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Bis-anthracenyl isoxazolyl amides have enhanced anticancer activity
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Dimeric analogs of Anthracenyl Isoxazole Amides (AIMs) (the designation AIM is in honor of the memory
of Professor Albert I. Meyers) were prepared and dimer 6 exhibited the highest efficacy to date for this
class of anti-tumor compounds against the human glioma Central Nervous System cell line SNB-19.

� 2009 Elsevier Ltd. All rights reserved.
We recently reported the anticancer activity of a new series of
Anthracenyl Isoxazole Amides (AIMs),1 which exhibited significant
activity in the 60 Cell Line protocol at the National Cancer Institute
(NCI60).2 Our working hypothesis is that this novel class of com-
pounds exert their effect by stabilization of quadruplex (G4)
DNA,3 either at the telomere4 and/or specific oncogenes (Fig. 1).5

Recently it has been postulated that the telomeric overhang of
the human chromosomes possibly forms multiple G4 conform-
ers,4a,b if this argument is correct, one classic6 test of this hypoth-
esis would involve the tethering of G4 binding moieties, with the
expectation of enhanced biological effect.

Two methods were compared for the preparation of the AIM di-
mers 4–6. Method A utilized our previously reported lanthanide
assisted Weinreb amidation,7 or double activation methodology.1b

Method B is a straightforward Schotten–Baumann process (Scheme
1).

The advantage of the double activation method is its directness,
and it generally proceeds in overall synthetically useful yields after
isolation and purification, however, in the case of AIM 4 a 2 to 1 ra-
tio of dimer to mono-AIM incorporation was observed, though the
material balance was near quantitative after the recovery of start-
ing material. The double activation procedure was originally
ll rights reserved.
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developed for amide couplings which were both sterically hin-
dered and either contained functional groups incompatible with
thionyl or phosphorus halides (i.e., acridines) or could be poten-
tially chlorinated (i.e., C-10 H anthryl).1b,9 Our recent observation
that the C-10 chloro derivative 7 actually possessed higher antican-
cer activity1a led us to reexamine the more conventional Schotten–
Baumann route. The three step Schotten–Baumann procedure first
necessitates a hydrolysis, which due to the steric hindrance of the
anthryl moiety proceeded in a very sluggish manner: 60 h reflux-
ing was required for complete conversion to the carboxylic acid.
The next two steps, acid chloride and amide formations, proceed
Figure 1. SYBYL (v8.0) low energy conformer of AIM dimer 6. The MMFF94 force field
and charge matrix was used, at a dielectric constant at 80. Brown: highest
hydrophobic area, blue: highest hydrophilic area.
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Scheme 1. Synthesis of the AIM dimers 4–6.
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without complication. The overall yield for the three step Schot-
ten–Baumann process, for AIM 4, was 24% after isolation and puri-
fication and utilizes reagents amenable to scale-up that are not
pyrophoric. The overall yields from Method A and B are
comparable.

There is an indication of folding of AIM 4 in solution as evi-
denced by magnetic anisotropy in the proton NMR.11 No evidence
for folding of the dimers containing pyrrole moieties,8 AIMs 5 and
6, was observed by NMR.12,13

The anticancer activity of the synthetic dimers assayed against a
human glioma cell line, Central Nervous System (CNS) SNB-19, for
AIM 4–7 is shown in Table 1. The effect of exposure time was
examined for dimer 4, and optimal anticancer activity was ob-
served for 24 hour exposure time. The anticancer activities of di-
mers 4–6 were benchmarked against monomeric AIM 7, which
was among the most active of the AIM series recently reported,
as measured against the NCI60, and represents the positive con-
trol.1a The anticancer activity of known 7 against SNB-19 cells is
in good agreement with the mean graph mid-point (MG-MID) as
examined in the NCI60. The AIMs which are protonated at physio-
logical pH, 4 and 6, were significantly more active than AIM 5,
which would be expected to be neutral. AIM 5, while not active
Table 1
Anticancer activity of AIM dimers 4–6 and control 7 against human glioma SNB-19
cells

Compd Exposure time (h) Cytotoxicity IC50
a (lM) S.D.b

4 2 113.87 37.34
4 24 23.93 1.36
4 48 30.07 2.02
5 24 >100 na
6 24 4.75 0.27
7 24 6.21 0.21

a Values are means of three experiments.
b Standard deviation.
against SNB-19 cells, is not devoid of activity. In the NCI 60 cell line
one dose study, it exhibited 66.5% tumor cell kill against the SNB-
75 cell line (full NCI60 data is presented in the Supplementary
data), as well as activity against non-small cell lung cancer cell
HOP-92 (34.04%), ovarian cancer cells lines IGROV1 and OVCAR-4
(35.62 and 32.16%, respectively) and renal cancer cell line UO-31
(39.36%). We attribute the lower activity of 5 in our assay to its
high log P (calculated to be ca. 7) and lack of protonation at phys-
iological pH.

AIM 6 exhibited single digit micromolar inhibition of SNB-19,
and at 4.75 lM represents the most efficacious analog in this class
of compounds to date. Inhibition of the tumor cells lines by AIM 6
in the one dose NCI60 panel also was quite robust: a mean growth
inhibition across all cell lines of 81.8% and complete inhibition of
tumor cell growth was observed for 25 of the cell lines. In the five
dose NCI60 the mid graph mean point for AIM 6 was �5.8, with
several cells lines having nanomolar anticancer activity. Thus, the
GI50 against Leukemia cells lines SR, MOLT-4, K-562 were 394,
615 and 822 nM, respectively.

The AIM 6 dimer, as most AIMs studied to date,1a exhibits useful
fluorescence emission at 423 nm in ethanol solution upon excita-
tion at 385 nm, with an approximate extinction coefficient of
20,000. The emission spectrum is shown in Figure 2. The intensity
was observed to be enhanced both in buffer at pH 7.5 and in the
presence of bovine serum albumin (BSA), and a slight wavelength
shift was observed (to 430 and 431 nm, respectively). The observa-
tions are consistent with restriction of conformation movement in
buffer and the presence of BSA.10

The pharmacokinetic properties of the AIM dimers are not ideal
for potential therapeutics, in light of the fact that their high molec-
ular weight and lipophilicity both violate Lipinski’s rule of five.
Lipophilicity was calculated both as ALog P using Symyx Draw,
and CLog D using Chem Axon software (Supplementary data). Even
for AIM 6, which would be expected to be protonated at physiolog-
ical pH, there was only a modest difference in Alog P versus CLog D
(7.4) of 7.0 and 6.0, respectively. However, given their robust anti-
tumor activity and fluorescence properties, the bis-AIMs may be
useful as probes and potential tools for mechanism of action
studies.

In conclusion, tethering AIM moieties increases the anticancer
activity of the resulting dimer, and the most active analog, AIM
6, is—in fact—the most active AIM prepared to date. This is consis-
tent with the hypothesis that multiple G4 conformers may be
Figure 2. Fluorescence emission spectrum of AIM 6 (ethanol).
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present in the telomere, and potentially represents a route to dis-
tinguish between telomeric and oncogenic G4 DNA. Future studies
will be directed towards more detailed structural exploration of
this unique target for anticancer drug discovery, and application
of the AIMs as fluorescent probes of the mechanism of action.
Our progress will be reported in due course.
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