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Combretastatin A-4 and isocombretastatin A-4 derivatives having thiophenes or benzo[b]thiophenes
instead of the B ring were prepared and evaluated for their in cellulo tubulin polymerization inhibition
(TPI) and antiproliferative activities. The presence of the benzo[b]thiophene ring proved to have a crucial
effect as most of the thiophene derivatives, except those having one methoxy group, were inactive to

inhibit tubulin polymerization into microtubules. The influence of the attachment position was also stud-
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ied: benzo[b]thiophenes having iso or cis 3,4,5-trimethoxystyrenes at position 2 were 12-30-fold more
active than the 3-regioisomers for the TPI activity. Some of the novel designed compounds exhibited
interesting anti-proliferative effects on two different cell lines.

© 2015 Elsevier Ltd. All rights reserved.

Cancer incidence is increasing worldwide! and, to face this
ever-growing threat, scientists have stepped up efforts to find effi-
cient treatments for all type of cancers.

Skin cancers are by far the most frequent forms of malignancy
in man. Among these, malignant melanoma, which origin is in
the pigment-producing cells (i.e., melanocytes) remains the most
aggressive one. Indeed, although this disease comprises less than
5% of malignant skin tumors, it causes almost 60% of all deaths
due to skin cancers.” This bad prognosis is partly due its strong
tendency to give metastases. When possible, surgical exeresis is
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the first choice treatment and chemotherapy is used thereafter
against metastases, according to several regimens.’

Nature has always been for the medicinal chemist an important
source of inspiration for the development of many anti-cancer
agents.? The inhibition of tubulin polymerization or microtubules
depolymerization within cancer cells, thus leading to apoptosis,’
was one of the most interesting approaches.®

A striking example of these tubulin-targeting agents’ is com-
bretastatin A-4 (CA-4, Fig. 1), which was isolated in the 90s from
the bark of the south african willow tree Combretum caffrum by
Pettit research group.®?

This compound has shown remarkable tubulin polymerization
inhibition activity and antiproliferative effects against a variety
of cancer cells.'”


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmcl.2015.11.010&domain=pdf
http://dx.doi.org/10.1016/j.bmcl.2015.11.010
mailto:thierry.lomberget@univ-lyon1.fr
http://dx.doi.org/10.1016/j.bmcl.2015.11.010
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

C. V. Do et al./Bioorg. Med. Chem. Lett. 26 (2016) 174-180 175

— X
MeO. OH
| SAD
MeO  OMe OMe MeO OMe
OMe

CA-4: R =0OH
CA-4P: R = OPO3Na,
AVE8062: R = NH-serinol,HCI

isoCA-4: X
phenstatin: X

CHy
O

OMe  BNCi105

MeO 2 Y.
i
MeO

OMe 3
=0,S,NR’
3 /= 3 e
i Meo P\ 2
¢ d OMe 2 s
vy MeO
2 MeO OMe OMe X=CH, 4
X= 5

Figure 1. Combretastatin A-4 and its soluble derivatives, synthetic methylene and
keto tubulin-targeting compounds.

Despite these potent activities, solubility parameters had to be
improved and this was achieved with the preparation of several
derivatives, having a phosphate group (R = OPOsNa,, fosbretabu-
1in'®'") or an aminoalcohol side chain (R = NH-serinol hydrochlo-
ride salt, ombrabulin'?). These compounds, which demonstrated
Vascular Targeting or Disrupting properties,'® actually undergo
clinical evaluations for the treatment of various cancers but also
diseases associated to vascularization disorders."

Nevertheless, these compounds, known to interact with the col-
chicine binding site of tubulin,'® were reported to isomerize
in vivo,'® thus leading to the less active trans isomers.!” While this
isomerization is not deleterious for the development of CA-4
derivatives as anticancer drugs (as shown by fosbretabulin and
ombrabulin), the discovery of new tubulin-targeting agents based
on this structure that also avoid the Z to E isomerization still
remains a stimulating challenge.'®

Besides the addition of a substituent onto the double bond,'®
one of the solutions to block this isomerization was to replace it
by an (hetero)cycle’® or by designing iso methylene derivatives,
so-called isocombretastatins (e.g., isoCA-4, Fig. 1).2"*> Other
research groups also developed the isosteric version of isoCA-4,
i.e., phenstatin?® derivatives, and those ketones have also shown
interesting tubulin-targeting properties. Based on this 3,4,5-
trimethoxybenzophenone scaffold, several heterocyclic analogs
were developed, including indoles,** benzo[b]thiophenes®*" or
benzofurans such as BNC105%%¢ (Fig. 1) which is currently undergo-
ing clinical trials.

