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ABSTRACT: A series of novel 1,4-diaryl-2-azetidinones were
synthesized and evaluated for antiproliferative activity, cell cycle
effects, and apoptosis induction. Strong cytotoxicity was observed
with the best compounds (±)-trans-20, (±)-trans-21, and
enantiomers (+)-trans-20 and (+)-trans-21, which exhibited IC50
values of 3−13 nM against duodenal adenocarcinoma cells. They
induced inhibition of tubulin polymerization and subsequent G2/
M arrest. This effect was accompanied by activation of AMP-
activated protein kinase (AMPK), activation of caspase-3, and
induction of apoptosis. Additionally, the most potent compounds displayed antiproliferative activity against different colon cancer
cell lines, opening the route to a new class of potential therapeutic agents against colon cancer.

■ INTRODUCTION
Natural compounds are often used in traditional medicine for
their different and multiple therapeutic effects.1 Among them,
stilbene-based compounds are widely distributed in nature and
show a wide range of biological activities. Combretastatins
(Figure 1), a group of polyhydroxylated stilbenes isolated from
the South African tree Combretum caf f rum, were shown to
inhibit the formation of the mitotic spindle by binding to the
colchicine-binding site of tubulin.2 In addition they have also
shown antivascular properties in vivo.3 In particular combre-
tastatin A-4 (CA-4) exhibits potent anticancer activity against a
panel of human cancer cells including multidrug resistant ones.4

Two problems, however, have limited their use as therapeutic
agents for a long time: their low water-solubility and cis/trans
isomerization which may occur during storage and admin-
istration, causing a dramatic loss of activity. The first problem
has been overcome by a water-soluble phosphate prodrug (CA-
4P, zybrestat, fosbretabulin) that is currently under inves-
tigation in human clinical trials (phase III) as an anticancer
drug.5,6 The second problem has been approached by designing
a variety of conformationally restricted cis-locked analogues.
Cis-restricted combretastatins may be obtained by introducing
a five-membered ring (carbocylic or heterocyclic) in place of
the olefinic bond. Besides the prevention of cis/trans
isomerization, these analogues may have the additional
advantage that a proper heterocyclic system might improve
the therapeutic potential of these drugs. A large number of
modified rings (combretazolones, furanones, cyclopentenones,
isoxazolines, isoxazoles, thiazoles, triazoles, tetrazoles, pyra-

zoles) have been reported as replacements for the cis-double
bond and have been reviewed by different authors.4,7,8 Among
them, β-lactam derivatives, which are scaffolds with a similar
spatial arrangement between the two phenyl rings as observed
in the CA-4 molecule, have also been found to have less toxicity
but increased anticancer activity.9 In addition, a few groups
studied the mechanism of action of anticancer polyaromatic β-
lactams. In particular, Banik and colleagues showed that some
β-lactam derivatives exhibited cytotoxicity against the colon
cancer cell line HT-29 with an increase of G2 phase cells 24 h
after the treatment.10 Parallel to this group, other researchers
showed that some β-lactam derivatives induced DNA damage,
inhibited DNA replication, and activated the apoptotic death
program in human leukemic Jurkat T cells.11 Importantly, one
of these derivatives inhibited proliferation and induced
apoptosis in various human solid tumor cell lines (breast,
prostate, and head-and-neck).11 Several authors have recently
proposed products that maintain the structural elements of the
combretastatin, such as the presence of 3,4,5-trimethoxyphenyl
moiety. Sun et al.12 have prepared compounds 3−5 (Figure 1)
in the cis geometry only; compound 4 exhibits an IC50 of 29.19
nM against human renal adenocarcinoma. O’Boyle et al. have
proposed trans derivatives 613 and 9−139 in which in position 3
is noted the presence of a heterocyclic residue (6) or a phenyl
group (9) or a p-fluoro (10), a p-hydroxyl, or a p-aminophenyl
group (11−13). In particular, compound 12 shows an IC50 of
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0.8 nM on human MCF-7 breast cancer cells. Carr et al.14

synthesized β-lactams without substituents (7) or with the
presence of one (8) or two methyl groups in position 3 of the
four-membered ring. Compound 8, as a mixture of cis/trans
stereoisomers tested on MCF-7 cells, has an IC50 of 39 nM.
On this base, we focused our work on the preparation of a

small library of 1,4-diaryl-2-azetidinones bearing a hydroxyl or
an amino group in position 3 of the four-membered ring.15 We
justify the presence of these two substituents in position 3 with
the requirement to improve water solubility of the final
products.16 In addition, these groups could be further
derivatized, without affecting the aromatic rings, with molecules
that enhance water solubility (phosphates) or with specific
ligands useful to selectively target tumor cells. We designed four
series of compounds that mimic the natural compound CA-4.
The first series has a 3,4,5-trimethoxyphenyl residue in position
1 coupled with a 4-methoxy-3-hydroxyphenyl moiety in
position 4 of the azetidinone ring and a hydroxyl group (21)
or an amino group in position 3 (29) (Scheme 1). In the
second series a 3,5-dimethoxyphenyl substituent is coupled
with a 4-methoxyphenyl group in position 4 of the four-
membered ring (20, 28, Scheme 1), a substitution pattern also
present in resveratrol (Figure 1), the 3,4′,5-trihydroxystilbene
identified as a cancer chemopreventive agent.17,18 The other
two series have the inverted aryl moieties of the first (25, 33,
Scheme 1) and second series (24, 32, Scheme 1), respectively.
The natural compound CA-4 acts as an activator of either

adenosine monophosphate activated protein kinase (AMPK)19

or of the yeast homologous Snf1/AMPK.20 In the activated
state, AMPK down-regulates several anabolic enzymes and thus
shuts down the ATP-consuming metabolic pathways.21 AMPK
is activated upon phosphorylation on Thr172 by its upstream
kinase STK11 (LKB1) in response to an increase in cellular
AMP/ATP ratio.22 AMPK activation is cytotoxic to various
cancer cell types and inhibits tumor growth,23,24 supporting
AMPK as a tumor suppressor and a potential target for cancer
therapy and chemoprevention.25 Interestingly, many chemo-

therapic drugs can activate AMPK, mediating apoptotic effects;
for example, a recent paper suggests that AMPK activation is a
key player for doxorubicin-induced cancer cell apoptosis.26

In this study we have found that the new 1,4-diaryl-2-
azetidinones show specific antiproliferative activity against
duodenal and colon cancer cells, through activation of AMPK
and induction of the apoptotic pathway.

■ CHEMISTRY

The synthetic route to β-lactam analogues of combretastatins
and resveratrol, illustrated in Scheme 1, is based on the
Staudinger approach, which is a [2 + 2]-cycloaddition reaction,
between properly substituted imines and ketenes, the latter
easily obtained “in situ” from the corresponding acid chlorides
under basic conditions. The preparation of the imine precursors
14−17 was achieved in very good yields (94−98%) by
condensation of the properly substituted aldehydes and anilines
in ethanol, following two different workup procedures
depending on the imine solubility (Scheme 1).
The ketene precursor acetoxyacetyl chloride was used for the

preparation of compounds 20, 21, 24, 25, while phthalylglycyl
chloride was used for the preparation of compounds 28, 29, 32,
33. Among all the synthesized compounds, only compounds 26
and 27 have been obtained in traces, and after purification, the
poor yields did not allow the execution of activity tests.
In order to modulate the stereochemical outcome of the

reaction, two experimental protocols have been optimized to
prepare azetidinones 18−33 (Scheme 1). It is indeed well-
known that besides the type and number of substituents on
both the imine and the ketene, the stereochemistry of the
products of the Staudinger cycloaddition is significantly affected
by the experimental reaction conditions such as solvent choice,
temperature, and order of addition of the reagents.27 A mixture
of racemic cis and trans cycloadducts was obtained by dropwise
addition of a 5-fold excess of acid chloride to a methylene
chloride solution of imine and TEA. Stereochemistry was

Figure 1. Combretastatin A-4, resveratrol, and anticancer β-lactams.
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assigned by measuring the 3J coupling constants between H-3
and H-4 (cis = 4−5 Hz, trans = 1−2 Hz).
With the aim of obtaining mainly the more active trans

stereoisomers, a different protocol was used, changing solvent,
temperature, and order of addition of the reagents.28 In

particular the imine and the ketene precursor, 2-acetoxy acetyl
chloride, were mixed at ice temperature, then heated at 100 °C
before adding TEA to afford, as racemic mixture, the trans
cycloadduct only, albeit in lower yields. The diastereoisomeric
cis−trans mixture was separated by flash chromatography.

Scheme 1. Synthesis of 3-Hydroxy- and 3-Amino-1,4-diaryl-2-azetidinonesa

aReagents and conditions: (a) Na2SO4, ethanol, 25 °C, 48 h; (b) CH3COOCH2COCl, Et3N, anhydrous CH2Cl2, 25 °C, 24 h; (c) NH2NH2·2HCl,
Et3N, MeOH, reflux, 4 h; (d) FtNCH2COCl, Et3N, anhydrous CH2Cl2, 25 °C, 24 h.
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The resolution of the racemic trans mixture of 20 and 21 was
tested using different strategies. The best results were obtained
using, as chiral solving reagent, N-protected proline as
illustrated in Scheme 2. The resulting diastereoisomeric
mixtures were then separated by flash chromatography using
a properly selected elution system. After the cleavage of the
proline moiety, the enantiomeric purity was verified to be 98%
via chiral HPLC analysis by comparison with the corresponding
racemic mixtures.

