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Abstract
Chapter 1. Introductionto the reactive intermediates used in this thessnelyacyl
radicals and Nheterocyclic carbenes (NHC) is presented, along with an assessment

of the anticancer activity ofiteraturebioreductive heterocyclic quinones.

Chapter 2: Acyl radicak are shown taundergo photochemicalintramolecular
homolytic aromatic substitutioanto the 2position of benzimidazoles from readily
accessible phengelenoesters using chemical imibr-free conditions. The addition
of aceticanhydride(Ac,0) canimprove the yields of cyclized products by increasing
the electrophilicity of théenzimidazolgowards the nucleophilic radicaHowever
many p-dione targets are found to absdV-light very efficiently leadingto extra

reactionswhichlower yields.

Chapter 3: Ac,O behaves as a traceless activating agent allowing thermal
intramolecular condensation of (benzimidazellmethyl) benzoic and nicotinic
acids. Aerial oxidation gives benzinaigo[1,2blisoquinoline6,11-diones and
benzimidazo[2,49]-1,7-naphhyridine-5,12diones in a facile onpot transformation.
1,4Dimethoxy analogue of the former is converted to benzimidazo[l,2
blisoquinolinel,4,6,1ttetrone(1) usingceriun(iv) ammonium itrate (CAN) The
1,7-naplthyridine-5,12dione system readily ringpens, and ay crystal structure

of the MeOHadduct wasobtained.Ac,O mediatedhermalcondensatiorof 4-(1H-
benzimidazoll-yl)butanoc acid led to fully aromatic pyrido[1,2a]benzimidazole

and intermediatei® its formation were characterized.

Chapter 4: Ac,O mediates a facile and rapid condensation of benzimidazole with
aromatic o-diacid dichlorides to precipitatp-dione adducts in excellent yields.
Condensation with pyridind,4-dicarbonyl dichloride produced a 1:1 mixture of
isomericp-diones. The Xay crystal structure of one of the latter isomers revealed
unwsual high densityand inter-layer separation similato graphite. Cyclic
voltammetry demonstrated thgedione is capable of two consecutive one electron
reductions with formal potentials influenced by the fused (hetero)aromatic and
substituent effectsCytotoxicity analysisshowed benzimidazo[1,2b]isoquinoine-
6,11-dione was more cytotoxictowards the human prostate cancer cells (DU145)
than its tetrone derivativé, with lesser cytotoxicity towards the human normal
cancer cells (GM00637).

Chapter 5: All experimental detail is described for Chagt2r 3 and 4.
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Chapter 1

General I ntroduction



1.1Thesis reactive ntermediates

1.1.1Acyl radicals

1.1.1.1Structure of acyl radicals

The unpaired electron in acyl radicals occupies an orbital with substantial 2s
character, and is considerad -rédical (Figure 1.01)' The orbital of the unpaired

electron ofs-radicals lies in the plane of the local molecular frameworkchSu
radical s ar e nradicas, duest@ecldck of resortarice stabiliza#ton.
selection of radicals is shown in Figure 1.02. In 1996 Guerra in a theoretical study
found the average bond angle (d)nsfamr a r
at 128°, whictis slightly larger than thaxpected fosp’ hybridized carbof

>t

Figure 1.01:Benzoyl radical (acyl type radical)

H\( ©/ N ©

Isopropyl radical Benzyl radical Ethynyl radical Phenyl/vinyl radical
(m-radical) (m-radical) (o-radical) (o-radical)

Figure 1.02Ex a mp | esa dd fc a'traglicatsn d (i

1.1.1.2Reactions of acyl radicals

In the 1950s, Patrick Jr. used aldehydes to generate reactive acyl radicals capable of
addition onto a mage of maleatesn 15100% vyield (Scheme 1.03)Benzoyl
peroxide (0.11.7 weight %) heated to S °C or UV light was used to initiate the

radical chin reaction.



0
Q /—\ (PhCOO)z, 80-92 °C or hv ]
R” ~H R'00OC COOR' R COOR
COOR'

15-100%

Scheme 1.01Aldehydes as sources of acyl radicals

In 1988 Boger and Mathvink demonstrated the use of phenyl selenoesters as
substrates for acyl radicals under mildsBaH/AIBN conditions® Five to seven
memberedexa-cyclizations went in 792% vyield un@r chain reaction conditions
(Scheme 1.02).

(@] (@] X
SePh AIBN (0.05 equiv), BusSnH (1.2 equiv)
Z X Benzene, reflux
n n
n=0,1,2 74-92%
X =H, CO,Me

Scheme 1.02Phenylselenides as sources of acyl radicals

The same workers generatadyl radicals that underwent intermolecular addition
onto alkenes with electrewithdrawing and radical stabilizing groups as well as
electron richalkenes’. Oneof the best yielding intermolecular additions reported was
onto methyl acrylate supporting the perceived nuyiddi character of the radical
(Scheme 1.03). Additions ontelectronrich alkenes provided low yields of the
addition products accompanied by substantial amounts of direct phenyl selenoester
reduction products.

O (0]

SePh AIBN (0.1 equiv), Bu3SnH (1.3 equiv), slow add CO,Me
T b fl -
CO,Me enzene, reflux 62%

Ph Ph

Schemel.03: Intermolecular addition of acyl radicals



1.1.1.2.1Homolytic aromatic substitutions

The first homolytic aromatic substitution of acyl radicals was carried out by Minisci
in 1969 onto protonated quinnés using a-BuOOH/Fé* redox system in the
presence of aldehydés give 2,4diacetylquirpline® (Scheme 1.04).

N o) N
N . t-BuOOH, FeSO, =
= AH H,S0,4, AcOH, H,0O =

o

Scheme 1.04Homolytic acylation of protonated quinoline

Miranda and ceworkers reportedhe BusSnHmediated radical reaction of(2-
iodoethyl)indoles under 80 atm pressure of carbmmoxide’ CO was efficiently
trapped by the alkyl radical generating &yl radical, whichunderwent homolytic
aromatic substitutiotio give the tricyclicaromaticketones as welhs, the reduced
alkyl and acyl radical products (Scheme 1.0%)e substitution at @ of indole was
more facile when there was an electwithdrawing goup at the Josition (e.g.
ester or CN)More than full equivalents of radical initiators were required for this
substitution supporting a nezhain reaction for the oxidative cyclizatidhi® Later
Bowman inferred that the adnitiator was responsible for thbBydrogen atom
abstraction to give aromatized pyrrolesiglation of hydrazine adducts of the azo

initiator

R

R R R

©j\g BuzSnH, AIBN (both 1.2 equiv) N_ 0,4 ©\/\g + A\
N Benzene (100 °C) N N N
\\ CO (80 atm)

. R

R=EWG 48-62% 24-34% 0-12%

Scheme 1.05Cyclization of acyl radicals onto indoles via CO trapping

In Scheme 1.0éheacyl radical was generated as described above, but was shown to
undergo aripso-substitutior’”*® of 2-methylsulfonyl group orpyrrole in yields of
63-81%:



N

RD\SOZCHs Bu3SnH, AIBN (both 1.2 equiv) I&/ [_\>\

\\/Br Benzene (100 °C)
CO (80 ATM)
H
R =H, COCHj; 63-81% 6-14%

Scheme 1.06Methylsulfonyl derivatives in selective acyl radical attack

Bennasamand ceworkers generated aifdolylacyl radicalfrom the corresponding
selenoester under both reductiBu{SnHAIBN) and nonreductive fiexabutylditin
(BusSrp), 300 W) conditions (Scheme 1.0%).Under reductive conditions the
aldehyde was isolated as the only product, generated from simple redu¢tien.

the weaker hydrogen atom mhwr tris(trimethylsilyl)silane [TMS);SiH] and excess
AIBN were used, the cyclization did occur, although the reduced compound also
formed was not separated. The cyclized tetracycle was however isolated in 65% yield
under no-reductiveconditions. All attempts to synthesize five or sewaembered

annulated ring analogues proved unsudoéss

A o conditions a-e O N + mo
N SePh Benzene, reflux N N H

a: BusSnH (1.5 equiv), AIBN (0.1 equiv) none 90%
b: BusSnH (1.8 equiv), AIBN (1.8 equiv) none 90%
c¢: (TMS)3SiH (1.2 equiv), AIBN (2.0 equiv) not isolated not isolated
d: BugSn, (0.2 equiv), 300 W 40% 10%
e: BugSn, (2.2 equiv), 300 W 65% none

Scheme 1.072-Indolyacyl radical cyclization onto benzene attached at the

indole nitrogen

Subsequently the synthesis of 23y fused indole derivatives was carried out
(Scheme 1.08 Small quantities 30%) of the fully aromatized tetracycle were
isolated under the BBn-mediated reactions. It is postulated thatrematization
under norreductive conditions occurs via hydrogen abstraction by the peroxy radical
BusSnOQAcoming from the reaction of tin radicals with oxygen that was not
rigorously excluded from the reaction mixtuide formation of the fully aromatized

tetracycle is postulat to occur through reduction of the cyclohexadienyl radical,

5



probably by phenylselenol produced from the reacfidre p-dione was formed by

aubxidation of the methylene group.

A\ conditions a-c é_(
N\ SePh

a: BusSnH, AIBN (both 1.8 equiv) 50% 40% none
b: BugSn, (0.2 equiv), 300 W 14% 30% 5%
c: BugSn, (2.2 equiv), 300 W none 50% 10%

Scheme 1.082-Indolyacyl radical cyclization onto benzene attached at the

indole 3 ring position

Reduction of the intermediate acyl radical to aldehyde was observed under reductive
((TMS)sSiH or BusSnHAIBN) conditions for pyridine derivatives attached at the
indole nitrogen (Scheme 1.09).The desired cyclization did take place upon
treatment withBusSn,-mediatedconditions, although the yields were lower than in

the phenylkseries,and significant amounts obn-cyclized tin ester compounds were

also isolated (230%).

©\/\>_/<O BugSn, (2.2 equiv), 300 W
N SePh Benzene, reflux

N
\_/
O B
©\/\>_/< UgSN, (2.2 equiv), 300 W
N SePh Benzene, reflux OSnBuj,
\_/ 15% / 30%

Scheme 1.092-Indolyacyl radical cyclization onto 3N/4-N pyridines

Bennasar and eworkers cyclized an acyl radicainto a quinoline derivative
(Scheme 1.10) using reductive ((TMSIH and AIBN) conditions producing a

6



cyclized product incorporating the-anoe2-propyl fragment of AIBN.'” The
breakdown of AIBN leads to two-@anc2-propyl radicals, the first abstracting a
hydrogen atom from the benzylic position of the pentacycle followed by reaction of
the second 2yana2-propyl radical with he benzylic radical generatetiteatment

of the latter adduct with potassium hydroxide in methanol in the presence of air
through a process involving a gramitype nucleophilic substitution followed by

oxidation of the resulting alcohol, generated theeeigd dione.

e

O \ O (TMS);SiH, AIBN (>2 equiv)
N
|

SePh

65%

Scheme 1.10Acyl radical cyclization onto quinoline derivatives
Bowmanand ceworkersperformed 5-exo and 6exo acyl radical cyclizatios onto
quinazolind-one analogues (Scheme 1.11) witte thighest yld for the 5exo

cyclization obtained bgimple photolysisof the selenoesteat room temperaturia

benzeng®

N¢J 0% > SePh benzene (rt) N/

Scheme 1.115-exoAcyl radical cyclization onto quinazolin-4-one analogues

O  15%

More recentlyreaction of 4pyridyl substituted indolyB-selenoester undeeductive

conditions led to the targetmethyindolo[4,3fg]isoquinolin6-one in 40% yield,
7



alongwith minor amounts of a tetracycle incorporating theyane2-propyl moiety

of the initiator at the indole -position (Scheme 1.12. An entirely parallel
cyclization course was observed in theyidyl series. It was assumed thalBA
hydrogen atom abstractidrom the intermediate cyclized radical generated the re
aromatized products;®®® however this mechanism does not aaubifor the
observed zZyane2-propyl byproducts. The latter is assumed to be formed by a
coupling of the Zyanoe2-propyl radical with the delocalized cyclohexadienyl
radical at the indok-position followed by rearomatization. Motherwetl al** and
Aldabbagh et 8lhave previously reported-&ano2-propyl products, when excess
amounts of AIBN are added to nehain radical reactions.

| AN
0]
= SePh
N\ BusSnH (2 equiv), AIBN (2 equiv) slow addn
N benzene (reflux 20 h)
\ o% 5%
NTX
|
(o]
= SePh
N\ Bu3SnH (2 equiv), AIBN (2 equiv) slow add"
N benzene (reflux 20 h)
\ 35% 5%

Scheme 1.123-Indolylacyl radical cyclizations onto 4 or 3-pyridyl moieties



1.1.2N-Heterocyclic Carbenes (NHCs)

1,3-Dialkylated imidazolium salts are weakly acidic, and can readily loose a proton
at the 2position b give an imidazolium ylide species. Resonance stabilization makes
this ylide isoelectronic with the imidazolrylidene (Nheterocyclic carbene,
NHC)?? (Scheme 1.13). A review on NHCs by Cavell and McGuirfiiesports that
NHCs have been known for many years since the pioneering work done by Wanzlick
in the 1960s and 19768 Lappert and cavorkers® and Hill and Nilé? in the
1970s discovered the application of transitionakearbene complexes in catalysis.
However these carbene ligands had to be generated in situ and no further advances
were made until 1991 when the first synthesis of a stable free imid&zglitlene

was reported by Arduengd® The background to the development of stable
carbenes asdands has been reviewed on separate occasions by Rebiezmann

and Kocher® and Bertrand eal.*’

| A@
@

| |

N -HA N\®. N .

[T\>—H [T>.@ - [T> .
Ylide NHC

Scheme 1.13The acidity of 1,3dimethylimidazolium salt

Pietro in 1958° proved that deuterium swapping at th@dsition was possible for
diphosphopyridine nucleotideyanide complex. However he concluded that the
mechanism was uncertain at the time. Breslow in 1958 reported the formfation o
thiazolium salt as an ylid&. He proposed the generation of an NHC on the
diphosphopyridine nucleotideyanide complex carried out Bietro(Scheme 1.14

It was reported that the NHC was formed selectively & Kut not at @& on
standing at room temperature for two hours at pH 11.0. The carboxamide group is

creating an inductive effect with stabilization provided by resonance.



O

CN CN CN CN O
CONH CONH CONH

N 2 HA N 2 | o ? 2 ONH,
| @ e | - . -

N/ H N/'.@ N . \N .a

| | I ®]

I‘lx’ibo I‘lx’ibo Il?ibo Il?ibo

ADP ADP ADP ADP

Scheme 1.14NHC formation on a diphosphopyridine nucleotidecyanide

complex

The thiazolium ring of thiamine is acidic due to resonance stabilization, and

involvement of S atom emptyatbitals(Scheme 1.15%

HO HO HO HO
s S S s®
"y _HA />:O<—>7>[>:<—>7>I\>O
N® N® N N
R R R R
NH,
P N

Scheme 1.15Generation and stabilization of thiazolium NHC

Olofson reported the first obsed deuterium exchange at thg@sition of the 1,3
dimethylimidazolium catiot’ Amyes in 2004 evaluated th&pfor the ionization of
imidazolium cations at the-Rosition to give the corresponding singlet imidaz@in
ylidene in watef? The K, values for some imidazolium and thiazolium saits
shown in Figure 1.03The addition of theextra benzene ring increases the rate of
formation of the ylide by stabilizing the intermediate through resonance. Steric bulk
also helps stabilize the NHC formed, hence the use of bulkier substituents at

positions 1 and 3 lowers th&p

10



Ph_
H Me Me b H Me

@ @ NE N® N® N®
5w O 0w Cw [+ [
N N N N s S

H Me Me Ph)\

pK, 23.8 23.0 21.6 21.2 19.9 19.5

Figure 1.03:pK,values of some 18lialkylated imidazolium/thiazolium salts

1.1.2.1Structure of carbenes

Carbenes are neutral with a divalent carbon atom with six electrons in its valence
shell. The carbon atom can be either lineabamt, each geometry describable by a

certain degree of hybridizatich.The linear geometry implies an -bybridized

carbene center with two nonbonding degenerate orbitan(pg). An example of a

linear carbene is propadienylidene,(4+C=C:). Bending the molecule breaks this
degeneracy and the carbon atom adopts &dypp hybridization: the yeorbital

remains unchanged (called) pvhile the orbital that starts as the pureopbital is
stabilized since it ac g ui Mostscarberesnae net c har
linear and their frontier orbitals are tiie dam orbitals. The two electrons can be

located in the same orbital (singlet state) or different orbitals (triplet state) (Figure

1.04).
= e

Triplet Singlet (o) Singlet (p,) Excited Singlet

Figure 1.04:Possible electronic configurations of sphybridized carbenes

Inductive electron withdrawing groups favor the singlet carbéhas opposed to

inductive electron dating groups which favor the triplet state. Electron
withdrawing substituent s -orbitalanddeawd¢he'p he s
orbitalmchanged, thuspdmernmrgegasgay. t@ar ilenes
electron donating groups such as F, Cl, Br, [,NRR, OR, and SR donate into the
vacantpor bi t al thuspememrgysdgamg, tdgrgigtthe maki n

more favored state. Imidazoles and thiazolesehmvwo substituents that are both
11



inductively electron withdrawing and electron donating via resonance (lone pair on

the Natomf’Thi s means that NHCs have to be si
orbital. Imidazole NHCs are also stabilized by resonance due to aromaticity
independently demonstrated by Apeloig & ahd Frenking et &tin 1996, howeer

the major stabilizing affe&edomnat-atmagingmiidaz o

amino groups.

1.1.2.2Generation and isolation of NHCs

Previous work carried out by Wanzlick in the 1960s generated 1,3
diphenylimidazolidir2-ylidene by thermaloss of chloroform but only the dimeric
electron rich olefin was isolatéd®® In 1970 Wanzlick deprotonated imidazolium
salts using potassiurntert-butoxide to generate imidazolitiylidenes which were
trapped but ot isolated®*® Arduengo prepared the first stable NHC by
deprotonation of the 1,8i-1-adamantylimidazolium chloride Wi sodium or
potassium hydride (Scheme 1.2&)The crystals are themtly stable and melted

above 200 °C without decomposition.

N

O e D

N®

Scheme 1.16Generation of the first isolable NHC

Herrmann used liquid ammonia as the solvent aodium hydride asase to
characterize the stable NHCs in Figure I'®.The use of liquid ammonia is
advantageous as no common organic solvent is inert towards free carbenes under
conditions that allow a smooth and rapid deprotonation. In addition imidazolium
salts are much more soluble in mixtures containing liquid ammabaia ih organic

solvents alone.

12



O

|
Lol L

OEt
g Ph \/il\ieH [N> :
N

Figure 1.05:Isolable NHCs generated using liquid ammonia

In 1993 Kuhn and cwvorkers developed a new and versatile approach to the alkyl
substituted MNheterocyclic carbenes. Kuhreduced mmidazole2(3H)thiones with

potassium in THF under reflux to generate the NHCs shown (Schemé1.17).

R R
|
N K N
S | :
INF THF, 80 °C IN>
|
R R

R = i-Pr, Et, Me

Scheme 1.17Reduction of imidazole2(3H)-thiones with potassium

Enders and cavorkers in 1995 generated the first commercially available NHC by

thermal methanol elimination under vacuum (fhfar) from 1,2,4riazol5-ylidene

in quantitative yield (Scheen1.18)*®

Ph Ph

Ph\fNXOMe 0.1 mbar, 80 °C Ph\WN>
N\N H -MeOH N\N\

Ph Ph

Scheme 1.18Synthesis of the first commercial NHC

1.1.2.3Usesin catalysis

The electrorrich (nucleophilic) nature of the singlet NHC has led to a wateye of
applications in transition metahtalyzed, and organocatalyzed reactions. NHCs are a
very common ligand in transition metedtalyzed metathesis reactions (Scheme

1.19). Catalyst activity is directly related to the electdonating ability of the

13



ligands as well as their steric bulk. The use of NHCs is attractive because of ease of
preparation, and theirdomemde nbeayteptqueo oa c t’
Therefore N H C disd strongly to important metal centers such as Ru, Rh, Pd, Cu,

Ag, Au, etc. with little tendency to dissocidte.

—=

J R —

R;

Scheme 1.19General metathesis mechanism

Two of the most famous catalysts in transition metdblysis are the Grubbs 1 and
Grubbs 2 catalysts. (Figure 1.06)

PCy; Mes/NYN\Mes
c|,,||qu Clrb.
CI" “ph CI”"1 " “ph
PCy3 PCy3
Grubbs 1 Grubbs 2

Cy = Cyclohexyl, Ph =Phenyl, Mes = Mesitylene

Figure 1.06:Grubbs 1 and 2

Scheme 1.20 shows a Metathesis reaction carried out by Sun and Sinha, Grubbs 1 did
not catalyze the reaction but Grubbs 2 formed the desired product in 89%yield.
Phosphine dissociation from Grubbs 1 is two orders of magnitude faster than that for
Grubbs 2, making the Grubbs 2 a slower initiator. The increase in reactivity on using
Grubbs 2 S d udenort characten of rNéi@ss in domparisda

phosphines, this increases the preference for coordination of olefinic substrates

14



relative to phosphines. Hence Grubbs 2 stays longer in the catalytic cycle even if it
initiates slower. The strong donor ability of the NHC leads to an overall fastasfrat

catalysis.

Grubbs 2, DCM _
89%, 1:1 E/Z

Scheme 1.20The use of Grubbs 2 in metathesis

NHC is used to catalyze benzoin condensations such as theosddnsation of
benzaldehyde. This reaction was already reported in 1832 using cyamdaes as
catalysts. In 1943 thiaz@ylidenes were used as catalysts instead of the cyanide
anions (Scheme 1.21) Formoin condensation can be catalyzed by NHCs which is
the autocondensation of formaldehyde. The mechanism is the same ab et

to competition between formaldehyde starting material and other aldehyde products

of the reaction, complex mixture of adducts are usually observed.

S Ph o

Scheme 1.21NHC-catalyzed benzoin condensation
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Enders and Kdlhss accomplished the first higield and highly enantioselective
intermolecular benzoin condensation using a nucleophilic carbene catalyst generated
from an enantiopure bicyclic triazolium salt, which allowed an in situ deprotonation

with potassiuntert-butoxide (Scheme 1.233.

0] Precatalyst (10 mol %) 0)
tBuOK, THF Ph
Ph)J\H 83 > Ph)K:/
° OH
Q 80-95% ee
@
N”N\ )
LY TBR,
N

O\)K
Precatalyst

Scheme 1.22NHC-catalyzed benzoin condensation

The Stetter reactioniaconj ugate additi on -undaturated al de
carbonyl compoundcompeting with the corresponding benzoin condensation.
However, the benzoinondensation is reversible, and since the Stetter reaction leads

to more stable products, the main product will be thedicdrbonyl. The NHC

(Scheme 1.23) activates the aldehydéhe form of an enol which can subsequently

under go nucl e o ppositibniotthe@lectrom pobrolefii. t he b

/
[
0 o) A T o
)LH " \/\)LX X = Cl, OR X

Scheme 1.23The Stetter reaction

Scheidt and covorkers carried out a pyrreferming reaction sequence involving a
thiazolium NHC and acylsilane (aldehyde avoided due to problematic dimerization
reactions e.g. benzoin reactions) in a Stetter type reaction, followed by-Krfeaal
reactbn (1,4diketone condensation) with a primary amif&cheme 1.24°° The
proposed catalytic cycle is shown in Scheme 1.25.
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Scheme 1.240ne pot Sila Stetter/PaalKnorr synthesis of pyrroles
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Ph Ph \—{
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Ph ) Ph R = CH,CH,OH
66%

Ph

Scheme 1.25Silai Stetter/Paal-Knorr mechanism

1.1.2.4Usesas reagents

As reagents NHCs are generatedsitu upon quaternization of thel8 lone pair of
imidazoles to give an acidic salt intermedi#teThe NHGgenerated in the presence

of base undergoes nucleophilic attack onto an electrophilic atom. For example,
Hlasta used REA (diisopropylethylamine) to deprotonate the acidic imidazolium

chloride generated upon reactionittw diisopropylcarbamyl chloride, which
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condensed with benzaldehyde to give functionality at the imid&zptesition
(Scheme 1.26).

CON(i-Pr),
[N\> CICON(i-Pr), [N\>@@ PhCHO
S —— _
DIEA N
Bn
@CON(I Pr)2

N  OCON(-Pr),

[ %eH — [
N Ph
Bn i3n

Scheme 1.26Generation and reaction of NHC (ylide)

NHCs can be formed by quaternization of imidazoles with alkynes followed by a
1,5prototropic rearrangement. Condensation with an aldehyde gives imidazoles
incorporating functionality at the-@osition (Scheme 1.275. Trofimov also reacted
1-substituted imidazoles with electrovithdrawing acetylenes again generating
NHCs in the presence of trace amounts of water, which led to similar reactions to
that of Scheme 1.2%7.

o _ —
)\ CO,R? CO,R?
c OR?
% Vi V4
N® N
CO,R? H,O N
\> U AL I ARE >
| ‘ Na 1,4-prototropic N N
;?1 k1 rearrangement ;?1 ;:{1
CO,R?
/
2
N N,
N R N R
k1 R?

Scheme 1.27Alkynoate used in generation of NHC
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More than thirty years earlieRegel and Bichel established substitution of ketone
and ester functionality onto the imidazole (and benzimidazolpdsition using

imidazolium ylide species (Scheme 1.38

OR'

N . N® N R'
R'COCI
L) —an — [0 —— [
N EtN N N )
R R R

R' = Aryl, Heteroaryl, Alkoxy, Phenoxy or Alkyl

Scheme 1.28NHC-generation with electrophilic migration to the 2position

These reactions used varicasid chlorides or chloroformic esters in the presence of
triethylamine in polar solvents hence utilizing the migration to tpesition without

the use of a second electrophile for trapping. The protocol gave regioselective
acylation of the electredefident position of imidazopyridines using benzoyl

chloride under thermal or triethylamimeediated conditions (Scheme 1.3%%°

N = CICOAr N @ Ar N =
N N~ N
N~ reflux in xylenes N N\é o) N N\i\
or NEt;, MeCN, rt p Ar

Ar = Phenyl or 2,4,6-trimethylphenyl

Scheme 1.29Thermal and basemediated functionalization of imidazopyridine

Imidazole (and benzimidazole) reacted with phthaloyhidiédes in the presence of
two equivalents of triethylamine in acetonitriie to give imidazo[1,2
blisoquinolinedione¥ ®*(Scheme 1.30) and an ylide intermediate was propYsed

0
R! R?
N cl Et,N, CH,CN N
I \> + 3 3 _ l N\
Cl
R2 N R2 N
H
0
0

Scheme 1.30Basemediated intermolecular annulation
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Larsen reported five to sevenemberedbaseinduced intramolecular acylations of
1H-pyrazolel-alkanoic acids, although no carbene intermediate is described, it is
conceivable that the anion generated by lithiation at tHe @bsition may be
stabilized as a carbene intermediate using resor(&tbeme 1.31°° The reaction is
described as being a Parh#ype cycloacylation. Parham cyclization describes the
generation by halogelithium exchange of aryllithiums and thesubsequent

intramolecular cyclization onto an electrophilic site.