Our initial strategy for the development of new tubulin-target-
ing molecules aimed to evaluate the effect of the replacement of
the B ring with different benzoheterocycles, attached to position
2, leading to compounds 1 (Fig. 1). This preliminary work demon-
strated that the most active compound possessed a benzo[b]thio-
phene ring (Y =S5).?> One of the objectives of the present Letter
was to evaluate the importance of the vicinal aromatic ring (thio-
phene versus benzo[b]thiophene) but also the effect of the grafting

of the 3,4,5-trimethoxystyrene unit on these sulfur (benzo)hetero-
cycles at different 2 and 3 positions (Fig. 1, compounds 2).

Moreover, in parallel to our work, Alami and co-workers have
described the preparation of isoCA-4 derivatives with substituted
benzofurans 3a (Y = O) and indole 3b (Y = NR’) (Fig. 1) using a pal-
ladium-catalyzed coupling/ring closure domino reaction.?®

So, the second goal of the present study was to assess the effect
of the grafting of the 2-[1-(3,4,5-trimethoxy-phenyl)-vinyl] unit on
sulfur heterocycles, at both positions 2 and 3, so extending the
knowledge of the structure-activity relationships of this family
(Fig. 1, compounds 4).

The key step of our synthetic strategy to these new isoCA-4
derivatives 4 relied on the preparation of the methylene group
by water elimination on methyl diarylcarbinols 6: these com-
pounds could be in turn obtained by trapping the appropriate aryl
lithium species with 3,4,5-trimethoxyacetophenone 7a (R’ = Me) or
after addition of methyl magnesium iodide onto the diarylketo
derivatives 5 (Fig. 2).

Since the first synthesis of phenstatin,>® the preparation of
biaryl keto derivatives were usually based on the addition of the
aryl lithium onto an amide, derived from a benzoic acid. Recently,
an alternative process which was described by Rigo and co-work-
ers?’ and Petrov et al.?® used an acylation process of a benzoic acid
on the appropriate aromatic substrate, in Eaton’s reagent (P,0s in
MeSOsH).

In our synthetic approach, those compounds 5 could be pre-
pared by the addition of the (benzo)thiophene lithium reagent,
generated at the appropriate 2- or 3-position, onto 3,4,5-tri-
methoxy benzaldehyde 7b (R’ = H), followed by an oxidation step
of the obtained alcohol (Fig. 2).2° By this way, the isosteric replace-
ment of the exocyclic CH, in compounds 4 by an oxygen atom
(phenstatin analogs 5) could also be investigated.>®

For the present study, in the thiophene series, 2- and 3-lithio
species were prepared using halogen/lithium exchange with
n-BuLi on commercially available 2- and 3-bromothiophene. The
corresponding aryl lithium intermediate was then trapped by
3,4,5-trimethoxy acetophenone 7a to obtain 6a,b. These tertiary
alcohols were submitted to an acid-catalyzed dehydration and
the target compounds 4a,b were isolated with good yields over
these two steps (Scheme 1).2!

For the preparation of benzoheterocyclic derivatives, 2- and
3-lithio reagents were obtained after deprotonation of benzo[b]
thiophene itself or by bromine/lithium exchange on its 3-bromo
derivative 82 (Scheme 2).

