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a b s t r a c t

The antiproliferative activity on ovarian cancer (SK-OV-3) cells of a series of triazole-bridged combretast-
atin analogues (37, 38, 40–43) containing dihalogenation of the A-ring is reported, and compared with
their trimethoxy analogues (5, 15, 39). It was found that dihalogenation with either bromine or iodine
was a tolerated modification when compared to the parent compound combretastatin (CA–4, 1) and
had less effect than B-ring modification on potency. These compounds exhibited G2/M arrest, and main-
tained antitubulin activity. Further assays on human umbilical vein endothelial cells (HUVECs) demon-
strated the potential antivascular effects of these triazoles. Of particular note was a 3,5-diiodo-4-
methoxyaryl triazole (43) which had promising 7-fold selectivity for HUVECs over ovarian cancer cells.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Vascular disrupting agents (VDAs) are a relatively new group of
targeted therapies that are under active clinical, biological and
chemical investigation.1 The water-soluble prodrugs combretasta-
tin A-4 phosphate (CA–4P, 2), combretastatin A-1 diphosphate
(CA–1P, 4) and AVE8062 (Ombrabulin) are three such promising
VDA candidates for the treatment of cancer (Fig. 1).2 These cis-
stilbenes originate from the naturally-occurring 3-hydroxylated
CA–4 (1) and 2,3-dihydroxylated CA–1 (3) combretastatin family
of plant-based lignans.3 Despite the efficacy of CA–4P (2) in being
able to induce cell death in the core of a tumour by collapsing the
network of tumour blood vessels, it is less effective in eradicating
cells in the tumor rim where blood can be supplied by nearby
non-tumour vasculature. Furthermore, there is evidence that 2
causes elevated blood pressure,4 and the potential for pharmaco-
logic and adverse toxicity interactions between VDAs, including
2, when used in combination with traditional chemotherapy has
also been reported.5

Our interests lie in the potential application of vascular disrupt-
ing agents to the treatment of ovarian cancer. This is due to the
ll rights reserved.
highly vascularised nature of epithelial ovarian cancer, coupled
with the very poor prognosis of patients who have failed front-line
treatment.6

When we explored the relevant VDA literature, we found a
3,4,5-trimethoxyaryl A-ring to be a recurring structural theme.7

This moiety is generally believed to be essential for biological
activity, although we found the evidence to support this is some-
what sparse and incomplete. Since the trimethyoxyaryl A-ring is
common to several other antimitotic agents (colchicine, podophyl-
lotoxin and steganacin) that also bind at the colchicine binding
site,8 it may have been presumed to be a privileged scaffold impor-
tant for effective binding. We have recently reported that this is
not the case and equivalent potency can be achieved via dihalogen-
ation of the A-ring in cis-stilbene analogues of 1 and 3.9

However, due to the poor aqueous solubility and relative chem-
ical instability of many cis-stilbenes, 5-membered heterocycles,
including triazoles, have been widely explored as alternative bridg-
ing groups.10 There are two distinct families of triazoles, those that
possess three contiguous nitrogens (1,2,3-triazoles) and those with
two (1,2,4-triazoles). Together they offer a variety of regioisomers
with respect to the A- and B-rings; their connectivity through
nitrogen or carbon and 1,4- or 1,5-geometry.11

The relative position of the nitrogen atoms in 1,2,3-triazole ana-
logues of 1 have been shown to influence biological activity (Fig. 2).

http://dx.doi.org/10.1016/j.bmc.2012.01.010
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Figure 1. Structures of naturally-occurring CA–4 (1) and CA–1 (3) and their
corresponding phosphate prodrugs 2 and 4.

1750 T. M. Beale et al. / Bioorg. Med. Chem. 20 (2012) 1749–1759
Compounds where the A-ring was linked via nitrogen (e.g. 5 and 6)
were 10- to 50-fold more active than compounds with B-ring nitro-
gen connectivity (7 and 8).12 This observation was reinforced by
the screening results of a further triazole collection, where nitro-
gen connectivity was also shown to be important.13 Furthermore,
changing the 1,5-geometry of 6 to the 1,4-regioisomer 9 resulted
in a 100-fold drop in activity (IC50 = 11 nM for 6 to IC50 = 1300 nM
for 9) (Fig. 2).12

In other studies, methylene units have been added between the
aryl groups and the triazole bridge producing compounds that
were at least 35-fold less active14 and moderate micromolar activ-
ity was reported for compounds where the aryl groups were both
linked through carbon (e.g. 10).15

A more complex picture emerges for 1,2,4-triazole bridged ana-
logues of 1. Triazole 11 with 1,5-geometry and the A-ring attached
via carbon and the B-ring via nitrogen, most closely resembling 1,
was found to be cytotoxic (IC50 = 25–544 nM) across the 5 cancer
cell lines that were tested.16 It also had anti-tubulin activity
(IC50 = 6 lM). However, we found interesting correlations between
12, 13 and 14 in this and another report.17 The second study sug-
gested that the relative positions of the aryl rings made a signifi-
cant difference to antiproliferative activity. Compounds in which
the A-ring was attached via carbon were largely inactive (e.g. 14,
IC50 >10 lM) when compared to the analogous compound where
the two rings had been transposed (e.g. 13, IC50 = 280 nM). In con-
trast to 14, triazole 12 (IC50 = 290 nM) was also active in the same
cell line (HeLa).16 Taken together, the data from these two reports
suggest that the connectivity of the two rings perhaps matters less
than the pattern of the nitrogen atoms in the triazole. Unfortu-
nately, the remaining isomeric triazole to complete this series
has not been reported. However, in all cases, switching the rings
from 1,5- to 1,4-geometry in 1,2,4-triazoles results in large reduc-
tions in potency.18

Following the submission of this manuscript, a 1,2,3-triazole
combretastatin analogue containing a combretastatin A-1 B-ring
(15) was reported, alongside other disubstituted B-ring analogues,
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Figure 2. Triazole analogues of CA–4; 1,2,3-triazoles (5–10), 1,2,4-triazoles (11–14) and r
all containing a trimethoxy A-ring.19 This analogue exhibited low
micromolar activity in an angiogenesis assay and against human
cancer cells.

Our interest in 3,5-dibromotyrosine-derived marine natural
products (e.g. subreamollines, bromoverongamine and the antimi-
totic ceratamines)20 led us to look initially at A-ring halogenation
of CA–4 (1). We subsequently found that 3,5-dibromination and
3,5-diiodination of the A-ring in 1 increases growth inhibition of
cancer cell lines and primary human umbilical vein endothelial
cells (HUVECs).9 This potency was achieved whilst maintaining cel-
lular antitubulin activity and increasing the levels of G2/M arrest
from 31% (1, OMe) to 54% (Br) and 84% (I) respectively. However,
chemical instability proved to be a problem with these com-
pounds. Given that biological activity was previously maintained
for 1,2,3-triazole bridged analogues of combretastatin, we targeted
dihalogenated triazoles in an effort to examine the effects of
dihalogenation in more detail.

Shortly after our report of dihalogenated CA–4 analogues, A-
ring mono-halogenated (chlorine or bromine) methylimidazole-
bridged CA–4 analogues21 were also shown to have improved po-
tency over their direct trimethoxy analogue.22 This was followed
by a recent report of similar mono- and di-halogenated methylim-
idazole-bridged analogues, which demonstrated that dihalogen-
ation gave superior activity than monohalogenated analogues,
though the direct trimethoxy analogue for comparison was not
reported.23

In the work described here, we discuss our findings on A-ring
dihalogenation of triazole analogues of 1 and 3. We also examine
what effect changes to the B-ring have on potency in combination
with our novel scaffold. As the vast majority of related analogues
possess a trimethoxy A-ring, these analogues were also synthes-
ised as reference compounds. Therefore, we targeted compounds
containing trimethoxy, dibrominated and diiodinated A-rings,
alongside 2- and 3-hydroxylated and 2,3-dihydroxylated B-ring
motifs, connected via a 1,2,3-triazole bridge. Building upon previ-
ously reported structure–activity relationships (vide supra), we
limited this to A-rings linked to the triazole via nitrogen and pos-
sessing 1,5-geometry.