HoOC_ v
bl BuLi (2 equiv), THF Y~N-N

N-N
~ -78 °C to 25 °C (5 h) ~

0 Yields = 5-50%

Y = CH,, (CH,)5, (CHy);  R'=H, Me, Ph, t-Bu  R?=H, Ph, p-Tol

Scheme 1.31Parham-type cycloacylations of H-pyrazole-1-alkanoic acids
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1.2 Heterocyclic quinones and anttumour activity

Streptonigrin

AQ4N

Figure 1.07:Anti-tumour heterocyclic quinones

Quinonoid heterocyclic compounds have long been known to have the potential to
act as bioreductivelactivated alkylating agentQuinones are racted by reductase
enzymes ira biological systemMany tumour cells have been shown to egepress
reductase enzymes such BQO1 (NAD(P)H quinone oxidoreductase®® (e.g.
human cervical cancer cell liffe[HeLa] and human prostate cancer cell e
[DU145]) making bioreductive activation more efficient in the cancer cells, giving
rise to tumour selective toxicitythe compounds irFigure 1.07 are examples of
heterocyclic quiones that have been identified as -amthour compounds.
Mitomycin C (MMC)is an indolequinone artumour agenwhich has been used as

a chemotherapeic agent for over five decades. MMC is referred to as a bioreductive
prodrug that requires intreellular reductive activation. MMC can be reduced to the
semiquinone radical via single electron transfer (SET) or to the hydroquinone via a
two electron reduction. SET is catalysed by cellular oxidoreductase enzymes which
are very common in hypoxic (lopO,) envronments similar to those found in solid
tumours®®’ The reoxidation of the semiquinone radical to the nontoxic quinone

occurs much more efficiently in wetixygenated cells as opposed to hypoxic tissues
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(solid tumours) leading to tumogelective therapy. The semiquinone radical can
disproporionate to give the hydroquinone, which can alternatively be generated by
direct two electron reduction of the quinone. Upon hydroquinone formation, a
cascade of spontaneous transformations takes phacéminium ion is produced
upon expulsion of the teaiy methoxy group due to release of kd lone pair from
conjugation with the quinone. Proton elimination with subsequent tautomerism of the
hydrogen from the hydroquinone leads to aziridine ring opening, generating an
electrophilic alkylation centre wtih can bind DNA. Loss of the carbamate group,
again initiated by the lone pair of tiNe4, generates a second electrophile that can
also bind DNA. Double alkylation leads to cross linking of DNA and ultimately cell
death(Scheme 1.3%%"°

-OCONH,

OH OH DNA
H,N H,N

OH NH, OH NH,
DNA crosslink

Scheme 1.32Mechanism of action of reductively activated MMC

EO9 has been shown to undergo reductive activation to give three reactive centres
(allylic and benzylic hydroxyls as well as the aziridine riffghQ4N is a di-N-oxide
prodrug that undergoestwo-step enzymatic reduction followed by DNA binding.

Streptonigrin is a quinoline-5,8-dione anti-tumour antibiotic isolated from
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Streptomycedlocculas’ It was shown to exert a cytotoxic effect by several
cellular mechansms, suchas inhibition of DNA and RNA synthesisstrandbreaks

and inductiorof unscheduled DNA synthesis.

1.2.1Benzimidazolequinones

Skibo and ceworkersreportedpyrrolo[1,2-albenzimidazolequinones (PBJs)hich
possess an aziridine substituent at thgos§ition to be powerful cytotoxic agents
(Figure 1.8).”>" A substituent at the-Bosition on the pyrrolo[1;2] fused ring
which is capable of hydrogen hding contributes considerably to the potency. It is
also suggested that the substituent at thpos3tion can increase cytotoxicity by
improving the molecules ability to pass through cellular membréarigs.
Bioreduction to the hydroquinone allows DNA to hydrogen bond to 6
aziridylpyrrolo[1,2a]benzimidazolequinonédresulting in nucleophilic attacht the
aziridine ring by the DNA phosphate backbone or by DNA bases resulting in DNA

damage and cell death’®

PBI

R = OAc, OCONH,,
NHCOCH;, NH,,
NHCONH,

Figure 1.08: 6-Aziridinylpyrrolo[1,2 -a]benzimidazolequinones

Aldabbagh anato-workers reported the synthesis of a library of alicyclic Hfnged
[1,2-a]benzimidazolequinones with and without an additional dusgclopropane
ring (Figure 1.09 Thesecompounds were found to be significantly more cytotoxic
than indolequinone aragues with selectivity towards hypoxic conditici$’® The
highe cytotoxicity of benzimidazolequinones was correlated with their reductive
potentials obtained using cyclic voltammetry. One eleetesluctive potentials-(
1.052t0 -1.168 V versus ferrocene in DMF) were less negative than that of MMC (
1.421 V versus feocene in DMF), indicating a more facile reduction of the quinone

to the radicabnion intermediate, which was used to explain their higher cytotoxicity
23



towards hypoxic conditions in which singdectron reductase enzymes are
prevalent. This increase ireducibility can be attributed to the extra electron
withdrawing effect of the - of the fusedmidazole®’® There was no evidence of

possible ringopening of the cyclopropane influencing cytotoxicity for cyclopropane

A S,

fused compounds.

(0]
R=H,n=1 R=H,n=2
R=H,n=2 R=Me,n=1
R=Me,n=1 R=Me,n=2
R=Me,n=3

Figure 1.09: Alicyclic ring -fused [1,2a]benzimidazolequinones with and without

a fused cyclopropane ring

Fanconi anemigFA) is a rare human genetic disease, leading to a high incidence of
cancer in earlyadulthood. FA cefl lack a protein known as FANCD2 (repairs
damaged DNA) which leads to hypersensitive toxicity to Di&Ndsslinking agents,
including MMC® Aldabbagh and cevorkers reported the synthesis of 4,7
dimethoxyN-[(aziridin-2S-yl)methyl]benzimidazole and N-
[(aziridinyl)methyl]benzimidazolequinondFigure 1.10 both of which induced
hypersensitive killing of a FA cell line (PD20i) despite only havong site for DNA
alkylation (no crosdinking).®’ The hypersensitive killing of the FA cells by the
dimethoxy derivative implies the azirié and not the quinone is responsible for the
hypersensitive toxicity towards thEA cells. That is bioreductive activation is
unnecessary for a cytotoxic response. Thgersensitivity for both the 4,7
dimethoy-N-aziridinyl benzimidazole and benzimidagqlinone was partially
corrected upon introduction of the missing FANCD2 protein in an isodg&hicell

line (PD20:RV) expressing witthpe FANCD2 protein from an inged transgene.
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Tr Tr

Figure 1.10: 4,7-Dimethoxy-N-aziridinyl benzimidazole and

benzimidazolequinone

Aldabbagh and cavorkers later reportednethoxy and aziridine analogues of
alicyclic ring-fused [1,2a]benzimidazolequinones, and found that increasing the size
of the fusedalicyclic ring to six or sevemimembered decreaseotency (Figure
1.12).3®2 The role of the aziridine waavestigated by comparing the response of a
(FA) cell line (PD20i) tothe 6methoxy and @ziridinyl anologues opyrrolo[1,2
albenzimidazolequinoneThe aziridine analogue was found to be cytotoxic in the
nanomolar range (1OM) similar to MMC whereas # methoxy analogue had
negligible toxicity at the same concentrations, implicating the aziridinyl group in the
hypersensitivity of FA cells lacking FANCD?2. The toxicity of the aziridinyl
analoguewas significantly reduced upon introduction of the missing FANCD2
protein (PD20:RV cell line) agaimplicatingthe FANC complexn cellular repair

of DNA-damagé?

0]

O
\ A\
o ),
(@] O

n=1,2,3

Figure 1.11: 6-Methoxy and aziridinyl analogues of alicyclic ringfused [1,2

aJbenzimidazolequinones

Aldabbagh and cavorkers reported rinfused and noming fused pyrrolo[1,2
albenzimidazolegFigure 1.12Yo be significantly more cytotoxic towards the human
breast cancer cell lines MEFand HCC193than towards human normal fibroblasts

cells (GM00637f° The fused compound was found to be less toxic to all cell lines
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compared to the nefused compoundThe HCC1937 cell line (derived from a
primary breast cancer carcinoma, from a patient with dgrenmutation in the
breast cancer susceptibility geBRCA1)®* has been reported be hypersensitive to
MMC. The BRCAL1 protein plays a key role in repair of Distkand breaks arising
as a result of intrastrand and interstrand Ddidsslinks induced by
chemotherapeutic agents. The BRCGddfecient breast cancer cell line (HCC1937)
showeda significantly greater response towards MMC thag-fused and noming
fused aziridinylpyrrolfl,2-albenzimidazolesThis indicates that different pathways
may mediate cellular response to benzimidazolataining aziridine compounds
compared to MMC. Tiis is not surprisings the benzimidazolerivativesin Figure
1.12do not allowfor the formation otrosslinks, because there is only one position
for DNA-alkylation (at the aziridine). The lack of a quinone myimdicates that
bioreductive activatin is not required for the cytotoxic response.

N N
CL) pn O
N, DN-Tr N DN-Tr

Figure 1.12: Non-fused and fused aziridinylpyrrolo[1,2-a]benzimidazoles

Aldabbagh and cavorkers reported the synthesis of a series of aromatiefuseg
benzimidazolequinondhat possess anticancer activity despite lacking reactive sites
that upon reductive activation can undergo DNA alkylat{&ingure 113). The
naphthalea analogueshowedthe highest specificity towards human cervical (HelLa)
and prostate (DU145) cancer cell lines with little toxicity towards a human normal
(GM00637) cell line This is presumably attributed tesonance stabilization of the
chemically redued intermediates formed, since thisas the most conjugated
guinone systan prepared The requirement of the quinone moiety to induce a
cytotoxic response was highlighted in tinegligible cytotoxic responseof its
benzimidazole derivative.

26



o (0]
N N N
N N N\
T Oy O
le} @)
Figure 1.13: Aromatic ring -fused benzimidaolequinones/benzimidazole

Garuti et al, reported the synthesis of-(Ryridinyl)benzimidazolequinones and
showed that the location of thd-heteroatom in the pyridine ring had a considerable
impact on the activity (Figure 14). Shifting the nitrogen from the-gosition to the

3- and 2position resulted in the progressive increase of-uatiferation activity

towards human erythroleukemia and colon carcinoma cellifnes.

(@] (0] (0]
Me N _ Me N — Me N —
O OO U0
N N\ N \ N N \ /
o H o H o H

» order of increasing activity >

Figure 1.14: Effect of N-heteroatom position in 2
(pyridinyl)benzimidazolequinones

More recently Aldabbagh ancb-workers reported the synthesis of dialicyclic ring
fused imidazdenzimidazolequinones (Figure 1.153elective toxicity towards
human cervical (HeLa) angroshte (DU145) cancer cell lines with negligible
toxicity towards a normal human cell line, GM00637 was reported ttier
imidazo[5,4f]benzimidazolequinones The iminoquinone analogue showed a
particularly highspecificity towards the prostate cancer cell line, being up to twelve

times more toxic towards this cell line than to normal ¢8lls.

Figure 1.15: Imidazo[5,4-flbenzimidazolequinones
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1.3Thesis aims and objectives

The aimof this thesis is to synthesize a novel seriep-diones fused between two
aromatic systemswvhereoneis a diazole(Figure 1.16). Tis would result in the
development of new synthetic methodology for annulation of diazoles, as well as the
development of new potential bioreductive antibiotics, which may act as alternatives

to widely studied bioreductive quinone atumour agents.

OMe
L~ < >
N A\ N\
\
g 3 - OMeo
2a 2b 2c

OMe

N N N
N N N
OMe 7\ 7\
2d 2e 2f
N (o) Ph N (o)
L I
(e} (e}
2g 2h
0~
N
N
7\
0 —
2ka N

Figure 1.16: Structure of p-dionetargets

Once synthesized the library of compounds above will undergo cyclic voltammetry
analysis, as well as cytotoxicity evaluatiagainst a human cancer and normal cell
line. Chapters 2, 3 and 4 present the results and discussion of these investigations,

and chapter 5 details the experimental carried out.
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Chapter 2
Acyl Radical Cyclizations onto the Beninidazole-2-

position to give Aromatic p-Dione Adducts



2.1Introduction

The target compounds for thtkesis are aromatic riAgised p-dionesof general
structure in Figure 2.01Targetshave an electroeducible p-dione moiety, as an
alternative to the widely reportegliinone moiety:**®4"*8%879 The preparation of
these compounds is part of a program to investigad®nes andderivatives as
potential newbioreductive anttumaur agents.

Figure 2.01: General structure of target compounds

The following chapteinvestigates photochemical homolytic aromatic substitutions

of acyl radicalonto the benmidazol2-yl position, as a route to target compounds.
There are few examples of acyl radicals generated under photochemical conditions
undergoing homolytic aromatisubstitution.Most reports of acyl radicals used in
aromatic substitutions are mediateddsganotin or organosilicon radicalitiators**

19 Given the limitedresearchusing metafree photochemicahethodswe decided to
investigate thisintramolecular radical substitution witlbenzimidazoles.Acyl
radicals can be generated from phenyl selenoesters, which are readily prepared from
the corresponding carboxylic acit®® Related phenyl selenides have been shown to
be excellent alkyl radical precursors in diazole reactions because of their efficient
radical, but poor @ leaving group ability:>*****” Our aim is to decompose the
phenyl selenoesters intayd radicals using UVight, and proceed with the oxidative
substitution at théenzmidazole2-position, as shown in Scheme 2.3though

phenyl seleno(PhSeH)is produced it is not expected to be observed, as it is known
to givediphenyl diselenidén the presence of ai>**%® Further oxidation to thp-

diones is expded, since derivativedenzimidazo[l,b]isoquinoline6,11-dione

(2a), imidazo[1,2blisoquinoline5,10dione (2g) and 2,3-diphenylmidazo[1,2
blisoquinoline5-10-dione  (2h) (Figure 1.1¢ are weltknown stable

compounds/+10010
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Scheme2.01: The proposed UVmediated oxidative annulations

Selenoesters and telluroesters are known to be easily homolyzed usiinght)V
generating reactive acyl radicals. Moreover photochemical homolytic aromatic
substitutions using phenyl selenoesters iesereported over 30 years agt’ The
reaction in Scheme 2.02 involves the homolysis of theocgtbselenium bond
followed by acyl radical homolytic aromatic substion to give the selenphoto

Fries product as well as selenocresol and benzaldehyde. The reactive selenols were
detected by NMR spectroscopy of the crude degassed reaction mixtaie.the

selenols were adized to the diselenides in 2Bid46%yvyield.

O SeH SeH
(0]
hv (365 nm)
Se —_— + + PhCHO
%oxidation
Sle O

O Se
R e ve

46%

33%

Scheme 2.02Selenephoto-Fries

Scheme 2.03 shows another phétees reaction followed by a second homolytic
aromatic substitution, this time kiye selenium radical. The loss of the chlorine

substituent gives the selemanthone shown in 19% yief§*®®
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Scheme 2.03Formation of selenexanthone

2.2 Synthesis of photochemical precursors

2.2.1Synthesis of methyl 2halomethyl)benzoates and nicotiates

Initially the synthesis of methg-(bromomethyl)benzoat@a) wascarried out using
the literature procedure reported by Sch#érinvolving reacting stoichiometric
equivalents of methyl -tnethylbenzoatg3a) with N-bromosuccinimide (NBS) in
carbontetrachloride in the presence lwénzoyl peroxideBPO) (0.001 equiv)as the
radical initiator. In our hands this gave a mixture afa, methyl 2
(dibromomethylpenzoate(5a) and norreacted starting materiaBa by *H NMR
(NMR ratios shown irscheme2.04).

(0]
I0) N—Br o) () O
MeO O (1 equiv), BPO, CCly, reflux MeO MeO + MeO
Br o
Br
3a 4a 5a 3a

6 : 2 : 2 ("H NMR)

Scheme 2.04Synthesis of 4 usingconditions of Schwar®*

We therefore increased the equivalents of NBSonder to achieve complete
consumptiorof the startingmaterial3a. This gave amixture of the required benty
monac-brominatedadduct4a in 65% vyield, alongwith benzyl dibrominated adduct

5ain 30% yield,which were separated by vacuum distillat{@cheme 2.05).
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o [éN—Br 0 (0]
MeO)t@ O (1.5 equiv), BPO, CCly, reflux Meojj@ + Meoi?ij
Br Br

Br
3a 4a (65%) 5a (30%)

Scheme 2.05Synthesis ofda using excessIBS

Scrowston andShaw claimed the quantitativeonverson of 3a into monc
brominatedadduct4a by irradiatinga solution containindgrromine (1.01 eaiv) in
carbon tetrachloride under reflux (Scheme 288However, attempts to repeat this
procedure produced a mixture of monobromina#a] dibrominated 5a and
unreacted starting materidh by *H NMR. Reduction inthe amount ofbromine
(from 1.01 eqiv to 0.6 eqiv) led to elimination of the dibromination, and gafa in
high yield, once separated from nmracted3a by vacuum distillation(Scheme
2.06)

(0] (e} (0] (0]
MeO hv, Bry, CCly, reflux MeO + MeO + MeO
Br Br
Br
4a 3a 5a

3a

Literature: hv (a 500 Watt lamp), Br, (1.01 equiv) 6 : 2 : 2 (1H NMR)
Modified: hv (two 200 Watt lamps), Br, (0.6 equiv) 86% unreacted none

Scheme 26: Photochemical synthesis of &

Attempts to convert methyl 2Zmethylnicotinate (3b) into methyl 2
(bromomethyl)nicotinate(4b) with 0.6 equiv of bromine using tungsten lamps
proved difficult, because the distillation to remove the excess starting m&terial
required high temperatures, which degradiedTerpstra and Van Leus€fireported
the syntheis of4b following a procedure reported by Hurst and Wibberley for the
bromination of ethyl amethylnicotinate®’ This procedure in our hands I¢al the
formation of mono andli-brominatedproducts4b and5b separated byreparative
TLC (Scheme 2.07).The irradiation of NBS (1.5 edv) and 3b in carbon
tetrachloride at 38C gave4b in high yield (86%)with only trace amoustof the di
brominated produdib observedScheme 2.07).
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0]

o N-Br fe} (0]
MeO X O (1.5 equiv), CCly MeO X MeO | X
| P = Br | pZ + Br =
N N N
Br
3b 4b 5b
Literature: BPO (0.07 equiv), reflux 55% 35%
Modified: hv (two 200 Watt lamps), 35 °C 86% trace

Scheme 2.07Synthesis of methyl 2(bromomethyl)nicotinate (4b)

Methyl 2-(chloromethy)nicotinate (4c) was synthesized using a procedure
previously reported by Russell and -workers using 0.4 eqiv of
trichloroisocyanuric acidand methyl 2methylnicotinate(3c) in dichloromethane
under reflux'®® The use of 0.4 edv of trichloroisocyanuric acid meant the reaction
did not go to completion therefore we modified the reaction by increasing the amount

of trichloroisocyanuric acid from 0.4 eiy to 1.0 egiv (Scheme 2.08)

(IZI
OYN\\&O
0 N_ _N o o
Cl” \H/ ~ClI
MeO X o) (1.0 equiv), CH,ClI,, reflux MeO | X + MeO A
| N/ Cl N/ Cl | N/
3¢ Cl
4c (91%) 5c (trace)

Scheme 2.08Synthesis of methyl 2(chloromethyl)nicotinate (4c)

Only trace amounts of dibrominat&b or dichlorinatedsc prodicts were produced
using our modificationsn Schemes 2.07 and 2.08This is because NBS (at lower
temperatures) and trichloroisocyanuric acid produce low concentrations of molecular
bromine and chlorine as the reaction proceeds. This low concentration and milder
conditions allows for the selective formation of the mtbwalmgenated product

without the formation of the ehalogenatedide product
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2.2.2Synthesis of phenyl selenoesters

The required 4 dimethoxy1H-benzimidazolg7) was prepared by modification of
previous literature and Aldabbagh group modified procedtfés® 1,4
Dimethoxybenzene(6) was nitrated in the presence of concentrated aaettt and
nitric acid to give a&:1 isomeric mixture of 14limethoxy2,3-dinitrobenzene and
1,4-dimethoxy2,5-dinitrobenzene determined E)M NMR. Reduction of the mixture
of the dinitro-compoundswas achieved usindParr hydrogenation under 5 bar
hydrogen pressure in the presence of palladium catalyst and ethyl tcefiate 3,6
dimethoxyl,2-diaminobenzene and 2dmethoxyl,4-diaminobenzene The
resultant diamine mixturevas stirred at reflux in formic acid followed by
neutralization using sodium carbonate7-Dimethoxy1H-benzimidazole(7) was
isolated upon precipitatiom an overall yield of 47% over the three steps (Scheme
2.09)

OMe 1 HNO3;, AcOH, 0 °C OMe

2 H,, Pd-C, EtOAc, rt
3 HCOONH, reflux N\>
N
H

OMe OMe

6 7 (47%)

Scheme 2.09: Preparation of 4;dimethoxy-1H-benzimidazole(7)

The benmmidazoles in Table 2.01 were reacted with sodium hydride in RM80
°C or THF under refluxprior to addition of the methyl-thalomethyl)benzoates and
nicotinates4a-4c yielding the benimidazotl-ylmethyl benzoates and nicotinates
8a-8f shown 4,7-Dimethoxy1H-benzimidazole(7) was not sufficiently soluble in
THF and thus DMF was usexs the reaction solvendll otheralkylation reactions
were inTHF. For the synthesis 08b the nicotinatedb had to be added at 5 16
benzimidazole and sodium hydride in THi§ asnot to decomposéb. Methyl 2
[(4,7-dimethoxy1H-benzimidazoll-yl)methyl]nicotinate (8d) was prepared using
methyl 2(chloromethy)nicotinae (4c) in DMF at80 °C since the bromo analogue
4b decomposed at this reaction temperatrure.

The methyl ester8a-8f werehydrolyzed using aqueous sodidnydroxide (2
equiv) in methanolto give the corresponding carboxylic ac#s9f (Table 2.01)On
reaction completion the methanol wagaporated under reduced pressure and the
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remaining aqueous solution was neutralized using dilute hydrochloric &bl
carboxylic acids werebtained by precipitatiorgndrequired no further purification.

(o}

, AN ome AN on
/‘EN\> . MeO | B NaH (1.2 equiv) \’EN> o NaOH (2 equiv) aq I\]IN> o
SN Cigr x7  THF or DMF, 18 h MeOH, 18 h, rt
H | X | A
Xz Xz
(Benz)imidazole Alkylating agent Benzimidazo methyl ester (% yield) Carboxylic acid (% yield)
Q N N
N MeO » OMe » OH
IS B N o N 0
N
H 4a 8a (75%) 9a (91%)
Q N N
N Mo0™ NN Y owe > oM
IS \ N o N o)
N Br. Pz
H N™ 4p AN B T%) N 9b (87%)
N N
OMe 7 OMe 7
OMe (@] N N
) eo > gue > o
N Br.
H 5 4a OMe 8¢ (72%) OMe 9¢ (84%)
OMe
OMe OMe
OMe o N N
N MeO X » OMe » OH
| > | N o N o
N Cl Pz
H 5 N™ 4¢ OMe N 8d (77%) OMe N 9d (80%)
oM
° N~ N _~
Q N N
Y X T o
[ B N o N 0
H 4a 8e (71%) 9e (70%)

Q N N
N MeO N ﬁ\> OMe Ij[y OH
R | N o N 0
u N 4c

cl
N, 8f (74%) O (82%)

2 See experimental chapter for exact experimental conditions

Table 2.01:Preparation of benzoic and nicotinic acids 9&f

Conversion of carboxylic acids to phenyl selenoesters can be carried out
reactingtributyl phosphinewith phenyl selenenyl halide@hSeX,** or with N-
phenylselenopthalimide (NPSPY or with diphenyl diselenidé® We synthesized the
phenyl selenoestersn 68-78% yield (Table 2.02) using diphenyl diselenide and
tributyl phosphine following a procedure reported by Bowman andariers® The
reaction mechanism (Scheme 2.10) is presumed to occur in a similar manner to that
of the mechanism proposed by Nicolaou awworkers for the conversion of

alcohols into selenideé®®
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@}SGQ‘&‘@ — > PhSe—PBu; + SePh

BusP

o /\ “SePh o
. >
RANE .

-HSePh ®
H PhSexPBu; ————*>

) R” ~O-PBu,
O — fo)
R _ + BuzPO
R/JJ(O-PB% RJ\SePh "
©
SePh

Scheme 2.10Proposed mechanism for pheny$elenoesteformation
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/,:\[N /’\ N
| | \> OH PhSeSePh (2 equiv), BusP (2 equiv) ' [ \> SePh
RN o] 2 N o]
CH,Cl,, 18 h, rt
X X
| |
X = Xz

Carboxylic acid

Phenyl selenoester (% yield)

Ly o

N
@[ ) Seph
N 0

10a (72%)

N
@: ) SePh
N 0

N, 9 N 10b (73%)
| |
N N
OMe & OMe &
N N
) OH ) Seph
N o N o
OMe 9c OMe 10c (68%)
OMe OMe
N N
Yy OH ) SePh
N o N o
OMe Y, o OMe N 10d (64%)
| |
N__—~ N~
N N
:@[ ) OH jij[ Y SePh
N o N o
9e 10e (76%)
N N
;@ ) OH ;@: Y SePh
N o N o
N of N 10f (78%)
N__—~ N~

Table 2.02:Synthesis ofbenzimidazol1-ylmethyl benzene and pyridine phenyl
selenoesterd 0a-10h

2.3 Synthesis of 2(1H-benzimidazoll-ylmethyl)benzaldehyde and its
photochemicalcyclizations

The reduction of the phenyl selenoestéa to the corresponding aldehydé& was
possible using excess g&nHin acetonitrileunderreflux, and in the presence wio
200 watt tungsten lamg&cheme 2.11)t was noted that no reaction was observed

in the absence of the light source.
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N hv, BuzSnH (2.5 equiv) N
\> SePh \> H
N EO MeCN, reflux N EO

10a 11 (58%)
hv =two 200 W tungsten lamps

Scheme 2.11Synthesis ofaldehyde 11

Aldehyde 11 was previously synthesizey Yoon and Kimvia reaction ofthe
sulfinate shown in Scheme 2.4&h sodium borohydride and watEt

N O : N
@[ \>_‘§¢o (i) NaBH,, THF, rt @ Y M
N ] (i) H,O, reflux, 30 mins N EO

11 (59%)

Scheme 2.12Synthesis ofaldehyde 11reported by Yoon and ceworkers™**

Previous reported conversions of phenyselenoestersnto aldehydesby radical
pathways involve the use of an azmitiator and organotin or organosilicon
hydrides>*>'? Attempts toconvert phenyl selenoest&fb into the corresponding
aldehydeunder the same conditioried to formation of an intractable mixture of
unidentifiable products.

