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Two new series of inhibitors of tubulin polymerization based on the 2-amino-3-(3,4,5-trimethoxybenzoyl)-
benzop]thiophene molecular skeleton and its 3-amino positional isomer were synthesized and evaluated
for antiproliferative activity, inhibition of tubulin polymerization, and cell cycle effects. Although many
more 3-amino derivatives have been synthesized so far, the most promising compound in this series was
2-amino-6-methyl-3-(3,4,5-trimethoxybenzoyl)beratjiophene, which inhibits cancer cell growth at
subnanomolar concentrations and interacts strongly with tubulin by binding to the colchicine site.

Introduction Chart 1. Inhibitors of Tubulin Polymerization
There has long been considerable interest in the discovery HiCO N oo N

and development of novel small molecules able to affect tubulin HyCO @ ’ ’

polymerizationt More recently, it has been established that some CHyO oy HCO OCHjz

tubulin-binding agents selectively target tumor vasculature and OCH; CHsO

thus can also be considered vascular disrupting adefiisse Combretastatin A4 (CA-4), 1 Ry=H, R,=OH, Phenstatin, 2

compounds induce morphological changes in the endothelial Ri=NHz, Rp=H, 3

cells of the tumor’s blood vessels, resulting in their occlusion
and therefore interruption of blood flofv.

One of the most important tubulin-binding agents is com-
bretastatin A-4 (CA-41; Chart 1). CA-4, isolated from the bark
of the South African tre€€ombretum caffrurf is one of the
well-known natural tubulin-binding molecules affecting micro-
tubule dynamics. CA-4 strongly inhibits the polymerization of
tubulin by binding to the colchicine sifeBecause of its simple R=H, halogen, CH; R
structure, a large number of CA-4 analogues have been CFs, MeO
developed and evaluated in SAR studied&mong synthetic
small-molecule tubulin inhibitors, replacement of the double
bond of 1 with a carbonyl group furnished a benzophenone-
type CA-4 analogue named phenstatR). (This compound
demonstrated interesting efficacy in a variety of tumor models
while retaining the characteristics df The 2-aminobenzophe-
none derivative8 also strongly inhibited cancer cell growth and R

HyCO  OCH,

HsCO  OCHs

e

Ry6=H; 7a

7 Rz
tubulin polymerization and caused mitotic arrest, as 2ifd 8 ARG R ety 70 — R:OCH;,, o
The classical bioisosteric equivalence between benzene an(ﬁjzggﬂ;: Agiloy Ro=CHs Riz Reg=t; 7d Ry=OH, R;=OCHj; 8b
thiophene prompted us recently to synthesize a series of Eiﬁ’&'ﬁf&ﬁgﬁféﬁ R]'foc?-\s, R =t 7t
thiophene derivatives in which a 2-aminothiophene System Ri;=0CH;, R=0CH; 6e 2;;88:;; 2;;5;5_;!“?%
replaced the 2-aminobenzene moiety in the 2-aminophenstatin N/ SN
analogues. Many of the 2-amino-3-(3,4,5-trimethoxybenzoyl)- Ri2, Re=H, Rg Rs=CHg; 7k

5-phenylthiophene molecules with general structuaee potent Ri2, ReH, Rs=Ch, R=COCHy 1

inhibitors of tubulin polymerizatiof.These derivatives are as

(0);3T§ ;vgfzrg OCOfrresggn(%e)ggg Szgfitélgebe addrlessefcl@ FO_; R"tRE Pf:DOHGei339-effective as their 2-(3,4,5-trimethoxybenzoyl)-3-aminothiophene
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Scheme 1 Scheme 2
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R,=OCHa, Ry Ry=H, 15 10a-e