After addition of aldehyde 7b, alcohols 9a,b (Scheme 2) were
isolated and further oxidized into ketones 5a,b using MnO, in ace-
tonitrile (Scheme 3). These carbonyl compounds were thereafter
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Figure 2. Synthetic strategy to iso methylene derivatives 4.
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Scheme 1. Reagents and conditions: (a) n-BuLi 1.5 equiv, THF for 6a and Et,0 for
6b, —70 °C, 1 h then addition of 7a (1.2 equiv), —70 °C, 1 h then rt for 4 h, 67% for 6a
and 76% for 6b. (b) p-TsOH 5 mol %, toluene, reflux, 2 h for 4a and 1 h for 4b, 98% for
4a and 94% for 4b.
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Scheme 2. Reagents and conditions: (c) n-Buli 1.3 equiv, Et,0, 0°C, 1.5 h then
addition of 7b (1.3 equiv), 0 °C, 3 h, 85% for 9a, 82% for 9b.
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Scheme 3. Reagents and conditions: (d) MnO, 6 equiv, CH3CN, rt, 4 h, 99% for 5a
and 80% for 5b. (e) MeMgl 3 equiv, THF, 0 °C, 30 min then rt, 15 min then 75 °C, 2 h,
95% for 6¢ and 92% for 6d. (f) p-TsOH 5 mol%, toluene, reflux, 2 h for 4c and 1 h for
4d; 93% for 4¢ and 89% for 4d.

submitted to the Grignard reagent addition/dehydration sequence
to give benzo[b]thiophene isoCA-4 analogs 4c,d (Scheme 3).

According to the same sequence and in order to complete our
structure/activity relationship study, compound 3a®® (Fig. 1,
Y=0) was prepared with a 62% overall yield, starting from
benzofuran.

Among the different possibilities to get the Z isomer of methy-
lene compounds 2,3 the Suzuki coupling®* did not appear to be the
most stereoselective reaction but one of the most direct strategy.
Hence, the preparation of new (benzo)thiophene derivatives 2a-c
was carried out according to this palladium-catalyzed cross-cou-
pling reaction between Z-monobromo derivative 10°° and the
appropriate boronic acids 11a-¢° (Scheme 4).

To prepare 2-methoxythiophene derivative 2d (R*=H and
R>=0Me) using a Suzuki coupling, the preparation of suitable

R4
/B (OH), Br
RS /
11a-c
10 —
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2a R* R%=

3-isomers { Y 4

2b R* RS=H

2-isomer 2¢ R* RS=H

Scheme 4. Reagents and conditions: (g) Pd(PPhs)4 5 mol %, Na,COs 1.0 equiv, DME/
water, 90 °C, 20 h, 28% for 2a, 59% for 2b, 38% for 2c.

boron derivatives was necessary. Unfortunately, all our attempts
based on a bromine/lithium exchange on 12a followed by trapping
of the aryl lithium intermediate 13a by either trimethylborate
(combined with an acidic hydrolysis) or bis-pinacolato diboron
were unsuccessful to obtain the expected compounds (Scheme 5).
It has been proved that the limitation step was not the formation of
13a but its electrophilic trapping with organoboron reagents.
Indeed, after the in situ formation, organolithium species 13a
was easily trapped by N,N-dimethylformamide (DMF) to obtain
aldehyde 14a (Scheme 5). Finally, a Wittig reaction'®>* with this
aldehyde allowed us to obtain the desired Z methylene
methoxythiophene derivative 2d with a low isolated yields, due
to the poor stereoselectivity during the olefin formation
(Scheme 5). The other 4-methoxy regioisomer 2e (R*=OMe,
R>=H) was obtained by using the same strategy on the known
4-methoxy-thiophene-2-carboxaldehyde®” 14b (Scheme 5).

All the prepared compounds, i.e., original iso derivatives 4b-d,
phenstatin 5b and (Z) methylenes 2a-e, known (Z)-1b and (E)-
1b,%° 3a,%° 4a,>' 5a°%) were then evaluated for their ability to inhi-
bit tubulin assembly, using an in cellulo assay.>® This test is based
on parallel, discriminant fluorescent immunostainings of both
tyrosinated and detyrosinated tubulin pools inside Hela cells after
a 2-hour exposure to compounds. A gentle cell permeabilization to
eliminate free tyrosinated tubulin pool while preserving dynamic
tyrosinated microtubules as well as detyrosinated stable micro-
tubules was thereafter realized: this assay reflects thus the activity
of either microtubules polymerization and depolymerization
inhibitors.>>*° The additional interest of this in cellulo tubulin
polymerization inhibition (TPI) evaluation®! is to know if the com-
pound would be active within the cancer cell: this could be very
interesting when developing a new drug as it could shorten the
hit-to-lead transposition.
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Scheme 5. Reagents and conditions: (h) n-BuLi 1.1 equiv, THF, —78 °C, 1 h then
addition of DMF (1.2 equiv), —78 °C, 20 min then rt 2 h, 90% for 14a, 37% for 14b. (i)
(1) 3,4,5-Trimethoxybenzyltriphenylphosphonium bromide 1.0 equiv, THF, n-Buli,
—78 °C, 30 min, then rt 1 h. (2) Aldehyde addition, THF, —78 °C, 1 h then rt, 24 h,
14% for 2d, 23% for 2e.
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Combretastatin A-4 was used as the reference compound
(Table 1, entry 2), as well as (Z)-1b, which was formerly in vitro
evaluated on purified tubulin and for antiproliferative effects on
keratinocyte cells.>

