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Abstract

This thesis describes the preparation of several novel guanidine derivatives (where X=
tetramethyl, dipiperidine and dimorpholine); three containing a previously described
trimethyl-substituted quinone I and three analogous guanidines containing the novel
phenyl-substituted quinone II. These conformationally locked derivatives were tested as
substrates in a benzoquinone-based drug delivery system which is activated by the enzyme
human quinone-oxidoreductase 1 (hNQO1). Molecular modelling studies were initially
performed and demonstrated that all six derivatives were viable substrates of the enzyme
hNQO1, as determined by the drug/hNQOI1 interactions. Following their successful
preparation, these derivatives were subsequently analysed by high performance liquid
chromatography (HPLC). Preliminary findings confirmed their ability to act as substrates
for the enzyme hNQOI and showed they followed the intended mechanistic pathway for
this drug delivery system. These results also indicated that the rate of reaction with

hNQO1 was faster for quinone I versus II and the reaction of II did not proceed to

completion.
O 0
0O O
) (m
NH NH NH

viii



Contents

ACKnOWIedemMENTS «iviusinmmsescssrsssissassissssssnssssrssssssiosssssnisssspmsssansasns P R O O e i
Declaration and Consent.............. Sy SO MR e ST, ii
ADBbreviations ussiisssissssusissssssisassons T oS SRR R |
ADSIPACE cssssesssusncsinsesserssssrse sossnsisEs I ————— SR viii
CONRIS coonsicrvescesssrensmssmsssonronsssuppsssssnssnsans SRRSO SNRAH RPNV A PRSE| | |
INEPOAUCHION.. .o covessisasersoncussorivssssssnsesssasisassnsrsssmosmssunssussississapsonssissinissmsss T — 1
1.0 Cancer chemOtheTapy ........cvccoeiinirnierieeineiee st sr s es e st ersssesssessssenees 1
2.0 PLOAIUES ...ttt sttt sttt ss e eae e sas s etesasse et e s s st enesteseaneesesnsresnnns 1
2.1 INErOQUCHION. ....uiceiiieeceicte ettt er e et e eae s eb e s s s e s ebssas e erensesane 1

2.2 Classes Of PrOAIUZ .....cevevrerieieieeierrieeese st ss s s esse s sesesabesasaeseaes 1

2.3 Hypoxia-activated PrOArUZS.....coeeeeeeeeereeeereeierietenseeeseesersssessssssssseesesssnsasessssensens 2

2.4 Classes of hypoxia-activated Prodrugs ..........ceeeeeueeererereererreeeeseserseesreeesesessssssesnes 2

3.0 Quinone reduction by hINQO .........covivuieeriiriieirriecieeeeesseeseeeeeeseseeessesseseensesssnanes 9
0 [ 1111 vTs 1T o R 9

3.2 Mechanisms of ANQO1 redUCHON ......cccoviiviiriiririeriieeiesteseeeeseessessesseesesssensenssnes 10

4.0 Benzoquinone drug deliVery SYSUEIM. ... usssssisssissssississssanssssassssssssnesssnsnsonsansasenssnas 12
4.1 Milstieon and Coben . ovmmmmsmmn i B SR b 12

4.2 Other redox benzoquinone drug delivery SyStems...........ccoovvereerieirnesreinsssssssenene 14

4.3 General redox benzoquinone drug delivery SyStem........ccooueveereverereererneressereerenene 17

5.0 Nitrogen containing MUSLAIAS.........ceeeeueriererreiirireiisiirtisscesesesessessesssesssessssessssssesens 18
5.1 INITOAUCTION. c...uteriitiretiistisie ettt eaeea et era s e e sneenesae s sbesse b entssananes 18

5.2 Examples of nitrogen mustards .........cveeerevenerennieneneee e esssessensnns 20

5.3 Strategies to improve the biological potential of mustards...........cccccvevvvevveereenenn. 21

5.4 VOIPALO €F Q. ...cueereriiiriiiiiciniiiitrteenee s eeste et s e e bbbt se s 22

1X



0.1 INITOAUCHION. ...c..eruierrieirrecreiireeitiae ettt et st s e a st e b st e s e et e e esaessessenaessesaensssnnenss 24
6.2. Guanidine in natural ProdUCES......c.coeeeerereeenerieieesrereeese st ses e sesseaesases 26
6.3 Synthetic routes t0 GUANIAINES .......ccceerveieererrerreiieeeeereeteeesereseeseesesae e esesesssseesesns 30
7.0 ATINIS ..ttt teb ettt st sn s s ae st sse e e s st s re st sse e sse e s b e s e sesbaressesanansans 33
Results and DISCUSSION ...ciecvscrnesssesssssnssassonssssssasssessanssssssssssrsonssssassssssnssssasasssassssssns cervssnrenne 30
8.0 Molecular MOAEIING.......coeeruerirerirrierieeiseetereestesiaeseeessessserseessesssersesasesssesesssenseesneen 36
B OO O M st s S R SRR T A B R R Rb il n s e 2T 36
§.2 Hydroquinone CreliSation ..o missss s sy i assasrimissvis 37

L L I — 42
8.4 Docking experiments using Molegro Virtual Docker ............ccooevvieeniicriirecnennenn. 44
8.5 Molecular modelling data of top ranked POSES.........coeevvivieveeriirenieseniisieieeseesenns 46
8.6 Primary (1°) docking for mechanisms two and three............cccoeeeveceiennneerernnene 55
TR sy (el 30 SRRSO NSRS 56
S P REEE IR oo s T PSS SRR 57
9.1 Preparation of trimethyl-locked qUINONES .........ccceveeniciiniciieieiiecececeeee e, 57
9.2 Preparation of a new quinone-based delivery system..........cocccevvveiriinnrienrnenrinnnns 69
9.3 Preparation of phenyl qUINONES ..........cccvueririererierereriiiereieieersssesssssssssessiesssssssacns 79
0.4 MUSHATA TEACTIONS. ...c.ueeueieiruieiriessrsteaeete st ess et e sae s e et s sae st e sesbasnsessabnessessassessassassens 82
9.5 MiSCEllaneous T€ACLIONS .....ceveutruereutrerrererrensrerereersesaraesassesssessassssesassessasasessesensssenens 88
10.0 Enzymatic eValUAtioN........cocveuerieirieiieieiresresseesesseserssesessessessessssssessarsesssssesssseenes 90
10.1 Enzymatic evaluation 0f 129 .......c.ccccciaeesnsisesssnsssssonnsssnsssrassasassossssvessssssorssssanases 90
10.2 Enzymatic activity 0f 129 s s i i s s 90
10.3 Enzymaticevalvslion OF T3 s mamss s o saom s 92
104 Enzymstieaetivity 'of 130 wmasmmommvomsiomismss s i s i 92
10,5 CODCIISION osusisnsmssuuisssonssvossssssssmsseonsss s smssnssssaims s sss s asi s eI e 4693 94
11.0 Hivitio eytotosieity eVl MO . s cmssmismmrmmissmsmssmms s wormss s o 95



COﬂCl“SiOﬂ L L L T T Ty T T ¢--.-a-on--197

Experimental.......cccccceeisnessnnssnsssns AR A AT A AT TR TR 101
Refereneos aamsossaivsissisossssisssssisssssassssssssismmessssnsass —— T P 141
APPENICES. nsssvismmsmnsinsommssssmmsisimsssissasesisassssrminss st pp— T —— 153

xi



Introduction

1.0 Cancer chemotherapy

In recent years, many different strategies have been exploited concerning the development
of new chemotherapeutic drugs. The problem is lack of tumour specificity,' resulting in
systemic toxicity and a low therapeutic index.” These drugs can interfere with cells by
attacking some aspects of their deoxyribonucleic acid (DNA) synthesis, replication or
processing.” Since they preferentially kill rapidly dividing cells, some normal cells are also
exposed to toxic levels, resulting in severe undesirable side effects such as damage to hair
follicles, the kidney, liver, bone marrow* and gut epithelia.* However, chemotherapy still
remains the primary systemic treatment of cancer. Consequently there is a need to develop
new and improved drugs which are more selective in their function but still maintain their

cytotoxic activity.

2.0 Prodrugs

2.1 Introduction

One approach first introduced by Albert’ and Harper® in the late 1950s is the design of
relatively non-toxic prodrugs. These can be converted either through metabolism by
endogenous enzymes or spontaneously into the pharmacologically active species and
activated within the tumour mass.” They have essentially been employed to improve the
efficacy of anti-cancer agents by the modification of their physicochemical® and/or
pharmacokinetic’ properties. More specifically this includes their (i) solubility and
lipophilicity (ii) bioavailability® (iii) stability'® (iv) toxicity (v) transport properties’ (vi)

1.1 and (vii) first-pass metabolic effects.?

site and duration of action
2.2 Classes of prodrug
There are many different types of prodrug which exploit various aspects of the tumour
physiology, such as selective enzyme expression, hypoxia and low extracellular pH.
Others relate to tumour-specific delivery techniques such as antibody- and gene-directed
enzyme prodrug therapy (ADEPT and GDEPT).



2.3 Hypoxia-activated prodrugs

Our interest lies with hypoxia-selective tumour-activated prodrugs (known as hypoxia-
TAP). Hypoxia is a deficiency of oxygen'? that can be classified into two broad types, the
first (i) chronic or diffusion hypoxia keeps cells that are ample distance (approx 150 pm)
away from the nearest functional blood capillary hypoxic in the long term. The second (ii)
transient or perfusion hypoxia is due to a temporary shutdown of blood vessels keeping
sections of tissue hypoxic in the short term.” " Hypoxia has been shown to exist in a
number of different diseases including some cancers i.e. brain, head and neck, breast and
cervix,'> rheumatoid arthritis and diabetes.'® It is often characterised by low oxygen
tension, nutrient levels'” '® and pH.”']9 Hypoxic cells are commonly found in most solid
tumours as the result of a poor blood supply,'* high interstitial pressures,'* 2° enhanced
metabolic rate’ and an inefficient vasculature system.'* They have been found to be
resistant to both radiotherapy and chemotherapy.”’ Since severe hypoxia only exists in
tumours, an opportunity arose to exploit this phenomenon for its potential therapeutic
advantage” and to develop non-toxic hypoxia-activated prodrugs. By concentrating the
cytotoxic anti-cancer agents inside the tumour mass could dramatically minimise the risk

of destroying normal cells.

2.4 Classes of hypoxia-activated prodrugs

The major classes of hypoxia-TAP include nitroaromatic heterocyclics, quinones, aromatic
and aliphatic N-oxides and transition metal complexes. Each class can be activated under
hypoxic conditions and in the presence of reductive enzymes (Figure 1).

reductase reductase Prodru -
Prodrug +2e I g
two-electon adduct ““— Prodrug ﬁ one-electon adduct

hypoxua /
Diffusible cytotoxin

Figure 1. General mechanism of prodrug activation under hypoxia (adapted from™ )

2.4.1 Nitroaromatic heterocyclics

Nitro compounds can undergo a series of up to six one-electron reductions starting with
the nitro group 1 to give the nitro anion radical 2 (Scheme 1). This intermediate can be
back-oxidised by molecular oxygen present in normoxic tissues to regenerate the parent

compound 1. Further reduction produces the nitroso 3, radical 4, hydroxylamine 5 and

2



amine 6 as the subsequent products. Only in hypoxic tissue will the reduction proceed to

these highly cytotoxic species.’

reductase N
+e = +1e, 2H
R-NO, s==———> RNO, — =% R-NO
1 » N\ (3 HO (3)
02 02
+1e’, 2H*
= + - 2
R-NH, %ﬂ RNHOH <€ [R {iHoH]
(6) % (5) (4)
R = aromatic

Scheme 1. Pathway of reductive activation for a nitroaromatic drug

Among the nitroaromatics, the most extensively studied compounds are the 2-

nitroimidazoles such as misonidazole 7> and etanidazole 8’ (Figure 2).

(7) 8)

Figure 2. Structure of misonidazole and etanidazole

These were originally developed as oxygen-mimetic radiosensitisers®*?® but are also
metabolised selectively under hypoxia to give an ill-defined electrophilic species.
However, they are only weakly cytotoxic and have moderate selective toxicity for hypoxic
cells over oxygenated cells in tissue culture.” Another hypoxia-activated nitroaromatic
prodrug is dinitrobenzamide 5-(1-aziridinyl)-2,4-dinitrobenzamide 9% ?’ (CB-1954)
(Figure 3), although this has been more widely used for GDEPT.?

NO,

CONH,
O,N

N

p A

(©)

Figure 3. Structure of 5-(1-aziridinyl)-2,4-dinitrobenzamide



2.4.2 N-oxides

N-oxides are an important class of hypoxia-selective anti-tumour agents, such as the 1,2,4-
benzotriazine 1,4-dioxides, represented by their leading compound the bioreductive
prodrug tirapazamine 10 (3-amino-1,2,4-benzotriazine 1,4-dioxide) (Figure 4).%°

iy
+
@:Nl
N”  NH;
(10) O

Figure 4. Structure of tirapazamine

Tirapazamine 10 can be synthesised using 3-aminobenzo-1,2,4-triazine 1-N-oxide 15.
There are two different synthetic routes to prepare this compound (Scheme 2). The first,
known as the Arndt®” reaction involves the addition of cyanamide to the nitroaniline 11
which is then melted and treated with concentrated (conc.) hydrochloric acid. The resulting
intermediate®' 12 is then made alkaline by the addition of sodium hydroxide and cooled to
precipitate out the benzotriazine 15 in 80% yield.** The second method involves boiling 3-
hydroxybenzo-1,2,4-triazine 1-N-oxide 13 under reflux with dimethylaniline (DMA) and
phosphorus oxychloride (POCl;) followed by cooling to crystallise out 3-chlorobenzo-
1,2,4-triazine 1-N-oxide 14 in 64% yield. In the final step, this is boiled in ethanol under

reflux whilst anhydrous ammonia is passed through the solution to afford the desired
benzotriazine 15 this time in 54% yield.** 3

H

NH, y N. _NH,
(i) T
NO, ©:NO':H ﬂ&
(11) (12)

L,
= . N” NH,

Q Q (15)

+
@NW (iii) Nan (iv)
- P
N~ OH N

(13) (14)

I,Z.'._O|

.z

Scheme 2. (i) 0.5 equiv. cyanamide, 100 °C then r.t, HCI then 100 °C (ii) NaOH, r.t then 100 °C,
30 min (iii) DMA, POCl;, A, 45 min (iv) NHs, EtOH, A, 7h



In the final step, a suspension of the benzotriazine 15 in acetic acid is stirred and heated at
45 — 50 °C with 30% aqueous (aq.) hydrogen peroxide for 20-60 hours (h). The mixture is
then treated with sodium hydrogen carbonate and recrystallised from acetic acid and water

to give tirapazamine 10 in 89% yield (Scheme 3).?

0 0
+ +
e
N//I\NHz 30% aq. H0, &ANHZ
(15) (10) o~

Scheme 3. Final step in the synthesis of tirapazamine

The mechanism by which a benzotriazine 1,4-dioxide produces oxidising radicals has been

investigated using tirapazamine 10°° (Scheme 4).

i o Q
Nt reductases Nt N i
(L <= U ==}
N” “NH, 7~ N NH, N” NH,
|__ 02 02 |_ I
(10) O (16) O (17) OH
+2e, 2H* )
H,O DNA cleavage <—OH H,O
o J
+ +
Crn,.c O, O
@’J\NH2 N7 “NH, \N’J*NH
(18) o (15) (20)
+2e, 2H*
H,O 3 DNA cleavage
i
N, !
L e
N” NH, NANH
(19) (21)

Scheme 4. Pathway of tirapazamine reductive activation (adapted from™-**%)

Tirapazamine 10 can undergo one-electron reduction by the enzymes xanthine/xanthine
oxidase and nicotinamide adenine dinucleotide phosphate (NADPH):cytochrome P450
oxidoreductase® to form the free radical anion nitroxide 16" and in the presence of acid

the protonated radical 17. However, in normal aerobic cells, these radicals are destroyed
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by oxidation by molecular oxygen to regenerate the parent compound 10 with release of a
superoxide radical as a by-product.’® Normally this redox cycling can be cytotoxic but, in
the context of tirapazamine 10, it is the reactions of the protonated radical 17 in the
absence of molecular oxygen that are more lethal.*' Tirapazamine 10 is relatively non-
toxic to oxygenated cells.”’ However, under hypoxic conditions, its activated form, the
protonated radical 17, can fragment to release the hydroxyl radical, a known DNA-

2% 41 and the metabolite 15, which is not highly cytotoxic.*® This

damaging cytotoxin,
intermediate 15 can then undergo two-electron reduction to give the reduced species 19
which is non-toxic.> In 2001 Fuchs et al.*® reported the formation of a second metabolite
18 which undergoes the same reduction. It has also been reported that the protonated
radical 17 can also undergo a dehydration reaction to form the highly reactive

1,72% 2 capable of causing oxidative damage to DNA.”

benzotriazinyl radicals 20 and 2
Therefore it is the products of the one-electron reduction species that are believed to be the
key radical intermediates in the cytotoxic action of tirapazamine 10. The propensity for

this increases at lower pHs since more of the protonated radical 17 is present.*

Tirapazamine 10 is selectively toxic towards hypoxic cells found in solid tumours. Over
the past 25 years it has been in phase I, II** and III* clinical trials for the treatment of
certain cancers. However, tirapazamine 10 has a number of limitations; one of which is it’s
lower hypoxic selectivity in vivo compared to in vitro. This is thought to be due to the
rapid rate of metabolism in hypoxic tissue resulting in limited penetration of the drug.
Tirapazamine 10 also has moderate solubility. Therefore it would be an advantage to

design analogues which improve on some or all of these limitations.*®

Other examples of aromatic N-oxides are the quinoxaline 1,4-di-N-oxides, represented by

3-amino-2-quinoxalinecarbonitrile-1,4-di-N-oxide 22 (Figure 5).*®

;
NY _CN
N,
Cr.x
N "NH,
4
(22)

Figure 5. Structure of 3-amino-2-quinoxalinecarbonitrile-1,4-di-N-oxide



These compounds show interesting medicinal properties (anti-bacterial, anti-viral and anti-
cancer)® and have been found to exhibit hypoxia-selective toxicity in preclinical tests.*!

More recently they have been studied for their potential for treating tuberculosis.*

2.4.3 Quinones

Quinones were among the first compounds to be explored for their role as hypoxia-TAP.
Even the simplest 1,4-benzoquinone 23 (Figure 6), isolated by oxidation of quinic acid
obtained from cinchona bark is bioactive being used as a defence agent in beetles to warn

off attackers.*"

o)
(23)

Figure 6. Structure of 1,4-benzoquinone

Quinones are known to undergo both one-electron reduction to afford a semiquinone
species 25 (by cytochrome P450 reductase) or a two-electron reduction to afford a
hydroquinone species 24 (by hNQO1)*' (Scheme 5).*? Both can potentially fragment and
lead to the release of a therapeutic drug. However, the semiquinone 25 can be back-
oxidised to the original quinone 23 by molecular oxygen present in normal cells. Since this
is an oxygen-sensitive intermediate, this protects normal tissues, since it ensures that
further reduction is confined only to hypoxic cells. In contrast, two-electron reduction
using hNQOI is oxygen independent and therefore is capable of reducing and activating
quinones in non-hypoxic cells.”' The result would be the destruction of normal cells by the
intended therapeutic drug giving rise to unwanted side effects. This limiting factor has
meant that, despite a large number of quinones being studied, very few have been shown to

possess hypoxia selectivity.’

0 o}
© +2e” (hNQO1) @ +1e” (cyt P450) ©
under hypoxia ?_ -i

) (07 0, &

(24) (23) (25)

Scheme 5. Mechanistic pathway of reductive activation for a quinone drug



Several quinones have been studied for their potential application as hypoxia-TAP. In
1956 Hata et al.’> * discovered two new antibiotics mitomycin A 26 and B 27 from the
Streptomyces caespitosus bacteria (Figure 7).

QO CH,OCONH,

(26)R=H R'=Me
(27)R=Me R'=H

Figure 7. Structure of mitomycin A and B

Two years later mitomycin C 28 was isolated from the same strain by Wakaki et al.** *°
and found to be a potent anti-tumour agent for cancer chemotherapy.’® In 1962 Webb et
al.’” reported the structural elucidation of these mitomycins along with their N-methyl

derivative porfiromycin 29, which all contain the indolequinone structure®® 30 (Figure 8).

Q  CH,0CONH, o R
HzN pMe X
8 N—R
Me NR N‘
0] 0 Me
(28)R=H (30)
(29) R = Me

Figure 8. Structure of mitomycin C, porfiromycin and general structure of indolequinones
The total synthesis of these compounds was not reported until 1977 by Nakatsubo et al.>
%! with improvements to these synthetic routes reported in the late 1980’s by Fukuyama
and Yang.”® % Mitomycin C 28 was the first clinical agent designated as a hypoxia-TAP
but was found to show only marginal hypoxic selectivity in vitro.> In comparison
porfiromycin 29 showed superior hypoxic selectivity, both in vitro and in vivo.” However,
clinical studies of mitomycin C 28 and porfiromycin 29 for radiation in head and neck

cancer showed that they both had promising ability as an adjunct to radiation therapy.®*®

67-72

Despite efforts to synthesise analogues”'“ of these compounds, mitomycin C 28 remains

the only member of this class of anti-cancer drug in routine clinical use.”” Another
structurally related compound to the mitomycins is E-3-(5-(aziridin-1-yl)-4,7-dioxo-3-
hydroxymethyl-1-methylindol-2-yl)prop-2-en-1-o0l (EO9) 31 (Figure 9), first synthesised

774

by Speckamp and Oostveen in 1987”* which contains the aziridinylbenzoquinone®



structure 32. This required a synthesis containing over 20 steps, with the route later being

improved in 1995 by Cotterill e al.” and in 2003 by Comer and Murphy.”®

0 0
VAN on VAN X
N \ OH
N X Nv
o Me o)
(31) (32)

Figure 9. Structure of EO9 and general structure of aziridinylbenzoquinones

EQ9 31 has been shown to have good hypoxia selectivity irn vitro and in vivo. However, it
failed to show activity in clinical phase II trials.”’ This can be attributed to its poor
pharmacokinetic properties resulting in poor drug delivery.”® Future work is focussed on
developing more analogues of EO9 31 which retain its desirable features but potentially

have a better delivery system.’>®!

3.0 Quinone reduction by hNQO1
3.1 Introduction

Of these three main classes of hypoxia-TAP our interest lies with the synthesis and
bioactivation of quinones by hNQOI1. This enzyme was first isolated in 1958 by Ernster
and Navazio® and is also referred to as NAD(P)H: quinone oxidoreductase-1, EC 1.6.99.2,
quinone reductase 1 (QR1) or DT-diaphorase. It exists as a homo-dimeric structure each
subunit containing a non-covalently bound flavin adenine dinucleotide (FAD) cofactor.’®

83 The structure of hANQO1 has been solved by X-ray crystallography (Figure 10).%®

Figure 10. Crystal structure of dimeric ANQO1 showing two bound FAD (adapted from®)



hNQO1 is a cytosolic flavoprotein that catalyses the two-electron reduction of a number of

substrates using nicotinamide adenine dinucleotidle (NADH) 35 or NADPH as electron

donors (Scheme 6).”
Rq H- Ammo acid
N
/ )@E
NIV( Iﬁf
(33) O FAD H O FADH,
HOH
=
~ ) NADH s—=—== [ ¢ || NAD"
y N
R2 R2
(35) (36)

Scheme 6. Mechanism of two-electron reduction of FAD 33 to FADH, 34 utilising NADH 35

Most importantly is its ability to bioactivate certain cancer chemotherapeutic quinones into
a cytotoxic species. This, coupled with the fact that elevated levels of this enzyme have
been discovered in several human solid tumours e.g. breast, colon, non-small-cell lung and

ovarian® makes it an excellent target for enzyme-directed drug development.’

3.2 Mechanisms of hNQO1 reduction

Several mechanisms have been proposed for the reduction of quinones by hNQOI. First to
be postulated was the ‘ping pong’ mechanism in 1995 by Li et al.*® suggesting that hydride
transfer occurs directly to a carbonyl oxygen of the quinone 37 to form the intermediate

anion 38. This intermediate 38 is subsequently acidified to the hydroquinone 39 (Scheme
Th

10



NADH FADH, Quinone

NAD* FAD Hydroquinone
Ry H R
N_{N__O N. _N.__O

| \f = \f
NH > NH
I\Il N
(34)@ O FADH, _ (3 O FAD
OH OH
Ry +2¢” By +H* Rz
e —
© 0° OH
(37) - (38) - (39)

Scheme 7. Proposed mechanism one, hydride transfer from FADH, to a carbonyl oxygen

In 1998 Schlegal et al®” suggested that hydride transfer occurs directly to a carbonyl
carbon of the quinone 37. It was thought that mechanism one was not electronically
feasible due to the electronegativity of the oxygen compared to the carbon.®® This gives the

intermediate anion 40 which is then acidified to the hydroquinone 39 (Scheme 8).

R R
N_{N__O N_ _N__O
| \f = \(
4 NH ? A _NH
N N
(34) /{1 O FADH, _ (33 OFAD
i R i OeR g R
2 " 2 + 2
+2e +2H
o %) OH
(37) L (40) - (39)

Scheme 8. Proposed mechanism two, hydride transfer from FADH, to a carbonyl carbon

Finally in 1999 a third mechanism was proposed by Faig et al.***°

suggesting that hydride
transfer occurs directly to an adjacent carbonyl carbon of the quinone 37, a Michael-type
addition reaction. This gives the anion intermediate 41 followed by tautomerisation to the

hydroquinone 39 (Scheme 9).
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(34) O FADH, (33) O FAD
R i H R L R
g  [E— 2
—_—
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(37) L (#1) (39)

Scheme 9. Proposed mechanism three, hydride transfer from FADH, to an adjacent carbonyl

carbon

4.0 Benzoquinone drug delivery system

4.1 Milstien and Cohen

It has been shown how quinones undergo a redox two-electron reduction by hNQO1 to
form hydroquinones which can cyclise leading to the release of the therapeutic drug. One
route that has been greatly studied as the gateway to this process is by using a
benzoquinone delivery system. In 1972, Milstien and Cohen studied the kinetics of

lactonisation of a series of o-hydroxyhydrocinnamic acids (Scheme 10).”!

OH OH O
Ry Rq
R i R
R3 Ro (ii) Rg Rz
(42) (43)

(aA)Ri1=R;=R3=R4=H

(b) Ry =H; R2=R3=R4=CH3
() Rz =R3=R4=H; R{=CHj
(d) Ri=Rz=R3=R4=CHj

Scheme 10. (i) -H,O (i) H,O
They investigated the effect of structural features on the reaction rate and found that

increasing methyl substitution at the R; and R, side chain facilitated the rate of

lactonisation by factors up to 10" (Table 1).%?
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C“'“f;““d tNrfm‘:l‘.‘;‘;‘]';ﬂ{g;;’;f;;'; Relative Rate | Lactone (%)*
a 0 1.0 3.6
b 1 6.7 38.3
¢ 2 44x10° 96.2
d 3 3.4x 10" >99.0

Table 1. Effect of the trimethyl lock on the relative rates of lactonisation
*At 30 °C, in 20% dioxane, p = 0.3M

As a result the amount of lactone at equilibrium was significantly increased from 3.6% of
43a to >99.0% of 43d.”" The effect of this conformation, termed ‘the trimethyl lock’ was
of great interest particularly regarding its comparability to enzymatic reactions.” It was
proposed that severe steric repulsion between the three methyl groups in the trimethyl lock
was responsible for this rapid lactonisation.!” This was because the unique interlocking of
these groups restricted the carboxylic acid 42d on the side chain thus ‘freezing’ it into a
conformation that was favourable to form the lactone 43d.°"** This is also a consequence
of the gem-Thorpe-Ingold effect” first established back in 1915 by Beesley, Ingold and
Thorpe. It was found that increasing the size of the substituents i.e. gem-alkyl
substitution® °’ was effective in enhancing ring closure and retarding ring-opening
reactions. This is believed to be caused by repulsion between the two gem substituents.”’

199 continued to research the facilitation of

Since their discovery Cohen and co-workers
other, similar cyclisation reactions containing a trimethyl lock system. In the same year
similar work carried out by Borchardt and Cohen'™ on the cyclisation of phenols found the

presence of the trimethyl lock increased the rate of reaction by 10°.

Work by Borchardt and Cohen'® the same year on lactones 44 and 47 discovered that they
can undergo aqueous degradation resulting in the formation of spirolactones 46 and 49
(Scheme 11). When lactone 44 reacted with N-bromosuccinimide (NBS) the carboxylic
acid 45 was formed in 94% yield. Further stirring with sodium acetate buffer gave the
spirolactone 46 in 82% yield. This reaction could be reversed using 5% sodium
bicarbonate to reform the acid 45 in 86% yield. However, the conversion was so rapid for
the bromine lactone 47 that the presumed brominated acid intermediate 48 could not even

be detected. Addition of the NBS simply gave the spirolactone 49 in 60% yield.
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o)
o) 0 OH o J
(i) _
___...._> e eSS
(iii)
OH o) o)
(44) (45) (46)
o) - 0 A
0
0 0 OH o
(i) >
Br Br Br Br Br Br
OH o) 0
(47) (48) (49)

Scheme 11. (i) 1.1 equiv. NBS, acetonitrile/H,0, 25 °C, 1 h (ii) 0.2M sodium acetate buffer (20%
dioxane, pH 4.6), 25 °C, 24 h (iii) 5% NaHCOs, acetonitrile, 25 °C, 3 h then H'

The cause of these unique reactions can be attributed to the restricting ability of the lock.
Although the bromine lactone 47 only contains two methyl groups and not three, the

presence of the bulky bromine group attached resulted in the same effect.

4.2 Other redox benzoquinone drug delivery systems

Since this research on the trimethyl lock several redox-activated benzoquinone prodrug

106-111 111 6

systems have been investigated utilising amines and amides, esters,'”

113

alcohols,
coumarins''* and peptide'”® groups. Additional work has been conducted on designing

benzoquinone fluorophores activated by hNQO1 and based on the trimethyl lock.''* 113

4.2.1 Carpino ef al.

In 1989 Carpino et al.'®

studied the cyclisation of esters and amides. They prepared a
number of compounds 50a-f by changing the functional group X which they reduced using
sodium dithionite to give their respective hydroquinone intermediates 51a-f. These were

then cyclised to form the lactone 44 releasing XH in the process (Scheme 12).
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B (@]
o X OH X 0
(i)
e —» X-H +
(a-f)
0 | OH ] OH
(50)a-f (51)a-f (44)
Scheme 12. (i) N2,S,0,, CD;0D-D,0
50 X tiz (min) | S0 X t12 (min)
a £-OMe <3 d ‘ﬁn—@-cn 41
0 -
| e I
b | o Q(i\]’ ° e $NEt, 137
5 /\\/\\ Se
¢ ’fH 36 f 3 H/\© 139

Table 2. Half-lives (min) for the cyclisation of a selection of quinones

Each quinone was found to have a short half-life of cyclisation (t;;) ranging from 3

minutes (min) for the methoxy 50a and ester 50b to 139 min for the amide 50f (Table 2).

This can be attributed to the presence of the trimethyl lock. If this were to be used as a

benzoquinone drug delivery system (where X = drug) the rate of cyclisation could be

tailored to either a fast acting or slow release rate depending on the substituents.

This work on amide-linked delivery systems associated with the trimethyl lock was
continued by Amsberry and Borchardt in 1990 and 1991'"7 and by Wang et al. in 1995.'%

In 1996 some similar acid and amide prodrugs were prepared by Wang ef al.*® and their X-

ray crystallisation data studied. They concluded that the side chain X in these structures

was not the predominant factor in the lactonisation rate but the presence of the trimethyl

lock.
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4.2.2 Wolfe et al.

In 1992 Wolfe et al.'® synthesised another amide prodrug 52 following a method by
Amsberry and Borchardt.'"” It was proposed that this compound would undergo the same
reduction process as in scheme 12. However, stability studies in aqueous solution and in
the absence of the reducing agent showed that it undergoes degradation instead. The amide
prodrug 52 was found to equilibrate rapidly with the lactam 55 and undergo 1,2 conjugate
addition to form the keto spirolactam 53. This could then tautomerise to give the enol

spirolactam 54 (Scheme 13).

OCHs OCHj
Q N Q N
(@] OH
0 N /
H (53) (54)
\\HS'CO\@\ 0
0] HO I
(52)
(0]
(55)

Scheme 13. Degradation of amide prodrug in aqueous solution

The formation of these lactams 53-55 highlights a problem with these reactions if they are
to be used in prodrug therapy since they are unable to release the attached drug entity.

4.2.3 Liu ef al.

In 1996, Liu et al.,''® hoping to understand the reasons behind the formation of these Spiro
compounds further, prepared 56 and 57 (Figure 11), using the synthetic method described
by Borchardt and Cohen.'%
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0]

(56) X=0
(57) X =NR

Figure 11. Potential products of degradation

By structural analysis of the X-ray crystallisation data of 56 they concluded that a
spirocyclisation reaction releases more steric congestion caused by the trimethyl lock than

l.llﬁ

the normal lactonisation route. However, Liu ef a also discovered that it only occurs

readily under certain conditions and is susceptible to change by factors such as pH.

4.3 General redox benzoquinone drug delivery system

The release of a drug entity from this benzoquinone system has been represented by these
numerous studies and is the basis for this research. Reduction of the key part of the
structure 50, the quinone centre by hNQOI1 to the hydroquinone 51 results in cyclisation to

117

form the lactone 44 which is non-toxic to cells '’ and the active drug (Scheme 14).

0 0 0
N\
0 X OH X 0
hNQO1, H*
— H-X 4+

NADH NAD*

OH

(50) (51) (44)

X = substituent/drug

Scheme 14. General mechanism of benzoquinone drug delivery system

Since hNQOL is overexpressed in hypoxic tumour tissues it is hoped that the drug will be
selectively activated in these regions. However, it is also present in many normal cells
including the kidneys, bone marrow and endothelial cells as well as stomach and bronchial
epithelia. This redox benzoquinone drug delivery system was designed to improve the
therapeutic index of a given compound and does not release the drug without reduction by
a quinone-based ‘trigger’, the hydroquinone 51. This increase in selectivity reduces

toxicity and therefore the side effects.”” Research has also been carried out developing
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10, 11, 111, 118-122 111, 123

protease,’ esterase and phosphatase activated prodrugs. However, this
thesis will be focused on redox-activated delivery systems only. Although many different
functional groups have been investigated our interest lies with mustard and guanidines as

the X/drug substituents and these will be discussed in the following sections.