J ¢ Ry CN c R, CN d R, CN
R Rs R: R Rs 1 NH, Rs ! 707 Rs T SH
¢ ¢ 4 23aj
R;-Ry=OCHs, R;=H, a Ri O d Ri O 211 22
Ry R,=OCHs, Rs-Rs=H, b o o H3CO
R,=OCHs, Ry Rs-Re=H, ¢ < Hco o}
R4-R3=0CHj3, R4=CH; d A\
Ry-Ry=0CHy, Ry=0CH & R O g NH: N O & NHAC 3 B | ©
) 6a-e ‘ 11a-e H3;CO 24
aReagents: (a) cyclohexanone, 4-methylcyclohexanone or 4-methoxy- OCHy
cyclohexanone, & morpholine, EtOH, 70C for 1 h, then 18 h at rt; (b) R R NH, OCHs
Ac0, pyridine, rx; (c) 10% Pd/C moistened with 50% water, heating, 18 2 O QA O
h; (d) 1 N NaOH, EtOH, rx, 2 h. R¢ $ 1 OCH,
) ) ) ) ) Rs 7a+j
tive in this collectiont! These compounds with general structures Ry(H: Ta
. . - -4=H;
6 and7 are structurally related t8, in which the 2-aminopheny! Re Rs OC”SOCHS Ri=CH, RyRyzH, 7b
moiet_y of this Iatt_er derivative was repla(_:ed by various 2- or - Eg;ﬁﬂg; ﬁ]jﬁij Ej;:; T
3-aminobenzd]Jthiophenes. The benzgthiophenest and 7 I OCHy E‘fggﬁRE?Sﬂﬁf
. 17 3, "¢,
also represent benzofused analogues of 5-phenylthiophene Ree. Tk f Ry=OCHy Ry, Ry Ry=H, 7g
derivatives4 and5, respectively. Here, we report further work R5_A ’ﬂ g 23288:; E];Ej’;ﬁ;‘}?’ ™
to improve the potency of this series of tubulin polymerization e Re, Rg=OCHs, Ry, Ry=H; 7j
inhibitors. aReagents: (a) §sCH,SH, KOH, DMF; (b) AICk, CsHs; (c) NaNQ,
HCI, 0 °C, then KSCOEt, 65°C; (d) NaOH, 65°C; (e) 24, K,CO;,
Chemistry (CH3):CO, rx, 18 h; (f) Mel, NaH, DMF; (g) AgO, Py, rx.

By the synthesis ofb—j, we focused on effects of electron-
donating methyl and methoxy substituents at positiong &f
the 3-aminobenzblthiophene skeleton. By the synthesis/ai—
I, we evaluated whether the 3-amino substituent was important
in restricting the conformation of the adjacent trimethoxybenzoyl

moiety through an intramolecular hydrogen bond with the /& ) were prepared in excellent yields. Condensation was
carbonyl oxygen. followed by intramolecular cyclization when 2-cyanothiophenol

The benzdj]thiophene molecular skeleton is the core struc- (238 and methyl/methoxy substituted 2-mercaptobenzonitriles
ture of a series of inhibitors of microtubule polymerization, 230J were reacted with 1-(3,4,5-trimethoxyphenyl)-2-bromo-
which showed activity comparable with that of CA%The ethanone Z4), using potassium carbonate in refluxing acetone
most representative compounds in this series are derivatives withScheme 2). - s _
general structur8, which incorporates the 3-(3,4,5-trimethoxy- ~ 2-Mercaptobenzonitrile23g and methyl substituted 2-mer-
benzoyl)-6-methoxybenzbfthiophene ring system. Previous ~Captobenzonitrile23b—e were obtained by S-debenzylation of
studies have shown that the 6-methoxy substituent significantly thioethers20a—e with aluminum chloride in benzene. These
contributes to maximize activity and mimics the 4-methoxy latter derivatives were obtained in good yields by condensation
group in the B-ring ofL. and aminobenzophenon@sind3.8:12 of the corresponding 2-nitrobenzonitrilek9a—e with the
Building upon these observations, as represented by the synthesiBOtassium salt of phenyl methanethiol in cold aqueous DMF.
of 66, we were intrigued with studying the biological effects of Methoxy substituted 2-mercaptobenzonitrig&—j were syn-
replacing the aryl substituent with an amino group at the thesized by the Leuckart reactirstarting from the precursor
2-position of the benzojthiophene ring of8a and 8b. Since amlnesglf—J. The methodl involved diazotation @fLf—i with
the C-6 methoxy group proved to be favorable for bioactivity, NaNCz in & MeOH/HO mixture of HCI/ACOH, followed by
by the synthesis ofd we evaluated the effect of replacing it nucleophilic displacement of the diazonium moiety with potas-
with a weaker electron-releasing methyl group, which had been SiUmO-ethylxanthate to furnish the resulting arylxanthae—
well-tolerated in a series of CA-4 analogues published previ- I The subsequent hydrolysis with NaOH followed by acidifi-
ouslyl3 Finally, through the synthesis oBb and 6¢ we cation furnished the desired 2-mercaptobenzonitr2@s-j,
investigated the effect on antiproliferative activity of the 3,4,5- Which were used without further purification. Compound

trimethoxybenzoyl group in the 2-aminobenijhiophene was bis-N-methylated with methyl iodide or acetylated with a
derivative6a. mixture of acetic anhydride and pyridine to giv or 71,

