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Abstract—As a continuation of our efforts to discover novel apoptosis inducers as anticancer agents using a cell-based caspase HTS
assay, 2-phenyl-oxazole-4-carboxamide derivatives were identified. The structure–activity relationships of this class of molecules
were explored. Compound 1k, with EC50 of 270 nM and GI50 of 229 nM in human colorectal DLD-1 cells, was selected and dem-
onstrated the ability to cleave PARP and displayed DNA laddering, the hallmarks of apoptosis. Compound 1k showed 63% tumor
growth inhibition in human colorectal DLD-1 xenograft mouse model at 50 mpk, bid.
� 2006 Elsevier Ltd. All rights reserved.
Apoptosis, or programmed cell death, is central to a
number of physiological processes and is essential for
animal development as well as tissue homeostasis.1,2 Re-
cent efforts in this field have identified multiple signaling
cascades leading to cell death. Two major mechanisms
are involved in the induction of apoptosis: agents that
activate a family of death receptors leading to the activa-
tion of the apoptotic cascade; or agents that trigger the
release of cytochrome C from mitochondria followed by
apoptosis. Both mechanisms lead to the activation of
caspases, a group of cysteine proteases, which carry
out the cleavage of both structural and functional ele-
ments of the cell.3 This results in morphological changes
such as cellular shrinkage, chromatin condensation,
membrane blebbing, and fragmentation into mem-
brane-enclosed vesicles.

It has been demonstrated that various anticancer agents
cause apoptosis in cancer cells;4,5 therefore, the rapid
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identification of structurally diverse apoptosis inducers
offers a novel approach in the discovery of new antican-
cer agents. A cell-based high-throughput screen tracking
the activation of endogenous caspase-3 was previously
reported6–8 and employed for this purpose. Herein, we
report the discovery and structure–activity relationships
(SAR) of a new class of 2-aryl-oxazole-4-carboxamide-
containing apoptosis inducers and their in vivo
activities.

A panel of three different human cancer cell lines was
used for the HTS assays. Briefly, human breast cancer
cell lines T47D, ZR751 and human colorectal cancer cell
line DLD-1 were plated in 384-well microtiter plates
containing various concentrations of test compound
and incubated at 37 �C for 24 h. After incubation, the
samples were treated with fluorogenic substrate N-(Ac-
DEVD)-N-ethoxycarbonyl-R1109 and incubated for
3 h. The caspase activation activity (EC50) was deter-
mined by sigmoidal dose–response calculation.10 Com-
pound 1a was found to activate caspases and induce
apoptosis with EC50 values of 0.55, 0.29, and 0.92 lM
in T47D, ZR751, and DLD-1 cells, respectively. In this
report, we will focus on the colorectal DLD-1 cell line
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since we have successfully developed a DLD-1-implant-
ed xenograft mouse model.
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EC50 T47D = 0.55 μM
EC50 ZR751 = 0.29 μM
EC50 DLD1 = 0.92 μM

Table 1. SAR studies at position A
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1b N 553

1c N 318

1d N 108

1e N 65

1f N 34

1g N 33

1h N 108
Synthesis of 2-phenyloxazole scaffold was optimized as
shown in Scheme 1. Coupling of serine methyl ester
hydrochloride (2) and commercially available 4-{[(tert-
butoxycarbonyl)amino]methyl}benzoic acid (3) under
EDC/HOBt condition gave ester 4 in 90% yield.11 Treat-
ment of ester 4 with Burgess reagent induced cyclodehy-
dration to give oxazoline which was oxidized with
CBrCl3/DBU to give oxazole 5.12,13 Alternatively, con-
version of 4 to 5 can be carried out using Williams’ pro-
tocol [(diethylamino)sulfur trifluoride (DAST)]14