2. Results and discussion

2.1. Chemical synthesis

Our general approach for the synthesis of the triazoles was to
perform a Huisgen cycloaddition using A-ring azides and B-ring al-
kynes, using a magnesium Grignard reagent to enforce the desired
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Scheme 1. Reagents and conditions: Preparation of 3,4,5-trimethoxyaryl azide 17.
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1,5-geometry of the two aryl groups; an approach that has been
previously used in the synthesis of closely related com-
pounds.12,14,19 Three azide A-ring (17, 22 and 27) and three alkyne
B-ring (34–36) coupling partners were required. These were the
trimethoxy azide 17 and 3,5-dihalogenated aryl azides 22 and
27. Azide 17 was prepared in 84% yield from 16 by treatment with
sodium nitrite and displacement of the resulting diazo group using
sodium azide in a one-pot procedure (Scheme 1).24

3,5-Dibromo aryl azide 22 was obtained in four steps from 18 in
70% overall yield via acetyl protection, phenol methylation, deacet-
ylation and azide formation (Scheme 2).

The 3,5-diiodo aryl azide 27 was prepared via iodination25 of 23,
phenol methylation, nitro group reduction and azide formation to
give 27 in 62% overall yield (Scheme 3).

B-ring alkynes 34–36 were obtained from benzaldehydes 28–30
via tert-butyldimethylsilyl (TBS)-protection of the phenol groups
followed by a Colvin rearrangement (Scheme 4).26 Aldehyde 30
was produced in 86% yield from 2,3,4-methoxybenzaldehyde by
selective demethylation using boron trichloride.27 TBS-protection
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Scheme 5. Reagents and conditions: (a) EtMgCl, THF, 50 �C, 4 h; (b) TBAF, THF, rt, 1 h, 16
43 23%.
of the phenol groups proceeded in quantitative yield for 31 and
in 68% and 96% for 32 and 33. The aldehydes were readily con-
verted to the corresponding alkynes 34–36 using trimethylsilyl
diazomethane and lithium diisopropylamide in reasonable yields
(74%, 52% and 64% respectively).24

Triazoles 5, 15 and 37–43 were formed from the various A-ring
and TBS-protected B-ring components via Huisgen cycloaddition
(Scheme 5 and Table 1).12 Pre-complexation of the alkyne with
EtMgCl followed by addition of the azide afforded exclusively the
desired 1,5-geometry of the aryl groups. In general, lower yields
were obtained when the ruthenium catalyst, RuCp⁄(PPh3)2Cl which
has been reported to give selective 1,5-triazole products was used,
as small amounts of the 1,4-triazole was formed during the reac-
tion.28 Deprotection of the cycloaddition products with TBAF affor-
ded 5, 15 and 37–43 in variable yields (Scheme 5 and Table 1).

2.2. Biological evaluation

2.2.1. In vitro cell growth inhibition
The triazole series (5, 15, 37–43) were tested in growth inhibi-

tion assays on an ovarian cancer cell line (SK-OV-3) using CA–4 (1)
as a reference compound. The results are reported in Table 1. The
MTS and sulforhodamine B (SRB) assays were both performed on
the SK-OV-3 cell line using three replicate experiments, as differ-
ences between compounds were difficult to resolve (Table 1). In
summary, all nine triazoles had potent nanomolar activity
(IC50 = 0.9–32.4 nM) compared to reference compound 1
(IC50 = 1.7 nM). The results were consistent across both assays with
small confidence intervals (CI).

Taking the B-ring as the fixed point for comparison and data
from the SRB assay, the strongest antiproliferative effects were ob-
tained for 5, 37 and 38 containing the natural 3-hydroxy-4-meth-
oxyaryl B-ring (as in 1) (IC50 = 0.9–2.4 nM). Switching the A-ring
from 3,4,5-trimethoxyaryl (5) to 3,5-dibromo-4-methoxyaryl (37)
or 3,5-diiodo-4-methoxyaryl (38) resulted in only a 2-fold loss of
activity (IC50 values: 37, 1.7 nM; 38, 2.4 nM) suggesting A-ring
dihalogenation for this triad did not significantly impact on growth
inhibition. Comparing these results to compounds containing the
unnatural 2-hydroxy-4-methoxyaryl B-ring, a 5- to 20-fold loss
in activity was observed for 39–41 (IC50 values: 39, 24.4 nM; 40,
27.3 nM; 41, 27.0 nM). Despite the reduction in overall activity,
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Table 1
Activity of triazoles (5, 15, 37–43) on SK-OV-3 cells using the MTS colorimetric assay and the sulforhodamine B (SRB) assay
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a Concentration required to inhibit proliferation by 50%.
b Combined data from three separate assays were used to calculate IC50 values.
c 95% confidence interval for IC50 value.
d Compound first reported in Ref. 12.
e Compound first reported in Ref. 19.

Table 2
Effect of triazoles (5, 15, 37–43) on the SK-OV-3 cell cycle

Compound Concentration/nM Cell cycle phase/%

G1 S G2/M

Control — 54 31 14
CA–4 (1) 5 40 23 31
5a 3 14 12 72
37 3 1 10 88
38 3 37 18 44
39 12 52 25 23
40 12 49 24 27
41 12 52 22 25
15b 15 57 24 19
42 15 4 12 84
43 15 54 25 21

a Compound first reported in Ref. 12.
b Compound first reported in Ref. 19.
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dihalogenation of the A-ring was tolerated, since the compounds
were all active at nanomolar concentrations.

Switching to the 2,3-dihydro-4-methoxyaryl B-ring (as in CA–1,
3), resulted in an increase in the overall distribution of activity for
15, 42–43 (IC50 values: 15, 17.8 nM; 42, 12.8 nM; 43, 30.0 nM). This
activity gain presumably results from the restoration of the 3-hy-
droxyl group which is known to be important for binding. These
IC50 values are a significant improvement on those reported previ-
ously for the natural product CA–1 (3) on other cancer cell lines
(IC50 values: 0.51–13.3 lM across pancreatic, lung, prostate, neuro-
blastoma, thyroid and pharynx cell lines).29 Moreover, dibrominat-
ed 42 was the most active of the triad and diiodinated 43 was only
marginally less active than its unnatural congener 41, contrary to
the emerging pattern.

In summary, it would appear that dihalogenation of the A-ring
in our triazole series does not affect the inherent activity of the
2- or 3-hydroxy-, or 2,3-dihydroxy B-ring substitution, and as such
represents one of very few tolerated A-ring modifications in these
type of compounds.

