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Abstract—We designed chiral 2-nitroimidazole derivatives containing a 2-aminomethylene-4-cyclopentene-1,3-dione moiety as anti-
angiogenic hypoxic cell radiosensitizers. Based on results of molecular orbital calculations, the 2-aminomethylene-4-cyclopentene-
1,3-dione moiety is expected to show high electrophilicity comparable to that of the 2-methylene-4-cyclopentene-1,3-dione moiety
included in TX-1123 and tyrphostin AG17. We evaluated the antiangiogenic and radiosensitizing effects of the new compounds,
along with other biological properties including their activities as hypoxic cytotoxicities and protein tyrosine kinase (PTK) inhibi-
tory activities. Among the compounds tested, 5 (TX-2036) proved to be the strongest antiangiogenic hypoxic cell radiosensitizer. All
the other chiral 2-nitroimidazole derivatives having 2-aminomethylene-4-cyclopentene-1,3-dione moiety tested were also antiangio-
genic hypoxic cell radiosensitizers. The PTK inhibitory activity of 5 (TX-2036) showed this to be a promising and potent EGFR
kinase inhibitor, having an IC50 value of lower than 2 lM. This compound also was an Flt-1 kinase inhibitor having an IC50 value
of lower than 20 lM. Our results show that these chiral 2-nitroimidazole derivatives that contain the 2-aminomethylene-4-cyclopen-
tene-1,3-dione moiety as a potent antiangiogenic pharmacophoric descriptor are promising lead candidates for the development of
antiangiogenic hypoxic cell radiosensitizers.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

For a neoplastic cell to metastasize, there are a series of
steps that it must go through. Each step is rate-limiting
in the sense that, until each step is completed, the cell is
limited and the subsequent step in the metastatic process
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Figure 1. Structure of designed antiangiogenic hypoxic cell radiosen-

sitizers 1–6 and control compounds 11 and 21.
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will not occur. Thus, failure to complete any of the steps
prevents tumor cells from producing metastasis. Angio-
genesis is the first of these rate-limiting steps and angio-
genesis is also a prerequisite for neoplastic growth. Since
a neoplasm is composed of neoplastic cells, capillary
blood vessels, and connective tissue, antiangiogenic
agents also can be considered to be antineoplastic
agents.1 Inefficient vascular supply and the resultant hy-
poxia in tumor tissue often leads to neovascularization
to satisfy the needs of surviving tumor tissues. Bev-
acizumab (Avastin�) was the first angiogenesis inhibitor
approved by the U.S. Food and Drug Administration
(for colon cancer), and the first to demonstrate prolon-
gation of survival in patients with advanced cancer.2,3

It is an antivascular endothelial growth factor (VEGF)
antibody, and the story of its discovery and manufacture
describes a monumental achievement. There are about
200 different types of human cancers, and about 60%
of these express VEGF. However, many cancers pro-
duce other angiogenic proteins as well. Furthermore,
some cancers may initially produce only VEGF but over
time can express redundant angiogenic proteins owing
to new mutations. At least six angiogenic proteins have
been reported for some types of breast cancer. There-
fore, in the future, as more patients remain well on bev-
acizumab therapy, and as bevacizumab receives FDA
approval for other tumors, treatment may benefit from
co-administration of other antiangiogenic agents as
adjuvant therapeutics for tumor growth/regrowth inhi-
bition and antimetastasis.3

Shweiki et al. reported in 1992 that hypoxia induced the
production of VEGF, which mediates hypoxia-initiated
angiogenesis.4 Since this report the link between the tu-
mor tissue hypoxia and angiogenesis gradually became
to be established.5,6 Since antiangiogenic agent will con-
tribute to hypoxia, it will also benefit the radiotherapy.
Based on these considerations, there are apparent
advantages to be gained by sensitizing hypoxic cells to
radiotherapy while, at the same time, inhibiting angio-
genic activity. This combination of the radiosensitizing
activity and antiangiogenic activity would be expected
to provide a synergistic interaction between the hypoxic
cell radiosensitizers and antiangiogenic agents which
target hypoxia-initiated neovasculature. Our research
has focused on the design and synthesis of compounds
that can function as combination drugs containing both
radiosensitizing and antiangiogenic activities.

We recently reported the design, synthesis, and evalua-
tion of racemic and enantiomerically pure (chiral) halo-
acetylcarbamoyl-2-nitroimidazoles, including chloro-
and bromo-derivatives, as antiangiogenic hypoxic cell
radiosensitizers.7 In the tumor microenvironment, there
are softer nucleophiles such as non-protein thiols and
thiol proteases. Therefore, we developed a strategy to
design 2-nitroimidazole derivatives that incorporate a
softer electrophile, the aminomethylenecyclopentenedi-
one moiety, as a new antiangiogenic and antitumor
functional group. We considered two potential benefits
of having a chiral center in our hypoxic cell radiosensi-
tizers: First, this would provide us with two molecular
structures expected to exhibit different biological activity
from the same synthetic route and, second, each enan-
tiomer would possess a specific pharmacokinetic prop-
erty as well as a specific pharmacodynamic property.
We present here our design, syntheses, and biological
evaluation of new 2-nitroimidazole-based antiangio-
genic hypoxic cell radiosensitizers that incorporate the
2-aminomethylene-4-cyclopentene-1,3-dione moiety as
an antiangiogenic pharmacophoric descriptor.8
2. Results

The goal of this research was to design compounds that
would incorporate hypoxic cell radiosensitizing activity
and antiangiogenic activity in the molecule though an
appropriate linker. The electron deficient 2-nitroimidaz-
ole moiety substituted with chiral hydrophobic alkyl-
oxy- or aryloxy-ethyl groups was chosen to serve the
first purpose while the 2-aminomethylene-4-cyclopen-
tene-1,3-dione moiety would function as the latter and
also a protein tyrosine kinase (PTK) inhibiting unit,
activities previously found by our group. We selected
p-aminobenzoic acid as the linker between the radiosen-
sitizer unit and antiangiogenic moiety because of its
rigidity and its optimum length that permits the design
of the molecular structure with a single chiral center pos-
sessing greater steric hindrance (Fig. 1).

2.1. Molecular orbital-based molecular modeling

Molecular modeling was used to aid in the design of
these new bifunctional 2-nitroimidazole derivatives.
We calculated HOMO–LUMO of representative com-
pounds, such as TX-2043 (R = methyl), TX-2030
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(R = tert-butyl), and TX-2036 (R = p-tert-butylphenyl),
and TX-2045 (R = methyl; without cyclopentenedione
moiety) as a control of TX-2043 (R = methyl) for a com-
parison of their MO Eigenvalues and coefficients which
are very important factors in MO theory. We first per-
formed geometry and molecular orbital optimizations
of the (R)-enantiomers of 2-nitroimidazole-aminometh-
ylenecyclopentenediones possessing three different alkyl
or alkylaryl groups with different steric demands. These
included the methyl group 1 (TX-2043), tert-butyl group
3 (TX-2030), and p-tert-butylphenyl group 5 (TX-2036).
The des-aminomethylenecyclopentenedione derivative
11 (TX-2045) was used as a control compound. The
molecular orbitals of these compounds that were
obtained using the B3LYP hybrid functional and the
6–31G(d) basis set as implemented with the Gaussian
program9 are shown in Figure 2. These calculations re-
vealed that 2- nitroimidazole-aminomethylenecyclopen-
tenedione such as 1 (TX-2043), 3 (TX-2030), and 5
(TX-2036) have similar LUMO coefficients localized at
cyclopentenedione rings indicating that this moiety
might be attacked by nucleophiles, especially soft nucle-
ophiles such as thiols present in proteolytic enzymes. In
contrast, des- aminomethylenecyclopentenedione 11
(TX-2045) having a trifluoromethyl group instead of
cyclopentenedione rings showed LUMO coefficients
delocalized in the 4-trifluoroacetylaminobenzoyloxy
group.