5.0 Nitrogen containing mustards

5.1 Introduction

Nitrogen mustards 58 were first introduced back in 1942 and are analogues of the sulfur

mustard gas 59 which was implemented as a weapon in World War I (Figure 12).'%*

cl Cl
R—N/_/ S/—/

\_\CI \_\01
(58) (59)

Figure 12. Structures of nitrogen and sulfur mustards

These mustards are DNA alkylating agents often used in chemotherapy'> (Scheme 15).'%
Since chlorine is a good leaving group this facilitates nucleophilic attack of the nitrogen in
the mustard 58"’ which cyclises to form an aziridinium ion 61.'% This strained three-
membered ring system readily alkylates preferentially at the N’ position of guanine 60 to
form the monoalkylation adduct 62."*” Minor alkylations can also occur at other sites such
as the N° position of adenine.'*> '?® This process is then repeated with the cyclisation of
the adduct 62 to form the aziridinium ion 63 which alkylates guanine 60 to give the
crosslinked DNA 64. These bifunctional adducts can generate an interstrand crosslink

which is as much as 100 fold more cytotoxic than its monofunctional adduct.'®
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(58) (60) DNA  (61) (sz) DNA
Monoalkylated DNA
Rl\&?)
/r 1 it ® /// y
Ly
»s B RS G
DNA (64) DNA (53) DNA DNA (60)

Crosslinked DNA

Scheme 15. Mechanism of DNA alkylation and interstrand crosslinking by nitrogen mustards

Crosslinking can occur between two complementary strands of DNA (interstrand) or on
the same strand of DNA (intrastrand) (Figure 13).'?’

3

Monoalkylated

< Crosslinked (interstrand)

1

Crosslinked (intrastrand)

Figure 13. Types of DNA crosslinking

129

Interstrand crosslinks are essential for maximal cell killing'“ since they prevent two

opposing strands in DNA from separating during replication or transcription. The end
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result is inhibition of DNA synthesis. There has been found to be direct correlation

between interstrand crosslinking and cytotoxicity.'*°

5.2 Examples of nitrogen mustards

The simplest member of the nitrogen mustard family is mechlorethamine 65 (Figure 14)"*

13! which was the first clinically useful anti-tumour substance.'*

Cl

HsC-N

(65) Cl

Figure 14. Structure of mechlorethamine

The problem is that mechlorethamine 65 reacts rapidly with biological material and water
making it highly vesicant and chemically labile. To overcome these problems, the methyl
group in 65 was replaced with an aromatic ring (Figure 15). This lowers its reactivity, to
give more time for absorption and distribution before DNA alkylation allowing oral
administration. However, the simplest aromatic mustard 66 is insoluble in water. Although
its carboxylic acid analogue 67 is soluble, it is inactive.'”® To overcome this solubility
issue a considerable amount of research has been carried out developing more water-
soluble N-mustards.** ' It was found that addition of CH, groups as spacers gave water-

soluble active compounds such as chlorambucil 68 and melphalan 69 (Figure 15).'%

(66) R=H

(67) R = COOH

(68) R = (CH,)3COOH

(69) R = CH,CHNH,COOH

Figure 15. Structures of some aromatic nitrogen mustards

For over 50 years chlorambucil 68 has been used in the treatment of chronic lympocytic

leukaemia.'** 1% Melphalan 69 is used in certain types of bone marrow tumours, including

137

multiple myeloma'*® and cancers such as ovarian, breast'*” and colorectal.!* 1*°
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5.3 Strategies to improve the biological potential of mustards

Mustard compounds have a number of drawbacks for chemotherapy.'® Their high
reactivity means that they are chemically unstable.'*! This lowers their therapeutic efficacy
since they react with other cellular components, such as proteins, inducing severe side
effects.'* One strategy has been to design and synthesise DNA-directed alkylating agents
by linking the N-mustard residue to DNA-affinic molecules such as acridines 70’1, 9-

140-142, 145-147 2148—150

anilinoacridines 71, quinolines 7 or quinazolines 73'*' (Figure 16).

O

HN
| B, X
I, L
(70) (71)
=X BN
SENe
N N
(72) (73)

Figure 16. Structure of acridine, 9-anilinoacridine, quinoline and quinazoline

These conjugates have exhibited higher cytotoxicity and potency than their corresponding
untargeted N-mustard derivatives.'** The 9-anilinoacridine 74 (Figure 17) was found to
possess potent therapeutic efficacy against human xenografts in vivo and has the capability

to induce DNA interstrand crosslinking in tumour cells.'** 1#°

0 ; /_/CI
HNJ\M—@N
o
cl
HN
NS
98e
N

(74) Me
Figure 17. Structure of 9-anilinoacridine conjugate
Another strategy to minimise side effects is to prepare prodrugs of nitrogen mustards,' >
which can be activated selectively at the tumour site after enzymatic hydrolysis. Previous
researchers'® synthesised a methyl ester of melphalan attached via an amide linker to the

quinone containing a trimethyl lock to give the prodrug 75'"" (Figure 18).'%
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Figure 18. Structure of methyl ester of melphalan attached to a benzoquinone delivery system

This system was investigated as a method of increasing the oral absorption of the methyl
ester melphalan across the intestine. The uptake, accumulation, activation and transport of
the prodrug 75 was determined using Caco-2 cell monolayers and results showed potential

for improving intestinal drug delivery.'®!

5.4 Volpato ef al.
Another cytotoxic aromatic mustard studied is N’,N’-bis(2-chloroethyl)benzene-1,4-

diamine 76 (Figure 19).'%?

Cl
-
HzN—< >N
b
(76) ol

Figure 19. Structure of aniline mustard

In 2007 Volpato et al.” prepared a prodrug 78 using this aniline mustard 76 (Scheme 16).
2,3,5-trimethyl-1,4-hydroquinone 77 was reacted with methyl 3,3-dimethylacrylate and
methanesulfonic acid to give the lactone 44 in 83% yield. This was stirred with NBS to
give the carboxylic acid 45 in 97% yield and then with N-hydroxysuccinimide (NHS) and
dicyclohexylcarbodiimide (DCC) to give the ester 50b in 93% yield. In the final step, this
precursor is treated with 76 to afford the mustard prodrug 78 in 57% yield.
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O 0]
OH 0] (@] OH
I;\ (i) (ii)
OH OH 0
(45)

(77) (44)
o]
H (iii) o
o) /@r”\/\c; o)
0 N 0 oM
H . o)
(iv)

e

o) 0

(78) (50b)

Scheme 16. (i) 1.2 equiv. methyl 3,3-dimethylacrylate, CH;SOsH, 70 °C, 3 h (ii) 1.4 equiv. NBS,
acetonitrile/H,0, r.t, >1.5 h (iii) 1.2 equiv. DCC, 1.1 equiv. NHS, THF, 0 °C then r.t, 20 h (iv) 3.8
equiv. N',N'-bis(2-chloroethyl)benzene-1,4-diamine, THF, N, dark, r.t, 72 h

The aim of their study was to provide mechanistic proof that the aniline mustard prodrug
78 could be reduced by hNQO1 to release an active therapeutic drug via the benzoquinone
drug delivery system (Scheme 14, p.17). Using HPLC to monitor the progress of the
reaction, the quinone 78 was reduced by hNQOI1 to give the unstable hydroquinone 79
(Scheme 17). This intermediate 79 then underwent spontaneous cyclisation to form the
non-toxic lactone 44 and free aniline mustard drug 76. Volpato ef al.” also reported the
formation of an unwanted spirolactam compound 80 from aqueous degradation. This type

leS

of by-product has been previously reporte and is very problematic for drug systems

since it prevents release of the active drug.
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Scheme 17. Aniline mustard benzoquinone drug delivery system

Chemosensitivity studies also found the prodrug 78 to be selectively toxic to cells that
overexpress hNQO1 under aerobic conditions. Further analysis also showed the presence
of elevated interstrand crosslinks in hNQO1-rich compared to hNQO1-deficient cells.
With this model quinone drug delivery system now proven to be effective and the release

mechanism established, more potential candidates need to be prepared for future work.

6.0 Guanidine

6.1 Introduction
Guanidine 81 is a colourless crystalline solid readily soluble in both water and alcohol
(Figure 20).

NH

H H,

ZN(B_’ )N

Figure 20. Structure of guanidine
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An interesting property of guanidine 81 is that it is one of the strongest organic bases
known with a pK, of 13.6.' As a free base it is highly hygroscopic and lacks stability.
However, protonation of guanidine 81 gives rise to a highly stable guanidinium cation 82
(Figure 21).'%

+

. J“\Hz
JL Hy H,NZ" “NH,
(31) (82)

Figure 21. Formation of guanidinium ion

This stability can be attributed to delocalisation of the positive charge over the three

nitrogen atoms represented by the resonance forms 83, 84 and 85 (Figure 22).'®

@
(N H2 NH2 (
R S T
(83) (84) (85)

Figure 22. Equilibria of cationic resonance forms of guanidine

Guanidine 81 was first synthesised by Strecker'®® in 1861 by the degradation of aromatic
natural product guanine 86 using hydrochloric acid and potassium chloride (Scheme 18).

o)
NH
N
\> HCl
/k ———— H,N” “NH,
KCl (81)
(35)

Scheme 18. Formation of guanidine 81 from guanine 86

Despite its simplicity, the first single-crystal structure determination of the free base
guanidine was first described 148 years later in 2009 by Yamada ef al.'®’ (Figure 23).
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Figure 23. (a)~(b) Crystal structure of guanidine at 100 K with (b) highlighting the network of
hydrogen-bonding

6.2. Guanidine in natural products
The guanidine moiety is of particular interest since it is incorporated into many
biologically active natural products. It is a substructure of many important molecules such
18 one of the 20 common amino acids.
NH 0
HQNJLN’\/\I)\OH
H (87) N,

Figure 24. Structure of arginine

as arginine 87 (Figure 24),

169.170 i 1886 from a lupin seedling

Arginine 87 was first isolated by Schultze and Steiger
extract. The presence of guanidine 81 results in it being positively charged over a wide pH

range, existing as one of three zwitterionic forms 88, 89 or 90 (Figure 25).
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Figure 25. Zwitterionic forms of arginine

The presence of the guanidinium ion on the side chain of arginine 87 is ubiquitous in the

active site of many enzymes that bind anionic substrates and is involved with stabilising

protein tertiary structures.'”!

Guanidine is also present in a number of marine natural products such as ptilomycalin A
91 (Figure 26).'"

" JL Wu/\/\wz

i~ NH
({ ))J(\ \; ©@1)R=H K/\/
(92)R=0H R

Figure 26. Structure of ptilomycalin A and crambescidin 800

=Z+

First isolated in 1989'7 from the Caribbean sponge Ptilocaulis spiculifer and a red sea
sponge of Hemimycale sp ptilomycalin A 91 was found to demonstrate high cytotoxic, anti-
fungal and anti-viral activity.'”*'™ It has since been discovered in the red Caribbean
sponge Batzella sp. and starfishes Fromia monilis and Celerina heffernani.'’® Another
series of related compounds with similar biological activity are the crambescidins,
represented by crambescidin 800 92 (Figure 26).!” '* These alkaloids were originally

isolated in 1991'®" from the bright red sponge Crambe crambe along the Mediterranean

27



coast.'*?1%% Both ptilomycalin A 91 and the crambescidins (e.g 92) are characterised by a

unique pentacyclic guanidine core,'’* '8 1%

Another series of interesting polycyclic guanidine compounds, isolated from the red

Caribbean sponge Batzella sp.'*" '8

(later found to be the same species as Ptilocaulis
spiculiﬁar)'87 were the batzelladine alkaloids represented by A-1 93-101 (Figure 27 and
28).'® Patil, Faulkner and co-workers reported the isolation of batzelladines A-E 93-97 in
1995" and batzelladines F-I 98-101 in 1997."%¥ This was followed by batzelladine J in
2005 by Gallimore et al.'® and batzelladines K-N in 2007 by Hua et al."” isolated from

the Caribbean sponge Monanchora unguifera.

(CHg)gCH3

(93) X = R? Batzelladine A (94) X= R? Batzelladine B
(96) X = R Batzelladine D
(99) X = R* Batzelladine G

" g Nﬁ\ XJ‘f\NA/l’/j
.\‘H I H
CsHis N’J\H (CHa)6CHa CsHi N’)\g NP
(95) X = R' Batzelladine C (97) X = R! Batzelladine E
Oy :
x’l b, > N7
H L JeH WH
Me" >N N~ ™ (CH,)sCH CH,)sCH
- (CH3)gCH3 (CH)gCH3
(98) X = R® Batzelladine F (100) X = RS Batzelladine H

(101) X = R® Batzelladine |
Figure 27. Structures of the batzelladine alkaloids A — I
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RS(Y=0OH,Z= H) =
Ré(Y=H,Z=0OH) =

Figure 28. R groups of the batzelladine alkaloids A —1

All batzelladine alkaloids contain at least one stereochemically rich, fused tricyclic
guanidine moiety.'” ¥ 2 Batzelladines A 93 and B 94 are micromolar inhibitors of
binding of the HIV envelope gp120 to the human CD4 cell surface receptor protein on T-
cells.'’® 187193 This means they have great potential for AIDS therapy.'’® '** Batzelladines
F-I 98-101 have shown high levels of activity in the dissociation of the protein tyrosine

6 from its complex with CD4.!"> 188 18% 19 comnounds which prevent this

188, 194, 195

kinase p5
binding have potential in the treatment of autoimmune diseases such as murine
lupus'® and in allograft rejection.'®® ®* They also have the potential for powerful anti-

19 and are important for immunological responses.'” '7 Since their

cancer activity
discovery they have attracted considerable interest from both a synthetic and biological
perspective.'”® 1% A total synthesis of batzelladine E 97 was achieved in 1998 by Snider

and Chen,” batzelladine D 96 in 1999'” by Cohen ef al., batzelladine F 98 in 2001 by
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Cohen and Overman'®® and batzelladine A 93 in 2004 by Shimokawa et al.?”' Since then a
number of analogues have been synthesised and tested by the Murphy group in an attempt

to increase biological activity over the natural batzaelladine alkaloids.?%22%

Another example of a guanidine natural product is the alkaloid nitensidine E 102 (Figure
29), isolated in 2009 by Regasini ef al, 207 from the leaves of Pterogyne nitens, a native tree
common in South America. This compound was found to exhibit cytotoxicity for human

myeloblastic leukemia and human glioblastoma cells.

N
l/l/\/L
NN NN

H Me
(102)

Figure 29. Structure of nitensidine E

Research has been carried out on guanidines as potential prodrugs for their role as anti-

cancer agents,”®® however, they have not been explored using the benzoquinone drug

delivery system. Other uses of guanidines include anti-protozoal agents?* 2!

211

and first-line

treatment for type II diabetes.

6.3 Synthetic routes to guanidines

Over the years many different strategies have been employed for the synthesis of
guanidines.?'? The problem is that they are electron rich and strongly basic. Consequently
many syntheses give protected products such as non-polar electron-withdrawing groups
which are easily removed.”"® Their general synthesis has been outlined in Scheme 19
(adapted from?'").
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Scheme 19. (ia) R,;NCS (jia) S-alkylation then RsNH; (ib) R,NCO (iib) Bry, PPhs, Et;N
(IC) CSQ then RyNH, (110) DIAD, PPh3

All of these routes start with a primary amine 103. Di-, tri- or tetrasubstituted acyclic
guanidines are normally prepared through a thiourea 104 (Scheme 19, Route 1 or 3) or a
urea 106 intermediate (Route 2) to give 105 or 109 respectively. Routes 2 and 3 also

involve the formation of a carbodiimide 1072

which can be reacted with primary or
secondary amines, the reaction of which has been found to be catalysed by rare earth metal
complexes.”'” Other reagents have also been used to synthesise guanidines including S-
methylisothiourea 110, protected guanidine 111 pyrazole-1-carboxamidine 112 and
benzotriazole-1-carboxamidine 113 derivatives (Route 4) to give 114. Monocyclic

3.2]4

guanidines may also be prepared by application of routes 1- Polysubstituted

guanidines have more recently been found to be prepared by a bismuth-promoted synthesis

using primary/secondary amines.”'®

In 2001 Orner and Hamilton" investigated the synthesis of a number of guanidines 117

from amines of varying reactivity a to g using ethoxycarbonyl isothiocyanate 115, which

proceed via the thiourea intermediates 116a-g (Scheme 20).
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The % yields of these reactions are summarised in Table 3.

EtO

0

PR

(115)

R ——
NCS (a)-(g)

o]

G

N
H
(116)a-g

NH,
@ -
(a) (b)

NH,
(f)
(e)

Scheme 20. (i) CH,Cl,/THF (ii) EDCI, CH,Cl,

—_—
NRsRz (a)-(9)

O NRyR;

EtO” °N
(117)a,bf.g

Ny AL

OMe

NH,

(d)

NH,
NO,

(9)

NR4R;

% Yield of % Yield of guanidine 117
Amine | thiourea

116 a b c d e f g
a 99 99 99 95 76 92 82 85
b 99 99 74 59 55 99 99 65
c 99 0 0 0 0 0 0 0
d 99 0 0 0 0 0 0 0
e 92 99 87 99 81 95 97 34
f 77 96 99 61 84 98 67 39
g 72 85 76 99 42 35 34 0

Table 3. Synthesis of protected thioureas 116a-g and guanidines 117a-g

The results showed that thioureas derived from secondary amines ¢ and d failed to form

any detectable guanidine product. This highlights the steric limitations of these guanidines

and poses a potential starting point for this thesis.
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7.0 Aims

The aim of this project is to explore the prodrug benzoquinone delivery system (Scheme
21) which is able to deliver drugs via a reductive pathway. Our intention is to investigate
release of aniline mustards and guanidines from this system and to assess the rate and
efficiency of release as well as their capability as anti-cancer agents. The extensive

medicinal properties of these compounds were discussed in the previous two sections.

0 /_\0) 0
0 X OH X 0
hNQO1, H*
7? —> H-X +
NADH NAD*
OH
(50) (51) (44)

X = substituent/drug

Scheme 21. General mechanism of trimethyl-locked benzoquinone drug delivery system

Volpato et al.” have already proven this system to be effective for the release of an aniline
mustard prodrug (Scheme 17, p.24). However, it is intended to determine if guanidines can
also be substrates for ANQO1 following the same mechanistic pathway. This will begin by
substituting some simple guanidines as X substituents. Synthesis of these compounds can

be achieved by using the methodology described by Volpato ef al.” (Scheme 22).
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0 0
OH o) o] OH
j@\ (i) (ii)
—_— E—
OH OH 0

7) (44) (45)
(iii)
O
0 (0]
0 X o) O’D
(iv) =
4‘——_
(50) (50b)

Scheme 22. (i) 1.2 equiv. methyl 3,3-dimethylacrylate, CH3SO;H, 70 °C, 3 h (ii) 1.4 equiv. NBS,
acetonitrile/H,O, r.t, >1.5 h (iii) 1.2 equiv. DCC, 1.1 equiv. NHS, THF, 0 °C then r.t, 20 h (iv) 3.8
equiv. X, THF, N,, dark, r.t, 72 h

The limitations of forming guanidines from thioureas due to steric factors is well known in
the literature (lit.).2" It is hoped that by using the above substitution reaction using the

ester precursor S0b these problems can be avoided.

The second aim of this project is to determine the effect, if any, of replacing the two gem-
methyls in structure 50 which behave as a conformational lock, accelerating the formation

of the lactone 44 with an aromatic backbone such as that found in 118 (Scheme 23).

o)
0 X
‘ O hNQO1, H*
7§>
i NADH NAD*
(118) (119) (120)

X = substituent/drug

Scheme 23. General mechanism of phenyl benzoquinone drug delivery system
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The lactonisation rate of the benzoquinones has been shown to be greatly enhanced by the
presence of this trimethyl lock. It has previously been attributed to the close proximity of
the three methyl groups leading to severe steric repulsion. It is anticipated that the addition
of a phenyl group to the backbone will affect the reaction rate and thus allow the
manipulation of the release rate of drugs as desired. The rate of release for the original

trimethyl-locked and phenyl quinone backbones will then be compared.
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Results and Discussion

8.0 Molecular modelling

8.1 Introduction

As previously discussed the main aim of this project was to investigate the efficiency of
release of aniline mustards and guanidine substituents from the redox-actived

benzoquinone delivery systems presented in scheme 24A (trimethyl lock system) and 24B

(phenyl system) below.
A 0 0) 0
o) X OH x o)
hNQO1, H*
7—? —» H-X +
NADH NAD*
@] OH OH
(50) (51) (44)
(0]
B o H.osro N C?)
o X R o] O
O maonge ~ O
ﬁ» —» H-X +
NADH NAD*
(0] OH OH
(118) (119) (120)

X = guanidine/aniline mustard substituent

Scheme 24. General mechanism of (A) trimethyl-locked and (B) phenyl benzoquinone drug

delivery systems

As shown in scheme 24A and 24B mechanistically, the benzoquinone moieties 50 and 118
can undergo reduction vig hNQO1 to afford the hydroquinone intermediates 51 and 119.
Due to the close proximity of the ortho-OH to the carbonyl group in these hydroquinones
they can spontaneously undergo intramolecular cyclisation to release the free

aniline/guanidine substituent X. The lactone 44 or 120 is formed as the by-product.

Pre-synthetic predictions using molecular modelling calculations were studied on

hydroquinone intermediates utilising tetramethyl, dipiperidine, dimorpholine and aniline
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mustard groups as X substituents to ensure that intramolecular cyclisation could occur.

This is presented in the following section.

8.2 Hydroquinone cyclisation

8.2.1 Introduction

The intramolecular cyclisation step in scheme 24 was studied to ensure that the reaction
could occur resulting in the release of the free substituents (aniline mustard or guanidine).
A distance from the O' and C° of <4 A is required for intramolecular cyclisation to occur

(Figure 30), although it must be noted that these calculations are only a guide.

(51) (119)
X = guanidine/aniline mustard substituent

Figure 30. Distances (A) between the ortho-O'H and carbonyl carbon c’

8.2.2 Determining the distances (A) using Molegro Molecular Viewer

In order to obtain the distance (A) from the O' to the C°, 2-dimentional (2D) structures of
the hydroquinone intermediates were constructed using ChemBioDraw Ultra 12.0 and
saved (.cdx files). The 2D structures were then converted to 3D using Chem3D Pro12.0
and energy minimised with molecular dynamic calculations. These calculations were made
using the MM2 minimisation facility which uses gas-phase calculations and ignores
intermolecular interactions and many hydrogen-bonds. It is also important to note that the
attacking nucleophile may be the phenoxide, and not the phenol, as shown in figure 30 and
so this must be considered when viewing this data. The resulting 3D structures were saved
(.mol2 files) and viewed using Molegro Molecular Viewer software (version 2.2). The
distances (A) between O' and C’ for all the hydroquinones were measured. With the
exception of compound 124, which recorded a distance of 4.4 A, all other compounds
recorded a distance <4 A (Figure 31, A, B, C and D). Overall, the data suggested that the

hydroquinones can predictably undergo intramolecular cyclisation.
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8.2.3 Molecular modelling of hydroquinones

0 N7
OH N Iil/
OH
(121)

.

ST
OH
(122)
)
0 N

OH N)\N/\‘

OH
(123)

Figure 31. (A) Molecular modelling of the hydroquinone cyclisation intermediates 121, 122 and
123
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N ©
‘Ho N
OH
(124)

(125)

(126)

Figure 31. (B) Molecular modelling of the hydroquinone cyclisation intermediates 124, 125 and

126

39



OH
(127)

Figure 31. (C) Molecular modelling of the hydroquinone cyclisation intermediates 79 and 127
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o
OH ’@

OH
(128)

Figure 31. (D) Molecular modelling of the hydroquinone cyclisation intermediate 128
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8.3 Quinone reduction

8.3.1 Introduction

There are several reported mechanisms for the reduction of quinones by hNQO1. This
section will concentrate on one of the mechanisms by which the bound reduced cofactor
FADH, 34 donates a hydride to one of the quinone 37’s carbonyls forming the
hydroquinone species 39. By virtue, the FADH, 34 is oxidised back to FAD 33 (Scheme
25).%

B Ry
N_{N__O N_ _N__O
el —rx
NH = NH
N N
(34)@ O FADH, _ (33 O FAD
OH OH
e e e
(37) - (38) - (39)

Scheme 23. Proposed mechanism one, hydride transfer from FADH, to a carbonyl oxygen

8.3.2 Considerations to determine if quinones act as substrates for ANQO1

Unlike the hydroquinone cyclisation there are two main considerations as to whether the
quinones will be substrates for hNQO1. The first being the feasibility of the hydride
transfer from the bound cofactor FADH, 34 and the second being the stabilisation and
interaction of the ligand (compound) in the active site of the enzyme (protein). Both these

considerations are discussed in the following sections.

8.3.2.1 Hydride transfer

(a) Ligand-FADH, distances (4)

There are two important distances to consider, those between N° in the FADH, 34 to either
0" or O* of the quinone 37 as shown in figure 32. If the measured distance is <4.0 A then

the hydride transfer reaction is likely to occur.
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0% __
Eeord R Eaere
Rz

(37) é, (34) (37) Fh (34)

R, = trimethyl lock/aromatic substituent

Figure 32. Distances determined between the quinone 37 and FADH, 34

8.3.2.2 Other interactions between the substrate and protein

(a) Ligand-FADH; bonding interactions (A)

In order for the hydride transfer process to occur the formation of hydrogen-bonds between
the substrate 37 and the FADH, 34 must occur. Measurement of the inter-atomic distance
(A) between the N° and N? atoms in FADH, 34 to either O' or O* of the quinone 37, acts
as a guide to the potential for hydrogen-bonding between the substrate and the co-factor
(Figure 33). Obviously closer distances suggests a viable substrate and the possibility of
reaction and two possible orientations can be considered in which either O* (approach A)

or O' (approach B) are in close proximity to the N° atom in FADH, 34.

04
O\ O \\\H
(37) NG
005
o7
H Ry (34)
APPROACH "A" APPROACH "B"

R, = trimethyl lock/aromatic substituent

Figure 33. Potential bonding interactions between the quinone 37 and FADH, 34

(b) Ligand-protein interactions

Favourable ligand-protein interactions may also occur between either of the quinone
oxygens or the side chain R* with the amino acid residues of hNQO1. These side chain
interactions should be more prevalent in approach A where the side chain R%- is located
within the active site of the enzyme. These interactions may be hydrogen-bonding or Van
der Waals type interactions and will be reflected in inter-atomic distances of less than <5

A between the ligand and the amino acid residues.
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8.4 Docking experiments using Molegro Virtual Docker

8.4.1 Introduction

In order to design novel quinone delivery substrates for hNQO1, molecular docking
experiments were performed using Molegro Virtual Docker (version 3). The X-ray crystal
co-ordinates of hNQO1 was downloaded from the RCSB Protein Data Base (pdb code:
1H69, resolution 1.86 A).*® The structure was amended to provide a monomer of the
protein and the bound cofactor, FAD 33 was altered to its reduced form (FADH,) 34

(Figure 34).

Figure 34. Crystal structure of monomeric hNQO1 showing one bound FADH, and area of the

docking site

Molegro Virtual Docker can detect cavities (potential active sites) for AINQO1. For these
experiments, the active site located/used was in close proximity to the FADH, 34. Once
the active site was detected the ligands were imported into the software and an initial
randomised docking procedure was used called primary (1°) docking. A more specific
secondary (2°) docking procedure was then used to fine-tune our docking results. This

procedure is discussed in the following sections.

8.4.2 Primary (1°) docking procedure

The ligands were constructed as in section 8.2.2 (p.37), energy minimised and imported
into the Molegro Virtual Docker along with the edited monomer (with the bound reduced
FADH, 34). The docking procedure was randomised using MolDock scoring function and
the ligands were docked in a 15 A radius around the bound FADH, 34 binding site. The
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MolDock optimizer algorithms were used with a maximum of 10 runs and 10,000
iterations per ligand. A maximum of five poses (orientations) were returned in which
similar poses were clustered and/or ignored (at root mean square deviation (RMSD)-
threshold).

The docking procedure generated five top poses for each ligand. These poses were then
analysed on their feasibility to perform a hydride transfer process with the reduced FADH,
34 (distances of <4 A) and their interaction with the active site residues such as Van der
Waals interactions (Appendix 1.1). The top ranked pose for each ligand was then selected
for the secondary (2°) docking procedure.

8.4.3 Secondary (2°) docking procedure

As mentioned previously, secondary (2°) docking is more specific than primary (1°)
docking as a template is created (Figure 35). This ensures that the quinone moiety remains
in close proximity to the bound FADH; 34 during the simulation process whereas the
remainder of the molecule can orientate freely within the active site. The template provides

more accurate data with respect to ligand-active site interactions.

Docking template

—

Figure 35. Docking template for quinones
The five top ranked poses for each ligand were returned and analysed (Appendix 1.2)

based on the same criteria mentioned in section 8.4.2. A summary of the docking results of

the top ranked poses for each ligand are provided in the following section.

45



8.5 Molecular modelling data of top ranked poses

8.5.1 Summary of secondary (2°) docking results of top ranked poses for 129

0
(129)

o T

O 'N

s

ril/

Returned
Poses of
Ligand

Interaction
with FADH,
(A)

Ligand-FADH, distances (A)

Ligand-Protein interactions

0'—N?

O'-N’

Inter-atomic
distances (A)

Van der Waals (<5 A)

[00]

3.3 (0

3.2

3.3

3.5 (Gly 193)
3.6 (Gly 150)..0"

Gly 149, Gly 150, Gly 193,
His 161, His 194, lle 192,
Leu 103, Met 154, Phe 106,

Ser 191, Thr 147, Thr 148,
Thr 195, Trp 105, Tyr 155

Gln 104, Gly 149, Gly 150,
His 11, His 161, Met 154,
Phe 106, Pro 102, Thr 148,
Trp 105, Tyr 155

[01] 3.4(0Y 3.0 3.4

Gly 149, Gly 150, Gly 193,
His 161, His 194, lle 192,
Met 154, Phe 106, Ser 191,
Thr 148, Trp 105, Tyr 155

[03] 3.4 (0% 3.2 3.4 3.6 (Gly 150)..0'

Table 4. Summary of distances (A) and predicted bonding interactions (inter-atomic

distances in A) for top ranked poses in the hINQO1 active site

Phe 106

\33-

His 161 —k
iL
324

Gy 149 \'.’7-'1‘14

Ser191

FADH,

[00]
lle 192

His 194 Giy 193

Figure 36. (A) Docking results of the top ranked

(B) Interaction of the best pose with

poses in the hANQOactive site the bound FADH,
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8.5.2 Summary of secondary (2°) docking results of top ranked poses for 130

\ \N—
/N—< o)

oN
0]

(130)
Returned Interaction Ligand-FADH, distances (A) Ligand-Protein interactions
Poses of with FADH, 1 s 4 2 Inter-atomic
Yivand A) 0'-—-N 0'--N distaseei Van der Waals (<5 A)
Gln 104, Gly 149, Gly 150,
[01] 3.6 (0") 3.3 His 161, Met 154, Phe 106,
Thr 148, Trp 105, Tyr 155
GlIn 104, Gly 149, Gly 150,
1 4 | His 161, Leu 103, Met 154,
[03] 35(0%) 3.5 32 3.5 (Gly 150)..0 Phe 106, Thr 148, Trp 105,
Tyr 155

Table 5. Summary of distances (A) and predicted bonding interactions (inter-atomic
distances in A) for top ranked poses in the ANQOlactive site

His 161
Ple 106

Tvr 155

Figure 37. (A) Docking results of the top ranked (B) Interaction of the best pose with
poses in the hNQOactive site the bound FADH,,
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8.5.3 Summary of secondary (2°) docking results of top ranked poses for 131

e
4

(131)
Returned Interaction Ligand-FADH, distances (A) Ligand-Protein interactions
Posesof | with FADH, e a3 e
Ay & 0'-N 0N Van der Waals (<5 A)
Gly 149, Gly 150, His 161, Ile 160, Leu 103, Met
[00] 3.4 (0% 3.0 34 154, Phe 106, Ser 151, Ser 191, Thr 148, Trp 105,
Tyr 155
: Gly 149, Gly 150, His 161, Ile 160, Leu 103, Met
[02] 36(0) 48 34 154, Phe 106, Thr 148, Trp 105, Tyr 155
2 Gly 149, Gly 150, His 161, lle 160, Met 154, Phe
103] 214973 32 31 106, Ser 151, Thr 148, Trp 105, Tyr 155

Table 6. Summary of distances (A) and predicted bonding interactions (inter-atomic
distances in A) for top ranked poses in the ANQOI active site

Ple 106

His 161 "{ ll* A Ty 103

Figure 38. (A) Docking results of the top ranked (B) Interaction of the best pose with
poses in the hNQOactive site the bound FADH,
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8.5.4 Summary of secondary (2°) docking results of top ranked poses for 132

oN
(@]
(132)
Returned Interaction Ligand-FADH, distances (A) Ligand-Protein interactions
Poses of with FADH, 1 5 4 2
Ligand A) 0'---N 0'--—-N Van der Waals (<5 A)
i Gln 104, Gly 149, Gly 150, His 161, lle 160, Met
(0] 14) A A 154, Phe 106, Thr 148, Trp 105, Tyr 155
I Gln 104, Gly 149, Gly 150, His 161, lle 160, Met
[93] 3.2(0) 3 154, Phe 106, Thr 148, Trp 105, Tyr 155

Table 7. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in
A) for top ranked poses in the hNQOI1 active site

His 161

Plie 106 Trp 105

Figure 39. (A) Docking results of the top ranked

(B) Interaction of the best pose with
poses in the h(NQO1active site the bound FADH,
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8.5.5 Summary of secondary (2°) docking results of top ranked poses for 133

G
A

0 N7 N
(_o
o)
(133)
Returned Interaction Ligand-FADH, distances (A) Ligand-Protein interactions
l;j;;e:nzf with (I:-SDH’ 0'-—N* 0'---N* Van der Waals (<5 A)
m | wes | u | w |[SEsmomenes
o1 | Ben | w | s | wabineie e T
w1 | et | s | as |G Smisbimue s

Table 8. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in

[01] Poses

A) for top ranked poses in the hNQO1 active site

His 161

Figure 40. (A) Docking results of the top ranked

poses in the hNQOlactive site

Tip 105

(B) Interaction of the best pose with

the bound FADH,
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8.5.6 Summary of secondary (2°) docking results of top ranked poses for 134

—\ N
o N o
— N
0
(134)
Returned Interaction . ” Ligand-Protein
Poses of with FADH, Ligand-FADH, distances (A) iiteractions
Ligand (A) 0-—N* | O'-—-N’ 0'----N* 0'—N’ Van der Waals (<5 A)
Gly 149, Gly 150, Gly 193,
His 161, His 194, lle 160, lle
[02] 3.5 (0" 3.5 192, Met 154, Phe 106, Ser
151, Ser 191, Thr 148, Trp
105, Tyr 155
Gln 104, Gly 149, Gly 150,
| His 161, lle 160, Met 154,
[03] 3.4(0) 3.4 34 Phe 106, Thr 148, Trp 105,
Tyr 155
Gly 149, Gly 150, Gly 193,
His 161, His 194, Leu 103,
[04] 3.9 (0% 3.5 Met 154, Phe 106, Ser 151,
Ser 191, Thr 148, Trp 105,

Tyr 155

Table 9. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in

A) for top ranked poses in the hNQO1 active site

Figure 41. (A) Docking results of the top ranked

His 161
Phe 106

poses in the hNQO/1active site

Gly 193

3.54

Tip 105

(B) Interaction of the best pose with
the bound FADH,
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8.5.7 Summary of secondary (2°) docking results of top ranked poses for 78
Cl

W I
0] N

H

(0]
(78)
Returned Interaction Ligand-FADH, distances (&) Ligand-Protein interactions
Poses of with FADH, 1 5 4 2
Lioand A) 0'----N O'—-N Van der Waals (<5 A)
Gln 104, Gly 149, Gly 150, His 161, lle 160, Leu
[01] 3.6 (0) 3.6 3.6 103, Met 154, Phe 106, Ser 151, Thr 148, Trp
105, Tyr 155
1 GIn 104, Gly 149, Gly 150, His 161, lle 160, Leu
[03] 35(0) 2 3:3 103, Met 154, Phe 106, Thr 148, Trp 105, Tyr 155

Table 10. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in

A) for top ranked poses in the ANQO1 active site

lie 160 Phre 106

mﬂﬂﬂls—(w

‘ -
354
03] / Mer154

Trp 105

Gly 149

Figure 42. (A) Docking results of the top ranked

(B) Interaction of the best pose with
poses in the hNQO1active site the bound FADH,
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8.5.8 Summary of secondary (2°) docking results of top ranked poses for 135

Cl

S

O

N
O
0

(135)
Returned Interaction L;?:;g;i:&?’ Ligand-Protein interactions
Poses of with FADH;, Inter-atomic
= 1 5 =
Ligand (A) g distances (A) Van der Waals (<5 A)
Gly 149, Gly 150, Gly 193, His 161,
[00] 3.4 (0" 34 32 Eg{y iig; His 194, Met 154, Phe 106, Ser 151,
OO Ser 191, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161,
1 His 194, lle 160, Met 154, Phe 106,
[01] 3.1(0) 3.1 3.2(Gly 150) Ser 151, Ser 191, Thr 148, Trp 105,
Tyr 155
Gln 104, Gly 149, Gly 150, Gly 193,
i His 161, His 194, lle 192, Met 154,
[03] 2609 L Phe 106, Ser 191, Thr 148, Trp 105,
Tyr 155

Table 11. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in

A) for top ranked poses in the hNQOI1 active site

Figure 43. (A) Docking results of the top ranked
poses in the hNQO1active site

His 161

Met 154

Phe 106

FADH,
Ser191

His 194

(B) Interaction of the best pose with

the bound FADH,

53




8.5.9 Summary of primary (1°) docking results of top ranked pose for 136
Cl

O’@
, LT

N
H
0]
(136)
Returned | Interaction with Ligand-FADH, . £ i §
Poses of FADH, distances (A) Ligand-Protein interactions
Ligand (A) Q'--—N’ Van der Waals (<5 A)
Arg 200, GIn 104, Gly 149, Gly 150, Gly 193, Met 154,
[00] 3.0(0YH 3.0 His 161, His 194, lle 192, Phe 106, Ser 191, Trp 105, Thr
148, Thr 195, Tyr 155

Table 12. Summary of distances (A) and predicted bonding interactions (inter-atomic distances in

A) for top ranked poses in the ANQO1 active site

His 161

Phe 106
304

Trp 105

Gly 193

r )
Arg 200
Figure 44. (A) Docking results of the top ranked (B) Interaction of the best pose with
poses in the hANQO1active site the bound FADH,
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8.6 Primary (1°) docking for mechanisms two and three

The molecular modelling data suggest that hydride transfer occurs directly to a carbonyl
oxygen of the quinone 37, mechanism one (Scheme 25, p.42). To complete this section it
is important to mention the two other potential mechanisms that have been discussed.
Mechanism two suggests that hydride transfer occurs directly to the carbonyl carbon of the
quinone 37 (refer to Scheme 8, p.11).*” * There are two important distances (A) from N°
in the FADH, 34 to either C' or C* of the quinone 37 (Figure 45).