2.2.2. Cell-cycle analysis
A hallmark of antitubulin agents is their ability to arrest cycling

cells in the G2/M phase of the cell cycle, as we have previously
shown for CA–4 (1) using SK-OV-3 cells.9 To determine whether
the above cytotoxic effects were due to interruption of the function-
ing of cellular microtubules, SK-OV-3 cells treated with 5, 15 and
37–43 were investigated using flow cytometry. The cell cycle anal-
yses were performed at different compound concentrations for
each B-ring substitution pattern in an attempt to differentiate the
effect of A-ring substitution. Preliminary cytotoxicity assays were
used to select the compound concentration used (3 nM for 5, 37,
38; 12 nM for 39–41; 15 nM for 15, 42–43). Unfortunately, the con-
centration used for compounds 39–41 was not representative of
potency and therefore no antimitotic activity was observed for
these compounds in this assay. The results are reported in Table 2.
At a concentration of 3 nM, 5, the direct triazole analogue of 1, re-
sulted in 72% of cells in G2/M phase (cf 31% at 5 nM for 1). 3,5-
Dibrominated 37 was yet more effective with 88% of cells in G2/M
phase. 3,5-diiodinated 38 was the least active compound in this
triad. The 2-hydroxyl B-ring analogues (39–41) did not show any



Table 3
Inhibition of tubulin polymerisation for triazoles (5, 15, 37–43)

Compound % Inhibition at 5 lMa

CA–4 (1) 57.6 ± 16.5
5b 101.7 ± 5.2
37 64.3 ± 11.1
38 44.8 ± 6.1
39 81.8 ± 6.2
40 12.0 ± 14.8
41 42.5 ± 16.7
15c 98.0 ± 3.5
42 95.7 ± 3.7
43 69.1 ± 7.3

a Results represent the mean of three separate experiments ± standard deviation.
b Compound first reported in Ref. 12.
c Compound first reported in Ref. 19.

T. M. Beale et al. / Bioorg. Med. Chem. 20 (2012) 1749–1759 1753
appreciable increase in the percentage of cells in G2/M phase (23–
27%) over control (14%) at a concentration of 12 nM. The 2,3-
dihydroxyl B-ring (CA–1) analogues (15, 42–43) mirrored the re-
sults of the cytotoxicity assays. We found 3,5-dibrominated 42 to
be the most effective (84%), while 3,4,5-trimethoxy 15 and 3,5-diio-
dinated 43 did not display any activity at a concentration of 15 nM.

Taken together, the cell cycle analysis data follow the trends ob-
served in the growth inhibition assays. Compounds that had the
lowest IC50 values were shown to exert the highest levels of
G2/M arrest. This suggests that the compounds are acting on the
mitotic machinery of the cell and, given their structure, it is likely
that this was through interaction with tubulin.

2.2.3. Inhibition of tubulin polymerisation
The effect of triazoles 5, 15 and 37–43 and CA–4 (1) on tubulin

polymerisation was also investigated to confirm this hypothesis.
Compounds were tested at a concentration of 5 lM, and data is re-
ported as percentage inhibition of tubulin assembly relative to
control, averaged over three separate measurements (Table 3).
Representative tubulin polymerisation curves are also shown
(Fig. 3). These results indicate that 5, 42 and 43 attained very high
levels of tubulin polymerisation inhibition, almost completely
abrogating polymerisation at a concentration of 5 lM, whereas 1
only exhibited 58% inhibition at the same concentration. Con-
versely, 38, 40 and 41 had lower levels of tubulin polymerisation
inhibition when compared to 1.
Figure 3. Representative tubulin polymerisation curves f
Broadly, the tubulin polymerisation inhibition results map well
onto the cellular data, however, the results for the diiodinated
compounds 38, 41 and 43 are noteworthy. Although 38 demon-
strated high cellular potency (IC50 SK-OV-3; SRB 2.4 nM, MTS
1.9 nM) it did not inhibit tubulin polymerisation to the level of 1.
Compound 43 had tubulin activity greater than that of 1 but lower
cellular activity (IC50 SK-OV-3; SRB 30.0 nM, MTS 32.4 nM). Com-
pound 41, that was equipotent with 43 in cells, returned a lower
value for inhibition of tubulin polymerisation. Compound 43 did
not follow the trend of high tubulin polymerisation observed for
the other dihydroxylated compounds 15 and 42.

2.2.4. HUVEC growth inhibition
Despite the considerable potency of the combretastatins to-

wards cancer cells, much of the focus has been towards their use
as VDAs. To investigate whether our triazole series had the poten-
tial to effect tumour vasculature, we performed growth inhibition
assays using primary human umbilical vein endothelial cells (HU-
VECs) (Table 4). These cells were isolated from individual human
umbilical cords giving genetically distinct isolates, which were as-
sayed separately.

With the natural 3-hydroxy aryl B-ring and trimethoxyaryl A-
ring, the most potent compound was 5 with an IC50 value
(1.0 nM), exceeding that of the reference compound CA–4 (1,
2.2 nM). Dibrominated 37 and diiodinated 38 exhibited minor
reductions in potency relative to 5 (IC50 values: 37, 1.7 nM; 38,
2.2 nM).

The unnatural 2-hydroxyl aryl B-ring compounds 39–41 were
less active (IC50 values: 39, 48.6 nM; 40, 91.6 nM; 41, 31.7 nM).
Compounds containing the 2,3-dihydroxylated B-ring (as in CA–
1, 3) were active in the single digit nanomolar range (IC50 values:
15, 11.8 nM; 42, 2.3 nM, 43, 4.3 nM).

Unexpectedly, 3,5-diiodo aryl A-ring compound 43 was found
to be 7-fold more active on HUVECs than the cancer cell line
(IC50 values: 4.3 nM cf 30 nM) (Fig. 4). This selectivity for HUVECs
is a very encouraging result. Not only does it support the IC50 val-
ues obtained for the natural cis-stilbene CA–1 (3) on HUVECs in our
hands (3, 24 h, 2.6 nM; 48 h, 4.1 nM),30 it also indicates that the
CA–1 B-ring may more generally confer selectivity for HUVECs over
SK-OV-3 (ovarian) cells, as 15 and 42 are also selective for HUVECs,
though to a lesser extent than 43.

Furthermore, our results align with the reports that CA–1P (4)
has a greater effect in preclinical models of vascular disruption
or triazoles 5, 15, 37–43, CA–4 (1), taxol and blank.



Table 4
Activity of triazoles (5, 15, 37–43) on HUVECs using xCELLigence assay

Compound HUVEC isolate IC50/nM

1 2 3 4 5 6 Av.

CA–4 (1) 1.9 2.2 — 2.2 2.3 — 2.2
5a 0.6 0.5 2.8 0.9 0.6 0.7 1.0
37 1.1 2.2 2.2 2.5 0.6 1.5 1.7
38 1.7 5.1 1.8 3.1 0.1 1.4 2.2
39 — — 80.4 — 36.0 29.4 48.6
40 — — 185.9 — 42.5 46.3 91.6
41 — 11.8 54.3 — 6.1 54.7 31.7
15b 9.2 — — 9.6 18.9 9.4 11.8
42 4.1 — — 2.4 8.2 2.4 2.3
43 5.0 4.8 — 5.2 1.3 5.4 4.3

a Compound first reported in Ref. 12.
b Compound first reported in Ref. 19.

Table 5
Calculated interaction energies of triazoles (5, 15, 37–43) with tubulin (PDB:1SA0)

Compound Total Interaction energy/kcalmol�1

Van der Waal’s Coulombic

5a �88.30 �47.85 �40.45
37 �86.01 �47.37 �38.64
38 �90.02 �48.88 �41.14
39 �69.28 �52.93 �16.36
40b �67.76 �44.93 �22.83
41 �68.71 �56.42 �12.29
15c �80.11 �54.03 �26.08
42 �79.50 �51.58 �27.92
43 �81.17 �55.91 �25.26

a Compound first reported in Ref. 12.
b Binding not analogous to CA–4 (1).
c Compound first reported in Ref. 19.

Figure 5. Modelled binding to tubulin for 5 (green), 37 (cyan) and 38 (magenta)
showing key interactions and distances.
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than CA–4P (2), despite its lower growth inhibition activity on can-
cer cell lines in vitro.31 However, it was shown in the same report
that the unprotected 2,3-dihydroxy motif in 3 itself is chemically
unstable, leading to degradation via oxidation to the ortho-qui-
none. This decomposition pathway was not noted with triazoles
15, 42–43.32 The chemical stability and increased HUVEC selectiv-
ity of these 1,2,3-triazoles, especially for diiodinated 43, suggests
that they may have promise as a useful biochemical tool to better
understand the mechanisms of VDAs and are worthy of further bio-
logical evaluation.