2.2. Synthesis

The synthetic route used is summarized in Scheme 1.
Reaction of 2-nitroimidazole with the enantiomeric al-
kyl glycidyl ethers produced (R)- and (S)-2-nitroimidaz-
ole-isopropanols (7–9 and 18–20) already reported.7

Coupling with p-trifluoroacetamidobenzoic acid and re-
moval of the trifluoroacetyl group gave the (R)- and (S)-
isopropyl p-aminobenzoates (14–16 and 24–26). Reac-
tion of isopropyl p-aminobenzoates with 2-methoxym-
ethylene-4-cyclopentene-1,3-dione in ethanol produced
(R)- and (S)-2-nitroimidazole-aminomethylenecyclopen-
tenediones (1, 3, 5 and 2, 4, 6). The physical data of 2-
nitroimidazole-aminomethylenecyclopentenediones are
shown in Table 1. The calculated logP (Pallas3.0,
Figure 2. Molecular orbitals of antiangiogenic hypoxic cell radiosensitizers.
CompDrug Chemistry, Ltd) of the proposed radiosensi-
tizers, 1 or 2, 3 or 4, and 5 or 6 were 2.55, 3.80, 6.03,
respectively, and the calculated logP (c logP) of 11 or
21 and etanidazole were 2.24 and �1.56, respectively.

2.3. Biological activity

Several biological parameters were measured using
established assays. We evaluated radiosensitizing activi-
ties (EMT6/KU, shown in Table 2), antiangiogenic
activities including antitumor or antineoplastic, and
antimetastatic activities (proliferation inhibitory activity
in EMT6/KU and RLE cells, and inhibitory activities to
MMP-2, MMP-9 shown in Table 5, and tyrosine ki-
nases, and in vivo antiangiogenic CAM assay) required
for potent antiangiogenic hypoxic cell radiosensitizers.

As shown by enhancement ratios (ERs) shown in Table
2, (1.6 is the minimum effective ER of a radiosensitizer
in an in vitro assay) even at a concentration of 1 lM,
these new agents have higher radiosensitizing activities
than etanidazole (ER = 1.72 at 1 mM) used as a stan-
dard radiosensitizer. Interestingly, as shown in Table 3,
their antiangiogenesis properties (RLE cell prolifera-
tion) showed higher potency (1.3–6.6 times) than their
antitumor activities (EMT6/KU cell proliferation). They
are potent antiangiogenic hypoxic cell radiosensitizers
which function as chemosensitizers to enhance the ef-
fects of chemotherapy.

In the chick embryo CAM assay, all new nitroimidazole
derivatives showed antiangiogenesis activities and those
with the less bulky functional group were the most ac-
tive (Table 4). They were also effective inhibitors of ma-
trix metalloproteases, as shown for both MMP-2 and
MMP-9 (Table 5). Again, the compounds with the less
bulky functional groups, and, in particular, the R-enan-
tiomers, were the strongest inhibitors (methyl > tert-bu-
tyl > p-tert-butylphenyl). Inhibition was greater for
MMP-2 than for MMP-9. As expected, the control
compounds 11 (TX-2045) and 21 (TX-2046), having
the trifluoroacetylamino group instead of the 2-aminom-
ethylene-4-cyclopentene-1,3-dione moiety, showed weak
or no biological activities in the chick embryo CAM and
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MMP assays. With respect to EGFR and Flt-1 inhibi-
tion, the methyl and tert-butylphenyl group-containing
compounds, 1 (TX-2043), 2 (TX-2044), 5 (TX-2036),
and 6 (TX-2037), were stronger inhibitors than tert-bu-
tyl derivatives, 3 (TX-2030) and 4 (TX-2031) (Table 6).
This suggests that compounds having less steric encum-
brance adjacent to the stereocenter, such as methyl and
even tert-butylphenyl group, are the stronger inhibitors,
and that the bulky tert-butyl group reduces activity. Fi-
nally, as shown in Table 7, the antitumor activity of 5
(TX-2036) using an in vitro assay of a human cancer cell
line panel (HCC panel) consisting of 39 systems sug-
gested reasonable potency as an antiangiogenic hypoxic
cell radiosensitizer under aerobic conditions. There were
slight, but not significant, eudismic ratios (the potency
of the eutomer relative to that of the distomer) for all
the biological properties except for tyrosine kinase inhi-
bition where the R-enantiomers were stronger inhibitors
than S-enantiomers.

Based on the results of the several assays, 5 (TX-2036)
proved to be the most potent antiangiogenic and antitu-
mor agent among the newly synthesized chiral 2-nitro-
imidazoles linked to aminomethylenecyclopentenedione.
3. Discussion

Angiogenesis is a fundamental process required for a
wide variety of physiological and pathophysiological
processes.10 Angiogenesis provides both a perfusion ef-
fect and a paracrine effect to a growing tumor and tu-
mor cells, and endothelial cells can drive each other to
perpetuate and amplify the malignant phenotype. A
number of antiangiogenic agents have been developed,
and many are now in clinical trials. Avastin� and a
few other drugs have been approved for clinical use.
However, before antiangiogenic agents can be success-
fully incorporated into clinical anticancer strategy, a
greater understanding of the process of angiogenesis
and of the interaction between the endothelial cell and
its tumor microenvironment is required. It had long
been assumed that an angiogenesis inhibitor would im-
pair the effect of ionizing radiation by inducing tumor
hypoxia. Murata and coworkers11 found that treatment
of breast carcinoma xenografts with TNP-470 and frac-
tionated radiotherapy resulted in a decrease in tumor
oxygenation and control.

As part of our research to develop clinically effective tu-
mor chemotherapeutics, we developed compounds that
combined radiosensitizing activity with antiangiogenic
activity. In our previous report, we described our syn-
theses of the individual enantiomers of haloacetylcarba-
moyl-2-nitroimidazole as antiangiogenic hypoxic cell
radiosensitizers. The synthetic design allows introduc-
tion of diversity in the side-chain ether function, as illus-
trated by the introduction of methyl, tert-butyl, and p-
tert-butylphenyl in this series. The data from biological
evaluation suggested that the (R)-p-tert-butylphenyl-
bromoacetylcarbamoyl-2-nitroimidazole hypoxic cell
radiosensitizer, TX-1898,7 may be a very promising can-
didate for further development as an antiangiogenic
hypoxic cell radiosensitizer. However, the haloacetylcar-
bamoyl group is a hard electrophile that preferentially
reacts with hard nucleophiles.