Ry
440 O H
-------------- N T
FA R = AR
o
(37) H Ry (34) (37) H Ry (34)

R, = trimethyl lock/aromatic substituent

Figure 45. Distances (A) determined between the quinone 37 and FADH, 34 for mechanism two

Mechanism three suggests that hydride transfer occurs directly to an adjacent carbonyl
carbon (refer to Scheme 9, p.12).¥*° There are four important distances (A) from N° in the
FADH, 34 to C, C*, C° or C° of the quinone 37 (Figure 46).

R, |
<3CL_0Q H &L Q0 0o H
j\;gs-___"_“N‘_;tl:—_th OR I 2?(1;1\1 NS
IO A
07 "N” N Rz 07 "N °N
(37) H R1 (34) (37) H Ry (34)

R = trimethyl lock/aromatic substituent

Figure 46. Distances (A) determined between the quinone 37 and FADH, 34 for mechanism three

Using the previously obtained primary (1°) docking data these results could be modified to
account for these two mechanisms, the only difference being their distances (A) are now
between different carbon atoms (Appendix 1.3 and 1.4). The next stage would be to submit
their top ranked poses for secondary (2°) docking. This has already been determined for
poses already selected for mechanism one. However, for the poses only selected for
mechanism two and/or three these would have to be run on Molegro Virtual Docker before

any further analysis can be undertaken.
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8.7 Conclusion

Overall, the computational hNQO1 protein-ligand docking study suggests that hydride
transfer from FADH, 34 to the quinone 37 is possible. In conclusion this has justified the
synthesis of all of these compounds for their potential in a benzoquinone drug delivery

system.

*All Molegro files for this section are provided in the supporting information
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9.0 Synthetic method
9.1 Preparation of trimethyl-locked quinones
The initial synthetic objective was to prepare the ester precursor 50b as reported by

Volpato et al.” via a three-step synthesis (Scheme 26).

0 0
OH o) 0 OH
ij\ (i) (ii)
—e _—T
OH OH o)
(77) (44) (45)
(iif)
o)
o)
0 O’D
0
o)
(50b)

Scheme 26. (i) 1.2 equiv. methyl 3,3-dimethylacrylate, CH;SOsH, 70 °C, 3 h then r.t, 12 h (ii) 1.4
equiv. NBS, acetonitrile/H,0, r.t, 1.5 h (iii) 1.2 equiv. DCC, 1.1 equiv. NHS, dry THF, 0 °C then
rt, 18 h

The first step in the synthesis of ester 50b involved the addition of 2,3,5-trimethyl-1,4-
hydroquinone 77 and methyl 3,3-dimethylacrylate to a solution of methanesulfonic acid.
After 3 h at 70 °C and stirring at room temperature (r.t) overnight, work-up and
recrystallisation from hexane/chloroform gave the lactone 44 as a white solid in 88% yield.
The "H nuclear magnetic resonance (NMR) of 44 gave diagnostic signals at 8 1.46 (6H) for
the two geminal CH; groups and 2.55 (2H) ppm for the CH; group. The BC NMR gave
signals at & 27.7 for the two geminal CH; groups, 35.5 for the C(CHj3),, 46.1 for the CH;
and 168.8 ppm for the ester C=0. The remaining signals all correlated well to those
expected for this structure. Finally a melting point (m.p.) of 183 — 185 °C (lit. 186 — 187

°C)’! was found to be in accordance with the literature.
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The second step was the oxidation of lactone 44 to the quinone acid 45. This involved the
drop-wise addition of NBS to a stirring solution of 44 over 1 h in acetonitrile/water. After
work-up the crude product was re-dissolved in diethyl ether followed by subsequent
cooling to 0 °C and the addition of petrol to give the quinone acid 45 as a yellow solid in
99% yield. The '"H NMR had similar signals to 44, however there was a slight downfield
shift of the CH, group from § 2.55 (2H) in 44 to 3.02 (2H) ppm in 45. The *C NMR
contained diagnostic signals at 3 178.4 for the acid C=0 and 187.4 and 190.8 ppm for the
quinone C=0 groups. A melting point of 91 — 93 °C (lit. 101 — 103 °C)'% was found to be
slightly lower than expected with respect to the literature, however the acid 45 was felt to

be of sufficient purity to progress to the next step.

The third step in the synthesis of the ester 50b involved the addition of DCC to a solution
of the quinone acid 45 and NHS in dry tetrahydrofuran (THF). After stirring for 18 h,
work-up and recrystallisation from ethyl acetate this gave the ester 50b as a yellow solid in
>100% crude yield. The 'H NMR was very similar to the acid 45, however a diagnostic
signal at § 2.78 (4H) indicated the presence of the two succinimidyl CH, groups and
corresponded to signals at 25.5 ppm in the C NMR. This spectrum also contained
diagnostic signals at & 167.7 for the ester C=O and 168.9 ppm for the succinimidyl C=0
groups. Finally, a melting point of 140 — 142 °C (lit. 145 °C)'® was found to be in

accordance with the literature.

During this work the yields obtained for the three steps were always higher than those
reported.” "> Whilst their approach was closely followed, slight changes in
recrystallisation methods were employed which might explain the increased efficiency of
each stage. The final product 50b was judged to be of very high purity by NMR and of

sufficient quality to be used in the next steps without further purification.

The next stage in the project was to investigate the reaction of this activated ester 50b with
substituted guanidines. Previous work carried out by Volpato ef al.”® employed an aniline
mustard containing an amine acting as the nucleophile (Scheme 16, p.23). Our initial test
reaction utilised commercially available 1,3-diphenylguanidine 137 as a substrate. Thus
the ester S0b was added to a solution of the guanidine 137 in dry THF and stirred in the

dark for 23 h (Scheme 27). After aqueous work-up the crude reaction mixture was purified
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by column chromatography using ethyl acetate/petrol. This proved to be an extremely
complicated process resulting in the elution of several coloured bands. Very puzzling was
the discovery of a deep purple solid isolated in some of the 20% ethyl acetate/petrol
fractions, the identity of which is still unknown. Some of the more promising later
fractions containing yellow solid provided mass spectrometry data concordant with those
of the desired prodrug 138. These fractions were purified for a second time by column
chromatography. However, this led to the formation of several additional products as

evidenced by thin layer chromatography (TLC) analysis.

0 Ph.
i L
0] O’N 0 H I\I.I'H

0 (i) Ph

(50b) (138)
Scheme 27. (i) 2 equiv. 137, dry CH,Cly, N,, dark, r.t, 46 h

The reaction was repeated using dry dichloromethane as the solvent and doubling the
stirring time to 46 h. Once again the resulting crude reaction mixture was purified by
column chromatography. Little change was observed on the outcome of the reaction and
similar problems to those discussed previously were encountered with the isolation of

multiple products.

With this lack of success it was proposed that the guanidine 138 may have undergone
decomposition on silica during the purification process. Initial '"H NMR analysis of the
crude reaction mixture was in both cases promising, suggesting that the method itself was
effective. To overcome these difficulties meant finding a new purification method. Thus
repetition of the reaction in dry dichloromethane gave a crude product which was
dissolved in diethyl ether and diluted with petrol to give a 50:50 ratio. Cooling to 0 °C led
to the precipitation of a yellow solid in 16% yield which was identified as being the crude
guanidine 138. The '"H NMR gave a multiplet at & 6.89 — 7.65 (11H) for the aromatic CH’s
and one NH group and a broad (br.) singlet at 9.89 (1H) ppm for the other guanidine NH.
The IR gave diagnostic bands at 1645 for the C=N and 1664 for the C=0 groups together
with bands at 3308 and 3401 cm™ for the NH’s. High resolution mass spectrometry

59



(HRMS) gave a mass of 444.2281 [(M + H)"] Daltons which is in close agreement with the
calculated mass of 444.2282. From the NMR data, it was apparent that the guanidine 138
was impure, however attempts to further purify by precipitation/recrystallisation led to

considerable material losses.

During purification of the first reaction attempt a white solid was isolated in some of the
earlier fractions (20 - 30% ethyl acetate/petrol). Since the '"H NMR of the yellow solid
correlated well with the desired diphenylguanidine 138, this white solid was believed to be
one of three isomers similar to those reported by Wolfe ef al.'®® The potential structures

were the spirolactams 139 and 140 and the six-membered lactam 141 (Scheme 28).

0 0
0 0
Oph\ / N}_ — N}_
NHPh NHPh
5 NJ\N’H / & PhN HO PhN
H o B (139) (140)
NPh O
I \ PRHN" N
(138)
0
(141)

Scheme 28. Lactam isomers of compound 138

The 'H NMR of this white solid showed some similarities to 138; however, with separate
signals at & 0.93 (3H) and 1.07 (3H) for the geminal CH; groups with the third methyl
appearing as a doublet at 1.46 (3H, J= 6.5 Hz) ppm. This seemed to indicate the presence
of a CHCHj3 in the molecule suggesting the ketolactam 139. Further to this, the CH, was
observed as a pair of doublets at § 2.16 (1H, J=17.5 Hz) and 2.75 (1H, J=17.5 Hz) and a
quartet at 5.31 (1H, J = 7.0 Hz) ppm for the CH. This again supported the ketolactam
structure 139 as shown in figure 47.
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Figure 47. 500 MHz 'H NMR spectrum expansion of 139

Further signals at 6 6.67 (2H, d, J= 7.5 Hz), 6.77 (1H, t, J= 7.3 Hz), 6.90 (1H, t, J = 6.3
Hz) and 7.00 — 7.07 (6H, m) corresponded to ten aromatic CHs and a signal at 8.22 (1H)
ppm for the NH group. Analysis of the >C NMR gave signals at 5 147.5 for the quaternary
guanidine carbon, 174.9 for the amide C=0 and at 192.8 and 197.4 ppm for the two ketone
C=0. The IR gave bands at 1680 for the C=N, 1726 for the C=0 groups and 3265 cm™ for
the NH group. High resolution mass spectrometry gave a mass of 444.2280 [(M + H)']
Daltons which is in good agreement with the calculated value of 444.2282. This data
seemed to support the ketolactam isomer 139 and was suggestive of a complex sequence

of possible reactions for this process which is not desirable.

During purification of the second reaction attempt a further white crystalline solid was
isolated in some of later fractions (60% ethyl acetate/petrol). The 'H NMR of this solid
showed some similarities to 138 and 139. As in 139, there were separate signals at & 1.20
(3H) and 1.43 (3H) for the geminal CHj3 groups and two well separated doublets at 2.40
(1H, J = 14.8 Hz) and 3.99 (1H, J = 14.5 Hz) ppm for the CH, group. The spectrum also
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contained ten aromatic CH signals and a signal at § 5.83 (1H) ppm for an NH group. The
two most distinguishing signals were a doublet at 8 1.18 (3H, J= 7.3 Hz) for a CH3 and a
quartet at 2.84 (1H, J = 7.0 Hz) ppm for a CH (Figure 48). This observation was puzzling
since the ketolactam 139 which contains these two signals had already been identified.
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Figure 48. 500 MHz '"H NMR spectrum expansion of 143

The C NMR was informative in that the quaternary carbonyl signals suggested the
presence of only two different C=0O environments. The first signal at § 172.3 was
indicative of a lactone/ester/lactam carbonyl whilst the second signal at 201.8 ppm was
indicative of a ketone carbonyl. The IR gave bands at 1675 for a C=N, 1743 for C=0
groups and 3330 cm™ for an NH. High resolution mass spectrometry gave a mass of
444.2278 [(M + H)"] Daltons which is in agreement with the calculated value of 444.2282

and confirmed that it was an isomer of the desired compound 138.
Confirmation of structure was provided by X-ray crystallography (Scheme 29, Appendix

2.2.1) and gave evidence for an unreported reaction type in which the guanidine in 137 has

undergone a 1,4-conjugate addition to the quinone system in 50b followed by a 1,2-
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addition to the carbonyl to give an intermediate oxyanion which then displaces the NHS to

give a lactone 143 (Scheme 29).

PhHN (137)
=NH
PhHY NHS
5 o  PhHN
N\ 1,4-addition ™
—_—
(50b) (142)

1.2-addition

Scheme 29. Mechanism for the formation of 143 and X-ray crystal structure

Whilst this reaction produced a number of interesting compounds, it was decided that with
all the problems encountered to conclude this work and to move on to guanidines with a

higher number of substituents to eliminate the possibility for multiple addition reactions.

With this in mind, the commercially available 1,1,3,3-tetramethylguanidine 144 was added
to a solution of the ester 50b in dry dichloromethane and stirred in the dark for 46 h. After
work-up the crude reaction mixture was purified by column chromatography which gave

the desired tetramethylguanidine 129 as a yellow/orange oil in 63% yield (Scheme 30).
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Scheme 30. (i) 1.1 equiv 144, dry CH,Cly, N,, dark, r.t, 46 h

The "H NMR of 129 gave a diagnostic signal at & 2.77 (12H) for the four guanidine CHj
groups and correspondingly at 39.9 ppm in the >C NMR. This spectrum also contained
signals at & 166.6 for the quaternary guanidine carbon and 179.7 ppm for the amide C=0
group. The IR gave a band at 1644 cm™ for the C=O bonds. High resolution mass
spectrometry data gave a mass of 348.2286 [(M + H)"] Daltons which is in agreement with
the calculated mass of 348.2282. With this success our interest now turned to the
preparation of other tetrasubstituted guanidines. Thus a reliable method for the formation
of these guanidines in high yield was required.

1_217

Wu et a reported that it was possible to prepare guanidines by reaction of di(1H-

imidazol-1-yl)methanimine 145 with amines in a two-stage process (Scheme 31).

NH JNkH NH
(/\N/LLN% () R1~.'F N (ii) R1\'}l/”\rﬂ,R3
N-A \;'-N Ro \;'-N R, R4

(145) (146) (147)
Scheme 31. (i) R;R,NH, THF, r.t/40 °C, 6 h (ii) R;R;NH, THE/DMF, 90 °C/A, 10 -18 h

Di(1H-imidazol-1-yl)methanimine 145 was easily prepared by the reaction of cyanogen
bromide with imidazole in dichloromethane under reflux for 40 min. After work-up, the
diimidazole 145 was obtained as a white solid in 93% yield and carried onto the next step

without purification (Scheme 32).

NH
" (i) N

| 7 "NT NTN

Lo Q9
(148) (145)

Scheme 32. (i) 0.3 equiv. cyanogen bromide, CH,Cl,, A, 40 min
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The '"H NMR of the imidazole 148 was very similar to 145. However, the integration ratio
of the CH signals doubled relative to the NH signal and were present at § 7.16 (2H), 7.60
(2H) and 8.12 (2H) ppm respectively as broad singlets. Also present was a signal for the
NH group at 6 10.26 (1H), slighty more upfield compared to the 12.31 ppm observed for
imidazole 148. The '>’C NMR contained three signals at 5 120.0, 130.7 and 138.4 for the
CH’s with an additional diagnostic signal at 141.8 ppm for the C=N group. Finally a
melting point of 98 — 104 °C (lit. 103 °C)*'® ° was found to be in accordance with the
literature.

With di(1H-imidazol-1-yl)methanimine 145 in hand it was treated with piperidine to
synthesise the dipiperidinylguanidine 150 which was reported by Wu et al.*'” They used a
two-step synthesis to first substitute one imidazole with a piperidine to give 149 by stirring
at r.t for 6 h and then again with excess piperidine at reflux for 12 h to give 150 (Scheme
33, (i) and (ii)).

NH

M
/N
(\ (149)0

(i (i)

NH NH

o )y
(fii)-(iv) N N
(\J(‘MS)D On 50)@

Scheme 33. (i) 1.2 equiv. piperidine, THF, r.t, 6 h (ii) 1.5 equiv. piperidine, THF, A, 12 h
(iii) 5 equiv. piperidine, dry THF, N,, A, 17 h (iv) aq. 2M NaOH, r.t

To save time and potentially improve on the yield it was decided to attempt this di-
substitution in one step only. This meant refluxing the mixture for 9 h and adding an
excess of the piperidine to the diimidazole 145 in dry THF. Purification of the product was
attempted by column chromatography in methanol/dichloromethane rather than the work-

up used by Wu ef al.*'” However, this method proved to be unsuccessful.

The reaction was repeated but this time refluxed for 17 h and the original work-up was
used. A TLC run beforehand had highlighted a distinctive spot, believed to be the
dipiperidinylguanidine 150. However after work-up this had now disappeared. The

explanation was that it had been transferred into the aqueous layer by the saturated
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ammonium chloride used to wash the organic layer. To confirm this theory the aqueous
layer was back-extracted with dichloromethane and the guanidine 150 was isolated as a
white hygroscopic solid in 33% yield. A third attempt at this reaction meant changing the
work-up by washing with aqueous 2M sodium hydroxide only. This gave the guanidine
150 as a purple solid in 69% yield (Scheme 33, (iii) and (iv)), which was carried onto the
next step without purification. On closer inspection of the work reported by Wu et al.,>"” it
seemed there was an error in the procedure as a work-up employed in an earlier reaction
used ammonium chloride and it was believed that this work-up was placed in the
preparation of the guanidine 150 erroneously as other similar reactions seemed to employ a

basic (NaOH) quench.

The crude "H NMR of 150 gave diagnostic signals at & 1.41 (12H) and 3.06 (8H) ppm
corresponding to the six CH; and four NCH; groups. The NH signal had also moved
upfield from & 10.26 (1H) in 145 to 6.96 (1H) ppm in 150. In the *C NMR the CH,
signals were observed at § 23.6, 25.1 and 49.8 with a diagnostic quaternary guanidine
signal at 162.3 ppm which is characteristic of this group of compounds. Finally high
resolution mass spectrometry gave a mass of 196.1816 [(M + H)'] Daltons which is in

agreement with the calculated mass of 196.1814.

There was an improvement in the yields of both reactions, 93% compared to 81% for the
preparation of the diimidazole 145 and 37% for the two stage preparation of guanidine 150

reported by Wu et al.*"’ compared to 69% for the one step formation.

With a method for the preparation of the dipiperidinylguanidine 150 in hand the
dimorpholinylguanidine analogue 151 was prepared. Thus an excess of morpholine was
added to a solution of the diimidazole 145 in dry THF and the mixture boiled under reflux
for 15 h. After work-up, the guanidine 151 was obtained as a purple solid in 60% crude
yield (Scheme 34).

NH NH

P X
/N7 NN (D)) N~ >N
G, SHe.

(145) (151)

Scheme 34. (i) 5 equiv. morpholine, dry THF, N,, A, 15 h (ii) aq. 2M NaOH, r.t
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The crude 'H NMR of 151 gave two triplets at & 3.26 (8H, J = 4.9 Hz) and 3.76 (8H, J =
4.9 Hz) ppm each corresponding to four CH; groups. Their corresponding signals in the
BC NMR were present at & 47.9 and 66.1, respectively, along with a characteristic
quaternary guanidine signal at 166.2 ppm. Unfortunately the guanidine 151 was impure
with traces of morpholine which were difficult to remove by evaporation or washing and
was thus used in this crude state in the next reaction. High resolution mass spectrometry
gave a mass of 200.1392 [(M + H)'] Daltons which is in good agreement with the
calculated mass of 200.1394.

With the two tetrasubstituted guandines 150 and 151 now available they were reacted with
the ester 50b under the conditions previously employed. Thus the dipiperidinylguanidine
150 was treated with 50b in dry dichloromethane over 65 h at r.t. TLC analysis over this
period illustrated the reaction was slow and did not go to completion even on the addition
of an excess of the guanidine 150. After work-up, the crude reaction mixture was purified
by column chromatography using methanol/ethyl acetate to give 131 as a yellow oil in
29% yield (Scheme 35).

0]
()
0] (0]

(50b) (131)
Scheme 35. (i) 1.5 equiv. 150, dry CH,Cl,, N, dark, r.t, 65 h

The "H NMR of 131 gave diagnostic signals at 6 1.56 (12H, m) for the six CH; groups and
at 3.12 — 3.15 (8H, m) for the four NCH; groups with their corresponding signals in the
'3C NMR at 24.1, 25.3 and at 49.8 ppm respectively. This spectrum also contained signals
at & 165.0 corresponding to the quaternary guanidine carbon and at 179.5, 187.6 and 190.5
ppm for the amide and quinone carbonyls respectively. The IR gave bands at 1641 for the
C=N and at 1710 em™ for the carbonyl C=0O groups. Finally, high resolution mass
spectrometry gave a mass of 428.2908 [(M + H)'] Daltons which is in exact agreement
with the calculated mass of 428.2908.
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Similarly the dimorpholinylguanidine 151 was reacted with the ester 50b in dry
dichloromethane and stirred in the dark for 46 h at r.t. After work-up and purification by
column chromatography, this gave 133 as a yellow oil in 28% yield (Scheme 36).
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Scheme 36. (i) 1.5 equiv. 151, dry CH,Cl,, N, dark, r.t, 46 h

Analysis by 'H NMR of 133 gave two triplets at 8 3.22 (8H, J= 4.6 Hz) and at 3.68 (8H, J
= 4.7 Hz) ppm each corresponding to four CH, groups. In the >C NMR the signals
corresponding to these groups were present at § 49.0 and 66.1 ppm, respectively. This
spectrum also contained other diagnostic signals at & 164.7 for the quaternary guanidine
carbon and 181.2, 187.5 and 190.7 ppm corresponding to the amide and quinone carbonyls
respectively. The IR gave bands at 1645 for the C=N and at 1711 cm™ for the C=0O bonds.
Finally high resolution mass spectrometry gave a mass of 432.2486 [(M + H)"] Daltons
which is in close agreement with the calculated mass of 432.2493.

Neither reaction to form 131 or 133 went to completion, leading to low percentage yields.
However, problems have been previously reported®’? detailing the limitations of forming

guanidines such as those with two morpholine groups, due to steric factors.
9.1.1 Conclusion

Despite all the problems encountered the methodology on the whole was successful and

three candidate guanidine compounds were prepared 129, 131 and 133 (Figure 49).
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(129) (131) (133)

Figure 49. Structures of candidate compounds

9.2 Preparation of a new quinone-based delivery system

Our initial work focused on the preparation of guanidines based on the previously
synthesised trimethyl-locked quinone backbone 50 (Scheme 37A) which, on reduction,
delivers the drug and the associated lactone 44. A major goal of the project was to
investigate the preparation of a new quinone-based delivery system (Scheme 37B). It was
envisaged that replacing the dimethyl section of 50 with a fused phenyl ring to give 118
would potentially offer a new system for delivering the drug which might have differing

biological properties.

A 0 03 0
0 X OH X 0
hNQO1, H*
7—? eyt iad H""X o+
NADH NAD*
(@] OH OH
(50) (51) (44)
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B O H. Y O)
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O s YN0
7? —» H-X +
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X = guanidine/aniline mustard substituent

Scheme 37. General mechanism of (A) trimethyl-locked and (B) phenyl benzoquinone drug

delivery systems



Thus, in order to access the required lactone 120, a different strategy was required.
Investigation of the literature found that Hart er al.”* reported the reaction of protected
quinone 152 with lithiated N-phenylbenzamide 153 gave the spirolactone 154 which, on
treatment with trifluoroacetic acid, trifluoroacetic anhydride and conc. H,SO,, gave the
lactone 155 via a C-migration (Scheme 38). This ring-system is identical to the one
required lacking only the methyl substituents. This rearrangment step was potentially a
problem as they also reported an O-migration reaction to give the lactone 156 under acidic
conditions so there appeared to be the necessity for some method development required to

ensure the correct migration pattern.

(0]
Ph _Li 0 O
N

C- Mlgratlon

o (153) (") OH

@ (155)

(i)
H3CO  OCH, \ :fo
O-Migration
(152) (154)
(156)

Scheme 38. (i) 0.6 equiv. N-phenylbenzamide, 1.5 equiv. n-BuLi (1.43M), dry THF, -78 °C, 30
min then 0 °C, 1.5 h then -78 °C, 4 h (ii) CF3CO,H, (CF5CO),0, conc. H,SO,, A, 4.5 h (iii) 50%
aq. H,SOy, A, 2 i

In order to access this system, the method needed to be applied to the partially protected

922 1

quinone 159°". On inspection of the literature, it was found that 159 could be obtained by

the selective deprotection of the tetramethylated intermediate 158> which, in turn, could
¥

7223

be accessed from the dimethoxybenzene 15 which is easily prepared from the

corresponding commercially available dihydroquinone 77 (Scheme 39).
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Scheme 39. (i) 5 equiv. K,CO;, butan-2-one, r.t, 30 min (ii) 4 equiv. Mel, 65 °C, 72 h (iii) 2%
KOH, MeOH, <5 °C, 1 h, 1.6 Amp (iv) 2% aq. CH;CO,H, acetone, 0 °C, 25 min then r.t, 1.5 h (v)
0.6 equiv. N-phenylbenzamide, 1.5 equiv. #-BuLi (1.43M), dry THF, -78 °C, 30 min then 0 °C, 1.5

h then -78 °C, 4 h (vi) CF;CO,H, (CF;C0),0, H,SO,, A, 4.5 h

Dimethoxybenzene 157 was prepared by the addition of K»;CO; to a stirring solution of
2,3,5-trimethyl-1,4-hydroquinone 77 in butan-2-one at r.t. After 30 min, methyl iodide was
added to the mixture which was then heated at 65 °C for 16 h. After work-up and
purification by column chromatography, this gave 157 as a clear/colourless oil in 62%
yield. Also isolated in some of the later fractions was the quinone by-product 161 (ca. 7%)
as a waxy yellow solid (Scheme 40) which contributed to the yield being lower than the
82% reported by Lipshutz et al™®

OCH, 0
(i)-(ii)
.__.__..___.’. +
OH OCHj, 0
(77) (157) (161)

Scheme 40. (i) 5 equiv. K,CO;, butan-2-one, r.t, 30 min (ii) 4 equiv. Mel, 65 °C, 16 h

The 'H NMR spectrum of 157 gave diagnostic signals at & 3.69 (3H) and 3.81 (3H)
corresponding to the two OCH3 groups which were present at 55.7 and 60.1 ppm in the *C

NMR. All other data were in accordance with the literature.**’
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The second synthetic step involved the electrochemical oxidation of 157 to give the bis-
ketal 158. Thus a solution of 157 in 2% methanolic potassium hydroxide was electrolysed
in a cell containing a platinum cathode and a carbon felt anode at a current of 1 Amp for
3.5 h at <5 °C (Appendix 2.1). The reaction was monitored throughout by ultraviolet (UV)
(first 2 h, Figure 50) and TLC analysis. After work-up, this yielded the bis-ketal 158 as a
pale yellow solid in 91% yield (Scheme 41). This was a significant improvement in the
yield of 63% reported by Henton ef al.**

OCHg H3CO, OCH;
()
—_—
OCH, H3CO OCH4
(157) (158)

Scheme 41. (i) 2% KOH, MeOH, <5 °C, 3.5 h, 1.0 Amp
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Figure 50. UV spectrum of reaction to form 158 from t = 0 min to t = 180 min

The 'H NMR of 158 gave diagnostic signals at 8 2.96 (6H) and 3.17 (6H) for the four
OCH; groups and their corresponding signals in the *C NMR were present at 50.6 and
50.7 ppm respectively. Finally, a melting point of 37 — 41 °C (lit. 34 - 42 °C)** was found

to be in accordance with the literature.

Selective hydrolysis of the least hindered dimethylketal was achieved by dissolving 158 in
acetone at 0 °C and adding a solution of 2% aqueous acetic acid. The resulting mixture

was stirred for 25 min at 0 °C and a further 3 h at r.t. After work-up, this yielded the mono-
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ketal 159 as a yellow solid in 94% yield (Scheme 42). A similar yield of 90% was reported

by Henton et al*
HsCO, OCH4 0
(i)
H,CO™ OCHs HsCO 'OCH;,
(158) (159)

Scheme 42. (i) 2% aq. CH3CO,H, acetone, 0 °C, 25 min thenr.t, 3 h

The 'H NMR of 159 showed the loss of the signal at & 3.17 (6H) corresponding to two
OCHj3 groups which was also apparent in the >C NMR as the signal at 50.7 was replaced
by a signal at 184.7 ppm corresponding to the ketone carbonyl. Finally a melting point of
71 — 74 °C (lit. 74 — 75.5 °C)**"2* was found to be in close accordance with the literature.

With the mono-ketal 159 in hand the key stage in the synthesis was addressed viz the
reaction of 159 with lithiated N-phenylbenzamide 153 using the method described by Hart
et al”® Thus 2 equivalents (equiv.) of n-butyllithium were added to a solution of N-
phenylbenzamide at -78 °C in dry THF. After stirring for 30 min followed by 1 h at 0 °C,
the mono-ketal 159 dissolved in dry THF was added at -78 °C. The mixture was
maintained at -78 °C for 4 h before warming to r.t. and stirred overnight. After an acidic
work-up and column chromatography in diethyl ether/hexane, this gave the spirolactone
160 as white crystals in 22% yield (Scheme 43).

Ph. _Li
N
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HsCO  OCH; o
(159) (160)

Scheme 43. (i) 0.9 equiv. N-phenylbenzamide, 1.8 equiv. 2.2M n-BuLi, dry THF, -78 °C, 30 min
then 0 °C, 1.5 h then -78 °C, 4 h then r.t, 12 h (ii) aq. 3M HCI

The initial yield for this step was low and one of the by-products observed in the reaction

was 2,3,5-trimethylcyclohexa-2,5-diene-1,4-dione 161 (Figure 51). This had arrived from
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direct hydrolysis of the methoxy groups in the mono-ketal 159 and would suggest an
incomplete lithiation of the N-phenylbenzamide.
O

o)
(161)

Figure 51. Structure of 2,3,5-trimethylcyclohexa-2,5-diene-1,4-dione by-product

There were also issues regarding the purification method. Poor solubility in diethyl
ether/hexane caused the spirolactone 160 to precipitate out during the column
chromatography and remain on the column. On repetition of the reaction chromatography

using dichloromethane/petrol gave an improved yield of 49%.