■ RESULTS

Compounds (±)-trans-20, (±)-trans-21, (+)-trans-20,
and (+)-trans-21 Show in Vitro Antiproliferative Activ-
ities against Cancer Cell Lines. The new β-lactam
compounds were tested in HeLa cells (cervical adenocarcino-
ma) in order to evaluate their efficacy as antiproliferative
agents. The cells were treated with 10 μM of each compound,
and their viability was measured after 48 h by the MTT assay.
The analyses revealed that (±)-cis-20, (±)-trans-20, (±)-cis-21,
(±)-trans-21, (±)-cis-25, and (±)-trans-25 were the most
promising, showing an effect on cell viability similar to that
observed with combretastatin A4 (Figure S1 of Supporting
Information). We thus decided to evaluate the antiproliferative
effect of these compounds on small bowel adenocarcinoma
(SBA, HuTu-80 cancer cells), using CA-4 and compounds 4
and 5, previously described in literature,12 as controls. All
compounds exhibited IC50 values ranging from a few
nanomolar to 2.5 μM (Table 1). Compounds (±)-trans-20

and (±)-trans-21 showed the most potent antitumor effect

toward HuTu-80 cells, with IC50 of about 9 and 13 nM,

respectively (Table 1). Enantiomerically pure (+)-trans-20,

Scheme 2. Resolution of (±)-3,4-trans-3-Hydroxy-1,4-diaryl-2-azetidinonesa

aReagents and conditions: (a) (L)-N-Boc- proline, DIPEA, HBTU, anhydrous acetonitrile, 24 h; (b) NH2NH2·2HCl, Et3N, MeOH, reflux, 4 h.

Table 1. IC50 of (±)-cis-20, (±)-trans-20, (+)-trans-20,
(−)-trans-20, (±)-cis-21, (±)-trans-21, (+)-trans-21,
(−)-trans-21, (±)-cis-25, (±)-trans-25, 4, 5, and CA-4 in
HuTu-80 Cells Measured by MTT Assay after 72 h of
Treatmenta

compd
IC50, nM

(HuTu-80 cells, 72 h)

(±)-cis-20 124.6 ± 27.01
(±)-trans-20 9.05 ± 1.57
(+)-trans-20 8.02 ± 0.71
(−)-trans-20 83.55 ± 14.33
(±)-cis-21 28.79 ± 3.36
(±)-trans-21 13.36 ± 1.47
(+)-trans-21 3.05 ± 1.42
(−)-trans-21 589.9 ± 98.71
(±)-cis-25 2549.00 ± 383.25
(±)-trans-25 405.5 ± 48.65
4 528.55 ± 27.93
5 101.17 ± 6.75
CA-4 1.37 ± 0.13

aIC50 values are the compound concentrations required to inhibit cell
proliferation by 50%. Data are expressed as the mean ± standard
deviation from the dose−response curves of at least three independent
experiments performed in triplicate.
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(−)-trans-20, (+)-trans-21, and (−)-trans-21 were obtained and
tested on the same cells. It is noteworthy that enantiomer
(+)-trans-20 retained the same cytotoxic activity as the racemic
solution ((±)-trans-20). In contrast, the IC50 value of
(−)-trans-20 was about 10 times higher than that of
(+)-trans-20 (Table 1). Remarkably, the enantiomer
(+)-trans-21 showed an IC50 of 3 nM, whereas enantiomer
(−)-trans-21 was less active with an IC50 close to 600 nM
(Table 1).
Compounds (±)-trans-20, (±)-trans-21, (+)-trans-20, and

(+)-trans-21 were additionally tested against a panel of six
human cancer cell lines, including colon cancer cells (SW48,
SW480, SW620, T84), the breast cancer cell line MCF-7, and
the neuroblastoma cell line SKNBE (Table 2). The compounds
retained nanomolar cytotoxic activity against all cancer cells,
and enantiomerically pure compounds (+)-trans-20 and
(+)-trans-21 were more active than their respective racemic
mixtures in most cell lines (Table 2). In contrast, normal
FHs74 intestinal cells were not affected and only a marginal
inhibitory effect was observed on normal CCD841CoN colon
cells at 10 μM (data not shown), suggesting a cancer-specific
activity of these compounds.
Compounds (±)-trans-20, (±)-trans-21, (+)-trans-20,

and (+)-trans-21 Induce Apoptotic Cell Death. The effects
of (±)-trans-20 and (±)-trans-21 on cell cycle progression were
examined by analyzing the DNA content of HuTu-80 cells
treated with 30 nM of these compounds for 48 and 72 h (0.1%
DMSO and CA-4 were used as negative and positive controls,
respectively). Both (±)-trans-20 and (±)-trans-21 caused a
large increase of cells in the G2/M phase which is accompanied
by a corresponding reduction in the G1 phase (Figure S2A of
Supporting Information), as reported for the control CA-4.29,30

These results suggest that the compounds may act by
targeting the microtubules, like CA-4.1,2 The effects of the more
active compounds (±)-trans-20, (±)-trans-21, (+)-trans-20, and
(+)-trans-21 on the assembly of purified porcine tubulin were
then evaluated. The ability of CA-4 to effectively inhibit tubulin
polymerization was assessed as a positive control (Table 3). In
the assembly assay, all the azetidinone compounds showed an
IC50 value ranging from 1.3 to 3.8 μM, indicating that one of
the molecular targets of the active azetidinones is tubulin.
Strikingly, the enantiomerically pure compounds (+)-trans-20
and (+)-trans-21 were more potent than their racemic mixtures,
with an IC50 values close to that of CA-4 (Table 3 and as
previously reported8).
In addition, treatment of cells with (±)-trans-20 and

(±)-trans-21 was able to induce the time-dependent appear-
ance of a hypodiploid peak (sub-G1) indicative of cell death
(Figure S2A of Supporting Information). Since sub-G1 cells do
not necessarily indicate apoptosis, we investigated the activation

of the caspase pathway. HuTu-80 cells were treated with 30 nM
(±)-trans-20 and (±)-trans-21 for 24 h, and caspase-3 and
PARP (poly ADP-ribose polymerase) cleavage was examined
by Western blot analysis (Figure 2 and S2B of Supporting

Information). Treatment with (±)-trans-20 and (±)-trans-21
strongly led to extensive formation of the typical fragments of
caspase-3 and PARP, indicative of apoptosis induction, similar
to that observed with CA-4 (Figure 2 and S2B of Supporting
Information).
Since SBA is a model of cancer superimposable on colon

cancer cells (CRC),31−33 we examined the induction of the
apoptotic pathway on the SW48 colon cancer cell line, which
displayed a strong growth inhibition induced by (+)-trans-20
and (+)-trans-21 (Table 2). On the basis of the evidence of the
similar molecular profiles of CRC and SBA,31−33 we expected

Table 2. IC50 of (±)-trans-20, (+)-trans-20, (±)-trans-21, (+)-trans-21, and CA-4 in SW48, SW480, SW620, T84, MCF-7, and
SKNBE Cell Lines Measured by MTT Assay after 72 h of Treatmenta

IC50, nM

compd SW48 SW480 SW620 T84 MCF-7 SKNBE

(±)-trans-20 12.05 ± 0.92 24.17 ± 5.84 6.6 ± 0.49 5.73 ± 0.47 5.19 ± 1.65 2.25 ± 0.36
(+)-trans-20 11.06 ± 1.61 16.74 ± 4.01 8.58 ± 0.18 6.77 ± 2.28 4.01 ± 2.43 1.12 ± 0.22
(±)-trans-21 15.19 ± 3.28 22.14 ± 4.55 13.63 ± 4.34 45.37 ± 4.70 6.14 ± 2.73 4.20 ± 1.82
(+)-trans-21 9.81 ± 3.02 12.53 ± 3.58 3.37 ± 1.80 20.30 ± 2.55 4.47 ± 0.96 1.32 ± 0.50
CA-4 3.32 ± 1.61 3.63 ± 1.65 1.52 ± 0.13 23.43 ± 5.81 1.11 ± 0.13 0.58 ± 0.14

aIC50 values are the compound concentrations required to inhibit cell proliferation by 50%. Data are expressed as the mean ± standard deviation
from the dose−response curves of at least three independent experiments performed in triplicate.

Table 3. Inhibition of Tubulin Polymerization in Response
to Azetidinone Compoundsa

compd tubulin polymerization IC50 (μM)

(±)-trans-20 3.60 ± 0.51
(+)-trans-20 1.30 ± 0.20
(±)-trans-21 3.80 ± 0.60
(+)-trans-21 1.61 ± 0.42
CA-4 1.32 ± 0.15

aIC50 values are the compound concentrations required to inhibit
tubulin polymerization by 50%. DMSO (0.2% v/v) was used as a
vehicle control. Data are expressed as the mean ± standard deviation
from the dose−response curves of at least two independent
experiments performed in triplicate.

