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Abstract—Small molecules based upon natural product dimers that exhibit cytotoxic activity were synthesized and evaluated for
their anti-proliferative activity in human breast cancer cell lines. A central isophthalic core structure linking aromatic amines con-
taining 3,5-disubstitutions produced the most active compounds. This series of compounds was found to be more active against the
estrogen receptor positive cell line MCF-7 than the estrogen receptor negative cell line, SKBr3.

© 2007 Elsevier Ltd. All rights reserved.

Numerous proteins responsible for cell proliferation and
differentiation exist either as hetero- or homodimers or
become activated through dimerization as the initial step
in their respective signaling cascade. For example, the
receptor tyrosine kinases VEGF and PDGF are impor-
tant cellular growth factors activated as homodimers by
ligand binding.!? Certain cytokines, including human
growth hormone and erythropoietin, have been shown
to bind simultaneously to two receptors and create a
receptor—ligand-receptor complex.>* The estrogen
receptor isoforms ERa and ER form homo- or hetero-
dimers upon ligand binding.>~” Hsp90, a molecular
chaperone responsible for the maturation of numerous
signaling proteins, exists predominantly as a cytosolic
homodimer.® The existence of such dimeric proteins as
therapeutic targets suggests that dimeric small molecules
can be appropriate building blocks for disruption of
these and related protein complexes.

Many natural product dimers and their analogues have
been studied for cytotoxic activity (Fig. 1). Torreyanic
acid, a quinone dimer, demonstrated cytotoxic activity
in numerous human cancer cell lines and was deter-
mined to exhibit selective toxicity against cell lines that
demonstrate susceptibility to agonists of protein kinase
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C.? The dicerandrols were isolated and characterized
as 2,2’-dimeric tetrahydroxanthones that display potent
cytotoxic activity against lung and colon cancer cell
lines.!® Coumermycin A1, a dimeric member of the cou-
marin family of antibiotics exhibits potent anti-prolifer-
ative activity in human breast cancer cell lines and
structural analogues exhibit low micromolar anti-prolif-
erative activity.'!"!? In addition to these representative
examples of naturally occurring dimers, numerous
groups have synthesized dimeric structures of natural
products in an effort to simultaneously inhibit both
monomeric units of a dimeric protein. Several series of
artemisinin-derived trioxane dimers have yielded deriva-
tives that demonstrate submicromolar anti-proliferative
activity.'3-'¢ Geldanamycin dimers,!” estrogen dimers,'®
and nonsteroidal bifunctional dimers!® that mimic
tamoxifen have also been prepared and retain potent
anti-proliferative activity against various breast cancer
cell lines. Based upon the dimeric nature of these com-
pounds we sought to identify and optimize a simple scaf-
fold that exhibits anti-proliferative activity against
human breast cancer cells. In particular, we desired a
small molecule dimer structurally related to the coumer-
mycin Al aglycon.

Coumermycin Al (Fig. 1) is a natural product dimer
that contains the general structure of novobiocin linked
at the 2- and 4-positions of the central 3-methyl pyrrole
bisester. We chose to prepare dimeric compounds that
linked simplified amines mimicking the coumarin ring
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Figure 1. Structures of various natural product and synthetically prepared cytotoxic dimers.

of coumermycin Al through 5- or 6-membered aryl
rings that were closely related to that of the central pyr-
role. The diacids and amines used in the preparation of
these analogues were chosen to investigate the role of
hydrogen bonding, lipophilicity, and steric features
important for manifesting anti-proliferative activity.

The first series of dimeric analogues was synthesized in
an effort to optimize the aromatic appendages connected
to the central diacid. This series contained 2,5-pyridine
dicarboxylic acid (A, Fig. 2) as the central unit and
was coupled with a variety of amines that contained
hydrophobic, hydrophilic, and hydrogen-bonding sub-
stituents (DM1-DM17). A second series contained 3,4-
ethylenedioxyaniline (1, Fig. 3) and was coupled to var-
ious diacids that represented analogues of the core acid
(DM18-DM27). These dimers were prepared using the
protocol shown in Scheme 1.2°