Here, we have prepared new compounds based on a ra-
tional design that incorporates a structural unit with
known radiosensitizing activity, the chiral 2-nitroimi-
dazole moiety, with functionality designed to have anti-
angiogenic activity, the 2-aminomethylene-4-
cyclopentene-1,3-dione moiety. All of these bifunctional
derivatives proved to have activity as antiangiogenic
hypoxic cell radiosensitizing agents. We evaluated com-
pound 5 (TX-2036) as the most promising candidate for
an antiangiogenic hypoxic cell radiosensitizer overall,
based on several factors: (1) Its hypoxic cell radiosensi-
tizing activity is shown in Table 2 (ER = 1.79 at 1 lM).
Potencies are evaluated by the concentration as well as
ER values. Thus all the compounds with ER of more
than 1.6 at 1 lM showed similar potency. (2) Its potent
EGFR kinase inhibitory activity (IC50 = 1.8 lM) is
shown in Table 6. This potent activity attracted our
attention because of the important role of EGFR (epi-
dermal growth factor receptor) tyrosine kinases as regu-
lators of angiogenesis, proliferation, migration,
tumorigenesis, and metastasis. (3) Its antiproliferatory
activity (IC50 = 0.81 lM) to RLE cells is shown in Table
3. (4) Its in vivo antiangiogenic activity using a CAM as-
say (the inhibition of 64% at 1 lg per CAM) shown in
Table 4. The potencies are evaluated by the dose per
CAM as well as the inhibition rate. Thus, all the com-
pounds with an inhibition of more than 60% at the same
concentration are evaluated as being similar potent. (5)
Its moderate MMPs inhibitory activity, being the second
most potent among the compounds tested, having simi-
lar potency to MMP-2 and MMP-9 (IC50 = 77 lM and
IC50 = 67 lM).

In conclusion, 5 (TX-2036) has activities that suggest it
is a very promising candidate for further development as
an antiangiogenic hypoxic cell radiosensitizer.
4. Experimental

4.1. General procedures

1H NMR spectra were recorded on a JEOL JNM-
EX400 spectrometer (400 MHz) with tetramethylsilane
as the internal standard. Chemical shifts are reported
in ppm. Coupling constants are reported in Hz. IR spec-
tra were measured in KBr pellets with a Perkin-Elmer
1600 spectrometer. Mass spectra were measured on a
Shimazu GC–MS QP-1000 mass spectrometer using EI
method. Reaction was monitored by analytical thin-
layer chromatography (TLC) using Merck silica gel 60
F254 glass plates and Merck aluminum oxide 60 F254

neutral plates (Type E). Column chromatography was
performed on Merck silica gel 60 (230–400 mesh) and
aluminum oxide 90 active neutral (70–230 mesh). Opti-
cal rotations were determined on a JASCO DIP-370 dig-
ital polarimeter. All melting points were measured with
a micromelting point apparatus (MP-S3 model) and are
uncorrected. Elemental analyses were performed with a



Scheme 1. Synthesis of antiangiogenic hypoxic cell radiosensitizers 1–6. Reagents and conditions: (a) 4-DMAP, DIPC/CH3CN; (b) NaBH4/EtOH, rt;

(c) EtOH, reflux.
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Yanako CHN Corder MT-5. All chemicals were pur-
chased from Wako Pure Chemical Industries, Ltd (Osa-
Table 1. Physical data of chiral 2-nitroimidazole-aminomethylene-

cyclopentenediones

Drugs Absolute

configuration

R c logP Mp (�C)

1 (TX-2043) R Me 2.55 149–150

2 (TX-2044) S Me 146–147

3 (TX-2030) R tert-Bu 3.80 131–132

4 (TX-2031) S tert-Bu 130–131

5 (TX-2036) R p-tert-BuPh 6.03 186–188

6 (TX-2037) S p-tert-BuPh 187–188
ka, Japan), Kanto Chemical Co. Inc., (Tokyo, Japan),
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan),
and Sigma–Aldrich Japan (Tokyo, Japan). (S)-(+)-Epi-
chlorohydrin (99.9% pure, 98.9% ee) and (R)-(�)-epi-
chlorohydrin (99.6% pure, 98.6% ee) were provided by
DAISO Co., Ltd (Osaka, Japan).

4.2. Molecular modeling methods

The molecular geometries were calculated with a B3LYP
hybrid density functional in conjunction with the 3-
21G(d) basis set using the GAUSSIAN 98 suite of pro-
grams.9 Using their molecular geometries obtained
above, their molecular orbital calculations were per-



Table 2. Radiosensitizing activity of 2-nitroimidazole-aminomethyl-

ene-cyclopentenediones

Compounds ER (concn)

Etanidazole 1.72 (1 mM)

1 (TX-2043) 1.80 (1 lM)

2 (TX-2044) 2.00 (1 lM)

3 (TX-2030) 1.68 (1 lM)

4 (TX-2031) 1.80 (1 lM)

5 (TX-2036) 1.79 (1 lM)

6 (TX-2037) 1.93 (1 lM)

11 (TX-2045) 2.02 (1 lM)

21 (TX-2046) 1.84 (1 lM)

ER (concn): enhancement ratio at corresponding concentration.

Table 3. Proliferation inhibitory activities of chiral 2-nitroimidazole-

aminomethylenecyclopentendiones in the EMT6/KU cells and RLE

cells

Drugs IC50 (lM)

EMT6/KU RLE

1 (TX-2043) 5.50 1.14

2 (TX-2044) 10.92 2.28

3 (TX-2030) 7.04 1.23

4 (TX-2031) 2.67 2.13

5 (TX-2036) 5.32 0.81

6 (TX-2037) 3.96 0.77

TX-1123 — 0.82

AG17 — 8.27
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formed with the B3LYP hybrid density functional in
conjugation with the 6-31G(d) basis set in the same
programs.
Table 4. Antiangiogenic activities of 2-nitroimidazole-aminomethylenecyclop

Compounds Configuration R

100 lg/

1 (TX-2043) R Me ND

2 (TX-2044) S Me ND

3 (TX-2030) R tert-Bu ND

4 (TX-2031) S tert-Bu ND

5 (TX-2036) R p-tert-BuPh ND

6 (TX-2037) S p-tert-BuPh ND

11 (TX-2045) R 43

21 (TX-2046) S 83

Table 5. MMP-2 and MMP-9 inhibitory activities (IC50/lM)

1 (TX-2043) 2 (TX-2044) 3 (TX-2030) 4 (TX-2031)

MMP-2 24 ND 49 50

MMP-9 53 ND 102 128

Table 6. Tyrosine kinase inhibitory activities (IC50/lM)

1 (TX-2043) 2 (TX-2044) 3 (TX-2030)

EGFR 2.3 23 21.3

Flt-1 23.4 ND 21.3
4.3. Synthesis

4.3.1. Synthesis of 4-(trifluoroacetylamido)benzoic acid
(10). Trifluoroacetic anhydride (3 mL) was added drop-
wise to a solution of 4-aminobenzoic acid (1.371 g,
10 mmol) in 10 mL of neat trifluoroacetic acid cooled
to 0 �C. After the mixture was stirred for 1 h, a precipi-
tate slowly formed. The reaction was checked for com-
pletion and more trifluoroacetic anhydride was added
if required. Upon completion, the reaction mixture
was poured over crushed ice (300 mL) whereupon a
voluminous white precipitate formed. After 1 h, the so-
lid was filtered, washed with copious amounts of water,
and allowed to air dry at 50–60 �C for 12 h to afford 4-
(trifluoroacetylamido)benzoic acid 10 as a white solid
(2.25 g, yield: 96.6%). Mp 154–156 �C (sublimed); IR
(KBr; cm�1): 3326 (NH), 3198–2376 (br, COOH), 1712
(CO), 1680 (COOH), 1541, 1290, 1189 (s); 1H NMR
(C2D6SO) d 11.51 (s, 1H), 7.98 (d, J = 7.6 Hz, 2H),
7.81 (d, J = 7.9 Hz, 2H). Anal. Calcd for C9H6NO3: C,
46.36; H, 2.59; N, 6.01. Found: C, 46.32; H, 2.77; N,
6.24.