One problem with the reaction was difficulties in separating the desired compound 160
from excess N-phenylbenzamide as their Rf values were very close. Thus the reaction was
repeated using an excess of the mono-ketal 159 to avoid any un-reacted N-
phenylbenzamide remaining. Using a large excess gave an improved yield of 66% but
meant sacrificing a lot of the mono-ketal 159 as this underwent deprotection during acid
work-up. It was found however by just using a slight excess of 159, and recrystallising the
crude product 160 from diethyl ether/methanol gave white crystals of 160 in 60% yield of
very high purity. An X-ray crystal structure of 160 was obtained which confirmed that the
proposed spirolactone had been formed (Figure 52, Appendix 2.2.2).
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Figure 52. X-ray crystal structure of spirolactone 160

The "H NMR of 160 displayed four diagnostic signals at 8 7.16 (1H, d, J = 7.9 Hz), 7.59
(1H, t, J=7.4 Hz), 7.67 (1H, t, J= 7.6 Hz) and at 7.96 (1H, d, J= 7.6 Hz) ppm for the four
aromatic CH groups. The *C NMR gave signals for the lactone and ketone carbonyls at &
169.8 and 185.3 ppm, as well as bands at 1647 and 1773 cm™ in the IR for the two carbonyl
groups respectively. High resolution mass spectrometry gave a mass of 255.1016 [(M +
H)"] Daltons which is in exact agreement with the calculated mass of 255.1016.

With the spirolactone 160 in hand, its rearrangement to the desired six-membered lactone
120 was attempted using the method reported by Hart ef al.**° Thus spirolactone 160 was
dissolved in a mixture of trifluoroacetic acid, trifluoroacetic anhydride and conc. H,SO,
and heated at reflux for 5.5 h. After the reaction was quenched with methanol and worked
up, purification by column chromatography gave the white crystalline product 120 in 65%
yield (Scheme 44), from which an X-ray crystal structure was obtained (Figure 53,
Appendix 2.2.3).
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Scheme 44. (i) CF;CO;H, (CF;C0O),0, conc. H,SO,, A, 7 h

Figure 53. X-ray crystal structure of lactone 120

This confirmed that the lactone 120 was formed via a C-migration process and none of the
alternate O-migration product was formed. Repetition of the reaction by increasing the
reflux time to 7 h gave a purer product after work-up, which on analysis by NMR was

essentially one compound, the lactone 120 obtained in 99% yield.

The "H NMR of the lactone 120 was very similar to that of the spirolactone 160; however,
the peak at § 4.75 (1H) ppm was diagnostic of the phenolic OH. In the *C NMR, as
expected, the carbon signal at 6 83.3 in the spirolactone 160 had disappeared along with
the carbonyl signal present at 185.3 ppm. The IR gave bands at 1698 for the ester C=0 and
3433 cm™ for the O-H stretch. High resolution mass spectrometry gave a mass of 255.1019
[(M + H)"] Daltons which is in close agreement with the calculated mass of 255.1016.
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With the lactone 120 in hand, the conversion to the activated ester 163 was investigated

and carried out in essentially the same manner as for the previously synthesised 50b
(Scheme 45).”

0

N 0
*J\‘ 0 o, ‘ O
(120) (162) (163)

Scheme 485. (i) 1.4 equiv NBS, acetonitrile/H,O, r.t, 1.5 h (ii) 1.2 equiv. DCC, 1.1 equiv. NHS,
THF, 0 °C thenr.t, 18 h

Thus addition of NBS to a stirring solution of the lactone 120 in acetonitrile/water after
work-up and column chromatography gave the quinone acid 162 as a waxy yellow solid in
71% yield (Scheme 46).

Scheme 46. (i) 1.4 equiv. NBS, acetonitrile/H,O, r.t, 1.5 h

Analysis of the ’C NMR of 162 gave diagnostic signals at 8 170.8, 186.2 and 187.9 ppm
for the acid and two quinone carbonyls respectively. Similarly the IR spectrum gave bands
at 1649, 1693 and 1721 for the three C=0 groups, coupled with a band at 3263 cm™ for the
carboxylate OH bond. High resolution mass spectrometry gave a mass of 269.0817 [(M -
H)'] Daltons which is in good agreement with the calculated mass of 269.0819.
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In this first attempt at the reaction it was apparent from the crude '"H NMR that a second
product was present which was also isolated by column chromatography as a white
crystalline solid. The identity of the structure was determined by X-ray crystallography
and was found to be a brominated spirolactone 164 (Figure 54, Appendix 2.2.4).

Figure 54. Chemical and X-ray crystal structure of brominated spirolactone 164

This has obviously arisen from a bromolactonisation reaction and the structure was further
confirmed by the presence of quaternary signals in the °C NMR spectrum at & 61.5 and
90.4 ppm for the two non-aromatic ring carbons. High resolution mass spectrometry gave a
mass of 349.0070 [(M + H)'] Daltons which is in exact agreement with the calculated
mass of 349.0070. On repetition of the reaction the NBS used was freshly recrystallised**

and this product was effectively eliminated and the reaction yield increased to 77%.

With the quinone acid 162 in hand the conversion to the ester 163 was investigated in a
similar manner to the previously prepared 50b.” Thus DCC was added to a solution of the
quinone acid 162 and NHS in dry THF and after 18 h stirring followed by work-up gave
the crude product 163 as a yellow gum (Scheme 47). Attempts to recrystallise the product
were met with failure as did attempts to purify using column chromatography which gave

the desired compound 163 in an impure form and in a very low yield of 28%.
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Scheme 47. (i) 1.2 equiv. DCC, 1.1 equiv. NHS, dry THF, 0 °C then r.t, 18 h

Analysis of the 'H NMR of the ester 163 gave a diagnostic signal at & 2.81 (4H) for the
two succinimidyl CH, groups which were also present in the >C NMR at 25.5 ppm. Other
diagnostic signals in this spectrum were present at § 161.5 for the ester C=O and 168.8
ppm for the two succinimidyl C=0O groups. The IR gave bands at 1649, 1683, 1741 and
1772 em™ for the four C=0 bonds. High resolution mass spectrometry gave a mass of
368.1130 [(M + H)'] Daltons which is in close agreement with the calculated mass of
368.1129. With the problems encountered in its purification it was decided to attempt to

prepare and react the ester 163 in situ.

9.3 Preparation of phenyl quinones

Thus the reaction was repeated and on completion (TLC) the solution was filtered
evaporated and re-dissolved in dry THF whereupon 1,1,3,3 tetramethylguanidine 144 was
added and the reaction stirred in the dark for 46 h at r.t. After work-up and purification by

column chromatography the tetramethylguanidine 130 was obtained as a yellow oil in 53%

yield (Scheme 48).
\
o v N—
N O /N—\< 0

0 \
oHO 0p0 oN
(A2 2 Y
—._._.b. "'_-___>
0O 0O 0O

(162) (163) (130)

Scheme 48. (i) 1.2 equiv. DCC, 1.1 equiv. NHS, dry THF, 0 °C then r.t, 18 h (ii) 2 equiv. 144, dry
THF, N,, dark, r.t, 46 h
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The "H NMR of 130 gave diagnostic signals at § 2.83 (12H) for the four guanidine CHj;
groups which were also present in the *C NMR at 40.1 ppm. Further diagnostic signals
included the characteristic guanidine signal at § 167.3 and amide carbonyl at 171.9 ppm.
The IR displayed bands at 1648 for the C=N and 1727 cm™ for the C=O groups. High
resolution mass spectrometry data gave a mass of 368.1963 [(M + H)'] Daltons which is
good agreement with the calculated mass of 368.1969.

The corresponding dipiperidinylguanidine 132 was prepared in a similar fashion and as
before the ester 163 was prepared in situ and dissolved in dry THF, whereupon the
guanidine 150 was added and the reaction stirred in the dark for 46 h at r.t. After work-up
and purification by column chromatography the dipiperidinylguanidine 132 was obtained

as a yellow oil in 21% yield (Scheme 49). Also recovered was the ester 163 as a yellow oil

in 59% yield.
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Scheme 49. (i) 1.2 equiv. DCC, 1.1 equiv. NHS, dry THF, 0 °C then r.t, 18 h (ii) 3 equiv. 150, dry
THF, N, dark, r.t, 46 h

The 'H NMR of 132 gave diagnostic signals at & 1.55 (12H) and 3.15 (8H) for the
piperidinyl CH, groups which were also apparent at 24.4, 25.5 and 49.8 ppm in the °C
NMR. In addition, the characteristic quaternary guanidine signal was present at 8 166.5
and amide carbonyl at 172.3 ppm. The IR displayed bands at 1647 for the C=N and 1732
cm™ for the carbonyl groups. Finally, high resolution mass spectrometry gave a mass of
448.2592 [(M + H)"] Daltons which is in close agreement with the calculated mass of
448.2595.

The corresponding dimorpholinylguanidine analogue 134 was prepared from the ester 163
which was generated in situ and dissolved in dry THF, whereupon the guanidine 151 was

added and the reaction stirred in the dark for 46 h at r.t. After work-up and purification by
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column chromatography the guanidine 134 was obtained as a yellow oil in 42% yield

(Scheme 50). Again the ester 163 was recovered as a yellow oil in 32% yield.

0 — N
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Scheme 50. (i) 1.2 equiv. DCC, 1.1 equiv. NHS, dry THF, 0 °C thenr.t, 18 h (ii) 3 equiv. 151, dry
THF, N,, dark, r.t, 46 h

The '"H NMR of 134 gave diagnostic signals at § 3.28 (8H) and 3.70 (8H) each
corresponding to four morpholinyl CH, groups which were also present in the *C NMR at
49.1 and 66.1 ppm. The spectrum also contained a quaternary guanidine signal present at &
164.7 and amide carbonyl at 173.2 ppm. The IR gave bands at 1646 for the C=N and 1726
cm™ for the C=0 groups and high resolution mass spectrometry gave a mass of 452.2180
[(M + H)"] Daltons which is in exact agreement with the calculated mass of 452.2180.

9.3.1 Conclusion

As with the trimethyl-locked dipiperidinyl 131 and dimorpholinyl 133 guanidines, the two
corresponding reactions with the phenyl system did not go to completion. Interestingly, it
was possible to isolate unreacted ester 163 as a by-product during the purification of
guanidines 132 and 134. This contrasts with attempts to isolate 163 when directly formed
(Scheme 47). This is possibly due to excess guanidine in the reaction mixtures acting as a
base to neutralise acidic sites on the silica, however this is a tenuous supposition. Despite
these problems three candidate guanidine compounds were prepared 130, 132 and 134

utilising the phenyl quinone backbone (Figure 55).
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Figure 55. Structures of candidate compounds

9.4 Mustard reactions

With the successful preparation of the six guanidine derivatives, it was envisaged that the
previously reported” aniline mustard prodrug 78 would be required as a standard for
biological assays. Its preparation was thus investigated with the required aniline mustard
starting material 76 prepared via a two-step synthesis®® 2?7 from the available precursor
165 (Scheme 51).

OH Cl
~ W =
OZNON\_\ - OZNONH
(165) OH (166) Cl
(ii)

Cl

e
(76) \jcn

Scheme 51. (i) 1.8 equiv. pyridine, 2.3 equiv. SOCl,, CH,Cl,, 0 °C then A, 1 h (ii) Pd (10%) on C,
EtOH, H,, r.t,23 h

Thus the diol 165 was dissolved in dry dichloromethane and pyridine at 0 °C and treated
with SOCl, and the mixture was boiled under reflux for 1 h. After work-up, the crude
product was purified by column chromatography to yield 166 as yellow crystals in ~50%
yield (Scheme 52).
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Scheme 52. (i) 1.8 equiv. pyridine, 2.3 equiv. SOCl,, dry CH,Cl,, 0 °C then A, 1 h

The 'H NMR of the nitromustard 166 gave two triplets at § 3.70 (4H, J= 6.9 Hz) and 3.87
(4H, J = 6.9 Hz) for the four CH; groups and two doublets at 6.68 (2H, J = 9.5 Hz) and
8.15 (2H, J = 9.1 Hz) ppm corresponding to the AA’BB’ pattern of the aromatic ring. In
the '>C NMR, signals for the four CH, groups were apparent at 6 39.9 and 53.3 and for the
aromatic CH’s at 110.7 and 126.4, with the remaining quaternary carbons present at 138.4
and 151.2 ppm respectively. High resolution mass spectrometry data gave a mass of
263.0355 [(M + H)'] Daltons which is in close agreement with the calculated mass of
263.0349. Finally the melting point of 92 — 93 °C (lit. 95 - 96 °C)**® was found to be in

accordance with the literature.

Other fractions from the chromatography process demonstrated the presence of two further
by-products (Figure 56). The first was found to be the monosubstituted compound 167 as a
yellow solid (ca. 5%) which was identified from its 'H NMR with the main diagnostic
signals being a broad singlet at 8 1.71 (1H) for the OH group and a triplet at 3.90 (2H, J =
5.2 Hz) ppm for the CH»-OH group. In the >C NMR there were four CH; signals present
at 8 39.7, 53.4, 53.7 and 59.9 ppm respectively and the IR gave an O-H stretch at 3486
em™. Finally high resolution mass spectrometry gave a mass of 245.0686 [(M + H)
Daltons which is in close agreement with the calculated mass of 245.0687. A second
compound was isolated and, from the high resolution mass spectrometry, a mass of
273.0542 [(M + H)"] Daltons was observed which corresponds to a chemical formula of
C10H1305N,S which is calculated as 273.0540. It was thus proposed that the reaction had
formed the 1,3,2,6-dioxathiazocane-2-oxide ring system and the structure was in fact 168,
isolated as a yellow solid in ca. 5% yield.
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(167) OH (168)

Figure 56. Structure of mono and sulfite by-products
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Investigation of the literature indicated that this compound had not been reported

previously, however its m-NO, isomer was reported in a similar reaction (Figure 57).%°

Figure 57. Structure of sulfite isomer of 168

The initial yield for this reaction was 50% and it is likely that compounds 167 and 168 are
possible intermediates in the synthesis of the desired product 166. Repeating the reaction
under reflux for 7 h and increasing the amount of pyridine gave an improved yield of 80%
for the nitro mustard 166. No sulfite 168 was found to be present and only a small amount,
<1% of the mono compound 167 was isolated. It is apparent that the yield of 98% reported
by the literature™’ was accomplished without additional purification since none of these

by-products were mentioned.

The final stage in the preparation of 76 involved the hydrogenation of the nitro group in
166 which was accomplished by stirring a solution of 166 in ethanol with 5% Pd on carbon
under an atmosphere of hydrogen for 17 h. After filtration through celite, the crude product
was purified by column chromatography (isolated in 50% ethyl acetate/petrol) to yield the
aniline mustard 76 as a brown oil in 68% yield (Scheme 53), the same yield as reported in

the literature.?*’

/_/Cl /_/CI
on o e
(166) Cl (76) Cl

Scheme 53. (i) Pd (5%) on C, EtOH, Hy, r.t, 17 h

Analysis of the "H NMR of 76 demonstrated the appearance of a broad singlet at & 5.13
(2H) ppm corresponding to the aniline NH; whilst high resolution mass spectrometry gave
a mass of 233.0609 [(M + H)'] Daltons which is in close agreement with the calculated
mass of 233.0607. Further analysis of the higher running column fractions gave another
compound which had an interesting set of signals in the 13C NMR. These corresponded to

four CH; environments at & 42.3, 51.0, 51.6 and 53.6, four aromatic CH environments at
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114.4, 115.7, 118.9 and 119.1 together with four quaternary carbon atoms at 141.1, 143.2,
143.3 and 144.1 ppm. On analysis by high resolution mass spectrometry a mass of
393.1609 [(M + H)"] Daltons was obtained which is in close agreement with the formula
Ca0H27N4Cl> which requires 393.1607. In addition the isotope pattern is indicative of a
dichloride with a pattern of 393.16 (100%), 395.16 (~64%) and 397.15 (~10%). Analysis
of the "H NMR spectrum indicated the presence of two AA’BB’ patterns at § 6.56 (2H, d,
J=8.8 Hz), 6.74 2H, d, J=9.2 Hz), 6.78 (2H, d, /= 8.8 Hz) and 6.94 (2H, d, /= 9.1 Hz),
ppm which suggested the presence of two aromatic ring systems. With this evidence in

hand the structure 170 was proposed (Figure 58).

Cl
/N /
_/ \_\
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Figure 58. Structure of piperidine mustard

This mustard 170 has not been reported before and was isolated from the reaction mixture
as a brown solid in 32% yield. Attempts to grow crystals suitable for X-ray analysis were
unsuccessful as 170 appeared to be unstable and decomposed at room temperature on
standing. Upon repeat of this reaction the required aniline mustard 76 was obtained in high
yields (58 - 68%) but the by-product 170, although always present, was only ever isolated
in low yield (<5%).

With the aniline mustard 76 in hand, it was coupled to the ester 50b in dry THF over 21 h
at r.t which after column chromatography gave the prodrug 78 as an orange solid in 65%

yield (Scheme 54).
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Scheme 54. (i) 2.8 equiv. 76, dry THF, N,, dark, r.t, 21 h
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The '"H NMR and "*C NMR data of 78 was in excellent agreement with the reported
values” and high resolution mass spectrometry gave a mass of 465.1705 [(M + H)"]
Daltons which is in close agreement with the calculated mass of 465.1706. Finally a
melting point of 80 — 84 °C (lit. 87 — 89 °C)” was found to be in accordance with the
literature. There was a small improvement in the yield (57% to 65%) compared to that

reported by Volpato ef al.”

The next stage was to prepare the corresponding prodrug containing the phenyl quinone
backbone 135. Thus the ester 163 was added to a solution of the aniline mustard 76 in dry
THF and stirred in the dark for 25 h at r.t. Upon work-up the crude product was purified by
column chromatography to give a low yield of a compound which appeared to correspond
to the desired product 135 on initial inspection of the NMR data (Scheme 55).

Cl
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O o0 oN
O ey 0
o

0

(163) (135)
Scheme 55. (i) 3 equiv. 76, dry THF, N,, dark, r.t, 25 h

However on inspection of the high resolution mass spectrometry data, a mass of 600.1660
[(M + H)"] Daltons for the major ion was obtained which is considerably larger than the
mass of 485.1393 calculated for 135 (C26H27O3N2Clz35). On consideration of this mass it
was apparent it corresponded to a formula C3pH3O¢N3CL* [(M + H)"] which requires
600.1663. From this information it was possible to propose that the succinimidy] ester was
still incorporated in the molecule. The proposed structure of this compound is 171 (Figure
59) and for this reaction outcome the amine nucleophile must have reacted at the imide

carbonyl rather than displacing the NHS and forming an amide.
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Figure 59. Structure of N'-(4-(bis(2-chloroethyl)amino)phenyl)-N*-((3',4",6'-trimethyl-2',5'-
dioxo-2',5'-dihydro-[1,1'-biphenyl]-2-carbonyl)oxy)succinamide

Analysis of the '"H NMR confirmed this by the presence of signals which might be
expected for the desired product 135 but with the additional broad singlet at § 2.69 (4H)

ppm corresponding to the two succinimidyl CH; groups (Figure 60).
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Figure 60. 400 MHz 'H NMR spectrum expansion of 171

In addition two NH signals were apparent at  7.57 (1H) and 9.86 (1H) ppm instead of the
expected one signal. In the >C NMR, the succinimidyl CH, groups were present at & 29.7
ppm. This mustard 171 was isolated in 24% yield and no other major products could be
found. There appears to be no literature precedence for this type of reaction and time
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constraints prevented further research on this reaction, however, this is an avenue that can

be explored in the future.

9.5 Miscellaneous reactions

The preparation of two additional prodrugs was attempted, the first of which was derived
from an interest in the by-product 170, isolated during the reaction to form the aniline
mustard 76 (Scheme 53, p.84). The reaction to form prodrug 136 was attempted by adding
the ester 50b to a solution of the mustard 170 in dry THF and stirring the mixture in the
dark for 21 h at r.t (Scheme 56). After work-up attempts to purify the multi-spot mixture
were unsuccessful. As the mustard 170 was only formed in trace amounts in subsequent

reactions, a repeat of the reaction was not attempted.
Cl
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(50b) (136)

Scheme 56. (i) 0.7 equiv. 170, dry THF, Ny, dark, r.t, 21 h

Despite this failure, the interesting mustard 170 might be worthy of further study and a

method for optimising its formation could be sought.

In addition, an attempt was made to synthesise the prodrug 172 which incorporates
tirapazamine 10 by adding the ester 50b to a solution of tirapazamine 10 in dry N,N-
dimethylformamide (DMF) and stirring for 72 h in the dark at r.t. (Scheme 57). However

no reaction was apparent by TLC.
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Scheme 57. (i) 1.5 equiv. 10, dry DMF, N,, dark, r.t, 72 h

One issue with this reaction was the poor solubility of the tirapazamine 10, with DMF
being the only solvent able to dissolve it. The presence of the two N-oxy functional groups
also leads to a deactivation of the NH, group towards nucleophilic substitution. No further

attempts at this reaction were undertaken.
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10.0 Enzymatic evaluation

This section describes the enzymatic evaluation of the trimethyl-locked guanidine 129 and

phenyl guanidine 130 as substrates for the enzyme hNQO1 using HPLC analysis.

10.1 Enzymatic evaluation of 129
The objective of this section is to provide mechanistic proof that the trimethyl-locked

guanidine 129 can undergo two-electron reduction via the pathway shown in scheme 58.

0 N7 o >N o

~

o) N}\T OH N l'il/ NH 0
hNQO1, H* NS P

’ — 7 0

NADH NAD* (144)

o) OH OH

(129) (121) (44)

Scheme 58. Postulated enzymatic h(NQO1 reaction of the guanidine in the presence of NADH

In the presence of NADH 35 and hNQOI, the substrate 129 can undergo a two-electron
reduction process (Section 3.2, p.10-12) to afford the hydroquinone species 121. This
species 121 then performs an intramolecular cyclisation reaction to give the free guanidine

144 and the lactone 44 as the by-product.

10.2 Enzymatic activity of 129

A reaction containing the substrate 129 (100 pM) and NADH (500 pM) in phosphate
buffer (10 mM, pH 7) was started by the addition of 0.5 pg hNQOI1. The reaction was
monitored using HPLC, eluting with a gradient of 10-99% acetonitrile/water and an
injection volume of 2 pl. The temperature was maintained at 37 °C and the reaction was
monitored over a period of 80 min (taking readings at every 10 min). The depletion of the
substrate 129 and the formation of the lactone 44 was monitored at 240 nm. A control
experiment was also included (same apart from a period of 77 min and readings every 7
min) in which no enzyme was added to the substrate. All other parameters were
maintained the same, in effect this is also a stability experiment for the substrate 129
(Appendix 3.1). These enzymatic experiments were performed in triplicates whereby three
independent experiments were carried out (Appendix 3.2). Chart 1 below illustrates the
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depletion of the substrate 129 and formation of the lactone 44 over the 80 min period. In
addition, the depletion of NADH 35 was also monitored at 340 nm (Chart 2).
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Chart 1. Concentration-time plot showing stability data of the guanidine 129 in the absence of
hNQOI and enzymatic data showing the depletion of the guanidine 129 and formation of the
lactone 44 in the presence of hANQOI
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Chart 2. Concentration-time plot showing the depletion of the NADH 35 during

the enzymatic study :
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Chart 1 shows that in the presence of the enzyme there is a correlation between the
depletion of substrate 129 and formation of the lactone 44, with their respective rates
calculated as 2.74 and 2.41 pM/min.

10.3 Enzymatic evaluation of 130
The objective of this section is to provide mechanistic proof that the phenyl guanidine 130
can undergo two-electron reduction via the pathway shown in scheme 59 and outlined

previously for guanidine 129 in scheme 58.
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(130) (124) (120)
Scheme 59. Postulated enzymatic hNQOI reaction of the guanidine in the presence of NADH

10.4 Enzymatic activity of 130

A reaction was carried out in the same manner as the previously analysed guanidine 129;
however this time a 2-99% acetonitrile/water gradient was used with an injection volume
of 10 pl and readings every 20 min. The formation of the lactone 120 was monitored at

260 nm (Appendix 3.3 and 3.4). From these data, chart 3 and chart 4 were plotted.

92



100 !
90 -
80 -
70 +

Concentration (pM)
N W &
(— - ]

ok
(=]
'l

=
o

L] Ll L L L]

0 10 20 30 40 50 60 70 80
Time (mins)

® 130 Stability ¥ 130 Depletion A 120 Formation

Chart 3. Concentration-time plot showing stability data of the guanidine 130 in the absence of
hNQOI and enzymatic data showing the depletion of the guanidine 130 and formation of the
lactone 120 in the presence of hNQO1
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Chart 4. Concentration-time plot showing the depletion of the NADH 35 during the enzymatic
study
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Chart 3 indicates that the correlation between formation and depletion observed for 129/44
was not observed for 130/120 with the rates calculated as 2.26 and 3.59 pM/min
respectively. In addition this reaction did not proceed to completion. The lactone 120
concentration (uM) was found to decrease after 40 min due to poor solubility in the
phosphate buffer, even with an additional 5% dimethyl sulfoxide (DMSO) added to the

solution.

10.5 Conclusion

In the absence of the enzyme, the substrates 129 and 130 are stable for up to 80 min
(duration of the experiment). These results suggest that, as predicted by molecular
modelling both 129 and 130 are good substrates for the enzyme hNQOI. It was not
possible to monitor the formation of the free guanidine 144 due to its high polarity.
Nevertheless, these experiments indicate that mechanistically, upon enzymatic activation,
guanidines 129 and 130 undergo reduction to the hydroquinones 121 and 124, which in
turn undergo intramolecular cyclisation. These preliminary findings indicate that the
trimethyl-locked guanidine 129 has a faster rate of depletion, 2.74 uM/min compared with
the phenyl guanidine 130’s 2.26 pM/min (see p.102 for further details on the method).
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11.0 In vitro cytotoxicity evaluation

Compounds 129, 131 and 133 were assayed against the cancer cell lines F179 and hDT7 as
were the guanidines 144, 150 and 151 (Table 13) (for method see p.103). F179 is a cloned
cell line which does not contain hNQO1 whereas the cell line hDT7 does and thus a large

difference in the ICs values (uM) for these two cell lines would be expected.

Compound Structure F179 hDT7 (hNQO1)
Number ICso (M) ICsy (UM)
NH
e )’l\ -~
144 'T' fi' >100.0 >100.0
o N7
o) N)\N/
129 t 12.76 3.75
(0]
NH
150 O‘ “O >100.0 >100.0
O 9
131 9 N "O 5.33 >100.0
(@]
NH
151 (\N/”\N’\ >100.0 >100.0
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133

>100.0

39.56

Table 13. In vitro cytotoxicity evaluation (ICs data) of guanidines

The ICsq data for the guanidines 144, 150 and 151 for both cell lines showed values of

>100 pM indicating no inhibition. However, 129 and 133 gave very encouraging results
with ICsp values of 3.75 and 39.56 uM for the hDT7 cancer cell line. This suggests that

these guanidines have activity against this cell line via hNQO1 activation. Suprisingly 131

gave an unusual result in that the inhibition was reversed and the F179 cell line gave an

ICso of 5.33 uM whilst against hDT7 was inactive. This result might imply a different

mechanism is at work in this inhibition however the assay needs to be repeated to confirm

these figures. Overall the study suggests that these substrates have some potential and

confirm that the prodrug can be used for the delivery of guanidine based substrates.

However, it must be noted that this data is subject to errors as there are no error bars (or

+/-) values to give confidence that these results are statistically significant.
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Conclusion

This thesis has explored the design and synthesis of novel guanidine and aniline mustard
compounds for use in prodrug therapy. A series of compounds were synthesised (Figure
61) utilising quinone backbones I, II and III.

NRR'

R'RN 0
A AY
(o] o)
)] (n (1)
(D R,R'=Me 129, -(CH,)s 131, (CH,CH,),0 133

(ID) R,R’ = Me 130, -(CH,)s 132, -(CH,CH,),0 134
(1) R = PhN(CH,CH,Cl), 78

Figure 61. Structure of guanidine and aniline mustard quinone compounds

Molecular modelling provided the initial groundwork by determining the viability of these
compounds to undergo quinone reduction by hNQO1 followed by hydroquinone
cyclisation. Improvements were made to the synthetic methods reported, namely their %
yields and compound purification. HPLC analysis proved the effectiveness of the
trimethyl-locked drug system established by Volpato et al.”” and phenyl system with
guanidines by showing 129 and 130 to be good substrates. In theory the remaining
compounds should follow the same mechanistic pathway in the presence of hNQO1 and

NADH 35 and are currently being assessed for their enzymatic activity.

Continuation of this work would be to successfully prepare the aniline mustard prodrug
135 (Scheme 60). Reaction of the mustard 76 with the ester 163 resulted in substitution of
the imide carbonyl and not the amide, which led to the formation of intermediate 171
(Figure 59, p.87). Directing this substitution at the desired site could possibly be achieved
by reacting the mustard 76 directly with the quinone acid 162 instead thus bypassing this
issue (Scheme 60).
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Scheme 60. (i) DCC, HOBT, 76, dry THF, r.t

Another interesting reaction to reattempt is the synthesis of the prodrug 136 (Scheme 61)
from the by-product of the aniline mustard reaction (Scheme 53, p.84). Whilst it is not
absolutely clear how the piperidine mustard 170 was formed it is likely that it had arisen
by reaction of the aniline mustard 76 undergoing self condensation or by reaction with the
sulfite 168 which was proposed as a contaminant of a batch of the nitro mustard 166 and
indeed was observed to be formed in the chlorination of the alcohol 165. On repeating the
synthesis of 76 using starting material purified by column chromatography only a small
amount (<5%) of the piperidine mustard 170 was produced and this was a limiting factor
in its use in subsequent steps. In order to prepare 170, optimisation of the preparation of
sulfite 168 could be attempted which could then be reacted with the nitro compound 173 to
form 174. This substrate could then be chlorinated to afford 175 and reduced to give more

appreciable amounts of 170 and thus enable the synthesis of the prodrug 136.
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Scheme 61. (i) CH,Cl,, heat (ii) pyridine, SOCl,, dry CH,Cl,, (iii) Pd (10%) on C, EtOH, H,, r.t
(iv) 170, dry THF, N,, dark, r.t

Other future work could be to progress the work on cytotoxic guanidines, by investigating

the tirapazamine route in more detail. It was shown that substitution of tirapazamine 10

directly onto the ester 50b proved unsuccessful (Scheme 62).
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Scheme 62. (i) 1.5 equiv. tirapazamine 10, dry DMF, N,, dark, r.t, 72 h

Research has shown that it is the products of the one-electron reduction species that are
believed to be the key radical intermediates in the cytotoxic action of tirapazamine 10. The
next step could be to attach 3-aminobenzo-1,2,4-triazine 1-N-oxide 15 to the ester 50b,
which contains only one NO group. The two routes to synthesising this compound have

130—32

previously been discussed (Scheme 63) using either nitroaniline 1 or hydroxybenzo-

1,2,4-triazine 1-N-oxide 13.3%3*

NH, i N.__NH,
U T
©:N02 ©:N0§H % }
(11) (12)

Z-0

s +

Q o (15)
N

Nt

2= X

/

N~ "OH N™ ~Cl

(13) (14)

Z\

=
=z
I

=z
=
<
S

\

Scheme 63. (i) 0.5 equiv. cyanamide, 100 °C then r.t, HCI then 100 °C (ii) NaOH, r.t then 100 °C,
30 min (iii) DMA, POCl;, A, 45 min (iv) NHs, EtOH, A, 7 h

If substitution of this benzotriazine 15 is achieved onto the ester 50b it may then be
possible to add the second NO group directly onto this compound to give 172.%
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Experimental

General:

Chemicals
Chemicals were obtained from commercial suppliers Sigma Aldrich, Alfa Aesar and

Thermo Fisher Scientific with no further purification. Reactions with n-butyllithium refer

to the use of this reagent in hexane.

Melting point (m.p.)
Melting points in Degrees Celsius (°C) were determined using a Gallenkamp MF370

instrument and are uncorrected.

Nuclear magnetic resonance (NMR)

The 'H and "C/distortionless enhancement by polarisation transfer (DEPT) (decoupled)
spectra were recorded on a Bruker Avance 500 spectrometer at a frequency of 500 MHz
(‘H) and 125 MHz (C/DEPT) in CDCl; unless otherwise stated. Some NMR were run on
a Bruker 400 MHz spectrometer at Morvus Technology Ltd and this will be specified on
these spectra. The chemical shifts are given as & values (ppm) relative to the internal
standard tetramethylsilane. Each spectrum has been calibrated using the solvent peak,
CDCl; ("H 7.27 ppm, °C 77.0 ppm) or DMSO-ds (‘H 2.54 ppm, "*C 40.45 ppm). Also
provided for the '"H NMR are the J values (spin coupling constants) in hertz (Hz) and the
multiplicity of the peaks. These are abbreviated as follows; s (singlet), d (doublet), t
(triplet), ddd (doublet of doublets of doublets), q (quartet) and m (multiplet). Spectra were
processed using MestReNova (version 6.0.2-5475) software.

Mass spectrometry (MS)

Samples were sent away to the EPSRC National Mass Spectrometry Service Centre in
Swansea. Low resolution Chemical Ionisation (CI) and Electron Impact (EI) were recorded
on a Quattro II triple quadrupole instrument. High resolution mass spectra were recorded
on a Thermofisher LTQ Orbitrap XL spectrometer. High resolution Electrospray Ionisation
(ESI) of compound 150 was recorded on a Bruker micro time of flight (TOF) instrument at
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the School of Chemistry, Bangor University. Mass spectrometry measurements are

reported in Daltons.

Infrared (IR)

IR spectra were obtained on a Bruker Tensor 27 machine either as a thin film (in
chloroform or dichloromethane) or by using the KBr method for solids. Absorption

frequencies are reported in wavenumber v (cm™).