Unexpectedly aldehyd&l was converted at ran temperatureon standing
for two weeks to th@-dione2a in airin 30% yield(Scheme 2.13 The aldehyddl
was subsequentlysubjected to several different reaction conditions in otder
improveyields of therequiredp-dione2a. Disappointinglyirradiation of aldehydél
using Rayonet reactor conditions of 3&@ (18 h) and 2® nm (8h) in acetonitrile
(17 mmol)produced theg-dione?2a in yieldsof only 9 andl2%along with a mixture
of unidentifiable productdrradiation of aldehyddl without any solventising two
200 W tungsten lamps (also generating heat) for 18 hours led to isolation of the
desiredp-dione 2a in 54% vyield. In order to investigate if the reaction could be
initiated by thermolysis, aldehydd was heateét 100°C in air without asolvent or
light source giving thg@-dionein 58% yield Heating aldehydé&1l in acetonitrile(17

mmol) under refluxfor prolonged periods gave unreacted starting matdinals the
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reactionis most likely proceeding by an aerial oxidatiortiated more strongly by
heat rather than light.

N\> H abecde N\ 0O + intractable mixtures of
N o N unidentifiable products
o)
2a

a = rt, no solvent, two weeks (30%) (65%)
b = hv, 350 nm (or 250 nm, 8 h), 18 h, MeCN (9 and12%) (85%)
¢ = hv (tungsten lamps), heat, no solvent, 18 h (54%) (40%)
d =100 °C, no solvent, 18 h (58%) (35%)
e = MeCN, reflux (no reaction)

Scheme 2.13Aldehyde cyclization reactions

2.4Photochemical mediated acyl radical cyclizations

Irradiating phenyl selenoest&da in acetonitrile withlight from two 200 Wtungsten
lampsproduced the-dione 2a in 24% vyield(Scheme 2.14)Reaction time was 18
hours and it was postulated tHaght of a shorter wavelength woulidcreasethe

efficiency and decrease theadion time required.
N\> SePh I N\ 0 + intractable mixture of
N o N; ? unidentifiable products
(0]

10a 2a (24%) (68%)

i=hv(2x200W lamps), 18 h, MeCN (17 mmol)

Scheme 2.14Photochemica acyl radical cyclizations of 10a

Phenyl selenoesteda and10b, in low concentrations of 17 mmolvere irradiated

in two sepaate experimentasing a Rayonet photochemical reaatath light of 350

nm and 250nm. All experiments were carried out in acetonitrde estimated
temperatures for the Rayonet reactor3640°C. Reactions of wavelength 250n
and350 nmproceeded in an identical manner apart from the length of reaction time
required (8 hours and 1&rs respectively). Phenyl selenoesidla was irradiated

in acetonitrilegiving 35% vyield of the desireg-dione 2a for both wavelengths.

Phenyl selenoesterOb under the same conditions gave 50%ha p-dione 2b for
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both wavelength§Scheme 2.16 Trace amounts of carboxylic aci® and9b were
alsodetected byTLC, but for both compounds significaatmounts ofunidentifiable

products were also isolated.

\> SePh I orii intractable mixture of
N ;:\g} unidentifiable products
=

Xz
i X=CH, 10a 2a (35%) (42%)
i X=N, 10b 2b (50%) (31%)
i X=CH, 10a 2a (68%) (12%)
i X=N, 10b 2b (63%) (15%)

i = hv [250 nm (8 h) or 350nm (18 h)], MeCN (17 mmol)
ii = hv [250 nm (8 h) or 350nm (18 h)], MeCN (17 mmol), Ac,0 (2.5 equiv)

Scheme 2.15Photochemica acyl radical cyclizations of 10a andLOb

Quaternization of the 8 of imidazole has previously been shown to increase
efficiency of alkyl radical cyclizations onto thepdsition of imidazol€®® The
quaternization of the -8Bl lone pair makes the 2position of imidazolemore
electrophilic, as indicated using resmce structureScheme 2.16 Several
different quaternizing agentsvere evaluatedin our photochemical reactions
including acetic acid, camphorsulfonic acid and acetic anhydride. The usetiaf ac

anhydride (AgO) gave cleaner and higher yieldireactons.

Scheme 2.16Quaternization of the 3N of imidazole

The addition of 2.5 equivalents of A© in the photochemicateactionsof phenyl
selenoestert0a and10b boosted the yields gb-dione2a and2b from 35% to 68%
and50% to 63%respectively(Scheme2.15.

There are two reasorier the addition ofAc,0O increasingyields firstly it
makes the bezimidazole morelectrophilic and secondly eliminatepotential

competing side reactions involving theN3lone pair. Acyl radicals have been
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recognized as nucleophilic in their reactions with eleeproar alkene$™’ however

it has beershownthatacyl radicals exhibit an ambiphilic natuaed can also act as
electrophilic radicals in their reactions with electron rich alkeResction of acyl
radicals with electron poor alkeneavea SMO t genentéractionthat is greater

than the " skene to SOMO interaction mearing the acyl radical is nucleophilic in
nature (strong SOMGLUMO interaction)*®* The ambiphilic nature issimilar to

a r o manadicals, wihich react according to substrate substituent effects, but can
have dual philicity’ It has also been suggested tiet quaternization of thelS lone

pair of benzimidazole also eliminates the possibility of tHdé [Bne pair reacting

with the acylradical asshown intheliterature and givenn Figure 2.02.

<
0 o &7

o, 7
v — |§!
-

Figure 2.02 Nitrogen-philic nature of acyl radicals™**

It is proposedhatthe expelled phengeleryl radical (PhS&) abstracts the hydrogen
atom at thamidazole2-position, thus regenerating aromatic{see Scheme.@1).
Formation of diphenyl diselenide was obseriredach reaction by TLC, as expected
based onliterature oxidation of PhSeH>'*%% The methylene ClHwas never
observed in any cyclizatioproduct sinceit is believed to be easilgxidized to give

the p-dione moiety via autoxidation &s air was not rigorously exclded).
Nevertheless for alhv-mediated cyclizations, a considerable amount of intractable
material was isolated.

Irradiating dimethoxy substituted benzimidazgbaenyl selenoestedOc in
acetonitrile(17 mmol)with Ac,O (2.5 equiv) in a Rayonnet photochemical reactor at
250 nm (8h) and 350 nm (18 hproduced theg-dione 2c in only 5% vyield the
autoxidation intermediate alcoh®d? was also foundn 20% yield, along wih trace
amounts of carboxylic aci@c. Irradiating pyridine analoguelOd under the same
conditions produceaho isolable p-dione yielding instead an intractable mixture of
unidentifiable products (95%and trace amounts of carboxylic add (Scheme
2.17).
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O

Me OMe OMe
; N
| N\> SePh ' o | N\ O + B 0 + intractable mixture of
N o N N unidentifiable products
Me N OMe 7\ OMe 7\
=

O

i X=CH, 10c 2c (5%) 12 (20%) (70%)
i X=N,10d 2d none none (95%)

i = hv [250 nm (8 h)], MeCN (17 mmol), Ac,0 (2.5 equiv)

Scheme 2.17Acyl radical cyclizations of dimethoxy derivatives

The autoxidation intermediate  Iydroxy1,4-dimethoxybenzimidazo[1;2
blisoquinolin6(11H)-one (2) was quantitatively convertdd the desiredp-dione2c
on heaing in air at 40 °C (Scheme 2)18

OMe OMe
N ° ; N
| N 0o 40 °C, air | N O
N N
OMe OMe
HO o)
12 2¢ (100%)

Scheme 2.180xidation of alcohol intermediate

The poor yields ofp-diones 2c and2d as well as thaignificantquantities of
intractable mixtureproducedfor all the photochemical reactioran be tentatively
rationalizedby analysis of the UMabsorptionspectrum of thep-diones (Figures
2.032.08 (a sampleof 2d was obtained from a alternativeprocedure discussed
later inChapter 3)*° It was found thaall thetargetp-dioneproductsabsorbedJV-
light, some very efficiently and were therefore suspectetb have undergone
decompotion under the reaction conditios. For example, the UV spectra of
dimethoxy p-diones 2c¢ and 2d (Figures 2.05, 2.06clearly show greater light
absorption by the-dione adduct compared to the starting matedéks and 10d,
moreover phenyl selenoesterlOd hardly absorbsin comparison to2d at the
wavelengts used Therdore, it is not surprising that n@-dione 2d was isolated by

irradating phenybkelenoestet0d with UV-light.
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Figure 2.03 UV-spectrumof benzimidazo[1,2b]isoquinoline-6,11-dione (2a)
and 2-(1H-benzimidazot1-ylmethyl)benzenecarbophenylselenoatél 0a) (6.25 x
10°M in MeCN)
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Figure 2.04 UV-spectrum of benzimidazo[2,1g]-1,7-naphthyridine-5,12dione
(2b) and 2-(1H-benzimidazot1-ylmethyl)pyridine -3-carbophenylselenoatg10b)
(6.25 x 10° M in MeCN)
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Figure 2.05 UV-spectrum of 1,4-dimethoxybenzimidazo[1,2blisoquinoline-
6,11-dione (2c) and 2-[(4,7-dimethoxy-1H-benzimidazo} 1-
yl)methyllbenzenecarb@henylselenoatg10c) (6.25 x 10° M in MeCN)
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Figure 2.06: UV-spectrumof 7,10-dimethoxybenzimidazo[2,1g]-1,7-
naphthyridin e-5,12dione (2d) and 2-[(4,7-dimethoxy-1H-benzimidazo}1-
yl)methyl] pyridine -3-carbophenylselenoatg(10d) (6.25 x 10> M in MeCN)



Irradiation of5,6-dimethyl benzimidazoléerivativephenyl selenoestefe and 10f

in acetonitrile(17 mmol)in a Rayonet photochemical reactor at 250 (@) and

350 nm (8 h) with Ac,0 (2.5 equiv) gave-diones2e and2f in 50% and 54% yield
respectivelywith trace amounts of carboxylic acifls and9f alsoobserved Scheme

2.19. For dimethyl phenyl selenoestei®e and 10f, the UV spectrgFigures 2.07,

2.08) show comparable absorption to thedione adducts2e and 2f, thus
rationalizing the moderate product yields obtairdte trace amounts of acid formed

in all photochemical reactions is probably due to hydrolysis of phenyl selenoesters or

intermediates.

|N\> SePh 1, |N\ O ,  intractable mixture of
N 0o N unidentifiable products
7\
X
| O X=

X =
i X=CH, 10e 2e (50%) (45%)
i X=N, 10f 2f (54%) (41%)

i = hv [250 nm (8 h)], MeCN (17 mmol), Ac,0O (2.5 equiv)

Scheme 2.19Acyl radical cyclizations of dimethyl derivatives 10e and 10

2 —_—2e
—10e

0.5 -

0 T T T T T T 1 T T
210 230 250 270 290 310 330 350 370 390

Figure 2.07: UV-spectrum of 2,3-dimethylbenzimidazo[1,2blisoquinoline-6,11-
dione (2e) and 2-[(5,6-dimethyl-1H-benzimidazo}1-

yl)methyl]lbenzenearbophenylselenoatg(10e) (6.25 x 10 M in MeCN)
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Figure 2.08: UV-spectrum of 8,9-dimethylbenzimidazo[2,2q]-1,7-
naphthyridine-5,12dione (2f) and 2-[(5,6-dimethyl-1H-benzimidazo}1-
yl)methyl] pyridine -3-carbophenylselenoatg(10f) (6.25 x 1 M in MeCN)



2.5Nomenclature ofp-dione adducts
All compounds were named accordingltdernational Union of Pure and Applied

Chemistry (IUPAC)rules*'® The nomenclature dfenzimidazo[1,]isoquinoline
6,11-dione (2a) is explained in detail talustrate the procedurér naming such
fused ring systems The parent component (red) was ideatif as isoginoline
(Figure 2.09 andthe benzimidazole ringgasidentified as the first order component.
Benzimidazole is of lesser priority #scontainsa smaller ring than isoquinolires

the preferred component contains the larger ring at the first point of differénce.

4 3 c

5 3a N b d
>2 NP
6 N a

7 7aH1

benzimidazole

(15t order component) isoquinoline

(parent component)

Figure 2.09 Parent and first order component assignments

The outer bonds of the parent component are labeled with letter I¢agntnd the
atoms of the first order component are labeled with numerical logaris)
Incorporating the shown numbering, we can assign the fusion name as
benzimidazo[1,2]isoquinoline This is derived using thei$ionface of isoquinoline

(a) andfusionface-1,2- of benzimidazoleThe two faces arseparated by a hyphen

and cited within square brackdts 2-b].

The molecule is drawn with the maximum number of rings in a horizontal
line using the available shapes allowed in order to agggpheral numbers (Figure
2.10. Numbering begins with the most courtdwckwise norfusion atom of the
ring furthest to the right in the upper right hand quadrant and proceeds cladkwise
morethan one orientation is equally allowed then the follaguinles are applied, in
order, until one orientation is preferred,;

(1) Give low numbers to heteroatoms as a set.

(2) Give low numbers to heteroatoms when considered in the order: O, S, Se, Te, N,
P, As, Sb, Bi, Si, Ge, Sn, Pb, B, Hg

(3) Give low numbers ttusion carbons as a set.

(4) Give low numbers to fusion rather than #aosion atoms of the same

heteroelement
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Figure 2.1Q Peripheral numbering

Application of wle (1) still leaves four possible orientatidiai heteoatom numbers
add to 17)Figure 2.10.

Application of wule (2) eliminatesA and C (Figure 2.10 which both havethe first
nitrogennumbered as 6ompared to 5 foB andD.

Considering therefore onB andD and applying ule (3)we can eliminat® which
has a sum of3afor fusion carbons as opposed3iéafor B).

Rule (4) is not required.

Finally the peripheral numberingf B identifies the location of the two ketone
functional groups(numbered 6 and 11 in Figure 2)1(principle groups) thus

conpleting the name; benzimidzo[tk}isoquinoline6,11-dione.
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2.6 Conclusions

Improvements oniteraturereactions have resulted mgh yielding procedures for
the synthesis of methyl-ghalomethylbenzoates and nicotinatasedto reactwith
various benzimidazoles generatinpenamidazotl-ylmethyl benzoates and
nicotinates in 747/7% vyields. The hydrolysis of the methyl esters to the
corresponding carboxylic acids occurred in90% yields. Reaction of these benzoic
and nicotinic acids withributyl phosphine and diphenyl diselenide produced the
phenyl selenoester radical precursors i¥V8% yields

The formation of 2-(1H-benzimidazotl-yimethyl)benzaldehyde on
irradiation of 2-(1H-benzimidazoll-ylmethyl)benzenecariphenylselenoaten the
presence okxcess tributyltin hydride showed the acyl radical could be generated
using U\-light by homolysis ofthe carbonyl selenium bondhe first photochemical
mediated acyl radical substitutions onb@nzimdazoles were then performed.
Unexpectedly2-(1H-benzimidazotl-ylmethyl)benzaldehydevas found to convert to
benzimidazfil,2-bjisoquinoline6,11-dioneon standing for two weeks in air 30%
yield. In attempts to investigate themechanism Z1H-benzimidazoll-
ylmethyl)benzaldehyde was irradiatedheatedwith and without solvenandresults
showedthereactionwas most likely proceeding by an aerial oxidation initiated more
strongly by heaf54-58%)rather than ligh{9-12%).

Irradiation of 2-(1H-benzimidazoll-ylmethyl)benzenecarlphenykelenoate
and 2-(1H-benzimidazoll-ylmethyl)pyridine-3-carb@henykelenoatein a Rayonet
photochemical reactgeroduced the correspondingdiones in 35 and 50% vyields
respectively. Quaternization of theNBof benzimidazole with A€®© was shown to
increase Yyileds of thesp-dione from 35 to 68% and 50 to %3respectively.
Quaternization makes thenzimidazole moreelectrophilic and more susceptible to
substitution bythe nucleophilic acyl radicallhe rradiationof the 4,7Zdimethoxy
phenylselenoateanaloguesproducedlittle isolable p-dione due to UMWmediated
decomposition, as indicated from analysis of -Epéctra. An autoxidation
intermediate 11-hydroxy1,4-dimethoxybenzimidazo[1;B]isoquinolin-6(11H)-one
was isolated, whiclwas gantitatively converted to the correspondipglione on
heating in ai. Irradiation of  2-[(5,6-dimethyl1H-benzimidazoll-

yl)methyl]lbenzenearb@henylselenoate and its pyridine derivative producedpthe
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diones in 50 and 54% vyields respectivelyields were rationalized by
phenylselenoesters apetlione adducts giving similar UA&brption spectra.
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Chapter 3
Acetic Anhydride Generated Imidazolium Ylide in Ring

Closures onto Carboxylic Acids
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3.1 Introduction

1,3-Dialkylated imidazolium salts are weakly acidic, and will readily form an
imidazolium ylide species, which is isoelectronic with the imidazdidene (N
heterocyclic carbene, NHGJ3%“° The electrorrich (nucleophilic) nature of the
singlet NHC has led to a widange of applications in transition metal catalyzed, and
organocatalyzed reactiofiscl. benzoin condensation and acyl transf&Nloreover,

the reative intermediates have been used to trap electrophiles, and functionalize
imidazoles at the -position® %% |n 1977, seminal work by Regel and Biichel
established substitution of ketone and ester functionality onto the imidarale (a
benzimidazole) Dositionusing imidazoliumylide species”*® These reactions used
various aa chlorides or chloroformic esters in the presence of triethylamine in polar
solvents. Some years later, the protocol gave regioselective acylation of the electron
deficient position of imidazopyridines using benzoyl chloride under thermal or
triethylamire-mediated condition¥®® Imidazole (and benzimidazole) reacted with
phthaloyl dichlorides in the presence of triethgine giving imidazo[1,2

blisoquinolinedione¥ ®* andanylide intermediate was propos&d

3.11 Mechanism of reaction

Considering theabove literature reactions anthe limitations of theacyl radical
cyclizationsdescribedn Chapter 2we attempted thannulaton of benzimidazoles
directly onto carboxylic acids usirgcetic anhydride (A©) under reflux Ac,O is

the solvent with a dual role of mediating situ the formation of the reactive
intermediates and the derived leaving grdigm carboxylic acids (Scheme 3)01
Deprotonation at the imidaze®position of thesalt occurs thermally possibly via
the acetate counter ion (releasing AcOH). The ylide and NHC are now primed for
six-membered annulation, and the required aromatdiones form upon air

oxidation of theN-benzyl methylene of intermediates.
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Scheme3.01 Proposed mechanism for intramolecular condensation of

(benzimidazol1-ylmethyl) benzoic and nicotinic acids



3.2Preparation of precursors
The carboxylic acid precursor@a-9d were prepared in two synthetistepsas
outlined in Qiapter 2

3.3NHC annulations onto carboxylic acids

Annulations via the proposed reactive intermediatesiired heating carboxylic
acids9a-9d in Ac,O under reflux ér 15 minutes. TLC (except f&c) indicated the
completeconsumption of acids, and the generation of a complex mixture of products.
After overnight stirring in AgO at room temperature, benzimidazofl,2
blisoquinoline6,11-dione (2a) was isolated in 80% vyield, and benzimidazo{g]1
1,7-naptthyridine-5,12diones 2b and 2d were isolated in 91 and 71% vyield
respectively(Scheme 3.02

R R
N
\> OH (i) AcyO, reflux, 15 min N\ 0o
N O (i) Ac,0, rt, air, 18h N
R N R 7\
| (0] X=
X =
9a:X=CH,R=H 2a:X=CH,R=H (80%)
9b: X=N,R=H 2b:X=N,R=H (91%)
9d: X =N, R = OMe 2d: X=N,R=0Me (71%)

Scheme3.02 Ac,O mediatedintramolecular annulations

The reaction ofc was evaporated after the initial reflux, and part of the residue
purified by chromatography to yield unstable alcoh@l(slowly changing t®c) and
acetate derivativd3 (Scheme 3.03). Intermediaté® and 13 were combined with
the derived residue, andmverted to the requirgatdione2c in 78% yield (from9c)
upon further heting in air at 5°C for 18 hours.

OMe OMe
N
N OH Ac,0, reflux, 15 min _no solvent, air _ N
50 °C,18h N
OMe OMe
o}
122R=H 13:R=Ac 2c (78%)

Scheme3.03 Ac,O mediated annulation allowing detection of intermediates
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It shodd be noted that methyl esteBs-8d remained unchanged when heated in
Ac,O under reflux for prolongetimes, and no annulations were observed when

replacing AgO by AcOH under reflux foacids9a-9d.

3.4 Tetrone synthesis

The dimethoxy groups provide a route to the synthesis of a tetrone incorporating
reductivep-dione andquinone moiaesin a singlemolecule. Cerium(iyammonium
nitrate (CAN readily converd 2c into the target tetronel in 79% yield (Scheme
3.04). CAN in aqueous solution was added dwipeto a solution oRc dissolved in
acetonitrile at-5 °C. The solution was stirred vigorousiy air for 5 minutes

followed by extraction into DCM.

OMe O
N P (NHy);Ce(NOy)s (aq) - N O
N MeCN, -5 °C, 5 min N
OMe ; ; > ; :; :>
@) © @)
2c 1 (79%)

Scheme3.04 Synthesis of tetronel

The reaction of BN with the dimethoxynamthyridine5,12-dione analogue2d
under the same conditions as Scheme 3.04 gave no isolable piW@uptesume
that the more strained benzimidazofg)il,7-naphhyridine-5,12dione system was
being hydrolytically ringopened in attempted oxidations. This was supported by
isolation of mg-opened adduct4 in 92% vyield, wher2d was stirred in methanol
(Scheme3.05. X-ray crystallograhy confirmed the structure df4 (Figure 301),

with the site of opening analogous that previously reported o2a.®* The
dimethoxysubstituted compound4 was readily converted to the cesponding
benzimidazolequinon&5 in 86% vyield using CA under the same conditions Zs
(Scheme 3.04
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OMe
<>[N\ O MeOH, rt 18 h @[ CAN, MeCN \
R EEE—
N -5°C, 5 min N
\ \ / \

OMe ;j/} OMe >_8 H

(0] N=

2d

4 (92%) 5 (86%)

Scheme3.05 Ring-openingof 7,10-dimethoxybenzimidazop,1-g]-1,7-
naphthyridine-5,12dione and oxidation to the quinone
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Figure 3.01: X-ray crystal structure of methyl 3-[(4,7-dimethoxy-1H-
benzimidazol2-yl)carbonyl]pyridine -2-carboxylate (14)
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3.5NHC annulations onto aliphatic carboxylic acids

The imidazolium ylide annulation onto aliphatic carboxylic acids was subsequently
investgated. Methyl 4romobutyrate was alkylated onto benzimidazole using NaH
as base in THF under reflulo give the aliphatic estel6. Methyl 4(1H-
benzimidazoll-yl)butanoate(16) was hydrolyzed as per the previously described
procedure using sodium hydroxide to give tlwresponding carboxylic acid7
(Scheme 3.06

N i) NaH, THF, 18h N i N
@: S (i) ' @ Y OMe NaOH (2 equiv) aq, MeOH @[ \ oH
N (ii) UO 18h, rt UO

16 (75%) 17 (96%)

Scheme3.06 Preparation of aliphatic carboxylic acid

Treatment of carboxylicad 17 with Ac,O under reflux for 15 minutes gavde2-
dihydropyridd1,2-a]Jbenzimidazoled-yl acetate(18) in 69% yield (Scheme 3.07)
Adduct 18 presumably forms via the enol, and acetate migration from 4Keof3

imidazole(Scheme 3.08).

(0]
N ; N
@[ \> OH Ac,0, reflux, 15 min @ \ O\/<
Uo NN
)

17 18 (69%

Scheme3.07: Ac,O mediated aanulation of 4-(1H-benzimidazol1-yl)butanoic

acid
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OY o)
_~AcOH _ @:N\; o/ko - @:N>; oj*o

ylide NHC

O%

o CN® S] O
cyclization O N o)
| L | — A

Scheme3.08 Proposed mechanism for intramolecular condensation ¢f-(1H-

benzimidazol1-yl)butanoic acid

On further heating of 18 in air at 60 °C for 12 hours 2,3-dihydropyrido[1,2
albenzimidazol4(1H)-one (19) was formed in 80% yieldScheme 3.00 Ketonel9
was reactive and could only be purified by recrystallization from diethyl ether. All
other attempts to purify compountld (such as chromatography) led to the

guantitative formation of the fully aromatic compol@(Scheme 3.09).

5 ‘/< 60 °C, air, 12 h ©i 5 chromatography ©E D

(80%) (100%)

Scheme3.09 Formation of fully aromatic pyrido[1,2-albenzimidazole
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The ketone19 is formed on hydrolysi®f acetatel8, and enolisation back to the

ketoform. The formation of the fully aromatic produ20 on chromatography of

ketone 19 presumably occurs via the enol followed by loss of wased adal

oxidation(Scheme 3.0).

(0]
@[N\ 0\< 60 °C, aerial moisture, 12 h
s
18

>

@:N\ chromatography (silica), [O]
O

N OH
\

L
1

Scheme3.10 Proposed mechanism for formation opyrido[1,2-a]benzimidazole

Ketone 19 was previously reported by the Swern oxidation shown inr8eh&.11

and the product was purified byecrydallization from diethyl ethef?° No

degradation study of aromatic ketdt@was reported.

