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Analogues of 2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-
trihydroxycyclohex-2-enone (COTC) with anti-tumor properties
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Abstract—The syntheses of three novel analogues of the naturally occurring cytotoxic agent COTC are described and the results of
bioassays of the target compounds against two lung cancer cell lines are presented.
� 2006 Published by Elsevier Ltd.
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2-Crotonyloxymethyl-(4R,5R,6R)-4,5,6-trihydroxycy-
clohex-2-enone (COTC, 1) was isolated in 1975 from
cultures of Streptomyces griseosporeus and was demon-
strated to possess cytotoxic and cancerostatic activity
with low toxicity (Fig. 1). Subsequent investigations
have demonstrated that both 1 and its structurally sim-
plified synthetic analogue, 2-crotonyloxymethyl-cyclo-
hex-2-enone (COMC, 2), possess potent anti-tumor
activity against murine and human tumors in culture
as well as in tumor-bearing mice.1–3

The potent biological activity of these compounds has
stimulated interest from synthetic chemists4–6 as well
as other investigators interested in their mechanism of
anti-tumor activity.7–15 Elegant investigations by
Ganem, Creighton and collaborators have demonstrat-
ed that the latter may involve initial conjugation of
glutathione (GSH) to 1 or 2 thereby generating a glu-
tathionylated exocyclic enone of type 3: this reaction is
catalyzed by glutathione transferase (GST). Subsequent
alkylation of intracellular proteins and/or nucleic acids
by this reactive intermediate is believed to then lead to
cell death (Scheme 1). A consequence of this proposed
mechanism of action is the probability that cells which
possess elevated levels of GST/GSH compared with nor-
mal cells (e.g., multidrug-resistant tumor cells) will
exhibit enhanced sensitivity toward exposure to 1 or 2.
0960-894X/$ - see front matter � 2006 Published by Elsevier Ltd.

doi:10.1016/j.bmcl.2006.09.072

Keywords: Anti-tumor; Natural product; Synthetic analogue; Gluta-

thione transferase; Organo-fluorine.
* Corresponding author. Tel: +44 161 275 7856; fax: +44 161 275

4939; e-mail: roger.whitehead@manchester.ac.uk
Prompted by these findings, we have recently initiated a
research program designed to probe the structural fea-
tures necessary for optimal bioactivity of the cyclohex-
2-enone derivatives. From the outset, our goal was to
prepare an array of analogues of COTC with general
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structure 5, wherein the C4, C5, and C6 substituents rep-
resent three potential loci for diversification. In this
communication we report the outcome of our initial
studies in this area which have concerned the prepara-
tion of three analogues of COTC (6–8) (Fig. 2). We also
report the outcome of biological evaluation of our syn-
thetic compounds against two lung cancer cell lines,
A549 and H460. Compounds 6 and 7 were selected to
probe the influence of degree of hydroxylation on anti-
cancer activity: compound 8 was chosen to investigate
whether incorporation of a highly electronegative and
lipophilic fluorine atom adjacent to the carbonyl would
improve potency compared to non-fluorinated com-
pound 7.

Our synthetic route to the monohydroxylated analogue
6 commenced with 1,3-cyclohexadiene (9) and is out-
lined in Scheme 2. Palladium-catalyzed cis-1,4-diacet-
oxylation of 9 using the conditions of Bäckvall16

provided the meso-diacetate 10 which was enzymatically
de-symmetrized using electric eel cholinesterase17 to give
an essentially racemic mono-acetate 11 (synthetic 11:
½a�21

D �1.8 (c 2.21, CH2Cl2); (�)11: [a]D �100.0 (c 1.3,
CH2Cl2)).18 Subsequent silylation with TBDMS-OTf,
methanolysis of the allylic acetate followed by oxidation
using the Ley–Griffith reagent (TPAP)19 gave enone 12
in good yield (synthetic 12: ½a�19

D �2.8 (c 1.29, CH2Cl2);
(�)12: [a]D �115.9 (c 1.06, CHCl3)).20 Introduction of
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Scheme 2. Reagents and conditions: (i) MnO2, LiCl, p-benzoquinone,

