve t Xhar o
added water wer e capareltgocgylc | oaimd inoi) maag i I3, 1t
correspondangddbeéntbmedazol equi nom@SHXn con
met hodo06HEI pir eiducamd Cilt i s the active spe
transf or mat imen-2h(ockyycd o&@ mi no) anilines due to
demet hyl ate aromatic egkekeaes ait &d oweidy/edHBort,her
alongside the denkBrthhgdiatingelagenndo ok Hhe
anal ogous oxidative trans#£®r matmed. dbabt gpi
di hal ogenated benzimidazol equinones and pr
wi t h ezotrhgBr oCle edhs a-badmeggmechani sm i nvol vin
TheOHHX protocol was found to be tunable by
t o .OH The selective for mat ifons eadf da h aleong e
di met hoxybenzi mi dazwt eaddviatsi arcdli ewxidd avti it dvro

a higher mgbraegl ataitvmeo tod HIX was empl oyed.

As part of a potenti al routaccytlowar dssub i &«
benzimidazol equi-fnlonermd met ho ay xeprezxdfead2ynd or
t hpeni t r at e df | pwdagrdaiu m ¢ t-44noi xtyr o bleBaxz elnesi vel y. The
compound was <capable of undergoing nucl eorg

whelmfdvas used in excess facikytgtedpthe intr
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3.6. Future work

The pyrajdemndi @i dazTahlee3Bui wenes moére easily r
substituted with hal ogehmml ggenpsedehatl ogu
voltammetry studies. Fluorthe hal ohen most |
therefore its introduction on a benzimidaz
are highly activated towards NQO1l due to pc¢
atoms are highly prevalkaey ompmphwae mmetabol
enhance physicochemical pr d%F@nmft o retsu nan & | ya,l
el ectrophilic fluorination of ap@@mat incost wi

possible due to the RAYi gh oxidation potenti a

Al ternative el ectrophil i g chfllouroeinéntelpy ) ur c e
di azabicycl-lofd .i 21.m2 ] doictteatnreaf | uor obor at e ( Sel
carry out the oxida-ti metXHaogyw$Oammaboi ami loif
sequence of cyclization, f 1 uo®chemai.4lo.n and
Selectfluor i s <consfirdea edo war cset adfl ef lanar ihnaez
hazardous and toxic sources; OFLledDEctamaphi |
XeF'!°8Sel ectfluor has dual functionality and
the oxidations!'°Phemolosnatakccehdles s, oxidati v
ri-aopening of epoxides and déPedvleeecdti os oh
reagent of choice in the pharmaceuti cal i n
fluorinaf®d with it.

E
[&] 2BF,
T

Cl

Selectfluor™

Scheme3.41. Selectfluor as a proposed electrophilic source of fluorine to form fluorinated
benzimidazolequinones.
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Chapter 4

Evaluation of Benzol[1,2,4]triazin-7-onesas Thioredoxin

Reductase (TrxR) Inhibitors and their A nti-cancer Activity

Pleurotin

§—S

Benzo[1,2,4]triazin-7-one

Z=Ph
Z=CF3

N

NADPH + H+ NADP+

The material in this Bapter has begoublished as part of:

SH

TNB
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