2.3. Computational studies

To gain an insight into the differences in potency observed for
this set of triazoles, molecular modelling with tubulin was per-
formed (Table 5, Fig. 5). The crystal structure of tubulin complexed
to a colchicine analogue was used initially (PDB: 1SA0),8a with two
short missing loops built and subsequently refined using the DOPE
module in the Modeller suite.33 This system, containing dimeric
tubulin, Mg2+-complexed GDP and GTP, was used to dock the tria-
zole compounds 5, 15 and 37–43 in place of colchicine in a variety
of orientations. The entire protein-ligand complex was subse-
quently optimized via repeated rounds of thousand-step steepest
descent and adopted basis Newton-Raphson minimizations with
CHARMM,34 using the CHARMM27/CMAP35 and CHARMM gen-
eral36 force fields.

All compounds were consistently predicted to bind analogously
to CA–4 (1) and colchicine, with the 4-methoxy on the A-ring prox-
Figure 4. Comparison of growth inhibition activity of triazoles
imal to Cys239, with the exception of dibrominated 2-hydroxy tri-
azole 40. The calculated interaction energies have a greater than
85% correlation with the experimental values obtained on the
SK-OV-3 cell line.

The 3-hydroxylated compounds (5, 37, 38) all maintain the
same protein interactions with their B-ring; the 3-hydroxy group
forms a hydrogen bond with the backbone carbonyl of Thr179
and the 4-methoxy group interacts with the sidechain of Lys350
through oxygen in all cases. This is slightly different than the pre-
viously reported interactions for compound 5, in which the 3-hy-
5, 15, 37–44 and CA–4 (1) on SK-OV-3 and HUVEC cells.



Figure 6. Modelled binding to tubulin for 15 (green), 42 (cyan) and 43 (magenta)
showing key interactions and distances.
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droxy group interacts with Val181 through oxygen, and the 4-
methoxy group is not reported to interact directly with the pro-
tein.8 There is flexibility in the position of the A-ring; trimethoxy-
aryl 5 and diiodinated 38 maintain hydrogen bonds with Cys239,
whereas this contact is not present for dibrominated 37. This loss
in Coulombic interaction results in a lower overall interaction en-
ergy for 37 and may offer a reason for its lower cellular potency
relative to 5 and 38.

Movement of the hydroxyl to the 2-position on the B-ring re-
sults in a loss of interaction with Thr179, which is seen for com-
pounds 39–41. This explains the much lower interaction energies
observed for these analogues, which is consistent with the biolog-
ical assay results. Compounds 39 and 41 remain in a similar bind-
ing mode to the 3-hydroxylated compounds, whereas the lowest
energy conformation attained by 40 is opposite to the other tria-
zoles; the B-ring is nearer Cys239, but displaced so that the 2-hy-
droxy is hydrogen-bonded to the backbone carbonyl of Val236,
though this confirmation is very close in energy to the conforma-
tion analogous to the other 2-hydroxylated compounds (Fig. S1,
Supplementary data).

Dihydroxylated compounds 15, 42–43 have greater interaction
energies than their 2-hydroxylated congeners (39–41) but still less
than the 3-hydroxylated analogues (5, 37, 38). This is due to re-
establishment of the 3-hydroxy to Thr179 hydrogen bond resulting
in an energy gain (Fig. 6). However, the Lys350 side-chain now
interacts with the 3-hydroxyl oxygen rather than the 4-methoxy
oxygen (seen for 5, 37 and 38) resulting in a slight loss in energy.
This geometry of compounds in the colchicine-binding site is close
to that previously reported for 15, although the binding of the B-
ring methoxy and hydroxyl groups was not described in detail.19

In summary, the molecular modelling has predicted that all but
one triazole binds analogously to CA–4 (1) in the colchicine
binding site of tubulin, and offers an explanation for the differences
in activity when the B-ring is altered. It also shows that dihalogen-
ation of the A-ring does not have a large effect on the predicted
interaction energies for a fixed B-ring substitution pattern,
although there is some flexibility in A-ring position within the col-
chicine site.

3. Conclusions

In this work, we have synthesised nine triazole-containing com-
bretastatin analogues, varying both A-ring and B-ring substitution.
These compounds maintain nanomolar activity against ovarian
cancer cells and endothelial cells, and were shown to inhibit tubu-
lin polymerisation and arrest cells in the G2/M phase of the cell cy-
cle. A-ring 3,5-dihalogenation was shown to be a tolerated
modification, with B-ring substitution responsible for much of
the differences in activity between these compounds. Computa-
tional modelling reinforced the rationale for the observed activity
profiles, and generally a CA–4 (1) binding mode was observed.

Although 5, the direct triazole analogue of CA–4 (1), was the
most potent compound across the assays used to characterise the
activity of these compounds, the most interesting compound of
this series was the 3,5-diiodinated compound 43, which possesses
the B-ring motif found in CA–1 (3). This is due to its high (7-fold)
selectivity for HUVECs over the ovarian cancer cell line SK-OV-3.
This selectivity for the vascular cell type, coupled with chemical
stability not usually associated with the dihydroxy-motif in com-
bretastatin analogues,29 renders this compound particularly attrac-
tive for further biological investigation as an anti-vascular agent.
4. Experimental section

Anhydrous reactions were run in oven-dried glassware under an
inert atmosphere. Solvents were purified and dried using standard
methods as required. Commercially available reagents were used as
supplied or purified using standard procedures. Microwave reac-
tions were performed using a Biotage Initiator. Flash chromato-
graphic purifications were performed under pressure on columns
packed with Merck silica gel 60, particle size 40–63 nm. Hexanes
refers to petroleum ether distillate (bp 40–60 �C). Analytical TLC
was carried out using silica gel 60 F254 pre-coated glass backed
plates. 1H NMR and 13C NMR spectra were recorded on a Bruker
DPX-400 (400 MHz) spectrometer unless otherwise stated. Chemi-
cal shifts are reported in ppm with the solvent resonance resulting
from incomplete deuteration as the internal standard. For 1H NMR:
CDCl3 7.26 ppm, CD3OD 3.31 ppm. For 13C NMR: 13CDCl3 77.0 ppm,
t;. 13CD3OD 49.0 ppm, heptuplet. Infrared spectra were recorded as
thin films on a Perkin–Elmer Spectrum One FT-IR spectrometer and
selected absorbances only are reported. High resolution mass spec-
trometry (HRMS) was performed on a Waters Micromass LCT spec-
trometer using electrospray ionisation and Micromass MS software.