Derivatives6a—e were synthesized in four steps, as shown respectively.
in Scheme 1. The Gewald reactiérapplied tof-ketonitriles
13, 14, and15 and cyclohexanone, 4-methylcyclohexanone, or
4-methoxycyclohexanone furnished the 2-amino-3-aroyl-4,5,6,7- Table 1 summarizes the antiproliferative effects of bebjzo[
tetrahydrobenzd]thiophenesQa—c, 9d, and9e, respectively. thiophene derivative8 and7 against a panel of tumor cell lines
Acetylation of the amino group, using a mixture of acetic with 1as reference compound. Several derivatives demonstrated
anhydride and pyridine, yielde@lOa—e, which afforded the substantial inhibitory effects on the growth of murine leukemia

benzop]thiophene derivatived 1la—e following aromatization
by heating with 10% Pd/C. These latter compounds were
transformed by ethanolysis into the final produ6ts-e.

The 3-amino-2-(3,4,5-trimethoxybenzoyl)bertddfiophenes

Results and Discussion
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Table 1. In Vitro Inhibitory Effects of Compound§a—e, 7a—I, and Table 2. Inhibition of Tubulin Polymerization and Colchicine Binding
CA-4 (1) against the Proliferation of Murine Leukemia (L1210), Murine by Compound$—7a, 6—7d, 6—7¢e 7h—j, and CA-4
Mammary Carcinoma (FM3A), and Human T-Lymphocyte (Molt/4 and

tubulin assembfy colchicine bindin§
CEM) Cells compd ICso = SD (M) %+ SD
ICs0 (NM)* 6a 1.9+0.1 25+ 2

compd L1210 FM3A Molt4/C8 CEM 6d 0.76+ 0.1 91+ 2
6ail 90+ 3 100+ 0 73+ 9 74+ 15 be jexoz oor2
6bt! 3700+ 60  4700£250 17004200 1700+ 500 7d 13102 0L 4
6ctt >10000 >10000 920G+ 200 >10000 7e 26+01 19+ 3
6d 0.76+£0.06  0.09+0.069 0.69t£0.02  0.52+ 0.06 7h 1.3:t 0'1 60+ 0.1
6e 44405 4.8+0.7 4.14+0.0 45+05 7i 51403 394 1
7alt 3504320 18004+ 300 290+ 10 310+ 20 i 18401 161 2
7b >10000 >10000 >10000 >10000 CJA-4 @ 1.2i 0-1 86 3
7c 9500+ 1300 >10000 4200t 1700 4600+ 3400 : :
7d1t 58+ 50 71+5 34+ 3 24+ 2 a|nhibition of tubulin polymerization. Tubulin was at L. ° Inhibition
7e 160+ 10 360+ 60 83+ 6 98+ 18 of [®H]colchicine binding. Tubulin, colchicine, and tested compound were
7f >10000 >10000 >10000 >10000 at 1, 5, and uM, respectively.
79 >10000 >10000 >10000 >10000
7h 39+ 16 46+ 12 104+ 7 7.7+2.9 PP . . I .
7i 33+ 29 271 13 85+ 14 89420 of s_u_bstltutlon in the b_enszth|ophene ring on antiproliferative
7 150+ 30 380+ 120 87+ 19 460+ 440 activity. Thus, 7b, with a methyl group at C-4, had no
7k 87+1 844 10 85+ 1 90+ 10 antiproliferative activity and only marginal improvement oc-
71 150+ 60 190+ 100 75+ 36 100+ 10 curred with the methyl group at C-5¢). Simply moving the
CA-4(1) 28+11 4246 1.6+ 1.4 1.9+ 1.6

methyl group to C-67d) resulted in a highly active compound,

21Cs0: compound concentration required to inhibit tumor cell prolifera- -~ while moving the methyl to C-77) resulted in a 2- to 4-fold
tion by 50%. Data are expressed as the mésE from the dose response  |gss of activity. With methoxy substituents, the differences
curves of at least three independent experiments. between C-4/5 versus C-6/7 were even more dramatic. Both
and 7g were inactive, while7h and 7i were the most active
compounds in the 3-amino series. However, a moderate loss of
activity was observed with methoxy substituents at C-6 and C-7
(7)). Activity generally intermediate between the activities of
7d and7ewere observed witfik and7l, theN,N-dimethylamino
and N,N-diacetyl derivatives, respectively, afd. Thus, the
3-amino hydrogens ofd cannot be considered essential for its
antiproliferative activity.