Pd(OAc)2, LiOAcÆ2H2O, AcOH, rt, 3 days, 69%; (ii) electric eel

cholinesterase, NaN3, phosphate buffer (pH 6.85), 20 �C, 30 h, 63%;

(iii) TBDMSOTf, Et3N, DMAP, CH2Cl2, 0 �C, 1 h, 82%; (iv) K2CO3,

CH3OH, rt, 3 h, 88%; (v) TPAP, NMO, 4 Å mol. sieves, CH2Cl2, rt,

7 h, 65%; (vi) DMAP (cat.), H2CO, THF/H2O (1:1), 40 �C, 24 h, 20%

(63% based on recovered 12); (vii) crotonic anhydride, pyridine,

DMAP (cat.), CH2Cl2, rt, 1.5 h, 63%; (viii) TFA/H2O (7:1), 0 �C,

30 min, 98%.
a hydroxymethylene substituent at C2 of 12 was then
accomplished using ‘aqueous Baylis–Hillman reaction
conditions.21 Crotonylation of the primary hydroxyl of
13 was followed by removal of the silyl-protecting group
under acidic conditions to give the target compound 6 in
good yield.22

The synthetic route to the dihydroxylated compound 7
is outlined in Scheme 3. The pivotal intermediate in this
sequence is the butane-diacetal (BDA)-protected dihydr-
oxycyclohexenone 17, the cyclohexane-diacetal (CDA)-
protected variant of which was originally described in
1996 by Gebauer and Brückner.23

Using a modification of the synthetic scheme described
by these authors, we prepared 17 in an overall yield of
72% from (�)-quinic acid (14). Thus, BDA-protected
methyl quinate (15) was prepared in a single step and
good yield from 14. Reduction of the a-hydroxy ester
moiety was then accomplished under mild conditions
using NaBH4 in methanol and subsequent oxidative
cleavage of the resulting 1,2-diol was carried out using
the silica-supported NaIO4 reagent described by Zhong
and Shing.24 Dehydration of 16 to provide the a,b-en-
one 17 then proceeded smoothly, and in near-quantita-
tive yield, using the conditions employed by the
original authors. A hydroxymethylene substituent was
introduced at C2 of 17 in a similar fashion to that de-
scribed previously for the monohydroxylated analogue
and crotonylation then provided ester 19. Finally,
removal of the BDA-protecting group proceeded
smoothly under standard conditions to give the diol 7
which possesses ‘unnatural’ configuration at C5.25

Synthesis of the fluorinated analogue of COTC 8 re-
quired introduction of a fluorine substituent at the C6
position of 17. Thus, the trimethylsilyl-enolether deriva-
tive of 17 was prepared using conditions outlined by
O’Brien and co-workers26 and subsequent treatment of
this intermediate with the ‘F+’ source SelectFluor� fur-
nished the axially fluorinated compound 20 in accept-
able yield (Scheme 4).27 Baylis–Hillman reaction of
this compound gave allylic alcohol 21 and subsequent
esterification followed by deprotection under standard
conditions furnished the target compound 8 in good
yield.28 The stereochemistry at C6 of 21 was assigned
by the use of 2D heteronuclear Overhauser effect spec-
troscopy (HOESY) as described previously by
ourselves.29

In order to allow a comparative assessment of anti-can-
cer activity, the known compound COMC (2) was also
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Scheme 3. Reagents and conditions: (i) butan-2,3-dione, (CH3O)3CH, camphorsulfonic acid, CH3OH, D, 12 h, 98%; (ii) NaBH4, CH3OH, 0 �C to rt,

24 h; (iii) NaIO4 on silica gel, CH2Cl2, 1.5 h, 75% over two steps from 15; (iv) Et3N, CH3SO2Cl, CH2Cl2, 3 h, 98%; (v) DMAP (cat.), H2CO, THF/

H2O (1:1), 40 �C, 24 h, 80%; (vi) crotonic anhydride, pyridine, DMAP (cat.), CH2Cl2, rt, 1.5 h, 67%; (vii) TFA/H2O (7:1), 0 �C, 30 min, 75%.
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Scheme 4. Reagents and conditions: (i) KHMDS (0.5 M in toluene), TMS–Cl, THF, �78 to 0 �C, 1 h then SelectFluor�, CH3CN, 0 �C, 30 min, 57%;

(ii) DMAP (cat.), H2CO, THF/H2O (1:1), 40 �C, 24 h, 94%; (iii) crotonic anhydride, pyridine, DMAP (cat.), CH2Cl2, rt, 1.5 h, 39%; (iv) TFA/H2O

(7:1), 0 �C, 3 h, 95%.