Dimethyl sulfoxide (DMSO), RPMI-1640, propidium iodide,
RNase A, trichloroacetic acid and sulforhodamine B were pur-
chased from Sigma, UK. Trypsin/EDTA solution, Endothelial Basal
Medium-2 and Single Quot� Kit supplements (EGM-2) were
purchased form Lonza Group Ltd., UK. The CellTiter 96� Aqueous
One Solution Reagent was purchased from Promega, UK. Tubulin
(>99% pure), PIPES, EGTA, magnesium chloride, GTP, glycerol and
taxol were purchased as part of the tubulin polymerization assay
kit from Cytoskeleton, Inc., USA. SK-OV-3 cells were grown from
stocks held in the Cancer Research UK Cambridge Research Insti-
tute (CRI). Human umbilical vein endothelial cells (HUVECs) were
isolated from umbilical cords following elective caesarean sections
performed in the Rosie Hospital, Addenbrookes, Cambridge. This
study was approved by the Local Research Ethics Committee and
all patients gave written informed consent. Cancer cells were sub-
cultured as previously described.9 HUVECs were isolated, cultured,
stored and their purity determined as previously described.9 All
isolates used in this work were >99.5% pure as determined by
immunocytochemistry using anti-fibroblast, anti smooth muscle
actin and anti-CD31 antibodies.
4.1. General procedure for azide formation

NaNO2 (2.28 mmol) in H2O (5 mL) was added dropwise to a
slurry of aniline (1.90 mmol) in H2O/HCl (1:1, 20 mL) at 0 �C then
stirred for 1 h. A solution of NaN3 (2.28 mmol) in H2O (5 mL) was
then added dropwise and the resulting suspension was allowed
to warm to rt over 2 h. The mixture was diluted with EtOAc
(20 mL) and the aqueous layer was extracted further with EtOAc
(2 � 20 mL). The combined organic phases were washed with brine
(20 mL), dried over MgSO4 and concentrated in vacuo.



1756 T. M. Beale et al. / Bioorg. Med. Chem. 20 (2012) 1749–1759
4.2. General procedure for phenol protection

A solution of TBSCl (36.00 mmol) in DMF (20 mL) was added
dropwise to a solution of Et3N (40.00 mmol) and hydroxybenzal-
dehyde (33.00 mmol) in DMF (10 mL) then stirred for 18 h at rt.
The reaction was diluted with H2O (100 mL) then extracted
with EtOAc (3 � 100 mL) and the combined organic phases were
washed with 10% aq. LiCl (100 mL), H2O (100 mL), and brine
(50 mL), dried over MgSO4 and concentrated in vacuo. The residue
was purified by flash column chromatography (0–15% EtOAc in
hexanes).

4.3. General procedure for Colvin rearrangement

2.0 M TMS-diazomethane in hexanes (2.47 mL) was added
dropwise to a solution of 0.1 M LDA in THF (6.20 mL) at �78 �C
and the reaction was stirred for 1 h. A solution of benzaldehyde
(4.43 mmol) in THF (15 mL) at –78 �C was then added via can-
nula. After a further 1 h stirring at �78 �C the reaction was al-
lowed to warm to rt and stirred for a further 1 h. the reaction
was then diluted with brine (20 mL) and EtOAc (30 mL) and
the organic layer was separated and the aqueous layer was ex-
tracted with EtOAc (2 � 30 mL). The combined organic phases
were dried over MgSO4 and concentrated in vacuo. The residue
was purified by flash column chromatography (0–20% EtOAc in
hexanes).

4.4. General procedure for Huisgen cycloaddition

A solution of alkyne (0.19 mmol) in THF (0.5 mL) was added
dropwise to a solution of EtMgCl (136 lL of 1.40 M in THF) in
THF (2.5 mL) at rt. The solution was heated to 50 �C for 30 min,
then allowed to cool to rt before the dropwise addition of a solu-
tion of azide (0.19 mmol) in THF (1.0 mL). The solution was heated
again to 50 �C for 3 h then diluted with saturated aq. NH4Cl (5 mL)
and CH2Cl2 (10 mL). The organic layer was separated and the aque-
ous layer was extracted with CH2Cl2 (2 � 10 mL). The combined or-
ganic phases were washed with brine (10 mL), dried over MgSO4

and concentrated in vacuo. The residue was purified by flash col-
umn chromatography (5–15% EtOAc in hexanes).

4.5. General procedure for silyl group deprotection

TBAF (410 lL of 1 M solution in THF) was added dropwise to a
solution of silyl-protected triazole (0.28 mmol) in THF (5 mL) at
0 �C. The reaction was allowed to warm to rt and stirred for 1 h.
Ice (2 mL), H2O (2 mL) and EtOAc (10 mL) were then added and
the mixture stirred for 5 min. The organic layer was separated
and the aqueous layer extracted with EtOAc (2 � 10 mL). The com-
bined organic phases were washed with brine (10 mL), dried over
MgSO4 and concentrated in vacuo. The residue was purified by
flash column chromatography (40–60% EtOAc in hexanes).

4.6. 5-Azido-1,2,3-trimethoxybenzene (17)37

Prepared from aniline 16 (2.00 g, 10.90 mmol) using the general
procedure for azide formation to give 17 (1.92 g, 9.2 mmol, 84%) as
a red oil. Rf 0.51 (30% EtOAc in hexanes); 1H NMR (CDCl3): d 3.82 (s,
3H), 3.86 (s, 6H), 6.25 (s, 2H); 13C NMR (CDCl3): d 56.2, 61.0, 96.6,
135.7, 148.6, 154.1; IR (ATR) m/cm�1 2942, 2101, 1585, 1504.

4.7. 5-Azido-1,3-dibromo-2-methoxybenzene (22)

Prepared from aniline 21 (1.00 g, 3.56 mmol) using the general
procedure for azide formation to give 22 (994 mg, 3.23 mmol, 91%)
as a red solid. Rf 0.75 (30% EtOAc in hexanes); 1H NMR (CDCl3): d
3.87 (s, 3H), 7.18 (s, 2H); 13C NMR (CDCl3): d 60.9, 118.9, 123.0,
137.7, 151.5; IR (ATR) m/cm�1 2955, 2109, 1587, 1546. HRMS-EI
m/z [M+H]+ calcd for C7H5N3OBr2: 304.8794, found: 304.8801.

4.8. 5-Azido-1,3-diiodo-2-methoxybenzene (27)

Prepared from aniline 26 (713 mg, 1.90 mmol) using the general
procedure for azide formation to give 27 (728 mg, 1.82 mmol, 96%)
as a brown solid. Rf 0.70 (20% EtOAc in hexanes); 1H NMR (CDCl3):
d 3.83 (s, 1H), 7.40 (s, 1H); 13C NMR (CDCl3): d 61.0, 90.6, 130.0,
138.2, 156.4; IR (ATR) m/cm�1 2940, 2109, 1575, 1534. HRMS-EI
m/z [M+H]+ calcd for C7H5N3OI2: 400.8517, found: 400.8516.

4.9. 3-((tert-Butyldimethylsilyl)oxy)-4-methoxybenzaldehyde
(31)38

Prepared from aldehyde 28 (5.00 g, 32.86 mmol) using the gen-
eral procedure for phenol protection to give 31 (8.74 g,
32.81 mmol, quant.) as a pale yellow oil. Rf 0.71 (40% EtOAc in hex-
anes); 1H NMR (CDCl3): d 0.17 (s, 6H), 1.00 (s, 9H), 3.89 (s, 3H), 6.95
(d, J = 8.3 Hz, 1H), 7.36 (d, J = 2.0 Hz, 1H), 7.47 (dd, J = 8.3, 2.0 Hz,
1H), 9.82 (s, 1H); 13C NMR (CDCl3): d �4.6, 18.5, 25.7, 55.6,
111.2, 120.1, 126.2, 130.3, 145.6, 156.6, 190.9; IR (ATR) m/cm�1

2930, 2858, 1689; HRMS-ESI m/z [M+H]+ calcd for C14H23O3Si:
267.1416, found: 267.1424.

4.10. 2-((tert-Butyldimethylsilyl)oxy)-4-methoxybenzaldehyde
(32)39

Prepared from aldehyde 29 (5.00 g, 32.86 mmol) using the gen-
eral procedure to give 32 (5.93 g, 22.26 mmol, 68%) as a pale yel-
low oil. Rf 0.69 (60% EtOAc in hexanes); 1H NMR (CDCl3): d 0.29
(s, 6H), 1.03 (s, 9H), 3.84 (s, 3H), 6.35 (d, J = 2.3 Hz, 1H), 6.59
(ddd, J = 8.8, 2.3, 0.8 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 10.30 (d,
J = 0.8 Hz, 1H); 13C NMR (CDCl3): d �4.3, 18.4, 25.7, 55.5, 105.3,
107.9, 121.5, 130.2, 160.7, 165.8, 188.6; IR (ATR) m/cm�1 2956,
2932, 2859, 1682; HRMS-ESI m/z [M+H]+ calcd for C14H23O3Si:
267.1416, found: 267.1428.

