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Introduction

Quinones, especially derivatives of 1,4-benzoquinone,

represent an important group of potent therapeutic agents,”'

4 especially as antibiotics and anticancer agents, including

]

anthracyclines such as doxorubicin and daunorubicin,”” as



well as other streptomyces-derived compounds such as
streptonigrin and mitomycin c,® and synthetic quinonoids
such as mitoxantrone and epirubicin.[7‘8] The mechanisms by
which anthracyclines and many fused-ring quinones act are
complex, multiple pathways usually being involved, including
intercalation between base pairs, resulting in the inhibition of
RNA and DNA synthesis in cancer cells. 1% Secondly,
quinones may act as inhibitors of the DNA topoisomerase |l
enzyme, preventing the relaxation of supercoiled DNA,
thereby blocking transcription and replication.[”] Thirdly, they
may generate haeme-mediated oxygen radicals that damage
membranes,!'?

Fourthly,

DNA, proteins and cell although not

necessarily selectively. anthracyclines have
recently been shown to cause histone eviction from open
chromatin structures, leading to activation of the DNA
damage response or apoptosis of cancer cells.™

A major therapeutic goal is the advancement of new
quinonoid compounds that display anti-neoplastic activity as
well as reduced toxicity. However, anthracycline usage is
often limited by cardiotoxicity,m which also applies to a
number of other classes of fused-ring quinones. In particu

chemotherapy using anthracyclines causes cardiomy®

number of monocyclic 1,4-benzoquino

show promise including rdisianone

proliferation and apoptosis

The inone HU-331 is

impairment of heart

of particular

rubicin cardiotoxicity that was
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concentration of HU-331 administered. Quinone

WILEY-VCH

cardiotoxicity is generally thought to arise by generation of
reactive oxygen species (ROS), however, in that respect, as
well as others, HU-331 shows pgtterns of biological activity

he lack of cardiac

that are atypical of many quin
other studies which showe
were not the cause of

tion, apoptosis, or cell
e of action of HU-331

No, %% the u

not target cannabi ptors.[zol Consequently, of central
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iJotentially therapeutic effects as a function of
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Figure 1. Some monocyclic 1,4-benzoquinone anti-cancer agents.

The close structural relationship (Scheme 3) of HU-331 to
cannabidiol (CBD), from which HU-331 can be obtained
solely by oxidation,®" invites the question as to whether
cannabinoids can possess anti-cancer activity. Recently,
cannabinoids have been shown to inhibit tumour growth and

angiogenesis, and to induce apoptosis,[25'27]

7

notably in
hormone-sensitive prostate cancers.”! Cannabidiol can
prevent metastasis of breast cancer, possibly by suppressing
the activity of the gene Id-1 28 A recent study concluded that
5-hydroxycannabidiol and HU-331 inhibit both the a- and §-

forms of 1129

topoisomerase Ag-Tetrahydrocannabinol
inhibits the growth and metastasis of lung cancer cell lines
and prevents the growth of Lewis lung adenocarcinoma by
inhibiting DNA synthesis.[25'3°] Cannabinoids comprise a

diverse class of compounds that interact with a number of



molecular targets including the endocannabinoid-1 and -2

receptors and the vanilloid receptor,m

although their anti-
cancer mechanisms are not fully understood.

In the search for new anti-cancer agents containing a
quinone ring, cannabinoid quinones were considered to be a
suitable class since the structural motif affords in vitro and in
vivo anti-cancer potency, drug-likeness and, especially, as is
the case for HU-331, the potential for little or no cardiac

but  with
HU-331 is

unstable, especially in solution, to be used for cancer

toxicity or  myelotoxicity, inhibition  of

(32] However,

angiogenesis. too chemically
therapy. Consequently, aims of the present studies were to
identify the anti-cancer pharmacophore latent in HU-331
through the study of structurally related monocyclic
quinones, and to synthesise and identify more potent
derivatives than HU-331, preferably with improved stability

and other drug-like properties.

Results and Discussion

Chemistry
The initial objective was to devise a set of integrated syn

protocols to cover a wide range of polysubstituted resorcinol

derivatives, thereby affording by oxidation novel
1,4-benzoquinone derivatives encompassing
chemical space. Access to alkyl, cycloalkyl, cy
aryl substituents, among others, was req
synthetic strategies to substituted 1,4-benzoqu
depicted in Scheme 1, in which the last step has in com

the oxidation of a substituted resorcinol derivative
)[33]

Frémy’s salt (dipotassium

aqueous buffer of KH2PO4,!
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Scheme 1. Synthetic routes to monocyclic 2-hydroxy-1,4-benzoquinones.
Reagents and conditions: (a) BBr; (3 equiv.), CH,Cl,, -78 °C, 10 min then
20 °C, 1 h; (b) n-BuLi (1.1 equiv.), THF, 0 °C then cyclic ketone, 0 °C, 30 min
then 20 °C, 18 h; (c) TFA, CH,Cl,; (d) TFA, CH,CIl, then Et;SiH; (e) Frémy's
salt (3.5-10 equiv.), KH,PO,, aq. acetong; (f) cycloalkenol and CSA (0.1
equiv.), CH,CI, or BF3.Et,0, CH,Cl,; (g) n T HF then alkyl iodide.