Figure 2. The new β-lactams induce apoptosis in cancer cells. HuTu-
80 cells were treated with 30 nM (±)-trans-20 and (±)-trans-21 for 24
h, and SW48 cells were treated with 30 nM (+)-trans-20 and (+)-trans-
21 for 16 h. Total protein extracts were subjected to Western blot
analysis to detect caspase-3. Vinculin was used as loading control.
Treatments with 0.1% DMSO and with 30 nM CA-4 were used as
negative and positive controls, respectively.
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to find similar results. Indeed, treatment with (+)-trans-20 and
(+)-trans-21 induced activation of caspase-3 (Figure 2). These
data clearly indicate that (±)-trans-20, (±)-trans-21, (+)-trans-
20, and (+)-trans-21 induce apoptotic cell death in cancer cells.
Compounds (±)-trans-20, (±)-trans-21, (+)-trans-20,

and (+)-trans-21 Induce AMPK Activation Pathway.
Previous studies showed that CA-4 activates AMPK in
HepG2 cells.19 We thus examined whether AMPK was also
activated by the new azetidinone derivatives, which are
structural analogues of CA-4.12 Compounds (±)-trans-20 and
(±)-trans-21 induced phosphorylation of AMPK on Thr172 in
HuTu-80 cells, as well as (+)-trans-20 and (+)-trans-21 in
SW48 cells (Figure 3A). Since AMPK acts on the tumor-
suppressor p53 leading to apoptotic cell death,34,35 our analysis
was further deepened, investigating the level and the
phosphorylation state of the tumor suppressor protein p53. It
is known that AMPK activation induces phosphorylation of p53

on Ser15, which is required for AMPK-dependent cell cycle
arrest.34,36 Compounds (±)-trans-20 and (±)-trans-21, as well
as the control CA-4, induced phosphorylation of p53 on Ser15.
Moreover, p53 was found to be accumulated (Figure 3B).
Another downstream effector of AMPK is the mTOR binding
partner Raptor, whose phosphorylation by AMPK is required
for the inhibition of mTORC1 and cell cycle arrest induced by
energy stress.37 Raptor was found to be phosphorylated on
Ser792 upon treatment with (±)-trans-20 and (±)-trans-21
(Figure 3C).
It was shown that other AMPK activators, such as metformin

and AICAR, induce diminished expression of pSer473-Akt,38

which plays a key role in multiple cellular processes such as cell
growth, cell survival, and cell cycle progression.39 We thus
tested the effect of (±)-trans-20 and (±)-trans-21 on Akt
phosphorylation, both in unstimulated cells and upon insulin
stimulation. No differences in the level of pSer473-Akt were

Figure 3. Compounds (±)-trans-20, (±)-trans-21, (+)-trans-20, and (+)-trans-21 induce AMPK activation. (A) HuTu-80 cells were treated with 30
nM (±)-trans-20 and (±)-trans-21 for 24 h, and SW48 cells were treated with 30 nM (+)-trans-20 and (+)-trans-21 for 16 h. Total protein extracts
were subjected to Western blot analysis to assay pT172-AMPK and total AMPK levels. (B) HuTu-80 cells were treated with 30 nM (±)-trans-20 and
(±)-trans-21 for 24 h, and nuclear protein extracts were subjected to Western blot analysis to assay pS15-p53 and total p53 levels. Fibrillarin was
used as nuclear control. (C) HuTu-80 cells were treated with 30 nM (±)-trans-20 and (±)-trans-21 for 24 h, and total protein extracts were
subjected to Western blot analysis to assay pS792-Raptor and total Raptor levels. (D) HuTu-80 cells were treated with (±)-trans-20 and (±)-trans-
21 (30 nM) for 24 h and then mock treated or treated with 10 μg/mL insulin for 10 min. Total protein extracts were subjected to Western blot
analysis to assay pS473-Akt and total Akt levels. Vinculin was used as loading control. Treatments with 0.1% DMSO and with 30 nM CA-4 were
used as negative and positive controls, respectively.
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observed, neither in the basal condition nor upon insulin
stimulation, suggesting that the inhibitory effect of the new
azetidinone compounds is not mediated by the Akt upstream
activation (Figure 3D).

■ DISCUSSION AND CONCLUSIONS
In the present article we report the synthesis of new
azetidinone derivatives, with a strong antiproliferative activity
against cancer cells (Table 1 and 2). In our activity test, trans
azetidinone derivatives show better results than cis isomers, and
they can be prepared in good yields by thermodynamic reaction
conditions.27 Moreover, the presence of a hydroxyl group at
position 3 of the azetidinone ring gives a water solubility 5
times more elevated for (±)-trans-21 with respect to the natural
product combretastatin A4.16,40 The molecules (±)-trans-20
and (±)-trans-21 were identified as the most potent
compounds of the series having nanomolar activity against
several colon cancer cell lines (SW48, SW480, SW620, T84) as
well as on the breast cancer cell line MCF-7 and on the
neuroblastoma cell line SKNBE. These compounds, resolved in
the pure enantiomers, are more active than their respective
racemic mixtures in most cell lines, showing a positive
correlation between cytotoxic activity and inhibition of tubulin
polymerization (Tables 1−3).
Pure enantiomer (+)-trans-21 exhibited an activity 200 times

higher than the (−)-trans-antipode (Table 1). In keeping with
literature data,12 our results confirm that compounds with the
3,4,5-trimethoxy or 3,5-dimethoxyphenyl ring on the N-1
position of azetidinone ring are significantly more active than
compounds with polymethoxylated moieties on the C-4
position.
Our data show that the mechanism of the antitumoral action

exerted by these new azetidinone compounds relies on the
inhibition of tubulin polymerization and the stimulation of the
apoptotic pathway, with the cleavage of the effector caspase-3
and the PARP protein (Figure 2 and Figure S2 of Supporting
Information). It is of high relevance that our compounds
induced AMPK activation (Figure 3), since AMPK is a novel
therapeutic target for cancer and metabolic diseases. Indeed,
when physiologically or pharmacologically activated, AMPK
acts in a tumor suppressor-like fashion.41 In addition, AMPK
inhibits the mTOR pathway through direct phosphorylation of
the mTOR-associated factor Raptor and induces cell cycle
arrest and/or apoptosis through phosphorylation of p53.22 The
mTOR signaling pathway is known to play important roles in
the protein synthesis machinery.42 Therefore, when AMPK is
activated, cell growth and proliferation might be inhibited as a
result of limitations in protein synthesis.
The ability of these compounds to inhibit cancer cell

proliferation can be of particular significance against small
bowel adenocarcinoma (SBA) and colorectal cancer diseases
(CRC), which display similar risk factors and share the same
carcinogenetic process,31−33 since compounds (±)-trans-20 and
(±)-trans-21, as well as their enantiomers (+)-trans-20 and
(+)-trans-21, showed a strong antiproliferative activity against
these cancer cells (Tables 1 and 2). In addition, they showed
only a slight inhibitory effect on the two normal cell lines
analyzed (FHs74 intestinal cells and CCD841CoN colon cells),
even at very high concentrations (about 1000-fold higher than
the IC50 concentration estimated on most cancer cell lines
tested, data not shown). This specific anticancer activity is of
great interest considering that chemotherapies are limited by
their frequent and potentially severe dose-limiting toxicities.

Thus, we suggest that the new 1,4-diaryl-2-azetidinones are
promising novel anticancer drugs to be tested in preclinical
cancer models of CRC.

■ EXPERIMENTAL SECTION
Chemistry: Experimental Methods. All commercially available

reagents were purchased by Sigma-Aldrich and used without further
purification. Preparative separations were usually performed by flash
column chromatography on silica gel (Merck grade 9385). Thin-layer
chromatography was conducted using silica gel (Merck, 10 cm × 5 cm,
silica gel 60 F254). 1H and 13C NMR spectra were recorded on a
Bruker AC 200 spectrometer at 200 and 50.3 MHz, respectively, in
CDCl3 solution unless stated otherwise, and chemical shifts were
represented as δ values relative to the internal standard TMS. ESI mass
spectra were recorded on Bruker Esquire 3000 Plus. The synthesized
compounds submitted to biological tests have a purity of ≥95%
determined by HPLC (Phenomenex, Nucleosil 250 mm × 3.2 mm
column, 5 μm, C18; mobile phase 0.05 M phosphate buffer, pH 7/
acetonitrile, 7:3; flow rate 1.5 mL/min), and they have been filtered in
sterile atmosphere with 0.20 μm filters. Chiral liquid chromatography
was carried out on selected compounds using a DAICEL Chirapak IB
4.0 mm column and Hewlett-Packard 1050 HPLC instrument. The
organic mobile phase was 2-propanol/Exane, 20:80. The flow rate was
0.8 mL/min, and detection was carried out at 225 nm. Water solubility
of (±)-trans-20 and (±)-trans-21 have been obtained after stirring a
suspension of each compound for 2 h at 30 °C. They have been
further centrifuged, and the liquid phase was analyzed by HPLC
(Supelcosil LC18, 250 mm × 4.6 mm, 5 μm; mobile phase 0.05 M
phosphate buffer, pH 7/acetonitrile, 5:5; flow rate 1 mL/min). The
concentrations have been calculated by intercepting the peak area
values with the calibration curves obtained by standard solutions of
compounds 20 and 21 in acetonitrile.

4-Methoxybenzylidene-(3,5-dimethoxyphenyl)amine 14.
Dry Na2SO4 (4 g) was added to a solution of 3,5-dimethoxyaniline
(3.0 g, 19.6 mmol) and 4-methoxybenzaldehyde (2.67 g, 19.6 mmol)
in ethanol (6 mL), and the mixture was stirred at room temperature
for 48 h. The mixture was filtered and the solvent removed under
reduced pressure to afford the imine 14 as a brown oil (5.0 g, 18.4
mmol, 94% yields). 1H NMR (CDCl3): δ = 8.41 (1H, s), 7.86 (2H, d,
J = 8.8 Hz), 7.00 (2H, d, J = 8.8 Hz), 6.40 (2H, d, J = 2 Hz), 6.36 (1H,
t, J = 2 Hz), 3.88 (3H, s), 3.83 (6H, s). EI-MS (m/z): 271 (M+).