X-ray crystallography

Samples were sent away to the EPSRC National Crystallography Service at the School of
Chemistry, University of Southampton. Tabulated data are provided on the following: ( 1)
crystal data and structure refinement (2) atomic coordinates (x 10%), equivalent isotropic
displacement parameters (A” x 10) and site occupancy factors (3) bond lengths (A) and
angles (°) (4) anisotropic displacement parameters (A® x 10%) (5) hydrogen coordinates (x
10" and isotropic displacement parameters (A% x 103). Structures are present as ‘wire’

and/or ‘ball and stick’ images.

Chromatography

TLC was performed on precoated E.Merck silica gel 60 F254 glass plates. Compounds
were visualised under UV light or by staining with phosphomolybdic acid (PMA), or
iodine. Column chromatography was performed using Merck 7736 silica gel (particle size
40-63 pm) with the eluent specified in each case.

Enzymatic evaluation (cell-free assay)

Samples were analysed via HPLC at Morvus Technology Ltd using Thermo Separation
Products SpectraSYSTEM HPLC system equipped with ChromQuest operating software
using a specified acetonitrile/water gradient and a Waters SymmetryShield™ RP18, 5 pm
3.9 x 150 mm column. Compounds were dissolved in DMSO to form a working stock
(prepared fresh daily) of 10 mM and diluted to 100 uM in phosphate buffer pH 7.
Statistical software Microsoft Office Excel 2007 was used for data analysis (including
calculating reaction rates) and data were normalized to 100% (apart from the NADH 35).
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In vitro cytotoxicity evaluation (cellular assay)

Samples were sent away to Morvus Technology Ltd where growth inhibition was
measured by the sulfo-thodamine B (SRB) method as described by Skehan et al.?*°
Isogenic clone of Chinese hamster cells in which one over-expressed hNQO1 (hDT?7) and
one that did not express (null) ANQO1 (F179) were used to determine the toxicity of the
target compounds. In essence, cells were seeded into 96-well microplates in Eagle’s
minimum essential medium supplemented with non-essential amino acids, 2.0 mM
glutamine and 10% (v/v) foetal bovine serum and incubated overnight. The test
compounds were dissolved in DMSO, serially diluted in culture medium and added to the
cells. After six days exposure the cells were stained with SRB and absorbance measured at
570 nm. The cytotoxicity of each compound was expressed as that concentration
producing 50% inhibition of cell growth (ICsp) compared with cells incubated with

medium only.

Ultraviolet (UV)

UV data to monitor the anodic oxidation of 157 was carried out on a Jasco V-550 UV-vis

spectrophotometer at the School of Chemistry, Bangor University.

Miscellaneous

All anhydrous reactions were performed using oven dried glassware under a positive
atmosphere of argon. n-Butyllithium in hexanes was titrated against diphenylacetic acid in
THF immediately before use.”' The term in vacuo refers to the reduced pressure of a
Biichi rotary evaporator, at water pump pressure (14 mm Hg) at 30 - 50 °C. All chemical

structures and reaction schemes were drawn using ChemBioDraw Ultra 12.0.
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6-Hydroxy-4,4,5,7,8-pentamethylchroman-2-one 447 '12
0
(@)

OH
(44)

2,3,5-Trimethyl-1,4-hydroquinone 77 (5.07 g, 33.3 mmol) and methyl 3,3-
dimethylacrylate (5.0 ml, 41 mmol) were added to methanesulfonic acid (50 ml). The
resulting mixture was heated for 3 h at 70 °C under nitrogen and then left to stir at r.t
overnight. The reaction mixture was added to water (200 ml) and extracted with ethyl
acetate (3 x 150 ml). The organic layer was then washed with water (100 ml), saturated
aqueous sodium hydrogen carbonate (100 ml) and brine (100 ml), dried (MgSO.), filtered
and the solvent removed in vacuo to give a grey solid (9.05 g). The crude product was
recrystallised from hexane/chloroform (3:1) to yield the lactone 44 (6.88 g, 29.4 mmol,
88%) as a white solid (m.p. 183 — 185 °C, lit. 186 — 187 °C).”!

"H NMR: & 1.46 (6H, s, 2 x gem-CH3), 2.19 (3H, s, ring-CHs), 2.23 (3H,
s, ring-CHs), 2.37 (3H, s, ring-CH3), 2.55 (2H, s, CH,), 4.70
(1H, s, OH)

BC NMR: §¢ 12.3 (ring-CH3), 12.5 (ring-CH3), 14.4 (ring-CH3), 27.7 (2 x

gem-CHj3), 35.5 (C(CHz),), 46.1 (CHy), 118.9 (Ar-C), 121.8
(Ar-C), 123.4 (Ar-C), 128.2 (Ar-C), 143.5 (Ar-C), 148.8
(Ar-C), 168.8 (C=0)

Rf: 0.39 (50% diethyl ether/petrol)
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3-Methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-yl)butanoic

acid 457112

0o
(45)

The lactone 44 (6.25 g, 26.7 mmol) was suspended in acetonitrile (aq. 15% v/v, 270 ml). A
solution of N-bromosuccinimide (6.41 g, 36 mmol) in acetonitrile (ag. 40% v/v, 120 ml)
was added drop-wise over 1 h to the suspension. The resulting mixture was stirred for a
further 30 min, diluted with water (500 ml) and extracted with dichloromethane (3 x 100
ml). The organic layer was washed with water (2 x 100 ml) and brine (100 ml), then dried
(MgS0y), filtered and the solvent removed in vacuo to give a bright yellow solid (7.66 g).
The crude product was re-dissolved in diethyl ether and, following small additions of
petrol, cooled to 0 °C. The liquid was decanted to yield the quinone acid 45 (6.60 g, 26.4
mmol, 99%) as a bright yellow solid (m.p. 91 — 93 °C, lit. 101 — 103 °C).!%

"H NMR: 8y 1.43 (6H, s, 2 x gem-CH3), 1.92 (3H, s, ring-CH3), 1.95 (3H,
s, 1ing-CHz), 2.14 (3H, s, ring-CH3), 3.02 (2H, s, CH,), 9.0-
13.0 (1H, br. OH)

BC NMR: §c 12.1 (ring-CHs), 12.5 (ring-CH3), 14.3 (ring-CHs), 28.8 (2 x
gem-CH;), 37.9 (C(CHa),), 47.2 (CH,), 138.4 (C), 139.0 (C),
143.0 (C), 152.0 (C), 178.4 (acid C=0), 187.4 (quinone
C=0), 190.8 (quinone C=0)

Rf: 0.17 (50% diethyl ether/petrol)
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2,5-Dioxopyrrolidin-1-yl 3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-

1,4-dien-1-yl)butanoate 50b”
0
0 o

o]

@]
(50b)

Dicyclohexylcarbodiimide (1.80 g, 8.72 mmol) was added to a solution of quinone acid 45
(1.80 g, 7.19 mmol) and N-hydroxysuccinimide (0.91 g, 7.9 mmol) in dry THF (60 ml) at
0 °C under nitrogen. The mixture was stirred for 18 h at r.t and then filtered to remove
dicyclohexylurea. The solvent was removed in vacuo from the resulting filtrate and the
residue treated with ethyl acetate (30 ml) and filtered again. The solvent was removed in
vacuo to give a yellow solid (3.09 g). The crude product was re-dissolved in ethyl acetate
(11 ml) and cooled to 0 °C. The liquid was decanted to yield the N-hydroxysuccinimide
ester S0b (2.79 g, 8.03 mmol, >100%) as a yellow solid, without further purification (m.p.
140 — 142 °C, lit. 145 °C).!%

'H NMR: §;; 1.53 (6H, s, 2 x gem-CH3), 1.96 (6H, s, 2 x ring-CHs), 2.17
(3H, s, ring-CH3), 2.78 (4H, s, 2 x succinimidyl CH,), 3.28
(2H, s, CH,)

BC NMR: §¢ 12.2 (ring-CH3), 12.6 (ring-CHs), 14.2 (ring-CH3), 25.5 (2 x

succinimidyl CHy), 29.1 (2 x gem-CHs), 38.8 (C(CH;),),
44.1 (CHy), 138.8 (C), 140.4 (C), 142.8 (C), 150.0 (C), 167.7
(ester C=0), 168.9 (2 x succinimidyl C=0), 187.4 (quinone
C=0), 190.3 (quinone C=0)

Rf: 0.09 (25% ethyl acetate/hexane)
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(Z)-N-(N,N'-Diphenylcarbamimidoyl)-3-methyl-3-(2,4,5-trimethyl-3,6-
dioxocyclohexa-1,4-dien-1-yl)butanamide 138™

(138)

N-Hydroxysuccinimide ester 50b (0.50 g, 1.4 mmol) was added to a solution of

13

diphenylguanidine 137 (0.61 g, 2.9 mmol) in dry dichloromethane (10 ml). After being

stirred in the dark for 46 h at r.t under nitrogen, the mixture was extracted with ethyl

acetate (2 x 200 ml) and the organic layer washed with water (2 x 200 ml). The organic

extracts were dried (MgSO,), filtered and the solvent was removed in vacuo to give a

yellow/brown solid (0.75 g). The crude product was dissolved in a 50:50 diethyl

ether/petrol mix. After cooling to 0 °C, the liquid was decanted to leave impure compound

138 (0.10 g, 0.23 mmol, 16%) as a yellow solid (m.p. 166 °C).

"H NMR: &y 1.41 (6H, s, 2 x gem-CH3), 1.95 (3H, s, ring-CH3), 2.00 (3H,
s, ring-CH3), 2.15 (3H, s, ring-CH3), 2.84 (2H, s, CH;), 6.89

—7.65 (11H, m, 10 x Ar-H, NH), 9.89 (1H, s, NH)

FTIR Vpax (CHCI3) 1590 (C=C), 1645 (C=N), 1664 (C=0), 2872, 2929, 2968
(C-H saturated), 3061, 3147, 3273 (C-H unsaturated), 3308,
3401 (N-H)

LRMS (EI): 444 (5%, [M + H']), 252 (100%)

HRMS [(M + H)+]: (Ca7H3003N3) Calculated: 444.2282 Found: 444.2281

Rf: 0.22 (15% ethyl acetate/petrol)
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4,4,7,8,10-Pentamethyl-2,6,9-trioxo-N,N'-diphenyl-1-azaspiro[4.5]dec-7-

ene-1-carboximidamide 139

o
0
N
J—NHPh
& PhN
(139)

When purification of the reaction mixture was via column chromatography (10-50% ethyl
acetate/petrol) and not decantation, fractions eluting in 20-30% ethyl acetate/petrol yielded
the isomer by-product, ketolactam 139 as a white solid (m.p. 138 — 143 °C).

"H NMR: 8y 0.93 (3H, s, gem-CH3), 1.07 (3H, s, gem-CHs), 1.46 (3H, d, J
= 6.5 Hz, ring-CH3), 2.05 (3H, s, ring-CHz), 2.11 (3H, s,
ring-CH3), 2.16 (1H, d, J = 17.5 Hz, CH), 2.75 (1H, d, J =
17.5 Hz, CH), 5.31 (1H, q, J= 7.0 Hz, CH), 6.67 (2H, d, J =
7.5 Hz, 2 x Ar-H), 6.77 (1H, t, J = 7.3 Hz, Ar-H), 6.90 (1H,
t, J = 6.3 Hz, Ar-H), 7.00 — 7.07 (6H, m, 6 x Ar-H), 8.22
(1H, s, NH)

3C NMR: §¢ 10.5 (CH3), 13.0 (CH3), 13.3 (CHj), 22.8 (gem-CHs), 29.9
(gem-CHj3), 40.1 (C(CHs),), 47.6 (CHy), 50.8 (CH), 81.5 (C),
121.3-128.5 (10 x Ar-CH), 138.0 (Ar-C), 143.3 (Ar-C),
1452 (Ar-C), 1462 (Ar-C), 147.5 (C=N), 174.9 (amide
C=0), 192.8 (C=0), 197.4 (C=0)

FTIR Vax (CHCI3) 1590 (C=C), 1680 (C=N), 1726 (C=0), 2869, 2970 (C-H
saturated), 3058 (C-H unsaturated), 3265 (N-H)

HRMS [M + H)']: (C27H3903N3) Calculated: 444.2282 Found: 444.2280

Rf: 0.20 (20% ethyl acetate/petrol)
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(3aR,4R,10aR)-3a,4,6,7,7-Pentamethyl-3-phenyl-2-(phenylamino)-
3a,4,7,8-tetrahydro-3H-chromeno[8,8a-d]imidazole-5,9-dione 143

(143)

When purification of the reaction mixture was via column chromatography (20-60% ethyl

acetate/petrol) and not decantation, fractions eluting in 60% ethyl acetate/petrol yielded the

isomer by-product lactam 143 as white crystals (m.p. 199 — 203 °C).

'H NMR: 5y

BC NMR: §¢

FTIR Vnax (CHCl3)

HRMS [(M +H)]:
Rf:

X-ray crystallography:

1.18 (3H, d, J = 7.3 Hz, ring-CH3), 1.20 (3H, s, gem-CHjs),
1.43 (3H, s, gem-CH3), 1.58 (3H, s, ring-CH3), 2.08 (3H, s,
ring-CH3), 2.40 (1H, d, J = 14.8 Hz, CH), 2.84 (1H, q, J =
7.0 Hz, CH), 3.99 (1H, d, J = 14.5 Hz, CH), 5.83 (1H, s,
NH), 7.01 (1H, t, J = 7.4 Hz, Ar-H), 7.24 — 7.30 (4H, m, 4 x
Ar-H), 7.39 — 7.43 (3H, m, 3 x Ar-H), 7.48 (2H, t, J = 7.4
Hz, 2 x Ar-H)
12.3 (CH3), 14.0 (CH3), 14.6 (CHs), 27.8 (gem-CHj3), 28.4
(gem-CHj3), 36.1 (C(CHs),), 46.8 (CH,), 48.0 (CH), 72.3 (C),
101.6 (C), 118.6 (2 x Ar-CH), 123.0 (2 x Ar-CH), 128.7 (2 x
Ar-CH), 128.8 (2 x Ar-CH), 129.4 (C), 129.9 (2 x Ar-CH),
136.0 (C), 138.5 (C), 150.4 (C), 156.7 (C=N), 172.3 (ester
=0), 201.8 (C=0)
1587 (C=C), 1675 (C=N), 1743 (C=0), 2879, 2939 (C-H
saturated), 3010, 3143 (C-H unsaturated), 3330 (N-H)
(C27H3003N3) Calculated: 444.2282 Found: 444.2278
0.22 (35% ethyl acetate/hexane)
See Appendix 2.2.1
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N-(Bis(dimethylamino)methylene)-3-methyl-3-(2,4,5-trimethyl-3,6-
dioxocyclohexa-1,4-dien-1-yl)butanamide 1297

o N7

(129)
1,1,3,3-Tetramethylguanidine 144 (0.20 ml, 1.6 mmol) was added to a solution of N-
hydroxysuccinimide ester 50b (0.50 g, 1.4 mmol) in dry dichloromethane (9 ml). After
being stirred in the dark for 46 h at r.t under nitrogen, the mixture was extracted with ethyl
acetate (2 x 200 ml) and the organic layer washed with water (2 x 200 ml). The organic
extracts were dried (MgSOy), filtered and the solvent removed in vacuo to give a
yellow/orange oil (0.45 g). The crude product was purified by column chromatography
using a stepwise gradient of methanol/ethyl acetate (2-5%). Fractions eluting in 5%
methanol/ethyl acetate yielded compound 129 as a yellow/orange oil (0.31 g, 0.91 mmol,
63%).

'H NMR: 5y 1.40 (6H, s, 2 x gem-CHs), 1.88 (3H, s, ring-CHs), 1.91 (3H,
s, ring-CHs), 2.06 (3H, s, ring-CHz), 2.77 (12H, s, 4 x CH3),
2.97 (2H, s, CHy)

BC NMR: ¢ 11.9 (ring-CHs), 12.7 (ring-CHs), 13.9 (ring-CHs), 28.2 (2 x

gem-CHs), 37.9 (C(CHs),), 39.9 (4 x CHs), 52.1 (CHy),
135.3 (C), 136.7 (C), 144.0 (C), 1562 (C), 166.6 (C=N),
179.7 (amide C=0), 187.6 (quinone C=0), 190.6 (quinone

C=0)
FTIR Vax (CHCL3) 1595 (C=C), 1644 (C=0), 2956 (C-H saturated)
HRMS [(M + H)']: (C19H30O3N3) Calculated: 348.2282 Found: 348.2286
Rf: 0.26 (50% methanol/ethyl acetate)
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Di(1H-imidazol-1-yl)methanimine 145"
JI\ILH

7 "N” NN

N= “ “)\:N
To a solution of imidazole 148 (6.87 g, 101 mmol) in dichloromethane (500 ml), cyanogen
bromide (3.70 g, 34.9 mmol) was added. The mixture was heated at reflux for 40 min, then
cooled to r.t and the white precipitate by-product removed by filtration. The filtrate was
then concentrated to about 50 ml and cooled to 0 °C for 48 h. The crystallised solid was
filtered, washed with chilled dichloromethane and the solvent removed under vacuum to
yield impure compound 145 (5.23 g, 32.5 mmol, 93%) as a white solid (m.p. 98 — 104 °C,

lit. 103 °C).>*2" This was used in the subsequent step without additional purification.

'H NMR: 5 (DMSO-d¢)  7.16 (2H, s, 2 x CH), 7.60 (2H, br. s, 2 x CH), 8.12 (2H, br.
s, 2 x CH), 10.26 (1H, s, NH)

BC NMR: 6 (DMSO-dg)  120.0 (2 x CH), 130.7 (2 x CH), 138.4 (2 x CH), 141.8
(C=N)
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Di(piperidin-1-yl)methanimine 150"

NH
0

(150)
To a solution of di(1H-imidazol-1-yl)methanimine 145 (2.00 g, 12.4 mmol) in dry THF
(40 ml), piperidine (6.1 ml, 62 mmol) was added and heated at reflux for 17 h under
nitrogen. The resulting mixture was washed successively with aqueous 2M sodium
hydroxide (3 x 50 ml) and the aqueous layer with dichloromethane (3 x 50 ml). The
organic extracts were dried (MgSO,), filtered and the solvent removed in vacuo to yield

impure compound 150 (1.68 g, 8.60 mmol, 69%) as a purple solid. This was used in the

subsequent step without additional purification.

'H NMR: &y 1.41 (12H, s, 6 x CHy), 3.06 (8H, s, 4 x CHy), 6.96 (1H, s,
NH)

13C NMR: ¢ 23.6 (2 x CH,), 25.1 (4 x CHy), 48.9 (4 x CHy), 162.3 (C=N)

HRMS [(M + H)']: (C11Hz,N3) Calculated: 196.1814 Found: 196.1816
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N-(Di(piperidin-1-yl)methylene)-3-methyl-3-(2,4,5-trimethyl-3,6-

dioxocyclohexa-1,4-dien-1-yl)butanamide 1317

G
3

(131)

N-Hydroxysuccinimide ester 50b (1.07 g, 3.08 mmol) was added to a solution of
di(piperidin-1-yl)methanimine 150 (0.90 g, 4.6 mmol) in dry dichloromethane (25 ml).

After being stirred in the dark for 65 h at r.t under nitrogen, the mixture was extracted with

ethyl acetate (2 x 200 ml) and the organic layer washed with water (2 x 200 ml). The

organic extracts were dried (MgS0,), filtered and the solvent removed in vacuo to give a

brown oil (1.35 g). The crude product was purified by column chromatography using a

stepwise gradient of methanol/ethyl acetate (2-10%). Fractions eluting in 6-10%

methanol/ethyl acetate yielded compound 131 as a yellow oil (0.38 g, 0.89 mmol, 29%).

'H NMR: 3y

BC NMR: 8¢

FTIR Viax (CHCl3)

HRMS [(M + H)']:
Rf:

1.40 (6H, s, 2 x gem-CH3), 1.56 (12H, m, 6 x CHy), 1.90
(3H, s, ring-CH3), 1.92 (3H, s, ring-CH3), 2.08 (3H, s, ring-
CH3), 3.02 (2H, s, CH3), 3.12 - 3.15 (8H, m, 4 x CH,)

12.0 (ring-CH3), 12.7 (ring-CH3), 14.0 (ring-CH3), 24.1 (2 x
CH,), 25.3 (4 x CHy), 28.2 (2 x gem-CH3), 38.0 (C(CHj3)y),
49.8 (4 x CHy), 51.6 (CHy), 135.9 (C), 137.1 (C), 143.7 (C),
155.7 (C), 165.0 (C=N), 179.5 (amide C=0), 187.6 (quinone
C=0), 190.5 (quinone C=0)

1592 (C=C), 1641 (C=N), 1710 (C=0), 2857, 2938 (C-H
saturated)

(C25H3303N3) Calculated: 428.2908 Found: 428.2908

0.21 (20% methanol/ethyl acetate)
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Dimorpholinomethanimine 151°"

NH

A

NN

O\')(151)K/O
To a solution of di(1H-imidazol-1-yl)methanimine 145 (2.00 g, 12.4 mmol) in dry THF
(40 ml), morpholine (5.4 g, 5.4 ml, 62 mmol) was added and heated at reflux for 15 h
under nitrogen. The resulting mixture was washed successively with aqueous 2M sodium
hydroxide (3 x 50 ml) and the aqueous layer with dichloromethane (3 x 50 ml). The
organic extracts were dried (MgSOy), filtered and the solvent removed in vacuo to yield
impure compound 151 (1.48 g, 7.43 mmol, 60%) as a purple solid. This was used in the

subsequent step without additional purification.

'H NMR: &y 3.26 (8H, t, J = 4.9 Hz, 4 x CHy), 3.76 (8H, t, J = 4.9 Hz, 4
x CHy)

BC NMR: 8¢ 47.9 (4 x CHy), 66.1 (4 x CHy), 166.2 (C=N)

HRMS [(M + H)"]: (CoH130,N3) Calculated: 200.1394 Found: 200.1392
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N-(Dimorpholinomethylene)-3-methyl-3-(2,4,5-trimethyl-3,6-

dioxocyclohexa-1,4-dien-1-yl)butanamide 133"

.
0 N)\N

L_o

o)
(133)

N-Hydroxysuccinimide ester 50b (0.69 g, 2.0 mmol) was added to a solution of

dimorpholinomethanimine 151 (0.59 g, 3.0 mmol) in dry dichloromethane (20 ml). After

being stirred in the dark for 46 h at r.t under nitrogen, the mixture was extracted with ethyl

acetate (2 x 150 ml) and the organic layer washed with water (2 x 150 ml). The organic

extracts were dried (MgSQy), filtered and the solvent removed in vacuo to give a yellow

oil (0.88 g). The crude product was purified by column chromatography (5% methanol/

ethyl acetate) to yield compound 133 as a yellow oil (0.24 g, 0.55 mmol, 28%).

"H NMR: &y

3C NMR: ¢

FTIR Vyax (CHCL)

HRMS [(M + H)']:
Rf:

1.43 (6H, s, 2 x gem-CH3), 1.95 (3H, s, ring-CH3), 1.98 (3H,
s, ring-CHj), 2.12 (3H, s, ring-CHj3), 3.06 (2H, s, CHy), 3.22
(8H, t, J = 4.6 Hz, 4 x CH,), 3.68 (8H, t, J=4.7 Hz, 4 x
CH,)

12.0 (ring-CH3), 12.8 (ring-CH3), 14.1 (ring-CH3), 28.3 (2 x
gem-CH3), 38.1 (C(CH3)z), 49.0 (4 x CH3), 52.2 (CH,), 66.1
(4 x CHy), 136.3 (C), 137.4 (C), 143.5 (C), 155.3 (C), 164.7
(C=N), 181.2 (amide C=0), 187.5 (quinone C=0), 190.7
(quinone C=0)

1598 (C=C), 1645 (C=N), 1711 (C=0), 2860, 2922, 2970
(C-H saturated)

(C23H3405N3) Calculated: 432.2493 Found: 432.2486

0.22 (15% methanol/ethyl acetate)
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1,4-Dimethoxy-2,3,5-trimethylbenzene 157°*
OCH,

OCH;
(157)
To a stirring solution of 2,3,5-trimethyl-1,4-hydroquinone 77 (10.02 g, 65.83 mmol) in
butan-2-one (150 ml), K»COs3 (45.00 g, 325.6 mmol) was added at r.t. After 30 min,
methyl iodide (16.2 ml, 261 mmol) was added to the mixture and stirred for a further 16 h
at 65 °C. After cooling, the solvent was removed in vacuo and the resulting yellow
precipitate extracted with diethyl ether (2 x 100 ml). The organic extracts were dried
(MgSOs), filtered and the solvent removed in vacuo to give a brown oil (11.69 g). The
crude product was purified by column chromatography (5% diethyl ether/hexane) to yield
compound 157 as a clear/colourless oil (7.29 g, 40.5 mmol, 62%). Also isolated in some of

the later fractions was a quinone by-product 161 as a waxy yellow solid (ca. 7%).

'H NMR: &y 2.15 (3H, s, ring-CH3), 2.24 (3H, s, ring-CHs), 2.32 (3H, s,
ring-CH3), 3.69 (3H, s, O-CHs), 3.81 (3H, s, O-CHs), 6.57
(1H, s, Ar-H)

BC NMR: §¢ 11.8 (ring-CHs), 12.6 (ring-CHs), 16.2 (ring-CHs), 55.7 (O-

CHj3), 60.1 (O-CHj), 110.3 (Ar-CH), 123.7 (Ar-C), 127.7
(Ar-C), 130.6 (Ar-C), 150.5 (Ar-C), 153.5 (Ar-C)
Rf: 0.33 (5% diethyl ether/hexane)
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2,3,5-Trimethylcyclohexa-2,5-diene-1,4-dione 161
0]

o)
(161)

"H NMR: &4 1.98 (3H, s, ring-CH3), 2.00 (3H, s, ring-CHz), 2.01 (3H, s,
ring-CH3), 6.53 (1H, q, J= 3.0 Hz, ring-CH)

BC NMR: §¢ 12.0 (ring-CH3), 12.3 (ring-CHs), 15.8 (ring-CH3), 133.0
(ring-CH), 140.7 (C), 140.8 (C), 145.3 (C), 187.4 (quinone
C=0), 187.8 (quinone C=0)

Rf: 0.20 (10% diethyl ether/hexane)
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3,3,6,6-Tetramethoxy-1,2,4-trimethylcyclohexa-1,4-diene 158°%
HsCO. OCH;

XL

HsCO™ "OCH,
(158)

1,4-Dimethoxy-2,3,5-trimethylbenzene 157 (7.35 g, 40.8 mmol) in 2% methanolic
potassium hydroxide (250 ml) was electrolysed for 3.5 h, the solution being stirred and
maintained below 5 °C, maintaining the current at 1.0 Amp throughout. The solvent was
removed in vacuo to yield a brown solid. The aqueous layer was extracted with diethyl
ether (3 x 100 ml) and the organic layer washed with brine (2 x 100 ml). The organic
extracts were dried over sodium carbonate, filtered and the solvent removed in vacuo to
yield the bis-ketal 158 (8.98 g, 37.1 mmol, 91%) as a pale yellow solid (m.p. 37 — 41 °C,
lit. 66 — 69 °C*!, lit. 34 — 42 °C).**

"H NMR: &y 1.66 (3H, s, ring-CH3), 1.73 (3H, s, ring-CH3), 1.75 (3H, s,
ring-CHs), 2.96 (6H, s, 2 x O-CHs), 3.17 (6H, s, 2 x O-CHs),
6.00 (1H, s, ring-CH)

3¢ NMR: 8¢ 11.2 (ring-CHs), 11.5 (ring-CH3), 15.8 (ring-CH3), 50.6 (2 x
0-CH3), 50.7 (2 x O-CH3), 95.7 (C), 98.7 (C), 129.7 (ring-
CH), 133.0 (C), 137.2 (C), 139.6 (C)

Rf: 0.21 (40% diethyl ether/hexane)
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4,4-Dimethoxy-2,3,5-trimethylcyclohexa-2,5-dienone 159%*'
(0]

HyCO” "OCHj
(159)

3,3,6,6-Tetramethoxy-1,2,4-trimethylcyclohexa-1,4-diene 158 (10.94 g, 45.15 mmol) was
dissolved in acetone (50 ml) and cooled in ice to 0 °C and with vigorous stirring 2%
chilled aqueous acetic acid (55 ml) was added slowly. The resulting mixture was stirred for
25 min at 0 °C and a further 3 h at r.t before being quenched by pouring into 5%
bicarbonate solution (250 ml). The aqueous layer was then extracted with diethyl ether (4 x
100 ml), the organic layer washed with water (2 x 100 ml) and brine (100 ml). The organic
extracts were dried (MgSOy), filtered and the solvent removed in vacuo to yield the mono-

ketal 159 (8.33 g, 45.5 mmol, 94%) as yellow solid (m.p. 71 — 74 °C, lit. 74 — 75.5 °C). 22\
224

"H NMR: &y 1.88 (3H, s, ring-CH3), 1.89 (3H, s, ring-CH3), 1.90 (3H, s,
ring-CHs), 2.98 (6H, s, 2 x O-CHs), 6.32 (1H, s, ring-CH)
BC NMR: 8¢ 10.8 (ring-CH3), 12.8 (ring-CH3), 16.1 (ring-CHs), 50.6 (2 x

O-CHj3), 98.3 (C), 131.4 (ring-CH), 136.9 (C), 148.5 (C),
154.1 (C), 184.7 (C=0)
Rf: 0.21 (40% diethyl ether/hexane)
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2,3,5-Trimethyl-3' H-spiro[cyclohexa|2,5]diene-1,1'-isobenzofuran]-3',4-
dione 160™
o)

s
g

o)
(160)

To a solution of N-phenylbenzamide (2.73 g, 13.8 mmol) in dry THF (33 ml), 2.2M n-
butyllithium (12.6 ml, 27.6 mmol) was slowly added at -78 °C under argon. The resulting
solution was stirred for 30 min at -78 °C, at 0 °C for 1 h, then cooled to -78 °C. A solution
of the mono-ketal 159 (2.92 g, 14.9 mmol) in dry THF (10 ml) was added and the bright
green solution stirred at -78 °C for 4 h, then left to stir at r.t overnight. The resulting
mixture was diluted with diethyl ether (100 ml) and washed with aqueous 3M hydrochloric
acid (3 x 100 ml). The combined aqueous layers were extracted with diethyl ether (3 x 50
ml) and the combined organic layers washed with brine (100 ml). The organic extracts
were dried (MgSOy,), filtered and the solvent removed in vacuo to give a dark brown solid
(4.30 g). The crude product was then recrystallised from diethyl ether/methanol to yield
spirolactone 160 (2.10 g, 8.27 mmol, 60%) as white crystals (m.p. 167 — 168 °C).

'H NMR: 5y 1.55 (3H, s, ring-CHz), 1.95 (3H, s, ring-CHz), 1.97 3H, s,
ring-CH3), 6.35 (1H, s, ring-CH), 7.16 (1H, d, J = 7.9 Hz,
Ar-H), 7.59 (1H, t, J = 7.4 Hz, Ar-H), 7.67 (1H, t, J = 7.6
Hz, Ar-H), 7.96 (1H, d, J= 7.6 Hz, Ar-H)

13C NMR: 8¢ 11.6 (ring-CHz), 14.0 (ring-CHj), 15.9 (ring-CHs), 83.3 (C),
121.8 (Ar-CH), 126.3 (Ar-CH), 130.1(Ar-CH), 133.9 (2 x
C), 134.9 (Ar-CH), 135.9 (C), 138.9 (ring-CH), 146.3 (C),
148.4 (C), 169.8 (ester C=0), 185.3 (C=0)

FTIR Vyax (CHCl3) 1600 (C=C), 1647 (C=0), 1773 (C=0), 2923, 2955 (C-H
saturated), 3028, 3062, 3090 (C-H unsaturated)
HRMS [(M + H)']: (C16H1503) Calculated: 255.1016 Found: 255.1016

X-ray crystallography: See Appendix 2.2.2
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2-Hydroxy-1,3,4-trimethyl-6H-benzo[c]chromen-6-one 120°%°

O

OH
(120)

A mixture of the spirolactone 160 (0.50 g, 2.0 mmol), trifluoroacetic acid (5 ml),
trifluoroacetic anhydride (10 ml) and conc. sulfuric acid (10 drops) was heated at reflux for

7 h. The solvent was removed in vacuo and the residue dissolved in methanol (25 ml)

before being partitioned between dichloromethane (400 ml) and water (300 ml). The

aqueous layer was then extracted with dichloromethane (3 x 200 ml), the combined

organic extracts dried (MgSOy), filtered and the solvent removed in vacuo to give a pale

yellow solid. The crude product was recrystallised from dichloromethane/hexane to yield
the lactone 120 (0.50 g, 2.0 mmol, 99%) as white crystals (m.p. 200 — 201 °C).

'"H NMR: &y

3C NMR: §¢

FTIR Viax (KBr)

HRMS [(M + H)"]:
Rf:

X-ray crystallography:

2.33 (3H, s, ring-CH3), 2.44 (3H, s, ring-CH3), 2.74 (3H, s,
ring-CH3), 4.75 (1H, s, OH), 7.57 (1H, t, J = 7.8 Hz, Ar-H),
7.79 (1H, t, J = 7.8 Hz, Ar-H), 8.28 (1H, d, J = 8.0 Hz, Ar-
H), 8.47 (1H, d, J = 8.0 Hz, Ar-H)

12.4 (ring-CH3), 12.9 (ring-CHj), 16.2 (ring-CH3), 116.0
(©), 117.4 (C), 122.2 (C), 123.5 (C), 125.3 (C), 126.5 (Ar-
CH), 127.6 (Ar-CH), 130.5 (Ar-CH), 133.7 (Ar-CH), 136.4
(C), 144.4 (C), 148.9 (C), 161.7 (ester C=0)

1607 (C=C), 1698 (ester C=0), 2855, 2926 (C-H saturated),
3008 (C-H unsaturated), 3433 (O-H)

(Cy6H;503) Calculated: 255.1016 Found: 255.1019

0.21 (100% dichloromethane)

See Appendix 2.2.3
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3'4',6'-Trimethyl-2',5'-dioxo-2',5'-dihydro-[1,1'-biphenyl]-2-carboxylic

acid 162"

o]
oHO
0

(162)

Lactone 120 (0.82 g, 3.2 mmol) was suspended in acetonitrile (aq. 15% v/v 40 ml). A

solution of N-bromosuccinimide (0.78 g, 4.4 mmol) in acetonitrile (aq. 40% v/v 12 ml)

was added drop-wise over 1 h to the suspension. The resulting mixture was stirred for a

further 30 min, diluted with water (120 ml) and extracted with dichloromethane (3 x 50

ml). The organic layer was washed with water (2 x 50 ml) and brine (50 ml), then dried

(MgS0y), filtered and the solvent removed in vacuo to yield a yellow oil (1.03 g). The

crude product was purified by column chromatography (dichloromethane followed by 20%

ethyl acetate/petrol) to yield quinone acid 162 as a waxy yellow solid (0.67 g, 2.5 mmol,

77%). Also isolated was a brominated spirolactone by-product 164 as white crystals (m.p.
155 — 157 °C) in trace amounts (ca. 1%).