The analogues prepared via this protocol (DM1-DM27,
Table 1) were tested for their anti-proliferative activity
against two distinct human breast cancer cell lines, an
estrogen receptor positive cell line, MCF-7, and an
estrogen receptor negative, Her2 over-expressing cell
line, SKBr3. The MTS cell proliferation kit (Promega)
was utilized to determine cell viability following a 72-h
incubation of the compound in each cell line as de-
scribed previously.?! In this assay, a novel tetrazolium
dye (MTS) is bioreduced by dehydrogenase enzymes in
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Figure 2. Diacids used for dimer synthesis.

viable cells into a soluble formazan product, the absor-
bance of which is directly proportional to the number of
living cells present. Coumermycin Al was used as a po-
sitive control in these assays and the ICsy values ob-
tained were comparable to those previously reported.'?
Each dimer was incubated with the dye at the highest
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Figure 3. Amines used for dimer synthesis.

concentration tested in the anti-proliferative assays as a
control for potential dimer-induced reduction.

Of this initial series that contained the 2,5-pyridine
dicarboxylic acid as the central structure, only DMS5,
DM10, and DM13 exhibited anti-proliferative activity
in both cell lines (Table 1). The most active compound,
DMS5 (ICsp=4.1 and 2.3 uM in MCF-7 and SKBr3
cells, respectively), incorporated the 3,5-dichloroaniline
side chains. DM13, which contained a single chlorine
in the 3-position on the aniline, exhibited an ~7-fold
reduction in anti-proliferative activity, suggesting a
chlorine at each position is important for optimal
activity.

Only one compound in the second series utilizing 3,4-
ethylenedioxyaniline as the amine, DM27, exhibited

R
¥
X /3 | N EDCI, 30% pyridine
- + R CH,CI
HO,C COH NH, e

X=C,N R'=Cl, OMe, Ph
R=NO,, Cl, CH,
R

~

N

Ho X H
AN NN
R~ | R
~ 0 o) —

Scheme 1. General scheme for the synthesis of DM1-DM65.

DM1-DM65

Table 1. Anti-proliferative activity (uM) for the first two series of
dimeric compounds

Compound Diacid® Amine® MCF-7 SKBr3
Coumermycin Al — — 6.7+02° 32%1.5
DM1 A 1 >100 >100
DM2 A 2 >100 >100
DM3 A 3 >100 >100
DM4 A 4 >100 >100
DMS5 A 5 41+0.8 23%0.1
DMé6 A 6 >100 >100
DM7 A 7 >100 >100
DMS A 8 >100 >100
DM9 A 9 >100 >100
DM10 A 10 72+1.8 45+1.6
DM11 A 11 >100 >100
DM12 A 12 >100 >100
DM13 A 13 273180 283%1.1
DM14 A 14 >100 >100
DM15 A 15 >100 >100
DM16 A 16 >100 >100
DM17 A 17 >100 >100
DM18 B 1 >100 >100
DM19 C 1 >100 >100
DM20 D 1 >100 >100
DM21 E 1 >100 >100
DM22 F 1 >100 >100
DM23 G 1 >100 >100
DM24 H 1 >100 >100
DM25 1 1 >100 >100
DM26 J 1 >100 >100
DM27 K 1 27.5£85 >100

#Diacid from Figure 2.

® Amines from Figure 3.

¢ Values are means + standard error of two separate experiments per-
formed in triplicate.

anti-proliferative activity in this assay. Interestingly, this
compound was only active in MCF-7 cells, suggesting
the potential for future development of this scaffold as
a cell-type specific inhibitor.

Based on the anti-proliferative activity of DMS, we syn-
thesized a third series of dimers that incorporated the
most active amine (5) with varying diacids (DM28-
DMB35, Table 2) in an attempt to further optimize the
central moiety. Interestingly, the active compounds ob-
served in this series contained variations of isophthalic
acid (DM28, DM29, and DMB35), suggesting that

Table 2. Anti-proliferative activity (uM) for the third series of dimeric
compounds

Compounds Diacid® Amine® MCEF-7 SKBr3
DM28 J 5 42+1.3° 10.5+23
DM29 K 5 10.2+3.5 16.3+6.5
DM30 E 5 >100 >100
DM31 D 5 >100 >100
DM32 B 5 >100 >100
DM33 H 5 >100 >100
DM34 G 5 >100 >100
DM35 I 5 27%0.2 45+0.2

# Diacid from Figure 2.

® Amines from Figure 3.