@: ) (COCI),, DMSO, CHQCIZ
5 (ii) EtsN

@5

9 (70%)

Scheme3.11 Reported synthesisof 2,3-dihydropyrido[1,2 -a]benzimidazol

4(1H)-one
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3.6 Conclusiors
A facile protocol for the formation of benzimidazo[ihsoquinoline6,11-diones,
and benzimidazo[2;§j]-1,7-naphhyridine-5,12diones from carbxylic acids has
been inventedising onlyAc,O. The generation of the ylide or NHC is rapid with
consumption of carboxylic acid starting material occurring almost instantaneously as
observed by TLCThe length of reaction timé dependet on theautoxidation
which requiredonger periods of time thaat of the initial annulatianThe role of
Ac.0 is as a traceless activatgeneating the desired ylide whilst subsequently the
counter ion(AcO’) generated is presumably involved in the removal of the acidic
hydrogen at thdenzimidazole-position Ac,O also allowshe carboxylic acidOH
group to be converted into a goodnhydride leaving group Reaction of1,4-
dimethoxybenzimidazo[1;Blisoquiroline-6,11-dione with cerium(iv) ammonium
nitrate (CAN) producedbenzimidazo[1,2b]isoquinolinel,4,6,1tetrone however
under the same conditiong,10-dimethoxybenzimidazo[2;j]-1,7-naphthyridine
5,12dionegave no isolable producthis wasshown to bedue to thenstability of
the latterwhich readily ring opened in the presencer@thanolwith the site d ring
opening confirmed using Xay crystallography. Convsion of the ring opened
adductto the corresponding quinone, occurred readily using CAN

Annulation of the diphatic carboxylic acid, 4-(1H-benzimidazoll-
yhbutanoic acidgavel,2-dihydropyrido[1,2a]benzimidazol4-yl aceateformed via
acetate migration from thN-3 of imidazoleto the enol Heatingthe latter acetate
generatedhe ketone whth wasunstable and readily convertedtte fully aromatic

pyrido[1,2a]benzimidazoleon chromatography
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Chapter 4
Acetic Anhydride Mediated Condensation of Aomatic o-
Diacid Dichlorides with Benamidazoles to provide

Electro-Reducible p-Dione Adducts
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4.1Introduction

In Chapter 3acetic anhydride(Ac,O) was shown to behave as a traceless
activating agent for the intramolecular condensation -(fHbenzimidazoll-
ylmethyl)benzoic and nicotinic acids to give aromatidione adducts in 791%
yield.**® The p-dione adduct, benzimidazo[fisoquinoline6,11-dione (2a)

was earlier reported by condensation of benzimidazole with phthaloyl dichloride
in the presence of 1 or 2 molar equivalents of triethiianin acetonitrile”®*

The reported yields for adduga using this intermolecular method are 33%,
and 649" and there is a requirement for purification of prodDespite these
lower yields, the intermolecular reaction is attractive, becauseo-tiacid
dichlorides can be readily accessed from conmmédicarboxylic acids. We now
desaibe a convenient method for preparing a range of aronpadiiones in high
yields (>80%) using A, benzimidazole and-diacid dichlorides in the
absence ofin external base or additional organic solvent (Scheme 4.01). The
procedure involves simply heatitige reagents for 15 minutes, and collecting the

precipitated aromatip-dione adduct(s).

o R

R
l N Ac,0, 90 °C, 15 min /:'l\ N 0
S+ @ 0076 19mn 7N
Gl . Cl . R1 .-

¥ N 2 HCl ¥ N

R H o) Yields = > 80% R g @

Scheme 4.01Ac,0O mediated condensation of aromatio-diacid dichlorides

with benzimidazoles (see Table 4.01 for precise structures).
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4.2 Results and Discussion

4.2.1 A¢O mediated intermolecular condensations

Initial attempts to condense the commercialdicarboxylic acids with
benzimidazoles in the presence of,@cat reflux did not give the desirqd
dione. Thus, the-diacid dichlorides were prepared by heating the corresponding
o-dicarboxylic acids in thionyl chloride for 18 hours. After removal of the thionyl
chloride, theo-diacid dichlorides (2 equiv) with the appropriate benzimidazole
were heated in A© at 90 °C. Upon cooling, the precipitatpdlione adducts
were collected in 888% vyield (Table 4.01). The A© could be evaporated

under reduced pressure andyeed for subsequent reactions.
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Entry Imidazole o-Diacid dichloride Adducts Yield %
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Table 4.01:Substrates and products from the reaction given in Scheme 4.01
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No purification of adductswas required when using symmetricatdiacid
dichlorides (entries A, | and J. The ractions represented by entries G and H
condense benzimidazole with unsymmetricatdiacid dichlordes. The
condensation in entry @G largely regioselective givingenzimidazo[1,2)]-1,6-
naphthyridine5,12-dione (2j) in 81% vyield with trace amounts of isenc
adduct2b detected in théH NMR spectrum, and separated by recrystallization.
The structure of novel heterocyclgj was confirmed, because isomeric
benzimidazo[2,4g]-1,7-naphthyridine5,12dione (2b) can be selectively
accessed using the intramolauannulation onto the corresponding carboxylic
acid discussed in the previous chapfeThe formation ofl,6-naphthyridine2j

from pyridine-2,3-dicarbonyl dichloride indicated that thewcleophilic
substitutionby the benzimidazolium ylide or NHC (Figufe0Ol) was at the more
electrophilic 2carbonyl chloride.Prior treatment of benzimidazole with NaH
then reaction with pyridin@,3-dicarbonyl dichloride in THF under reflux gave

no detedble p-dione adducts, until the THF was evaporated, angODAwas
added with further heating at 90 °C (Scheme 4.02). This gave an approximate 1:1
mixture by'H NMR spectroscopy, of the two isomeriaphthyridine®b and2j

in 83% combined yield. The loss akgioselectivity by addition of base,
indicated that the anionic benzimidazole nitrogens were not as selective
nucleophiles as the softer benzimidazolium ylide (or NHC) nucleophile,

highlighting the merit of our new simpler base=e protocol.

O
Cl N\
(ii) | THF

Cl = N N

N ) (0] @[ ) @: ) °
i:: i
\ > N + N
N> HH o H \ / hi
| (iii) Ac,0, 90 °C, 15 min o) o _
H
)

2b (42%) 2j (41%

Scheme 4.02Treatment of benzimidazole with base prior to condensation
with pyridine -2,3-dicarbonyl dichloride: (i) NaH, THF, reflux, 15 min.

For the condensation using pyridiB@-dicarbonyl dichloride (entry }J the
pyridine-N-atom has negligible influence on the electrophilicity of the acid
chloride groups leading to a 1:1 mixturepaflione adduct2ka and2kb in 82%

overall yield. Isomeric adduc®ka and2kb were separated by chromatography,
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and their structures werconfirmed by obtaining the-My crystal structure of
2kb using ORTEX to create the drawii§(Figure 4.01).
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C(12)

C(l)

N(1)

Figure 4.01:X-ray crystal structure of benzimidazo[1,2b]-2,6-

naphthyridine-5,12-dione (2kb).
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The crystals have a calculated density of 1.54 and the structure condigs@

and GHéN hydrogen bonds , parallkehto ¢che 100 planem s he et
(Figure 4.02 and T a isthcked With @ thgan distfahceof s heet s
3.32 A between the nemydrogen atoms (Figure 4.02). This is efficient layer

packing and is comparable to the id@yer separation of graphite, 3.85 The

packing coefficient is 0.85, which is at the high end of a range of high density

organic compound¥?

(@)

Figure 4.02:( a) Hydr ogen b-statkdng for@gkband ( b)
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H-bond Hé X/ j CHéX/ A

CAOYH( 10) é O( 249 164.52
CEYH(3) éN(3 255 146.67
CRYH(2) é0(2 258 162.17
CEBYH(8) 6é0(2 248 167.45
COYH( 9) 6 N(1 258 173.04

Table 4.02: Hydrogen-bonding distances andbond angles shown in Figure
4.02

Attempts at forming tetrong directly from benzimidazolequinone and phthaloyl
dichloride (entry K were unsuccessful presumably due to the electron
withdrawing nature of the quinone moiety impeding the formation of the

imidazolium salt, and giving unre&ct starting materials.

4.2.2 Cyclic Voltammetry

Cyclic voltammetric experiments were carried out in DMF rather than in aqueous
solution to avoid the complexities of protonatidfi®®®® All the compounds
analyzed produced a similar type of voltammetric response with slight variations
in formal potentials (Figure 4.03, Table 408 formal potential is a measured
potential of thehalf-cell when redox species are present at equal concentrations
and in the presence of other specified substances, for example, miscellaneous
components of the medium, at designated concentrdfidfiae cathodic sweep
gives two peak currents due to the addition of an electron diae to form a
radical anion, and a subsequent addition of an electron to give a dianion. Thus,
the p-dione moiety is shown to be capable of one anddigotron redudcbn, at
potentials indicated by the cathodic peak curreBgg).(The subsequent anodic
sweep results in the appearance of peak currents for tbeid&tion of the
dianion Ezpa) and the radical aniorEtpa), at potentialsypically ~60 mV more
positive tan the corresponding cathodic peak potential, highlighting the
stability of the reduced species on the timescale of the voltammetric scan. This
behavior is analogous to literature quinoffeghe imidazole adductdy and 2h

had more negative first formal potentials and similar second formal potentials to

analogue?a. It is observed that the introduction of electaonating dimethoxy
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or dimethylsulstituents in benzimidazoles and 2e, respectively displaced the
formal potentials Eegox and E?eqo) towards more negative potentials with
respect to2a, in contrast to the electremithdrawing dichlorosubstituents of
compound2i. The electronegativBl atom of he fused pyridine of compounds
2b, 2j, 2ka and2kb shiftedthe formal potentials towards a more positive region
with respect tad2a, although the effect vgasurprisingly greater for addu@ka

with the N atom further away frorthe reducible moty. Moreover2ka has
similar formal potentials to compouriil containing a fused pyrazin€he fused
thiophene in addu@m produced formal potentials more negative than any other
adduct,due to higher electron density associated with the thiophene rikipgna
oxidation of the reduced species more fa(figure4.03). E;eqox Values obtained
under identical conditions for reported benzimidazolequinoBksidxin a range

of 17T1.05 to 11.17 V, with conrmpwunds
cytotoxicity)’ are comparable to those observed for phdione adducts, with

compound£ka, and2| distinctly more easily reduced
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-0.04
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-0.12

Potential / V (vs. Fc'/Fc)

Figure 4.03: Cyclic voltammogram of benzimidazo[1,2blisoquinoline-6,11-
dione (2a) (—) and 4H,11H-thieno[3',4":4,5]pyrido[1,2-a]benzimidazole
4,11-dione (2m) (----) in DMF containing 0.1 M tetrabutylammonium-
perchlorate as electrolyte and 1 mM feocene (Fc) as reference at a scan
rate 100 m\s™. E, = cathodic peak potential,Eya = anodic peak potential.
Eledox = (E'pe + E'pa)/2 (first formal potential), E’eqox = (E%c + E%pa)/2
(second formal potential).
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(Eredox) 2 [V] versus Fc

Adduct

Eredox E’redox

2a -1.17 -1.80
2b -1.08 -1.72
2c -1.23 -1.84
2e -1.19 -1.82
2g 1.21 -1.84
2h -1.25 -1.89
2i -1.00 -1.64
7 -1.07 171
2ka -0.95 -1.60
2kb -1.01 -1.66
2l -0.97 -1.56
2m -1.34 -1.90

Table 4.03:Formal potentials (Eredox)®
% See Figure 4.03 for experimental detaiE eqox (= 0.010 V) calculated asHpc
+ Epa)/2 from 100 mVs! cyclic voltammograms.

The cyclic voltamomogram obenzimidazo[1,2b]isoquinolinel,4,6,1tetrone

(1) (Figure 4.04) was more complicated than praione adducts due to the four
potential sites of reduction. The appearance of peak currents in both the cathodic
and anodic sweeps agahighlights the stability of the reduced species on the
timescale of the voltammetric scan, however further researckaqisired to
elucidate which anodic peak corresponds toxiglation of the species reduced

at each cathodic peak.
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Figure 4.04: Cyclic voltammogram of benzimidazo[l,2bJisoquinoline-
1,4,6,1%tetrone (1).
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4.2.3 Cytotoxicity evaluation of benzimidazo[1,2blisoquinoline-6,11-dione

and quinone derivative

Cytotoxicity evaluations were carried out using the MTT 3{4,5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide]colorimetric assay**

Cells wee incubated in the presence of the test compound for a set period of
time (72 h in this case) before addition of a solution of MTT. The yellow MTT is
reduced to the purple formazan by mitochasdreductase enzymgS&cheme

4.03. This reduction can only take place in metabolically active cells. Therefore
the amount of formazan produced is directly related to the number of viable
(living) cells. The amount of purple formazan can be quantifiesh&gsuring the
absorbance using a spectrophotometer. The percentage cell viability can be
determined by comparing the amount of formazan produced by the cells treated
with the test compound, in a particular solvent, to the amount of formazan
produced by thecontrol cells treated with the solvent alone. This process is
repeated for different concentrations of the test compound so that a dose response
curve can be produced. From this dose response curves@ftd@centration of
compound required to inhibit Beviability by 50%) is determined, which is a

measure of the cytotoxicity of the compound.

/@ mitochondrial
N~N

2 reductase leNH
=N _N
N +YN NG \r/N
s\/gi S\/{,
yellow MTT purple formazan

Scheme4.03: Reduction of MTT to the purple formazan by viable cells.

ICso values were obtainedagainst both prostate (DUl4%ancer cellsand a
human normal skin fibroblast cell line (GM00637he DU145 cell line isa
human cancer cell line reported to contain high levels of the reductase enzyme
NQO1% A cell viability plot of p-dione adduct2a and quinone derivativel
(Figure 4.05) highlights the selectivity dhe formertowards the prostate
(DU145) cancer cell line. Table 4.04 showsg@lues obtained
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Figure 4.05: Viability of human normal skin fibroblast (GM00637) (.---),
and prostate cancer (DU145) () cell lines determined using the MTT
assay following treatment with benzimidazo[l,2-blisoquinoline-6,11-dione
(2a) (3) and benzimidazo[1,2b]isoquinoline-1,4,6,1%tetrone (1) (z ) under
aerobic conditions for 72 h at 37°C. Each data point is the mean of at least
three independent experiments. The lines shown are trend lines.
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Cell Line?

Compound
GMO00637 DU145
2a 47.00£4.75 8.09+£0.40
1 18.80+1.03 12.30+1.04

Table 4.04:Cytotoxicity evaluation: ICsg values (UM)&
#1Cso represents the concentration required for the reduction of the mean
cell viability to 50% of the control value after incubation for 72 h at 37 °C,
® Human normal skin fibroblast (GM00637), prostate cancer (DU145).

Table 4.04shows that?a is more cytotoxic to the DU145 cell line and less
cytotoxic to the human normal skin fibroblast cell line thanFuture work will
involve the addition of reactive functionality (e.gziridine) ontop-diones, such

as 2a in order to increase cytotoxicityThis work indicateg-diones may be
promising bioreductive prodrug alternatives to widely used heterocyclic

qu inones 9,20,66,73-81,87-90
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4.3Nomenclature ofp-dione adducts

All compounds were named according laternational Union of Pure and
Applied  Chemistry  (IUPAC) rule§® The nomenclature of
pyrazino[2',3":4,5]pyrido[1,A]benzimidazoles,12dione (2I) is explained in
detail to illustrate the procedufer naming such fusedng systemsThe parent
component (red) was identified as benzimidazole (Figure 4T0@) pyridoring

was identified as the first order component and the pyrazine ring the second
order component. The outer bonds of the parent component are labeled with
letter locants(ai), the atoms of the first order component are labeled with
numerical locants starting from tHé-1 position (1-6) and the atoms of the
second order component are labeled with primed numerical lo¢ares.
Fusion between theyrido ring and benzimidazolis indicated by the numerical
locants of the fusion atontf the pyrido ringfollowed by the lettr locant of the
fusion bond inbenzimidazole separated by a hyphen and cited within square

brackets; Pyrido[1;a]benzimidazole.

&
2
e _dc N ) . 3 5 N\ 5
f \> red = parent component 1 NO . [ ]
n Na black = 15! order component . 2 N/ 6
H blue = 2nd order component 5 1
benzimidazole pyrido ring pyrazine
L
Na 4\3
;}N\
o ? N:)

2|

Figure 4.06: Parent, first and second order component assignments

The fusion betweenhe pyrido ring and pyrazineis indicated by the primed
numerical locants of the fusion atoms of gyeazine followed by the numerical
locants of the fusion atoms of tigrido ring separated by a colon and cited in
square bracketgyrazind2',3:4,5 pyrido
The combined second and first order components are now viesvadew first
order component generating; pyraji@i@3:4,5 pyrido[1,2albenzimidazole

The molecule is drawn with the maximum number of rings in a horizontal

line using the available shapes allowed in order to assign peripheral numbers
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(Figure 4.07). Numbering begins with the most counteckwise norfusion
atom of the ring furthest to theght in the upper right hand quadrant and
proceeds clockwiself more than one orientation is equally allowed then the
following rules are applied, in order, until one orientation is preferred

(1) Give low numbers to heteroatoms as a set.

(2) Give low rumbers to heteroatoms when considered irotder: Q S, Se, Te,

N, P, As, Sb, Bi, Si, Ge, Sn, Pb, B, Hg

(3) Give low numbers to fusion carbons as a set.

(4) Give low numbers to fusion rather than ffasion atoms of the same

heteroelement

A SRR B 0 Tl
0 Nt 108 h2 12
i \KJY bk o %h—(\
8\/&“7‘/KN/)3 BK\N S N)\/S
7 5427, 6a [[6 4a
o} T ols ¢
(0] (@]
c 1010 1 )Q(ll] D 1,810;; 11 1,512 !
a a
gl/\l—,\j 126! \\IZ 9(/ ?)1]}{ \(\2
5
S%N/ 2 4aN/)3 BK\N '\_Alla\/s
5 6a 6 5
7 6 o) 4 7 o) 4

Figure 4.07. Peripheral numbering

Application of ule (1)eliminates B) and D) as the sum of the numbers te
nitrogersis 34 as opposed &2 for (A) and C).

Application of rule (2)still leaves A) and C) as the nitrogens are numbered the
same in both

Application of ule (3) eliminatesA) leaving C) [37ais the sum of the fusion
carbons forC) as opposed to 43ar (A)].

Rule (4) is not required.

The peripheral numberingf (C) identifies the locatin of the two ketone
functional groups thus completing the nam@yrazino[2',3":4,5]pyrido[1,2
albenzimidazoles,12dione
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4.4Conclusions

Ac,0 allows the facile and rapid condensation of aronatigacid dichlorides

with benzimidazoles to give a rangeptliones. These products are isolated by
precipitation from the reaction mixture, in a procedure devoid of arduous
precursor synthesis, and requiring no external base or additional solvent.
Condenation of benzimidazole and pyridi#3-dicarbonyl dichloride produced

one isomer as the major product, this regioselective attack was not observed
however when benzimidazole wesacted with base followed by pyridh2e3-
dicarbonyl dichloide prior to codensation with acetic anhydride. The
regioselectivity for the original condensation (without base) indicates
nucleophilic substitutioty the benzimidazolium ylide or NHC was at the more
electrophilic 2carbonyl chloride. The only reaction requiring chratography

was between benzimidazole apgidine-3,4-dicarbonyl dichloride, which gave

a 1:1 mixture of isomerip-dioneadducts. One of the lattprdiones exhibited an
unusual highly ordered crystal packing with density at the high end for organic
compounds.

Using cyclic voltammetryp-diones (many new heterocyclic systems)
were shown to undergo two consecutive one elegdactions in DMF, in an
analogous manner to previously reported highly active quinonetusntur
agerns. Cytotoxicity resultsshowed benzimidazo[1,b]isoquinoline6,11-dione
to be more selectivandcytotoxic towards the prostate cancer cell linenthat
of the tetronederivative benzimidazo[1,]isoquinolinel,4,6,1%tetrone. p-
Diones may therefore be promising alternativesvidely studied heterocyclic

quinones.
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Chapter 5

Experimental Section
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5.1General

5.1.1Materials and methods

All commercially available reagents and solvents were used without purification
except for DMF, THF, MeCN, DCM and toluene whialere dried prior to use
according to conventional methods. Thin layer chromatography (TLC) was
carried out on aluminiurbacked plates coated with silica gel (Merck Kieselgel
60 Fs4). Dry column vacuum chromatographyas carried out using Merck
Kieselgel silica gel 60 (particle size 0.6@®40 mm), using the specified
eluent'®'?® Automated chromatography to separate compo@kdsand 2kb

was carried out on a Grace Revelerimsh System (Instrument serial no.
2810M00134) with an 80 gram silica (#0n) column using dichloromethane as

eluent.
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5.1.2Instrumental

Melting points were measured on a Stuart Scientific melting point apparatus
SMP3. Infrared spectra were recorded using a P&kirer Spec 1 with ATR
attached. NMR spectra were recorded using a Joel GXFT 400 MHz instrument
equipped with a DEC AXP 300 comigu workstation. All chemical shifts are
expressed in parts per million (ppm) downfield from trimethylsilane as internal
standard. NMR assignments of new compounds were supported by DEPT and
'H-%c NMR 2D spectra. High resolution mass spectra for all athepounds
were carried out using ESI on a Waters LCT Premier XE spectrometer by
manual peak matching. The precisionatif accurate mass measurementsewe
better than 5 ppm. HPLC chromatograms were obtained using an Agilent
Technologies 1200 series ingiment withthe UV detectorsetat 254 nm.The
purity of compounds that underwent cytotoxicity evaluation was validated using
HPLC, with purity greater than 97% all casesA Phenomenex, sphereclone 5
(ODS) 150 x 4.6 mm 5 micron column was used with aaueile as eluent.
Hydrogenation reactions were carried out using a®PaB00 Series Compact
reactor. UV absorbance measurements were carried out on a CalUV
spectrophotometer. The photochemical reactions were carried out at 250 and 350
nm using a RR-100 Rayonet photochemical reactor, encompassing sixteen
mercury lampsFor photochemical reactions carried out at 250 nm a quartz tube
was used as the reaction vessel whereas a pyrex tube was used for the 350 nm
experimentsAbsorbance was measured e tMTT assay using a Wallac Victor
21420 multilabel Counter.

NMR spectra for compound&a-8d, 9a-9d, 2a-2d, 12, 13, 1, 14 and 15
can be found in the supporting information of
Joyce, E.; McArdle, P.; Aldabbagh, $ynlett2011 109711001

NMR spectra for compound®e, 2g, 2i, 2j, 2ka, 2kb, Rand2m as well
as the cyclic voltammograms not shown in Chapter 4 can be found in the
supporting information of
Joyce, E.; KavanagltP.; Leech, D.; Karpinska, J.; McArdle, P.; Aldabbagh, F.
Tetrahedron Lett2012 53, 37883791
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5.1.3Experimental for chapter 2
Experiment 1; Synthesis omethyl2-(bromomethyl)benzoat@a) using NBS

N—Br (o)

(0] (0]
MeO O (1.5 equiv), BPO, CCly, reflux MeO MeO
Br * Br
Br
3a 4a (65%) 5a (30%)

A mixture of methyl 2-methylbenzoate (5.000 g, 33.3hmol), N-
bromosuccinimidgNBS) (8.430 g,47.36 mmad) and benzoyl peroxide (BPO)
(0.100 g, 0.4Immol) in cabon tetrachloride (15L) was heated under reflux
for 6 h. The precipitated succinimide was filtered and the filtrate evaporated to
dryness. The brown residue was purified by reduced pressure distillation to give
methyl 2(bromomethyl)benzoat¢4.957 g, 65%); clear solid;mp 3132 °C
(Iit.*% mp 3334.5°C); Vmax (neat, cril): 1717 (CO), 1434, 1261, 1224, 1113,
1075;*H NMR (400 MHz, CDC}): d = 7.90 (dd,J = 7.7, 0.9 Hz, 1H), 7.44.37

(m, 2H), 7.327.28 (m, 1H), 4.89 (s, 2H, GH 3.87 (s,3H, CHs); *C NMR (100
MHz, CDCk): d = 167.0 (C=0), 139.3 (C), 132.7 (CH), 131.8 (CH), 13CH),
129.1 (C), 128.6 (CH), 52.4(CHg), 31.8 (CHy; and methyl 2-
(dibromomethyl)benzoat.076 g, 306) remained in the distillatioflask; white
solid; mp 4951 °C (it.**® mp 51.552.5 °C); vmax (neat, crit): 1713 (C=0),
1572, 1432, 1289, 1260, 1189, 1154, 1134, 1&M8IMR (400 MHz, CDC}): d
=8.15 (dd,J = 8.0, 1.1 Hz, 1H), 8.05 (s, 1H, CHf#r7.86 (ddJ = 7.9, 1.4 Hz,

1H), 7.627.58 (m, 1H), 7.377.33 (m, 1H),3.92 (s,3H, CHs); *C NMR (100
MHz, CDCk): d = 166.6 (C=0), 143.3 (C), 133.4, 131.7, 130.1, 129.5 (all CH),
124.8 (C), 52.8CHj3), 38.4(CHBI).
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Experiment 2; Synthesis of methyl 2(bromomethyl)benzoatg4a) using

bromineand two 200 VHtt turgsten lamps

o) 0} @)

Meo)jg hv, Br, (0.6 equiv), CCly, reflux Meoéij Meo)i@
+
Br.