4.3.2. Synthesis of 2-methoxymethylene-4-cyclopentene-
1,3-dione (17). A mixture of 4-cyclopentene-1,3-dione
(95%, 1.406 g, 13.9 mmol), trimethylorthoformate
(7.970 g, 75 mmol), zinc chloride (436.8 mg, 3 mmol),
and acetic anhydride (30 mL, ca. 300 mmol) was re-
fluxed for 6 h. The reaction mixture was cooled to room
temperature, concentrated in vacuo to remove acetic
anhydride, and the residue was separated by silica gel
chromatography (silica gel N60; 40–50 lm; ethyl ace-
tate/n-hexane, 1:1) to afford 1.01 g (52%) of 2-meth-
entenediones using a CAM assay

Inhibition %

CAM 5 lg/CAM 1 lg/CAM 100 ng/CAM

80 71 60

80 53 25

50 50 ND

100 77 ND

38 64 ND

57 46 ND

ND ND ND

ND ND ND

5 (TX-2036) 6 (TX-2037) 11 (TX-2045) 21 (TX-2046)

77 183 >240 >240

67 103 >240 >240

4 (TX-2031) 5 (TX-2036) 6 (TX-2037)

213 1.8 18.4

213 18.4 184



Table 7. Antitumor screening data of 5 (TX-2036) on HCC panel

Cell GI50 (lM) TGI (lM) LC50 (lM)

Breast

HBC-4 15 41 >100

BSY-1 13 29 66

HBC-5 2.2 72 68

MCF7 22 63 >100

MDA-MB-231 12 29 68

CNS

U251 17 33 63

SF-268 24 52 >100

SF-295 21 39 73

SF-539 20 45 >100

SNB-75 18 38 77

SNB-78 18 44 >100

Colon

HCC2998 17 36 77

KM-12 16 32 67

HT-29 13 34 87

HCT-15 21 42 84

HCT-116 16 34 73

Lung

NCI–H23 18 42 >100

NCH–H226 20 51 >100

NCI–H522 11 33 98

NCI–H460 18 43 >100

A549 19 39 83

DMS273 12 29 70

DMS114 16 35 73

Melanoma

LOX–IMVI 18 35 82

Ovarian

OVCAR-3 18 57 >100

OVCAR-4 22 51 >100

OVCAR-5 14 27 55

OVCAR-8 20 45 99

SK–OV-3 18 33 60

Renal

RXF-631L 18 34 64

ACHN 17 31 57

Stomach

St-4 20 48 >100

MKN1 3 13 >100

MKN7 19 42 97

MKN128 19 42 95

MKN45 19 37 74

MKN74 18 39 87

Prostate

DU-145 18 33 63

PC-3 17 36 76
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oxymethylene-4-cyclopentene-1,3-dione 17 as yellow
solids. IR (KBr; cm�1): 1728 (s, C@O); 1675 (s), 1637
(s, C@C); 1295, 1135 (s, Me–O), 692 (s, H–C@C–H).
1H NMR (CD3OD): d 3.30–3.32 (m, 3H, O–CH3),
3.33–3.38 (m, 1H, @CH(OCH3)), 7.06 and 7.45 (dd,
1H, H–C@C). Anal. Calcd for C7H6O3: C, 60.87; H,
4.38. Found: C, 60.85; H, 4.47.

4.3.3. Synthesis of 1 (TX-2043). Diisopropylcarbodiim-
ide (757.2 mg/930 lL, 6.0 mmol) was added to a
solution of (2R)-3-methoxy-1-(2-nitroimidazolyl)-2-pro-
panol 77 (603 mg, 3.0 mmol), 10 (1.399 g, 6.0 mmol),
and 4-dimethylaminopyridine (36.7 mg, 0.3 mmol) in
acetonitrile (30 mL). The mixture was stirred under
nitrogen at 35–40 �C for 24 h and was cooled, filtered,
and the filtrate was evaporated to dryness. The crude
product mixture was dissolved in CH2Cl2, washed with
5% sodium bicarbonate and brine, dried (Na2SO4),
and concentrated in vacuo. The residue was separated
by silica gel column chromatography (ethyl acetate/n-
hexane, 2:3) to give 723 mg (57.9%) of (2R)-3-meth-
oxy-1-(2-nitroimidazolyl)-2-propyl-4 0-(trifluoroacetami-
do)benzoate, 11 (TX-2045). Mp 179–180 �C; IR (KBr;
cm�1): 3262, 2942, 1717, 1605, 1544, 1498, 1376, 1250,
1205, 1151, 1098, 845, 769, 734; 1H NMR (C2D6SO): d
11.56 (s, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.82 (d,
J = 8.4 Hz, 2H), 7.66 (s, 1H), 7.08 (s, 1H), 5.58 (m,
1H), 4.88 (dd, J = 14.4 Hz, 1H), 4.69 (dd, J = 14.4 Hz,
1H), 3.69 (dd, J = 11.6 Hz, 2H), 3.37 (s, 3H). Anal.
Calcd for C16H15F3N4O6: C, 46.16; H, 3.63; N, 13.46.
Found: C, 46.55; H, 3.78; N, 13.58.

To a solution of 11 (249.8 mg, 0.6 mmol) in 10 mL of
absolute ethanol was added 27.2 mg (0.72 mmol) of so-
dium borohydride and the reaction was stirred overnight
at room temperature. The reaction mixture was
quenched by the addition of water (20 mL) and the vol-
atile solvent was removed in vacuo. The remaining
aqueous solution was then extracted with ethyl acetate
and the organic layer was washed with brine, dried
(Na2SO4), and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography to afford
(2R)-3-methoxy-1-(2-nitroimidazolyl)-2-propyl-4 0-ami-
nobenzoate 14 (119.6 mg, 59.3%). Mp 115–116 �C; IR
(KBr; cm�1): 3337, 3220, 1690, 1602, 1518, 1485, 1363,
1269, 1173, 1109, 839, 767, 700; 1H NMR (400 MHz,
C2D6SO): d 7.60 (s, 1H), 7.54 (d, J = 8.4 Hz, 2H), 7.08
(s, 1H), 6.53 (d, J = 8.4 Hz, 2H), 6.0 (s, 2H), 5.47 (m,
1H), 4.83 (dd, J = 14.4 Hz, 1H), 4.66 (dd, J = 14.0 Hz,
1H), 3.62 (dd, J = 10.8 Hz, 2H), 3.37 (s, 3H). Anal.
Calcd for C14H16N4O5: C, 52.50; H, 5.03; N, 17.49.
Found: C, 52.55; H, 4.95; N, 17.32.

A mixture of 14 (119.6 mg, 0.36 mmol), 17 (60.8 mg,
0.44 mmol), and EtOH (10 mL) was refluxed for 5 h
and the resulting mixture was evaporated under aspira-
tor vacuum. The residue was purified by silica gel col-
umn chromatography (silica gel 60 N, hexane/ethyl
acetate, 3:2) to give yellow crystals of 1 (TX-2043,
148.6 mg, 96.8%). Mp 149–150 �C; ½a�26

D +148.0� (c 1.0,
CHCl3); IR (KBr; cm�1): 3423, 2931, 1719, 1655,
1603, 1583, 1490, 1365, 1266, 1205, 1181, 1106, 847,
764, 687; 1H NMR (CDCl3): d 10.2 (d, J = 13.2 Hz,
1H), 7.98 (d, J = 8. 8 Hz, 2H), 7.96 (s, 1H), 7.20 (d,
J = 8.8 Hz, 2H), 7.09 (d, J = 2.0 Hz, 2H), 6.95 (dd,
J = 6.0 Hz, 2H), 5.58 (m, 1H), 4.99 (dd, J = 14.4 Hz,
1H), 4.73 (dd, J = 14.4 Hz, 1H), 3.64 (dd, J = 10.8 Hz,
2H), 3.42 (s, 3H). Anal. Calcd for C20H18N4O7: C,
56.34; H, 4.26; N, 13.14. Found: C, 56.09; H, 4.33; N,
12.98.