4.11. 2,3-bis((tert-Butyldimethylsilyl)oxy)-4-
methoxybenzaldehyde (33)3b

BCl3 (17.5 mL of 1 M solution in CH2Cl2) was added dropwise to
a solution of 2,3,4-trimethoxybenzaldehyde (3.43 g, 17.5 mmol) in
CH2Cl2 (35 mL). Solution stirred for 2 h at rt. BCl3 (17.5 mL of 1 M
solution in CH2Cl2) was added dropwise and the solution was stir-
red for 18 h at rt. Saturated aqueous NaHCO3 (300 mL) was added,
then 3 M aqueous HCl (300 mL). The organic layer was separated
and the aqueous layer extracted with EtOAc (3 � 200 mL). The
combined organic phases were washed with brine (200 mL), dried
over MgSO4 and concentrated in vacuo. The residue was purified
by flash column chromatography (50% EtOAc in hexanes) to give
30 as colourless crystals (2.54 g, 15.1 mmol, 86%). TBSCl (1.06 g,
7.01 mmol) in DMF (10 mL) was added dropwise to a solution of
30 (393 mg, 2.34 mmol) in DMF (10 mL) containing Et3N (988 lL,
7.48 mmol). DMAP (57 mg, 0.47 mmol) was added in one portion
and the solution was stirred for 18 h at rt. The reaction was diluted
with H2O (20 mL) and the solution extracted with EtOAc
(3 � 30 mL). The combined organic phases were washed with
10% aq. LiCl (40 mL), H2O (40 mL) and brine (30 mL), dried over
MgSO4 and concentrated in vacuo. The residue was purified by
flash column chromatography (1% EtOAc in hexanes) to give 33
(887 mg, 2.24 mmol, 96%) as a white solid. Rf 0.67 (30% EtOAc in
hexanes); 1H NMR (CDCl3): d 0.14 (s, 12H), 1.00 (s, 9H), 1.05 (s,
9H), 3.84 (s, 3H), 6.63 (d, J = 8.8 Hz, 1H), 7.49 (d, J = 8.8 Hz, 1H),
10.23 (s, 1H); 13C NMR (CDCl3): d -3.783, -3.778, 18.6, 18.8, 26.1,
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26.2, 55.2, 105.5, 121.4, 123.4, 136.9, 151.0, 157.5, 189.2; IR (ATR)
m/cm�1 2929, 2859, 1679; HRMS-ESI m/z [M+H]+ calcd for
C20H37O4Si2: 397.2230, found: 397.2247.

4.12. tert-Butyl(5-ethynyl-2-methoxyphenoxy)dimethylsilane
(34)12

Prepared from benzaldehyde 31 (1.18 g, 4.43 mmol) using the
general procedure for the Colvin rearrangement to give 34
(858 mg, 3.27 mmol, 74%) as a colourless oil. Rf 0.70 (20% EtOAc
in hexanes); 1H NMR (CDCl3): d 0.15 (s, 6H), 1.00 (s, 9H), 2.96 (s,
1H), 3.81 (s, 3H), 6.77 (d, J = 8.3 Hz, 1H), 6.98 (d, J = 2.0 Hz, 1H),
7.09 (dd, J = 8.3, 2.0 Hz, 1H); 13C NMR (CDCl3): d -4.6, 18.5, 25.7,
55.4, 75.5, 83.8, 111.7, 114.2, 124.5, 126.4, 144.7, 152.1; IR (ATR)
m/cm�1 3314, 2930, 2859, 1573; HRMS-ESI m/z [M+H]+ calcd for
C15H23O2Si: 263.1467, found: 263.1477.

4.13. tert-Butyl(2-ethynyl-5-methoxyphenoxy)dimethylsilane
(35)

Prepared from benzaldehyde 32 (0.50 g, 1.88 mmol) using the
general procedure for the Colvin rearrangement to give 35
(256 mg, 0.98 mmol, 52%) as a pale yellow oil. Rf 0.73 (30% EtOAc
in hexanes); 1H NMR (CDCl3): d 0.24 (s, 6H), 1.03 (s, 9H), 3.10 (s,
1H), 3.78 (s, 3H), 6.37 (d, J = 2.5 Hz, 1H), 6.48 (dd, J = 8.6, 2.5 Hz,
1H), 7.33 (d, J = 8.6 Hz, 1H); 13C NMR (CDCl3): d -4.2, 18.3, 25.8,
55.3, 79.5, 81.1, 106.1, 106.9, 107.3, 134.6, 158.4, 161.0; IR (ATR)
m/cm�1 3315, 2930, 2859, 2106, 1605; HRMS-ESI m/z [M+H]+ calcd
for C15H23O2Si: 263.1467, found: 263.1458.

4.14. ((3-Ethynyl-6-methoxy-1,2-phenylene)bis(oxy))bis(tert-
butyldimethylsilane) (36)

Prepared from 33 (816 mg, 2.06 mmol) using the general proce-
dure for the Colvin rearrangement to give 36 (517 mg, 1.32 mmol,
64%) as a colourless oil. Rf 0.73 (10% EtOAc in hexanes); 1H NMR
(CDCl3): d 0.11 (s, 6H), 0.20 (s, 6H), 1.00 (s, 9H), 1.05 (s, 9H), 3.08
(s, 1H), 3.77 (s, 3H), 6.46 (d, J = 8.6 Hz), 7.02 (d, J = 8.6 Hz, 1H);
13C NMR (CDCl3): d -3.8, -3.3, 18.5, 18.8, 26.1, 26.4, 55.0, 79.8,
82.2, 104.9, 109.2, 126.4, 137.1, 149.3, 153.3; IR (ATR) m/cm�1

3314, 2930, 2858, 2106, 1592; HRMS-ESI m/z [M+H]+ calcd for
C21H37O3Si2: 393.2281, found: 393.2299.

4.15. 2-Methoxy-5-(1-(3,4,5-trimethoxyphenyl)-1H-1,2,3-
triazol-5-yl)phenol (5)12

Prepared from azide 17 (100 mg, 0.38 mmol) and alkyne 34
(80 mg, 0.38 mmol) using the general procedure for the Huisgen
cycloaddition to give TBS-protected 5 (137 mg, 0.29 mmol, 77%)
as a yellow oil. 5 was obtained after silyl deprotection using the
general procedure (104 mg, 0.28 mmol, quant.) as a white solid.
Rf 0.12 (50% EtOAc in hexanes); 1H NMR (CDCl3): d 3.74 (s, 6H),
3.88 (s, 3H), 3.91 (s, 3H), 5.78 (s, 1H), 6.60 (s, 2H), 6.73 (dd,
J = 8.4, 2.1 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H) 6.88 (d, J = 2.1 Hz, 1H),
7.78 (s, 1H); 13C NMR (CDCl3): d 56.1, 56.3, 61.1, 103.0, 110.8,
114.9, 119.9, 120.8, 132.2, 133.1, 137.5, 138.7, 145.9, 147.4,
153.5; IR (ATR) m/cm�1 2939, 2838, 1599, 1506, 1464, 1417,
1228, 1125, 1022, 995, 811, 730; HRMS-ESI m/z [M+H]+ calcd for
C18H20N3O5: 358.1403, found: 358.1400.

