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Abstract—Phenylcyclohexenes (PCHs) [e.g., trans-4-nitro-5-(2,3,4-trimethoxyphenyl)cyclohexene, 2d] were found to bind weakly to
the colchicine site of bovine tubulin, but are the first mimics of colchicine found to have high activity towards plant cells. Structure–
activity relationships for PCHs and biphenyl AC-ring analogues of colchicine (e.g., 2,3,4,40-tetramethoxy-20-methyl-1,10-biphenyl,
3e) are discussed. # 2001 Elsevier Science Ltd. All rights reserved.

Tubulin is the major component of microtubules and is
the target of various anticancer drugs1 (paclitaxel, Vinca
alkaloids and compounds interacting at the colchicine
binding site) and herbicides2 (dinitroanilines, N-phe-
nylcarbamates, amiprofos-methyl, pronamide, and
dithiopyr) that inhibit mitosis. Although tubulin is
highly conserved between organisms, mammalian and
plant tubulins differ greatly in their interaction with
antitubulin agents.3 Colchicine (1, Fig. 1), one of the
best studied antitubulin compounds, is known to be
much more potent toward mammalian cells than
toward plant cells.3

Random screening identified 2a (Fig. 1) as a weak her-
bicide lead with pre-emergence grass activity. Synth-
esis4,5 of several dozen analogues of 2a, including 2b–e,
led to the identification of 2d and the cyano analogue 2e
as substantially more potent herbicides than 2a in
greenhouse tests.5

The symptoms exhibited by plants treated in the green-
house with 2d and other phenylcyclohexenes (PCHs)
were similar to those seen in plants treated with the
herbicides pronamide and trifluralin, suggesting that the
PCHs function by disrupting mitosis. In an in vitro
assay for inhibition of tobacco root growth,6 2d did not

prevent seed germination but strongly inhibited root
elongation and produced swollen root tips. These
symptoms are typical of an antimitotic herbicide.2

Compound 2d (EC50=0.27 mM) was more potent than
the commercial herbicides pronamide (EC50=0.72 mM)
and trifluralin (EC50=1.32 mM) in the tobacco root
assay. Cytological staining of chromosomes in tobacco
suspension-cultured cells6 treated with 2d showed an
increase in the mitotic index (Fig. 2) resulting from an
accumulation of cells in arrested metaphase, confirming
the inhibition of mitosis. The increase in mitotic index
produced by 2d was of similar magnitude to that
obtained with 1, however the concentration of 2d
required to arrest mitosis in tobacco was more than
three orders of magnitude lower than the concentration
needed for 1 (Fig. 2).

By contrast, colchicine was >4000-fold more active
than 2d and 2e towards HCT-116 tumor cells,7 and in
experiments using tubulin isolated from bovine brain 2d
and 2e weakly inhibited microtubule assembly8 at 200
mM (Fig. 3), whereas colchicine strongly inhibited
assembly at 2 mM. Although much less potent than col-
chicine towards mammalian tubulin, 2d was found to be
a competitive inhibitor of the binding of 3H-colchicine
to bovine brain tubulin9 (Fig. 4) indicating a common
binding site.

Biphenyl colchicine mimics, including 3e and 3f (Fig. 1),
which are active towards mammalian tubulin and bear
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an intriguing structural similarity to the PCHs have
been described in the literature.10�13 Compound 3c has
been described in the literature14 but its biological
activity has not been reported. Thus, it was of interest to
synthesize biphenyls 3a–f15 and compare the structure–
activity relationships of colchicine, 2b–e, and 3a–f on
both plant and mammalian cells.

The results given by colchicine, 2b–e, and 3a–f in three
assays are shown in Table 1. Colchicine and its known
AC-ring biphenyl mimic 3e10 showed much stronger
activity against HCT116 colon cancer cells and as inhi-
bitors of bovine microtubule assembly than against
tobacco. In contrast, PCH 2d was very active toward
tobacco but showed at best weak activity against
HCT116 cells and as an inhibitor of bovine microtubule
assembly. The 2,3,4-trimethoxy substitution pattern in
the A ring appears to be critical for optimal activity in
colchicine based on structure–activity studies16 of ana-
logues of 5-(trimethoxyphenyl)tropolone methyl ether,
which has similar potency to colchicine17 but lacks the
B-ring. Similarly, the trimethoxy substitution on the
phenyl ring of the PCHs was important for activity
toward tobacco (2d>2c>2b) and also towards HCT116
cells, although to a lesser extent.

Consistent with their potent herbicidal activity, 2d and
2e were highly active in the tobacco root assay. Against
HCT116 cells, 2d and 2e were weakly active and com-
parable in activity. To better characterize the activity of
2d and 2e, they were separated into their individual
enantiomers by preparative HPLC on a chiral column.18

The trans stereoisomers of 2e were much more active
than the cis stereoisomers towards tobacco. The faster
eluting enantiomer 2d-trans-I was almost 20-fold more
potent towards tobacco than the slower eluting enan-
tiomer 2d-trans-II, while they were equipotent against
HCT116 cells. The faster eluting trans enantiomer in the
cyano series 2e-trans-I was 10-fold more potent on
tobacco than its enantiomer 2e-trans-II; however, 2e-
trans-II was more potent than 2e-trans-I against
HCT116 cells. Furthermore, the slower eluting cis
enantiomer 2e-cis-II was about equipotent to 2e-trans-II
against HCT116 cells.

Biphenyls 3a and 3b, the fully aromatic analogues of
PCHs 2d and 2e, were substantially less active towards
tobacco than the corresponding PCHs, but gained
potency against HCT116 cells.

Figure 1. Compounds.

Figure 2. Arrest of mitosis in tobacco suspension-cultured cells.

Figure 3. Inhibition of microtubule assembly.
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Itoh and co-workers reported that a methoxy group in
place of H at the 40-position in the biphenyl system (i.e.,
3, R2=OMe) increased activity towards mammalian
cells.10 Their most active compounds were 3e and 3f.
Hence, it was of interest to prepare 3c and 3d and com-
pare them with 3e and 3f. Against HCT116 cells, 3c was
found to be less active than 3e and 3f; however, 3d
showed increased potency. In the tobacco root assay,
the 40-methoxy group (3c) abolished all activity.

PCHs 2d and 2e are apparently the first examples of
antitubulin colchicine mimics with potent activity
toward plants. Our results suggest that the binding
pocket for the colchicine A-ring is conserved between
plant and mammalian tubulin while the tropolone C-
ring binding regions differ significantly. Molecular
modeling is underway to shed further light on the

binding site differences. X-ray crystallography is in
progress to determine the absolute configuration of 2e-
trans-I.
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Table 1. Structure–activity relationships
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HCT116
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