This screening was helpful to draw several conclusions, as
described hereafter.

One of the objectives of this Letter was to compare the tubulin
polymerization modification using the known alkene derivative
(2)-1b with its isomethylene geometric isomer 4c. In contrast to
what was described in the literature for CA-4,>" we have observed
a significant loss of activity (ECsg value for tubulin polymerization
inhibition drops from 80 to 321 nM) when including the isomethy-
lene structural unit instead of the cis alkene (Table 1, entries 3 and 4).

Table 1
Inhibition of tubulin assembly and antiproliferative effects of colchicine, CA-4, (Z)-1b,
synthesized iso 4 and keto 5 derivatives

Entry Compound ECs for in ICsp for anti-
cellulo TPI* proliferative effects®
1 Colchicine n.d. 1C8: 15 nM
MES-SA: 15 nM
2 CA-4 9nM IC8: 4 nM
MES-SA: 3 nM
IC8: 17 nM
MES-SA: 13 nM
3 80 nM"
IC8: 101 nM
MES-SA: 95 nM
4 321 nM
3 4a>10 pM n.d.
MeO O\ 4b > 10 uM n.d.
2 U
(o) ks
5 Me
OMe
4a (2-isomer)
4b (3-isomer)
MeO 2
6 ) Y% >10 uM n.d.
MeO
M
OMe 3a
7 3.897 uM n.d.
5a>10 uM n.d.
5b > 10 uM n.d.
8

OMe

5a (2-isomer)
5b (3-isomer)

n.d.: Not determined, due to low TPI activities.

2 ECso: compound concentration required to decrease dynamic, tyrosinated
microtubules content by 50%.

> Determined on isolated tubulin, TPI ECso for compound (Z)-1b was equal to
2.6 uM.*°

¢ ICsp: a sample’s concentration which produces a 50% reduction in IC8 or MES-SA
cell activity. For details, see Supplementary materials.

The position of the substitution was also crucial as the TPI activ-
ity was 12-fold lower for the 3-substituted iso compound 4d
(Table 1, entry 7) than its 2-regioisomer 4c (Table 1, entry 4).
The same tendency was observed for the cis alkene derivatives
1b and 2a (Table 1, entry 3 and Table 2, entry 2).

Structure simplification in the iso series, from benzo[b]thio-
phene to thiophene, resulted in the total loss of TPI activity, what-
ever the 2- or 3-substitution of the heterocycle (Table 1, entry 5).

Replacement of the sulfur with an oxygen atom in the benzo-
heterocycle (Table 1, entries 4 and 6) resulted also in a dramatic
loss of activity. This last result is in accordance with a previous ten-
dency for the methylene series.”®

Finally, the isosteric replacement of the iso methylene group in
4c,d with a ketone also led to a very low in cellulo TPI activity for 5,
whatever the position of the substitution (Table 1, entry 8).

After the in cellulo TPI screening, antiproliferative effects of the
five most active compounds were then evaluated on two different
cell lines, by using the MTT*? or resazurin®® assays (Tables 1 and 2,
last column).

Table 2
Inhibition of tubulin assembly and antiproliferative effects for (E)-1b and newly
synthesized (Z)-2a-e

Entry Compound ECsp for in

cellulo TPI*

1Cs for anti-
proliferative
effect”

3.185 uM n.d.