4.16. 5-(1-(3,5-Dibromo-4-methoxyphenyl)-1H-1,2,3-triazol-5-
yl)-2-methoxyphenol (37)

Prepared from azide 22 (100 mg, 0.38 mmol) and alkyne 34
(117 mg, 0.38 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 37 (149 mg,
0.26 mmol, 69%) as an orange oil. 37 was obtained after silyl depro-
tection using the general procedure (91 mg, 0.20 mmol, 95%) as a
white solid. Rf 0.26 (50% EtOAc in hexanes); 1H NMR (CDCl3): d
3.92 (s, 3H), 3.93 (s, 3H), 6.71 (dd, J = 8.4, 2.2 Hz, 1H), 6.84 (d,
J = 2.2 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 7.56 (s, 2H), 7.75 (s, 1H).
13C NMR (CDCl3): d 56.1, 60.9, 111.1, 114.8, 118.5, 118.9, 120.9,
129.2, 133.3, 133.8, 137.8, 146.2, 147.9, 155.0; IR (ATR) m/cm�1

3080, 2937, 2840, 1619, 1583; HRMS-ESI m/z [M+H]+ calcd for
C16H14N3O3Br2: 453.9402, found: 453.9419.

4.17. 5-(1-(3,5-Diiodo-4-methoxyphenyl)-1H-1,2,3-triazol-5-yl)-
2-methoxyphenol (38)

Prepared from azide 27 (76 mg, 0.19 mmol) and alkyne 34
(50 mg, 0.19 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 38 (105 mg,
0.16 mmol, 83%) as a pale yellow solid. 38 was obtained after silyl
deprotection using the general procedure (52 mg, 0.09 mmol, 50%)
as a white solid. Rf 0.20 (40% EtOAc in hexanes); 1H NMR (CDCl3): d
3.91 (s, 3H), 3.94 (s, 3H), 5.76 (s, 1H), 6.71 (dd, J = 8.3, 2.2 Hz, 1H),
6.84 (d, J = 2.2 Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 7.76 (s, 1H), 7.80 (s,
2H); 13C NMR (CDCl3): d 56.1, 60.9, 90.0, 111.0, 114.7, 119.0, 120.9,
133.2, 134.4, 136.1, 137.7, 146.1, 147.7, 159.8; IR (ATR) m/cm�1

3007, 1619, 1579; HRMS-ESI m/z [M+H]+ calcd for C16H14N3O3I2:
549.9125, found: 549.9117.

4.18. 5-Methoxy-2-(1-(3,4,5-trimethoxyphenyl)-1H-1,2,3-
triazol-5-yl)phenol (39)

Prepared from azide 17 (200 mg, 0.76 mmol) and alkyne 35
(145 mg, 0.69 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 39 (158 mg,
0.34 mmol, 49%) as a yellow oil. 39 was obtained after silyl depro-
tection using the general procedure (101 mg, 0.28 mmol, quant.) as
a pale pink solid. Rf 0.12 (30% EtOAc in hexanes); 1H NMR (CDCl3):
d 3.67 (s, 6H), 3.78 (s, 3H), 3.81 (s, 3H), 6.43 (dd, J = 8.6, 2.5 Hz, 1H),
6.66 (partially obscured d, 1H), 6.67 (s, 2H), 6.93 (d, J = 8.6 Hz, 1H),
7.76 (s, 1H); 13C NMR (CDCl3): d 55.4, 56.2, 61.0, 102.0, 102.6,
106.4, 106.5, 131.6, 132.6, 134.1, 134.7, 138.1, 153.2, 156.4,
162.2; IR (ATR) m/cm�1 3118, 2941, 2837, 1622, 1600; HRMS-ESI
m/z [M+H]+ calcd for C18H20N3O5: 358.1403, found: 358.1396.

4.19. 2-(1-(3,5-Dibromo-4-methoxyphenyl)-1H-1,2,3-triazol-5-
yl)-5-methoxyphenol (40)

Prepared from azide 22 (56 mg, 0.21 mmol) and alkyne 35
(64 mg, 0.21 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 40 (77 mg,
0.14 mmol, 64%) as an orange oil. Compound 40 was obtained after
silyl deprotection using the general procedure (39 mg, 0.09 mmol,
66%) as a pale brown solid. Rf 0.15 (30% EtOAc in hexanes); 1H NMR
(500 MHz, CD3OD): d 3.79 (s, 3H), 3.89 (s, 3H), 6.40 (d, J = 2.4 Hz,
1H), 6.53 (dd, J = 8.5, 2.4 Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 7.64 (s,
2H), 7.80 (s, 1H); 13C NMR (125 MHz, CD3OD): d 55.8, 61.3,
102.5, 106.8, 106.9, 118.9, 129.5, 132.9, 134.9, 136.2, 137.5,
156.0, 157.5, 164.2; IR (ATR) m/cm�1 2925, 1618, 1587; HRMS-ESI
m/z [M+H]+ calcd for C16H14N3O3Br2: 453.9402, found: 453.9422.

4.20. 2-(1-(3,5-Diiodo-4-methoxyphenyl)-1H-1,2,3-triazol-5-yl)-
5-methoxyphenol (41)

Prepared from 27 (76 mg, 0.19 mmol) and 35 (50 mg,
0.19 mmol) using the general Huisgen cycloaddition procedure de-
scribed above to give TBS-protected 41 (43 mg, 0.07 mmol, 34%)
as a pale yellow solid. Compound 41 was obtained after silyl
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deprotection using the general procedure (25 mg, 0.05 mmol, 80%)
as a white solid. Rf 0.37 (50% EtOAc in hexanes); 1H NMR (500 MHz,
CD3OD): d 3.77 (s, 3H), 3.83 (s, 3H), 6.39 (d, J = 2.3 Hz, 1H), 6.51 (dd,
J = 8.5, 2.3 Hz, 1H), 7.09 (d, J = 8.5 Hz, 1H), 7.77 (s, 1H), 7.82 (s, 2H);
13C NMR (125 MHz, CD3OD): d 55.8, 61.3, 90.3, 102.5, 106.8, 106.9,
132.9, 134.8, 136.36, 136.44, 137.4, 157.6, 161.1, 164.2; IR (ATR) m/
cm�1 3075, 2926, 1620, 1579; HRMS-ESI m/z [M+H]+ calcd for
C16H14N3O3I2: 549.9125, found: 549.9145.

4.21. 3-Methoxy-6-(1-(3,4,5-trimethoxyphenyl)-1H-1,2,3-
triazol-5-yl)benzene-1,2-diol (15)19

Prepared from azide 17 (27 mg, 0.13 mmol) and alkyne 36
(52 mg, 0.13 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 42 (42 mg,
0.07 mmol, 54%) as a pale yellow oil. Compound 42 was obtained
after silyl deprotection using the general procedure (15 mg,
0.04 mmol, 64%) as a white solid. Rf 0.12 (30% EtOAc in hexanes);
1H NMR (CDCl3): d 3.72 (s, 6H), 3.86 (s, 3H), 3.90 (s, 3H), 5.56 (s,
1H), 5.63 (s, 1H), 6.47 (d, J = 8.6 Hz, 1H), 6.62 (d, J = 8.6 Hz, 1H),
6.65 (s, 2H), 7.87 (s, 1H); 13C NMR (125 MHz, CDCl3): d 56.17,
56.23, 61.0, 102.0, 103.1, 107.6, 121.4, 132.6, 132.8, 133.6, 134.6,
138.1, 142.3, 147.8, 153.2; IR (ATR) m/cm�1 3675, 2971, 1628,
1604; HRMS-ESI m/z [M+H]+ calcd for C18H20N3O6: 374.1352,
found: 374.1345.