Where feasible, Friedel-Crafts alky t the 2-position

of resorcinols 2 was the most s ence the
| with various allylic

of the Friedel-Crafts

;770 in our hand@llonly a very low vyield of

). Although a freshly

allylic alco ts, entry 3) and lowering the
amount of Lewis acid gave a high yield of the undesired
clised colund A which was formed in lower yield when

as carried out at 20 °C (entry 4) but still as a

reactio
ixture of products. Evidently, the basic alumina found in

[36]

annabinoid studies to suppress acidity,” and hence

equent cyclisation, did not prove effective in

orm related condensations to give cannabinoids has

been reported by Kassiou’'s group,ml

although in their
rk generally satisfactory results were obtained using only
0.1% solution of that reagent. In the event, a Bragnsted acid

approach using 10-camphorsulfonic acid, (CSA),[38]

proved
much more successful in the present work. In our parallel
study of the condensation of the isopropyl cyclohexenol 14
(1.2 equiv.) with olivetol in the presence of CSA (0.1 equiv.)
reactant stoichiometry greatly influenced the outcome, an
appreciable quantity of olivetol remaining from an initial 1:1
stoichiometry, whereas 8a was obtained in 35% yield using
1.2 equivalents of 14, and in 59% yield using 1.2 equivalents
of 14, no olivetol being detected in the latter case. When a
1:1.5 stoichiometry of 1-methylcyclohex-2-en-1-ol: olivetol
was used in the presence of CSA (0.1 equiv.) at 20 °C no
olivetol remained, and the required cannabinoid adduct 8p
in 45% yield (Table 1, This

condensation protocol (General Procedure D) was found to

was isolated entry 5).
be effective in fourteen cases of this study, isolation being
usually straightforward, and cyclised by-products being

absent for reaction periods of 3-6 h. The resulting resorcinol
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derivatives were oxidised with Frémy'’s salt to give a focused  metalation of resorcinol derivatives 1 was generally used,
set of closely related congeners of HU-331 (Table 2). leading to the carbinols 4 which were dehydrated to the
In cases where an aromatic alkylation route (i.e. 2 to 8)

using a Brensted acid or a Lewis acid was not efficient,

HO HO Lewis acid or HO.
A@ . Brensted acid O
CH,Cl,
OH OH
Olivetol 8p

Table 1. Condensation of 1-methylcyclohex-2-en-1-ol with olivetol (1 equiv.) in CH,Cl,.".

Entry Allylic Reagent Additive T (°C)
alcohol (eq.)
1 0.8 BF;.Et;O (2.5 eq.) Al,O;5 (20 eq.) reflux ‘1 (%\J
~—_—_—
2 0.8 BF3.Et,0 (2.5 eq.) Al,O; (20 eq.)" reflux 25:25
1, BF3.Et,0 (1.6 eq. Al,O3 (20 eq.)”! fl 1\ :
3 0 3.Et,0 (1.6 eq.) 003 (20 eq.) relh 0 0:89
——‘;
4 1.0 BF;.Et,O (1.6 eq.) AlL,O3 (20 eq.) 20 " 31:31
1. A (0.1 eq. - 2 h® 45;
5 5 CSA (0.1 eq.) 0 A 6 5:0
[a] Percentage of conversion was determined from the 'H NMR spectra of the cru ducts. [b] entries 1-3, a suspension of alumina in a solution of BF;.Et,0

in dry CH,Cl, was stirred for 15 min, then heated at reflux for 1 min (entries 1 and 2)
the mixture was quenched with saturated aqueous NaHCOs. [c] A new bottle of alumin

a syringe pump; then the mixture was stirred for an additional 3 h.

min (entry 3), and then the reactants added. After the reaction time stated
as used. [d] 1-Methylcyclohex-2-en-1-ol was added dropwise over 3 h via

cycloalkenyl derivatives 5 which were then reduced wj wed by warming to 20 °C over 1 h.“" The 5-
CF3CO2H-Et3SiH. More usually, and preferably, the (2-indeny) resorcinol ether 16, prepared in 59% yield by

sequential dehydration-reduction of alcohols
accomplished in one overall step by addition
followed by Et3SiH. The resulting methyl eth
demethylated using BBr3 in dichloromethan
corresponding resorcinol derivatives 8 which
oxidised to the target quinones 9. The
dimethylresorcinol derivative 3 was prepared
metalation of 1,3-dimethoxy-5-meth

and alkylation with Mel to giv
o.[39:40]

dimethylbenzene in 78% yiel

demethylation of the latter in
In order to obtain

resorcinols, severa required

(Scheme 2). Suzuki reac of the boronicYrcid 10 with a
cycloalkenyl trifluoromethan

the 5-substitute

lfonate (‘triflate’) afforded
atives 11 and 12 which
were reduced ding 5-substituted
cycloalkyl derivatives and 1f using ammonium formate
and TFA-Et3SiH in CH2Cly,
those and other substituted
resorcinols was found to be generally satisfactory using

BBrs, using a procedure of addition at -78 °C (stirred for

Suzuki coupling of boronic acid 10 with 2-bromo-71H-
igdene, was reduced to the indanyl derivative 1e using
monium formate and 5% Pd-C in ethanol.
5-Substituted resorcinols usually underwent Friedel-
Crafts alkylation mainly or exclusively at the 2-position, as
might be expected on grounds of a combination of
electronic effects of the two ortho-phenolic OH groups,
together with steric hindrance of approach to the 4- and 6-
positions provided by the 5-substituent. However, the only
isolated product of the condensation of resorcinol with 14
was the 4-substituted derivative 8j (18%). Also, in the
condensation of 13 with 14, an appreciable quantity of the
4-substituted product 8l was isolated. Those results are
consistent with observations on the condensation of
methylcyclohex-2-en-1-ol with orcinol (5-methylresorcinol)
in CH2Cl, in the presence of BF3.Et20, in which the main
product was that of alkylation at the 4-position.[42]
Conversely, from olivetol (larger C-5 substituent) the main
product was the result of solely 2-alkylation (e.g. Scheme
4).