3a 4a (86%) 5a (unreacted)
hv = two 200 Watt tungsten lamps

A brown mixture of methyP-methylbenzoate (10.000 g, 68.5nmol), bromine

(2.00 mL, 38.83mmol) and carbonetrachloride (B mL) was irradated using

two 200 Watt tungsten lamps fdi5 minutes, until the mixture became clear. The
solution was evaporated to dryness to give a clear residue which was purified by
reduced pressure distillation, separating -neasctedmethyl 2-methyl benzate
(4.100 g) leaving methyl 2(bromomethyl)benzoat7.650 g, 886) in the
reaction flask as a clear sali@pectroscopic data was consistent with that of

previous experiments
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Experiment 3; Synthesis ofmethyl2-(bromomethyl)nicotinatédb) using NBS

0]

o N—Br o o)
MeO | SN O (1.5 equiv), BPO, CCly, reflux Meoéfﬁ Meoj;\/j
N/ Br. N/ * Br N/

Br
3b 4b (55%) 5b (35%)

A mixture of methyl 2-methylnicotinate (50.0 mg, 0.33mmol), N-
bromosuccinimidgNBS) (88.3 mg, 0.50 mal) and benzoyl peroxide (BPO)
(5.0 mg, 0.02nmol) in cabon tetrachloride50 mL) was heated under reflux for
6 hours The precipitated succinimide was filtered and the filtrate evaporated to
dryness. The brown residue was purified frgparitive TLC using DCM as
solventto give methyl 2(bromomethyl)nicotinat€41.8 mg, 5%0); R = 0.69
(CH.CLy); yellow oil; vmax (neat, crif): 1722 (C=0), 1570, 1431, 1262, 1113,
1077, 1052, 958'H NMR (400 MHz, CDC}): d =8.71 (dd,J = 4.8, 1.8 Hz, 1H,
6-H), 828 (dd,J = 8.0, 1.8 Hz, 1H, #), 7.33 (dd,J = 8.0, 4.8 Hz, 1H, 81),
5.03 (s, 2H, Ch), 3.97 (s,3H, CHs); **C NMR (100 MHz, CDCL): d = 165.9
(C=0), 158.0(C), 152.5(6-CH), 139.4(4-CH), 125.2(C), 123.2(5-CH), 52.8
(CHs), 32.6 (CH,); HRMS (ESI):m/zcalcd for GHeNO,*°Br: 229.9817 found:
229.9822 [M+H]; andmethyl 2(dibromomethyl)nicotinat¢35.76 mg, 3%); R

= 0.59 CH,Cl,); buff white solid; mp 6870 °C;vmax (Neat, crit): 1706 (C=0),
1578, 1563, 1426, 1272, 1252, 1189, 1133, 1075, 1B5:MR (400 MHz,
CDCl): d=8.84 (dd,J = 4.6, 1.7Hz, 1H, 6H), 8.22 (ddJ = 8.0, 1.7Hz, 1H, 4
H), 7.97 (s, 1H, CHB), 7.34 (ddJ = 8.0, 4.6Hz, 1H, 5H), 3.93 (s,3H, CHy);
3C NMR (100 MHz, CDC#): d = 165.3 (C=0), 157.9 (C), 153.5-(BH), 138.9
(4-CH), 124.3 (5CH), 120.9 (C), 53.8CHj3), 39.7 (CHBr,); HRMS (ESI):m/z
calcd for GHsNO2°Br,: 307.8922, found: 307.2a [M+H]".
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Experiment 4; Synthesis of rathyl 2(bromomethyl)nicotinaté4b) using two
200 Watt tungsten lampand NBS

O
fe) <§N—Br o) e}
MeO | AN o (1.5equiv), hv, CCly 35°C Meo\)i(j MeO | A
N/ Br N/ * Br. N/
Br
3b hv = two 200 Watt tungsten lamps 4b (86%) 5b (trace)

A mixture of methyl 2-methylnicotinate (0.600 g, 3.97 mmol)N-
bromosuccinimide (NBS) (1.100 g, 6.18 mmol) and carbon tetrachloride (50.00
mL) was irradiated using tw@00 Watt tungsten lamgpwhilst maintaining the
temperature of the soluticat 35 °C for 18 hours. The solution was filtered and
evaporated to drynesslhe mixture was purified by dry column vacuum
chromatography using sibicgel with gradient elution ofexane and ethyl acetate

to give methyl 2(bromomethyl)nicotinat€0.786 g, 86%)ynd tace amounts of

5b; Spectroscopic data was consistent with that of previous experiments.
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Experiment 5; Synthesis of rathyl 2-(chloromethyl)nicotinaté4c)

_N N
Cl \ﬂ/ Cl
MeO X o) (1.0 equiv), CH,Cl,, reflux MeO | X
| N/ o Cl N/

3c

4c (91%)

Trichloroisocyanuric acid(12.91 g, 55.55 mmol) was added to methgt
methylnicotinae (4.200 g, 27.79 mmoljn dichloromethan€100mL) andheated
under refluxfor 18 hours The solution was cooled and filtered. The filtrate was
washed with sodium hydroxide solution and the extraeégporated to dryness to
give nmethyl 2-(chloromethyl)nicotinate4.68B g, 91%); yellow oil;vmax (nNeat,
cmb): 2947, 1717(C=0), 180, 1568, 14411429, 1269 1183, 1168, 1128,
1080, 1055'H NMR (400 MHz, CDC}): d = 8.37(dd,J = 4.8 1.7 Hz, 1H, 6
H), 7.94(dd,J = 7.9, 1.7Hz, 1H,4-H), 7.05(dd,J = 7.9, 4.8 Hz, 1H5-H), 4.80
(s, 2H, CH), 3.62(s, 3H, CHs); *C NMR (100 MHz, CDC}): d = 165.5 (C=0),
157.0 (C), 152.1(6-CH), 138.9 (4-CH), 125.1 (C), 122 (5-CH), 52.5 (CHs),
45.4 (CH,); HRMS (ESI): m/z caled for GHoNO,*Cl: 186.0322, found:
186.0320[M+H]"

89



Experiment 6; Synthesis of 4 dimethoxy1H-benzimidazol€7)

ome 1 HNOs AcOH,0°C OMe

2 H,, Pd-C, EtOAG, 4 h, rt
3 HCOOH, 4 h, reflux N\>

N
H

OMe OMe

6 7 (47%)

Concentrated nitric acid (18.00 mL,-7Q@%) was added drop wise to a stirring
solution of 1,4dimethoxybenzene (13.800 §,100 md) in glacial acetic acid
(35 mL) at 0°C. After the vigorous reaction hadbsideda further portion of
nitric acid (18.00 mL.70-72%) was added. The reactiorasithen heated at 80

°C for 30 minutes to release a characteristic red gas. The reaction wed anod
diluted with distilled HO (100mL). The yellowprecipitate was filtered under
vacuo and washeith remove any acetic acid. The crude yellow solid was left to
dry and used without further purificatiotd NMR spectroscopy revealed a 4:1
isomeric mixture of 1,4dimethoxy2,3-dinitrobenzene and ldimethoxy2,5
dinitrobenzene which wemissolved in ethyl acetate (200 mL) wid-C (10%)

and agitated under 5 bakt, pressureat 20 °C for 18 hours. The catalyst was
removed by filtration and the filtrat evaporated to drynesgiving 1,4
dimethoxy2,3-diaminobenzene and @methoxy2,5diaminobenzenenvhich
were used without further purificationThe crude mixture was dissolved in
formic acid (B mL, 9597%) and heatedunderreflux for 4 hours. The reaction
was cooled and neutralised with sodium carbonate. The percipitate was filtered
and dried to give 4;dimethoxy1H-benzimidazole (8.365 g, 4 overall yield

as a brown solidmp 222223 °C (mp 21822 °C}'® spectroscopic data was

consktent with that previously reported in the grdup.
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Experiment 7; Synthesis of methyl -P1H-benamidazol1-ylmethyl)benzoate

(82)
N i, NaH, THF N
o o
’T‘ . CHzBr N
ii,
H ©%(OM6 \’D
MeO
o

4a o
8a (75%)

A mixture of benzimidazole (4.000 §3.86 mmol), sodium hydride &R0 g,
34.17 mmol) in THF (100nL) was heatedinder reflux for 1 hour. Methy2-
(bromomethyl)benzoatg.756g, 3386 mmol) was added and the mixture stirred
for 18 hours at room temperature. The mixture was filtered throabje, and
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution ohexaneandethyl acetates eluent to give methg(1H-
benzinidazol1-ylmethyl)benzoate (6.762g9, 75%); R = 0.50 (9:1
EtOAc:MeOH); pale browrsolid; mp 139142 °C:Vimax (Neat, crit): 2917, 2846,
2061,1977, 1709 (C=0), 1492, 1431, 1287, 1259, 1206, 1115, 184NMR
(400 MHz, CDC}): d = 8.058.02 (m,1H), 7.95 (s, 1H, Bnlr®2-H), 7.82 (d,J =

7.8 Hz, 1H), 7.3%.31 (m, 2H), 7.247.19 (m, 3H),6.736.71 (m, 1H), 5.79 (s,
2H, CH), 3.89 (s, 3H, Me)**C NMR (100 MHz, CDC}): d = 167.2 (C=0)
144.0 (Bnim2-CH), 143.9, 138.0, 134.2 (all C), 133.1 (CH), 131.5 (CH), 128.1
(C), 128.0, 127.7, 123.2, 122.3 (all CH), 120.5 (Ba@H), 110.2 (Bnlm7-
CH), 52.4 (Me), 47.2 (ChH; HRMS (ESI): m/zcalcd for GeH15N20,: 267.1134,
found: 267.1131 [M+H]
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Experiment 8; Synthesis of rathyl 2(1H-berzimidazoll-ylmethyl)nicotinate

(8b)
N i, NaH, THF N\
> %
N N.__CH,Br N
! i, | N N
H %om | X
MeO _—

o)
4b o
8b (71%)

A mixture of benzimidazole (2.000 g6.83 mmol), sodium hydride (@10 g,

17.08 mmol) in THF (100mL) washeated under reflux for 1 hauFhe solution

was cooledo 5°C, andmethyl 2-(bromomethyl)nicotinaté3.910 g, 1700 mmol)

was added and the mixture was stirred for 18 hours at room temperature. The
mixture was filtered through celite, and purified by dry column vacuum
chromatography using silica gel as absorbent with gradient elution of hexane and
ethyl acetate as eloeto give methyl A1H-benzimdazoll-ylmethyl)nicotinate
(3.210 g, 71%);Rs = 0.54 (EtOAc);white solid mp 145147 °C;Vnax (N€at, cm

): 2162, 1709 (C=0), 1568, 1494, 1431, 1353, 1285, 1257, 1206, 1p77;
NMR (400 MHz, CDC}): d = 8.59 (dd,J = 4.9, 1.8 Hz, 1H, Py8-H), 8.22 (dd)

=7.9, 1.8 Hz, 1H, Py4-H), 8.15 (s, 1H, Bnlr2-H), 7.787.76 (m, 1H, Bnlrd-

H), 7.527.49 (m, 1H, Bnlm7-H), 7.257.20 (m, 3H), 5.90 (s, 2H, G} 3.92 (s,

3H, Me); **C NMR (100 MHz, CDC}): d = 1661 (C=0), 156.1C), 152.5 (Pw
6-CH), 144.6 (Bnlm2-CH), 143.6 (C), 139.1 (Py-CH), 134.5 (C), 124.7 (C),
123.1, 122.8 122.0 (all CH), 120.0 (Bn4nCH), 110.7 (Bnlm7-CH), 52.8

(Me), 49.0 (CH); HRMS (ESI): m/z calcd for GsH14N30,: 268.1086, found:
268.1095 [M+H]
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Experiment 9; Synthesis of methyl -{4,7-dimethoxy1H-benzimidazoll-
yl)methyl]benzoat8c)

OMe OMe
N i, NaH, THF N

> >
N ; CH,Br N
OMe H ’ @;(OM o OMe
MeO
o]
4a o

8¢ (72%)

A mixture of 4,7dimethoxyl1H-benzimidazole (1.940 g, 10.89 mmo$podium
hydride (0.320 g, 13.381mol) in DMF (50.00 mL) was heatet 80 °C for one
hour. Methyl 2-(bromomethyl)benzoate (2.500 g, 10.91 mmol) was added and
the mixture stirred for 18 hours at room temperature. The mixture was filtered
through celite, and purified by dry column vacuum chromatogragging silica

gel as absorbent with gradient elutionhaixane ethyl acetateand methanoés
eluent to give methyl -%4,7-dimethoxy1H-benzimidazol1-yl)methyl]benzoate
(2.565 g, 72%); Rr = 0.33 (EtOAc);palebrown solid;mp 135137 °C;Vnax (nN€at,
cm?): 1719 (C=0), 1525, 1492, 1439, 1373, 1257, 1237, 1194, 1171, 1090,
1075;'H NMR (400 MHz, CDC}): d = 8.038.01 (m, 1H), 7.77 (s, 1H, Bnk®

H), 7.357.30 (m, 2H), 6.66.64 (m, 1H), 6.54 (s, 2H, Bnkh & 6-H), 6.00 (s,

2H, CHp), 3.98 (s, 3H, Me), 3.96, 3H, Me), 3.65 (s, 3H, COOMéE)’C NMR

(100 MHz, CDC}): d = 167.5 (C=0), 146.3 (C), B4 (Bnim2-CH), 142.0,
140.2, 136.1 (all C), 132.9 (CH)L31.0 (CH), 127.6 (C), 127.4 (CH), 127.2
(CH), 125.4 (C),103.90 (BnIm5 or6-CH), 102.1 Bnim-5 or6-CH), 56.1 (Me),

56.0 (COOMe), 52.4 (Me), 48 (CH,); HRMS (ESI): m/z calcd for gH19N2Oq:
327.1345, found: 327.1360 [M+H]
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Experiment 10, Synthesis of methyl -§4,7-dimethoxy1H-benzimidazoll-
yl)methyl]nicotinate(8d)

OMe OMe

N i, NaH, DMF N
> >
N ; N_CHCl N
OMe H %om OMe | AN
MeO _—
o)
4c o

8d (77%)

A mixture of 4,7dimethoxy1H-benzimidazole (1.000 g, 5.61 mmol), sodium
hydride (0.160 g, 6.67 mmol) in DMEEBO0.00 mL) was heated to 80°C for one
hour. Metlyl 2-(chloromethyl)nicotinate (1.373 g,40 mmol) was added and
stirred for 18 hours at 80 °C. The ixture was filtered through celite, and
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution ohexane, ethyl acetatend methanolas eluent to give
methyl 2[(4,7-dimethoxy1H-benzimidazoll-yl)methyllnicdinate (1.414 g,
77%); R = 0.31 (6:3:1 Hexane:EtOAc:MeOHpale brown solid;mp 150-155
°C; Vmax (Neat, crit): 1719 (C=0),1570, 1515, 1340, 1259, 1226, 1171, 1140,
1098, 1080 H NMR (400 MHz, CDC}): d = 8.48 (ddJ = 4.8, 1.6 Hz, 1H, Pyr
6-H), 8.42 (bs, 1H, Bnln2-H), 8.30 (ddJ = 7.9, 1.6 Hz, 1H, Py4-H), 7.28 (dd,
J=7.9, 4.8 Hz, 1H, Py5-H), 6.61 (d(ABq), J = 8.6 Hz,1H, Bnim5 or 6-H),
6.57 (d(ABq), J = 8.6 Hz, 1H, BniI or6-H), 6.18 (s, 2H, Ch), 4.00 6, 3H,
Me), 3.95 (s, 3H, Me), 3.64 (s, 3H, COOMEC NMR (100 MHz, CDC}): d =
166.3 (C=0), 156.4 (C), 152.5 (PCH), 145.0 (C), 143.2 (Bnl2-CH), 142.3
(C), 141.8 (C), 138.7 (Py#-CH), 124.7 (C), 124.1 (C}22.5 (Py¥5-CH), 104.8
(Bnlm-5 or 6-CH), 103.4 (Bnlm-5 or 6-CH), 56.2 (Me), 56.0 (COOMe), 52.8
(Me), 50.9 (CH); HRMS (ESI): m/z calcd for GH1sN3O4: 328.1297, found:
328.1295 [M+H]
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Experiment 11; Synthesis of methyl 2[(5,6-dimethyl1H-berzimidazoll-
yl)methyl]benzoat¢8e)

N i N

Yy e YO0
N ii H,Br N
H

i, C
©;(0Me \P@
MeO
(0]

(0]
4a

8e (71%)

A mixture of 5,6dimethyt1H-benzimidazol (0.813 g, 5.56hmol), sodium
hydride (0.137 g, 50 mmol) in THF (100 mL was heatedinder reflux for 1

hour. Methyl2-(bromomethyl)benzoat@l.401 g, 6.12nmol) was added and the
mixture left to stir at room temperature for 72 hours. The mixture was purified by
dry column vacuum chromatography using silica gel as absorbent with gradient
elution of hexane and ethyl acetate as eluent torgethyl 2-[(5,6-dimethyt1H-
berzimidazoll-yl)methyllbenzoat€1.162 g, 7%); brown solid;R; = 0.54 (9:1
EtOAcmethanol) mp 128131 °C; vinax (neat, crit): 3095, 3025, 2947, 1709
(C=0), 1601, 1579, 1495, 1471, 1448, 1435, 1385, 1352, 1329, 1275, 1223,
1195, 1140, 1129, 1079, 1048 NMR (400 MHz, CDCl): d = 8.088.06 (m,

1H, CH), 7.88 (s, 1H, BnlR2-H), 7.60(s, 1H, Bnim-4-H), 7.387.34 (m, 2H,

CH), 7.00 (s, 1HBnIm-7-H), 6.726.70 (m, 1H, CH), 5.78s, 2H, CH), 3.94 (s,

3H, CH), 2.36 (s, 3H, CH), 2.31 (s,3H, CHs); *CNMR (100 MHz, CDC}): d =

167.3 (C=0), 143.0Bnim-2-CH), 142.1(C), 138.3 (C), 133.2 (CH}132.7 (C),
132.6 (C), 131.5 (C), 131.4 (CH), 128@Q), 127.9 (CH), 127.5 (CH), 120.3
(Bnim-4-CH), 110.3(Bnim-7-CH), 52.4 (CHs), 47.2 (CHy), 20.6 (CHs), 20.4
(CH3); HRMS (ESI): m/z calcd for CigH19N2O,: 2951447, found: 295.1448
[M+H]™*
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Experiment 12, Synthesis of methyl -{5,6-dimethylt1H-benzmidazoll-
yl)methyl]nicotinate(8f)

N i N
;@ \> i, NaH, THF ;@[ \>
N i, N
N |N\ CH,CI .
— OMe | =
MeO Pz

o

4c
8f (74%)

A mixture of 5,6dimethyt1H-benzimidazol (1.418 g, 9.70 mmplsodium
hydride (0.242 g, 10.08imol) in THF(100 mL was heatedinder reflux for one
hour. Methyl2-(chloramethylnicotinate(2.700 g, 14.55 mmol) was added and
the mixture left to stir at room temperature for 72 hours. The mixture was
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution of hexane and ethyl acetate as eluent tongthgl 2-[(5,6-
dimethyl1H-benzimidazotl-yl)ymethyl]nicotinate(2.120g, 74%);R: = 0.58 (9:1
EtOAc:MeOH);, brown solid; mp 157-160 °C; Vimax (neat, crit): 2922, 1711
(C=0), 1630, 1583 1570, 1498, 1472, 1444, 1429, 131359, 1329, 1285,
1263, 1221, 11921142, 1079, 10581023;'H NMR (400 MHz, CDC}): d =
8.65(dd, J = 4.8, 1.8 Hz, 1H, PgH), 8.26 (dd, J = 7.9, 1.8 HiH, Pyr4-H),

8.00 (s, 1H, BninR-H), 7.51 (s, 1H, Bnlmi-H), 7.30 (dd, J = 7.9, 4.8 HzH]
Pyr-5-H), 7.22 (s, 1H, BnIrv-H), 5.86 (s2H, CH), 3.94 (s, 3H, Ch), 2.32 (s,

3H, CHs), 2.32 (s,3H, CHs); *CNMR (100 MHz, CDCH): d = 166.2 (C=0),
156.4 (C), 152.8Pyr-6-CH), 143.8(Bnim-2-CH), 142.1 (C), 139.1 (Py-CH),
133.0 (C), 132.0 (C), 130.9 (C), 124.8 (C), 12@¥r-5-CH), 120.1(Bnlm-4-

CH), 110.7 (Bnim-7-CH), 52.8 (CH3), 49.1 (CH,), 20.7 (CH3), 20.3 (CHg);
HRMS (ESI):m/zcalcd. for G7H1gN3O,: 296.1399found: 296.1409M+H]*
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Experiment 13, Synthesis of A1H-benzmidazot1-ylmethyl)benzoic aciq9a)
©[N\> NaOH (2 equiv) aq, MeOH @[N\>
N 18h, rt N

L5 e

o} o
8a 9a (91%)

Sodium hydroxide (1.009, 25.00mmol) in distilled water (3@nL) was added to
methyl 2(1H-benzimidazoll-ylmethyl)benzoate (3.000,911.27 mmol) in
methanol (30mL) and stirred for 18 hours at room temperatditee methaal
was evaporated under reduced pressure and the remaining aqueous wsalsition
neutralizd with dilute hydrochloric acid. The precipitate was filtered and dried
to give 2-(1H-benzimidazoll-ylmethyl)benzoic acid2.586 g, 91%) as a white
solid; mp 206208 °C; Vinax (Neat, crit): 2400, 1686 (C=0), 1606, 1575, 1499,
1459, 1305, 1232, 1199, 1178, 1148; NMR (400 MHz, DMSQdg): d = 8.31

(s, 1H, Bnlm2-H), 7.95 (ddJ=7.5, 1.5 Hz, 1H), 7.69.67 (m, 1H, Bnird-H),
7.397.36 (m, 3H), 7.19.14 (m, 2H), 6.71 (d) = 7.2 Hz, 1H), 5.87 (s, 2H,
CH,); *C NMR (100 MHz, DMSO-d): d = 168.8 (C=0), 145.3 (BnIf@-CH),
143.9, 138.6, 134.5 (all C), 133.0 (CH), 131.4 (CH), 130.0 1(@8.3, 128.0,
123.1, 122.3all CH), 120.1 (Bnlm4-CH), 1112 (Bnim-7-CH), 468 (CH,);
HRMS (ESI): m/zcalcd for GsH13N,O,: 253.0977, found: 253.0989 [M+H]e-

o

max = 227 nm, (U = 10,741 L/ mol Lcm)
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Experiment 14; Synthesis of A1H-benzimdazotl-ylmethyl)nicotinic acid9b)
@:N\> NaOH (2 equiv) agq, MeOH @:N\>
N 18h, rt N
N N
| |

B S
MeO Pz HO P

o) o)
8b 9b (87%)
Sodium hydroxide (0.100 g, 2.50mol) in distilled water (28nL) and methyl 2
(1H-benzimidazolel-ylmethyl)nicotinate (0.320,91.20 mmol) in methanol (25
mL) were stirred for 18 hourat room temperatureThe methanol was
evaporated under reduced pressure and the remaining aqueous Swhaion
neutralizd with dilute hydrochloric acid. The precipitate was filtered and dried
to give 2-(1H-benzimdazotl-ylmethyl)nicotinic acid (0.264 g, 87%); white
solid; mp 216219 °C;Vmax (Neat, crit): 2486, 1914, 1699 (C=0), 1578, 1497,
1454, 1429, 1368, 1247, 1194, 1143, 10'8DNMR(4OO MHz, DMSQdg): d =
8.51 (dd,J = 4.8,1.7 Hz, 1H, Pw6-H) 8.27 (dd,J = 7.8, 1.7 Hz, 1H, Py#A-H),
8.23 (s, 1H,Bnim-2-H), 7.6£7.59 (m, 1H, Bnlm4-CH), 7.437.37 (m 2H),
7.157.11 (m, 2H, Bnib & 6-H), 5.94 (s, 2H, Ch; *C NMR (100 MHz,
DMSO-dg): d = 168.1 (C=0). 156.2 (C), 152.0 (PCH), 145.8 (Bnlm2-CH),
143.6 (C), 139.3 (Py4-CH), 135.0 (C), 126.9 (C}123.5, 122.8, 121.9 (all CH),
119.7 (Bnlm4-CH), 111.2 (Bnlm7-CH), 48.6 (CH); HRMS (ESI): m/z calcd
for CiH1oN30,: 254.0930, found: 254.0935 [M4H & max = 251
4,895 L/mol-cm)
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Experiment 15  Synthesis of Z(4,7-dimethoxylH-benzimdazo}1-
yl)methyllbenzoic acid9c)

OMe OMe

N i N
\> NaOH (2 equiv) aq, MeOH \>
N 18h, rt N

8c 9c (84%)

Sodium hydroxide (0.245 g, 6.13 mmol) in distilled water 10 was added to
methyl 2[(4,7-dimethoxy1H-benzimidazoll-yl)methyl]lbenzoate (1.000 g, 3.06
mmol) in methanol (25.00 mL) were stirred for 18 hours at room temperature.
The methanol was evaporated under reduced pressure and the remaining agueous
solution was neutralied with dilute hydrochloric ad. The precipitate was
fitered and dried to give 2-[(4,7-dimethoxylH-benzimidazoll-
yl)methyllbenzoic acid (0.803 g, 84%\vhite solid; mp 158162 °C;Vnax (Neat,

cmb): 1692 (C=0), 1525, 1459, 1373, 1264, 122971, 1138, 1095, 1060H

NMR (400 MHz,DMSO-dg): d = 8.13 (s, 1H, BnirR-H), 7.91 (ddJ=7.6, 1.5

Hz, 1H), 7.387.31 (m, 2H), 6.56 (&B-q), J = 8.6 Hz, 1HBnIM-5 or6-H), 6.53
(d(AB-q), J = 8.6 Hz, 1HBnIm-5 or6-H), 6.41 (d,J = 7.4 Hz, 1H), 5.93 (s, 2H,
CH,), 3.84 (s, 3H, Me), 3.58, H, Me), *C NMR (100 MHz, DMSO-dg): d =

168.8 (C=0), 146.2 (C), 144.3 (BndCH), 141.9, 140.6, 136.0 (all C), 132.9
(CH), 131.0 (CH), 129.3 (C), 127.6 (CH), 126.6 (CH), 125.3 (C), 1(®Bném-5

or 6-CH), 103.3(Bnim-5 or 6-CH), 565 (Me), 56.3(Me), 48.4 (CH); HRMS

(ESI): m/z calcd for gH17/N,O4: 313.1188, found: 313.1196 [M+H]Je ma x =
214 nm, (Wholem)24, 910
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Experiment 16, Synthesis of Z(4,7-dimethoxylH-benzimidazol1-
yl)methyllnicotinic acid(9d)

OMe OMe

@:N\> NaOH (2 equiv) aq, MeOH ©:N\>
N 18h, rt N
OMe N< OMe Ny
MeO | P~ HO | %
O (0]
8d 9d (80%)

Sodium hydroxide (0.308 g, 7.70 mmol) in distilldter (25mL) and methyl 2
[(4,7-dimethoxy1H-benzimidazoll-yl)methyl]nicotinate (1.26Qy, 3.85 mmol)
in methanol (30mL) were stirred for 18 hours at room temperatufee
methanol was evaporated undeduced pressure and the remaining agueous
solution was neutralied with dilute hydrochloric acid. The precipitate was
fitered and dried to give 2-[(4,7-dimethoxylH-benzimidazoll-
yl)methyllnicotinic acid (0.965 g, 80%)white solid;mp 258262 °C; vnax (Neat,
cmb): 2506, 1914, 1704 (C=0), 1585, 1515, 146451, 1406, 1378, 123
1272, 1224, 1171, 1140, 11064 NMR (400 MHz, DMSQdg): d=8.42 (ddJ =
4.8 1.7 Hz 1H, Pyr6-H), 8.26 (s, 1H, Bnir2-H), 8.23 (ddJ= 7.8, 1.7 Hz1H,
Pyr-4-H), 7.35(dd,J= 7.8 4.8 Hz,1H, Pyr5-H), 6.54 (d(AB-q), J= 8.8 Hz, 1H,
Bnim-5 or 6-H), 6.8 (d(AB-q), J = 8.8 Hz, 1H,Bnim-5 or 6-H), 6.03 (s, 2H,
CH,), 3.84 (s, 3HMe), 3.48 (s, 3HMe); **C NMR (100 MHz, DMSO-dg): d =
167.9 (C=0)157.5(C), 152.2(Pyr-6-CH), 145.6 (C), 144.8 (BnIf@-CH), 142.0
(C), 139.0(Pyr-4-CH), 134.4, 125.4, 125.%all C), 123.0 (Py¥5-CH), 104.6
(Bnlm-5 or 6-CH), 103.5 (Bnim5 or 6-CH), 56.4 (Me), 56.3Nle), 50.2(CH,);
HRMS (ESI): m/z calcd for GH1eN3O4: 314.1141, found314.1141 [M+HTJ; &
max = 215 ntmolémy = 25, 682
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Experiment 17, Synthesis of Z(5,6-dimethyt1H-benzimdazo}1-
yl)methyl]benzoic aciq9e)

N ; N
n N NaOH (2 equiv) aq, MeOH j@ N
N 18h, rt N

e e

o o

8e 9e (70%)

Sodium hydroxide (1.000 g, 25.00 mmol) in distilled water (30 mL) was added to
methyl 2[(5,6-dimethyt1H-benzimidazoll-yl)methyllbenzoate(0.900 g, 3.06
mmol) in methanol (30 mL) and left to stir at room temperature for 18 hblues.
methanol was evapded under reduced pressure and the remaining aqueous
solution was neutralied with dilute hydrochloric acid. The precipitate was
filtered and dried to give-[(5,6-dimethyl1H-benzimdazol1l-yl)methyllbenzoic

acid (0.602 g, 70%); cream solid; mMipl9-152 °C vimax (neat, crit): 2923, 2422,
1693 (C=0), 1601,1579 1496, 1473, 1449, 1375, 1212, 1173, 1145, 16A7;
NMR (400 MHz, DMSQdg): d = 8.13 (s, IHBnIm-2-H), 7.8 (dd,J= 7.5, 1.6