¢ Values are means + standard error of two separate experiments per-
formed in triplicate.
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orientation of the anilines is important for the inhibition
of cell growth. While the selectivity of DM27 for MCF-7
cells was lost when the 3,4-ethylenedioxyaniline was re-
placed with aniline 5 (DM29), the overall anti-prolifera-
tive activity was increased ~3-fold. In addition, the
three active dimers were 2- to 5-fold more active against
the MCF-7 cell line.

Based upon the increased anti-proliferative activity asso-
ciated with the central isophthalic core structure, we ex-
panded the amines coupled to these diacids to give rise
to a fourth series of dimers (DM36-DMS53). As ex-
pected, this series contained numerous dimers with
anti-proliferative activity (Table 3). Two anilines (4
and 6) that were inactive in the original series of dimers
demonstrated anti-proliferative activity when coupled
with isophthalic acid derivatives. In addition, the dimer
containing 3,5-dichloroaniline coupled to isophthalic
acid (DM35) was 25-fold more active than the corre-
sponding dimer containing a single chlorine atom
(DM41), further supporting the importance of substitu-
ents in both positions for optimal activity. All dimers in
this series were more active against MCF-7 than SKBr3
cells, consistent with the trend observed with the previ-
ous generations of compounds.

A final generation of dimers that incorporated anilines
with varying substituents at the 3- and 5-positions (19-
21) coupled with the four active diacids (A, [-K) was
synthesized and evaluated (Table 4). These anilines were
chosen based upon the size, hydrogen bonding, and elec-
tronic capabilities of the moieties at these two positions.
This series produced no discernible structure-activity
relationships for the 3,5-disubstituted anilines. Only
DMBG65, containing 3,5-dimethylaniline linked through
isophthalic acid exhibited anti-proliferative activity
(ICso = 2.1 and 12.2 pM for MCF-7 and SKBr3, respec-

Table 3. Anti-proliferative activity (uM) for the fourth series of
dimeric compounds

Compounds  Diacid® Amine® MCF-7 SKBr3
DM36 J 4 81.8+6.7° >100
DM37 J 13 24%04 9.0%53
DM38 J 6 404 £32 87.7£10.6
DM39 J 18 >100 >100
DM40 1 4 4.6+24 152+13
DM41 I 13 56.5%+0.2 >100
DM42 | 6 >100 >100
DM43 1 18 >100 >100
DM44 1 10 >100 >100
DM45 K 17 >100 >100
DM46 1 17 >100 >100
DM47 J 17 >100 >100
DM48 K 15 >100 >100
DM49 J 15 >100 >100
DMS50 I 15 125+ 1.6 >100
DMS51 K 16 >100 >100
DMS52 1 16 >100 >100
DMS53 J 16 >100 >100

# Diacid from Figure 2.

® Amines from Figure 3.

¢ Values are means + standard error of two separate experiments per-
formed in triplicate.

Table 4. Anti-proliferative activity (uM) for the final series of dimeric
compounds

Compounds  Diacid®  Amine®  MCF-7 SKBr3
DM54 K 19 >100° >100
DMS55 K 20 521+35  >100
DM56 K 21 >100 >100
DM57 A 19 >100 >100
DMS58 A 20 28+50 349+19
DM59 A 21 163+1.5 104+ 14
DM60 J 19 14706  >100
DM61 J 20 >100 >100
DM62 J 21 >100 >100
DM63 I 19 >100 >100
DM64 I 20 >100 >100
DM65 I 21 21+0.8 122+0.7

#Diacid from Figure 2.

° Amines from Figure 3.

©Values are means * standard error of two separate experiments per-
formed in triplicate.

tively) comparable to the most active compounds from
the previous series. Because chlorine and methyl groups
are generally considered isosteric,>? these data suggest
that the size of the substituents at these two positions
is a determining factor for optimal activity.

In conclusion, a dimeric small molecule scaffold that dis-
played anti-proliferative activity was explored for the
purpose of generating more efficacious compounds.
The synthesis and evaluation of several generations of
dimeric compounds provided structure—activity relation-
ships for this series, indicating a central isophthalic core
linking aromatic amines containing 3,5-disubstitutions
is important for anti-tumor activity. Several compounds
exhibited low micromolar activity and these dimers were
generally more effective against MCF-7 cells, compared
to SKBr3 cells.
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