3 - H y d r o x y - 4 - m e t h o x y b e n z y l i d e n e - ( 3 , 4 , 5 -
trimethoxyphenyl)amine 15. Dry Na2SO4 (4 g) was added to a
solution of 3,4,5-trimethoxyaniline (1.9 g, 10.1 mmol) and 3-hydroxy-
4-methoxybenzaldehyde (1.5 g, 10.1 mmol) in ethanol (6 mL), and
the mixture was stirred at room temperature for 48 h to afford a yellow
solid. The imine 15 was a solid mixed with Na2SO4. The mixture was
filtered, and the solid was washed with cold ethanol (10 mL). The
solid was suspended in methylene chloride and filtered to separate the
solubilized imine 2 from Na2SO4 (3.1 g, 9.9 mmol, 98% yield). 1H
NMR (CDCl3): δ 8.41 (1H, s), 7.63 (1H, s), 7.46 (1H, d, J = 7.2 Hz),
6.96 (1H, d, J = 7.2 Hz), 6.53 (2H, s), 5.77 (1H, s), 3.99 (3H, s), 3.92
(6H, s), 3.88 (3H, s). EI-MS (m/z): 318 (M+).

3,5-Dimethoxybenzylidene-4-methoxyphenylamine 16. This
compound has been prepared following the same methodology
described for 14 (92% yield). δ = 8.41 (1H, s), 7.26 (2H, d, J = 8.9
Hz), 7.07 (2H, d, J = 2.0 Hz), 6.95 (2H, J = 8.9 Hz), 6.59 (1H, t, J =
2.0 Hz), 3.88 (6H, s), 3.85 (3H, s). EI-MS (m/z): 271 (M+).

3 , 4 , 5 - T r im e t h o x y b e n z y l i d e n e - ( 3 - h y d r o x y - 4 -
methoxyphenyl)amine 17. This compound has been prepared
following the same methodology described for 15 (80% yield). δ =
8.36 (1H, s), 7.16 (2H, s), 6.92 (1H, d, J = 2.3 Hz), 6.89 (1H, d, J =
8.5 Hz), 6.81 (1H, dd, J = 2.3, 8.5 Hz), 5.86 (1H, s), 3.95 (3H, s), 3.92
(9H, s). EI-MS (m/z): 318 (M+).

General Methods for the Synthesis of Azetidin-2-ones
(Trans + Cis). Procedure a. (±)-3,4-trans-1-(3,5-Dimethoxy-
phenyl)-3-hydroxy-4-(4-methoxyphenyl)azetidin-2-one
((±)-trans-20) and (±)-3,4-cis-1-(3,5-Dimethoxyphenyl)-3-hy-
droxy-4-(4-methoxyphenyl)azetidin-2-one ((±)-cis-20). A sol-
ution of 2-acetoxyacetyl chloride (7.44 g, 54.5 mmol) in anhydrous
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methylene chloride (30 mL) was added dropwise at 0 °C under
nitrogen to a stirred solution of imine 14 (2.97 g, 10.9 mmol) and
TEA (17.6 g, 24.3 mL, 174 mmol) in anhydrous methylene chloride
(90 mL). The solution was allowed to reach room temperature and
then stirred for 24 h. The solvent was concentrated under reduced
pressure and the residue was purified by flash chromatography (silica
gel; eluent n-hexane/ethyl acetate, 1/1) to afford a mixture of the two
diastereoisomers (±)-trans-18 and (±)-cis-18 as a white amorphous
solid (1.67 g, 4.5 mmol, 41% yield). A sample of this mixture was
further purified by gradient flash chromatography with n-hexane/ethyl
acetate, and the two diastereoisomers (±)-trans-18 and (±)-cis-18
were identified by analytical techniques.
(±)-trans-18. 1H NMR (CDCl3) δ: 7.23 (2H, d, J = 7.7 Hz), 6.85

(2H, d, J = 7.7 Hz), 6.42 (2H, d, J = 2.3 Hz), 6.20 (1H, t, J =2.3 Hz),
5.30 (1H, d, J = 2 Hz), 4.82 (1H, d, J=2 Hz), 3.80 (3H, s), 3.70 (6H,
s), 2.17 (3H, s). 13C NMR (CDCl3) δ: 169.81, 162.20, 161.30, 160.30,
138.66, 127.80, 127.22, 114.75, 97.10, 96.43, 82.72, 63.74, 55.49,
55.45, 20.59. EI-MS (m/z): 371 (M+).
(±)-cis-18. 1H NMR (CDCl3) δ: 7.23 (2H, d, J = 8.7 Hz), 6.87 (2H,

d, J = 8.7 Hz), 6.53 (2H, d, J = 2.2 Hz), 6.22 (1H, t, J = 2.2 Hz), 5.89
(1H, d, J = 4.9 Hz), 5.29 (1H, d, J = 4.9 Hz), 3.81 (3H, s), 3.73 (6H,
s), 1.74 (3H, s). 13C NMR (CDCl3) δ: 169.81, 162.43, 161.36, 160.15,
138.82, 129.32, 124.05, 114.14, 97.12, 96.31, 77.82, 61. 53, 55.52,
55.49, 20.02. EI-MS (m/z): 371(M+).
Hydrazine dihydrochloride (3.3 g, 31.5 mmol) was added, at 0 °C

and under nitrogen to a stirred solution of (±)-trans-18 and (±)-cis-18
(1.67 g, 4.5 mmol) in methanol (65 mL). TEA (9.11 g, 12.5 mL, 90
mmol) was added dropwise. The mixture was allowed to reach room
temperature and then refluxed for 4 h. The solvent was removed at
reduced pressure, and the residue was treated with a saturated solution
of KHSO4 and extracted with ethyl acetate (3 × 30 mL). The
combined organic phases were dried (Na2SO4), and the solvent was
removed at reduced pressure. The crude residue was purified by
gradient flash chromatography (silica gel; eluent n-hexane/tert-butyl
methyl ether from 7/3 to 3/7) to afford the diastereoisomers
(±)-trans-20 (0.050 g, 0.15 mmol, 3.3% yield) and (±)-cis-20 (0.246 g,
0.75 mmol, 17% yield) as a colorless amorphous solid.
(±)-trans-20. 1H NMR (CDCl3) δ: 7.25 (2H, d, J = 8.7 Hz), 6.88

(2H, d, J = 8.7 Hz), 6.42 (2H, d, J = 2.2 Hz), 6.14 (1H, t, J = 2.2 Hz),
4.81 (1H, d, J = 1.8 Hz), 4.69 (1H, d, J = 1.8 Hz), 3.80 (3H,s), 3.67
(6H, s). 13C NMR (CDCl3) δ: 167.77, 161.14, 160.09, 138.67, 128.13,
127.60, 114.45, 97.07, 96.52, 83.77, 65.82, 55.49. EI-MS (m/z): 329
(M+), 272.
(±)-cis-20. 1H NMR (CDCl3) δ: 7.26 (2H, d, J = 8.6 Hz), 6.92

(2H, d, J = 8.6 Hz), 6.53 (2H, d, J =2.0 Hz), 6.19 (1H, t, J = 2.0 Hz),
5.21 (1H, d, J = 5.6 Hz), 5.14 (1H, d, J = 5.6 Hz), 3.79 (3H,s), 3.71
(6H, s). 13C NMR (CDCl3) δ: 167.67, 161.33, 160.27, 138,80, 128.90,
124.77, 114.80, 96.93, 96.41, 77.10, 65.69, 55.57. EI-MS (m/z) 329
(M+).
(±)-3,4-trans-3-Hydroxy-4-(3-hydroxy-4-methoxyphenyl)-1-

(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-trans-21) and
(±)3,4-cis-3-Hydroxy-4-(3-hydroxy-4-methoxyphenyl)-1-
(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-cis-21). Com-
pounds (±)-trans-21 and (±)-cis-21 were prepared following the
same methodology described for 20. Compounds cis-19 and trans-19
were obtained with 60% yield.
(±)-trans-19. 1H NMR (CDCl3) δ: 7.23 (1H, dd, J = 8.5, 2.2 Hz),

7.14 (1H, d, J = 2.2 Hz), 7.00 (1H, d, 8.5 Hz), 6.53 (2H, s), 5.38 (1H,
d, J = 1.7 Hz), 4.68 (2H,s), 4.58 (1H, d, J = 1.7 Hz), 3.85 (3H, s), 3.79
(3H, s), 3.74 (6H,s), 2.19 (3H, s), 1.76 (3H, s). ESI-MS (m/z): 517.
(±)-cis-19. 1H NMR (CDCl3) δ: 7,22 (1H, dd, J = 8.4, 2.0 Hz),

7.05 (1H, d, J = 2.0 Hz), 6.96 (1H, d, J = 8.4 Hz), 6.57 (2H, s), 5.90
(1H, d, J = 4.8 Hz), 5.28 (1H, d, J = 4.8 Hz), 4.89 (2H, s), 3.82 (3H,
s), 3.78 (3H, s), 3.73 (6H, s), 2.19 (3H, s), 1.76 (3H, s). 13C NMR
(CDCl3) δ: 170.37, 169.57, 166.00, 161.81, 153.81, 151.71, 139.27,
132.98, 127.17, 124.86, 122.54, 113.28, 95.45, 76.48, 61.20, 61.11,
60.48, 56.32, 20.62, 20.06. ESI-MS (m/z): 517 (M+).
Compounds 21 were purified by gradient flash chromatography

(silica gel; eluent n-hexane/tert-butyl methyl ether from 6/4 to 2/8).

The diastereoisomers (±)-trans-21 (7% yield) and (±)-cis-21 (40%
yield) were isolated as colorless amorphous compounds.