With the principal reactions for the synthesis of HU-331

analogs now in hand, consideration was given to a total



synthesis of the cannabinoid HU-331. The natural product
HU-331 has usually been prepared by aerial oxidation of
cannabidiol (CBD), obtained from plant sources.?" A pure

source of HU-331 was required as a benchmark against
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which to measure biological activity of the novel quinones
here reported. Accordingly, a synthetic route was sought,

preferably using the optimisgd Friedel-Crafts alkylation

MeO B(OH), MeO ' RO
a O n b n
orc
OMe OMe OR

10 11 n=1
12 n=2
o N
HO.,, o
+ _c .
OH
13 ()14

1b R=OMe .
2bR=H )% 56%

Scheme 2. Regioselective synthesis of substituted resorcinol derivatives®
Pd(OAc), (1 mol%), K,COj3 (3 equiv.), 1:1 dimethoxyethane: water; (b) HCO,
equiv., CH,Cl, , -78 °C, 10 min then 20 °C,1 h; (e) 14 (1.5 equiv.), CSA (0.1 e
26% (2 steps); (g) Ha, Pd-C, MeOH, 59%; (h) PhB(OH),, (PhsP),Pd, Na;

(x)-cannabidiol
(THC), the latter fori

by tosylation and also by
triflation, with concomitant elithination of the carbinol was

attempted, but in neither case could efficient O-

81 38%

OR

1c R=OMe 0
20R=H L] 75%

and conditions: (a) For 1d: cycloalkenyl triflate (0.9 equiv.), PhsP (1 mol%),
10 equiv.), 5% Pd-C, EtOH; (c) TFA (1.0 equiv.), CH,Cl, then Et;SiH; (d) BBr;, 3
iv.), CH.Cly; (f) trimethylsilylacetylene, (PhsP),PdCl, then TBAF, THF, 26%

, ag., 1,2-dimethoxyethane, 69%.

deprotection be achieved. However, mesylation of 20 in the
presence of EtsN also induced the desired elimination to
the isopropenyl group, and subsequent removal of the
aromatic mesylate groups using MelLi afforded (+)-CBD in
satisfactory yield.[44] Notably, oxidation of (+)-CBD using
Frémy’s salt afforded (+)-HU-331 in 92% vyield. This use of
Frémy’s salt compares very favourably with the yield of
20% achieved in the early oxygenation of cannabidiol in
aqueous 5% KOH to give HU-331 e
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Scheme 3. A convergent synthesis of (+)-cannabidiol and (+)-HU-331 via
the triol 20. Reagents and conditions: (a) 19 (1.5 equiv.), CSA (0.1 equiv.),
CH,Cly, 20 °C, 3 h; (b) MsClI (6.0 equiv.), Et;N (10 equiv.), CH,Cl,; 0 °C, 1
h, then 20 °C, 16 h; (c) MeLi (23 equiv.), THF, 0 °C, 1 h; (d) Frémy's salt
(5.5 equiv.), KH,PO, (2.3 equiv.), aq. aggtone, 20 °C, 16 h.

Table 2. Inhibition of Topoisomerase Il by Substituted Mong@¥clic Quinones.

AN

Y

49,
&



WILEY-VCH

Entry Compound Structure Topo Il Entry Compound Structure Topo
Inhibition (%) Inhibition (%)
o]
HO,, ¢ o
,q
1 Etoposide o 45+ 2 13 9j
H o

@

2 (4)-HU-331
(commercial)

3  (¥)-HU-331
(synthetic)

ibition at 80 uM concentration of test compound. [b] Average of triplicate runs +SEM.



Regioselectivity of the Friedel-Crafts condensation
reactions involving resorcinol and its derivatives was
established by NMR spectroscopy. For example, reaction
of resorcinol at the 4-position giving 9j was established
from the singlet in the 'H NMR spectrum for the isolated
C-3 hydrogen atom at 6 6.09 and the four-bond coupling
constant of 0.7 Hz for the C-6 hydrogen atom at § 6.57.
Consideration of the number of lines in the '*C NMR
spectra of the resorcinol derivatives 8 was also often
diagnostic of the position of condensation (i.e. C2- versus
C-4).

In the '"H NMR spectrum of the quinones 9 the trans-
diaxial coupling constant of approx 11.5-12.0 Hz confirmed
the trans configuration of the isopropyl (or isopropenyl)
substituent with the 1,4-benzoquinonyl group. Although the
relative configuration of the methyl group in 8h and 9h
could not be deduced from NMR data owing to overlapping
multiplets in the relevant regions, only one diasterecisomer
was detected, and by analogy with the hydroboration-
oxidation of (+)-2-carene to give (-)-2-isocaranol (92%),[45]
hydroboration on the face opposite to the bulky isoprop
group would be expected, affording the triequatori

substituted stereoisomer 8h, and hence 9h.

In vitro inhibition of topoisomerase Il by mo
quinones

Several studies have confirmed that the
quinone HU-331 inhibits the relaxation acti

topoisomerase [1,[19:20.2446]

and is highly selective for thi
isozyme. Both the commercial HU-331 and our synthetj

samples of HU-331 (concentration rgge tested from 0.

relaxation ass
preincubation o unds with human
toposomerase Il (A
buffer
full i
0.27 mM. First,

concentrations of commercial HU-331 and synthetic (%)-

etrix) for 10 min, and a relaxation
mM) and MgCl, (0.1 M), giving
mM and some inhibition at

under those conditions, the same
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HU-331 were shown to perform in the same way in the
topoisomerase lla. assay (Fig. 2). Secondly, a suitable

benchmark concentration of mM was established for

the evaluation of the series of lic quinones (Table
2). At that concentration, signific
supercoiled plasmid D

were observed in the hi

pixel intensities of etjis
accurately mea d using h&geJ oftware (Fig. 3).

hTopo Il + DNA
DNA hTopo Il HU-331 (uM) HU-331 (uM)
only + DNA (commercial) (synthetic)
100 10 100 10

.%parison of the effect of commercial versus synthetic
U-331 pre-incubated with human topoisomerase Il for 10
utes followed by addition of supercoiled plasmid DNA.