4.3.4. Synthesis of 2 (TX-2044). Diisopropylcarbodiim-
ide (378.6 mg/465 lL, 3.0 mmol) was added to a
solution of (2S)-3-methoxy-1-(2-nitroimidazolyl)-2-pro-
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panol 187 (301.7 mg, 1.5 mmol), 10 (653.4 mg,
2.8 mmol), and 4-dimethylaminopyridine (18.33 mg,
0.15 mmol) in 10 mL of acetonitrile. The mixture was
stirred under nitrogen at 35–40 �C for 24 h. After this
time the mixture was cooled, filtered, and the filtrate
was evaporated to dryness. The crude reaction mixture
was then dissolved in CH2Cl2, washed with 5% sodium
bicarbonate and brine, dried (Na2SO4), and concen-
trated in vacuo. The crude mixture was separated by sil-
ica gel column chromatography (ethyl acetate/hexane,
2:3) to give (2S)-3-methoxy-1-(2-nitroimidazolyl)-2-pro-
pyl-4 0-(trifluoroacetamido)benzoate, 21 (TX-2046,
285 mg, 45.7%). Mp 177–178 �C; IR (KBr; cm�1):
3262, 2942, 1717, 1605, 1544, 1498, 1376, 1250, 1205,
1151, 1098, 845, 769, 734; 1H NMR (C2D6SO): d 11.56
(s, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.82 (d, J = 8.4 Hz,
2H), 7.66 (s, 1H), 7.08 (s, 1H), 5.58 (m, 1H), 4.88 (dd,
J = 14.4 Hz, 1H), 4.69 (dd, J = 14.4 Hz, 1H), 3.69 (dd,
J = 11.6 Hz, 2H), 3.37 (s, 3H). Anal. Calcd for
C16H15F3N4O6: C, 46.16; H, 3.63; N, 13.46. Found: C,
46.14; H, 3.89; N, 13.21.

To a solution of 21 (249 mg, 0.6 mmol) in 10 mL of
absolute ethanol was added 43.2 mg (1.2 mmol) of so-
dium borohydride and the mixture was stirred overnight
at room temperature. The reaction mixture was
quenched by the addition of water (20 mL) and the vol-
atile solvent was removed in vacuo. The remaining
aqueous solution was extracted with ethyl acetate and
the organic layer was washed with brine, dried
(Na2SO4), and concentrated in vacuo. The residue of
crude product was purified by flash chromatography
to afford (2S)-3-methoxy-1-(2-nitroimidazolyl)-2-pro-
pyl-4 0-aminobenzoate 24 (184 mg, yield: 91.2%). Mp
115–116 �C; IR (KBr; cm�1): 3337, 3220, 1690, 1602,
1518, 1485, 1363, 1269, 1173, 1109, 839, 767, 700; 1H
NMR (400 MHz, C2D6SO): d 7.60 (s, 1H), 7.54 (d,
J = 8.4 Hz, 2H), 7.08 (s, 1H), 6.53 (d, J = 8.4 Hz, 2H),
6.0 (s, 2H), 5.47 (m, 1H), 4.83 (dd, J = 14.4 Hz, 1H),
4.66 (dd, J = 14.0 Hz, 1H), 3.62 (dd, J = 10.8 Hz, 2H),
3.37 (s, 3H).

A mixture of 24 (148 mg, 0.44 mmol), 17 (72.9 mg,
0.53 mmol), and EtOH (15 mL) was refluxed for 5 h,
and then cooled and concentrated under aspirator vac-
uum. The residue was separated by silica gel column
chromatography (silica gel 60 N, hexane/ethyl acetate,
3:2) to give 103 mg, (54.9%) of 2 (TX-2044) as yellow
crystals. Mp 146–147 �C; ½a�26

D �151.0� (c 1.0, CHCl3);
IR (KBr; cm�1): 3337, 2974, 1717, 1664, 1621, 1573,
1461, 1365, 1253, 1167, 841, 767; 1H NMR (CDCl3): d
10.2 (d, J = 12.8 Hz, 1H), 7.97 (d, J = 8.4 Hz, 2H),
7.93 (s, 1H), 7.19 (d, J = 8.4 Hz, 2H), 7.18 (s, 1H),
7.09 (s, 1H), 6.94 (dd, J = 6.0 Hz, 2H), 5.58 (m, 1H),
4.99 (dd, J = 14.0 Hz, 1H), 4.73 (dd, J = 14.4 Hz, 1H),
3.64 (dd, J = 13.6 Hz, 2H), 3.42 (s, 3H). Anal. Calcd
for C20H18N4O7: C, 56.34; H, 4.26; N, 13.14. Found:
C, 56.35; H, 4.50; N, 12.87.

4.3.5. Synthesis of 3 (TX-2030). Diisopropylcarbodiim-
ide (126 mg/153 lL, 1 mmol) was added to a solution
of (2R)-3-tert-butoxy-1-(2-nitroimidazolyl)-2-propanol
87 (121.63 mg, 0.5 mmol), 10 (233.1 mg, 1 mmol), and
4-dimethylaminopyridine (6.109 mg, 0.05 mmol) in ace-
tonitrile (5 mL). After the mixture was stirred at 40–
50 �C for 24 h under a nitrogen atmosphere, it was
cooled, filtered, and the filtrate was evaporated to dry-
ness. The crude product mixture was dissolved in
CH2Cl2, washed with 5% sodium bicarbonate and brine,
dried (Na2SO4), and concentrated in vacuo to give
387 mg of crude (2R)-3-tert-butoxy-1-(2-nitroimidazol-
yl)-2-propyl-4 0-(trifluoroacetamido)benzoate 12. This
was suspended in absolute ethanol (10 mL) and sodium
borohydride (90%, 43.8 mg, 1 mmol) was added. The
mixture was stirred in a 36–46 �C water bath for 4 h,
cooled, and then quenched by dropwise addition of
5 mL of water. The volatile solvent was removed in va-
cuo and the remaining aqueous solution was extracted
with ethyl acetate. The organic layer was washed with
brine, dried (Na2SO4), and concentrated in vacuo to give
the crude product which was purified by flash chroma-
tography. This afforded 144.8 mg (79.9%) of (2R)-3-
tert-butoxy-1-(2-nitroimidazolyl)-2-propyl-4 0-amino-
benzoate 15. IR (KBr; cm�1): 3342 (NH2), 2974, 1701
(CO), 1624, 1605, 1365 (imidazolyl-NO2), 1266, 1170,
1103, 839, 769, 697; 1H NMR (C2D6SO): d 1.55 (s,
1H), 7.92 (d, J = 8.4 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H),
7.66 (s, 1H), 7.08 (s, 1H), 5.46 (m, 1H), 4.90 (dd,
J = 7.2 Hz, 1H), 4.65 (dd, J = 9.2 Hz, 1H), 3.65 (dd,
J = 7.4 Hz, 2H), 1.19 (s, 9H). MS (EI) m/z: 362 (M+).