(±)-trans-21. 1H NMR (CDCl3) δ: 6.92−6.85 (3H, m), 6.49 (2H,
s), 5.84 (1H, s), 4.72 (2H, bs), 3.87 (3H, s), 3.74 (3H, s), 3.62 (6H, s).
13C NMR (CDCl3) δ: 167.68, 154.05, 147.67, 146.94, 135.39, 133.80,
129.81, 118.80, 112.91, 111.68, 96.14, 84.14, 66.35, 61.57, 55.67. ESI-
MS (m/z): 398 (M + Na+).

(±)-cis-21. 1H NMR (CDCl3): δ 7.10 (1H, d, J = 8.8 Hz), 7.00−
6.95 (2H, m), 6.81 (2H, s), 5.35 (1H, d, J = 5.0 Hz), 5.28 (1H, d, J =
5.0 Hz), 4.00 (3H, s), 3.86 (6H, s), 3.84 (3H, s). 13C NMR (CDCl3)
δ:167.25, 153.28, 145.02, 143.25, 133.51, 126.47, 119.17, 114.49,
111.14, 95.13, 76.50, 62.69, 59.65, 54.93. ESI-MS (m/z): 398 (M +
Na+).

General Methods for the Synthesis of Azetidin-2-ones
(Trans). Procedure b. (±)-3,4-trans-1-(3,5-Dimethoxyphenyl)-
3-hydroxy-4-(4-methoxyphenyl)azetidin-2-one ((±)-trans-20).
The imine 14 (5.0 g, 18.4 mmol) and 2-acetoxyacetyl chloride (2.5
g, 1.97 mL, 18.4 mmol) were dissolved in dry toluene (50 mL), under
nitrogen and stirring, at 0 °C. The solution was allowed to reach room
temperature and then warmed to 100 °C. Dry TEA (2.0 g, 2.75 mL,
20.2 mmol) was added dropwise. The mixture was warmed at 100 °C
for 5 h. The solution was concentrated under reduced pressure and the
residue was purified by flash chromatography (silica gel; eluent n-
hexane/ethyl acetate, 1/1) to afford the diastereoisomer (±)-trans-18
(3.4 g, 9.2 mmol, 50% yield) as an amorphous white solid. Hydrazine
dichloride (2.85 g, 27.2 mmol) was added to a stirred solution of trans-
18 (2.5 g, 6.8 mmol) in methanol (30 mL) at 0 °C and under
nitrogen. TEA (5.5 g, 7.6 mL, 54 mmol) was added dropwise. The
mixture was allowed to reach room temperature and then refluxed at
for 4 h. The solvent was removed at reduced pressure, and the residue
was treated with a saturated solution of KHSO4 and extracted with
ethyl acetate (3 × 50 mL). The organic phase was dried over Na2SO4,
and the solvent, after filtration, was removed at reduced pressure. The
crude residue was purified by flash chromatography (silica gel; eluent
n-hexane/ethyl acetate, 1:1). (±)-trans-18 (2.2 g, 6.8 mmol, 37%
yield) was obtained as a white amorphous solid.

(±)-3,4-trans-3-Hydroxy-4-(3-hydroxy-4-methoxyphenyl)-1-
(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-trans-21). The
compound (±)-trans-21 was prepared following the same method-
ology described for 20. The compound trans-19 was obtained with
35% yield. Compound 21 was purified by gradient flash chromatog-
raphy (silica gel; eluent n-hexane/tert-butyl methyl ether 1:1).
(±)-trans-21 (94% yield) was obtained as a white amorphous solid.

Resolution of Racemic (trans)-Azetidin-2-ones. Resolution
of (±)-trans-20. HBTU (5.6 g, 15 mmol) was added, under nitrogen,
to a stirred solution of (±)-trans-20 (2.2 g, 6.8 mmol) and (L)-Boc-
prolina (3.0 g, 14 mmol) in dry acetonitrile (30 mL). DIPEA (72.3
mL, 420 mmol) was added dropwise, and the reaction mixture was
stirred for 24 h. The solvent was removed under reduced pressure, and
the residue was diluted with water and extracted with methylene
chloride (3 × 50 mL). The combined organic extracts were washed
with a saturated solution of KHSO4, with a saturated solution of
NaHCO3, with brine and then dried (Na2SO4). The solvent was
removed under reduced pressure and the residue purified by gradient
flash chromatography (silica gel; eluent n-hexane/ethyl acetate from
8/2 to 6/4) to afford a mixture of the two diastereoisomers 34a + 34b
as colorless solid (3.1 g, 5.9 mmol, 86% yield). The two
diastereoisomers were then separated by gradient flash chromatog-
raphy (silica gel) using n-hexane/tert-butyl methyl ether as eluent (n-
hexane/tert-butyl methyl ether from 8/2 to 2/8).

34a. Diastereoisomer with Rf = 0.36; on silica gel TLC plate, two
runs, eluent n-hexane/tert-butyl methyl ether, 4:6. [α]D +1.25 (c 30
mg/10 mL). 1H NMR (DMSO-d6, 80 °C, 500 MHz) δ: 7.38 (2H, d, J
= 8.5 Hz), 6.97 (2H, d, J = 8.5 Hz), 6.43 (2H, d, J = 2.2 Hz), 6.27 (1H,
t, J = 2.2 Hz), 5.48 (1H, bs), 5.12 (1H, d, J = 1.8 Hz), 4.32 (1H, dd, J =
8.6, 4.3 Hz), 3.79 (3H, s), 3.67 (6H, s), 3.41−3.37 (2H, m), 2.35−2.26
(1H, m), 2.06−1.98 (1H, m), 1.90−1.88 (2H, m), 1.41 (9H, s). 13C
NMR (CDCl3, 25 °C, 125 MHz) (two conformers): δ 171.68, 171.48,
161.03, 160.76, 160.45, 160.38, 159.51, 159.27, 153.81, 152.86, 137.80,
137.76, 127.2, 126.9, 126.96, 126.83, 126.41, 126.08, 113.96, 113.73,
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96.39, 96.28, 95.68, 95.58, 82.23, 82.11, 79.50, 79.38, 62.90, 57.87,
54.66, 45.94, 45.68, 30.30, 29.17, 27.74, 23.81, 23.0. ESI-MS (m/z):
549 (M + Na+).
34b. Diastereoisomer with Rf = 0.32; on silica gel TLC plate, two

runs, eluent n-hexane/tert-butyl methyl ether, 4:6. [α]D −5.94 (c 30
mg/10 mL). 1H NMR (DMSO-d6, 80 °C, 500 MHz) δ: 7.38 (2H, d, J
= 8.4 Hz), 6.98 (2H, d, J =8.4 Hz), 6.43 (2H, d, J = 2.2 Hz), 6.27 (1H,
t, J = 2.2 Hz), 5.48 (1H, bs), 5.12 (1H, d, J = 1.7 Hz), 4.35 (1H, dd, J =
8.5, 4.3 Hz), 3.79 (3H, s), 3.67 (6H, s), 3.43−3.36 (1H, m), 2.35−2.26
(1H, m), 2.06−1.99 (1H, m), 1.83−1.86 (2H, m), 1.39 (9H, s). 13C
NMR (CDCl3, 25 °C, 125 MHz) (two conformers): δ 171.35, 171.19,
161.10, 160.80, 160.42, 159.51, 159.29, 153.80, 152.86, 137.86, 137.73,
127.19, 126.89, 126.35, 126.13, 113.97, 113.82, 96.34, 95.52, 82.08,
79.63, 79.36, 62.71, 62.66, 58.39, 58.07, 54.66, 45.92, 45.65, 30.36,
29.32, 27.74, 23.92, 22.99. ESI-MS (m/z): 549 (M + Na+).
Hydrazine dichloride (0.53 g, 5 mmol) was added to a stirred

solution of 34b (0.33 g, 0.63 mmol) in methanol (30 mL) at 0 °C and
under nitrogen. TEA (1.0 g, 1.4 mL, 10 mmol) was added dropwise.
The mixture was allowed to reach room temperature and then refluxed
for 4 h. The solvent was removed at reduced pressure, and the residue
was treated with a saturated solution of KHSO4 and extracted with
ethyl acetate (3 × 30 mL). The combined organic phases were washed
with a saturated solution of NaHCO3, brine and then dried over
Na2SO4. The solvent was removed at reduced pressure, and the crude
residue was purified by flash chromatography (silica gel; eluent n-
hexane/ethyl acetate, 1:1). Compound (−)-20 (111 mg, 0.34 mmol,
54% yield) was obtained as a white amorphous solid. [α]D −29.64
(CHCl3, c 111 mg/10 mL). The protocol reported above, applied to
34a, afforded the enatiomer (+)-20 (81 mg, 52% yield); [α]D +29.10
(CHCl3, c 101 mg/5 mL). The enantiomeric purity of (+)-20 and
(−)-20 was verified via chiral HPLC by comparison with the racemic
mixture and was 97% .
Resolution of (±)-trans-21. Compounds (−)-trans-21 and