Hz, 1H), 7.42 (s, 1H, Bnlmi-H), 7.407.33 (m, 2H, 7.14 (s, 1HBnIm-7-H),

6.58 (d,J=7.5 Hz, 1H, 5.78 (s, 2H, Ch), 2.25 (s, 3H, Ch), 2.21 (s,3H, CHy);

3C NMR (100 MHz,DMSO-dg): d = 168.8 (C=0), 144.4Bnim-2-CH), 142.6,
138.9, 133.0 (all C), 132.8CH), 131.8 (C), 131.4CH), 130.6 (C), 130.0 (C),
128.1(CH), 127.6(CH), 120.1(Bnlm-4-CH), 1110 (Bnim-7-CH), 46.7(CH,),

20.6 (CHg), 204 (CHg); HRMS (ESI): m/z calcd. for C;7H17N202: 281.1290,

]

found: 281.1292 [M+H}> max251 nm, (U = 7,113 L/ mol L
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Experiment 18  Synthesis of Z(5,6-dimethyt1H-benzimidazol1-
yl)methyl]nicotinic acid(9f)

N NaOH (2 equiv) ag, MeOH N
5 - T
N 18h, rt N
N N
|

) |
MeO ~ HO ~

/

o O

8f 9f (82%)

Sodium hydroxide (1.000 g, 25.00 mmol) in dlstll water (30 mL) was added to
methyl 2[(5,6-dimethyt1H-benzimidazoll-yl)methyl]nicotinate (1.603 g, 5.43
mmol) in methanol (30 mL) and left to stir at room temperature for 18 hblues.
methanol was evaporated under reduced pressure and the remaining aqueous
solution was neutralied with dilute hydrochloricacid. The precipitate was
fitered and dried to give 2-[(5,6-dimethyt1H-benzimidazoll-
yl)methyl]nicotinic acid (1.253 g, 82%); cream solid; 1@3-136 °C;vmax (Neat,
cmt): 2922, 28531598 (C=0), 1499, 1451, 1377, 1263, 1177, 1086, 1822;
NMR (400 MHz, DMSO-dg): d = 8.50-8.48 (m, 1H Pyr6-H), 8.25 (ddJ = 7.8,
1.7, 1H Pyr4-H), 8.09 (s, 1HBnIm-2-CH), 7.417.38 (m, 1H, Pyr5-H), 7.37
(s, 1H, Bnlm4-H), 7.14 (s, 1HBnIm-7-CH), 5.87(s, 2H, CH), 2.24 (s, 3H,
CHs), 2.20 (s, 3H, CHs); **C NMR (100 MHz, DMSO-ds): d = 167.8 (C=0),
156.6 (C), 152.3Pyr-6-CH), 144.8(Bnim-2-CH), 142.1 (C), 139.3Pyr-4-CH),
133.5 (C), 131.3 (C), 130.2 (C), 126.1 (C), 12@%r-5-CH), 119.7 (Bnlm-4-
CH), 111.1(Bnim-7-CH), 48.6(CH,), 20.6 (CHj3), 20.4 (CHz); HRMS (ESI):
m/z calcd. for GeH1egNzO2: 282.1243, found: 282.1234 [M+HJoe m=a 256
nm, (U = 5,516 L/ mol Lcm)
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Experiment 19, Synthesis of
2-(1H-benzimidazoll-ylmethyl)benzenecarlphenykelenoat€10a)

@[N\> PhSeSePh, n-BusP, CH,Cl, @[N\>
N 18h, rt N

HO\NE(j PhSe\p
o)

O

9a 10a (72%)

2-(1H-benzimidazoll-ylmethyl)benzoic acid0.500 g, 1.98 mmol) was added to

a solution of diphenytiselenide (1.000 g, 3.20 mmol) atributyl phosphine

(1.00 mL, 4.05mmol) in dichloromethane (50 mL) and stirred forHduirs. The
solution was evaporated toydessand petroleum ether was added. The flask
was shaken vigorously causing the product to precipitate out. The hexane was
decantedand the preipitate was dissolved in dichloromethane (1 mL).
Petroleum ether (50 mL) wagldedand the precipitate wastiired and driedo

give 2-(1H-benzimidazoll-ylmethyl)benzenecarlphenykelenoate (0.558 g,

72%), white solid; mp 104103 °C;vmax (Neat, crit): 1676 (C=0), 1573, 1487,
1454, 1348, 1282, 1262, 1194 NMR (400 MHz, CDC}): d = 8.068.04 (m,

1H), 7.91 (s,1H, Bnim2-H), 7.857.83 (m, 1H), 7.55.53 (m, 2H, 7.467.42

(m, 5H), 7.297.22 (m, 3H), 6.8%.86 (m, 1H)5.59 (s,2H, CH,); *C NMR (100

MHz, CDCL): d = 196.3 (C=0), 143.9 (Bnlm2-CH), 143.7 (C), 137.3C),

136.4 (2 x CH), 134.2 (C), 134.0 (C), 133.3 (CH), 129.9 (CH), 129.7 (2 x CH),
129.5, 128.6, 128.4 (all CH), 126.2 (C), 123.4 (CH), 12¢13), 120.5 (Bnlm4-

CH), 110.2 (Bnlm7-CH), 46.7 (CH,;); HRMS (ESI): m/z calcd for
Co1H1/N,0%%Se: 3930506, found: 398504 [M+H]*; &« max = 244 nm,
20,984 L/mol-cm)
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Experiment 20; Synthesis of ZA1H-benzimidazoll-ylmethyl)pyridine3-

carbghenybkelenoaté10b)
@[N\> PhSeSePh, n-BusP, CH,Cl, @EN\>
N 18h, rt N
N N
» »
HO Pz PhSe =
o} o)
9b 10b (73%)

2-(1H-benzimidazoll-ylmethyl)nicotinic acid (0.500 g, 1.97 mmol) was added
to a solution of diphenydiiselenide (1.000 g, 3.20 mmol) atributyl phosphine
(2.00 mL, 4.05 mmol) in dichloromethe (50mL) and stirred for 1&ours.The
solution was evaporated tirynessand petroleum ether was added. The flask
was shaken vigorously causing the product to precipitate out. The hexane was
decantedand the preipitate was dissolved in dichloromethane (1 mL).
Petroleum ether (50 mL) wagldedand the precipitate wadtéred and driedo

give 2-(1H-benzimidazoll-ylmethyl)pyridine 3-carbg@henykelenoatg(0.565 g,
73%) white solid; m.p. 115118 °C;vimax (Neat, crit): 1674 (C=0), 1616, 1560,
1492, 1457, 1436, 1414, 1383, 1355, 1287, 1269, 1201, 1189, 1060MR
(400MHz, CDCkL): d=8.65 (dd,J = 4.8, 1.5 Hz, 1H, Py6-H), 8.18 (ddJ = 7.9,

1.5 Hz, 1H, Pw4-H), 8.00 (s, 1H, BnirR-H), 7.79 (dd,J = 6.8, 1.8 Hz, 1H,
Bnim-4-H), 7.527.50 (m, 2H), 7.4&.45 (m,3H), 7.397.35 (m, 2H), 7.24.21

(m, 2H), 5.67 (s,2H, CH,); *C NMR (100 MHz, CDC}): d = 196.1 (C=0),
152.4(Pyr-6-CH), 152.2 (C), 144.5 (BnIr@-CH), 143.6 (C), 136.9 (Pyt-CH),
136.3 (2 x CH), 134.3 (C), 133.8 (C), 129.8 (3 x CH), 125.6 (C), 123.5, 123.0,
122.2 (all CH), 120.3 (Bnim-4-CH), 110.6(Bnim-7-CH), 48.6 (CH); HRMS
(ESI): m/zcalcd for GoH16N30%°Se: 394.0459, found: 394.0468 [M+Hlp-max

= 247 nm, (U = 13,175 L/ mol Lcm)
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Experiment 21, Synthesis of Z(4,7-dimethoxylH-benzimidazoll-
yl)methyllbenzenecarkahenykelenoaté10c)

OMe OMe

@:N\> PhSeSePh, n-BusP, CH,Cl, @EN\>
N 18h, rt N
OMe OMe
HO PhSe

o)

9% 10c (68%)

2-[(4,7-dimethoxy1H-benzimidazoll-ylmethyl)]benzoic acid(1.000 g, 3.20
mmol) was added to a solution of diphedidelenide (2.000 g, 6.41 mmol) and
tributyl phosphine (2.00 mL, 81mmol) in dichloromethane (10éL) and
stirred for 18hours.The solution was evaporated to drynasd petroleum ether

was added. The flask was shaken vigorously causing the product to precipitate
out. The hexane was decanteahd the preipitate was dissolved in
dichloromethane(2 mL). Petroleum etheq100 mL) was added and the
precipitate was filtered and dri¢d give 2-[(4,7-dimethoxy1H-benzimidazoll-
yl)methyllbenzenecarlghenybkelenoate(0.982 g, 68%) white solid; mp 133

137 °C;Vmax (neat, crit): 1692 (C=0), 1522, 1462, 1871272, 1229, 1196,
1130, 1092'H NMR (400 MHz, CDC}): d = 8.058.03 (m, 1H), 7.75 (s, 1H,
Bnim-2-H), 7.6-7.60 (m, 2H, 7.467.45 (n, 3H), 7.407.37(m, 2H), 6.716.69

(m, 1H), 6.53 (s, 2H, Bninb & 6-H), 5.78 (s, 2H, Ch), 3.97 (s, 3H, OMe)3.67

(s, 3H, OMe);*C NMR (100 MHz, CDC}): d = 195.9 (C=0), 146.1 (C), 142.9

(C), 141.8(C), 136.7 (C), 136.3 (2 x CH), 136.2 (C), 133.4 (CH), I23x CH

& BnIm-2-CH), 129.5 (CH), 129.4 (CH), 128.1 (CH), 127.9 (CH), 126.5 (C),
125.0 (C), 104.2 (Bnlr® or 6CH), 102.6 (Bnim5 or 6CH), 56.3 (OMe), 56.1
(OMe), 48.3 (CH,); HRMS (ESI): m/z calcd for GsH»N.O5°Se: 4530717,
found: 453.0718 [M+H];& max = 205 nm, (U = 41,424
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Experiment 22  Synthesis of 2-[(4,7-dimethoxy1H-benzimidazoll-
yl)methyl pyridine-3-carb@henykelenoat€10d)

OMe OMe

@[ N\> PhSeSePh, n-BuzP, CH,Cl, i;[N\>
N 18h, rt N
OMe Ny OMe Ns
HO | _ PhSe | >
o} o}
od 10d (64%)

2-[(4,7-dimethoxy1H-benzimidazoll-ylmethyl)]nicotinic acid (0.800 g, 2.55
mmol) was added to a solution of diphedidelenide (2.000 g, 6.41 mmol) and
tributyl phosphine (2.00 mI8.11 mmol) in dichloromethane (106nL) and
stirred for 18hours.The solution was evaporated to drynasd petroleum ether
was added. The flask was shaken vigorously causing the product to precipitate
out. The hexane was decanteahd the preipitate was dissolved in
dichloromethane(2 mL). Petroleum etheq100 mL) was added and the
precipitate was filtered and dried give 2-[(4,7-dimethoxy1H-benzimidazoll-
yl)methyl pyridine-3-carb@henykelenoate(0.738 g, 64%) pale white solid;
m.p. 189193 °C;vinax (neat, crit): 2928, 2831, 1690 (C=0), 1559, 1519, 1487,
1436, 1367, 1276, 1263, 1236, 1196, 1169, 1140, 1092, 1BEBIMR (400
MHz, CDCL): d =8.52 (dd,J= 4.8, 1.6 Hz, 1H, Py6-H), 8.25(dd,J=7.9, 1.7
Hz, 1H, Pyf4-H), 7.81 (s, 1H, BIm-2-H), 7.587.56 (m, 2H), 7.4&.44 (m,
3H), 7.31 (ddJ = 7.9, 4.9 Hz, 1H), 6.4& (AB-q),J = 8.5Hz, 1H, Bnim5 or 6

H), 6.45 (d (ABq), J = 8.5 Hz, 1H, Bnirb or 6H), 5.83 (s, 2H, CH), 3.95 (s,
3H, OMe),3.63 (s,3H, OMe); **C NMR (100 MHz, CDC}): d = 194.7(C=0),
154.0 (C), 152.6 (Py8-CH), 146.3 (C), 143.9 (Bnlma-CH), 141.8 (C), 136.6
(Pyr-4-CH), 136.1(2 x CH), 1%.9 (C), 132.5 (C), 129.8 (2 x CH), 129.6 (CH),
125.9(C), 125.4(C), 122.5 (CH), 103.5 (Bnlmb or 6CH), 102.0 (Bnlm5 or 6
CH), 56.1 (OMe), 5.9 (OMe), 49.7 (CH,); HRMS (ESI): m/z calcd for
CaoHooN3052%Se: 454.0670, found: 454.0650 [M+H]as max = 254 nm,
12,138L/mol-cm)
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Experiment 23  Synthesis of Z(5,6-dimethyt1H-benzimidazoll-
yl)methyl]lbenzenearb@henykelenoaté10e)

)@% PhSeSePh, n-BusP, CH,Cl, j@:N\>
N 18h, rt N

Hop PhSep
o

o

9e 10e (76%)

2-[(5,6-dimethyl1H-benzimidazoll-yl)methyl]benzoic acid (0.500 g, 1.78
mmol) was added to a solution of diphedidelenide (1.000 g, 3.20 mmol) and
tributyl phosphine (1.00 mL, 4.05 mmol) in dichloromeatle (50mL) and sirred

for 18 hours.The solution was evaporated to drynessl petroleum ether was
added. The flask was shaken vigorously causing the product to precipitate out.
The hexane was decantadd the preipitate was dissolved in dichloromethane

(1 mL). Petrolem ether (50 mL) waaddedand the precipitate was filtered and
dried to give 2-[(5,6-dimethyl1H-benzimidazoll-
yl)methyl]benzenearb@henybkelenoate(0.569 g, 76%); white solid; mp 189

192 °C;Vmax (neat, crit): 2957, 2567,1687 (C=0), 1671, 1570, 1537, 1477,
1439, 1345, 1323, 1292, 1242, 1206, 11*3;NMR (400 MHz, CDC}): d =

9.42 (s, 1H, BninR-H), 8.03(d, J = 8.0 Hz, 1H, 7.68 (s, 1H, BIm-4-H), 7.56

7.49 (m, 2H), 7.46.44 (m, 2H), 7.39.34 (m, 4H), 7.22 (s, 1H, BnkmH),

5.80 (s, 2H, Ch), 2.29 (s, 3H, CH), 2.28 (s,3H, CHs); *C NMR (100 MHz,
CDCl): d =196.7(C=0), 1392 (Bnim-2-CH), 137.9 (C), 137.0 (C), 136.8 (C),
136.2 (2 x CH), 133.8 (CH), 130.6 (CH), 130.5 (C), 130.0 (CH), 129.9 (CH),
129.7 (2 x CH)129.6 @ xC), 129.6 (CH), 12® (C), 15.6 (Bnim4-CH), 112.1
(Bnlm-7-CH), 48.0(CH,), 20.8(CHzs), 20.4 (CHs3); HRMS (ESI): m/z calcd for
CosH2iN,0%%Se 421.0819, found: 421.0825 [M+H] &= max = 242 nm,
16,311 L/mol-cm)
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Experiment 24, Synthesis of Z(5,6-dimethyt1H-benzimidazoll-
yl)methyl]pyridine-3-carb@henykelenoat€10f)

IEEN\> PhSeSePh, n-BusP, CH,Cl, ;@:N\>
N 18h, rt N

N N

N N

HO | _ PhSe _

o o

of 10f (78%)

2-[(5,6-dimethyl1H-benzimidazoll-yl)methyl]nicotinic acid (0.500 g, 1.78
mmol) was added to a solution of dipheddelende (1.000 g, 3.20 mmol) and
tributyl phosphine (1.00 mL, 4.05 mmol) in dichloromeaatke (50mL) and stirred
for 18 hours.The solution was evaporated to drynessl petroleum ether was
added. The flask was shaken vigorously causing the product to precimitat
The hexane was decantadd the preipitate was dissolved in dichloromethane
(1 mL). Petroleum ether (50 mL) wasldedand the precipitate was filtered and
dried to give 2-[(5,6-dimethyt1H-benzimidazoll-yl)methyl]pyridine3-
carbghenybkelenoatg(0.583 g, 78%) white solid; mp 22225 °C (dec. 201
205°C); Vimax (neat, crit): 2972, 2537, 2491, 16971669 (C=0), 1558, 1550,
1446, 1436, 1406, 1343, 11994 NMR (400 MHz, CDC}): d = 9.32 (1H, s,
Bnim-2-H), 8.58 (d,J = 4.8, 1.4 Hz, 1H, Py6-H), 8.36(d, J = 7.9, 1.4 Hz, 1H,
Pyr-4-H), 7.73 (s, 1HBnIm-4-H), 7.607.57 (m, 2H), 7.4&.44 (m, 4H), 7.29 (s,
1H, Bnim-7-H), 5.91 (s, 2H, Ch), 2.32 (s, 3H, Ch), 2.31 (s,3H, CHs); *C
NMR (100 MHz, CDC}): d = 1960 (C=0), 153.qPyr-6-CH), 149.3 (C), 139.9
(Bnim-2-CH), 137.8(Pyr-4-CH), 136.8 (C), 136.6 (C), 136.3 (2 x CH), 132.9
(C), 130.0 (CH), 130.0 (2 x CI& 1 x C), 129.5 (C),125.2(C), 124.3 (CH),
115.8 (Bnlm4-CH), 111.9 (Bnlm7-CH), 49.4(CH,), 20.8 (CH), 20.4 (CHy);
HRMS (ESI):m/zcalcd for GoHooN30Se: 422.0772, found: 422.0772 [M+H]

o

& max230 nm, (U = 14,007 L/ mol Lcm)
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Experiment 25; Synthesis o2-(1H-benzimidazoll-ylmethyl)benzaldehydgll)
N Bu3SnH (2.5 equiv), hv N
©:N\> MeCN, reflux @N\>

e S

o (0]

10a hv = two 200 Watt tungsten lamps 11 (58%)

2-(1H-benzimidazoll-ylmethyl)benzenecarlphenykelenoate (@00 g, 0.51
mmol) and tributyltin hydride (0.34 mL, 1.26 mmalereheated undereflux in
acetonitrile (50 m) and irradiated with two 200 ®t tungsten lamps for 18
hours.The mixture was purified by dry column vacuum chromatography using
silica gel asabsorbent with gradient elution of hexarethyl acetateand
methanolto give 2-(1H-benzimidazoll-ylmethyl)benzaldehyde (70 mg, 58%);
R = 0.24 6:3:1 Hexane EtOAcMeOH); pale white soligmp 150154 °C [jt.***

mp 152153 °C) vmax (N€at, crit): 2922, 2851, 1717 (C=0), 1613, 1492, 1446,
1378, 1239, 1060H NMR (400 MHz,CDCly): d = 10.17 (s, 1H, CHO), 7.99 (s,
1H, Bnim-2-H), 7.90 (dd,J = 7.5, 1.5 Hz, 1§ 7.85 (d,J = 7.7 Hz, 1H), 7.55
7.51 (m, 1B, 7.487.43 (m, 1H), 7.3Z.23 (m, 3H, 6.75 (d,J = 7.7 Hz, 1H),
5.88 (s,2H, CHy); *C NMR (100 MHz,CDCl): d = 193.9(CHO), 143.8(BnIm-
2-CH), 143.8(C), 137.7 (C), 136.2 (CH), 134.5 (CH), 134.5 (C), 133.1 (C),
128.6, 127.7, 123.4, 122(all CH), 120.6(Bnim-4-CH), 110.1(BnIim-7-CH),
46.6 (CH,); HRMS (ESI):m/zcalcd forCysH13N20: 237.1028, found: 237.1028
[M+H]*; & ma= 250 342m/moldm)= 4,
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Experiment 26; Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)
from 2-(1H-benzmidazotl-ylmethyl)benzaldehyde(11l) using a Rayonet

photochemicalegactor(350 nm)

N
N\> hv, (350 nm) @[ N\
N MeCN, rt N

o

H
2a (9%

o
1"

o}
)

2-(1H-benzimidazoll-ylmethyl)benzaldehyde (0.250 ¢, 06. mmol) and
acetonitrile (50mL) was irradiated with light of wavelength 350 nm in a pyrex
tube in arayonet photochemical reactor fdi8 hours. The solution was
evaporated to dryness apdrified by dry column vacuum chromatography using
silica gel as absorbent with gradient elutiorhekaneand ethyl acetatdo give
benzimidazo[1,]isoquinoline6,11-dione (24 mg, 90); R = 0.31 (CHCL,);
yellow solid; mp 266268 °C(lit.°* mp 268271 °C) Vmax (neat, crit): 2917, 1712
(C=0),1684 (C=0), 1590, 1520, 1482, 1331, 13%337, 1143, 1049, 1012

NMR (400 MHz, CDC}): d = 8.458.38(m, 3H), 8.00 (dJ = 8.1Hz, 1H), 7.93

7.88 (m, 2H), 7.65.61 (m, 1H), 7.54.50 (m, 1H); **C NMR (100 MHz,
CDCly): d=174.1 (C=0), 158.9 (C=0), 144.3 (C), 143.4 (C), 135.4 (CH), 135.2
(CH), 132.9, 131.5, 129.9 (all C), 129.8, 129.7, 128.0, 127.0, 123.2, 116.2 (all
CH); HRMS (ESI): m/z calcd for GsHgN.O,: 249.0664, found: 249.0664
[M+H]"; @ max 247 nm (U = 1ahda7nfixure bf/otherl L c m) ;

unidentifiableproducts
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Experiment 27, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)
from 2-(1H-benzmidazotl-ylmethyl)benzaldehyde(11l) using a Rayonet
photochemical reactg250 nm)

@[N\> _hv, (250mm) ©:
N MeCN, rt

2a (12%)
o}

1
2-(1H-benzimidazoll-ylmethyl)benzaldehyde (0.250 g, 1.06 mmol) and
acetonitrile (50.00 mL) was irradiated with light of wavelength 250 nm in a
quartz tube in a photochermaicreactor for &hours. The solution was evaporated
to dryness angurified by dry column vacuum chromatography using silida ge
as absorbent with gradient elution of ethyl acetate and hexane to give
benzimidazo[1,]isoquinoline6,11-dione (32 mg, 120) anda mixture of other
unidentifiableproducts Spectroscopic data was consistent with that of previous

experiments.
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Experiment 28, Synthesis ofbenzimidazo[1,2bJisoquinoline6,11-dione (2a)

from 2-(1H-benzimidazotl-yimethyl)benzaldehydgll) in absence of solvent

oy - L %
Hpg

2a (54%)
o)

) hv = two 200 Watt tungsten lamps
2-(1H-benzimidazoll-ylmethyl)benzaldehyde (0.160 g, 0.68 mmol) was
irradiated with light from two 200 watt tungsten lamps for 18 howithout
solvent The mixture wagpurified by dry column vacuum chromatography using
silica gel as absorbent with gradient elution of ethyl acetate and hexane to give
benzimidazo[1,]isoquinoline6,11-dione(91 mg, 54%) an@d mixture of other
unidentifiableproducts Spectroscopic data was consistent with that of previous

experiments.
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Experiment 29, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)
from 2-(1H-benzimidazoll-ylmethyl)benzaldehydgll) using only heat

N N
@E \> no solvent, heat ©: \
N N

O

o)
H
)

2a (58%
o)

11

2-(1H-benzimidazoll-ylmethyl)benzaldehyde (0.160 g, 0.68 mmol) was heated
to 100 °C for 18 hours. The mixture wasirified by dry column vacuum
chromatography using silica gel as absorbent with gradient elutioexaheand
ethyl acetatdo give benzimidazo[l,b]isoquinoline6,11-dione (97 mg, 586b)
anda mixture of other unidentifiableroducts Spectroscopic dataas consistent

with that of previous experiments.
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Experiment 30, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)

from phenyl selenoestet@) using two 200 VEtt lamps jv)

N N
@[ N hv, MeCN, rt @[ X
N N

O

o)
PhSe
)

2a (24%

hv = two 200 Watt tunsten lamps
10a

2-(1H-benzimidazoll-ylmethyl)benzenecarlahenykelenoate (0.137g, 035
mmol) in acetonitrile (@ mL) wasirradiated with tve 200 Watt tungsten lamps

for 18 hours. The solution was heated under reflux due to the heat from the
bulbs. The solution was evaporated to dryness andfied by dry column
vacuum chromatography using silica gel as absorbent with gradient elution of
hexaneand ethyl acetate to giveenzimidazo[1,]isoquinoline6,11-dione (21

mg, 2%%0) as well asan intractablemixture of other unidentifiablgoroducts
(68%) and trace amounts of add. Spectroscopic data was consistent with that

of previous experiments.