followed by oxidation. Ester 5, substituted with orthog-
onal protecting groups at the amino and carboxylic acid
groups, is a versatile intermediate for the SAR studies of
amides at positions A and D. In route A, the Boc pro-
tecting group was cleaved readily with 4 M hydrochloric
acid in dioxane/CH2Cl2 followed by coupling with an
acid to give amide 7. The methyl ester was then sapon-
ified with lithium hydroxide in THF/H2O mixture fol-
lowed by the coupling with various substituted cyclic
amines. This approach allowed rapid optimization of
cyclic amines at position A. Alternatively, optimization
of acyl group at position D can be carried out as illus-
trated in route B using similar reaction conditions.
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Scheme 1. Reagents and conditions: (a) EDC, HOBt, iPr2NEt, DMF (90%)

CH2Cl2, �78 �C (80–90%); ii—CBrCl3, DBU, CH2Cl2 (73%); (c) HCl, dioxan

(e) LiOH, THF, H2O (85–95%); (f) cyclic amine, PyBOP, iPr2NEt, DMF (6
To study the SAR of cyclic amines at position A, a more
potent phenylacetyl group was chosen at position D (see
below). As shown in Table 1, cyclic amino substitution
at position A showed an interesting trend as potency
peaks at the 7-membered homopiperidine ring. An inter-
esting correlation between the potency (EC50) of the
compounds and the van der Waals volume of the mole-
cules was observed (Fig. 1). The similar potency of 2,5-
dimethylpyrrolidine 1f and homopiperidine 1g can be
explained using this model as they have similar van
der Waals volumes. The piperidine and homopiperidine
rings were selected for further substitution and the
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Table 3. SAR studies at position D

N

O

N

O

N

H R

O

Compound R EC50 DLD-1 (nM)

2-Thienyl >10,000

1j –CH2(2-Thienyl) 59

–(CH2)2(2-Thienyl) 487

–(CH2)3(2-Thienyl) 1080

–CH2(2-Furanyl) 90
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Figure 1. A plot of EC50 (DLD-1) versus van der Waals Å volume that

was calculated using a grid approximation (spacing 0.75 Å).15
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results of the piperidine substitutions are reported in
Table 2.

Substitutions at both the 3- and 4-positions of the piper-
idine ring resulted in loss of potency relative to 1e with
the exception of 3,3-difluoropiperidine 1i
(EC50 = 20 nM). Halogen substitutions in general are
more tolerated at the 3-position than at the 4-position.
On the other hand, compounds with oxygen-containing
substituents such as the hydroxyl, keto-, and hydroxy-
methyl- were more potent than the halo-substiutions at
the 4-position. Despite losing some potency compared
to 1e, these oxophilic compounds showed better water
solubility compared to the parent compound 1e.

Using the unsubstituted piperidine amide as in analog
1e, the SAR at position D was explored. The linker be-
Table 2. SAR of substituted piperidine ring at position A

N
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Compound R EC50 DLD-1 (nM)

3-F 85

1i 3,3-F,F 20

3-Cl 119

3-Me 193

3-OH 196

3-OMe 259

3-(O) 235

4-F 304

4,4-F,F 979

4-Cl 492

4-Me 258

4-OH 150

4-OMe 5229

4-(O) 115

4-CH2OH 196
tween the amide and the aromatic group was first elab-
orated (Table 3). It is interesting to note that the optimal
spacer of a single methylene unit is the outcome from
the HTS campaign. Phenyl, 2-thienyl, 2-furanyl groups
gave similar potency (EC50 < 100 nM), while pyridines
and 3-methyl isoxazole ring substitutions were detrimen-
tal to caspase-3 activation activity. Substitution on the
phenyl ring in general does not improve potency com-
pared to the parent compound 1e but offers a handle
for optimizing other physical properties such as solubil-
ity. It is noteworthy that fluoro substitution is more tol-
erated at the 2- and 3-positions, while the hydroxyl
group is more tolerated at the 4-position.