(+)-trans-21 were obtained following the same methodology described
for the isomers 20. The crude mixture of 35a and 35b was obtained
with 35% yield. The mixture was purified by gradient flash
chromatography (silica gel; eluent n-hexane/tert-butyl methyl ether,
1:1). Compounds 35a and 35b were obtained as a white amorphous
solid. The two diastereoisomers were then separated by gradient flash
chromatography (silica gel) using n-hexane/ethyl acetate as eluent (n-
hexane/ethyl acetate ratio from 8/2 to 1/1).
35a. Diastereoisomer with Rf = 0.66 on silica gel TLC plate; (two

runs, eluent, n-hexane/ethyl acetate, 1/1). [α]D −5.83 (MeOH, c 120
mg/10 mL). 1H NMR (DMSO-d6, 80 °C, 500 MHz) δ: 7.38 (1H, dd,
J = 8.4, 1.5 Hz), 7.23−7.14 (2H, m), 6.57 (2H, s), 5.52 (1H, bs), 5.18
(1H, d, J = 1.5), 4.45 (1H, dd, J = 8.76, 3.83 Hz), 4.33 (1H, dd, J =
8.61, 4.22 Hz), 3.80 (3H, s), 3.68 (6H, s), 3.64 (3H, s), 3.44−3.37
(4H, m), 2.36−2.29 (2H, m), 2.17−2.10 (1H, m), 2.00−1.87 (5H, m),
1.41 (18H, s). 13C NMR (CDCl3, 25 °C, 125 MHz) (two
conformers): δ 172.32 and 172.29, 171.08 and 170.84, 161.53 and
161.45, 154.08 and 153.97, 153.62, 153.30 and 153.17, 151.65 and
151.57, 139.63 and 139.50, 134.91 and 134.87, 132.71, 128.27 and
128.17, 126.30 and 126.22, 121.78, 113.92 and 113.85, 95.94, 82.36
and 82.31, 79.72 and 79.68, 62.21 and 62.07, 60.55, 58.84 and 58.76,
56.51 and 56.21, 46.85 and 46.67, 38.71, 30.91 and 30.87, 29.94, and
29.82, 28.53 and 28.38, 24.54 and 24.34, 23.69, and 23.55. EI-MS (m/
z): 769 (M+).
35b. Diastereoisomer with Rf = 0.57; on silica gel TLC plate (two

runs, eluent n-hexane/ethyl acetate, 1/1). [α]D −56.12 (MeOH, c 131
mg/10 mL). 1H NMR (DMSO-d6, 80 °C, 500 MHz) δ: 7.38 (1H, d, J
= 7.9 Hz), 7.20 (1H, d, J = 7.9 Hz), 7.16 (1H, bs), 6.56 (2H, s), 5.52
(1H, bs), 5.18 (1H, d, J = 1.5), 4.45 (1H, dd, J = 8.0, 3.91 Hz), 4.34
(1H, dd, J = 8.0, 4.27 Hz), 3.80 (3H, s), 3.66 (6H, s), 3.63 (3H, s),
3.44−3.37 (4H, m), 2.36−2.31 (2H, m), 2.17−2.15 (1H, m), 2.04−
2.00 (1H, m), 1.93−1.88 (4H, m), 1.37 (18H, s). 13C NMR (CDCl3,
25 °C, 125 MHz) (two conformers) δ: 172.38 and 171.99, 171.10 and
170.88, 161.46 and 161.37, 154.03 and 153.97, 153.71, 153.31 and
153.21, 151.65 and 151.59, 139.65 and 139.49, 134.89, 132.74 and
132.66, 128.28 and 128.17, 126.46 and 126.14, 122.42 and 122.26,
121.73 and 121.62, 113.79, 96.03 and 95.83, 82.29 and 82.05, 79.66

and 79.37, 62.38 and 61.93, 60.54, 58.87 and 58.63, 56.46 and 56.23,
46.84 and 46.44, 38.79, 30.92 and 30.74, 29.97 and 29.77, 28.49 and
28.17, 24.48 and 24.37, 23.64, and 23.52. EI-MS (m/z): 769 (M+).

The diastereoisomers 35a and 35b were separately treated with
hydrazine dihydrochloride and purified by flash chromatography (silica
gel; eluent n-hexane/ethyl acetate, 1:1). The compound (+)-21
(83.5% yield) was obtained as a colorless amorphous solid. [α]D
+16.20 (CHCl3, c 75 mg/5 mL). The protocol reported above, applied
to 35b, afforded the enatiomer (−)-21 (58% yield). [α]D −15.43
(CHCl3, c 97 mg/10 mL). The enantiomeric purity of (+)-21 and
(−)-21 was verified via chiral HPLC by comparison with the racemic
mixture and was 98%.

(±)-3,4-trans-4-(3,5-Dimethoxyphenyl)-3-hydroxy-1-(4-
methoxyphenyl)azetidin-2-one ((±)-trans-24) and (±)3,4-cis-4-
(3,5-Dimethoxyphenyl)-3-hydroxy-1-(4-methoxyphenyl)-
azetidin-2-one ((±)-cis-24). Compounds trans-24 and cis-24 were
prepared following the method described in procedure a. Starting from
imine 16 (0.87 g, 2.2 mmol), (±)-trans-24 (100 mg) and (±)-cis-24
(390 mg) were obtained with 14% and 55% yields, respectively. The
intermediate mixture of trans-22 and cis-22 was obtained with 18%
yield.

(±)-trans-22. 1H NMR (CDCl3): δ 7.28 (2H, d, J = 8.9 Hz), 6.79
(2H, J = 8.9 Hz), 6.45−6.40 (3H, m), 5.40 (1H, d, J = 1.2 Hz), 4.82
(1H, d, J = 1.2 Hz), 3.73 (9H,s), 2.16 (3H, s). ESI-MS (m/z): 371
(M+).

(±)-cis-22. 1H NMR (CDCl3): δ 7.28 (2H, J = 8.9 Hz), 6.79 (2H, J
= 8.9 Hz), 6.46−6.41 (3H, m), 5.94 (1H, d, J = 4.9 Hz), 5.23 (1H, d, J
= 4.9 Hz), 3.73 (9H, s), 1.76 (3H, s). 13C NMR (CDCl3): δ 169.88,
161.96, 161.51, 157.30, 135.60, 131.04, 119.54, 119.41, 115.05, 106.49,
101.30, 76.82, 62.13, 56.02, 20.63. ESI-MS: m/z 371 (M+).

(±)-trans-24. 1H NMR (CDCl3): δ 7.23 (2H, d, J = 9 Hz), 6.77
(2H, d, J = 9 Hz), 6.48 (2H, d, J = 2.2 Hz), 6.42 (1H, tr, J = 2.2 Hz),
4.78 (1H, d, J = 1.5 Hz), 4.73 (1H, d, J = 1.5 Hz), 3.77 (6H, s), 3.76
(3H,s). 13C NMR (CDCl3): δ 165.86, 161.66, 156.37, 138.77, 129.69,
119.13, 114.54, 104.20, 100.60, 83.83, 65.87, 55.60. ESI-MS: m/z 329
(M+).

(±)-cis-24. 1H NMR (CDCl3): δ 7.29 (2H, d, J = 8.8 Hz), 6.80
(2H, d, J = 8.8 Hz), 6.48 (3H, s), 5.16 (2H, s), 3.76 (9H, s). 13C NMR
(CDCl3): δ 165.94, 161.62, 156.67, 135.97, 130.69, 119.03, 114.58,
105.60, 100.73, 77.40, 62.70, 55.59. ESI-MS: m/z 329 (M+).

(±)-3,4-trans-3-Hydroxy-1-(3- hydroxy-4-methoxyphenyl)-4-
(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-trans-25) and
(±)-3,4-cis-3-Hydroxy-1-(3-hydroxy-4-methoxyphenyl)-4-
(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-cis-25). Com-
pounds (±)-trans-25 and (±)-cis-25 were prepared following the
method described in procedure a. Starting from imine 17 (0.2 g, 0.38
mmol), compounds (±)-trans-25 (47 mg) and (±)-cis-25 (61 mg)
were obtained with 33% and 43% yields, respectively.

(±)-trans-23. 1H NMR (CDCl3): δ 7.23 (1H, d, J = 2.4 Hz), 7.12
(1H, dd, J1 = 8.9 Hz, J2 = 2.4), 6.86 (1H, d, J = 8.9 Hz), 6.53 (2H, s),
5.40 (1H, d, J = 1.4 Hz), 4.86 (2H, s), 4.82 (1H, d, J = 1.4 Hz), 3.85
(3H, s), 3.82 (6H,s), 3.78 (3H, s), 2.20 (3H, s), 2.18 (3H, s). 13C
NMR (CDCl3): δ 170.06, 169.65, 165.69, 161.39, 153.89, 148.13,
139.16, 138.45, 130.32, 115.98, 112.97, 112.82, 103.22, 82.54, 64.12,
60.82, 60.25, 56.20, 20.49. ESI-MS: m/z 540 (M + Na+).

(±)-cis-23. 1H NMR (CDCl3): δ 7.26 (1H, d, J = 2.5 Hz), 7.14
(1H, dd, J1 = 8.9 Hz, J2 = 2.5 Hz), 6.88 (1H, d, J = 8.9 Hz), 6.48 (2H,
s), 5.94 (1H, d, J = 4.9 Hz), 5.25 (1H, d, J = 4.9 Hz), 4.87 (2H, s),
3.88 (3H, s), 3.80 (6H, s), 3.79 (3H, s), 2.18 (3H), 1.76 (3H). 13C
NMR (CDCl3): δ 170.22, 169.35, 165.84, 161.74, 153.49, 148.38,
139.37, 138.45, 130.46, 127.68, 116.08, 113.02, 104.98, 76.68, 62.04,
61.43, 60.41, 56.40, 20.56, 20.15. ESI-MS: m/z 540 (M + Na+).

(±)-trans-25. 1H NMR (CDCl3): δ 6.90 (1H, d, J = 2.4 Hz), 6.83
(1H, dd, J1 = 2.4, 8.6 Hz), 6.71 (1H, d, J = 8.6 Hz), 6.52 (2H, s), 5.31
(1H, s), 4.76 (1H, d, J = 1.6 Hz), 4.70 (1H, d, J = 1.6 Hz), 3.86 (3H,
s), 3.85 (3H, s), 3.82 (6H, s). 13C NMR (CDCl3): δ 166.28, 154.07,
146.05, 131.84, 131.22, 111.05, 109.69, 105.05, 102.98, 83.90, 66.18,
61.03, 56.40. ESI-MS: m/z 375 (M+).