A solution of 15 (217.1 mg, 0.60 mmol) and 17 (100 mg,
0.72 mmol) in 10 mL of EtOH was refluxed for 24 h.
The mixture was concentrated under aspirator vacuum
and the residue was purified by silica gel column chro-
matography (silica gel 60 N, hexane/ethyl acetate, 3:2)
to give 248.6 mg (88.4%) of 3 (TX-2030) as a yellow
crystals. Mp 131–132 �C; ½a�26

D +137.2� (c 0.61, CHCl3);
IR (KBr; cm�1): 3340, 2971, 1718, 1659, 1603, 1491,
1365, 1266, 1103, 847, 767; 1H NMR (C2D6SO): d 10.6
(d, 1H), 8.04 (d, J = 13.2 Hz, 1H), 7.86 (d, J = 8.8 Hz,
2H), 7.64 (d, J = 9.2 Hz, 3H), 7.15 (d, J = 5.9 Hz, 1H),
7.09 (d, J = 6.8 Hz, 2H), 5.44 (m, 1H), 4.87 (dd,
J = 13.9 Hz, 1H), 4.65 (dd, J = 14.4 Hz, 1H), 3.63 (dd,
J = 12.8 Hz, 2H), 1.18 (s, 9H). Anal. Calcd for
C23H24N4O7: C, 58.97; H, 5.16; N, 11.96. Found: C,
58.69; H, 5.40; N, 11.85.

4.3.6. Synthesis of 4 (TX-2031). Diisopropylcarbodiim-
ide (126.20 mg/153 lL, 1 mmol) was added to a solution
of (2S)-3-tert-butoxy-1-(2-nitroimidazolyl)-2-propanol
197 (121.63 mg, 0.5 mmol), 10 (233.14 mg, 1 mmol),
and 4-dimethylaminopyridine (6.109 mg, 0.05 mmol) in
5 mL of acetonitrile. The mixture was stirred under
nitrogen at 40–50 �C for 24 h and was then cooled, fil-
tered, and the filtrate was evaporated to dryness. The
crude product mixture was dissolved in CH2Cl2, washed
with 5% sodium bicarbonate and brine, dried (Na2SO4),
and concentrated in vacuo to give crude (2S)-3-tert-but-
oxy-1-(2-nitroimidazolyl)-2-propyl-4 0-(trifluoroacetami-
do)benzoate 22 (189.1 mg, 82.5%). This was suspended
in absolute ethanol (10 mL), sodium borohydride
(90%, 43.8 mg, 1 mmol) was added, and the mixture
was stirred at 36–46 �C for 4 h. The reaction mixture
was cooled and quenched by the dropwise addition of
water (5 mL) and the volatile solvent was removed in va-
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cuo. The remaining aqueous solution was extracted with
ethyl acetate and the organic layer washed with brine,
dried (Na2SO4), and concentrated in vacuo. The residue
was purified by flash chromatography to afford (2S)-3-
tert-butoxy-1-(2-nitroimidazolyl)-2-propyl- 4 0-amino-
benzoate 25 (113 mg, 79.4%). IR (KBr; cm�1): 3337
(NH2), 2963, 1701 (CO), 1605, 1541, 1483, 1365 (imidaz-
olyl-NO2), 1263, 1173, 1098, 804, 767. 1H NMR
(C2D6SO): d 11.55 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H),
7.82 (d, J = 8.8 Hz, 2H), 7.66 (s, 1H), 7.08 (s, 1H),
5.46 (m, 1H), 4.90 (dd, J = 7.2 Hz, 1H), 4.65 (dd,
J = 9.2 Hz, 1H), 3.65 (dd, J = 7.4 Hz, 2H), 1.19 (s,
9H). MS (EI) m/z: 362 (M+).

A mixture of 25 (51.85 mg, 0.14 mmol), 17 (20.72 mg,
0.15 mmol), and EtOH (5 mL) was refluxed for 24 h.
After removal of solvents under aspirator vacuum, the
residue was purified by silica gel column chromatogra-
phy (silica gel 60 N, hexane/ethyl acetate, 3:2) to give
44.6 mg (66.6%) of 4 (TX-2031) as yellow crystals, Mp
130–131 �C. ½a�26

D �141.0� (c 0.63, CHCl3); IR (KBr;
cm�1): 3323, 2974, 1717, 1659, 1603, 1541, 1488, 1365,
1269, 1183, 1103, 847, 767; 1H NMR (C2D6SO): d 10.6
(d, 1H), 8.04 (d, J = 13.2 Hz, 1H), 7.86 (d, J = 8.8 Hz,
2H), 7.64 (d, J = 9.2 Hz, 3H), 7.15 (d, J = 5.9 Hz, 1H),
7.09 (d, J = 6.8 Hz, 3H), 5.44 (m, 1H), 4.87 (dd,
J = 13.9 Hz, 1H), 4.65 (dd, J = 14.4 Hz, 1H), 3.63 (dd,
J = 12.8 Hz, 2H), 1.18 (s, 9H). Anal. Calcd for
C23H24N4O7: C, 58.97; H, 5.16; N, 11.96. Found: C,
58.75; H, 5.36; N, 11.74.

4.3.7. Synthesis of 5 (TX-2036). To a solution of (2R)-p-
tert-butylphenoxy-1-(2-nitroimidazolyl)-2-propanol 97

(159.7 mg, 0.5 mmol), 10 (239 mg, 1 mmol), and 4-
dimethylaminopyridine (14.2 mg, 0.08 mmol) in acetoni-
trile (5 mL) was added diisopropylcarbodiimide (ca.
164 mg/200 lL, 1.3 mmol) and the mixture was stirred
under nitrogen at 35–45 �C for 24 h. After this time
the mixture was cooled, filtered, and the filtrate was
evaporated to dryness. The crude product mixture was
dissolved in CH2Cl2, washed with 5% sodium bicarbon-
ate and brine, dried (Na2SO4), and concentrated in va-
cuo. The crude product was purified by flash
chromatography (ethyl acetate ester/hexane, 2:3) to af-
ford (2R)-3-p-tert-butylphenoxy-1-(2-nitroimidazolyl)-
2-propyl-4 0-(trifluoroacetamido)benzoate 13 (179.7 mg,
yield: 74.7%), Mp 180–181 �C.

Sodium borohydride (36.8 mg, 1.0 mmol) was added to
a solution of 13 (158.8 mg, 0.297 mmol) in 10 mL of
absolute ethanol, and the mixture was stirred overnight
at room temperture. The solution was then cooled and
quenched by the dropwise addition of water (5 mL).
After removal of the volatile solvent in vacuo, the
remaining aqueous solution was extracted with ethyl
acetate and the organic layer washed with brine, dried
(Na2SO4), and concentrated in vacuo. The residue of
crude product was purified by flash chromatography
to afford (2R) � p-tert-butylphenoxy-1-(2-nitroimidaz-
olyl)-2-propyl-4 0-aminobenzoate, 16 (114.2 mg, 87.7%).
IR (KBr; cm�1): 3337, 2963, 1701, 1603, 1515, 1490,
1365, 1245, 1170, 1101, 836, 769, 700; 1H NMR
(C2D6SO): d11.55 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H),
7.82 (d, J = 8.8 Hz, 2H), 7.66 (s, 1H), 7.08 (s, 1H),
5.46 (m, 1H), 4.90 (dd, J = 7.2 Hz, 1H), 4.65 (dd,
J = 9.2 Hz, 1H), 3.65 (dd, J = 7.4 Hz, 2H), 1.19 (s,
9H). MS (EI) m/z: 438 (M+).