114



Experiment 31; Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)

from phenyl selenoestet@) using a Rayonet photochemical reactor (250 nm)

N
[:::I:N> hv, (250 nm) [::]::\
N MeCN, rt N
o)

o)
PhSe
)

2a (35%
o)

10a
2-(1H-benzimidazoll-ylmethyl)benzenecarlahenykelenoate (0.137g, 0.35
mmol) and acetonitrile20 mL) in a quartz tube were irradiated with light of
wavelength 250 nm in Rayonetphotochemical reactor for 8 hours. Témution
was evaporated to dryness gndtified by dry column vacuum chromatography
using silica gel as absorbent with gradient elutiohe{aneandethyl acetat¢o
give benzimidazo[1,]isoquinoline6,11-dione (30 mg, 35%) as well asan
intractablemixture of other unidentifiableroducts(42%) and trace amounts of

acid9a. Spectroscopic data was consistent with that of previous experiments.
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Experiment 32, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)

from phenyl selenoestet@) using a Rayonet photochemical reactor (350 nm)

N N

\> hv, (350 nm) N

N MeCN, rt N
O

0
PhSe
)

2a (35%
o)

10a

2-(1H-benzimidazoll-ylmethyl)benzenecarljghenykelenoate (0.137 g, 0.35
mmol) and acetonitrile @mL) in a pyrex tube were irradiated with light of
wavelength 350 nm in &ayonet photochemical reactor foB hours. The
solution was evaporated to dryness gomarified by dry column vacuum
chromatography using silica gel as absorbent with gradient elutioexaheand
ethyl acetatéo givebenzimidazo[1,2]isoquinoline6,11-dione(30 mg, 35%)as

well asan intractablemixture of other unidentifiabl@roducts(42%) and trace
amounts of acidPa. Spectroscopic data was consistent with that of previous

experiments.
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Experiment 33, Synthesis of benzimidazo[2dl-1,7-naphthyridine5,12-dione

(2b) from phenyl selenoestet@) using a Rayonet photochemical reactor (350

N N
\> hv, (350 nm) ©: \
N MeCN, rt N
N 7\
» ° =

nm)

2b (50%)

2-(1H-benzimidazoll-ylmethyl)pyridine 3-carbghenykelenoate (0.137 g, 0.35
mmol) and acetonitrile (2@nL) in a pyrex tube were irradiated with light of
wavelength 350 nm in &ayonetphotochemical reactor for 18 hours. The
solution was evaporated to dryness and purified by dry column vacuum
chromatography using silica gel as absorbent with gradient elutioexaheand
ethyl acetatdo give benzimidazo[2,49]-1,7-naphthyridine5,12-dione (43mg,
50%) R = 0.52(EtOAc); yellow solid; np 291294 °C;Vmax (neat, crit): 1727
(C=0), 1682 (C=0), 1580, 1517, 1335, 1244, 1173, 1143, 1100, 1065,'1D22;
NMR (400 MHz, CDC}): d = 9.20 (dd,J = 4.6,1.8 Hz, 1H, 2H), 8.72 (ddJ =

7.9, 1.8 Hz, 1H, 4), 8.53 (d,J = 8.2 Hz, 1H, 7H), 8.04 (d,J = 8.1 Hz, 1H, 10

H), 7.86(dd,J = 7.9, 4.6 Hz, 1H, #), 7.727.67 (m, 1H), 7.59.57 (m, 1H);

3C NMR (100 MHz, CDC}): d = 173.4 (C=0), 156.6 (C=0), 156.0-CH),
146.6 (C), 143.4 (C), 135.9@H), 131.6 (C), 130.4 (CH), 130.2 (C), 128.8 (3
CH), 127.5 (CH), 123.4 (:CH), 116.5 (¥CH); HRMS (ESI): m/z calcd for
C1HgNsO,: 250.0617, found: 250.06FM+H]": &= ma226nm{ = 24, 926
L/mol-cm); as well asan intractable mixture of other unidentifiabbeoducts
(31%) and trace amounts of a®iol.
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Experiment 34; Synthesis of benzimidazo[2dl-1,7-naphthyridine5,12-dione

(2b) from phenyl selenoestet@) using a Rayonet photochemical reactor (250

N N
\> hv, (250 nm) \
N MeCN, rt N
N 7\
| O N=

nm)

2b (50%)

10b

2-(1H-benzimidazoll-ylmethyl)pyidine-3-carbg@henykelenoate (0.137 g, 0.35
mmol) and acetonitrile (2@nL) in a quartz tube were irradiated with light of
wavelength 250 nm in Rayonet photochemical reactor foh8urs. The solution

was evaporated to dryness and purified by dry column vacuum chromatography
using silica gel as absorbent with gradient etutid hexaneandethyl acetatdo

give benzimidazo[2;4]-1,7-naphthyridine5,12-dione as a yellow solid (43 mg,
50%) as well asan intractable mixture of other unidentifiafpieoducts(31%) and

trace amounts of aci@b. Spectroscopic data was consisterthvihat of previous

experiments.
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Experiment 35, Synthesis ofbenzimidazfi,2-bJisoquinoline6,11-dione (2a)
from phenyl selenoestel@@) using acetic anhydride to quaternize thBl $ a

Rayonet photochemical reactor (250 nm)

©:N\> Ac,0 (2.5 equiv), hv (250 nm) @[N\ o)
N MeCN, rt N) ?

O

PhSe

I 2a (68%)

10a

2-(1H-benzimidazoll-ylmethyl)benzenecarlphenykelenoate (0.137g, 035
mmol), acetic anyhydride (8RAL, 0.88 mmol) and acetonitrile (20nL) in a
quartz tube were irradiated with light of wavelength 250 nm iRagonet
photochemical reactor for Bours. The solution was evaporated to dryness and
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution of ethyl acetate and hexane to digazimidazo[l,2
blisoquinoline6,11-dione (59 mg, 68%)as well asan intractable mixture of
other unidentifiablgoroducts(12%) and trace amounts of add. Spectroscopic

data was consistent with that of previous experiments.
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Experiment 36, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)
from phenyl selenoestel@@) using acetic anhydride to quaternize thBl $ a

Rayonet photochemical reactor (350 nm)
©:N\> Ac,0 (2.5 equiv), hv (350 nm) ©:N\ O
N MeCN, rt N; ?

o)
PhSe
2a (68%)

(0]
10a

2-(1H-benzimidazoll-ylmethyl)benzenecarbphenykelenoate (0.137g, 035
mmol), acetic ayhydride (83 pL, 0.88 mmol) and acetonitrile (261L) in a
pyrex tube were irradiated with light of wavelength 350 nm ifRRayonet
photochemical reactor for8lhours. The solution was evaporated to dryness and
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution ofhexaneand ethyl acetateto give benzimidazo[l1;2
blisoquinoline-6,11-dione (59 mg, 6%) as well asan irtractable mixture of
other unidentifiablgoroducts(12%) and trace amounts of add. Spectroscopic

data was consistent with that of previous experiments.
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Experiment 37, Synthesis of benzimidazo[2d]-1,7-naphthyridine5,12-dione
(2b) from phenyl selemester {0b) using acetic anhydride to quaternize th 3

in a Rayonet photochemical reactor (350 nm)

©:N\> Ac,0 (2.5 equiv), hv (350 nm) ©:N\ o)
N MeCN, rt N

N 7\
| O N=

2b (63%)

10b

2-(1H-benzimidazoll-ylmethyl)pyridine 3-carbghenykelenoate (0.137 g, 0.35
mmol), acetic anhydride88 pL, 0.88 mmol) and acetonitrile (261L) in a pyrex

tube were irradiated with light of wavelength 350 nm in Rayonet
photochemical reactor for 18 hours. The solution was evaporated to dryness and
purified by dry column vacuum chromatography using silica gel asrlzdosio

with gradient elution ohexaneandethyl acetat¢o give benzimidazo[2;8]-1,7-
naphthyridine5,12-dione as a yellow solid (5%ng, 63%) as well asan
intractable mixture of other unidentifiabpgoducts(15%) and trace amounts of

acid9b. Spectroscopic data was consistent with that of previous experiments.
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Experiment 38, Synthesis of benzimidazo[2d]-1,7-naphthyridine5,12-dione
(2b) from phenyl selenoestet@) using acetic anhydride to quaternize th 3
in a Rayonet photochemicala&or (250 nm)

N i N O
©: N Ac,0 (2.5 equiv), hv (250 nm) @[ \
N MeCN, rt N

PhSe P

/)

S 2b (63%)

10b

2-(1H-benzimidazoll-ylmethyl)pyridine 3-carbghenykelenoate (0.137 g, 0.35
mmol), acetic anhydride88 UL, 0.88 mmo) and acetonitrile (2énL) in a quartz

tube were irracited with light of wavelength 80 nm in a Rayonet
photochemical reactor for Bours. The solution was evaporated to dryness and
purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution ohexaneandethyl acetat¢o give benzimidazo[2;8]-1,7-
naghthyridine5,12dione as a yellow solid (55 mg, &3 as well asan
intractable mixture of other unidentifiabpgoducts(15%) and trace amounts of
acid9b. Spectroscopic data was consistent with that of previous experiments.
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Experiment 39, Synthesis of H4-dimethoxybenzimidazo[l;Blisoquinolin
6,11-dione (2c) and 1%hydroxy1,4-dimethoxybenzimidazo[1;B]isoquinolin
6,(11H)-one (12) from phenyl selenoesterl@) using acetic anhydride to
quaternize the-Bl in a Rayonet photochemical reactor (250 nm)

OMe OMe
N Ac,0 (2.5 equiv), hv (250 nm) N ¢} N e}
\> N + A\
N MeCN, rt N N
OMe OMe OMe

HO o
PhSe

12 (20%) 2¢ (5%)

10c

2-[(4,7-dimethoxy1H-benzimidazoll-yl)methyllbenzenecarkghenykelenoate
(0.158 g, 0.35mmol), acetic anhydride83 pL, 0.88 mma) and acetonitrile (20

mL) in a quartz tube were irradiated with light of wavelength 250 nm in a
Rayonet photochemical reactor for 8 hours. The solutivas evaporated to
dryness and purified by dry column vacuum chromatography using silica gel as
absorbent with gradient eluticof hexaneand ethyl acetatéo give 11-hydroxy-
1,4-dimethoxybemimidazofl,2-blisoquinolin-6,(11H)-one(12) (22 mg, 20%) R

= 0.63(9:1 EtOAc:MeOH); yellow solid;mp 197200°C (dec.) Vmax (neat,cm

Y): 2927, 1676 (C=0), 1601, 1525, 1502, 1431, 13482, 1257, 1226, 1178,
1158, 1108, 1037*H NMR (400 MHz, CDC}): d = 8.37 (d,J = 8.0 Hz,1H),
7.827.75 (m, 2H, 8& 9-H), 7.637.60 (m, 1H), 7.09 (s, 1H, 1), 6.81 (d,J =

8.6 Hz, 1H,2 or 3-H), 6.62 (d,J = 8.6 Hz, 1H, 2or 3-H), 5.44 (bs, 1HOH,
disappears with fD), 4.11 (s3H, Me), 3.98 (s, 3H, Me}*C NMR (100 MHz,
CDCl): d = 174.1 (C=0), 148.3, 141.8, 140.0, 138.0, 136.3Qll134.4 (8 or
9-CH), 130.3 (C) 130.0 (CK1128.7 (8 0©-CH), 127.5 (CH), 125.1 (C), 106(8

or 3-CH), 103.8 (2 or3-CH), 76.8 (11CH), 56.7 (Me), 56.3 (MeHRMS (ESI):

m/z calcd for Ci7H1sN2O4: 311.1032, found: 311.10&+H]"; & max = 269
(U = 1, 37 2andl/4dioethtxgbengzimidadad,2-blisoquinolin6,11-
dione(2c) (5 mg, 5%);R = 0.8 (EtOAC); red solid;mp 209212 °C;vnax (Neat,
cm?): 2917, 1722 (C=0), 1679 (C=0), 1590, 1515, 1457, 1436, 1358, 1325,
1307, 1249, 121, 1173, 1156, 1108H NMR (400 MHz, CDC}): d = 8.438.41

(m, 1H), 8.358.33 (m, 1H), 7.9¢/.83 (m, 2H, 8,H), 7.05 (d,J = 8.8 Hz, 1H, 2
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or 3-H), 6.83 (d,J = 8.8 Hz, 1H, 2 0B-H), 4.01 (s, 3H, Me), 3.99 (s, 3H, Me);
13C NMR (100 MHz, CDC}): d = 173.6 (C=0), 157.2 (C=0), 148.2, 144.3,
142.3, 136.0 (all C), 135.3 (8 6:CH), 134.8(8 or9-CH), 132.4 (C), 130.8 (C),
130.2(CH), 127.5 (CH), 123.0 (C), 114.0 (2 8fCH), 107.6(2 or 3-CH), 58.2
(Me), 56.4 (Me); HRMS (ESI)m/z calcd for G;H13N2O4: 309.0875, found:
309.0870 [M+H; = max 246 nm (U = 2a¥weha3s8n L/ mol L
intractable mixture of other unidentifiabpgoducts(70%) and trace amounts of
acid9c.
Repeating the experiment at 350 nm for 18 hours in a pyrex tube

produced identical results.
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Experiment 40, Attempted synthesis of 7,ddimethoxybenzimidazo[2;d]-1,7-
naphthyridire-5,12-dione (2d) from phenyl selenoesterl@) using acetic

anhydride to quaternize theNBin a Rayonet photochemical reactor (250 nm)

OMe OMe

N Ac,0 (2.5 equiv), hv (250 nm) N o

5 I N
I

N MeCN, rt N )

OMe N\ OMe \
| O N=

PhSe P~

(0] 2d (none)

2-[(4,7-dimethoxy1H-benzimidazoll-ylmethyl)pyridine 3-
carbghenybkelenoate (0.158 g, 0.3mmol), acetic anhydride 83 uL, 0.88
mmol) and acetonitrile Z0 mL) in a quartz tube were irradiated with light of
wavelength 250 nm in Rayonet photochemical reactor foh8urs. The solution
was evaporated to dryness tovgi an intractable mixre of unidentifiable
productg(95%)and trace amounts of ac@d.

Repeating the experiment at 350 nm for 18 hours in a pyrex tube

produced identical results.
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Experiment 41, Synthesis of
2,3-dimethylbenzimidazo[1;B]isoquinoline6,11-dione (2e) from phenyl
selenoester1(Qe) using acetic anhydride to quaternize thé&l 3n a Rayonet
photochemical reactor (250 nm)

;©:N\> Ac,0 (2.5 equiv), hv (250 nm) j@:N\ 0
N MeCN, rt N
85
)

PhSe\;:©
2e (50%

O

10e

2-[(5,6-dimethyl1H-benzimidazoll-yl)methyl]benzenearb@henykelenote
(0.147 g, 0.35nmol), acetic anyhydride8B8 puL, 0.88 mmol) and acetonitrile (20
mL) in a quartz tube were irradiated with light of wavelength 250 nm in a
Rayonet photochemical reactor forh®urs. The solution was evaporated to
dryness angburified by dry column vacuum chromatography using silica gel as
absorbent with gradient elution difexane and ethyl acetateto give 2,3
dimethylbenzimidazo[1;b]isoquinoline6,11-dione (48 mg, 50%) R = 0.53
(4:1 hexaneEtOAC); yellow powder;mp 300302 °C; Vmax (neat, crit): 3071,
2911, 1703 (C=0), 1671 (C=0), 1595, 1520, 1474, 1445, 1359, 1347, 1311,
1260, 1236, 1162, 1046, 1018 NMR (400 MHz, CDC}): d 8.438.41 (m,
1H), 8.388.36 (m, 1H), 8.17 (s, 1H-H), 7.9%7.85 (m, 2H), 7.71 (s,H, 4-H),
2.46 (s,3H, Me), 2.41 (s, 3H, Me)**C NMR (100 MHz, CDC}): d 474.0
(C=0),158.9 (C=0), 143.8, 142.2, 140.3, 136.6 (all C), 135.2 (CH), 135.0 (CH),
133.0, 130.0 X 2 (all C), 129.7 (CH), 127.9 (CH), 122.9C#), 116.1 (iCH),
21.1 (Me), 20.6 (Me)HRMS (ESI): m/zcalcd for G/H13NO,: 277.0977, found:
277.0985[M+H]"; & max 231 nm, (U = ag8@elasa® L/ mol L
intractable mixture of other unidentifiabpgoducts(45%) and trace amounts of
acid9e.

Repeating the experiment at 350 nm for H&urs in a pyrex tube

produced identical results.
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Experiment 42, Synthesis of
8,9-dimethylbenzimidazo[2;b]-1,7-naphthyidine-5,12-dione (2f) from phenyl
selenoester 10f) using acetic anhydride to quaternize th&l 3n a Rayonet
photochemical reactg250 nm)

N\> Ac,0 (2.5 equiv), hv (250 nm) Ij:
N MeCN, rt g}

2f (54%)

10f

2-[(5,6-dimethyt1H-benzimidazoll-yl)methyllpyridine-3-carbg@henykelenoate
(0.147 g, 0.35nmol), acetic anyhydride8B8 puL, 0.88 mmol) and acetonitrile (20
mL) in a quartz tube were irradiated with light of wavelength 250 nm in a
Rayonet photochemical reactor forh®urs. The solution was evaporated to
dryness angburified by dry column vacuum chromatography using silica gel as
absorbent with gradient elutioof hexane and ethyl acetateto give 8,9
dimethylbenzimidazo[2;D]-1,7-naphhyridine-5,12dione (2 mg, 54%) R =
0.49 (EtOAQ; yellow powder;m.p. 284287 °C (ded; Vmax (neat, crit): 3063,
3018, 1717 (C=0), 1671 (C=0), 1580, 1525, 1474, 1456018340, 1315,
1254, 1173, 10981067, 1019;H NMR (CDCk 400 MHz) d = 9.17 (dd,J =
4.6, 1.8 Hz, 1H2-H), 8.69 (dd,J = 7.9, 1.8 Hz, 1H4-H), 8.26 (s, 1H10-H),
7.82 (ddJ=7.9, 4.6 Hz, 1H3-H), 7.74 (s, 1H7-H), 2.49 (s, 3H, Ch), 2.43 (s,
3H, CHs); *C NMR (CDC}, 100 MHz) d = 173.2 (C=0), 156.6 (C=0), 155.8
(2-CH), 146.7 (C), 143.1 (C), 142.2 (C), 141.2 (C), 1373, 135.8 (4CH),
130.3(C), 13.1 (C), 128.6 (LH), 123.1 (¥CH), 116.3(10-CH), 21.2(CHy),
20.7(CHzg); HRMS (ESI):m/z calcd forCieH12N30,: 278.0930, found: 278.0930
[M+H]"; & max 230 nm, (U = a2well &sangintrdctabieo | L ¢ m)
mixture of other unidentifiablproducts(41%) and trace amounts of a&fl

Repeating the experiment at 350 nm for 18 hours in a pyrex tube
produced identical results.
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5.1.4Experimental for chapter 3
Experiment 43, Synthesis ofbenzimidazo[1,]isoquinoline6,11-dione (2a)

from carboxylic acid9a)

N (6]
@EN\> Ac,0, reflux @[ N
N Ac,0, rt, air, 18 h N
O
HO
2a (80%)
(6]
9a

2-(1H-Benzimidazoll-ylmethyl)benzoic acid(0.200 g, 0.79 mmoljn acetic
anhydride (50 mL)was heated under flex for 15 minutes. The solution was
stirredat room temperatur®r 18 hours. The solution was evaporated to dryness
andpurified by dry column vacuum chromatography using silica gabasrbent
with gradient elution of hexane ethyl acetateand methanolto give
benzimidazo[1,]isoquinoline6,11-dione (0.157 g, 80%). Spectroscopic data

was consistent th previous experiments.
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Experiment 44; Synthesis ofbenzimidazo[2,49]-1,7-naphhyridine-5,12-dione
(2b) from carboxylic acidgb)

@EN Ac,0, reflux @[N o)
\> N\
N Ac,0, rt, air, 18 h N
N 7\
» O Ns
HO P
2b (91%)
(0]
9b

2-(1H-benzimidazoll-ylmethyl)nicotinic acid (0.200 g, 0.79 mmol) in acetic
arhydride (50 mL)was heated under refluor 15 minutes.The solution was
stirredat room temperatur@r 18 hours.The solution was evaporated to dryness
and purified by dry column vacuum chromatography using silica gel as absorbent
with gradient elution of hexane ethyl acetate and methanolto give
benzimidazo[2,4g]-1,7-naphthyridire-5,12dione (0.179 g, 9%). Spectroscopic

data was consistent thiprevious experiments.
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Experiment 45, Synthesis of 14limethoxybenzimidazo[l;Blisoquiroline-

6,11-dione(2c) from carboxylic acid 4c)

OMe
) OH vent, N o
> Ac,0, reflux, 15 min _no solvent, air _ \
"~ s0°C.18h N
OMe OMe
o
9c 122R=H 13:R=Ac 2¢ (78%)

2-[(4,7-Dimethoxy1H-benzimidazoll-yl)methyl]lbenzoic acid(0.247 g, 079
mmol) in acetic anhydride (5L) washeated under reflux for 15 minutehe
solution was evaporated to dryness gait of the resuidugurified by dry
column vacuum chromatography using silica gel as absorbent with gradient
elution of hexane ethyl acetateand methanolto give 11-hydroxy1,4-
dimethoxybenzimidazo[1;Blisoquinolin6(11H)-one (2) (~ 60% of the
residue) (slowly changing to 2c) and 1,4dimethoxy6-0x0-6,11-
dihydrobenzimidazo[1;B]isoquinolin-11-yl acetate 13) (~ 40% of the residue)
yellow solid; R = 0.56 (EtOAc); mp 171174°C (dec.) Vmax (neat, cnt): 2922,
2847, 1746(C=0), 1679 (C=0), 1599, 1527, 1506, 1455, 141857, 1354,
1290, 1263, 1204, 1180, 1108, 1079, 1089 NMR (400 MHz, CDC}): d =
8.43 (s, 1H, 1H), 8.36 (ddJ = 7.8, 1.4 Hz, 1H)7.93 (d,J= 7.7 Hz, 1H), 7.74
7.71 (m,1H, 8 or9-H), 7.667.63 (m,1H, 8 or9-H), 6.76 (d,J=8.6 Hz, 1H2 or
3-H), 6.65 (d,J=8.6Hz, 1H, 2 or3-H), 4.01 (s, 3H, Me), 3.91 (s, 3H, Me), 2.01
(s, 3H, CAMe); **C NMR (100 MHz, CDC}): d = 174.1(C=0), 169.9 (C=Q)
147.8, 143.2, 141.6, 136.6, 136.1 @)l 134.7 (8 0©-CH), 130.8 (C),130.6 (8
or 9-CH), 128.9 (CH)127.8 (CH), 124.9 (C), 106 or 3-CH), 104.4 (2 or3-
CH), 76.0 (11CH), 56.4 (Me), 55.9 (Me), 21.2 (CaMe); HRMS (ESI): m/z
calcdfor CigH17N20s: 3531137, found: 353.112BM+H]"; The intermediate$2
and13 werecombined with the derived residue and heated &C36r 18 hours.
The mixture was purified bdry column vacuum chromatography using silica
gel as absorbent witgradient elution of hexanethyl acetateand methanoto
give 1,4-dimethoxybenzimidazo[1;B]isoquinolin-6,11-dione (0.190g, 78%).

Spectroscopic data was consisterthvgrevious experiments.
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Experiment 46, Synthesis of 7,10dimethoxybenzimidazo[2;dj]-1,7-
naphthyridire-5,12-dione(2d) from carboxylic acid 4d)

OMe OMe

N Ac,0, refl N o)

\> c,0, reflux \

N Ac,0, rt, air, 18 h N )

N OMe \
OMe | N o =
HO =
2d (71%)
(@)

2-[(4,7-dimethoxy1H-benzimidazoll-yl)methylnicotinic acid (0.248 g, 0.79
mmol) in acetic anhydride (5L) was heated under reflux for beinutes.The
solution was stirred at room temperaturdor 18 hoursThe solution was
evaporated to dryness apdrified by dry column vacuum chromatography using
silica gel as absorbentitl gradient elution ofhexane,ethyl acetate and
methanol as eluent to give 7,10dimethoxybenzimidazo[2;tj]-1,7-
naphthyridine5,12-dione (0.174 g, 71%)R = 027 (100% EtOAc); red solid;
mp 195198 °C vmax (Neat, crit): 1750 (C=0), 1689 (C=0)585, 1520, 1441,
1355, 1310, 1278, 1257, 1189, 1115, 1085;NMR (400 MHz, CDC}): d =
9.15 (dd,J = 4.6, 1.6 Hz, 1H, M), 8.65 (ddJ = 8.0, 1.6 Hz, 1H, 4), 7.81 (dd,
J=8.0, 4.6 Hz, 1H, #), 7.09 (d,J = 8.8 Hz, 1H, 8 0B-H), 6.85 (d,J = 8.8 Hz,
1H, 8 or9-H), 4.02 (s, 3H, Me), 3.99 (s, 3H, MéfC NMR (100 MHz, CDC}):

d = 172.9 (C=0), 155.9 (ZH), 154.8 (C=0), 148.3, 147.3,3.8, 142.5, 135.9
(all C), 135.6 (4CH), 129.5 (C), 128.4 (EH), 123.4 (C), 115.2 (8 ®-CH),
108.0 (8 or 9-CH), 58.6 (Me), 56.5 (Me);HRMS (ESI): m/z calcd for
Ci1eH12N304: 310.0828, found: 310.0836 [M+H]ee max = 244 nm, (U
L/mol-cm)
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Experiment 47. Synthesis of bnzimidazo[l,2b]isoquinolinel,4,6,1ktetrone

)

OMe o)
N\ 0o CAN, MeCN, H,0 N\ o
N N
OMe o)
o) o)
2¢ 1 (79%)

A solution of 1,4-dimethoxybenzimidazo[1;B]isoquinoline-6,11-dione (83mg,
0.27 mmol) and acetonitrile (281L) was cooled te5 °C. Cerrium axmonium
nitrate (CAN) (0.296 g, 0.5 mol) in water(5 mL) was added dropwise to the
cooled solubn. After 5 minutes water (2thL) was addd and the product
extracted into dichloromethane (8fL). The solution was evaporateal dryness
and recrystalized usg chloroform to d@ve benzimidazo[l,zblisoquinoline
1,4,6,11tetrone as a brown solid (60 mg, 79%jpwn solid;mp 203205 °C
(dec.) Vmax (neat, crt): 1752 (C=0), 1684 (C=0), 1671 (C=0), 1583, 1515,
1494, 1396, 1358, 1287, 1259, 1239, 1189, 1062NMR (400 MHz,DMSO-
de): d =8.328.30 (m, 1H), 8.2:8.20 (m, 1H), 8.017.99 (m, 2H, & 9-H), 6.98

(d (AB-q), J = 10.3 Hz, 1H, 2 08-H), 6.93 (d (ABq), J = 10.3 Hz, 1H, 2 0B-

H); **C NMR (100 MHz, DMSO-dg): d = 181.3, 175.6173.7, 157.2 (all C=0),
146.6 (C), 143.4 (C), 1392 or 3-CH), 136.0 (8 or CH), 135.9 (8 09-CH),
135.8 @ or3-CH), 132.8, 131.0, 130.3 (all C), 130.1 (CH), 127.4 (CH); HRMS
(ESI): m/zcalcd for GsH7N,O4: 279.0406, found: 279.0400 [M+H]

132



Experiment 48, Attempted gnthess of kenzimidazo[2,1g]-1,7-naphthyridine
5,7,10,12tetrone

OMe O
N 0] CAN, l\/heCN, H,O N\ 0]
\
I
N N
OMe 4 \ (o) 4 \
(0] N= o N=
2d

A solution of 7,10dimethoxybenzimidazo[2;fj]-1,7-naphthyridine5,12-dione
(83 mg, 027 mmol) and acetonitrile (2thL) was cooled to5 °C. Cerrium
ammonium nitrate (CAN) (0.329 g, 0.66hmol) in water(5 mL) was added
dropwise to the cooled solat. After 5 minutes water (2@L) was added and
the solution was washed with dichloromethane 1f80. The extract contained

no aromatic product and the startm@terial was lost to the water layer.
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Experiment 49, Synthesis of methyl -§4,7-dimethoxy1H-benzimidazol2-
yl)carbonyl]pyridine2-carboxylate(14)

OMe OMe
@[N\ O MeOH, reflux <>[N\ 00
N N OMe
OMe J g\\ OMe :\8
2d 14 (92%)