DNA hTopo Il hTopo Il + DNA + synthetic HU-331 (uM)
only  +DNA 20 40 60 80 100

Figure 3. Human topoisomerase Il-induced relaxation of supercoiled
plasmid DNA in the presence of a range of concentrations of synthetic HU-
331 (pre-incubated with the enzyme for 10 minutes).

Quinone structure-activity relationship based on
topoisomerase lla inhibition

In our hands, synthetic racemic HU-331 and commercial
HU-331 were also found to be equipotent in the
topoisomerase lla DNA relaxation assay (Table 2).
Additionally, enantiomers of HU-331 have been reported
to be equipotent against a variety of cancer cell lines.?%
As with a set of bisdioxopiperazine catalytic inhibitors of
topoisomerase |l (i.e. inhibitors of one or more steps in the
enzyme-DNA ligation/deligation/strand cleavage cycle)
whose enantiomers showed equipotency in respect of

both enzyme inhibition and cellular cytotoxicity,[46]

a
similar explanation can be advanced for the quinone HU-
331, namely that the site of binding to topoisomerase lla
is either sufficiently large or sufficiently flexible to

accommodate each enantiomer equally well.



Of the trisubstituted HU-331 analogs 9a and 9c-9h, in
which the terpenoid unit had been retained (or
hydrogenated in the cases of 9a and 9h) each of this
series of compounds showed some inhibition, but none
greater than or equal to HU-331 (Table 2). Saturation of
the isopropenyl group of HU-331 lowered the inhibition
(61% for 9a, c.w. 86% for HU-331). Complete saturation
of the terpenoid unit lowered the inhibition further (53% for
9h). However, removal of the isopropenyl group in HU-
331 resulted in only a small loss of inhibition (79% for 9p),
suggesting that the isopropenyl group is not essential for
potent inhibition of topoisomerase lla. Although the fully
reduced terpenoid unit in 9h showed the lowest potency
within the series of terpenoid derivatives studied, this
compound illustrated that a 2-cyclohexyl ring can be
compatible with good inhibition. Following this observation,
the subset of saturated cycloalkyl quinones 9m-90 and 9q
was synthesised; not only was good-to-excellent inhibition
of topoisomerase lla observed, but in the set of 6-n-pentyl
quinones synthesised, 90 was the only crystalline
compound, and also showed much greater stability whe
kept as a solution in DMSO-ds at 20 °C, with i

decomposition after 8 days (90% of initial concentraji

decomposed (10% of initial concentration,
Supplementary Information); indeed, after 2
than 50% of HU-331 had decomposed.

Within the terpenoid series described above, varia

of the 6-substituent was examined; conformational

restriction by annulation to give a fivggmembered ring (9

increased steric hin

contributor. In contrast,

perhaps because o ed by the extended

spz-cha cter of the enyl substituent whose planarity
may nearby aromatic amino acid
residue.

Within the C-5 substituted congeners, the
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tetrasubstituted quinones 9b and 9¢ showed no significant
inhibition, consistent with a proposed mechanism

involving conjugate addition of,a toposiomerase Il residue

to an unsubstituted position quinone ring;[47'48]
residues Cys392 and Cys405 ha identified as
significant for addition n contrast,

quinones 9k and 9l sho
respectively, comp i . If the novel
topoisomerase nd 9l, which all
y similar to the parent
ion presumably occurs
unsubstituted (Michael
ring was further probed by
ct of 9d and 9b at 200 mM on
top 4); at this higher concentration, 9d
showed comple ion, but without the formation of

observable, topoisomers. Conversely, the tetrasubstituted

quinone showed no inhibition. Those observations are
nsistent with covalent adduct formation being a principal
e by which monocyclic quinones including HU-331

[24,48,49]

on human topoisomerase lla, and which

quinone "with the N-terminal domain, thereby preventing

the N-terminal clamp from capturing DNA 242948 The fully

hTopo Il + DNA
Commercial od (uM!
DNA hTopo Il HU-331 ) L
only +DNA (80 uM) 80 100 80 200

Figure 4. Human topoisomerase ll-induced relaxation of supercoiled
plasmid DNA in the presence of (a) the trisubstituted quinone 9d and (b)
the tetrasubstituted quinone 9b.

The above survey of topoisomerase lla inhibition as a
function of variations in substitution suggested further
investigation of 3-cycloalkyl derivatives of 2-hydroxy-6-n-
pentyl-1,4-benzoquinone, particularly since 90 had been
shown to have much greater stability than HU-331. Initially,
and to identify a reference for acyclic substituents,
quinone 9s was prepared and evaluated; its considerable

potency (58%) was diminished upon O-methylation (31%



for 9t), confirming the need for the unsubstituted hydroxy
group. Introduction of a cyclohexyl group at C-3 afforded
the most potent compound in the quinone series, showing
97% inhibition at 80 uM, and hence that an n-pentyl chain
is not a requirement for potent inhibition of topoisomerase
lla. Variation of the ring size of the C-3 cycloalkyl
substituent showed that cyclopentyl conferred the greatest
enzyme inhibition (95% for 9n), being more potent than
HU-331 (86%). The cycloheptyl congener 9q was the
least potent (49% inhibition) of the set 5m-9r. The
cyclohexenyl derivative 9p (78% inhibition) was not
significantly more potent than the 3-cycloalkyl quinone 90
(76%).