TH NMR: &4

3¢ NMR;: &8¢

FTIR Viax (CHCl3)

HRMS [M -H)]:
Rf:

1.84 (3H, s, ring-CHj3), 2.03 (3H, s, ring-CH3), 2.10 (3H, s,
ring-CH3), 7.15 (1H, d, J = 7.3 Hz, Ar-H), 7.50 (1H, t, J =
7.6 Hz, Ar-H), 7.63 (1H, t, J= 7.6 Hz, Ar-H), 8.19 (1H, d, J
= 8.2 Hz, Ar-H), 8.50 - 11.50 (1H, br. OH)

12.3 (ring-CH3), 12.5 (ring-CHj3), 13.7 (ring-CH3), 128.4
(C), 128.7 (Ar-CH), 130.3 (Ar-CH), 131.5 (Ar-CH), 133.2
(Ar-CH), 136.3 (C), 138.7 (C), 140.8 (C), 140.9 (C), 145.0
(C), 170.8 (acid C=0), 186.2 (quinone C=0), 187.9 (quinone
C=0)

1598 (C=C), 1649 (C=0), 1693 (C=0), 1721 (C=0), 2925,
2964 (C-H saturated), 3023, 3071 (C-H unsaturated), 3263
(O-H)

(C16H1304) Calculated: 269.0819 Found: 269.0817

0.59 (5% methanol/ethyl acetate)
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(1R,68)-6-Bromo-3,4,6-trimethyl-3' H-spiro|[cyclohex[3]ene-1,1"-

isobenzofuran]-2,3',5-trione 164

"H NMR: &y 1.61 (3H, s, CH3), 2.12 (3H, s, CH3), 2.20 (3H, s, CH3), 7.70
(1H, t, J = 7.6 Hz, Ar-H), 7.82 (1H, t, J = 7.6 Hz, Ar-H),
7.96 (1H, d, J = 7.6 Hz, Ar-H), 7.99 (1H, d, J= 7.9 Hz, Ar-
H)

BC NMR: §¢ 13.4 (CHs), 14.0 (CH3), 20.6 (CH3), 61.5 (C), 90.4 (C),
125.9 (Ar-CH), 126.3 (Ar-CH), 126.5 (C), 131.1 (Ar-CH),
134.5 (Ar-CH), 143.4 (C), 143.6 (C), 143.9 (C), 167.5 (ester

=0), 188.1 (quinone C=0), 188.4 (quinone C=0)

FTIR Vax (CHCL5) 1618 (C=C), 1693 (C=0), 1784 (C=0), 2850, 2920 (C-H
saturated), 3080 (C-H unsaturated)

HRMS [(M + H)']: (C16H1404Br) Calculated: 349.0070 Found: 349.0070

Rf: 0.20 (45% dichloromethane/petrol)

X-ray crystallography: See Appendix 2.2.4
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2,5-Dioxopyrrolidin-1-yl 3',4',6'-trimethyl-2',5'-dioxo-2',5'-dihydro-[1,1'-
biphenyl]-2-carboxylate 163"

O
N 0]
Ooo
(e}

(163)

Dicyclohexylcarbodiimide (0.045 g, 0.22 mmol) was added to a solution of quinone acid
162 (0.047 g, 0.18 mmol) and N-hydroxysuccinimide (0.023 g, 0.20 mmol) in dry THF (2
ml) at 0 °C under nitrogen. The mixture was stirred for 18 h at r.t and then filtered to

remove dicyclohexylurea. The solvent was removed in vacuo from the resulting filtrate

and the residue treated with ethyl acetate (5 ml) and filtered again. The solvent was

removed in vacuo to give a yellow solid (0.082 g). The crude product was purified by

column chromatography using a stepwise gradient of ethyl acetate and petrol (10-40%).

Fractions eluting in 20-25% ethyl acetate/petrol yielded the N-hydroxysuccinimide ester
163 as a yellow gum (0.018 g, 0.05 mmol, 28%).

'H NMR: &y

3C NMR: §¢

HRMS [(M + NH,)']:

1.86 (3H, s, ring-CH3), 2.04 (3H, s, ring-CH3), 2.07 (3H, s,
ring-CH3), 2.81 (4H, s, 2 x succinimidyl CH,), 7.22 (1H, d, J
= 7.5 Hz, Ar-H), 7.55 (1H, t, J= 7.8 Hz, Ar-H), 7.70 (1H, t,
J=17.6 Hz, Ar-H), 8.22 (1H, d, /= 7.8 Hz, Ar-H)

12.4 (ring-CH3), 12.4 (ring-CH3), 13.7 (ring-CH3), 25.5 (2 x
succinimidyl CHy), 125.2 (C), 128.8 (Ar-CH), 130.6 (Ar-
CH), 131.0 (Ar-CH), 133.9 (Ar-CH), 136.5 (C), 140.2 (C),
140.7 (C), 140.9 (C), 143.1 (C), 161.5 (ester C=0), 168.8 (2
x succinimidyl C=0), 185.6 (quinone C=0), 187.5 (quinone
C=0)

1597 (C=C), 1649 (C=0), 1683 (C=0), 1741 (C=0), 1772
(C=0), 2855, 2932, 2994 (C-H saturated), 3070 (C-H
unsaturated)

(C0H2106N>) Calculated: 385.1394 Found: 385.1398
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HRMS [(M +H)']: (C20H1306N) Calculated: 368.1129 Found: 368.1130
Rf: 0.20 (40% ethyl acetate/petrol)
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N-(Bis(dimethylamino)methylene)-3',4',6'-trimethyl-2',5'-dioxo-2',5'-
dihydro-[1,1'-biphenyl]-2-carboxamide 130"

\ N—

/N—< o

oN
0]

(130)
Dicyclohexylcarbodiimide (0.17 g, 0.82 mmol) was added to a solution of quinone acid
162 (0.18 g, 0.67 mmol) and N-hydroxysuccinimide (0.087 g, 0.76 mmol) in dry THF (8
ml) at 0 °C under nitrogen. The mixture was stirred for 18 h at r.t and then filtered to
remove dicyclohexylurea. The solvent was removed in vacuo from the resulting filtrate
and the residue treated with ethyl acetate (15 ml) and filtered again. The solvent was
removed in vacuo to give a yellow solid which was re-dissolved in dry THF (8 ml).
1,1,3,3-Tetramethylguanidine 144 (0.18 ml, 1.4 mmol) was added and the mixture stirred
in the dark for 46 h at r.t under nitrogen. Water (100 ml) was added and the mixture
extracted with ethyl acetate (2 x 100 ml). The organic extracts were washed with water (2
x 100 ml), dried (MgSQy), filtered and the solvent removed in vacuo to give a yellow oil

(0.21 g). The crude product was purified by column chromatography (ethyl acetate) to
yield compound 130 as a yellow oil (0.13 g, 0.35 mmol, 53%).

'H NMR: 8y 1.81 (3H, s, ring-CHs), 2.01 (3H, s, ring-CH3), 2.05 (3H, s,
ring-CHj), 2.83 (12H, s, 4 x CHj3), 7.06 (1H, d, J = 7.3 Hz,
Ar-H), 7.40 — 7.46 (2H, m, 2 x Ar-H), 8.29 (1H, d, J = 7.6
Hz, Ar-H)

BC NMR: §¢ 12.3 (ring-CH3), 12.4 (ring-CH3), 13.4 (ring-CH3), 40.1 (4 x
CH;), 128.0 (Ar-CH), 129.5 (Ar-CH), 130.1 (Ar-CH), 130.6
(Ar-CH), 135.1 (C), 135.4 (C), 136.9 (C), 140.0 (C), 141.0
(C), 148.2 (C), 167.3 (C=N), 171.9 (amide C=0), 186.5
(quinone C=0), 188.3 (quinone C=0)

FTIR Vpax (CHCL) 1585 (C=C), 1605 (C=C), 1648 (C=N), 1727 (C=0), 2795,
2928 (C-H saturated), 3059 (C-H unsaturated)
HRMS [(M +H)']: (C21H2603N3) Calculated: 368.1969 Found: 368.1963
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0.19 (10% methanol/ethyl acetate)
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N-(Di(piperidin-1-yl)methylene)-3',4',6'-trimethyl-2',5'-dioxo-2',5'-
dihydro-[1,1'-biphenyl]-2-carboxamide 1327

(132)

Dicyclohexylcarbodiimide (0.18 g, 0.87 mmol) was added to a solution of quinone acid
162 (0.20 g, 0.74 mmol) and N-hydroxysuccinimide (0.094 g, 0.82 mmol) in dry THF (8
ml) at 0 °C under nitrogen. The mixture was stirred for 18 h at r.t and then filtered to
remove dicyclohexylurea. For the resulting filtrate the solvent was removed in vacuo and
the residue dissolved in ethyl acetate (15 ml) and filtered again. The solvent was removed
in vacuo to give a yellow solid which was re-dissolved in dry THF (8 ml). Di(piperidin-1-
yl)methanimine 150 (0.44 g, 2.3 mmol) in dry THF (3 ml) was added and stirred in the
dark for 46 h at r.t under nitrogen. Water (100 ml) was added and the mixture extracted
with ethyl acetate (2 x 100 ml). The organic extracts were washed with water (2 x 100 ml),
dried (MgSO,), filtered and the solvent removed in vacuo to give a yellow oil (0.35 g). The
crude product was purified by column chromatography (20% ethyl acetate/petrol) to yield
un-reacted ester 163 (0.16 g, 0.44 mmol, 59%) as a yellow oil. This was followed by a
stepwise gradient of methanol/ethyl acetate (20-70%). Fractions eluting in 25-65%
methanol/ethyl acetate yielded compound 132 (0.071 g, 0.16 mmol, 21%) as a yellow oil.

'H NMR: 5y 1.55 (12H, s, 6 x CHy), 1.81 (3H, s, ring-CHj), 2.03 (3H, s,
ring-CHs), 2.06 (3H, s, ring-CHs), 3.15 (8H, s, 4 x CHy),
7.06 (1H, d, J = 6.9 Hz, Ar-H), 7.41 — 7.47 (2H, m, 2 x Ar-
H), 8.32 (1H, d, J= 7.3 Hz, Ar-H)

13C NMR: ¢ 12.4 (ring-CHs), 12.4 (ring-CHs), 13.4 (ring-CHs), 24.4 (2 x
CHy), 25.5 (4 x CHy), 49.8 (4 x CHy), 128.1 (Ar-CH), 129.5
(Ar-CH), 130.2 (Ar-CH), 130.9 (Ar-CH), 135.1 (C), 135.3
(C), 136.5 (C), 140.0 (C), 141.0 (C), 1483 (C), 166.5
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(C=N), 172.3 (amide C=0), 186.5 (quinone C=0), 188.4
(quinone C=0)

FTIR Vpax (CHCL) 1586 (C=C), 1607 (C=C), 1647 (C=N), 1732 (C=0), 2855,
2935 (C-H saturated), 3061 (C-H unsaturated)

HRMS [(M + H)']: (C27H3403N3) Calculated: 448.2595 Found: 448.2592

Rf: 0.18 (80% ethyl acetate/petrol)
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N-(Dimorpholinomethylene)-3',4',6'-trimethyl-2',5'-dioxo-2',5'-dihydro-
[1,1'-biphenyl]-2-carboxamide 134”

oN
(I
0
(134)

Dicyclohexylcarbodiimide (0.20 g, 0.97 mmol) was added to a solution of quinone acid
162 (0.22 g, 0.80 mmol) and N-hydroxysuccinimide (0.10 g, 0.87 mmol) in dry THF (8
ml) at 0 °C under nitrogen. The mixture was stirred for 18 h at r.t and then filtered to
remove dicyclohexylurea. For the resulting filtrate the solvent was removed in vacuo and
the residue dissolved with ethyl acetate (15 ml) and filtered again. The solvent was
removed in vacuo to give a yellow solid which was re-dissolved in dry THF (8 ml).
Dimorpholinomethanimine 151 (0.48 g, 2.4 mmol) in dry THF (6 ml) was added and
stirred in the dark for 46 h at r.t under nitrogen. Water (100 ml) was added and the mixture
extracted with ethyl acetate (2 x 100 ml). The organic extracts were washed with water (2
x 100 ml), dried (MgSOy), filtered and the solvent removed in vacuo to give a brown oil
(0.37 g). The crude product was purified by column chromatography (20% ethyl
acetate/petrol) to yield un-reacted ester 163 (0.095 g, 0.26 mmol, 32%) as a yellow oil.
This was followed by a stepwise gradient of ethyl acetate/petrol (20-100%). Fractions
eluting in 50-80% ethyl acetate/petrol yielded compound 134 as a yellow oil (0.15 g, 0.34
mmol, 42%).

'H NMR: 5y 1.81 (3H, s, ring-CHj), 2.04 (3H, s, ring-CHz), 2.09 (3H, s,
ring-CHs), 3.28 (8H, s, 4 x CHy), 3.70 (8H, s, 4 x CHy), 7.09
(1H, d, J = 7.6 Hz, Ar-H), 7.44 — 7.53 2H, m, 2 x Ar-H),
8.34 (1H, d, J= 7.2 Hz, Ar-H)

13C NMR: 8¢ 12.4 (2 x ring-CHj), 13.5 (ring-CHz), 49.1 (4 x CH), 66.1 (4
x CHp), 128.2 (Ar-CH), 129.7 (Ar-CH), 130.9 (Ar-CH),
131.2 (Ar-CH), 135.4 (C), 135.5 (C), 135.8 (C), 140.4 (C),
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140.8 (C), 147.9 (C), 164.7 (C=N), 173.2 (amide C=0),
186.6 (quinone C=0), 188.1 (quinone C=0)

FTIR Vyax (CH2Cly) 1589 (C=C), 1616 (C=C), 1646 (C=N), 1726 (C=0), 2858,
2922, 2966 (C-H saturated), 3059 (C-H unsaturated)

HRMS [(M + H)']: (Ca5H3005N3) Calculated: 452.2180 Found: 452.2180

Rf: 0.22 (5% methanol/ethyl acetate)
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N,N-Bis(2-chloroethyl)-4-nitroaniline 166>* >’

Cl
v
OZN—< >—N
e,
(166) Cl

2,2'-((4-Nitrophenyl)azanediyl)diethanol 165 (0.80 g, 3.5 mmol) was suspended in dry
dichloromethane (8 ml) and pyridine (1.0 ml, 12 mmol) and cooled to 0 °C. Thionyl
chloride (1.2 ml, 16 mmol) was added slowly and the mixture stirred at reflux for 7 h.
After cooling to r.t, the mixture was then extracted with dichloromethane (2 x 100 ml), the
organic layer washed with water (2 x 100 ml), dried (MgS0O,), filtered and the solvent
removed in vacuo to give a yellow solid (0.85 g). The crude product was then purified by
column chromatography using a stepwise gradient of ethyl acetate and petrol (20-100%).
Fractions eluting in 20% ethyl acetate/petrol yielded compound 166 (0.74 g, 2.8 mmol,
80%) as yellow crystals (m.p. 92 — 93 °C, lit. 95 - 96 °C).?® Fractions eluting in 40% ethyl
acetate/petrol yielded compound 167 (m.p. 99 — 101 °C) as a yellow solid in trace amounts
(ca.1%).

"H NMR: 5y 3.70 (4H, t,J= 6.9 Hz, 2 x CHy), 3.87 (4H, t, J= 6.9 Hz, 2 x
CH,), 6.68 (2H, d, J = 9.5 Hz, 2 x Ar-H), 8.15 (2H, d, J =
9.1 Hz, 2 x Ar-H)

3C NMR: 8¢ 39.9 (2 x CHy), 53.3 (2 x CHa), 110.7 (2 x Ar-CH), 126.4 (2
x Ar-CH), 138.4 (C), 151.2 (C)

HRMS [(M + H)']: (C1oH130,N,CL**) Calculated: 263.0349 Found: 263.0355

(C1oH130:N,CIPCP") Calculated: 265.0319
Found: 265.0324
(C10H130,N,CL,Y") Calculated: 267.0290 Found: 267.0294
Rf: 0.15 (10% ethyl acetate/petrol)
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2-((2-Chloroethyl)(4-nitrophenyl)amino)ethanol 167

TH NMR: &4

3¢ NMR: 8¢

FTIR Vipax (KBr)

HRMS [M + H)']:

Rf:

/_/c:
o
(167) OH

1.71 (1H, s, OH), 3.68 — 3.74 (4H, m, 2 x CH,), 3.86 (4H, t,
J=17.2Hz, CHy), 3.90 (2H, t, J= 5.2 Hz, CHy), 6.71 (2H, d,
J=9.6 Hz, 2 x Ar-H), 8.13 (2H, d, J= 9.6 Hz, 2 x Ar-H)
39.7 (CHy), 53.4 (CHy), 53.7 (CHy), 59.9 (CH,), 110.8 (2 x
Ar-CH), 126.3 (2 x Ar-CH), 137.9 (C), 152.1 (C)

1518 (N=0), 1598 (C=C), 2875, 2925, 2963 (C-H saturated),
3112 (C-H unsaturated), 3486 (O-H)

(C10H1403N,C1*%) Calculated: 245.0687 Found: 245.0686
(C10H1403N,CI") Calculated: 247.0658 Found: 247.0654
0.19 (40 % ethyl acetate/petrol)
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Other possible by-product

6-(4-Nitrophenyl)-1,3,2,6-dioxathiazocane 2-oxide 168

'H NMR: 5y

BC NMR: 8¢

FTIR Vpax (KBr)

LRMS:

HRMS [(M + H)'J:

Melting point:
Rf:

/9
ozN—QN $=0
\_oO
(168)

3.68 (2H, ddd, J=2.2, 8.5, 16.0 Hz, 2 x CH), 3.94 (2H, ddd,
J=22,5.0,12.5 Hz, 2 x CH), 3.98 (2H, ddd, J = 2.0, 5.0,
16.0 Hz, 2 x CH), 4.69 (2H, ddd, J = 2.0, 8.5, 12.5 Hz, 2 x
CH), 6.61 (2H, d, J=9.5 Hz, 2 x Ar-H), 8.17 (2H, d, J=9.5
Hz, 2 x Ar-H)
52.1 (2 x CHy), 58.2 (2 x CHy), 110.7 (2 x Ar-CH), 126.4 (2
x Ar-CH), 138.3 (C), 150.9 (C)
1514 (N=0), 1598 (C=C), 2957, 3000 (C-H saturated), 3093
(C-H unsaturated),
273 (74%, [M + H']), 105 (100%)
(C19H1305N,S) Calculated: 273.0540 Found: 273.0542
179 - 183 °C
0.18 (30 % ethyl acetate/petrol)
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N',N'-Bis(2-chloroethyl)benzene-1,4-diamine 76*’

Cl
-
HN— )N
begy

To N,N-bis(2-chloroethyl)-4-nitroaniline 166 (0.40 g, 1.5 mmol) in ethanol (35 ml) Pd (5%
on C, 0.088 g) was added. The mixture was stirred in an atmosphere of hydrogen for 17 h,
filtered through celite using a 2:1 ethyl acetate/hexane solvent mixture and the resulting
solution concentrated in vacuo to give impure mustard as a brown solid 76 (0.99 g). The
crude product was purified by column chromatography (50% ethyl acetate/petrol) to yield
compound 76 (0.24 g, 1.0 mmol, 68%) as a brown oil which was used in the next reaction
without additional purification. Also isolated in the later fractions was a by-product 170
(0.19 g, 0.48 mmol, 32%) as a brown solid (m.p. >280 °C).

'H NMR: 8y (DMSO-ds)  3.57 — 3.58 (4H, m, 2 x CH,), 3.66 (4H, t, J = 6.6 Hz, 2 x
CH,), 5.13 (2H, s, NH,), 6.62 (4H, m, 4 x Ar-H)

BC NMR: 6c (DMSO-ds)  42.5 (2 x CHy), 54.5 (2 x CHy), 116.6 (2 x Ar-CH), 117.0 (2
x Ar-CH) 139.2 (C), 140.5 (C)

HRMS [(M + H)']: (C10H15N2Cl,*%) Calculated: 233.0607 Found: 233.0609
(C10H;sN,CIPCP") Calculated: 235.0577 Found: 235.0579
(C10H1sN,CL") Calculated: 237.0548 Found: 237.0549

Rf: 0.16 (33% ethyl acetate/hexane)
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4-(4-(4-Aminophenyl)piperazin-1-yl)-/N,N-bis(2-chloroethyl)aniline 170

Cl

"H NMR: &y (DMSO-ds)

BC NMR: §c (DMSO-d)

FTIR Vipax (KBr)

HRMS [(M + H)']:

(170) Cl
3.07 (4H, s, 2 x CHy), 3.12 (4H, s, 2 x CH,), 3.68 — 3.72
(8H, m, 4 x CH,), 4.71 (2H, s, NH,), 6.56 (2H, d, J= 8.8 Hz,
2 x Ar-H), 6.74 (2H, d, J=9.2 Hz, 2 x Ar-H), 6.78 (2H, d, J
= 8.8 Hz, 2 x Ar-H), 6.94 (2H, d, J=9.1 Hz, 2 x Ar-H)
423 (2 x CHy), 51.0 (2 x CHy), 51.6 (2 x CHy), 53.6 (2 x
CH,), 114.4 (2 x Ar-CH), 115.7 (2 x Ar-CH), 118.9 (2 x Ar-
CH), 119.1 (2 x Ar-CH), 141.1 (C), 143.2 (C), 143.3 (C),
144.1 (C)
1514 (C=C), 2756, 2819, 2875, 2973 (C-H saturated), 3055
(C-H unsaturated), 3371, 3455 (N-H)
(C20H27N4CL*) Calculated: 393.1607 Found: 393.1609
(C20H27N4CIP*CI¥") Calculated: 395.1578 Found: 395.1579
(C20H27N4CL*") Calculated: 397.1549 Found: 397.1550
0.15 (50% ethyl acetate/hexane)
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N-(4-(Bis(2-chloroethyl)amino)phenyl)-3-methyl-3-(2,4,5-trimethyl-3,6-

dioxocyclohexa-1,4-dien-1-yl)butanamide 78"

Cl

WO
o) N

H

o)
(78)

N-Hydroxysuccinimide ester S0b (0.082 g, 0.23 mmol) in dry THF (1 ml) was added to a
solution of N’,N'-bis(2-chloroethyl)benzene-1,4-diamine 76 (0.15 g, 0.64 mmol) in dry
THF (2 ml). After being stirred in the dark for 21 h at r.t under nitrogen, the mixture was

extracted with ethyl acetate (2 x 100 ml) and the organic layer washed with water (2 x 100

ml). The organic extracts were dried (MgSOy), filtered and the solvent removed in vacuo

to yield a brown oil (0.26 g). The crude product was then purified by column

chromatography (20% ethyl acetate/petrol) to yield compound 78 (0.071 g, 0.15 mmol,
65%) as an orange solid (m.p. 80 — 84 °C, lit. 87 — 89 °C).”

TH NMR: 84

3¢ NMR: 8¢

HRMS [(M + H)"]:

1.50 (6H, s, 2 x gem-CH3), 1.96 (3H, s, ring-CHz), 1.97 (3H,
s, ring-CHs), 2.16 (3H, s, ring-CH3), 2.98 (2H, s, CH), 3.60
(4H, t, J = 6.6 Hz, 2 x CH,), 3.69 (4H, t, J = 6.8 Hz, 2 x
CH,), 6.61 (2H, d, J = 8.8 Hz, 2 x Ar-H), 6.94 (1H, s, NH),
7.25 (2H, d, J=9.2 Hz, 2 x Ar-H)

12.1 (ring-CH3), 12.7 (ring-CHs), 14.2 (ring-CH3), 29.2 (2 x
gem-CHs), 38.6 (C(CHs),), 40.4 (2 x CHy), 50.1 (CHy), 53.7
(2 x CHy), 112.5 (2 x Ar-H), 122.5 (2 x Ar-H), 128.2 (C),
1382 (2 x C), 143.2 (2 x C), 153.0 (C), 170.0 (amide C=0),
187.5 (quinone C=0), 191.5 (quinone C=0)

1596 (C=C), 1644 (C=0), 1733 (C=0), 2872, 2925, 2963
(C-H saturated), 3007, 3050, 3118, 3180 (C-H unsaturated),
3296 (N-H)

(C24H3103N,CL,*) Calculated: 465.1706 Found: 465.1705
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(C24H3,05N,CIP°CI*7) Calculated: 467.1677

Found: 467.1675
(C24H3103N,Cl,”") Calculated: 469.1648 Found: 469.1644
0.18 (20% ethyl acetate/petrol)
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N'-(4-(Bis(2-chloroethyl)amino)phenyl)-N*-((3',4',6'-trimethyl-2',5'-

dioxo-2',5'-dihydro-[1,1'-biphenyl]-2-carbonyl)oxy)succinamide 1717

/__J;H
O-C

0 Cl
NH O

Oob
O

(171)

N-Hydroxysuccinimide ester 163 (0.077 g, 0.21 mmol) in dry THF (1.5 ml) was added to a
solution of N’,N'-bis(2-chloroethyl)benzene-1,4-diamine 76 (0.15 g, 0.64 mmol) in dry
THF (1.5 ml). After being stirred in the dark for 25 h at r.t under nitrogen, the mixture was
extracted with ethyl acetate (2 x 50 ml) and the organic layer washed with water (2 x 50

ml). The organic extracts were dried (MgSOy), filtered and the solvent removed in vacuo

to yield a brown solid (0.17 g). The crude product was then purified by column
chromatography (10 - 35% ethyl acetate/petrol) to yield the compound 171 (0.03 g, 0.05
mmol, 24%) as a light brown solid (m.p. 130 — 140 °C).

'H NMR: &y

3C NMR: 5 (partial)

1.84 (3H, s, ring-CH3), 2.01 (3H, s, ring-CHs), 2.06 (3H, s,
ring-CH3), 2.69 (4H, s, 2 x succinimidyl CHy), 3.61 (4H, t, J
= 6.8 Hz, 2 x CHy), 3.70 (4H, t, J = 7.0 Hz, 2 x CH,), 6.62
(2H, d, J = 8.4 Hz, 2 x Ar-H), 7.19 (1H, d, J = 8.0 Hz, Ar-
H), 7.30 (1H, d, J = 8.0 Hz, 2 x Ar-H), 7.51 (1H, t, J = 7.6
Hz, Ar-H), 7.57 (1H, s, NH), 7.66 (1H, t, J = 7.8 Hz, Ar-H),
8.19 (1H, d, J = 7.6 Hz, Ar-H), 9.86 (1H, s, NH)

12.4 (ring-CHs), 12.5 (ring-CHs), 13.8 (ring-CHs), 29.7 (2 x
succinimidyl CHy), 40.5 (2 x CHy), 53.6 (2 x CHy), 112.4 (2
x Ar-H), 122.7 (2 x Ar-H), 128.8 (2 x Ar-H), 130.5 (2 x Ar-
H), 136.3 (C), 140.7 (C), 164.1 (2 x amide C=0), 186.1
(quinone C=0), 187.7 (quinone C=0)
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FTIR Vpax (KBr) 1598 (C=C), 1650 (C=0), 1697 (C=0), 1739 (C=0), 1773
(C=0), 2982 (C-H saturated), 3212, 3334 (C-H unsaturated),
3440, 3525 (N-H)
HRMS [(M + H)'|: (C30H3,06N3CL>%) Calculated: 600.1663 Found: 600.1660
(C30H3,06N3CI*C1Y7) Calculated: 602.1633
Found: 602.1631
(C30H3206N3C1,%") Calculated: 604.1604 Found: 604.1604
Rf: 0.19 (55% ethyl acetate/hexane)
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1.0 Molecular modelling

1.1 Primary (1°) docking for mechanism one

Rz
ol.. ‘_‘o H
(37) H ﬁ1 (34) (37) R1 (34)
Rz = trimethyl lock/aromatic substituent
Interaction with FADH, (&)
Poses 129 130 131 132* 133 134* 78 135 136
[00] 330" | 5.0(0) [ 45(0) [ 5.0(0) | 47(0) [ 7.3(0) | 11.3(O) 11.0 (0% | 3.0(0"
[01] 49(0) | 46(0) [ 46(0) | 5.0(0") | 6.8(0) | 6.5(0") | 10.9(0") [ 10.9(0") | 11.1(0)
[02] 33(0) | 32(0) [ 9.7(0") | 82(0) | 33(0") | 4.6(0") | 11.4(0% | 10.7 (0H | 10.6 (O
[03] 3.7(0) | 33(0") [ 34(0) | 59(0) | 47(0") | 5.1(0) | 3.8(0) | 82(0) | 11.6(0"
[04] 33(0) [ 56(0%) [ 44(0) [ 4.6(0) | 42(0) [ 9.7(0) [ 11.0(0") | 3.5 (0) | 10.0 (O

Appendix 1.1.1 Primary (1°) docking distances (A) between the N° of FADH, and either O' or O*

of the quinone. Distances <4 A are shown in yellow

*Original structures submitted for primary (1°) docking contained errors converting from 2D to 3D. Corrected structures were submitted

for secondary (2°) docking
Rz
o o'
04 0 \\\\ H
(37) o @7 " e
OArldz rlq
R1 (34) H Ry (34)
APPROACH "A" APPROACH "B"

R; = trimethy! lock/aromatic substituent

Appendix 1.1.2 (see table overleaf)
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Returned Ligand-FADH, distances () Ligand-Protein interactions
Ligands Poses of 1 2 1 5 4 2 4 5 Inter-atomic
Ligands O N O --eee- N O - N O -—---- N distances (A) Van der Waals (<5 &)
3.3 (Gly 193) Gly 149, Gly 150, Gly 193, His 161, His 194, lle
129 [00] 34 33 3 3.(Gly 150)..0' 192, Met 154, Phe 106, Ser 191, Thr 147, Thr
: - 148, Thr 195, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 11, His 161, lle
129 [02] 3.3 3.3 192, Phe 106, Pro 102, Met 154, Thr 148, Trp
105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
129 [03] 32 3.5 (Gly 193) 192, Met 154, Phe 106, Ser 191, Thr 148, Trp
105, Tyr 155
Gin 104, Gly 149, Gly 150, His 161, Met 154,
129 [04] 53 4 Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
130 [02] 32 192, Met 154, Phe 106, Ser 191, Thr 148, Trp
105, Tyr 155
GIn 104, Gly 149, Gly 150, Gly 193, His 161,
130 [03] %3 Met 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
131 [03] 3.2 34 192, Met 154, Phe 106, Ser 191, Thr 148, Thr
195, Trp 105, Tyr 155
Gin 104, Gly 149, Gly 150, His 11, His 161, Met
133 [02] 32 A 154, Phe 106, Pro 102, Thr 148, Trp 105, Tyr 155
3.8 Gln 104, Gly 149, Gly 150, Gly 152, His 161, His
78 [03] (Manually) 194, lle 160, Met 154, Phe 106, Ser 151, Ser 191,
Thr 148, Thr 195, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, Gly 193, His 161, His
135 [04] 3.5 194, lle 160, lle 192, Met 154, Phe 106, Ser 191,
Thr 148, Trp 105
Arg 200, GIn 104, Gly 149, Gly 150, Gly 193,
136 [00] 3.0 Met 154, His 161, His 194, lle 192, Phe 106, Ser

191, Trp 105, Thr 148, Thr 195, Tyr 155

Appendix 1.1.2 Summary for primary (1°) docking of predicted bonding interactions in the hNQO1 active site (inter-atomic distances in A)
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1.2 Secondary (2°) docking for mechanism one

9 H
Y
l
JLL A
H

o Nt |
(37) H Ry (34) (37) Ry (34)
Rz = trimethyl lock/aromatic substituent
Interaction with FADH, (A)

Poses 129 130 131 132 133 134 78 135 136
[00] 33(0% | 5.1(0) | 340" [ 5309 [ 3.1(0) [53(0Y | 3.4(0) | 3.4(0") | 10.1(0)
[01] 34(0" | 3.6(0) | 24(0% | 51(0) | 3.3(0) [5.00) [ 3.6(0) | 3.1(0") |103(0"
[02] 340" [ 390 [ 360" | 340) | 320" [350" | 3.7(0") | 3.5 | 10.7(0)
[03] 34(0% | 35(0) [ 310" [ 32©) | 7.1(0) [3.4(©) | 350" | 2.6(©) [ 103 (0"
[04] 32(0) | 34(0") | 32(0) [ 32(0) | 350" [3.9(0) [ 350" | 53(0% [10.9(0)

Appendix 1.2.1 Secondary (2°) docking distances (A) between the N* of FADH, and either O' or

Additional parameters for secondary (2°) docking

O’ of the quinone. Distances <4 A are shown in yellow

Population Size = 200, Scaling Factor = 0.5, Turnover rate = 0.9, Terminate = RMSD-based, RMS

gradient = 0.1

01

(37) "R,

~
of‘l}iz
H

Jj\,NS: : :
N

Ry (34)

APPROACH "A"