Table 1. Bioactivity of COTC analogues toward lung cancer cell lines
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prepared in two steps from cyclohex-2-enone (23)
(Scheme 5).9

The results of bioassays of the synthetic analogues of
COTC against two lung cancer cell lines (A549 and
H460) are shown in Table 1. These cell lines were chosen
because they showed the highest level of GSH from
among a panel of human tumor cell lines used in chemo-
sensitivity testing.30 Intracellular GSH concentrations
are 16.9 and 22.3 mM, respectively. Furthermore, the
A549 cells show high levels of cytosolic pGST. The cyto-
toxicity assays were carried out by exposing cells to
varying concentrations of each compound for 4 days.
The number of surviving cells was then determined by
the use of the MTT assay.31 Values of IC50 are drug
concentrations required to reduce cell number by 50%
relative to untreated, control cells.
O O
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Scheme 5. Reagents and conditions: (i) DMAP (cat.), H2CO, THF/

H2O (1:1), 40 �C, 24 h, 65%; (ii) crotonic anhydride, pyridine, DMAP

(cat.), CH2Cl2, rt, 1.5 h, 38%.
The results allow several conclusions to be reached
regarding the structural features influencing the anti-
cancer properties of the COTC analogues toward the
two cell lines: (i) the compounds bearing free hydroxyl
groups at both C4 and C5 are substantially less potent
than the non-hydroxylated analogue COMC (2); (ii)
blockade of the vicinal diol functionality as its butane-
diacetal results in restoration of potency to levels com-
parable to COMC (2); (iii) incorporation of a lipophilic
and electronegative fluorine atom at C6 has no benefi-
cial effect on activity; (iv) introduction of a single allylic
hydroxyl group at C4 results in a 2- to 4-fold improve-
ment in potency compared with COMC (2).
Compound IC50 (lM)

A549 H460

2 55 40

6 24 10

7 147 158

8 164 >200

19 32 60

22 31 43

Experiments were repeated twice and data within individual experi-

ments were derived from four separate observations: average values

are given in the table.
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Mammalian GSTs generally display selectivity for lipo-
philic substrates and the reduced potency of diols 7 and
8 compared with the more hydrophobic compounds 2,
19, and 22 is consistent, therefore, with a GST mediated
mechanism for anti-cancer activity. Indeed, comparative
bioassays by Douglas and co-workers of COTC (1) and
COMC (2) against a range of cancer cell lines showed 2
to be more potent than 1 in almost all cases.3,32 In this
regard, the finding that the monohydroxylated com-
pound 6 is more potent than COMC (2) toward the
two lung cancer cell lines investigated here represents
an interesting conundrum. Further studies are under
way to investigate the influence of absolute stereochem-
istry, as well as the position and degree of hydroxylation
of the cyclohexenone ring, on the anti-cancer activity of
this intriguing class of compounds.

In conclusion, three analogues of the anti-tumor agent
COTC (1) have been prepared from either 1,3-cyclohex-
adiene (9) or (�)-quinic acid (14) as starting material.
The structures of these compounds differ from that of
1 with respect to the extent of hydroxylation of the
cyclohexenone ring. Bioassay of the target compounds
indicates that polar dihydroxylated compounds are only
weakly active against lung cancer cell lines, whereas the
most potent analogue bears a single hydroxyl group at
C4 and is racemic. The findings indicate that further
modification of the cyclohexenone core structure of
COTC analogues will allow fine-tuning of the anti-can-
cer activity of this structural class.
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