4.22. 3-(1-(3,5-Dibromo-4-methoxyphenyl)-1H-1,2,3-triazol-5-
yl)-6-methoxybenzene-1,2-diol (42)

Prepared from azide 22 (61 mg, 0.16 mmol) and alkyne 36
(48 mg, 0.16 mmol) using the general Huisgen cycloaddition pro-
cedure described above to give TBS-protected 43 (33 mg,
0.05 mmol, 30%) as a pale yellow oil. Compound 43 was obtained
after silyl deprotection using the general procedure (12 mg,
0.03 mmol, 52%) as a white solid. Rf 0.14 (70% EtOAc in hexanes);
1H NMR (CDCl3): d 3.91 (s, 3H), 3.93 (s, 3H), 5.57 (br s, 2H), 6.52
(d, J = 8.6 Hz, 1H), 6.65 (d, J = 8.6 Hz, 1H), 7.60 (s, 2H), 7.82 (s,
1H); 13C NMR (CDCl3): d 56.3, 60.8, 90.0, 103.4, 106.7, 118.1,
121.4, 128.4, 132.8, 134.7, 140.2, 142.0, 148.2, 162.9; IR (ATR)
m/cm�1 2923, 2853, 1703, 1590; HRMS-ESI m/z [M+H]+ calcd for
C16H14N3O4Br2: 469.9351, found: 469.9348.

4.23. 3-(1-(3,5-Diiodo-4-methoxyphenyl)-1H-1,2,3-triazol-5-yl)-
6-methoxybenzene-1,2-diol (43)

Prepared from 27 (99 mg, 0.25 mmol) and 36 (100 mg,
0.25 mmol) using the general Huisgen cycloaddition procedure de-
scribed above to give TBS-protected 44 (75 mg, 0.10 mmol, 38%) as
a pale yellow oil. Compound 44 was obtained after silyl deprotec-
tion using the general procedure (32 mg, 0.06 mmol, 60%) as a
white solid. Rf 0.31 (60% EtOAc/Petrol). 1H NMR (CD3OD): d 3.85
(s, 3H), 3.88 (s, 3H), 6.59 (d, J = 8.6 Hz, 1H), 6.64 (d, J = 8.6 Hz,
1H), 7.79 (s, 1H), 7.83 (s, 2H). 13C NMR (125 MHz, CD3OD): d
56.6, 61.3, 90.4, 104.5, 107.9, 121.7, 134.9, 135.7, 136.3, 136.4,
137.4, 138.7, 145.2, 151.3, 161.1; IR (ATR) m/cm�1 3483, 3008,
2927, 1633, 1578; HRMS-ESI m/z [M+H]+ calculated for
C16H14N3O4I2: 565.9074, found: 565.9085.

4.24. MTS Assay

SK-OV-3 cells were seeded at 8.0 � 103 cells per well in RPMI-
1640 medium (180 lL) and incubated for 24 h, before addition of
drug compound in medium (20 lL, 10� concentrations to give
appropriate 1 � plate concentrations). Plates were incubated for
48 h, and the media was then aspirated. CellTiter 96� AQueous
One Solution Reagent (20 lL) in fresh media (100 lL) was added
to each well. Plates were incubated excluding light for 2 h, and
absorbance at 492 nm was measured. IC50 and CI values were cal-
culated using a 4-parameter log-linear dose-response curve using
the DRC package40 in R.41

4.25. SRB Assay

SK-OV-3 cells were seeded at 8.0 � 103 cells per well in RPMI-
1640 medium (180 lL), and incubated for 24 h, before addition
of drug compound in medium (20 lL, 10� concentrations to give
appropriate 1 � plate concentrations). Plates were incubated for
48 h, and the media was then aspirated. Cells fixed for 1 h at 0 �C
with 3% (v/v) trichloroacetic acid in water (100 lL), then stained
with 0.4% SRB in 1% acetic acid (100 lL) for 30 min, washed with
1% acetic acid (4 � 200 lL) and solubilised with 10 mM Tris base
(100 lL) for 30 min. Absorbance was measured at 570 nm. IC50

and CI values were calculated using a 4-parameter log-linear
dose-response curve using the DRC39 package in R.40

4.26. Tubulin assay

Purified bovine tubulin (>99% pure, 3 mg/ml) in 80 mM PIPES
pH 7.0, 0.5 mM EGTA, 2 mM MgCl2, 1 mM GTP and 10% glycerol
(90 lL) was added to each well of a pre-warmed 96-well plate at
37 �C containing 10� drug solution in 80 mM PIPES pH 7.0,
0.5 mM EGTA, 2 mM MgCl2 (10 lL). The effect on tubulin assembly
was monitored in a PHERAstar FS spectrophotometer at 340 nm at
30 s intervals for 60 min at 37 �C. Percentage inhibition of poly-
merization was recorded for each reaction. The results represent
the mean of three separate experiments ± standard deviation.

4.27. xCELLigence assay

HUVECs were seeded at 7.5 � 103 cells per well in EGM-2 (90 lL)
into an E-plate 96 after determination of background impedance
then incubated for 5 h in the Real-Time Cell Analyzer (RTCA) sta-
tion, recording impedance every 10 min. Drug compound was then
added in EGM-2 (10 lL, 10 � concentrations to give appropriate 1�
plate concentrations) and the plate returned to the RTCA.
Impedance was recorded every 40 s for 3 h, then every 30 min for
21 h. Dose–response curves were generated and used to determine
IC50 values using a 4-parameter log-linear dose–response curve.

4.28. Computational studies

Each system contained dimeric tubulin, Mg2+-complexed GDP
and GTP, and the docked triazole compound. All ionisable groups
of the protein were assigned their most probable charged states
at neutral pH. Two missing short loops in the protein were built
using the Modeller suite, initially using the ‘‘loop-model’’ module
to generate 1000 models, and subsequently refining the lowest-en-
ergy conformation with the DOPE module. Each triazole compound
was modelled using the Builder module in Pymol (http://www.py-
mol.org/), based on the bound structure of colchicine in the crystal
structure with pdb ID 1SA0. Each compound was modelled in a
minimum of four orientations; this, followed by extensive optimi-
zation, ensured that all possible bounds states described by the
configurational space around the two rotatable bonds connected
to the triazole ring were explored. Subsequent optimization consis-
tently converged to one orientation with significantly greater
interaction energies with the protein than other orientations (ap-
prox. P10 kcal mol�1, except for the weakly binding 39–41 series).
Optimization consisted of an iterative procedure. Initially, the pro-
tein conformation was constrained, and 1000 steps of steepest des-

http://www.pymol.org/
http://www.pymol.org/
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cent (SD) energy minimization of the ligand was performed, before
the constraints were released, and a further 1000 SD steps were
carried out. Subsequently, ten rounds of 1000-step adopted basis
Newton-Raphson (ABNR) minimization were performed, and the
overall system potential energy and protein-ligand interaction
energies were followed to ensure convergence. Finally, a further
1000-step SD minimization was performed, and the protein-ligand
interaction energy and its component contributions were recorded.
Each protein-ligand complex was optimized in the CHARMM pro-
gram, using the CHARMM27/CMAP protein parameters, and the
CHARMM CGenFF general force field for the triazole compounds,
with non-bonded exclusions for 1–2, 1–3, and 1–4 bonded atoms.
Non-bonded interactions were treated with an atom-based cutoff
of 1.4 nm. Electrostatics used a distance-dependent dielectric, with
a shifted potential going to zero beyond 1.2 nm. Van der Waal’s
forces were switched from 1.0 nm to 1.2 nm. Visual analysis was
performed using VMD (http://www.ks.uiuc.edu/Research/vmd/),
and data was analyzed with Grace (http://plasma-gate.weiz-
mann.ac.il/Grace/).
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