Finally although only few compounds have been synthesized
in the 2-amino series, thus far all 2-amino-3-(3,4,5-trimethoxy-
benzoyl)benzdjJthiophenes are significantly more potent than

(L1210), murine mammary carcinoma (FM3A), and human
T-lymphoblastoid (Molt/4 and CEM) cells. In general, the
antiproliferative activities of the compounds were greater against
the Molt/4 and CEM cells compared with the two murine lines.
The most active benzblthiophene compound identified in this
study wassd, which was more cytostatic thdnin all four cell
lines. Derivativesd inhibited the growth of L1210, FM3A, Molt/

4, and CEM cancer cell lines with kgvalues of 0.76, 0.09,
0.69, and 0.52 nM, respectively.

Derivatives6a—c demonstrated that thé,8,5'-trimethoxy-
benzoyl substitution irba was crucial for potent cell growth ‘ - . -
inhibition. Its substitution with 3,4-dimethoxybenzoyl and th€ isomeric 3-amino compounds (compéed,e with 7a,d,h,
4-methoxybenzoyl moietie$ and6c, respectively) led to the ~ '€SPectively). S o
loss of growth inhibition activity. In terms of antiproliferative To investigate whether the antiproliferative activities of these
activity, 6a and 7a, which were both unsubstituted in the compounds were related to an interaction with the microtubule
benzene portion of the bentithiophene ring, were substan- ~ Systemfad,eand7ad,eh—j were evaluated for their inhibitory
tially less active than derivatives with a methyl or methoxy €ffects on tubulin polymerization and on the binding 8t
group at C-6 or C-7. colchicine to tubulin (Table 2%1°With the exception of7i,
indicated that inhibition of cell growth was strongly dependent tubulin polymerization and antiproliferative activity. The most
on the position of the methoxy or methyl moiety. A fairly ~Potent compound in this series wéd, with an G of 0.76
dramatic difference was observed between C-4/5 and C-6/7#M. This is in agreement witl6d being the compound with
substituted compound#l§,c and 7f,g versus7d,e and 7h,i). the greatest antiproliferative activity. Compouns and 7h
Invariably, the greatest activity occurred when the methyl and Were as active as CA-4 as inhibitors of tubulin assembly,
methoxy groups were located at the C-6 or C-7 position, the although both compounds were less active in their effects on
least when located at the C-4 or C-5 position. A comparison of cell growth..
substituent effects revealed that the replacement of the methoxy In the colchicine binding studiegd,e and 7d,h potently
by a methyl group at the C-6 or C-7 position resulted in a slight inhibited the binding of H]colchicine to tubulin, since 60
reduction in antiproliferative activity. We observed the opposite 91% inhibition occurred with these agents atuM with
effect in the isomeric 2-aminobentijfhiophene series, where  colchicine at 5uM. Only 6d was as potent as CA-4, which in
the substitution of C-6 methoxy with a C-6 methgk@ndéd, these experiments inhibited colchicine binding by 86%.
respectively) caused a generally modest increase in activity (6- Because molecules exhibiting effects on tubulin assembly
to 9-fold except in the FM3A cells) and yielded the most active should cause the alteration of cell cycle parameters with
compound of the whole series. Elimination of the C-6 substituent preferential G2-M blockade, flow cytometry analysis was
(6a) significantly decreased antiproliferative activity in all four performed to determine the effect of the most active compounds

cell lines. Specifically, by comparison 6 to 8a and8b, the on K562 (human chronic myelogenous leukemia) cells. Cells
2-amino group of6e is a good surrogate for the substituted were cultured for 24 h in the presence of each compound at the
phenyl rings present in the latter compounds. ICso determined for 24 h of growth6é, 150 nM; 6d, 2.5 nM;

The more extensive synthetic work thus far with the 3-amino 6e 20 nM; 7a, 800 nM; 7d, 80 nM; 7e, 250 nM; 7h, 25 nM;
derivatives permits us to analyze more extensively the effects 7i, 25 nM; 7j, 950 nM), with CA-4 as reference compound.
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GOG1 cytometry that the most active compounds had cellular effects

Ba 6d typical of agents that bind to tubulin, causing accumulation of
cells in the G2-M phase of the cell cycle. Molecular modeling
studies were also performed, and the proposed binding modes
for 6d and 7d are consistent with the experimental data (see
Supporting Information).