The cyclohexyl ring present in the corresponding
compound 9o confers markedly greater stability as well as
crystallinity, an observation which helped focus the search
for potency a set of quinones 9 that contained a simplified
and saturated 3-cycloalkyl unit, compared to the terpenoid
unit present in HU-331. Since compounds 9n, 90 and 9u
were more potent inhibitors of topoisomerase lla than HU-
331, as well as being considerably more stable, they wer:
tested against a number of cancer cell lines to determifie
whether the potent enzyme assay results woul

accompanied by antiproliferation in whole cell assa

Cytotoxic effects of monocyclic quinones

Inhibitory activity against proliferation of
cancer cell line DU-145 was measured using a
assay with continuous exposure for 72 h (Table 3

compared to HU-331, four compounds were considerab

saturated terpenoid system

being more potent than

rovement.
of the 6-
9d, further increased the

ational restric
substituent to cyclopentyl,
inhibitory pote
against DU-145

derivative 90. The

ilar or greater potency
as the 3-cyclohexyl
r derivatives showed medium to
espite 9p and 9u showing,

ter potency than HU-331 in

the topoisomerase lla assay. This can be accounted for

by a lack of sufficient lipophilicity in the 6-substituent (9s-

10
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9w), although that is partly compensated for by the 3-
cyclohexyl substituent in 9u. That 9w was by far the least

active compound evaluated jagainst DU-145 cell line

proliferation is consistent w absence of any

complete terpenoid gro
main factor accou
inhibitory poten ulty of the much
more polar 9w U-145 cell membrane,
as expected fr
331 cLogP#s 6.1 = 3.51). However, the
mpounds compared to their

for both enzyme inhibition and DU-145

rent lipophilicities (HU-

n cannot be accounted for in terms
P = 0.99 and 9t cLogP = 1.15),
and is ascribed to the hydroxy group acting as a hydrogen
bond dong

A selection of the more potent compounds was then

of lipophilicities

luated for inhibition of proliferation of Jurkat human

cell leukaemia and Raji human lymphoma cell

Table.Wtiproliferation ICso (uM) data monocyclic quinones.™

Cell line: DU-145 Jurkat Raiji
‘Compound
'—HU-331 9.15£0.57  1.30x0.20°”  0.61+0.05%"
, 9a 5.45+0.26 ND™ ND
ad 2.4+0.60 ND ND
9h 5.2+0.20 ND ND
9n 13.7+0.60 2.37+0.10 5.27+0.25
9% 2.05+0.10 0.29+0.02 0.68+0.03
9p 20.1+4.4 ND ND
9s 27.8+4.3 ND ND
ot 40.6+2.9 ND ND
9u 12.8+0.52 0.42+0.02 1.45+0.06
ov 19.0+0.23 ND ND
ow 57.0+15.5 ND ND

[a] Data from cell viability (ATP) assay for compounds 9n, 90 and 9u; all
other data for DU-145 from XTT assay. Average of triplicate runs +SEM.
[b] ND = not determined.

lines (Table 3). Comparison of 9n with 90 shows that 3-
cyclohexyl ring confers nearly an eight-fold greater
inhibitory activity across the three cell lines studied than a

3-cyclopentyl ring. The 3-cyclohexyl derivative 9u also
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showed good-to-excellent potency. The most potent variety of substituted derivatives of 1,4-benzoquinone
compound was identified as 90, showing significantly have been described, the shortest employing a Friedel-
improved potency in two of the three cell lines studied, Crafts alkylation of a resorcigol derivative followed by

including submicromolar potency in two of the cell lines. oxidation to the quinone rémy’s salt. New

derivatives of 1,4-benzoquinone h identified as

Simplification of chemical structure by removal of
metabolically active unsaturation led to greater overall more potent than HU-3g4 oduct anti-

potency than HU-331 as well as greatly increased in vitro cancer agent showing n Jent cardiotoxicity. Novel

stability. potent inhibitors of erase llo and of
proliferating can i ideMified, including 9a,
Some differences were observed in the relative . 3
9d, 9h and e howed a greater than

inhibition of topoisomerase lla versus inhibition of cell line . .
four-fold inhibit ostate cancer cell line

roliferation. For example, a terpenoid isopropenyl grou . .
P P P e A than HU-3 molar inhibitory potency
HU-331, 86%) conferred greater potency than the . .
( 2 g P y against bot cute T cell leukaemia and
corresponding isopropyl group (9a, 61%), whereas in the . . L
Raji human ly a cell lines. The simplified analogs,

DU-145 cell line assay the isopropenyl group in HU-331, . . . .
incl much greater in vitro stability

86%) conferred 1.7-fold less potency than the isopropyl

compared to ascribed to the absence of

roup in 9a. Also, absence of the isopropenyl group in . . . .
group propenyl group chemically reactive groups (which in HU-331 are likely

HU-331 (86% inhibition of topoisomerase lla) gave only a

sites of bolism).

. A o
small loss in enzyme inhibition (79% for 9p), whereas Anti-cancer properties here identified were correlated

compared to HU-331 inhibition of DU-145 cell proliferation structure, which indicated clear directions for further

by 9p was more than halved. A third difference was seen iation, especially variation in 6-alkyl substitutents;

for 9u, the most potent inhibitor of all the novel quinon 3-(4-substituted)-cyclohexyl derivatives may

tested (and more potent than HU-331), but which was less L . .
promising areas of chemical space. This

preliminary structure-activity profile identified for these
inones should facilitate the discovery of new, drug-like

nocyclic quinone anti-cancer agents with low
cardiotoxicity (partly attributable to minimal ROS
production), unlike many fused quinone systems,
especially the clinically important anthracyclines whose
use is constrained by severe and dose-limiting

cardiotoxicity.