(±)-cis-25. 1H NMR (400 MHz, CDCl3): δ 6.98 (1H, d, J = 8.0
Hz), 6.95 (1H, s), 6.79 (1H, d, J = 8.0 Hz), 6.53 (2H, s), 5.69 (1H, s),
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5.19−5.15 (2H, m), 3.88 (6H, s), 3.85 (6H, s). 13C NMR (100 MHz,
CDCl3): δ 156.00, 147.00, 129.80, 111.68, 111.09, 105.28, 104.71,
63.29, 61.52, 56.89. ESI-MS: m/z 375 (M+).
(±)-3,4-trans-3-Amino-1-(3,5-dimethoxyphenyl)-4-(4-

methoxyphenyl)azetidin-2-one ((±)-trans-28) and (±)-3,4-cis-
3-Amino-1-(3,5-dimethoxyphenyl)-4-(4-methoxyphenyl)-
azetidin-2-one ((±)-cis-28) (Traces). A solution of phthalylglycyl
chloride (1.36 g, 6.08 mmol) in anhydrous methylene chloride (3 mL)
was added dropwise at 0 °C under nitrogen to a stirred solution of
imine 14 (0.375 g, 1.38 mmol) and TEA (1.23 g, 1.7 mL, 12.6 mmol)
in anhydrous methylene chloride (7 mL). The solution was
maintained at 0 °C for 1 h and then allowed to reach room
temperature and stirred for 24 h. HCl (1 N) was added (40 mL), and
the two phases were stirred for 40 min. The aqueuos phase was
separated and extracted twice with dichloromethane. Organic phases
were washed with a saturated solution of NaHCO3 dried with sodium
sulfate, filtered, and concentrated under reduced pressure, affording a
brown oil which was purified by flash column chromatography (silica
gel; eluent gradient of n-hexane/ethyl acetate from 7/3 to 4/6). The
isomer (±)-trans-26 only was isolated (0.289 g, 0.62 mmol, 46%
yield). Compound (±)-cis-26 was formed only in traces from the
reaction. (±)-trans-26: 1H NMR (CDCl3) δ 7.9−7.7 (4H, m), 7.32
(2H, J = 8.8 Hz), 6.82 (2H, J = 8.8 Hz), 6.50 (2H, d, J = 2.2 Hz), 6.44
(1H, tr, J = 2.2 Hz), 5.29 (1H, d, J = 2.7 Hz), 5.26 (1H, d, J = 2.7 Hz),
3.76 (9H, s). 13C NMR (CDCl3): δ 166.99, 161.80, 156.74, 138.57,
134.73, 131.93, 130.95, 123.98, 119.25, 114.57, 104.32, 100.94, 62.82,
61.65, 55.62. ESI-MS: m/z 481 (M + Na+).
Hydrazine dihydrochloride (0.30 g, 2.8 mmol) was added, at 0 °C

and under nitrogen to a stirred suspension of (±)-trans-26 (0.6 mg,
1.3 mmol) in methanol (10 mL). TEA (1.6 g, 2.2 mL, 15.8 mmol) was
added dropwise. The mixture was allowed to reach room temperature
and then warmed at 50 °C for 5 h. The solvent was removed at
reduced pressure, and the residue was treated with 1 N HCl (40 mL)
and extracted with dichloromethane (3 × 10 mL). The aqueous phase
was made alkaline by 3 N NaOH and extracted with dichloromethane
(3 × 10 mL). The organic phase was dried (Na2SO4), and the solvent
was removed at reduced pressure. A solid was obtained, which was
purified by flash chromatography (silica gel; eluent n-hexane/ethyl
acetate, 2/8) to afford the stereoisomer (±)-trans-28 (0.36 g, 1.1
mmol, 85% yield) as a yellow solid. 1H NMR (CDCl3) δ 7.29 (2H, d, J
= 8.7 Hz), 6.93 (2H, d, J = 8.7 Hz), 6.49 (1H, d, J = 2.2 Hz), 6.41 (1H,
tr, J = 2.2 Hz), 4.64 (1H, d, J = 2.2 Hz), 4.10 (1H, d, J = 2.2 Hz), 3.75
(9H, s). 13C NMR (CDCl3): δ 161.65, 139.41, 118.92, 114.52, 104.02,
100.51, 69.27, 66.40, 55.59. ESI-MS: m/z 351 (M + Na+).
(±)-3,4-trans-3-Amino-4-(3-hydroxy-4-methoxyphenyl)-1-

(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-trans-29). Com-
pounds (±)-trans-27 and (±)-cis-27 were prepared following the
procedures described for compound 26. Starting from imine 15 (0.25
g, 0.8 mmol), the isomer trans-27 only was isolated (0.34 g, 0.50 mmol
63% yield) after purification by flash column chromatography (silica
gel; eluent gradient of n-hexane/ethyl acetate from 85/15 to 40/60).
Compound cis-27 was formed only in traces from the reaction.
(±)-trans-27: 1H NMR (CDCl3) δ 8−7.6 (8H, m), 7.29 (1H, dd, J1 =
8.4 Hz, J2 = 2.2 Hz), 7.19 (1H, d, J = 2.2 Hz), 7.00 (1H, d, J = 8.4 Hz),
6.57 (2H, s), 5.28 (2H, s), 4.71 (2H, s), 3.85 (3H, s), 3.76 (3H, s),
3.70 (6H, s). 13C NMR (CDCl3): δ 167.46, 166.96, 165.41, 162.03,
140.09, 134.79, 134.53, 133.40, 132.15, 131.86, 128.37, 126.40, 125.08,
124.27, 123.87, 121.47, 113.64, 95.50, 67.78, 61.07, 56.24, 38.89. ESI-
MS: m/z 691 (M+).
Compound (±)-trans-27 was treated with hydrazine dihydro-

chloride and affords after purification by flash chromatography (silica
gel; eluent n-hexane/ethyl acetate, 2/8) the stereoisomer (±)-trans-29
(0.048 g, 0.13 mmol, 81% yield) as a yellow amorphous solid. 1H
NMR (CDCl3): δ 6.92 (1H, s), 6.89 (2H, s), 6.54 (2H, s), 4.54 (1H, d,
J = 2.2 Hz), 4.05 (1H, d, J = 2.2 Hz), 3.88 (3H, s), 3.76 (3H, s), 3.71
(6H,s). 13C NMR (CDCl3): δ 168.05, 153.65, 147.11, 146.51, 134.80,
133.80, 130.14, 118.14, 117.99, 112.33, 111.22, 95.38, 69.70, 66.70,
61.09, 56.22. ESI-MS: m/z 374 (M+).
(±)-3,4-trans-3-Amino-4-(3,5-dimethoxyphenyl)-1-(4-

methoxyphenyl)azetidin-2-one ((±)-trans-32) and (±)-3,4-cis-

3-Amino-4-(3,5-dimethoxyphenyl)-1-(4-methoxyphenyl)-
azetidin-2-one ((±)-cis-32). Compounds (±)-trans-30 and (±)-cis-
30 were prepared following the procedures described for compound
26. Starting from imine 16 (1.74 g, 6.42 mmol), the mixture of isomers
trans-30 and cis-30 were isolated (0.55 g, 1.20 mmol 19% yield) after
purification by flash column chromatography (silica gel; eluent n-
hexane/ethyl acetate, 1:1).

(±)-trans-30. 1H NMR (CDCl3): δ 7.91−7.89 (2H, m), 7.79−7.77
(2H, m), 7.32 (2H, d, J = 8.8 Hz), 6.84 (2H, d, J = 8.8 Hz), 6.51 (2H,
d, J = 2.4 Hz), 6.45 (1H, tr, J = 2.4 Hz), 5.30 (1H, d, J = 2.4 Hz), 5.26
(1H, d, J = 2.4 Hz), 3.78 (9H, s). 13C NMR (CDCl3): δ 166.99,
161.80, 156.74, 138.57, 134.73, 134.46, 131.93, 130.95, 123.99, 123.64,
118.84, 115.49, 104.32, 62.87, 61.66, 55.62. ESI-MS: m/z 481 (M +
Na+).

(±)-cis-30. 1H NMR (CDCl3): δ 7.9−7.4 (4H, m), 7.41 (2H, d, J =
6.8 Hz), 7.00 (2H, d, J = 6.8 Hz), 6.45 (2H, d, J = 2.2 Hz), 6.20 (1H,
tr, J = 2.2 Hz), 5.63 (1H, d, J = 5.5 Hz), 5.35 (1H, d, J = 5.5 Hz), 3.78
(3H,s), 3.63 (6H, s). 13C NMR (CDCl3): δ 166.93, 160.90, 160.44,
156.71, 134.94, 134.73, 131.92, 131.49, 123.83, 123.63, 119.24, 114.57,
105.22, 62.18, 61.37, 55.55. ESI-MS: m/z 481 (M + Na+).

Compounds (±)-trans-30 and (±)-trans-30 were treated with
hydrazine dihydrochloride and afford after purification by flash
chromatography (silica gel; eluent n-hexane/ethyl acetate, 2/8) the
stereoisomer (±)-trans-32 (7% yield) as a yellow amorphous solid and
the stereoisomer (±)-cis-32 (8% yield).