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 . .
Channels (FL2-H) Channels (FL2-H) Channels (FL2-H) Experimental Section

a 7d General Procedure A for Synthesis of 9are. A mixture of
aroylacetonitrilesl3—15 (5 mmol), cyclohexanone, 4-methylcy-
clohexanone or 4-methoxycyclohexanone (5 mmol), morpholine
(0.44 mL, 5 mmol), and sulfur (164 mg, 5 mmol) was heated at
70°C for 1 h, then stirred at room temperature for 20 h. The mixture
was evaporated and the residue diluted with dichloromethane

=
=

0 50 100 150 200 O 50 100 150 200 0 50 100 150 200 (25 mL). After the mixture was washed with water (10 mL), the
Channels (FL2-H) Channels (FL2-H) Channels (FL2-H) organic layer was dried and filtered and the solvent removed by
7h 7i evaporation. The crude product was purified by flash column
chromatography and recrystallized from petroleum ether to give
9a—e.

General Procedure B for Synthesis of 10ae. Pyridine (10
drops) was added to a stirred solution9af-e (4 mmol) in AGO
(10 mL). The solution was refluxed for 2 h, poured into water, and
extracted with EtOAc (15 mL). The extract was washed succes-

-
.

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 ’ A
Channels (FL2-H) Channels (FL2-H) Channels (FL2-H) sively with saturated aqueous NaHg®G mL), water (5 mL), and
CA-4 brine (5 mL), dried, and concentrated in vacuo. The crude product
J " was purified by flash column chromatography and recrystallized

from petroleum ether to givéOa—e.

General Procedure C for the Synthesis of 11ae. A mixture
of 10a—e (2 mmol), 10% Pd/C (50% wet with water, 1.4 g), and
CHCl; (20 mL) was stirred at room temperature for 10 min,
followed by removal of the solvent by evaporation. The resulting
powder was heated at 130 for 20 h, cooled to room temperature,
and extracted with dichloromethane. The insoluble solids were
removed by filtration, and the filtrate was concentrated in vacuo.
without compound (control), with 2.5 nM or with compound used at The CWde product was purified by flash column chromatography
the concentration leading to 50% cell growth inhibition after 24 h of to furish1la-e. . .
treatment. Cell cycle distribution was analyzed by the standard General Procedure D for the Synthesis of 6ae. A mixture
propidium iodide procedure as described in the Experimental Section Of 11a—e (1 mmol) 1 N aqueous NaOH (1 mL, 1 mmol), and
of Supporting Information. Sub-G0-G1 (A), G0-G1, S, and G2-M cells EtOH (10 mL) was refluxed for 5 h, and the solvent was removed
are indicated in the control panel. by evaporation. The residue was triturated with water (5 mL) and
extracted with dichloromethane (5 mL). The extract was washed

Compoundssad,e and 7d,h—j caused a marked increase in with water to neutral reaction of the aqueous phase and dried. The
the percentage of cells blocked in the G2-M phase of the cell residue after evaporation was purified by flash chromatography on

cycle, with a simultaneous decrease of cells in S and GO-G1. silica gel and crystallized from petroleum ether to gbze-e.

Compounds7a and 7e were less effective as agents able to  gypporting Information Available: Detailed biological pro-

induce cell cycle changes (Figure 1). These data confirm that tocols, physical and spectroscopic data@ar-e, 7a—I, 9a—e, 10a—

this class of molecules acts selectively on the G2-M phase of g, 11a—e, 20a—e, 22f—j, 23a—e, 23f—j; elemental analysis results

the cell cycle, as expected for inhibitors of tubulin assembly of 6a—e and7a—I; and molecular modeling studies & and 7d.

(Table 2). This material is available free of charge via the Internet at http://
pubs.acs.org.

.
~

0 50 100 150 200 0 50 100 150 200
Channels (FL2-H) Channels (FL2-H)

Figure 1. Effects of6ad,e, 7ad,eh—j, and CA-4 on DNA content/
cell following treatment of K562 cells for 24 h. The cells were cultured
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