R?0 R®
= B
R5
R2=H usually optimal
R3 = cycloalkyl, 2,3-cycloalkenyl >aryl >H

(#)-HU-331 Rz =H >> all others
whole cell inhibitory actiWgk still shows sofhe significant R® = alkyl >aryl >cycloalkyl, alkoxy
. . . . R3 = Cyclohexyl very potent and stable in aqueous media;
differences with the relative ncy of the topoisomerase R® = Cycloalkenyl potent but show reduced potency and stability.
lloo assay, that inhibition of Figure 5. Correlation of substituted hydroxy-1,4-benzoquinones with anti-

) cancer properties identified.
topoisomerase lla

501 ¢

t the only relevant
Although inhibition of human topoisomerase lla is a

moleculgr target; er studies are indicated.

confirmed and likely major target, several observations
indicate that some monocyclic quinone inhibitors act on at
New syntheses of cannabidiol and (x)-HU-331 are least one other molecular target, not revealed by the

reported herein. General synthetic approaches to a wide present study. Based on broad-spectrum activity against

11
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multiple cell lines, its crystallinity and its greatly increased acetone bath was then removed and the mixture allowed
stability compared to HU-331, compound 90 is suitable as to warm to 20 °C over 1 h. Saturated aqueous sodium
a probe to elucidate uncharted quinone chemical biology, hydrogen carbonate (20 mL) was then added and the

and also as the basis for next-generation antiproliferative mixture was stirred at 20 °C ther 10 min.*" The

hydroxyquinones possessing minimal cardiotoxicity mixture was extracted with diethyl 20 mL) and
compared to existing clinical quinone anti-cancer agents. the combined organic | saturated

aqueous sodium hydrog ate then with brine. The
Experimental section combined organic la S0y), filtered and

Instruments and Methods the solvent was . e was purified by
Reactants and reagents were used as received. column chro i using 10-30% by
Commercial HU-331 was purchased from Abcam. volume of ethyl i s the eluent to give the
Compound homogeneity was monitored by ascending ed for each compound
thin-layer chromatography, performed on Merck 0.2 mm
aluminium-backed silica gel 60 Fs4 plates and visualised
using ultraviolet irradiation (254 nm) or by using aqueous (metalation of a 1,3-
alkaline potassium permanganate. Flash column dimethoxyare on to a ketone and dehydration
chromatography was performed using Merck silica gel 60 of the carbinol): To a stirring solution of the 1,3-
dimetho -substituted benzene (0.2 M, 1.0 equiv.,

of particle size 33-70 mm. Evaporation refers to the

removal of solvent under reduced pressure. Melting points prox. 1.5 mmol scale) in dry tetrahydrofuran at 0 °C

were determined using an Optimet apparatus and are er nitrogen was added n-butyllithium (1.6 M, 1.1

uncorrected. Infrared (IR) spectra were recorded on dropwise over 5 min. Stirring was continued at

Bruker alpha FT-IR spectrometer using neat samples. urther 1 h. A solution of the cyclic ketone (1.8

M, 1.5
dropwise over 10 min. The mixture was stirred for an
itional 30 min at 0 °C, then at 20 °C for 18 h. Saturated

ueous ammonium chloride (20 mL) was then added.

and "*C NMR spectra (respective operating frequenci ol equiv.) in dry tetrahydrofuran was then added

500 MHz and 125 MHz) were obtained using a
AM-500 spectrometer in a variety of solven
residual non-deuterated solvent peak as
reference: CDCl3 (8n = 7.26 ppm, 8¢ = 77.0 pp
(©1 = 2.50 ppm, &¢ = 39.5 ppm) CD30OD (0x = 3.31 p

Oc = 49.0 ppm). Mass spectra were obtained on a Fisons

he mixture was then extracted with diethyl ether (2 x 20
mL) and the combined organic layers were washed with

water, dried (NaxSOg), filtered and the solvent was

evaporated. The residue was purified by column

VG70-SE mass spectrometer org Thermo Finniga

MAT900xp instrument using electr chromatography, typically using 10-25% by volume of

electron ionization (El) or chemical ioniz ethyl acetate in hexane as the eluent to give the tertiary

alcohol (details provided for each compound in Supporting

Supplementary data Information).

Preparation and spec,

| data of s are given in
the Supporting Informa General procedure C (reductive elimination of
carbinols, and reduction of alkenes to the
General pr methylation of 1,3- corresponding aryl cycloalkanes): To a stirring solution
dimethoxyaren solution of the 1,3- of the tertiary alcohol or the alkene (0.36 M, 1.0 equiv.) in

dimethoxyarene (0% approx. 0.4 mmol dichloromethane at 20 °C was added trifluoroacetic acid

scale) i under nitrogen and cooled in a (5.5 equiv.), whereupon the colourless solution
dry s added dropwise boron immediately turned dark red. Stirring was continued at
tribromide (3.0 equiv. C over 2 min. Stirring was 20 °C for 15 min, then triethylsilane (2.5 mol equiv.) was
continued at -78 °C for a further 10 min. The dry ice- added dropwise over 5 min, and the mixture stirred a

further 1.5 h. Saturated aqueous sodium hydrogen

12



carbonate (20 mL) was then added. The organic layer was
separated, washed with water (10 mL), dried (NaxSOs),
filtered and the solvent was evaporated. The residue was
purified by column chromatography, typically using 0-5%
by volume of ethyl acetate in hexane as the eluent to give
the aryl cycloalkane (details provided for each compound

in Supporting Information).