(±)-trans-32. 1H NMR (CDCl3): δ 7.30 (2H, d, J = 9.5 Hz), 6.80
(2H, d, J = 9.5 Hz), 6.48 (2H, d, J = 2.2 Hz), 6.42 (1H, t, J = 2.2 Hz),
4.55 (1H, d, J = 2.0 Hz), 4.06 (1H, d, J = 2.0 Hz), 3.76 (9H, s). 13C
NMR (CDCl3): δ 167.50, 161.56, 156.39, 139.64, 131.15, 118.85,
114.52, 103.95, 100.42, 69.90, 66.98, 55.59. ESI-MS: m/z 351(M +
Na+).

(±)-cis-32. 1H NMR (CDCl3): δ 7.30 (2H, d, J = 9 Hz), 6.80 (2H,
d, J = 9 Hz), 6.42 (1H, t, J = 2.2 Hz), 6.39 (2H, d, J = 2.2 Hz), 5.14
(1H, d, J = 5.4 Hz), 4.59 (1H, d, J = 5.4 Hz), 3.76 (9H, s). 13C NMR
(CDCl3): δ 167.46, 161.67, 156.37, 137.22, 131.14, 118.82, 114.51,
105.22, 103.95, 100.25, 69.91, 66.96, 63.99, 62.59, 55.59. ESI-MS: m/z
351 (M + Na+).

(±)-3,4-trans-3-Amino-4-(3-hydroxy-4-methoxyphenyl)-1-
(3,4,5-trimethoxyphenyl)azetidin-2-one ((±)-trans-33) and
(±)-3,4-cis-3-Amino-4-(3-hydroxy-4-methoxyphenyl)-1-(3,4,5-
trimethoxyphenyl)azetidin-2-one ((±)-cis-33). Compounds
(±)-trans-31 and (±)-cis-31 were prepared following the procedures
described for compound 26. Starting from imine 17 (0.324 g, 1.02
mmol), the mixture of isomers (±)-trans-27 and (±)-cis-27 was
isolated (0.48 g, 0.7 mmol 68% yield) after purification by flash
column chromatography (silica gel; eluent n-hexane/ethyl acetate,
45:55).

(±)-trans-31. 1H NMR (CDCl3): δ 8.0−7.8 (8H, m), 7.27 (1H, d, J
= 2.6 Hz), 7.16 (1H, dd, J1 = 2.6 Hz, J2 = 8.9 Hz), 6.88 (1H, d, J = 8.9
Hz), 6.56 (2H, s), 5.29 (1H, d, J = 2.6 Hz), 5.25 (1H, d, J = 2.6 Hz),
4.71 (2H, s) 3.86 (3H, s), 3.82 (6H,s), 3.80 (3H, s). 13C NMR
(CDCl3): δ 167.42, 166.97, 165.34, 161.98, 148.23, 139.77, 134.80,
134.45, 132.20, 131.89, 131.25, 130.85, 124.05, 123.86, 116.36, 113.12,
103.16, 63.12, 62.10, 61.03, 56.43, 38.87. ESI-MS: m/z 691 (M+).

(±)-cis-31. 1H NMR (CDCl3): δ 7.91−7.75 (8H, m), 7.69 (1H, d, J
= 2.3 Hz), 7.38 (1H, dd, J1 = 2.3 Hz, J2 = 8.9 Hz), 6.94 (1H, d, J = 8.9
Hz), 6.49 (2H, s), 5.63 (1H, d, J = 5.4 Hz), 5.34 (1H, d, J = 5.4 Hz),
4.72 (2H, s), 3.84 (3H, s), 3.72 (6H, s), 3.65 (3H,s). ESI-MS: m/z 691
(M+).

Compounds (±)-trans-33 and (±)-cis-33 were obtained following
the procedures described for compound 26. Starting from a mixture of
compounds (±)-trans-31 and (±)-cis-31 (179 mg, 0.26 mmol),
isomers (±)-trans-33 (33% yield) and (±)-cis-33 (22% yield) were
isolated after purification by flash column chromatography (silica gel;
eluent hexane/ethyl acetate = 2:8).

(±)-trans-33. 1H NMR (400 MHz, CDCl3): δ 6.94 (1H, d, J = 2.4
Hz), 6.79 (1H, dd, J1 = 8.7 Hz, J2 = 2.4 Hz), 6.72 (1H, d, J = 8.7 Hz),
6.53 (2H, s), 4.54 (1H, d, J = 2.0 Hz), 4.04 (1H, d, J = 2.0 Hz), 3.85
(3H, s), 3.82 (3H, s), 3.80 (6H, s). 13C NMR (100 MHz; CDCl3): δ
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168.39, 154.53, 146.73, 144.33, 133.23, 132.16, 111.77, 109.75, 105.45,
103.29, 70.37, 67.53, 61.48, 56.84. ESI-MS: m/z 374 (M+).
(±)-cis-33. 1H NMR (400 MHz; CDCl3): δ 6.98−6.94 (2H, m),

6.77 (1H, d, J = 8.4 Hz), 6.46 (2H, s), 5.13 (1H, d, J = 5.2 Hz), 4.58
(1H, d, J = 5.2 Hz), 3.87 (6H, s), 3.82 (6H, s). 13C NMR (100 MHz;
CDCl3): δ 168.29, 154.59, 146.64, 144.17, 138.69, 132.20, 130.60,
111.74, 109.87, 105.30, 104.48, 67.64, 64.36, 61.47, 56.85. ESI-MS: m/
z 374 (M+).
Biology: Materials and Methods. Reagents and Antibodies.

Anti-AMPK, anti-phospho-AMPK (Thr172), anti-caspase-3, anti-
PARP, anti-Raptor, anti-phospho-Raptor (Thr792), and anti-vinculin
for Western blotting analysis were purchased from Cell Signaling
Technologies (Beverly, MA). Anti-fibrillarin antibody, used as nuclear
extract control, was purchased from EnCor Biotechnology (Gaines-
ville, FL). Dulbecco’s modified Eagle’s medium (DMEM), Eagle's
minimal essential medium medium (EMEM), F12 medium, Leibovitz
medium, fetal bovine serum (FBS), L-glutamine, penicillin, and
streptomycin were obtained from Lonza (Basel, Switzerland). All
other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Cell Cultures. HuTu-80 cells and HeLa cells were cultured using

DMEM supplemented with 10% (v/v) FBS, 4 mM L-glutamine, 100
U/mL penicillin, and 100 μg/mL streptomycin. FHs74 cells were
cultured using DMEM supplemented with 10% (v/v) FBS, 4 mM L-
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 30 ng/mL
EGF, and 10 μg/mL insulin. CCD841CoN cells and MCF-7 cells were
cultured using EMEM/NEAA supplemented with 10% (v/v) FBS, 4
mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin.
T84 cells were cultured using DMEM/F12 medium supplemented
with 5% (v/v) FBS, 4 mM L-glutamine, 100 U/mL penicillin, and 100
μg/mL streptomycin. SKNBE cells were cultured using EMEM/F12
medium supplemented with 10% (v/v) FBS, 4 mM L-glutamine, 100
U/mL penicillin, and 100 μg/mL streptomycin. All these cell lines
were maintained at 37 °C in a humidified 5% CO2 incubator. SW48,
SW480, and SW620 cells were cultured using Leibovitz’s medium
supplemented with 10% (v/v) FBS, 4 mM L-glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin. These cell lines were
maintained at 37 °C in a humidified incubator.
Subcellular Fractionation and Total Protein Extraction. To

detect p53 levels and phosphorylation, nuclear extracts were prepared
using the NE-PER kit (Pierce Biotechnology, Rockford, IL) according
to the manufacturer’s protocol. To analyze all the other proteins, total
cell extracts were prepared using RIPA buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP40, 0.1% SDS)
plus 1 mM PMSF (phenylmethanesulfonyl fluoride), protease
inhibitor cocktail (Roche, Indianapolis, IN), and phosphatase inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO).
Flow Cytofluorimetric Analysis. For flow cytometric analysis,

cells were trypsinized, washed with PBS, and fixed in 75% ethanol at 4
°C. Samples were stained with propidium iodide (Sigma-Aldrich, St.
Louis, MO) to analyze DNA content using a BD Biosciences FACScan
(Becton-Dickinson, San Jose, CA).
Growth Inhibition Assay. The antiproliferative activity of the

azetidinone derivatives was measured by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded
in 96-well plates. After 24 h of incubation in the appropriate medium,
cells were treated with different concentrations of each compound for
48−72 h, as indicated in the figure captions. Afterward, the MTT
solution was added, and then plates were incubated for 2 h at 37 °C.
The purple formazan crystals were solubilized. and the plates were
read on a model 550 microplate reader (BioRad Laboratories,
Hercules, CA) at 570 nm. The IC50 values were obtained using the
software GraphPad Prism (San Diego, CA) and were defined as the
concentration of drug causing a 50% inhibition in absorbance
compared to control cells. Assays were performed in triplicate in
three independent experiments.
Tubulin Polymerization Assay. The effect of compounds on the

assembly of tubulin was determined spectrophotometrically by
monitoring the change in turbidity. Lyophilized purified porcine
brain tubulin (Cytoskeleton, Denver, CO) was resuspended in ice-cold
assembly buffer (80 mM PIPES, pH 6.9, 1 mM MgCl2, 2 mM EGTA,

10% glycerol) at 2.5 mg/mL and mixed with 1 mM GTP and varying
concentrations of the compounds. DMSO (0.2% v/v) was used as a
vehicle control. Tubulin assembly was monitored at 340 nm at 37 °C
in a Jasco V-530 spectrophotometer (Jasco Europe, Italy). The IC50
values were obtained using the software GraphPad Prism (San Diego,
CA) and were defined as the compound concentration that inhibited
the extent of assembly by 50% after a 30 min incubation. Assays were
performed in triplicate in two independent experiments.
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