APPROACH "B"
R = trimethyl lock/aromatic substituent

Appendix 1.2.2 (see table p.157-159)
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Returned Ligand-FADH, distances (A) Ligand-Protein interactions
Ligands Poses of 1 2 i 5 4 2 4 5 Inter-atomic
Ligands Olocnaaa N § SR N Osmess N ¢ RO N e (5 Van der Waals (<5 A)
35 (Gly 193) | GIY 149, Gly 150, Gly 193, His 161, His 194, Il
129 [00] 3.2 33 o 31’50) b | 192, Leu 103, Met 154, Phe 106, Ser 191, Thr
0 Oy 1001 147, Thr 148, Thr 195, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, His 11, His 161, Met
129 [01] 3.0 34 154, Phe 106, Pro 102, Thr 148, Trp 105, Tyr
155
Gly 149, Gly 150, Gly 193, His 161, His 194, Ile
129 [02] 33 3.4 192, Met 154, Phe 106, Ser 191, Thr 148, Trp
105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
129 [03] 32 34 3.6 (Gly 150)..0' | 192, Met 154, Phe 106, Ser 191, Thr 148, Trp
105, Tyr 155
Gln 104, Gly 149, Gly 150, His 161, Met 154,
129 [04] 32 = Phe 106, Thr 148, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, His 161, Met 154,
130 [01] S Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, His 161, Leu 103, Met 154,
130 [02] 32 Phe 106, Thr 148, Trp 105, Tyr 155
< | GIn 104, Gly 149, Gly 150, His 161, Leu 103,
130 [03] 3.5 9.2 3.3 (Gly 150)..0° | \pet 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, Gly 193, His 161,
130 [04] 34 Met 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, His 161, lle 160, Leu 103, Met
131 [00] 3.0 3.4 154, Phe 106, Ser 151, Ser 191, Thr 148, Trp 105,
Tyr 155
26 (Tyr 155) | ©In 104 Gly 149, Gly 150, His 161, lle 160, Leu
131 [01] 2.4 o (G}” 130) | 103 Met 154, Phe 106, Ser 151, Ser 191, Thr
hakd 148, Trp 105, Tyr 155
Gly 149, Gly 150, His 161, lle 160, Leu 103, Met
131 [02] 2.8 i 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, His 161, lle 160, Met 154, Phe
131 [03] 32 4 106, Ser 151, Thr 148, Trp 105, Tyr 155
. o e " 36 (Gly 150).0" | G1¥ 149, Gly 150, His 161, Ile 160, Met 154, Phe

106, Ser 151, Thr 148, Trp 105, Tyr 155
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Returned Ligand-FADH, distances (A) Ligand-Protein interactions
Ligands Poses of 1 1 5 4 a_ 5 Inter-atomic
Ligands L (O N O 0 N istanees ) Van der Waals (<5 A)
Gin 104, Gly 149, Gly 150, His 161, lle 160, Met
132 [02] 34 34 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, His 161, lle 160, Met
132 [03] 32 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
132 [04] 32 192, Met 154, Phe 106, Ser 191, Thr 148, Trp 105,
Tyr 155
Gly 149, Gly 150, His 161, Tle 160, Met 154, Phe
133 [00] 31 L 106, Ser 151, Trp 105, Thr 148, Tyr 155
Gly 149, Gly 150, His 161, Leu 103, lle 160, Met
133 [01] 3.0 . 154, Phe 106, Ser 151, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, His 161, Ile 160, Met 154, Phe
133 [02] 3.2 Bk 106, Thr 148, Trp 105, Tyr 155
3.0 (tis 194) | G1Y 149, Gly 150, Gly 193, His 161, His 194, lle
133 [04] 3.1 3.5 o ((IG{; log) | 192 Met 154, Phe 106, Ser 191, Thr 148, Trp 105,
htd Tyr 155, Tyr 190
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
134 [02] 35 160, lle 192, Met 154, Phe 106, Ser 151, Ser 191,
Thr 148, Trp 105, Tyr 155
Gin 104, Gly 149, Gly 150, His 161, lle 160, Met
134 [03] 34 - 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, Leu
134 [04] 35 103, Met 154, Phe 106, Ser 151, Ser 191, Thr 148,
Trp 105, Tyr 155
= Gin 104, Gly 149, Gly 150, His 161, lle 160, Leu
78 [00] - 103, Met 154, Phe 106, Thr 148, Trp 105, Tyr 155
Gin 104, Gly 149, Gly 150, His 161, lle 160, Leu
78 [01] 36 3.6 103, Met 154, Phe 106, Ser 151, Thr 148, Trp 105,
Tyr 155
. Gly 149, Gly 150, His 161, Il 160, Leu 103, Met
78 [02] : 154, Phe 106, Ser 151, Thr 148, Trp 105, Tyr 155
. e i = Gin 104, Gly 149, Gly 150, His 161, lle 160, Len

103, Met 154, Phe 106, Thr 148, Trp 105, Tyr 155
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Returned Ligand-FADH, distances (A) _Ligand-Protein interactions
Ligands Poses of 1 2 1 5 4 2 4 5 Inter-atomic
g [ U N 0'--mm- N [ N Ofammm- N distarises (R) Van der Waals (<5 A)
GIn 104, Gly 149, Gly 150, His 161, lle 160, Leu
78 [04] 3.5 34 103, Met 154, Phe 106, Ser 151, Thr 148, Trp 105,
Tyr 155
3.2 (Gly 150) Gly 149, Gly 150, Gly 193, His 161, His 194, Met
135 [00] 34 3'6 154, Phe 106, Ser 151, Ser 191, Thr 148, Trp 105,
.6 (Gly 149) Tyr 155
Gly 149, Gly 150, Gly 193, His 161, His 194, lle
135 [01] S 3.2 (Gly 150) | 160, Met 154, Phe 106, Ser 151, Ser 191, Thr 148,
Trp 105, Tyr 155
Gly 149, Gly 150, Gly 193, His 161, Met 154, lle
135 102] A4 43 160, Phe 106, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, Gly 193, His 161, His
135 [03] 2.6 194, lle 192, Met 154, Phe 106, Ser 191, Thr 148,
Trp 105, Tyr 155

Appendix 1.2.2 Summary for secondary (2°) docking of predicted bonding interactions in the hNQO1 active site (inter-atomic distances in A)
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1.3 Primary (1°) docking for mechanism two

Rz
=z C1:'9~ _______ ? ~-__zs \)\C":g _______ (‘.? -_h_gs
B8 HN OR _.0! = HN
(@) I 0 A\ I
o1y I
(37) H Ry (34) (37) H Ry (34)
Rz = trimethyl lock/aromatic substituent
Interaction with FADH, (&)
Poses 129 130 131 132* 133 134* 78 135 136
[00] 3.4(CH | 50(CH | 40(C) | 44(CH) | 42(CH) | 6.8(CH) [ 11.1(CH | 11.0(OH) | 3.9(CH
[01] 43(CH | 42(CH [ 47(CH | 47(@CH | 6.6(CH | 6.3(C) | 10.9(C"H | 10.9(CH | 10.7(C"
[02] 33(CH | 40(cH [103(CH [ 83(CH | 3.3(C) | 49(C) | 11.1(CH) [10.7(C) [ 10.3 (C
[03] 37(CH | 33() [ 32(C) | 6.0(C) [ 41(C) | 55(C) | 3.8(C") | 85(C) [ 112(C))
[04] 35(CH | 55H | 56(H | 50(CH [ ) 1100(CH [ 11.1(CH | 3.9(0% | 10.1(C"

Appendix 1.3.1 Primary (1°) docking distances (A) between the N° of FADH, and either C' or C*
of the quinone. Distances <4 A are shown in yellow, whilst distance which is <4 A with

mechanism two but >4 A with mechanism one is shown in green.

*Original structures submitted for primary (1°) docking contained errors converting from 2D to 3D. Corrected structures were submitted
for secondary (2°) docking

Returned Pose of
_ Lig and =

Ligand

Ligand-Protein interactions
Van der Waals (<5 A

Appendix 1.3.2 Additional Van der Waals interactions not specified for mechanism one
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1.4 Primary (1°) docking for mechanism three

Ry |
NP Q.. . o H ~6CE_Q H
j\S/\T/CG‘HN :::: NS ] z,\cf:/3 ----- AN
AT LT T o L
oy R 07N
(37) H Ry (34) (37) Ry (34)
Ro = trimethyl lock/aromatic substituent
Interaction with FADH, (A)
Poses 129 130 131 132% 133 134* 78 135 136
[00] 3.8(C) | 47(C) | 34(C) | 39(C) | 35(C) | 59(C”) {10.5(CH [ 10.6(C) | 4.4(C)
[01] 3.5(C" | 3.8(C) | 40(C) | 4.1(CH) | 57(C) | 6.4(CH [10.7(C) | 10.7(C) | 9.8(C"
[02] 3.7(C) | 4.6(CY) [104(CH) | 7.3(CH | 3.7(C°) | 5.1(CH [ 10.7(C’) | 10.5(C") | 9.7(C%)
[03] 40(C) [ 36(C) | 36(C) | 48(CH [ 34(C) | 56(C) | 34(C) [ 88(C) [11.0(CH
[04] 40(CH [ 57(C) | 62(C") | 52(C") [ 34(€) | 99(C) [11.0(C") | 40(C) | 9.6(C")

Appendix 1.4.1 Primary (1°) docking distances (A) between the N° of FADH, and either C*, C’, C’
or C° of the quinone. Distances <4 A are shown in yellow, whilst distances which are <4 A with

mechanism two but >4 A with mechanism one and three are shown in green. Distances which are

<4 A with mechanism three but >4 A with mechanism one and two are shown in blue.

*QOriginal structures submitted for primary (1°) docking contained errors converting from 2D to 3D. Corrected structures would need to
be submitted for secondary (2°) docking (i.e. 132 [00] could not be used)

Lisands Returned Poses of ____Ligand-Protein interactions _ 3

g Ligands Van der Waals (<5 A)

129 [01] Gly 149, Gly 150, Gly 193, His 161, His 194, lle 192, Met 154, Phe 106,
Ser 191, Thr 148, Trp 105, Tyr 155
Gln 104, Gly 149, Gly 150, His 161, lle 160, Met 154, Phe 106, Thr 148,

130 [01] Trp 105 -

131 [00] | GIn 104, Gly 149, Gly 150, Gly 193, His 161, His 194, lle 192, Met 154,
Phe 106, Ser 191, Thr 148, Thr 195, Trp 105, Tyr 155, Tyr 190 )
Gly 149, Gly150, His 161, lle 160, Met 154, Phe 106, Thr 148, Trp 105,

132 [00] Tyr 155

133 [00] Gln 104, Gly 149, Gly 150, Gly 193, His 161, His 194, lle 192, Met 154,
Phe 106, Ser 191, Thr 147, Thr 148, Trp 105, Tyr 155

133 [03] Gln 104, Gly 149, Gly 150, Gly 193, His 161, His 194, lle 192, Met 154,
Phe 106, Ser 191, Thr 148, Trp 105, Tyr 155

Appendix 1.4.2 Additional Van der Waals interactions not specified for mechanism one or two
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2.0 Electrochemistry and crystallography

2.1 Electrochemical reaction set-up

77

Cathode (-ve) >\ Pt cle Anode (+ve)
2% KOH, MeOH > < 157
< Ice

(-

Appendix 2.1.1 Anodic oxidation of 1,4-dimethoxy-2,3,5-trimethylbenzene 157

Appendix 2.1.2 Photograph of the apparatus

The anodic oxidation of 157 was performed using a platinum cathode and carbon felt
anode. These were in turn connected to an ammeter (Amps), voltmeter (Volts) and a
Farnell instruments LTD stabilised power supply, set to maintain a current of 1 Amp. Both
the cathode and anode were submerged in a beaker containing the 1,4-dimethoxy-2,3,5-
trimethylbenzene 157 dissolved in 2% methanolic potassium hydroxide. This was
maintained at a temperature of <5 °C and the solution stirred vigorously throughout the

oxidation process.
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2.2 X-ray crystallography

2.2.1 (3aR,4R,10aR)-3a,4,6,7,7-Pentamethyl-3-phenyl-2-(phenylamino)-3a,4,7,8-tetrahydro-
3 H-chromeno[8,8a-d]imidazole-5,9-dione 143

~§LL

University of Southampton - School of Chemistry
EPSRC National Crystallography Service

cPSRC

Engineering and Phsical Sciences
Research Councl

Table 1. Crystal data and structure refinement.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to &= 26.63°
Absorption correction

Max, and min. transmission
Refinement method

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

Final R indices [F* > 20(F%)]
R indices (all data)

Largest diff. peak and hole

2009src0297 CM/9/7

CaHaoN3 04

443.53

1202) K

0.71073 A

Monoclinic

P’Z;Ic

a=12.0632(15) A a=90°
b=17471(2) A £=105.363(7)°
c=11.7628(11) A ¥y =90°
2390.5(5) A’

4

1.232 Mg/ m®

0.081 mm™

944

Fragment; Colourless

0.20 x 0.10 x 0.03 mm®

2.92 - 26.63°
~15<h<15,-21<k<21,-14<1<14
45452

4937 [R;,, = 0.1872]

98.1 %

Semi-empirical from equivalents

0.9976 and 0.9840

Full-matrix least-squares on 2
4937/0/303

1.113

R1=0.1086, wR2=0.1678

R1=0.1906, wR2=10.1953

0.203 and -0.279 e A~

Diffractometer: Nonius KappaCCD area detector (¢ scans and @ scans to fill asymmetric unit sphere). Cell determination: DirAx
(Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.) Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V.,
1998). Data reduction and cell refinement: Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276: Macromolecular
Crystallography, part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). Absorption correction: SADABS Version
2.10. (G, M. Sheldrick (2003)) Bruker AXS Inc., Madison, Wisconsin, USA. Structure solution: SHELXS97 (G, M. Sheldrick, Acta Cryst.
(1990) A46 467—473). Structure refinement; SHELXL97 (G. M. Sheldrick (1997), University of Géttingen, Germany). Graphics: ORTEP3

for Windows (L. J. Farrugia, J. Appl. Crystallogr. 1997, 30, 565).
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Table 2. Atomic coordinates [x 10*], equivalent isotropic displacement parameters [A? x 10°] and site occupancy factors. Uy,
is defined as one third of the trace of the orthogonalized U tensor.

Atom X ¥ z U,y S.of.
NI 1268(2) 3714(2) —2865(2) 30(1) 1
N2 432(3) 2588(2) —3825(2) 33(1) 1
N3 2303(3) 2591(2) -2552(2) 33() 1
01 5351(3) 4364(2) -2508(3) 60(1) 1
02 522(3) 3871(2) 77(2) 46(1) 1
03 1914(2) 3679(1) -778(2) 34(1) 1
Ci1 3119(3) 3206(2) —1947(3) 33(D 1
C2 3901(3) 2948(2) -762(3) 42(1) 1
C3 3809(3) 3463(2) -2812(3) 37(1) 1
C4 4686(3) 2880(3) -2993(4) 49(1) 1
Cs 4370(4) 4232(3) -2446(3) 45(1) 1
C6 3712(3) 4833(2) -2017(3) 39(1) 1
C7 4289(4) 5609(3) -1898(4) 56(1) 1
c8 2700(3) 4660(2) -1789(3) 35(1) 1
co 1926(3) 5228(2) -1364(3) 35(1) 1
C10 2517(4) 5520(2) -112(3) 48(1) 1
Cil 1552(4) 5904(2) —-2228(4) 50(1) 1
Cl2 804(3) 4827(2) -1298(3) 35(1) 1
C13 1039(4) 4101(2) —-613(3) 36(1) 1
Cl4 2268(3) 3844(2) —1884(3) 32(1) 1
Cl15 1298(3) 2988(2) -3080(3) 30(1) 1
Cl6 -725(3) 2830(2) ~-4196(3) 35(1) 1
C17 -1249(3) 3220(2) —3457(4) 40(1) 1
C18 -2411(4) 3409(3) —3833(4) 49(1) 1
C19 -3037(4) 3202(3) —4949(4) 58(1) 1
C20 -2520(4) 2817(3) -5688(4) 60(1) 1
C21 -1361(4) 2626(3) -5310(3) 44(1) 1
C22 2223(3) 1859(2) —1995(3) 35(1) 1
C23 1491(4) 1762(2) -1274(3) 38(1) 1
C24 1420(4) 1068(3) -742(3) 44(1) 1
C25 2091(4) 467(3) -915(4) 58(1) 1
C26 2815(5) 551(3) ~1637(5) 78(2) 1
C27 2888(4) 1250(3) -2185(5) 63(1) 1
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Table 3. Bond lengths [A] and angles [°].

N1-C15 1.295(5) C9-C12 1.544(5)
N1-C14 1.449(5) C9-Cl11 1.546(5)
N2-C15 1.364(5) C10-H10A 0.9800
N2-C16 1.412(5) C10-H10B 0.9800
N2-H2 08800 C10-H10C 0.9800
N3-CI15 1.393(5) C11-H11A 0.9800
N3-C22 1.451(5) C11-H11B 0.9800
N3-Cl1 1.503(5) C11-H11C 0.9800
01-C5 1.226(5) Cl12-613 1.489(5)
02-C13 1.215(4) CI2-HI2A 0.9900
03-C13 1.344(4) C12-HI12B 0.9900
03-C14 1.500(4) C16-C21 1.379(5)
C1-Cl14 1.530(5) C16-C17 1.383(5)
C1-C2 1.530(5) C17-C18 1.393(6)
C1-C3 1.542(5) C17-H17 0.9500
C2-H2A 0.9800 C18-C19 1.379(6)
C2-H2B 0.9800 C18-H18 0.9500
C2-H2C 0.9800 C19-C20 1.372(7)
C3-C5 1.515(6) C19-H19 0.9500
C3-C4 1.524(5) C20-C21 1.391(6)
C3-H3 1.0000 C20-H20 0.9500
C4-H4A 0.9800 C21-H21 0.9500
C4-H4B 0.9800 £22-427 1.385(6)
C4-HAC 0.9800 C22-C23 1.387(5)
C5-C6 1.484(6) C23-C24 1.378(6)
C6-C8 1.351(5) C23-H23 0.9500
C6-C7 1.513(6) C24-C25 1.373(6)
C7-H7A 0.9800 C24-H24 0.9500
C7-H7B 0.9800 C25-C26 1.378(7)
C7-H7C 0.9800 C25-H25 0.9500
C8-Cl14 1.512(5) C26-C27 1.395(7)
C8-C9 1.535(5) C26-H26 0.9500
C9-C10 1.543(5) C27-H27 0.9500
C15-N1-C14 104.4(3) C4-C3-H3 106.8
C15-N2-C16 124.8(3) C1-C3-H3 106.8
C15-N2-H2 117.6 C3-C4-H4A 109.5
C16-N2-H2 1176 C3-C4-H4B 109.5
C15-N3-C22 119.1(3) H4A-C4-H4B 109.5
C15-N3-C1 103.8(3) C3-C4-H4AC 109.5
C22-N3-Cl 122.0(3) HA4A-C4-HAC 109.5
C13-03-Cl4 115.8(3) HA4B-C4-H4C 109.5
N3-C1-Cl14 100.4(3) 01-C5-C6 119.9(4)
N3-C1-C2 112.9(3) 01-C5-C3 121.1(4)
C14-C1-C2 115.5(3) C6-C5-C3 119.0(4)
N3-C1-C3 107.2(3) C8-C6-C5 120.1(4)
C14-C1-C3 107.8(3) C8-C6-C7 126.9(4)
C2-C1-C3 112.13) C5-C6-C7 113.0(4)
C1-C2-H2A 109.5 C6-C7-H7A 109.5
C1-C2-H2B 109.5 C6-C7-HTB 109.5
H2A-C2-H2B 109.5 H7A-C7-H7B 109.5
C1-C2-13C 109.5 C6-C7-HTC 109.5
H2A-C2-H2C 109.5 H7A-C7-H7C 109.5
H2B-C2-H2C 109.5 H7B-C7-H7C 109.5
C5-C3-C4 111.03) C6-C8-Cl4 120.6(4)
C8-03-C1 110.5(3) C6-C8-C9 125.4(4)
C4-c3-C1 114.5(3) C14-C8-C9 114.003)
C5-C3-H3 106.8 C8-C9-C10 110.93)
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C8-C9-C12
C10-C9-C12
C8-C9-Cl11
C10-C9-C11
C12-C9-C11
C9-C10-H10A
C9-C10-H10B
HI10A-C10-H10B
C9-C10-H10C
HI10A-C10-H10C
H10B-C10-H10C
C9-C11-H11A
C9-C11-H11B
H11A-C11-H11B
C9-C11-H11C
H11A-C11-H11C
HI1B-C11-HI1IC
C13-C12-C9
C13-C12-HI12A
C9-C12-HI2A
C13-C12-H12B
C9-C12-HI2B
HI12A-C12-H12B
02-C13-03
02-C13-C12
03-C13-C12
N1-C14-03
N1-C14-C8
03-C14-C8
N1-C14-C1
03-C14-C1
C8-C14-C1
NI1-C15-N2
N1-C15-N3
N2-C15-N3
C21-C16-C17
C21-C16-N2
C17-C16-N2
C16-C17-C18
C16-C17-H17
C18-C17-H17
C19-C18-C17
C19-C18-H18
C17-C18-H18
C20-C19-C18
C20-C19-H19
C18-C19-H19
C19-C20-C21
C19-C20-H20
C21-C20-H20
C16-C21-C20
C16-C21-H21
C20-C21-H21
C27-C22-C23
C27-C22-N3
C23-C22-N3
C24-C23-C22
C24-C23-H23
C22-C23-H23
C25-C24-C23

109.9(3)
107.0(3)
112.1(3)
110.8(3)
105.8(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.73)
109.3
1093
109.3
1093
107.9
118.5(4)
125.7(4)
115.7(3)
107.03)
113.9(3)
106.8(3)
105.9(3)
104.5(3)
117.93)
124.8(3)
117.8(3)
1173(3)
119.5(4)
118.2(4)
122.2(3)
120.4(4)
119.8
119.8
119.5(4)
1203
1203
120.3(4)
119.8
119.8
120.1(4)
1199
1199
120.1(4)
119.9
119.9
119.6(4)
119.5(4)
120.93)
120.8(4)
119.6
119.6
119.7(4)

C25-C24-H24
C23-C24-H24
C24-C25-C26
C24-C25-H25
C26-C25-H25
C25-C26-C27
C25-C26-H26
C27-C26-H26
C22-C27-C26
C22-C27-H27
C26-C27-H27

120.1
120.1
120.3(5)
119.8
119.8
120.4(5)
119.8
119.8
119.2(4)
120.4
120.4
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Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters [A%x 10°]. The anisotropic displacement
factor exponent takes the form: -2z *[/Pa**U" + - + 2 h ka* b* U'?].

Atom ! i L [V [0 U
N1 30(2) 31(2) 28(2) ~1(1) 7(1) 0(2)
N2 38(2) 33(2) 29(2) -6(2) 10(2) 6(2)
N3 32(2) 37(2) 30(2) -3(2) 8(1) 6(2)
ol 40(2) 82(3) 63(2) -12(2) 21(2) ~14(2)
02 63(2) 37(2) 50(2) 5(1) 37(2) 6(2)
03 2(2) 33(2) 28(1) 1(1) 14(1) 7(1)
(3 31(2) 45(3) 23(2) -4(2) 5(2) 2(2)
c2 41(2) 54(3) 27(2) -5(2) 5(2) 112)
C3 29(2) 55(3) 28(2) -5(2) 9(2) 1(2)
Cc4 34(2) 75(3) 40(2) -10(2) 12(2) 12(2)
C5 34(3) 70(3) 31(2) 2(2) 7(2) -7(2)
cé 33(2) 46(3) 37(2) -1(2) 9(2) -1(2)
c7 46(3) 61(3) 60(3) 3(3) 12(2) -13(3)
C8 12(2) 39(3) 22(2) 1(2) 42) 22)
c9 39(2) 32(2) 34(2) 0(2) 10(2) 3(2)
C10 55(3) 41(3) 44(2) -9(2) 10(2) 0(2)
Cl11 48(3) 42(3) 61(3) 102) 14(2) —6(2)
c12 42(2) 32(2) 33(2) -12) 14(2) 6(2)
C13 45(3) 33(2) 31Q2) -5(2) 14Q2) 7(2)
Cl4 34(2) 40(2) 25(2) -2(2) 11Q2) 2(2)
C15 33(2) 37(3) 24(2) 1(2) 13(2) 4(2)
Cl16 37(2) 34(2) 34(2) 6(2) 11Q2) -5(2)
C17 38(2) 42(3) 41(2) -12) 12(2) -2(2)
C18 39(3) 41(3) 72(3) 42) 22(2) 1(2)
C19 28(2) 68(4) 75(3) 21(3) 5(3) -8(2)
C20 41(3) 84(4) 47(3) 7(3) -1(2) -23(3)
c21 39(3) 56(3) 36(2) ~1(2) 11(2) -12(2)
Cc22 38(2) 37(3) 30(2) -3(2) 8(2) 6(2)
c23 47(3) 31(2) 34(2) -3(2) 102) 9(2)
C24 49(3) 47(3) 35(2) -32) 9(2) 12)
C25 67(3) 43(3) 62(3) 9(2) 15(3) 3(3)
C26 84(4) 45(3) 122(5) 20(3) 55(4) 31(3)
27 69(3) 50(3) 83(4) 6(3) 43(3) 20(3)
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Table 5. Hydrogen coordinates [x 10*] and isotropic displacement parameters [A” x 10°).

—2683

Atom X ¥ z Ui S.o.f
H2 608 2147 —4094 40 1
H2A 3431 2803 -233 63 1
zH2B 4415 3369 —409 63 1
H2C 4359 2508 -884 63 1
H3 3242 3538 -3595 44 1
H4A 4968 3034 ~3668 74 1
H4B 4323 2375 -3145 74 1
H4C 5331 2856 —-2284 74 1
H7A 4296 5798 -2680 84 1
H7B 5080 5563 -1406 84 1
H7C 3864 5968 -1531 84 1
HI0A 2723 5084 426 71 1
H10B 1990 5858 158 71 1
HI0C 3213 5805 =127 71 1
HIIA 2216 6232 -2203 76 1
H11B 956 6202 -2001 76 1
H11C 1245 5706 -3030 76 1
H12A 359 5175 -921 42 1
H12B 331 4715 -2106 42 1
H17 -814 3360 2687 48 1
H18 -2769 3678 -3324 59 1
H19 -3831 3326 —5208 70 1
H20 -2955 2681 —6459 72 1
H21 -1008 2354 -5819 52 1
H23 1033 2179 1146 45 1
H24 910 1006 =257 53 1
H25 2055 -8 —535 70 1
H26 3268 130 -1762 94 1
H27 3387 1308 76 1
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2.2.2 2,3,5-Trimethyl-3'H-spiro[cyclohexa[2,5]diene-1,1'-isobenzofuran]-3',4-dione 160

0O

MS University of Southampton - School of Chemistry
: = EPSRC National Crystallography Service

Table 1. Crystal data and structure refinement details.

Identification code 2010src0223

Empirical formula Ci6H1405

Formula weight 254.27

Temperature 120(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2l/e

Unit cell dimensions a="75754(5) A a=90°
b=19.7137(12) A p=101.678(4)°
c=8.7909(4) A ¥=90°

Volume 1285.65(13) A®

4 4

Density (calculated) 1.314 Mg/ m’

Absorption coefficient 0.090 mm™

F(000) 536

Crystal Shard; colourless

Crystal size 0.40 x 0.10 x 0.04 mm®

@range for data collection 2.93 -27.48°

Index ranges -9<h<9,-25<k<23,-10</<11

Reflections collected 13309

Independent reflections 2926 [R;,, = 0.0578]

Completeness to =27.48° 99.1 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9964 and 0.9648

Refinement method Full-matrix least-squares on

Data / restraints / parameters 2926/0/175

Goodness-of-fit on 2 1.085

Final R indices [F* > 2a(F%)] R1=0.0756, wR2=0.1576

R indices (all data) RI=0.1069, wR2=0.1781

Largest diff. peak and hole 0.323 and-0.286 e A

Diffractometer: Nonius KappaCCD area detector (¢ scans and @ scans to fill asymmetric unit sphere). Cell determination: DirAx
(Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.) Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V.,
1998). Data reduction and cell refinement: Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276:
Macromolecular Crystallography, part A, pp. 307-326; C. W. Carter, Ir. & R. M. Sweet, Eds., Academic Press). Absorption correction:
SADABS (Sheldrick, G. M. (2007). SADABS. Version 2007/2. Bruker AXS Inc., Madison, Wisconsin, USA.). Structure solution:
SHELXS97 (Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.). Structure refinement: SHELXL97 (G Sheldrick, G.M. (2008). Acta
Cryst. A64, 112-122.). Graphics: CAMERON (Watkin, D. M., Pearce, L. & Prout, C. K. (1993). Chemical Crystallography Lab,
University of Oxford)

Special details:
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Table 2. Atomic coordinates [x 10%], equivalent isotropic displacement parameters [A® x 10°] and site occupancy factors.

U,, is defined as one third of the trace of the orthogonalized ¥ tensor.

Atom x y z tiy S.of
C1 T224(3) 1032(1) 1540(3) 26(1) 1
Cc2 8891(3) 1419(1) 1294(3) 26(1) 1
C3 10652(3) 1383(1) 2126(3) 29(1) 1
C4 11896(3) 1820(1) 1681(3) 35(1) 1
c5 11410(4) 2268(2) 442(4) 44(1) 1
Cé 9646(4) 2298(2) -376(4) 44(1) 1
C7 8396(3) 1866(1) 85(3) 32(1) 1
Cc8 6449(3) 1798(1) -534(3) 32(1) 1
co 6755(3) 1252(1) 3029(3) 32(1) 1
C10 6933(4) 854(2) 4262(3) 38(1) 1
C11 7536(4) 148(2) 4147(3) 41(1) 1
C12 7712(3) -126(1) 2601(4) 37(1) 1
C13 7455(3) 278(1) 1348(3) 28(1) 1
C14 6542(5) 1090(2) 5786(4) 58(1) 1
C15 8154(4) —-869(2) 2565(4) 52(1) 1
C16 7480(4) 49(2) —268(3) 38(1) 1
01 5808(2) 1293(1) 278(2) 29(1) 1
02 5465(3) 2103(1) -1555(2) 42(1) 1
03 7830(3) -212(1) 5312(3) 65(1) 1
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Table 3. Bond lengths [A] and angles [°].

C1-01
C1-C9
C1-C13
C1-C2
Cc2-C7
C2-C3
C3-C4
C3-H3
C4-C5
C4-H4
C5-Cé6
C5-H5
C6-C7
C6-H6
C7-C8
C8-02
C8-01
C9-C10
C9-H9
C10-C11
C10-C14
C11-03
C11-Ci2
C12-C13
C12-C15
C13-C16
C14-H14A
C14-H14B
C14-H14C
C15-HI15A
C15-H15B
C15-H15C
Cl16-H16A
Cl6-H16B
Cl6-H16C

01-C1-C9
01-C1-C13
C9-C1-C13
01-C1-C2
C9-C1-C2
C13-C1-C2
C7-C2-C3
C7-C2-Cl
C3-C2-C1
C2-C3-C4
C2-C3-H3
C4-C3-H3
C3-C4-C5
C3-C4-H4
C5-C4-H4
C6-C5-C4
C6-C5-H5
C4-C5-H5
C5-C6-C7
C5-C6-H6
C7-C6-H6
C2-C7-Cé
C2-C7-C8

1471(3)
1.488(4)
1.5113)
1.528(3)
1.373(4)
1.387(3)
1.389(4)
0.9500
1.394(4)
0.9500
1.385(4)
0.9500
1.393(4)
0.9500
1.472(4)
1.204(3)
1.370(3)
1.322(4)
0.9500
1.474(4)
1.504(4)
1.229(3)
1.493(4)
1.341(4)
1.504(4)
1.494(4)
0.9800
0.9800
0.9800
0,9800
0.9800
0.9800
0.9800
0.9800
0.9800

107.15(19)
110.05(19)
116.0(2)
102.49(19)
109.3(2)
111.0(2)
121.6(2)
109.0(2)
129.4(2)
117.1(2)
121.5
121.5
121.7(2)
119.1
119.1
120.5(3)
119.7
119.7
117.6(3)
121.2
121.2
121.5(2)
108.9(2)

C6-C7-C8
02-C8-01
02-C8-C7
01-C8-C7
C10-C9-Cl1
C10-C9-H9
C1-C9-H9
C9-C10-Cl11
C9-C10-C14
C11-C10-C14
03-C11-C10
03-C11-C12
C10-C11-C12
C13-C12-C11
C13-C12-C15
C11-C12-C15
C12-C13-C16
C12-C13-C1
Cl6-C13-C1
C10-C14-H14A
C10-C14-H14B
H14A-C14-H14B
C10-C14-H14C
H14A-C14-H14C
H14B-C14-H14C
C12-C15-H15A
C12-C15-H15B
H15A-C15-H15B
C12-C15-H15C
H15A-C15-H15C
H15B-C15-H15C
C13-C16-H16A
C13-C16-H16B
H16A-C16-H16B
C13-C16-H16C
H16A-C16-HI16C
H16B-C16-H16C
C8-01-C1

129.6(2)
121.3(2)
130.7(3)
107.9(2)
123.1(3)
118.5
118.5
119.0(3)
122.7(3)
118.3(3)
119.6(3)
121.0(3)
119.4(2)
120.5(3)
123.8(3)
115.7(3)
125.1(3)
119.6(2)
115.3(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
111.46(18)
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Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters [A”x 10°]. The anisotropic displacement
factor exponent takes the form: -2z [H2a*U" + - + 2 h ka* b* U ].

Atom o i (7 [T s U
/651 22(1) 24(1) 31(1) 1(1) pI¢)) 0(1)
Cc2 25(1) 23(1) 30(1) =3(1) 7(1) 0(1)
Cc3 26(1) 26(1) 33(1) -3(1) 5(1) 1(1)
C4 23(1) 33(1) 50(2) -3(1) 8(1) 1(1)
Cs 29(1) 37(2) 68(2) 12(2) 16(1) —1(1)
c6 32(2) 37(2) 63(2) 21(1) 12(1) 1(1)
C7 26(1) 27(1) 42(2) 3(1) 7(1) 3(1)
C8 30(1) 28(1) 39(2) 2A1) 7(1) 2(1)
9 22(1) 36(2) 402) -4(1) 8(1) -3(1)
C10 27(1) 54(2) 34(2) -1 4(1) -9(1)
Ci1 29(1) 48(2) 42(2) 16(1) -2(1) -12(1)
C12 24(1) 30(1) 54(2) 8(1) 0(1) —5(1)
Ci13 21(1) 25(1) 38(1) 21) 2A1) -2(1)
Cl14 46(2) 95(3) 36(2) ~7(2) 13(1) -192)
C15 41(2) 31(2) 80(2) 13(2) -1(2) -2(1)
Cl16 33(1) 35(2) 47(2) -8(1) 7(1) -2(1)
01 24(1) 28(1) 35(1) 5(1) 3 1(1)
02 32(1) 40(1) 51(1) 16(1) 0(1) 3(1)
03 62(2) 72(2) 55(2) 35(1) o(1) —-11(1)
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2.2.3 2-Hydroxy-1,3,4-trimethyl-6 H-benzo[c]chromen-6-one 120

w University of Southampton - School of Chemistry
EPSRC National Crystallography Service

Table 1. Crystal data and structure refinement details.