General Procedure D (condensation of resorcinol
derivatives with cyclic allylic alcohols): To a stirring
solution of the resorcinol derivative (0.20 M, 1.0 equiv.,
approx. 0.5 mmol scale) and camphorsulfonic acid (0.10
mol equiv.) in dichloromethane was added dropwise a
solution of the cyclic allylic alcohol (0.20 M, 1.5 equiv.) in
dichloromethane via a syringe pump at 20 °C over 3 h.
The solution was stirred for a further 3 h at 20 °C then
saturated aqueous sodium hydrogen carbonate (10 mL)
added. The with

dichloromethane (3 x 20 mL) and the combined organic

was mixture was extracted
layers were washed with water, then with brine. The
combined organic layers were dried (Na2S0.), filtered an
the solvent was evaporated. The residue was purified
column chromatography (details provided in Supp
Information: usually using 5% by volume of ethyl
in hexane for cannabinoids) to give the cy
resorcinol derivative.

Representative general

procedure E (Oxida

dearomatisation of resorcinol derivatives using

potassium dihydrogen

M, 40 mL) and (dipotassium
mmol; CAUTION!). Only
e used, and under the
a rapid exotherm.
y’s salt represents an explosion
tion during handling and use
should be taken. at 20 °C until the reaction
was complete by TLC (typically 3-4 h), the mixture was

extracted with diethyl ether (3 x 10 mL). The combined

13
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organic layers were dried (MgSO4), filtered and
evaporated. In most cases the hydroxyquinone product
was of high purity, as assegsed by 'H and "*C NMR
spectroscopy and TLC, but ¢ further purified by

2%-10% by

column chromatography,

volume of ethyl acetate j

(Affymetrix) was

supplied in a M sodium phosphate,

pH 7.1, 700 m A, 0.5 mM DTT, 50%
glycerol) a nits/uL and was stored
at -20 °C. were prepared by serial

stock solution in DMSO with relaxation
| pH 7.5, 200 mM NacCl, 0.25 mM
EDTA, 5% glyC each Eppendorf tube was added
supercoiled plasmid DNA (pBR322, 0.3 ug) followed by
centrations of HU-331 (0.3 uyM to 1 mM).

uman recombinant topoisomerase | (2U) was added to

different

h mixture, making the final volume up to 30 pL. The
s were incubated together at 37 °C for 45 min. The

ere then terminated by addition of the stopping

buffers $DS and proteinase K to a final concentration of
0.25% and 250 ug/mL respectively. The reaction mixtures
e incubated at 50 °C for 30 min then analysed by
ctrophoresis on 1% agarose gel with 0.5 ug/mL
ethidium bromide in a 10% Tris-borate EDTA buffer. The
different

forms of DNA were then separated by

electrophoresis at 90-140 V conducted at room
temperature for approximately 2 h. Gels were
photographed under UV irradiation using a UV

transilluminator coupled with a camera.

DNA Intercalation assay
A literature procedure, reported by Peixoto and co-

workers,[sﬂ

was used to investigate the intercalation
activity of HU-331 compared to ethidium bromide based
on the topisomerase | relaxation assay. Inhibitor
concentrations were made by serial dilution of stock
solutions (10 mg/mL for ethidium bromide and 10 mM for
HU-331) with topoisomerase | relaxation buffer (20 mM
Tris-HCI pH 7.5, 200 mM NaCl, 0.25 mM EDTA, 5%
glycerol). To each Eppendorf tube was added supercoiled
plasmid DNA (pBR322, 0.3 pg) followed by different

concentrations of ethidium bromide (0.03—-3 yM) and HU-



331 (0.03-100 uyM). Human recombinant topoisomerase |
(5 U) was added to each mixture, and the final volume
made up to 30 uL using dilution buffer. The mixtures were
incubated together at 37 °C for 45 min. Reactions were
then terminated by addition of the stopping buffers SDS
and proteinase K to a final concentration of 0.25% and
250 pg/mL respectively. The reaction mixtures were
incubated at 50 °C for 30 min then analysed by
electrophoresis on 1% agarose gel in a 10% Tris-borate
EDTA buffer. The different forms of DNA were then
separated by electrophoresis at 150 V conducted at room
temperature for approximately 2 h. The gels were
visualised by staining with ethidium bromide (0.5 pg/mL)
for 30 min then de-staining in water for 15 min. The gels
were photographed under UV irradiation using a UV

transilluminator coupled with a camera.

Topoisomerase Il relaxation assay
The procedure was similar to the topoisomerase |
relaxation assay but with slight modifications.®? Each
inhibitor was tested at one concentration (80 uM) b
diluting the stock concentrations with topoisomerase

dilution buffer (10 mM sodium phosphate pH 7.1, 5
NaCl, 0.2 mM DTT, 0.1 mM EDTA, 10% glycerol
mg/mL BSA. To each Eppendorf tube was add

different
electrophoresis at t room temperature
for apprgximately 2

with

els were visualised by staining
pg/mL) for 30 min then de-
staining in water e gels were photographed
under UV irradiation using a UV transilluminator coupled

with a camera. For quantitation, the integrated pixel

14
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intensities of the ethidium bromide fluorescence were

determined using ImageJ software. Background

fluorescence (mainly from open circular ‘nicked’ DNA) was

subtracted from all fluorescenc to give normalised

used with the
lls were suspended in
with fetal calf serum
t 37 °C in a humidified
% air. Aliquots (200 pL) of
cer cells were dispensed into wells of
ates at densities of 4000 cells/well.
After incubatio various concentrations of the 2-
hydroxy-1,4-benzoquinone derivative were added and cell
viability rmined after 72 h using 2,3-bis-(2-methoxy-4-
itro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
i the presence of phenazine methosulfate (PMS).
ance was measured against a background control

as (0.5% DMSO in growth medium) using a
scanning multiwell spectrophotometer (Wallac Victor 1420
multilabel counter) at 450 nm. ICso values for various
pounds were then calculated using OriginPro 9 by
tting the Log of the concentrations against the mean
percentage inhibition, and using a non-linear curve fit

algorithm.