A mixture of 16 (100 mg, 0.23 mmol), 17 (37.29 mg,
0.27 mmol), and EtOH (10 mL) was refluxed for 24 h.
The product mixture was then evaporated under aspira-
tor vacuum and the residue was purified by silica gel col-
umn chromatography (silica gel 60 N, hexane/ethyl
acetate, 3:2) to give 5 (34 mg, 27.4%) (TX-2036) as a yel-
low crystals. Mp 186–188 �C; ½a�26

D +63.3� (c 0.40,
CHCl3), IR (KBr; cm�1): 3337, 2963, 1717, 1659,
1605, 1488, 1365, 1263, 1103, 847, 767, 687; 1H NMR
(C2D6SO): d 10.6 (d, J = 13.6 Hz, 1H: NH), 8.03 (d,
J = 13.6 Hz, 1H:N–CH@), 7.85 (d, J = 8.5 Hz, 2H),
7.69 (s, 1H: imidazole), 7.64 (d, J = 8.8 Hz, 2H), 7.29
(d, J = 8.8 Hz, 2H), 7.16 and 7.08 (each d, J = 6.0,
6.4 Hz, each 1H), 7.10 (d, J = 0.8 Hz, 1H), 6.91 (d,
J = 8.8 Hz, 2H), 5.77 (m, 1H), 5.01 (d, J = 12.4 Hz,
1H), 4.84 (dd, J = 9.2 Hz, 1H), 4.36 (dd, J = 10.8 Hz,
1H), 4.29 (dd, J = 11.2 Hz, 1H), 1.24 (s, 9H). Anal.
Calcd for C29H28N4O7: C, 63.96; H, 5.18; N, 10.29.
Found: C, 63.68; H, 5.50; N, 10.41.

4.3.8. Synthesis of 6 (TX-2037). Diisopropylcarbodiim-
ide (ca. 164 mg/200 lL, 1.3 mmol) was added to a solu-
tion of (2S)-p-tert-butylphenoxy-1-(2-nitroimidazolyl)-
2-propanol 207 (159.7 mg, 0.5 mmol), 10 (237.0 mg,
1 mmol), and 4-dimethylaminopyridine (18 mg,
0.1 mmol) in acetonitrile (5 mL) and the mixture was
stirred under nitrogen at 30–45 �C for 24 h. It was then
cooled, filtered, and the filtrate was evaporated to dry-
ness. The residue of crude product mixture was dis-
solved in CH2Cl2 (20 mL) and ethyl acetate (10 mL),
washed with 5% sodium bicarbonate and brine, dried
(Na2SO4), and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography (ethyl ace-
tate/hexane, 2:3) to afford (2S)-3-p-tert-butylphenoxy-
1-(2-nitroimidazolyl)-2-propyl-4 0-(trifluoroacetamido)
benzoate, 23 (258 mg, 96.5%). Mp 179–180 �C; IR (KBr;
cm�1): 3337, 3123, 2974, 1717, 1605, 1541, 1493, 1365,
1253, 1199, 1157, 1103, 767, 735; 1H NMR (C2D6SO):
d 11.55 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H), 7.82 (d,
J = 8.8 Hz, 2H), 7.66 (s, 1H), 7.08 (s, 1H), 5.46 (m,
1H), 4.90 (dd, J = 7.2 Hz, 1H), 4.65 (dd, J = 9.2 Hz,
1H), 3.65 (dd, J = 7.4 Hz, 2H), 1.19 (s, 9H).

Sodium borohydride (39.2 mg, 1.05 mmol) was added to
a solution of 23 (243 mg, 0.45 mmol) in 10 mL of abso-
lute ethanol, and the mixture was stirred for 24 h at
room temperature after the reaction was quenched by
dropwise addition of water (5 mL) and the volatile sol-
vent was removed in vacuo. The remaining aqueous
solution was then extracted with ethyl acetate and the
organic layer was washed with brine, dried (Na2SO4),
and concentrated in vacuo. The residue of crude product
was purified by flash chromatography to afford (2S)-p-
tert-butylphenoxy-1-(2-nitroimidazolyl)-2-propyl-4 0-
aminobenzoate, 26 (188.2 mg, 95.4%). Mp 110–111 �C;
IR (KBr; cm�1): 3348, 2969, 1701, 1625, 1602, 1514,
1489, 1364, 1268, 1171, 1100, 837, 768. 1H NMR
(C2D6SO): d 11.55 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H),
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7.82 (d, J = 8.8 Hz, 2H), 7.66 (s, 1H), 7.08 (s, 1H), 5.46
(m, 1H), 4.90 (dd, J = 7.2 Hz, 1H), 4.65 (dd, J = 9.2 Hz,
1H), 3.65 (dd, J = 7.4 Hz, 2H), 1.19 (s, 9H). MS (EI) m/
z: 438 (M+).

A mixture of 17 (58.6 mg, 0.42 mmol), 26 (158. 6 mg,
0.36 mmol), and EtOH (10 mL) was refluxed for 24 h
and then was evaporated under aspirator vacuum. The
residue was purified by silica gel column chromatogra-
phy (silica gel 60 N, hexane/ethyl acetate, 3:2) to give
yellow crystals of 6 (TX-2037, 153.9 mg, 78.5%), Mp
187–188 �C; ½a�26

D �68.4� (c 0.98, CHCl3), IR (KBr;
cm�1): 3424, 2966, 1719, 1661, 1602, 1489, 1365, 1266,
1104, 846, 764; 1H NMR (C2D6SO): d 8.03
(d, J = 11.6 Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.63 (d,
J = 8.8 Hz, 2H), 7.29 (d, J = 8.8 Hz, 2H), 6.91 (d,
J = 8.8 Hz, 2H), 7.69 (s, 1H), 7.10 (d, J = 0.8 Hz, 1H),
5.77 (m, 1H), 5.01 (d, J = 11.6 Hz, 1H), 4.83
(dd, J = 9.2 Hz, 1H), 4.36 (dd, J = 11.6 Hz, 1H), 4.29
(d, J = 11.6 Hz, 1H), 1.24 (s, 9H). Anal. Calcd for
C29H28N4O7: C, 63.96; H, 5.18; N, 10.29. Found: C,
63.69; H, 5.41; N, 10.02.

4.4. Biological activities

4.4.1. Compounds. All compounds tested were dissolved
in dimethylsulfoxide (DMSO) before treatment. Control
experiments consisted of addition of DMSO (<0.5% or
1%) alone.

4.4.2. Hypoxic cytotoxicity. To estimate hypoxic cyto-
toxicity, cells were incubated under aerobic or hypoxic
conditions in a suspension culture system. Monolayers
of the cells in exponential growth were trypsinized, sus-
pension cultures at a density of 2 · 106 cells/mL were
prepared and 495 lL of the suspension was set up in
glass tubes. The drug solutions, 100-fold more concen-
trated, were added at a volume of 5 lL to each tube.
The glass tubes were stoppered with rubber caps perfo-
rated with a 22 G · 1 1/4 in. needle to provide gas inlet
and an 18 G · 70 mm needle as an outlet. The tubes
were shaken and flushed with humidified 5% CO2 and
95% N2 at room temperature at flow rates of 1.5–
2.0 nl/min for 1 h. They were then allowed to stand for
an additional 2 h, tightly stoppered. In the case of aero-
bic conditions, the tubes with loose caps were shaken
and then left to stand at room temperature for the same
period.