Identification code 2010src0769

Empirical formula Ci6H140;

Formula weight 254.27

Temperature 120K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a="1.2668(3) A a=90°
b=9.4506(4) A £=92.275(3)°
c=17.1427(8) A ¥y =90°

Volume 1176.36(9) A’

zZ 4

Density (calculated) 1.436 Mg / m’

Absorption coefficient 0.099 mm™

F(000) 536

Crystal Fragment; colourless

Crystal size 0.20 x 0.12 x 0.08 mm’

@range for data collection 3.54-27.48°

Index ranges 9<h<9,-12<k<12,-22<[<22

Reflections collected 15883

Independent reflections 2705 [R;, = 0.0946]

Completeness to 8=27.48° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9921 and 0.9805

Refinement method Full-matrix least-squares on /*

Data / restraints / parameters 2705/0/176

Goodness-of-fit on F* 1.032

Final R indices [F* > 20(F%)] R1=0.0655, wR2=0.1501

R indices (all data) R1=0.1257, wR2=0.1854

Largest diff, peak and hole 0.295 and -0.353 ¢ A=

Diffractometer: Nonius KappaCCD area detector (¢ scans and @ scans to fill asymmetric unit sphere). Cell determination: DirAx
(Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.) Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V.,
1998). Data reduction and cell refinement: Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276:
Macromolecular Crystallography, part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). Absorption correction:
SADABS (Sheldrick, G. M. (2007). SADABS. Version 2007/2. Bruker AXS Inc., Madison, Wisconsin, USA.). Structure solution:
SHELXS97 (Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.). Structure refinement: SHELXL97 (G Sheldrick, G.M. (2008). Acta
Cryst. A64, 112-122.). Graphics: CAMERON (Watkin, D. M., Pearce, L. & Prout, C. K. (1993). Chemical Crystallography Lab,
University of Oxford)
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Table 2. Atomic coordinates [x 10*], equivalent isotropic displacement parameters [AZ x 10°] and site occupancy factors.

U, is defined as one third of the trace of the orthogonalized U¥ tensor.

Atom x y z i Sof.
Cl1 1825(3) 7527(2) 381(2) 27(1) 1
Cc2 1546(3) 7282(2) -455(1) 24(1) 1
C3 947(3) 8437(3) -913(2) 29(1) 1
Cc4 791(3) 8315(3) -1712(2) 31(1) 1
€5 1284(3) 7051(3) -2061(2) 32(1) 1
Ceé 1839(3) 5899(3) -1610(1) 28(1) 1
7 1944(3) 5958(2) =790(1) 23(1) 1
Cc8 2460(3) 4769(2) -267(1) 20(1) 1
c9 2745(3) 3342(2) —-495(1) 24(1) 1
C10 3263(3) 2360(2) 77(1) 23(1) 1
C11 3507(3) 2693(2) 871(1) 22(1) 1
C12 3175(3) 4075(2) 1107(1) 21(1) 1
C13 2661(3) 5060(2) 534(1) 20(1) 1
Cl4 2453(4) 2786(3) -1316(2) 40(1) 1
€15 4088(3) 1544(3) 1443(1) 29(1) 1
Ci16 3364(3) 4499(3) 1954(1) 27(1) 1
o1 1637(3) 8657(2) 715(1) 39(1) 1
02 2358(2) 6412(2) 831(1) 26(1) 1
03 3554(3) 994(2) -173(1) 35(1) 1
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Table 3. Bond lengths [A] and angles [°].

C1-01
C1-02
Cc1-C2
C2-C3
C2-C7
C3-C4
C3-H3
C4-C5
C4-H4
C5-Cé6
C5-H5
Co6-L£7
C6-Hé
C7-C8
C8-C13
C8-C9
Co-C10
C9-Cl14
C10-03
C10-C11
€l1-cR
C11-C15
Cl12-C13
C12-C16
C13-02
Cl4-H14A
Cl4-H14B
C14-H14C
C15-H15A
C15-H15B
C15-HI15C
Cl6-H16A
Cl6-H16B
Cl6-H16C
03-H30

01-C1-02
01-C1-C2
02-C1-C2
Cc3-C2-C7
C3-C2-C1
c7-C2-C1
C4-C3-C2
C4-C3-H3
C2-C3-H3
C3-C4-C5
C3-C4-H4
C5-C4-H4
C6-C5-C4
C6-C5-H5
C4-C5-H5
C5-C6-C7
C5-C6-Hé6
C7-C6-Hb6
C6-C7-C2
C6-C7-C8
C2-C7-C8
C13-C8-C9
C13-C8-C7

1.222(3)
1.354(3)
1.458(3)
1.404(3)
1.411(3)
1.374(4)
0.9500
1.390(4)
0.9500
1.386(3)
0.9500
1.406(3)
0.9500
1.476(3)
1.402(3)
1.422(3)
1.391(3)
1.510(3)
1.380(3)
1.402(3)
1.392(3)
1.512(3)
1.393(3)
1.506(3)
1.395(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.8400

116.7(2)
125.9(2)
117.5(2)
121.8(2)
117.0(2)
1212(2)
120.2(2)
119.9
119.9
1193(2)
120.4
120.4
120.6(2)
119.7
119.7
122.0(2)
119.0
119.0
115.9(2)
125.4(2)
118.6(2)
116.4(2)
117.3(2)

C9-C8-C7
C10-C9-C8
C10-C9-C14
C8-C9-C14
03-C10-C9
03-C10-C11
C9-C10-C11
C12-C11-C10
C12-C11-C15
C10-C11-C15
C11-C12-C13
C11-C12-C16
C13-Ci12-C16
C12-C13-02
C12-C13-C8
02-C13-C8
C9-Cl4-H14A
C9-C14-H14B
H14A-C14-H14B
C9-C14-H14C
H14A-C14-H14C
H14B-C14-H14C
C11-C15-HI5A
C11-C15-H15B
H15A-C15-H15B
C11-C15-HI15C
H15A-C15-H15C
H15B-C15-H15C
C12-Cl16-H16A
C12-C16-H16B
H16A-C16-H16B
Cl12-Cl16-H16C
H16A-C16-H16C
H16B-C16-H16C
C1-02-C13
C10-03-H30

126.3(2)
118.5(2)
116.7(2)
124.7(2)
116.5Q2)
119.8(2)
123.7(2)
118.4(2)
122.2(2)
119.4(2)
117.9(2)
121.3(2)
120.9(2)
113.36(19)
125.0(2)
121.6(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
123.46(18)
109.5

179



Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters [A*x 10°]. The anisotropic displacement
factor exponent takes the form: —27°[Fa**U" + - + 2 h ka* b* U],

Atom g 15 i i - e P

Cl1 31(1D) 19(1) 33(2) -1(1) (1) 3(1)

c2 21(1) 23(1) 29(1) 4(1) 1(1) -1(1)
c3 25(1) 22(1) 42(2) 6(1) 2(1) o)
C4 26(1) 33(2) 33(2) 15(1) -1(1) (1)
C5 35(2) 37(12) 24(1) 7(1) -1(1) 0(1)
(003 30(1) 27(1) 26(1) 2(1) o) 0o(1)
c7 20(1) 22(1) 26(1) 3(1) 1(1) (1)
C8 18(1) 21(1) 22(1) -1(1) 2 -1(1)
Cc9 28(1) 22(1) 23(1) =2(1) 2(1) =2(1)
C10 23(1) 20(1) 26(1) =3(1) 1(1) 2(D)

cil 2(1) 20(1) 24(1) 1(1) o(1) 1(1)
Cl12 19(1) 24(1) 20(1) -2(1) 1(1) -1(1)
C13 20(1) 16(1) 24(1) =2(1) 2(1) =2(1)
Cl4 73(2) 21(D) 26(2) -3(1) 2(1) -1(1)
C15 31(1) 26(1) 29(1) (1 =3(1) 3(1)
Cl6 28(1) 29(1) 24(1) =3(1) o) 2(1)
01 53(1) 23(1) 40(1) =5(1) -1(1) 7(1)
02 35(1) 19(1) 24(1) -3(1) 1(1) 2(1)
03 53(1) 19(1) 32(1) —4(1) 21) 2(1)
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Table 5. Hydrogen coordinates [x 10*] and isotropic displacement parameters [A” x 107,

Atom X ¥y z Us, S.of
H3 648 9306 -670 35 1
H4 352 9087 -2022 37 1
HS5 1241 6975 -2614 39 1
H6 2157 5044 -1862 34 1
H14A 3476 3089 -1633 60 1
H14B 1294 3159 -1544 60 1
H14C 2401 1750 -1305 60 1
HI15A 4420 1970 1951 43 1
H15B 5154 1038 1248 43 1
H15C 3068 879 1502 43 1
H16A 3288 5531 1996 41 1
H16B 4556 4175 2174 41 1
H16C 2371 4066 2241 41 1
H30 3364 427 192 52 1
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2.2.4 (1R,6S)-6-Bromo-3,4,6-trimethyl-3'H-spiro[cyclohex[3]ene-1,1'-isobenzofuran]-

2,3".5-trione 164

University of Southampton -

School of Chemistry

y
w EPSRC National Crystallography Service

cPSRC

Engineeting sad Prywcal Scendes
Revearth Council

Table 1. Crystal data and structure refinement details.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to &= 27.46°
Absorption correction

Max. and min, transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [F® > 20(F%)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

2010src0931a
CyH3BrO;4
349.17

120) K

0.71073 A
Monoclinic

Pc

a=17.38811(7) A
5h=11.9393(12) A
¢=7.9987(7) A
701.40(11) A

2

1.653 Mg/ m®
2.943 mm™

352

Lath; colourless
0.36 x 0.08 x 0.03 mm’
3.26 — 27.46°

a=90°

£=111.263(5)°

7 =90°

-10<h<10,-14<k<15,-10</<10

9460
3035 [Ryn = 0.0777]
99.8 %

Semi—empirical from equivalents

0.9169 and 0.4172

Full-matrix least-squares on F~
3035/2/193

1.009

RI=0.0479, wR2=0.0892
RI1=0.0683, wR2 =0.0972
0.021(12)

0.357 and —0.606 e A~

Diffractometer: Nonius KappaCCD area detector (¢ scans and @ scans to fill asymmetric unit sphere). Cell determination: DirAx
(Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.) Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V.,
1998). Data reduction and cell refinement. Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276:
Macromolecular Crystallography, part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). Absorption correction:
SADABS (Sheldrick, G. M. (2007). SADABS. Version 2007/2. Bruker AXS Inc., Madison, Wisconsin, USA.). Structure solution:
SHELXS97 (Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.). Structure refinement: SHELXL97 (G Sheldrick, G.M. (2008). Acta
Cryst. A64, 112-122.). Graphies: CAMERON (Watkin, D. M., Pearce, L. & Prout, C. K. (1993). Chemical Crystallography Lab,

University of Oxford)

Special details:
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Table 2. Atomic coordinates [x 10*], equivalent isotropic displacement parameters [A? x 10°] and site occupancy factors.

U, is defined as one third of the trace of the orthogonalized U tensor.

Atom X ¥ z Usg: S.of.
C1 1624(8) 4717(5) 8106(7) 26(1) 1
C2 3566(8) 4579(4) 8515(7) 20(1) 1
C3 4940(8) 5398(5) 9138(7) 26(1) 1
C4 6716(8) 5073(5) 9405(7) 25(1) 1
(23 7078(7) 3956(5) 9109(7) 26(1) 1
Cé 5715(7) 3152(5) 8519(6) 23(1) 1
C7 3951(6) 3485(4) 8233(6) 18(1) 1
C8 2177(6) 2844(4) 7589(6) 16(1) 1
c9 1894(6) 1953(4) 8855(6) 19(1) 1
C10 —86(7) 1544(4) 8051(7) 19(1) 1
c1 -1032(7) 1495(4) 6073(6) 19(1) 1
Ci12 -230(7) 1868(4) 4957(6) 21(1) 1
C13 1652(6) 2324(4) 5695(6) 16(1) 1
C14 2466(7) 2333(4) 10807(6) 20(1) 1
C15 -2920(7) 987(5) 5416(7) 25(1) 1
C16 -1039(8) 1812(5) 2957(7) 28(1) 1
01 721(6) 5509(3) 8206(6) 34(1) 1
02 793(4) 3702(3) 7485(4) 20(1) 1
03 —856(5) 1251(3) 9067(5) 27(1) 1
04 2694(5) 2314(3) 4905(4) 22(1) 1
Brl 3341(1) 619(1) 8771(1) 26(1) 1
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Table 3. Bond lengths [A] and angles [°].

C1-01
C1-02
c1-C2
C2-C7
C2-C3
C3-C4
C3-H3
C4-C5
C4-H4
C5-Cé6
C5-H5
C6—C7
Co-Hé6
C7-C8
C8-02
C8-C9
C8-C13
Cc9-C14
C9-C10
C9-Brl
C10-03
C10-C11
C11-Ci2
C11-C15
C12-C13
C12-C16
C13-04
Cl4-H14A
C14-H14B
C14-H14C
C15-HI5A
C15-H15B
C15-H15C
C16-HI16A
Cl6-H16B
Cl16-H16C

01-C1-02
01-C1-C2
02-C1-C2
C7-C2-C3
C7-C2-C1
C3-C2-Cl1
C4-C3-C2
C4-C3-H3
C2-C3-H3
C3-C4-C5
C3-C4-H4
C5-C4-H4
C6-C5-C4
C6-C5-H5
C4-C5-H5
C7-C6-C5
C7-C6-Hé6
C5-C6-Hé
C2-C7-Cé6
C2-C7-C8
C6-C7-C8
02-C8-C7

1.204(7)
1.381(6)
1.454(8)
1.378(7)
1.409(8)
1.393(8)
0.9500
1.402(8)
0.9500
1.389(8)
0.9500
1.383(6)
0.9500
1.511(7)
1.476(5)
1.540(6)
1.548(6)
1.528(7)
1.536(7)
1.975(5)
1.229(6)
1.485(7)
1.343(7)
1.513(7)
1.487(7)
1.493(7)
1.204(5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

119.9(5)
1324(5)
107.8(4)
122.0(5)
110.3(5)
127.7(5)
117.4(5)
121.3
121.3
119.6(5)
1202
1202
122.4(5)
118.8
1188
117.7(5)
1212
1212
120.9(5)
107.7(4)
131.4(5)
104.0(4)

02-C8-C9
C7-C8-C9
02-C8-C13
C7-C8-C13
C9-C8-C13
C14-C9-C10
C14-C9-C8
C10-C9-C8
C14-C9-Brl
C10-C9-Brl
C8-C9-Brl
03-C10-C11
03-C10-C9
C11-C10-C9
C12-C11-C10
C12-C11-C15
C10-C11-CI5
C11-C12-C13
C11-C12-C16
C13-C12-Cl16
04-C13-C12
04-C13-C8
CI12-C13-C8
C9-C14-H14A
C9-C14-H14B
H14A-C14-H14B
C9-C14-H14C
H14A-C14-H14C
H14B-C14-H14C
C11-C15-HI5A
C11-C15-H15B
H15A-C15-H15B
C11-C15-H15C
H15A-C15-H15C
H15B~C15-H15C
C12-C16-H16A
C12-C16-H16B
H16A-C16-H16B
C12-Cl16-H16C
H16A-C16-H16C
H16B-C16-H16C
C1-02-C8

103.6(3)
117.5(4)
107.1(4)
115.0(4)
108.4(4)
113.6(4)
114.0(4)
108.2(4)
108.3(3)
103.93)
108.1(3)
121.1(5)
119.0(4)
120.0(4)
121.3(5)
122.8(5)
115.9(4)
119.9(5)
125.2(5)
114.8(4)
124.0(4)
121.8(4)
114.2(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.1(4)
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Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters [A%x 10%]. The anisotropic displacement
factor exponent takes the form: -2z [H2a** UM + - + 2 h ka* b* U ].

Atom U U i 7 o= u*

c1 24(3) 18(3) 313) -3(2) 4(3) -5(2)
C2 18(3) 23(3) 17(3) -1(2) 3(2) -3(2)
C3 18(3) 29(4) 27(3) ~7(2) 403) -4(3)
c4 17(3) 30(4) 273) 3(3) 7(3) -1(2)
C5 15(3) 333) 30(3) -6(2) 8(2) 0(2)
C6 19(3) 29(3) 19(3) 1(2) %2) 6(2)
c7 14(3) 23(3) 16(2) -1(2) 5(2) 0(2)
c8 15(3) 15(3) 18(2) 3(2) 6(2) 8(2)
c9 16(3) 22(3) 20(3) 6(2) 9(2) 32)
C10 25(3) 12(2) 193) 2(2) 9(2) 0(2)
Cil 16(3) 21(3) 213) -2(2) 7(2) 1(2)
CI12 22(3) 18(3) 22(3) -1(2) 7(2) 1(2)
Ci13 18(3) 16(3) 14(2) 12) 42) 3(2)
Cl4 17(3) 28(3) 17(3) 2(2) 8(2) —4(2)
C1s 193) 35(3) 19(3) -3(2) 5(2) -1(2)
C16 293) 35(3) 17(3) -3(2) 42) -13)
01 142) 22(2) 60(3) ~5(2) 7(2) 3(2)
02 132) 19(2) 25(2) 0(2) 6(2) 3(1)
03 26(2) 312) 27(2) 22) 14(2) -4(2)
04 23(2) 28(2) 18(2) -1(2) 112) -1(2)
Brl 26(1) 22(1) 31(1) 4(1) 12(1) (1)
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Table 5. Hydrogen coordinates [x 10*] and isotropic displacement parameters [AZ x 10°].

Atom x ¥y z Usq Sof
H3 4664 6144 9367 31 1
H4 7671 5605 9786 30 1
H5 8299 3741 9320 31 1
Hé6 5986 2400 8319 27 1
HI14A 3745 2566 11244 30 1
H14B 2315 1712 11542 30 1
H14C 1704 2964 10836 30 1
HI15A 3825 1574 4883 38 1
H15B -3150 646 6428 38 1
H15C -3006 413 4513 38 1
HI16A —-424 1227 2529 42 1
H16B —885 2535 2452 42 1
H16C -2339 1636 2578 42 1
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3.0 Enzymatic evaluation of compounds 129 and 130

3.1 Stability data for trimethyl-locked quinone delivery system

3.1.1 Compound 129

0 \N/
0 )\N/
|
0
(129)
Tiime:(mili) Retention Area % Peak Area Concentration
Time (min) (nM)*
0 3.622 48.79 1934726 86.10
7 3.563 47.82 2203163 98.05
14 3575 48.82 1999575 88.99
21 3372 48.46 2113616 94.06
28 3.585 54.25 2105335 93.69
35 3572 50.61 2084255 92.76
42 3.568 45.22 2002439 89.11
49 3573 47.27 2146306 95.52
56 3.570 46.10 2247050 100.00
63 3.582 49.29 2107511 93.79
70 3.593 48.24 2139406 95.21
77 3.602 50.94 2094809 93.22

Appendix 3.1.1.1 Stability data of 100 pM 129 in 10 mM phosphate buffer pH 7 at 37 °C
*Concentration (uM) = (area / 2247050) x 100 pM
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3.1.2 Lactone 44

(0]
(@]
OH
(44)
Time (min) Retention Atea V% Peak Area Concentration
Time (min) (pM)*
0 2.237 5.50 218097 62.22
7 2.225 8.97 256497 73.17
14 2.227 7.46 305489 87.15
21 2.237 8.04 350528 100.00
28 2.233 b 278160 79.35
35 2.222 6.92 284854 81.26
42 2.218 6.87 304199 86.78
49 2.237 6.70 304411 86.84
56 2.223 6.34 309106 88.18
63 2.222 6.86 293481 83.73
70 2.245 6.26 277702 79.22
77 2.255 6.02 247416 70.58

Appendix 3.1.2.1 Stability data of 100 pM 44 in 10 mM phosphate buffer pH 7 at 37 °C
*Concentration (M) = (area / 350528) x 100 pyM
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3.1.3 HPLC stability spectra for compound 129 and lactone 44
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Appendix 3.1.3.1 Stability spectra of 100 pM 129 and 100 pM 44 in 10 mM phosphate buffer pH

7 at37°C
3.1.4 NADH 35
Ti ; Retention 5 Concentration

ime (min) Time (min) Area % Peak Area (uM)*
0 0.162 25.35 1167647 470.03

i 0.153 27.67 1242105 500.00

14 0.152 26.28 1083633 436.21

21 0.152 23.87 1024799 412.53

28 0.152 26.73 1153550 464.35

35 0.152 24.22 1046723 421.35

42 0.153 29.37 1208470 486.46

49 0.152 29.30 1116520 449.45

56 0.150 28.78 1066149 429.17

63 0.153 26.16 1237234 498.04

70 0.153 25.05 1237125 498.00

77 0.152 25.47 1055493 424.88

Appendix 3.1.4.1 Stability data of 500 pM 35 in 10 mM phosphate buffer pH 7 at 37 °C
*Concentration (uM) = (area / 1242105) x 500 uyM
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3.2 Enzyme study data for trimethyl-locked quinone delivery system
3.2.1 Compound 129

0 \N/
(0]
(129)
: . Retention . Concentration
Time (min) Time (min) Area % Peak Area (UM)*
0 5.175 10.65 1131715 100.00
10 5.220 6.48 911169 80.51
20 5.174 6.58 582499 51.47
30 5.209 3.76 400284 35.37
40 4.998 2.75 307842 27.20
50 5.065 0.89 121942 10.77
60 5.228 0.94 121928 10.77
70 0 0 0 0
80 0 0 0 0

Appendix 3.2.1.1 Effect of 0.5 pg hNQO1 on 100 pM 129 with 500 pM 35 at 37 °C (N=1)
*Concentration (uM) = (area/ 1131715) x 100 pM

4 s Concentration
Time (min) | Peak Area (uM)*
0 526561 100.00
10 465837 88.47
20 266412 50.59
30 104779 19.90
40 63630 12.08
50 52940 10.05
60 87791 16.67
70 0 0
80 0 0

Appendix 3.2.1.2 Effect of 0.5 pg hNQO1 on 100 pM 129 with 500 pM 35 at 37 °C (N=2)
*Concentration (uM) = (area/ 526561) x 100 uM
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. . Concentration
Time (min) | Peak Area (uM)*
0 904497 100.00
10 821631 90.84
20 528352 58.41
30 304227 33.63
40 226124 25.00
50 193000 21.34
60 93291 10.31
70 0 0
80 0 0

Appendix 3.2.1.3 Effect of 0.5 pg hNQO1 on 100 pM 129 with 500 pM 35 at 37 °C (N=3)
*Concentration (uM) = (area/ 904497) x 100 pM

3.2.2 Lactone 44
O
0]
OH
(44)
: . Retention o Concentration
Time (min) Thme (min) Area % Peak Area (uM)*
0 0 0 0 0
0.1 2.780 1.32 140039 28.07
10 2.760 2.35 330343 66.22
20 2.782 2.53 223955 44.89
30 2.798 3.35 356438 71.45
40 2.803 3.16 353536 70.87
50 2.790 3.46 473342 94.89
60 2.767 3.84 498852 100.00
70 2.787 4.86 434363 87.07
80 2.805 4.72 352470 70.66

Appendix 3.2.2.1 Effect of 0.5 pg hNQOT1 on 100 pM 44 with 500 pM 35 at 37 °C (N=1)
*Concentration (uM) = (area/ 498852) x 100 pM
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s " Concentration
Time (min) | Peak Area (uM)*
0 0 0
0.1 - -
10 358598 106.15
20 320143 94.76
30 309932 91.74
40 302623 89.58
50 344335 101.93
60 337829 100.00
70 291137 86.18
80 331220 98.04

Appendix 3.2.2.2 Effect of 0.5 pg hNQO1 on 100 pM 44 with 500 pM 35 at 37 °C (N=2)
*Concentration (pM) = (area/337829) x 100 uyM

. ; Concentration
Time (min) | Peak Area (uM)*
0 0 0

0.1 82245 18.91
10 293259 67.44
20 229490 52.78
30 310531 71.42
40 316699 72.84
50 280568 64.53
60 285866 65.74
70 306371 70.46
80 434814 100.00

Appendix 3.2.2.3 Effect of 0.5 pg hNQO1 on 100 pM 44 with 500 uM 35 at 37 °C (N=3)
*Concentration (uM) = (area/434814) x 100 pM
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3.2.3 NADH 35

Time (min) T‘f}‘::‘;g‘:‘_f) Area % | Peak Area C°“f;§gf“°“
0 0.210 21.64 2615945 500.00
10 0212 15.50 2297400 439.11
20 0.215 21.05 2203381 2114
30 0218 18.55 2195608 419.66
40 0218 16.33 2074234 396.46
50 0212 12.92 1920287 367.04
60 0215 15.96 2153779 411.66
70 0.213 19.08 1980293 378.50
80 0213 24.96 2072600 396.15

Appendix 3.2.3.1 Effect of 0.5 pg hNQO1 on 500 pM 35 with 100 pM 129 at 37 °C (N=1)
*Concentration (uM) = (area/ 2615945) x 500 uM

i ; Concentration

Time (min) | Peak Area (UM *
0 2955063 500.00

10 2674009 452.45

20 2740160 463.64

30 2586772 437.68

40 2626500 444 41
50 2353199 398.16
60 2589195 438.09
70 2498430 422.74

80 2602819 440.40

Appendix 3.2.3.2 Effect of 0.5 pg hNQOI on 500 M 35 with 100 pM 129 at 37 °C (N=2)
*Concentration (uM) = (area/ 2955063) x 500 uM

. 3 Concentration

Time (min) | Peak Area (uM)*
0 2641215 500.00

10 2585139 489.38
20 2403000 454.90

30 2324902 440.12

40 2322702 439.70

50 2184498 413.54
60 2217158 419.72
70 2347797 444 .45

80 2049667 388.02

Appendix 3.2.3.3 Effect of 0.5 pg hNQO1 on 500 pM 35 with 100 pM 129 at 37 °C (N=3)
*Concentration (uM) = (area/ 2641215) x 500 pM
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3.2.4 Summary of enzyme study data concentrations (uM)

Average Average Average
Time (min) | Concentration | Concentration | Concentration
of 129 (pM) of 44 (pM) of 35 (uM)

0 100.00 0.00 500.00
0.1 - 23.49 -

10 86.61 79.94 460.31
20 53.49 64.14 446.56
30 29.63 78.20 432.49
40 21.43 77.76 426.86
50 14.05 87.12 392.91
60 12.58 88.58 423.16
70 0.00 81.24 415.23
80 0.00 89.57 408.19

Appendix 3.2.4.1 Average concentrations (pM) of 129, 44 and 35 for N=1 to N=3 enzyme study

3.2.5 HPLC enzyme study spectra for compound 129
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Appendix 3.2.5.1 Enzyme study spectra of N=1 showing the effect of 0.5 pg hNQOI and 500 pM
350n 100 pM 129 at 37 °C
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3.3 Stability data for phenyl quinone delivery system
3.3.1 Compound 130

\
W
/N—( 0
oN
0}
(130)
; ; Retention Concentration
Time (min) Time (nin) Area % Peak Area (WM)*
0 9.093 15.743 2598114 97.49
20 9.103 20.085 2638151 98.99
40 9.115 20.327 2665117 100.00
60 9.110 19.955 2622273 98.39
80 9.115 19.809 2584294 96.97

Appendix 3.3.1.1 Stability data of 100 pM 130 in 10 mM phosphate buffer pH 7 at 37 °C

*Concentration (uM) = (area /2665117) x 100 pM

3.3.2 Lactone 120
O
90
OH
(120)
: : Retention & Concentration
Time (min) Time (min) Area % Peak Area (UM)*
0 9.963 5.599 924012 100.00
20 9.963 6.421 843373 91.27
40 9.967 6.307 826877 89.49
60 9.963 6.012 790073 85.50
80 9.970 5.505 718180 7172

Appendix 3.3.2.1 Stability data of 100 pM 120 in 10 mM phosphate buffer pH 7 at 37 °C

*Concentration (uM) = (area / 924012) x 100 pM
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3.3.3 HPLC stability spectra for compound 130 and lactone 120
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Appendix 3.3.3.1 Stability spectra of 100 pM 130 and 100 pM 120 in 10 mM phosphate buffer pH

7at37°C
3.3.4 NADH 35
5 ; Retention i Concentration

Time (min) Thise (min) Area % Peak Area (UM)*

0 0.827 84.453 5820751 500.00

20 0.807 86.189 5155542 442.86

40 0.808 86.206 5110561 438.99

60 0.807 75.793 5091765 437.38

80 0.805 75.648 5053718 434.11

Appendix 3.3.4.1 Stability data of 500 pM 35 in 10 mM phosphate buffer pH 7 at 37 °C
*Concentration (pM) = (area / 5820751) x 500 uM

mAL
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3.4 Enzyme study data for phenyl quinone delivery system
3.4.1 Compound 130

\
\ N—
N~ ©
/ o N
(0]
(130)
Time (min) Retention Area % Peak Area Concentration
Time (min) (uM)*
0 8.865 19.936 3278240 100.00
20 8.912 9.884 1574778 48.04
40 8.980 7.043 1144080 34.90
60 8.848 5.999 911875 27.82
80 9.047 5.210 730799 22.29

Appendix 3.4.1.1 Effect of 0.5 pg hNQOI on 100 pM 130 with 500 pM 35 at 37 °C (N=1)
*Concentration (M) = (area / 3278240) x 100 uM

; : Retention i Concentration
Time (min) T (min) Area % Peak Area (WM)*
0 8.917 19.635 3411045 100.00
20 9.003 10.717 1759267 51.58
40 8.987 8.611 1374866 40.31
60 8.938 6.808 1153858 33.83
80 8.912 6.691 1001690 29.37

Appendix 3.4.1.2 Effect of 0.5 pg hNQOI on 100 pM 130 with 500 pM 35 at 37 °C (N=2)
*Concentration (uM) = (area / 3411045) x 100 pM

. : Retention b Concentration
Time (min) Pinxe (min) Area % Area (uM)*
0 8.980 20.211 3274990 100.00
20 9.255 10.183 1476419 45.08
40 9.257 7.641 1059953 32.37
60 9.220 5.814 772324 23.58
80 9.178 4.335 568185 1735

Appendix 3.4.1.3 Effect of 0.5 pg hNQOI on 100 pM 130 with 500 pM 35 at 37 °C (N=3)
*Concentration (uM) = (area / 3274990) x 100 pM
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3.4.2 Lactone 120

L

OH
(120)
Time (min) ﬁg:‘:g‘:;’) Avea % | Peakkies C““::;g St
0 0 0 0 0
0.1 9.578 1300 213783 26.06
20 9.655 3.704 590107 71.92
40 9.723 4.008 651017 79.34
%0 9.580 3.267 496612 60.53
80 9.785 2.351 320838 40.20

Appendix 3.4.2.1 Effect of 0.5 jig hNQO1 on 100 pM 120 with 500 uM 35 at 37 °C (N=1)

*Concentration (pM) = (area /820503) x 100 pM

Time (min) T‘.};f:'::l‘:z) Area % Area C”“f:;;)’ft‘”“
0 0 0 0 0
0.1 9.603 1.063 184706 2251
20 9.732 2.899 475856 58.00
20 9.767 3.503 559307 68.17
60 9.647 3379 572786 69.81
80 9.672 2.469 369593 45.04

Appendix 3.4.2.2 Effect of 0.5 pg hNQO1 on 100 pM 120 with 500 uM 35 at 37 °C (N=2)

*Concentration (upM) = (area /820503) x 100 pM

; g Retention - Concentration
Time (min) Time.(min) Area % Area (uM)*
0 0 0 0 0
0.1 9.643 1.346 218071 26.58
20 9.908 3.410 494411 60.26
40 9.910 4.967 688909 83.96
60 9.913 2.793 371017 45.22
80 9.932 2.271 297589 36.27

Appendix 3.4.2.3 Effect of 0.5 g hNQOT on 100 pM 120 with 500 uM 35 at 37 °C (N=3)

*Concentration (uM) = (area /820503) x 100 uM

Note: 820503 is the average concentration of lactone 120 at 100 pM (Appendix 3.3.2.1)
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3.43 NADH 35

, ; Retention o Concentration
Time (min) Time (min) Area % Peak Area (UM)*
0 0.925 93.682 5596750 500.00
20 0.863 85.214 5309702 474.36
40 0.860 86.568 5039368 450.20
60 0.840 88.272 4848404 433.14
80 0.847 89.962 4870124 435.09

Appendix 3.4.3.1 Effect of 0.5 pg hNQO1 on 500 pM 35 with 100 pM 130 at 37 °C (N=1)
*Concentration (uM) = (area / 5596750) x 500 pyM

: ; Retention o Concentration
Time (min) Time (min) Area % Area (UM)*
0 0.945 93.324 5767804 500.00
20 0.878 85.944 5482454 475.26
40 0.880 84.866 5127529 444.50
60 0.883 85.658 5361939 464.82
80 0.857 91.120 5056519 438.34

Appendix 3.4.3.2 Effect of 0.5 pg hNQO1 on 500 pM 35 with 100 pM 130 at 37 °C (N=2)
*Concentration (uM) = (area / 5767804) x 500 pM

i 5 Retention o Concentration
Time (min) Time (min) Area % Area (WM)*
0 0.973 90.825 5897723 500.00
20 0.863 92.909 5144572 436.15
40 0.845 88.540 4939013 418.72
60 0.835 89.912 4786742 405.81
80 0.830 04.811 4701612 398.60

Appendix 3.4.3.3 Effect of 0.5 pg hNQO1 on 500 pM 35 with 100 pM 130 at 37 °C (N=3)
*Concentration (uM) = (area / 5897723) x 500 uM
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3.4.4 Summary of enzyme study data concentrations (uM)

Average Average Average
Time (min) | Concentration | Concentration | Concentration
of 130 (uM) of 120 (pM) of 35 (nM)
0 100.00 0.00 500.00
0.1 - 37.58 -
20 48.23 63.39 461.92
40 35.86 77.16 437.81
60 28.41 58.52 434.59
80 23.00 40.50 424.01

Appendix 3.4.4.1 Average concentrations (M) of 130, 120 and 35 for N=1 to N=3 enzyme study

3.4.5 HPLC enzyme study spectra for compound 130 and lactone 120
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(c) t=40 min
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Appendix 3.4.5.1 Enzyme study spectra of N=3 showing the effect of 0.5 ug hNQOI1 and 500 pM
350n 100 pM 130 at 37 °C

The raw data (.pdf) for this HPLC section are provided in the supporting information.

Awaiting additional raw data from Morvus Technology Ltd for N=2 and N=3 (Appendix
3.2):
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