Cell Viability Assay

Cell lines were purchased from American Type Culture
Collection (Manassas, VA). Cells of the DU-145 prostate
cancer cell line were grown in EMEM medium, whereas
those from Raji human lymphoma and Jurkat human
acute T cell leukaemia cell line were grown in RPMI-1640
medium. All culture media were supplemented with 10%
fetal bovine serum, penicillin (100 pg/mL) and treptomycin
(100 pg/mL). Cultures were maintained at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air.

Test compounds and the reference compound
staurosporine (Sigma-Aldrich) were prepared in DMSO as
10 mM stock solutions which then were diluted with 10-
dose and three-fold dilutions in a source plate. A solution
of each test compound (0.25 mL) or of staurosporine

(0.025 mL) was delivered from the source plate to each
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well of the 384-well cell culture plates by Echo 550. [9] G. Barone, C. F. Guerra, N. Gambino, A. Silvestri, A. Lauria, A. M.
. . Almerico, F. M. Bickelhaupt, J. Biomol. Struct. Dyn. 2008, 26, 115-
Culture medium (25 pL) containing one thousand cells 130 P v
from the DU-145 prostate cancer cell line, or the Raiji [10] C. A. Frederick, L. D. Williams, G. Ughetto, G. A. Van der Marel, J.
i H. Van Boom, A. Rich and A. ang, Biochemistry 1990, 29,
human lymphoma cell line, or the Jurkat human acute T 2538-2549.
cell leukaemia cell line was added to the wells of the cell [11] J.L. Nitiss, Nat. Rev. Cancer 2009, 9, 3
. . [12] C. H. Takimoto, E. Oncologic
culture plates. The cells were incubated with the Pharmacotherapy’ in R,  Camphausen,
compounds at 37 °C for 72 h under an atmosphere of 5% W. J. Hoskins (eds.) agement: a Multidisciplinary
Approach 2008, 11" ed.
CO2 and 95% air. To each well was added Cell Titer Glo [13] B.Pang, X. Qiao, ) roothuis, R. Kerkhoven,
. M. Nieuwland, . Tellingen, J. Janssen,
2.0 reagent (25 pL) (Promega, Madison, WI), then the P. Huijgens,  Commun. 2013, 4, 1908,
contents were mixed on an orbital shaker for 2 min prior to [14] C.C.Yu,P. L.C.Hsu, Y. J. Chang, H. S.
. . for 1 . ilise th Chang, I. S. 2013, 73, 133-145.
incubation at room temperature for 10 min to stabilise the [15] hytochemistry 2002, 61, 923-
luminescent signal. Luminescence was recorded by an
. i i [16] LA ! - vans, J. S. Miller, J. H. Wisse, K.
Envision 2104 Multilabel Reader (PerkinElmer, Santa ) _G. Kingston, J. Nat. Prod. 2001, 64,

Clara, CA). The number of viable cells in culture was
[17] . M. Kogan, R. Rabinowitz, M. Schlesinger,
determined based on quantitation of the ATP present in

[18] Suja, C. S. Devi, Chemotherapy 1994, 40,

each culture well. ICsq curves were plotted and ICso values

109-113.
were calculated using the GraphPad Prism 4 program [19] N.M. Kggan, M. Schlesinger, M. Peters, G. Marincheva, R. Beeri, R.
based on a siomoidal dose-response equation Mec m, J. Pharmacol. Exp. Ther. 2007, 322, 646-653.
9 P a ’ N. ogan, M. Schlesinger, E. Priel, R. Rabinowitz, E. Berenstein,

M. Chevion, R. Mechoulam, Mol. Cancer Ther. 2007, 6, 173-183.

N. M. Kogan, R. Rabinowitz, P. Levi, D. Gibson, P. Sandor, M.
Schlesinger, R. Mechoulam, J. Med. Chem. 2004, 47, 3800-3806.

. Petronzi, M. Festa, A. Peduto, M. Castellano, J. Marinello, A.
’A. Capasso, G. Capranico, A. La Gatta, M. De Rosa, M.
a, R. Filosa, J. Exp. Clin. Cancer Res. 2013, 32, 24.

[23] N. USsami, I. Yamamoto, K. Watanabe, Life Sci. 2008, 83, 717-724.
[24] K. M. Regal, S. L. Mercer, J. E. Deweese, Chem. Res. Toxicol.
2014, 27, 2044-2051.

M. Guzman, Nat. Rev. Cancer 2003, 3, 745-755.

|. Diaz-Laviada, Nat. Rev. Urol. 2011, 8, 553-561.

C. Grimaldi, A. Capasso, Curr. Med. Chem. 2011, 18, 1571-1583.
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Entry for the Table of Contents

(0]

(o]
HO. Ho
||
9n n=1
. O (+)-HU-331 £ © 90 n=2

Cell line: DU-145 Jurkat Raji (ICs), uM)
(x)-HU-331 9.2 1.3 0.61

9n 13.7 2.4 53

90" 2.0 0.29 0.68

* Improved potency against prostate and leukaemic cell lines
* Greatly improved in vitro stability compared to HU-331

Many potent anti-cancer and antibiotic agents contain a fused 1,4-benzoquinone ring,
Noting the lack of cardiotoxicity of the monocyclic quinone HU-331, new ; i were synthesised to determine their
anti-cancer properties and identify a provisional pharmacophore. We describe a cr cyclic quinone that like HU-331 is
also a topoisomerase lla inhibitor but showed greater potency against DU-145 and Jurkat cell lines, as well as having much greater

stability in solution than HU-331. ,

also show dose-limiting cardiotoxicity.