MeQ
o)
| 1
MeO S

(E)-1b

IC8: 288 nM
MES-SA: 191 nM

2 2.430 uM
3)
MeO / \
3 S >10 UM n.d.
4 >10 uM n.d.
IC8: 76 nM
MES-SA: 53 nM
5 1.558 uM
- IC8: 27 nM
2/ S MES-SA: 25 nM
MeO P
6 81 nM
MeO OMe OMe
(2)-2e

n.d.: Not determined, due to low TPI activities.

2 ECso: compound concentration required to decrease dynamic, tyrosinated
microtubules content by 50%.

b ICso: a sample’s concentration which produces a 50% reduction in IC8 or MES-SA
cell activity. For details, see Supplementary materials.
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IC8 line is a well-characterized human melanoma clone
selected on the basis of its relatively low metastatic potential.
The cells are robust in culture and therefore appropriate for phar-
maco-toxicological tests.** MES-SA cell line has been developed
from a uterine sarcoma® and is frequently used for anticancer
drug sensitivity testing.

We have noticed a good correlation between the TPI and
antiproliferative activities for all these compounds. The most active
new iso derivative 4c¢ possesses an interesting ICso value of 101 nM
on IC8 and 95 nM on MES-SA (Table 1, entry 4), which is however
almost 6-7-fold less active than our previously described alkene
derivative (Z)-1b (Table 1, entry 3), having itself an antiprolifera-
tive activity on these two cell lines equivalent to that of colchicine
(Table 1, entry 1).

As stated before, these first results on the isosteric modulations
of the cis double bond of 1b were rather disappointing and, if such
iso compounds (e.g., 4c) could be a solution to prevent the cis to
trans in vivo isomerization, the anti-proliferative activity range
appeared to be too low for a further development.

To improve our knowledge on structure/activity relationships
on the cis 3,4,5-trimethoxystyrene derivatives, the biological eval-
uation of new compounds (Z)-2a-e was then carried out (Table 2).

First, it is important to notice that our in cellulo TPI screening
reflects the compounds’ real activity within the cell and a remark-
able example is brought by (E)-1b, who has displayed a 40-fold
lower TPI activity (Table 2, entry 1) than its stereomer (Z)-1b
(Table 1, entry 3). Indeed, we have previously reported®® that
(E)-1b exhibited a 3-fold lower TPI activity on purified tubulin than
(Z2)-1b."”

The 3-regioisomer (Z)-2a (Table 2, entry 2) was less active than
(Z2)-1b, emphasizing the importance of the 2-substitution of the
benzo[b]thiophene ring*® for both TPI (ECso=2.430 uM) and
antiproliferative activities (ICso=288nM on IC8 cells and
ICso =191 nM on MES-SA cells).

Ring simplification, from benzothiophene to thiophene,
resulted in a dramatic loss of TPI activity, for both positions 3
(Table 2, entry 3) and 2 (Table 2, entry 4).

Though the presence of the fused aromatic ring seemed to be
important, we wanted also to evaluate the influence of methoxy
groups: introduction of this ether at different positions of the thio-
phene ring resulted in a significant improvement of the TPI. Indeed,
(2)-2d was at least 7-fold more potent than (Z)-2c¢ (Table 2, entries
4 and 5) whereas ECsq for (Z)-2e was radically improved to reach
81 nM (Table 2, entry 6). Anti-proliferative activities of these two
methoxy derivatives (Z)-2d and (Z)-2e appeared to be interesting:
76 nM/27 nM, respectively, on IC8 cell line and 53 nM/25 nM,
respectively, on MES-SA cell line (Table 2, entries 5 and 6). Thio-
phene derivative (Z)-2e has shown similar activities than the
benzo[b]|thiophene analog (Z)-1b (Table 1, entry 3).

Lastly, combretastatin A-4 remains the most active compound,
with a remarkable 4 nM ICsq value for IC8 cells and 3 nM ICsq value
for MES-SA cells (Table 1, entry 2).

To bring some light on the observed biological activities, some
docking experiments were carried out (Figs. 3 and 4).*” 30 solu-
tions were generated for each molecule and the consistency of
the pose was assessed visually. In cases of several clusters of solu-
tions, their relative population was taken into account to try to
evaluate the stability of the binding mode.