7,10Dimethoxybenzimidazo[2;1j]-1, 7-naphthyridine5,12dione (0.500 g, 1.62
mmol) was stirred in methanol (50 mL) for 1&ours The solution was
evaporated to dryness and recrystalised usichloromethane andelxane to
give methyl  3[(4,7-dimethoxylH-benzimidazo2-yl)carbonyl]pyridine2-
carboxylate (0.508 g, 92%%yellow solid; mp 9699 °C Vimax (Neat, crit): 2947,
1719 (C=0), 1674 (C=0), 1580527 1446, 1431, 1378, 1340, 1305, 1257,
1216, 1138, 1095, 10174 NMR (400 MHz,CDCly): d = 8.80(dd, J = 4.7, 1.1
Hz, 1H,Pyr-6-H), 8.14 (dd,J = 7.8, 1.1Hz, 1H, Py¥4-H), 7.54 (ddJ = 7.8, 4.7
Hz, 1H, Pyr5-H), 6.65 (d,J = 8.4 Hz, 1H, Bnlmb or 6-H), 6.52 (d,J = 8.4 Hz,
1H, Bnim5 or 6-H), 3.89 (s, 3H, Me), 3.86 (s, 3H, Me), 3.77 (s, 3H, COOMe);
1%C NMR (100 MHz, CDC}): d = 185.6 (C=0), 166.0 (C=0), 150.9 (PaCH),
148.2, 147.2, 146.6, 140.8, (all C), 137.6 (By€H), 135.7, 135.1, 128 (all C),
126.0 (Pyr5-CH), 1060 (Bnlm5 or 6CH), 102.8 (Bnlm5 or6-CH), 56.1 (Me),
56.0 (Me), 53.2 (COOMeRMS (ES): m/zcalcd br Cy7H16N3O0s: 342.1090,
found: 342.1085 [M+H]
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Experiment 50, Synthesis of methyl -f4,7-dioxo-4,7-dihydro-1H-
benzimidazol2-yl) carbonyl]pyridine2-carboxylate(15)

OMe o)
N\ 00 CAN, MeOH N\ 00
N OMe N OMe
\ \ \

ome H ¢\ o H ¢\
14 15 (86%)

A solution of methyl 3[(4,7-dimethoxy1H-benzimidazol2-
yl)carbonyl]pyridine2-carboxylate(92 mg, 0.27 mmol) and acetonitrile (20L)
was cooled te5 °C. Cerium ammonium nitrate (CAN) (0.296 g, ®45mmol)in
water (5 mL) was added dropwigifter 5 minutes water (26hL) was added and
the product was extractedvith dichloromethane (30nL). The solution was
evaporated to dryness anecrystalizd usingethyl acetateand hexane to give
methyl  3[(4,7-dioxo-4,7 -dihydro-1H-benzimidazol2-yl)carboryl]|pyridine-2-
carboxylate(72 mg, 86%)brown solid; mp 109111 °C vmax (neat, crit): 3408,
1671 (C=0), 1623 (C=0), 1436, 1290, 1062, 103; NMR (400 MHz,
CD;OD): d = 8.83 (d,J = 3.6 Hz,1H, Pyr6-H), 8.22 (d,J = 7.5 Hz, 1H, Py#4-
H), 7.867.83 (m, 1H, Py5-H), 6.78 (s, 2H, BnInb,6-H), 3.75 (s3H, Me), °C
NMR (100 MHz, COD): d = 184.1, 179.5 (x 2), 165.3 (all C=0), 150.6 (Pyr
6-CH), 148.2 (C), 146.4 (138.3 (Py4-CH), 137.3 (2 x C), 137.0 (Bnkh,6-
CH), 135.4 (C), 127.2 (Pys-CH), 52.5 (Me); HRMS (ESI)m/z calcd for
Ci1sH10N30s: 312.0620, found: 312.0630 [M+H]
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Experiment 51; Synthesis ofnethyl 4(1H-benzimidazoll-yl)butanoatg16)

©:N i, NaH, THF
>
N

" V\)k

N

16 (75%)

A mixture of benzimidazole (1.090 g, 9.23 mmol), sodium hydrid24@®.g,
10.00 mmol) inTHF (50 mL) was heatedinder refluxfor onehour. Methyl 4-
bromobutyratg2.500 g, 13.81 mmol) was added and heatsder refluxfor 18
hours. The mixture was filtered through celite, and purified by dry column
vacuum chromatography using silica gel as aledrlwith gradient eition of
dichloromethanand ethyl acetate as eluent to gmethyl 4(1H-benzimidazol
1-yl)butanoate (1.518, 75%);R; = 0.29(6:3:1, rexane:EtOAdvIieOH); yellow

0il; Vmax (Neat, crt): 2947,1727 (C=0), 1611, 1492, 1457, 1436, 1363, 1285,
1252, 1196, 1158'H NMR (400 MHz, CDCLk): d = 7.81 (s, 1H,Bnim-2-H),
7.747.72 (m, 1H,Bnim-4-H), 7.357.33 (m,1H, Bnim-7-H), 7.237.20 (m, 2H,
Bnim-5 & 6-H), 4.14 (t,J = 7.0 Hz, 2H, NCH), 3.58 (s, 3H, OMe), 2.24 (3,=

7.1 Hz, 2H, COCH), 2.132.06 (m, 2H, CH,CH,CH,); **C NMR (100 MHz,
CDCl): d = 172.9 (C=0), 143.8 (C), 143.BnIm-2-CH), 13.7 (C), 123.1
(Bnlm-5 or 6CH), 122.3(Bnlm-5 or 6CH), 120.4(Bnim-4-CH), 109.8(Bnim-
7-CH), 51.9 (CHj3), 44.0 (NCHy), 30.5(COCH,), 25.0 (CH,CH,CH,); HRMS
(ESI): m/zcalcd for GoH1sN20,: 219.1134, found: 219.1126 [M+H]
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Experiment 52; Synthesis of 41H-benzimidazoll-yl)butanoic acid17)

@[N\> NaOH (aq), MeOH @:N\>
N N

16 17 (96%)

Sodium hydroxide (0.909 g, 22.73 mmuwl)distilled water (30 mL) was addé¢al
methyl 4(1H-benzimidazoll-yl)butanoatg2.48 g 11.36 mmol) in methanol (40
mL) and left to stirat room temperaturéor 18 hours.The methanol was
evaporated under reducedepsure and the remaining aqueous solut@s
neutralizd with dilute hydrochloric acid. The precipitate was filtered and dried
to give 4-(1H-benzimidazoll-yl)butanoic acid(2.228 g, 96%)white solid; mp
137-141 °C;Vmax (neat, crit): 2917, 2441, 1907, 1704 (C=0), 1613, 1507, 1459,
1371, 13231272, 1234, 1186, 1092, 1042, 1064;NMR (400 MHz, DMSQ

de): d=8.21 (s, IHBnImM-2-H), 7.64 (d,J = 7.8 Hz, 1HBNIM-4-H), 7.57 (d,J =

7.9 Hz, 1HBnIM-7-CH), 7.247.15 (m, 2H, Bnlnb & 6-H), 4.24 (t,J=7.1 Hz,
2H, NCH), 2.21 (t,J = 7.3 Hz, 2H,COCH,), 2.031.95(m, 2H, CH,CH,CHy);

3C NMR (100 MHz, DMSQd): d = 174.3 (C=0), 144.58nIm-2-CH), 143.9
(C), 134.3 (C), 122.9BnIm-5 or 6CH), 122.0 Bnim-5 or 6CH), 120.0(Bnim-
4-CH), 110.9(Bnim-7-CH), 44.0(NCH,), 31.2(COCH,), 25.5 (CH,CH,CHy);
HRMS (ESI): m/z calcd for GH13N»O,: 205.0977, found: 205.0970 [M+H]

137



Experiment 53; Synthesis ofl,2-dihydropyrido[1,2a]benzimidazol4-yl acette
(18)

(0]
6 5
N Ac,0, refl 7 N 40)1\
@[\> c0, reflux ©:\
N 8 N \3
9
1 2
HO 18 (69%)

(0]
17

4-(1H-benzimidazoll-yl)butanoic acid (62 mg, 0.30 mmahd acetic anhydride
(20mL) was heated under reflux for 30 minutébe solution was evaporated to
drynessand purified by dry column vacuum chromatography using silica gel as
absorkent with gadient elition of dichloranethaneand ethyl acetate as eluent to
give 1,2-dihydropyrido[1,2a]benzimidazol4-yl acetag (48 mg, 69%)R: = 0.58
(EtOAc);, clear gelymax (neat, crit): 1757 (C=0), 1659, 1611, 1520, 1474, 1444,
1424, 1368, 1328, 1295, 1281186,1125, 1103, 1037, 1004H NMR (400
MHz, CDCl): d=7.76 (d,J = 7.8 Hz, 1H, eH), 7.277.21 (m, 3H, 6.05 (t,J =
4.7 Hz, 1H, CHCH), 4.21 (t,J = 7.5 Hz, 2H, NCH)), 2.85(dt, J = 7.5, 4.7 Hz,
2H, CHCH, ), 2.37 (s,3H, CHs); *C NMR (100 MHz,CDCly): d = 169.2 (C=0),
145.Q 143.3, 139.3, 134.6 (all C), 123.6 (7 oC8l), 122.5 (7 or &H), 120.5
(6-CH), 118.3(CH,CH), 109.1 (9CH), 39.8(NCH,), 23.0(CHCHy,), 21.0(CHy);
HRMS (ESI):m/z calcd for GaH13N,O,: 229.0977, found: 229.0968 [M+H]
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Experiment 54; Synthesis of 2&lihydropyrido[1,2a]benzimidazoi4(1H)-one
(19

O
©:N\ O/ZK 60 °C, H,O (air), 12 h @[N\ 0
18 )

19 (80%

1,2-Dihydropyrido[1,2a]benzimidazol4-yl aceate (0.167 g, 0.73 mmolwas
heated without a solvent at 6C for 12 hours. The mixture wasecrystalizd
from diethyl ether to give2,3-dihydropyrido[1,2a]benzimidazol4(1H)-one
(0.109 g, 8%); yellow solid mp 176-:178°C (lit.}*° 178 179°C); Vimax (Neat, cm
1): 2947, 1687 (C=0), 1575, 1482, 1472, 1401, 1330, 1247, 1199, 1178, 1151,
1105, 1017;*H NMR (400 MHz, CDCls): d = 7.92 (d,J = 8.0 Hz, 1H,6-H),
7.457.41(m, 2H), 7.40-7.35(m, 1H), 4.37 (t,J = 5.9 Hz, 2H, NCH), 2.91 (t,J =
6.5 Hz, 2H, COCH,), 2.542.48 (m, 2H, CH,CH,CH,); *C NMR (100
MHz,CDCl;): d = 188.1 (C=0), 144.6, 143.1, 134.0 (all C), 126.2 (7<€H),
124.6 (7 or 8CH), 122.7 (6CH), 110.7 (9CH), 42.5(NCH,), 38.0(COCH,),
23.1 (CH,CH,CH,); HRMS (ESI): m/z calcd for G;H;;N,O: 187.0871, found:
187.0866 [M+H]
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Experiment 55; Synthesis of pyrido[1;2]benzimidazolg20)

©: N 0] chromatography (silica), [O] @E N\

N

o O
19

20 (100%)

2,3-dihydropyrido[1,2a]benzimidazol4(1H)-one (0.107 g, 58 mmol)
purification by dry cdumn vacuum chromatographyvas quantitatively
convertedto pyrido[1,2a]benzimidazole 97 mg, 10®%6); pale white soligd mp
176-178°C (lit.*** mp 178179) vVmax (neat, crit): 3008, 16411606, 1499,1462,
1444, 1353, 1307, 1252, 1226, 1149:NMR (400 MHz,CDCl): d = 8.38 (td,J
=6.9,1.1 Hz, 1l 7.91 (ddJ = 8.2, 0.8 Hz, 1K 7.83 (d,J = 8.2 Hz, 1H, 7.65
(td, J= 9.3, 1.0Hz, 1H), 7.51-7.47(m, 1H), 7.397.30(m, 2H), 6.78 ¢d, J = 6.7,
1.0 Hz,1H); **C NMR (100 MHz,CDCl): d = 1485 (C), 144.6 (C), 129.4 (CH),
128.7 (C), 125.7, 125.3, 121.120.0, 118.0, 110.5110.4 (all CH) HRMS
(ESI): m/zcalcd for GiHgN»: 169.0766, found: 169.0760 [M+H]
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5.1.5Experimental for chapter 4

General procedure for conversion of o-dicarboxylic acids to o-diacid

O
OH SOCly, reflux cl
OH Cl

o

O

chlorides

O O:j ;O
y

cl
Cl OH SOCl,, reflux cl
OH o
cl cl
o) @)
o) (0]
N
| N SoH SOCly, reflux [ cl
_ OH = Cl
lo) 0]
o) (0]
| AN OH SOCI,, reflux _ | X Cl
N_ OH N~ Cl
o)

(0] (0]
N
[N\ OH SOCI,, reflux _ [ A cl
o Cl
N/ OH N/

(6] o

0]
SOClI,, reflux S (¢]]
OH — Cl

(0]

o-Dicarboxylic acids (2 eq in relation to the imidazoles) were heated under reflux

(0]
fa
®) O
g
/
(0]

in excess thionyl chloride for 18 hours. The solution was evaporated to dryness
to give the crudeo-diacid dichloridesas yellow oils which were used without

further purification.

General procedure for synthesis op-dione adducts
The o-diacid dichlorides (2 equiv) with the appropriate benzimidaZ@glé2

mmol) were heated in A© (30 mL)at 90 °Cfor 15 minutesUpon cooling, the
precipitatedp-dione adducts werdtered and dried.
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Experiment 56, Synthesis of bnzimidazo[1l,zb]isoquinoline6,11-dione (2a)

from theo-diacid dichloride

N o
@[ \ Ac,0, 90 °C, 15 min @:
N

H

2a (87%)
o]

(0.457 g 87%); Spectroscopic data was consistent with that of previous

experiments.

Experiment 57, Synthesis of 14limethoxybenzimidazo[1;B]isoquinoline-
6,11-dione(2c) from theo-diacid dichloride

OMe OMe
N Ac,0, 90 °C, 15 min N 0
S \
N o} N

OMe H al OMe

7 cl
2c (87%)
o)

(0.567 g, 87%);Spectroscopic data was consistent with that of previous

experiments.

Experiment 58; Synthesis of 2 8limethylbenzimidazo[1;B]isoquinoline6-11-

dione(2e) from theo-diacid dichloride
N.  Ac,0,90°C, 15 min N o
X Ilfé
N (@) N

|
H
cl 3
cl
2e (88%)

(0.513 g 88%); Spectroscopic data was consistent with that of previous

experiments.
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Experiment 59, Synthesis ofimidazd1,2-bjisoquinoline-5,10-dione (2g) from
theo-diacid dichloride

N Ac,0, 90 °C, 15 min [N
>~ |

o
[N\> o N\
; @é‘;u g

29 (81%)

(0.338 g, 8%); yellow crystalsmp 239241 °C (lit®* 238-239 °C)(lit.>’ 238°C);

Vimax (N€at, cri): = 3139, 1719 (C=0), 1671 (C=0), 1593, 1575, 1522, 1439,

1396, 1325, 1297, 1274, 1232, 1194, 1151, 1120, 1B¥RIMR (400 MHz,
CDCly): d 8.37-8.36(m, 1H), 8.358.34(m, 1H), 7.917.85(m, 2H), 7.82 (d, J =
1.4 Hz 1H), 7.47 (d,J = 1.4 Hz 1H); **C NMR (100 MHz, CDC}): d 172.1
(C=0), 1.9 (C=0), 142.4 (C), 135.7, 134.834.1(all CH), 133.1 (C), 130.0
(CH), 128.7 (C), 128.1 (CH), 117.5 (CHHRMS (ESI): m/z calcd for
C11H7N202: 199.0508found: 199.0503 [M+H];
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Experiment 60, Synthesis of 2 liphenylmidazo[1,2b]isoquinoline5,10
dione(2h) from theo-diacid dichloride

Ph_N  Ac,0,90°C, 15 min

T I
P N

H

2h (87%)

o

(0.646 g, 87%): bright orange powdemp 297299 °C(lit.>” mp 290°C); Vinax
(neat, crit): 3058, 1735 (C=0), 1666C=0), 1588, 1507, 1464,439, 1368,
1307, 1272, 1244, 1206, 1128, 1103, 1032:NMR (400 MHz, CDCJ): d =
8.388.36 (M, 1H), 8.28.20 (m, 1H), 7.89.78 (m, 2H), 7.57.47 (m, TH),
7.257.22 (m, 3H)XC NMR (CDCly): d = 172.3 (C=0); 158.6 (C=0), 143.7 (C),
142.0 (C), 135.4 (CH), 134.8 (CH), 132BXC), 131.8 2 xC), 130.3 2 X CH),
129.9 (CH), 129.7 (CH), 129.6 (C), 129Dx CH), 128.4(CH), 128.3(2 X CH),
128.0(2 X CH), 127.7 (CH)HRMS (ESI):m/zcalcd for GaHisN,0,: 351.1134,
found: 351.1123M+H] *;
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Experiment 61, Synthesis of 84lichlorobenzimidazo[1;B]isoquinoline6-11-

dione(2i) from theo-diacid dichloride

N o

@: \> Ac,0, 90 °C, 15 min @:
N
H CI

CI
2i (81%)

(0.542 g 81%); yellow powder;mp 302-304 °C Vimax (Neat, cnt): 3094, 1707
(C=0), 1674 (C=0), 1575, 1510, 1484, 1429, 1338, 1274, 1237, 1173, 1146,
1044;'"H NMR (400 MHz,DMSO-ds): d  8.44 (s, 1H, 7 or 1®), 8.33 (s, 1H, 7

or 13H), 8.338.30 (m, 1H, 1H), 8.067.98 (m, 1H, 4H), 7.7G67.65 (m, H, 2 or

3-H), 7.57-7.53 (m, 1H, 2 or #); **C NMR (100 MHz,DMSO-dg): d 273.0
(C=0),158.2 (C=0), 145.5, 143.2, 138.6, 138.5, 133.4, 131.5 (all C), 130.9 (7 or
10-CH), 130.7 (C), 129.8 (2 or-@H), 1290 (7 or 16CH), 127.2 (2 or £H),

123.0 (4CH), 116.1 (:CH); HRMS (ESI): m/z calcd for GsH/N,O,*°Cl.:
316.9885found: 316.9892M+H] "
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Experiment 62, Synthesis of benzimidazo[}d}-1,6-naphtlyridine-5,12-dione
(2)) from theo-diacid dichloride

N A °C, 15
©: \> c,0, 90 °C, 15 min @:
N

|
H

j (81%)
0]

Recrystallized from CEOH; (0.427 g 81%); yellow powder;mp 320-322 °C

Vmax (N€at, crit): 3048, 1714 (C=0), 1699 (C=0), 1601, 1560, 1573, 1517, 1482,
1441, 1365, 1335, 1277, 1247, 1234, 1158, 1138, 1100, 1077, HONMR
(400 MHz,DMSO-dg): d  8.09 (dd,J = 4.6, 1.7 Hz, H, 2-H), 8.66 (ddJ = 7.9,

1.7 Hz, 1H, 4H), 8.328.29 (m, 1H, 7H), 8.067.98 (m, H, 10-H), 7.94 (ddJ =

7.9, 4.6 Hz, 1H, 3), 7.687.64 (m, H, 8 or 9H), 7.577.52 (m, 1H, 8 or H);

3C NMR (100 MHz,DMSO-dg): d = 173.3 (C=0), 159.4 (C=0), 155.2-CH),
149.4, 146.0, 143.2 (all C), 137.2-CH), 131.3 (C), 129.6 (8 or-GH), 128.9
(3-CH), 128.5 (C), 127.1 (8 or-GH), 122.9 (16CH), 116.0 (¥CH); HRMS
(ESI): m/zcalcd for G4HgN30,: 250.0617found: 250.0605M+H] "
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Experiment 63, Synthesis of bnzimidazo[1,2b]-2,7-naphthyridine5-12-dione
(2ka) and benzimidazo[1;B]-2,6-naphthyridine5-12-dione (2kb) from the o-
diacid dichloride

©[:> Ac,0, 90 °C, 15 min @: @[
P e

2ka (41%) 2kb (41%)

O

Automated column chromatography to sepaisdeners?2ka and2kb was carried

out using a Grace Reveleris Flash System (Instrument serial no. 2810M00134)
with an 80 gram silica (40 ungolumn using dichloromethane as eluangive
benzimidazo[1,2]-2,7-naphthyridine5-12-dione (0.216 g, 41%); R = 0.60 (1:1
CH,Cl,:EtOAc); yellow powder;mp 279281 °C Vmax (neat, crit): 3063, 1717
(C=0), 1689 (C=0), 1585, 1510, 1343, 1254, 1229, 1156, 1138, 1108, 1057,
1022, 1001!H NMR (400 MHz, CDC}): d =9.70 (s, H, 1-H), 9.21 (d,J = 5.0

Hz, 1H, 3-H), 8.44 (d,J = 8.2 Hz, H, 10-H), 8.15 (d,J = 5.0 Hz, H, 4-H), 8.03
(d,J=8.2 Hz, 1H, ™), 7.727.67 (m, H, 8 or 9H), 7.587.54 (m, 1H, 8 or 9

H); **C NMR (100 MHz, CDC}): d 473.4 (C=0), 157.9 (C=0), 156.7-GH),

151.6 (2CH), 143.7, 143.5, 138.1, 131.3 (all C), 13(B6or 3CH), 127.5 (8 or
9-CH), 123.5 (¥CH), 123.1 (C),119.4 (4CH), 116.3 (16CH); HRMS (ESI):

m/z calcd for G4HgN3Oz: 250.0617 found: 250.0624 [M+H]* and
benzimidazo[1,2]-2,6-naphthyridine5-12-dione(0.216 g 41%); R = 0.57 (1:1
CH,Cl,:EtOAc); yellow powder;mp 275277 °C Vmax (neat, crit): 3063, 1714
(C=0), 1676 (C=0), 1585, 1515, 1489, 1439, 1365, 1335, 1249, 1229, 1153,
1105, 1057, 1019H NMR (400 MHz, CDC}): d 9.63 (s, H, 1-H), 9.22 (d,J

= 5.0 Hz, H, 3H), 8.41 (dJ = 8.2 Hz, H, 7-H), 8.25 (d,J = 5.0 Hz, H, 4-H),

8.03 (d,J = 8.2 Hz, 1H, 1€H), 7.707.66 (m, H, 8 or 9H), 7.587.54 (m, 1H, 8

or 9-H); **C NMR (100 MHz, CDC}): d 273.3 (C=0), 157.7 (C=0), 156.7-(3
CH), 150.0 (3CH), 143.5, 143.4, 136.2, 131.2 (@), 130.4(8 or 9CH), 127.6

(8 or 9CH), 125.7 (C), 123.6 (2CH), 121.6 (4CH), 116.2 (¥CH); HRMS
(ESI): m/zcalcd for G4HgN30,: 250.0617found: 250.0614M+H] "
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Experiment 64; Synthesis of pyrazinp 2 6 , 3 6 : 4 ,-dfbgngiypidazotes [ 1, 2

12-dione(2l) from theo-diacid dichloride

©:N\> Acz0, 90 °C, 15 min ©:;:§\

) [Njﬁ);

(0]

21 (85%)

(0.450 g 85%); yellow powder;mp 276282 °C (dec;)Vmax (neat, crit): 3063,

1727 (C=0), 1692 (C=0), 1580, 1515, 1487, 1451, 1424, 1365, 1333, 1269,
1254, 1232, 1196, 1153, 1118, 1080, 1011-VNMR(4OO MHz,DMSO-dg): d =

9.17 (AB-q, J= 2.2 Hz, Y, 2 & 3H), 8.35 (d,J = 8.1 Hz, H, 10-H), 8.@2 (d, J

= 8.2 Hz, H, 7-H), 7.69 (ddd,J = 8.2, 1.0, 1.0 Hz,H, 8 or 9H), 7.57 (dddJ =

8.1, 1.0, 1.0 Hz, 1H, 8 or-8i); **C NMR (100 MHz, DMSO-ds): d = 173.1
(C=0), 157.4 (C=0), 149.4 (2 orGH), 149.1 (2 or £H), 145.9, 145.8, 144.2,
143.1, 131.4 (alC), 129.9 (8 or &CH), 127.4 (8 or &H), 123.1 (?CH), 116.1
(10-CH); HRMS (ESI): m/z calcd for GsH7N4O,: 251.0569 found: 251.0568
[M+H]*
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Experiment 65 Synthesis of 4H,11H-thieno[3',4":4,5)yrido[1,2-
albenzimidazée-4-11-dione(2m) from theo-diacid dichloride

@[N\> Ac,0, 90 °C, 15 min ©:
N
\ S

|
H

S
—

2m (86%)
o)

(0.464 g 86%); pale yellow powdermp 305307 °C Vmax (n€at, crit): 3044,

1721 (C=0), 1669 (C=0), 1600, 1587, 1512, 1447, 1434, 1406, 1352, 1316,

1202, 1150, 1137, 1088, 1034, 1068; NMR (400 MHz,DMSO-dg): d = 8.79
(d,J = 2.9 Hz, H, 1 or 3H), 8.73 (d,J = 2.9 Hz, 1H, 1 or 3), 8.308.28 (m,
1H, 9H), 7.937.91 (m, 1H, ), 7.637.59 (m, H, 7 or 8H), 7.527.48 (m,
1H, 7 or 8H); *C NMR (100 MHz,DMSO-dg): d = 170.5 (C=0), 156.4 (C=0),
147.4 (C), 143.5 (C), 137.2 (1 orCH), 136.7 (C), 135.9 (1 orBH), 132.9 (C),
131.8 (C), 129.2 (7 or-8H), 126.7 (7 or &CH), 122.8 (6CH), 116.1 (9CH);

HRMS (ESI):m/zcalcd for GsH/N,0,S: 255.0228found: 255.023%M+H] "

149



Experiment 66, Attempted gnthesis of benzimidazo[l,2]isoquinoline
1,4,6,11tetrone(1) from theo-diacid dichloride

O

o}
N Ac,0, 90 °C, 15 min N 0
S I \
I
N 0 N
o H o}
Cl e}
cl
1

O

Benzimidazolequinone0(314 g, 2.12 mmdland phthaloyl dichloride (2 eq)
were heated in acetic anhydride (30 mL) % °C for 15 minutes to give

unreacted starting materials.
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Experiment 67, Synthesis of benzimidazo[2d]-1,7-naphthyridine5-12-dione
(2b) and benzimidazo[1;8]-1,6-naphthyridine5-12-dione (2j) via reaction of
benzimidazole with sodium hydride prior to addition of thaiacid dichloride

(0]
N

. Cl N
i o]

THF
| = N N o
L Sle T aNes:
@ \> (i) NaH, THF . ) \ + N ) N
N (i) Acy0, 90 °C, 15 min o o _ )
) j (41%)

N=

2b (42% 2j (41%

Benzimidazole (0.25g, 2.12 mmol) and sodium hydride (010§, 2.12 mmol)

were heated under reflux in TH®BO mL) prior to addition of pyridine,3
dicarbonyl dichloride. The THF was removed under reduced presure, acetic
anhydride (30 mL) was added andates] t090°C for 15 minutes. The precipitate
was filtered and dried to give an equal mixture {HyYNMR) of adduct<b and

2j. Spectroscopic data was consistent with that of previous experiments.
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