Selected compounds were also tested by an in vitro
growth inhibition (GI50) assay to confirm that the active
compounds can inhibit tumor cell growth.10 As shown
in Table 4, compound 1i is one of the most potent com-
pounds in this scaffold. In general, compounds that are
more potent in the apoptosis induction assay, as mea-
sured by caspase activation, are also more potent in
the growth inhibition assay.

Compound 1k was selected for further biological stud-
ies. Caspase-mediated cleavage of the DNA-repair en-
zyme PARP (poly-ADP-ribose polymerase) was
–CH2(3-Methyl-isoxazol-5-yl) 2594

–CH2(3-Pyridyl) 3315

–CH2(2-Pyridyl) 3565

1e –CH2Ph 65

–CH2(2-F)Ph 65

–CH2(2-OH)Ph 1006

–CH2(3-F)Ph 72

–CH2(3-Cl)Ph 533

–CH2(3-OH)Ph 139

–CH2(4-F)Ph 233

–CH2(4-Cl)Ph 274

–CH2(4-OH)Ph 73

–CH2(4-Me)Ph 142

1k –CH2(4-OCF3)Ph 270

Table 4. Comparison of caspase activation activity and growth

inhibition activity of selected compounds in DLD-1 cells

Compound EC50 DLD-1

(nM)

GI50 DLD-1

(nM)

Solubility

(lM)

1e 65 258 47

1i 20 15 <10

1j 59 75 29

1k 270 229 44
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demonstrated as shown in Figure 2A. PARP cleavage of
compound 1k-treated cells was demonstrated at 48 h
using Western blot analysis, whereas untreated control
did not show PARP cleavage. Figure 2B shows the
DNA laddering of compound 1k-treated cells after 48 h.

Based on its good caspase activation potency, prolifera-
tion assay, solubility, and pharmacokinetic profile, com-
pound 1k was evaluated in human tumor xenograft
models. At once a day dosing, compound 1k showed
21% (p = 0.096) and 38% (p = 0.002) tumor growth inhi-
bition of colorectal DLD-1 tumor xenografts at 50 mpk
and 100 mpk, respectively. At 50 mg/kg twice a day,
compound 1k achieved 63% (p < 0.001) tumor growth
inhibition. No significant weight loss was observed in
the above doses (Fig. 3).

In summary, a new class of apoptosis inducers with a
2-phenyl-oxazole-4-carboxamide scaffold was identified
through a cell-based caspase HTS assay. SAR studies
at position A revealed an interesting correlation between
the van der Waals volume of the molecule with caspase
activation in one subgroup of analogs. A strong prefer-
ence for 6- and 7-membered cyclic amides at position A
was found and 3,3-difluoropiperidine-substitution was
-
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Figure 2. (A) Cleavage of PARP;16 The uncleaved PARP is approx-

imately 115 kDa and the caspase-mediated cleavage product (arrow)

migrates at approximately 85 kDa. (B) DNA fragmentation of DLD-1

cells.17 Lane 1, untreated control; lane 2, DLD-1 cells treated with 1k;

lane 3, DLD-1 cells treated with vinblastine.
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Figure 3. Anti-tumor activity of compound 1k-treated athymic female

mice bearing DLD-1 human colon tumors.18 Twelve days post implant

of DLD-1 cells, mice were treated with various doses of compound 1k

on days 1–5, 8–12, and 15.
determined to be superior at this position. At position
D, a single methylene unit was determined to be the best
spacer between the aryl/heteroaryl group and the amide
group. Replacement of the 2-thienyl group with 2-fura-
nyl or substituted phenyl groups is tolerated. Compound
1k was further shown to cleave PARP and displayed
DNA laddering pattern, the hallmarks for apoptosis.
This compound showed tumor growth inhibition in hu-
man colorectal DLD-1 xenograft models. Additional
biological characterization of this class of compounds
will help to understand the mechanism of action of these
compounds and improve the efficacy in the future.
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