4.4.3. In vitro radiosensitization. The effects of radiosen-
sitizers were measured under hypoxic conditions using
EMT6/KU cells as described by Shibamoto12 Briefly,
cells were suspended in glass test tubes (2 · 106 cells/
mL MEM containing drug) and the tubes were made
hypoxic by purging with a gas mixture comprising
95% N2–5% CO2 for 60 min. Tubes were then irradiated
using 6 MV X-rays generated by a medical linear accel-
erator at a dose rate of 2.0 Gy/min. Immediately after
irradiation, the cells were resuspended in MEM at
appropriate concentrations and plated onto 6 cm tissue
culture dishes. After 5–7 days of culture, the cells were
plated in appropriate numbers to assay for colony-form-
ing ability. The survival data were fitted with lines by the
least-squares method. The enhancement ratio (ER) val-
ues were determined from the ratio of radiation doses
required to reduce the surviving fraction of the cells to
1%.

4.4.4. Clonogenic assay. The surviving cell fractions after
drug treatment under hypoxic or aerobic conditions
were determined in a colony formation assay. After
treatment as described above, cells were trypsinized, di-
luted to a suitable density, and plated in a dish. The col-
onies obtained after 10 days were fixed with methanol
and stained with 5% Giemsa solution. Visible colonies
composed of more than 50 cells were counted as having
grown from surviving cells. The plating efficiency (PE)
was calculated by dividing the number of colonies by
the number of cells seeded. The surviving cell fraction
for the treatment at each drug concentration was calcu-
lated as PE treated/PE control. Drug potency was con-
sidered to be the concentration (lM) that resulted in
up to 10% clonogenic cell survival under hypoxia
(IC0.1). Values are the means of at least two independent
experiments.

4.4.5. Endothelial cell proliferation assay. Rat lung endo-
thelial (RLE) cells were provided by Dr. G.L. Nicolson,
Texas M.D. Anderson Hospital, Houston, Texas, and
maintained at exponential growth in spiner culture.
MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tet-
razolium bromide] was purchased from Dojindo Labo-
ratories (Kumamoto, Japan). Optical density was
measured on a microplate reader (Bio-Rad model 450,
Japan Bio-Rad Laboratories, Tokyo, Japan) using
570 nm filter with blanking at 700 nm. The MTT assay
was performed by suspending the cells in Eagle’s
MEM containing 7% NaHCO3 and 4.7% FCS (pH
7.4), then pouring 300 lL into the wells of 48-well
culture.

4.4.6. Chick embryo chorioallantoic membrane assay.
Antiangiogenic activity was assayed using chick embryo
chorioallantoic membrane (CAM) according to the
method described by Oikawa.13 Using a 4-day-old chick
embryo (Goto Hatchery, Inc., Japan) in a shell, 10 lL of
the sample mixed in 1% methyl cellulose/0.9% NaCl was
applied into the ring put onto the surface of the CAM.
After 48 h of exposure at 37.6 �C, a fat emulsion (Mits-
ubishi Pharma Corporation, Osaka, Japan) was injected
into the CAM to visualize blood vessels clearly. Each
experimental group included six eggs, and experiments
were repeated more than three times. Angiogenic inhibi-
tion was indicated by the presence of a 3-mm-diameter
avascular zone around the ring. An avascular zone
around the ring of 3 mm diameter indicated angiogenic
inhibition. Inhibition of angiogenesis (%) was calculated
as (number of eggs showing at least 3 mm zone of inhi-
bition)/(number of eggs used in each experimental
group) · 100.

4.4.7. MMP inhibition assays14. Progelatinase A (pro-
MMP-2) and B (pro-MMP-9) from human Bowes mel-
anoma cells and bovine arterial endothelial cells, respec-
tively, were used. Proenzymes were activated
immediately prior to use with 1 mM p-aminophenylmer-
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curic acetate (APMA) for 1 h at 37 �C. For assay mea-
surements, the inhibitor stock solutions (DMSO,
100 mM) were further diluted at various concentrations.
Assay with MMP-2 was performed in Tricine 50 mM,
pH 7.5, NaCl 200 mM, CaCl2 10 mM, DMSO 0.5%
and assay with MMP-9 was performed in Tricine
50 mM, pH 7.5, NaCl 200 mM, CaCl2 10 mM, Brij 35
0.05%, ZnSO4 50 lM, and DMSO 0.5%. Generally,
190 lL of assay buffer containing activated enzyme
and inhibitor solutions was incubated for 1 h at 25 �C.
Ten microliters of the fluorogenic substrate DNP-Pro-
Leu-Gly-Met-Trp-Ser-Arg-OH (Carbiochem) in DMSO
(final concentration 200 lM) was added and incubated
overnight at 37 �C. The hydrolysis was stopped with
acetic acid and diluted ten times, then monitored fluo-
rescence (excitation maximum 280 nm, emission maxi-
mum 360 nm) using F-2000 fluorescence spectrometer
(Hitachi Co., Ltd). Control wells lack inhibitor. Percent
of inhibition was calculated from control reactions with-
out the inhibitor.

4.4.8. PTK inhibition assay.
4.4.8.1. Materials. [c-32P]ATP was purchased from

NEN Research Products (Wilmington, DE, USA).

4.4.8.2. Assay for Flt-115. v-src Transformed NIH3T3
cells were incubated for 10 min on ice in a hypotonic
buffer (1 mM Hepes, pH 7, 4.5 mM MgCl2, and 25 lg/
mL each of the protease inhibitors antipain, leupeptin,
and pepstatin A). The swollen cells were homogenized
by vortexing for 2 min at room temperature. Following
an increase of Hepes to 20 mM, the homogenate was
centrifuged at 500g for 5 min to sediment nuclei. To this
supernatant, addition was made to give a final concen-
tration of 20 mM Hepes, pH 7.4, 10 mM MgCl2,
0.1 mM Na3VO4, 10 mM b-glycerophosphate, 1 mM
NaF, and 2.5 mg/mL protein, 1 lM phorbol myristate
13-acetate (PMA) and 20 lM cAMP. Protein kinase
inhibitors were dissolved in DMSO and the final concen-
tration of DMSO in the reaction mixture was 10% (v/v).
The kinase reaction was initiated by addition of
[c-32P]ATP (12.5 lM, 10 lCi), and the solution was
incubated for 15 min at 25 �C. The reaction was termi-
nated by the addition of SDS–PAGE sample buffer.
The phosphorylated proteins were separated by SDS–
PAGE (9% w/v gels). To detect PTK activity, the dried
gels were further treated with 1 N KOH at 55 �C for 2 h.
The results were visualized by autoradiography or Fuji
Film Bio-image Analyzer BAS 2000. From the enzyme
activity (% of control) as a function of drug concentra-
tion, the IC50 value was estimated as the index of the en-
zyme inhibition of drug.

4.4.8.3. Assay for EGFR-K16. To measure EGF-K
activity, A431 human epithelial carcinoma cells
were solubilized and cell debris was removed. Cell
lysate was incubated with or without EGF at 25 �C
for 30 min, and the reaction was started by addition
of [c-32P]ATP and incubated at 0 �C for 10 min.
After the reaction was stopped, the mixture was
washed. To estimate phosphorylation of the receptor,
the 32P radioactivity was measured with a scintillation
counter.
4.4.9. Antitumor screening on HCC panel17,18. Each of
the test compounds was added to a microtiter plate
24 h after cancer cells were enclosed into it. After 48 h
incubation, the amount of the cells was colorimetrically
determined using sulforhodamine B as the reagent and
the percentage of cell proliferation was calculated
against the control. An HCC panel containing 39 cell
lines was employed for screening tests, in which GI50

(compound concentration necessary to suppress cell
proliferation to 50% of the control), TGI (compound
concentration necessary to suppress cell proliferation
to the cell number at time zero), LC50 (compound con-
centration necessary to reduce cell number of that at
time zero) were evaluated at 10�4 –10�8 M compound
concentrations for each cell line.
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