Figure 3. Docking experiments (1sa0.pdb) of combretastatin A-4 (green), iso derivative 4c (left) and (Z)-1b (right).

Figure 4. Docking experiments (1sa0.pdb) of combretastatin A-4 (green), (Z)-2d (left) and (Z)-2e (right).
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The compounds of the iso series (Table 1) behave in a rather
similar way, with multiple conformations emerging, none of which
is really predominant. There is a discernable gradient of gathering
though, with 4c¢ and 4d having respectively, 29 conformations and
about a half of the generated conformations gathered in a single
cluster, hinting to a stronger affinity for the target. Interestingly,
the near unique solution found for compound 4c is occupying
the pocket in a different manner than CA-4 (Fig. 3, on the left),
which is common with one of the conformations not comprised
in the main cluster of 4d. The larger cluster of this compound
has the benzothiophene left in the same position, but the
trimethoxylated ring is pointing upward as the compound’s orien-
tation is inverted. Overall, oxygenated compounds in this series
have difficulties to fit into the binding site due to an electrostatic
mismatch with the surface of the pocket.

By contrast, (Z)-1b, with its different scaffold, adopts two major
conformations. The less numerous is nearly identical to 4c¢, while
the other is reminiscent of CA-4, with the inversion of the tri-
methoxy ring (Fig. 3, on the right).

(E)-1b has several conformations. Hindered by its length and
rigidity, it is unable to fit into the pocket, but adopts for about half
of the solutions a straight conformation up the entry of the pocket,
the benzothiophene being in the depth of the cavity: this binding
mode perfectly matches with the observed biological evaluations.

Interestingly, the last four compounds of Table 2 can be easily
divided in two groups. The two molecules without methoxy ((Z)-
2b,c) are clearly too small and deprived of interaction to find a
stable binding mode, with numerous conformations and several
small size clusters of solutions. On the other hand, larger com-
pounds behave much better. (Z)-2a has a full third of the solutions
in a single cluster rather close to CA-4, with the planar benzothio-
phene occupying the position of the trimethoxylated cycle of CA-
4, pulling away its own trimethoxybenzene in the entrance of the
pocket. A less numerous conformations appear, with a placement
identical to CA-4, with the rings inverted. The biological results
clearly show that this last binding mode is predominant in cellular
test. (Z)-2d and (Z)-2e, with a methoxy on the thiophene ring, have
a different behavior than their congeners. (Z)-2e has a larger cluster
of about two thirds of the solutions with the three trimethoxy
groups in the middle of the pocket and the alkene linkage in contact
with the pocket. The last third is again nearly identical to CA-4
(Fig. 4, on the right). (Z)-2d has the same conformations (Fig. 4,
on the left), with an altered repartition between the two giving a
larger cluster of solutions looking like CA-4, but this cluster is still
the smallest and less well scored. The ranking is of these two com-
pounds is in the reverse order, probably due to the fact that the sul-
fur atom of (Z)-2e is shielded by the adjacent methoxy and not so
strongly disfavorably involved in scoring when not in contact with
the pocket. In this particular case, with hindsight, the small size of
the compound also resulted in an overevaluation of the fitness of
conformations more closely packed against the pocket.

To conclude with this work, we have described the preparation
of cis and iso methylene diaryl derivatives according to Suzuki/Wit-
tig reactions and to a strategy using an alcohol formation/dehydra-
tion sequence. In cellulo TPI properties and antiproliferative effects
were determined: iso derivatives could be of interest for the devel-
opment of new tubulin-binding agents aiming to limit the Z to E
in vivo isomerization process but were rather disappointing in
terms of tubulin polymerization inhibition efficacy and antiprolif-
erative effects to be further developed.

Moreover, we have shown that both the nature of the sulfur
heterocycle, benzo[b]thiophene versus thiophene, and the position
(2 or 3 position) of its grafting were crucial for the biological activ-
ities of cis and iso 3,4,5-trimethoxystyrene compounds. Finally, we
have observed a significant improvement when adding a methoxy
group on the appropriate position of the thiophene ring, as

observed for compound (Z)-2e. The structure/activity relationships
were confirmed by docking studies and these data could be helpful
for the design of new (benzo)thiophene analogs of our hit com-
pounds (Z)-1b and (Z)-2e.
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